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1 Introduction

MOF-based homogeneous ion exchange
membranes for high-efficiency magnesium-
lithium separation

Tong Mu, % Geting Xu,?® Zhihang Xia,®® Hao Qian,?® Yangbo Qiu,® Wanji Zhou,®
Jiahao Yu,?® Yunfang Gao, @ *2¢ Junbin Liao*®® and Jiangnan Shen @ *2°

The rapidly increasing demand for lithium resources has driven significant advances in membrane-based
separation technologies for extracting lithium from salt lake brines. However, conventional polymer
membranes often suffer from key challenges of permeability and perm-selectivity. Herein, we have
constructed a functional sieving layer for monovalent-ion-selective membranes through interfacial
polymerization by incorporating UiO-66-NH, with poly(diallyldimethylammonium chloride) (PDADMAC)
polyelectrolyte, which has been successfully applied in electrodialysis processes for efficient Li*/Mg?*
separation. The fabricated membranes have facilitated Li* transport while blocking Mg?" effectively, owing
to the synergistic effect between stable electrostatic repulsion and sufficient functional transport channels.
Experimental results have shown that the membranes have exhibited extremely high permeation fluxes of
monovalent ions (Li*/Na®): the permeation flux of Li* reaches 1.59 x 1078 mol cm™ s, the permeation flux
of Na* reaches 1.48 x 10°® mol cm™ s™%, whereas the corresponding Mg?* flux is only 0.40 x 10°8 mol
cm™2 sL. These results correspond to high separation selectivities of Pya:/mge- = 26.2 and Ppisymger = 32.2,
which markedly outperform commercial membranes and those reported in published studies. It also
provides a novel electrodialysis strategy for Li*/Mg®" separation by leveraging MOF-based membranes,
offering valuable insights for the efficient recovery of monovalent ion resources.

Keywords: Electrodialysis-based monovalent/multivalent ion sieving; Metal-organic framework; Interfacial
polymerization; High Li* permeation flux; High perm-selectivity.

extraction from salt lake brines, which hold 59-61.8% of the
global proven-lithium resources (approximately 14 million

Given its low density and high chemical potential, lithium is
crucial for high-energy-density batteries and energy storage
systems, demonstrating significant application potential.’”
Lithium and its compounds are widely utilized across
industries such as the information industry, energy industry,
and transportation industry, serving as an indispensable
component in production and daily life.*” Consequently, the
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tons),> ™ has become a major focus for securing these
essential materials. However, selective lithium extraction from
salt lakes is challenging due to the complex brine composition
(e.g., Li*, Na*, K, Ca**, Mg®") and the extremely high Mg>"/Li"
ratio."* The highly similar chemical properties of magnesium
ions to lithium ions (Li*)">™* represent a critical issue that
needs to be addressed in the selective extraction of lithium.
Existing methods such as precipitation’>"” and solvent
extraction'®'?  face limitations such as high energy
consumption, stringent environmental requirements, and
severe pollution, which shows the critical need for advanced
separation technologies, such as membrane-based processes.
Therefore, developing novel and more efficient approaches for
lithium extraction from salt lakes is imperative.

As an emerging membrane separation technology,
electrodialysis (ED) relies on the directional migration of ions
under an applied electric field, which results in its relatively
low energy consumption as a “phase-invariant process”.>*!
For monovalent/multivalent separation, the key component
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in ED is the monovalent-selective separation ion exchange
membranes. Typically, the research on monovalent-selective
separation membranes has focused on the construction of
positively charged layers on the surface of the membrane, the
incorporation of special materials, etc. Functional materials
with tailored nanostructures (such as crown ethers,*>*
metal-organic frameworks (MOFs),>*> and covalent organic
frameworks (COFs)) are introduced. Wang et al. fabricated
crown ether-functionalized polymer membranes by
incorporating 12-crown-4 rings into cellulose triacetate
polymer networks, achieving an ultra-high Li'/Mg>"
separation factor of ~872 and a Li" flux of 22.6 umol m > s™",
demonstrating exceptional Lit/Mg** separation
performance.”> Additionally, Hu et al. proposed a novel
coordination-driven in situ self-assembly strategy to fabricate
ZIF-8 nanocrystal hybrid thin-film nanocomposite (TFN)
membranes with remarkable desalination performance. The
significantly reduced surface roughness and enhanced
surface hydrophilicity endowed the TFN-ZIF-8 membranes
with excellent antifouling properties.”® A series of studies
have confirmed the great potential of functional materials in
the field of magnesium-lithium separation.

Among these, MOFs, which are two- or three-dimensional
porous networks constructed from metal nodes and organic
linkers, have been proven to possess great potential for ion
sieving.?® A synergistic strategy involves incorporating MOFs
with organic polymers, which not only can significantly
enhance membrane stability and mechanical properties but
also endow advanced functions.?® In this context, the UiO-66
family of metal-organic frameworks has been reported to be
applied in ion-exchange membranes, exhibiting excellent
monovalent ion sieving performance.”’>° Additionally, their
appeal is further heightened by the tunability of organic
linkers, allowing for the deliberate introduction of functional
groups and charges,®® which presents a substantial
opportunity for designing next-generation ion-sieving
membranes. Current research on UiO-66 metal-organic
frameworks (MOFs) remains largely confined to polymer
blending and simple interfacial polymerization. The blending
approach, however, often causes pore blockage by the
polymer matrix, impairing the functionality of the MOFs.
Conversely, simple interfacial polymerization struggles to
yield stable and uniform MOF layers due to challenges such
as particle agglomeration, crystalline defects, and the lack of
functional groups for effective anchoring. Moreover,
structural imperfections in the UiO-66 layer itself frequently

Table 1 Physico-chemical properties of the prepared membranes

View Article Online

Industrial Chemistry & Materials

hinder the efficient capture of target ions. To overcome these
limitations, we have developed a novel interfacial
polymerization = composite =~ membrane featuring an
intermediate adhesion layer and a main functional layer
composed of a polyelectrolyte/MOF complex. This innovative
architecture concurrently resolves the issues of poor
functional layer adhesion, inaccessible MOF pores, and
insufficient charge repulsion.

