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Lithium recovery from diluted brine by means of
electrochemical ion exchange in a
flow-through-electrodes cell

Maria Sofia Palagonia, Doriano Brogioli*, and Fabio La Mantia*

Universitat Bremen, Energiespeicher— und Energiewandlersysteme,
Bibliothekstrafle 1, 28359 Bremen, Germany

Abstract

Lithium is becoming an important raw material due to the expansion
of the market of lithium-ion batteries, required for electric vehicles and
for stationary energy storage. The current method of lithium extraction
is slow, inefficient and it has a strong environmental impact. In the last
decade a new technology, called “electrochemical ion pumping”, based
on the electrochemical selective capture of lithium cations from the brine,
followed by the release of the ions into a so-called “recovery solution”, was
proposed. In this work, we developed a flow-through-electrodes reactor,
with which it was possible to capture lithium from a diluted solution
containing 1 mM LiCl and 1 M NaCl, and concentrate it in a recovery
solution. After 9 cycles, it was possible to produce 5 mL of 100 mM
LiCl solution with 94% purity starting from more than one liter source
solution. We have estimated the energy required by the process, finding
that the major contribution is given by the hydraulic energy for pumping
the electrolyte through the cell. The evaluation shows that the technology
is economically feasible and it can enable a sustainable future production
of lithium.

Keywords: lithium, intercalation, electrochemistry, electrochemical ion pump-
ing, extraction of lithium.

1 Introduction

According to forecasts, the market of lithium-ion batteries will expand in the
near future due to the envisaged spread of stationary energy storage devices
and electric and hybrid vehicles, which are based on lithium-ion battery tech-
nology [1]. Currently lithium is mainly extracted from brines available in South
America, by means of the so-called lime-soda evaporation process, which uses
solar evaporation in order to concentrate the brine. This step is followed
by other chemical processes for the final purification of LiCl. This method



is very slow, weather dependent and it produces large amount of chemical
wastages [2, 3]. Currently, the lithium global production capacity from brine is
120.5 Ktons/year [2], which, according to the predictions, will not be enough to
cover the lithium market demand in the near future [4, 5]. For these reasons,
the quest for a faster, cleaner, and more convenient technology has become of
great interest.

Various technologies have been proposed in the last two decades [6], the
most investigated have been the precipitation of lithium from brines as alumi-
nate [7, 8], the adsorption on lithium selective materials [9, 10, 11, 12], and the
liquid-liquid extraction with organic solvents [13, 14, 15]. The main disadvan-
tage of those techniques is the need for chemicals (mostly, acids), either for a
preliminary treatment of the brine (for example, changing the pH to increase
the selectivity) or to regenerate the active material after the capture.

Electrochemical methods for the extraction of lithium from brine are par-
ticularly promising (see Ref. [6] for a comparison with the other technologies).
They are based on the “electrochemical ion pumping” concept, consisting in the
intercalation of lithium cations from the brine into a lithium selective material.
After capturing, the brine in the electrochemical reactor is substituted by a re-
covery solution, in which lithium cations are released by reversing the direction
of the current. After the release of lithium ions, the brine is again flushed into
the reactor and the cycle starts from the beginning.

Two intercalation materials have been studied for this application: lithium
iron phosphate [16] (LFP) and lithium manganese oxide [17] (LMO). The in-
tercalation mechanism and the performances for lithium extraction have been
extensively studied [16, 17, 18, 19]; in particular, it has been shown that in both
materials the selectivity for lithium ions is excellent.

In some pioneering works, the lithium intercalating electrode was coupled to
a counter-electrode that was splitting water [20, 21], generating oxygen during
the lithium capturing and hydrogen during the lithium release. This method
has a relatively large energy consumption, mostly due to the thermodynamic
energy necessary for water splitting and the difficulty of properly disposing the
produced gases. Recently, ion insertion or electrochemical conversion have been
proposed as processes occurring at the counter electrode [22], i.e. during lithium
capture, the counter-electrode either:

e captures anions (by conversion, with silver/silver chloride electrodes [22,
16], or by insertion in polypyrrole [23, 24, 25]);

e or releases a cation (by de-insertion from nickel hexacyanoferrate [26, 17]).

In the latter case, the material must exclude the lithium ions from insertion. In
any case, the electro-neutrality of the solution is maintained.

