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ABSTRACT

Selective ion transport in nanofiltration (NF) enables sustainable lithium (Li*) recovery. While many membranes rely on strong
positive charge for Lit/Mg?* separation, we show that negatively charged membranes can also excel using a biomimetic approach.
Inspired by biological ion channels that achieve cation selectivity via specific binding sites despite their negative charge, we
designed a nitrogen-rich polypeptide dendrimer (amino acid-based) bearing carboxylate coordination sites with higher affinity
for Mg?* than Li*, while moderating the membrane’s net negative charge. This biomimetic design enhanced Li* recovery by
inhibiting Mg?* transport through stronger interactions, thereby allowing for preferential Li* permeation. This process occurred
through a combination of electrostatic modulation and ligand-assisted coordination. Density functional theory (DFT) calculations
indicated strong oxygen-donor coordination: lysine motifs bind hydrated Mg** (E ~ —170 kcal.mol™!) far more strongly than Li*
(E =~ —50.2 kcal.mol ™). The optimized membrane achieved Lit/Mg?* selectivity of 15.6 at neutral pH with 23 LMH flux, and 136 at
pH 4, highlighting strong performance in acidic feeds. Long-term tests showed ~0.4% leaching over 10 days with stable rejection
and enrichment of Li* (feed Lit/Mg?* increased from 0.05 to 0.20). Antifouling tests showed a twofold lower flux-decline ratio
and higher flux-recovery than the unmodified TFC.

1 | Introduction with the typically high Mg?*/Li* ratio, remains a major challenge

for efficient extraction [4, 5]. Conventional approaches, such

The demand for lithium, driven by the rapid growth of lithium-
ion batteries and supercapacitors [1], is projected to rise by over
30% annually across various energy sectors, reaching nearly three
times the 2018 level by 2025 [2, 3]. Since over 60% of current
lithium production originates from brine resources, the co-
existence of lithium ions (Li*) and magnesium ions (Mg?"), along

as adsorption, chemical precipitation, electrolysis, and solvent
extraction, often suffer from low selectivity and limited flux,
resulting in poor Li* recovery [6, 7]. These practical constraints,
coupled with the scale of projected demand, motivate the search
for separation platforms that can deliver both high throughput
and ion specificity.
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Compared to conventional techniques, membrane-based separa-
tion offers a more energy-efficient and environmentally friendly
approach with high throughput [8-10]. Nanofiltration (NF) mem-
branes, in particular, are attractive due to their suitable molecular
weight cut-off (200-400 Da) and tunable surface charge, enabling
the separation of monovalent and divalent cations via size exclu-
sion and Donnan exclusion [11]. Thin-film composite (TFC) NF
membranes have gained increasing attention due to their simple
fabrication method, rapid interfacial polymerization (IP) process,
and mild reaction conditions [12, 13]. Typically, conventional TFC
membranes for monovalent/divalent separation are prepared
through IP between amine-rich monomers such as piperazine
(PIP) or polyethyleneimine (PEI) and trimesoyl chloride (TMC)
[14]. This architecture provides a practical foundation for tuning
charge and microstructure, but it also exposes key limits when
ionic composition and strength depart from idealized conditions.

Specifically, because the hydrated radii of Mg?* (0.42 nm)
and Li* (0.38 nm) in aqueous media [15, 16] are similar, size
exclusion alone cannot achieve effective separation. Recogniz-
ing that conventional TFC membranes are negatively charged,
researchers have introduced positively charged functionalities
to enhance Lit/Mg?** selectivity via Donnan exclusion [17-19],
either by incorporating amine-rich monomers during IP or
by post-synthesis grafting and secondary IP [20-22]. Hydrated
and protonated amine groups increase surface positive charge,
repelling Mg?*, while allowing Li* transport. However, most
reported membranes still exhibit low water flux, poor chemical
stability in complex brines, and inadequate Li*/Mg** selectivity
under realistic conditions, primarily because Donnan exclusion
is weakened in high-ionic-strength brines, where electrostatic
screening and competing ions diminish charge-based selectivity
[17, 23]. Additional limitations include the low content of amine-
containing monomers, overly dense polyamide (PA) networks,
particularly those formed with branched polymers like PEI due
to their high degree of crosslinking, and the absence of a specific
chemical affinity for Li* over Mg?* [24, 25]. For example, Lu et al.
[25] observed strong Li* rejection for a positively charged PEI-
based NF membrane, highlighting the lack of selective affinity for
Li*. Moreover, surface modifications with amines or zwitterions
can introduce added mass-transfer resistance, further reducing
water flux [26]. Although prior studies have clarified how surface
charge and nanoscale architecture govern ion transport, substan-
tive improvements in Lit/Mg?" selectivity are unlikely without
introducing high-affinity coordination sites that discriminate Li*
from Mg?* beyond simple Donnan (charge) exclusion.

To address this gap, researchers have drawn inspiration from
biological ion channels and protein systems that pair precise pore
architectures with well-placed functional groups to achieve selec-
tive coordination [27]. For instance, carboxylate-functionalized
nanochannels have been shown to enhance the permeation of
water and cations due to their negative charge [28]. Further-
more, incorporating sulfonate groups, such as sodium 4-styrene
sulfonate (PSS), into MXene membranes was found to improve
Lit/Mg** selectivity through favorable coordination [29]. Other
strategies employ metal-organic frameworks (MOFs), covalent-
organic frameworks (COFs), porous organic frameworks (POFs),
and crown ethers to create ion-selective conduits [30-35]. Recent
TFN strategies incorporating MOFs have also demonstrated
improved ion separation by enhancing surface charge and

introducing adsorption-based affinity sites [36-38]. Ethylenedi-
amine tetraacetic acid (EDTA)-modified membranes have also
been explored, but their performance is dominated by Donnan
exclusion rather than coordination-driven selectivity, resulting in
limited discrimination between multivalent ions [39, 40]. Crown-
ether functionalization provides defined cavity binding, but the
synthesis is complex, transport is tightly constrained by fixed
pore geometry, and the chemistry typically offers only a single
oxygen-donor environment [41, 42].

