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ARTICLE INFO ABSTRACT

Editor: Ludovic F. Dumée This study presents the fabrication and evaluation of a nanofiltration membrane modified with poly-

dopamine-polyethyleneimine (PDA-PEI), designed to mimic the characteristics of a loose reverse osmosis (LRO)

Keywords: membrane. The membrane exhibits relatively lower water permeability while providing enhanced selective ion
g;‘[’:];egln"‘al brine rejection, enabling the effective separation of monovalent ions such as lithium from sodium and potassium, along

with efficient rejection of divalent ions like magnesium and calcium in geothermal brine. Surface modification
significantly enhanced hydrophilicity, antifouling resistance, and monovalent-divalent ion selectivity. The
optimal membrane (PDA:PEI = 1:1) demonstrated improved salt rejection and a high selectivity ratio (SFLit/
Mg2+ ~ 7.8), with enhanced permeability (22.5 L-m’2~h’1~bar’1) and flux recovery (FRR up to 95.3 %) in real
geothermal brine. Characterization revealed uniform surface morphology, decreased pore size, and increased
negative charge and hydroxyl/amine functionalities that inhibited gypsum and silica scaling. These findings
validate PDA — PEI modification as a robust strategy for advancing LRO membrane performance in lithium re-
covery from complex brines.

Loose reverse 0smosis
Antifouling
Nanofiltration

1. Introduction present a promising alternative for lithium extraction due to their sub-

stantial lithium content and continuous replenishment.

Lithium, often referred to as “white gold,” has become a crucial
element in the global shift toward renewable energy, primarily due to its
extensive use in lithium-ion batteries for electric vehicles and energy
storage systems [1]. Lithium resources are predominantly found in three
major geological formations: igneous rocks (25-35 %), sedimentary
rocks (8-13 %), and brines (52-66 %), with brines serving as the most
commercially significant source. Among these, geothermal brines

Globally, a number of lithium-rich brine sources have been identi-
fied, each exhibiting distinct geochemical characteristics influenced by
their geographical setting and geological history [2]. These variations,
shaped by ongoing water — rock interactions, present challenges for
achieving consistent extraction performance. Notable lithium-rich re-
gions include the Salar de Atacama in Chile [3], recognized as one of the
most significant global lithium brine deposits. In China, the saline lakes
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of Qinghai and Tibet also serve as important sources [4]. European
geothermal sites such as those in the Upper Rhine Graben, spanning the
French-German border, are increasingly gaining attention [5]. Simi-
larly, the Salton Sea geothermal field in California is known for its
exceptionally lithium-rich brines. The Lithium Triangle in South
America—comprising Bolivia [6], Argentina, and Chile-hosts some of the
world’s most prominent lithium-bearing brine reservoirs [7], under-
scoring the strategic importance of this region in the global lithium
supply chain.

Nanofiltration (NF) membranes have emerged as a promising tech-
nology for lithium extraction from brines, offering advantages such as
high energy efficiency, operational simplicity, and superior ion selec-
tivity [8]. A key benefit of NF is its ability to effectively separate lithium
from magnesium in brines with high Mg/Li ratios, a challenge that
conventional extraction methods struggle to address. Unlike traditional
evaporation ponds, NF significantly reduces water loss and environ-
mental impact, making it a more sustainable option [9,10]. Addition-
ally, NF provides higher separation efficiency with lower chemical
consumption compared to solvent extraction and precipitation tech-
niques, enhancing its feasibility for large-scale applications [11,12].

In recent years, LRO membranes have gained attention as an alter-
native separation technology due to their ability to operate at lower
pressures than conventional RO, thereby reducing energy consumption
while maintaining effective ion separation [13]. LRO membranes offer
high rejection toward divalent ions such as Mg?>* and Ca%*, and mod-
erate rejection of monovalent ions like Na™ and K*, while allowing
relatively higher permeability of Li*. This selective ion transport
behavior makes LRO membranes particularly suitable for lithium
extraction from brine solutions.

Despite the advantages of NF and LRO membranes, fouling and
scaling remain significant challenges in their application for lithium
extraction from brines. Organic fouling, primarily caused by the depo-
sition of polysaccharides, proteins, and humic substances, forms dense
layers on the membrane surface, reducing permeability and efficiency
[14,15]. Inorganic scaling, dominated by calcium carbonate (CaCOs),
calcium sulfate (CaSOs), and magnesium salts, leads to crystalline
deposition that clogs membrane pores and impairs separation perfor-
mance [14,16,17]. The high salinity and complex ionic composition of
brines, particularly those with elevated Mg/Li ratios, exacerbate fouling
by promoting competitive ion interactions and the precipitation of
sparingly soluble salts [16]. Additionally, biofouling caused by micro-
bial growth contributes to membrane clogging and structural degrada-
tion, further diminishing lithium recovery efficiency [18]. These
persistent fouling issues necessitate frequent membrane cleaning and
replacement, underscoring the need for antifouling modifications and
effective pretreatment strategies.

To address these challenges, surface modification strategies have
been explored to enhance membrane performance. Membrane surface
modification by increasing hydrophilicity, smoothing surface rough-
ness, and regulating surface charge can significantly improve antifouling
performance [19,20]. Hydrophilic and smooth surfaces reduce foulant
adhesion, while introducing negative or zwitterionic charges enhances
electrostatic repulsion against charged contaminants [21]. Various ap-
proaches, including grafting hydrophilic polymers, incorporating zwit-
terionic or charged groups, and embedding nanomaterials, have
demonstrated improvements in membrane performance by reducing
foulant adhesion and enhancing surface hydrophilicity [22-24].

