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An electrochemical reactor for the extraction of lithium from natural brine has been designed. It comprises two 3D porous packed
bed electrodes and a porous separator filled with electrolyte. The electrodes are filled with conducting petroleum coke particles
covered respectively with LiMn2O4 selective to lithium ions and polypyrrole selective to anions. It operates in two steps: First,
the porous electrodes and the separator are filled with natural brine to extract Li+ and Cl− by intercalation and adsorption. Then,
after rinsing with water the reactor is filled with a dilute LiCl recovery solution and LiCl is recovered by reversing the electrical
current. A mathematical model for the reactor comprising the Nernst-Planck equation and the battery intercalation model has been
developed. The model was solved using the finite element method under the COMSOL Multiphysics environment in order to obtain
the electrostatic potential and the ion currents and concentrations across the system. Unlike the asymmetric LiMn2O4/activated
carbon super-capacitor, in the lithium extracting reactor the total LiCl concentration decreases in the extraction step and increases
in the recovery step. A good agreement between the experimental and simulated potential difference vs. time at constant current
validates the model of the reactor.
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In the past 25 years lithium ion batteries have changed the way
we communicate, with the cell phone as an icon of that revolution in
communications and portable electronics. In the next 25 years electric
vehicles are expected to change our everyday mobility with the electric
car as icon. Each electric car has a battery with some 6.5 kg of lithium,
enough to power several thousand mobile phones which depicts the
magnitude of the challenge.1 Therefore, if lithium batteries will enable
electric mobility and a wide spread use of renewable intermittent
energy sources, smart grids and remote electrification the extraction
of lithium should also be sustainable.

The present soda-lime slow evaporation process from lithium con-
taining high altitude salt flats brine, is not inert to the environment
since millions of gallons of water are lost by evaporation in a desert,
chemicals are added to remove magnesium and precipitate lithium car-
bonate and chemical wastes are produced.2–4 The lowest production
cost by brine evaporation in Chile is 3,000 dollars per ton of lithium
carbonate by evaporation with sun radiation during several months,
according to Accenture report.5 Therefore, there is an intense search
for new fast methods to extract lithium without affecting the environ-
ment, among which electrochemical approaches will play a key role.

Different electrochemical strategies have been suggested: Kanoh6,7

reported the insertion of lithium ions into an electrochemical
Pt/λ-MnO2 cell and studied the kinetics of lithium insertion/extraction
from λ-MnO2/LiMn2O4 in LiCl aqueous solutions.8 La Mantia and
co-workers9–11 used an entropic cell to extract lithium with battery
electrodes: LiFePO4 cathode and Ag/AgCl reversible chloride anode
for the selective recovery process, and also have recently described a
nickel hexacyanoferrate anode as alternative to the silver anode.12 A
similar λ-MnO2/Ag battery was reported by Lee and co-workers for
artificial brine, or λ-MnO2/activated carbon hybrid super capacitor.13

A highly selective Li/Na electrochemical process based on olivine
LiFePO4 coated with polydopamine with the I−/I3

− redox couple
separated by a membrane has been disclosed.14 Hoshino proposed
an electro-dialysis method using an ionic liquid based membrane
technology.15,16 Fast and efficient chemical redox insertion of lithium
ions into solid FePO4 has been reported by Owen and co-workers.17

A different approach with an electrochemical cell with both lithium
containing electrolytes separated by an anion exchange membrane
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and using two LiFePO4/FePO4
18 or λ-MnO2/LiMn2O4

19 has been put
forward for the extraction of Li from brine.

LiMn2O4 (LMO) has also been reported as a matrix for the iso-
topic separation of 6Li/7Li with the lighter isotope, 6Li, preferentially
fractionated to the electrolyte solution phase, with the value of the Li
isotope separation factor ranging from 0.989 to 0.971 at 25◦C.20

Electrochemical ion transfer junction (EIJ) of lithium from con-
centrate to dilute LiCl electrolyte in a one step process uses a LiMn2O4

containing membrane as reported by Guyot et al.21 Electrodialysis,22

membrane capacitive deionization (MCDI)23,24 and reverse osmosis25

have also been considered.
An alternative electrochemical method for the extraction of lithium

chloride from brine or sea water has been developed recently in our
research laboratory.26,27 In this electrochemical method, which is fast,
efficient, has low environmental impact and low energy consumption,
LiCl rich brine is the electrolyte of an undivided electrochemical cell
comprised of a lithium deficient Li1-xMn2O4 (LMO) cathode selec-
tive to lithium ions and a chloride ion reversible polypyrrole (PPy)
electrode. A two-step electrochemical process extracts lithium chlo-
ride selectively from natural brine and then recovers high purity LiCl
in a dilute electrolyte. In the first step the exchange of chloride at
the oxidized PPy electrode takes place simultaneously to lithium in-
tercalation at LMO with high selectivity, thus extracting LiCl only
from natural brine. In a second step, after rinsing the electrodes thor-
oughly the brine electrolyte is replaced with a dilute LiCl recovery
solution and the electrode potential is reversed, so that lithium is
released from the LiMn2O4 anode and chloride ions from the PPy
cathode. During the lithium chloride uptake, only Li+ ions are selec-
tively intercalated at the cathode and Cl− ions are exchanged at the
anode while the release of LiCl into the recovery electrolyte takes
place in the second step. Under a potential difference of less than
1 V, intercalation of lithium ions in the Li1-XMn2O4 electrode takes
place.

