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Abstract

Transition of Electrochemical Lithium Recovery (ELR)

to a Continuous System through Engineering Design

Hwajoo Joo
School of Chemical and Biological Engineering
The Graduates School

Seoul National University

The climate crisis is approaching reality, and the development of carbon neutral
engineering technologies is necessary to respond to it. Electrochemical ion
separation (EIONS) technology, one of carbon neutral engineering, is an eco-friendly
method for securing water and salt resources. Meanwhile, as the demand for lithium
explodes due to the rapid growth of the electric vehicle market, the supply and the
demand of lithium are becoming unstable. To respond to this, it is necessary to
develop a lithium recovery technology that is faster than existing technologies based
on slow solar evaporation.

Electrochemical lithium recovery (ELR) technology is an EIONS technology
that satisfies this characteristic. For ELR to become an alternative technology with
technological advantage, it must include a continuous process that can rapidly and
flexibly to the skyrocketing lithium demand. However, most existing studies are still
in the proof-of-concept stage of suggesting a new configuration of electrode pairs

under a batch system, and only a few systematic studies on the continuous system

A



have been conducted. In this study, to convert the ELR process from a batch to a
continuous configuration, new systems and reactors were developed that consider
the properties of the continuity by the two ways.

First, a pilot-scale ELR system based on a continuous stirred tank reactor (CSTR)
was developed as a post-process for treating desalination concentrate. In order to
treat a large amount of desalination concentrate containing high concentration of
impurity by using an automated system and to facilitate maintenance, a mobile-type
electrode configuration in which the electrode moves around the water tank was
developed.

Second, an LMO-based flow-type rocking-chair ELR system operating in
constant current mode, which is a fully continuous system in which Li" capturing
and desorption occur simultaneously to produce a solution of uniform quality, was
proposed for the first time. The existing 1D computational simulation was expanded
to 2D for the analysis of the new system, and the electrode design guideline was
developed by analyzing the effects of three electrode design parameters on
performance.

This study is significant in that it confirmed the possibility of continuous
configuration of the ELR system and led the ELR reactor engineering as shown in
graphical abstract of the dissertation. | hope that engineering design developed in
this study will improve the technological maturity of the ELR system and help

commercialization in the future.

Keywords: Electrochemical ion separation (EIONS); Electrochemical lithium
recovery (ELR); Continuous system; Engineering design; Mobile-type electrode;
Electrode design guideline

Student number: 2016-24679
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Figure 5-16 Global sensitivity analysis results of gLi + and Wnet on each electrode design
JOL2) 00011 1<) GO P PO PP PP PR 186

Figure 5-17 Local sensitivity analysis results of gLi + on each electrode design parameter
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Figure 5-18 Local sensitivity analysis results of Wnet on each electrode design parameter
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1. Introduction

1.1. Research background

The world is terrified by the threat of the climate crisis (Magnan et al.
2021). Unpredictable climatic events such as heatwaves, heavy snowfalls, and
floods occur so frequently that they become commonplace (Chiang et al. 2021;
Ulrich 2022; Rousi et al. 2022). It is no wonder that many countries around
the world are trying to reduce their greenhouse gas emissions, the main culprit
of climate change, to zero within a few decades. In other words, the transition
into a carbon neutral (or net zero) era is taking place (Fankhauser et al. 2022;
Meinshausen et al. 2022). For the carbon neutral era, carbon neutral
engineering-based technology is essential (Joo and Yoon 2022). These
technologies not only do not emit greenhouse gases but also can respond to
revolutionary changes in the carbon neutral era such as electrification and
circular economy. For securing water and salt resources, electrochemical ion
separation (EIONS) corresponds to carbon neutral engineering technology,
since EIONS technology is operated based on electric energy rather than

chemical substances and thermal energy (Yoon et al. 2019).

Meanwhile, the market for electric vehicles (EV) and energy storage

systems (ESS) is growing explosively due to the carbon neutral transition



(Ghosh 2020; Yu et al. 2020). Demand for lithium, a raw material for lithium-
ion batteries, is also increasing to an unsustainable level (Tang et al. 2021;
Calvo 2021). However, since the currently commercialized lime soda
evaporation method includes a solar evaporation process that takes more than
one year, there is a clear limit to the production speed of lithium resources
(Kim et al. 2015b, 2019). Recently, electrochemical lithium recovery (ELR)
has been attracting attention to solve this problem. This technology is a
representative EIONS, and the ELR system can produce lithium rapidly and
environmentally friendly by using electric energy (Yoon et al. 2019; Battistel

et al. 2020; Joo et al. 2020b).

For the industrial application of the ELR technology, the continuous
system should be designed to produce lithium continuously on a large-scale
(Maljuric et al. 2020). However, most of the existing research has been
conducted under the batch-type system, which is difficult to apply industrially
(Pasta et al. 2012; Lee et al. 2013; Troécoli et al. 2014; Kim et al. 2018b;
Lawagon et al. 2018). These studies are in the proof-of-concept stage to
propose a new electrode pair configuration (Joo et al. 2020b). To overcome
the limitation of batch-type ELR system, the continuous ELR systems and

reactors needs to be developed.



1.2. Objectives of the research

In this dissertation, the purpose is to translate the ELR system into a
continuous system for industrial application. To achieve this goal, two
engineering design approaches were adopted.

First, a pilot-scale ELR system including CSTR reactor configuration
was developed. For this, engineering considerations were needed to increase
the size of the ELR system and increase the amount of feedstock it can handle.
To achieve this, a mobile-type electrode was developed and introduced. At
the rear end of the actual desalination plant, the designed system was installed,
operated, and treated 6 ton/day of actual desalination concentrate.

Second, an LMO-based flow-type rocking-chair ELR system was
proposed for a fully structured continuous process. To understand this system,
numerical simulation was introduced, and the independent effects of the three
electrode design parameters were analyzed by the parameter study. A
sensitivity analysis was also conducted to figure out the significance of each

design parameter and provide the electrode design guideline.



2. Literature review

2.1. Existing lithium recovery technologies for the

aqueous resources and their limitations

The most commercialized technology for recovering lithium in water is
the lime soda evaporation method (Meshram et al. 2014). It is a method of
producing lithium carbonate by evaporating and concentrating brine using
solar heat, and then injecting lime and soda to precipitate impurity ions
(Figure 2-1)(JOGMEC 2010; Fukuda 2019). This method is used in large-
scale salt lakes, including Salar de Atacama in Chile, and currently plays a
major role in lithium production (Cabello 2021). Since this method follows
the traditional chemical process method, it has the advantage of high degree
of completeness and reliability of the technology. However, it also has the
following fatal disadvantages (Khalil et al. 2022).

First, evaporation takes a very long time, about 1 to 2 years. This period
is highly influenced by the weather and may be longer due to less sunlight
and less wind. As a result, the payback period of the initial investment is long
and large-scale investment is difficult. Therefore, only eight salt lakes are
currently developed and operated (Flexer et al. 2018). It is difficult to respond

to the rapidly increasing demand for lithium due to delays in production,



which is inherent characteristic in the process, and this is the reason for the
delay in the introduction of large-scale facilities (Zhao et al. 2023).

Composition of brine also adds to the difficulty. A high ratio of Mg to Li
(over 6) increases the difficulty of process design (Zhang et al. 2019b). This
is because Li" and Mg?" have similar ionic radii and similar physical/chemical
properties, making it difficult to separate them. In fact, during the
precipitation process, about 30% of lithium is lost, and in severe cases up to
50% is lost (Flexer et al. 2018). This suggests that the separation efficiency
for lithium of existing technique is not very high.

From a sustainability point of view, the technology is unattractive (Lee
et al. 2013). In order to construct a reservoir that can efficiently receive solar
heat, a large area of land is required. Site contamination due to high salt
concentrations and additional contamination due to the use of chemicals in
subsequent processes may occur (Chordia et al. 2022). In the trend of
strengthening global regulations on environmental factors, this technology
seems to have limitations.

Due to these limitations, solvent extraction, ion-sieve adsorption,
membrane technology, and electrochemical processes are being studied as

next-generation lithium extraction technologies (Song et al. 2017).
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2.2. Definition of ELR system and timeline of the research

The electrochemical lithium recovery (ELR) system, which is attracting
attention as a next-generation lithium extraction technology, is an
electrochemical process that separates and concentrates lithium-ion (Li*) by
using lithium selective electrodes (Pasta et al. 2012).

Figure 2-2 shows the operational principle of the ELR system using the
spinel LiMn2O4 electrode. Generally, the system has an electrochemistry cell
structure that consists of the working electrode (lithium-ion battery cathode)
and the counter electrode. The system operates by repeated conduction of the
following two steps. In Step 1, the Li* brine water source is inserted between
the electrodes so that the system cell spontaneously discharges. This results
in Li* intercalation into the lithium-ion battery cathode and the oxidation
reaction on the counter electrode. After Step 1, the exhausted brine source is
replaced by the recovery solution. When the charging current is applied (Step
2), Li* de-intercalates from the LiMn2O4 electrode as the reduction reaction
occurs on the counter electrode. Li* then diffuses into the recovery solution,
which concentrates the product. These two steps are conducted repeatedly

until a Li* recovery solution with high concentration and purity is produced.



The representative cathode electrodes used for the ELR system are
olivine LFP (LiFePQO4) and spinel LMO (LiMn204 or A-MnO3) (Xu et al. 2016,
2020). Both have sufficient reactivity with Li* and proper potential windows
for lithium recovery. Yet compared to the LFP electrode, the LMO electrode
shows much higher stability for repeated cycles with higher selectivity for Li*,
especially in the high Mg?" concentration solution (Lee et al. 2013).
Accordingly, the LMO-based ELR system has been studied more intensively
than LFP and the LMO is considered a suitable material.

LiMn204 has a spinel structure which is corresponding with the Fd3m
space group (Ooi et al. 1989). Spinel structure consists of three-dimensional
pores that cause the steric effect. These small pores, which transport only Li*,
enable selective recovery of Li* (Ooi et al. 1988; Xu et al. 2016). LiMn204
has tetrahedral 8a sites for the Li*, octahedral 16d sites for the Mn®* and Mn**,
and face-centered cubic (FCC) 32e sites for the oxygen anions (Greedan et al.
1998). Intercalation phenomena in the ELR system can be described by the
redox mechanism (Ooi et al. 1991; Feng et al. 1992). At the electrochemical
reduction step, the valence of the manganese cations is changed from +4 to
+3 and Li" intercalates in the tetrahedral 8a sites. Contrary to this step, at the
electrochemical oxidation step, the valence of the manganese cations is

changed from +3 to +4, and Li* de-intercalates (Liu et al. 1998).



ELR systems using the LMO electrode are elucidated in this literature
review. The timeline in Figure 2-3 briefly summarizes the research history
of ELR systems. The ELR research using the LMO electrode can be classified
and discussed in 4 categories: system proposal, LMO electrode modification,
system analysis, and application. After the discussion of the literatures, ELR
system performance was arranged as a table and discussed further. Based on
the trend and development process of the ELR system, the perspectives of

ELR research were suggested.
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2.3. System proposal

2.3.1 The system with the hydrolysis (A-MnO,/Pt system)

The first electrochemical lithium recovery (ELR) system was the A-
MnO2/Pt system proposed in 1993 (Kanoh et al. 1991, 1993), which is a three-
electrode cell consisting of a A-MnO; electrode (working), Pt wire electrode
(counter), and Calomel electrode (reference). Li* was selectively recovered by
the forward sweep method (1.0 to 0.2 V, scan rate: 0.1 mV s™) of cyclic
voltammetry. The lithium capturing reaction is as follows:

A —MnO, + xLi* + xe~ - LiyMnO, (cathode)
1 _ :
H,O0+e™ - EHZ + OH™ (hydrolysis, anode)

Kanoh et al. investigated the lithium recovery performance of the A-
MnO2/Pt system in aqueous solutions of various metal chlorides. From the
results of these lithium recovery experiments, they found that the system
showed remarkable Li* selectivity when the electrolyte contained more than 10
mM of Li" while insufficient performance was reported when the electrolyte
contained less than 0.1 mM of Li*. Expectedly, this system showed low energy

efficiency due to the hydrolysis occurring at the Pt electrode surface. They also
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reported that alkaline earth metal ions had stronger inhibitory effects on lithium
recovery than alkaline metal ions due to the electrostatic interaction and
complexation ability on the oxide surface. For a system application, lithium
was recovered from the geothermal water and the uptake (similar to the
capacity) was 11 mg g*. The first ELR system was well-defined by their
pioneering work. Nevertheless, this system was needed to be refined because
of the pH variation and high energy consumption that occurred by the

hydrolysis.
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2.3.2 Asymmetric battery system

For a high-energy efficient and reversible process without pH variation,
Lee et al. reported the first battery-type ELR system consisting of a A-MnO-
electrode (positive electrode) and silver electrode (Ag, negative electrode) (Lee
et al. 2013). The reversible lithium capturing/releasing reaction is as follows:

2A — MnO, + xLi* + xe™ & LiyMn,0, (positive electrode)
xAg + xCl™ & xAgCl + xe™ (negative electrode)

The system was operated under constant-current mode. By repeating the
two steps (capturing and releasing), Li* in the source solution was selectively
transported to the recovery solution. In this study, an additional lithium
recovery test was carried out from the simulated brine (similar to the Salar de
Atacama) and the results showed that lithium was selectively recovered with
efficient energy consumption (specific energy consumption: 1.0 Wh mol™).
The research on the battery-type ELR system using the LMO was done based
on this research. Certain follow-up studies have focused on developing
alternatives to the silver electrode due to its high cost. Materials such as
polypyrrole (PPy), nickel hexacyanoferrate (NiHCF), zinc, and polyaniline

(PANI) were suggested as alternatives. These materials showed enough
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electrical capacity, good reversibility, high stability, and high current efficiency
to the targeted counter-reaction.

In the study conducted by Massoni et al., PPy, the reversible chloride
capturing electrode, was applied to the ELR system (Missoni et al. 2016). The
PPy electrode captured and released CI with high reversibility and stability in
the natural brine. The reversible chloride capturing reaction is as follows:

xPPy + xCl~ & x[PPy*Cl™] + xe~

The system is well-operated under 1 V of cell voltage for 200 cycles, and
Li* was recovered from the natural brine solution (Salar de Olaroz) and the
Faradaic efficiency was around 50%. The specific energy consumption was 5
Wh mol? (Recovery solution: 25 mM LiCl) and 9.4 Wh mol?! (Recovery
solution: brine). Although the Li* concentration is considerably high (180 mM),
the Faradaic efficiency is relatively low and the energy consumption is
relatively high. This is because the LMO/PPYy battery cell was operated under
a high current (~10 C). For a fair comparison with other ELR systems, this cell
should be operated under a lower current (~1 C). They also compared the
suitability of PPy, carbon felt, and Pt as the counter electrode. Because the PPy
electrode showed few variations in electric potential, the ELR system with the

PPy counter electrode had the lowest energy consumption compared to other
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electrodes. They concluded that PPy is the most suitable alternative to the silver
electrode.

A NIHCF is a Prussian blue analogue material that selectively intercalates
K*and Na*. The reversible K" and Na* capturing reaction is as follows:

xK[NiFe(CN)¢] + xMCI + xe~ & xMK|[NiFe(CN),] + xCI~

Because the affinity of the NiHCF electrode for Li* is low, it can be used
as the counter electrode of the ELR system. Trocoli et al. suggested the A-
MnO2/NiHCF ELR system (Trocoli et al. 2015, 2017). Similar to the A-
MnO2/Ag system, the A-MnO>/NiHCF system showed high selectivity towards
Li* (1.63, 57.6, and 1633 to K*, Na*, and Mg?", respectively) and relatively low
energy consumption (3.6 Wh mol™). The recovery solution, however, produced
by using this system contained a high concentration of K*and Li* purity is low
(70 to 80%). An additional separation process could be required for highly pure
lithium products.

Kim et al. proposed zinc as a counter electrode in the ELR system due to
its low cost, high stability, and large capacity (Kim et al. 2018b). The ELR cell
was divided equally into two compartments with an anion exchange membrane
placed between the compartments. The A-MnQO; and zinc foil electrodes were
placed in each compartment and used as positive and negative electrodes,

respectively. When lithium recovery occurs at the A-MnO; electrode, the zinc
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electrode was oxidized and converted into zinc ions, which attracted chloride
ions of the A-MnO> compartment by the charge compensation. This reaction is
the reversible reaction. Zinc, thus, can be used as a negative electrode for the
ELR system. The overall reaction is as follows:

2\ — MnO, + xLi* + xZn(s) © LigxMn,0, + xZn?* + xe~

The specific energy consumption for the lithium recovery from simulated
Atacama brine was 6.3 Wh mol™and the capacity retention was 73% after 100
cycles (1 mA cm). This study showed the possibility of using metal electrode
usage in the ELR system.

Zhao et al. reported the LixMn2O4/PANI cell for lithium extraction from
the simulated Taijinair lake brine (Zhao et al. 2019). The PANI electrode
reversibly reacts with chloride ions on the principle of p-doping/de-doping.
This reversible reaction is as follows:

xPANI + xCl~ < xPANI*Cl™ + xe~

The PANI is an affordable and eco-friendly polymer material. Thus, it is
suitable as a silver electrode alternative. The LixMn2O4/PANI system shows
high current efficiency (95%) with good cyclability (70.8% after 200 cycles).
The energy consumption during the process was 3.95 Wh mol™ on average.
They insisted that this system showed relatively good performance compared

to other ELR systems using the silver alternative electrodes. This result should
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be further verified because the specific energy consumption considerably
increased with the number of cycles (3.13 Wh mol™ at the first cycle and 5.08

Wh mol™ at the fourth cycle).
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Figure 2-4 Schematic of the lithium ion capturing process in source water (1st step,
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Figure 2-5 Diagrams of the electrochemical lithium recovery process with the LMO-
Zn system. (a) Discharging step: lithium ions are selectively captured from the brine
water, and zinc oxidation occurs. (b) Charging step: lithium ions are released into the
charging solution, and zinc reduction occurs (Kim et al. 2018b).
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2.3.3 Hybrid supercapacitor system

A hybrid supercapacitor system was also suggested by Kim et al. (Kim et
al. 2015b). In this system, an activated carbon (AC) electrode is used instead
of the silver electrode, because of the economic feasibility and system stability.
A reversible counter reaction occurred when the AC electrode adsorbed and
desorbed the dissolved ions like an electric double-layer capacitor. An anion
exchange membrane was placed in front of the AC electrode to prevent the
cation adsorption into the electrode. The flow-type reactor was designed to
make it easier for the actual chemical processes. The capacity retention was 97%
until the 50th cycle of the process with almost 100% coulombic efficiency. The
cycling performance that represents the A-MnO2/AC hybrid supercapacitor

system had excellent long-term stability.
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Figure 2-6 Schematic diagram of the continuous lithium recovery system. (1) An
activated carbon composite electrode, (2) an anion exchange membrane, (3) nylon
as a spacer and (4) a A-MnQO, composite electrode are contained in the reactor (Kim
et al. 2015b).
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2.3.4 Symmetric rocking chair battery-liked system

A symmetric rocking chair battery-like system is a system using LiMn2O4
as a positive electrode and Li1xMn204 as a negative electrode. Two LMO
electrodes are capturing and releasing Li* simultaneously in the continuous
lithium extraction process. Zhao et al. firstly proposed a symmetric rocking
chair ELR system using two LMO electrodes (Zhao et al. 2017). In this
research, the effects of the potential and temperature on the performance factors
(extraction capacity, separation coefficient, current efficiency, and specific
energy consumption) were investigated and the optimized conditions (0.6 V,
25 °C) were presented according to comprehensive evaluations. Furthermore,
the effect of coexisting ions on the recovery performance was evaluated
(Mg?*>Na*>Ca?*>K"), which was explained by the difference in ionic radii and
ionic valence. The specific energy consumption of this system was relatively
high (16-19 Wh mol™?) since this system operated under the constant-voltage
mode (Qu et al. 2016). In the follow-up studies, a rocking chair battery-like
system using LiMn204 has been operated under the constant-current mode, and
the specific energy consumption is much lower (under 3 Wh mol™) (Joo et al.

