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Membrane-based separation processes hold great promise for sustainable
extraction of lithium from brines for the rapidly expanding electric vehicle
industry and renewable energy storage. However, it remains challenging
to develop high-selectivity membranes that can be upscaled for industrial

processes. Here we report solution-processable polymer membranes
with subnanometre pores with excellent ion separation selectivity in
electrodialysis processes for lithium extraction. Polymers of intrinsic
microporosity incorporated with hydrophilic functional groups enable
fast transport of monovalent alkali cations (Li*, Na" and K*) while rejecting
relatively larger divalent ions such as Mg**. The polymer of intrinsic
microporosity membranes surpasses the performance of most existing
membrane materials. Furthermore, the membranes were scaled up and
integrated into an electrodialysis stack, demonstrating excellent selectivity
in simulated salt-lake brines. This work will inspire the development of
selective membranes for a wide range of sustainable separation processes
critical for resource recovery and a global circular economy.

With the growing global demand for lithium used in lithium-ion batter-
iesforelectric vehicles and renewable energy storage, thereis an urgent
need for recycling of lithium and extraction from unconventional
sources'. Traditional lithium extraction methods, such as hard rock
mining, face environmental challenges and limitations in scalability.
Directlithium extraction from various water resources, such as salt-lake
brines or geothermal brine solutions, offer a promising alternative to
enhance efficiency, reduce environmental impact and address eco-
nomic considerations®®. A wide range of materials and direct lithium

extraction technologies have been developed*, such as adsorbents
and membrane-based separation processesincluding reverse osmosis
and nanofiltration for lithium extraction’. Selective electrodialysis has
emerged as a sustainable and efficient lithium extraction technology
for extracting lithium ions from brine solutions'*". In electrodialysis
processes, lithiumionsselectively transport through anion-selective
membrane under the electric field, resulting in efficient separation
fromotherions presentin thebrine (Fig.1a). Furthermore, electrodialy-
sis processes can be driven by the renewable electricity and combined
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Fig.1|lon-selective membrane-based electrodialysis processes for lithium
extraction. a, Schematic diagram of selective electrodialysis process for lithium
extraction from brine solution. For simplicity, only one ion-selective membrane
(ISM) and two anion exchange membranes (AEMs) are shown in the diagram.

b, Schematic diagram of ion transport in conventional ion-exchange membranes.
¢, Schematic diagram of selective ion transport in ion-exchange membranes
with subnanometre channels. d, Schematic diagram of selective ion transportin

10

n

microporous ion-selective membranes with hydrophilic functional groups.

e, Chemical structures of hydrophilic PIM polymers with amidoxime groups.
f, Photo of AO-PIM-1 membrane with size of 25 cm x 27 cm, exposed in water.
g, PIM polymers with carboxylic acid and carboxylate groups. h, Polymers
with sulfonate groups. i, Summary of polymer membranes in different charge
states. j, Schematic diagram showing the operation of AO-PIM membranes
over abroad pH range.
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with adsorption, reverse osmosis and nanofiltration processes, espe-
cially for processing high-concentration brine solutions™. One key
scientific challenge liesin the development of ion-selective membranes
that provide high selectivity of monovalentions towards divalentions
present in complex brine solutions®.

Designing high-selectivity membranes with precise separa-
tion of solutes has broad implications for a wide range of industrial
processes'*™, for example, desalination, ion separation and extraction,
resource recovery and recycling, and electrochemical energy conver-
sion and storage. Theion transport through amembrane with subna-
nometre pores could be governed by several mechanisms, including
sizeand Donnan exclusion,ion dehydrationandintraporeion diffusion.
A variety of parameters could determine the ion transport, such as
channel size, surface chemistry and charges, hydration, interactions
betweenionand pore walls and confinement environments. Traditional
water desalination membranes™ or nanofiltration membranes forion
separation’ have dense structures or disordered pores with moderate
ion-ionselectivity between nearly identical hydrated diameter of ions
with different valency, suchasLi* (hydrated diameter 7.64 A) and Mg?*
ions (8.56 A) (ref. 20). Conventional ion-exchange membranes are
usually made of polymers with high chain mobility and phase separa-
tion, leading to large ion channels with poor ion selectivity (typically
below 10) (Fig.1b). Next generation of ion separation membranes have
been developed from microporous materials with ordered confined
channels”?**, such as metal-organic frameworks**, covalent organic
frameworks®, porous organic cages* and two-dimensional materials
such as graphene” and MoS, nanosheets®’. The difficulty of manufac-
turing and implementing these advanced materials into defect-free
ion-selective membranes can be alimiting factor for their widespread
adoption, given the scale of operations that would be required for
industrially relevant processes.

Polymers of intrinsic microporosity (PIMs) are a class of poly-
merswithrigid and contorted backbone structures, formingintercon-
nected hourglass-shaped size-selective channels that enable efficient
molecular sieving®*, ion separation® and selective ion transport in
redox flow batteries***°. Compared to other crystalline microporous
materials, PIM polymers are soluble in common solvents and can be
easily processed into membranes, which allows easy upscaling and
manufacturing using industrial continuous roll-to-roll membrane
casting lines. Given the promising features of PIM membranes, we
hypothesize that they would provide high mono/divalention selectiv-
ityinelectrodialysis processes for direct lithium extraction. However,
PIMmembranesincorporated withion-exchange groups tend to swell
upon hydration, potentially leading to moderate selectivity for mono/
divalention separation (Fig. 1c).

Inthis study, we report the development of PIM membranes with
hydrophilic functional groups as ion-selective membranes and dem-
onstrate their excellent monovalent/divalent selectivity for efficient
lithium extraction through selective electrodialysis processes (Fig.1d).
The hydrophilic PIM membranes consist of rigid and contorted poly-
mer chains incorporated with hydrophilic functional groups such as
amidoxime (Fig. 1e). These polymers are solution processable and can
be cast into large-area membranes (Fig. 1f). Generally, polymers with
hydrophilicgroups formed rigid hydrogen-bonded networks through
bothinterchain andintrachaininteractions, which further enhance the
chainrigidity. The resulting narrow subnanometre-sized ion channels
restrict theion partitioning through dehydration process and confined
diffusion within the channels. Furthermore, introducing hydrophilic
groups into the interconnected subnanometre pores generated ion-
poreinteractions that playimportant rolesinregulatingiontransport.
Polymer membranes with carboxylic acid groups (Fig.1g) and sulfonate
groups (Fig. 1h) were also developed and their varied ability of ioniza-
tion led to slightly differention-pore interactions. lon-exchangeable
groups with a lower pK, (for example carboxylic acid at ~4-5) can dis-
sociate partially in neutral pH, which can be carefully designed to

reduce swelling and achieve high ion selectivity. Membranes with
sulfonate groups dissociate completely in neutral pH, leading to strong
electrostaticinteractions and consequently poor monovalent/divalent
selectivity. The amidoxime groups interact preferentially with alkali
metal cations and improve selectivity towards divalent ions over a
broad pHrange (Fig. 1i,j). Owing to the synergistic effect of size sieving,
regulated ion dehydration, electrostatic interactions and restricted
intrapore diffusion, hydrophilic PIM membranes enable fast transport
of smaller monovalent alkali metal cations (Li*, Na* and K*) under the
driving force of an electric field, while effectively rejecting relatively
larger divalentions such as Mg?". Thiswork willinspire the development
ofion-selective membranes and advance electrodialysis processes for
adiverse range of strategically important separation applications.