For the extraction process the reactions are:26,27

x Li+ (brine) + Li1−x Mn I I I
1−x Mn I V

1+x O4 + xe− (cathode)

⇌ Li Mn I V Mn I I I O4

and,

xCl− (brine) + x P P yo (anode) ⇀↽ x
[

P P y+Cl−
]

+ xe− (anode)
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with the overall process:

x Li+(brine) + xCl−(brine) + Li1−x Mn I I I
1−x Mn I V

1+x O4 + x P P y0

⇌ Li Mn I V Mn I I I O4 + x[P P y+Cl−]

A hybrid LiMn2O4 battery electrode and carbon high capac-
itance electrode has also been proposed for an energy storage
supercapacitor.28,29 However, the use of polypyrrole (PPy) instead
of carbon electrode as anion selective counter electrode in our strat-
egy, operates at low overpotential and the lithium extracting device
has cell voltage at less than 1 V.27

Once fulfilled the proof of concept,26,27,30,31 in the present paper
we move forward from the fundamental concept previously described
toward the implementation of the proposed method in an electro-
chemical reactor comprised of packed bed electrodes. In this design,
a carbon conducting support is loaded with LMO as lithium capturing
material and PPy grown on the carbon conducting support, with brine
or recovery solution alternately filling both porous electrodes.

Experimental results of the extraction electrochemical reactor
operating under constant current are presented together with nu-
merical simulations of the reactor operation using a finite element
method under COMSOL multiphysics environment. Unlike a lithium
battery or an asymmetric battery supercapacitor configuration, the
electrochemical extraction reactor does not store energy nor is the
total LiCl concentration constant in the electrolyte. The extractor
can use renewable solar energy to extract lithium with an over-
all change in LiCl electrolyte concentration, i.e. decrease during
the extraction from brine (discharge) and increase during recovery
(charge).32

We aim at a detailed understanding of the potential profiles and
the distribution of ionic species within the packed bed reactor in order
to efficiently design and scale up the reactor to achieve large scale
operation. In this first work, we will assume a reactor where inho-
mogeneities occur only in the direction normal to the electrodes, x.
The relevant variables in the model are the concentration of each ion,
ci(x,t), the potential in the liquid electrolyte, ϕl(x,t), the potential in
the solid phase, ϕs(x,t) and the Li+ ion concentration at the surface
of the LMO particle, cLi,s(x,t). In the present work, we first validate
our model by comparison of the experimental and simulated reactor
voltage (voltage difference between current collectors), and then we
analyze the concentrations and solid-electrolyte potential differences
along the direction normal to the electrodes and separator (x). The
structure, porosity and thickness of the porous electrodes, concentra-
tion of brine and recovery electrolyte, current densities, etc. can be
rationally studied in a one and two dimensional reactor including the
flow of electrolyte in the latter case which will be described in future
communications.

Model of Reactor

We have followed the work of Newman33–35 for the lithium ion
battery electrode and the work of Hao for the asymmetric hybrid
supercapacitor with LMO lithium intercalation electrode.28 The re-
actor consists of two porous packed bed electrodes separated by a
porous insulating membrane filled with electrolyte. (See Scheme 1 and
Figure S1 in SI) Both porous electrodes have current collectors and
the electrolyte is fed from the base of the reactor at a constant flow
rate with outflow on the top.

In this first approach, a one-dimensional model is considered which
corresponds to an infinite two electrode system. We neglect the con-
tribution from convection in this first part since this will be addressed
in a future communication.

We will consider two operating configurations for the reactor. In
both of them the LMO is a lithium insertion electrode. The second
electrode can be:

a) A lithium adsorption carbon supercapacitor. This configuration
will be analyzed for comparison with previously reported en-
ergy storage device by Hao.28 i.e. as a hybrid asymmetric super

Scheme 1. Schematic representation of the reactor. Porous electrodes LMO
(0 ≤ x ≤ L+), porous separator (L+ ≤ x ≤ L+ + Ls) and porous PPy (L+ +

Ls ≤ x ≤ L+ + Ls + L).

capacitor with a carbon double layer, or electrostatic capacitive
electrode. This is also analogue to a lithium-ion battery with
lithium insertion.36,37

b) A chloride selective PPy electrode: This configuration works as a
lithium extraction/recovery device with an LMO lithium insertion
electrode and a polypyrrole chloride selective pseudo-capacitive
electrode.

The electrostatic potential of the solid conducting phase (coke) in
the porous electrode is obtained from the charge balance using Ohm‘s
law and the porous electrodes effective conductivities and diffusivities
are calculated with the Bruggemann approximation.35 Here we should
distinguish two solids: coke with particle size in the millimeter range
and LiMn2O4 deposited on coke with average particle size in the
nanometer range. In order to improve the electrical contact of LMO, it
is necessary to support this active material on an inexpensive but stable
material: coke using a PVDF binder and Vulcan carbon to improve

Figure 1. LMO covered particles (a), LMO crystals on coke particle (b), PPy
deposit on coke (c), and detail of PPy deposit (d).
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the electrical contact. The solid volume fractions are respectively,
εcoke for the large coke particle and εLMO for the smaller electroactive
LMO particles deposited on coke particles. Figure 1 depicts a SEM
image of LMO crystals deposited on a petroleum coke particle. It is
of paramount importance to increase as much as possible the volume
fraction of LMO, since the reaction stoichiometry defines the lithium
insertion capacity of the reactor 38 mg Li/g LMO and the specific
charge capacity 148 mAh/g LMO.

