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Performance metrics for nanofiltration-
based selective separation for resource 
extraction and recovery

Ruoyu Wang    1, Rongrong He2, Tao He2, Menachem Elimelech    3  
& Shihong Lin    1,4 

Membrane filtration has been widely adopted in various water treatment 
applications, but its use in selective solute separation for resource 
extraction and recovery is an emerging research area. When a membrane 
process is applied for solute–solute separation to extract solutes as the 
product, the performance metrics and process optimization strategies 
should differ from a membrane process for water production because the 
separation goals are fundamentally different. Here we used lithium (Li) 
magnesium (Mg) separation as a representative solute–solute separation 
to illustrate 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 an important operational 
trade-off between Li/Mg selectivity and Li recovery, which is 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 
target ions in the 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 a research frontier 
due to its potential applications in resource extraction and recovery1,2. 
The technological progress in 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 purification3,4. 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 rejection3,5. Extensive efforts have been devoted to 
developing membranes with high water–solute selectivity5,6. So far, 
commercial RO/NF membranes have adequate water–solute selectivi-
ties for delivering reasonably good performance in desalination and 
water purification7,8.

As RO membranes reject most solutes to a great extent and indis-
criminately, pressure-driven membrane-based selective solute–solute 
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the brine has a low Mg-to-Li ratio (MLR)15,16. In recent years, integration 
of membrane processes into the treatment trains has received increas-
ing interest for process intensification, and for enabling Li extraction 
from brines with a high MLR14. A representative treatment train includes 
an evaporative process for precipitating out Na and K salts, an NF pro-
cess for separating Li and Mg, an RO process to concentrate the Li-rich 
NF permeate, and a final precipitation process for generating Li2CO3 
as the product (Fig. 1d)17. NF-based Li/Mg separation is the most criti-
cal and technically challenging unit process in such a treatment train. 
Thus, many efforts have been devoted in recent years to developing 
high-performance NF membranes for Li/Mg separation18–24.

But what exactly is a good NF membrane for Li/Mg separation, or 
more generally, for any solute–solute separation? As the treatment goal 
is no longer simple separation of solute from water, the conventional 
framework of membrane evaluation based on water–solute selectivity 
is insufficient. In most papers on developing solute–solute separation 
membranes, performance was evaluated on the basis of solute–solute 
selectivity and water permeability18–24. The selectivity of solute A over 
solute B, SA/B, is defined as25

SA/B ≡
1 − RA
1 − RB

=
JA/cf,A
JB/cf,B

(1)

where RA (RB), JA (JB) and cf,A (cf,B) are the apparent rejection, solute flux 
and feed concentration of solute A (or B), respectively. SA/B is also called 
separation factor. The solute flux and feed concentration can be based 

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). In the first category, the primary product is 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 (Ca2+ and Mg2+) are rejected whereas monovalent ions 
(for example, Na+ and K+) can readily pass through9,10. NF has also been 
used to selectively remove micropollutants without removing benign 
mineral ions11,12. The ability to achieve selective solute–solute separa-
tion in these contexts can lead to a desired product water quality (for 
example, reserving nutrient ions for fertigation), prevention of mineral 
scaling in subsequent desalination processes, and/or energy saving via 
reducing transmembrane osmotic pressure difference.

The second 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 can be applied to concentrate the adsorbates (in the retentate) and 
recover acid or base (in the permeate) for re-use. A similar application of 
this type is dye recovery from textile wastewater, where dye molecules 
are retained and concentrated as the target solutes13. One potentially 
prominent NF application of the second category is lithium (Li) extrac-
tion from brines rich in magnesium (Mg)14.

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

Function Improve Enable

Example Water
softening

Pollutant
removal

Mg/Li
separation

Acid (or base)
recovery

Main product Water Target ions

Permeating
solutes Monovalent ions Mineral ions Li+ H+ (or OH–)

Retained solutes Divalent cations Pollutants Mg2+ Co-ions

Li+

Mg2+

Li+

Mg2+

Li+/Mg2+ separation

NF
2

RO water3

Li+
Li+

Na2CO34

Li2CO3 (s)K+, Na+

precipitation

1

Li-rich brine

Solute A

Solute–solute separation

Solute B

Solute A

Solute B

Solute

Water–solute separation

a c

d

f

b

e

Water

Solute

Water

Applications of solute–solute separation

Process intensification for Li extraction

Li+ concentration
Li2CO3 production

Li+ Mg2+

NF

Feed

Retentate

Permeate

High Li purity

High Li recovery

Desirable Li/Mg separation

NF

Feed

Retentate

Permeate Feed

NF

Retentate

Permeate

Low Li purityHigh Li purity

Low Li recovery High Li recovery

Undesirable Li/Mg separation

Fig. 1 | NF-based solute–solute separation and success criteria. a, Illustration 
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. c, 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 product is target solute.  