2020a; Romero et al. 2020).
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2.3.5 Flow-through type reactor

The Li* concentration of the brine source is relatively lower than that of
the battery electrolyte, therefore, the concentration polarization is influential to
the recovery performance. A flow-through type reactor is one of the solutions
for minimizing the negative effect of the concentration polarization. Palagonia
et al. operated the flow-through type reactor and analyzed the concentration
polarization (Palagonia et al. 2017). The authors compared the lithium
recovery performance (specific capacity and rate capability) with and without
flow rate and proved that convection mass transport minimized the negative
effect of concentration polarization. When the brine from Salar de Atacama
was used as a lithium source, the specific capacity with the flow was 5 times
higher than without flow. In their follow-up parameter study, the effect of the
current density and mass loading on the recovery performance was also
examined (Palagonia et al. 2019) by using the optimized flow-through reactor
and obtained the 100 mM LiCl recovery solution (purity: 94%) from the 1 mM
LiCI+100 mM NaCl source water. By evaluating the economic feasibility of
the process with the pumping energy, it was calculated to be commercially
valuable when the source water contained more than 1 mM of Li™. It is verified

that the flow-through type reactor is an efficient recovery method even for the
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low Li* concentration brine. Subsequent studies should focus on controlling the

convection mass transport to further improve performance.
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Figure 2-8 Representation of the cell (vertical section) on the left. The gray disk
represents the electrode. On the right, the arrangement of the electrodes, one in top
of the other, separated by a filter paper of the same size (Palagonia et al. 2017)
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2.4. LMO electrode modification to enhance the Li" recovery

performance

The most widely used methods for LMO synthesis are the solid-phase
combustion method and the hydrothermal method, which are simple and
economical (Xiao et al. 2013; Xu et al. 2016). The pristine LMO fabricated by
these methods has high selectivity to Li*, but its rate capability, long-term
stability, and energy efficiency need to be improved. For this, strategies to
refine the LMO electrodes have been proposed.

The first strategy is a polymer film coating to prevent capacity loss and
improve capacity. Du et al. fabricated the A-MnQO2/PPy/PSS electrode (Du et
al. 2016). The A-MnO> nanorod electrode was fabricated by hydrothermal
synthesis, and polypyrrole (PPy) and polystyrene sulfonate (PSS) films were
covered by the unipolar pulse electrodeposition (UPED). PSS-doped PPy acted
as a cation exchanger, allowing A-MnO2/PPy/PSS electrodes to have higher Li*
selectivity than the pristine A-MnO; electrode. A high lithium recovery capacity
of 35.2 mg g was shown using this electrode, which is near the theoretical
value (38.3 mg g1). Assuming the Faradaic efficiency is 100%, the capacity of
the LMO electrode is 135 mAh g%, which is the highest value among the ELR
studies. The authors elucidate that the nanorod morphology provided a high

surface area with the enhancement of the ionic conductivity of the electrode
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structure by a polymer film. Further verification, however, is needed because
the operating voltage range is slightly out of the potential window where the
redox reaction of LMO occurs (Battistel et al. 2020). LMO covered by a three-
dimensional nanostructured hybrid inorganic-gel framework is developed as an
electrode for electrochemical lithium extraction (Zhao et al. 2020b). PPy and
Al;O3 are used as the framework to prevent capacity loss caused by the
dissolution of manganese. The synthesis process is as follows. First, the LMO
was fabricated by the solid combustion method. Then, Al>O3 was coated on the
LMO particle by using the sol-gel method. Last, PPy was coated on the
Al;O3z/LMO by the oxidative polymerization and PPy/Al,O3/LMO was
fabricated. The PPy/Al,O3/LMO electrode showed enhanced cyclability (91.66%
after 30 cycles at the 1C rate) compared to the pristine LMO electrode (77.70%
in the same condition). The lithium recovery performance of the continuous
hybrid capacitor system using this electrode showed a high purity of the product
(97.37%, the highest value among the ELR studies) with efficient energy
consumption (1.41 Wh mol™).

Another strategy is to modify the physical properties of the LMO
electrode. A self-supported A-MnO; film electrode was developed for the ELR
system by Xu et al. (Xu et al. 2018). MnO; film on the platinum plate was

fabricated by the cathodic deposition, which is followed by the aerobic
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oxidation and lithiation step (hydrothermal method). Because this electrode
was fabricated without any binder material, the electrode had high electrical
conductivity and high ion transfer efficiency. The ELR system using this
electrode showed higher rate capability (100 mAh g at the current density of
50 mA gt in 30 mM Li* aqueous solution) and better long-term cyclability (91%
of the capacity remained after 100 cycles) than the A-MnO; powder electrode
(80 mAh g of capacity and 76% of the capacity remained at the same
conditions). Xie et al. have reported a LiMn20O4 nanorod electrode applied to
the ELR system. LiMn2O4 nanorod was fabricated by a continuous process of
the hydrothermal method, grounding, and sintering (Xie et al. 2020). The
average diameter and length of the nanorod are 500 nm and 4-7 pm,
respectively (the pristine LMO is micron-sized and spherical-like). Because of
the large surface area of the nano-sized electrode, the charge transport reaction
at the LMO electrode accelerated and Li* was selectively recovered in a highly
energy-efficient way (1.76 Wh mol™). The limited cycling performance of the
electrode (37.4% of the capacity retention after 200 cycles) is required to be

improved for practical application.
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Figure 2-10 (a) Schematic diagram of material synthesis; SEM images of (b) LMO,
(c) ALO3/LMO, and (d) PPy/Al,O3/LMO samples; (e) high-resolution TEM images
of surface-treated PPy/Al,03/LMO particles; (f) EDS mapping and (g) spectroscopy
of PPy/Al,O3/LMO; (h) XRD patterns of LMO, Al,O3/LMO, and PPy/Al,0s/LMO

(Zhao et al. 2020D).
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2.5. System analysis

Understanding the mechanism and behavior of the ELR system is
important for further development. Some research utilizing electroanalysis, X-
ray measurement, and numerical simulation has been reported. In recent years,

selective concentration polarization was analyzed.

2.5.1 Electroanalysis

Marchini et al. have studied surface chemistry and ion exchange behavior
of the LMO electrode through electroanalysis (Marchini et al. 2016). The
cyclic voltammetry (CV) and galvanostatic intermittent titration technique
(GITT) measurements were used to show how the Li* was stably and reversibly
intercalated/de-intercalated in the natural brine (Salar de Olaroz). The
diffusivity of Li* in the nanocrystalline structure was measured as 10° cm? s
using the chronoamperometry method. The ratio of Mn/O at the surface and
initial Mn"V/Mn'" of the crystal was measured as 1:2 and 1:1, respectively, by
photoelectron spectroscopy. The content of Mn'" was depleted when the
potential exceeds 1.1 V (vs. Ag/AgCI) and dominant when the potential is less
than 0.4 V (vs. Ag/AgCI). The same research group investigated LMO surface

composition and crystal structure affected by the electrode potential in the brine
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(Marchini et al. 2018a). They found that the intercalation/de-intercalation
reactions of the LMO consist of 2 steps involving two cubic phase transitions
in an aqueous brine solution resembling the behavior in organic electrolytes.
They found that the oxide surface of LMO adsorbed the sodium ion, but the
intercalation of sodium ion into the crystal structure did not occur. They also
analyzed the interface of LMO in the LiCl and natural brine solution by using
electrochemical impedance spectroscopy (EIS) with a modified Randles
equivalent electrical circuit model (Marchini et al. 2018b). Unlike with the
organic solvent, a solid-electrolyte interface (SEI) was not created on the LMO
electrode in the aqueous brine solution, which results in a single semicircle in
the Nyquist plot. It was also found that the Rt value was at the minimum for a
specific state-of-charge value (0.25 and 0.75) when the intercalation site was
half-filled with Li" at each phase. The overall behavior of Li* intercalation in
aqueous brine solution was precisely analyzed by this research group. By using
this result, the operation condition for efficient lithium recovery can be

provided with analytical evidence.
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Figure 2-12 X-ray diffraction patterns of a stainless steel electrode cast with the

LixMn;Og4 slurry in the 20 region from 57° to 61° (Cu-Ka), where (511) peak appears.

Peaks indicated as (a), (b) and (c¢) correspond to different states of charge represented

with the x value and reached after 1 h polarization at different potentials: 0.6 V for
peak (a), 0.85V for peak (b) and 1.1V for peak (¢), in LiCl 0.1 M. Peak (d)
corresponds to the resulting pattern after 1 h polarization of the delithiated structure
of peak (c) at 0.6 V in 0.1 M NaCl. Right top: Lithium insertion from natural brine

(Marchini et al. 2018a).
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2.5.2 Numerical simulation

Romero et al. numerically simulated the LMO/PPy and LMO/AC systems
in the one-dimensional domain using COMSOL Multiphysics software
(Romero et al. 2018). This is the first study that analyzed the ELR system
behavior by using computational modeling and simulation. The model was
constructed based on the pseudo-2D model (P2D) widely used in lithium-ion
battery research. The concentration profiles of Li*, Na*, K*, Mg?*, B.O+%, cell
voltage and electrolyte potential with the constant-current operation were
calculated. Besides, Romero et al. tested and numerically simulated a 3D
packed bed reactor consisting of a porous petroleum coke electrode covered
with LiMn2O4 (Romero et al. 2020). They found that the degree of de-lithiation
of the Li1xMn2O4 electrode determines the amount of recovered Li*. The effect
of flow rate on the electrolyte concentration distribution was also investigated
and it was concluded that a specific value of flow rate is needed for the uniform
concentration distribution in the flow channel. The authors proposed a direction
of designing the scaled-up ELR system such as increasing the volume fraction
of LMO and decreasing electrode particle size and contact resistance between

electrode particles.
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Figure 2-13 2D lithium concentration profiles simulated at different flow rate values
uy: 0 (A), 107 (B) and 0.012 m's™! (C) at 100 mA and emo = 0.0077 after 3865 s
(1.11 h) or final time of electrolysis (Romero et al. 2020).
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2.5.3 X-ray measurement

Kim et al. analyzed the physicochemical behavior of the LMO electrode
at various concentrations and current density conditions (Kim et al. 2020).
From the X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra, the structural transition of the LMO
electrode after the recovery process was investigated. The A-MnO- electrode
was found to have three chemical states during the recovery process: depletion,
transition, and saturated regions. The authors presented that the depletion state
is dominant when the concentration of Li* is low or the current density is high.
To reduce this negative effect, they suggested the ball-milling method for
decreasing the particle size of LMO and improving the capacity of the system.
This result justified why small-sized electrode particles are essential for the

high-performance ELR system.
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Figure 2-14 (a) Mn K-edge XANES spectra of A-MnO; electrodes after lithium
recovery from source waters with diverse Li" concentrations at 25 mA/g. The inset
shows the enlarged prepeaks. (b) Oxidation state of Mn calculated from the edge
positions of the XANES spectra displayed in (a). (c) k3-weighted Fourier transform
of the EXAFS spectra at Mn K-edge of A-MnO2 electrodes after the operation in
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LiMn,04 were added for comparisons (Kim et al. 2020).
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2.5.4 Selective concentration polarization

The negative effect of the concentration polarization on the system
performance was analyzed by Guo et al (Guo et al. 2020). Contrary to the
lithium-ion battery, the electrolyte of the ELR system contains a low
concentration of Li* and a high concentration of coexisting ions like Na* and
Mg?* (Zhao et al. 2013; Pramanik et al. 2020). Therefore, the LMO electrode
of the ELR system is vulnerable to concentration polarization and exhibits low-
rate capability and high energy consumption. They named this unique
phenomenon found only in the ELR system as selective concentration
polarization (SCP), which is caused by the depletion of Li* and the
accumulation of coexisting ions in the boundary layer. Mg?* is an ion that
strongly induces SCP more than other cations whose strength of SCP is
followed by Na*, Ca?*, and K*, in that order. They also proved that stirring can
reduce the negative effect of SCP in the experiment. This study identified the
reason for the performance degradation in the ELR system, which is
distinguished from the battery system. This suggests the development direction

of a flow-type ELR system which has been studied recently.
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2.6. Application

Lithium can be recovered from various sources, such as wastewater and
desalination brine. For this, it is necessary to design the ELR systems

considering the special characteristic of the source water.

2.6.1 Lithium recovery with the wastewater treatment

Kim et al. suggested the A-MnO2/BDD bi-functional system to recover Li*
from the wastewater discharged from the actual battery recycling plant (Kim et
al. 2018a). The wastewater contained a relatively high concentration of Li*
(270 mM) but also contained lots of organic pollutants that should be treated.
To decompose dissolved organics, a boron-doped diamond (BDD) electrode
was adopted as an oxidant-generating electrode (counter). Using the system, a
high purity recovery solution (98.6 mol% of Li*) was produced and DOC
(dissolved organic carbon) of the wastewater was reduced to 65%. This study
is meaningful in that the range of electrolytes that can be applied to the ELR
system has been increased through the development of a bi-functional cell

system.
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2.6.2 Lithium recovery from the desalination concentrate

A A-MnO2/Ag system that recovers lithium from the desalination brine
was developed and evaluated by Kim et al. (Kim et al. 2019). The desalination
brine contained extremely low concentrations of Li* (0.063 mM), which makes
it impossible to manufacture the product with high Li* concentration and purity
through a one-stage ELR system. Accordingly, the research team invented a
two-consecutive recovery process that recovers Li* once again from the Li*
recovered solution. The two consecutive recovery processes produced a
recovery solution with high purity (up to 99.0%) and high Li* concentration
(190 mM). The authors compared the lithium recovery performance of the
adsorption and ELR process and confirmed that the ELR system is much faster

at capturing and releasing steps.
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2.7. Summary of the system performance and perspectives

ELR systems using LMO electrodes have been intensively studied since
2013. The research trend in this field is gradually shifting from quantitative
research to qualitative research. In other words, improving the performance of
the ELR system is a major concern in the present and the future. In this section,
the system performance of the literature is summarized (as shown in Table 2-1)

and the perspectives are presented.
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Table 2-1 Performance of the ELR system using LMO electrode

Mass Electrode Operation Capacit Energy
LMO loading dimension Counter Solution composition pmode (mAr? y_l) consumption Ref.
(mgecm?)  (cmxcm or cm?) gimo (Wh molci?)
(Kanoh
%-MnO> - 1.0x1.0 Pt (LGifooth;f;?\'A) F:V';/"ef’:rd 85 - etal.
- P 1993)
. . (Lee et
Simulated brine: Salar de Atacama CC mode
A-MnO2 - 3.0x3.0 Ag . 5 - 1.0 al.
(Li*: 210 mM) (0.5 mA cm™) 2013)
. (Kim
3-MnO2 i i AC 30 mM LIC;thZ?dKCI’ MgCly, (O(;Cr:nr;ocdrﬁ_z) i 42 et al.
? ' 2015h)
. (Misso
Plane: 3.0x2.0 Brine (Salar de Olaroz) CC mode .
A-MnO: 052 Total: 56.0 cm? PPy (Li*: 180 mM) (2.5 mA cm?) 94 nietal
2016)
(Du et
A-MnO: - o%5 Pt 30 mM LiCl and NaCl CV mode 135 - al.
/PPy/PSS (porous)
2016)
. . (Trocol
LMO i 2 em? NiHCFE Simulated E)Iili?iéar:]a;ﬂc)ie Atacama C((:lng:o)de 100 36 Cetal
' 2017)
. . . (Zhao
+.
LiMnzOs - 3.5x3.0 LipMn0, ~ imulatedbrine (Li: 21 mM)and — CV mode 77-97 17.89-1867  etal.
concentrated seawater (Li*: 32 mM) 0.6V) 2017)
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(Kim

A-MnO2 28.6 8.75 cm? BDD WaStewat(eLr;f_’azt;?é ﬁ‘;\i’l‘)’“"g plant (ngnrzocdni_z) 88 8.71 etal.
T ' 2018a)
Simulated brine: Salar de Atacama CC mode (Kim
LiMn204 - 2.5x4.0 Zn (Li* 2'10 mM) (05 mA cm?) - 6.3 etal.
' ' 2018h)
Self- . (Xu et
supported - - 3.0x3.0 Ag 30mM L'C;’nglzca'c'lKC" MgCl, (Scocmrfd_el) 100 4.14 al.
MnO; 2 g 2018)
. S (Zhao
LiMn2Os 25-35 2.0x2.0 PANI Simulated brine: Taijinair CC mode ~90 3.95 et al.
(Li*: 64 mM) (0.5 mA cm™)
2019)
. . . (Xie et
I;;'\::,:S; 5 - NiHCF S'muif_ti‘iq gi";e&l:)'””a" C((:lmco)de 105 1.76 al.
T 2020)
—_— . CC mode (Kim
. Desalination brine 17.2
A-MnO; - Diameter: 5 cm Ag o (0.01 mA cm- - o etal.
(Li*: 0.063 mM) 2) (1% step) 2019)
CC mode (Joo et
A-MnO:2 5 2.0x2.0 LiMn204 30 mM LiCl (0.0625 mA 128 0.56 al.
cm?) 2020a)
PPy/Al,Os/L Simulated diluted brine CC mode (zhao
- 1 cm? AC o ~50 1.41 etal.
MO (Li*: 23.48 mM) (0.75 mA) 2020b)
. . CC mode (Romer
LixMn:0s 076 15:5%4.5 LiMn,o,  Simulated brine: Hombre Muerto ) o x oy ~100 2.76 oetal.
(packed bed) (Li*: 190 mM) 2) 2020)
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2.7.1 System proposal and operation

In recent years, the number of studies on the flow-type ELR system is
increasing. This trend is different from the past when batch-type or semi-batch-
type systems were actively investigated. Compared with the batch-type reactor,
the flow-type reactors have the advantages of reducing SCP and producing a
uniform quality of Li* solution. This feature is advantageous for applying the
ELR system to practical usage. Future ELR system research is expected to be
conducted for the optimization and design of the flow-type system.