In contrast, our dendrimer presents a molecularly defined coor-
dination interface composed of both nitrogen and oxygen-donor
groups, and its ion selectivity properties can be tuned via pH-
dependent protonation, an adaptability absent in the above
systems. This dynamic control over charge density and coordi-
nation environment enables higher selectivity, particularly under
acidic conditions. However, many existing TFN systems require
nanoparticle incorporation rather than relying on well-defined
molecular interfacial chemistry. Moreover, many synthetic pores
lack sufficient internal free volume, mechanical robustness, or
long-term chemical stability to sustain high-flux, durable separa-
tions under harsh brine conditions. These limitations motivate an
alternative design principle: decouple ion recognition from bulk
pore geometry and engineer the membrane-solution interface
itself to perform the “decision-making”.

Therefore, instead of further tailoring the pore geometry, we
conferred ion recognition capability on the membrane surface
by grafting a nitrogen-rich polypeptide dendrimer onto the
polyamide active layer, creating dense, tunable coordination sites
and charged, biomimetic nanochannels [43-48]. Specifically, the
TFC polyamide was functionalized with an L-arginine (Arg)/L-
lysine (Lys)-based dendrimer that provides oxygen-donor sites.
At neutral pH, protonated guanidinium/amine groups together
with deprotonated carboxylates form a zwitterionic interface that
electrostatically excludes co-ions while transiently coordinating
hydrated cations, thereby enabling Li*/Mg?** selectivity [31, 49—
55]. To expand and tune the coordination chemistry, we further
introduced 2,4,6-triaminopyrimidine (TAP) as a nitrogen-donor
ligand, providing a direct contrast to the oxygen-donor sites and
adjustable binding strength [56-59].

Inspired by ligand-gated ion channels [60-65], this surface mod-
ification yields a biomimetic, ion-selective interface governed by
the synergy of electrostatic screening and specific coordination.
This design rationale is further supported by well-established ion-
selectivity mechanisms in biological channels. In ligand-gated
and voltage-gated ion channels, acidic residues such as aspartate
and glutamate often form bidentate carboxylate bridges that
regulate Ca?*, Na*, and K* permeation through charge-dense
coordination sites [61, 66]. Similarly, sulfonate (SO;~) motifs
have been shown to create Li* selective pathways by enhanc-
ing electrostatic attraction [62]. Nucleophilic residues such as
cysteine and tyrosine also contribute to metal binding through
soft-donor interactions, shaping the local chemical environment
of the pore [63]. In addition, glycine-rich regions modulate
steric constraints and local charge density, further influencing
ion discrimination [60]. These biomimetic principles guided our
selection of dendrimer segments capable of providing tunable
coordination chemistry and charge-regulated selectivity. Natural
Ca?* selective channels also rely on clusters of aspartate and
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FIGURE 1 | Schematic illustration of fabricated membranes with their morphological structure. Carbon atoms are represented in black, nitrogen

in blue, oxygen in red, and hydrogen in white.

glutamate residues that create strong local electrostatic fields and
enforce partial dehydration of permeating cations [67]. A similar
principle is expected here, where the pH-dependent protonation
of Arg/Lys/TAP establishes a tunable local charge environment
that modulates Li* and Mg?* transport analogously.

Density functional theory (DFT) calculations were employed to
quantify binding preferences, hydration perturbations, and coor-
dination geometries at the modified surface, helping to interpret
the molecular contribution to Lit/Mg?* separation [68-70].

2 | Materials and Methods
2.1 | Chemicals and Materials

Polyether sulfone (PES, Solvay Advanced Polymers),
polyvinylpyrrolidone (PVP, Mw = 360 kDa, Sigma-Aldrich),
Triton X-100 (Merck), polyethylene glycol (PEG, Mw = 2000 Da),
and N, N-dimethylacetamide (DMAc, Fisher Scientific) were
used for the fabrication of the PES support layer. TMC, PIP
(>99%), triethylamine (TEA), sodium hydroxide (NaOH),
and n-hexane were all purchased from Sigma-Aldrich and
used for the preparation of TFC membranes. The polypeptide
dendrimer was synthesized from aminoterephthalic acid (NH,-
BDC), trimesic acid (BTC), Arg, Lys, and TAP (Sigma-Aldrich).
Ethanol (99%, Fisher Scientific) and deionized (DI) water
were used as solvents for solution preparation. Glutaraldehyde
solution (GA, 25 wt.%) was used as a crosslinker. PEG with
molecular weights between 100 Da and 2000 Da was used
for MWCO measurements of the membranes. Anhydrous
pyridine, deuterated chloroform, cyclohexanol, chromium (IIT)
acetylacetonate, and the phosphitylating reagent 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (TMDP) were used for 'P
NMR measurements. All of these chemicals were of HPLC grade
and purchased from Sigma-Aldrich.

Different salts obtained from Fisher Scientific were used to
assess membrane performance, including lithium chloride (LiCl),
magnesium chloride hexahydrate (MgCl,.6H,0, 97%, Fisher),

potassium chloride (KCl, Fisher), sodium chloride (NaCl, Fisher),
magnesium sulfate (MgSO,), and sodium sulfate (Na,SO,). For
fouling studies, sodium alginate (SA 12-80 kDa, Sigma-Aldrich)
was selected as a model organic foulant. The antifouling proper-
ties of the membranes were evaluated in the presence of calcium
chloride (CacCl,, Fisher Scientific).

2.2 | Synthesis and Characterization of
Polypeptide Dendrimer

Appropriate amounts of NH,-BDC (0.81 g), TAP (1.22 g), BTC
(2.04 g), Arg (3.52 g), and Lys (2.41 g) were dissolved in a
mixture of 200 mL of DI water and 400 mL of ethanol in
a 1,000 mL round-bottomed flask. The resulting mixture was
sonicated for 20 min in an ultrasonic bath and stirred for 2 h.
The suspension was then refluxed at its boiling point for 18 h
and cooled to room temperature. The precipitate was filtered and
then washed three times with a 300 mL ethanol: water mixture
(70:30), followed by centrifugation to remove any unreacted
compounds. The obtained material was then dried in the oven
at 60°C. The synthesized dendrimer was characterized using
various techniques as described in the Supporting Information.

2.3 | Fabrication of PES Support Layer

The PES support membrane was fabricated by the non-solvent
induced phase separation (NIPS) method via the immersion
precipitation technique [71]. More details are provided in the
Supporting Information.

