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Boosting Nanofiltration Membrane Selectivity via
Amine-Polymer Additive Engineering for Efficient Lithium
Extraction From Brine

Shaofan Duan, Shuai Jiang, Ping Xu, Zhan Li, Pengfei Zhang, Yanyan Liu,
Atsushi Matsuoka, Yuqing Lin, Jie Shen, Kecheng Guan,* Tomohisa Yoshioka,
and Hideto Matsuyama*

Nanofiltration (NF) membranes used in direct lithium extraction (DLE) from
brine offer a more efficient and environmentally friendly alternative to
traditional evaporation-based methods, and are promising for lithium
enrichment owing to their ability to selectively reject multivalent cations.
However, conventional polyamide (PA) NF membranes prepared using
piperazine (PIP) suffer from low Li+/Mg2+ selectivity due to excessive negative
surface charge and a trade-off between membrane permeance and selectivity.
In this study, a scalable and facile strategy to enhance lithium separation
performance by incorporating poly(allylamine) (PAA), an amine-rich polymer,
into the aqueous PIP solution as an additive during the interfacial
polymerization synthesis of PA is presented. PAA not only introduces
additional positive charges into the PA network, improving Mg2+ rejection via
the Donnan effect, but also alters monomer diffusion, leading to a crumpled
PA morphology that contributes to water permeance. The resulting optimum
membrane exhibited a high water permeance of 12.1 L m−2 h−1 bar−1, a low
LiCl rejection of 12.6 %, and significantly enhanced the rejection of MgCl2
from 18.8 % to 94.7 %. Furthermore, a two-stage NF process using the
optimized membrane effectively purified lithium from simulated salt lake
brine, highlighting the potential of this strategy.
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1. Introduction

Lithium extracted from natural under-
ground saltwater reservoirs, known as
lithium brine, is vital to the global lithium
industry, particularly for battery production.
However, high concentrations of coexisting
ions like Mg2+ make lithium extraction sig-
nificantly more challenging. To meet the
need for high-purity lithium products, ef-
ficient Li+/Mg2+ separation is crucial.[1–4]

Compared to traditional methods that rely
on cumbersome and time-consuming evap-
oration ponds, the emerging direct lithium
extraction (DLE) method[5,6] that selectively
extracts lithium from brines using special-
ized separation techniques while reinject-
ing the remaining brine into the reservoir
is renowned for its superior efficiency and
sustainability.[7,8] Membrane-based separa-
tion technology is a promising candidate
for the DLE process, benefiting from the
small footprint and enhanced separation
efficiency.[6] Among different membrane
processes, nanofiltration (NF) is promis-
ing in lithium enrichment by selectively

J. Shen
School of Materials Science and Engineering
Nanyang Environment & Water Research Institute (NEWRI)
Nanyang Technological University
50 Nanyang Avenue, Singapore
T. Yoshioka
Graduate School of Science
Technology and Innovation
Kobe University
1-1 Rokkodaicho, Nada, Kobe 657-8501, Japan

Adv. Sci. 2026, 13, e13172 e13172 (1 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
mailto:guan@people.kobe-u.ac.jp
mailto:matuyama@kobe-u.ac.jp
https://doi.org/10.1002/advs.202513172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202513172&domain=pdf&date_stamp=2025-10-30


www.advancedsciencenews.com www.advancedscience.com

removingmultivalent cations while allowing lithium ions to pass
through.[9] NF membranes primarily operate through size siev-
ing and Donnan exclusion effect, effectively rejecting ions with
large hydrated sizes and high valence. This makes them particu-
larly suitable for separating divalent ions such as Ca2+ and Mg2+

from Li+ in salt lake brines.[10–12] The NF process directly obtains
lithium-rich streams in the membrane permeate, significantly
improving the extraction efficiency compared to traditional ap-
proach, making it an ideal choice for the DLE process.
NFmembranes typically consist of a porous support and an ac-

tive polyamide (PA) separation layer.[13] This PA layer is formed
through interfacial polymerization (IP) at the interface between
an aqueous solution of amine monomers and an organic solu-
tion of trimesoyl chloride (TMC).[14–16] The resulting properties
of this layer are critical for selective Li+/Mg2+ separation. There-
fore, the choice of monomers used in membrane synthesis can
directly affect membrane characteristics, significantly influenc-
ing separation performance.[2] Commercial PAmembranes used
piperazine (PIP) as the aqueous-phase monomer to react with
TMC.[17–21] During the reaction, the presence of water causes
excess unreacted acyl chloride groups from TMC to hydrolyze
into carboxyl groups, giving the membranes a negative charge.
This unfavorably promoting the transport of high-valence cations
like Mg2+ and resulting in a low Li+/Mg2+ selectivity. To reduce
this negative charge, strategies such as increasing PIP or lower-
ing TMC concentrations have been employed. However, chang-
ing monomer concentrations likely result in overly tight or loose
membrane and compromising the permeance or selectivity.[22–25]

Beyond PIP monomer, other amine monomers like polyethylen-
imine, which are rich in amine groups, have been explored to
increase the positive charge and improve Mg2+ rejection.[26,27]

Nevertheless, the high density of amine groups tends to form an
overly cross-linked PA network, leading to low permeance and
significant Li+ rejection.[28–31]

Relying on the variation of a single monomer type or its
concentration to prepare the NF membranes with desirable
Li+/Mg2+ separation performance is challenging due to the in-
herent trade-off effect between permeance and selectivity. Incor-
porating additives during the IP process provides a promising
strategy to control the resulting membrane porosity, structure,
or charge.[14,32–42] Though improved performance results have
been reported, detailed investigation of additive roles in affecting
membrane properties and correlation between these properties
and Li+/Mg2+ separation remain underexplored. An ideal addi-
tive for lithium-extraction NF membranes should introduce pos-
itively charged groups into the PA network without significantly
tightening the network or reducing permeance.[32,36,43] Here, we
propose using an amine-rich polymer as an additive to improve
the lithiumextraction performance of PIP-basedNFmembranes.
The added amine groups introduce more positive charges, while
their excessive cross-linking with TMC in the PA layer may be
mitigated by the competing reaction from PIP. In addition, in
aqueous solution, these polymers can interact with PIP to trig-
ger diffusion-driven instability during IP, resulting in a crumpled
PA morphology that improves permeance and offsets potential
losses from the increased cross-linking.[44–47] Overall, higher pos-
itive charge density, an optimally tight PA network, and a crum-
pled structure are expected to largely improve lithium extraction
in conventional PIP-based NF membranes.