d, An example treatment train for Li extraction where NF-based Li/Mg separation 
is a critical 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 Li recovered to the permeate; an RO process then concentrates the  
Li-rich NF permeate; and a final precipitation process generates Li2CO3 as the 
product from the Li-rich RO retentate with Na2CO3. 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).
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on either mass or mole as long as the concentrations are consistent 
within the equation. In the following discussion, we will use mass-based 
definitions as adopted by most literature, although mole-based defini-
tions are mechanistically more meaningful.

In this Analysis, we will show that SA/B alone is insufficient 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-
vide a critical 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 development to achieve high-performance 
Li/Mg separation.

Why is selectivity not a sufficient metric?
Assessing the adequacy of the metric SA/B requires first defining a suc-
cessful Li/Mg separation. As the purpose of the separation is to extract 
Li from a Li/Mg mixture, the success criteria should have two aspects: 
purity and recovery (Fig. 1e). Considering a simplified scenario with 
only Li+ and Mg2+ cations, the permeate Li purity, ηLi, is defined as the 
mass fraction of cations in the permeate that are Li+:

ηLi ≡
cp,Li

cp,Li + cp,Mg
(2)

where cp,Li and cp,Mg are the Li+ and Mg2+ 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 Li2CO3 precipitate containing an unac-
ceptable level of MgCO3 impurity. For a feed solution of a given MLR, 
ηLi relates to the Li/Mg selectivity, SLi/Mg, via the following equation:

ηLi =
1

1 +MLR/SLi/Mg
(3)

The second important success criterion is Li recovery, defined as 
the mass fraction of Li+ in the feed that is eventually recovered in the 
permeate. Specifically, Li recovery, LiR, can be quantified as

LiR ≡
Qpcp,Li
Qfcf,Li

= WR(1 − RLi) (4)

where Qp and Qf are the volumetric permeate flowrate and influent 
flowrate of the feed stream, respectively; cp,Li and cf,Li are the Li concen-
trations in the permeate and feed influent, respectively; WR is water 
recovery; and RLi is Li rejection. Both WR and RLi are module-scale per-
formance metrics. As we will show shortly, using RLi evaluated with 
membrane coupons for module-scale analysis can lead to inaccurate or 
even unphysical results. With the definitions of Li purity and recovery, 
it becomes apparent that a successful Li/Mg separation should recover 
the majority of Li from the feed solution and at the same time produce 
a permeate with a high Li purity (Fig. 1e). In other words, attaining only 
high Li recovery 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 Mg2+ 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).

The rejections of Li+ and Mg2+ span a wide range of values (Fig. 2b).  
The rejections of Mg2+ are typically higher than 70% and can even reach 
99.9%. The Li+ rejection (RLi) 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 (Mg2+) and counter-ions 
that can easily permeate through the membrane (Cl−) (refs. 10,26,27).  
The permeation of Cl− 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/Mg selectivity, SLi/Mg, is strongly sensitive to Mg2+ rejection, 
especially when Mg2+ rejection is high (Fig. 2c). This dependence is 
also obvious from the definition of SLi/Mg (equation (1)) in which the 
denominator is 1 − RMg. 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 SLi/Mg to RMg suggests 
that a very high SLi/Mg can be achieved even if Li+ ions are well rejected, 
provided that Mg2+ rejection is near perfect. This property of SLi/Mg 
renders it an insufficient performance metric as it overlooks the factor 
of Li recovery.

To illustrate the inadequacy of selectivity as a performance metric, 
a heuristic comparison between two scenarios with the exact same  
Li/Mg selectivity (50) is provided in Table 1. Two different separations 
with the same selectivity fall on the same Li/Mg selectivity line in Fig. 2b. 
The RLi and RMg are −80% and 96.4%, respectively, in the first scenario, 
and 95% and 99.9% in the second scenario. Li recovery, 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/Mg selectivity clearly demonstrates why 
selectivity is an inadequate metric. Because of the high sensitivity of 
Li/Mg selectivity to RMg, especially when RMg approaches 100%, a very 
high Li/Mg selectivity can be achieved even when RLi is unacceptably 
high for any Li recovery.

