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Membrane filtration has been widely adopted in various water treatment
applications, butits use in selective solute separation for resource

extractionandrecovery is an emerging research area. When amembrane
processisapplied for solute-solute separation to extract solutes as the
product, the performance metrics and process optimization strategies
should differ from amembrane process for water production because the
separation goals are fundamentally different. Here we used lithium (Li)
magnesium (Mg) separation as arepresentative solute-solute separation
toillustrate the deficiency of existing performance evaluation framework
developed for water-solute separation using nanofiltration (NF). We
performed coupon- and module-scale analyses of mass transfer to elucidate
how membrane properties and operating conditions affect the performance
of Li/Mg separation in NF. Notably, we identified animportant operational
trade-off between Li/Mg selectivity and Lirecovery, whichiis critical for
process optimization. We also established a new framework for evaluating
membrane performance based on the success criteria of Li purity and
recovery and further extended this framework to separation with the
targetionsinthe brine. This analysis lays the theoretical foundation for
performance evaluation and process optimization for NF-based selective

solute separation.

Selective solute-solute separation has become aresearch frontier
duetoits potential applicationsinresource extraction and recovery'*.
The technological progressin membrane-based solute-water separa-
tion over the past half century, particularly in reverse osmosis (RO)
and nanofiltration (NF), has enabled energy-efficient desalination
and water purification®*. In those applications, water is the primary
product whereas the solutes are the unwanted constituents rejected
by membranes (Fig. 1a). In seawater or brackish water desalination,
the rejected solutes are mainly salts, while in wastewater re-use, the
rejected solutes include both salts and organic substances. The ideal

membranes for these applications should have a high water-solute
selectivity, that is, they should have high water permeability while
maintaining low solute permeability, leading to fast water production
and high solute rejection®’. Extensive efforts have been devoted to
developing membranes with high water-solute selectivity>. So far,
commercial RO/NF membranes have adequate water-solute selectivi-
ties for delivering reasonably good performance in desalination and
water purification™,

As RO membranes reject most solutes to a great extent and indis-
criminately, pressure-driven membrane-based selective solute-solute
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Fig.1|NF-based solute-solute separation and success criteria. a, lllustration
of conventional water-solute separation. Water is the primary product,

whereas the solutes are the unwanted constituents to be rejected by membranes.
b, Illustration of solute-solute separation. Certain target solutes are allowed to
pass through, while the others are retained by membranes. ¢, Representative
applications of selective solute-solute separation classified into two categories:
improvement and enablement. Examples of the improvement category include
NF-based water softening and micropollutant removal, where the primary
product is water. Examples of the enablement category include acid (or base)
recovery and Li/Mg separation, where the primary productis target solute.

d, Anexample treatment train for Li extraction where NF-based Li/Mg separation
isacritical step. An evaporative process first precipitates out Na and K salts and
pre-enriches Li concentration; an NF process next separates Li from Mg, with
most Lirecovered to the permeate; an RO process then concentrates the

Li-rich NF permeate; and a final precipitation process generates Li,CO, as the
product from the Li-rich RO retentate with Na,CO,. e,f, Success criteria for

Li/Mg separation: a successful Li/Mg separation should achieve high Li purity and
recovery (e); an undesired Li/Mg separation does not attain high Li purity and
recovery simultaneously (f).

separation relies on NF that differentiates the rejections of solutes
on the basis of their physicochemical properties (Fig. 1b). In general,
NF-based solute-solute separation can be classified into two major
categories (Fig.1c).Inthe first category, the primary productis water,
and the role of solute-solute separation is to improve the NF-based
water treatment processes. For instance, in NF-based water softening,
hardness ions (Ca?" and Mg*") are rejected whereas monovalent ions
(forexample, Na*and K*) canreadily pass through®'®. NF has also been
used toselectively remove micropollutants without removing benign
mineral ions™". The ability to achieve selective solute-solute separa-
tion in these contexts canlead to a desired product water quality (for
example, reserving nutrientions for fertigation), prevention of mineral
scalinginsubsequent desalination processes, and/or energy saving via
reducing transmembrane osmotic pressure difference.

Thesecond category of NF-based selective solute-solute separa-
tion aims at enabling the extraction of target solutes as the primary
product. For example, when strong acid or base is used to recover
cationic or anionic adsorbates from polymeric or mineral adsorbents,
NF canbe applied to concentrate the adsorbates (in the retentate) and
recover acid or base (in the permeate) for re-use. A similar application of
thistypeis dyerecovery fromtextile wastewater, where dye molecules
areretained and concentrated as the target solutes®. One potentially
prominent NF application of the second category s lithium (Li) extrac-
tion from brines rich in magnesium (Mg)™.