Design and characterization of polymer
membranes

We developed amidoxime-functionalized PIM membranes using
two generations of PIM polymers, including the first generation of
dibenzodioxin-based PIMs, PIM-1(Supplementary Fig.1) and anew gen-
eration of ether-bond-free PIMs prepared by superacid-catalysed Frie-
del-Craftsreactions (Supplementary Fig. 2). The nitrile groups in PIM-1
polymer can be readily modified into hydrophilic functional groups
including amidoxime (AO-PIM-1)* and carboxylic acid (cPIM-1)*>*,
Following our previous work®***¢, AO-PIM-1 polymer was exposed to
alkaline solutions at a high pH of 14 to deprotonate the hydroxyl groups,
forming a negatively charged polymer AO-PIM-1-De. We also substi-
tuted the hydroxyl groupsinthe AO-PIM-1with non-polar hydrophobic
ethyl groups (AO-PIM-1-Et) while keeping the hydrophilicamine groups.
Amidoxime-functionalized polyacrylonitrile (AO-PAN) membranes
with varied degree of modification were prepared as control samples
with negligible microporosity in the solid state. Moreover, AO-PIM
polymers with more rigid backbones were also prepared, including
AO-PIM-SBF (spirobifluorene) and AO-PIM-DBMP (dibenzomethan-
opentacene) membranes. Furthermore, we synthesized another group
of PIM polymers by superacid-catalysed Friedel-Crafts reactions,
including PIM-SBI-OH-CN and PIM-SBI-OMe-CN with varied ratio of
hydroxyl groups and protection by methyl groups, respectively. The
nitrile groups of these two polymers were also modified to amidoxime
groups (PIM-SBI-OH-AO and PIM-SBI-OMe-AO).

To explore the effect of other functional groups on ion separa-
tion, we also prepared PIM polymers with carboxylic acid groups and
variants (Fig. 1g and Supplementary Fig. 3), including cPIM-1 by acid
hydrolysis of PIM-1and substituted with methyl groups (cPIM-1-OMe),
cPIMs with oxadiazole and ethyl- (cPIM-Et), and phenyl- (cPIM-Ph)
pendant groups, following the protocol reported in our recent work*°.
Polymer membranes with sulfonate groups were also included as
control samples (Fig.1hand Supplementary Fig. 4), including Nafion,
sulfonated poly (ether-ether-ketone) (sPEEK), sSPEEK with triptycene
backbone (sPEEK-Trip)**** and sulfonated PIM polymers via esteri-
fication modification following a previous study*®. The molecular
engineering of these polymers allows us to tailor the membrane pore
size, functional groups and understand their roles in governing the
water-ion-membrane interactions and ion transport dynamics.

The polymer structures were characterized by nuclear magnetic
resonance (NMR) (Supplementary Figs. 5-8) and Fourier transform
infrared (FTIR) spectroscopy (Supplementary Fig. 9). Most of the
polymers are soluble in polar solvents such as dimethylformamide
and dimethyl sulfoxide (DMSO) and can be easily castinto membranes
(Supplementary Fig.10). Typically, the membrane thickness is between
30and 70 pm. Scanning electron microscopy images of the membrane
cross sections confirm that the membranes are dense films without
defects (Supplementary Figs.11and 12).

The intrinsic microporosity and water sorption in membranes
play a critical role in controlling the formation of water channels and
iontransport channels. N,adsorptionat 77 Kand CO,sorptionat273 K
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Fig. 2| Pore structures and ion conduction. a, N, adsorption at 77 K. Four typical
samples: PIM-1, AO-PIM-1, AO-PIM-1-Et, AO-PAN. P, equilibrium pressure; P,,
saturation pressure. b, CO,adsorption at 273 K. Four typical samples: AO-PIM-1,
AO-PIM-1-De, AO-PIM-1-Et, AO-PAN. ¢, Water vapour adsorption isotherms

as afunction of relative humidity at 25 °C (solid symbols: adsorption; open
symbols: desorption). AO-PIM-1, AO-PIM-1-De, AO-PIM-1-Et and PIM-1.d, Pore
size distribution of hydrated polymers derived from computational models,
measuredbyal Adiameter probe. dV, pore volume; d(logW), pore width.

e-h, Computational models of chain segments, water molecules bound to
hydrophilic groups and hydrated polymer models for AO-PAN (e), AO-PIM-1(f),
AO-PIM-1-De (g) and AO-PIM-1-Et (h). The size of amorphous cells are:

53.8 A(AO-PAN), 52.3 A (AO-PIM-1), 56.5 A (AO-PIM-1-De) and 53.7 A (AO-PIM-1-Et).
Colour of atoms and ions: red—oxygen; blue—nitrogen; grey—carbon;

white—hydrogen; purple—lithiumions. i, Largest pore size and dynamic pore
gate size, derived from hydrated polymer models. The data are presented as the
mean ts.d. (n=10); the error bars represent the standard deviation (s.d.).

Jj, Water self-diffusion coefficients versus the dynamic pore gate size derived from
computational models. The water self-diffusion coefficients were probed by
PFG-NMR and neutron scattering and calculated by MD simulation, respectively.
k, lIonic conductivity as a function of hydrated diameter of salt ions, measured
experimentally in 0.1 MKCI, 0.1 M NaCl, 0.1 M, LiCland 0.1 M MgCl, at 30 °C. The
dataare presented as the mean +s.d. (n =3); the error bars represent the standard
deviation (s.d.).1, Temperature dependence of ionic conductivity of pretreated
and pristine AO-PIM-1 membranes measured experimentally in 0.1 M NaCl
solution. 7, temperature.

(Fig.2a,b and Supplementary Fig.13) confirm that these modified PIM
polymers retain their microporosity. In contrast, AO-PAN exhibits
negligible gas adsorption in the solid state. Figure 2c illustrates the
water vapour sorption in AO-PIM-1, AO-PIM-1-De and AO-PIM-1-Et,

withrelative humidity up to 95%. Generally, the modification of nitrile
groups to hydrophilicamidoxime groups enhances the water sorption
(Supplementary Fig.14). The AO-PIM-1 exhibits a water uptake of about
30 wt% with low swelling ratio (Supplementary Fig. 14). The charged
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AO-PIM-1-De membrane shows a much higher water uptake (up to
60 wt%). The deprotonation might also weaken the hydrogen bonding
between the amidoxime groups, leading to aloose polymer network
with a relatively broad pore size distribution. AO-PIM-1-Et shows a
relatively low water adsorption (20 wt%), owing to the substitution of
hydroxyl groups with hydrophobic ethyl groups.

Tounderstand the pore structures and complicated ion-polymer-
waterinteractions, webuilt hydrated polymer modelsbased onthe water
uptakes measured experimentally and performed molecular dynam-
ics simulations (Supplementary Fig. 15). As presented in Fig. 2d-h,
the change of backbone and amidoxime functional groups leads to
substantial change in the pore size distribution (Fig. 2d), hydration
and electrostatic charge (Supplementary Fig.16). The simulated pore
size distribution of AO-PIM-1in the hydrated state reveals a minimal
change in the range of 2-10 A with peak at around 5 A (Supplemen-
tary Fig. 17). After deprotonation, the polymer becomes negatively
charged, and pore size distribution reveals an evident shift towards
large pores (peak at 6-8 A) due to swelling. The derived radial distribu-
tion functions (RDFs) validate the narrow separation distance (-3 A)
between the amidoxime groups (Supplementary Fig. 18), suggesting
stronginter/intrachaininteractions, for example, hydrogenbonding.
Modelling also revealed that unconnected and small water clusters are
distributed in the AO-PAN (Fig. 2e), while in charge-neutral AO-PIM-1
polymer nanometre-sized water clusters are more connected (Fig. 2f).
After deprotonation, the water clusters display an evident aggrega-
tion and become fully connected (Fig. 2g), which agrees with the high
electrolyte uptake measured experimentally. In contrast, the water
clusters in AO-PIM-1-Et are isolated from each other (Fig. 2h), due to
the substitution with relatively hydrophobic ethyl groups. Radial num-
ber density distribution functions reveal strong signals at separation
distances of 2-4 A between water and amidoxime groups, indicating
a certain number of water molecules bound to the functional groups
inthe form of hydration shells (Supplementary Fig.19).