In this work, a fixed concentration of PIP aqueous solution
was used with varying concentrations of polyallylamine (PAA) as
a polymer additive during the IP process, as shown in Figure 1.
Due to its high density of primary amine groups uniformly dis-
tributed along a linear polymer backbone, PAA is capable of re-
acting with TMC without causing significant structural branch-
ing in the resulting PA layer.[48,49] The aim was to examine how
adding PAA influences the diffusion of amine monomers dur-
ing IP and affects the structure and properties of the resulting PA
membrane. PAA can form hydrogen bonds with PIPmonomers,
which alters PIP diffusion and helps optimize themembrane sur-
face structure. Additionally, incorporating the positively charged
PAA will improve the overall positive charge of the NF mem-
brane, potentially enhancing the Li+/Mg2+ separation selectivity
through the enhanced Donnan effect. By fine-tuning the concen-
tration of PAA, the optimized NF membrane displayed a wrin-
kled surface structure and a near-neutral surface charge while
achieving high lithium permeance. Moreover, a two-stage NF
process was applied to treat simulated salt lake brine, demon-
strating the significant potential of the fabricated membranes for
efficient lithium extraction.

2. Results and Discussion

2.1. Effect of PAA on the PIP Monomer Diffusion

The interaction between PIP monomers and PAA was ana-
lyzed via non-covalent interactions (NCI) analysis, performed us-
ing Multiwfn and visualized using Visual Molecular Dynamics
(VMD).[50–52] As shown inFigure 2a, strong hydrogen bonding in-
teractions, including N–H∙∙∙O and O–H∙∙∙N, were observed be-
tween PIP and PAA, indicating that PAA can interact with PIP,
whichmay influence the diffusion behavior of PIP during IP pro-
cess.
To experimentally investigate the impact of PAA on PIP diffu-

sion behavior, interfacial diffusion experiments were conducted
between amine solutions (PIP, PAA, and PIP-PAA) and pure
hexane (n-isomer), simulating a practical IP process. The dif-
fused amine in hexane was analyzed using UV–vis spectroscopy
(Figure S1a, Supporting Information). Both PIP and PAA in
hexane exhibited absorption peaks at ≈195 nm, and changes
in absorbance reflected overall amine diffusion. As shown in
Figures 2b and S1b (Supporting Information), the absorbance
was measured after 1 min diffusion in hexane from a 0.3 wt.%
PIP solution (PIP0.3), a 0.5 wt.% PAA solution (PAA0.5), and
PIP-PAA mixture solutions (PIP0.3-PAAx, where “x” indicates
weight concentration of PAA) with PIP at 0.3 wt.% and PAA
concentrations ranging from 0.075 to 1.0 wt.%. Compared to
PIP0.3, adding small amounts of PAA (0.075 wt.%–0.2 wt.%)
in PIP0.3 led to a gradual increase of absorbance with in-
creasing PAA concentration, possibly due to additional diffu-
sion of PAA into hexane alongside PIP. However, as the PAA
concentration increased further from 0.2 wt.% to 1.0 wt.%,
the absorbance steadily declined, even falling below that of
PIP0.3, indicating reduced diffusion of PIP and PAA amine
mixtures despite a higher total amine content in the aqueous
phase.
To further illustrate the diffusion dynamics, time-dependent

absorbance changes were recorded for representative solution
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Figure 1. Illustration of IP between an aqueous PAA-PIP solution and a TMC-in-hexane solution, along with the resulting polymer network.

Figure 2. a) Interaction between PIP and PAAmonomers by NCI analysis. The blue, green, and white spheres in the map represent nitrogen, carbon, and
hydrogen atoms, respectively. The color scale represents the sign(𝜆2)𝜌, ranging from –0.053 a.u. (blue, hydrogen bonding interactions) to +0.053 a.u.
(red, steric effect). 𝜌 denotes the electron density at the weak interaction critical point, and sign(𝜆2) denotes the sign of the second largest eigenvalue
𝜆2 of the electron density Hessian matrix; The blue regions between adjacent polymer chains highlight hydrogen bonding interactions, as illustrated by
the dashed circles. b) Absorbance of diffused amine in hexane with different PAA concentrations over a period of 1 min. The blue and the gray dashed
lines indicate the absorbance of bare PIP0.3 and bare PAA0.5 solutions. c) MSD curves for PIP and PIP-PAA molecules in water. d) XPS O1s spectrum
of PIP0.3-PAA0.1 membrane. e) N/O ratio and f) O=C–N proportion of bare PIP0.3, PIP0.3-PAA (0.075 wt.%–0.5 wt.%), and bare PAA0.5 membrane,
respectively. The blue and the gray dashed lines refer to PAA0.5 and PIP0.3, respectively.

