RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Positively-Coated Nanofiltration Membranes for Lithium
Recovery from Battery Leachates and Salt-Lakes: lon
Transport Fundamentals and Module Performance

Zi Hao Foo, Suwei Liu, Lucy Kanias, Trent R. Lee, Samuel M. Heath, Yasuhiro Tomi,
Tomotsugu Miyabe, Sinan Keten, Richard M. Lueptow,* and John H. Lienhard*

Membranes facilitate scalable and continuous lithium concentration

from hypersaline salt lakes and battery leachates. Conventional nanofiltration
(NF) membranes, however, exhibit poor monovalent selectivity in high-salinity
environments due to weakened exclusion mechanisms. This study examines
polyamide NF membranes coated with polyelectrolytes enriched with am-
monium groups to maintain high monovalent cation selectivity in hypersaline
conditions. Over 8000 ion rejection measurements are recorded using salt
lake brines and battery leachates. The experiments exemplify the coated mem-
brane’s ability to reduce magnesium concentrations to 0.14% from salt lakes
and elevate lithium purity to 98% from battery leachates, in a single filtration
stage. The membrane’s selectivity is retained after 12 weeks in acidic condi-
tions. Molecular dynamics analyses reveal that the ammonium groups create
an electrostatic barrier at low pH, selectively hindering multivalent cation
transport. This is corroborated by the Coulombic attraction between cations
and carboxylate groups, along with a repulsive barrier from ammonium groups.
Despite a 14.7% increase in specific energy, a two-stage NF system using the
coated membranes for lithium recovery significantly reduces permeate magne-
sium composition to 0.031% from Chilean salt lake brines. For NMC leachates,
the coated membranes achieve permeate lithium purity exceeding 99.5%,
yielding enhanced permeate quality with minor increases in energy demands.

1. Introduction

Continuous development of energy stor-
age technologies, such as batteries and
capacitors, is essential for advancing elec-
tric mobility, increasing the reliability of
clean energy solutions, and fostering sus-
tainable power generation.l?] Economic
forecasts predict a significant annual rise in
lithium-ion battery demand, with estimates
of up to 30% year-on-year growth across
the transportation, portable electronics,
and renewable energy sectors.>*] Such an
increase could multiply the demand for
battery-grade lithium by forty-fold by 2040,
highlighting the critical need for sustain-
able, scalable, and cost-effective lithium
extraction and production methods.[*’!

The global lithium demand is presently
satisfied from two principal channels: 1)
primary sources, which involve mining spo-
dumene ores and extracting from salt lake
brines; and 2) secondary sources, encom-
passing the recycling of spent batteries

and capacitors.[®*1%] However, extracting
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lithium from primary sources using commercial methods, such
as the evaporation of salt lake brines, requires approximately 800
cubic meters of freshwater for every metric ton of lithium carbon-
ate produced.[*!!] Such practices aggravate water scarcity in the
world’s most arid regions and contribute to aquifer contamina-
tion and wetland degradation, due to the extensive deployment
of evaporation ponds.I*!2] Moreover, the protracted production
cycles characteristic of evaporation ponds constitute a major bot-
tleneck in lithium production, leading to a market supply that is
economically inelastic and insufficiently responsive to demand
fluctuations.!*13]

On the other hand, the compact configuration of modern
lithium-ion batteries, comprising electrodes, casings, and elec-
trolytes, necessitates a comprehensive array of processes for ef-
fective recycling.>*1°] The current recycling paradigm involves
a sequence of treatments—pyrolysis, physical and magnetic sep-
aration, followed by hydrometallurgical extraction through acid
leaching.[1¢] This sequence results in an effluent enriched with
critical metals such as lithium (Li), cobalt (Co), manganese (Mn),
and nickel (Ni).['”18] Post acid leaching, the effluent is typically
treated using ion exchange columns that employ resins to se-
lectively capture or adsorb specific ions.[”'% Despite its efficacy,
this heavy reliance on ion exchange technology poses consider-
able technical and economic challenges due to the high energy
consumption and significant acid waste production during resin
regeneration.>!®! Consequently, only a minor fraction, less than
6%, of spent lithium-ion batteries are currently recycled world-
wide, with the majority being relegated to landfills.®! Such dis-
posal raises environmental concerns, including the potential for
toxic gas evolution or heavy metals leaching into underground
aquifers.[>1416]

Therefore, the innovation of selective technologies that extract
critical metals from salt lakes and battery leachates with a mini-
mal number of steps under ambient condition is of paramount
importance.2%] Recent technological advancements encompass
solvent-driven methods employing ionic liquids, deep eutectic
solvents, and fractional crystallization;?'-2*] electrochemical ap-
proaches such as capacitive deionization (CDI) and electrochem-
ically switched ion exchange (ESIX);(**] and membrane tech-
nologies like nanofiltration (NF) and electrodialysis (ED).[26-%]
Due to its high energy efficiency, ease of scalability and cost-
effectiveness, NF continues to garner considerable research in-
terest as a key unit operation for lithium recovery.[%26:27:30-33]
In the context of salt-lake lithium extraction, as illustrated in
Figure 1A, the application of a highly selective NF process can
efficiently eliminate multivalent cations like Mg?* and Ca’*.
These multivalent cations have solubility products similar to
Li,CO; and tend to co-precipitate, and their elimination im-
proves the purity of the recovered lithium from downstream di-
rect lithium extraction processes.[**! Moreover, NF facilitates the
concentration of salt-lake brine without resorting to evaporation
ponds, offering a continuous unit operation to alleviate the sup-
ply inelasticity of existing extraction methods. In the treatment
of battery leachates, as depicted in Figure 1B, a selective NF
process facilitates the separation of monovalent lithium cations
from a mixture of multivalent transition metal cations. This en-
hances the yield of recovered lithium and minimizes acid pro-
duction by reducing the number of ion exchange column stages
required.l*+17]
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Figure 1. Schematic diagram illustrating nanofiltration (NF) for lithium
extraction from salt lakes and battery leachates. A) Salt lake brine com-
prises a high concentration of Mg? * ions that attenuate the extraction ef-
ficiency of precipitation, adsorption and chelation-based direct lithium ex-
traction technology.[8] NF selectively eliminates Mg? * while concentrating
Li* in the permeate stream. B) Battery leachates comprise high concentra-
tions of Li*, Mn2*, Co?*, and Ni?*+ ions.I”] NF produces a concentrated
Lit permeate stream that is amenable for LIOH production.

Conventional NF membranes are composed of a polyamide ac-
tive layer on a polysulfone support, cross-linked through a con-
densation reaction between piperazine and trimesoyl chloride.
Ion fractionation in NF relies on steric, dielectric, and Donnan ex-
clusion mechanisms;*>3%l the latter originates from the electro-
static potential conferred by residual negatively-charged carboxy-
late and positively-charged ammonium functional groups within
the polyamide layer.[*’l This electrostatic potential varies with
solution pH, becoming positive under low pH and negative at
high pH, as governed by the ionic equilibrium affecting the con-
centration of carboxylate (COO~) and ammonium (NH,") func-
tional groups within the polyamide layer.?®! With dilute binary
Lit-Mg?* solutions, commercial polyamide NF membranes can
achieve a significant increase in monovalent cation selectivity—
an order of magnitude—by amplifying the Donnan potential at
low solution pH.[3*1 With salt-lake brines or battery leachates that
have hypersaline concentrations exceeding 250 g L™!, however,
this selectivity enhancement is nullified by the attenuated exclu-
sion efficacy in the membrane’s active layer.[*0-#2]

To sustain high monovalent cation selectivity in hypersaline
conditions, we introduce and characterize high-permeability
polyelectrolyte surface coatings endowed with a high density
of NH;" functional groups to facilitate lithium recovery from
salt lakes and battery leachates. We evaluate the selectivity per-
formance of both uncoated and coated polyamide membranes
through bench-scale experiments with brines representative of
Chilean and Chinese salt lakes, and leachates from NMC and
LMO battery cathodes, compiling an original dataset of over
8000 ion rejection measurements. When juxtaposed with mem-
branes reported in existing literature, our measurements sug-
gest that the coated NF membrane is amongst the most com-
petitive options for lithium concentration. We conduct comple-
mentary ion partitioning studies to elucidate the mechanisms
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Figure 2. Scanning electron microscopy (SEM) is utilized to analyze the morphology of the uncoated nanofiltration membrane, showcasing the cross-
section at (A) 50x magnification and the surface at (B) 4x and (C) 50x magnifications. Additionally, the positively-coated membrane is similarly examined
using SEM, highlighting its cross-section at (D) 50x magnification and surface at (E) 4x and (F) 50x magnifications. G, H) Further observations of the
positively-coated membrane’s cross-section are performed using transmission electron microscopy. The higher resolution microscopy illustrates the
color-contrasted layers, including the polyelectrolyte surface coating, the polyamide active layer, and the polysulfone support layer.

underpinning the observed enhancement in ion selectivity con-
ferred by the coatings. Our molecular dynamics (MD) simu-
lations uncover Coulombic energy barriers between the NH,"
functional groups and cations, which disproportionately im-
pedes the partitioning of multivalent cations over lithium. This
molecular-level understanding, corroborated by empirical mea-
surements on the zeta potential, pore sizes, and ion partitioning
rates, suggests that charge-based exclusion of multivalent cations
is principally responsible for the observed selectivity enhance-
ments. Lastly, we perform module-scale computational analysis
using a coated spiral-wound membrane to quantify the poten-
tial enhancements in thermodynamic efficiency achievable in in-
dustrial NF treatment processes employing Donnan-enhanced
NF membranes.