The main advantage of the electrochemical ion pumping technique with re-
spect to the conventional ones is that it does not require the use of chemicals
for regenerating the materials, since the driving force of lithium capturing and
release is the application of the current.



Until now, research on electrochemical ion pumping for lithium extraction
has focused mostly on selection of materials for increasing the lithium selectivity,
the concentration of the recovery solution and its purity, and on investigation
the reaction efficiency [16, 26, 27, 17, 18, 19]. In our work, we focus on lithium
manganese oxide (LMO), as lithium capturing electrode, and KNi[Fe(CN)¢],
nickel hexacyano ferrate (NiHCF), as a lithium excluding electrode. Both ma-
terials have working potentials inside the stability window of water, high cycla-
bility, low price, and fast kinetics. These materials have been already studied
for extracting lithium from a brines [16, 26, 28, 17]. NiHCF gives much better
performances than Ag/AgCl electrodes, due to the high cost and slow kinetics
of the latter [29, 26, 22, 27]. Moreover, it has a larger specific capacity and
stability than the polypyrrole used in other studies [23, 24, 25].

Our research focused on the design of a suitable reactor for performing the
lithium extraction process. As an alternative to the flow-by scheme [30, 31], here
we propose a flow-through electrodes reactor, which improves the transport of
ions by advection.

With the aim of increasing the variety of the potential lithium sources, re-
cently we have proposed a reactor design aimed to capture lithium from brines
with concentration of LiCl down to 1 mM, using LMO and NiHCF as lithium-
capturing and lithium-excluding electrodes respectively [32]. Targeted lithium
sources could be geothermal waters or brines produced in saltworks, which have
a concentration of lithium down to 7-70 mg/l. In such cases, the electrochemi-
cal extraction process is limited by the mass transport in the solution. In order
to improve the performances, we thus proposed to increase the mass transport
by forcing the flow of the source solution through the porous structure of the
electrodes (flow-through electrodes configuration). In particular we investigated
the capturing step of the process, focusing on the influence of the flow rate and
the brine concentration on the amount of lithium captured by the active mate-
rial [32]. With optimized working parameters, the reactor was able to extract
more than 90% of the lithium present in a 1 mM LiCl source solution [33].

Our previous publications on the flow-through reactor [32, 33] were focused
on the capture stage; due to the relatively large dead volume, the release of
lithium was not performed in conditions relevant for a real process and thus
it was not characterized and discussed. In the present work, we modified the
flow-through electrodes reactor, with the aim of studying the release step in
conditions similar to the real applications and producing a concentrated solution
of LiCl in multiple capture / release cycles. In order to have a high concentration
of lithium in the recovery solution and avoid back-mixing, the dead volume of
the reactor was minimized by using a compact electrode stack. We are thus
now able to fully evaluate the performances of the release stage. We carried
out experiments by capturing from a source solution with 1 mM of LiCl and
releasing it into 5 mL of recovery solution. We analyzed experimental results in
terms of transferred lithium, and both electric and hydraulic energy.
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Figure 1: Representation of the electrodes stack (left) and of the cell plates
(right).

2 Experimental section

2.1 Electrochemical cell

The flow-through electrodes cell design was aimed at minimizing the dead vol-
ume, preventing the back-mixing between the source solution and the recovery
solution. The electrode materials used in the cell are LMO and NiHCF. The cell
was delimited by two circular plates, pressing the electrode stack (see Fig. 1).
The liquid flow takes place through holes in the center of the plates which ter-
minate with a funnel shape, delimited by a titanium frit, directly pressing the
electrode stack.

The electrodes are prepared by painting a slurry with the active material on
a carbon cloth substrate as current collector (see below for the description); as
shown in Fig. 1, they have a circular area of 1.4 cm? and a lateral rectangular
strip of circa 0.5 cm? width, used for electrical connection. Once cut, the edge
of each electrode is covered by a ring of silicone rubber, forming a gasket. The
circular central part is painted with the active material and remains permeable;
it represents the “active area” of the electrode, equal to circa 1.1 cm?. When the
electrodes are stacked, the active areas are aligned with each another, so that
they constitute a porous permeable path through which the liquid flows. The
electrode stack is composed by the working electrode (WE) (two short-circuited
LMO-painted cloths) placed between two counter electrodes (CE) (each made
by three short-circuited NiHCF-painted cloths). Separators made of filter paper,
with area 1.1 cm?, are placed on each side of the electrodes to prevent short
circuits. This “sandwich” configuration was chosen in order to decrease the



Ohmic drop.