samples of PIP0.3, PAA0.5, and PIP0.3-PAA0.1 and PIP0.3-
PAA0.5 (Figure S1c, Supporting Information). All normalized
absorbance values gradually increased with diffusion time within
the first 60 s. Compared with PIP0.3, adding 0.1 wt.% PAA
(PIP0.3-PAA0.1) accelerated the overall diffusion rate, whereas
increasing the PAA content to 0.5 wt.% (PIP0.3-PAA0.5) signifi-
cantly decreased it. This trend is consistent with the absorbance
values measured after 1 min, suggesting that low concentrations

of PAAhaveminimal impact on PIP diffusion; however, at higher
concentrations, increased hydrogen bonding between PAA and
PIP, along with greater solution viscosity, significantly restrict
amine diffusion. Similar additive effects have also been reported
in previous studies using comparable approaches.[36,53–55] The
diffusion behavior of pure PAA at different concentrations was
also examined (Figure S1d, Supporting Information), showing
a decline in absorbance at higher concentrations (0.75 wt.%–
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1.0 wt.%), confirming the inhibitory effect on its diffusion at high
PAA concentrations.
In addition, molecular dynamics (MD) simulations were con-

ducted to verify the inhibitory effect of PAA on the diffusion rate
of PIP monomers (Figure 2c). The mean square displacement
(MSD) curves revealed that the diffusion rate of PIP in water
decreased with the addition of a small amount of PAA (0.0503
Å2/ps), compared with bare PIP (0.0899 Å2/ps), and a more pro-
nounced reduction (0.0289 Å2/ps) was observed at higher PAA
contents, indicating the inhibitory effect of PAA on the diffu-
sion of PIP. Overall, the findings suggest that incorporating PAA
monomers in the aqueous phase can effectively control amine
diffusion, potentially altering the structures of the resulting NF
membranes.

2.2. Membrane Fabrication, Chemical Structure, and Morphology

PIP0.3-PAA NF membranes were fabricated on polyethersul-
fone (PES) support via IP process between corresponding amine
monomers and TMC, as illustrated in Figure S2 (Supporting In-
formation). The resulting membranes are denoted as PIP0.3-
PAAx, where x indicates the weight concentration of PAA in
the aqueous phase. For comparison, bare PIP and PAA mem-
branes were also prepared using the same procedure and are re-
ferred to as PIPx and PAAx, respectively, with x representing the
weight concentration of PIP or PAA monomers in the aqueous
solution. Fourier-transform infrared spectroscopy (FTIR) analy-
sis validated the successful fabrication of NF membranes, par-
ticularly with the peaks at 1632 and 1400 cm−1 associated with
the stretching vibrations of the –C═O (amide I band) and C–
N bonds, respectively, indicating the effective condensation be-
tween amine monomers and acyl chlorides by IP process [48,56]

(Figure S3, Supporting Information). X-ray photoelectron spec-
troscopy (XPS) analysis (Figure S4, Supporting Information) was
further conducted to assess the chemical composition of the
synthesized NF membranes (Figure S5 and Table S1, Support-
ing Information). As the PAA was incrementally introduced in
the resulting NF membrane, the chemical composition of the
PIP-PAA membranes progressively transitioned from one re-
sembling PIP membrane to one akin to PAA membrane, par-
ticularly when the PAA content reached 0.5 wt.%. Here, pri-
mary amine (–NH2) groups in PAA, being more reactive to-
ward TMC than the secondary amine (–NH) groups in PIP,
preferentially reacted with TMC. Consequently, with increasing
the PAA monomer concentration, the membrane composition
shifted from being PIP-dominated to PAA-dominated. The de-
gree of cross-linking was evaluated by the N/O ratio and the pro-
portion of N–C═O components from the high-resolution O 1s
spectrum via XPS analysis,[57] which increased with PAA incor-
poration (0.075 wt.%–0.2 wt.%) but slightly decreased for the
PIP0.3-PAA0.5 membrane, approaching that of the PAA mem-
brane (Figure 2d–f; Figure S6, Supporting Information). At low
PAA concentrations (0.075 wt.%–0.2 wt.%), the influence of PAA
on PIP diffusion was limited, allowing PIP to dominate and form
a highly cross-linked network. In contrast, at higher PAA concen-
trations, PAA severely restricts the PIP diffusion, thus forming
a membrane more closely resembles bare PAA NF membrane

with a reduced cross-linking degree. These results are consistent
to the diffusion changes of amine monomers (Figure 2b,c).
The alteration in the diffusion behavior of PAA and PIP