To evaluate the newly developed system, it is necessary to compare it with
the system that was previously developed. However, it is not possible to
directly compare the performance of each system because the current density
and electrolyte conditions are different. These parameters have a great effect
on performance. Thus, for a fair comparison, a definite standard for the solution
composition and operation mode is required to evaluate the system objectively
(Hawks et al. 2019).

Most ELR systems were operated under the constant-current (CC) mode
and showed energy consumption of less than 10 Wh mol™ as shown in Table 1.
This value is lower than the energy consumption of the ELR system operated
under constant-voltage (CV) mode (over 10 Wh mol?). CC mode consumes
less energy than CV mode because of lower resistive dissipation in the
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operation (Qu et al. 2016). However, CC mode consumes more time than CV
mode. Considering the benefits and drawbacks of CC and CV mode, an
appropriate combination of operating mode is a promising strategy for rapid

and energy-efficient processes.
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2.7.2 LMO electrode modification

As mentioned in previous sections, one of the main problems of the LMO
is that only the surface of the LMO particle is utilized at the low Li*
concentration sources, so the total capacity of the LMO is limited. To solve this
problem, a small-sized LMO particle to increase the surface-to-volume ratio is
required to be developed. Little research has been reported on the ELR system
(only nanorod). Therefore, various types of nano sized LMOs need to be
investigated to increase the capacity and rate capability of the LMO electrode
used in the low Li* concentration sources.

Another problem is that the capacity of the LMO decreases with the
number of cycles due to the manganese dissolution. To solve this problem, it is
necessary to develop a protection method for the electrode particle to prevent
manganese dissolution. Only two coating methods (A-MnQO2/PPy/PSS and
PPy/Al,O3/LMO) were reported in the previous literature, and these electrodes
showed high capacity and cyclability during the process. Various types of
coating methods should be examined to increase the stability of the LMO

electrode during the long-term process.
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2.7.3 System analysis

The behavior of LMO electrodes used in the ELR system is different from
the behavior of LMO electrodes used in the battery system. Most of the
solutions used for ELR research were electrolytes containing equivalent moles
of salt or simulated brine, which normally contains 30-300 mM of Li*. This
value is considerably low compared to lithium-ion battery electrolyte (typically,
1 M) (Ravikumar et al. 2018). Meanwhile, the solutions used for ELR studies
contain a lot of impurities such as Mg?*, Na*, and Ca?*. Recent studies have
begun to analyze the behavior of the ELR system such as SCP, and more future
research is required to fully understand the special phenomena that occur only

in the ELR system, not lithium-ion battery systems.
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2.8. Summary

In this section, ELR systems using the LMO electrode are reviewed. The
A-MnO2/Pt system, A-MnOo/Ag battery system, A-MnO2/AC hybrid
supercapacitor, LiMn204/Li1xMn204 rocking chair battery-liked, and the
flow-type system were proposed as representative electrode systems.
Activated carbon, polypyrrole, nickel hexacyanoferrate, zinc, and polyaniline
were suggested as alternatives for the silver electrode. LMO modification
research was conducted in addition to developing A-MnO2/PPy/PSS,
PPy/Al,03/LMO, self-supported A-MnO2, and LiMn204 nanorod electrodes.
To understand the behavior of the LMO, the surface and crystal of the LMO
were analyzed by electrochemical and X-ray measurements. Interest in the
hydrodynamics of the ELR system is growing recently, and computational
simulation and the concept of concentration polarization have been used to
analyze the system with convection mass transport. For a practical
demonstration of the process, ELR systems were applied to the wastewater
treatment of the battery recycling plant and desalination plant. Because of the
high Li* selectivity and stability of the LMO electrode, the ELR system can
be applied to various lithium resources with a high concentration of impurities

such as salt brine, wastewater, geothermal water, desalination brine, and even
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seawater. ELR technology will be a promising extraction method in the green

energy society of the future.
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3. Pilot-scale design and demonstration of an
electrochemical system for lithium recovery from
the desalination concentrate

3.1. Introduction

Ever since the beginning of human culture, the scarcity of freshwater has
been an unresolved problem for a large number of populations (Rock 1998;
Hoekstra et al. 2012). Given that 97% of the water on our planet is held by
the seas and oceans, seawater desalination is undoubtedly the clearest answer
to solve this problem (Corcoran 2010; Elimelech and Phillip 2011; Ghaffour
et al. 2013). Therefore, intensive efforts have been made for the removal of
salts (typically NaCl) from seawater. Recent advances in desalination
technologies have resulted in the production of approximately 97.4 million
tons of freshwater daily from seawater (International Desalination
Association 2019). In the meantime, seawater desalination also produces
large amounts of concentrated brine (i.e., desalination concentrate), which has
raised concerns about their adverse impact when discharged, such as the
disruption of marine ecosystems (Abu Qdais 2008; Lattemann and Hopner
2008; Missimer and Maliva 2018; Panagopoulos et al. 2019). For this reason,

various attempts have been made to treat and utilize desalination concentrate
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in an economical and environment-friendly manner. One typical approach is
the extraction of valuable resources (Kim 2011; Xu et al. 2013; Morillo et al.
2014; Shahmansouri et al. 2015; Giwa et al. 2017).

Seawater is known to contain huge amounts of lithium (230 billion tons),
but lithium ions (Li") in seawater are often considered unlikely to be useful
owing to their low concentration (e.g., 0.17 mg/L) and low proportion (less
than four orders of magnitude compared with sodium). This makes it
extremely challenging to separate lithium using conventional technologies
based on evaporation or adsorption processes (Chitrakar et al. 2001; Chung
et al. 2008; Wang et al. 2009; Hoshino 2013a, b, 2015; Choubey et al. 2017;
Yang et al. 2018). An increase in the price of lithium has brought lithium in
seawater into the limelight, and recently developed electrochemical lithium
recovery systems are regarded as one of the most promising techniques to
extract lithium from seawater (Kanoh et al. 1993; Pasta et al. 2012; Marchini
etal. 2018c; Kim et al. 2018a; Lawagon et al. 2018; Yoon et al. 2019). Based
on a battery-like A-MnQO»/Ag system with high Li* selectivity proposed by our
research group, this system is highly feasible when applied to the desalination
concentrate containing two to three times higher concentrations of lithium
ions than seawater (Lee et al. 2013; Kim et al. 2019). However, few attempts

have been made to bring this technology from lab-scale experiments to
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industry-level applications.

Herein, a pilot-scale electrochemical lithium recovery system employing
A-MnO; and Ag electrodes is reported for the capture and release of lithium
and chloride, respectively, from desalination concentrate. Before designing
the system, three steps are defined necessarily for the proper and continuous
operation of the system: Li-capturing step (Step 1), washing step (Step 2),
and Li'-releasing step (Step 3); these are schematically illustrated in Figure
3-1. In Step 1, Li" in desalination concentrate is captured by discharging the
electrochemical cell by applying current, and A-MnO; and Ag are
simultaneously converted into LixMn>O4 and AgClx (0 <x < 1), respectively.
In Step 2, electrodes are washed with pure water to remove impurities
including ionic species (e.g., Na', Mg**, K', and Ca?") smeared on the
electrode surface. In Step 3, Li" is released from the electrode to the recovery
solution by electrochemically charging the cell. This step not only leads to the
production of concentrated Li* solutions but also regenerates the electrodes

into A-MnO; and Ag, enabling the system to run continuously and repeatedly.
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3.2. Experimental section

3.2.1 Electrode fabrication

The electrochemical monopolar-type stack cell based on 14 pairs of A-
MnO; and Ag electrodes was used in the primary recovery process (Figure
3-2a). Rectangular graphite plates with 200 mm length, 100 mm width and 2
mm thickness were used as current collectors (Figure 3-2b). A-MnO:
electrodes were prepared by the acid treatment of LiMn,Os composite
electrodes in 0.5 M of HCI solution for 1 hour. LiMn»0O4 composite electrode
was fabricated by the following steps. First, 80 wt % LiMn20O4 (TOB New
Energy, China) as the active material, 10 wt % Super P (Timcal, Switzerland)
as the conductive material, and 10 wt % polyvinylidene fluoride (PVDF,
Sigma-Aldrich) as the binder were mixed with the 1-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich) solution and the slurry was made. Then, the slurry was
cast on the current collector with a thickness of 300 mm, followed by solvent
evaporation at the temperature of 120 °C in the vacuum oven. Ag electrodes
were prepared in the following steps. 80 wt % silver powder (Ag, Sigma-
Aldrich) as the active material, 10 wt % Super P (Timcal, Switzerland) as the
conductive material, and 10 wt % polytetrafluoroethylene (PTFE, Sigma-

Aldrich) as the binder were mixed with the ethanol (99%, Sigma-Aldrich) and
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the slurry was made. The slurry was roll-pressed with a thickness of 300 mm
and dried at the temperature of 120 °C in the vacuum oven. After the solvent
evaporation, Ag electrodes were attached onto the current collector with the
carbon paint (TED PELLA INC., USA).

The electrochemical cell used in the secondary recovery process was
comprised of single electrode pair of the A-MnO; and Ag electrode (Figure
3-2¢). As a current collector, circular graphite sheets with 100 mm diameter
and 0.2 mm thickness were used (Figure 3-2d). The electrodes used in this

process were fabricated in a similar way to the previous one.
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(d)

Figure 3-2 (a) The electrode stack used in the primary recovery process and (b) the
electrodes comprising the stack. (¢) The electrochemical cell used in the secondary
recovery process and (d) the electrode comprising the cell

64



3.2.2 Physicochemical characterization and operation

Physicochemical characterization and operation of the electrochemical
cell were conducted by the battery cycler (WBCS3000; WonATech, Korea)
and the automated program (CIMON, Korea). The cation concentrations of
the intermediate product and the final product were measured by ion
chromatography (IC-1100; Thermo-fisher, United states). A pH meter (Lab
860, SI Analytics GmbH) and a conductivity meter (F-74BW, Horiba) were
used to characterize the desalination concentrate. TDS and element
composition of the desalination concentrate were calculated from the chloride
concentration measured by the lon chromatography (DX-120, Thermo Fisher
Scientific Inc.) and the composition of standard seawater (Gerlach 1981).

The performance indicators were defined as follows. Purity is the molar
amount of recovered Li" divided by the sum of the molar amount of recovered
cations, and enrichment factor is the ratio of the Li" concentration of the

product over the desalination concentrate.

65



3.2.3 Development of a mobile-type electrode based ELR process

A new electrode configuration, mobile-type electrode, was introduced
for scaling up the system while improving product purity and economic
efficiency. When mobile-type electrode is applied, the electrode stack can be
moved from tank to tank, and its position changes when the step is switched.
It is different from the pre-existing fixed-type electrode configuration in
which the type of inflow water changes when the step is switched (Figure
3-3). In terms of product purity and economy, it is expected that the mobile-
type electrode is superior to the fixed-type electrode.

First, it is advantageous to improve product purity. Desalination
concentrate is highly concentrated seawater and can act as an impurity when
mixed with the recovery solution. Therefore, to effectively separate and
purify low-concentration lithium, a process of maximally separating the
desalination concentrate and the recovery solution is required. In the fixed-
type electrode configuration, these solutions are mixed in the process of
repeatedly supplying and draining solutions. As the size of the reactor
increases, the opportunity for such a mixing process to occur increases since
it is difficult to realize complete drainage in the large reactor. In the case of
mobile-type electrode, it can be freed from this problem because the
desalination concentrate and the recovery solution can be completely

66



separated by the partition.

Second, the mobile-type electrode can be used more advantageously and
economically for the development of ELR reactor due to easy monitoring and
maintenance of the electrode stack. Since fixed-type electrodes are packed
inside the cell, it is difficult to monitor and maintain the electrode stack
condition. Monitoring and maintenance were easier for the mobile-type
electrode because the electrode stack was exposed to the outside. Also, the
mobile-type electrode method was an efficient way to save the budget as
much as possible because there was almost no need to redesign and

manufacture the entire reactor once the frame of the reactor was fabricated.
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<Fixed-type electrode>

Figure 3-3 Difference between mobile-type and fixed-type electrode configuration
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3.3. Results and discussion

3.3.1 Design and installation of the pilot-scale ELR system

Based on these three fundamental steps, the pilot-scale electrochemical
lithium recovery system was designed (a photograph of the system is shown
in Figure 3-4). The system was directly connected to the desalination plant
that included reverse osmosis and membrane distillation processes that
supplied the desalination concentrate (data of the water quality analysis is
shown in Table 3-1). The Li" concentration of the desalination concentrate
was relatively higher than that of seawater. The processes were automated so
that the water flow, cell stack movement, and current were controlled by the
program. Figure 3-5 shows the overall constitution of the system whose
operation consists of a two-stage consecutive process: the primary recovery
process where lithium is recovered directly from desalination concentrate,
and the secondary recovery process for further enrichment of lithium ions in
final products. In the primary recovery process, three tanks containing
desalination concentrate (capturing tank for Step 1), desalinated water
(washing tank for Step 2), and recovery solution (releasing tank for Step 3)
were used. Since Li" concentration in desalination concentrate is extremely

low (approximately 0.035 mM), which implies that the amount of lithium
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being recovered is likely to be limited by the mass transport of Li", the surface
area of the electrodes was increased. A stack of 14 pairs of A-MnO> and Ag
electrodes in parallel connection was used, and rigid graphite plates were used
as current collectors. The system was continuously operated by moving the
stack along the conveyor belt and sequentially submerging it in the solutions

in the three different tanks.
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@® Control panel (pump)

@ Control panel (primary recovery)
® Primary recovery system

@ Computer

(® Battery cycler
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@ Pipe lines for influents

@ Pipe lines for effluents

Figure 3-4 Overview and specification of the pilot-scale electrochemical lithium

recovery (ELR) system
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Table 3-1 Characterization of the desalination concentrate

Measured properties

pH 8.0
Conductivity (S/m) 6.53
TDS (mg/L) 43895
Composition
Compound Concentration
mg/L mM
Chlorine 25246 712
Sodium 14463 629
Magnesium 1732 71
Sulfur 1215 38
Calcium 553 14
Potassium 536 14
Bromine 90 1
Carbon 38 3
Strontium 11 0.121
Boron 6 0.559
Silicium 3 0.096
Fluorine 2 0.092
Lithium 0.24 0.035
Nitrogen 0.20 0.014
Rubidium 0.16 0.002
Phosphorous 0.08 0.003
Iodine 0.08 0.001
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Figure 3-5 Schematic description of pilot-scale electrochemical lithium recovery system

73




3.3.2 Performance analysis of pilot-scale ELR system

Detailed procedures of the primary recovery process are as follows. In
Step 1, after locating the electrodes in the capturing tank where the
desalination concentrate flows at a rate of 0.25 m’/h, lithium ions were
extracted by discharging the system by applying —10 pA/cm? of current until
the voltage decreased to 0.2 V (see the black line of the voltage profile in
Figure 3-6a). After capturing Li", the electrodes were transferred to the
washing tank and impurities were removed using desalinated water with a
flow rate of 0.042 m>/h (Step 2). Then, the electrodes were transferred to the
releasing tank, and +50 pA/cm? of current was applied until the voltage
reached 1.2 V (see the red line of the profile in Figure 3-6a) to release Li"
from the electrodes to the electrolyte (Step 3). The operating voltage range
was determined by considering the reduction peaks (0.6 to 0.2 V) and
oxidation peaks (0.5 to 1.1 V) of a A-MnO; electrode in LiCl solution via
cyclic voltammetry analysis (see Figure 3-7). This three-step cycle was
repeated five times before moving the recovery solution to the secondary
recovVery process.

For Li" enrichment in the secondary recovery process, a pair of
stationary electrodes was used to constitute a flow-type reactor with a small
volume (for the details, see Figure 3-2¢ and d). The reasons are because (i)

74



the amount of solution used to capture Li" is much smaller compared with the
primary stage; (ii) more thorough washing of impurities is necessary to obtain
a purified final product; and (iii) the volume of the recovery solution should
be minimized to obtain a final product with high Li" content. The secondary
process also consists of the three steps discussed above. In Step 1, the
recovery solution from the primary stage, hereafter denoted as the
intermediate product, was fed into the cell from the intermediate product tank
(the semi-batch process, see Figure 3-5), followed by Li" capture by
discharging (at —10 uA/cm?, see the black line of the profile in Figure 3-6b).
After the completion of the capturing step, the solution was returned to the
tank by the control of the streamline and valves, and Step 2 (washing) was
accomplished by flowing the desalinated water from the desalinated water
tank. For Step 3, the secondary recovery solution was circulated to the cell
from the secondary recovery solution tank, and lithium ions were released by
applying +50 pA/cm? of current (see the red line of the profile in Figure 3-6b).
After the Li"-releasing step, the recovery solution returned to the tank. The
secondary recovery process was also repeated five times, and the final product
was obtained.

The concentrations of Li’, Na", Mg, and Ca®" in desalination

concentrate, intermediate product, and final product were measured, and the
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results are summarized in Table 3-2 and Figure 3-6¢ to Figure 3-6e. As
depicted in Figure 3-6¢, the concentration of Li" in the desalination
concentrate was 0.035 mM, whereas those of Na*, Mg?*, and Ca?" were 630,
71, and 14 mM, respectively. By the primary recovery process, Li" was
separated from the desalination concentrate with high selectivity. The
concentration of Li* increased to 0.12 mM, while the amounts of Na*, Mg?",
and Ca®" were reduced to 3.0, 0.66, and 0.31 mM, respectively (see Figure
3-6d). After the secondary process, Li" concentration further enriched to 62
mM, while the content of other ions remained close to those of the
intermediate product. The concentrations of Na*, Mg?", and Ca®" were 2.6,
3.0, and 2.8 mM, respectively (see Figure 3-6e).