The conventional method for Li production from brine is based on
evaporationand chemical precipitation, which typically requires that

thebrine hasalow Mg-to-Liratio (MLR)"'. Inrecent years, integration
of membrane processesinto the treatment trains has receivedincreas-
inginterest for process intensification, and for enabling Li extraction
frombrineswith ahigh MLR™. Arepresentative treatment trainincludes
an evaporative process for precipitating out Naand K salts, an NF pro-
cess for separating Liand Mg, an RO process to concentrate the Li-rich
NF permeate, and a final precipitation process for generating Li,CO,
as the product (Fig. 1d)". NF-based Li/Mg separation is the most criti-
caland technically challenging unit processinsuch a treatment train.
Thus, many efforts have been devoted in recent years to developing
high-performance NF membranes for Li/Mg separation’® >,

But what exactly is agood NF membrane for Li/Mg separation, or
more generally, for any solute-solute separation? As the treatment goal
isno longer simple separation of solute from water, the conventional
framework of membrane evaluation based on water-solute selectivity
isinsufficient. In most papers on developing solute-solute separation
membranes, performance was evaluated on the basis of solute-solute
selectivity and water permeability’®2*. The selectivity of solute A over
soluteB, S, is defined as®

1- RA _ _IA/Cf’A
1-Rg  Js/cep

Sam = @

where R, (Ry),J Js) and ¢; 4 (c;g) are the apparent rejection, solute flux
and feed concentration of solute A (or B), respectively. S, zis also called
separation factor. The solute flux and feed concentration can be based
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on either mass or mole as long as the concentrations are consistent
withinthe equation. In the following discussion, we will use mass-based
definitions asadopted by most literature, although mole-based defini-
tions are mechanistically more meaningful.

Inthis Analysis, we will show that S,z aloneisinsufficient for evalu-
ating an NF membrane or process for selective solute-solute separa-
tions for resource recovery. While the principle should be generally
applicable, we focus the current analysis on the specific application
of Li/Mg separation to provide a concrete illustration. We start our
analysis by evaluating the success criteria for Li/Mg separation and pro-
videacritical analysis of literature data. We then perform coupon-and
module-scale analysis to elucidate important operating and material
considerations in NF-based Li/Mg separation. Finally, we introduce
and discuss two important trade-offs that will guide future process
optimization and membrane developmenttoachieve high-performance
Li/Mg separation.

Why is selectivity not a sufficient metric?
Assessing the adequacy of the metric S, requires first defining a suc-
cessfulLi/Mg separation. As the purpose of the separation is to extract
LifromaLi/Mg mixture, the success criteria should have two aspects:
purity and recovery (Fig. 1e). Considering a simplified scenario with
only Li*and Mg** cations, the permeate Li purity, 5., is defined as the
mass fraction of cations in the permeate that are Li*:
Cp,Li

N (2

" Cplit+Cpmg

wherec,;and c, y are theLi*and Mg* concentrations in the permeate,
respectively. The importance of Li purity is obvious as improving Li
purity is the motivation for performing Li/Mg separation. A permeate
with low Li purity will result in Li,CO, precipitate containing an unac-
ceptable level of MgCO, impurity. For a feed solution of a given MLR,
ny;relates to the Li/Mg selectivity, Sy, via the following equation:

1

= 1+ MLR/S g 3)

N

Thesecondimportantsuccess criterionis Lirecovery, defined as
the mass fraction of Li* in the feed that is eventually recovered in the
permeate. Specifically, Lirecovery, LiR, can be quantified as

Qpcp,Li
£CF Li

LiR =

=WR(A-Ry) “)

where Q, and Q;are the volumetric permeate flowrate and influent
flowrate of the feed stream, respectively; c,;;and ¢;;;are the Li concen-
trations in the permeate and feed influent, respectively; WR is water
recovery;and R;is Li rejection. Both WR and R;; are module-scale per-
formance metrics. As we will show shortly, using R;; evaluated with
membrane coupons for module-scale analysis canlead toinaccurate or
evenunphysical results. With the definitions of Li purity and recovery,
itbecomes apparent thatasuccessful Li/Mg separation should recover
the majority of Li from the feed solution and at the same time produce
apermeate with a high Li purity (Fig. 1e).In other words, attaining only
high Lirecovery or high Li purity alone is undesirable for the purpose
of Li extraction (Fig. 1f).

We summarize and analyse literature data on the performance
of NF membranes for Li/Mg separation. We also tested the perfor-
mance of several commercial membranes (NFX, NF90 and NF270;
Supplementary Table 1) to benchmark performance comparison.
Both the literature data and results from our experiments are
compiled in Fig. 2a-d (see also Supplementary Table 2). The feed
MLR spans a wide range from 5:1 to 120:1, and the Mg?* concentra-
tions vary by nearly two orders of magnitude (Fig. 2a). The feed

composition is critical as it affects Li/Mg selectivity and directly
impacts Li purity via equation (3).