2.2 Electrode preparation

LMO powder was supplied by MTI (Richmond, US), and NiHCF powder was
synthesized by the co-precipitation method [26]. Briefly, Ni(NOy), -6 H,O (120 mL,
0.1 M; Sigma-Aldrich) and K;Fe(CN), (120 mL, 0.05 M;Sigma-Aldrich) were
mixed dropwise in 60 mL water at 70°C while stirring constantly. During the
mixing, a brown precipitate formed immediately, which was sonicated for 30 min
at 70°C and left to rest overnight. The precipitate was then centrifuged, washed
with distilled water, and dried at 60°C.

From the powders, the slurries were prepared as previously reported [32].
They consist of the active material, C65 carbon black (Timcal, specific surface
area 62 m?/g), polyvinylidene difluoride (Solef S5130, Solvay), and graphite
(Timcal SFG6) with 80:9:9:2 wt.% for the NiHCF electrodes and 80:10:10:0 wt.%
for LMO powder electrodes. The powder was dispersed in N-methyl-pyrrolidone
and mixed thoroughly for 30 min at 4000 rpm by using an ultra-turrax disperser
(Ika).

The electrodes were prepared by hand painting the slurry on the above-
described carbon cloth current collectors (thickness 250 pum, provided by Fuel
Cell Earth) and subsequently dried at 60°C.

The mass loadings of the electrodes were circa 20 mg/cm? and 14 mg/cm?
for LMO and NiHCF, respectively. The ratio of the masses of LMO and NiHCF
was 1:2.

The electrodes were electrochemically treated in a 50 mL beaker before
putting them into the cell; the LMO was cycled and than completely oxidized in
a solution having a composition similar to the brines of Atacama lake (40 mM
LiCl, 786 mM NaCl, 100 mM KCl and 70 mM MgCl,). We used this solution
as a “reference solution” to measure the LMO capture capacity before the ex-
periments in the flow-through electrode cell [32]. The NiHCF electrodes were
cycled one time in 1 M NaCl solution, ending with full reduction.

2.3 Lithium extraction process

The electrochemical process was performed with a Biologic VSP-300 potentio-
stat. The used technique is the galvanostatic cycling with potential limitation
(GCPL), in which the capturing and release steps consisted in applying of a
constant current, while recording the potential difference between the WE and
the CE. The constant current is stopped when a given potential is reached.

The solutions are injected in the cell by means of a peristaltic pump (Ecoline
VC-MS/CA 4-12, Ismatec). Argon is bubbled in the containers of the solutions
in order to remove oxygen.

The lithium extraction process is performed by cyclically repeating the fol-
lowing steps.

Capture The source solution (1 mM LiCl and 100 mM NaCl) is continuously
pumped from a stirred beaker to the cell with a flow rate of 15 mL/min.



The solution (150 mL) initially contains 20% more lithium than the maxi-
mum amount that could be captured by LMO (based on the capacity eval-
uated as explained in the previous section). A negative current of 0.5 mA
is applied to the cell. The LMO reduction occurs and Lit ions are inter-
calated in its structure. NiHCF is oxidized and Nat are de-intercalated
from the solid to the liquid.

Cleaning 50 mL of a 120 mM KCI solution are pumped through the cell for
rinsing it. Then air is pumped into the cell for remove the solution.

Release Hereafter, 5 mL of recovery solution of initial concentration of 120 mM
KCl are pumped inside the cell with a flow rate of 5 mL/min. A positive
current of 1 mA is applied and the de-intercalation of Li* occurs, together
with intercalation of K in NiHCF.

Cleaning The solution is pumped out the cell by an air flow

At the end of the cycle, the source solution is re-injected into the cell and another
cycle takes place. It is important to notice that the source solution is changed
every cycle, while the same recovery solution is used for consecutive cycles, so
that its concentration progressively increases.

2.4 Working parameters

The process parameters (flow rate, current and potential limitation) during the
capturing step have been chosen accordingly to previous studies on a similar
reactor [32]. In that work, we found that the captured lithium increases linearly
with the flow rate, up to a saturation value. Beside, we found that the flow
rate at which saturation takes place depends on the applied current, namely it
decreases by decreasing the current. The flow rate applied during the capturing
step was ~50% higher than the value of saturation flow rate we previously
found [33]. The current has been chosen as a trade-off between increasing the
amount of captured lithium and decreasing the experiment duration (~5 h for
these experiments).

