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Abstract

Evaporative technology for lithium mining from salt-lakes exacerbates freshwater scarcity
and wetland destruction, and suffers from protracted production cycles. Electrodialysis (ED)
offers an environmentally benign alternative for continuous lithium extraction and is amendable
to renewable energy usage. Salt-lake brines, however, are hypersaline multicomponent mixtures
and the impact of the complex brine-membrane interactions remains poorly understood. Here,
we quantify the influence of the solution composition, salinity and acidity on the counter-ion se-
lectivity and thermodynamic efficiency of electrodialysis, leveraging 1250 original measurements
with salt-lake brines that span four feed salinities, three pH levels and five current densities.
Our experiments reveal that commonly used binary cation solutions, which neglect Na®™ and
K™ transport, may overestimate the Lit /Mg?* selectivity by 250 % and underpredict the spe-
cific energy consumption (SEC) by a factor of 54.8. As a result of the hypersaline conditions,
exposure to salt-lake brine weakens the efficacy of Donnan exclusion, amplifying Mg?T leakage.
Higher current densities enhance the Donnan potential across the solution-membrane interface
and ameliorate the selectivity degradation with hypersaline brines. However, a steep trade-off
between counter-ion selectivity and thermodynamic efficiency governs ED’s performance: a 6.25
times enhancement in Lit /Mg?* selectivity is accompanied by a 71.6 % increase in the SEC.
Lastly, our analysis suggests that an industrial-scale ED module can meet existing salt-lake pro-

duction capacities, while powered by a photovoltaic farm that utilizes <1 % of the salt-flat area.

Keywords: Selective Electrodialysis, Salt-lake, Lithium Recovery, Ion-exchange Membrane,

Sustainable Mining
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Synopsis

Electrodialysis selectively concentrates monovalent ions, facilitating direct lithium extraction from

salt-lakes while eliminating the environmental impact of evaporation ponds.

1 Introduction

The demand for battery-grade lithium is expected to intensify by 40-fold, driven by the meteoric
expansion of the electric vehicle market which will increase from several thousands vehicles in 2010
to over 142 million by 2030.13 Over 89 million tons of lithium exists naturally in solid minerals (e.g.,
spodomene, laponite) and in continental and geothermal salt-lakes.*? State-of-the-art evaporative
technologies for salt-lake lithium harvesting, however, consume up to 800 m?3 of freshwater per
ton of LioCOj3, aggravating water scarcity in some of the most arid regions of the world, while
exacerbating aquifer pollution and wetland destruction from its reliance on evaporation ponds.!68
Lithium production is further bottlenecked by the protracted concentration cycles of evaporation
ponds, which contribute to a price-inelastic supply that is unresponsive to market demand. 5910

To avoid the problems of evaporation ponds, lithium can instead be recovered with direct lithium

extraction (DLE) technology. In DLE, ionic liquids, }? eutectic solvents, 1 fractional crystalliza-

16-18 19,20 21,22

tion, electrochemical absorption and chelating agents are utilized either separately or
synergistically to isolate lithium from a multicomponent mixture (e.g. Na®, K*). Further, by
avoiding brine evaporation altogether, DLE can be viable for dilute lithium sources.?® The high
Mg?T concentrations in salt-lake brines, however, attenuate the extraction effectiveness of DLE, as
a result of the comparable solubility products and ionic radii of Lit and Mg?+. 11724 DLE methods
to isolate Li from a Na-rich mixture typically requires the Lit /Mg?* ratio of the brine to be greater
than 4 approximately to minimize chemical usage for precipitation and/or solvent recovery.'”2! To
enhance the selectivity and the atomic efficiency of DLE, the salt-lake brine can be pre-treated with
membrane processes like nanofiltration (NF)25°2 or electrodialysis (ED)2 32 to eliminate multiva-
lent cations. The prospect of ED for lithium concentration from salt-lakes is particularly promising
because of its successful commercial history in salt production from hypersaline brines. 3334

In an electrodialysis module, cation- and anion-exchange membranes (CEM and AEM, respec-
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Figure 1: Schematic diagram of a cell pair in an electrodialysis unit with monovalent selective ion-
exchange membranes. Industrial electrodialysis units typically comprise up to 100,000 repeating
cell pairs.!! Conventional cation- and anion-exchange membranes are negatively- and positively-
charged water-swollen polymeric films with a typical thickness of 50 - 200 pm. To impart monovalent
selectivity to the ion-exchange membranes, a highly-crosslinked positively- and negatively-charged
surface coating is applied to the respective ion-exchange membrane to enhance counter-ion Donnan
exclusion. In lithium concentration applications, a monovalent stream rich in Li™ ions is recovered
with selective electrodialysis.

tively) are arranged in an alternating order between two electrodes, separating the feed stream
into diluate and concentrate product streams.!?3% Conventional CEMs and AEMs are monopolar
water-swollen polymeric films that typically contain negatively-charged perfluorosulfonic acid and
positively-charged quarternary ammonium moieties, respectively.30 As a result of the charged moi-
eties, the electrostatic potentials that form along the solution-membrane interface inhibit ions of the

37-39

same charge (i.e., co-ions) from partitioning into the interstitial phase of the membrane, a phe-

nomenon known as Donnan exclusion. 44! To impart monovalent cation selectivity,*>43 typically a
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thin polyethyleneimine (PEI) surface layer is covalently-bonded with the CEM substrate through a
condensation reaction between the perfluorosulfonic acid and amine moieties. 336 As illustrated in
Figure 1, the composite CEM acquires a positive zeta potential and exhibits passive selectivity for
monovalent cations from the enhanced Donnan exclusion effect. 42