Therejections of Li*and Mg?* span awide range of values (Fig. 2b).
Therejections of Mg?* are typically higher than 70% and can evenreach
99.9%. The Li* rejection (R;) varies from -140% to 87%. Negative rejec-
tion of highly permeable ions (Li*) is a result of maintaining Donnan
equilibrium and is common in NF when the feed solution mixture has
an abundance of strongly rejected co-ions (Mg?*) and counter-ions
that can easily permeate through the membrane (CI") (refs. 1>2%),
The permeation of CI” promotes the transport of the highly permeable
cation, Li*, to maintain charge neutrality in the permeate solution,
thereby resulting in a permeate with even higher Li* concentration
than that of the feed.

The Li/Mgselectivity, S,y is strongly sensitive to Mg* rejection,
especially when Mg** rejection is high (Fig. 2c). This dependence is
also obvious from the definition of S,;, (equation (1)) in which the
denominator is 1 — Ry,. The Li/Mg selectivity and the feed MLR
together determine the permeate Li purity, which ranges from below
10% to over 90% (Fig. 2d). The high sensitivity of S;;y, to Ry suggests
thatavery high S, canbe achieved evenif Li*ions are well rejected,
provided that Mg* rejection is near perfect. This property of S,
rendersitaninsufficient performance metric as it overlooks the factor
of Lirecovery.

Toillustrate theinadequacy of selectivity as a performance metric,
a heuristic comparison between two scenarios with the exact same
Li/Mgselectivity (50) is provided in Table 1. Two different separations
withthe sameselectivity fall onthe same Li/Mg selectivity linein Fig. 2b.
TheR,;and Ry, are -80% and 96.4%, respectively, in the first scenario,
and 95% and 99.9% in the second scenario. Lirecovery, LiR, is estimated
by equation (4) to be 90% for the first scenario but only 2.5% for second
scenario when WR is 50%. The extreme difference of LiR for the two
separations with the same Li/Mgselectivity clearly demonstrates why
selectivity is an inadequate metric. Because of the high sensitivity of
Li/Mg selectivity to Ry, especially when Ry, approaches 100%, a very
high Li/Mg selectivity can be achieved even when R,; is unacceptably
high forany Lirecovery.

Notably, applying equation (4) with a WR of 80% in the first sce-
nario predicts anunphysical LiR 0f144%. The emergence of this unphys-
ical predictionis attributable to the implicit use of R ;measured using
coupon-scale experiments inan equation (equation (4)) that should use
R,; of module-scale processes. While an R; of -80% is not uncommon
in literature (Fig. 2b), those reported R,; values were measured using
membrane coupons (thatis, WRis nearly zero) with acertain feed solu-
tion composition. To achieve a WR of 80% with membrane modules,
however, the feed composition varies along the module due to the
selective transport of water and ions. As we will show, R,; of amodule-
scale process cannot be highly negative. In other words, an LiR >100%
should not emerge in a module-scale analysis that correctly captures
the mass transfer behaviour, which is the focus of the next section.

Module-scale analysis of NF-based Li/Mg
separation

Performing module-scale analysis requires amodel to describe thelocal
mass transfer in a differential element of the module. Such a model
outputs the local fluxes of water and ions using applied pressure and
local feed composition as the inputs. The module behaviour canthen
be modelled via finite difference method to relate mass transfer in
differential elements (for details, see Methods). In this analysis, we
employ the solution-diffusion-electromigration (SDEM) model due
to its simplicity and ability to model fluxes of multiple components.
The SDEM model assumes that any point inside the membrane is in
thermodynamic equilibrium with a virtual bulk electrolyte solution
thatis charge neutral”*°. The virtual solution treatment is equivalent
toapplying amodified Nernst-Planck equation with the ion diffusion
coefficient replaced by theion permeability, whichis the product of the
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commercial NF membranes tested in this study and membranes reported in the
literature. The selectivity has a strong dependence on Mg?* rejection, especially
when Mg?* rejectionis high. d, Li//Mg?* selectivity as a function of MLR, with the
permeate Li purity (defined by equation (2)) presented in dashed lines (varies
from10% to 99%). Data points on the same dash line have the same purity. For
all panels, circles represent data from literature studies, including polyamide
membranes (legend: PA (lit.)) and polyelectrolyte membranes fabricated by
layer-by-layer deposition (legend: LbL (lit.)); diamonds represent data collected
in this study.