One of the aims of the reactor design was to minimize the dead volume.
Estimating the volume of the cell plates (0.73 mL) and the liquid volume re-
tained by the electrodes (0.7 uL/mg) and the separators (10 uL/cm?) measured
by weight difference, the total liquid volume contained in the cell is circa circa
0.82 mL, therefore much smaller than the recovery solution volume (5 mL).

Nine cycles (both capturing and release step) were performed one after the
other; in each cycle, the capture was from the same source solution of 1.35 L and
the release was to the same recovery solution of 5 mL, so that the concentration
progressively increased.

Inductively coupled plasma - optical emission spectrometry (ICP-OES) was
used to measure the initial and final concentrations of the solutions. The mea-
surements of the source solution concentrations were performed prior and after
each cycle, the measurement of the recovery solution were performed after the I,
II, II1, V, VII, IX cycles, taking 10 pL at the end of each cycle for the analysis.
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Figure 2: Galvanostatic charge/discharge curves for the I, ITI, V, and VII cycles.
The cycle is composed by two branches: from 1 to 2 (capture) and from 3 to
4 (release). The whole cycle follows the numbers 1, 2, 3, 4, i.e. it runs in
clock-wise direction.

3 Results and discussion

3.1 Sequence of cycles

The cell potential difference vs. charge curves for the I, III, V, VII, and IX
cycles are reported in Fig. 2. The cycles occur clock-wise, in the direction
represented by the numbers 1 (start of capture), 2 (end of capture), 3 (start of
release), 4 (end of release): in the bottom curve, from 1 to 2, LMO is reduced
and the capturing of lithium from the source solution takes place, in the top
curve, from 3 to 4, LMO is oxidized and lithium cations are released into the
recovery solution.

The discharging curves (1-2) of all the cycles are almost matching and show
a capturing capacity of circa 70% of the reference one. The charging curves (3-
4) show higher potentials, which increase with increasing cycle number: this is
the expected Nerstian variation of the equilibrium potential due to the increase
of the LiT concentration in the recovery solution.

By ICP-OES, we measured the concentration of lithium in the various so-
lutions along the sequence of cycles. In the source solution, the initial (Cr; 1)
and final (Cf; 2) concentrations are 0.91+0.07 and 0.4+0.05 mM, respectively;
the uncertainty is attributed to the ICP-OES measurements. This means that
approximately 60% of lithium is captured from the source solution during the



Cycle Cris Cria Cks Ckga Cnea K

1 0 15.6 1175 101.3 0.63 0.13
2 156 295 101.3 85 149  0.25
3 29.5 417 8.2 681 2.03 0.37
) - 60.9 - 44.1 6.87  0.54
7 - 80.2 - 8 -

9 - 100 - 1 4.84 094

Table 1: Initial and final lithium, sodium and potassium concentrations in mM
of the recovery solution and purity coefficient of lithium in recovery solution.
The subscripts indicate a process stage, corresponding to the numbers reported
in the Fig. 2. Kp; is the purity (see Eq. 1).

nine cycles. The concentration of Na™ remains almost constant, due to the high
amount of cations in solution with respect to the ones that are de-intercalated
from NiHCF.

Initial C; 3 and final C; 4 concentrations of species ¢ (Li*, Nat, K') in the
recovery solution are reported in Table 1.

Li* concentration increases upon cycles, reaching a final concentration at
the end of the IX cycle of 100 mM. K™ concentration decreases down to 1 mM.
An increase of Na® concentration is observed upon cycles, probably due the
partial intercalation/adsorption in LMO electrode during the capturing step.
Cq of the VII cycle is not reported, as it is out of range.

We also reported the purity coefficients of lithium upon cycles, calculated
as the lithium concentration divided by the concentration of all cations in the
recovery solution:

Oy

Zi Ci
The purity coefficient increases upon cycle, reaching a final value of 0.94.