In order to evaluate the lithium selectivity of the pilot-scale system, the
selectivity coefficient (Krim, the amount of recovered Li" divided by the
amount of cation M) was calculated for each ion at different stages of
operation. In desalination concentrate, KLim was extremely small in all cases
(5.6 x107°,4.9 x 104 and 2.5 x 107> for Na*, Mg?*, and Ca?", respectively).
However, it increased by 724, 373, and 158 times for Na®, Mg?*, and Ca?",
respectively, after the primary process. In the final product, regardless of M,
the Kiim values were greater than 20. These results confirm that lithium ions

were selectively transferred from the desalination concentrate to the final
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product in the pilot-scale system. Furthermore, the purity (Kii, the molar
amount of recovered Li* divided by sum of the molar amount of recovered
cations) and enrichment factor (f, the ratio of the Li" concentration of the
product and the desalination concentrate) were calculated in desalination
concentrate, intermediate product, and final product. As shown in Figure 3-6f,
the purity of Li" increased from 0.0048% to 88% after the operation of our
pilot-scale system, and Li* was enriched by 1800 times as seen from the

values of f'in Figure 3-6g.
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Figure 3-6 Analysis of the pilot-scale electrochemical lithium recovery system: Cell

voltage profile with capacity at (a) the primary recovery process and (b) the

secondary recovery process under the current density of —10 pA/cm? (Li*-capturing

step) and +50 pA/cm? (Li'-releasing step); Concentration of the representative

cations dissolved in (c) the desalination concentrate, (d) the intermediate product,

and (e) the final product; (f) purity and (g) enrichment factor of the desalination

concentrate, intermediate product, and final product.
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Figure 3-7 Cyclic voltammogram of A-MnO; electrode (1 M LiCl, 1 mV/s)
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Table 3-2 Concentrations of Li*, Na*, Mg?*, and Ca?" of the desalination concentrate,

intermediate product, and final product

Desalination Intermediate .
Final product
concentrate product
Cli
(mM) 0.035 0.12 62
CNa
(mM) 630 3.0 2.6
CMg
(mM) 71 0.66 3.0
CCa
(mM) 14 0.31 2.8
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3.4. Summary

In this research, a pilot-scale electrochemical lithium recovery system
based on A-MnOy/Ag electrode pairs was designed and demonstrated.
Although this work is the first demonstration of the large-scale operation of
an electrochemical lithium recovery system, Li" was successfully extracted
and enriched, and a final product with Li" enriched by 1800 times and 88%
purity was obtained using two consecutive processes for Li" recovery from
desalination concentrate. This work not only verifies the feasibility of
electrochemical lithium recovery technology but also provides insights on
various considerations for designing large-scale electrochemical systems,
such as the importance of properly combining multiple steps. It is expected
that these efforts lead to the development of improved systems and advance

the commercial use of diverse electrochemical separation technologies.
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4. Application of flow-type electrochemical lithium
recovery system with A-MnQ2/LiMn204:
Experiment and simulation

4.1. Introduction

Lithium is one of the most widely used metal resources in the world, and
its value has become significant owing to the explosive expansion of the
rechargeable battery market in the past 25 years (Vikstrom et al. 2013; Martin
et al. 2017; Park et al. 2019; Sung et al. 2019). The demand for lithium is
expected to soar dramatically after the 2020s, outstripping the supply of this
valuable metal (Wanger 2011). To overcome the potential risk of lithium
deficiency, it is necessary to develop a well-designed system to acquire
lithium resources. One of the prominent candidates is the electrochemical
lithium recovery (ELR) system. Using this system, aqueous lithium resources
can be recovered faster and in a more environment-friendly manner compared
to the conventional technology—Ilime soda evaporation (Zhao et al. 2019;
Calvo 2019).

Most previous studies on the ELR system have mainly focused on
electrode materials. In an early study, an electrochemical system, composed

of A-MnO; and Pt electrodes, was demonstrated for Li" recovery from
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geothermal water (Kanoh et al. 1993). In this system, the A-MnO- obtained
from spinel LiMn2O4 was chosen as the lithium intercalating electrode
material because this absorbent material has high lithium selectivity against
inert cations, especially magnesium ions. The Pt/A-MnO> system exhibited
high Li" selectivity but low energy efficiency. Therefore, battery systems with
low energy consumption were required for subsequent studies.
Representative lithium-ion battery cathode materials such as A-MnO> (Lee et
al. 2013) and olivine LiFePO4 (Pasta et al. 2012) were introduced into the
systems and an Ag/AgCl electrode was introduced as the CI” capturing anode.
To improve the Li" recovery performance, A-MnOa/polypyrrole
(PPy)/polystyrene sulfonate (PSS) core—shell nanorod coated (Du et al. 2016),
A-MnO; graphene composite (Zhang et al. 2019a), Lii-«Ni13C013Mni302
(Lawagon et al. 2018), and Li1.xNio.sMn; 502 electrodes (Lawagon et al. 2019)
were suggested as cathodes for the ELR system. Studies on Li* intercalation
(Marchini et al. 2018b) and cathode degradation (Marchini et al. 2018a) were
also conducted to better understand the underlying mechanism in this system.
Nickel hexacyanoferrate (Trocoli et al. 2014, 2015, 2016, 2017), /15" redox
couple (Kim et al. 2015a), activated carbon (Kim et al. 2015b), zinc (Kim et

al. 2018b), polyaniline (Zhao et al. 2019), and polypyrrole (Marchini et al.
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2016) electrodes were also utilized as economical alternatives for the silver
counter electrode.

Along with studies on electrode materials, the study of efficient system
design is essential for the commercialization of the technology. Rocking-chair
ELR systems such as LiFePO4/FePO4 (Zhao et al. 2013; Liu et al. 2014; He
etal. 2018) and LiMn2O4/L11.:Mn204 (Zhao et al. 2017; Marchini et al. 2018c)
have been investigated. These systems consisted of two identical battery
cathode materials, and the separator channels were divided by an anion
exchange membrane (AEM), allowing the simultaneous capture and release
of Li" without a distinct electrode regeneration step. However, little research
has been done on the flow-type reactor that is advantageous for products with
uniform quality, bulk processing for practical applications, and alleviating the
concentration polarization. Meanwhile, for improving the mass transport of
Li" by convective flow, a flow-through reactor has been developed whose
performance was investigated by studying the effect of major parameters
(Palagonia et al. 2017, 2019, 2020). Using the flow-type reactor, the
concentration polarization of Li" around the electrode was reduced, leading
to an increase in the energy efficiency of the system. However, the behavior

of 1on species with the convective mass transfer is not analyzed.
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In recent studies, numerical simulations have been performed to
investigate the behavior of symmetrical desalination systems adopting
intercalation materials (Singh et al. 2019). The theory of capacitive
deionization (CDI) with porous intercalation electrodes was suggested based
on the Nernst—Planck equation and Frumkin isotherm (Singh et al. 2018). A
novel desalination concept, Na-lon Desalination (NID), was proposed, and
the flow-through reactor composed of the two symmetrical sodium-ion
battery electrodes (Nao.44MnQO) was analyzed based on the porous-electrode
model (Smith and Dmello 2016). Prussian blue analogues were also utilized
as the electrode material for the demonstration of the Cation Intercalation
Desalination (CID) cell (Porada et al. 2017). The effects of the cell
architectures on CID system performance were evaluated theoretically (Smith
2017) and the membrane-free CID system was examined in terms of energy
consumption and salt removal rate (Liu and Smith 2018). Investigation and
optimization of the formulation of the flow through electrode in CID cell were
conducted (Reale et al. 2019).

In comparison with the study of desalination systems, there is not enough
simulation study of ELR systems. To analyze the behavior of various ionic
species in a packed bed reactor, a numerical simulation was conducted based

on the Nernst—Planck equation and the battery intercalation model (Romero
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et al. 2018). However, the effect of convective flow in the separator channel
could not be examined because a one-dimensional model was used in this
study, in which the mass transfer of the electrolyte would significantly be
impacted by the flow characteristics of the separator channel (Gu et al. 2017;
Jung et al. 2018; Usta et al. 2018).

In the present study, a rocking-chair ELR system is applied as a flow-
type system with analysis based on experiment and simulation. To the best of
our knowledge, this is the first study to apply a flow-type reactor to the A-
MnO2/LiMn20O4 system and to attempt two-dimensional numerical
simulations on a rocking-chair ELR system. The flow-type reactor is designed
and operated under the constant-current mode, monitoring the effluent
concentration and electrolyte conductivity. A two-dimensional numerical
simulation is performed considering the flow characteristics of the separator
channel to understand the system behavior. The concentration distributions of
Li" in the spacer-filled and porous electrode channels are investigated during
the electrochemical reaction. The energy consumption for Li* recovery is also
calculated by considering energy recovery, indicating the high level of energy
efficiency of this system. Although removing other cations (for example, Na*
and Mg*") from the brine water and improving product purity are important

issues for the ELR system, it is not possible to simulate a multi-cation system
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precisely since the definite effect of other cations is not yet fully understood.
Therefore, this study is focused on the understanding of the intercalation and

ion transport phenomena of Li" in the reactor, as an early simulation research

of the ELR system.
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4.2. Experimental section

4.2.1 System definition

Figure 4-1 illustrates the schematic diagram of the rocking-chair ELR
system. This system consisted of a pair of identical porous lithium manganese
oxide (LMO) electrodes (A-MnO> and LiMn;0O4) with different state-of-
charge (SoC). The separator channel between the electrodes was divided by
the AEM, and the two channels were referred to as the catholyte channel (the
separator channel adjacent to the cathode) and the anolyte channel (the
separator channel adjacent to the anode). At step 1, by applying a negative
current between the electrodes, the potential of the positive electrode (A-
MnQO;) decreased and the potential of the negative electrode (LiMnyO4)
increased; therefore, the cell voltage decreased as step 1 proceeded. At the
same time, Li* from the catholyte channel was intercalated into the A-MnO;
electrode by the reduction reaction and Li* from the anolyte channel was de-
intercalated from the LiMn2O4 electrode by the oxidation reaction. The
reaction equations were as follows:

Lit + 2A — MnO, + e~ - LiMn,0, (at cathode interface)

LiMn,0, — Lit + 2A — MnO, + e~ (at anode interface)
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The intercalation and de-intercalation reactions of Li* caused a charge
imbalance in the catholyte and anolyte, and Cl1" diffused from the catholyte
channel to the anolyte channel through the AEM. Therefore, the
concentrations of Li" and CI” decreased in the catholyte channel and increased
in the anolyte channel. In summary, a Li" diluted solution was produced in
the catholyte channel by the lithium-capturing step, and a Li" concentrated
solution was produced in the anolyte channel by the lithium-releasing step.

When the cell voltage reached the voltage limit, the SoC of the two
electrodes was reversed compared to the beginning of step 1, and step 1 was
completed thereafter. At step 2, by applying a positive current between the
electrodes, the potential of the positive electrode increased and that of the
negative electrode decreased. Therefore, the cell voltage increased as step 2
proceeded. As step 2 was completely identical to step 1 with the opposite
direction of the current, the directions of mass transfer and reaction in step 2
were opposite to those in step 1. When the cell voltage reached the voltage
limit, step 2 was completed and step 1 was started again. By switching steps
1 and 2, lithium capturing, and releasing can be carried out simultaneously

without any additional electrode regeneration steps.
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4.2.2 Electrode fabrication and cell assembly

The LiMn2O4 composite electrode was fabricated as follows. 80 wt%
LiMn,04 (TOB New Energy, China), 10 wt% Super P (Timcal, Switzerland),
and 10 wt% polyvinylidene fluoride (PVDF; Sigma-Aldrich, USA) were
mixed with 1-methyl-2-pyrrolidone (NMP; Sigma-Aldrich, USA). The
mixture was cast on a graphite sheet and dried at 120 °C in a vacuum oven
(mass loading of active material: 5 mg cm™). After the LiMn>O4 composite
electrode was obtained, it was electrochemically de-lithiated under a constant
voltage of 1.2 V (vs Ag/AgCl, saturated KCI) for 120 min to prepare the A-
MnO:; electrode. Figure 4-2 illustrates the cell assembly of the flow-type ELR
system based on the A-MnO2/LiMn204 electrode. The A-MnO; electrode and
LiMn,04 electrode were cut in square shapes (2.0 cm x 2.0 cm) and placed
on the rigid graphite. The separator channel was supported by a net-type nylon
woven mesh filter (Yamanaka Industry Co., Ltd, Japan), and it was separated
into two channels by the AEM (AMYV; Selemion, Japan). The cell was packed

using a silicon gasket and end plate.
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Figure 4-2 Cell assembly of flow-type rocking-chair ELR system. Two water
streams (blue dashed arrows) enter two inlet holes, pass through spacer mesh, and
drain through two outlet holes.
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4.2.3 ELR process operation and performance parameter

In this study, the rocking-chair ELR system is a two-electrode system
that was operated under a constant-current mode (current density: = 6.25x10"
2.1.25%107!, and 2.50x10"' mA cm™). The negative current was applied to the
system until the cell voltage reached —0.7 V in step 1 and the positive current
was applied to the system until the cell voltage reached +0.7 V in step 2 using
a battery cycler (WBCS3000; WonATech, Korea). Electrode characterization
was performed by cyclic voltammetry (CV) analysis and the galvanostatic
discharging/charging test using the same battery cycler (see Figure 4-3).
Influent supplied to each separator channel (catholyte and anolyte channels)
using a peristaltic pump (REGLO ICC; ISMATEC, USA) was 30 mM LiCl
aqueous solution and the flow rate was 1 ml min"! (Note that the target lithium
sources in this study are brines such as Salar de Uyuni, which contains 10 to
220 mM of Li" (Ericksen et al. 1978). A concentration of 30 mM was selected
which is within the lithium concentration range of Salar de Uyuni). The
conductivity of the effluent was measured using a conductivity meter (3574-
10C; Horiba, Japan) and the Li" concentration was calculated from the

conductivity.
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Several performance parameters were calculated using the voltage—

capacity profile and conductivity data. The specific capacity (Q, unit: mAh

g!) is defined as

It
ol

~am -1

elec
where | is the applied current (unit: mA), t is operation time (unit: h),
a 1is the mass fraction of the electrode which consists of active material (the

value is 0.8 in this paper), and m_ . is the mass of an electrode (unit: g).

elec

The specific mass of Li" recovered (g . , unit: mg gl is defined as

_amy,. [|e(0) —c(t)‘ dt

Li* e (4-2)

elec

where [ is the flow rate (unit: mL min™"), m ., is the molar mass of Li"

Li*
(unit: g mol™), €(0) is the initial concentration of LiCl, and C(t) is the
concentration of LiCl with respect to time (unit: mol mL™).
The energy consumption at the phase [ (W, , unit: Wh) is defined as
W, = I_[AE(t)dt (4-3)

where AE is the cell voltage with respect to time (V). The ELR process
is divided into the energy consumption phase (subscript: C) and the energy

recovery phase (subscript: I).
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The specific total energy consumption of the ELR system (W, Wh

total *
mol!) is defined as the net amount of energy consumed divided by the number

of moles of recovered Li".

WC
=—————— (Without energy recove -
ol == To@) et ( gy ry) (4-4)
W, -W,
< (With energy recovery) (4-5)

Wooa =2 [le@-ctet

Details of the calculation based on energy recovery will be explained in

section 4.4.3.
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Figure 4-3 (a) Cyclic voltammetry (scan rate: 1 mV s') and (b) galvanostatic
charge/discharge test for the LiMn,Oy4 electrode in 1 M LiCl (current density: 156,
313, 626, 1252, 2504 mA g').
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4.3. Modeling and simulation

4.3.1 Problem statement

Figure 4-4 illustrates the simulation domain used in this study. To
incorporate the crossflow operation of the electrochemical lithium recovery
system, a two-dimensional simulation domain was constructed, which

contains positive and negative electrodes ( €, and €, , respectively)

connected to the imaginary current collectors, two separators (€ ) with feed
spacers, AEM (), ), and rectangular spacer meshes inserted into channel to

mimic net-type mesh filter used in experiment (see Figure 4-8a and Figure
4-9 to check the structure). Several previous models and simulation studies
were referred for the development of our model (Doyle et al. 1993; Fuller
1994; Ramadesigan et al. 2012; Jokar et al. 2016).

A mass balance equation for Li" with its electrochemical intercalation
reaction was solved in this study, incorporating its convective transport in the
separator channel and its counter-ion transfer through a fully blocking AEM.
The general form of the mass balance equation for the ith species in a porous

material and the charge neutrality equation is as follows:
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8|%+V'Ni =S, in Q, Qg and Oy, (4-6)

Zzlcl = 0 in QS! eriand Qen (4-7)
in which ¢; is the volume fraction of the liquid phase, C; is the
concentration of species i, z; is the variance in C;, N; is its total mass flux,

and S; is the source term, which is the rate of production or consumption of

species i. The Nernst—Planck equation is introduced to describe the total mass
flux of a charged chemical species (i.e., electrolyte), which includes diffusion,

migration, and convection of the species.
N; ==D, ot VG = Zi 4 o FGV ¢ + UG in Q, Qcp,and (4-8)
in which D is the effective diffusivity of the species i in a porous media,

L o 18 its effective mobility in a porous media, F is Faraday’s constant, ¢,

is the electrolyte potential, and U is the flow velocity vector. The mobility of
a species is calculated using the Nernst—Einstein relation (Eq. (4-9)), and the
Bruggeman correction is introduced in this model to represent the effective
mass transport in a porous media (Eq. (4-10)).
Hi it = Dyert /RT (4-9)
D, erf =5°D, (4-10)

Where D; is the bulk diffusivity of species i, R is the molar gas constant
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and T is temperature, which is fixed at 298 K in this study.
In our electrochemical reactor consisting of two electrodes and
separators (), Qq,,and Q). the electronic current density in the solid and

liquid phases are conserved, and, thus, the cell current density vector (1) is

defined as follows:
v-(iI +ig)=0 in Q, Q. and Oy, (4-11)

Lo =1 +1 in Q, Q,and O, (4-12)
in which i, is the electrolyte current density vector and i is the
electrode current density vector. I, is assumed to be a constant vector,

which is imposed as the boundary condition at the outer boundaries of the

electrodes. When n, -1, <0, Li" is intercalated into the positive LMO

electrode (reduction of the positive LMO electrode, see Figure 4-1a),

whereas when n, -1, >0, Li" is de-intercalated from the positive LMO

cel
electrode (oxidation of the positive LMO electrode, see Figure 4-1b). Here,

n, is the unit vector along the x-direction. The electrolyte and electrode

current densities are computed using the following equations:
i =F>7 (_Di,eﬁvci = Zi s et Fcngq) in Q, Q. and Qg (4-13)
|

Is= _Gsyeffv¢s in Q, gzep and Qg (4-14)
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in which o 4 is the effective conductivity of the solid material (i.e.,

LMO), expressed as
_ gl :
Oseft =€ Os mn €, O and Qg, (4-15)
where o, is the conductivity of the solid material, and ¢, is the

electrode potential. The Bruggeman correction is also used to calculate o -

In each simulation sub-domain, the positive and negative electrodes

(Q¢ and ), the spacer channel (€)), and the AEM domain (€2, )—the

terms in Eq. (4-6) and Eq. (4-8)—are dealt with in different manners. After
constructing the governing equations for the mass balance equation and the
charge transfer equation, the initial and boundary conditions are imposed at

each boundary. It should be mentioned here that, in the AEM domain (€, ),

a fixed membrane charge was assumed and the Nernst—Planck equation was
not solved in this domain (it is depicted in Eq. (4-26)).