2.4 | Fabrication of Pristine and
Dendrimer-Modified TFC Membranes (TFC and
TFC-Den)

Pristine TFC was formed on PES by interfacial polymerization of
an aqueous PIP (1.2 wt.%) solution containing NaOH (0.15 wt.%)
and TEA (0.5 wt.%) (soak 2 min), followed by contact with TMC
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(0.1 wt.%) in n-hexane (30 s) and thermal cure at 80°C for 5 min
[72]. The TFC-Den, membranes were obtained by coating the PA
layer with different amounts of dendrimer (X = 0.5-3.0 wt.%, 4
min), followed by GA (1wt.%, 2 min) crosslinking and post-curing
in an oven (80 °C, 5 min). All membranes were stored in DI water
before testing. Detailed procedures are provided in the Supporting
Information. The structural and chemical properties of TFC
and TFC-Den membranes were characterized using multiple
analytical techniques as described in the Supporting Information.
A schematic representation of the surface-functionalized TFC
membrane and its proposed selective ion transport pathway is
shown in Figure 1, illustrating the overall design concept.

2.5 | Evaluation of Membrane Separation
Performance

Flux and rejection of all TFC and TFC-Den membranes were
measured using a lab-scale cross-flow filtration system (Sterlitech
Corp., USA). Single salt experiments were conducted using feed
solutions containing 1,000 ppm MgCl, and 1,000 ppm LiCl.
Binary salt and long-term stability experiments were conducted
using a feed solution of MgCl, and LiCl (total concentrations
of 1,000 ppm and a fixed Li*/Mg?" molar ratio of 1:20). All
experiments were performed in triplicate to minimize poten-
tial variability, and the mean values are reported. Detailed
calculations, performance procedures, and additional MWCO,
fouling, and release stability tests are provided in the Supporting
Information.

2.6 | Molecular-Level Insights via DFT
Calculations

The chemical characteristics of the synthesized dendrimer and its
interactions with hydrated cations were investigated using DFT,
a quantum mechanical modeling method. All DFT calculations
were performed with the ORCA quantum chemistry software
(version 6.0.1) [73-75]. Molecular geometries and hydrated
complexes were optimized using the B3LYP hybrid functional
with D3BJ dispersion correction and def2-SVP basis set. To
improve computational efficiency, the RIJCOSX approximation
was applied throughout the calculations [76-80].

The chemical structures were built in Avogadro software [81].
Post-processing calculations, including molecular electrostatic
potential (ESP) analysis and frontier molecular orbital (HOMO-
LUMO) analysis, were conducted using the Multiwfn program
(version 3.7) [82], based on ORCA electron density outputs. The
ESP maps were visualized in Avogadro to interpret the spatial dis-
tribution of electrostatic potential and potential ion-interaction
sites. Details are provided in the Supporting Information.

3 | Results and Discussions
3.1 | Dendrimer Characterization and Structural
Features

The chemical composition and functional groups of the syn-
thesized dendrimer were studied by attenuated total reflectance

Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray
photoelectron spectroscopy (XPS) (Figure Sla-e). Characteristic
amide I and amide II bands at 1680 and 1554 cm™, together
with XPS C 1s, N 1s, and O 1s signals, verified the presence
of amide linkages and nitrogen-rich functionalities, confirming
the successful synthesis of the dendrimer. Phosphorus-31 nuclear
magnetic resonance (*'P NMR) of the soluble fraction showed
resonances at 148 and 142 ppm, indicating the presence of
hydroxyl functionalities within the dendrimer backbone, while
signals expected for carboxyl groups were not observed (Figure
Slg).

The zeta potential measurements revealed that the polypeptide
dendrimer exhibited a negative surface charge of —13.9 mV
under neutral conditions (pH 7). This negative potential was
attributed to the ionization of carboxyl functional groups dis-
tributed on the dendrimer surface, which promoted electro-
static repulsion and thereby enhanced colloidal stability, mod-
ulating interactions with surrounding molecules and solvent
systems.

Field-emission scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) (Figures Sih;-i,) revealed
hyperbranched, cubic-like morphologies in the submicron to
micron size range. SEM images showed cubic-tetragonal struc-
tures (~300-500 nm in cross-section and up to 5 um in length),
while TEM confirmed a hyperbranched network of dendritic
branches 50-200 nm in diameter (additional information pro-
vided in the Supporting Information). EDX mapping (Figure S1j,—
js) further verified the presence of carbon (C), nitrogen (N), and
oxygen (O), consistent with the amino acid composition of the
dendrimer.

3.2 | Characterization of Membranes
3.2.1 | Chemical Composition and Functional Groups

FTIR and XPS analyses of the fabricated membranes were
performed to monitor the changes in the chemical composition
and functional groups of the pristine TFC membrane upon
dendrimer modification (Figure S2a-i). In the FTIR analysis
of the dendrimer-coated membrane (TFC-Den,), the increased
intensity of the amide II bond at 1575 cm™, along with higher
nitrogen and oxygen content in XPS, confirmed successful den-
drimer coating on the polyamide layer of TFC. Detailed chemical
composition of TFC and TFC-Den,, including the XPS survey and
high-resolution XPS deconvolution, is provided in the Supporting
Information.

3.2.2 | Surface Properties and Charge

To investigate the impact of dendrimer incorporation on
membrane hydrophilicity, water contact angle (WCA)
measurements were performed for both unmodified and
dendrimer-coated membranes, as shown in Figure 2a. The
results illustrated enhanced hydrophilicity after dendrimer
modification, decreasing from 54.5° for TFC to 37.7°
for TFC-Den,.
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FIGURE 2 | Surface characterization of membranes. (a) WCA measurements indicated improved hydrophilicity after dendrimer coating, (b)

Streaming potential profiles over the pH 3-9 showed a reduction in negative surface charge, (c) MWCO rejection curves exhibited minor differences in
size exclusion between the unmodified TFC and dendrimer-coated TFC-Den, membranes, with the pore size distribution shown as an inset, revealing a
reduced mean pore size of 0.15 nm for TFC-Den,, and (d) 3D AFM images showed subtle increase in surface roughness following dendrimer modification.