Based on experiments with dilute binary cation solutions, selectivity enhancements in Lit /Mg?*
separations with multi-layered or polyelectrolyte ion-exchange membranes are well documented in
the literature. 4313243745 Ag stressed in recent reviews on salt-lake lithium extraction, however,
over 95 % of prior work disregard the deleterious impacts from competing ions, and the high feed
salinity that is representative of salt-lake brines. !9 Our experiments reveal that, when binary
cation solutions are utilized in place of salt-lake brines, the apparent Li* /Mg?T selectivity may be
overestimated by a factor of 2.5 and that the specific energy consumption may be underpredicted by
a factor of 54.8. In lithium extraction applications, the feed solution is typically acid pre-treated to

519,46 majority of the charged

a pH of 3 or lower, to mitigate carbonate and phosphate scaling risks;
moieties in commercial IEMs are based on weak organic acids, and the repercussions of the acidic
conditions on the IEM’s selectivity remains unanswered.3%47 Further, in hypersaline conditions,
the performance of electrodialysis is bounded by a steep trade-off between counter-ion selectivity
and thermodynamic efficiency which appears to be governed by the current density. A formal
mathematical treatment of the complex current density phenomena, however, remains elusive.
Here, we quantify the kinetics of ion transport across composite ion exchange membranes, and
unravel the inherent dependence of the thermodynamic efficiency and ion selectivity on intrinsic
membrane properties, applied current density and the solution composition, salinity and acidity.
Our conclusions are derived based on 1250 original concentration measurements that span four feed
salinities, three pH levels and five current densities, using brines that model two industrial salt-
lakes. The measurements are used to calibrate a multi-ionic transport model to derive mechanistic
insights on the thermodynamics of ion selectivity and are systematically compiled in the Supporting
Information (SI). By juxtaposing the binary cation and salt-lake solution experiments, we decon-
volute the coupled ion transport kinetics, revealing the influence of Nat and K competition and
solution concentration on the apparent ion selectivities and energy efficiencies. Finally, we assess the
implications on the process duration and land area requirements, for salt-lake lithium concentration

with electrodialysis.
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2 Materials and Methods

2.1 Chemicals and Materials

Composite monovalent selective ion exchange membranes (Neosepta CMS & ACS) were obtained
from Astom Corporation (Tokyo, Japan).3® According to open literature, the cation exchange mem-
brane (CEM) is composed of a polystyrene-divinyl benzene (PS-DVB) substrate with negatively
charged perfluorosulfonic acid moieties and a polyethyleneimine (PEI) surface layer with positively
charged quaternary ammonium moieties.36:37

Experiments are conducted with synthetic salt-lake brines from Salar de Atacama, Chile and
Qaidam Lake, China (Table 1).444® Anhydrous NaCl, KCI, LiCl, MgCly, NagSOy4, K2SOy, LizSOy,
MgSOy4, NaOH (> 98 %) and HCI (37 %) are procured from MilliporeSigma. Type 1 ultrapure
water (18.2 M) cm) is used to prepare all stock solutions. To investigate the effects of feed salinity,
the respective salt-lake brines are diluted while keeping the relative ionic ratios constant (Table S3
and S4 in SI). Experiments at solution pH of 7, 5 and 3 are conducted to investigate the impact on
ion partitioning and the specific energy consumption. Complementary experiments are conducted

with binary cation feed solutions comprising LiT and Mg?* cations to ascertain multicomponent

solution effects (Table S2 in SI).2®

2.2 Experimental Characterization

Over 1250 original ion concentration measurements are collected using binary cation solutions and
multicomponent salt-lake brines, and are systematically tabulated in the Supp. Tables 5-39. A full
description of the apparatus and the rationale of the experimental design appears in the ST (Section
B.1 in SI). A bench scale electrodialysis system (PCCell ED 200) is configured to characterize the
performance of the ion exchange membranes (IEM), comprising 10 repeating cell pairs with a total
membrane area of 0.43 m?. The experiments are conducted at a temperature of 20 °C and at
atmospheric pressure. The total dissolved solid (TDS) concentration of the feed solution ranges
from 10 to 250 g L™!, at a solution pH of 3, 5 and 7, to simulate the effects of the high feed salinity

and acid pre-treatment in salt-lake applications.?2* Ion selectivity of the IEMs is evaluated with

constant current experiments, using current densities ranging between 2.5 to 30.0 mA cm~2. The
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Table 1: Nominal ionic composition of the hypersaline brine from salt-lake reservoirs in Chile and
China.

Nominal Composition (g L~!)

Lit  Nat Kt Mgt CI- SO TDS
Salar de Atacama, Chile®® 1.19 69.01 17.89 7.31 143.72 12.06 251.18
Qaidam Lake, China®®  0.31 56.30 4.40 20.20 13420 34.10 249.51

Salt Lake, Location

solution pH is adjusted with dropwise addition of NaOH (1 M) and HCI (1 M).