In this study, we prepared innovative monovalent-selective
cation exchange membranes with a stable positively charged
surface layer using sulfonated polyethersulfone (SPES) as the
base membrane. By utilizing pre-synthesized UiO-66-NH,
MOF materials and poly(diallyldimethylammonium chloride)
(PDADMACc) polyelectrolyte materials containing abundant
stable positively charged groups,®® with PEI as the interlayer,
the as-prepared membranes have features of a relatively
uniform positively charged surface layer, along with low
electrical resistance and a relatively stable overall structure.
During the ED process, the membrane exhibits excellent
monovalent sieving performance (Pya g = 26.2 and Prj g
= 32.2) and high ion permeability (J.;- = 1.59 x 10~ mol cm™
s, Jnar = 1.48 x 10°® mol em™ s7'), confirming that the
strategy shows strong electrostatic repulsion towards
multivalent ions and selective permeability to monovalent
ions (Table 1).

2 Results and discussion
2.1 Membrane surface morphology

To analyze the morphological changes on the membrane
surface, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were employed for membrane
characterization (Fig. 1 and S1). SPES-1 exhibited a
disordered arrangement of small pores, similar to
conventional SPES membranes.*’ In contrast to the SPES-1
substrate membrane (a), after the formation of the PEI
interlayer (b), obvious wrinkled polyelectrolyte layers were
observed on the membrane surface. Furthermore, after
modification with the U/P layer, the membrane surface
initially presented a spherical agglomerated structure, which
corresponds to the morphological characteristics of UIO-66-
NH,,*> thus verifying the successful introduction of
functional MOFs onto the PEI functional interlayer. The
block-like structures observed on the membrane surface are
attributed to the increased reaction time, which leads to
variations in the thickness and morphology of the functional

Surface area Water
CEM resistance (Q) SR (%) uptake (%) IEC
SPES 2.2+0.1 2.3+£0.3 21.9+0.9 3.51£0.5
SPES/PEI 3.4+0.2 52 %05 239+1.0 3.42+£04
SPES/PEI/U/P-5 4.7 £0.5 12.9 £ 0.8 22.5+£1.0 3.47 £0.3
SPES/PEI/U/P-15 5.5+05 13.6 £ 0.6 30.8£1.0 3.43 £0.5
SPES/PEI/U/P-30 6.1+04 15.5 £ 0.7 34.4+09 3.47£0.4
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Fig. 1 SEM images of membranes (a) SPES-1, (b) SPES/PEI-2, and (c) SPES/PEI/U/P-n; surface SEM images of (d) SPES-1, (e) SPES/PEI-2, and (f)
SPES/PEI/U/P-n cross-section (the content within the box represents a cross-sectional view of the membrane at a finer scale); and AFM images of
membranes (g) SPES-1, (h) SPES/PEI-2, and (i) SPES/PEI/U/P-n (the colored areas represent the planar structure of the membrane material, while

the remainder depicts its three-dimensional configuration).

layer (due to enhanced attachment of MOF/PDDA), and the
variation in the thickness of the functional layer corresponds
to the introduction of more quaternary ammonium groups
and a greater number of MOF pore structures, which

Table 2 Perm-selectivity and ion flux of different membranes

enhance Li" permeation while reducing Mg®" permeation
through electrostatic repulsion and the construction of ionic
channels,*® respectively, corresponding to higher Li" perm-
selectivity and greater flux (Table 2).

Current density (mA cm™?) Name J(Li") (mol em™ s7") JMg*) (mol em™ s7") Perm-selectivity

2.5 SPES-1 1.06 + 0.04 x 108 0.63 + 0.05 x 108 1.8+0.2
SPES/PEI-2 1.10 + 0.05 x 1078 0.45 + 0.04 x 108 5.2 + 0.3
SPES/PEI/U/P-5 1.31 +0.04 x 108 0.61 +0.04 x 108 6.6 + 0.4
SPES/PEI/U/P-15 1.51 +0.03 x 108 0.57 +0.04 x 108 23.3 +0.7
SPES/PEI/U/P-30 1.59 + 0.04 x 10® 0.41 + 0.03 x 10°® 32.2+1.4

5 SPES/PEI/U/P-30 1.63 + 0.04 x 108 1.47 +0.03 x 108 13.9+ 0.5
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The surface roughness phase diagram demonstrates a
consistent trend. The initially prepared SPES-1 substrate
membrane exhibits a smooth surface, whereas the
introduction of PEI and MOF/PDDA leads to significant
changes in roughness, presenting a sharper and more
pronounced topography. These observations correspond to a
thicker functional surface layer of the membrane material
(for specific SEM and AFM images of the different
membranes, please refer to the SI).