Notably, applying equation (4) with a WR of 80% in the first sce-
nario predicts an unphysical LiR of 144%. The emergence of this unphys-
ical prediction is attributable to the implicit use of RLi measured using 
coupon-scale experiments in an equation (equation (4)) that should use 
RLi of module-scale processes. While an RLi of −80% is not uncommon 
in literature (Fig. 2b), those reported RLi values were measured using 
membrane coupons (that is, WR is nearly zero) with a certain 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, RLi of a module-
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 a model to describe the local 
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 can then 
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 
that is charge neutral27–29. The virtual solution treatment is equivalent 
to applying a modified Nernst–Planck equation with the ion diffusion 
coefficient replaced by the ion permeability, which is the product of the 

http://www.nature.com/natwater


Nature Water | Volume 1 | March 2023 | 291–300 294

Analysis https://doi.org/10.1038/s44221-023-00037-0

partition and diffusion coefficients (Supplementary Text 1)29. The ion 
flux for species i, Ji, in the SDEM model is described using the modified 
Nernst–Planck equation:

Ji = −Pi (
dci
dx

+ zici
dφ
dx )

(5)

where Pi is the ion permeability, ci is the ion concentration in the  
virtual solution, x is the transmembrane coordinate normalized by  
the membrane thickness, zi is the valence of species i, and φ 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 an illustration),  
which enables calculating rejections in a local differential  
element.

The SDEM model is semi-empirical because Pi is not constant but 
has a rather complex dependence on the feed composition. While 
more mechanistic models are capable of describing multi-component 
transport30,31, they usually contain questionable assumptions and many 
fitting parameters. For simplicity, we employ a linear correlation to 
relate Pi to feed composition:

Pi = α1c′f,Li + α2c′f,Mg + α3 (6)
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Fig. 2 | Summary of membrane performance for NF-based Li/Mg separation. 
a, Li+ and Mg2+ concentrations of the feed waters used in this study and studies 
reported in the literature, with the Mg2+/Li+ mass ratios (MLR) presented in 
dashed lines (vary from 5:1 to 150:1). Data points on the same dash line have the 
same MLR. b, Li+ and Mg2+ rejections of three commercial NF membranes tested 
in this study (NFX, NF90 and NF270) and membranes reported in the literature, 
with Li+/Mg2+ selectivity (defined by equation (1)) values presented in dashed 
lines (vary from 5 to 100). Data points on the same dash line have the same  
Li+/Mg2+ selectivity. c, Li+/Mg2+ selectivity as a function of Mg2+ rejection for three 

commercial NF membranes tested in this study and membranes reported in the 
literature. The selectivity has a strong dependence on Mg2+ rejection, especially 
when Mg2+ rejection is high. d, Li+/Mg2+ selectivity as a function of MLR, with the 
permeate Li purity (defined by equation (2)) presented in dashed lines (varies 
from 10% 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

Scenario 1 Scenario 2

Li/Mg selectivity 50

Purity MLR: 10 83.3%

MLR: 50 50.0%

Li+ rejection −80% 95%

Mg2+ rejection 96.4% 99.9%

LiRa WR: 50% 90% 2.5%

WR: 80% 144% 4.0%
aThe lithium recovery (LiR) calculated here is based on the to-be-disproved assumption of  
WR-independent Li+ and Mg2+ rejections.
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where c′f,Li and c′f,Mg are the local interfacial feed concentrations of Li+ 

and Mg2+, and αj are fitting coefficients. We note that the linear correla-
tion works well in this analysis but requires further validation before 
applying to a more complex mixture feed solution. The local interfacial 
concentrations relate to the local bulk concentrations via concentra-
tion polarization (CP):

c′f,i − cp,i
cf,i − cp,i

= exp ( Jw
ki
) (7)

where Jw is local water flux and ki is the mass transfer coefficient of 
species i. Jw can be estimated using

Jw = Pw (ΔP − Δπm) (8)

where Pw is the water permeability, and ΔP and Δπm 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 Δπm 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) as reported by He et al.24 to extract the permeability of Li+ (PLi) 
and Mg2+ (PMg) 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) hydrochloride24. Additionally, we 
measured the performance of commercial NF membranes using the 
conditions (Methods and Supplementary Fig. 1). The correlations of ion 
permeability for these membranes are summarized in Supplementary 
Table 3. In general, PLi is one to two orders of magnitude higher than 

PMg, and the linear 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-
cally integrating 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, a more 
universal representation is to replace the position in the module with 
WR (up to that position) because WR increases as feed water flows past 
more membrane area.