The pore structures of hydrated polymer membranes are critical
for water and ion transport. The interconnected hydrated micropores
in the polymer membranes can be visualized as an hourglass-shaped
architecture (Fig. 2i). We hypothesize that the dynamic pore gates in
the membranes are the bottlenecks that restrict the motion of water
andionsbetween the micropores, while the diffusionin the micropores
isrelatively fast. Following our previous approach®, we quantified the
largest pore sizes and dynamic pore gate sizes by molecular dynamics.
The non-porous AO-PAN exhibits narrow gates (2.3 + 0.1 A), which are
even slightly smaller than the kinetic diameter of water molecules
(-2.8 A), restricting the water mobility. AO-PIM-1 exhibits an aver-
age pore gate size of 4 + 0.17 A. In contrast, the AO-PIM-1-De shows
slightly larger pore gates (5.1 + 0.2 A). Figure 2j presents the water
self-diffusion coefficients through the hydrated pores calculated by
molecular simulation and measured experimentally by pulsed field
gradient (PFG) NMR spectroscopy (Supplementary Fig. 20 and Sup-
plementary Table 1) and quasi-elastic neutron scattering (QENS) spec-
troscopy (Supplementary Fig. 21). For the membranes with relatively
large pore gates, the water self-diffusion coefficients are dramatically
boosted, asrevealed by PFG-NMR spectroscopy. For example, AO-PIM-1
shows a water self-diffusion coefficient of 1.3 x 10 m?s™, which is
one order of magnitude lower than that of bulk water (2.3 x 107" m?s™
at 25 °C). QENS measurements suggest multimodal diffusion of water
inPIMmembranes, including localized diffusion (D,,.) and long-range
diffusion (D,,). The long-range diffusion agrees well with that measured
by PFG-NMR. The localized diffusion reflects the fast diffusion of water
withinthe confined micropores, as observed previously in Nafion and
other membranes***’*$, Detailed analysis of QENS data is provided in
Supplementary Information Fig. 21.

The ion conductivities of PIM membranes were derived from
through-plane resistances measured by electrochemical impedance
spectroscopy (Supplementary Figs. 22-26). As presented in Fig. 2k,|,

the conductivity of salt ions decreases with the size of cations, K*
(hydrated diameter 6.62 A), Na* (7.16 A), Li* (7.64 A) and Mg?* (8.56 A)
(Supplementary Table 2). We quantified theion transference number
for both cations and anions in the PIM membranes (Supplementary
Fig. 27). Both cations and smaller anions (CI", hydration diameter
of 6.4 A) contribute to the migration under electric field; therefore,
the conductivity is considered as the overall apparent conductivity
instead of cations alone. However, it remains difficult to fully decouple
the transport of anions and cations in these confined nanopores. The
activation energies were derived fromion conductivity measurements
atvaried temperatures (Supplementary Fig. 26), reflecting the average
energy barriers for electromigration of both cations and anions within
the membrane under electric field. The narrow pore size distribution
in the AO-PIM-1 polymers confine salt ions within the subnanometre
pores. The low MgCl, conductivity and high activation energy was
due tosteric hindrance of subnanometre channels, which restrict the
migration of large Mg?" ions with large hydration shells.

lon separation performance

To gain fundamental understanding of the ion diffusion under the
driving force of concentration without the influence of electromigra-
tiondrivenby an electric field, concentration-driven diffusion dialysis
performance of PIM membranes was evaluated in H-type cells (Sup-
plementary Fig. 28). For single-component saltion diffusion, AO-PIM-1
membrane gives decent monovalent/divalention selectivity, with K/
Mg?** selectivity at 200, Na*/Mg?** selectivity at 120 and Li*/Mg?** selec-
tivity about 100 (Supplementary Fig. 29). For binary mixtures, the
membrane presents much higher monovalent/divalent ion selectiv-
ity, with K'/Mg?** selectivity at 1,000, Na*/Mg** selectivity at 500 and
Li*/Mg?* selectivity about 150 (Supplementary Fig. 30). The higher
selectivity in binary mixtures suggests the competitive ion transport
between smaller and large cations through the AO-PIM-1membranes,
which is mainly due to the decreased Mg** permeation rate resulted
from weaker partitioning compared with Li*. A similar phenomenon
hasbeen observedinother nanoporous membranes, such as covalent
organic frameworks®. In contrast, the AO-PIM-1-De membranes with
deprotonation of hydroxyl groups display poor selectivity (K'/Mg**
about7) (Supplementary Fig. 31), whichis due to the swollen pores with
arelatively broader poresize distribution compared to the unmodified
pristine AO-PIM-1membrane.

Theelectrodialysis performance of PIM membranes was evaluated
inlaboratory-scale electrodialysis cells with an effective area of 2 cm?
(Supplementary Fig.32 and Supplementary Table 3). Firstly, AO-PIM-1
membrane was tested with LiCl/MgCl,, KCI/MgCl, and NaCl/MgCl,
binary mixtures under different current densities (1-3 mA cm™) (Sup-
plementary Fig. 33). Results indicate that under 2 mA cm™?, AO-PIM-1
could achieve optimal ion selectivity. Under the driving force of the
electric field, the ion separation performance was less sensitive to
the change of membrane thickness (Supplementary Fig. 34). There-
fore, in most experiments, membranes with thickness around 50 pm
were tested. As shown in Fig. 3a, pristine AO-PIM-1 membranes dis-
play a size-sieving phenomenon, with fast diffusion of smaller mono-
valent alkali metal cations (K*, Na*, Li*) with permeation rates of
0.2-1.0 mol m h while rejecting larger divalent cations (Mg*") with
slower permeation rates around 10> mol m2h™. AO-PIM-1membrane
exhibits excellent monovalent/divalent ion selectivity, with K'/Mg?*
selectivity at1,180, Na*/Mg?* selectivity at 300 and Li*/Mg?** selectivity
about 230 (Fig. 3b).

We further confirmed the selective ion separation performance
using asalt mixture of KCI/NaCl/LiCl/MgCl, (Fig. 3c and Supplementary
Fig.35). The monovalent/divalent ion selectivity is relatively lower than
that of binary mixtures, due to the competitive transport between small
monovalent cations through the membranes. The combined monova-
lent/divalent ion selectivity is still as high as 1,000. The performance
of AO-PIM-linbinary mixtures with varied Mg?'/Li* mass ratios (10, 20,
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permeation rates of binary salt mixtures for AO-PIM-1, AO-PIM-1-De and AO-PIM- rate and selectivity of AO-PIM-1membrane in Li/Mg binary salt mixtures at
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and AO-PIM-1-Et membranes. ¢, lon permeation rate and selectivity of AO-PIM-1 in Li/Mg binary salt mixtures at varied pH. i, Plot of monovalent/divalent ion
membrane for feed solution of KCI/NaCl/LiCl/MgCl, mixtures (0.1Meach).d, lon selectivity versus monovalent ion permeation rates. Literature data are included
permeation rates of binary salt mixtures for PIM-SBI-OH-AQO, PIM-SBI-OMe-AO for comparison (shown in Supplementary Table 4). Typical commercial ion-
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LiCl/MgCl, mixtures (0.1 M each). In a-f, the error bars of permeation rate data Ing, handj, the error bars of permeation rate data represent the standard errors
represent the standard errors derived from linear fittings of salt concentration derived from linear fittings of salt concentration profiles, and the error bars of
profiles of three independent experiments, and the error bars of selectivity data selectivity data represent uncertainties derived from the permeation rates.
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40,60 and 80) were also investigated (Supplementary Fig. 36). Selec-
tive separation of Li* and Mg* were achieved under all Mg*'/Li* mass
ratios. When the mass ratio of Mg/Li was 20, the Li/Mg selectivity was
the highest (around 240). The AO-PIM-1 membrane also maintained
reasonably high selectivity (>100) with the electrolyte concentration
increased from 0.05 M to1 M (Supplementary Fig. 37).