2.2 Physicochemical properties

After undergoing tests for ion exchange capacity (IEC),
resistance (R), water uptake (WU), and swelling ratio (SR) (the
testing procedures are detailed in the SI), the results are
presented in Fig. 2. The evaluated ion exchange capacity
(IEC), a key determinant of a membrane's intrinsic ion
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exchange capability, was measured for the series of
membranes. All the samples exhibited exceptionally high IEC
values of approximately 3.5 mmol g *. This high IEC directly
contributed to the superior ion flux observed in subsequent
tests, which, in turn, is a critical factor influencing the
membranes’ perm-selectivity. In addition, the perm-selectivity
of membranes is also influenced by the hydrophilic-
hydrophobic  properties of the membrane surface.
Traditionally, the more hydrophobic the membranes, the
stronger their repulsive effect on ions (in this study, this
category of ions is defined as Mg>"); however, a more
hydrophilic membrane can also promote the transport of
monovalent ions to a certain extent. Compared to Mg”*, Li"
requires the of fewer hydration shells for
transmembrane transport and must overcome a lower
dehydration energy barrier. Therefore, membranes with
enhanced hydrophilicity can, to some extent, increase the
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Fig. 2
SPES-1; (i) U-/ curve of SPES/PEI/U/P-30.
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(a) Resistance, (b) WU, (c) SR, (d) IEC, (e) water contact process and (f) water contract angle; (g) U-I curve of FUJI CEM; (h) U-I curve of
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migration rate of Li" during the transport process. The
hydrophilicity (water uptake, WU) and swelling ratio (SR) of
different membranes were measured. It was found that the
initial SPES membrane exhibited a relatively high WU
(21.9%) and a low SR (2.3%). WU is attributed to the inherent
property of sulfonate groups, which generally possess strong
hydrophilicity.">*" The low SR provides a basis for the
structural and performance stability of the substrate
membrane in interfacial polymerization. After modification
with the PEI interlayer, the hydrophilicity of the membrane
underwent significant changes, specifically, the WU increased
from 21.9% to 23.0% and the SR rose to 5.2%. This change is
attributed to the large number of amino groups in the PEI,
which also have a certain degree of hydrophilicity.*?
Following the polymerization of the U/P layer, both WU and
SR increased to varying degrees. This can be ascribed to the
abundant  quaternary groups in the
polyelectrolyte material; as strongly hydrophilic groups,
quaternary ammonium groups exhibit much stronger
hydrophilicity than primary and secondary amines.*’
Moreover, as the reaction time increased, both WU and SR
further increased. This variation is consistent with the
change in the thickness of the layer observed by SEM,
reflecting that the thickness of the U/P layer increased
significantly with prolonged reaction time, which provides
stronger electrostatic repulsion for the membrane in
subsequent selectivity tests. In addition, the change in
resistance follows the same trend. The low resistance of the
substrate membrane (2.2 Q cm? and the increase in
resistance with the introduction of the functional layer also
indicate the change in the thickness of the functional layer.
Notably, the membrane obtained with the longest reaction
time exhibited a resistance of only 6.1 Q cm? which
guarantees faster transport and higher flux of monovalent
ions.

For the water contact angle measurement, the water
contact angle was adopted as a direct characterization to
evaluate the hydrophilic-hydrophobic properties of the
membrane surface. It can be observed that the variation
trend of the water contact angle is consistent with that of
hydrophilicity. SPES/PEI-2 exhibits the smallest water contact
angle (60.2°), corresponding to the highest hydrophilicity of
this membrane. After the synthesis of the U/P layer, the water
contact angle first increases to a certain extent and then
gradually decreases, which is consistent with the trend of
hydrophilicity first decreasing and then increasing. This
confirms that the membrane becomes more hydrophilic as
the reaction time increases, which is also attributed to the
increased modification amount of quaternary ammonium
groups, driving the membrane surface toward a more
hydrophilic  direction.  Furthermore, regarding the
introduction of the U/P layer, when the reaction time is short
(i.e., for the SPES/PEI/U/P-5 membrane), the hydrophilicity
decreases to a certain extent, which is accompanied by an
increase in the water contact angle. However, when
considering the influence of hydrophobicity on ion selectivity

ammonium
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tests, the ion selectivity shows that increased hydrophilicity
leads to a higher Li* flux and a stronger rejection of Mg>",
which corresponds to an overall improvement in selectivity.

In addition, to evaluate the mass transfer capacity,
operating limits, and safety performance of the membrane, a
limiting current density test of the ion exchange membrane
was conducted. Generally, the voltage-current (U-I) curve
exhibits three characteristic regions, namely one ohmic
region and two non-ohmic regions. In the ohmic region, the
current density increases rapidly with the rise in voltage,
whereas in the non-ohmic regions, the current density
eventually levels off due to the stabilization of the electrolyte
concentration gradient. During the tests performed in this
study, the commercial membrane and the SPES-1 membrane
showed obvious inflection points, indicating that their
limiting current densities have clear values. However, the U-I
curve of SPES/PEI/U/P-30 differs from that of the commercial
membrane, showing a distinct linear variation. This proves
that the membrane can operate stably under relatively high
current densities. The MOF pores on the membrane surface
reduce the concentration polarization during the mass
transfer process. Meanwhile, due to its lower resistance and
higher ion flux, the membrane is suitable for various working
conditions under relatively high current densities.