2. Results and Discussion

2.1. Polyelectrolyte Surface Coating Amplifies Donnan Exclusion
of Multivalent Cations

In this work, we develop two types of nanofiltration (NF) mem-
branes that recover monovalent cations like lithium from salt-
lake brines and battery leachates, as detailed in Section Chem-
icals and Materials. The first variant, referred to as the un-
coated NF membrane, consists of a conventional semi-aromatic
polyamide active layer formed through interfacial polymerization
of piperazine and trimesoyl chloride on a polysulfone support
structure.[32*3] The second variant, termed the coated NF mem-
brane, is created by covalently condensing a highly cross-linked,
acid-resistant polyelectrolyte coating onto the polyamide layer of
a conventional NF membrane.[*°l The polyelectrolyte coating,
characterized by a high density of positively-charged ammonium
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(NH;") functional groups, is designed specifically to enhance the
charge-based exclusion of multivalent cations.l*’->*1 Additional
details on the chemical structure are provided in the Support-
ing Information.

Scanning electron microscopy (SEM) is employed to exam-
ine the cross-sectional and surface characteristics of these mem-
branes. The findings for the uncoated membrane are presented
in Figure 2A—C, while the observations for the coated mem-
brane are illustrated in Figure 2D-F. The cross-sectional view
of the conventional (uncoated) NF membrane, as depicted in
Figure 2A, reveals a thin and dense polyamide active layer that is
polymerized atop a porous polysulfone support layer. Similarly,
Figure 2D exhibits the successful deposition of a highly cross-
linked, dense polyelectrolyte surface coating over the polyamide
active layer. Higher resolution cross-sectional analysis of the
coated membrane is conducted with transmission electron mi-
croscopy (TEM), as depicted in Figure 2G—-H. The TEM images
confirm the successful deposition of the polyamide and polyelec-
trolyte layers, and reveal that the thickness of the polyamide and
polyelectrolyte layers ranges from 30-40 nm and 35-50 nm, re-
spectively. Further, Figure 2B—C reveals a ridge-and-valley sur-
face morphology for the polyamide layer in the conventional un-
coated membrane, which is consistent with prior characteriza-
tion of similar semi-aromatic NF membranes.>!%2] The addition
of the polyelectrolyte surface coating to the polyamide layer, as
shown in Figure 2E,F, leads to a reduction in surface roughness
of the composite membrane, aligning with outcomes previously
observed for similar surface coatings.[325354]

The penetration depth of Fourier transform infrared spec-
troscopy (FTIR), which typically extends up to 5 pm, facilitates
the analysis of functional groups within the thin-film polyamide
(40 nm) and polyelectrolyte (50 nm) layers.>>] The polyester
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Figure 3. A) Relationship between the membrane’s water permeability coefficient and the applied feed pressure, indicating a 21% reduction in solvent
permeability due to the hydraulic resistance of the polyelectrolyte surface coating. B) Zeta potential measurements of the membrane’s diffuse layer
correlated with solution pH, revealing a consistently positive zeta potential in coated membranes across the spectrum of tested pH. C) Comparative
contact angle data for uncoated and coated membranes, demonstrating that the polyelectrolyte coating does not diminish the hydrophilicity of the active
layer. D) lon rejection performance of the coated membrane in ageing experiments. The coated membrane maintains high multivalent ion rejections in
acidic conditions over a 12-week period. E) Species rejection as a function of the molecular weight for the molecular weight cut-off experiments with
polyethylene glycol (PEG), suggesting that the addition of the polyelectrolyte coating does not impact size-based exclusion effects. F) Changes in the
fundamental resonance frequency derived from quartz crystal microbalance with dissipation monitoring (QCM-D) measurements. Solutions with lower
pH and multivalent cation register greater frequency change for both uncoated and coated membranes.

backings of both uncoated and coated membranes are carefully
removed, and the infrared spectra of the polyamide and polyelec-
trolyte layers are captured with FTIR, as detailed in Figure S16
(Supporting Information). The FTIR spectra of the uncoated
polyamide layer reveal distinct features: a sharp transmittance
peak at 1730 cm™' for C=0 stretching in the carboxylate func-
tional group, a sharp peak between 2800 and 2900 cm™ for C-H
stretching in the aliphatic structure, and a broad peak from 3200
to 3600 cm™! indicating primary and secondary N-H stretching
in the ammonium functional group, all of which are consistent
with previous characterizations reported in the literature.[31:3256]
On the other hand, the polyelectrolyte-coated polyamide layer ex-
hibits similar peaks at the corresponding wavenumbers, with
a significantly deeper transmittance well for N-H stretching
and a slightly shallower well for C=0 stretching. The FTIR re-
sults suggest that the incorporation of the polyelectrolyte coat-
ing increases the density of NH," functional groups and slightly
decreases the density of COO~ functional groups within the
coated membrane, across the range of the four tested pH
values.

Adv. Funct. Mater. 2024, 34, 2408685 2408685 (4 of 17)

The characterizations of the active layers in both uncoated and
coated membranes are consolidated in Figure 3A-F. Figure 3A
highlights the impact of the addition of the polyelectrolyte coat-
ing on the apparent water permeability of the NF membrane.
Due to the hydraulic resistance imparted by the polyelectrolyte
coating, the membrane’s water permeability coefficient shows a
decrease ranging from 12.5 to 18.7%, ascertained using ultrapure
water feed solutions at pressures between 5 to 40 bar. Despite the
doubling of the active layer (polyamide and polyelectrolyte) thick-
ness, the membrane’s water permeability coefficient decreases
less than proportionally and remains sufficiently high to facilitate
efficient lithium concentration processes.[*”] The zeta potential
for both the uncoated and coated membranes is calculated us-
ing the Smoluchowski equation, as depicted in Figure 3B, quan-
tifying the electric potential of the slip plane in the electric dou-
ble layer.’”] The conventional uncoated membrane displays an
isoelectric point at around a pH of 5.5, in contrast to the coated
membrane, which shows a consistently net positive active layer
throughout a pH range of 2 to 8. This observation aligns with
our FTIR results, where the addition of a polyelectrolyte layer
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enriched with positively-charged NH,* functional groups re-
sulted in a deeper N-H transmittance well and a positive zeta po-
tential, persisting even in alkaline solutions. Moreover, the zeta
potential of both uncoated and coated membranes increases as
the solution pH decreases, which is attributable to the protona-
tion of the uncrosslinked NH groups in the polyamide layer to
yield more positively-charged NH,* functional groups,*®! as gov-
erned by ionic equilibrium.

The wettability analysis for both uncoated and coated mem-
branes is presented in Figure 3C. The advancing contact an-
gle measurements indicate that polyelectrolyte addition does not
diminish the apparent hydrophilicity of the membrane’s sur-
face, maintaining a three-phase contact angle of 34°. The differ-
ence in the rate of decline in the advancing contact angle mea-
surements, however, suggests a lower surface permeability in
the polyelectrolyte-coated membrane, corroborating the findings
from the water permeability experiments.[®! The acid resistance
of the coated membrane is evaluated by submerging itina 0.5 M
HCI solution for up to 12 weeks. As shown in Figure 3D, the re-
jections of Li* and Mg?™* are calculated from Chilean salt-lake
brine experiments while the rejections of Co?*, Mn?*, and Ni?*
are calculated with NMC battery leachates. The ageing experi-
ment results indicate that the ion rejection capability of the coated
membrane is sustained under acidic conditions over a 12-week
period, suggesting that it may be tolerant to acid pre-treated salt-
lake brines and battery leachates.