Table 1| Performance comparison of two scenarios with the
same Li/Mg selectivity

Scenario1 Scenario 2

Li/Mg selectivity 50
Purity MLR: 10 83.3%

MLR: 50 50.0%
Li* rejection -80% 95%
Mg? rejection 96.4% 99.9%
LiR® WR:50% 90% 2.5%

WR: 80% 144% 4.0%

*The lithium recovery (LiR) calculated here is based on the to-be-disproved assumption of
WR-independent Li* and Mg?* rejections.

partition and diffusion coefficients (Supplementary Text1)*. The ion
flux for speciesi,/, inthe SDEM modelis described using the modified
Nernst-Planck equation:

dCi d
-/i = _Pi (a +ZiCid_()€) (5)

where P;is the ion permeability, c; is the ion concentration in the
virtual solution, x is the transmembrane coordinate normalized by
the membrane thickness, z; is the valence of species i, and ¢ is
the local electrical potential in the virtual solution. Solving
equation (5) yields the transmembrane distributions of ion concentra-
tions, electrical potential and electrical field (Fig. 3a as anillustration),
which enables calculating rejections in a local differential
element.

The SDEM modelis semi-empirical because P;is not constant but
has a rather complex dependence on the feed composition. While
more mechanistic models are capable of describing multi-component
transport®**, they usually contain questionable assumptions and many
fitting parameters. For simplicity, we employ a linear correlation to
relate P;to feed composition:

’

f,Li

’

P; = ayC t Mg

+acl,, +o3 (6)
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datawere reported in He et al’s study®. Li*/Mg?* selectivity was calculated with
equation (1). lon permeabilities were fitted with the SDEM model. ¢, Fitted
permeability extracted from the SDEM model using experimental data versus the
predicted permeability obtained using the empirical correlation presented in
equation (6) for three commercial NF membranes tested in this study and the LbL
polyelectrolyte membrane in He et al.s study®*. CP was accounted for by an
assumed mass transfer coefficient of 100 | m2h™ for both LiCl and MgCl,.

!
where Gty

and Mg?, and a; are fitting coefficients. We note that the linear correla-
tion works well in this analysis but requires further validation before
applyingtoamore complex mixture feed solution. The local interfacial
concentrations relate to the local bulk concentrations via concentra-
tion polarization (CP):

and c; wig T€ the local interfacial feed concentrations of Li*

@)

where, is local water flux and k; is the mass transfer coefficient of
speciesi./, can be estimated using

Jw="Py (AP — A”m) (8)

where P, is the water permeability, and AP and Am,, are the trans-
membrane difference of hydrostatic pressure and osmotic pressure,
respectively. For relatively dilute solutions, the van’t Hoff equation
can be applied to relate Am,, to transmembrane concentration dif-
ferences (Methods). The local mass transfer can be determined by
solving equations (5-8) simultaneously with charge neutrality and
steady-state conditions.

We use the data of water flux and ion rejections of a polyelectro-
lyte membrane coupon measured with different feed compositions
(Fig.3b) asreported by He et al.?* to extract the permeability of Li* (P,;)
and Mg** (P,,,) and determine the correlation coefficients in equation
(6). The polyelectrolyte membrane (named LbL in Fig. 3b,c) was fab-
ricated using layer-by-layer (LbL) deposition of poly sodium (4-styre-
nesulfonate) and poly(allylamine) hydrochloride®. Additionally, we
measured the performance of commercial NF membranes using the
conditions (Methods and Supplementary Fig.1). The correlations ofion
permeability for these membranes are summarized in Supplementary
Table 3. In general, P, is one to two orders of magnitude higher than

Py, and thelinear correlations can provide reasonable predictions of
the permeabilities extracted from the SDEM model using experimental
data (Fig. 3c).

With a model to evaluate the local mass transfer in a differential
element, we can now extend the analysis to module scale by numeri-
callyintegrating the governing differential equations for species con-
servation over a finite membrane area (Methods). Here we based our
illustrative analysis on the polyelectrolyte membrane and generate
representative results to describe the module-scale behaviours in
NF-based Li/Mg separation. Intuitively, the module behaviour can be
described as a spatial distribution of solution properties and separa-
tion performance along the direction of the feed flow. However, amore
universal representation is to replace the positionin the module with
WR (up to that position) because WR increases as feed water flows past
more membrane area.

Asmorewater is recovered, the Mg?* concentration in the retentate
(that is, the solution remaining in the feed channel after partial water
recovery)increases dramatically, whereas the retentateLi’ concentration
firstincreases and then decreases but overall remains low (Fig. 4a). The
permeate concentrations of Li* and Mg?* consistently increase with
increasing WR (Fig. 4b). Here we distinguish between thelocal and cumu-
lative permeate concentrations: thelocal concentrations are what could
have been measured using a membrane coupon with the local feed
composition, whereas the cumulative concentrations consider the
cumulative ion and water permeation preceding the position corre-
sponding to the current WR (that is, /' /;dS/ [ J,,dS, where dS is the dif-
ferentialmembranearea). Correspondingly, the Li* and Mg** rejections
canalso be defined locally and cumulatively (Fig. 4c). While the local Li*
rejection can become strongly negative (as observed with some mem-
brane coupons), the cumulative Li* rejection cannot, thereby preventing
the erroneous inference of over 100% LiR presented in Table 1.