2.3 Chemical characterization of functional membranes and
MOFs

For the characterization of the chemical composition of the
membrane and the functional layer, FT-IR spectroscopy was
used to determine the chemical bond, and the results are
shown in Fig. 3. For SPES/PEI/U/P-n, the peak appearance at
3413.38 cm™ ' corresponds to the polarized absorption peak
of secondary amine.*® The shift of the peak position
wavelength corresponds to the appearance of the amide
structure. This also demonstrates that TMC forms a stable
amide bond structure with hydrogen on the PEI amino
group and hydrogen on UIO-66-NH,, which indicates that
the interfacial polymerization process will stabilize the

existence of PEI and the functional layer on the
membrane surface. In addition, in order to examine the
combination of the carboxyl terminal of the MOF

structure and free hydrogen ions on the PDADMAc methyl
group, the peak of the carboxylic acid dimer often appears
at 3200-2500 cm™' because carboxylic acid easily forms a
dimer through hydrogen bonding. Therefore, the existence
of peaks at 2957.71 cm* and 2924.53 cm™' in the
spectrum of SPES/PEI/U/P/-n can judge the structure of the
dimer formed by SPES/PEI/U/P/-n and polyelectrolyte. The peak
shape of the formed carboxylic acid dimer structure often
shows two peaks with close positions, so it can be preliminarily
demonstrated that the binding mode of UIO-66-NH, and
PDADMAc is a hydrogen bond. In the XPS analysis diagram of
SPES-1, the peak on the left corresponds to the polarized
absorption peak of the S=O bond (sulfonic acid often shows a
broad peak or two peaks at 531-533 eV), which proves the

Ind. Chem. Mater.
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Fig. 3 Infrared spectra and XPS spectra. (a) FT-IR in the range of 400-4000 cm™ and (b) in the range of 400-1800 cm™?; (c) O 1s spectrum of
SEPS; (d) N 1s spectrum of SPES/PEI-2; (e) O 1s spectrum of SPES/PEI/U/P-n; (f) N 1s spectrum of SPES/PEI/U/P-n.

success of sulfonation contained in the SPES polymer.
Meanwhile, the ether bond peak on the right proves the
stability of the polymer main chain structure after sulfonation.
For SPES/PEI-2, the spectra of N 1s show that the peak with a
larger area on the right side corresponds to the C-N bond in
the PEI backbone structure, which proves the stable existence
of the PEI polymer material. In particular, the polarized
absorption peak of the amide bond appears at the same time
on the left side. The existence of this peak successfully proves
the successful combination of PEI and TMC, and its stable
existence on the membrane surface. In the O 1s spectrum of
SPES/PEI/U/P-n, the peak at about 528 eV on the right side
corresponds to the ether bond of the SPES polymer backbone,
while the peak at about 531 eV on the left side should
correspond to the polarized absorption peak of C=0O on the
carboxyl group.® It is worth noting that the peak displayed
at the position of higher binding energy should be the peak
displayed by the hydrogen bond structure formed by the
hydroxyl group and free hydrogen ion at the end of the
polyelectrolyte backbone. Because of the existence of the
hydrogen bond, this type of peak will show a large shift on
the spectrum. At the same time, its peak area is small,
which also shows that the content of functional layer
structure is reasonable to some extent. On the N 1s
spectrum of SPES/PEI/U/P-n, the obvious absorption peak
corresponding to the quaternary amine group on the left
should correspond to the existence of the PDADMAc

Ind. Chem. Mater.

polyelectrolyte material, and another peak with a larger area
at the lower binding energy position corresponds to the
incomplete reaction of amino groups on the MOF structure
and PEI structure. In particular, the peak with lower binding
energy on the right may correspond to the amide bond
formed by the reaction of amino groups on the MOF with
acyl chloride. The appearance of this peak also proves the
successful synthesis of the U/P functional layer and the
successful combination with the membrane.

For the characterization of UiO-66-NH,, the XRD pattern
exhibits strong and sharp diffraction peaks with no
significant peak shifting, confirming its highly crystalline
structure and intact crystal form (see SI for details). The BET
analysis results demonstrate that the as-synthesized UiO-66-
NH, MOFs possess an inherent pore size of 0.8 + 0.1 nm,
which aligns well with the intrinsic hydrated diameters of Li"
and Mg** (approximately 0.764 nm and 0.825 nm,
respectively) in the magnesium-lithium separation process.
This congruence provides feasible pore channel support for
the separation of magnesium and lithium ions (Fig. 4).