The ionic charge and mass balances in the electrolyte are obtained
solving the Nernst-Planck equation for diffusion and migration of
all participating ions combined with local electroneutrality (tertiary
current distribution). This methodology is different with the previous
treatment by Hao et al. for the binary lithium sulfate electrolyte in
the asymmetric LMO/carbon supercapacitor, who used a model based
on the secondary current distribution (which considers the current
in the electrolyte through Ohm’s law rather than the Nernst-Planck
equation).28 Notice that the diffusion coefficient of LiCl in the elec-
trolyte depends strongly on the Li+ concentration,38 and on total brine
salinity which has consequences in the concentration profiles as will
be shown below.

The lithium ion diffusion within the LiMn2O4 spinel particles
in the cathode material is described as a Fick diffusion process in
spherical particles. The source and sink terms of electrical charge at the
LMO-liquid interface are described by the Butler-Volmer equation for
the lithium ion transfer at the solid-electrolyte interface.31

The simulations are run with a constant electrical current applied at
the LMO positive electrode (left in Scheme 1) while the electrostatic
potential at the rightmost end of the capacitive electrode (polypyr-
role or carbon) is set to 0 V (right in Scheme 1). We consider a
constant current, Icell, applied to the reactor from the left current col-
lector (LMO), the current in the porous electrodes and separator is the
sum of the electronic current in the solid phase of the porous elec-
trode and the ionic current in the liquid electrolyte filling the porous
matrix:34

Icell = il + is [1]

And thus,

∇il = −∇is [2]

For the porous media we apply the Bruggeman condition to each
species:

Dl, e f f = ε1.5
l Dl σs, e f f = ε1.5

s σs

where Di is the diffusion coefficient of the ion i in the liquid phase,
σs is the conductivity in solid phase (LMO, carbon or polypyrrole)
and εl and εs are the volume fractions of the liquid and solid phases
respectively.

Capacitive electrode.—At the interface between the solid matrix
and the electrolyte solution, the rate of change of the double layer (per
unit volume of electrode) is given from Johnson and Newman:39

qloc = ScapCcap (ϕs − ϕl ) [3]

where Scap is the PPy or carbon electrode specific area (m−1) and qloc

the local charge. Ccap the capacity in F/m2.
The electronic current at the polypyrrole or carbon porous electrode

is given by Ohm’s law:

is = −σs,e f f

∂ϕs

∂x
[4]

and, from the charge balance in the electrolyte, the local capacitor
charging current per unit volume (iv,cap units of A/m3).39

iv,cap =
∂il

∂x
= SCapCCap

∂ (ϕs − ϕl )

∂t
[5]

due to charge conservation39 on the electrode with a capacitance CCap,

(F/m2), and the interfacial specific area per unit volume SCap (m−1).
A typical capacitance of 550 F/g has been reported for PPy.40

We therefore charge the capacitor by either: adsorbing Li+ at the
negatively charged carbon of a hybrid capacitive electrode.28,29,41 or,
by exchanging selectively chloride anions at the poly-pyrrole electrode
with the same current at which we intercalate (de-intercalate) lithium
ions in the LMO electrode.26,27 The difference between these two
processes is reflected in the stoichiometry coefficient of the source
term in the mass balance equation (see below).

By differentiating Eq. 4 with respect to x and replacing in Eq. 5,
with the condition in Eq. 2 we obtain the differential equation from
which the electrical potential at each point can be determined.

∇. (is) = −σs,e f f

∂2ϕs

∂x2
= SCapCCap

∂ (ϕl − ϕs)

∂t
[6]

The ionic current at the electrolyte is given by the Nernst-Planck
equation:

il = F
∑

i
zi

(

−Di,e f f ∇ci −
zi F Di,e f f ci∇ϕl

RT

)

[7]

where we used the Einstein–Smoluchowski relation for ion mobilities.
In Equation 7, the sum runs over all the ions present in solution, e.g.
for natural brine i = Li+, Na+, K+, Mg+, B2O7

2− and Cl−. For the
dilute LiCl recovery solution i = Li+, Cl− and Eq. 7 can be simplified
to:

il = F
(

−DLi,e f f + DCl,e f f

)

∇cLi −
F2∇ϕl

RT

(

DLi,e f f + DCl,e f f

)

cLi

[8]
(where the electroneutrality condition for a binary electrolyte
cLi+ = cCl– has been used). The first term on the right hand side
is the diffusional flux due to the concentration gradient and the sec-
ond one is the flux due to the electrical field. We neglect the convective
term in this approach.

The mass balance in the electrolyte is given by:

εl

∂ci

∂t
= ∇

(

Di,e f f ∇ci +
zi Di,e f f Fci∇ϕl

RT

)

+ Ri [9]

The source term is given by the source or sink of ions due to a

faradaic intercalation reaction Rdl,i =
νi iv,cap

nF
and the stoichiometric

coefficients, νi for non-reactive ions are set to 0.