The structural and chemical properties of polymer membranes
influence the ion transport characteristics and selectivity. The PIM
polymer backbone provides the scaffold on which functional groups
are attached, which determines the microporosity and density of
functional groups in the pore walls and thus influences how the ions
interact with polymers. The non-porous AO-PAN membrane showed
much lowerion permeationrates (Li*~0.078 mol m h™) and relatively
low monovalent/divalent selectivity (Li*/Mg>* ~5.3) (Supplementary
Fig.38). The slowion transport through these non-porous membranes
isduetotheless-connected water channels in the polymer matrix. We
also evaluated the AO-PIMmembranes with morerigid backbones, such
as AO-PIM-SBF and AO-PIM-DMBP. According to our previous work®®,
AO-PIM-1, AO-PIM-SBF and AO-PIM-DBMP membranes have similar gas
sorption capacities, pore size distributions in the dry state and similar
water uptake. Therefore, these membranes demonstrated similarion
permeation rates and comparable mono/divalention selectivity under
electrodialysis conditions (Supplementary Fig. 39).

To understand the effect of amidoxime functional groups on
theion transport, we also tested AO-PIM-1-De and AO-PIM-1-Et at the
same conditions as AO-PIM-1 membranes (Fig. 3a,b and Supplemen-
tary Figs. 40-42). The deprotonated AO-PIM-1-De membrane allows
fast permeation of monovalentions and divalent Mg** ions, resulting
in much lower selectivity, for example, Li/Mg <10. The moderate
selectivity of AO-PIM-1-De can be due to the combination of several
features and physical principles that influence the transport of mono-
valent and divalentions. One key feature is the swelling of the depro-
tonated AO-PIM-1-De membrane due to excessive electrolyte uptake,
which behaves like ion-exchange membranes to some extent. The
swelling led to a broader pore size distribution, which weakens the
size-sieving selectivity, allowing the diffusion of relatively large Mg*'
ions. The negatively charged amidoxime groups could also facilitate
the electromigration of positively charged Mg?* under electric field
dueto strong interactions between divalent Mg?* ions and deionized
amidoxime groups.

We also substituted the hydroxyl groups in the AO-PIM-1 with
non-polar hydrophobic ethyl groups (AO-PIM-1-Et) while keeping
the hydrophilic amine groups (Supplementary Figs. 41 and 42). Com-
pared to AO-PIM-1, AO-PIM-1-Et gives almost two orders of magnitude
lower monovalent ion permeation rate (Li* ~0.00612 mol m2h™) and
restricted divalent Mg?* transport, with Li*/Mg?** selectivity at around
30.According to gas adsorption measurements and MD simulation, the
micropore volume was largely maintained in AO-PIM-1-Et, the incorpo-
ration of hydrophobic ethyl groups reduces water adsorption to some
extentand formed less-connected water channels, resulting in slightly
narrow dynamic pore gate size (-3.5 A) and slightly lower water diffu-
sion coefficient (Fig. 2j). The evident drop in the ion permeation rate
could be mainly attributed to the removal of hydroxyl groups, which
playacrucial rolein enhancing the interactions with alkali metal ions.

Another group of PIM polymers were prepared by superacid-
catalysed Friedel-Crafts reactions, including PIM-SBI-OH-CN and
PIM-SBI-OMe-CN and modified polymers with amidoxime groups
(PIM-SBI-OH-AO and PIM-SBI-OMe-AO) (Supplementary Figs. 43-48).
These polymers with similar backbone and microporosity but varied
amidoxime and hydroxyl groups serve as control samples to study the
pore environment andion-poreinteractions. PIM-SBI-OH-AO polymer
demonstrated high monovalention permeationratesin electrodialysis
(Fig.3d) and remarkable monovalent/divalention selectivity inbinary
mixtures, for example, K'/Mg?* selectivity at 1,850, Na*/Mg?* selectivity
at1,650 and Li"/Mg?*" selectivity at about 485 (Fig. 3e). The membrane

maintained high ion selectivity in KCI/NaCl/LiCl/MgCl, salt mixtures
(Fig.3fand Supplementary Fig. 43) and high feed concentrations (Sup-
plementary Fig. 44). The control sample PIM-SBI-OMe-AO with methyl
group substitution exhibits muchlowerion permeation rates (Fig. 3d)
and poor selectivity (Fig. 3e and Supplementary Figs. 45and 47).In con-
trast, PIM-SBI-OMe-CN shows negligible selectivity and slowion trans-
port which is two orders of magnitude lower due to the hydrophobic
pore environment and lack of favourable functional groups (Fig. 3d,e
and Supplementary Figs.46 and 47). A control sample withnominal 50%
hydroxyl groups and 50% methyl groups (PIM-SBI-OMe,, s-OH, 5;-AO)
validated the critical role of hydroxyl groups (Supplementary Fig. 48).
These membranes display similar CO,adsorption capacity and similar
pore size distribution in the solid state. With the increasing ratio of
hydroxylgroups, the membrane pores became more hydrophilic with
bothion permeation rate and ion selectivity enhanced. These results
suggest the hydroxyl groups not only enhance the local hydrophilicity
to improve the connectivity of water channels but also facilitate the
interactions with saltions and their transport.

To furtherinvestigate the role of amidoxime groups and micropo-
rosity, we prepared blend membranes using PAN and PIM-SBI-OMe-CN
and then performed amidoxime modification to produce membranes
with AO functional groups (Supplementary Fig. 49). Compared to
the individual AO-PAN and PIM-SBI-OMe-AO membrane, the blend
membrane combines the features of microporosity and high loading
of amidoxime groups, as confirmed by gas adsorptionand FTIR spec-
tra. The resulting blend membrane provided higher permeation rates
and high mono/divalent ion selectivity (Li*/Mg* ~60), which can be
attributed tothe synergy of enhanced microporosity and high-loading
amidoxime groups within the micropores.

Besides AO-PIM membranes, we also developed PIM polymers with
other functional groups to verify the effect of ion-membraneinterac-
tions oniontransport. First, we prepared PIM membranes with carbox-
ylic acid groups (cPIM-1, cPIM-Et, cPIM-Ph) (Supplementary Figs. 50
and 51), ion-exchanged carboxylate (cPIM-Et-De and cPIM-Ph-De)
(Supplementary Fig. 52) and a control sample with carboxylic acid
groups substituted with methyl groups (cPIM-1-OMe) (Supplementary
Fig. 50). It should be noted that although the cPIM-1 membrane had
highionselectivity, it broke after about 20 mininthe electrodialysis cell
dueto excessive hydration and swelling after completeion exchange®.
To solve the swelling problem of cPIM-1, we developed carboxylic
acid-functionalized PIMs with pendant groups of tailored hydrophobic-
ity, which have limited degree of swelling and hence are more stablein
saltsolution. These two membranes demonstrate high selectivity and
stability for effectively separating monovalentions from divalentions
(Supplementary Fig.51). Compared to AO-PIM-1, cPIM-Et gives slightly
higherion permeationrates and lowerionselectivity, whereas cPIM-Ph
showsrelatively lower ion permeation rate and higher selectivity. The
polymer membranes were treated with strong base (1M NaOH) to fully
deprotonate the carboxylic acid to form carboxylate groups (termed
as cPIM-Et-De and cPIM-Ph-De). Similar to deprotonated AO-PIM-1-De,
the deprotonated cPIM-Et-De and cPIM-Ph-De membranes lose their
selectivity in electrodialysis (Supplementary Fig. 52). Furthermore,
cPIM-1-OMe, a control sample substituted with hydrophobic non-polar
methylend group, shows negligible selectivity and pooriontransport.
These control experiments confirm the important role of hydrophilic
groups asionbinding sites for the selective ion transport.