In the subsequent salt-lake brine and battery leachate exper-
iments, we observed no flux decline or deposition of inorganic
or organic fouling on the membrane surface, with saturation in-
dices of ions below unity. While our study focused on the mem-
brane’s acid stability over 12 weeks in HCI, we recognize the crit-
ical impact of fouling on the long-term performance and eco-
nomic viability of nanofiltration processes.l*! Inorganic fouling,
caused by mineral scale deposition, and organic fouling, due to
the accumulation of biofilms and organic materials, can signifi-
cantly affect membrane functionality.[®*-2] Given the varied com-
positions of salt-lakes and battery leachates, it is challenging to
generalize fouling behavior, making it essential to conduct sys-
tematic investigations under representative conditions.[*>®!! Fu-
ture studies should prioritize exploring fouling mechanisms and
mitigation strategies to ensure the sustained high performance
and practical application of nanofiltration membranes.[®]

Figure 3E and Table S14 (Supporting Information) present the
solute rejection measured in relation to the molecular weight dur-
ing coupon-scale experiments with uncharged polyethylene gly-
col (PEG), across a solution pH range of 2 to 7. The invariability
in PEG rejection observed with both uncoated and coated mem-
branes across the pH range suggests that size-based exclusion
is not the primary mechanism of the differences in lithium se-
lectivity observed in subsequent experiments with salt-lake and
battery leachate solutions.[*#] The calculated pore size distribu-
tions are similar for both uncoated and coated membranes across
the tested pH levels, with average pore radii of 0.305 + 0.085,
0.310 + 0.095, and 0.310 + 0.092 nm for uncoated membranes
at pH 7, 4, and 2 respectively, and 0.306 = 0.093, 0.305 + 0.098,
and 0.301 + 0.098 nm for coated membranes under the same
conditions. According to classical nanofiltration pore-flow model,
therefore, the observed differences in ion selectivity with the coat-
ing are unlikely due to size-based exclusion mechanisms.*!
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Furthermore, Figure 3F displays the shifts in fundamental res-
onance frequency of membrane-coated gold sensors, as mea-
sured by quartz crystal microbalance with dissipation moni-
toring (QCM-D). According to QCM-D literature, changes in
the fundamental resonance frequency reflect mass alterations
in the membrane’s active layer on the sensor. A positive fre-
quency shift signals a decrease in mass based on the Sauer-
brey equation, indicating a change in the water or ion parti-
tioning behavior in the active layer.[®®¢”] Our QCM-D results
reveal a more significant frequency shift at lower solution pH
levels and with MgCl, as compared to LiCl, with a more pro-
nounced change registered with the polyelectrolyte-coated mem-
brane. The QCM-D results, when integrated with the molecu-
lar weight cut-off, membrane pore size, FTIR and zeta potential
measurements, suggest that the charge-based partitioning effects
have been enhanced, thereby favoring the Donnan exclusion of
multivalent cations such as Mg?* over monovalent cations like
Lit.

2.2. Positively-Coated Nanofiltration Enhances Lithium Purity
from Salt-Lakes and Battery Leachates

Bench-scale experiments with 8.0 cm by 3.0 cm coupons are con-
ducted employing both uncoated and coated NF membranes. The
influence of the polyelectrolyte layer and various process condi-
tions on the apparent selectivity for monovalent ions in the NF
membrane is evaluated based on an original dataset of over 8000
ion rejection measurements. These experiments encompass pro-
cess conditions spanning solution pH from 0.5 to 7 and feed
salinities between 10 to 250 g L', across two salt-lake brine and
two battery leachate compositions. The complete data on ion re-
jections are fully compiled in Tables S6-S13 (Supporting Infor-
mation), while detailed plots for all dissolved ions are presented
in Figures S5-S13 (Supporting Information).

Figure 4A,D illustrates the ion rejection of Li* and Mg?*, and
Li* and Co? * with the coated membrane, from the Chilean salt-
lake brine and NMC battery leachate, respectively. The measured
ion rejection, which is illustrated with solid markers, is evalu-
ated with respect to the solution pH and the driving water flux,
while the solid curves denote the predictions from the calibrated
Donnan-steric pore model with dielectric exclusion (DSPM-DE).
The measured ion rejections increase with the water flux, tending
toward an asymptotic value at the upper limit.[**] For the Chilean
and Chinese salt-lakes and the NMC and LMO battery leachates,
the coated membrane consistently demonstrates superior rejec-
tion of multivalent cations (e.g., Mg?*, Mn?*, Ni?*, and Co?*)
compared to monovalent ions (e.g., Li*, Na*, and K*), with the
disparity in ion permeation rates widening at lower solution pH
levels. For instance, with Chilean salt-lake brines, Li* permeation
decreases from 65.6 to 42.3%, while Mg? * permeation decreases
by an order of magnitude from 8.8 to 0.9%, when the solution
pH decreases from 7 to 2. Similarly, over the pH interval be-
tween 4 to 0.5 with NMC battery leachates, Li* permeation de-
creases from 96.0 to 53.1%, and Co?* rejection decreases from
3.9 to 1.1% with the coated membrane. This reduction in both
monovalent and divalent cation permeation rates over the pH in-
terval correlates with the observed decrease in ion partitioning
and an increase in NH,* functional group density, as presented in
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Figure 4. A) Species rejection in relation to solution pH and transmembrane flux for the coated nanofiltration (NF) membrane with Chilean salt-lake
brines. B) The Li/Mg separation factor for both uncoated and coated NF membranes is plotted against the total dissolved solids concentration and
pH of the Chilean salt-lake brine, demonstrating enhanced lithium selectivity with coated membranes across all tested solution concentrations and pH
levels. C) Measurement of residual Mg concentration in the permeate after a single-pass NF treatment of Chilean salt-lake brines using uncoated and
coated membranes, depicted as a function of solution pH and transmembrane flux. D) Species rejection against solution pH and transmembrane flux
for the coated NF membrane to treat NMC battery leachates. E) The Li/Co separation factor of uncoated and coated NF membranes in relation to the
leachate composition and pH. F) The purity of lithium in the permeate from a single-pass NF treatment of NMC battery leachates using both uncoated
and coated membranes, shown as a function of solution pH and transmembrane flux. Robeson plots illustrating the trade-off between (G) separation

factor and solvent permeability coefficient,[*] and (H) Li/Mg permeability and Li/H,O permeability.[%®] The solid markers represent measurements for

a variety of NF membranes, as compiled by Wang et al.[*’l and Wang et al.,[8] respectively. The Robeson plots indicate that the positively-coated NF
membrane is a non-dominated solution to the multi-objective optimization problem.
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Section 2.1, suggesting that Donnan exclusion played a primary
role in enhancing the membrane’s monovalent selectivity.

Figure 4B shows the effect of feed salinity and solution pH on
the Li/Mg separation factor (a;;,,) with Chilean salt-lake brines,
where clear and hatched bars indicate the selectivity of the coated
and uncoated membranes, respectively. The addition of the poly-
electrolyte coating leads to an increase in ay;;, values by as much
as 70%, especially under acidic conditions at pH 2. This no-
table enhancement in monovalent selectivity, most pronounced
in coated NF membranes with the highest density of NH;" func-
tional groups at pH 2, further corroborates that charge-screening
exclusion mechanisms are likely responsible for the significantly
improved rejection of Mg?*. Additionally, the monovalent selec-
tivity decreases for both uncoated and coated membranes as the
salinity of the Chilean brine rises from 10 to 250 g L1, a trend
seen in prior publications involving hypersaline brines.?%] The
decline in selectivity has been attributed to the reduced efficacy
of the Donnan exclusion mechanism, occurring when the ionic
strength of the feed solution approaches the molar charge den-
sity of the membrane’s active layer.3¢7%! Despite this, the coated
NF membrane retains a high separation factor of approximately
40, which is 5 to 8 times greater than that of standard commercial
polyamide NF membranes.*]

Figure 4C illustrates the composition of residual Mg®* (i)
in the permeate stream, detailing its variation with water flux
and solution pH following a single stage of NF treatment with
either the coated or uncoated membrane. The Mg?* content
in the permeate is expressed as a percentage of total cationic
species to evaluate the membrane’s effectiveness in concentrat-
ing salt-lake brines for downstream direct lithium extraction
(DLE) processes.*”** To avoid clutter, solid markers are omit-
ted (see Figures S5 to S13, Supporting Information for individ-
ual ion rejection plots). Due to the enhanced rejection of multiva-
lent cations, the Mg?* concentration in the permeate decreases
as the driving water flux increases to 20 um s™', which is consis-
tent with the findings from Figure 4A. Similarly, the coated NF
membranes consistently demonstrate reduced concentrations of
residual Mg? *, leveraging the enhanced Li/Mg separation factors
afforded by the polyelectrolyte coating. For instance, the intro-
duction of the polyelectrolyte coating further lowers the residual
Mg** concentration by up to 42%, reducing y,,, from 0.20% to
0.14% and from 0.32% to 0.26% at pH levels of 2 and 7, respec-
tively.

The impact of the battery leachate composition and the solu-
tion pH on the Li/Co separation factor (a;;c,) is illustrated for
both uncoated and coated membranes in Figure 4E. Consistent
with the salt-lake brine experiments, the polyelectrolyte coating
enhances the monovalent selectivity by up to 44% at a pH of 0.5,
registering a;; ¢, of 46.8 and 13.1 with NMC and LMO leachates,
respectively. Likewise, the greatest enhancements in monovalent
selectivity are observed at low solution pH and with the coated
membrane, circumstances that result in the highest molar den-
sity of positively-charged NH," functional groups. The perme-
ate Li* composition (y;) is illustrated in Figure 4F for the un-
coated and coated membranes, as a function of the solution pH
and the transmembrane water flux with NMC leachates. The in-
corporation of the polyelectrolyte coating leads to an average in-
crease in the y;; by 3%, rising from a permeate Li* purity of
94.8% t0 97.9%, using battery leachates with pH levels of 0.5 with
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one NF treatment stage. In essence, by correlating the molecular
properties of the charged functional groups to the observed sep-
aration performance with salt-lake brines and battery leachates,
our experiments demonstrate that the integration of a polyelec-
trolyte surface coating enhances Donnan exclusion, increasing
the monovalent selectivity by as much as 44%. Consequently,
Donnan-enhanced nanofiltration can produce post-treated salt-
lake brines with a residual Mg? * concentration of only 0.14% and
post-treated battery leachates with a Li* purity of 98%, all with a
single-stage NF process.