For surface activation, the IEMs are first immersed in HCI (1 M) for 4 hours and then stored
in ultrapure water for at least 24 hours.*® Subsequently, to ensure membrane stability for ion se-
lectivity, the membranes are equilibrated with the electrolyte streams in the ED cell for at least 4
hours before any potential difference is applied.3*%° Experiments are conducted in increasing order
of feed concentrations to mitigate the influence of structural changes on selectivity.4® Aqueous sam-
ples from the diluate and concentrate loops are collected in centrifuge tubes periodically and chilled.
The ionic composition of the samples are determined with inductively coupled plasma optical emis-
sion spectroscopy (Agilent ICP-OES 5100), using a five-point calibration curve based on standards
from MilliporeSigma (Trace-Cert). Based on triplicate sampling, the maximum uncertainty in each
concentration measurement is under 4.5 %. Tangential streaming potential measurements are col-
lected on pristine and aged IEMs in a 100 um gap cell (Anton Parr SurPASS 3) between the solution
pH of 2 to 8.51 The IEMs are aged by soaking in a 250 g L~! Chilean brine solution for at least
7 days before streaming potential analysis to simulate operation with salt-lake brines, in accor-
dance with Ying et al.’s method.%® The zeta potential is subsequently calculated with the classical

Smoluchowski equation. 52

2.3 Computational Analysis

A multi-ionic transport model based on the Nernst-Planck equation is developed to quantify the
selectivity and transport enhancements. 1354 A full derivation of the transport equations appears
in the SI (Section A.1 in SI). Across each computational node, as illustrated in Figure 2A, the molar

ion and water fluxes are calculated with Eq. 1 and 2, respectively

Tilden

i) = { e 4 B [ a) - 0 ) | (1)
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Figure 2: Schematic diagram illustrating the transport model for selective electrodialysis: (A)
Computational node depicting one cell pair, comprising the diluate and concentrate streams, and the
ion exchange membranes. Ionic flux is calculated while ensuring that the electrolyte streams remain
electroneutral; (B) Decomposition of one cell pair into ohmic resistances and Donnan potentials, and
a pictorial depiction of concentration boundary layers within the electrolyte streams; Comparisons
between the experimental measurements (solid markers) and model predictions (solid lines) for
multicomponent brines from Salar de Atacama, Chile, under a constant current density of 2.5 mA
em~2 at pH (C) 7, (D) 5 and (E) 3, respectively.

My

pmzz(x) (2)

Tu(w) = {“”IF“ + Ay |70 () = 7 ()] }
where J; (mol m~2 s~!) and J,, (mol m~2 s~!) denote the molar ion and water fluxes, 7; (-) and 7,
(-) denote the ion and water transport numbers, Iy., (A m~2) denotes the applied current density,
Ay (sm™1) and B; (m s™!) denote the water and ion permeability coefficient for diffusion, 7" (Pa)
and 7% (Pa) denote the osmotic pressure along the fluid-membrane interface in the concentrate
and diluate streams, C%™ (mol m—) and C%"™ (mol m~3) denote the concentration of ion 7 in the
concentrate and diluate streams along the same interface, and z; (-), F (C mol™!), M,, (g mol™1)

and ppie (kg m™3) denote the ionic valency, Faraday’s constant, molar mass and mixture density,

respectively.
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The model incorporates ion and water transport from electromigration and diffusion. The ion
transport rate by electromigration is governed by the transport numbers; the transport number
is defined as the proportion of current conducted by the ion relative to the total applied current,
characterizing the combined effects of ion partitioning and mobility across the IEM.?%% The ion
and water permeability coefficients are analogous to the conventional parameters used in diffusion
models,®” and are regressed from multi-ionic diffusion experiments as reported in our prior publica-
tions. 355358 Concentration polarization effects in the electrolyte streams, as depicted in Figure 2B,
are incorporated based on mass transfer correlations for the spacers adopted in our experiments!!
(Eq. 11 in SI). The diffusion coefficients, density and viscosity of the multi-ionic solutions are cal-

59-61

culated from empirical correlations. The limiting current density of the each ion is calculated

to ensure that the experiments are conducted within the ohmic regime (Eq. 13 in SI).%2 Across
the solution-membrane interface, the Gibbs free energy of the ions is assumed to be continuous to
ensure chemical stability. The ratio of the ion activity within the membrane polymer relative to the

solution along the interface can be expressed as Eq. 337

mem Cmem

Vi i - Zilr
W = fuw |:eXp <_ RT A¢D(mnan>:| (3)

3 K3

where f,, (-) represent the water volume fraction within the membrane, A¢ponnan = ¢ —

(2

(V) denote the Donnan potential and, 4™ (-) and it (-) represent the ion activity

K3 (2

coefficient within the membrane polymer and in the solution along the membrane-solution interface,

d,int . . . .
and ~"""" are estimated with Manning’s counter-ion

respectively. The activity coefficients ~;*™

63-65

condensation and Pitzer-Kim models. %67 Eq. 3 is solved with electroneutrality conditions

within the solution and the IEM (Section A.2 in SI) to determine the partitioned ion concentrations
(Cimem)'GS

The apparent ion diffusion coefficient within the polymer matrix decreases from spatial hindrance
from the tortuosity of interstitial phase,® and the electrostatic friction between the ions and the
ion exchange groups. % The ion diffusion coefficient within the interstitial phase of the IEM can be

calculated with the extended Mackie-Meares framework,?® as provided in Eq. 4

2
ppem = i (o) e ) (@)
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where D™ (m? s71) and D?’mt (m? s71) denote the ion diffusion coefficient within the membrane
and solution phases, respectively, and A.; (-) represents an electrostatic friction parameter that is
a function of the fixed charge density (C7;57}) and the apparent dielectric constant.®® The Nernst-

Planck, Donnan equilibrium and Mackie-Meares equations can be condensed to obtain an explicit

expression for the ionic flux ratio, as described by Eq. 5 (see Section A.2 in SI)

J; pint z C dyint 9 9 AéponnanF’
7 D%l,z‘nt % ng,mt Vi exp [—Aa (27 — 2;)] exp ——pr (zi — 2j) (5)

where 7, ; (-) represents the ratio of activity coefficients between the solution and the interstitial
phase, between species ¢ and j, respectively. In this expression, the Donnan potential and the
interfacial concentrations are functions of the applied current density.