At the porous separator.—There is no source or sink of ions, and
the mass balance for multi-ion electrolyte, i.e. brine is:

∂ci

∂t
= ∇

(

Di,e f f ∇ci +
zi Di,e f f Fci∇ϕl

RT

)

and
∑

i
zi ci = 0

[10]
with the total ion current,

il = F
∑

i
zi

(

−Di,e f f ∇ci −
zi F Di,e f f ci∇ϕl

RT

)

[11]

Lithium Insertion electrode (LMO).—We follow the treatment of
Newman33,34 for the lithium ion insertion electrode at each LMO
particle:

∂cS,i

∂t
= Ds

[

∂2cS,i

∂r 2
+

2

r

∂c

∂r

]

0 ≤ r ≤ rp [12]

With the boundary conditions at each particle:

∂cs

∂r

]

r=0

= 0 [13]

and,

−Ds

∂cs

∂r

]

r=r p

= RLi,θ =
νLiθ .iv

F

rp

3εL M O

[14]

where, rp is the LMO particle radius, νLi,θ is the stoichiometric coef-
ficient for Li+ at the particle surface (see below) and iv is the volume
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faradaic current density defined as iv = ilocSf, where Sf is the spe-
cific electroactive area of the particles (unit m−1) and iloc is the local
faradaic current given by Butler-Volmer equation (see below).

The LiMn2O4 electrode volume fraction, εLMO, is given by:42

εL M O =
QL M O

�soc.cs,max . F.l
[15]

�soc is the allowed state-of-charge (soc = cs/cs,max) window of LMO,
cs,max = 25 M for LMO33 and the porous electrode thickness, l.

The current in the solid electrode is given by:

is = −σs,e f f

∂φs

∂x
[16]

and, the overpotential at each position by: η = φs−φl−�φs, f ilm−Eeq .
The equilibrium potential of LiMn2O4 in aqueous LiCl, Eeq is

determined both by the oxide composition (x in Li1-xMn2O4) and the
LiCl activity in natural brine or in diluted LiCl aqueous solution.30

Notice that Eeq, for each state of charge (soc) has been determined
independently by charging an LMO electrode at very low current
density as shown in Figures S2 and S3 the SI for 0.05 M LiCl and
natural brine. Therefore, the extrapolation curve used by the model
must be that of the electrolyte being employed in extraction from brine
or recovery of LiCl dilute solution respectively.

The ohmic drop in the LMO films, equal to �φs, f ilm = R f ilm .Itotal ,
is negligible in our model.

The Butler-Volmer equation for the local faradaic current density
iloc:

31

iloc = Fk0
0(1 − θ)αa (θ)αc

(

cLi

cLi,re f

)αa

[17]

with cs/cs,max = θ, k0
0 = kαa

c kαc
a c(αa+αc)

s,max , the reference lithium concen-

tration cLi,ref = 1 mol.m−3 and αa = αc = 0.5
The current in the electrolyte is:

il = F
∑

i
zi

(

−Di,e f f ∇ci −
zi F Di,e f f ci∇ϕl

RT

)

[18]

For the recovery solution (i = Li+ and Cl−) or brine (i = Li+, Na+,
K+, Mg2+, B2O7

2− and Cl−).
The mass balance is given by:

εl

∂ci

∂t
= ∇

(

Di,e f f ∇ci +
zi Di,e f f Fci∇ϕl

RT

)

+ Ri [19]

with Ri =
νi iv
nF

. The stoichiometric coefficients for non-reactive
ions are set to 0. We impose the use the electroneutrality condition
∑

i zi ci = 0

Boundary Conditions

At t = 0:
At the Ppy or carbon electrode (L++LS < x < L++LS+L–)

φs = φl = 0

At the separator (L+ < x < L+ + LS)

φl = 0

At the LMO (0 ≤ x < L+)

φl = 0 φs = E
eq

(

CS.0
CS.max

)

t > 0
at x = 0
∂ci

∂x
= 0, il = 0, iS = Icell

at x = L+ and x = L+ + LS

iS = 0,
∂il
∂x

= 0
at x = L+ + Ls + L-
∂ci

∂x
= 0, il = 0, iS = Icell, φS = 0 (choice of the zero of electrostatic

potential)

Table I. Stoichiometric Coefficients.

νLiθ+ (ion in

νLi+ νCl− LMO Particles)

LMO −1 0 1

PPy 0 1 0

Carbon −1 0 0

The stoichiometric coefficient, νi, defines which species are in-
serted from or into the electrode or delivered into the electrolyte at
the LMO/electrolyte, PPy/electrolyte or carbon/electrolyte inter-faces
during a reduction process:

∑

ox
|νox | Ox + ne =

∑

red
νred Red [20]

With νred > 0 and νox < 0. Note that the coefficients of Eq. 20 are
defined for a reduction process in a given electrode. The sign of
the applied current determines the type of process occurring in each
electrode. For Icell > 0 occurs the delithiation process, which produces
the oxidation of the LMO electrode and the reduction of the PPy or
carbon electrode. For Icell < 0 occurs the lithium insertion (reduction
of LMO and oxidation of PPy or carbon). Table I summarizes the
stoichiometric coefficients used in the simulations.