In the separator channel domain (€, ), where a dilute LiCl solution is
injected, ¢&; 1s set to unity (& =1) and no additional reaction is assumed
(S; =0), which yields a mass transport problem without a source term. To

calculate the convective transport of the ion, a laminar flow field of the

Newtonian fluid in Qg is given from the solution of the Navier-Stokes

equation and the fluid continuity equation.
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£ (u-Vu)=-Vp+7,V2u in Q, (4-16)
V-u=0 in (4-17)
in which p; is the density of the fluid, p is the pressure, and 7; is the

viscosity of the fluid. Since an extremely dilute LiCl solution (30 mM) is
considered in this simulation, the density and the viscosity of the fluid are
assumed to be constant same as those of pure water (see Table 4-1). The
parabolic velocity field of a fully-developed laminar flow is assumed at the

inlet of the channel (I';), where the average inlet velocity is U,y . Square-

shaped obstacles are placed within the channel to model the net-type spacer
used in the experiment. The length of the square obstacle is 80 um, which
corresponded to the hydraulic diameter of the cylindrically-shaped feed
spacer threads which have the same diameter of 80 um in the experiment. The
surface-to-surface distance between two adjacent square obstacles is 220 um.
Buffer regions whose length is 400 pm was placed near the inlet and outlet,
where no square obstacles are placed to avoid unexpected numerical artifacts
by the presence of the obstacles near the inlet and outlet. No-slip and non-
penetration boundary conditions (U =0 ) are imposed on the channel wall and

surface of the feed spacer (I',, ). A pressure boundary condition is assumed at

the outlet (I',).
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In the electrode domains (€2, and €., ), however, one should consider

electrochemical reactions of lithium intercalation which provides the source

term in the mass balance equation ( S;). It was assumed that a Butler-Volmer

form of electrochemical kinetics is held in the lithium intercalation reaction

as below:

. . F F .
e = 1o [exp(aaTnj—exp(—%n in Qg and Qg (4-18)

ib=F (kc )% (ka )aa (Csvmax -G )“a (CS )“c (Cl_i+ /CLi*,ref )“a in er and (4-19)

n=¢s—¢ - Eeq in er and €, (4-20)
S, _ ViirBvhoe in Qg and Q,, (4-21)
nk
in which i is the local current density, i, is the exchange current

density, «, is the anodic reaction rate coefficient in the electrode, ¢, is the
cathodic reaction rate coefficient in the electrode, 7 is the overpotential, Kk,
is the anodic reaction rate constant in the electrode, K, is the cathodic reaction
rate constant in the electrode, C; is the concentration of lithium in the solid
particle phase (i.e., in the LMO particles), C;m. 1s the maximum
concentration of lithium in the solid particle phase, C ;. is the concentration

of Li" ion in the liquid phase, C . . is the reference concentration of Li" in
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the liquid phase, E, is the equilibrium potential (see Figure 4-5), v, .. is the
stoichiometric coefficient of the reduction equation of Li", @, is the active

specific surface area [m™!], and n is the number of electrons participating in
the electrochemical reaction.

The concentration of lithium in the solid particle phase ( C, ) at a specific

time is given from the solution of an ordinary differential equation defined in

the spherical coordinate system.

oc o%*, 2aoc :
ES =D {ﬁ Fﬁ} 0<r<r,) in Q,, and Q,, (4-22)
oC,
== atr=0 -
o =0 (4-23)
D, % _ViigBhoo o atr=r

Sor nF 3g P (4-24)

in which Dy is the diffusion coefficient of lithium in the solid particle

state, , is the radius of the LMO particle in the electrode, and v, is the

stoichiometric coefficient of the reduction equation of lithium in the solid

particle phase. The stoichiometric coefficients for lithium species, Vv, .. and
V ;o are derived from the electrochemical equation of the reduction process.
Li"+0+v .e” 2 Li0 in Q,, and Q,, (4-25)

in which 0 means an active site of the solid intercalation material. As a
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single electron participates in this reduction, it leads v, . =1, while v ;, =-1

from the reverse reaction of Eq. (4-25). As the stoichiometric coefficients are

defined in the reduction reaction, v, . and v, ;, are constant throughout the

whole simulation domain.

In the fully-blocking anion exchange membrane domain (€2 ), i, is

defined in slightly different manners compared to the above cases, while

I; =0 as non-conducting material is used in this domain.

I =l =—0,Von, in Q, (4-26)

in which 1, is the electrolyte current density in the membrane, o, is the
electrolyte conductivity in the membrane, and ¢, is the electrolyte potential
in the membrane. It is assumed here that the charge transfer is solely done by
conduction through the fixed electrolyte (= positive charge, in this case) in
this domain, which is the case of the fully blocking anion exchange membrane.
The Nernst-Planck equation was not solved in this domain, while the
electrolyte current density (i,) was matched with that solved in the adjacent
domain.

In the numerical simulation, proper initial and boundary conditions for

the constant-current operation were introduced for the ELR system, as below.
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Initial conditions

@ =0, ¢, =E4(C;), €, =50C; ;1 Comax  0<X<Lg (4-27)
=0, ;=0 Le <X<Lg—Le (4-28)
@ =0, @ = Egq(Cq), Co =50C) gei "Comax  Lior —Le <X < Lyt (4-29)
¢ =0 Le+L<x<L+L+L, (4-30)
G =G otherwise (4-31)

in which L =L, +L +L,+L+L. where the outer boundary of the

negative electrode.

Boundary conditions

N-N;=0,1, =0 Is=lg, ¢ =0 x=0 (4-32)

n'Ni =0, i| =0, iS = IceII X= Ltot (4-33)

n-N; =0, n-i, =0, n-i; =0 at the obstacle surface (4-34)

n-N; =0, n-i, =0, n-i;=0 X=L+Lsorx=L+L+L, (4-35)
RT Cor

PA=Pn=7 F"{%J x=L+Lorx=L+L+L, (4-36)
cr m,Cl

G =G at the inlet of the separator (4-37)

n-D,Vc =0 at the outlet of the separator ~ (4-38)
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in which Con - is the concentration of the Cl ion fixed in the anion

exchange membrane.

Table 4-1 summarizes the parameters used in the simulation. Although
the values of most parameters are taken from our measurement or previous
studies, those of several parameters have to be assumed to acquire reasonable

numerical solutions.
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ep = positive (+) electrode
s = separator channel

H m = anion exchange membrane
en = negative (-) electrode

L=L,+Lo+L,+L+Le

ep)| (s) [|(m] () |(en)

Figure 4-4 Simulation domain of flow-type rocking-chair ELR system. Rectangular
spacer meshes are inserted into separator channel to mimic net-type mesh filter used

in experiment. Blue arrows indicate flow direction.
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Table 4-1 List of parameters used in simulation

Parameter  Description Value Reference
L, Thickness of electrode [m] 4x10° b
L, Thickness of separator channel [m] 2x10™ b
L, Thickness of AEM [m] 1x10™ b
Height of electrode (= length of spacer
H 2x10° b
channel) [m]
Active specific surface area of (Romero et al.
a, 5x10°
electrode [m™!] 2018)
(Turq et al.
D Diffusion coefficient of Li* [m? s7!] 9.9x10™"
1969)
Diffusion coefficient of lithium in solid (Marchini et
D, 6x10™"
particle phase [m? s™'] al. 2016)
(Turq et al.
Do Diffusion coefficient of CI" [m? s!] 2.0x10°°
1969)
Volume fraction of liquid phase in
gl,e 053 a
electrode [-]
Volume fraction of solid phase in
gs,e 0.3 a
electrode [-]
Volume fraction of inert phase in
Eie 0.17 a
electrode [-]
Volume fraction of liquid phase in
g| 1 a

separator channel [-]
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Li*,0

ClI~,0

CLi* ref

S, max

SOCO,in'l

SOCO,dei

ASOC

Initial concentration of Li* in separator
channel [mol m~3]

Initial concentration of Cl” in separator
channel [mol m™]

Reference concentration of Li* in
liquid phase [mol m™]

Maximum concentration of lithium in
solid particle phase [mol m™]
Concentration of fixed positive charge
in AEM [mol m3]

Initial electrode state-of-charge in
electrode of intercalation [-]

Initial electrode state-of-charge in
electrode of de-intercalation [-]
Allowed change in state-of-charge in
electrode [-]

Conductivity of solid phase in
electrode [S m™]

Electrolyte conductivity in AEM [S m"
']

Radius of LMO particle in electrode

(m]

Anodic reaction rate constant in

30

30

22,860

1000

0.001

0.999

0.998

3.8

1.8x10°

1x10™"

(Romero et al.

2018)

(COMSOL

Inc. 2012)

(Romero et al.

2018)
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electrode [m s]

Cathodic reaction rate constant in

kc

electrode [m s]

Anodic reaction rate coefficient in
o electrode [-]

Cathodic reaction rate coefficient in
" electrode [-]
T Temperature of system [K]
Ps Density of working fluid [kg m™]
s Viscosity of working fluid [Pa‘s]

1x10™

0.5

0.5

298.15

1000

0.001

(Romero et al.

2018)

(Fuller 1994)

(Fuller 1994)

a: assumed, b: measured, c: calculated.
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Figure 4-5 Change of the equilibrium potential ( Eeq) of A-MnQO; (LiMn,O4) over

State-of-charge. Measurement was conducted by galvanostatic discharge/charge test

using 3-electrode cell (working: A-MnO,, counter: LiMn;O4, and reference:
Ag/AgCl/KCI saturated) at 2.50x 10! mA ¢cm™. 28, 30, and 32 mM LiCl aqueous

solution was used as electrolyte. This figure shows the equilibrium potentials of A-
MnO; (LiMn,0y4) electrode as LiCl aqueous solution varied from 28 to 32 mM. The
equilibrium potential shift appeared to be negligible in this range of concentration.
The dependence of the equilibrium potential on the lithium ion concentration was
excluded in the model.
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4.3.2 Simulation details

A commercial software, COMSOL Multiphysics 5.4 (COMSOL inc.,
USA), was used in our simulation, based on the finite element method (FEM).
For the details of the implementation of the intercalation model with the mass
balance equation, a previous work by Romero et al. was referred (Romero et
al. 2018). Four interconnected multiphysics modules were coupled and
numerically solved using this software—the tertiary current distribution
(tcdee) module for the whole system, the lithium-ion battery (liion) module
for the two electrodes, the secondary current distribution (siec) module for
the AEM, and the laminar flow (spf) module for the spacer channel. The two-
dimensional simulation domain was prepared and discretized with 89,643
rectangular-shaped mapped meshes (see Figure 4-6 for the mesh convergence

test). The finer mesh elements were generated in the separator domain (€))
near the interfaces with electrodes (€2, ) or the AEM (€2, ) to accurately

calculate the boundary concentration. A workstation with two octa-core
processors (Intel(R) Xeon(R) CPUs E5-2687W 3.1 GHz) and 192 GB
memory was used in the numerical calculation. A stationary flow field was
obtained first, and it is expected that it will remain constant throughout the

simulation. Thereafter, the time-dependent mass balance equations coupled
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with electrochemical reactions and the treatment of the AEM were solved. A
direct solver named PARDISO was utilized both in the flow and in the mass
transfer problem, whereas an implicit time-stepping method, the backward
differentiation formula (BDF), was used to solve this time-dependent mass

transfer problem.
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Figure 4-6 Mesh convergence test with (a) the total time and (b) the average wall
shear stress on the positive electrode. It is revealed that refined computational mesh
is needed to obtain average wall shear stress, however, the total time of the system
operation (i.e., the time to reach to the limitation of voltage) is insensitive to the
number of elements. It was determined that 89,643 rectangular meshes are enough

to be used in our simulation.
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4.4. Results and discussion

4.4.1 Electrochemical lithium recovery using A-MnQO»/LiMn,04 system

Figure 4-7a shows the concentration changes of the effluent during the
operation of the ELR system. Both in step 1 and in step 2, the concentration
of the effluent from the catholyte channel (red line of step 1 and blue line of
step 2) decreases and the conductivity of the effluent from the anolyte channel
(blue line of step 1 and red line of step 2) increases. The trend in the
concentration changes is found to be symmetric in each channel and in each
step. The behavior of this system can also be understood from the state-of-
charge (SoC) profile of the electrodes calculated using numerical simulation,
as shown in Figure 4-7b. The SoC of the cathode increases because of the
intercalation reaction of Li" (red line of step 1 and blue line of step 2) and the
SoC of the anode decreases because of the de-intercalation reaction of Li"
(blue line of step 1 and red line of step 2). Similar to the trend in the
conductivity changes, the increasing and decreasing trends in the SoC are
identified to be symmetric in each channel and in each step shown in Figure
4-7b. These trends observed in the conductivity and SoC confirm that
electrodes intercalated and de-intercalated Li" symmetrically and reversibly.

Figure 4-7c and Figure 4-7d show the cell voltage profiles with respect
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to time in steps 1 and 2, respectively. The cell voltage decreases with time in
step 1 and increases with time in step 2. Each cell voltage profile represents
two plateaus from 0.1 to 0.3 V and —0.3 to 0.1 V, where Li" intercalation and
de-intercalation occur simultaneously. This range corresponds with the
potential difference of reduction/oxidation peak from the cyclic
voltammogram (see Figure 4-3a) and the potential difference of plateaus
presented in the galvanostatic charge/discharge curve (see Figure 4-3b). As
the current increases, the time required to reach the voltage limit decreases,
which indicates that the overall reaction time was shortened. Under all current
conditions, the profile calculated in the numerical simulation fits well with
the profile obtained from the experiment, indicating that our simulation
reproduced well the kinetics and equilibrium of reaction of our ELR system
under constant-current operation. The two cell voltage profiles are nearly
symmetrical on the x-axis, which also indicates that our ELR system was

operated reversibly and symmetrically.

116



~
2
~

O
~

~ 0.9
% = STEP ] =Pt STEP 2 =—ep 100{¢—— STEP1 =——><¢—— STEP2 —>
< 0.6 = A i
) S v ORI S
s Concentrate Concentrate o 751 N N \1'>°'
£ 034 stream stream = N &, N e
© IS N e ., . o7
c < RN N \Q\ .
o 00 f.’_ 0 N s Y
g 5 s
S .03l Dilute Dilute Q ’ 00\ PAKIRN
c -0.3 = %« AR SN
@ stream stream ) i’ AN , D%«
g %2 251 ’ Q/b N , S, N
c -0.6 II ‘9/@ N , 019/ .
o %, %,
0.9 . . . . . 0 . — —_—
0 50 100 150 200 250 0 50 100 150 200 250
(C) Time (min) (d) Time (min)
0.61 Experiment
- Simulation
> S
. b
E E
8 3
Experiment
: -0.64 ++ Simulation
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Time (min) Time (min)

Figure 4-7 (a) The concentration changes of effluents from experiment and (b) state-
of-charge (SoC) of LiMn,Os electrode from simulation when 2.50x10"' mA ¢cm™
current density is imposed. Red/blue lines represent left/right side of the reactor. Cell
voltage profiles with respect to time during (c) step 1 and (d) step 2. Solid/dashed
lines represent results from experiment/simulation. Current values used in

experiment and simulation were 6.25x1072, 1.25x10°!, and 2.50x10"! mA cm™.
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4.4.2 Concentration distribution of Li* in 2D domain with spacer mesh

Figure 4-8 depicts the concentration distribution of Li" over time and
space. The spatiotemporal concentration distribution is indicated at three
representative times and in the three representative regions (Figure 4-8a). As
depicted in panels (i) to (ix), the shape of the concentration contour around
the spacer mesh is closely related to the velocity profile affected by the
presence of the spacer mesh (see Figure 4-9). It facilitates mass transfer
perpendicular to the electrode, whereas the dominant convective mass
transfer is induced by the pressure-driven flow in the separator channel along
the flow direction. As our electrochemical system was operated in the
constant-current mode, the resulting concentration distribution at each
separator channel and electrode was immediately obtained at an early stage
of the process. It is apparent that an almost identical concentration distribution
was maintained right after the initiation of the process (i.e., the concentration
distributions obtained at SoC = 50% and SoC = 100% are almost identical).

The difference in C . between the two separator channels increases when

one proceeds from region A to region C because Li" is diluted or concentrated
along the flow direction as Li" is captured by or released from each electrode.

Figure 4-8b shows the temporal change in ¢ . with normalized
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horizontal coordinate (x/L) at the center of the channel (y = H/2). Before

applying the current, C .. in the entire simulation domain except in the AEM
is constant (= 30 mM). When the current is applied, ¢ . of the catholyte
channel decreases with time and C ;. of the anolyte channel increases with
time. After 10 seconds, the profile of c .. is rapidly developed and is

maintained until the end of the process. Three distinctive regions are defined
for the discussion of the horizontal concentration distribution, as below.
Regions 1 and 2 are specified by the interface of the porous electrode and the
separator channel, whereas regions 2 and 3 are specified by the
maximum/minimum points of the concentration profile when the SoC = 100%.
In region 1, Li" is intercalated into the porous LMO in the positive electrode
and de-intercalated from the porous LMO in the negative electrode, which
leads to a decrease in the concentration of Li" in the positive electrode and an

increase in the concentration of Li" in the negative electrode. C .+ Is

maintained constant after 10 seconds (29.6 to 29.7 on the cathode side and
30.4 to 30.3 on the anode side) because the balance in the charge transfer and
mass transfer rates is rapidly obtained under constant-current operation. In

regions 2 and 3, a parabolic shape of the ¢ ., profile is developed because the

mass transfer of Li* through the AEM is prohibited, resulting in the dilution

119



of Li" in region 3 of the catholyte channel and the accumulation of Li" in
region 3 of the anolyte channel. The change in concentration at the edge of
region 3 is greater than that at the edge of region 2 because Li" in region 3 is
transferred to region 2 (catholyte channel) and from the region 2 (anolyte
channel), alleviating the change in concentration in region 2.