In this study, a two-pronged computational approach is adopted to investigate the ion selectivity
of the composite cation exchange membranes (Section A.3 in SI). The governing conservation equa-
tions for species and charge are discretized and solved in Python. The water and ion permeability
coefficients are obtained from diffusion experiments in our prior publication.® The ion transport
numbers, Donnan potential and the electrostatic friction parameter, at each solution pH, salinity
and current density, are regressed from the experimental measurements using a constrained trust

region method as described in Eq. 6, with a convergence criteria of 10~® for the L?-norm error ™

(6)

T opt» Ael,opta A(popt‘ = argmin

{’|Jm0del(T,Ael7A¢) o Je:rpHQ}
T,Acl, AP

N

where J, 7 € RV, Ay, Ap € R, T (mol m~2 s~!) and J™°% (mol m~2 s~!) denote the molar

flux vectors from the experiments and model, respectively.

2.4 Performance Metrics
To ascertain the current carrying capacity of an ion across the CEM, the current utilization for Li*

and the monovalent cations are calculated with Eq. 7 and 8, respectively 3

- zuidu
§Li = Nij
Zj Zjdj

10
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where £; (-) and €pfono (-) represent the current utilization for LiT and the monovalent cations.

(8)

fMono =

The ion selectivity between species ¢ and j of the IEM is defined as the ratio of the ion fluxes
normalized by their initial concentrations, as described by Eq. 97
Qg = CW (9)
i J
where «a;/; (-) denote the separation factor between species i and j. To ensure valid comparison
between experiments, the expected value and the uncertainty of the separation factors were calcu-
lated with our validated model, considering the region where a strong linear relationship between
the transient concentration and time exists.
The specific energy consumption (SECy;), defined as the amount of electrical work consumed
per mole of Li recovered, is computed with the time-varying cell voltage (Ve;) and the diluate

stream volume (V4(t)), as described in Eq. 1072

IdenAmem ! Vcell (t/)dt/
SECLi(t) = % Jo ——
CLI(O)K (O) - CLl(t)K (t)

(10)

Lastly, the thermodynamic (Second Law, n!!) efficiency, denoting the process efficiency relative

to the thermodynamic reversible limit, is calculated with Eq. 1173

G(t) — G(0
nII(t) — () - ( )
LienAmem fO Vcell(t/)dt/

(11)

where G(t) (J) denotes the Gibbs free energy of the solutions at time ¢ (s), calculated using the

Pitzer-Kim model. 66:67

3 Results and Discussion

3.1 Computational Predictions Align with Empirical Measurements

The transient behaviors of the normalized ion concentrations for Chilean and Chinese salt-lake brines

are summarized in Figure 2C-E and in Supp. Figure 2-11, for TDS concentrations ranging between

11
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10 to 250 g L™, solution pH ranging between 3 to 7, and current densities ranging between 2.5 to
30.0 mA cm~2. Strong agreement between the model predictions and empirical measurements is
obtained, registering absolute deviations of 15 % or lower across all tested compositions. Under an
applied current density of 2.5 mA cm™2 or greater, the transient ion concentrations exhibit a strong
linear correlation with the process duration (miin r? ~ 0.97) in all of our experiments, ensuring
valid comparisons in the respective separation factors. Further, this suggests that ion transport by
electromigration is dominant, which is in agreement with the literature. " In descending order of
cation selectivity, the relative slopes of the transient ion concentrations follow the sequence: KT >
Nat > Lit > Mg?*, which aligns with the recent empirical evidence for cation partitioning. 7577

At a solution pH of 7, under a feed salinity of 10, 30 and 70 g L™!, the recorded current utilization
for monovalent cation transport is 97.7, 96.6 and 91.1 %, respectively, which are within 10 %
of empirical measurements with PEI-based CEMs.3>% The Nat/Mg?* and K*/Mg?* separation
factors are 3.31 and 3.14 with a 10 g L™! feed solution, and 2.23 and 2.30 with a 30 g L™ feed
solution, each falling within the respective uncertainty bounds from recent publications.”™ The
measured zeta potentials of the PEI layer of the CEM lie within the standard errors from prior
streaming potential experiments. 49

The ion-exchange membranes are chemically stable for the solution pH between 0 to 8,°% and
all of our experiments were conducted within the stipulated pH range. Further, as observed from

strong linear relationship of the concentration-time plots, it appears that the small pH change did

not have a major influence on the trend in the relative ion transport rates.