The process involves the intercalation and de-intercalation of two different
cations in the two electrode materials: Li* in LMO, K in NiHCF. We define
the Coulombic efficiencies 7, separately for intercalation and de-intercalation, as
the ratio between the moles of intercalated (or de-intercalated) cation and the
moles of electrons passed through the electrode. We estimated 7 for the various
ions and materials by means of the measured values of the initial and final
concentrations of the solutions. For the intercalation processes (intercalation of
Li" during the capturing step, of K™ during the lithium release), the Coulombic
efficiency is equal to:

Ki;

(1)

Ci,startv - |Q‘/F (2)
Ci7endV

where Cj stqrt and Cj enq are the starting and final concentrations of the ion %

(either LiT or K™) detected by ICP-OES measurements, @ is the net charge

passed during the (dis)charge, V' is the solution volume. For the de-intercalation

process (of Li* during the release step and of Na™' during the lithium capturing

Ni,e =
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Figure 3: LiT and K" concentrations in the recovery solution vs. cycles (line
with points). The dotted lines are the estimated concentrations by means of
the Faraday law with Coulombic efficiency equal to 1.

step), the Coulombic efficiency is equal to:

S Ci,endV
M Ci7startV + |Q|/F

(3)

We estimated an average value of Coulombic efficiency of 0.98 for Na™ de-
intercalation and 0.9 for Li* intercalation (capturing). The lower value obtained
for Li* suggests the occurrence of a side reaction on LMO [17].

We reported K™ and Li* concentrations of recovery solution upon cycles in
Fig. 3: the lines with points are the experimental values detected with ICP-
OES, while the dotted lines are the values evaluated from the circulated charge,
assuming a Coulombic efficiency equal to 1. We calculated an overall Coulombic
efficiency of the release of 7yyerq=0.75, evaluated as the ratio between the
final experimental Li™ concentration and the concentration calculated from the
circulated charge at the end of the process.

The losses leading to the observed value of 7yyerqu do not only include the
possible side reaction, but are also unwanted back-mixing with the rinsing solu-
tion. As already mentioned in the Experimental Section, the rinsing solution is
used, between the steps of capturing and releasing. Its composition is the same
as the recovery solution at its initial concentration, i.e. 120 mM KCI. Part
of this solution remains inside the pores of the electrodes and separators due
to capillarity, and is trapped in the dead volume; this solution gets eventually



mixed with the recovery solution when it is injected again in the cell, slightly
diluting it and leading to a decrease of the final Li* concentration, and an in-
crease of the final K™ concentration. Considering this effect, given a value of
retained volume in the cell V,., the cation concentrations upon cycles can be
calculated as follows:

Ci_1,LiV +npi+ Q4| /F

CjrLi = Vv (4)
Ci—1, 5V + Cr xk Ve — g+ | Q;|/F
Ciw = = e )

where j is the index of the cycle, @; is the net charge passed during the release
step, Cj,r; and C} i are the final lithium and potassium concentrations and
Cr i is the potassium concentration of the rinsing solution. We reported the
concentrations upon cycles evaluated with Eqs. 4 and 5 in Fig. 4, for different
values of V.. We observe a deviation from the linearity for increasing V,., and a
saturation to a maximum value for increasing cycle number.

The higher is V;., the higher is the dilution effect on Li™ concentration, and
the lower is the cycle number at which the concentration curve reaches the
saturation. Indeed after a certain number of cycles, the increase of lithium
concentration due to the release by the electrodes is hampered by the decrease
due to the dilution. Beside, KT concentration increases with V,., until it starts
to increase upon cycles. Hence, a high V,. value has negative effect on both the
final concentration and on the purity of the recovery solution; it is therefore
fundamental to keep the value of V,. as low as possible.

In order to have a more precise estimation of the dilution effect for our
case, choosing a value of V;. (70 pL) and of the Coulombic efficiencies of the
electrochemical reactions (0.94 for the capturing of K™ and 0.8 for the release of
Li", we estimated the concentrations values versus cycles. They are reported in
Fig. 5 (a) (dotted line), and they give a good agreement with the experimental
values. The used V,. value corresponds to 1.4% of recovery solution volume.
This value is close to the measured volume of the liquid inside the pores of the
electrodes and of the separator (90 pL).

By comparing the curves in Fig. 3 and in Fig. 5, we can conclude that in this
experimental condition at the IX cycle the saturation of Lit concentration is
still far. It is thus interesting to extrapolate the curve for more cycles, starting
from a more concentrated recovery solution (1 M of KCl); the result is shown
in Fig. 5 (b). The curve approaches the saturation at circa 200 cycles, reaching
a concentration of 0.8 M of Li™.