Polymer membranes with easily dissociated sulfonate groups were
alsotested, and they generally show negligible selectivity (<5). Normal
sPEEK membrane, SPEEK-Trip membranes, sPIM-1-ES and sPIM-Ph-ES
with sulfonate groups were verified to have relatively high ion per-
meation rate but negligible selectivity. Such poor ion selectivity is
comparable to that of conventional cation exchange membranes such
as Nafion (Li*/Mg** selectivity ~1.8) (Supplementary Fig. 53). These
polymers with sulfonic acid (-SO;H) groups can easily dissociate and
becomenegatively chargedinsaltsolution. Despite that PIMbackbones
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are applied in some of these polymers, the fully ion-exchanged mem-
branes suffer from swelling, leading to enlargement of dynamic pore
gates, and consequently poor selectivity. These strong electrostatic
interactions between negatively charged sulfonated membranes and
Mg?* ions tend to favour the electromigration of Mg?* over monovalent
ions through the membrane under the electric field.

The above control experiments demonstrated the importance of
regulatingthe electrostatic charges of the membranes and their inter-
actions withions, which can dramatically influence the ion separation
performance. The pH of salt-lake brine solutions could also influence
the electrostatic charges of functional groups and hence affect the ion
selectivity. It is well known that the amidoxime groups could undergo
protonationatlow pHand deprotonation at high pH, whichwould have
importantimpact on the electrostatic charges of membrane surfaces.
Figure 3g,h and Supplementary Fig. 54 present the ion permeation
rates and selectivity of AO-PIM-1 and PIM-SBI-OH-AO membranes at
varied pH of feed solutions. Generally, the membranes provide high
ionpermeationrates and high selectivity over abroad pHrange (4-10).
Atrelatively higher pH (>7), the ion selectivity decreases slightly which
might be associated with the partial ionization of the ~-OH groups in
the amidoxime functional groups in AO-PIM-1 or in PIM-SBI-OH-AO
polymer. When the pH decreases to 2.79, the Li* ion permeation rate
drops by ten times. At low pH (<4), the amidoxime groups become
positively charged due to protonation, which lead to electrostatic
repulsion towards positively charged alkali metal cations (Li* and
Mg?") and consequently lower permeation rates, while maintaining
high selectivity (>100). Overall, the AO-PIM membranes maintain
high selectivity over abroad pH range, which makes them suitable for
processing of salt-lake brines (the pH is typically within 7-11).

Figure 3i shows the plot of monovalent/divalent ion selectivity
versus theion permeation rate for PIM membranes and the comparison
with membranes reported in the literature, including ion-exchange
membranes and nanofiltration membranes (detailed data are pre-
sented in Supplementary Table 4). Generally, PIM membranes with
hydrophilic functional groups present evidently high monovalent/
divalent ion selectivity, which are much higher than conventional
polymeric membranes.

Wealso evaluated the operation stability of AO-PIM-1 membranes
in the electrodialysis cell (Fig. 3j). The membrane demonstrated a
slowly increasing Liion permeation rate from 0.23 to 0.35mol m2h™
over acontinuous operation for 20 days (about 480 h), whereas the Li/
Mg sselectivity decreased from ~250 to150. The slow increase of ion per-
meationrate and slight decay in selectivity may be due to the swelling
of membranes over time and slow penetration of Mg?*ions through the
membranes. Nevertheless, theion selectivity is still significantly higher
thantraditional polymerion-exchange membranes. Characterizations
of the membrane recovered from the long-duration tests suggested
that the membranes were stable, as verified by NMR, FTIR, tensile
strength tests and SEM imaging analysis (Supplementary Fig. 55).

Non-equilibrium molecular dynamics simulations
To gain a deep understanding of the ion separation mechanism, we
performed non-equilibrium molecular dynamics simulations to study
theion transport under an electric field of 0.03 V A™ (Fig. 4a and Sup-
plementary Fig. 56). Generally, the overall ion transport mechanism
through membranes isacombination of theion partitioning viadehy-
drationprocessat the pore entrance and the confined electromigration
and diffusion of partially dehydrated ions within the subnanometre
pores. The hydration of ions can be quantified by the coordination
number of water molecules (Fig. 4b-e), whichis derived from the RDFs
(Supplementary Fig. 57). The simulations suggest the coordination
number of water molecules decreases when the ions move from the
bulk solutioninto the membranes, indicating that partial dehydration
of K', Na* and Li" ions occur. Highly charged ions such as Mg?* have
higher hydration numbers due to their strong electrostatic fields that

attract more water molecules, which agree well with the high hydration
energy (Supplementary Table 2).

The energy barrier of ion transport through the PIM membrane
was calculated toinvestigate the energy transition during theiontrans-
portprocess (Fig. 4f and Supplementary Fig. 58). Two steps of energy
change associated with ion transport could be observed, including (1)
ion partitioning step and (2) migration and diffusionin the membrane.
Following literature work*, we could estimate the energy barriers for
bothion partitioning and migration/diffusion (Supplementary Table 5
and Supplementary Fig. 59). The energy barriers for ion partition are
relatively low due to the large pore entrance, which only requires partial
ion dehydration. In contrast, the energy barriers for ion migration/
diffusion are relatively high and governing the overall energy barrier
for ion transport, for example, K* (62 k) mol™), Na* (49 k] mol™), Li*
(90 kJ mol™) and Mg** (183 k) mol™). The high energy barrier could be
attributed to the energy required for dehydration through the nar-
row pore gates and ion binding with the functional groups in the pore
walls. Theinteractions of cations with the functional groups at the pore
entrance and porewalls are alsoimportant for theion transport. RDFs
of polymer modelsin the presence of saltions also suggest strong bind-
ing between salt ions and the hydroxyl groups in amidoxime groups
(Fig. 4g and Supplementary Fig. 60). Particularly the short distance
between Mg? ions and AO groups suggests that the hydrophilicgroups
may be bound to the solvation shell of partially dehydrated Mg** ions
when they are confined in the subnanometre channels. The binding
energies of K', Na*, Li" and Mg?" with the amidoxime groups were cal-
culated fromthe DFT simulations, following the order of K" <Na*<Li" <
Mg?* (Supplementary Table 5). For divalentions to move between func-
tional groups, this strong interaction needs tobe overcome, leading to
alarge energy barrier for their diffusion. The hydrophilic groups can
form hydrogen bonds with water molecules, enhancing the hydration
level of the pore environment. Monovalent ions have smaller hydra-
tionshells compared to divalentions, so they exhibit greater mobility
because of their weaker interactions with water molecules. Figure 4h
shows the mean squared displacement of different ions through the
membranes, indicating the preferential transport of smaller cations
(K*,Na*, Li*) over divalent Mg?* ions through the confined membrane
water channels. The cation diffusion coefficient correlates well with
the hydrated diameter of cations, suggesting the size sieving effect
due to the narrow subnanometre channels, especially the narrow
dynamic pore gates.