As more water is recovered, the Mg2+ concentration in the retentate 
(that is, the solution remaining in the feed channel after partial water 
recovery) increases dramatically, whereas the retentate Li+ concentration 
first increases and then decreases but overall remains low (Fig. 4a). The 
permeate concentrations of Li+ and Mg2+ consistently increase with 
increasing WR (Fig. 4b). Here we distinguish between the local and cumu-
lative permeate concentrations: the local 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, ∫ JidS/ ∫ JwdS, where dS is the dif-
ferential membrane area). Correspondingly, the Li+ and Mg2+ rejections 
can also 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 
on WR (Fig. 4a inset) is a direct result of local Li+ rejection transitioning 
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of a positively charged NF membrane. b, From top to bottom: permeate water 
flux, Li+/Mg2+ selectivity, fitted ion permeabilities and measured rejections as a 
function of feed composition. The composition comprises both total 
concentration (in grams per litre) and Mg2+/Li+ (mass) ratio. Rejections and flux 

data were reported in He et al.’s study24. Li+/Mg2+ selectivity was calculated with 
equation (1). Ion permeabilities were fitted with the SDEM model. c, 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 study24. CP was accounted for by an 
assumed mass transfer coefficient of 100 l m−2 h−1 for both LiCl and MgCl2.
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from positive to negative as WR increases (Fig. 4c). Despite the low 
(but positive) RLi at low WR, the Li+ in the retentate is still concentrated 
with more water recovered, until RLi becomes negative at high WR. The 
strongly negative rejection of Li+ at high WR is a result 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 RMg with increasing WR  
(Fig. 4c inset) and the high sensitivity of SLi/Mg to RMg (equation (1)). The 
drop in local 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-off in NF operation
From an operational perspective, the module-scale analysis reveals 
an intrinsic trade-off between the (cumulative) selectivity, SLi/Mg, and 
Li recovery, 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) but at the cost of reduced SLi/Mg (Fig. 4e), resulting in the trade-
off between SLi/Mg and LiR (Fig. 5a).

The characteristic curve quantifying the trade-off between  
SLi/Mg and LiR, namely the operational trade-off curve, depends on the 
applied pressure, ΔP, which affects the water flux. At a low ΔP, water 
permeates through the membrane at a lower rate. However, the ion 
fluxes are not affected proportionally due to the negligible advective 
ion transport in NF. Therefore, operating NF at lower ΔP enhances 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 WR achievable with unlimited membrane area 
is also dependent on ΔP, as water permeation stops when Δπm reaches 
ΔP. In the extreme case of applying only 1 bar, the maximum attainable 
WR and LiR are ~10% and ~22%, respectively.

In the range of low WR, SLi/Mg increases considerably as ΔP decreases 
from 8 bar to 4 bar, that is, reducing ΔP and water flux in this range also 
shifts the trade-off curves up (Fig. 5a). However, further reducing 
ΔP below 4 bar compromises SLi/Mg (see reflection of dash curves in  
Fig. 5a). With a ΔP of 1 bar, SLi/Mg becomes very low. While the cumula-
tive selectivity, SLi/Mg, has a complex dependence on multiple factors 
(for example, water flux and feed composition) that varies along the 
module, the non-monotonic dependence of SLi/Mg can be explained by 
the flux dependence of local selectivity as shown in Fig. 5b.