3.2 Monovalent Selectivity from Donnan Exclusion Degrades with High Feed

Concentration and Acidity

While copious reports on selectivity enhancements by Donnan exclusion are available in the litera-
ture, the conclusions are derived from experiments with binary cation (Li*, Mg?*) solutions that
are both neutral and dilute, conditions that may not generalize for salt-lake applications.*%> As
stressed in a recent review on salt-lake lithium extraction, fewer than 5 % of the membrane litera-
ture considered the impact of competing cations and the high feed salinities that are representative

of salt-lakes.! Further, to the best of the authors’ knowledge, the influence of the strong acidity of

12
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Figure 3: Plot of the Lit /Mg?*t separation factor for binary cation solutions and Chilean and Chi-
nese salt-lake brines as a function of (A) solution pH and (B) feed concentration, driven by a current
density of 2.5 mA cm~2. Binary cation solutions overestimate the Lit /Mg?* separation factors by
up to three times because the competing effects from Na™ and K™ ions are neglected. Between the
experiments with salt-lake compositions, the Lit/Mg?T separation factors decay with increasing
feed concentrations and acidity; (C) Plot of the interfacial zeta potential as a function of solution
pH and composition, for pristine CEMs and CEMs aged by hypersaline brines. The solid curves
are polynomial interpolations intended for visualization only. The inclusion of the PEI surface layer
yielded positive zeta potential for the CEM. The apparent zeta potential of the CEM fell by 24.7
mV on average after ageing in 250 g L~! Chilean brines; (D) Nomenclature of the respective param-
eters along the solution-membrane interface; (E) Schematic diagram illustrating the depletion and
concentration zones within the boundary layers of the diluate and concentrate electrolyte streams.
The boundary layer phenomenon is more pronounced under higher current densities, arising from
the greater mobility of ions than water within the ion exchange membranes;3! (F) Concentration of
Lit, Mg?* and C1~ ions within the PEI layer of the CEM for a constant volumetric charge density,
as a function of the external solution concentration along the fluid-membrane interface. Relative
concentrations of LiT to Mg?T decay with increasing solution concentration, arising from weakening
Donnan exclusion effects.3?

post-treated brines on the IEM’s selectivity is nuanced and has yet to be fully explained.” 80 To
address these knowledge gaps, we conduct experiments with multicomponent acid-treated brine and
quantify their impacts on the ion selectivity with our computational frameworks.

Figures 3A and B illustrate the LiT /Mg?* separation factors of the composite CEM as a func-
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tion of the solution pH and feed salinity, under a current density of 2.5 mA cm™2. The separation
factors are evaluated based on experiments with Chilean®® and Chinese®? salt-lake brines, and with
binary cation solutions that are commonly adopted in the literature.®28:314482 Our results indi-
cate that PEI-composite CEMs are monovalent selective, registering Li* /Mg?*t separation factors
greater than unity for the salt-lake solutions. However, our experiments reveal that Lit/Mg?* sep-
aration factors are overestimated by 50 to 250 % with binary cation solutions of the same molarity
and Lit /Mg?™ ratio; based on recent empirical evidence on ionic competition for intercalation and
adsorption,®3 this observation is likely a consequence of neglecting competition from Na®* and K+
transport. In electrodialysis, the bulk anion and cation ions are transported separately through the
AEM and CEM, respectively, with Nat, K+, Lit and Mg?* competing for cationic passage.?0 As
a consequence of their similar charge density and higher diffusivity, Na™ and K* are transported
preferentially relative to Lit, resulting in greater mobility coefficients within the CEM.?® Coupled
with electroneutrality constraints in the electrolyte streams,'! the trans-CEM Lit flux decreases
with salt-lake brines relative to binary cation solutions, attenuating the apparent LiT /Mg?* sep-
aration factors. The observed decline in Lit/Mg?* selectivity is amplified with Chinese salt-lake
brines due to their greater Na® /Lit ratio.*®

In salt-lake lithium extraction, the hypersaline brine is typically acid pre-treated to a pH of
3 or lower, to mitigate scaling risks from carbonates and phosphates.?1946 When contacted with
acidified salt-lake brines, however, the CEM’s monovalent selectivity exhibits a decreasing functional
relationship with the solution pH; the measured ayz;/y, values decline by 41.7 % when the pH is
lowered from 7 to 3. Zeta potential experiments with pristine CEMs and AEMs, as depicted in

51,52 with the measurements

Figure 3C, are used to evaluate the electric double layer characteristics,
revealing a 37.9 % decrease in the interfacial potential of the diffuse layer, likely as a result of
the weakening of the Donnan exclusion effect from the deprotonation of charged moieties of the
surface layer under acidic conditions.3%47 This coincides with an increase in the Mg?* leakage by
18 % and a decrease in the LiT, Na™ and Kt permeation by 14 % or greater, corroborating that
Donnan exclusion weakening is the principal cause of the observed selectivity reduction.?? Using the
terminology defined in Figures 3D and E, the impact of the membrane charge density on Donnan

partitioning is evaluated in Figure 3F and Supp. Figures 13A—C, for volumetric charge densities of

0.50, 1.68 and 5.0 M.3?%2 The molar ratio of LiT /Mg?*t within the IEM decreases by an order of
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magnitude as the charge density declines by 59.5 %, which corroborates the empirical inference of
the weakening of Donnan exclusion under low solution pH.