monomers, induced by varying the PAA concentration in the
aqueous phase, led to distinct changes in the surface morphol-
ogy of the resulting PA membranes.[58] The membrane sur-
face was characterized by field emission scanning electron mi-
croscopy (FESEM) and atomic force microscopy (AFM) to ana-
lyze these morphological variations. As shown in Figure 3a, the
PIP0.3 membrane shows a typically nodular surface morphol-
ogy with a relatively low average roughness (7.8 ± 1.7 nm). As
the PAA was introduced, nano-wrinkled structures progressively
appeared on the PIP0.3-PAA membrane surface. The formation
of nano-wrinkled Turing patterns of PIP0.3-PAA membrane is
likely related to the decreased diffusion coefficient caused by the
interaction between the PAA and PIP monomers, which leads
to diffusion-driven instability.[36,59] The surface roughness of
some PIP0.3-PAA membranes (PIP0.3-PAA0.1 (12.9 ± 0.7 nm);
PIP0.3-PAA0.2 (12.9 ± 0.9 nm); PIP0.3-PAA0.5 (20.1 ± 2.2 nm))
were larger than PIP0.3membranes (7.8± 1.7 nm) (Figure 3b–e).
In contrast, the PAA0.5 membrane displayed the smooth surface
morphology with the lowest surface roughness (2.8 ± 0.4 nm)
(Figure 3f). Moreover, the surface morphology of the PIP0.3-
PAA membranes exhibited a gradual transition from a PIP-
like to a PAA-like appearance, which is consistent with the ob-
served trends in membrane composition and cross-linking de-
gree (Figure 2e,f). The nano-wrinkled Turing patterns observed
on the PIP0.3-PAA membranes is expected to increase the effec-
tive membrane filtration area, potentially enhancing Li+ extrac-
tion efficiency. The cross-sectional morphology of the NF mem-
branes is presented in Figure S7 (Supporting Information). Com-
pared with the PIP0.3 membrane (59.5 nm), the PIP0.3-PAA
membranes exhibited a progressive change in thickness with
increasing PAA content (PIP0.3-PAA0.075 (152 nm); PIP0.3-
PAA0.1 (214 nm); PIP0.3-PAA0.2 (250 nm); PIP0.3-PAA0.5
(286 nm)) and eventually showed a thickness comparable to that
of the PAA0.5 membrane (295 nm). For PIP-PAA membranes,
the introduction of PAA leads to interactions between the two
monomers, resulting in the formation of membranes with thick-
nesses distinct from those of PIP and PAA membranes. Ad-
ditionally, the water contact angle (WCA) also proved a notice-
able hydrophilicity change (Figure S8, Supporting Information),
which is attributed to the altered surface roughness and chemical
composition induced by PAA incorporation.

2.3. Effect of Pore Size and Surface Charge on Membrane
Separation Performance

The separation performance of membranes prepared using
bare PIP, PAA, and PIP0.3-PAA was systematically compared
(Figure 4a,b). The pure water permeance and rejection of
2000 ppm MgCl2 and LiCl single salt solutions for the pre-
pared membranes were evaluated using a crossflow system at
a fixed pressure of 5 bar. The bare PIP (0.2 wt.%–0.5 wt.%)
membrane exhibited high water permeance but poor MgCl2 re-
jection (Figure 4a,b; Figure S9, Supporting Information). For
the PIP0.3-PAA (0 wt.%–0.5 wt.%) membranes, the water per-
meance gradually decreased from 14.9 to 9.3 L m−2 h−1 bar−1
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Figure 3. a–f) SEM images and 2D AFM images of the PIP0.3, PIP0.3-PAA0.075, PIP0.3-PAA0.1, PIP0.3-PAA0.2, PIP0.3-PAA0.5, and PAA0.5 membranes,
respectively.

but constantly remained higher than that of the bare PAA
(0.1 wt.%–0.5 wt.%) membrane. Furthermore, the MgCl2 rejec-
tion of PIP0.3-PAA (0 wt.%–0.5 wt.%) membrane increased sig-
nificantly from 18.8% to 97.2%, while LiCl rejection rose from
7.4% to 36.6% (Figure 4a,b; Figure S10, Supporting Information).
It is noteworthy that at low PAA concentrations of 0.075 wt.%
and 0.1 wt.%, the LiCl rejection exhibited negligible increases
compared to the bare PIP0.3 membrane. Even at a high PAA
monomer concentration of 0.5 wt.%, the LiCl rejection (32.5%) of
the PIP0.3-PAA0.5 membrane was still lower than bare PAA0.5
membrane (46.9%). These results suggest that incorporating an
appropriate PAA concentration during the preparation of PIP0.3-
PAAmembrane can substantially improveMgCl2 rejection while
maintaining a relatively low LiCl rejection.
To elucidate the reasons for the changes in membrane sep-

aration performance, the pore size and surface charge of the
bare PIP0.3, PIP0.3-PAA(0.075 wt.%–0.5 wt.%), and bare PAA0.5
membranes were characterized by the molecular weight cut-off
(MWCO) and surface zeta potential measurements, respectively
(Figure 4c–f).[60] The PIP0.3 membrane exhibited higher mean
pore radius of 0.33 nm and a negative surface charge with an
isoelectric point at pH 3.53. Upon the incorporation of PAA
(0.075 wt.%–0.5 wt.%), the PA layers with small pore radius were
formed and the surface charge of the membranes increased pro-
gressively (Figure 4c–f; Figures S11 and S12, Supporting Infor-
mation). The gradual increase in membrane surface charge can
be attributed to the chemical composition of the PIP-PAA mem-

branes transitioning from resembling PIP membrane to one
similar to PAA membrane, as evidenced in amine diffusion ex-
periments, chemical composition analyses (Figure 2), and sur-
face morphology changes (Figure 3). The PIP0.3-PAA0.1 mem-
brane exhibited a smaller mean pore radius of 0.30 nm and the
near-neutral surface charge with an isoelectric point at pH 6.5.
In contrast, the bare PAA0.5 membrane showed a slightly larger
mean pore radius of 0.32 nm and a strongly positive surface
charge with an isoelectric point at pH 8.14. The increased sin-
gle salt rejection of PIP0.3-PAA membrane than PIP membrane
was primarily attributed to the combined effects of increased sur-
face charge and the narrowed pore radius. However, the relatively
lower LiCl rejection of the PIP0.3-PAAmembranes than PAA0.5
membrane may be due to the relatively neutral membrane sur-
face charge, which weakens electrostatic repulsion againstmono-
valent cations such as Li+. In addition, the reduced permeance
observed in the PIP0.3-PAA membrane compared to the PIP
membrane can be attributed to two main factors. At low PAA
concentrations (0.075 wt.%–0.2 wt.%), PAA provides additional
reactive sites that participate in the IP process with PIP and
TMC, forming the membrane with small pore size; At higher
concentration (0.5 wt.%), the major network was formed by large
molecules of PAA, with increased pore size but the numerous en-
tangled long chains rendered more transport resistance (close to
the case of bare PAA-based membrane), further limiting water
transport. Nevertheless, the PIP0.3-PAA membranes exhibited
higher water permeance than the bare PAA membranes, likely