Lastly, we juxtapose the selectivity and permeability perfor-
mance of the uncoated and coated NF membranes against lab-
scale and commercially available membranes reported in the lit-
erature. Nanofiltration membranes are inherently constrained
by a trade-off between permeability and selectivity, where the
ideal membrane would exhibit high permeability to enable high-
flux recovery of the target cation(s), along with high selectivity
to ensure the production of high purity permeate streams.[3>47]
Figure 4G and H depict two standard analytical approaches to
this dual-objective optimization in nanofiltration, with the op-
timal membrane scenario represented in the upper-right quad-
rant of each plot.[**871] The selectivity and permeability metrics
are evaluated with binary cation solutions, based on literature
conventions.[*%8] The Pareto front, indicated by dashed lines,
represents the optimal balance between permeability and selec-
tivity currently achievable based on the multi-objective optimiza-
tion in this paper. The solid markers represent measurements for
a variety of NF membranes, as compiled by Wang et al.**! and
Wang et al.[®®! The introduction of the polyelectrolyte coating, as
shown in Figure 4G,H, significantly improves the Li/Mg separa-
tion factor and permeability ratio, while only marginally reducing
water permeability and the Li/H,O permeability ratio. Notably,
unlike many other membranes depicted in the trade-off plots,
this enhancement in selectivity is achieved with a membrane that
is amenable to end-to-end rolling manufacturing and is com-
mercially available as a spiral-wound module. When compared
with the range of membranes documented by Wang et al.[*!
and Wang et al.,[%] the performance of the polyelectrolyte-coated
membrane appears to align with the Pareto front in these analyt-
ical plots, suggesting it is amongst the most competitive options
for lithium recovery.

2.3. Molecular Dynamics Reveals lon-Functional Group
Interactions Enhance Membrane Selectivity

To provide molecular level insights into the interactions between
NH,* and COO~ functional groups in the membrane and feed
ions in binary LiCl/MgCl, solutions, we conduct molecular dy-
namics (MD) analyses for feed solutions with pH values of 2
and 7. Although salt-lake brines contain both CI~ and SO;~, we
only consider Cl~ because current MD models for sulfate result
in computational problems where sulfates cluster pre-maturely
in aqueous solutions.”>74] At feed pH 2, the membrane’s ac-
tive layer is positively charged with only NH,* functional groups
present, and at pH 7 the active layer has a net negative charge
with both NH," and COO~ groups present.*! The NH," groups
are distributed through the volume of the active layer, while the
COO~ groups are concentrated near the membrane feed surface,
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Figure 5. Feed ion locations in the xz-plane across three trials for (A) pH 2 with 10 g L™! TDS, (B) pH 2 with 50 g L~! TDS, (C) pH 7 with 10 g L™!
TDS, and (D) pH 7 with 50 g L=' TDS at (1) 1ns, (2) 10 ns, (3) 50 ns, and (4) 100 ns. Gray areas indicate the local membrane density, where the darker
gray implies higher density. (5) The probability density function of feed ions and membrane functional groups (COO~, NH,") in the z-direction at 100
ns. Dashed lines mark the edge-to-edge boundaries of the membrane model, and solid lines bound the densest regions of the membrane. For all feed

solutions, LiCl and MgCl,, share have the same molarity.

consistent with experimental results for charge distributions in
polyamide membranes.!>®7°] A detailed account of the simulation
setup, assumptions and solution algorithm for MD appears in
Section S4.3 (Supporting Information).

For both pH levels, the membrane system is simulated with
two different concentrations. The dilute feed solution is 10 g L™!
TDS, corresponding to 5 Li*, 5 Mg? *, and 15 Cl- ions in the sim-
ulated system; the concentrated feed solution is 50 g L' TDS,
corresponding to 25 Lit, 25 Mg?*, and 75 CI~ ions. The solu-
tion pH and concentration of the feed solutions are chosen to
model the experimental conditions, as reported in the preced-
ing sections. In all cases, we perform three simulations with all
ions starting on the feed side of the membrane and tracking the
progress of the ion ensembles through the membrane for 100 ns
using the NAMD simulation packagel’® at 300 K. To accelerate
the sampling of ion passage in the limited duration for the MD
simulations that is computationally feasible, we apply an external
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body force to each feed ion in +z-direction, which is normal to the
membrane surface (xy-plane), in order to accelerate the solute ion
movement through the membrane. Videos illustrating the trans-
port of ions across the membrane, as influenced by solution pH
and concentration, are available in the Supporting Information.
To evaluate ion permeation at the nanoscale, we show the loca-
tions of all feed ions, combined across all three trials, in the xz-
plane at four distinct time instances in Figure 5A-D. Note that
the simulation domain is non-periodic in the z-direction and pe-
riodic in the x- and y-directions. Hence, Figure 5A-D depict the
x-, z-locations of ions and charged functional groups through the
50 A depth of the periodic domain in the y-direction. In order to
better visualize the ion locations for ions permeating completely
through the membrane, we reset the z-locations for any ions with
2> 40 A to z= 40 A. The gray shading in the first four columns in-
dicates the local density of membrane model with darker gray cor-
responding to higher density. The last column in Figure 5 shows
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the probability density function (PDF) of feed ion and membrane
functional group z-locations at 100 ns.

First, we consider membrane systems simulated with a dilute
feed at low pH, shown in Figure 5A. Here, Cl~ exhibits faster
transport behavior compared to cations even at the start of the
simulation (1 ns), where a few Cl~ ions (red circles) are already
in the membrane in the vicinity of NH," groups (green stars),
while none of cations have even penetrated the membrane. This
is likely a consequence of the attractive interaction between Cl~
ions and the NH," groups, which lessens the energy barrier for
Cl- to penetrate the membrane compared to cations.*’]

At 10 ns, Cl- ions continue to penetrate into the membrane
and move further toward the center of the membrane (z = 0 A).
On the other hand, monovalent Li* (black triangles) and diva-
lent Mg+ (blue squares) display different transport behaviors.
Our simulations indicate that a significant number of Li* ions
are closely associated with Cl~ ions, predominantly within a few
angstroms of adjacent Cl~ counter-ions situated at the mem-
brane’s center. However, only one Mg?* ion manages to over-
come the Coulombic repulsion at the membrane feed surface to
reach the center of the membrane. It is likely that Cl~ ions can
chaperone either cation species through the membrane, based on
both Li* and Mg? * ions being near Cl~ ions. This observation is
consistent with experimental evidence of cation—anion transport
coupling in our prior study.*! However, Cl~ ions here are more
likely to chaperone Li* because Mg?* ions have stronger repul-
sive interactions with NH," groups near the feed surface of the
membrane. This creates a large electrostatic barrier for Mg * to
get transported into the membrane and makes the coupled trans-
port even less likely.

By 50 ns, a few Cl~ ions have reached the permeate. Simultane-
ously, feed ions begin to accumulate in a low-density region near
the center of the membrane (light gray area visible in Figure 5A,).
This ion cluster consists mainly of Cl~ and Li* ions, as approxi-
mately 60% of the Mg?* ions have not yet penetrated the mem-
brane. The cluster of Li* and Cl~ ions is likely encountering steric
hindrance, slowing further movement through the membrane.

At the end of the simulation at 100 ns, 12% of the Cl~ ions
have reached the permeate. Meanwhile, 87% of the Li* ions
have crossed the membrane’s center, while two-thirds of the
Mg?* ions have not yet penetrated the membrane, as shown in
Figure 5A,. This results in a net negative charge in the permeate,
likely due to the limited 100 ns time scale of the simulations. We
hypothesize that over longer periods, the permeate will eventu-
ally achieve charge neutrality.

Evidently, the three ion species exhibit different transport be-
haviors due to the ion-membrane and ion-ion interactions. The
spatial distributions at 100 ns for Li* and Cl~ are bi-modal, as
shown in Figure 5A, with the Li* peak within the membrane
slightly closer to the permeate than the Cl~ peak. Although Li*
ions and NHJ groups have repulsive interactions, the nearly over-
lapping peaks in the Li* and Cl~ distributions suggest that Cl~ fa-
cilitates Li* transport through the NH; groups near the feed sur-
face, consistent with prior experimental evidence.*! Addition-
ally, the peak in the permeate indicates that some Cl~ and Li* ions
reach the permeate (z > 25A), as shown in Figure 5A,. The Mg? *
distribution is skewed toward the feed surface of the membrane,
near the densest region of NH} groups, with other Mg?* ions
distributed across the membrane thickness. This suggests that

Adv. Funct. Mater. 2024, 34, 2408685 2408685 (9 of 17)

www.afm-journal.de

Mg? * transport is most likely hindered at the membrane surface
by the NHJ charge, an observation consistent with the expected
behavior of Donnan exclusion.