Simulation

COMSOL Multiphysics 5.2a was used to implement the simula-
tions. A multiscale simulation was performed using the lithium-ion
battery module for the diffusion in the LMO particles and the ter-
tiary current distribution module for the transport of the electrolyte
species.42 The current implementation of the battery model in Comsol
5.2a uses secondary current distribution instead of tertiary current dis-
tribution. In order to use the intercalation model (i.e. diffusion of Li in
LMO particles) with the tertiary current distribution, we set both a Bat-
tery Module (lion) and a Tertiary Distribution Module (tcdee) in the
LMO region. We then used the Battery Module to solve the diffusion
of Li within the LMO particles and the Tertiary Current Distribution
Module to solve the ion transport in solution and the Butler-Volmer
equation at the LMO/electrolyte interfase. To do so, the lithium con-
centration at the surface of LMO particles (lion.cs_surface) was used
as an input for the Butler-Volmer equation in the Tertiary Current
Distribution Module (see Eq. 17) and the local current density of the
Tertiary Current Distribution Module (tcdee.iloc_per1) was used as
an input in the Battery Module for calculating the flux of Li ions at the
surface of the LMO particles (see Eq. 14). This strategy was validated
by comparison of the solution of the asymmetric supercapacitor with
a binary lithium electrolyte provided by the Battery Module (i.e. Sec-
ondary Current Distribution) and provided by our approach (Tertiary
Current Distribution), see Fig. S4 of SI. The small differences between
both solutions are attributed to the fact that the secondary current dis-
tribution uses the conductivity of the electrolyte as an input, while the
tertiary current distribution uses the diffusion coefficients of the ions.

Table II summarizes the description and the numerical values used
for all parameters in the simulations, including the reference from
where these values where extracted, where appropriate.

Experimental

In the experimental work an electrochemical rectangular channel
filter-press reactor (type FM01-LC)45–47 with two packed bed elec-
trodes of 15.5 × 4.5 × 0.5 cm (69.75 cm2 area) in PTFE body, 304
stainless steel current collectors separated by a 200 µm thick porous
polyethylene battery separator (Daramic HP) with 60% porosity and
55 m�.cm−2.

The electrolytes employed were natural brine from Olaroz salt
flat, Jujuy (Argentina) with a composition analyzed by ICP-OES
(SPECTRO Modula Flame): Na+ 115.600 ppm (5 M NaCl), K+

10.780 ppm (0.28 M KCl), Mg2+ 2.618 ppm, Li+ 975–1280 ppm
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Table II. Parameters used in the simulation of reactor.

Parameter Description Value Ref.

L+ Thickness of positive electrode (LMO), cm 0.5

L− Thickness of negative electrode (PPy), cm 0.5

Ls Thickness of porous separator, cm 0.1

CPPy Capacitance of PPy, F/m2 4.2×104

SPPy Specific surface area of PPy per unit electrode volume, m−1 100

SLMO Specific surface area of LMO per unit electrode volume, m−1 5×106

DLi+ Diffusion coefficient of Li+ in solid phase, m2/s 6×10−14 26

DLi+ Diffusion coefficient of Li+ in LiCl electrolyte, m2/s 9.9×10−10 43

DLi+ Diffusion coefficient of Li+ in natural brine, m2/s 9.62×10−10 43

DCl− Diffusion coefficient of Cl− in LiCl electrolyte, m2/s 1.98×10−9 43

DCl− Diffusion coefficient of Cl− in LiCl natural brine, m2/s 1.86×10−9 44

DNa+ Diffusion coefficient of Na+ in natural brine, m2/s 13.4×10−10 44

DK+ Diffusion coefficient of K+ in natural brine, m2/s 17.9×10−10 44

DMg++ Diffusion coefficient of Mg2+ in natural brine, m2/s 7.5×10−10 44

DB2O7
2− Diffusion coefficient B2O7

2− in natural brine, m2/s 1×10−10

εl Volume fraction of liquid phase 0.50

εs Volume fraction of solid phase, coke 0.50

cl ,LiCl Initial concentration of Li+ in LiCl electrolyte, mol/m3 0.05

cs, Li+,lit Initial concentration of Li+ in solid (litiation), mol/m3 1000

cs, Li+,del Initial concentration of Li+ in solid (delitiation), mol/m−3 25000

CLi+ Initial concentration of Li+ in natural brine, mol/m3 200 27

cNa+ Initial concentration of Na+ in natural brine, mol/m3 5000 27

cK+ Initial concentration of K+ in natural brine, mol/m3 280 27

cMg2+ Initial concentration of Mg2+ in natural brine, mol/m3 100 27

cB2O7
2−

- Initial concentration of B2O7
2− in natural brine,mol/m3 9 27

CCl− Initial concentration of Cl− in natural brine, mol/m3 5662 27

cs,max Maximum concentration of Li+ in solid, mol/m3 25000

αc = αa Anodic and cathodic faradaic transfer coefficient 0.5 34

rp LMO particle radius, nm 100

rPPY PPy particle radius, µm 400–1000

σl Conductivity of natural brine electrolyte, S/m 17.35 27

σs,pos Conductivity in solid phase positive electrode, S/m 3.8

σs,neg Conductivity in solid phase negative electrode, S/m 10

kc = ka Specific rate constant of faradaic Reaction, m/s 10−11

cl,ref Electrolyte reference concentration, mol/m3 1

�soc Allowed state-of-charge 1

F Faraday constant, C/equiv 96,484

R Universal gas constant, J/mol.K 8.314

T Absolute temperature, K 298

(0.18 M LiCl), Boron 1.440 ppm. The natural brine had a dynamic vis-
cosity 2.077 Cp, a density of 1.2710 g.cm−3 and an electrical conduc-
tivity of 0.1735 S.cm−1.27 The recovery electrolyte was 0.05 M LiCl
solution.

