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ABSTRACT

Rising freshwater scarcity in arid regions requires advanced desalination and resource recovery technolo-
gies to address brackish water threats to agriculture, drinking water, and ecosystems. Charge-asymmetric
Janus nanofiltration (NF) membranes demonstrate significant potential for resource recovery in brackish
water treatment, particularly enabling efficient ion-selective separation. However, current models
remain limited to qualitative speculation regarding the ion transport mechanisms in Janus membranes,
as they fail to incorporate quantitative descriptions of axial charge heterogeneity. Herein, we address this
gap by integrating axial charge distribution into the Donnan steric pore model with dielectric exclusion
(DSPM-DE). A charge-asymmetric Janus membrane (R90-AC) was fabricated by coating a positively
charged polyelectrolyte layer onto a commercial NF membrane (R90-SC). The axial-charge-distributed
DSPM-DE model reduced prediction deviations for six ions in brackish water systems to < 8%, outper-
forming conventional models (deviations > 16%). Theoretical simulations revealed an intrinsic electric
field (18.87 mV.-um™') within Janus structures, driving anomalous electromigration contributions
exceeding 100% for cations and —50% to —20% for anions. This “electrostatic diode” effect was experimen-
tally validated, with Mg?* forward flux (2.69 x 102 mol-m~2-h") surpassing reverse flux (2.98 x 10~3
mol-m~2h!) by nearly an order of magnitude. The study bridges theoretical modeling and practical
structure design, offering a robust framework for tailoring charge-asymmetric structures in ion-
selective separations.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

elevated total dissolved solids (TDS) primarily originate from evap-
orative concentration in arid/semi-arid inland water bodies, sea-

Escalating freshwater demands driven by economic and demo-
graphic growth have exacerbated water scarcity and safety chal-
lenges in arid regions, posing critical constraints on
socioeconomic sustainability [1,2]. Brackish water, defined as sur-
face or groundwater with salinity levels between 1-25 g-L™! (ac-
counting for ~1% of Earth’s total water resources), poses
significant environmental and socioeconomic challenges [3,4]. Its
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water intrusion in coastal aquifers, and mineral-rich drainage
from mining operations [2,5-8]. These saline waters severely com-
promise agricultural irrigation, potable water safety, and ecosys-
tem health, making advanced desalination and mineral recovery
technologies critical for sustainable water management and circu-
lar resource economies [5].

Nanofiltration (NF), a pressure-driven membrane technology
bridging reverse osmosis and ultrafiltration, has garnered signifi-
cant attention in recent decades due to its exceptional separation
efficiency and energy-saving advantages [9,10]. NF membranes
typically possess pore sizes of 0.5-2 nm and a molecular weight
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cut-off (MWCO) range of 200-1000 Da, enabling selective ion sep-
aration at the sub-nanometer scale through mechanisms including
steric hindrance, Donnan equilibrium, and dielectric exclusion
[10,11]. NF membranes have become pivotal in diverse applica-
tions, including water purification, pharmaceutical concentration,
food processing, and resource recovery systems [12-16].

Janus membranes, an emerging class of materials with opposing
properties on their two sides, exhibit unique functionalities tai-
lored for specific applications [17-21]. Common Janus structures
include membranes with asymmetric wettability and asymmetric
charge distributions [22-24]. In aqueous systems, as the key NF
transport mechanisms, Donnan equilibrium and dielectric exclu-
sion are closely linked to the charge density distribution of the
selective layer [24-26]. Consequently, charge-asymmetric Janus
structures have been extensively explored to regulate ion sieving
performance. For instance, Guo et al. [27,28] fabricated several
positively/negatively charged Janus membranes, achieving effi-
cient Mg?*/Li* separation by leveraging the asymmetric structure’s
high rejection of Mg?* and high permeation of Li*. Similarly, Yu
et al. [29] developed an acid-resistant Janus NF membrane with
opposing charge properties via interfacial polymerization, demon-
strating superior performance in acidic wastewater treatment.
These studies highlight the potential of Janus structures for tar-
geted solute separation by tailoring charge asymmetry in the selec-
tive layer [24,30,31]. However, while experimental investigations
have extensively characterized the separation efficacy of Janus
nanofiltration membranes with asymmetric charge, mechanistic
interpretations of ion transport remain largely qualitative, relying
on macroscopic observations rather than quantitative theoretical
modeling.