In the water flux regime typical of NF (grey region in Fig. 5b), local 
Li/Mg selectivity decreases monotonically with increasing water flux 
due to CP. Specifically, because Mg2+ ions are far better rejected than 
Li+ ions, the accumulation of Mg2+ near the membrane surface is more 
severe than Li+, which results in a higher interfacial MLR at a higher water 
flux (Supplementary Fig. 4). A higher interfacial MLR is detrimental to 
local Li/Mg selectivity, which is strongly sensitive to Mg2+ rejection, 
because a heightened interfacial Mg2+ concentration compromises 
Mg2+ rejection (Supplementary Fig. 5). In the very low water flux regime 
(yellow region in Fig. 5b, untypical of NF), local Li/Mg selectivity drops 
dramatically with decreasing water flux due to the substantially reduced 
rejections of all ions because of the weakened ‘dilution effect’. As SLi/Mg 
is much more sensitive to Mg2+ rejection than to Li+ rejection, reducing 
the rejections of all ions leads to a dramatic drop in SLi/Mg.
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Fig. 4 | Representative results from module-scale modelling of NF-based  
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Mg2+ curve) (c) as a function of water recovery (WR). The dashed curves with 
circles represent ‘local values’, whereas the solid curves present ‘cumulative 
values’. In b, for example, the local concentration is obtained by applying the 
SDEM model to a differential module element using the retentate concentration 
at the same position (as in a), whereas the cumulative concentration is obtained 

considering accumulation of ions from the permeate stream entering the 
differential module element. In c, 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 Li recovery 
(f) as a function of WR. Simulation used 6 bar and a feed solution of LiCl and 
MgCl2 with 2 g l−1 total concentration and MLR of 20. CP was accounted for by a 
mass transfer coefficient of 100 l m−2 h−1 for both LiCl and MgCl2.
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As selectivity is related to the permeate Li purity, ηLi, via equation 
(3), the trade-off between SLi/Mg and LiR presented in Fig. 5a can be 
directly converted to a trade-off between ηLi and LiR for a given feed 
MLR (Supplementary Fig. 6). At a given applied pressure, the trade-off 
between the two important performance metrics in Li/Mg separation 
suggests that recovering more Li+ by using a larger membrane area will 
inevitably yield a permeate stream with a lower ηLi. Within the typical 
range of NF flux, SLi/Mg and LiR can be simultaneously improved by 
operating NF at a lower pressure to reduce water flux. Additionally, the 
trade-off curve can also be shifted towards a more 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 exactly is 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 (SLi/Mg 
versus Pw; Table 1), we have demonstrated why SLi/Mg is an insufficient 
metric. We have also shown that a high water flux is detrimental to both 
Li selectivity (or purity) and recovery (Fig. 5). Therefore, a high Pw seems 
at odds with the success criteria for Li/Mg separation.

Selectivity is defined on the basis of rejections, which are less 
intrinsic than permeabilities, whereas membrane performance is more 
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 (Pw) 
and solute permeability (Ps). The water/solute selectivity (Pw/Ps) is 
usually plotted against the water permeability (Pw) to illustrate the 
perm-selectivity of membranes7,32,33. However, such a performance 
evaluation framework based on Pw/Ps versus Pw is clearly inappropriate 
for Li/Mg separation with very different success criteria compared with 
water–solute separation.

Not only should an ideal NF membrane for Li/Mg separation enable 
fast Li+ transport and slow Mg2+ transport so that selective permeation 

of Li+ over Mg2+ can be achieved to maximize Li purity, but it should also 
favour Li+ permeation over water permeation to promote Li recovery. 
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, PLi/PMg and PLi/Pw (Fig. 6a). A high PLi/PMg favours  
Li/Mg selectivity and Li purity, whereas a high PLi/Pw favours Li recovery. 
These two permeability ratios directly correspond to the two success 
criteria in NF-based Li/Mg separation.

Like water–solute separation, a membrane with a higher Pw can 
reduce the energy consumption and/or membrane area for a given feed 
flowrate, thereby reducing overall cost of the separation3,8. In Li/Mg sep-
aration, however, a higher Pw is beneficial only if it does not compromise 
PLi/Pw, because LiR is probably a more important performance metric 
than water flux or volume-specific energy consumption. In a bubble 
plot of PLi/PMg versus PLi/Pw, where Pw may be quantified by the size of 
the ‘bubbles’ (Fig. 6a), an ideal membrane is a ‘big bubble’ 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 PLi/PMg versus PLi/Pw 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-
ent studies. 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 
to a unified testing protocol for performance comparison on the PLi/PMg 
versus PLi/Pw bubble plot.