Among these, PDA modification stands out as a highly promising and
scalable solution due to its bioinspired adhesion properties, ease of
deposition, and ability to serve as a versatile platform for further func-
tionalization [25,26]. PDA coatings significantly improve membrane
hydrophilicity, imparting a negative surface charge that mitigates
organic fouling while also exhibiting inherent antibacterial properties
through protonated amine groups [27]. Furthermore, PDA modifica-
tions can be industrially scaled and applied under mild conditions,
making them a cost-effective and efficient choice for improving
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antifouling resistance in NF and RO membranes [28,29].

The incorporation of a PDA/PEI interlayer in NF membranes resulted
in a twofold increase in water permeation flux while maintaining a high
NazSO0a4 rejection of 97 % [30]. Similarly, a PDA-based interlayer in thin-
film nanocomposite NF membranes enhanced water permeance nearly
tenfold, from 2.4 to 14.8 L/m>h-bar, optimizing separation perfor-
mance while preserving salt rejection [31]. Additionally, pressure-
assisted PDA modification of thin-film composite (TFC) RO mem-
branes resulted in an increase in water permeance to 3.31 LMH/bar
while achieving a high salt rejection of 98.95 % [32].

The antifouling properties of PDA — modified membranes have been
extensively demonstrated, with a PDA — based three - layer architecture
achieving a flux recovery rate above 96 % [33]. The modification of NF
membranes using PDA/PEI resulted in an exceptionally high-water flux
of 26.2 L-m~2-h~!.bar !, while maintaining low NazSOx rejection (5.1
%), enabling effective monovalent-divalent ion separation [34].
Furthermore, studies comparing slow and fast dopamine polymerization
processes revealed that PDA — coated membranes consistently exhibited
NaCl rejection above 93 %, with membranes possessing a lower number
of PDA layers demonstrating superior NaCl rejection (94 %) compared to
unmodified XLE membranes [35].

This study aims to systematically evaluate the performance consis-
tency of PDA-PEI modified NF membranes, designed to mimic the
characteristics of LRO membranes, in the context of lithium extraction
from geothermal brine. The research will comprehensively assess both
pristine and modified membranes in terms of water flux, ion rejection,
selectivity, and operational stability, particularly their ability to sustain
flux over prolonged operation. By conducting a detailed performance
analysis, this study seeks to provide a deeper understanding of the
reliability and effectiveness of PDA-PEI modification, contributing to
the optimization of membrane-based lithium recovery processes.

2. Materials and methods
2.1. Materials

A thin—film composite (TFC) nanofiltration membrane (NF3) was
procured from RisingSun Membrane Technology (Beijing) Co., Ltd., and,
according to the manufacturer’s specifications, is equivalent to the
NF270 membrane from Dow FilmTec™ (https://www.risingsunmemb
ranes.com). According to Guo et al., the NF270 membrane consists of
a polyamide (PA) active layer supported by polysulfone (PSf), a struc-
ture also identified by Lim et al. in the NF3 membrane. This similarity is
supported by comparable functional group characteristics, and separa-
tion performance, particularly their low rejection of monovalent ions
such as Na™ (19.4 % for NF270 and ~16.3 % for NF3) [36,37]. Under
identical test conditions using a 2000 ppm MgSOa4 solution, the manu-
facturers report that both the NF270 (https://www.dupont.com) and
NF3 membranes exhibit high rejection of divalent ions (Mg2+), with
values equal to or exceeding 97 %.

All chemicals used in this study were of analytical grade and did not
require further purification. The modifying agents, including (1) dopa-
mine hydrochloride, (2) branched polyethyleneimine, (3) Trizma® hy-
drochloride, and (4) sodium hydroxide (NaOH), were obtained from
Sigma-Aldrich. Ultrapure water, used in the membrane modification
process, was purchased from OneMed under the trade name WaterOne,
while the pure water used for preparing the geothermal brine solution
was produced in-house using a RO system in the laboratory, with a
maximum conductivity of 15 pS/cm.

The synthetic geothermal brine was prepared using a mixture of
salts, all purchased from Sigma-Aldrich, including (1) lithium chloride
(LiCD), (2) sodium chloride (NaCl), (3) potassium chloride (KCl), (4)
calcium chloride (CaClz), (5) magnesium sulfate (MgSO.), (6) magne-
sium chloride (MgClz), calcium sulfate (CaSO.), and (7) sodium silicate
(NazSiOs). Additionally, non-ionic compounds were used for membrane
pore size measurements, including (1) xylose, (2) glucose, (3) dextrose,
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and (4) sucrose.

2.2. Membrane preparation

TFC NF3 membrane was first rinsed with deionized water to elimi-
nate residual preservatives, followed by thorough washing with ultra-
pure water. To ensure complete hydration and surface stabilization, the
membranes were subsequently immersed in ultrapure water for 24 h
prior to the modification process. For surface modification, dopamine
hydrochloride (1 g/L) and branched PEI were dissolved in a Trizma®
hydrochloride buffer solution (pH 8.5), with pH adjustments made using
0.1 N NaOH as needed. Three different dopamine-to-PEI mass ratios:
1:0, 1:1, and 1:2 were formulated to investigate the influence of
composition on membrane performance. These conditions are referred
to as M1, M2, and M3, respectively.

Each NF3 membrane was cut into standardized dimensions (7 cm x
12 c¢m), and 120 mL of the corresponding modification solution was used
per sample. The membranes were fully immersed in the solution to
ensure uniform surface contact, and the co-deposition reaction was
carried out under mild agitation at 60 rpm for 2 h. Post-modification,
the membranes were thoroughly rinsed with ultrapure water to remove
unreacted monomers and by-products. They were then air-dried for 24 h
to promote complete polymerization and stabilization of the coating
layer. Prior to performance testing, the membranes were rehydrated by
immersion in ultrapure water for another 24 h. A schematic overview of
the membrane modification procedure is presented in Fig. 1, followed by
a detailed comparison of the pristine and modified membranes in Fig. 2.