The non-monotonic dependence of retentate Li* concentration
onWR (Fig. 4ainset) isadirect result of local Li* rejection transitioning
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considering accumulation of ions from the permeate stream entering the
differential module element. In ¢, the local and cumulative rejections are
calculated using the local and cumulative concentrations in b, respectively.
d-f,Retentate MLR (d), local and cumulative Li/Mg selectivity (e) and Lirecovery
(f) asafunction of WR. Simulation used 6 bar and a feed solution of LiCl and
MgCl, with2 g1 total concentration and MLR of 20. CP was accounted for by a
mass transfer coefficient of 100 | m™h™ for both LiCland MgCl,.

from positive to negative as WR increases (Fig. 4c). Despite the low
(but positive) R;;atlow WR, the Li*intheretentateis still concentrated
with more water recovered, until R;;becomes negative at high WR. The
strongly negative rejection of Li* at high WRis aresult of both high local
MLR ratio (Fig.4d) and low local water flux due to diminishing driving
force with increasing retentate osmotic pressure (Supplementary
Fig. 2). Notably, both the cumulative selectivity and local selectiv-
ity drop with increasing WR (Fig. 4e) despite the progressively
more favourable Li* permeation at higher WR (Fig. 4c), which can
be explained by the noticeable reduction of Ry, with increasing WR
(Fig. 4cinset) and the high sensitivity of S, to Ry, (equation (1)). The
dropinlocal Li/Mg selectivity is a result of both the varying retentate
composition (Fig. 4a) and water flux, as selectivity could be substan-
tially compromised when the water flux is too low (Supplementary
Text 2 and Supplementary Fig. 3). Lastly, Li recovery, LiR, increases
monotonically as more water is recovered (Fig. 4f).

Performance trade-offin NF operation

From an operational perspective, the module-scale analysis reveals
anintrinsic trade-off between the (cumulative) selectivity, S;;,, and
Lirecovery, LiR. For a single-stage NF process with a given applied
pressure and influent feed flowrate, a higher WR can be achieved
by providing more membrane area. Increasing WR increases LiR
(Fig.4f) butatthe cost of reduced S, (Fig. 4€), resulting in the trade-
offbetween §,;; and LiR (Fig. 5a).

The characteristic curve quantifying the trade-off between
Siymgand LiR, namely the operational trade-off curve, depends on the
applied pressure, AP, which affects the water flux. At alow AP, water
permeates through the membrane at a lower rate. However, the ion
fluxes are not affected proportionally due to the negligible advective
iontransportin NF. Therefore, operating NF at lower APenhances the

relative Li* permeation as compared with water permeation, which
results in a higher LiR at the same WR and thereby shifts the trade-
off curve towards the right (see dash curves in Fig. 5a). This effect
of enhanced LiR at the same WR is more prominent at a higher WR.
Notably, the maximum WRachievable with unlimited membrane area
isalso dependent on AP, as water permeation stops when Am,,, reaches
AP.Inthe extreme case of applying only 1 bar, the maximum attainable
WRand LiR are ~-10% and ~22%, respectively.

Intherange of low WR, §,;y;increases considerably as APdecreases
from 8 bar to4 bar, thatis, reducing APand water fluxin thisrange also
shifts the trade-off curves up (Fig. 5a). However, further reducing
APbelow 4 bar compromises S (see reflection of dash curves in
Fig.5a). With a AP of 1bar, Sy, becomes very low. While the cumula-
tive selectivity, S;;v,, has a complex dependence on multiple factors
(for example, water flux and feed composition) that varies along the
module, the non-monotonic dependence of S,;,, can be explained by
the flux dependence of local selectivity as shown in Fig. 5b.