2.4 High cation permselective separation performance

The selectivity results obtained from the electrodialysis tests
are presented below. Compared with SPES-1, SPES/PEI-2
contains an abundance of positively charged groups, which
are responsible for its ion selectivity. Specifically, it shows a

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 4 (a) Concentration evolution of Li* and Mg?* ion in DC of EDs fabricated with SPES/PEI/U/P-n in different reaction times; (b) Mg®*/Li* perm-
selectivity of different membranes; (c) ion flux of Mg?* and Li* in ED; (d) concentration evolution of Li* and Mg®* ion in DC of Eds of SPES/PEI/U/P-30
under different current densities; (e) Li*/Mg?* perm-selectivity and ion flux under different current densities; (f) schematic diagram of ion transport

through MOFs.

significant improvement in perm-selectivity (1.8-5.2) and a
notable decrease in Mg®" ion flux (0.63 x 107%-0.44x10"® mol
em™ s7"). This indicates the successful introduction of PEI,
which not only acts as a supporting layer for the U/P layer
but also exerts a certain electrostatic repulsion effect. For
SPES/PEI/U/P-n, compared with SEPS/PEI-2, their perm-
selectivity and ion flux also exhibit significant changes.
Specifically, the perm-selectivity increases from 5.18 to a
maximum of 32.2, while the Li* flux rises from 1.09 x 10°®
mol em™ 57" to 1.59 x 107 mol em™ s™'. Correspondingly,
the Mg?* flux decreases from 0.44 x 10™° mol cm™ s™* to a
minimum of 0.40 x 10® mol em™ s™'. This confirms that
with the introduction of the U/P layer, the abundant
quaternary ammonium groups in the functional layer
generate pronounced electrostatic repulsion. Moreover, the
regular pore structure of the MOFs, combined with the
anchored amino groups, enables a synergistic sieving
mechanism. Li’, with its lower hydration energy, is facilitated
through the pores, whereas Mg>*, with higher hydration
energy, is effectively impeded by a combination of steric
hindrance and electrostatic repulsion from the amino
groups. In other words, UiO-66-NH, provides a selective
transport pathway for Li'. Due to their minimal repulsion
within the functionalized pores, Li" is preferentially
conducted, resulting in a significantly enhanced Li" flux and
a concurrent reduction in Mg?" flux. Increasing the interfacial
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polymerization reaction time, which directly controls the

functional layer thickness, resulted in a marked
enhancement of membrane performance. The perm-
selectivity increased dramatically from 6.6 to 32.2,

accompanied by a significant rise in Li' flux from 1.29 x
10°® mol m? s to 159 x 10° mol m? s'. This
phenomenon is attributed to the progressive thickening of
the surface PDADMAc layer with extended reaction time,
which increasingly impedes the transport of Mg>" ions.
Additionally, the MOF channels attached to the membrane
surface increase over time, providing more pathways for Li*
transport. Consequently, the Li" flux increases while the
Mg>" flux decreases. A comparative study of ion selectivity
was conducted between the synthesized membranes and
two commercially available references. The results showed
that SPES/PEI/U/P-30 exhibited the highest perm-selectivity
(Primg = 32.2), far exceeding that of the commercially
available CIMS (Pyjmg:+ = 1.8) and FUJI CEM (Ppj mg = 1.4).
The aforementioned findings collectively demonstrate the
robust performance of the custom-developed ion-exchange
membrane under operational conditions of 2.5 mA cm™
Regarding the concern that prolonged reaction times may
lead to an excessively thick functional layer, the flux and
perm-selectivity suggest that any increased transport
resistance is more than compensated for by the enhanced
ion transport pathways provided by the greater quantity of
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incorporated MOFs. A closer examination of the flux reveals
a nuanced picture: while Li* flux rises, the Mg>" flux for
SPES/PEI/U/P-5 is actually higher than that of SPES/PEI-2.
This suggests a sub-optimal PDADMAc content in the
composite membrane, which is insufficient to impart strong
electrostatic repulsion. The resulting weak repulsion barrier
allows substantial Mg®" permeation. However, this trade-off
is offset by a significantly enhanced Li" flux, leading to an
overall improvement in selectivity.

At higher current densities, the enhanced driving force for
ion transport results in a general increase in ion flux. As
illustrated in the figure, under the same reaction time, both
Li* and Mg®" fluxes rise significantly compared to those at
lower current densities. Specifically, the Li" flux increases to
1.63 x 10°® mol cm™ s, while the Mg>* flux increases to
1.47 x 10® mol em™ s, Although the Mg®" flux exhibits a
more pronounced upward trend relative to that of Li'—which
may not be considered a favorable outcome—the resulting
Mg>*/Li* separation perm-selectivity still reaches 13.8 at the
higher current density. This indicates that the membrane
maintains a discernible separation capability even under
intensified operating conditions. It is noteworthy that the
significant rise in Mg>" flux may be attributed to the limited
positive charge intensity provided by the amino groups in the
MOF. Furthermore, consistent with the trade-off effect, this
notable increase in Mg>" flux does lead to a considerable
decline in selectivity. However, in practical applications,
higher current densities are typically employed with larger
membrane areas to maintain overall process efficiency.
Therefore, despite the observed reduction in perm-selectivity,
the membrane still demonstrates excellent perm-selectivity
performance under such elevated current density conditions,
confirming its practical relevance.

For the long-term stability of this series of membranes,
after obtaining the results, we conducted five-cycle long-
term stability tests on three types of membranes—SPES-1,

[ sPEs-1
SPESIPEI-2
[ SPES/PEI/U/P-30

32.1

Perm-selectivity

3
Number of cycles

Fig. 5 Selectivity variations of the membrane series after five cycles.
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SPES/PEI-2, and SPES/PEI/U/P-30—and presented the
variations in their selectivity in Fig. 5 and the SI (Fig. S7).
After five cycles (each cycle lasting three hours), the
obtained data showed that the selectivity of this series of
membranes did not exhibit significant fluctuations,
indicating that the changes in their performance were not
substantial and that they possessed good long-term
stability. This also provides a prerequisite for maintaining
stable performance during repeated and prolonged testing
of these membranes.