The selectivity decline is further compounded under high feed salinities, with the experimental
ari/mg values for the Chilean and Chinese salt-lake brines attenuating from 5.85 and 4.10 at 10 g
L' t00.93 and 1.07 at 250 g L', respectively. As illustrated in Fig. 3F, at a solution concentration
of 10 g L™! (0.35 M), a large molar partitioning ratio of 9.58 is obtained between the partitioned
Lit and Mg?*, as a result of Donnan exclusion. As monovalent ions, Donnan exclusion is ineffective
in influencing the relative partitioning rates of Na* and K¥ relative to Li*.3 With the 250 g L~!
salt-lake brines, however, the molar ratio of Li* /Mg?* of the partitioned ions declines to 1.45 when
the feed molarity exceeds the CEM’s charge density, exemplifying the weakened efficacy of Donnan
exclusion under hypersaline conditions. 3

Further, upon prolonged exposure to salt-lake brine, degradation and delamination of the posi-
tive PEI coating has been reported by Ying et al.® The underlying negative PS-DVB substrate was
exposed from the weakened interfacial adhesion energies and elevated osmosis-induced stresses.
Our zeta potential measurements (Fig. 3C) corroborate this observation, with the aged CEMs
registering an average 24.7 mV decline and even switching signs at low pH. Compared to exper-
iments with pristine IEMs, we consistently register attenuated Lit/Mg?t separation factors with
aged IEMs, suggesting that irreversible damage of the PEI layer results from the salt-lake brine
exposure, in agreement with recent reports.”® In essence, our results underscore the detrimental
impact from the high concentration and acidity of salt-lake brines on the efficacy of Donnan exclu-

sion for Lit concentration, and accentuate the need to use representative multicomponent brines

for selectivity characterization of novel IEMs.

3.3 Higher Current Densities Ameliorate Selectivity Degradation for Hyper-

saline Brines

In electrodialysis, for a given recovery ratio, higher current densities under 70 % of the limiting value
are operationally favorable because it reduces the membrane area, system footprint and capital costs
while improving the extraction kinetics.34:36:84-86 Concurrently, higher current densities have been

reported to improve co-ion/counter-ion selectivity in hypersaline applications with conventional
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Figure 4: (A) Plot of the Lit/Mg?* separation factor (circles) and concentration polarization
(diamonds) as a function of the applied current density for Chilean and Chinese brines, at solution
concentration of 70 g L™!, between the pH range from 3 to 7. The beige and blue colored bands
represent the expected separation factors for the solution pH between 3 and 7, for the Chilean and
Chinese salt-lake brines, respectively. Solutions with concentrations of 70 g L' in place of 250
g L=1 are used to investigate current density effects to circumvent practical limitations of bench-
scale direct current power supply; (B) Impact of increasing current density on the ionic flux of Li"
and Mg?* for solution pH between 3 to 7. Mg?t flux remains largely constant while the LitT flux
increases almost linearly with current density. Greater increments in the Lit /Mg?* selectivity are
recorded at pH 7 as a result of higher volumetric charge densities of the CEM; (C) The monovalent
cation utilization increases while the Li™ current utilization remains largely invariant with current
density, indicating that the increased driving potentials promote the preferential permeation of
Na™ and K*. (D) Plot of the ion flux ratios of the empirical measurements and model predictions,
for Nat and LiT relative to Mg?t, across the three tested current densities and solution pH. The
diffusion coefficient uncertainties are estimated with Student’s t-tests based on binary and ternary
cation mixtures.? NaT diffusion coefficient uncertainties (+33.1 %) are significantly higher than

lon Flux, J; (10° mol m?

o
)

o
N

D100 : : : x
4
— a1 7 // ”
\ 7, / ,
n s 4 +50% *+25%
N V4 7 s /I
E 80 =2 ) 4 /L e P ','/ ’ -
—_ /7 7 7 ,'
g /
g - % L
Y.~ /
~ 0 Za /o 7/ 7’
3 o 60 - 0 2 e /'25%
s S A .,
~ 7, L
N vy .7 -
S 7 14 s
o . -50%
= 404 . e
7 s -
'-og // e ’ - ’//
20 g A 25
>< B 4 s s . =
=) Y ALi-pH7 @ Na-pH7
L Y WLi-pH5 ¢ Na-pH5
c A qLi-pH3 X Na-pH3
o & ] ] ] ]

s') 00
: N N
» o BN

(S

1 1 1 1 1 1
AJ,
i v JLI'
B /
/ -----

‘-./.;pf- -k
-",;“ - - —-A
"

1 1 1 1

1 1
2 4 6 8 10 12 14 16

Current Density, /,, .. (MA cm?)

0 20 40 60 80 100

lon Flux Ratio, J7J,,” (mol m? s™)

the corresponding values of Lit (£8.7 %) owing to its higher concentration.
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electrodialysis membranes. 358! The empirical LiT /Mg?*t separation factors and the ion fluxes for
the Chilean and Chinese salt-lake brines are presented in Figures 4A and B, between the current
densities of 2.5 to 15.0 mA cm™2 and solution pH of 3 to 7. The derived o, /Mg values exhibit a
near linear relationship (miin 7“7;2 ~ 0.975) with the current density, increasing from 1.23 and 1.11 at
2.5 mA cm~2 to 6.25 and 3.37 at 15.0 mA cm~? for the Chilean and Chinese compositions at pH
7, respectively. Comparatively, modest improvements in selectivity by a factor of 1.85 and 0.37 are
recorded at pH 3 for the Chilean and Chinese brines. When the ion fluxes are deconvoluted at pH
7, we observe that Mg?t flux remains largely invariant while the LiT flux increases monotonically
when the current density is increased to 15.0 mA cm™2. Over the same current density interval at
pH 3, however, a 27.3 % increase in Mg?* leakage is observed, which suggests that the selectivity
enhancement from a higher current density is less effective with IEMs that have lower volumetric
charge densities.