At the investigated experimental conditions, the total extraction efficiency,
evaluated as the final lithium amount in recovery solution (3.45 mg) divided
by the total amount in the source solution (9.3 mg) is 37%. This extraction
efficiency can be further improved increasing the capture yield. In this experi-
ment, the capture yield is kept to 60%, but it can be optimized up to 90%, by
decreasing the applied current, as proved in our previous work [33].

10
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Figure 4: Li* and KT concentrations evaluated with Eqs. 4 and 5 at various
V.. values, namely 0, 0.1, 0.2, 0.5 and 1 mL. The arrows go in the direction of
increasing V..

3.2 Electrical power estimation

The electrical energy consumption W, ; of the ith cycle is graphically represented
by the area enclosed by the cycle in the voltage vs. charge graph (shown in
Fig. 2); it is the surface between the charge and the discharge curves:

P; 2 P4
W, = / rB@do+ [ ABQAQ (6)

P P; 3

where AFE is the cell voltage, @ is the charge, and the symbols P; j, refer to the
four instants k =1, 2, 3, 4 of the ith graph, corresponding to the numbers shown
on the graph of Fig 2.

The electrical energy consumption W, ; can be divided into two contribu-
tions, the reversible and irreversible energies, Wy.¢, ; and Wi, ;, respectively:

We,i = rev,i + Wirr,i (7)

The Wiy i term equals the variation of the free energy of the solutions due to
the ion pumping. The term W,,.,; accounts for the non-reversible processes,
such as ohmic drop, charge transfer and diffusion overpotential. Such effects
have been recently discussed for a similar electrochemical system by means of
mathematical modelling [34].

11
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Figure 5: Panel (a): experimental concentrations upon cycles (pointed line)
and calculated concentrations (dotted line) with V,.=70 pL and Coulombic ef-
ficiencies values of 0.8 and 0.94 for Li* and K (de)intercalation respectively.
Panel (b): calculated concentrations up to 300 cycles starting from an initial
K™ concentration of 1 M.
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While the total W, ; is evaluated from the experimental data, by means of
Eq. 6, the two contributions W, ; and Wj,.,; are distinguished based on a
theoretical evaluation as discussed in the following.

The reversible part, Wi, i, equals the free energy variation of the solutions
(evaluated under thermodynamic equilibrium) due to the concentration changes,
which is induced by the ion pumping operation. It can be calculated by express-
ing AE with the Nernst equation [28]. The Nernst equations for the reactions
occurring from point 1 to 2 (capture) and from point 3 to 4 (release) of Fig. 2
are:

CLii+ 76
(1-2): AB@Q) — AED+AB(Q)+ 2 m T ®)
F CNag — 717
Q-Qy
T CrLis+
(3—-4): AE(Q) = AEy+AE(Q)+ R?ln w1 (9)
K,3 — FVs

where @ is a negative number (as in Fig. 2), Qy is the charge reached at the
end of the reduction step (a negative value), and AE’(Q) is the contribution
to the potential depending on the state of charge of the electrode. During
the capturing step, the change of Cr;: has to be considered, while Cnyg 1 is
approximatively constant. Both Cp; 3 and Ck 3 change during the release step.
AEY and AES are constant terms depending on the standard potentials of the
occurring reactions, namely:

AE) = B0 — Byt (10)
AE) = EVEMO _ pONiHCE (11)
where Eg’iLMO is the standard potential of intercalation of Lit in LMO, EJO\;(JIWHCF

and E?(’NiHCF are the standard potentials of intercalation in NiHCF of Nat and
K™, respectively.
Substituting Egs. 8 and 9 in Eq. 6, one obtains:

+ —1n
Qs F (CLi,l + Fivl) (OK,S - Qﬁ?)

Wiewi = | am s arQ+ B (Cras+ 587 (Cnon = 7%) aQ

where AE? = AEY — AEY, AE" = AE’g - AE'?. The charges passing during
reduction and oxidation are different due to the limited Coulombic efficiency;
we used as Q)¢ the average value between the two.

While the first term on the integral in Eq. 12 is simply a constant, the
integral of the second term is zero. By integrating the second term:

0,NiHCF 0,NiHCF
Wrevi = _Qf (ENa — by )

—Q Eln (CLi,:S - %) (CNG’1 — 1?7‘2)
F (Cu,l + 1?7\2) (CKB + %)

(13)

13
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Figure 6: Electrical energy consumption evaluated from the galvanostatic
curves, reversible electrical energy consumption evaluated by Eq. 13 and ir-
reversible energy consumption evaluated as difference, per unit of transferred
lithium moles.