2.5 Evaluation of the perm-selectivity of Na* (2.5 mA cm )

In the sodium-magnesium (Na‘/Mg>") system, the selectivity
trend for the monovalent ion (Na*) was found to be consistent
with that observed in the magnesium-lithium system. The
Na“ perm-selectivity was systematically enhanced with the
increased thickness and adhesion degree of the functional
layer. The SPES/PEI/U/P-30 membrane achieved the highest
perm-selectivity of 26.2, demonstrating that the fabricated
functional membrane also possesses excellent monovalent
ion selectivity across different ion systems (Fig. 6).

Regarding the ion flux, Na' flux increased with the
development of the functional layer, whereas Mg>" flux
exhibited a concurrent decrease. A maximum Na' flux of 1.48
x 10°® mol cm ™2 s~ ! was achieved, which is indicative of the
membrane's high permeability in the Na'/Mg** system.
Similar to Li", Na' transport is facilitated through the MOF
pores. This pathway significantly enhances the migration rate
of Na', ultimately contributing to the considerable sodium-
magnesium perm-selectivity.

Although the monovalent ion selectivity for Na' is slightly
lower than that for Li* (relative to Mg?®"), this discrepancy is
attributed to competitive hydration effects and differing ion-
membrane affinities. The lower charge density and weaker
membrane affinity of Na® make it more susceptible to
competitive displacement and channel blockage by Mg>*
ions. Furthermore, the sulfonic acid groups within the
membrane exhibit a stronger affinity for Li" than for Na’,
facilitating a higher permeation rate of Li*.** Collectively,
these factors result in a lower Na'/Mg®" perm-selectivity
compared to the Li'/Mg>" perm-selectivity.

In assessing the effectiveness of the MOF channels, the
flux data offer compelling evidence. The incorporation led to
a significant and consistent increase in the fluxes of both Li"
and Na'. This observable trend corroborates the successful
synthesis of the MOF pores and their varying populations
within the membrane matrix.

2.6 Mechanism analysis of monovalent ion perm-selectivity
and performance comparison with previous studies

For SPES/PEI/U/P-n, we summarize their selective sieving
mechanism for monovalent ions as the dual effects of
electrostatic repulsion and pore size sieving. Specifically,
upon contact with the U/P functional layer of the membrane,
Mg>", bearing a higher charge density, experiences stronger
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Fig. 6 (a) Concentration evolution of Na* and Mg?* ion in DC of EDs fabricated with SPES/PEI/U/P-n in different reaction times. (b) Perm-
selectivity of different membrane materials in the Na*/Mg?* system; (c) ion flux of Na* and Mg?* in ED; (d) schematic diagram of monovalent ion

sieving.

electrostatic repulsion from the PDADMAc layer, which is
rich in positively charged quaternary ammonium groups.
During transmembrane transport, ions preferentially migrate
along pathways of lower electrostatic potential or reduced
energy barriers. In this membrane system, the strong
electrostatic repulsion generated by the quaternary
ammonium groups diverts both ion species toward the MOF
channels, where the repulsive force is comparatively weaker.
Furthermore, the amino groups and the well-defined pore
structures within the UiO-66-NH, framework also exert a
considerable repulsive force on Mg>" (BET analysis data also
exhibit well-defined pore channel data conforming to the
separation rule). Consequently, these channels present a
significantly lower energy barrier for Li' transport relative to
Mg>*, enabling selective permeation. Thus, these
functionalized pores act as highly selective pathways that
preferentially facilitate Li" transport, which translates into a
significantly higher Li* flux compared to that of Mg>". A
similar principle applies to Na’, which encounters lower
transport resistance than Mg>*. However, the transport of
Na' is less efficient than that of Li" due to competitive
interference from Mg”>* ions."* This competition ultimately
results in a slightly lower perm-selectivity for the Na‘/Mg>"

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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system relative to the Li*/Mg®" system. In addition, the PEI
interlayer incorporated into the membrane possesses a high
density of amino groups, providing substantial electrostatic
repulsion. This feature allows it to function as a secondary
barrier, effectively intercepting ions that may permeate
through the primary U/P functional layer. In general, we
attribute the sieving mechanism in this study to the varying
magnitudes of electrostatic repulsion experienced by
different ions, which drive ions to migrate toward the
constructed ion channels with lower resistance. Meanwhile,
the functionality of these ion channels can also hinder
unwanted ions, thereby achieving selective sieving of
monovalent and multivalent ions.

At the molecular scale, simulation analyses of the ion
permeation process through UIO-66-NH,, as reported in the
literature, reveal that under an applied electric field, the
migration rate of Mg®* exceeds that of Li".*> This
phenomenon is likely attributable to the higher positive
charge of Mg®', which results in a stronger electrophoretic
driving force. However, despite this higher mobility, Mg>*
ions are restricted to the surface region of UIO-66-NH, and
fail to penetrate into the bulk phase. Consequently, although
Li" exhibits a lower migration rate and flux, its lower charge
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Fig. 7 The transport processes of Li*/Na*™ and Mg?* in aqueous phase systems.

density subjects it to weaker electrostatic repulsion from the
UIO-66-NH, framework, thereby facilitating greater passage
through the functional layer.*®