3.2.3 | Morphological Analysis

Streaming potential measurements (pH 3-9) revealed that
dendrimer-modified membranes carried a less negative sur-
face charge than pristine TFC. At low pH, the zeta potential
approached around 7 mV, reflecting protonation of the den-
drimer’s amine groups (Figure 2b).

The 3D atomic force microscopy (AFM) images were obtained,
and roughness parameters, including average roughness (R,) and
root-mean-square roughness (R, ), were quantified (Figure 2d). As
aresult of dendrimer modification, the surface average roughness
increased slightly from 7.2 nm (TFC) to a maximum of 11.2 nm
(TFC-Den,), then decreased to 7.8 nm (TFC-Den;). This trend
was consistent with the WCA results, where increased surface
roughness contributed to enhanced hydrophilicity [83].

To complement the surface analysis, MWCO and pore size
distribution analysis were performed to evaluate changes in
pore size and distribution (Figure 2c). According to the results,
the calculated MWCO decreased from 179 Da (TFC) to 162 Da
(TFC-Den2), corresponding to mean pore sizes of 0.22 and
0.15 nm, respectively (Figure 2c,d). Further details on membrane
surface properties and charge are provided in the Supporting
Information.

SEM and TEM analyses revealed that dendrimer modification
progressively introduced nanoscale globular surface structures on
top of the TFC layer (Figure 3a) while maintaining a distinct PA
selective layer of around 260 nm thickness (Figure 3b). At higher
dendrimer loadings, spherical surface features became evident,

consistent with dendrimer coverage and the formation of aggre-
gates. Compared to the unmodified TFC, the PA layer exhibited
higher image contrast after incorporating the dendrimer. In TEM,
higher contrast indicates reduced electron transmission through
the specimen, which is typically associated with increased mass-
thickness or local scattering density [84]. Thus, the observed
contrast enhancement suggests that the selective layer became
more densely packed due to interactions between the dendrimer
and polyamide.

3.3 | DFT Prediction of the Synthesized
Dendrimer for Li*/Mg?*+ Separation

DFT calculations were performed to investigate how differ-
ent segments of the synthesized dendrimer contributed to the
molecular-level separation of Li* and Mg?* ions (Figure 4). This
study aimed to provide insight into the interactions between
potential coordination sites of Arg, Lys, and TAP with Lit* and
Mg**, which exhibit distinct coordination preferences. These
insights help guide the design of dendrimers with tunable affinity
toward each ion. To evaluate their contributions to selective
coordination, descriptors such as interaction energy, Mulliken
charge distribution, and frontier molecular orbital energies were
calculated for each ligand segment in both the unbound and
metal-coordinated states.

The intrinsic electrophilic or nucleophilic properties of ligands
were first assessed via ESP analysis. ESP maps helped to visualize
molecular polarity and identify the reactive centers for metal
coordination [85]. Gas-phase ESP maps, together with HOMO-
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FIGURE 3 | Surface morphology of membranes. (a) Top-surface SEM images revealed mild, progressive changes in surface features with increasing
dendrimer concentration, and (b) Cross-sectional TEM images confirmed the presence of a dendrimer layer. At higher concentrations, the dendrimer
appeared as globular features on top of the TFC layer, whereas changes were minimal at lower concentrations.
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FIGURE 4 | DFT calculations of the dendrimer and its building blocks for (a) Gas-phase ESP maps over van der Waals surfaces and Mulliken
atomic charges were calculated for individual dendrimer components in the absence of metal interaction, (b) Aqueous-phase ESP maps and interaction
energies were determined following coordination with hydrated metal complexes, (c) Illustration of potential interaction sites, including oxygen-donor
and nitrogen-donor groups, involved in coordinating with hydrated metal ions, and (d) HOMO-LUMO energy gaps of dendrimer components were
calculated in unbound and metal-bound hydrated states, with Lys showing the highest chemical reactivity (smallest energy gap) among all the ligands.
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TABLE 1 | Calculated characteristics of metal-ligand pairs in aqueous phase, using hydrated, charged model systems at pH 7.

Mulliken Charge/Electron

Metal Electron Donor Mayer Bond
Ligand-Metal Complex (Mg**/Lit) (O/N) Bond Order Length (A)
Arg-Mg?* +0.28 ~0.17 0.66 2.7
Arg-Li* +0.32 —0.21 0.26 1.9
Lys-Mg? +0.25 -0.21 0.68 22
Lys-Li* +0.31 —-0.25 0.28 1.85
TAP-Mg?* +0.13 —0.07 0.18 3.6
TAP-Li* +0.43 —0.03 0.14 31

LUMO energy gaps and Mulliken charge analysis, were generated
for the neutral isolated Arg, Lys, and TAP segments to provide
a qualitative view of their inherent electron-donor and electron-
acceptor tendencies in the absence of solvation. These calcula-
tions served only as a baseline for identifying likely coordination
sites. To study the behavior under conditions relevant to the mem-
brane environment, all subsequent DFT calculations, including
aqueous-phase ESP, Mulliken charges, HOMO-LUMO energies,
interaction energies, and Mayer bond orders and bond lengths,
were performed in the hydrated state at pH 7 using solvated and
charged model systems. In these hydrated models, each ligand
was assigned its expected protonation state at pH 7, and metal ions
(Li* and Mg*") were represented with their corresponding hydra-
tion shells. This framework allows us to distinguish intrinsic lig-
and properties from their coordination behavior in solution, and
to interpret metal-ligand interactions under chemically realistic
conditions.

The increasing order of ESP was indicated by the color bar,
progressing from red to blue. The white region corresponds
to areas where ESP is zero or near-zero. ESP mapping in
Figure 4a indicates distinct coordination characteristics among
the ligands. Lys and Arg showed electron-rich regions (red)
around their oxygen-donor sites and electron-deficient regions
(blue) near protonated nitrogen atoms, indicating their potential
for metal coordination primarily through oxygen functionalities.
In contrast, TAP demonstrated the weakest coordination capacity
through its nitrogen-donor sites. This was also consistent with its
surface in the model system, which appeared less polarized com-
pared to Lys and Arg. Although Arg exhibited a more pronounced
ESP gradient due to a stronger internal dipole, its guanidinium
group could form intramolecular salt bridges, limiting metal
access. In contrast, Lys showed a more diffuse ESP distribution,
but the absence of strong intramolecular stabilization left its
oxygen-donor sites more exposed, enabling more effective charge
transfer [52].