The electrolyte was circulated through the reactor by a rotary pump
resistant to high concentrated electrolyte and the electrolysis reactor
was operated at constant current controlled by an Autolab 30 potentio-
stat/galvanostat. The open circuit potential of the LMO electrode with
respect to Ag/AgCl; 3M NaCl (0.22 V vs. NHE) reference electrode
defined the initial state of charge (soc LMO). All chemical reagents
where of analytical grade, except for Coke provided by Copetro.

The properties of the packed bed electrodes were determined as
follows: The volume fraction of electrolyte was determined from the
mass and volume of the packed coke particles. The density of the coke
particles was determined with a 25 mL pycnometer.

The LMO electrode was prepared from a slurry of LiMn2O4 (80%),
10% PVDF and 10% Vulcan Carbon XR-72 (Cabot Corp.) dispersed
in N-methyl pyrrolidone onto coke particles (ASTM mesh 35) and
dried at 105◦C. The loading of electroactive LMO was determined by
differential weighing.

The PPy electrode was prepared by polymerization on coke par-
ticles using 100 mL of 0.5 M pyrrole in 0.02 M HCl by adding an
equal volume of FeCl3 with vigorous stirring during 15 minutes. After
separating the supernatant liquid and rinsing with water the material
was dried at 110◦C.

After operating the reactor with natural brine, the reactor was
rinsed with 2.5–3 liters of distilled water for a 35 cm3 electrolyte vol-
ume in the packed bed electrodes until no chloride could be detected
in the rinsing water by silver nitrate.

Results and Discussion

We start by describing the reactor using PPy capacitive electrode
and LMO intercalation electrode.

In the electrochemical reactor the process at each porous electrode
produces the separation of Li+ and Cl− ions by the selective inter-
calation at the LiMn2O4 electrode and the capacitive PPy electrode.
This is similar to the reported LiMn2O4 hybrid supercapacitor with
activated carbon as capacitive electrode.28

There are, however several differences between a hybrid LiMn2O4/
carbon supercapacitor and the present lithium chloride extraction re-
actor: a): the thickness of the porous electrodes in the first case is of
a few hundred micrometers only, in our specific reactor the porous
electrode thickness is in centimeters range, and therefore the mass of
active materials is much larger, b) the lithium salt concentration in a
battery or in a hybrid super capacitor is very high in the 1 M range,
but natural brine contains only 0.1–0.2 M LiCl, c) the electrochemical
reactor to extract lithium operates in two steps with two different
electrolytes, brine and dilute LiCl recovery aqueous solution re-
spectively, while the supercapacitor contains a single electrolyte in
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Figure 2. Experimental charge-discharge curves during delithiation and
lithium intercalation respectively at 20 mA (0.29 mA.cm−2) of LMO-PPy
reactor in 0.05 M LiCl. Ru = 3.6 �. mLMO = 9.90 g, mPPy = 6.43 g.

non-aqueous solvent. Lithium ion in aqueous electrolyte under the
conditions of the reactor has a transport number less than unity, and
the ion transport is an important factor. The diffusion coefficient of
Li+ ions is concentration dependent, i.e. Li+ and Cl− have similar dif-
fusivities in concentrated solutions (brine) but D Li+ is half the value
of DCl− in very dilute solutions. This has important consequences in
the LiCl concentration distribution in the electrolyte with asymmetry
in both porous electrodes.

In addition to LiCl, natural brine contains other ions such as Na+,
K+, Mg2+, Cl−, SO4

2− B2O7
2− etc. Most of these ions are present

in concentrations much larger than Li+, particularly NaCl is usually
present at concentrations between 3–5 M. These ions diffuse and
migrate during the charge-discharge of the reactor which introduces
the need for solving the Nernst-Planck transport conditions for all ions
present in the simulation.

Another important difference is that a lithium battery or a hybrid
supercapacitor stores electrical charge at constant total concentration,
while in the reactor LiCl concentration changes during charge and
discharge.

The experimental LiCl release (charge) and extraction (dis-
charge) curves for the reactor in 50 mM LiCl electrolyte at 20 mA
(0.29 mA.cm−2) are shown in Figure 2. The total voltage at the reactor
current collectors �Ereactor grows during anodic release of LiCl into
the electrolyte and decreases during the extraction step as expected.

The average uncompensated internal resistance of the reactor has
been calculated from the potential difference at the end of the charging
curve and at the beginning of the discharge curve divided by the
applied constant current. The ohmic drop in the reactor includes the
electrolyte resistance and the contact resistance of the solid conducting
material, and can be estimated in Ru = 3.6 � for the experiment
depicted in Figure 2. During the operation of the reactor, the potentials
were restricted between 0.3 and 1.0 V cutoff values in order to keep
the stoichiometry in the cubic phase LixMn2O4 with 0 ≤ x ≤ 1.27

In order to compare the simulated and the experimental full reactor
potential, the LiMn2O4 equilibrium potential used by the simulation
has been referred to the Ag/AgCl reference electrode while the PPy
electrode is set 0 V initially at zero charge. Therefore, the equilibrium
potential of LMO has been subtracted from the potential of uncharged
PPy in the Ag/AgCl scale to ensure the same reference potential in
both electrodes.