To examine how selectivity varies with concentration, we ana-
lyzed the same membrane system at pH 2 but with a feed con-
centration of 50 g L' TDS, as depicted in Figure 5B. Initially, at
1 ns, nearly all feed ions are situated at the membrane surface. By
10 ns, approximately 15% of the ions have migrated to the center
of the membrane, and several Cl~ ions are on the verge of exit-
ing the membrane. At 50 ns, a few Cl~ ions (4%) have permeated
through the membrane, and several Li* ions are approaching the
permeate side of the membrane surface. Additionally, most Cl~
and Li* ions have infiltrated the membrane, whereas a third of
the Mg?* ions have not yet penetrated it. By the end of the simu-
lation at 100 ns, 10% of the CI~ ions and less than 5% of the Li*
and Mg?* ions have traversed the membrane. However, many
ions cluster near the membrane center, akin to the lower pH sce-
nario in Figure 5A,, due to the loose polymer nanostructure at
this location, which impedes their diffusion to the permeate side.

Figure 5B, shows that the distribution of all three ion species
peaks near the center of the membrane, just past the densest re-
gion of NH," functional groups (green). However, the Li* dis-
tribution is somewhat broader than that of Mg?* and Cl-, sug-
gesting a stronger association between Li* and Cl~. The higher
feed concentration appears to facilitate the chaperoning of Mg? *
ions by nearby Cl” ions, a behavior different from that observed
atlower concentrations. Additionally, the increased availability of
Cl- ions to associate with NH,* groups seems to allow Mg? * ions
to move through the membrane with reduced repulsion.

At the higher pH 7, shown in Figure 5C,D, both NH," (green
stars) and COO~ (gold diamonds) functional groups are present,
and the transport behavior of the ions is quite different from pH
2. At a low feed concentration of 10 g L~! TDS in Figure 5C, Li*
ions quickly associate with COO~ groups near the membrane’s
feed surface (1 and 10 ns in Figure 5C,). As the simulations
progress, Cl~ ions migrate through the membrane due to attrac-
tive interactions with NH," groups, evident near the center of the
membrane in Figure 5C,—C,, in spite of the repulsion from the
COO~ groups near the membrane surface. Consequently, it is
likely that C1~ ions hop from one NHJ to another to permeate
through the membrane. By 100 ns, 30% of the Cl~ ions reach
the permeate. In spite of this, there are still some Cl~ ions in
the feed due to the repulsion of the COO™~ groups. Furthermore,
both cation species, regardless of valency, remain stuck on the
feed surface of the membrane, strongly associated with COO~
groups, even after 100 ns (Figure 5C,). This is reflected in the
probability distributions at 100 ns in Figure 5C;, where Li* and
Mg?* are clustered at the feed surface where COO~ groups are
concentrated. On the other hand, Cl~ ions are spread out across
the thickness of the membrane and into the permeate reservoir.

At higher solute concentrations at pH 7 in Figure 5D, Cl~ ions
still migrate faster than the cations, with some Cl~ ions associ-
ating with NH," groups after penetrating the negatively charged
layer on the membrane surface, as illustrated in Figure 5D;-D,.
At 100 ns, fewer than 10% of the Cl~ ions permeate through
the membrane, compared to 30% at pH 2. Most Cl~ ions are on
the membrane surface, pairing with cations, which are simul-
taneously attracted to the COO~ groups. Although both cations
have strong association with the the COO~ groups, some Li* ions
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Figure 6. Interaction energy between feed ions and uncoated polyamide membranes in the z-direction of membrane thickness (left vertical axis) across
all trials: A) pH2,10g L™",B) pH 2,50g L~",C) pH 7,10 g L™, and D) pH 10, 50 g L. Probability density functions of NH,* and COO~ are plotted on
right vertical axis. Dashed vertical lines mark the edge-to-edge boundaries of the membrane model, and solid vertical lines bound the densest regions

of the membrane.

manage to penetrate past the center of the membrane by 100 ns.
In contrast, none of Mg?* ions move past membrane surface.
The distribution of ions in Figure 5D; reinforces how cations get
stuck near the membrane feed surface, overlapping the COO~
distribution. The COO™ layer appears to play the role of a barrier,
preventing Li* and Mg’ * from penetrating. At the same time, the
cations appear to associate with Cl~ ions near the feed surface,
which increases steric repulsion.

Comparing Figure 5A; and B, Lit/Mg? * selectivity decreases
as concentration increases at pH 2. Similarly, for a feed concen-
tration of 10 g L1, Li*/Mg?* selectivity decreases as the feed
pH increases from 2 to 7. These trends agree with experimen-
tal findings illustrated in Figure 4B. Comparing Figure 5C; and
D, selectivity is less affected by concentration at pH 7, although
Li* ions permeate slightly further into the membrane than Mg? *
ions at the higher concentration, consistent with Figure 4B. De-
spite the constrained length and time scales of MD simulations,
itis evident that ion-ion and ion-membrane interactions strongly
influence ion partitioning, depending on concentration and pH.

In order to better understand non-steric ion-membrane inter-
actions, we use the NAMDEnergy tool to calculate the net in-
teraction energetics (both electrostatic and van der Waals contri-
butions, although electrostatic contributions dominate) between
each feed ion and all of the charged functional groups through-
out the membrane. In Figure 6, the left vertical axis indicates the
interaction energy of each solute ion with the membrane as a
function of the solute ion location in the z-direction over the en-
tire course of the simulations (100 ns) at an interval of 0.01 ns
(one line for each ion with all ions superimposed). The energet-
ics here only represent the interaction between each solute ion
and the membrane charge in a vacuum, as if no water is present.
Steric effects and water solvation, which can contribute to steric
effects, are not taken into account. Since the interaction energy
in an aqueous environment is complex, we utilize this methodol-
ogy only to provide a simplified yet straightforward characteriza-
tion of ion-membrane interaction energy at the molecular level.
As a result, the relative magnitudes of energy are more signif-
icant than the absolute numerical values. To display the effect

Adv. Funct. Mater. 2024, 34, 2408685 2408685 (10 of 17)

of NH;" and COO~ functional groups on the interaction energy
landscape, we also show the probability density function of mem-
brane functional groups (right vertical axis) in Figure 6.

For membrane systems simulated at pH 2 with 10 g L~! TDS
feed solutions in Figure 6A, all ions in the feed reservoir at z < -40
A have very low interaction energies with membrane charges due
to the large spatial separation. As the external body force moves
feed ions toward the membrane in +z-direction, the Cl~ interac-
tion energies become more negative, indicating more attractive
interactions with NH," groups in the membrane. Their interac-
tion energy reaches the lowest value near z = —10 A, coincid-
ing with the highest local density of NH," functional groups. As
z increases further, the distance to the highest density of NH,*
groups decreases, and the CI™—NH," interaction energies de-
crease, eventually diminishing to zero in the permeate where the
Cl™ ions are far from the NH;" groups in the membrane.

For Li* and Mg?*, the interaction energy is positive, indicat-
ing the expected repulsive interaction between the cations and
the positively charged NH,* groups. The interaction energy for
Mg?* is about twice that for Li*, as would be expected based
on the cation charge. The Mg?* interaction energy curve does
not extend across the entire membrane because no Mg?* ions
permeate through the membrane by the end of the simulation.
The stronger repulsive interaction energy with the positive NH,*
groups near the feed surface for Mg? * than Li* is consistent with
the results in Figure 5A, as most Mg?* ions get stuck on the
membrane feed surface while some Li* ions proceed to the per-
meate by the end of the simulation. The interaction energy pro-
files for pH 2 with 50 g L~! TDS, shown in Figure 6B, are very
similar to those at the lower concentration, because the interac-
tion energies are independent of solute concentration. However,
some Mg?* energy profiles extend into the permeate, as some
Mg?* ions make it through the membrane to the permeate at
the higher concentration. Nevertheless, in spite of similar inter-
action energy profiles for the two concentrations, the progress of
the two cations differs substantially, as is evident in Figure 5Ag
and Bs, because of the combined impact of charge and steric
effects.
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Figure 7. A) Schematic diagram illustrating the feed, permeate and retentate streams, energy recovery device (ERD) and the high pressure pumps in a
two-stage nanofiltration process. B) Plot of the projected specific energy consumption and the permeate Mg composition as a function of the solution
pH and the lithium recovery from 250 g L' Chilean salt-lake brine with the polyelectrolyte-coated membrane. C) Plot of the projected specific energy
consumption and the product Li purity as a function of the solution pH and the lithium recovery from NMC battery leachates with the polyelectrolyte-

coated membrane.