In the hydrated state, ESP hydrated Mg** (octahedral) and Li*
(tetrahedral) ions were coordinated with the hydrated individual
dendrimer segments. Specifically, the deprotonated carboxylate
groups (COO™) of lysine (Lys) and arginine (Arg) acted as the
primary metal-coordinating sites at neutral pH. At this pH, the
amine groups of both amino acids were protonated (NH;*), and
the molecules existed in their zwitterionic forms. For TAP, partial
protonation of the ring nitrogen occurred at pH 7, allowing

the unprotonated NH, groups to act as electron-donating sites
(Figure 4c) [86].

Upon coordination (as shown in Figure 4b), all ligands showed
increased polarization on their ESP surfaces, especially near the
metal-binding sites, indicating stronger electronic interactions
and greater charge transfer potential, particularly for Mg**
complexes. Among all ligands, TAP displayed a gentler ESP
gradient, reflecting lower polarization and weaker electron-
donating ability, consistent with its nitrogen-donor character.
For Li* complexes, all ligands exhibited reduced ESP polar-
ization due to the lower electrostatic potential of the mono-
valent ion. These calculated data illustrate that gas-phase ESP
helps identify donor sites, while hydrated state ESP mapping
reveals the actual electrostatic environment and coordination
potential under physiologically relevant conditions. Table 1 sum-
marizes data obtained from DFT calculations in the aqueous
phase.

The electronic structure calculations showed that both Mg**
and Li* interact more strongly with oxygen-donor ligands (Lys
and Arg) compared to nitrogen-donor TAP, predicting the dom-
inant role of carboxylate oxygen in coordination. The extent of
charge transfer, bond order, and interaction energies consistently
indicated that Mg®" forms more stable complexes than Li*,
particularly with Lys, due to its higher charge density and
stronger electrostatic attraction. These results are consistent with
the observed experimental trends. Comprehensive analyses of
Mulliken charge redistribution, bond length variations, Mayer
bond order, and HOMO-LUMO energy levels are presented in the
Supporting Information.

3.4 | Separation Performance of the Fabricated
Membranes
3.4.1 | Performance in Single and Binary Feed Solutions

The ion rejection and flux performance of the dendrimer-
modified membranes were evaluated in both single-salt and
binary-salt systems and compared with those of the pristine
TFC membrane. Experiments were conducted using 1000 ppm
solutions of LiCl and MgCl,, as well as a binary feed with a
Li*/Mg?" molar ratio of 1:20. As the concentration of dendrimer
increased from TFC-Den, ; to TFC-Denj;, a steady decrease in flux
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FIGURE 5 | Separation performance of membranes. (a) Rejection of MgCl, and LiCl in a single salt feed solution (1000 ppm each) at pH 7, and
(b) Rejection of Mg?* and Li* in a binary salt feed solution with a total concentration of 1000 ppm and a Li*/Mg?* molar ratio of 1:20 at pH 7. All

measurements were conducted in triplicate (n = 3); error bars represent standard deviation.

was observed for both pure water and salt solutions (Figure 5a).
This decline suggests that the dendrimer layer forms an effective
surface coating, adding interfacial resistance to mass transfer and
slightly reducing pore accessibility. This interpretation is sup-
ported by both XPS and EDX results (Supporting Information),
which show an increase in nitrogen and a slight decrease in
oxygen after grafting, supporting that the modification remains
confined near the surface.

In single salt experiments, MgCl, rejection improved with the
addition of the dendrimer. The highest rejection (86%) was
achieved by TFC-Den,, exceeding the 73% rejection observed for
the unmodified TFC membrane. This enhancement indicated
that dendrimer-treated membranes provided more favorable
repulsive interactions, due to increased positive charge and an
enhanced Donnan effect [87]. In contrast, the rejection of LiCl
decreased to 30% at TFC-Den, and then increased slightly to
37% at TFC-Den;. The lower rejection of LiCl was consistent
with its smaller hydrated radius and weaker interactions with the
functional groups on the membrane surface (as supported by DFT
calculation), allowing greater permeation. Furthermore, the sig-
nificantly higher hydration energy of Mg?* (AH = —1828 kJ.mol™)
compared to Lit (AH = —474 kJ.mol™) created a larger dehy-
dration barrier to membrane transport, which contributed to its
greater rejection [5].

In binary-component experiments (Figure 5b), Mg** rejection
increased from 64% in the unmodified TFC to 89% in TFC-Den,,
while Li* rejection decreased from —25% to —72%, indicating
preferential Li* permeation. Meanwhile, the flux declined from
44 LMH to 23 LMH due to increased transport resistance associ-
ated with the dendrimer layer. The Lit/Mg** selectivity increased
fourfold from 3.5 in the pristine TFC to 15.6 in TFC-Den,.

To explore the topic beyond Donnan exclusion and the size-
exclusion effect, the separation trends were compared with DFT
calculations. The experimental findings and trends were con-
sistent with earlier DFT predictions, which supported stronger
coordination between dendrimer components and Mg>* ions,
particularly through the oxygen-donor groups in the Arg and
Lys segments. These segments functioned as localized nega-
tively charged microdomains, creating electrostatic barriers that

favored the retention of divalent cations and delayed the perme-
ation of Mg?*. In contrast, Li* ions exhibited weaker and more
transient interactions with the dendrimer, especially with Lys,
facilitating their passage. This behavior was attributed to the ion-
adhesion effect [88], which contributed to enhanced membrane
selectivity toward Li*. It was further predicted by the smaller
HOMO-LUMO energy gap of Li* complexes, indicating lower
stability and higher mobility. Taken together with the DFT-
predicted coordination trends, the experimental data are con-
sistent with a selective coordination environment that enhances
Mg** rejection while permitting Li* passage. This ligand-assisted
cation selectivity resembles the interaction-confinement behavior
described by Zuo et al. [89], where selective ion retention arose
from a combination of confinement and favorable ion-matrix
interactions. In our system, immobilized ligands mimicked this
mechanism by providing coordination sites that promoted the
retention of divalent cations, thereby surpassing the limitations
of surface charge effects or size sieving [90]. However, excessive
dendrimer loading could interfere with non-specific transport
pathways, disrupting localized ion adhesion and ultimately
reducing selectivity.