Figure 4-8c illustrates the temporal change in ¢ . with normalized

vertical length (y/H) at the surface of the positive electrode (x = L.). When the

current is applied, C, . decreases rapidly in less than 2 seconds, resulting in a

nearly linear profile. It is because the intercalation reaction of Li" occurs at a
constant rate throughout the reactor under the constant-current operation. The

profile of C ., maintains its shape after 10 seconds till the end of the process

Li*
because Li" is intercalated into the electrode at a constant rate as it passes
through the separator channel. It should be noted here that the concentration
polarization is reduced by the introduction of a spacer mesh (see Figure 4-10).
Compared to the concentration distribution in a plane separator channel, a flat
concentration distribution is induced with the spacer mesh in the separator

channel, indicating that the concentration polarization is alleviated.
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Figure 4-8 (a) Concentration distribution of Li" in three representative regions (A:
initial, B: central, C: terminal) at three representative times (SoC = 0%, 50%, and
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100% at step 1), i.e., concentration distribution in each separator channel and
electrode is changed from (i) to (iii) in terminal region (region C). Color of region

indicates Li" concentration (C . ). Compared to inlet Li" concentration (C;. ,, 30

mM), it is blue when C .. < C;. ;, whereas itis red when C . > C . ;. (b) Temporal

Lit*,

change in €, , with normalized horizontal coordinate (x/L) at the center of channel

Lit
(v = H/2) when the current is imposed at 1.25x10"! mA cm™. Region 1 denotes porous
electrode, region 2 corresponds to separator channel adjacent to electrode, and region

3 corresponds to separator channel adjacent to AEM. (c¢) Temporal change in C .

with normalized vertical coordinate (/H) at surface of positive electrode (x = L.)
when current of 1.25x10" mA c¢m? is imposed at channel in step 1. To clearly

illustrate temporal change in C, ., concentration values in middle of two adjoint

Li* °

spacer meshes are exhibited in this figure.
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Figure 4-9 (a) Velocity contour plot of the flow in the system at the central region
and (b) velocity contour line plot of the flow in the system. Flow rate was 1 ml/min
for each channel. This figure shows the velocity contour plots of the flow in the
separator channel filled with spacer meshes. The zigzag configuration of the spacer
meshes has two main effects on the flow. First, the flow rate is increased up to 2.5
times the inlet flow rate as shown in (a). The feed solution in contact with the
electrode is renewed quickly compared to the absence of the spacer mesh and it is
advantageous for mass transport of Li'. Secondly, the vertical flow direction is
altered by the presence of spacer meshes as shown in (b), which is beneficial for the

mass transfer in the separator channel.
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Figure 4-10 Electrolyte concentration profile with normalized horizontal length at

the center of the system with (red solid line) and without spacer (black dash dot line)

mesh at the step 1 (representative current: 0.5 mA). This figure shows the electrolyte

concentration profile with and without spacer mesh in the cross-section

perpendicular to the flow direction. In both cases, the shape of the profiles is parabola,

indicating concentration polarization in the separator channel. In the presence of the

spacer mesh, the difference between the maximum and minimum concentration is

smaller than in the absence of the spacer mesh. In other words, the concentration

polarization can be alleviated by the spacer mesh in the flow-type electrochemical

ELR system.
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4.4.3 Performance of A-MnO>/LiMn204 system from experiment and

simulation

Table 4-2 summarizes the experimental values, simulation values, and

errors in specific capacity (Q, mAh g'!') and specific mass of Li* recovered

at the LMO electrode (q, . , mg g’!) under three current density conditions.

Q is the amount of specific charge used to recover Li" and d ;. is the amount

of Li" recovered per electrode mass. Both values of Q, from the experiment

and the simulation, decrease as the current is increased. This can be attributed
to the fact that the available capacity reduces with the current as the Ohmic

drop increases with the current. A similar trend is also observed in the case of

. . Asthe current increases, 0 ;- decreases because the number of electrons

available for the electrochemical reaction decreases. When the simulation

result is compared to the experimental one, the error in Q is 0.8% to 7.0%
and the errorin 4. 15 2.9% to 16.7%, indicating an increase in the error with

the current, because our simulation does not consider the concentration

overpotential caused by the mass transfer limitation (Tang et al. 2014). On the

other hand, the error in {, .+ is larger than thatin Q for all cases because Q-

is more impacted by the concentration overpotential compared to Q.
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Table 4-2 Effect of current density on specific capacity and specific mass of Li*

recovered (a: Experiment, b: Simulation)

Current

density 6.25x1072 1.25x10* 2.50x10"
(mA cm?)

Data a i p EITOr . Error . Error
classification Exp.® Sim. (%) Exp. Sim. (%) Exp. Sim. (%)

Q 128 129 08 | 117 122 43 | 115 107 7.0
(mAh g

Ao 35 34 2.9 28 32 143 | 24 28  16.7
(mg g*)
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Figure 4-11a exhibits the cell voltage profile at steps 1 and 2 and it is
used in the calculation of energy recovery and consumption. The energy
recovery/consumption of our system during time t is represented as the
product of the area covered by the graph and the current (Eq. (4-3)). The blue

area in the graph (W, ) indicates the amount of energy recovered in step 1
(discharging step) and the red area in the graph (W, ) indicates the amount of

energy consumed in step 2 (charging step). The total energy consumption of
our rocking-chair ELR system could be minimized through an efficient
energy recovery method; for example, by connecting a supercapacitor to the
electrochemical cell, the energy in the blue region (= the amount of energy
recovery) can be stored in the supercapacitor at the discharging step. Here,
one can refer to a recently developed technology for efficient energy recovery
using a supercapacitor connected to a buck-boost converter (Kang et al. 2016).
Figure 4-11b depicts the specific total energy consumption per mole of

recovered Li" (W

wotar ) Without and with energy recovery according to three

current conditions (Eq. (4-4) and (4-5)). By applying at 6.25x1072, 1.25x10,
and 2.50x10"" mA cm™ of current density, the total energy consumption is
measured as 2.3, 2.7, and 5.4 Wh mol™!, respectively, without energy recovery
and as 0.56, 0.88, and 1.95 Wh mol!, respectively, with energy recovery. In

previous studies on the ELR system, W, .,

, is in the range 1.0 — 8.7 Wh mol™!
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(Pasta et al. 2012; Lee et al. 2013; Trocoli et al. 2014, 2015, 2017; Kim et al.
2015b, 2018b; Lawagon et al. 2018; Zhao et al. 2019) and 17.98 Wh mol™! for
the LiMn204/Li1.xMn204 system operated in the constant-voltage mode (Zhao
et al. 2017) (note that the electrolyte conditions, which are closely related to
the energy consumption, were different in the studies). Regardless of energy
recovery, the total energy consumption tends to increase with increasing
current. It is because a large overpotential is driven by the large Ohmic drop
and the number of electrons available for the electrochemical reaction

decreases as the current increases (see Table 4-2).
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Figure 4-11 (a) Cell voltage profile with time during steps 1 and 2 for calculation of
amount of energy recovery (blue) and energy consumption (orange) and (b) the

specific total energy consumption per mole of recovered Li* (W, ) during a step

without (red) and with energy recovery (green).
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4.5. Summary

In this study, a flow-type A-MnO>/LiMn2O4 system was suggested and
two-dimensional numerical simulations were performed to analyze the ionic
behavior occurring in the flow channels. Reversible and symmetrical system
behavior was confirmed in our system by experimentally measuring the
conductivity, SoC, and cell voltage profile. The concentration distribution of
Li" in our electrochemical reactor was obtained through numerical simulation
by considering the flow behavior in the separator channel filled with a net-
type spacer mesh. In the constant-current mode, the Li" concentration profile
shows a parabolic shape along the horizontal direction and a linear shape
along the vertical direction, implying the development of concentration
polarization in this system. The performance of the system was evaluated
using three parameters—specific capacity, the specific mass of Li" recovered,
and total energy consumption. At 6.25x102 mA cm™, the specific capacity is
128 mAh g!, the specific mass of recovered Li* is 35 mg ¢!, and the total
energy consumption with energy recovery is 0.56 Wh mol ™. It was confirmed,
both by electrochemical experiment and numerical simulation, that a stable
recovery of lithium can be conducted through our flow-type rocking-chair

ELR system. The system can be further improved by gaining an in-depth
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understanding of the system behavior through the two-dimensional
simulations conducted in this study, showing well-fitted system performance

with the experimental results.
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5. Electrode design and performance of flow-type
electrochemical lithium recovery (ELR) systems

5.1. Introduction

As the climate crisis becomes a reality, technologies to attain carbon-
neutrality are attracting ever increasing attention (Chen 2021). Since
electricity can be produced and consumed with low carbon footprint and
allow diversification of energy supply and storage, electric vehicle (EV) and
energy storage system (ESS) have been being extensively studied in the last
decade (Ghosh 2020; Agudosi et al. 2021; How et al. 2022), where battery is
a key component. As the global markets for EV and ESS grow rapidly, the
demand for lithium is expected to soar since the manufacturing of EVs and
ESS requires a tremendous amount of batteries (Liu et al. 2019). Traditionally,
lime soda evaporation has been used for the mass production of lithium
compounds, which recovers lithium from aqueous sources (Xu et al. 2016;
Fukuda and Eng 2019). However, the increasing demand for lithium
compounds cannot be matched by this process alone, since it is a slow process
involving the time-consuming evaporation step (over a year). Additional
supply is also required to alleviate the increasing trend of lithium price, which

is expected to persist in the future (Sun et al. 2017; Martin et al. 2017,
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Calisaya-Azpilcueta et al. 2020; Tang et al. 2021). In addition, lime soda
evaporation is not an attractive process from the sustainability point of view,
as it produces some highly concentrated chemicals with negative
environmental impacts (Xu et al. 2016, 2021). Thus, a sustainable alternative
is required to address these issues.

Electrochemical lithium recovery (ELR) technology has been studied in
recent years (Yoon et al. 2019; Calvo 2019; Battistel et al. 2020) to secure
more sustainable production of lithium resources. Since the ELR system uses
electricity to recover lithium compounds, its production rate can be easily
controlled by the constant-current mode operation and no environmental
pollutants are generated (Srimuk et al. 2020; Calvo 2021). Previous studies
on the ELR system have mainly focused on improving the performance by
material engineering or optimization of the operation conditions (Joo et al.
2020a). Starting with the first ELR system (A-MnO/platinum system (Kanoh
et al. 1993)), the LiFePOu/silver (Pasta et al. 2012), and A-MnOx/silver (Lee
et al. 2013) battery systems with the lithium-ion battery (LIB) cathode
materials were proposed. Also, the electrochemical properties of the cathode
material were improved by synthesizing the cathode materials in a different
morphology (Xu et al. 2018; Xie et al. 2020), coating it with a polymer

material (Kim et al. 2015a; Du et al. 2016; Zhao et al. 2020b, a; Niu et al.
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2021; Fang et al. 2022), or doping other transition metals (Lawagon et al.
2018, 2019; Zhao et al. 2020c; Shang et al. 2021). Besides, some inexpensive
anode materials with moderate performance (e.g., NiHCF (Trocoli et al. 2015,
2017), activated carbon (Kim et al. 2015b; Jang et al. 2021), polypyrrole
(Missoni et al. 2016), zinc (Kim et al. 2018b), cathodic material (Liu et al.
2014; Zhao et al. 2017)) have been also investigated to replace the silver
electrode.

Various analysis studies have been also applied for a deeper
understanding of the characteristics and the operating principles of the ELR
system. The chemical changes occurring on the cathode surface during
lithium recovery were analyzed using X-ray measurement (Marchini et al.
2016, 2018a), and the causes of system degradation were investigated using
electrochemical analysis (Marchini et al. 2018b; Guo et al. 2020; Wang et al.
2021). Several numerical studies have also been performed to understand the
underlying system mechanisms of the ELR system (Romero et al. 2018, 2020,
2021b), and a similar system, battery (West et al. 1982) and capacitive
deionization with intercalation materials (Smith and Dmello 2016; Singh et
al. 2018). In previous study, a pseudo-two-dimensional (P2D) model was
developed for a rocking chair ELR system with flow-channels, which was

able to explain the experimental results very well (Joo et al. 2020a).
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Although extensive studies have been performed in terms of the
electrode materials, studies on the design of electrochemical lithium recovery
system have been discussed only to a limited extent. A flow-through system
was proposed whose system performance was evaluated by changing the flow
rate and the electrode mass loading (Palagonia et al. 2017, 2019). In a study
discussing the effect of the lithium concentration and current density on
lithium recovery capacity, it was found that the recovery capacity is increased
when ball-milled particles of cathode material were used instead of the
pristine ones (Kim et al. 2020). A study that compared the performance of
flow-by and flow-through reactors emphasized the need to increase the
specific surface area of the active material of electrode for the higher capacity
of'the ELR system (Romero et al. 2021a). These studies found that the lithium
recovery performance is significantly dependent on several design parameters
such as flow rate, electrode mass loading, lithium concentration, current
density, and specific surface area of the active material. To the best of our
knowledge, however, there has been no study to guide the electrode
fabrication by systematically analyzing the effect of multiple electrode design
parameters on the ELR system performance.

In this study, to this end, a comprehensive numerical study is performed

to evaluate the correlations between the electrode design parameters and the
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performance of ELR system at a low current density of 62.5 uA/cm?. Three
design parameters (effective radius of lithium manganese oxide (LMO)
particle (13,), volume fraction of LMO particles in electrode (&), and electrode
thickness (8)) and two performance indicators (specific mass of Li" recovered
(qLi+) and net energy consumption (W,e)) are selected for the parameter
study. The validated model from our previous research (Joo et al. 2020a) is
adopted, which can simulate a flow-type rocking chair ELR system (A-
MnO2/LiMn204). Correlations between the design parameters and the
performance indicators are identified and explained by the working principles
of the system. Sensitivity analysis is conducted to figure out the significance

of each design parameter.
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Table 5-1 Nomenclature list of symbols used in this section

Roman symbols

Agec Cross-sectional area of the electrode [m?]
C Concentration of ith species [mol m]
Cs Concentration of lithium in the solid phase [mol m-¥]
Cs max Maximum concentration of lithium in the solid phase [mol m-3]
Cs surface Concentration of lithium in the solid phase at the surface of LMO
particle [mol m=]
a Concentration of lithium in the liquid phase [mol m-]
Cl ref Reference concentration of lithium in the liquid phase [mol m=]
D; off Effective diffusivity of ith species in a porous medium [m? s]
D Diffusivity of Li* within the LMO particle [m? 5]
AE Cell voltage [V]
Eeq Equilibrium potential [V]
F Faraday constant [C mol?]
Iee) Current density within the electrochemical cell [A m™?]
ig Exchange current density [A m?]
i Electrolyte current density [A m]
iloc Local current density [A m?]
i Electrode current density [A m?]
k, Anodic reaction rate constant [m s]
k. Cathodic reaction rate constant [m s]
Lgep Width of the separator channel [m]
Ly, Width of the anion exchange membrane [m]
Li® Occupied reaction site
Melec Mass of the electrode [g]
my+ Molar mass of Li* [g mol]
n Number of electrons participating in the reduction equation of Li* [-]
N; Total mass flux of ith species [mol m? s?]
T, Effective radius of the active material [um]
R Molar gas constant [m? kg s K* mol]
R; Rate of production (or consumption) of ith species [mol m= s?]
Q Specific capacity [mAh g!]
Qmax Maximum specific capacity [mAh g!]
qLi+ Specific mass of Li* recovered [mg g]
qLi* max Theoretical maximum value of g ;+ [mg g?]
u Fluid velocity vector [m s7]
Wet Net energy consumption [Wh mol]
Whetref Reference energy consumption (=1.0 Wh mol?)
t Time [s]
tr Time elapsed until a lithium recovery step is finished [s]
T Temperature [K]
Velec Volume of the electrode [m?]
Z; Charge number of ith species [-]
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Greek symbols

a Mass fraction of the active material [-]
ay Anodic reaction rate coefficient [-]
a; Cathodic reaction rate coefficient [-]
1) Electrode thickness [m]
£ Volume fraction of the active material [-]
g Volume fraction of the liquid phase [-]
b, Electrolyte potential [V]
o Electrode potential [V]
n Overpotential [V]
0 Unoccupied reaction site
Ui et Effective mobility of ith species in a porous medium [s mol kg]
Uyt Stoichiometric coefficient in the reduction equation of Li* [-]
Ds Density of the active material [kg m-]
O eff Effective conductivity of ith species in a porous medium [S m™]
Q Volume element
Qep Positive (A-MnQO,) electrode domain
Qgp Negative (LiMn,04) electrode domain
Qn Anion exchange membrane domain
Qsep Separator channel domain
Abbreviations
EV Electric vehicle
ESS Energy storage system
ELR Electrochemical lithium recovery
LIB Lithium-ion battery
LMO Lithium manganese oxide
SoC State of charge
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5.2. Model development

5.2.1 System description

Figure 5-1 shows the general description of the working principles of the
ELR system, the simulation domain, and the electrode design parameters. The
flow-type rocking chair ELR system (A-MnO2/LiMn20s) is illustrated in
Figure 5-1a. Two Li;xMn204 (LMO) electrodes having different lithium-ion
(Li") concentrations (x = 1 for A-MnO> and x = 0 for LiMn2Q4) are at both
ends. The left electrode is marked as positive (sub-domain: (), and the right
electrode is marked as negative (sub-domain: (., ). Between the electrodes,
there are two flow channels (sub-domain: Q) separated by an anion
exchange membrane (AEM, sub-domain: €,,). AEM prevents the inter-
channel mixing of the electrolytes and allows only anions to be transported.
The thicknesses of electrodes, flow channels, and AEM are denoted by 6,
Lgep, Lm, respectively. The area of each sub-domain in the depth direction is
4 cm? (2 cm X 2 cm).

The whole process operated by the rocking chair ELR system was
divided into two steps (Step 1 and Step 2) based on the direction of the current.

Specifically, a negative current was applied to the cell in Step 1, and a positive
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current was applied to the cell in Step 2. In Step 1, a constant current was
applied to the cell. Note that this simulation was performed under low current
conditions to exclude the effect of concentration polarization, which readily
occurs in low concentration electrolytes, and to observe the effect of the
design parameters on the ELR system performance only. Li* in the electrolyte
was captured into the LMO by the intercalation reaction at the interface
between (g, and gy, while it was released to the electrolyte by the de-
intercalation reaction at the interface between g, and Qge, . The
intercalation and de-intercalation reactions can be written as follows:
Reduction: Li* + 2A — MnO, + e~ — LiMn,0, (5-1)
Oxidation: LiMn,0, — Li* + 2A — MnO, + e~ (5-2)
To balance the charge neutrality, chloride anions (Cl") move from the
Qep side flow channel to the Q., side flow channel through the AEM. As a
result of the transport of Li" and C1°, the LiCl concentration decreases at the
Qep side and increases at the Q,p side. At the same time, Li" diffuses into or
out of the LMO nparticles, causing a change in solid-phase concentration,
whose reaction formula takes the following form:
Lit + © = Li® (5-3)
where © is an unoccupied reaction site and Li® is an occupied reaction

site.
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In summary, the movement of Li" from the electrolyte to LMO particle
is divided into three stages: mass transport (diffusion and convection) in the
electrolyte, intercalation/de-intercalation reactions at the electrolyte-solid
interface, and mass transport (diffusion) in the solid phase particles. This
movement of Li" changes the electric potential of the electrodes and
electrolytes. The electric potential difference between the positive and
negative electrodes measured at both ends is termed cell voltage. The specific
changes in Li" concentration and electric potential with time are covered in
detail in Section 5.2.5. A similar series of phenomena takes place in Step 2,
however in an opposite direction.