Inthe water flux regime typical of NF (grey regionin Fig. 5b), local
Li/Mg selectivity decreases monotonically with increasing water flux
due to CP. Specifically, because Mg?* ions are far better rejected than
Li*ions, the accumulation of Mg? near the membrane surface is more
severethanLi’, whichresultsinahigherinterfacial MLR atahigher water
flux (Supplementary Fig. 4). A higher interfacial MLR is detrimental to
local Li/Mg selectivity, which is strongly sensitive to Mg** rejection,
because a heightened interfacial Mg?* concentration compromises
Mg?* rejection (Supplementary Fig.5).In the very low water flux regime
(yellowregioninFig. 5b, untypical of NF), local Li/Mg selectivity drops
dramatically with decreasing water flux due to the substantially reduced
rejections of allions because of the weakened ‘dilution effect’. As Sy,
ismuch more sensitive to Mg?' rejection than to Li* rejection, reducing
therejections of allions leads to adramatic drop in Sy .
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Fig. 5| Trade-offbetween Li selectivity and recovery in NF-based Li/Mg
separation. a, Trade-off between cumulative selectivity and Li recovery at
different applied pressures. Atagiven pressure, the Lirecovery increases when
more water is recovered. The values of water recovery (WR) are also provided.
Each dash curve connects data points from the same WR obtained using different
applied pressures. The simulations were performed using an applied pressure
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of1,2,4, 6 and 8 bar and a feed solution of LiCl and MgCl, with 2 g I ' total
concentration and an MLR of 20. b, Coupon-scale selectivity as a function of
water flux with afeed MLR of 20 and a total concentrationof 2g1?and 6 gI™. The
applied pressure varies up to 10 bar to vary the water flux. CP was accounted for
by an assumed mass transfer coefficient of 100 | m h™ for both LiCland MgCl,.

Asselectivity isrelated to the permeate Li purity, i, viaequation
(3), the trade-off between S, and LiR presented in Fig. 5a can be
directly converted to a trade-off between n,; and LiR for a given feed
MLR (Supplementary Fig. 6). Atagiven applied pressure, the trade-off
between the two important performance metrics in Li/Mg separation
suggests that recovering more Li* by using alarger membrane area will
inevitably yield a permeate stream with a lower ;. Within the typical
range of NF flux, S, and LiR can be simultaneously improved by
operating NF atalower pressure toreduce water flux. Additionally, the
trade-off curve canalso be shifted towards amore favourable direction
when a better membrane is used, with the definition of ‘better’ to be
discussed below.

Performance metrics of NF membrane for Li/Mg
separation

What exactlyis a‘better membrane’in the context of Li/Mg separation
is an important question to the vibrant and growing community for
developing high-performance NF membranes for Li/Mg separation.
While many previous papers in this field compare membrane perfor-
mance in a plot of Li/Mg selectivity versus water permeability (S;;g
versus P,; Table 1), we have demonstrated why S, is an insufficient
metric. We have also shown that a high water flux is detrimental to both
Liselectivity (or purity) and recovery (Fig.5). Therefore, a high P, seems
at odds with the success criteria for Li/Mg separation.

Selectivity is defined on the basis of rejections, which are less
intrinsicthan permeabilities, whereas membrane performance ismore
commonly quantified on the basis of permeabilities. Although one may
rightfully argue that permeabilities are also not entirely intrinsic prop-
erties, they are more intrinsic than rejections and are adopted in the
most widely used framework for evaluating membrane performance
for water-solute separation. Selectivity in water-solute separation
is defined on the basis of the ratio between water permeability (P,)
and solute permeability (P,). The water/solute selectivity (P,/P;) is
usually plotted against the water permeability (P,) to illustrate the
perm-selectivity of membranes’*>**, However, such a performance
evaluationframeworkbased on P, /P versus P, is clearly inappropriate
forLi/Mgseparation with very different success criteriacompared with
water-solute separation.

Notonlyshould anideal NF membrane for Li/Mg separation enable
fastLi* transportand slow Mg?* transport so that selective permeation

of Li* over Mg?' can be achieved to maximize Li purity, butit should also
favour Li* permeation over water permeation to promote Lirecovery.
If water permeation is very fast yet Li* permeation is very slow, only a
small fraction of Li* in the feed solution will end up in the permeate.
Given these considerations, we propose that the performance of an
NF membrane for Li/Mg separation should be evaluated on the basis of
two permeability ratios, P,;/Py,and P;/P,, (Fig. 6a). Ahigh P,;/P,, favours
Li/Mg selectivity and Li purity, whereas a high P, /P, favours Lirecovery.
These two permeability ratios directly correspond to the two success
criteriain NF-based Li/Mg separation.

Like water-solute separation, a membrane with a higher P, can
reducethe energy consumptionand/or membrane areaforagiven feed
flowrate, thereby reducing overall cost of the separation®®.In Li/Mg sep-
aration, however, a higher P, is beneficial only if it does not compromise
P,/P,, because LiR is probably amore important performance metric
than water flux or volume-specific energy consumption. In a bubble
plot of P;/Py, versus P,;/P,, where P,, may be quantified by the size of
the ‘bubbles’ (Fig. 6a), anideal membraneisa‘bigbubble’ on the upper
right of the plot. The concept of a performance upper bound commonly
employed for perm-selectivity in water—solute separation also applies
here to describe the trade-off between Li purity and recovery. Future
studies on developing high-performance NF membranes should aim
to populate the bubble plot beyond the current upper bound.