3.4.2 | Influence of Feed Conditions

To evaluate the selectivity of dendrimer-modified membranes,
TFC-Den, was selected as the optimal membrane from those
tested. Additional experiments were conducted to assess its
separation performance under various binary feed conditions,
including variations in feed concentration, the Lit/Mg*" feed
ratio, and feed pH.

Figure 6 presents the experimental results. As shown in Figure 6a,
at a fixed total feed concentration of 1000 ppm and varying
Li*/ Mg** mass ratios from 1:1 to 1:100, Mg*" rejection remained
relatively stable, fluctuating by approximately 6% from an initial
93% at the 1:1 ratio. In contrast, Li* rejection became increasingly
negative, dropping from —12% to —93% with increasing Mg>* ratio,
reflecting progressively higher Li* permeation. Despite these
variations, Lit/Mg?" selectivity remained relatively constant,
ranging from 16.0 to a minimum of 14.8. At a higher Mg?* ratio,
the divalent cation showed a stronger affinity for dendrimer car-
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boxylate groups compared to Li*, indicating that the interaction
with these groups was stronger for Mg?*, consistent with DFT
results. Moreover, the transmembrane passage of Cl~ drove co-
transport of cations to establish electroneutrality in the permeate.
Since Li* has a higher diffusion coefficient, it preferentially
crossed the membrane, leading to a significant negative rejection
value for Li* [91, 92].

To provide quantitative support, we estimated the diffusion
coefficients (D?, m2.S™) of Li* and Mg?" in aqueous solution
using their limiting ionic conductivities via the Nernst-Einstein
relation (Equation 1) [93]:

0 __ RT 0

D= ziEt ®
where R is the gas constant (8.314 J.mol'.K™), T denotes
the temperature (298 K), F shows the Faraday constant (96485
C.mol™), Z, is the ionic charge, and A7 (S.m?*.mol™") attributes to
the limiting molar ionic conductivity. From standard conductivity
tables [94], the calculated values (Dy;* = 1.0 x 10° m? s7! and
Dy** =3.5x107"° m? s™") indicate that Li* has three times higher
mobility than Mg?* in aqueous media. In our mixed Mg?** rich
feed solution, this suggests that under conditions of strong Mg**
rejection by the membrane, Lit is more mobile, which explains
the observed significantly negative rejection of Li*.”

At a fixed Li*/Mg?** mass ratio (1:20), increasing the bulk con-
centration had a pronounced influence on selectivity (Figure 6b).
Lit/Mg*" selectivity increased slightly to 16.4 at 2,000 ppm,
then sharply declined to 5.0 at 15,000 ppm, indicating reduced
separation efficiency at high ionic strength. Two coupled phe-
nomena dominate at elevated concentration. First, concentration

polarization (CP) thickens the boundary layer and increases the
salt concentration at the membrane surface, thereby reducing
the transmembrane chemical-potential gradient (u o In a, where
a is the ion activity) for both ions [95, 96]. The simultaneous
rise in osmotic pressure and solution viscosity further depresses
permeate flux, thereby reducing the effective driving force and
lowering the apparent rejections of Mg+ and Li*. Second, electric
double-layer (EDL) compression (x' o« I7Y2, where I is the
ionic strength) screens the membrane’s fixed charge, diminishing
Donnan exclusion and amplifying co-ion leakage. Under these
conditions, short-range interactions, such as Van der Waals
forces, and hindered convection become relatively more impor-
tant, thereby reducing charge-based selectivity. Interestingly, Li*
rejection increased significantly at 15 000 ppm to less negative
values. Multivalent counterions preferentially occupy/neutralize
high-affinity functional groups, narrowing the effective pore free
volume. This competitive occupancy impedes Li* passage (raising
its rejection) while CP and EDL compression simultaneously
decrease Mg*" exclusion, yielding a net drop in selectivity
[91, 97].

Subsequently, the separation performance of TFC-Den, was
evaluated across a wide pH range (3-9). As shown in Figure 6c,
Mg?" rejection was highest under strongly acidic conditions,
reaching 99.5% at pH 4 and remaining similarly high at pH 3
(99.3%). Beyond pH 5, Mg** rejection decreased steadily, reaching
around 67% at pH 9. Li* followed an opposite trend: at pH 3-
4 it showed moderate rejection (33.8% at pH 3 and 30% at pH
4), but shifted sharply to negative rejection at pH 5 (—=73%), then
gradually increased to approximately —30% at pH 9. Although
Li* permeation increased with pH, the overall Li*/Mg?** selec-
tivity decreased, with the maximum value of 136 obtained at
pH 4.
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TABLE 2 | Estimated degree of protonation of dendrimer functional groups at different pH values.

pH (Protonation Degree)

Group pKa pH 3 [%] pH 7 [%] PH 9 [%]
COOH-(Arg/Lys) 2.2 14 0 0
a-amine (NH;*)-(Arg/Lys) 9 100 99 50
e-amine (NH;*)-(Lys) 10.5 100 100 97
Guanidinium-(Arg) 12.5 100 100 100
TAP-ring N 1.3 2 0 0
TAP-exocyclic N 7.1 100 56 1

These trends reflect the protonation-deprotonation behavior of
the dendrimer segments, consistent with earlier DFT calcula-
tions [98]. At low pH, the amine and guanidinium of Arg and
Lys (pKa of 12.5 and 9-10.5) [99-102] remain fully protonated,
producing a highly positive interface that strongly excludes
Mg** electrostatically while suppressing metal-ligand coordina-
tion. TAP, whose nitrogen sites have pKa values of 1.3 and 7.1
[86, 103], shows limited available donor sites. Together, this
extensive protonation minimizes coordination but maximizes
Donnan exclusion, leading to high Mg?* rejection and mod-
erate Li* passage. As pH increases, progressive deprotonation
of Arg, Lys, TAP, and the polyamide carboxyl groups reduces
the net positive charge and restores the availability of oxygen
and nitrogen-donor sites. The transport mechanism therefore
transitions from being dominated by electrostatic exclusion at
low pH to increasingly coordination-assisted at higher pH, which
weakens Mg** rejection and enhances Li* permeation [86, 103].
In all cases, Mg?* rejection consistently exceeded that of Lit,
consistent with DFT predictions of stronger divalent cation
coordination.