We have estimated the values of the average intercalation potential of Na+. and
K™ in NiHCF in our previous paper [29], as EIO\;QVZHCF = 0.381 and E?(’NZHCF
= 0.506 V vs. Ag/AgCl, respectively, in thermodynamic equilibrium condition.
This expression is an approximation because it was calculated over the full ca-
pacity [29], which is not always the case in our experiments. The approximation
is anyway reasonable, as AE' is small compared to the total potential. Since
E%N’HCF > EJO\;QVZHCF, this term decreases the energy consumptio Wy, ; of
the system.

In Fig. 6, Wyey,; values for each cycle calculated by Eq 13 are reported.
They are calculated using the experimental concentrations of Tab. 1 and the
measured charge passed during each cycle. In the same graph the electrical
energy consumption, calculated from the integrals of the curves of Fig. 2, are
shown. The horizontal axis is C'r; 3, the concentration in the recovery solution.

The two curves have similar shape, logarithmically increasing with C,; 5 [28].
Wiev is negative during the first two cycles, until ~ 30 mM, i.e. the process
is thermodynamically spontaneous up to this concentration. This means that,
during the first two cycles, the actually consumed energy W, is lower than the
Wirr, the difference being extracted from the free energy of the solutions. In
general, the increase of (total) electrical energy consumption is almost totally
due to the increase of W,.,, while W;,.,. remains almost constant.

In Fig. 6, W, W, and W, (the latter evaluated by Eq. 7) are reported;
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in this graph, they are normalized by lithium number moles transferred in each
cycle.

The total electrical energy required for the whole sequence of cycles is cal-
culated as:

wy =3 Weslls (14)

where j is the cycle number, N; are the lithium moles transferred at each cycle,
and Ny, are the total transferred moles. Wy for this experiment is equal to
6.1 Wh/mol.

The difference AE = E?V’ZWHCF — E%’MHCF of Eq. 13 (in this case equal
to -130 mV) has a significant effect: it decreases the amount of energy required
by the process. Considering the total charge flown into the system (Q; ~-
20 mAh) and the total lithium moles transferred (0.5 mmols), one can estimate
that the energy due to this contribution is circa 5.2 Wh/mol. Hence by using
KCI instead of NaCl in recovery solution, 85% of energy is spared. This point
can be better understood by comparing the mixing free energies of the solutions,
before and after the lithium extraction process. We calculate the free energy of
the solutions, assuming that they are ideal:

G =VCONu+r RTIn Cnp+ +V i+ RT In C++V i3+ RTIn Cpj++V Cr- RT'In Cy-

(15)
where V is the volume of the solution. The lithium extraction process mainly
consists in the displacement of Li™ from the source to the recovery solution and
a corresponding displacement of K from the recovery to the source solution.
By neglecting the concentration changes of Na®™ and Cl, the variation of free
energy is:

AG = ViourceCr+ 1 RTInCy + + ViourceCri+ 1 RTInCy; + +
ViecoveryCx+ 3BT In Cx+ 5+ ViecoveryCrit sRT In Cri+ 5 —
‘/sourceCK+,2RT In CK+,2 - ‘/sourceCLi+,2RT In CL1+,2 -
ViecoveryCr+ a BT In Okt 4 — ViecoveryCriv 4 RTIn Crir 4 (16)

This free energy difference appears as an energy saving in our process. It can
be split into two terms:

AGLi+ = VvsourceCLiJr )1RT In CLi+,1 + V;"eco'ueryCLfr )3RT In CLi+,3 -
‘/;OﬂrceCLi+ ’QRT In CLi+,2 - WecoveryCLi+ ART In CLi+,4 (17)
ACTYKJr = ‘/sourceOKJr,lRT In C'Kﬂl + V7"ecoveryOK+,3RT In CK+,3 -

VsourceCK+72RT In CK*,Q - ‘/;"ecoveTyCK+,4RT In C1K+,4 (18)

The term AGy;+ is negative, because electrical energy must be spent for moving
Lit from the less concentrated source solution to the more concentrated recovery
solution. The passage of K™ is instead in the direction of a spontaneous process:
due to the much larger volume of the source solution, its concentration of K*
is small during the whole process, thus AGk+ is positive. The different volume

15



explains why AGg+ > —AGy;+, so that the total AG = AGgk+ + AGp+ is
positive. On the other hand, AG would result negative if Na™ were used in the
recovery solution instead of K*, because Na® would be pumped from a diluted
to a concentrated solution for most of the process.