Regarding the transport mechanisms within the UIO-66-NH,
pores, the brush-like amino groups are proposed to promote
all types of ion hopping for Li’, enhancing its overall
transport performance.*® Furthermore, Li" experiences an
additional driving force from electrostatic repulsion,
accelerating its transit through the nanochannels. In contrast,
the binding energy between the amine nitrogen atoms and
Mg?* is insufficient to disrupt the tightly bound hydration
shell surrounding Mg>" ion clusters. As a result, the amine
functional groups present a physical barrier to hydrated Mg**
ions, hindering their transport through the UIO-66-NH,
framework.*®

Furthermore, the performance of the membrane
developed in this work was benchmarked against other
reported membranes in similar studies (Fig. 7). The
comparison demonstrates that our membrane exhibits
excellent  perm-selectivity —along with  superior Li'
permeability. This enhanced performance can be attributed
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to the well-suited pore size of the MOF filler and the strong
electrostatic repulsion provided by the polyelectrolyte. As
summarized in Table S3, these features collectively contribute

to a significant improvement in overall separation
performance compared to existing materials.

3 Conclusions

In this study, a UiO-66-NH,/PDADMAc composite

membrane fabricated via interfacial polymerization exhibits
high Li*/Mg** perm-selectivity by synergizing size exclusion
and electrostatic repulsion. During ED, the channel
diameter of UIO-66-NH, better matches Li' transport, but
blocks Mg”" transport. Its amino groups also provide a
certain positive repulsion effect for MOFs, while the

PDADMACc polyelectrolyte layer containing quaternary amine
groups provides a stronger electrostatic repulsion for Mg**
in the ion exchange process. The hydrogen bonding forces
formed by the MOF and the polyelectrolyte bind the two
materials tightly together to form a thin,
layer.

defect-free

selective functional As a result, the highest

Fig. 8 Comparison of the perm-selectivity of membranes for Mg?*/Li* separation via ED in different studies.
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Fig. 9 (a) Route for the preparation of SPES/PEI/U/P-n ion exchange membranes; (b) synthesis process of UiO-66-NH,; (c) schematic diagram of

SPES/PEI/U/P-n ion exchange membranes.

permeation flux of Li" is 1.59 x 10°® mol em™ s, and the
corresponding permeation flux of Mg>* is 0.40 x 10 mol
em™? s and Pripmge is 32.2 in 210 min. This work
demonstrates that MOF-polymer synergistic effects enhance
mass transfer resistance, providing a new design strategy

for electrodialysis membranes targeting Li‘/Mg”*separation
(Fig. 8).

4 Experimental section
4.1 Materials

Polyethyleneimine (PEI) with a molecular weight of 70 000 was
from Shanghai Aladdin Reagent Company, polyethersulfone
(PES) polymer was from Zhejiang Baichen Low Carbon
Technology Co., Ltd., poly(diallyldimethylammonium chloride)
(PDADMAC) was from Guangzhou Chemical Reagent Company,
1,3,5-benzenetricarbonyl chloride (TMC) was received from
Tianjin C&S Biochemical Technology Co., Ltd., hexane was
purchased from Sinopharm Group Chemical Reagent Co.,
Ltd., N,N-dimethyl formamide, N-methyl pyrrolidone, and
N,N-dimethylacetamide were received from Shanghai
Minrel Biochemical Technology Co., Ltd., sulfuric acid
(98%) was purchased from Sinopharm Chemical Reagent
Co., Ltd, magnesium chloride and lithium chloride were
received from Shanghai Titan Technology Co., Ltd.,
commercial monovalent selective CEM (NEOSEPTA CIMS)
and conventional AEM (NEOSEPTA AMX, ASTOM Co.,
Ltd., Japan) were all purchased from ASTOM Co. General
cation exchange membranes were from FUJI Group Japan

(Fig. 9).
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4.2 Preparation of the SPES base membrane

The sulfonation process of PES is carried out using the
following method:** 10.0 g of PES polymer was added to
100 mL of DMAc, followed by the addition of
approximately 15 mL of concentrated sulfuric acid. The
mixture was heated at 70 °C for 10.5 hours, after which
the polymer solution was slowly poured into water to be
converted into a solid polymer material. The solid polymer
material was subsequently dried at 60 °C. Subsequently,
4.0 g of dried SPES polymer was taken and added to 60
mL of NMP. The mixture was heated and stirred to
dissolve the polymer. Afterwards, 15 mL of the polymer
solution was taken and poured onto a custom-made glass

Iy
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AMX SPES/PEIU/P-n AMX
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Fig. 10 Membrane configuration of monovalent cation perm-
selectivity.
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plate, which was then vacuum-dried at 70 °C for 24
hours. The resulting membrane was named SPES-1
(Fig. 10).

4.3 Synthesis of UiO-66-NH, MOFs

The synthesis of UiO-66-NH, was carried out by referring to
the method in prior work.>®*” 0.45 g 2-aminoterephthalic
acid was taken with 40 mL NMP and 10 mL HCI ultrasound
for 30 minutes. 0.58 g ZrCl, and 50 mL NMP were added into
another beaker, and the mixture was added into a high
pressure reactor lined with Teflon after being mixed
uniformly, sealed and reacted at 120 °C for 48 h. After that,
the product was collected by vacuum filtration, washed
thoroughly with NMP and water (three times each), and
finally dried in a vacuum oven at 60 °C for 24 hours, yielding
a dark red powder.