The experimental galvanostatic transients shown in Figure 2 are
qualitatively similar to those reported for the LiMn2O4/activated
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Figure 3. Experimental de-lithiation (charge) curve of LiMn2O4 anode and
PPy cathode reactor at 20 mA (0.29 mA.cm−2) in 0.05 M LiCl (solid line),
and simulated curve for CPPy = 4.2 F/cm2, εLMO = 0.0025 (dashed line).

carbon hybrid supercapacitor.28,29 Notice that the two-plateau typ-
ical of LixMn2O4 intercalation in the 0 ≤ x ≤ 1 stoichiometry
(see Figures S2 and S3 in SI)48–50 cannot be seen since the charg-
ing curves in these experiments are limited by the PPy charging (see
below).

The simulation was validated by comparison with the experimen-
tally observed �Ereactor vs. time (or charge at constant current) in
Figures 3 and 4.

Because it is experimentally much easier to synthesize LiMn2O4

which can undergo a topotatic transformation to Li1-xMn2O4 (with
x → 1), the first step is always the electrochemical delithiation of the
LMO electrode, i.e. charging as the first step.
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Figure 4. Experimental lithiation (discharge) curve of Li1-xMn2O4 (θ = 0.04)
cathode and PPy anode reactor at 20 mA (0.29 mA.cm−2) in natural
brine after delithiation in 0.05 M LiCl (solid line) and simulated curve for
CPPy = 2.2 F/cm2, εLMO = 0.0025 (dashed line).
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Figure 5. Concentration profiles of [Li+] = [Cl−] in the binary electrolyte
along the distance in the 1D reactor for data in Fig. 3, 0.05 M LiCl and 20 mA.

Figure 3 depicts an experimental charging curve of LiMn2O4 and
PPy in the reactor at 20 mA constant current by releasing lithium
chloride to a 50 mM LiCl recovery electrolyte (solid line) and the
simulated curve for CPPy = 4.2 F.cm−2 and εLMO = 0.0025 (dashed
line) with good fit. The small discrepancy between the model and the
experimental results at short times may be due to a slight difference
in the initial state of charge of the LMO electrode, i.e. LixMn2O4 with
x slightly less than 1.

Based on the molecular structure of the tetramer PPy+ cation
and chloride anion, the theoretical charge capacity of PPy+Cl− is
92 mAh/g PPy while the charge capacity of LiMn2O4 is 148 mAh/g
LMO. Therefore, if the mass ratio of PPy to LMO is less than 2:1 the
potential of the reactor is determined by the linear charging curve of
PPy and reaches the cutoff potentials in the first intercalation wave,
reaching only 40 mAh/g LMO much less than expected. This limita-
tion is illustrated in a plot of the individual solid-electrolyte potential
evolution for PPy and LMO respectively in the extremes of the re-
actor (see Figure S5 in SI) with the main contribution to the total
reactor voltage given by the charging of the capacitive PPy electrode,
as reported for the LMO/Carbon supercapacitor.29 Also the simulated
�Ereactor charging curves for different mass ratios LMO to PPy shown
in Figure S6 in SI confirm the limitations by the PPy capacitor charg-
ing current.

After full charge of the reactor, the 3D porous electrodes and
the separator were washed by circulating water and the electrolyte
was replaced with natural brine to capture lithium by intercalation
into Li1-x Mn2O4, (with x →1) at 20 mA and the resulting time
evolution of �Ereactor is depicted in Figure 4 (solid line) together with
the simulated curve for CPPy = 2.2 F.cm−2 and εLMO = 0.0025 (dashed
line) with good agreement between experiment and simulation. Notice
that, except for a small decrease in CPPy both capture and recovery
curves were fit with the same parameters.

Based on the results of the simulation the Li+ and Cl− ion concen-
tration profiles across the reactor thickness were calculated as shown
in Figure 5 and Figure 6 for data in Figure 3 (binary LiCl) and 4 (nat-
ural brine) respectively. In these figures the LMO porous electrode
on the left hand side and the PPy porous electrode on the right are
separated by the 0.1 cm thick porous separator where only lithium
and chloride ion transport occurs.

During operation of the reactor at 20 mA charging current in dilute
LiCl electrolyte, lithium ions pass from the solid LMO into the liquid
electrolyte and move toward the PPy electrode while chloride ions
move in the opposite direction to keep electroneutrality. At the PPy
porous electrode chloride ions desorb and move toward the LMO
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Figure 6. Concentration profiles of [Li+] in brine along the distance in the
1D reactor for data in Fig. 4, lithiation from natural brine at 20 mA.

electrode while lithium ions move to the right to compensate charge.
At the separator there is no source or sink of lithium or chloride ions
which can only diffuse and migrate in the concentration and potential
gradients respectively. The lithium chloride concentration increases
with time during delithiation but the concentration distribution is not
homogeneous due to the different diffusion coefficient of Li+ and Cl−

in dilute 0.05 M LiCl.38

In the lithium chloride capture by lithium deficient LMO (dis-
charge step) the Li+ concentration profiles shown in Figure 6 are
quite different from those for the reactor charging step since in brine
electrolyte several cations can compensate charge during the chloride
uptake by the PPy porous electrode. As a result lithium migration
is not necessary to guarantee local electroneutrality and most of the
lithium extraction takes place within the LMO porous electrode. The
concentration profiles of Cl−, Na+, K+, Mg2+, and B2O7

2− can be
seen in Figures 8–12 in the supporting information and it appears that
the concentration of the non intercalating cations slightly increases
when the Li+ concentration decreases due to charge compensation.