For pH 7 systems (Figure 6C,D), the interaction energy profiles
are opposite in sign from pH 2 systems due to attractive interac-
tions between the cations, Li* or Mg?*, and COO~ groups near
the membrane surface. On the other hand, Cl~ interactions with
COO™ groups are repulsive. A broader range of interaction ener-
gies is evident at pH 7 than at pH 2, particularly for Li* or Mg?*
ions in the vicinity of the membrane surface. This comes about
because of the variability of x-, y-locations of the ions with respect
to the COO~ groups at the membrane surface. Once Lit or Mg?*
ions make it past the surface COO~ groups, the interaction en-
ergies are less attractive, although no cations make it all the way
to the permeate. Cl~ ion interaction energies are positive (repul-
sive) near the feed surface of the membrane where COO~ groups
dominate. However, further into the membrane, in the vicinity of
NH," groups, and extending into the permeate, the interaction
energy becomes negative, reflecting the attraction between Cl~
ions and NH," groups in the membrane. Had any Li* or Mg?*
ions reached the permeate side of the membrane, the interaction
energy would be positive (repulsive) because of the proximity to
the NH," groups. Referring back to the hindered propagation of
Li* and Mg?* through the membrane in Figure 5C; and Dy, it
is evident from Figure 6C,D that the strong charge interactions
are responsible.

The MD simulation results in Figures 5 and 6 reveal the role
of membrane functional groups on mono-/divalent ion partition-
ing and also ion transport mechanisms at the molecular level.
The main focus of MD simulations here is to investigate the
effect of different charged functional groups in the membrane.
While the membrane models used for MD simulations do not
directly represent the coated membranes used for our exper-
imental studies, the MD studies capture the primary interac-
tions. Since the experimental membrane coating primarily con-
sists of NH," groups, as noted in Section 2.1, its effect is simi-
lar to that of NH;" groups on permeating ions is evident in the
pH two conditions of the MD simulations. Thus, the MD simu-
lations provide molecular-level insights in terms of interaction
mechanisms and spatial relationships of NH," groups on ion
selectivity.

Adv. Funct. Mater. 2024, 34, 2408685 2408685 (11 of 17)

2.4. Donnan-Enhanced Nanofiltration is Operationally Effective
for Salt-Lake and Battery Leachate Lithium Concentration

Lastly, we correlate the improvements in cation selectivity, driven
by nanoscale transport mechanisms as elucidated by our MD
analyses, with the consequent enhancements in the performance
metrics of macroscale NF spiral-wound modules. Through this
analysis, we quantify the potential improvements in thermody-
namic efficiency that could be realized in industrial NF treat-
ment processes utilizing the Donnan-enhanced membranes.
Here, we project the specific energy requirement of a two-stage
NF process, as outlined in Section Module Performance Eval-
uation, which has been commercialized for desalination pre-
treatment and resource recovery.l”78l As illustrated in Figure 7A,
we analyze a two-stage NF treatment system employing the
polyelectrolyte-coated membrane to concentrate lithium from
Chilean salt-lakes and NMC battery leachates. Using the cali-
brated DSPM-DE model for ion transport, as detailed in Sec-
tion 2.1 and Figure S5 to S13 (Supporting Information), we cal-
culate nodal ion fluxes as a function of the feed salinity, compo-
sition, and acidity. The DSPM-DE model, which is subsequently
integrated with a Forward Euler scheme, facilitates the projection
of lithium recovery rates, permeate purity, and net electrical work
consumption achievable with a spiral-wound module. Specifica-
tions for the spiral-wound element are derived from a commer-
cially available module (Nitto-Denko PRO-XS1) that employs the
same polyelectrolyte-coated NF membrane. The isentropic effi-
ciencies of the high-pressure pump and energy recovery device
are assumed to be 0.75 and 0.80, respectively.l””!

Figure 7B presents the specific energy consumption (SEC,;)
and residual Mg concentration (y,,) in the retentate stream of
a two-stage NF process, as a function of the lithium recovery
rate (£;;) and solution pH. With Chilean salt-lake brines, the spe-
cific electrical work consumption escalates with decreasing pH
levels and with the addition of the surface coating, across the
range of lithium recovery rates. As discussed previously, the ad-
dition of the polyelectrolyte coating reduces the permeate flux by
up to 18% at a given driving pressure. Further, with the coated
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membrane, at a lithium recovery rate of 30%, the SEC,; expe-
riences a 14.7% increase from 0.673 to 0.772 kWh kg™! as the
solution pH decreases from 7 to 2. This increment is ascribed to
the diminished permeability of lithium cations, which is a con-
sequence of the enhanced Donnan exclusion effect with coated
membranes in acidic conditions.3>*8] This observation is consis-
tent with the coupon-scale experiments and is proportionally re-
flected in the specific electrical work required per mole of lithium
recovered, as depicted in Figure7B. Furthermore, the SEC of the
two-stage NF process increases with lithium recovery rates across
the tested pH levels, attributable to the increased least work of
separation necessitated by higher pressures for permeate pro-
duction — a finding in alignment with the augmented osmotic
pressures observed during high recovery separations in pressure-
driven membrane processes.!3]

Conversely, the two-stage NF process benefits from enhanced
Donnan exclusion effects, which disproportionately increase the
rejection of Mg?* ions relative to Li* ions, resulting in per-
meate streams with lower concentrations of multivalent cations
across the range of lithium recovery rates tested. Figure 7B and
Figure S14A (Supporting Information) depict the residual Mg?*+
composition as a function of the lithium recovery rate and solu-
tion pH, comparing uncoated and coated membranes. Our anal-
ysis reveals that two-stage NF systems utilizing the coated mem-
branes yield permeate streams richer in monovalent ions, with
the residual permeate Mg?* concentration decreasing by 25% at
pH 7, and by 39% at pH 2, following the application of the poly-
electrolyte coating. With coated membranes, a significant further
reduction in Mg?* concentration in the permeate from 0.23% to
0.031% is observed as the solution pH decreases from 7 to 2, ex-
emplifying how Donnan exclusion enhances the efficacy of cation
separation in spiral-wound applications.

Our analysis underscores the practical implications of the
permeability-selectivity trade-off in system scale NF separations.
Donnan-enhanced NF processes show higher specific energy
consumption due to reduced ion fluxes and reduced recovery
rates under constant driving pressure, but concurrently show
enhanced permeate quality due to significantly reduced con-
centration of the undesired ion species (e.g., Mg?*). In two-
stage NF systems employing the coated membrane, an order-of-
magnitude reduction in undesired Mg?* ion permeate concen-
tration is accompanied by an increase of SEC}; of merely 14.7%,
which confers net operational benefits for salt-lake lithium con-
centration.

Figure 7C illustrates the specific energy consumption and per-
meate lithium purity of a two-stage NF process employing the
coated membranes for lithium extraction from NMC leachates,
as a function of the solution pH and lithium recovery rate. Like-
wise, a similar module-scale analysis conducted with NMC bat-
tery leachates reveals that specific energy consumption increases
with lithium recovery rates, consistent with the Second Law of
Thermodynamics.®!! Notably, our results suggest that the attain-
able lithium recovery rates from battery leachates are higher as
compared to Chilean salt lakes, which may be attributed to the
lower total dissolved solid concentration and osmotic pressure of
the leachate.8!]

Our computational findings, which are summarized in
Figure 7C and Figure S14B (Supporting Information), under-
score the efficacy of the two-stage NF system in extracting lithium
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from mixed metal battery leachates, achieving lithium purity lev-
els great than 99.5% in the permeate stream. Analogous to the
analysis conducted for salt-lake brines, the observed selectivity
enhancement is attributed to the augmented Donnan exclusion
effect, which facilitates lithium ion passage while effectively ob-
structing the transport of multivalent ions such as Co?*, Mn?*
and Ni2 *. For instance, the introduction of the positively-charged
polyelectrolyte coating enhances the resultant lithium purity of
the permeate by 0.6% and 2.0% at pH 4 and 0.5, respectively. With
coated membranes, a further increase in Li* permeate composi-
tion from 95.0% to 99.5% is registered with greater NH," func-
tional group density, when the solution pH decreases from 7 to
2. Cumulatively, in two-stage NF systems employing the coated
membrane, a near order-of-magnitude reduction in Co?*, Mn?*
and Ni?* permeation is accompanied by a modest increase in
SEC,; by approximately 5%. In essence, the use of coated mem-
branes leads to notable improvements in the lithium composi-
tion of the permeate, underscoring the operational advantages
conferred by improvements in monovalent selectivity for the re-
covery of lithium from expended battery leachates.

3. Conclusion

In this work, we develop and characterize nanofiltration (NF)
membranes specifically engineered for monovalent selectivity
from high salinity brines, facilitating lithium concentration from
salt-lakes and battery leachates. We introduce a highly perme-
able polyelectrolyte surface coating, endowed with a high density
of positively charged ammonium functional groups, onto con-
ventional polyamide membranes. This modification significantly
bolsters the membrane’s selectivity for monovalent ions, while
sustaining high cation permeability. Consequently, the coated
NF membrane exhibits enhanced Donnan exclusion, which de-
creases multivalent cation permeation (e.g., Mg?*+, Mn?*, Co? *,
and Ni%*) by an order-of-magnitude while reducing monovalent
cation permeation by only about 25%.