2.3. Membrane characterization

The surface chemical composition of the membranes was charac-
terized using Fourier Transform Infrared Spectroscopy (FTIR) [Shi-
madzu, IRTracer-100] over a spectral range of 500-4500 cm ™}, enabling
the identification of functional groups and verification of chemical
modifications resulting from the PDA-PEI coating. Surface morphology
and structural features were examined using Scanning Electron Micro-
scopy (SEM) [Zeiss EVO MA10 and Thermo Scientific Quattro S],
providing high-resolution imaging to evaluate surface texture, rough-
ness, and coating uniformity. To complement the SEM analysis, surface
topography was further characterized by Atomic Force Microscopy
(AFM) [Nanosurf, FlexAFM], offering nanoscale insights into surface
roughness and spatial distribution. The membrane’s hydrophilicity was
quantified by contact angle measurements using a goniometer [Kriiss,
D5A255], which allowed for precise evaluation of wettability and
changes in surface energy following surface modification.

NOTES
* Membrane pre-washed to
remove preservatives. /
¢ Immersed for 24 hours prior to / R
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2.4. Membranes performed test

The separation efficiency and fouling resistance of the membranes
prior to and following surface modification were systematically assessed
using a bench-scale cross—flow (CF042) filtration unit operated at 7-8
bar and maintained at a constant temperature of approximately 37 °C. A
schematic of the experimental setup is shown in Fig. 3. The assessment
consisted of three investigative stages to comprehensively examine the
membrane’s rejection efficiency, ion selectivity, and long-term opera-
tional stability under simulated geothermal brine conditions.

The first stage investigation focused on single-ion solutions to
analyze the baseline separation performance of the membranes. The
tested solutions included LiCl at concentrations of 200, 250, and 300
mg/L; NaCl-KCl at 4400, 6000, and 7500 mg/L; and CaCl>-MgSOa at
600, 750, and 900 mg/L.

The second stage investigation examined binary—ion solutions to
assess the membrane’s ion selectivity. The tested ion pairs included (1)
Lit/Mg?t, (2) Lit/ca®", (3) Nat/Mg?t, and (4) Na*/Ca®*, (5) K*/
Mg+, (6) K*/Ca®* providing insights into the preferential separation of
lithium over competing cations. The third stage investigation simulated
long-term operational consistency under conditions resembling real
geothermal brine environments. This evaluation involved four test sce-
narios: (1) multi-ion solution with gypsum, (2) multi-ion solution with
silica, (3) multi-ion solution containing both gypsum and silica (SGB),
and (4) real geothermal brine (RGB) [38]. Each scenario aimed to assess
the membrane’s stability, fouling resistance, and sustained performance
in complex feed compositions. Detailed compositional information is
provided in Table S2, while a schematic representation of the research
methodology is shown in Fig. S1.

Throughout all experimental stages, the pH was maintained at
approximately 6.8 to ensure controlled and comparable testing condi-
tions. Membrane performance was quantitatively evaluated by calcu-
lating permeability (Lp), flux recovery ratio (FRR), rejection (R), and
selectivity (SF) using Egs. (1), (2), (3), and (4), respectively, to deter-
mine ion separation efficiency and overall filtration effectiveness.

\%

PP S
P 7 A x At x TMP

@
where V, A, At, and TMP represent the permeate volume (L), active
membrane area (mz), data collection time (h), and transmembrane
pressure (bar), respectively. The reduction in membrane permeability
was observed, indicating a decline in the membrane’s ability to trans-
port permeate. This decrease was quantitatively assessed using Eq. (2) to
evaluate changes in flux performance [31].

NOTES
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Fig. 1. Schematic illustration of the stepwise modification of nanofiltration (NF) membranes using PDA-PEI co-deposition.
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Fig. 2. Comparison of expected characteristics between pristine NF membranes and modified loose reverse osmosis (LRO) membranes.
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Fig. 3. Schematic diagram of the loose reverse osmosis (LRO) system setup.
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where Cp and Cr represent the permeate concentration (mg/L) and feed
concentration (mg/L), respectively. Selectivity characterizes the mem-
brane’s ability to differentiate and separate specific ions [8].

_ Cnp / Cmp

SF =
Cnr / Cymr

4

where Cy p and Cy p represent the concentrations of the target ions in the
permeate, while Cyr and Cyr correspond to their respective concen-
trations in the feed solution.

2.5. Membrane molecular weight cut-off (MWCO) and pore size
distribution

The molecular weight cut-off (MWCO) performance of the LRO
membrane was evaluated by filtering a 1000 ppm solution of various
neutral organic molecules (NOM) with known molecular weights: xylose
(150.1 Da), glucose (180 Da), dextrose (198 Da), and sucrose (342 Da),
each under an applied pressure of 5 bar. The MWCO of the membrane is
defined as the molecular weight corresponding to 90 % solute rejection.
To facilitate determining the molecular weight value, the approximation
line used is the asymptotic regression model-1st parameterization
available in the OriginPro®2024 software. The Stokes radius MWCO (r;)
of the membrane was calculated using Eq. (5).

rs = 35.788 x 10% x MWCO*762x10° )

Solute concentrations in the feed and permeate were determined
using High-Performance Liquid Chromatography (HPLC) [Agilent, 1260
Infinity II]. Pore size distribution was then analyzed using a probability
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density function, as described by Eq. (6) [29].

dR(rp) 1 —(Inrp — Inpp)
2(Inp,)?

dre rplncp\/ﬂeXp
The average effective pore size of the membrane (j,) is defined as the
Stokes radius corresponding to 50 % rejection of the neutral organic
molecules (NOM). The geometric standard deviation (cp) of the mem-
brane pore size distribution is determined from the ratio of the Stokes
radii at 84.1 % and 50 % rejection, respectively.