Adv. Sci. 2026, 13, e13172 e13172 (5 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) MgCl2 rejection versus water permeance, b) LiCl rejection versus water permeance plots of prepared PIP (0.2 wt.%–0.5 wt.%), PIP0.3-
PAA (0.075 wt.%–0.5 wt.%), and PAA (0.1 wt.%–0.5 wt.%) membranes. Feed solution: 2000 ppm MgCl2 or 2000 ppm LiCl. c) Mean pore radius and
d) isoelectric point of PIP0.3, PIP0.3-PAA (0.075 wt.%–0.5 wt.%), and PAA0.5 membranes. e) Pore size distribution and f) zeta potential of PIP0.3,
PIP0.3-PAA0.1, PAA0.5 membranes, respectively. The data in a and b are shown as mean values, n = 3, with error bars excluded from the plots for clarity.

due to the formation of nano-wrinkled surface structures that in-
crease the effective filtration area. The optimum PIP0.3-PAA0.1
membrane that simultaneously exhibits high MgCl2 rejection of
94.7%, high water permeance of 12.1 L m−2 h−1 bar−1, and a low
LiCl rejection of 12.6%, is ideal for efficient lithium extraction.
To further evaluate the influence of surface charge on sepa-

ration performance, we compared the different single-salt sepa-
ration performance of the optimum PIP0.3-PAA0.1 membrane
with that of the negatively charged PIP0.3 membrane and the
positively charged PAA0.5 membrane (Figure S13, Supporting
Information). The PIP0.3 membrane exhibited pronounced neg-
atively charged NF membrane behavior, with ion rejection in the
following order: Na2SO4 > MgSO4 > MgCl2 > NaCl > LiCl. In
contrast, the PIP0.3-PAA0.1 membrane exhibited ion rejection
behavior similar to that of PAA0.5 membrane, with the rejec-
tion sequence of MgCl2 >MgSO4 > Na2SO4 > NaCl > LiCl, con-

sistent with the typical behavior of positively charged NF mem-
branes reported in the literature.[61] The relatively lower rejec-
tion of Na2SO4 by the PIP0.3-PAA0.1 membrane compared to
the PIP0.3 membrane was likely attributed to electrostatic inter-
actions from some amine groups on the PIP0.3-PAA0.1 mem-
brane surface, resulting in a more positively charged structure
that weakened the rejection of SO4

2−. Moreover, the decreased
Li+ rejection compared to the bare PAA0.5 membrane further
underscored the dominant role of electrostatic interactions in de-
termining separation performance.

2.4. Mixed Li+/Mg2+ Separation Performance

To further highlight the advantages of the PIP0.3-PAA mem-
brane over bare PAA and PIP0.3 membranes, we investigated

Adv. Sci. 2026, 13, e13172 e13172 (6 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Plot of Mg2+ rejections versus Li+ permeance, b) plot of Li+ rejections versus Li+ permeance, and c) plot of SLi/Mg versus Li
+ permeance

of prepared PIP0.3, PIP0.3-PAA (0.075 wt.%–0.5 wt.%), and PAA (0.1 wt.%–0.5 wt.%) membranes, respectively. Feed solution: 2000 ppm MgCl2 and
LiCl mixture solution (Mg2+/Li+ mass ratio: 20). The correlation of ion rejection of PA membrane with d) average pore size and e) isoelectric point. f)
Li+/Mg2+ separation mechanism of PIP0.3, PIP0.3-PAA0.1 and PAA0.5 membrane. The data in a, b, and c are shown as mean values, n = 3, with error
bars excluded from the plots for clarity; whereas data in d and e are shown as mean ± SD, n = 3.

the Li+/Mg2+ separation performance of the membranes using
a mixed salt solution containing LiCl andMgCl2 with a Mg2+/Li+

mass ratio of 20. The experiments were conducted on a cross-
flow testing equipment under an applied pressure of 5 bar. These
membranes showed a similar performance trend to that observed
in single-salt systems (Figure 5a,b; Figure S14, Supporting In-
formation). Notably, a negative rejection phenomenon was ob-
served for Li+, indicating that increased permeation of Li+ arises
from the strong rejection of Mg2+, which suppresses Mg2+ dif-
fusion and thereby drives Li+ transport through an ion‑coupled
diffusion mechanism to maintain electroneutrality with the per-
meated Cl− in the permeate.[62–64] The calculated Li+ permeance,
separation factor (SLi/Mg) values, and lithium recovery (LiR) were
used to assess the separation performance of Li+/Mg2+ as well as
lithium recovery efficiency (Figure 5c; Figure S15, Supporting In-
formation). The PIP0.3membrane exhibited high Li+ permeance
and LiR but a very low SLi/Mg, while bare PAAmembranes showed
relatively high SLi/Mg but low Li+ permeance and LiR. In contrast,
PIP0.3-PAA membranes are much favorable in these separation
properties. Particularly, the PIP0.3-PAA0.1 membrane showed
optimal combinations of SLi/Mg, Li