By characterizing the electrokinetic slip planes and the func-
tional groups present in the active layer, we show that the coated
membranes maintain a consistent positive surface charge over
the pH range of 1 to 8, which is attributed to the high density
of positively charged ammonium functional groups within the
surface coating. Additionally, leveraging an original experimen-
tal dataset that comprises over 8000 ion rejection measurements
obtained using our bench-scale setup, we demonstrate that the
coated membrane is capable of refining salt-lake brines to a resid-
ual magnesium concentration of 0.14%, and upgrading battery
leachates to a lithium purity of 98% through a singular stage NF
process. Moreover, our experiments reveal that the ion rejection
efficacy of the membrane is preserved, even after prolonged ex-
posure to acidic feeds for up to 12 weeks. Compared to mem-
branes documented in existing literature, our coated NF mem-
brane emerges as a non-dominated solution, striking a balance
between selectivity and permeability for dual-objective optimiza-
tion.

Further, we employ molecular dynamics (MD) simulations
to gain mechanistic insights into the interactions between feed
ions and the charged functional groups within the membrane.
Our analysis of polyamide NF membranes elucidated a Coulom-
Dbic attraction formed between carboxylate functional groups and
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cations and an energy barrier in interactions between ammo-
nium functional groups and cations. The latter aids in imped-
ing the transport of multivalent cations. The MD simulations in-
dicate that the improvement in selectivity for monovalent ions
stems from the slower kinetics of ion partitioning, attributed
to the greater electrostatic barrier encountered by multivalent
cations in polyamide membranes enriched with higher densi-
ties of ammonium groups. These molecular-level findings are in
agreement with our membrane characterization results, suggest-
ing that charge-based screening effects are pivotal in enhancing
monovalent selectivity.

By employing module-scale analysis, we quantify potential en-
hancements in thermodynamic efficiency achievable in indus-
trial NF treatment processes using Donnan-enhanced coated
membranes. Specifically, we focus on a two-stage NF process
aimed at concentrating lithium from Chilean salt-lakes and NMC
battery leachates, employing the calibrated DSPM-DE model for
ion transport to project specific energy requirements and perme-
ate quality. Our analysis revealed that the addition of the polyelec-
trolyte coating increases specific energy consumption (SEC;;) by
up to 14.7% when concentrating lithium from Chilean salt-lake
brines. Despite this increase, the benefits of the coating are pro-
nounced in the enhanced rejection of Mg?* ions relative to Li*
ions, resulting in permeate streams with significantly lower con-
centrations of multivalent cations. Specifically, the residual Mg? *
concentration was reduced by up to 39% at pH 2, producing
permeate streams with a residual Mg?* composition of 0.031%.
For NMC battery leachates, our findings suggest that the coated
membranes can achieve lithium purity levels exceeding 99.5% in
the permeate stream, with a modest increase in SEC;; of approx-
imately 5%. This illustrates the operational advantages of using
coated membranes for the recovery of lithium from salt-lakes and
battery leachates, highlighting the balance between a minor in-
crease in energy consumption and significant improvements in
permeate quality.

In conclusion, while our tailored nanofiltration membranes
substantially mitigate multivalent cation concentrations and el-
evate the purity of lithium in both hypersaline brines and bat-
tery leachates, the challenge of distinguishing between monova-
lent ions such as Li* and Na* remains. Given the high concen-
tration and similar ionic characteristics of sodium compared to
lithium, the reliance on Donnan exclusion alone has proven inad-
equate to impart selectivity between these monovalent ions. How-
ever, even partial improvements in Li* /Na* selectivity could sig-
nificantly reduce the usage of chelants and absorbents in down-
stream Direct Lithium Extraction (DLE) processes. Future inves-
tigations will thus focus on refining membrane technologies to
include specific enhancements, such as advanced surface coat-
ings or novel structural adaptations, aimed explicitly at improv-
ing Li* /Na* separation.

4. Experimental Section

Chemicals and Materials: Two types of semi-aromatic nanofiltration
(NF) membranes were fabricated by Nitto-Denko (Shiga, Japan). First,
the pristine membrane features a polyamide active layer polymerized on a
polysulfone support that was woven into a polyester mesh; the polyamide
active layer was the product of the canonical interfacial polymerization
reaction between piperazine and trimesoyl chloride.[*?] Second, a highly
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cross-linked and acid-tolerant polyelectrolyte was covalently condensed
with the carboxyl functional groups in the polyamide layer, yielding a
positively-coated Donnan-enhanced composite NF membrane.[>%] The NF
membranes were stored in a 10 g L~! NaCl solution and soaked in deion-
ized water for 24 h before use. The feed and permeate channel spacers
were procured from a commercial spiral wound membrane module.

Bench-scale experiments were conducted using salt-lake brines and
battery leachates to characterize the selectivity of the coated and un-
coated membranes. Anhydrous chlorides and sulfates of Nat, K*, Lit,
Mg?*, Mn2*, Co?*, and Ni2+, as well as NaOH (>98%) and HCl (37%),
were procured from MilliporeSigma. Polyethylene glycols with molecular
weights of 62, 200, 400 and 600 g mol~" were procured from Fisher Sci-
entific. Type | ultrapure water (18.2 MQ cm) was used to prepare all stock
solutions. The synthetic salt-lake brines were based on the actual aque-
ous compositions of Salar de Atacama, Chile and Qaidam Lake, Chinal39]
(Table 1). The synthetic battery leachates correspond to the products
from the inorganic acid leaching of LiNi,Mn,Co; _, _,0, (NMQ)["8] and
Li,MnO, (LMO)[""] battery cathodes (Table 2). The rationale for the choice
of feed solution was delineated in the Supporting Information.

Membrane Characterization: The surface morphology of the uncoated
and coated membranes were examined with field emission scanning elec-
tron microscopy (FE-SEM, Hitachi S-4800) at an acceleration voltage
of 5 kV. To study the polyelectrolyte and polyamide active layers within
the membrane’s cross-section, transmission electron microscopy (TEM,
Philips CM 100) was employed. The zeta potential and charge density of
the membranes’ diffuse layer were assessed with streaming potential ex-
periments (Anton SurPASS 3 Electrokinetic Analyzer). Fourier transform
infrared spectroscopy (FTIR, Nicolet iS50 FTIR Spectrometer) was utilized
to identify the charged functional groups present in the active layer. The
hydrophilicity of the active layer was determined with water contact angle
measurements (Ossila Contact Angle Goniometer). The ion partitioning
of the membranes was examined with quartz crystal microbalance with
dissipation experiments (QCM-D, E4, QSense Biolin Scientific).

In this study, a bench-scale plate-and-frame module was utilized to
evaluate the permeability and selectivity of both coated and uncoated NF
membranes.[3°] Detailed information on the experimental configuration
can be found in the Supporting Information (please see Section S2.1, Sup-
porting Information). Within the module, a coupon measuring 8.0 cm
by 3.0 cm was accommodated, and it features feed and permeate chan-
nels that were separated by spacers, each 1 mm in thickness. The flow
loop was equipped with pulsation dampeners (Hydra-Cell 4Cl SST) and a
temperature control system to regulate the pressure and temperature of
the feed solution. The permeate flux was determined based on gravime-
try (Ohaus Scout Pro SP601), and the solution conductivity and pH lev-
els (Hach HQ440d) were monitored and recorded at 1 Hz frequency on
LabView. To assess the aging performance in acidic leachates, pristine NF
membranes were submerged in a 0.5 M HCl solution for up to 12 weeks,
and ion rejection experiments with salt-lake brines and battery leachates
were periodically conducted.

Cumulatively, over 8000 ion rejection measurements, corresponding to
1152 unique permeate samples, were collected using the bench-scale ap-
paratus. Each sample represented a distinct operating condition, encom-
passing solution pH values ranging from 0 to 7 and feed salinities from
10 g L™"t0 250 g L7', across two distinct salt-lake brines and two compo-
sitions of battery leachates. The experimental data was comprehensively
compiled in the Supporting Information (Section S2.2, Supporting Infor-
mation). The bench-scale experiments were conducted at a cross-flow ve-
locity of 0.17 m s~1, and at a temperature of 20 + 0.5 °C. The membrane
coupon was first installed and compacted under high pressure of 50 bar for
2 h. Thereafter, the membrane was contacted with the saline feed solution
for at least 15 min at the specific pressure before the feed and permeate so-
lutions were sampled. The sampled solutions were collected in centrifuge
tubes and chilled. Thereafter, the ionic compositions were measured with
inductively coupled plasma optical emission spectroscopy (Agilent ICP-
OES 5100), using five-point standards from MilliporeSigma (Trace-Cert).
Based on triplicate sampling, the maximum uncertainty in the concentra-
tion measurements were below 4.3%. For molecular weight cutoff char-
acterizations, a total organic carbon analyzer was employed (Elementar
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Table 1. lonic composition of the salt-lake brine from Salar de Atacama, Chile and Qaidam Lake, China.l3%]

Salt Lake, Location

Nominal Composition (g L™")

Li+ Na* K Mg? * ar- Nejn DS
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 20.20 134.20 34.10 249.51

Vario-EL Cube). The pore size distribution of the coated and uncoated
membranes was estimated using polyethylene glycol (PEG) rejection tests
with molecular weights of 62, 200, 400, and 600 g mol~"', at pH levels of 7,
4, and 2. The organic solute rejection was correlated using nonlinear least
squares regression and a Monte Carlo approach to calculate the molecu-
lar weight cut-off (MWCO) and average pore radius, accounting for mea-
surement uncertainties.[3>#%32] The zeta potential is calculated from the
streaming potential measurements with the classical Smoluchowski equa-
tion. The QCM-D experiments were conducted based on the method pro-
posed by Villalobos et al.,[®] and the fundamental resonance frequency
changes were recorded with 0.1 M LiCl and MgCl, solutions at pH 2 and
7, to elucidate the impacts on solute partitioning.