The ion transport through the membranes can be divided into
three steps (Fig. 4i), including (1) ion partitioning into the narrow pore
channels, (2) ion migration and diffusion through the interconnected
micropores and (3) ion rehydration. Combining the modelling and
experimental results, we can conclude that the superior monovalent-
divalent ion selectivity of neutral-charge PIM membranes could be
attributed to the synergistic effects of (1) regulated dehydration and
ion partitioning into narrow subnanometre-sized ion channels, (2)
confined transport of partially dehydrated ions through the subna-
nometre pores, especially size sieving by the narrow pore gates with
appropriate sizes and (3) favourable interactions between monovalent
ions with a sufficient amount of hydrophilic functional groups (for
example, amidoxime, carboxylicacid, hydroxyl) in the hydrated pores.

Separation performance in upscaled
electrodialysis stack

Testing of membranes in an electrodialysis stack is a critical step
before scaling them up in an industrial scale pilot system (Fig. 5a). To
demonstrate the upscaling potential of PIM membranes for lithium
extraction, we integrated our newly developed membranes into elec-
trodialysis stacks with relatively large effective area of 189 cm?. We
prepared one pair of membranes (one piece of AO-PIM-1and two pieces
of anion-exchange membranes (AEMs)) (Fig. 5b) and assembled the
membranes in alab-scale electrodialysis stack with an effective area
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Fig. 4| Molecular dynamics simulations of ion transportin AO-PIM-1
membrane. a, Set-up of non-equilibrium model for ion transport through

one AO-PIM-1membrane. The AO-PIM-1 membrane with thickness of 8.8 nmis
sandwiched between two water chambers, with graphene sheet pistons at two
ends. Standard atmospheric pressures are applied on both graphene sheets. The
iontransportis driven by an electric field. b-e, Coordination number of water
molecules as a function of the distance from the centre of ions: K* (b), Na* (c),

Li* (d), Mg* (e).f, Transport energy barrier profiles of ion transport through the
membrane. Light blue colour: interface region at membrane surface. Light yellow
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colour:membrane region. Short dashed arrows indicate the energy barriers for
ion partitioning and ion migration and diffusionin membrane, and dashed lines
correspond to the levels of free energy of salts. g, Radial distribution function of
ions bound to the hydroxyl groups on the AO groups, as a function of the distance
betweenions with hydroxyl groups in amidoxime groups. h, Modelled mean
squared displacement of cations in AO-PIM-1 membrane as a function of time.
Cation self-diffusion coefficients were included. i, Schematic diagram showing
the mechanism of ion separation through PIM membranes with interconnected
subnanometre channels.

0f 189 cm?. These membranes were assembled into one electrodialy-
sis stack (Fig. 5c,d and Supplementary Fig. 61). The performance of
AO-PIM-1 membrane was evaluated with KCI/NaCl/LiCl/MgCl, mixed
solution with initial concentration of 0.1 M for each salt ion. The salt
concentration profiles of concentrate stream are illustrated in Fig. Se.
Figure 5f shows the permeation rate and selectivity of AO-PIM-1 for

ion separation using the large-area stack. The results in the stack
still demonstrated preferential transport of K, Na* and Li* with high
selectivity towards Mg?* (over 100). The final product solution was
evaporated to enhance Li* concentration to over 3 mol I\, Lithium can
be precipitated easily using Na,CO;, resulting in the production of
high purity battery-grade Li,CO; with purity up to 99.6 wt% based on
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Fig. 5| Lithium extractionin alaboratory-scale electrodialysis stack.

a, Schematic diagrams of electrodialysis stacks. ISM, ion-selective membrane;
AEM, anion exchange membrane. b, Photos of one pair of membranes, including
one piece of AO-PIM-1membrane (ISM) and two pieces of AEM membranes.

¢, Photo of the membrane assembled in the electrodialysis stack. d, Photo of one
electrodialysis stack in operation. e,f, lon concentration profiles of concentrate
chamber for electrodialysis separation with one pair of membranes (e), with feed
solution of KCI/NaCl/LiCl/MgCl, (0.1 M) and derived ion permeation rates and
selectivity (f). g, X-ray diffraction pattern of Li,CO; product. The inset photo shows
the purified Li,CO; solid. h,i, lon concentration profiles of concentrate chamber
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Jj, Compositions of initial feed solution and concentrate solution after testing for

4 h.k, lon concentration profiles of concentrate chamber, with simulated salt-lake
brine solution (after removal of Na"and K*) as feed solution. I, lon permeation
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of selectivity data represent uncertainties derived from the permeation rates.

Nature Water | Volume 3 | March 2025 | 319-333

328


http://www.nature.com/natwater

Article

https://doi.org/10.1038/s44221-025-00398-8

inductively coupled plasma mass spectrometry (ICP-MS) measure-
ment. The X-ray diffraction pattern of precipitated Li,CO,; product is
presented in Fig. 5g.

To demonstrate this upscaling effect in the electrodialysis stack,
we performed experiments using electrodialysis stack with two pairs
of membranes (two pieces of AO-PIM-1 and three pieces of AEMs)
(Fig. 5Sh-j). Owingto the enlarged membrane areas, the processing effi-
ciency of the stack is almost two times that with one pair of membranes
(Fig.5h). Therefore, for salt solution with 0.1 M for eachion, the specific
energy consumption for Li extraction with two pairs of membranes
(10.94 kWh kg™ is only half of that for electrodialysis stack with one pair
of membranes (19.87 kWh kg™). Similarimprovement in processing effi-
ciency andreductioninenergy consumption was observed with simu-
lated brine solutions (Supplementary Figs. 62 and 63). The slightly lower
ionselectivity (Fig. 5i) was due to the relatively low perm-selectivity of
the AEM membrane, leading to leakage of co-ions (cations). This can be
improved by using AEM membranes with high perm-selectivity in the
future. The massratio of Mg/Liin the concentrate solution was largely
reducedyet the concentrations of K*and Na*ions were enriched (Fig. 5j)
due to their preferential transport over lithiumions.

We further conducted experiments to test the performance of
AO-PIM-1 membranes for separation of salt mixtures with composi-
tions similar to hypersaline brine extracted from salt-lake reservoirs
inChina (Supplementary Table 6). Li* transport was relatively slow due
to the low initial concentration and competition transport, yet the Li/
Mg selectivity is still as high as 30 despite the initial high Mg?'/Li* mass
ratio (-65) (Supplementary Fig. 62). The overall monovalent/divalent
ion selectivity is still high. These mixed salt tests prove that AO-PIM-1
still provides good selectivity for lithium extraction with Mg*/Li* ratio
reduced evidently. Theionic composition of product solutionafter 8 h
oftestingisshownin Supplementary Table 6, indicating that the mass
ratio of Mg/Li could be reduced from 65 to around 2.

The preferential transport of sodium and potassium over lithium
could be a problem for processing of real brine solution with high
sodium and potassium concentration. Membranes with monovalent
ion selectivity (for example Li"/Na*) can be developed by integrat-
ing ceramic ion-conductor® or special lithium-binding functional
groups®. In industrial processes of lithium extraction from brines,
brine solutions are usually processed via multiple steps®. Electrodi-
alysis could be used to process the evaporated brine solutions or real
brine solution with relatively low sodium concentration. Hence, we
evaluated the electrodialysis separation performance for processing
ofbrinesolutions withK"and Na‘removed (Fig. 5k and Supplementary
Table 7) and obtained high monovalent/divalent selectivity (Fig. 5I) and
lower Mg/Limass ratio in the concentrate solution (Fig. 5m). More com-
prehensive studies should be performed with avariety of hypersaline
salt-lake brines and long-term system operation in realistic operation
conditions™.