+ permeance, and LiR than
bare PAA0.5 membrane, which is more advantageous for effi-
cient lithium recovery.
In addition, we correlated the ion rejection of PA membrane

withmean pore radius and isoelectric point to further reveal their
roles in ion rejection (Figure 5d,e). The ion rejection showed good
dependence with the isoelectric point rather than the mean pore
size, emphasizing the importance of surface charge regulation
in Li+/Mg2+ separation.[58] The proposed Li+/Mg2+ separation

mechanism for the PIP0.3, PIP0.3-PAA0.1, and PAA0.5 mem-
branes are illustrated in Figure 5f. For the negatively charged
PIP0.3 membrane, it exhibits high attraction for the positively
charged Mg2+, resulting in low rejection due to the opposite
charges. While for PAA0.5 membrane, it has higher positive
charge on its surface, leading to high rejection of Mg2+ but also
certain rejection of Li+. The PIP0.3-PAA0.1 membrane exhibits
a nearly neutral surface charge and balances electrostatic inter-
actions, allowing the facile passage of monovalent ions like Li+

while effectively reject Mg2+ based on the pore size.[65,66] Overall,
within a certain pore size range, regulating the membrane sur-
face charge plays a crucial role in adjusting the membrane sepa-
ration performance. This work, by precisely adjusting the surface
charge of the PIP-basedmembrane, high lithium permeance and
excellent Li+/Mg2+ selectivity can be simultaneously achieved, of-
fering a promising strategy for efficient lithium extraction.

2.5. Practical Feasibility of Separating Li+/Mg2+

It has been reported that salt lakes from different regions con-
tain high concentrations Mg2+ and varied Mg2+/Li+ mass ratios,
increasing the difficulty of efficient lithium extraction.[27] Hence,
we prepared simulated brines with different concentrations and
Mg2+/Li+ mass ratios as feed solutions to evaluate the separation
performance using the optimum PIP0.3-PAA0.1 membrane. As
shown in Figure 6a,b, increasing the Mg2+/Li+ mass ratio had
little impact on the permeance and Li+/Mg2+ separation. How-
ever, membrane permeance significantly decreased with higher

Adv. Sci. 2026, 13, e13172 e13172 (7 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Permeance, b) ion rejection, and SLi/Mg of PIP0.3-PAA0.1 membrane by filtrating MgCl2 and LiCl mixture solution with varying Mg2+/Li+

mass ratios (20, 40, and 60) at a total salt concentration of 2000 ppm. c) Permeance and d) ion rejection, and SLi/Mg of PIP0.3-PAA0.1 membrane by
filtrating MgCl2 and LiCl mixture solution with different total salt concentrations (2000, 4000, and 6000 ppm) at a Mg2+/Li+ mass ratio of 20. The data
in a-d are shown as mean ± SD, n = 3.

total concentration of the feed solution (Figure 6c), due to the
variation in osmotic pressure, consistent with other studies.[63]

Although Mg2+ rejection slightly decreased in this case, Li+ re-
jection dropped more to a significantly negative level, resulting
in nearly constant Li+/Mg2+ selectivity with minor fluctuations
(Figure 6d).
The durability of the PIP0.3-PAA0.1 membrane was assessed

through a 7-day continuous separation operation. As shown in
Figure S16 (Supporting Information), the permeance and ion
rejection of the membrane remained constant during the test.
In addition, an inorganic fouling/scaling test (Figure S17) using
feed solution containing 300mg L−1 Na2SiO3, 500mg L−1 CaSO4,
500 mg L−1 MgCl2, and 500 mg L−1 LiCl was conducted to eval-
uate the membrane resistance to typical inorganic contaminants
commonly present in brines. Ca2+, SO4

2−, and SiO3
2− can form

insoluble salts and silicate precipitates that deposit on the mem-
brane surface, leading to permeance decline.[67] The normal-
ized permeance of both PIP0.3 and PIP0.3-PAA0.1 membranes
showed a declining trend during the test. Although the pure wa-
ter permeance exhibited only a slight decrease after water rinsing,
clear particle deposition observed in SEM images for both mem-
branes after the inorganic fouling/scaling tests (Figure S18, Sup-
porting Information), indicating the importance of future surface
modification strategies to enhance scaling resistance of themem-
brane.
A separation performance comparison of the membrane pre-

pared in this work with those reported in other literature is pre-
sented in Figure S19 and Table S2 (Supporting Information). The
incorporation of PAA during the IP process played a beneficial
regulatory role, resulting in the membrane showing distinct ad-

vantages in lithium permeance and Li+/Mg2+ separation selectiv-
ity, highlighting its significant potential in lithium recovery appli-
cations.
Additionally, we prepared a multi-ion feed solution simulat-

ing the Taijinar salt lake brine to assess the practical lithium ex-
traction performance of the PIP0.3-PAA0.1 membrane in a two-
stage NF process. The simulated salt lake brine had a Mg2+/Li+

mass ratio of 40, while the experimental test was conducted un-
der a pressure of 5 bar. The permeate from the 1st NF process
served as the feed solution for the 2nd NF process, with the spe-
cific procedure shown in Figure 7a. The permeance significantly
increased after the two-stage NF process (Figure 7b), primarily
due to the reduced concentration. After the two-stage NF pro-
cess, the Mg2+/Li+ mass ratio decreased substantially from 40
in the original feed solution to 0.073 (Figure 7c). Figure 7d also
illustrates the different ion ratios in the various solutions dur-
ing the two-stage NF process. The Mg2+ concentration dropped
from initial 1200 to 2.15 ppm in the final solution, while its
proportion in the total cation content dropped from 68.3% to
0.5%. Notably, the Li+ ratio increased compared to the feed so-
lution, indicating selective enrichment of lithium. The signifi-
cant reduction in the Mg2+/Li+ mass ratio coupled with the ef-
fective enrichment of lithium ions further demonstrates the po-
tential of the PIP-PAA membrane for lithium extraction in prac-
tical applications. Absolute Li+ concentrations at each stage are
summarized in Table S3 (Supporting Information). The Li+ con-
centration in the 2nd-stage permeate (29.3 ppm) was similar
to that of the feed solution (30.0 ppm). Nevertheless, a subse-
quent concentration step is necessary for effective recovering by
precipitation.[10]

Adv. Sci. 2026, 13, e13172 e13172 (8 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. a) Two-stage NF process for treating the simulated salt lake brine. b) Permeance and c) mass ratio of Mg2+/Li+ of feed solution, 1st, and 2nd
NF process. d) Ion mass ratio in the feed and permeate solutions among 1st and 2nd NF process.