The transmembrane water flux was calculated based on gravimetry, as
determined by Equation (1). The water permeabiltiy coefficient can be cal-
culated with Equation (2), based on experiments with ultrapure water

Am

Jv= oA AL (O]
A= @

where J,, [Lm~2 h™"and A, [L m~2 h~" bar™'] represent the transmem-
brane water flux and water permeability coefficient, p,, [kg L™'] and A,
[m?] denote the solution density and membrane cross-sectional area, Am
[kg], At [s] and AP [bar] denote the change in permeate mass, process
time and transmembrane pressure, respectively. The species rejection was
calculated based on Equation (3), using concentrations as determined by
ICP-OES. The separation factor between species i and j was determined
based on Equation (4).

C
Ri=1-2- @)
Ci,f
C.,/C
;= M (4
Cis/Gf

where R; [-] and a; ; [-] denote the species rejection and separation factor,
G, p [mol L' andC; ¢[mol L~"] represent the concentration of species i
in the permeate and feed solutions, respectively.

Molecular Dynamics Analysis:  To complement the experimental inves-
tigation, molecular dynamics simulations were employed to elucidate in-
teraction dynamics between feed ions and charged functional groups
within the membrane. The polyamide active layer was simulated, not the
porous support structure that was typical of commercial thin-film compos-
ite NF membranes. The membrane models were virtually polymerized us-

Table 2. lonic composition of the acid leachate from NMC and LMO battery cathode

ing piperazine and trimesoyl chloride monomers,[8384] typical of NF mem-
branes such as NF270. The number density and distribution of NH,* and
COO™ functional groups within the membrane models were based exper-
imental measurements at different feed pH conditions,[*®! as shown in
Figure S1B,C (see Supporting Information) for feed pH 2 and 7, respec-
tively.

Before production simulations of solute transport, virtually polymer-
ized membrane models need to be equilibrated using counter-ions to neu-
tralize the charged functional groups within the nanostructures of the
polyamide active layer (see Figure S2, Supporting Information).[84] Af.
ter equilibration of the charged membrane nanostructure, the membrane
model was placed between identical feed and permeate reservoirs (50 X
50 x 45 A3, after further equilibration), as depicted in Figure S3C (Sup-
porting Information), corresponding to the membrane’s dimensions in
the x- and y-directions and using periodic boundary conditions. Single-
layer graphene sheets bounding each reservoir bear an externally applied
pressure of 0.1 MPa, thus maintaining a net zero transmembrane pres-
sure. In the feed reservoir, the dilute solution had 5 Lit, 5 Mg2+, and
15 CI~ ions, corresponding to 10 g L™! TDS (precisely, 10.04 g L™T)
of LiCl and MgCl,; the concentrated solution has 25 Lit, 25 Mg2*,
and 75 CI~ ions, corresponding to roughly 50 g L™! TDS (precisely,
50.20 g L™ of LiCl and MgCl,. The permeate reservoir contains only water
molecules.

To facilitate the transport of solute ions across the membrane in the
short time that was practical to simulate, a body force was applied in
the positive z-direction to each feed ion.[#5-87] The magnitude of this
force was proportional to the ion’s Coulombic charge, effectively simu-
lating an external electric field of 0.5 V.38 Specifically, a force of 0.072
kcal mol=TA~1 was exerted on monovalent ions (Li* and CI~) and 0.144
kcal mol='A=" on divalent ions (Mg? *).[88] This approach ensured accel-
erated ion movement through the membrane without causing ion clus-
tering at the membrane surface or disrupting the membrane structure.
Each simulation started with all ions in the feed reservoir and extends for
100 ns. Three independent runs were performed to ensure repeatability.
Since the primary focus of these simulations was on solute-membrane
charge interactions, there was no transmembrane pressure and reservoir
sizes remain constant throughout the simulation. All MD simulations
were conducted with the Nanoscale Molecular Dynamic (NAMD) sim-
ulation package,!”®! in conjunction with the General AMBER Force Field
(GAFF)_[8979'|]

Module Performance Evaluation: The Donnan-steric pore model with
dielectric exclusion (DSPM-DE) was calibrated with the ion rejection mea-
surements to facilitate module-scale analysis of a two-stage NF process
employing the positively-coated membranes.33 A full account of the
model, encompassing numerical assumptions, limitations, and the so-
lution algorithm, is provided in the Supporting Information (see Sec-
tion S1.2, Supporting Information). In the DSPM-DE model, species

s 117,18]

Battery Cathode Leachate

Nominal Composition (g L™")

Li* Mn2+ Co?* Ni2+ H;O* cl- DS
LiNi,Mn,Co; _,_,0, (NMC) 2.31 331 14.16 4.27 5.71 48.91 78.67
Li,MnO, (LMO) 1.17 1.15 0.06 0.01 5.71 18.18 26.28
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transport was described by the extended Nernst-Planck partial differential
equation, incorporating concentration-driven diffusion, electrostatically-
driven electromigration, and bulk transport by advection, as described by
Equation (5)[2%]

ziciF

— VY 5
e ©)

N; = Kiaci)y, — KiyDj s Ve — Ki 4D
where N; [mol m=2 h™] represents the net solute molar flux, K; , [] and
K; 4[] represent the hindrance coefficients from convection and diffusion,
¢; [mol L™"] and z; [-] represent the molar concentration and electronic va-
lency, D; o, [m? s™'] represents the diffusion coefficient, F [C mol~"] and
R [) mol~" K] represent the Faraday and ideal gas constants, and T [K]
and ¥ [V] represent the temperature and electric potential, respectively.
The boundary conditions to the partial differential equation were imposed
by isoactivity conditions along the solution-membrane boundaries, as de-
scribed by Equation (6).2°%] To ensure chemical stability, electroneutral-
ity constraints were imposed in the bulk solution and within the nanopores
of the NF membrane, yielding Equations (7) and (8)[3%94]

(vici)
ﬁ =Dy Diyo Py (6)
™~ u
N
> ziCipuk = O )
i
N
Xd+ Z ZiCi mem = 0 (8)
f

where y, [mol L™1] represents the charge density of the active layer,
®D; o [, @ 4o [] and @; 4 [] represent the partition coefficients for
steric, Donnan and dielectric exclusions, ¢; i [mol L' and ¢; e
[mol L™'] represent the concentration of species i in the bulk solution
and within the nanopores, respectively. In the DSPM-DE model, the
four hyperparameters for each membrane were regressed independently
from different subsets of experimental data, where each subset corre-
sponds to a specific feed composition and pH level. The global opti-
mization algorithm used for parametric estimation is detailed in the prior
publication.[3°]

The calibrated DSPM-DE was leveraged to project the thermodynamic
performance of an industrial two-stage NF process that was commonly
used for lithium concentration.[**] The DSPM-DE model was integrated
using a forward Euler scheme with 100 steps to derive the final permeate
stream concentrations from a spiral-wound module, using a similar nu-
merical scheme as described in the prior publication.[3®] The dimensions
of the spiral-wound NF module were based on a commercially available
variant (Nitto-Denko PRO-XS1) of the positively-coated NF membrane
employed in this study. This spiral-wound module had a length of 1.02
m and provided an effective active area of 37.2 m2. The permeate compo-
sition was determined by calculating the molar ratio of the cation i to the
total cation concentration, as described by Equation (9).

= o ©)

where y; [] represents the permeate composition of cation i, N, [-] de-
notes the number of dissolved cations, andj € {Li*, Na*, K*, Mg? +, Co? *,
Mn2*, Ni%2 +}. The projected lithium recovery attainable by a two-stage NF
system was computed based on the molar flow rate of the input feed and
the lithium-rich permeate streams, as described by Equation (10)
CuipV,
== (10)
CufVs
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where &, [-] denotes the proportion of lithium recovered relative to the feed
stream and, V¢ [m® s~'] and Vp [m3 s~1] represent the volumetric flow rate
of the feed and permeate streams, respectively. The specific electrical en-
ergy consumption was determined relative to the molar quantity of lithium
extracted following the second NF stage, as defined in Equation (11).34
This calculation included the electrical work consumed for pumping and
the flow energy reclaimed with pressure exchangers, as detailed in Equa-
tion (12)[%°]

_ Win
SEC, = —=2— )
ClipVp Pp
Vi, AP;
. fi i,mem . .
Wi, = Z [— - (Vf,f - Vp,[)AP(,memnpx] (12)
= Mpump

where SEC [kWh kg~'] denotes the specific energy consumption, W;, [W]
represents the net electrical power consumed, AP; ..., [Pa] denotes the
transmembrane pressure between the feed and permeate streams in stage
i, and fp,,, [-] and 1, [] represent the pump and pressure exchanger ef-
ficiencies, respectively.
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