Membranes used in electrodialysis processes are exposed to
dynamic changing chemical environment, including exposure to vari-
ousions, pH fluctuations and potential oxidative or reductive condi-
tions. Todemonstrate the stability and recyclability of PIM membranes
inselective electrodialysis, we recycled the membranes and evaluated
their performanceinthe electrodialysis stack. The recovered AO-PIM-1
membranes maintain the same structures as fresh membranes, as
characterized by NMR and FTIR spectroscopy (Supplementary Fig. 64),
confirming their excellent chemical stability. The dried membranes
were redissolved in dimethylformamide and cast into a defect-free
membrane (Supplementary Fig. 65). The membrane was evaluated
again in the 189 cm? electrodialysis stack and maintained high ion
permeation rates and high selectivity (Supplementary Fig. 65).

Discussion
Insummary, we demonstrate microporous polymer membranes with
high monovalent-divalent ion selectivity in selective electrodialysis

processes for efficient and sustainable lithium extraction. Experimental
studies and computational modelling suggest that the superior mono-
valent-divalention selectivity of PIM membranes could be attributed
tothe synergistic effect ofion partitioning and size sieving regulated by
narrow subnanometre-sized ion channels and favourable interactions
between ions with functional groups in the hydrated micropores. In
particular, the hydrophilic functional groups (for example, amidoxime,
carboxylic acid, hydroxyl groups) are less prone to dissociate, and
they interact preferentially with alkali cations and enable selective
ion transport in hydrated micropores. The ion-selective membranes
demonstrate excellent monovalent/divalent ion selectivity in both
binary salt mixtures and simulated salt-lake brines, producing high
purity battery-grade Li,CO,. Furthermore, owing to their unique solu-
tion processability, the manufacturing of PIM polymer membranes
can be potentially scaled up using industrial continuous roll-to-roll
membrane production lines and integrated into large membrane
stacks. Future work can be focused on development of Li-selective
membranes with highion selectivity towards other monovalent cations.
The molecular design of high-selectivity ion separation membranes
and their selective electrodialysis performance demonstrated in this
work have broad implications for the development of next-generation
membrane technologies for industrial separation applications, such
aswater purification, resource recovery and recycling process, which
will contribute to a global circular economy.

Methods

Synthesis of polymers

PIM-1was synthesized using a protocol adapted from the literature®, by
polymerization of purified monomersincluding5,5,6,6’-Tetrahyroxy-
3,3,3",3’-tetramethyl-1,1’-spirobisindane (TTSBI) and 2,3,5,6- tetra-
fluoroterephthalonitrile (TFTPN) in anhydrous DMAc and K,CO;
fine powder at 150 °C. The AO-PIM-1 polymer were synthesized fol-
lowing the protocol reported in the literature*. The AO-PIM-1-Et
was synthesized following a previous study>. Another group of PIM
membranes were prepared by superacid-catalysed Friedel-Craftsreac-
tions from 6,6’-dimethoxy-3,3,3’,3’-tetramethyl-2,2’,3,3’-tetrahydro-
1,1’-spiro(SBI-OMe), 3,3,3’,3"-Tetramethyl-1,1’-spirobisindane-6,6’-diol
(SBI-OH) and 4-formylbenzonitrile in dichloromethane and meth-
anesulfonic acid, forming PIM-SBI-OMe-CN, PIM-SBI-OH-CN and
PIM-SBI-OMe, ;-OH, s-CN. The nitrile groups of these polymers were
modified into amidoxime groups by reacting with hydroxylamine
solution in DMSO at 100 °C, forming polymers PIM-SBI-OMe-AO,
PIM-SBI-OH-AO and PIM-SBI-OMe, ;-OH, s-AO.

AO-PAN membranes were made through amidoximation modi-
fication of PAN membranes. PAN polymer was dissolved into DMSO
solvent and casted into membrane. Then PAN membranes were modi-
fiedinto AO-PAN membranes by reacting with aqueous hydroxylamine
solution (5g1™) at 60 °C for 3 h (ref. 54). AO-PAN/PIM-SBI-OMe-AO
blend membrane was prepared by AO modification of blended PAN/
PIM-SBI-OMe-CN membranes. PAN and PIM-SBI-OMe-CN polymers
were blended with 1:1 ratio and casted to membrane. The membrane
wasimmersed in 50 mlof an aqueous hydroxylamine solution with con-
centrationof 5g 1™ underN, at 60°C for 3 h. After the reaction, the mem-
branes were thoroughly washed multiple times with deionized water.

PIM polymers with carboxylic acid groups were synthesized fol-
lowing the protocol reported in the literature. cPIM-1 was prepared
by acid hydrolysis of PIM-1**. cPIM-Et and cPIM-Ph were prepared by
modification of AO-PIM-1with succinic anhydride and phthalic anhy-
dride to form pendant groups with ethyl-, phenyl- containing linkages,
respectively*’. The cPIM-Et and cPIM-Ph were further exposed to 1M
NaOHto fully exchange the carboxylic acid to carboxylate, cPIM-Et-De
and cPIM-Ph-De. cPIM-1-OMe was prepared by modification of cPIM-1
with Me-1to substitute the hydroxyl groups with methyl groups.

SPEEK polymer was prepared by sulfonation of PEEK. PEEK-Trip was
synthesized with triptycene backbone and further sulfonated to form
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SPEEK-Trip*’. PIM polymers with sulfonate groups were prepared by
esterification of cPIM polymers, including modification of cPIM-1with
1,3-propanesultone to form sPIM-1-ES, and modification of cPIM-Ph
with 1,3-propanesultone to form sPIM-Ph-ES.

Most polymers were fabricated into dense membranes by the
solution casting method. More details are available in Supplementary
Information.

Materials characterization

Fourier transform infrared spectroscopy (FTIR) was performed on a
Perkin-Elmer Spectrum 100 FTIR spectrometer with polymer mem-
brane samples mounted on a zinc-selenium/diamond plate. Liquid
state 'H and *C nuclear magnetic resonance (NMR) spectra were col-
lected using Bruker Avance IlllHD 600 MHz orJeol 400 MHz spectrom-
etersat25°Cand 60 °Cfor samplesin CDCl;and d-DMSO, respectively.
Low-pressure gas physisorption was analysed by Micromeritics 3Flex
surface characterization analyser. The N,and CO, adsorption/desorp-
tionisotherms were measuredat 77 Kand 273 K, respectively. Samples
were accurately weighed and transferred to measuring tubes and
degassed overnightat100 °C. Afterward, another in situ degas process
(80 °Cfor2 h)wasintroduced before the measurement took place. Pore
sizedistributionis derived fromboth N, and CO,sorption using density
functional theory (DFT) calculation. Dynamic vapour sorption (DVS) of
water was performed using a gravimetric DVS sorption analyser (Sur-
face Measurement Systems) at 25 °C. Cross-sectional morphology of
membraneswas characterized by Scanning electron microscopy (SEM)
using aKarl Zeiss LEO 1525 microscope. Before testing, the membranes
were manually fractured inliquid nitrogen and coated with a thin layer
of chromium. The electrolyte uptake or water uptake of the mem-
brane is defined as the weight difference between the wet membrane
after soaking in corresponding salt solution or DI water and the dry
membrane. The swelling ratio of membranes is defined as the length
difference between the wet membrane and the dry membrane. Theion
conductivityisderived from two-electrode through-plane membrane
resistance measured by the electrochemical impedance spectroscopy
technique utilizing a potentiostat, employing an AC bias of 10 mV and
scanning frequencies ranging from 0.2 MHz to 10 Hz. Membranes
saturated with an aqueous electrolyte were positioned between two
stainless steel electrodes, each featuring an effective areaof 2 cm, and
securely enclosed within coin cell for ionic conductivity evaluations
under elevated temperatures.