The influence of the applied current density on the monovalent cation (£x7on0) and Lit (£1;)
current utilizations is presented in Fig. 4C, with a larger LiT utilization factor indicating a more
efficient use of electrical work for lithium extraction. 3436 Experiments with Chilean salt-lake brines
register monovalent cation current utilizations that are 9.1 to 20.2 % higher than the Chinese
compositions, as a result of the lower Mg?T concentrations in Chilean brines. When the current
density is amplified to 15.0 mA cm™2, we observe a 7.14 and 14.4 % increase in the average &irono
values, for the Chilean and Chinese compositions, respectively. However, the current utilization by
Li™ decays by 10.6 % on average with the same current density increments, revealing that a less
efficient electricity usage occurs at higher current densities from Na™ and K™ competition.

Counter-ion selectivity enhancements from higher current densities have been reported in the
literature for a variety of resource recovery applications. 431:36:81,84.85 Thege enhancements have been
qualitatively rationalized with mass transfer improvements from either: 1) the counter-ion conduc-
tivity; 2) the Donnan potential at equilibrium; or 3) the diluate stream concentration boundary
layer. However, a formal mathematical treatment of the phenomena remains elusive. Here, a model

39,64 and extended Mackie-Meares®® equations

based on the Nernst-Planck,!' Donnan equilibrium
(Eq. 5) is employed to deconvolute the partitioning and mobility contributions, and the results are
juxtaposed with the measurements in Figure 4D. The average absolute deviations for the Lit /Mg?*

and Nat /Mg?* flux ratios are 19.0 and 29.7 %, respectively.
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Our results suggest that the three phenomena are coupled and work synergistically to enhance
the monovalent selectivity. As depicted in Figure 3E, in response to a higher current density, the
interfacial ion concentration becomes further depleted, as a result of kinetic limitations arising from
ion diffusion across the boundary layer in the bulk flow.3436 As a consequence, our model suggests
that the dilutive effect along the membrane-solution interface enhances the counter-ion selectivity
from Donnan exclusion, amplifying the resultant Donnan potential and the partition coefficients of
monovalent cations. The selectivity enhancements from an improved Donnan exclusion of Mg?* is
amplified by the inherent higher mobility of monovalent cations within the CEM,%% resulting in a
greater than proportional increase in the apparent monovalent selectivity factors. The Lit/Mg?*
and Na®/Mg?*t flux ratios increase from 1.06 to 3.06 and from 29.8 to 83.8 at pH 7, respectively,
when the partitioning factor (see Section A.2 in SI) is magnified from 2.60 to 7.65. This deduction

aligns with the prior conclusions on counter-ion/co-ion selectivity mechanisms in ED.%!

3.4 Trade-off between Selectivity and Energy Usage Intensifies in Salt-Lake
Applications

Figure 5A illustrates the impact of feed concentration and solution pH on the Li* /Mg?* separation
factor for the Chilean brine experiments with nanofiltration (NF) and electrodialysis. The NF
separation factors are calculated with the asymptotic (maximum rejection) ion fluxes from prior
salt-lake brine experiments with unmodified semi-aromatic polyamide NF membranes.?® Similar
to Fig. 3B, we observe decreased monovalent selectivity from the weakening of Donnan exclusion
in high salinity brines at pH 2 in NF.?® In contrast to ED, however, higher driving pressures in
NF weaken Donnan exclusion by raising the interfacial concentrations, as a result of the intensified
concentration boundary layers.®” Our experiments demonstrate that a higher driving current density
in ED sustains a favorable monovalent selectivity even in hypersaline conditions, illustrating an
inherent advantage for salt-lake applications.

The current density impact on the LiT specific energy consumption and the thermodynamic
(Second Law) efficiency is summarized in Figure 5B, for experiments with binary cation and multi-
component salt-lake solutions. The SECy; is normalized to the corresponding values obtained with

binary cation solutions. Our results show that the gains in monovalent selectivity at a higher cur-
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Figure 5: (A) Plot of the Lit/Mg?" separation factor as a function of the external bulk solution
concentration for nanofiltration and electrodialysis, from experiments with brines based on Salar
de Atacama, Chile. The NF separation factors are derived from the asymptotic (maximum) ion
rejections for Lit and Mg?T in our prior study.?® The NF membrane from our prior study has
an unmodified polyamide active layer, with an isoelectric point at pH 3.2 approximately. The
unavoidable decline in LiT/Mg?* selectivity in NF under higher feed concentrations arises from
weakening Donnan exclusion effects. On the other hand, with ED, high LiT /Mg?* selectivity can
be maintained across the spectrum of feed concentrations, by raising the applied current density; (B)
Plot of the specific energy consumption per mole of Li recovered and the thermodynamic (Second
Law) efficiency as a function of the applied current density for Chilean and Chinese salt-lake brines.
Higher current densities maintain high Li* /Mg?™ selectivity under hypersaline feed concentrations,
but they incur a significant increase in electrical work requirements, with more pronounced effects
for Chinese salt-lake brines. The beige and blue colored bands represent the expected SECy; and
n'! for the solution pH between 3 and 7, for the Chilean and Chinese salt-lake brines, respectively.

rent density are accompanied by a monotonic increase in the SECy;. For the Chilean and Chinese
brines, the normalized SECy; increases by 71.6 and 45.5 % when the current density is increased
from 2.5 to 15.0 mA cm™?, respectively. The energy dissipated from joule heating in a constant
impedance ohmic conductor exhibits a quadratic dependence on the current density.?* Our SECy;
measurements, however, reveal a power law exponent between 1.07 to 1.86, indicating that the ef-
fective impedance of the ED stack drops with increasing current densities. The higher resistance at
pH 3 is caused by the poorer ionic conductivity of the IEM resulting from its lowered volumetric
charge density, corroborating our prior conclusions on the weakened Donnan exclusion. Further,
our measurements indicate that the normalized SECy; is largely linearly correlated with the solu-
tion’s Na™ /Li™ molar ratio. Consequently, our experiments reveal that SECy; projections based on

binary cation solutions will underpredict the energy costs by a factor of 17.5 and 54.8 in Chilean
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and Chinese salt-lakes, respectively.