For comparison of the present reactor a hybrid supercapacitor has
been simulated, where the polypyrrole electrode has been replaced
by an electrostatic double layer capacitor electrode that can adsorb
and release lithium ions. For the same reactor working as a hybrid
supercapacitor with Li+ ions adsorbing at the negative electrode on
the right hand side (νLi = 1, νCl = 0) the concentration distribution is
very different from that in Figure 5 as can be seen in Figure 7. The
distribution in this case is symmetric on both sides of the separator but
the carbon capacitive electrode on the right hand side shows a decrease
of LiCl concentration that compensates the increase on the left hand
side positive electrode in agreement with the results of Hao et al.28 The
important difference here is that in the extracting reactor the total LiCl
concentration changes while in the hybrid supercapacitor it remains
constant. The symmetry in the lithium ion concentration arises from
the diffusion of lithium ion in the hybrid supercapacitor rather than
chloride in the case of PPy capacitor.

The surface concentration of lithium ions at the surface of LMO
particles as a function of the position in the porous electrode is shown
in Figures 8a and 8b. Both during the extraction and recovery steps
at 20 mA the surface concentration increases and decreases respec-
tively with electrolysis time almost uniformly across the porous LMO
electrode. However, for the lithium chloride release in 50 mM LiCl
electrolyte a depletion of the surface Li+ concentration on the surface
of LMO particles is observed toward the porous separator, but the ef-
fect is not observed in natural brine where there is a large concentration
of salts.
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A limitation observed both experimentally (Figure 13 in SI) and
in the simulations to achieve the theoretical 148 mAh/g LMO is the
overpotential at high applied currents. Figure 9 depicts charging curves
for a 10:1 PPy to LMO mass ratio for different currents from 1 mA to
60 mA.

The specific capacity per gram of LMO decreases from almost
the theoretical value at 1 mA to less than half at 60 mA at the cutoff
potential. This is due to the overpotentials for the insertion and release
of Li+ ions to and from LiMn2O4 electrode (interfacial kinetics and
diffusion) and also due to the total ohmic drop in the electrolyte
filling the 3D porous electrodes and the separator. As a result the
cutoff potentials are reached at lower specific charge and less lithium
chloride extraction is achieved.

The simulated curves for the electrolyte potential profiles in the
reactor are shown in Figure 10. As the applied current increases, the
ohmic drop represents a significant proportion of the reactor poten-
tial and at 60 mA it reaches 310 mV therefore the reactor potential
reaches the cutoff potential at shorter time in good agreement with the
experimentally observed reactor resistance, of 3.6 �.

Therefore, a compromise between the applied current and the
lithium extraction efficiency should be achieved by the reactor ge-
ometry design. A detailed study of the LiCl extraction efficiency and
the effect of mass transport with electrolyte circulation through the
reactor will be reported in a future communication.

Conclusions

A numerical model for the operation of a novel electrochemical
reactor to extract lithium from natural brine and recovery in a dilute
LiCl electrolyte has been developed. The selective extraction of Li+

was achieved using lithium deficient Li1-xMn2O4 loaded on a porous
conducting coke packed bed electrode and Cl− anions were simulta-
neously adsorbed by polypyrrole upon oxidation. The experimental
study of the reactor performance and the comparison with the sim-
ulation during lithium extraction from brine and recovery in dilute
LiCl has been validated for the first time to the best knowledge of the
authors.

While the simulation could reproduce the previous model for an
asymmetric supercapacitor consisting of LMO and activated carbon
electrode, an important difference has been shown with the reactor for
the selective extraction of LiCl: In the former case the total lithium
concentration remains constant in the reactor while in the latter case
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Figure 8. a: Surface concentration of Li+ at the LMO particle in the left
packed bed electrode. Numbers indicate the time during the lithium release
(delithiation) process in 50 mM LiCl. b: Surface concentration of Li+ at the
LMO particle in the left packed bed electrode. Numbers indicate the time during
the lithium capture (intercalation into LMO) process from natural brine.

LiCl concentration in the electrolyte decreases during extraction and
increases during release at the recovery step.

The model was used to investigate the concentration distribution
of lithium, chloride and non-intercalation ions along the reactor, as
well as the solid-electrolyte potential difference gradients and the
electrolyte potential gradients in the porous electrochemically active
electrodes and in the separator.

Among the limitations in the scale up of the electrochemical reactor
are the LMO to PPy mass ratio, the ohmic drop in the electrolyte as
the current density is increased and the 4% extraction capacity of
LMO. Careful design of the reactor and operating conditions should
be optimized.
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