©

3. Results and discussion
3.1. Membrane characterizations

NF3 membrane modification of a via PDA-PEI copolymerization was
successfully conducted. The effectiveness of the membrane modification
is primarily evaluated based on two critical performance parameters:
separation efficiency and antifouling capability. However, a deeper
understanding of the modification mechanism requires comprehensive
membrane characterization, including: (1) surface morphology and
topography, (2) chemical composition, (3) hydrophilicity, and (4) pore
structure.

SEM analysis was performed to investigate changes in surface
morphology, as shown in Fig. 4A. MO exhibited a smooth and defect-free
surface with uniform morphology. In contrast, M1-M3 demonstrated
increasingly irregular surface textures, suggesting the influence of
PDA-PEI deposition on surface characteristics. For membrane M1, sur-
face modification using PDA alone led to the appearance of noticeable

Sa=3.43+0.25 nm

LA

Sa=6.83+2.14 nm

Ak

Sa=3.81

J

Fig. 4. SEM and AFM topographical analysis of membrane surfaces: MO (Pristine membrane), M1 (PDA:PEI = 1:0), M2 (PDA:PEI = 1:1), and M3 (PDA:PEI = 1:2).
The images illustrate surface morphology variations due to PDA-PEI modifications, highlighting changes in roughness, aggregation, and coating uniformity.
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particulate aggregates. While PDA is theoretically intended to smooth
the surface by forming a uniform coating, the self-polymerization of
dopamine often causes aggregation, resulting in non-uniform layer
thickness. This effect is evident in the M1 membrane, which shows
increased surface roughness compared to the pristine MO membrane.

The introduction of PEI through copolymerization with PDA
(observed in M2) was effective in mitigating excessive PDA aggregation
[39]. This improvement is attributed to the ability of PEI to form co-
valent bonds with dopamine via Michael addition or Schiff base re-
actions between PEI’'s amine groups and PDA’s catechol moieties,
facilitating a more uniform and homogeneous deposition layer on the
membrane surface [40-42]. Nevertheless, excessive incorporation of
PEL as seen in M3, led to the re-emergence of large agglomerates, likely
due to over-saturation and uneven polymeric network formation
[40,43]. This suggests that an optimal ratio of PDA to PEI is crucial for
achieving a well-controlled and uniform surface structure.

To complement the SEM analysis, AFM was employed to quantita-
tively assess membrane surface roughness at the nanoscale. AFM offers
high-resolution topographical data, enabling precise evaluation of the
impact of PDA and PDA-PEI copolymer coatings on surface morphology
(Fig. 4B-C). MO exhibited an average roughness (Sa) of 3.43 + 0.25 nm,
with a consistent topographic profile across the scanned area (Sa range:
3.07-3.62 nm). Upon PDA modification (M1), surface roughness
increased to an average Sa of 4.25 + 0.49 nm (range: 3.84-4.96 nm),
indicating the formation of a non-uniform PDA layer that slightly

A : -
— M1
— MO
’5 i \_/—»4—’
s
[0
(5]
g
e — -~
g -0
w
(=
S
Fl—_—
T T A\ T T T
4000 3500 3000 1500 1000 500
Wavenumber (cm™)
100 4 ———. B
c <(9°%\) ’;s“:,—:::
90 === D e
] P TS
—— v -
801@4.1% 47,7 L7
s B /s 7 7z
= 70 /// // P
é 60: S /v/ ®, // = MO
s |@®), * 4 > M
o -, / /7 A M2
S 50 e A
o 4 ), v M3
Q40 “y
o 'y, ’
1 v/,
30—4 r )
2] ‘/ My 244\Du 293 Da
] 11 \‘ 272 Da II
d 233 Da !
10 ¢/ \\ \\ " /I
N
0 1 T T IJ ¥ T Y vl T T
150 175 200 225 250 275 300 325 350
Molecular Weight (Da)

Journal of Water Process Engineering 77 (2025) 108458

changed the surface texture, this is in accordance with the information
from the SEM images previously mentioned.

Further modification with PEI copolymer showed variable effects
depending on its concentration. In M2, where an optimal PEI amount
was applied, the surface roughness slightly decreased to Sa = 3.78 +
0.45 nm (range: 3.16-4.25 nm), suggesting a mild reorganization of the
surface structure due to co—-deposition. Despite this decrease, the surface
remained smooth and homogenous. In contrast, excessive PEI addition
in M3 led to a significant increase in surface roughness, with an average
Sa of 6.83 + 2.14 nm and a broader range of 3.81-8.53 nm, indicating
pronounced surface heterogeneity and irregularities. This phenomenon
can be attributed to the high concentration of amine groups introduced
under excessive PEI conditions, which results in an overabundance of
reactive sites. Such conditions promote surface oversaturation and
disrupt the reaction equilibrium between oxidized dopamine (quinone)
and amine groups, ultimately leading to the formation of an uneven
polymeric network. Consequently, uncontrolled layer growth promotes
macro-scale aggregation, and instead of forming a uniform coating,
excessive PEI induces structural irregularities and aggregate formation,
thereby increasing surface roughness [44].