Practically, specific Li+ recovery from the membrane process
is strongly dependent on the water recovery of original feed
(Figure S20, Supporting Information). Besides, other monova-
lent cations (e.g., Na+, K+) also permeate with Li+, and their con-
centrations may need to be reduced in certain cases that may af-
fect Li2CO3 precipitation.

3. Conclusion

Overall, we successfully designed and fabricated PA membranes
with nano-wrinkled structure and enhanced positive charge for
lithium extraction by incorporating amine-rich PAA to the aque-
ous PIP monomer solution during the IP process. The addi-
tion of PAA effectively reduce the diffusion rate of the PIP
monomers, while the abundant amine groups in the PAA en-
hanced the positive charge of membrane. The results demon-
strated the effectiveness of the amine polymer in modulating
the nanostructure and surface charge of the membrane. We sys-
tematically investigated the impact of different concentrations
of PAA on the membrane formation process and its Li+/Mg2+

separation performance, revealing the significant role of charge
regulation in membrane separation performance. The optimum
PIP0.3-PAA0.1 membrane exhibited high pure water permeance
of 12.1 L m−2 h−1 bar−1, with a high Li+/Mg2+ selectivity of 29.7.
Furthermore, a two-stage NF process using the optimum mem-
brane significantly reduced theMg2+/Li+ mass ratio in simulated
salt lake brine from 40 to 0.073, further demonstrating the great
potential for selective lithium recovery. This work highlights the
substantial advantages of incorporating positively charged addi-
tives during the IP process to optimizemembrane surface charge
and morphology, offering an effective and scalable strategy for
preparing NF membranes for efficient lithium extraction.

4. Experimental Section
Chemicals and Materials: PES (Synder flat sheet membrane UF mem-

brane; MWCO: 20,000 Da) purchased from Sterlitech Corporation (USA)
was used as the substrate for membrane fabrication. PAA (15% aqueous
solution; MW: 15 000 g mol−1) was supplied by Polysciences, Inc (PA,
USA). TMC was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). PIP and hexane were obtained from FUJIFILMWako Pure Chemical
Co., Tokyo, Japan. Deionized water was prepared using a Milli-Q Integral
3 system supplied by Millipore S.A.S., Molsheim, France.

MgCl2·6H2O, CaCl2, MgSO4, Na2SO4, NaCl, KCl, LiCl, CaSO4·2H2O,
and Na2SiO3·9H2O, with different salt compositions and proportions, as
supplied by FUJIFILM Wako Pure Chemical Co., Tokyo, Japan, were used
for single salt test, the preparation of simulated salt lake brines, and inor-
ganic fouling/scaling test. Sucrose and D-(+)-glucose (180 Da) supplied
by Tokyo Chemical Industry Co., Ltd. Tokyo, Japan as well as Glycerol and
D-(+)-raffinose purchased fromFUJIFILMWako Pure Chemical Co., Tokyo,
Japan, were used for MWCO measurements.

NF Membrane Preparation Method: The NF membranes were pre-
pared on PES substrate by IP process, as detailed in Figure S2 (Supporting
Information). To prepare PIP-based PA membranes with PAA additive, the
aqueous PIP solution at 0.3 wt % was fixed and sequentially added vary-
ing concentration of PAA (0.075 wt.%, 0.1 wt.%, 0.2 wt.%, and 0.5 wt.%).
The prepared solution was poured onto the PES membrane for 2 min, and
then the excess aqueous solution was removed from the surface of the
membrane. Next, a 0.1 wt.% TMC hexane solution was slowly poured over
the membrane for 1 min to initiate cross-linking, followed by heating in an
oven at 70 °C for 3min. The resultingmembranes, denoted as PIP0.3-PAAx
(x represents the weight concentrations of PAA monomers), were stored
in deionized water at 4 °C for future use. The bare PIP (0.2 wt.%, 0.3 wt.%,
and 0.5 wt.%) and PAA (0.1 wt.%, 0.2 wt.%, and 0.5 wt.%) membranes
were also prepared and compared with those PIP0.3-PAA membranes, us-
ing a consistent preparation method throughout. The preparation condi-
tions of different NFmembrane types were shown in Table S4 (Supporting
Information).

Characterization: AnUV-vis spectrometer (V-650KE, JASCOCompany,
Tokyo, Japan) was used to investigate the diffusion behavior of the PAA,
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PIP and PIP-PAA monomers from the aqueous solution to the hexane.
AFM (SPI3800 N; JEOL, Ltd, Tokyo, Japan) was employed to assess the
surface roughness of the NF membranes. FESEM (JSF-7500F, Hitachi Ltd,
Tokyo, Japan) was utilized to examine the impact of varying PAA concen-
trations on the surface microstructures of the membranes. FTIR (ALPHA,
Bruker, Billerica, MA, USA) and XPS (JPS-9010 MC, JEOL, Ltd., Tokyo,
Japan) were used to analyze the chemical composition and structure of
membranes. WCA values, which were used to compare the hydrophilicity
of different membranes, were obtained using a contact angle goniometer
(Drop Master 300; Kyowa Interface Science Co. Ltd., Tokyo, Japan). Each
measurement repeated at least three times. The zeta potential of themem-
branes was measured and characterized using an electrokinetic analyzer
(Anton Paar SurPASSTM 3, Graz, Austria) to observe membrane surface
charge. Data errors in this study were quantified using standard deviation.