The P,;/Py, versus P,;/P, bubble plot should be used with caution
when comparing membrane performance. Ideally, all data points in
this plot should be obtained using the same feed composition and
operating conditions, which is not necessarily the case across differ-
entstudies. These testing conditions impact membrane performance,
which is evident from the mild scattering of performance for a given
membrane tested in different conditions (Fig. 6a and Supplementary
Table 4). Future studies on membrane development should converge
toaunified testing protocol for performance comparisononthe P,;/Py,
versus P;/P,,bubble plot.

Extending performance metrics of NF membrane
forrecoveringionsinthebrine

While the current analysis primarily focuses on Li extraction where the
ionsenrichedinthe permeate (thatis, Li*) are the product, the analysis
framework can readily be extended to other selective solute separa-
tionwheretheionsretainedinbrine are the product (for example, rare
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permeability and Mg permeability (P,,/Py,). This evaluation framework applies

to extracting Mg, or more generally, theions enriched in the brine. The size of the
data points quantifies the water permeability, P,, (see legend). The permeabilities
are extracted using the SDEM model with an assumed mass transfer coefficient
of100 Im™2h™ for both LiCl and MgCl,. Legends ‘PA (lit.)’ and ‘LbL (lit.)’ refer

to literature data obtained using polyamide membranes and polyelectrolyte
membranes fabricated by layer-by-layer deposition.

earth metal recovery)*. Without collecting new sets of data for such
applications, here we analyse the same dataset for Li/Mg separation but
for a hypothetical scenario where Mg ions are the product (Fig. 6b).
The success criteria for such an application are clearly Mg purity and
recovery. Analogous to how we evaluate membrane performance for
Liextraction, here the P,;/Py, ratio remainsimportant asit determines
the Mg purity in the brine stream. Unlike Li extraction, however, the
relevant membrane property to Mg recovery is P,/Py,. A high water
permeability, P,, not only improves performance from an energy or
kinetic perspective as in conventional water-solute separation, but
also benefits Mg recovery by ensuring that only a small fraction of
Mg?* ions in the feed stream will end up in the permeate stream when
most water permeates through the membrane. These two membrane
performance metrics for Mg recovery using NF-based Li/Mg separa-
tion, P;/Pyzand P, /Py,, positively correlate with each other on the basis
of data evaluated from literature using the SDEM model (Fig. 6b). In
otherwords, thereis no trade-off at the membrane level when NF-based
Li/Mg separation is used towards Mg recovery.

Perspectives and outlook

Our analysis demonstrates that the existing framework for evaluating
NF performance in water treatment is inadequate for quantifying NF
performance for selective solute-solute separation. The performance
metrics in the existing framework mismatch the success criteria for
selective solute-solute separation when the goal is to extract a target
solute as the desired product. Li/Mg separation is chosenas an example
forillustrating such a mismatch and for developing a suitable frame-
work for evaluating process and membrane performance. In NF-based
Li/Mg separation, the key performance metrics at the process level
should be Li/Mg selectivity (or Li purity) and Li recovery, not water
permeability as currently used. The consideration of these two metrics
resultsinimportant trade-offrelations for operation optimization and
membrane development.

From an operation perspective, process optimization of NF for
Li/Mg separation should focus on Li purity and recovery, which are
constrained by a trade-off relation (Fig. 5). Factors that are critical in
water treatment, such as energy consumption and membrane cost, are
probablylessimportantinLi/Mg separation due to Libeing acommod-
ity with a much higher economic value than water. From membrane
development perspective, NF membranes for Li/Mg separation should

be evaluated using the P,;/Py, versus P,;/P, bubble plot (Fig. 6), which
captures membrane properties most relevant to the success criteria
of Li/Mg separation.

We also demonstrate how this analysis framework can readily
extend to another general category of selective solute separation
whereionsinthebrine are the targetions of extraction. We believe this
general analysis framework featuring targetion purity and recovery will
guide future endeavours in process innovation and optimization and
the development of high-performance NF membranes for selective
solute-solute separation.

Methods

Modelling module-scale performance with the SDEM model
The SDEM model describes local ion transport across the membrane
with the modified Nernst-Planck equation (equation (5) in the main
text). With a given feed solution composition and a set of ion perme-
abilities, permeate composition can be solved as afunction of perme-
ate flux with the charge neutrality (equation (9)) and steady-state
(equation (10)) conditions:

Z ZiC; = 0 (9)

Ji =IwCp,i (10)

where c; is the concentration of ion i in the virtual solution or the
external feed and permeate, and ¢, is permeate concentration of
ion i. Yaroshchuk and Bruening provided an analytical solution of
the SDEM model for a ternary electrolyte system®. Thus, a pair of ion
permeabilities canbefitted to describe the coupon-scaleion transport
behaviour after accounting for CP (equation (7) in the maintext), given
experimental results of Li* and Mg? rejections at a certain permeate
flux. A MATLAB application is provided as Supplementary Code for
fittingion permeabilities.