Similar observations regarding changes in membrane surface
roughness due to PDA and PEI modification have been reported in the
literature. For instance, Li et al. demonstrated that surface coating of a
reverse osmosis polyamide (RO-PA) membrane with PDA, followed by
PEI grafting, led to an increase in root mean square (RMS) roughness
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Fig. 5. (A) FTIR spectra of the pristine membrane (M0) and modified membranes (M1-M3), illustrating chemical functional group changes upon surface modifi-
cation. (B) Comparison of contact angle and molecular weight cut-off (MWCO) for MO and M1-M3, highlighting variations in surface wettability and morphological

characteristics.
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from 60.97 nm to 79.51 nm, indicating the formation of a more textured
surface [45]. Likewise, Ashraf et al. observed an increase in RMS
roughness from 9.6 nm to 13.1 nm upon PDA-PEI modification of a
nanofiltration polyamide (NF-PA) membrane [46]. This suggests that an
overabundance of PEI leads to inhomogeneous co-deposition, resulting
in uneven surface layering and the formation of large aggregates. These
findings are consistent with SEM results, confirming that excessive PEI
disrupts uniform film formation and leads to surface heterogeneity.

Chemical modifications introduced by PDA and PEI are evident from
the changes in functional group characteristics, as depicted in the FTIR
spectra (Fig. 5A). MO exhibits characteristic peaks at 1660, 1600, and
1550 cm ™}, corresponding to C=O0 stretching, hydrogen-bonded C=0,
and in-plane N—H bending vibrations, respectively, which originate
from the PA layer. Similarly, Eltahan et al. identified PA-specific peaks
at 1698 cm ! (amide ), 1549 cm ! (amide 1I), and additional bands at
1250 cm ! (amide III), as well as 1610 and 1489 cm ™ corresponding to
aromatic ring vibrations, further confirming the presence of the PA
active layer on TFC membranes [47]. Following modification (M1-M3),
a reduction in peak intensities at 1660 and 1600 cm ! is observed. This
decrease can be attributed to the oxidation of catechol dopamine into
dopamine quinone during the polymerization process [48]. Addition-
ally, a broadening of the absorption band at ~3430 cm™! is evident,
likely due to increased hydrogen bonding within the polymerized PDA
network. These spectral changes confirm successful PDA deposition and
the associated chemical transformations induced by dopamine oxidation
and cross-linking with PEI [46,49].

The hydrophilic nature of the modified membranes is primarily
governed by the presence of hydroxyl, carboxyl, and amine functional
groups within the PDA layer, which inherently enhance surface hydro-
philicity [50]. As evidenced by water contact angle measurements
(Fig. 5B), an increase in hydrophilicity is observed following PDA-PEI
modification. MO exhibits a contact angle of 74.15 + 2.27°, reflecting its
relatively low hydrophilicity. Upon surface modification, a progressive
decrease in contact angle is observed: 67.67 + 2.82° for M1 (PDA only),
62.23 + 2.28° for M2, and 42.35 + 2.25° for M3 (PDA/PEI), indicating
enhanced surface hydrophilicity. This reduction is primarily attributed
to the incorporation of hydrophilic functional groups introduced
through the deposition of PDA and PDA/PEI layers. The application of
PDA alone results in a modest improvement, with a decrease of less than
10°, while the co-deposition with PEI yields a more significant reduc-
tion. PEI serves not only as a source of additional amine groups but also
as a polymerization regulator, facilitating more controlled deposition
and improved surface morphology [51].

The PDA-PEI modification plays a critical yet indirect role in regu-
lating the effective pore radius (rp) of the LRO membrane, a parameter
closely linked to the membrane’s separation performance. As illustrated
in Fig. 5B, both the self-polymerization of PDA and its
co—polymerization with PEI consistently result in a reduction of the
membrane’s pore radius. This trade—off reflects a key aspect of mem-
brane design, where increased selectivity often comes at the cost of
reduced permeability.

As detailed in Section 2.5, the pore radius in this study was not
measured directly, but rather estimated by correlating it with MWCO at
90 % rejection of neutral organic molecules (NOM), as shown in Fig. 5C.
MO exhibited an MWCO of 293 Da. Upon modification with PDA alone
(M1), the MWCO decreased to 272 Da, indicating a moderate reduction
in pore size. Interestingly, while PEI is often introduced to control
polymerization and maintain structural uniformity, its incorporation in
this study (membranes M2 and M3) led to further reductions in MWCO
values to 244 Da and 233 Da, respectively.

This suggests that, despite PEI’s role as a polymerization regulator
minimizing excessive pore clogging and stabilizing the surface layer
[32], its presence may still contribute to tighter pore structures under
certain conditions. The resulting diversity in pore size distributions was
further analyzed using probability density functions, as depicted in
Fig. 5D. The modified membranes displayed a denser distribution of
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pore radii, predominantly centered around ~0.25 nm, indicating a more
compact and selective membrane structure. This pore structure refine-
ment is largely enabled by the self-polymerization of PDA and its
enhanced organization via PEI copolymerization.

However, it is important to note that excessive polymerization either
due to prolonged reaction time or rapid aggregation may lead to non-
uniform particle deposition, adversely affecting the consistency of
pore size. A similar phenomenon was reported by Yu et al., who inves-
tigated PDA/PEI modifications on PES-based membranes for Li*/Mg?*
separation [52]. In that context, the PDA and PEI layers formed stable
interactions with the underlying PA layer through covalent bonding, =—=
stacking, and other non-covalent interactions, further contributing to
membrane stability and functional performance [53].

3.2. Membrane efficiency and fouling resistance to

Membrane performance evaluations were conducted following the
procedure outlined in Section 2.4. Initially, a systematic assessment of
MO was performed, focusing on the stability of both water and salt
permeability, as illustrated in Figs. S3 and S4. The permeate flux profile
in Fig. S3 indicates that MO consistently maintains stable water transport
across various feed concentrations, confirming its operational reliability
under fluctuating solution compositions. Correspondingly, the salt
permeability data in Fig. S4 show consistent salt transport behavior,
suggesting a proportional relationship between salts and water perme-
ability. This consistency implies that the membrane’s separation
mechanism is primarily governed by a balance between convective and
diffusive transport processes. Additionally, the pristine membrane
exhibited a pure water permeability (PWP) of 20.48 + 0.52
L-m~2h~l.bar™}, reflecting its inherent hydraulic permeability.