Figure 5-1b shows three-clectrode design parameters adopted in this
study. The first parameter is the effective radius of the LMO particles (1;,).
Although 7, has distribution in practice, for the numerical simulations, it is
advantageous to specify an apparent value of 1;,. As 7, increases, the diffusion
length in the solid phase becomes longer. The second parameter is the volume
fraction of LMO particles in the electrodes (&), which represents the volume
ratio of active material to a porous electrode. As &g increases, the density of
electrodes increases even for electrodes with the same thickness. The third
parameter is the electrode thickness (&) which corresponds to the length of

sub-domain Q. or Q.,. When § increases while other electrode design
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parameters are fixed, the mass of the active material increases proportionally
to §. In the following simulation, the effect of these design parameters on the

performance of the ELR system is discussed.
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Figure 5-1 (a) Schematic diagram and simulation domain of the A-MnO./LiMn,O4 ELR system and (b) electrode design
parameters
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5.2.2 Numerical simulation

To describe a flow-type ELR system with LMO electrodes, a pseudo
two-dimensional (P2D) model was developed in previous study (Joo et al.
2020a). Since the model has been verified to successfully reproduce the
temporal change in the cell voltage curve, the electrolyte concentration, and
the concentration of recovered lithium in the solid phase, it is decided to
utilize this model to perform a parameter study by changing several electrode
design parameters. In this model, the simulation domain is composed of 4
sub-domains as described above (see Figure 5-1a). A 30 mM LiCl solution is
injected at the inlet of the separator channels (at y = 0 in Q) at 1 mL/min.
As Li" is intercalated into the positive electrode, the concentration of Li" in
the left separator channel decreases. At the same time, Li" is de-intercalated
from the negative electrode, and thus the concentration of Li* in the right
separator channel increases.

Considering the charge neutrality in the system, the mass transfer of ith
species (i = Li*, CI") in the electrochemical system is described by the mass
conservation equation and the Nernst-Planck equation:

g, % +V-N, =R, in Qep, Qen, and Qgep, (5-4)

Ni = _Di,effvci - Zi,ui,effFCdibl + uc;, n er, Qen’ and Q'sep (5'5)
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Zi ZiC; = 0, in .er, .Qen, and -Qsep (5-6)

Di,eff = gll'SDia in -er' -Qem and Qsep (5'7)

Hieff = D; et/ RT, in -er: Qen,and -Qsep (5-8)

where ¢ is the volume fraction of the liquid phase, t is the time, F is the
Faraday constant (F = 96485.3 C/mol), ¢, is the electrolyte potential, u is
the fluid velocity vector, R is the molar gas constant, and T is the temperature.
Ci» Ni, Ri, D; ofr, Z;, and p; o¢r denote the concentration, total mass flux, rate
of production (or consumption), effective diffusivity, charge number, and

effective mobility in a porous medium of ith species, respectively.
In the positive or negative electrode (Q¢p, or Qey), R; is described by the

Butler-Volmer-type electrochemical reaction equations as follows:

R = — vLin"'_;IOC, in Qg and Qe (5-9)
lloc = o [exp (a;_I;n) — exp (— %)], in Qep and Qep (5-10)
io = Flk)™ (ko)™ (Cymax = &) “()™(c1/eirer), N Qep and Qe (5-11)
n=¢s— ¢ — Eeq, in Q¢ and Qe (5-12)

where v} ;+ 1s the stoichiometric coefficient in the reduction equation of
Li" (ie., v+ = —1), ijoc is the local current density, n is the number of
electrons participating in the reduction equation of Li", ij is the exchange
current density, a, is the anodic reaction rate coefficient, . is the cathodic

reaction rate coefficient, 1 is the overpotential, ¢ is the electrode potential,
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E¢q is the equilibrium potential, k, is the anodic reaction rate constant, k. is
the cathodic reaction rate constant, cg is the concentration of lithium in the
solid phase (i.e., Li®), ¢g max 1s the maximum concentration of lithium in the
solid phase ( Cgmax = 22860 mol/m® in LMO particles), ¢ is the
concentration of lithium in the liquid phase (i.e., Li"), and ¢ ef is the
reference concentration of lithium in the liquid phase.

The charge transfer is considered by solving the charge conservation

equations while the electrochemical reaction takes place in each electrode:

Icell = il + is, in -er’ ‘Qen; and 'Qsep (5-13)
iy = F X 2;(=D; etV¢; — ZitliereF V1), i Qep, Qen,and Qg (5-14)
s = =050tV s, in Qep, and Qey, (5-15)
O eff = €50, in Qep and Qe (5-16)

where I .o 1s the current density within the electrochemical cell, i is the
electrolyte current density, is is the electrode current density, g e is the
effective conductivity of ith species in a porous medium.

As Li" is inserted by the electrochemical reaction at the LMO particle
surface, Li" diffuses into the center of the LMO particle because of its
concentration gradient. If the LMO particle is modeled as an ideal sphere with
aradius of 7, the concentration of recovered lithium in the solid phase (cs) is

described by the following mass balance equations:
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% = V- (-DgVcy) (0 <r< T'p), in Qep and Qeyy (5-17)

9|, in Qep and Qe (5-18)

ar lr=o

—D, % - ”Li@iloc’ in Q¢ and Qep (5-19)
r r=rp nF

where Dy is the diffusivity of Li" within the LMO particle. At the surface

of LMO particle (r = 1), ¢s increases by the lithium intercalation reaction.

As the recovered lithium diffuses into the center of the LMO particle, cg

within the particle (0 < r < r,) gradually increases.
In the separator channel ( Qgep ), R; =0 because there is no
electrochemical reaction. The velocity profile (u) in (g, is obtained by

solving the Navier-Stokes equation and the continuity equation.

p(u-Vu) = —Vp + i V?u in Qgep, (5-20)
V-u=0 in Qgep (5-21)

where p) is the density of the liquid water, p is the pressure, and g is the
density of the liquid water. Square-shaped obstacles are placed within the
channel to mimic the flow patterns in the spacer-filled channel. The flow field
obtained in this study identical with that used in our previous study (Joo et al.
2020a).
In the AEM (Q,,,), the mass transfer of cations is assumed to be completely
blocked, where the charge transfer is performed solely by the conduction

through the fixed positive electrolyte as below:
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i| = =6,V in O, (5-22)

61— b = RT In (C(:l) atx = § + Lgep, 6 + Lgep + Ly~ (5-23)

Zc-F Cm

where gy, is the electrolyte conductivity in the membrane, ¢y, is the
electrolyte potential in the membrane, and c, is the concentration of
immobilized charged species (i.e., ionomers) in the membrane. Since the
AEM is modeled as a non-conducting material, ig = 0.

Table 5-2 summarizes the initial and boundary conditions applied in our
simulation. Other parameters used in our simulation are listed in Table 5-3.
The number of computational elements was 89,643, whose mesh
independence was tested in our previous study (Joo et al. 2020a). A
commercial software, COMSOL Multiphysics 5.6 (COMSOL Inc.), was used
to perform the numerical simulations. A workstation with a hexacore
processor (Intel® Xeon® E-2286G CPU 4.01GHz) and 64 GB memory was

used in the numerical calculation.
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Table 5-2 Initial and boundary conditions

Initial conditions

Equations Location

¢; =0, ¢ =S0Cmin " Csmax> P1 = 0, Ps = Eeq(cs) Positive electrode (Qep)
¢; =0, ¢ =S0Cmax " Csmax> P1 = 0, Ps = Eeq(cs) Negative electrode (Qqp)
¢ =Cig, $1=0, ps=0 Separator channel (Qgep,)

cm =0, ¢ =0, ¢s =0 AEM (Qy,)

Boundary conditions

Equations Location

Ci = Cip aty =20

n-D;Ve; =0 aty=H
n-N;=0,ii,=0,ig=1I,y,¢$; =0 atx = 0,28 + 2Lgep + Ly
n'Ni=0»"'i1=0,¢1—¢m=22—:1n(%) atx =& + Lgep, 6 + Lgep + Ly
n-N;=0,n-ij=0n-i;=0 otherwise
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Table 5-3 Simulation parameters (a: assumed, c¢: calculated)

Symbol Description Value Reference
Lg Thickness of separator channel [pm] 200 (Joo et al. 2020a)
Ly Thickness of AEM [um] 100 (Joo et al. 2020a)
H Height of electrode [cm] 2 (Joo et al. 2020a)

Agec Sectional area of the electrode [cm?] 4 (Joo et al. 2020a)

(Vitagliano and

D+ Diffusivity of Li* in liquid phase [m? s™'] 9.9 x 10710

Lyons 1956)
(Marchini et al.
D Diffusivity of Li* in solid phase [m? s™'] 6.0 x 10714
2016)
(Vitagliano and
Dqr- Diffusivity of CI' [m? s™'] 2.0x107°
Lyons 1956)
Volume fraction of non-conducting solid
&p 0.17 a
material in the electrode [-]
& Volume fraction of liquid in the electrode [-] 1 —¢&p — & c

Initial concentration of Li" in separator

CLito 30 (Joo et al. 2020a)
channel [mol m~]
Initial concentration of Li* in separator (Romero et al.

CLit ref 1
channel [mol m~] 2018)
Initial concentration of Cl° in separator

Cer-o 30 (Joo et al. 2020a)
channel [mol m™]
Maximum concentration of lithium in solid

Cs,max 22,860 (Joo et al. 2020a)

particle phase [mol m™]
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Cm

SOCpin

SOCiax

Om

Ps

P

Pp

120}

Concentration of fixed positive charge in
AEM [mol m~]

Initial electrode state-of-charge in electrode
of intercalation [-]

Initial electrode state-of-charge in electrode
of de-intercalation [-]

Conductivity of solid phase in electrode [S m"
]

Electrolyte conductivity in AEM [S m™]

Anodic reaction rate constant in electrode [m
s

Cathodic reaction rate constant in electrode
[ms']

Anodic reaction rate coefficient in electrode
[-]

Cathodic reaction rate coefficient in electrode
[-]

Temperature of system [K]

Density of LMO [kg m™]

Density of liquid water [kg m™]

Density of non-conducting material [kg m™]

Viscosity of liquid water [Pa-s]

1000

0.001

0.999

3.8

1.0 x 10712

1.0 x 10712

0.5

0.5

298.15

4140

1000

1780

0.001

(COMSOL Inc.

2012)

(Romero et al.

2018)

(Romero et al.

2018)

(Doyle et al.

1993)

(Doyle et al.

1993)

a

(Schilcher et al.

2016)
a

(Ramazanov et al.

2018)
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5.2.3 Electrochemical cell test for the experimental input data

An electrochemical cell test was performed to confirm that our P2D
model could adequately reproduce the cell voltage profile. Cell test conditions
are basically similar to those in previous study (Joo et al. 2020a).

The cell configuration was as follows. LiMn20O4 electrode was fabricated
by applying the slurry to graphite sheets using a doctor blade, followed by
drying at 120 °C and vacuum. The slurry was a mixture of LiMn,O4 powder
(TOB New Energy, China), Super P powder (Timcal, Switzerland), and
polyvinylidene fluoride powder (PVDF; Sigma-Aldrich, USA) (weight
ratio=80:10:10), which are combined with the solvent, I-methyl-2-
pyrrolidone (NMP; Sigma-Aldrich, USA). The value of the design parameters
of this electrode were 7,=0.311 pm, £,=0.28, and §=40 pm. The A-MnO,
electrode was fabricated through de-lithiation of the LiMn,04 electrode under
the constant voltage mode (operation time: 120 min, potential: 1.2V vs
reference) in the three-electrode cell configuration (working: A-MnOo,
counter: Pt mesh, reference: Ag/AgCl/KCl saturated). The rocking-chair flow
type ELR cell consists of the separator (Yamanaka Industry Co., Ltd, Japan),
anion exchange membrane (AMYV; Selemion, Japan), and another separator

between two square shaped electrodes (LiMn2O4 and A-MnO; electrode) of
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2.0 cm x 2.0 cm. Both ends were packed with silicon gasket and end plate.

The cell test was performed as follows. In the galvanostatic
charge/discharge test using a battery cycler (WBCS3000; WonATech, Korea),
the current density of 62.5 uA/cm? was applied with voltage cut of £0.7 V
(the direction of current was opposite at Step 1 and 2). At the same time,
electrolyte (30 mM LiCl) was supplied to both flow channels at a rate of 1
ml/min using a peristaltic pump (REGLO ICC; ISMATEC, USA).

The result of an electrochemical cell test is included in the Figure 5-2.
Our ELR system is operated at a constant current density, |I.el =
62.5 pA/cm?, which is low enough to avoid severe Ohmic drop. Note that
under the low current condition, the electrochemical reaction is limited by
charge transfer rather that mass transfer, which can be described by Bulter-
Volmer kinetics (Equation (5-10)).

Figure 5-3 shows the Tafel plot of A-MnO; and LiMn204 electrode in 30
mM LiCl electrolyte. The potential step is 1 mV with the step time of 3
seconds. The current density of this study (62.5 pA/cm?) corresponds to a
section where the value of overpotential is relatively small. Therefore, in this
voltage range, the electrochemical reaction is limited by the charge transfer
rather than the mass transfer, and the Butler-Volmer kinetics can be used.

For the validation of the simulation results, experiments were conducted
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with varying 7;,. 1, was controlled by using standard test sieve (CHUNG GYE
SANG GONG SA, Korea) with sieve size of 20, 75, and 180 um (10, 38, 90
um for r,, respectively). These sieves were used to separate LMO particles

into three ranges: under 10, from 10 to 38, and from 38 to 90 um. Except these
1, controls, the electrochemical cell test for experimental validation was

performed identically as previously mentioned.
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Figure 5-2 Galvanostatic charge/discharge profile of the A-MnO2/LiMn.O. ELR
system (current density=62.5 nA/cm?, 1,,=0.311 pm, £,=0.28, §=40 pum). The cell
voltage profile calculated by the numerical simulation matches well with the

profile from the experimental result.
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Figure 5-3 Tafel plot for anodic and cathodic branches of the current density-
potential curve for (a) A-MnO- electrode and (b) LiMn2O, electrode. The blue line
represents the current density condition of 62.5 pA/cm?.
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5.2.4 Electrode design parameters and performance indicators

Using the model above, the effect of three major electrode design
parameters was investigated and their definitions were summarized in Table
5-4. The values of electrode design parameters were assigned in a typical
range of an electrode fabrication. A relatively wide range of 7, is studied,
from 0.1 um to 10 um, considering the size distribution of LMO particles in
the previous experimental studies (Lee 2006; Cui et al. 2017). & is changed
from 0.16 to 0.4 which falls in its typical range in the conventional electrode
fabrication (Devan et al. 2004; Smith and Bazant 2017). & is known to be
affected by complex colloidal interaction, rheological properties, and the
evaporation behavior of the slurry. § is manipulated from 40 um to 160 um
to represent typical electrode thickness in the previous studies (Joo et al.
2020a; Niu et al. 2021).

To quantitatively evaluate the system performance, three performance
indicators (Q, gqp;+ and Wy,¢) are calculated from the voltage-capacity profile
and the amount of recovered lithium in the solid phase. The specific capacity
(Q, in mAh g™1), the specific mass of Li* recovered per 1 g of LMO particles
(qu+, in mgg™1), and the net energy consumption per 1 mole of Li"

recovered (Wyet, in Wh mol™1) are defined as:
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_ |Ice11|t (5_24)

AMelec
my+ erp[Cs(tf) —¢5(0)]esdn2 (5-25)
quit = o
elec
el (fypeolAEIdE = f,,_ AEdL) (5-26)
net —

Jau,les(t0) — cs(0)]esd 2

where « is the mass fraction of the active material (in this study, LMO
particles) in the electrode, meje. is the mass of the electrode, m;+ is the
molar mass of Li* (= 6.941 g mol™), t;is the time elapsed until a lithium
recovery step is finished, £ is the volume element, and AE is the cell voltage.
aMmgjec 18 determined by the choice of &g and §, since amejec = €5PsVelec =
EsPsOAgec, Where pg is the density of the LMO, Ve is the volume of the

electrode (Qep), and Age is the cross-sectional area of the electrode.
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Table 5-4 Electrode design parameters

Symbol Definition Values
Ty Effective radius of LMO particles [um] 0.1, 3.4, 6.7, 10
Es Volume fraction of LMO particles in the
0.16, 0.24, 0.32, 0.40
electrode [-]
) Electrode thickness [um] 40, 100, 160
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5.2.5 Working principles

In this section, it is explained how the ELR system works by inspecting
the potential change in the positive and negative electrodes and the lithium
concentration in the separator channels and in the LMO particle. Figure 5-4
shows profiles of LMO electrode potential and Li" concentration in each sub-

domain, obtained from a numerical simulation when {7y, &, 6} = {0.1 pm,

0.4, 40 um}. Although this one case was analyzed in this section, the overall
change in the potential and concentration profiles are typical enough to
represent the other cases. Figure 5-4a represents the electric potential profile
with respect to the normalized specific capacity of the Li* capturing electrode.
The electric potential of the LMO electrode is determined by two factors:
thermodynamics and kinetics. The thermodynamic factor is correlated with
Li" contents in the LMO particle. When Li* is intercalated into the host
structure of A-MnQO,, the electrode potential decreases due to the
configurational entropy of guest ions (Li") and the Fermi level of electrons
(Huggins 2008). When Q/Qmax is 0 to 0.5 and 0.5 to 1.0, two intervals with
relatively small potential changes appear. These intervals are called plateau
where phase transition occurs. The kinetic factor is correlated with the current

density applied to the LMO particle surface, which is called local current
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density. When a local current density higher than the exchange current density
is applied, the electrode potential becomes lower than the thermodynamic
potential. The difference between two potentials is called overpotential which
is determined by the Bulter-Volmer equation (see Equation (5-10)). An
opposite trend can be observed in the Li* releasing electrode (Figure 5-4b).
When Li" is de-intercalated from the host structure of LiMn,O4, the electrode
potential increases. Due to the kinetic effect, the electrode potential becomes
higher than the thermodynamic potential. The potential difference between
the two electrodes is expressed as cell voltage (see Figure 3 below).

Figure 5-4¢ and d show the concentration distribution of Li* with time
in the electrolyte region. A dashed line divides the porous electrode region
(narrow part) and flow channel region (wide part). As shown in Figure 5-4c,
Li" is captured by the A-MnO> electrode and Li" concentration of electrolyte
adjacent to (¢, decreases. Li" concentration decreases sharply in the porous
electrode sub-domain (Qep). Conversely, Li" is released from the LiMn2O4
electrode and Li" concentration of electrolyte adjacent to ., increases as
depicted in Figure 5-4d. Li" concentration increases sharply in the porous
electrode sub-domain ({¢p,). In both sub-domains, the concentration change
is not large near the middle of the flow channel. This is because the new

influent (30 mM LiCl) is continuously supplied, and the flow rate is the fastest
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in this part. Note that the change of electrolyte concentration within the
electrode can cause the change of E.q. However, in this study, the change of
concentration is so slight (less than 0.5 mM) that the change of E¢q is
negligible. It was proved by the experimental test performed in the previous
study (Joo et al. 2020a).