When the current density increases from 2.5 to 15.0 mA cm ™2, a diminishing fraction of the input
energy contributes to raising the chemical potentials of the product streams. Across the same current
density interval, the optimal thermodynamic efficiency decreases from 62.5 to 8.42 % with Chilean
brines, and from 46.9 to 9.20 % with Chinese brines. In essence, while the Lit /Mg?" selectivity
can be enhanced by up to a factor of six with salt-lake brines, the higher current densities induce
a greater than proportional increase in entropy generation and energy wastage by joule heating. !
These results elucidated a steep trade-off between ion selectivity and energy efficiency in salt-lake

lithium extraction that is governed by the applied current density.

4 Implications for Salt-Lake Lithium Concentration

We have elucidated the detrimental impacts of the high feed concentration and acidity of salt-
lake brines on the selectivity mechanism and thermodynamic efficiency of electrodialysis, based on
1250 ion concentration measurements that span four salinities and three pH levels. With binary
cation solutions, our experiments revealed that the Lit/Mg?*t selectivity was overestimated by up
to 250 % and the Li SEC was underpredicted by a factor of 54.8, as a consequence of neglecting
Nat and K* competition. Further, our results demonstrated that the performance of electrodialysis
is characterized by a steep trade-off between ion selectivity and energy efficiency at higher current
densities: for hypersaline salt-lake brines, a 6.25 times enhancement in Li* /Mg?" selectivity was
accompanied by a 71.6 % increase in the SEC, caused by unavoidable entropy generation that results
from joule heating.

Here, we quantify the potential impact of our empirical findings on the process duration and
land area requirements of salt-lake lithium concentration, using Salar de Atacama as a case study.
The Salar de Atacama salt-lake concentrates 8.99 x10% moles of Li on average per day with 3000
km? of salt flat area.! Each production cycle takes approximately 2 years and consumes 2.7 x10°
m? of fresh water, contributing to a price inelastic lithium supply that is slow to respond to market
demand.®!? We leverage our experiments with 250 g L~! Chilean brines to evaluate the energy
and land area requirements in comparison to an industrial-scale ED module such as is typically

employed in the salt production industry 33 (Section C.3 in SI). Here, the Chilean salt-lake brine
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and a dilute NaCl (0.1 M) solution are used for the diluate and concentrate streams, respectively,
to simulate DLE applications.'® The land area impact of a photovoltaic solar farm is calculated,
which incorporates the spatial demands from power generation, storage and transmission. 8

Based on a 10 h daily production cycle, our results indicate that over 7.70 x10® moles of Li
can be extracted per day from the Chilean salt lake with a commercial-scale ED unit operation,
using existing monovalent selective CEMs. The quantity of Li concentrated in a continuous ED
module is nearly 85 % of the current production capacity of Salar de Atacama. Our results reveal
that the Lit/Mg?" ratio increased from 0.57 in the feed stream to 4.01 in the product stream,
suggesting that the resulting product is sufficiently pure for DLE.!” Further, our model suggests
that a photovoltaic farm with a total footprint between 11.35 to 12.84 km? operating for 10 h daily
on existing salt flats can generate the required electrical work to sustain continuous Li concentration
in the Chilean salt lake.®® The normalized land requirement (Ar;, Eq. 20 in SI) for ED is calculated
to be between 1.21 to 1.67 m? mol ™!, which is less than 1 % of the corresponding value of 3.34 x 102
m? mol~! obtained for the current evaporative practices in Chile. A full assessment of economic
viability requires knowledge of Chilean interest and corporate tax rates, as well as permitting,
labor and legal costs, which is difficult to ascertain accurately based on the existing information in
published documents. Nevertheless, our technical findings suggest that an industrial-scale ED plant
can replace evaporation ponds for lithium concentration while avoiding the negative environmental
impacts of ponds.

Our results suggest that certain critical advancements in next-generation IEMs can unlock sig-
nificant improvements in the techno-economic viability of DLE. To avoid the inherent selectivity-
efficiency trade-off with salt-lakes (> 4.0 M), the development of IEMs with volumetric charge
densities of 5.0 M or greater in hypersaline conditions can potentially lower the land area impact
by a factor of 3. With Nat— and KT -rejecting CEMs, the A;; improves further by a factor of
21.2, indicating that the control of Na™ and K™ transport is the most sensitive variable for the

optimization of lithium extraction from salt lakes.
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The following files are available in the Supporting Information.
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e Original experimental data for 1250 electrodialysis ion concentration measurements with bi-

nary cation solutions and salt-lake brines.

e Model derivation and numerical algorithm to simulate ion and water transport in ion exchange

membranes.

e Analysis of Donnan exclusion and case study assessment with Salar de Atacama.
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