The single-ion rejection analysis revealed a clear distinction in sep-
aration performance between monovalent and divalent cations for MO.
As shown in Fig. $3, MO exhibited relatively low and variable rejection
efficiencies for monovalent ions, with rejection values ranging from 2.36
to 3.33 % for Li", 2.44-4.33 % for Na™, and 3.60-4.55 % for K'. In
contrast, significantly higher and more stable rejection was observed for
divalent cations, with Ca%" at 44.01-52.76 % and Mg>*" at 87.51-89.66
%. These trends are consistent with the findings of Li et al., who reported
the rejection order as RLit < RNa™ < RK™ < RCa?" < RMg?" [54]. This
selective rejection behavior is primarily governed by size exclusion and
electrostatic interactions. The pristine membrane’s effective pore radius,
as previously correlated with an MWCO of ~293 Da (~0.36 nm), serves
as a physical barrier that favors the rejection of larger or more highly
hydrated ions. According to data reported by Tansel et al., the hydration
radii of Li", Na', and K' are approximately 0.340-0.382 nm,
0.276-0.360 nm, and 0.201-0.331 nm, respectively. Meanwhile, diva-
lent ions exhibit larger hydration shells, with Ca®* ranging from 0.412 to
0.420 nm and Mg2+ from 0.300 to 0.470 nm [55]. The relatively low
rejection of monovalent ions can be attributed to their smaller hydration
radii and weaker electrostatic interactions with the membrane surface,
allowing them to diffuse more readily through membrane pores [56].
Furthermore, the variability in monovalent ion rejection suggests
greater sensitivity to feed concentration and ionic strength. In contrast,
the consistent rejection of divalent ions is likely due to their larger hy-
drated size and stronger charge-based interactions, resulting in more
predictable exclusion behavior [57,58].

From the perspective of lithium extraction, the current membrane
performance is highly promising. Nevertheless, when applied to brines
with complex compositions and high levels of contaminants, fouling
resistance becomes a critical factor. To address this, the incorporation of
PDA-PEI is anticipated to enhance the antifouling properties of the
membrane.

A comparative overview of ion rejection by both pristine and
modified membranes is presented in Fig. 6A (Stage 1). The pristine
membrane demonstrated moderate rejection toward divalent salts, with
MgSO4 and CaCl: rejection values of 87.5 + 3.1 % and 52.8 + 2.7 %,
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monovalent/divalent ion selectivity of M2 in simulated and real geothermal brine environments.

respectively. Upon surface modification with PDA and PEI, a progressive
enhancement in salt rejection was observed. For MgSOa, rejection
improved slightly across the modified membranes, reaching 91.7 + 2.3
% for M1 (PDA-only), 90.9 + 1.1 % for M2 (PDA:PEI = 1:1), and 93.9 +
1.5 % for M3 (PDA:PEI = 1:2). Similarly, the rejection of CaClz increased
more markedly, particularly for M3, which achieved a rejection of 85.1
+ 2.2 %.

These improvements can be attributed to enhanced surface hydro-
philicity and the introduction of functional groups through the PDA-PEI
co—deposition [59]. The catechol and amine functionalities in PDA and
PEI respectively can form a denser and more hydrated surface layer,
leading to a greater steric hindrance and Donnan exclusion effect, which
is more pronounced for divalent ions such as Ca®** and Mg2+ [46,60].

Interestingly, a more substantial increase was observed in the
rejection of monovalent salts (LiCl, NaCl, and KCl), which originally
exhibited low rejection by MO. For instance, LiCl rejection increased
from 3.4 4+ 0.3 % in MO to 22.8 + 1.5 % in M3. Similarly, NaCl rejection
rose from 2.4 + 0.2 % to 31.3 + 1.3 % in M1 and remained above 23 %
in M2 and M3. A comparable trend was observed for KCl. This notable
enhancement is likely due to the increase in surface charge density
induced by PEI incorporation. The presence of multiple amine groups in
PEI introduces a higher density of positively charged sites [45,61],
especially under neutral pH, which repels co-ions (e.g., Cl7), thereby
enhancing ion rejection, particularly for monovalent salts that

previously exhibited minimal interaction with the membrane.

In terms of ion selectivity (see Fig. 6B), the pristine membrane dis-
played relatively high selectivity ratios (SF) for monovalent/divalent ion
pairs (Stage 2), such as SFLi*/Mg?" = 5.14 and SFNa®/Mg?" = 5.69.
Upon PDA-only modification (M1), these values increased modestly (e.
g., SFNa*/Mg?* = 7.58), indicating improved differentiation between
mono- and divalent ions. M2, with balanced PDA and PEI content (1:1),
exhibited the highest selectivity across all tested ion pairs, reaching a
peak SFNa'/Mg?" of 10.00 and SFLi*/Ca®" of 7.44. The results
demonstrate that the presence of PEI in membrane M2 significantly
enhances SF. This improvement is attributed to the positively charged
nature of PEI, which modulates the surface charge balance of the
membrane, promoting electrostatic interactions that favor selective ion
separation. A similar strategy was employed by Li et al. to improve the
separation performance of single salt solutions in their study [62,63].

However, at higher PEI content (M3), a slight decline in selectivity
was observed for some ion pairs (e.g., SFLi*/Mg?" = 4.96, SFNa*/Mg%*
= 4.11), despite a higher rejection of both mono- and divalent ions. The
observed reduction is likely due to excessive PEI loading, which can
result in over-compaction of the surface layer or partial pore blockage.
Similar findings were reported by He et al., where an excess of PEI
monomers led to the formation of oligomers that penetrated or accu-
mulated within the selective layer pores, thereby reducing membrane
permeability [64].