4.4 Preparation of the PEI supporting layer

PEI, which served as a supporting layer for the subsequent
attachment of the U/P(UiO-66-NH,/PDADMAc) functional
layers, was achieved through the reaction between acyl
chloride and amino groups to form amide bonds. 0.66 g
TMC was dissolved in 100 mL n-hexane solution to form the
oil phase and the water phase is the PEI (molecular weight
70000) solution dissolved in 100 mL of DI water. The
prepared SPES-1 membrane was then soaked in the oil phase
(TMC/n-hexane) and water phase (PEI) in sequence.
Generally, the reaction process was carried out thoroughly
with a soaking time of 10 minutes; that is, the substrate
membrane material was soaked in the oil phase for 10
minutes. It was then taken out and put into the PEI aqueous
solution for the same reaction for ten minutes. The reaction
of PEI and TMC formed a uniform white PEI functional
receiving layer on the membrane surface. The membrane was
washed with DI water (deionized water), and air-dried at
room temperature until a completely dry surface was
achieved. The obtained membrane was named SPES/PEI-2.

4.5 Preparation of SPES/PEI CEMs with UiO-66-NH,/PDADMAc
functional

The amine-rich PEI interlayer was cross-linked with the
UiO-66-NH,/PDADMAc layer. 250 mg of UiO-66-NH, powder
was ultrasonically dissolved into 100 mL of DI water for
30 min to homogenize. 1.0 g of PDAMDAc was added into
the mix, and then mixed, followed by 30 minute
ultrasonication to form a uniform, viscous suspension.
0.66 g of TMC was dissolved in 100 mL n-hexane. The
SPES/PEI-2 membrane was immersed sequentially in two
clean glass dishes containing the oil phase (TMC/n-hexane)
and the UiO-66-NH,/PDADMACc solution. After the reaction,
the membrane was retrieved, rinsed with DI water, and
air-dried at room temperature. The finally obtained
membranes were named SPES/PEI/U/P-5, SPES/PEI/U/P-15
and SPES/PEI/U/P-30 according to the reaction time (U/P-n,
where n represents the reaction time).
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4.6 Characterization of materials

The surface morphology of the prepared membrane materials
was observed and characterized using a cold-field scanning
electron microscope (SEM, Zeiss Gemini 500, Germany). In
addition, to enhance the observation of the surface
morphologies of the original membrane and modified
membranes, the surface morphology of the modified
membranes was scanned using a Dimension Icon microscope
(Bruker Co.). For the characterization of the chemical
structure of the membranes, attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet
6700) and X-ray photoelectron spectroscopy (XPS) with a
Kratos Axis Ultra DLD spectrometer (Kratos Analytical,
Shimadzu, Japan) were employed to analyze the chemical
composition of the ion exchange membranes. To characterize
the morphology of the synthesized MOF, a cold-field
scanning electron microscope (SEM, Zeiss Gemini 500,
Germany) was employed to capture detailed images of the
individual particles. Additionally, in order to evaluate its
crystallinity, X-ray diffraction (XRD) analysis was conducted,
Furthermore, to characterize the pore size and dimensional
properties of MOFs, a gas adsorption analyzer was employed
to obtain the Brunauer-Emmett-Teller (BELSORP MaxII)
isotherms and pore size distribution of the MOF materials.
The corresponding images are provided in the SIL
Furthermore, to characterize the physical properties of the
membranes, tests including ion exchange capacity (IEC),
water uptake, swelling ratio, electrical resistance, limiting
current density and water contact angle were conducted®
(see SI for detailed procedures).

4.7 Test of monovalent cations perm-selectivity

Perm-selectivity (P), a core indicator for measuring the
separation system's ability, is a quantitative description of
the difference in migration or distribution behavior between
the two ions in the separation system. In this work, we define
perm-selectivity as the ratio of the differences in migration
amount and migration rate between Li* and Mg>" (with Li* as
the reference relative to Mg”', and Py, mg- is for Na® and
Mg>"). The test procedure employed a custom-designed
device consisting of four compartments, each containing
different solutions. The left and right compartments adjacent
to the electrodes contained 0.3 M Na,SO, solution (for the
Na*/Mg”* system test, 0.3 M KCl was used) as the circulating
electrode solution, while the two middle compartments held
the test solutions. To evaluate the selective separation
performance of the membrane under relatively high current
densities, tests were conducted at two current densities: 2.5
mA cm > and 5 mA cm > At a current density of 2.5 mA
cm™2, both the concentrate compartment (CC) and the dilute
compartment (DC) contained a 0.05 mol L™ mixed solution
of LiCl and MgCl, (for the Na’/Mg>" system, the mixed
solution was composed of NaCl and MgCl,). At a current
density of 5 mA cm ™, the DC contained a 0.05 mol L™ mixed
solution of LiCl and MgCl,, and the CC contained a 0.1 mol
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L™ KCI solution. During the test, 500 uL samples were
collected from the DC solution every 30 minutes over a total
duration of 210 minutes. The ion flux and perm-selectivity
were calculated in accordance with eqn (1) and (2).**

VvV dC;
i =—— 1
A de (1)
]m+ Cm+
P=" o (2)

where J; represents the mass transfer flux of ions (in mol
em™ s7Y), V represents the volume of feed liquid (in em?®, v =
80 cm?), A, represents the effective mass transfer area (in
cm?, A, = 19.625 cmZ), and dCj/dt represents the variation
trend of ion concentration in DC every 30 minutes.
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