The module behaviour was then modelled via a finite difference
method to relate mass transfer in differential elements. Each dif-
ferential element has either the same membrane area or the same
increment of water recovery (WR). Since WR increases as feed water
flows past more membrane area, the module-scale behaviours can
be equivalently modelled as afunction of WR instead of a function of
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position along the module. Theinputs were the applied pressure and
the initial feed solution composition.

The modified Nernst-Planck equation (equation (5) in the main
text) and the local permeate flux (equation (8) in the main text) were
solved iteratively with ion permeabilities as a function of interfacial
feed solution composition (equation (6) in the main text) to determine
thelocal permeate composition and thus localion rejections. Species
conservation was maintained in the retentate and permeate when
coupling the adjacent differential elements:

d((1—WR)c, (WR))

I0¢(WR) =
i (WR) dWR

1)

where c'°°(WR) and ¢, (WR)are local permeate concentration and bulk
retentate (or brine, subscript ‘b’ for brine) concentration of ion i at
water recovery WR, respectively. Cumulative permeate concentration,
coi™(WR), can be calculated as:

/c';;?(WR)dWR
cum — h
CpuM(WR) = — e —— (12)
Local and cumulative rejections were then calculated by:
loc C][??(WR)
Rl°¢ (WR) =1— L OWR) (13a)
cum WR)
REU™ (WR) =1 (13b)

fi

where c;;is theinitial (orinfluent) feed concentration ofioni. Local and
cumulative selectivity can also be determined according to equation
(1) in the main text.

Estimation of osmotic pressure of the LiCI-MgCl, mixed
electrolyte solution

Forrelatively dilute solutions, the van’t Hoff equation s usually applied
to estimate the solution osmotic pressure:

C
m=RTY —
ZMW

(14)

where c;ision mass concentration ofion i, MW, is the molecular weight
ofioni, Ris ideal gas constant and T is solution temperature. Trans-
membrane osmotic pressure, Am,,, can be then estimated with feed side
interfacial concentrations and permeate concentrations:

AT —RTZ Cfmlwcpl)
i

(15)

We note that, if solution non-ideality is accounted for, ion perme-
ance should be estimated in terms of ion activity gradient rather than
concentration gradient. lon activity coefficient and solution osmotic
pressure can be estimated by the Pitzer model®.

Li/Mg NF separation experiments using commercial
membranes

Li/Mg NF separation experiments were carried outin alab-customized
crossflow filtration system with stainless-steel membrane coupons.
Effective membrane area of each coupon is 7.1 cm? The crossflow
rate is 2.7  min™. Three commercial thin-film composite polyamide
NF membranes, NFX (Synder) and NF90 and NF270 (Filmtec, Dow),
were tested. Pure water permeability was first measured at 6 bar after
pre-compaction of the membrane samples. Li/Mg separation was
then conducted at 6 bar with both retentate and permeate streams

circulating back to the feed tank. The feed solutions were prepared
with LiCl and MgCl, (Sigma-Aldrich) to achieve a total concentration
of2,4and 6 gI™,and an MLR 0f 20, 40 and 60. After filtration reaches
steady state, permeate flux was measured and permeate samples were
collected forion concentration measurements. Li*and Mg?* concentra-
tions were measured by inductively coupled plasma optical emission
spectroscopy. The permeate flux, /,, of the NF experiments was deter-
mined using the following equation:
AV

Jv= At (16)

where AVis the permeate volume produced in the period of At and A¢
isthe effectivefiltration area of the membrane coupon. The observed
ionrejection, R;, was calculated as

Cpi

(17)
Cri

R,'=1—

where ¢, ;and c;; are concentrations of the target ion in the permeate
and feed solution, respectively.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data are provided with the paper. Source data for figures
are in Excel format (.xIsx) and also available publicly via https://doi.
org/10.6084/m9.figshare.21944408.

Code availability

The code for generating Fig. 4 in the manuscript is available pub-
licly via the following link: https://github.com/ruoyuwanglé/
NATWATER-22-0394-Data-and-Codes.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  MATLAB Online has been used to solve the mass transport model in the manuscript with customized codes.

Data analysis MATLAB Online has been used to solve the mass transport model in the manuscript with customized codes.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Provide your data availability statement here.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The study doesn't involve human research participants.

Population characteristics The study doesn't involve human research participants.
Recruitment The study doesn't involve human research participants.
Ethics oversight The study doesn't involve human research participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

D Life sciences |:| Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,

describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes IXI No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods
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Involved in the study

Antibodies

Eukaryotic cell lines
Palaeontology and archaeology
Animals and other organisms
Clinical data

Dual use research of concern

n/a | Involved in the study

X[ ] chip-seq
X[ ] Flow cytometry

X[ ] MRI-based neuroimaging
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