P.C.B.W. Mustika et al.

Overall, the modification with PDA-PEI significantly improved both
the salt rejection and ion selectivity of the commercial NF membrane,
with the best performance observed at a PDA:PEI ratio of 1:1 (M2),
suggesting this composition offers an optimal trade-off between charge
density, hydrophilicity, and permeability.

The ion selectivity behavior of MO was systematically evaluated
under the influence of inorganic foulants gypsum, silica, and their
combination within multi-ion solution, and compared to a control so-
lution without foulants (Stage 3). As shown in Fig. 6C, the presence and
nature of foulants had a significant impact on the membrane’s mono-
valent/divalent ion selectivity. Specifically, the lithium over magnesium
selectivity (SFLi*/Mg?") decreased progressively with the introduction
of foulants, from 5.76 in the absence of foulants to 4.51 with gypsum,
4.88 with silica, and further to 4.48 with the gypsum-silica combina-
tion. In contrast, an anomalous trend was observed for SFLi*/Ca®*,
which increased from 3.56 in the control solution to 7.80, 5.82, and 6.12
in the presence of gypsum, silica, and their combination, respectively.

The general decline in selectivity for other monovalent/divalent ion
pairs such as Na*/Mg?", Nat/Ca®", K*/Mg?*, and K*/Ca®" across all
fouling conditions further indicates that the dominant foulant layers
broadly influence monovalent ion transport, not limited to lithium.
Detailed selectivity data are provided in Table S1.

These variations in selectivity can be explained by the physico-
chemical impacts of the foulants on membrane surface properties.
Gypsum deposition alters the surface charge distribution, leading to
compression of the electrical double layer [65], and its crystallization
may block pores, thereby disturbing the steric hindrance mechanisms
crucial for selective separation. Furthermore, silica tends to form a
gel-like fouling layer characterized by high hydraulic resistance, which
weakens charge-based selectivity by enhancing concentration polariza-
tion at the membrane surface and facilitating undesired ion diffusion.
Similar fouling-induced performance declines have been documented by
Lee et al. in their study on salt-silica interactions in nanofiltration and
reverse osmosis membranes [66].

In addition to ion selectivity and rejection performance, the long-
term operational stability of the membrane was evaluated through
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cyclic permeability testing, focusing on the pristine membrane (MO0) and
modified membranes (M1-M3). The objective was to investigate the
fouling resistance and permeability recovery following repeated expo-
sure to fouling agents, as outlined in Section 2.4.

For MO, fouling was assessed in the presence of model foulants,
including gypsum, silica, and a combined gypsum-silica mixture. As
shown in Fig. S6A, the MO membrane exhibited a consistent decline in
PWP across all cycles, indicating progressive fouling and poor revers-
ibility. During the first cycle, PWP remained stable between 25.04 and
24.83L-m~2-h~!.bar ! for the first 60 min under clean water conditions.
However, when tested with a salts-silica solution, permeability
decreased significantly from 8.94 to 7.55 L-m~2h~!.bar !, highlighting
the onset of fouling, likely due to silica gel layer formation on the
membrane surface.

A standard flushing-backwash procedure was then applied for 10
min, followed by re-measurement of PWP. Despite partial recovery to
18.63-17.31 L-m~2h~1bar~!, successive testing cycles (cycles 2 to 4)
showed a gradual decline in final PWP values to 6.99, 6.55, and 6.33
L-m~2h~l.bar~}, respectively. Similar trends were observed for gypsum
and gypsum-silica systems (Fig. S6B—C), confirming the strong inter-
action between the foulants and the pristine polyamide surface. The
limited recovery of MO can be attributed to irreversible fouling mech-
anisms such as pore blockage, foulant adsorption, and cake layer
compaction. The average permeability degradation trend for MO is
summarized in Fig. 7A-B.

To address this limitation, surface modification using PDA-PEI was
employed, with M2 (PDA:PEI = 1:1) selected for antifouling perfor-
mance testing using both SGB and RGB. As shown in Fig. 7C-D,
permeability in M2 also exhibited a decreasing trend over four cycles,
which is expected due to the complex foulant composition including
silica and gypsum. However, a notable improvement in permeability
recovery was observed after flushing-backwash treatments. Although
full recovery to initial PWP values was not achieved, the modified
membrane demonstrated a significantly better resistance to fouling-in-
duced decline compared to MO. The results further confirm that the
hydrophilic functional groups (-OH and -NH:) introduced through
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PDA-PEI co-deposition play a critical role in enhancing the membrane’s
antifouling properties [53,67,68]. These functional groups facilitate the
formation of a hydration layer on the membrane surface, which serves as
a physical barrier that hinders foulant adhesion. Moreover, the
increased surface hydrophilicity is accompanied by the development of
a strong negative surface charge, which contributes to antifouling per-
formance by inducing electrostatic repulsion against negatively charged
foulants.

To complement the analysis, the proposed mechanism of membrane
scaling resulting from gypsum crystallization and silica deposition is
illustrated in Fig. 8. As water permeates through the membrane, a
concentration polarization layer develops near the surface, leading to
local ion accumulation and restricted ionic mobility. Within this
confined region, ionic interactions promote the initial nucleation of
gypsum crystals under unstable conditions. These imperfect crystals,
driven by hydraulic flow, adhere to the membrane surface and collide
with one another, gradually forming dense crystalline deposits. In par-
allel, silica scaling is initiated through polymerization of silicic acid
species in the aqueous phase near the membrane. While some poly-
merization occurs in the bulk, additional growth proceeds directly on
the membrane surface, where continuous bonding leads to the formation
of a scaffold-like polysilicic acid layer. LRO membrane characterized by
a negatively charged and hydrophilic surface (as described in previous
sections), demonstrates effective resistance against gypsum crystal
adhesion. However, this modification remains insufficient to fully
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prevent the formation and anchoring of the more persistent silica
polymer network.