NFMembrane Separation Performance Evaluation: The NF membrane
separation performance test was performed using crossflow testing equip-
ment with an effective filtration area of 7.06 cm2. For each test, a fixed
pressure of 5 bar was applied to effectively overcome the osmotic pres-
sure of different feed salt solutions, with a pre-pressurization time at least
60 min for the NF membrane. Additionally, data was collected once the
permeate solution mass and conductivity remained stable. The water per-
meance and permeance of mixed solution (P, L m−2 h−1 bar−1) of the NF
membrane was calculated using the following formula:[68]

P = V
S × Δt × P

(1)

where V (L) denotes the volume of permeate collected over a specified
filtration time (∆t, h), P is the constant test pressure (bar), and S (m2)
represents the effective filtration area of the membrane. The rejection R
(%) of the NF membrane for different salts or ions was determined using
the following formula:

R =
(
1 −

Cp
Cf

)
× 100% (2)

where Cp and Cf are salt or ion concentrations (ppm) in the permeate and
feed, respectively. Single salt solution test was performed using 2000 ppm
concentration of different salts. Mixed MgCl2/LiCl solutions with varying
concentrations (2000, 4000, and 6000 ppm) at a fixed Mg2+/Li+ mass ra-
tios of 20 as well as varying Mg2+/Li+ mass ratios (20, 40, and 60) at a
fixed total concentration of 2000 ppm were used to evaluate the Li+/Mg2+

mixture separation performance of the NF membranes. The separation
factor (SLi/Mg) was calculated using Equation (3).

SLi∕Mg =
Cp, Li∕Cp,Mg
Cf, Li∕Cf,Mg

(3)

where Cf, Mg and Cp, Mg is the Mg2+ concentrations (ppm) at the feed and
permeate solution, respectively. Cf, Li and Cp, Li is the Li

+ concentrations
(ppm) at the feed and permeate solution, respectively, which were mea-
sured using an inductively coupled plasma optical emission spectrometer
(ICP-OES; Shimadzu, Japan).

Additionally, the lithium recovery (LiR) is determined using Equa-
tion (4):[69]

LiR = WR (1 − RLi) (4)

WR is water recovery and RLi is the Li
+ rejection of the NF membrane.

In this study, a water recovery of 50% and water-recovery independent re-
jection performance for the calculation was assumed.

A simulated Taijinar salt lake solution was prepared using 183 mg L−1

LiCl, 4700 mg L−1 MgCl2, 609 mg L−1 NaCl, 457 mg L−1 KCl, and
124 mg L−1 CaCl2, and was used as the feed solution for the two-stage NF
process under a pressure of 5 bar to explore the potential of the PIP0.3-
PAA0.1 membranes for lithium extraction.[65,70] In this process, the feed
solution for the secondary NF process consists of the permeate obtained
from the primary NF process.

MWCO Test: 1000 ppm aqueous solutions of glycerol (92 Da), su-
crose (342 Da), (+)-glucose (180 Da), and D-(+)-raffinose (504 Da) were
used for membrane rejection tests to measure the MWCO values and ob-
tain pore size distribution of the prepared membranes. The test was con-
ducted at a constant pressure of 5 bar and the solute concentrations in
both the feed and permeate solutions were measured using a total organic
analyzer (TOC-VCSH, Shimadzu, Japan). The MWCO values were defined
as the molecular weight at which 90% of the sugar solutes was rejected by
the membrane. In addition, the pore size distribution of the membranes
was determined using the following formula:[30]

dR(dp)

ddp
= 1√

2𝜋dp ln 𝜎p
exp

[
−
(ln dp − ln𝜇p)2

2(ln 𝜎p)2

]
(5)

where dp is the Stokes radius of the sugar molecules. µp refers to the mean
pore diameter, calculated at the sugar solute rejection of 50%. 𝜎p denotes
for the geometric standard deviation, determined by the ratio of dp at a
sugar rejection of 84.13% to that at 50%.

Computational Simulations: To investigate the non-covalent interac-
tions between PIP and PAA, NCI analysis was performed. The molecular
models of PIP and PAA were first constructed and combined to form the
PIP-PAA system, followed by structural optimization to reach the mini-
mum energy configuration. The Multiwfn package was then employed to
conduct the NCI analysis, and the results were visualized using the VMD
software. Themodeling protocol was consistent with that described below
for the MD simulations.[50–52]

To investigate the effect of PAA incorporation on PIP diffusion,MD sim-
ulation was performed. Specifically, a PAA oligomer consisting of seven
repeating units was constructed as a representative model. Three simu-
lation systems were then generated using the Amorphous Cell module:
i) a pure PIP–water system containing 10 PIP molecules and 2000 wa-
ter molecules; ii) a mixed PIP/PAA solution with a lower PAA concen-
tration (10 PIP molecules, 3 PAA molecules, and 2000 water molecules);
and iii) a mixed PIP/PAA solution with a higher PAA concentration (10
PIP molecules, 5 PAA molecules, and 2000 water molecules). All systems
were subjected to geometry optimization to minimize energy, followed by
a 1000 ps NVT ensemble simulation using the Forcite module. The MSD
and diffusion coefficient (D) of PIP and PAA in each system were subse-
quently analyzed and calculated using the following equation:

MSD(t) = 1
N

N∑
i=1

⟨
[ri(t) − ri(0)]2

⟩
(6)

D = 1
6t
MSD(t) (7)

It should be noted that the concentrations of aminemonomers in these
simulations were intentionally set higher than those in actual experimental
conditions to enhance sampling efficiency and reduce computational cost,
which was a widely adopted practice in similar studies.[71,72]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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