Figure 5-4e and f show the concentration distribution of lithium with
time in the solid phase. Figure 5-4e illustrates the cg distribution of the LMO
particle in Q¢p. 7/7, = 1 and 0 correspond to the surface and the center of the
LMO particle, respectively. As Li" is inserted into the LMO particle, Li*
diffuses toward the center of the particle, and the state-of-charge (SoC) value
increases from 0% to 100%. The extent of intercalation reaction has a positive
correlation with ¢y at the surface of LMO particle (¢sgyrface); therefore, if
Cssurface Teaches around cgmayx (= 22860 mol/m?), the electrochemical
reaction is terminated (note that termination condition of the step is decided
by cell voltage which is influenced by two factors: Cggyrface and
overpotential). In this process, even if the inside of the particle is not fully
utilized, the reaction can be terminated. An opposite trend is shown in Figure
5-4f, which represents the ¢4 distribution of the LMO particle in Qgp,. Li* is
released through the surface of the LMO particle, which induces a

concentration gradient of Li" inside the particle. Li" inside a particle diffuses
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toward the surface of the LMO particle. Contrary to the case of Figure 5-4e,
when the ¢ggyrface 15 reached around 0, the electrochemical reaction is
terminated. As a result, unreleased lithium ions remain inside the particle. The

utilization of the intercalation site inside the LMO particle can be estimated

by qy+.

163



—_~
)

) (c) (e)

1.0 1.0
— 30.01
= t
= 29.9- / t -
< = “x
b
< £ 208 €05
» = i 31
> ] | -
© © 2077 | y
= 1
[ |
s 29.64 |
& o0 . S 0.0 .
0.0 0.5 1.0 0.0 05 1.0 0.0 0.5 1.0
Q/ Qo [ x/ 5[ rir [
[
(b) (d) (f)
1.0 ; 1.0
— 30.4 w
2 1
rxy |
::g, 30.3 | -
= =) | %
2 £ 30.21 £ 05
g = t e
I © 30.11 4
5 0.2 s t
5 30.01 |
& o0 . — 0.0 .
0.0 05 1.0 0.0 0.5 1.0 0.0 0.5 1.0
Q/ Quax [ x/ 8] rir [

Figure 5-4 Potential profiles of electrodes and concentration profiles in separator
channels and LMO particles, obtained from a numerical simulation when {r,, &, 6}
= {0.1 um, 0.4, 40 pm}. Red indicates the capturing electrode (A-MnO,) and blue
indicates the releasing electrode (LiMn2Qa). (a) and (b) are potential curves of each
electrode, (c) and (d) are the concentration profiles of the lithium-ion in the separator
channel including Q¢ and Q.p, respectively, and (e) and (f) are the concentration
profiles of the lithium-ion in the LMO particles in the sub-domain Q¢p, and Qep,

respectively.
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5.3. Results and discussion

5.3.1 Overall voltage profile acquired from the parameter study

Figure 5-5 represents the effect of design parameters on the cell voltage
profiles. Cell voltage is determined by the difference between the potential at
the positive and the negative electrodes (represented in Figure 5-4a and d,
respectively) and the Ohmic drop. In all cases, this electrochemical system is
operated in a low voltage range. Specifically, cell voltage decreases from +0.9
V to —0.9 V in Step 1, while cell voltage increases from —0.9 V to +0.9 V in
Step 2. Cell voltage profiles of Step 1 and Step 2 are symmetric to each other
as discussed in 5.2. Two plateaus are identified in all the cell voltage curves,
as Li" intercalation and de-intercalation occur simultaneously. As 7, increases,
the cell voltage curve moves vertically down and the width of the curve (=
Qmax) 1s shortened in Step 1. As & or § increases, on the other hand, the cell
voltage curve moves vertically up and the width of the curve is lengthened in
Step 1. In the following sections, these changes in the cell voltage profile with
respect to electrode design parameters are further analyzed in terms of the

performance indicators, qp;+ and We¢.
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Figure 5-5 Cell voltage profiles with specific capacity (@) at varying combinations of 13,, &, and §. Effect of 7, on the cell

voltage profiles when (a) § = 40 um, (b) § = 100 um, and (c) § = 160 pm (& is fixed at 0.32). Effect of &5 on the cell
voltage profile when (d) § = 40 um, (¢) § = 100 pm, and (f) § = 160 pm (r;, is fixed at 6.7 um).
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5.3.2 Effect of electrode design parameters on the specific mass of Li*

recovered (qp;+)

Figure 5-6 illustrates the effect of electrode design parameters on qp;+.
The calculated g+ is changed from 37.66 mg/g to 35.71 mg/g, showing a
5.5% difference between them. When § = 40 pm, the maximum and the
minimum of qp;+ are 37.59 mg/g and 35.71 mg/g, respectively, whose
difference is 1.88 mg/g (a 5.25% difference between them). As § increases
from 40 pm to 160 pm, the maximum and the minimum of g;;+ become
37.66 mg/g and 37.05 mg/g, whose difference decreases to 0.61 mg/g (a 1.63%
difference between them). Similar trends were found in Figure 5-5, where the
difference in cell voltage curves is diminished as § increases. It is also found
that qp;+ 1s negatively correlated with 7, while it is negatively correlated with
& and &. Further investigation on the Li" intercalation into the LMO particle
is performed to unveil the correlation between the electrode design

parameters and qy ;+.
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Figure 5-6 Contour plots of the specific mass of Li* recovered (q;+) when (a) § = 40 um, (b) § = 100 pm, and (¢) § =
160 um
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Figure 5-7a shows the effect of 1, on the concentration of lithium in the
solid phase (cg) within the LMO particle at SoC = 100% (see Figure 5-8 to
Figure 5-10 for ¢, at intermediate SoC values). When 1, = 0.1 pm, ¢ at the
center of the LMO particle almost reaches cg max. As 7, increases to 10 um,
however, cg at the center of the LMO particle gradually decreases, leaving the
core region unsaturated. This trend is observed since the time required for the
saturation of surface (by the Li" intercalation reaction) becomes far shorter
than that of the core region (by the Li" diffusion), as 7;, increases from 0.1 um
to 10 um. This discrepancy in the saturation time is related to the specific
area of the LMO particle. As 7, increases, the specific area of the LMO
particle decreases, which in turn increases the local current density applied to
the particle surface. As the local current density increases, the rate of Li"
intercalation reaction at the particle surface is accelerated, exceeding the rate
of Li" diffusion into the center of the particle. Note that diffusion coefficient
in the LMO particle is not changed when 1, is changed. Instead, the flux of
Li" increases linearly as 1, Increases.

Figure 5-7b shows the effect of 5 on c¢g within the LMO particle. As &g
increases, Cs/Csmax profiles move vertically up, resulting in more Li"

insertion into the particle. This tendency is associated with the local current
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density applied to the electrode. As &g increases, the mass of the active
material in unit volume (a@Mgjec = €Ps0Aec) Increases, making the local
current density applied to each LMO particle reduced. As the local current
density decreases, Li" flux at the surface of the particle is lowered due to the
slow intercalation reaction. Thus, as discussed above, Li" can diffuse into the
center of the particle for a longer time before the surface saturation, hence an
enhanced lithium recovery performance.

The effect of § on cg is illustrated in Figure 5-7c. As § increases,
Cs/Csmax profiles move vertically up, showing a similar trend as &5. Thus, a
similar argument can be made again by noting that the local current density
is reduced with increasing § and fixed &. Based on this discussion, to
enhance the recovery efficiency of Li* in the ELR system, it is preferred to
design thicker electrodes with smaller LMO particles and high solid volume

fraction.
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Figure 5-7 The dimensionless concentration of lithium in the solid phase (cg) within
the LMO particle at SoC = 100 % when (a) n, = 0.1, 3.4, 6.7, and 10 pm (6 =

40 um and &5 = 0.16), (b) &5 = 0.16, 0.24, 0.32, and 0.40 (6§ = 40 um and r,, =
6.7 um), and (c) § = 40, 100, and 160 um (&, = 0.32 and 7, = 6.7 um)
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Figure 5-9 The dimensionless concentration of lithium in the solid phase (cg) within
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5.3.3 Effect of electrode design parameters on the net energy

consumption (Wyet)

To evaluate the net energy consumption per 1 mole of Li" recovered
(W,et), the voltage-capacity profiles in Figure 5-5 are numerically integrated
(see Equation (5-26) and Figure 5-11). The following discussion is for Step
1 (similar statements can be made for Step 2). When AE > 0, a spontaneous
electrochemical reaction takes place, where energy is generated. When AE <
0, a specific amount of energy should be consumed to proceed with the
electrochemical reaction. In this study, it is assumed that the energy generated
in the region with AE > 0 can be fully recovered, which compensates for the
energy consumption in the region with AE < 0. Please refer to the previous
study (Joo et al. 2020a) for a further discussion on energy consumption with
and without energy recovery.

Figure 5-12 illustrates the effect of electrode design parameters on W,e¢.
The calculated W),e; varies from 5.44 Wh/mol to 0.17 Wh/mol, whose
difference is 5.27 Wh/mol (a 3075% difference between them). It is apparent
that the difference in W, is much more significant than that in qp;+.
Interestingly, the dependence of W, on the electrode design parameters

behaves similarly with that of gy +, i.e. Wy is positively correlated with 7,
and negatively correlated with & and §.
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Figure 5-11 Graphical illustration of the energy consumption with energy recovery.
The green area (AE > 0 in step 1 and AE < 0 in step 2) represents the amount of
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the amount of consumed energy. Net energy consumption (Wye¢) is the difference
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The effect of each electrode design parameter on W, is found to be
related to the amount of electrochemical reaction occurring at the LMO
particle surface. Figure 5-13a represents the dimensionless concentration of
lithium in the solid phase at the LMO particle surface (i.e. ¢gsyrface/Csmax)
as a function of dimensionless specific capacity (i.e. Q /Quax)- It can be seen
that the change in the overall profile is minimal with varying r,. At the initial
phase, however, the slope becomes steeper as 1, increases from 0.1 um to
10 pm. It is because the cell voltage profile is significantly changed by the
overpotential from a high level of local current density (see Figure 5-13b).
As 1, increases, the cell voltage profile is vertically moved down to shrink
the area of the energy recovery, and to enlarge the area of the energy
consumption. Thus, Wyt increases when a significant overpotential is
provided in the system. The effects of &5 and § on W, . are also correlated
with the local current density applied at the electrode. As &5 and 6 increase,
the mass of active material in unit volume increases (dmejec = €5Ps0Asec),
which reduces the local current density. As the local current density decreases,
the amount of overpotential is reduced, resulting in a reduction in energy

consumption.
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5.3.4 Experimental validation of the simulation data

Experiments were performed to verify the simulation results. Figure

5-14 shows the changes of g+ and W according to 7, by experiment and
simulation. In both figures (Figure 5-14a and Figure 5-14b), 1, and g+
show negative correlations, and 7, and Wy, show positive correlations. In

other words, it shows that the simulation results reflect the experimental

tendency well in the change of 7;,. Note that there are differences between the

absolute values of the experimental and simulation results, which is because

Ty could not be controlled small and constant in the real world as the

simulation.
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5.3.5 Sensitivity analysis of the electrode design parameters

A sensitivity analysis is performed to investigate the significance of the
electrode design parameters on the ELR system performance. A three-
dimensional interpolation is employed to evaluate qy;+ and Wy, at any
specific combination of {r,, &, 6 }. Figure 5-15 summarizes the dependence
of qp;+ and W, on the design parameters (for global and local sensitivity
analysis results, see Figure 5-16 to Figure 5-18). gq;;+ and Wy, are
respectively normalized by gy i+ ya¢ (= 38.33 mg/g), the theoretical maximum
value of q i+, and Wy et rer (= 1.0 Wh/mol), the reference energy consumption
in the experimental ELR system (Lee et al. 2013). There are several aspects
in these sensitivity plots, which can give us different insights: 1) the slope of
average values (dotted lines), 2) the confidence intervals (shaded areas), and
3) the maximum and minimum values (solid lines).

From the dotted lines, it can be concluded that 7, is negatively correlated
with gy ;+, while &5 and § are positively correlated with g ;+, which is in line
with Figure 5-6. It can be also seen that the slope of red dotted line is almost

constant, meaning that 7, has equally strong effects on q;+ regardless of its

value. The slope of green dotted line is quite small, implying that &5 has weak
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effects on g ;+. The blue dotted line tells us that § has a strong impact on g ;+
when it is small, which however diminishes as § increases.

The shaded region corresponds to the region of possible values of gy ;+
as the design parameters change. The confidence interval is reduced as 7,
decreases, and as & or § increases, which corresponds to the direction of
increasing q; ;+. The overall area of the shaded region in each plot is inversely
proportional to the significance of each parameter’s effect on q;;+ value. It is
again found that 1, and § are slightly more influential than &5 (see Figure
5-16, for global sensitivity analysis result). From the maximum lines in
Figure 5-15a, it can be noted that the achievable maximum of q;;+ is almost
constant regardless of the values of & and &, while it decreases with
increasing 1,, implying that 7;, is more important than the other parameters to
enhance qp;+.

Similar trends are identified in Figure 5-15b, which represents the
sensitivity of W, ¢ on the electrode design parameters. W, o is in a negative
correlation with 7, and is in a positive correlation with & and §, as found in
Figure 5-12. The overall area of the shaded region in each plot is found to be
similar, however, 7, and & are again found to be slightly more influential than

&s. It is also found that the confidence interval is reduced as 7, decreases, and
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as & or § increases, which corresponds to the direction to decrease Wet. As
found in the trend of qy;+, the minimum W, ., achievable highly depends on

7y, while it is almost independent of & or 8. In this regard, 7;, is found to be

the most influential parameter to minimize W ¢ (and to maximize qp;+).
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5.4. Summary

The effect of electrode design parameters (7, &, and §) on the ELR
system performance is numerically investigated in this study. The cell voltage
profile and the intercalation/de-intercalation of Li" in the ELR system are
successfully reproduced in the P2D model. The current density was fixed at a
low value of 62.5 pA/cm? to allow the system to be operated in a near
equilibrium state. The specific mass of Li* recovered (qy;+) and the net energy
consumption (W) are affected by the combinations of electrode design
parameters. qp;+ is changed from 37.66 mg/g to 35.71 mg/g, while W is
varied from 5.44 Wh/mol to 0.17 Wh/mol. As 7, increases 0.1 pm to 10 um,
the system recovers less amount of Li‘, and requires more energy
consumption. As either & or § increases, however, the amount of Li"
recovered increases, and the system requires less energy consumption. These
opposite correlations of electrode design parameters are explained with the
Li" diffusion and the local current density applied to the LMO particle surface.
As 1, increases, the time required to fully saturate an LMO particle by the Li*
diffusion increases, which leads to a charge/discharge step is terminated
before the saturation of the LMO particle. The local current density,

proportional to 1, and inversely proportional to & and 8, is correlated with
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the amount of overpotential in the electrochemical reaction. As the local
current density increases, a high level of overpotential is formed and the ELR
system performance is degraded even though the current applied to the
electrode is identical. The sensitivity analysis is also performed to assess the
significance of each design parameter on the ELR system performance. It is
found that 7;, is needed to be kept as small as possible to minimize the effects
of the other parameters on the system performance, i.e., for the robustness of
the system performance. Since the results provided in this study are only
applicable to a low current density regime, the effect of electrode design
parameters at a high current density condition will be covered in the future

study for a more comprehensive understanding of ELR systems.
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6. Conclusion and perspectives

In this dissertation, the continuous ELR systems were developed by two
ways.

First, a pilot-scale ELR system including a unit CSTR process was
designed and demonstrated. To design industrially feasible systems a mobile-
type electrode configuration was developed. The system was successfully
demonstrated in the actual seawater desalination plant and treated 6 tons of
desalination concentrate per day. From the results of the trial run of the system,
a Li* was enriched 1800 times that of desalination concentrate, and the final
product was 88.0% pure.

Next, an LMO-based flow-type rocking-chair ELR was developed, and
a numerical simulation was conducted for understanding system behavior.
The data from the numerical simulation was well fitted with experimentally
measured data. Spatiotemporal concentration and voltage distribution can be
identified from simulation results, which is a useful tool for understanding
phenomena in flow-type ELR systems. In addition, the effect of electrode
design parameters on the performance indicator of a flow-type ELR system
was investigated by numerical simulation. The amount of Li" recovered

increased with the increment of &; and § and the decrement of 7, and the
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energy consumption showed the opposite trend. By the sensitivity analysis, it
was revealed that the most decisive parameter that determines the
performance is 7;, among the three design parameters.

In conclusion, this dissertation shows the successful transition of ELR
into continuous systems and the possibility of industrial application. The
engineering design methods developed in this study will improve ELR’s
technical maturity and help the commercialization of the ELR system.

Future ELR systems are expected to be developed and researched as
follows. First, various types of continuous flow-type reactors will be studied.
In addition to the flow-by method studied in this study, there are flow-through
and pack bed methods. Depending on the brine conditions and operating
conditions, a method advantageous to lithium extraction can be selected
differently. Considering that continuous flow-type research in the ELR
system has been conducted since 2020, including this study, it is still in the
early stages of research, so there is room for various studies.

Next, it is expected that various applications of ELR technology to treat
various brine resource will be attempted. Decentralized facilities based on
electrochemistry can be applied economically even in small-scale processes,
and ELR technology has a unique high lithium selectivity compared to

competing technologies. Because of these two advantages, ELR can be
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applied as a niche technology in undeveloped brine that cannot be exploited
by the conventional lime soda evaporation method. In other words, it is
possible to expand the range of lithium resources that can be mined. This
study also confirmed that lithium can be recovered from the desalination
concentrate under extreme conditions. Therefore, it is expected that ELR
technology can be effectively applied to various undeveloped aqueous lithium
resources, not only lithium brine with high Li* concentration. In addition, the
possibility of recovering lithium using ELR technology from waste lithium-
ion batteries should be examined.

ELR research, which is variously combined with computer-aided
engineering, is also expected to increase. Applicable computer-aided
engineering is limitless, including the computational simulation performed in
this study, the DFT technique for electrode material research, and the Al
technique for predicting the performance of ELR technology in various brine
compositions. Combining with digital technology will further promote the
development of ELR technology.

ELR technology should also be studied in relation to carbon neutrality.
Although ELR technology is expected to be more environmentally friendly
than other competing technologies, there is no research that has been analyzed

through sophisticated life cycle assessment (LCA) techniques. In the future,
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environmental regulations will become more stringent around the world. If
eco-friendly characteristic of ELR technology is emphasized, this technology
will emerge as a promising next-generation lithium recovery technology.
Finally, the ELR system treating the actual lithium brine such as Salar de
Atacama should be scaled up. So far, there has been no research case where a
large-scale ELR system has been applied to recover lithium from a brine. If
such research is done, high technological maturity will be secured and it will
be able to lead the next generation of lithium recovery technology, which

currently has no clear winner.
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