Despite the improved antifouling performance of the M2 membrane,
residual impurities remained on its surface after cleaning, as confirmed
by SEM-EDX analysis (Fig. S8). The analysis revealed trace but detect-
able amounts of Ca and Si, which were identified as the primary fou-
lants. These elements exhibited a relatively uniform distribution across
the membrane surface, suggesting potential interactions or
co-deposition during filtration. In contrast, MO analyzed via SEM
(Fig. 9A), displayed a significantly higher accumulation of foulants
under identical testing conditions compared to M2 (Fig. 9E), high-
lighting the benefit of surface modification.

Furthermore, in the specific cases of SGB2 and RGB samples, AFM
characterization provided deeper insight into surface morphology
changes due to fouling (Fig. 9D&E). The RGB-treated membrane
exhibited a more homogeneous foulant coverage compared to SGB2,
consistent with the SEM-EDX findings. Sa increased markedly from the
initial value of approximately 6 nm to 18.99 + 3.38 nm after exposure to
SGB2, and further to 28.49 + 2.16 nm following treatment with RGB
solution.

The antifouling performance of the membranes was assessed by
measuring FRR over five operational cycles, including four cycles of
fouling followed by one cleaning cycle through backwashing, as illus-
trated in Fig. 10. MO demonstrated an FRR of 77.52 % when tested with
the gypsum-multi-ion solution, indicating relatively reversible fouling.

During prolonged operation, gypsum
crystals gradually accumulate on
the membrane surface.

Backwashing effectively removes the
majority of gypsum scale deposits.

M OInVAT

Polysilicic acid accumulates

and anchors deeply onto the
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Fig. 8. Surface characteristics of membrane scaling: (a) gypsum crystal formation and (b) silica deposition.
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Fig. 9. Surface characterization of membranes after four filtration cycles: SEM morphology of MO and M2 in SGB and RGB, and AFM topography of M2 in SGB

and RGB.

However, a reduced FRR of 63.12 % was observed for the silica—multi-
ion solution, suggesting more persistent fouling. The most severe fouling
was observed with SGB2, which led to a further decrease in FRR to
58.99 %.

In contrast, the PDA-PEI modified membrane (M2) exhibited
significantly improved antifouling behavior, with an FRR of 87.18 % in
SGB2. Enhanced flux recovery was also observed under other condi-
tions, with FRRs of 80.65 % in SGB1, 75.56 % in SGB3, and 95.33 % in
real geothermal brine (RGB), confirming the superior fouling resistance

11

imparted by PDA-PEI surface modification.

Beyond antifouling performance, the effectiveness of membrane
separation was further evaluated through the selectivity—permeability
trade-off, particularly SFLi*/Mg?*. As detailed in Table S2, the modified
commercial NF membrane achieved a maximum SFLi*/Mg?" of 7.83 at
a permeability of 22.5 L-m~2h'-bar~! (See Fig. 11). These findings
underscore the dual enhancement in both antifouling performance and
selective separation, which are critical for guiding future membrane
design and optimization in complex feed environments such as
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Fig. 10. Flux recovery ratio (FRR) of pristine (MO) and modified membranes
(M1-M3) under various test solution conditions, illustrating antifouling
performance.

geothermal brines.

3.3. Future research

Further development of membrane technology for lithium separation
from geothermal brine will focus on investigating the influence of pol-
yethyleneimine (PEI) molecular weight and co-deposition time on the
membrane’s physical and chemical properties. These variables are ex-
pected to significantly affect critical characteristics such as film thick-
ness, hydrodynamic diameter, surface roughness, contact angle, and
other parameters relevant to ion selectivity and transport. In addition,
long-term membrane performance testing will be conducted to assess
stability and durability under extended operational conditions. Com-
plementary economic and environmental assessments will also be car-
ried out to evaluate the feasibility of large-scale implementation. It is
recognized that achieving high lithium/magnesium selectivity is
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necessary but not sufficient broader considerations including process
sustainability, cost-effectiveness, and operational longevity are equally
vital for the successful translation of this technology to industrial
applications.

4. Conclusions

This study demonstrated the successful fabrication of loose reverse
osmosis (LRO) membranes via PDA-PEI co-deposition on commercial
NF membranes for lithium extraction from geothermal brine. The
modification enhanced membrane hydrophilicity, reduced pore size,
and improved antifouling performance, key to mitigating challenges
from foulants like gypsum and silica. Among tested variants, the M2
membrane (PDA:PEI = 1:1) exhibited the most favorable surface char-
acteristics, including uniform coating and functional group integration.
This formulation effectively suppressed PDA aggregation and ensured a
well-distributed copolymer layer.

Performance tests showed M2 achieved a pure water permeability of
22.5 L-m~2h~!.bar~! and superior ion rejection, with Li*/Mg?* selec-
tivity reaching 7.83, indicating enhanced monovalent/divalent ion
separation. Multicycle fouling tests using both simulated and real
geothermal brine confirmed improved fouling resistance and high flux
recovery ratios. Surface analyses (SEM-EDX, AFM) verified lower fou-
lant deposition and preserved membrane structure after prolonged
operation. The PDA-PEI co-deposition process is simple, environmen-
tally friendly, and compatible with commercial substrates, making it a
promising strategy for scalable and sustainable lithium recovery
applications.
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