This discussion shows that the choice of the second cation in recovery solu-
tion is an important factor for decreasing the required electrical energy of the
process. A related result, which however involved the anions, has been dis-
cussed in the LMO/polypyrrole system [25], in which both anions and cations
are moved between the solutions; also in that case, the whole process can take
place spontaneously when the concentration of the anions in the source solution
is much higher than the concentration of lithium.

3.3 Pumping energy
We estimated the hydraulic pumping energy W, as previously reported [32]:

W, = R,I’T (19)

where I'y is the volumetric flow, R, is the hydraulic resistance of the cell, and
T is the duration of the process. The value of R,, measured experimentally, is
130 mbar min/mL (see Ref. [32] for the measurement technique). We obtain
Wp,=3200 and 350 J for the capturing and release step, respectively, correspond-
ing to 1.7 and 0.2 kWh/mol, respectively. The pumping energy W, required
during the capturing step is 9 times larger than the one for the release step, due
to the 3 times larger flow rate and the 2 times smaller current. To conclude,
the largest energy required by the process, for the extraction of lithium from
diluted solution at 1 mM, is the pumping energy during the capture, while the
required electric energy (6.1 Wh/mol) is negligible with respect to it.

It is interesting to compare the cost of electricity needed for pumping with
the value of the produced lithium. The evaluation of the cost of the electricity
is based on a price of 0.097 Euro/kWh, typical of a medium size industrial plant
located in Germany [35]. The price of lithium is evaluated from the current price
of Li,COg4, around 20 €/kg [1], corresponding to approximately 100 €/kg of
lithium content. From these data, we estimate that the pumping energy cost for
extracting lithium from 1 mM LiCl brine is around 30% of lithium price, thus the
process is economically sustainable. It is worth to remember that the pumping
energy depends on the lithium brine concentration, as it roughly decreases with
the square of the brine concentration value [32]. Moreover, pumping costs can be
further reduced by applying lower current and optimizing the porous structure
of the electrode to decrease the hydraulic resistance of the cell [33].

4 Conclusion
In this work we have carried out the lithium extraction from brine by means of

an electrochemical ion pumping technique in a flow-through electrodes reactor.
We have captured lithium cations from 1.35 L of source solution with 1 mM
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LiCl and 100 mM NaCl and released them into 5 mL of recovery solution,
reaching a final concentration of lithium of 100 mM LiCl with 94% purity. The
release step is realized in the same cell, by changing the hydraulic connections,
making the process easily up-scalable, at variance with the previous application
of this technlogy with the same materials [17], where the electrodes had to be
manually moved from a cell to another. With respect to the cited previous
work, the volume of the release solution has been enlarged by a factor 15. Wa
have optimized the geometry of the cell improving its compactness with respect
to our previous works [32, 33], minimizing the dead volume. According to the
results, given a good stability of the electrodes upon time, the reactor could
reach a final concentration of up to 0.8 M LiCl by performing up to 200 cycles.

We have calculated the electric energy required for the process, distinguish-
ing the reversible (thermodynamic equilibrium) and the irreversible energy con-
sumption. We found that the irreversible energy remains almost constant upon
cycles, while the reversible energy consumption increases due to the enrichment
of lithium in the recovery solution. Moreover, we observed that the reversible
energy consumption of the overall process can be decreased by properly choosing
the second cation in the recovery solution. However, the highest contribution to
the total energy is given by the pumping energy required by the capturing step.
By performing a preliminary economic analysis, based on the cost of energy,
we observed that the process is still favorable even at a concentration as low as
1 mM LiCl (7 ppm lithium).

The application of the technology in a flow-through electrodes reactor opens
the way to the industrial realization of the lithium recovery from diluted brines
and thus to the exploitation of lithium sources that were untapped so far. This
technology represents a sound response to the increase in lithium demand en-
visaged in the next future.
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Hydrothermal water Lithium-ion battery

Capturing lithium Lithium-ion batteries are one of the keys for sustain-
able energy management, but the supply of lithium itself could become unsus-
tainable. Small amounts of lithium, present in various water sources, can be
captured by intercalation in lithium manganese oxide, by means of an electro-
chemical process, and then released, producing a concentrated and extremely
pure solution of a lithium salt, suitable for battery manufacturing.
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