Water flux increased progressively from pH 3 to 9. We attribute
this to the pH-dependent fixed charge of the dendrimer overlayer:
as amine groups (TAP, Lys) partially deprotonate and carboxy-
lates (BTC, NH,-BDC) deprotonate, the net positive charge
diminishes, lowering counter-anions (e.g., C1~) partitioning into
the selective layer (Donnan/Manning partitioning) [104, 105].
Hence, the intramembrane salt concentration and local osmotic
pressure fall. Because water flux follows J, = A (AP—A7y),
a smaller intrafilm osmotic opposing pressure (Ar.) yields a
higher flux. In fact, the resulting reduction of the internal osmotic
penalty increases the effective driving force for water and raises
flux. In parallel, the weakened cationic charge at alkaline pH
reduces Donnan exclusion of Mg?* (lower Mg** rejection at pH
8-9) and explains the more negative Li* rejection observed near
pH 5-7 when the fixed-charge density is highest.

To provide a clearer view of the pH-dependent behavior, we
estimated the degree of protonation of the dendrimer functional
groups using their literature pKa values (for free amino acids)
and the Henderson-Hasselbalch relationship [106]. The degree of
protonation («) was calculated using Equation (2):

1
a= 1+10 (pH-pK,) (2)

TABLE 3 | Composition of simulated real brines used for TFC-Den,
membrane performance evaluation.

Ion Concentration (ppm)

Ion Simulated Brine Simulated Brine
@ an

Li* 57.2 60.3

Na* — 3945.6

K* — 1195

Mg>* 1270.5 1472

Ca%* 55.3 57

Cl- 3582 10700

S0,2- 51.1 52.5

Total 5016.1 17482.5

As summarized in Table 2, the amine groups of Arg and Lys
remain strongly protonated at pH 3, consistent with the positive
zeta potential. In contrast, the carboxylic acid and TAP nitrogen
sites become largely deprotonated around pH 7. This shift likely
reduces the net surface charge and increases the availability of
coordination sites, which helps explain the transition from elec-
trostatic exclusion to coordination-assisted transport at higher pH
values.

The applicability of the optimized TFC-Den2 membrane for real-
world applications was evaluated by assessing its separation
performance in two simulated brine solutions (Figure 6d). Brine
(I) contained Mg**, Li*, Ca**, SO,>", and CI-, with a total
concentration of ~5,000 ppm. Brine (II) additionally included
interfering cations, Na* and K*, with a total concentration of
~17,500 ppm (Table 3). These compositions were referenced from
the Smackover and Clayton Valley brines in the United States
[107, 108].

In Brine (I), the TFC-Den, membrane achieved high Mg>*
rejection (92.5%), followed by lower rejection for Ca?*, attributed
to its smaller hydrated radius compared to Mg**, allowing
easier passage. Simultaneously, Li* permeation increased signif-
icantly, with a negative rejection of —151.5%. The membrane flux
decreased from 23 LMH to 19 LMH, and Li*/Mg?** selectivity
improved compared to the binary feed system (reaching 34).
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In contrast, Brine (II) had a higher overall ionic strength and
contained interfering monovalent cations (Na* and K*), with
hydrated sizes similar to Li*. In this case, Li* rejection became
less negative (from —151.5% to —3.2%) due to competition with
coexisting monovalent cations, but still indicated continued
permeation. This reduced selectivity among monovalent cations
was accompanied by a slight decrease in the rejection of Mg**
[22]. Despite these limitations in ion selectivity, the membrane
still achieved a flux of 14 LMH and a Lit/Mg?** selectivity of
8.7. This performance, maintained even under a nearly threefold
higher total ion concentration than Brine (I), demonstrated the
membrane’s applicability in more challenging environments.

3.4.3 | Membrane Long-Term Stability and Antifouling
Properties

A common issue with surface-modified TFC membranes is their
limited stability. It is essential to maintain the membrane’s
surface functionality, charge, and ion selectivity over time, as
extreme conditions can disrupt the interaction between the
surface modifier (the dendrimer) and the TFC membrane. To
validate its practical applicability, the TFC-Den, membrane was
evaluated through a cross-flow filtration process over 24 h using
a binary salt solution with a 1,000 ppm concentration (Li*/Mg**
ratio of 1:20). Key parameters, including Mg?* and Li* rejections,
flux, and the Li*/Mg?" ratio, were assessed. The results in
Figure 7a indicated the long-term stability of the TFC-Den,
membrane. During the first 6 h, Mg?" rejection declined slightly
(~8%), while Li* rejection increased by about 11%. Thereafter,
both rejections stabilized, fluctuating within a narrow range (less
than 1% for Mg** and around 3% for Li*), indicating robust
membrane performance. This initial shift was attributed to the
detachment of loosely bound dendrimer segments, while the
remaining functional groups maintained stability throughout

the test. The membrane flux decreased by ~4 LMH in the
first 6 h, after which it remained relatively stable. Importantly,
the Li*/Mg?*" ratio in the brine increased fourfold, from its
initial value of 1:20 (~0.05) to 1:5 (~0.2) during this period.
These findings highlighted the potential of the modified TFC-
Den, membrane for high Li* enrichment and long-term brine
treatment processes [88].

Furthermore, the long-term stability of the dendrimer-modified
membrane was evaluated via a 10-day release test in aqueous
solution at pH 7 (Figure 7b). The initial dendrimer concentration
in the solution was approximately 2.81 ppm. A slight initial release
(~0.15%) occurred within the first 3 days, due to the desorption
of weakly attached dendrimer segments. After this phase, the
dendrimer concentration gradually declined to 1.97 ppm by day
10 (~0.4% total release). The release profile stabilized over the
remaining 7 days, fluctuating minimally. These results strengthen
the evidence that dendrimers were firmly anchored to the
membrane surface, ensuring stability in neutral conditions.