Extending performance metrics of NF membrane 
for recovering ions in the brine
While the current analysis primarily focuses on Li extraction where the 
ions enriched in the permeate (that is, Li+) are the product, the analysis 
framework can readily be extended to other selective solute separa-
tion where the ions retained in brine are the product (for example, rare 
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by an assumed mass transfer coefficient of 100 l m−2 h−1 for both LiCl and MgCl2.
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earth metal recovery)34. 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 Mg2+ 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 
Li extraction, here the PLi/PMg ratio remains important as it determines 
the Mg purity in the brine stream. Unlike Li extraction, however, the 
relevant membrane property to Mg recovery is Pw/PMg. A high water 
permeability, Pw, 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 
Mg2+ 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, PLi/PMg and Pw/PMg, positively correlate with each other on the basis 
of data evaluated from literature using the SDEM model (Fig. 6b). In 
other words, there is 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 chosen as an example 
for illustrating 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 
results in important trade-off relations 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 
probably less important in Li/Mg separation due to Li being a commod-
ity with a much higher economic value than water. From membrane 
development perspective, NF membranes for Li/Mg separation should 

be evaluated using the PLi/PMg versus PLi/Pw 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 
where ions in the brine are the target ions of extraction. We believe this 
general analysis framework featuring target ion 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 a function of perme-
ate flux with the charge neutrality (equation (9)) and steady-state  
(equation (10)) conditions:

∑
i
zici = 0 (9)

Ji = Jwcp,i (10)

where ci is the concentration of ion i in the virtual solution or the 
external feed and permeate, and cp,i is permeate concentration of 
ion i. Yaroshchuk and Bruening provided an analytical solution of 
the SDEM model for a ternary electrolyte system29. Thus, a pair of ion 
permeabilities can be fitted to describe the coupon-scale ion transport 
behaviour after accounting for CP (equation (7) in the main text), given 
experimental results of Li+ and Mg2+ rejections at a certain permeate 
flux. A MATLAB application is provided as Supplementary Code for 
fitting ion 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 a function of WR instead of a function of 
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position along the module. The inputs 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 
the local permeate composition and thus local ion rejections. Species 
conservation was maintained in the retentate and permeate when 
coupling the adjacent differential elements:

clocp,i (WR) =
d ((1 −WR) cb,i(WR))

dWR
(11)

where clocp,i (WR) and cb,i(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, 
ccump,i (WR), can be calculated as:

ccump,i (WR) =
∫clocp,i (WR)dWR

WR (12)

Local and cumulative rejections were then calculated by:

Rloc
i (WR) = 1 −

clocp,i (WR)
cb,i(WR) (13a)

Rcum
i (WR) = 1 −

ccump,i (WR)
cf,i

(13b)

where cf,i is the initial (or influent) feed concentration of ion i. Local and 
cumulative selectivity can also be determined according to equation 
(1) in the main text.

Estimation of osmotic pressure of the LiCl–MgCl2 mixed 
electrolyte solution
For relatively dilute solutions, the van’t Hoff equation is usually applied 
to estimate the solution osmotic pressure:

π = RT∑
i

ci
MWi

(14)

where ci is ion mass concentration of ion i, MWi is the molecular weight 
of ion i, R is ideal gas constant and T is solution temperature. Trans-
membrane osmotic pressure, Δπm, can be then estimated with feed side 
interfacial concentrations and permeate concentrations:

Δπm = RT∑
i

(cfm,i − cp,i)
MWi

(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. Ion activity coefficient and solution osmotic 
pressure can be estimated by the Pitzer model35.

Li/Mg NF separation experiments using commercial 
membranes
Li/Mg NF separation experiments were carried out in a lab-customized 
crossflow filtration system with stainless-steel membrane coupons. 
Effective membrane area of each coupon is 7.1 cm2. The crossflow 
rate is 2.7 l min−1. 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 MgCl2 (Sigma-Aldrich) to achieve a total concentration 
of 2, 4 and 6 g l−1, and an MLR of 20, 40 and 60. After filtration reaches 
steady state, permeate flux was measured and permeate samples were 
collected for ion concentration measurements. Li+ and Mg2+ concentra-
tions were measured by inductively coupled plasma optical emission 
spectroscopy. The permeate flux, Jw, of the NF experiments was deter-
mined using the following equation:

Jw = ΔV
AFΔt

(16)

where ΔV is the permeate volume produced in the period of Δt and AF 
is the effective filtration area of the membrane coupon. The observed 
ion rejection, Ri, was calculated as

Ri = 1 −
cp,i
cf,i

(17)

where cp,i and cf,i are concentrations of the target ion in the permeate 
and feed solution, respectively.

Reporting summary
Further information on research design is available in the 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 (.xlsx) 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/ruoyuwang16/
NATWATER-22-0394-Data-and-Codes.
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