Electrodialysis separation performance tests

This study uses two kinds of lab-scale electrodialysis stack supplied by
Hefei Chemjoy Polymer Material Co. For small electrodialysis stack, the
effective area of each membrane is 2 cm?. Channels with thickness of
1cmseparate two neighbouring membranes. For large electrodialysis
stack, the effective area of each membrane is 189 cm?. The channel
spacers withthickness of 1 mm separate two neighbouring membranes.
Typically, the cell is equipped with one piece of ion-selective mem-
branesand two pieces of anion-exchange membranes (PiperlON, Fuel
CellStore) placedin parallel. The electrodialysis stack was operated in
agalvanostatic mode controlled by adirect current supply.

In the electrodialysis experiments, 100 ml mixed ion solution
and 100 ml 0.01 M salt (KCl or NaCl) solution were pumped into dilute
and concentrate chambers separately, with a volumetric flow rate of
40 mlmin™. The 200 ml Na,SO, solution was pumped into the elec-
trode chamber, with volumetric flow rate of 80 ml min™. The elec-
trodialysis experiments were performed in a batch mode in which
the effluent streams were circulated back to the respective tanks. For
small electrodialysis stack with membrane effective area of 2 cm?, the
experiments of AO-PIM-1 membrane took1or 2 hintotal with current
densitylorl.50r2or2.50r3 mA cm™ Two mA cm2wasselectedas a
suitable current density, and all the other experiments were performed
under this current density with the same operating conditions. For

large electrodialysis stack, the mixed ion (K*, Na*, Li* and Mg?) solu-
tion or simulated salt-lake solution with volume of 11and DI water
with volume of 200 ml were pumped into diluate and concentrate
chambers separately, with a volumetric flow rate of 40 ml min™and
current density of 2mA cm™. The Na,SO, solution with volume of
400 mlwas pumped into electrode chamber, with volumetric flow rate
of 80 ml min™. The experiment normally took several hours with cur-
rent density 2 mA cm™ Samples were collected every 10 or 20 mins for
small electrodialysis stack and every 1 hfor large electrodialysis stack.
The concentration of salt ions was measured by ICP-MS. The sample
solutions were diluted using 2% HNO; appropriately to make sure the
concentration is within the detecting limits of ICP-MS.

Two sets of experiments were performed to study the impact of
composition of feed solution on the separation performance. In one
set of experiments, the concentration of feed solution of mixed salt
(Li* and Mg?") were varied at 0.05M, 0.1M, 0.25M, 0.5 M, 0.75 M and
1M, respectively. A KCl solution of 0.01 M was pumped into the con-
centrate chambers to reduce the solution resistance. Another set of
experiments were performed to study the effect of mass ratio of Mg/
Li. The LiCl concentration was fixed at 0.01 mol I with Mg/Li mass
ratio varied at 10, 20, 40, 60, 80, respectively. The electrode solution
fedinto electrode chamberin these measurements was 0.3 MNa,SO,.

Tofurtherinvestigate their performance under different pH condi-
tions, the pH of the feed solution (0.1 M LiCl and MgCl,) was adjusted
t02.79,4,6.33,8.79 and 10.23 using H,SO, or NaOH. The feed solutions
were then pumped into the electrodialysis stack to testion transport.
Thetestinglasted foratotal of 1 h, with samples collected every 10 min.
In the stability test, the mixed ion (Li* and Mg*") solution and 0.01M
KCl solution were pumped into diluate and concentrate chambers
separately. The electrode solution of 0.3 M Na,SO, was pumped into
electrode chamber. The experiment took 20 days in total. Each feed
solution was changed every 24 hours. For each cycle, samples were
collectedattime 0,2 h,4 h, 6 hand 24 h. The concentration of samples
was also quantified by ICP-MS.

The permeation rate is defined as the mole of a specific ion i
extracted per membrane area per time. The permeation rate of i, P,
(molm~2h™) from time O to time t can be calculated using the follow-
ing equation:

e = Cl,t VC,t AtCz,O l/C,O (1)
where C;, refersto the concentration of iionintimetin the concentra-
tion chamber (mol 1), V. and V., refer to the volume of the concen-
trate chamber (I) at time ¢t and O and A is the area of the membrane
(m?).Theerrors of calculated ion permeation rates mainly originated
from the errors of liner fittings of ion concentrations measured by
ICP-MS. Typically, at least three membranes were measured to obtain
reliable results.

The selectivity of membranes to other cations M* (K", Na*, Li*) over
Mg?* into concentrate chambers (Sy,y,) is defined as the ratio of the ion
fluxes normalized by their initial concentrations, at time ¢:

S _ PM,[ CMg,t
MME T Prge Cuie

2

Where P, ,and Py, ,are the permeation rate of M* (K", Na*, Li*) and Mg**
attime t(mol m~h™), C,and Gy are the feed concentrations of M* (K",
Na*, Li*) and Mg*" in the dilute chamber at time ¢ (mol I™"). The uncer-
tainty of selectivity was derived from the errors of ion permeation rates.

Molecular modelling

Both equilibrium models and non-equilibrium models were con-
structed. The construction of the amorphous cell of the pristine
AO-PIM-1and its control derivatives (AO-PIM-De and AO-PIM-Et) was
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performed with Polymatic®. The method of building amorphous
polymer models has been widely used in the literature and proven
effective in building microporous polymers, such as sulfonated
PIM polymers in our previous work®, generating valid models with
properties (for example, density, porosity) similar to experimental
results. A total of 150 monomers were packed in asingle system. Five
different initial configurations by random packing were prepared
to obtain statistically average outcomes. To simulate the hydrated
state of polymer membranes, water molecules were added based
on the electrolyte uptake of different types of polymer under the
condition of 100% relative humidity. lons were added based on the
concentration of 1 M electrolytes. Their respective quantities are
listed in Supplementary Table 8.

Molecular dynamics simulations were performed in Large-scale
Atomic/Molecular Massively Parallel Simulator®®. Polymer and ion
interactions were described by the optimized potentials for liquid
simulations all-atom (OPLS-AA) force field”. The L] parameters of
monovalent (K*, Na*, Li*) and divalent (Mg*") ions were taken from
the results of Li et al. based on the optimised hydration free energies
parameter set>®*, TIP3P water model*° was used withits bond and angle
constrained by the SHAKE algorithm®. For the dry polymer model, the
polymerized structure underwent a 21-step equilibration process®
to obtain an experimentally comparable structure. For the hydrated
model, the equilibration scheme was performed after randomly pack-
ing water molecules with the polymerized structure.

Non-equilibrium models were also performed and molecular
dynamics simulations were carried out to study the ion transport
drivenby theelectricfield. The non-equilibrium modelis asandwiched
model enveloped by two carbon sheets, which is composed of the
electrolyte reservoir, the polymer membrane and the water reservoir.
Non-equilibrium simulation of ion transport through the sandwiched
model was performed with an electric field of 0.03 V A applied onions.

Umbrella sampling was used to compute the free energy of ion
transporting within the membrane. The path along the z axis perpen-
dicular tothe membrane cross section starting from the inletinterface
tothe outletinterface was used as the reaction coordinate, specifically
from-21Ato123 A. Aharmonicspring of 1.5 kcal mol™ A2was employed
to steer the transmembrane process of ions. At each step, ions were
progressively pulled towards the potential centre for 20 ps, and then
50 ps production runwas used for data acquisition. There are atotal of
26 windows. The weighted histogram analysis method algorithm was
used to generate the free energy profile®.

Detailed methods of simulations and data analyses are provided
inSupplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
paper and its Supplementary Information. The original Neutron Spin
Echo data are available at https://doi.org/10.5291/ILL-DATA.DIR-360.
Source data are provided with this paper.
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