We note that there are various interactions between the den-
drimer and the membrane surface, including hydrogen bonds,
van der Waals forces, electrostatic forces, and hydrophobic
interactions. These interactions directly influence the release of
the dendrimer. Dendrimer segments that are attached through
electrostatic interactions are likely to be released during the initial
burst release phase [109, 110]. It is important to note that feed
conditions can influence dendrimer release. Higher salinity can
result in salts binding to zwitterionic functional groups, which
screens electrostatic interactions and forms transient ion pairs,
which typically do not lead to measurable material loss [111-114].
In contrast, strongly acidic conditions can induce greater release
because higher protonation of the amine groups in dendrimers
reduces both electrostatic interactions and hydrogen bonding,
thereby increasing desorption [115, 116].
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TABLE 4 | Comparison of the performance of the TFC-Den, membrane with previously reported membranes for Lit/Mg?* separation in the binary

LiCl/MgCl, feed solution.

Rejection (%)

NF Membrane Lit: Mg** Feed Permeability

Modifier Ratios Mg+ Lit (LMHB) SF (Lit, Mg?*) Refs.
NF90 1:20 60.5 15 9.78 21 [120]
NF270 1:30 79 10.5 _ 3.03 [121]
PEI* 1:30 96.11 21.76 4.17 12.15 [19]
BPEI-EDTA® 1:24 >91 ~30 0.6 9.2 [122]
PEI-LS® 1:20 80 6 14.5 4.7 [20]
PHF 1:21 92 -10 6.7 13.1 [13]
PEI-y-CDs¢ _ ~96 ~61 4.86 10.8 [24]
PEI-AAN! 1:20 99.28 60.38 8.9 53.9 [123]
PEI-DTES® 1:20 91.64 -10.5 6.2 12.95 [124]
TbTG-COF" 1:20 99 ~19 7.9 73 [125]
TFC-Den, 1:20 89 =72 7.25 15.6 This work

4PEIL Polyethyleneimine.

YBPEI-EDTA: Branched polyethyleneimine-Ethylenediamine tetraacetic acid.
°LS: Lignosulfonate.

dPHF: Branched polyethyleneimine.

¢y-CD: y-Cyclodextrin.

fAAN: Aminoacetonitrile.

eDTES: 3-Diamino-methyl-cyclohexyl triethoxysilane.

hTHTG-COF: Guanidinium covalent organic framework (TbTG nanosheets).

SEM was used to observe the TFC-Den, membrane after 10 days
of immersion in water with vigorous shaking, and following a
24-h dynamic stability test, to evaluate stability under realistic
filtration conditions. The results in Figure 7c indicate that the
membrane retained its structural integrity compared with the
intact TFC-Den, image shown in Figure 3a. During the stability
test, the membrane exhibited only slight surface smoothing in
the binary salt solution, likely due to the shear stress imposed
by the dynamic cross-flow test conditions. Additionally, the
release test confirmed that the membrane surface remained
intact, with no significant leaching of the dendrimers. Taken
together, the long-term stability results suggest that the surface-
bound dendrimer maintains compatibility with the polyamide
layer without introducing mechanical rigidity or loss of
flexibility.

The antifouling performance of both unmodified TFC and TFC-
Den, membranes was assessed through a continuous 6-h fouling
test (Figure 7d) using SA and calcium ions (Ca?*) as the model
organic foulant system. The pristine TFC membrane exhibited
a more substantial flux decline, with a steeper and continuous
drop resulting in an FDR of 15.3%. In contrast, the TFC-Den,
membrane showed significantly improved fouling resistance,
with a much milder FDR of only 6.5%. After a simple 20-min
rinse with DI water, the TFC-Den, membrane recovered 96.6%
of its initial flux, whereas the pristine TFC recovered 92%. This
improvement is attributed to the hydrophilic dendrimer layer,
which promotes the formation of a hydration layer of water
molecules on the membrane surface, thereby increasing surface
resistance to foulant adhesion. Additionally, the increased surface

charge of TFC-Den, likely reduced Ca®* adsorption through
Donnan exclusion, minimizing calcium-mediated bridging with
alginate [25]. This hypothesis proposes that alginate, which
contains COO™, can coordinate with metal cations such as Ca?*.
This coordination can cross-link adjacent chains, forming a
cross-linked film and thereby intensifying fouling [117-119].

3.5 | Comparison with Other Studies

Table 4 compares the performance of the TFC-Den, membrane
with other reported membranes developed for Lit/Mg*" sepa-
ration. While some membranes achieved higher Mg?* rejection,
they had poor Li* permeation and limited separation selectivity.
Additionally, many high-rejection membranes suffered from
significantly reduced permeate flux, which limited their practical
applicability. In contrast, the TFC-Den, membrane demonstrated
a well-balanced performance across key parameters, including
flux, ion rejection, and selectivity, highlighting its strong poten-
tial for efficient lithium recovery from magnesium-rich brines.
Notably, several of the compared studies did not investigate
antifouling behavior, overlooking a critical aspect of real-world
performance.

By coupling pH-tunable coordination chemistry with a chem-
ically stable dendrimer interface, the TFC-Den, membrane
delivers high separation efficiency together with operational
robustness, offering a more comprehensive and application-
relevant solution than existing NF or TFN systems.
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4 | Conclusions

We developed a polypeptide dendrimer-modified TFC mem-
brane (TFC-Den) that introduces a zwitterionic, pH-tunable
coordination interface for selective lithium enrichment. The
membrane maintained strong Mg?* rejection while enabling
high Li* recovery across different feed compositions, achieving
a selectivity of 136 at pH 4 and maintaining effective separation
at neutral pH. These trends are consistent with DFT-calculated
binding preferences, which indicate stronger interactions with
Mg?*, particularly for lysine-based coordination sites, clarifying
the coordination-regulated transport mechanism that extends
beyond simple Donnan exclusion. The TFC-Den membrane also
performed well in simulated real brine, enriching Li* by over
150%, and exhibited good operational stability with a low flux-
decline ratio (6.5%). Nonetheless, further studies are needed to
evaluate performance under higher salinities, battery-leachate
streams, long-term chemical stability under acidic conditions,
and biologically relevant conditions. The separation of Li* from
Na* also remains a key challenge due to their similar ionic
characteristics.

This work demonstrates a coordination-driven strategy that com-
bines DFT-guided molecular design, bioinspired functionaliza-
tion, and interfacial membrane engineering for selective lithium
recovery from high-salinity brines. This approach provides a
framework for designing next-generation coordination-based
membranes for resource recovery applications.
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