Quantitative analysis of NF processes is typically achieved
through mathematical modeling [32-34]. Current NF models are
primarily based on two frameworks: the solution-diffusion model
and the pore-flow model [33]. Among these, the pore-flow model
has been widely adapted for NF membranes with sub-
nanoporous structures. The Donnan steric pore model with dielec-
tric exclusion (DSPM-DE), rooted in the extended Nernst-Planck
(ENP) equation, is one of the most comprehensive NF models
[35-37]. It has proven effective in quantitatively describing NF sep-
aration processes and deconvoluting the contributions of different
driving forces to solute transport [38]. Numerous studies have
employed the DSPM-DE model to fit and predict nanofiltration sep-
aration performance, as well as to analyze and quantify transport
mechanisms. Liu et al. [39] utilized the DSPM-DE framework to
analyze the impact of nanomaterials doping in NF selective layers
on ion separation mechanisms in brackish water systems. Yang
et al. [40] utilized the DSPM-DE model to evaluate the impact of
membrane properties (i.e., average pore size and volumetric charge
density) on the separation performance of emerging organic
micropollutants in water systems and quantitatively analyzed
the respective contributions of diffusion, convection, and electro-
migration to solute transport mechanisms. Liu et al. [41] employed
the DSPM-DE model to assess the contribution of Donnan equilib-
rium to ion rejection in high-salinity solutions, revealing the dom-
inant role of pore-size sieving under high-salinity conditions.
However, existing DSPM-DE models universally assume uniform
charge distribution within nanopores of the membrane, treating
charge density as a constant [42-44]. This simplification inherently
limits their accuracy in modeling charge-asymmetric Janus mem-
branes. Thus, quantitative analysis of ion transport in Janus mem-
branes necessitates refined descriptions of axial charge density
distributions in theoretical frameworks.

In this work, we integrate axial charge asymmetry into the
DSPM-DE model to address this gap. A charge-asymmetric Janus
selective layer was constructed by coating a positively charged
polyelectrolyte layer onto the negatively charged commercial
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hollow-fiber membrane R90-SC. Brackish water, characterized by
complex ionic compositions (Na*, Ca?*, Mg?*, CI~, HCO3, SO3%7),
served as the simulated system. NF experiments were conducted
using neutral solutes, single-salt solutions, and synthetic brackish
water to evaluate the model’s validity and parameter accuracy
after incorporating axial charge heterogeneity. The axial-charge-
distributed DSPM-DE model achieved an average prediction devia-
tion of <8% for all ions. Theoretical calculations elucidated the dis-
tinct concentration and potential profiles within the Janus selective
layer, revealing mechanisms governing ion transport and interfa-
cial partitioning. Notably, the intrinsic electric field generated by
asymmetric fixed charges induced anomalous electromigration
contributions, with electromigration terms exceeding 100% for
cations in the ENP equation. Permeation experiments further vali-
dated the “electrostatic diode” effect of the Janus structure, where
forward Mg?* flux (2.69 x 102 mol-m~2-h~") surpassed reverse flux
(2.98 x 1073 mol-m~2-h™") by nearly an order of magnitude. These
findings advance the theoretical understanding of charge-
asymmetric Janus structures and provide insights for rationally
designing axial selective layer structures in water treatment
applications.

2. Experiment
2.1. Chemicals and materials (materials and membrane)

The commercial membranes of WHNF-R90 (Nanjing Weihua
Membrane Technology Co., Ltd., China) were utilized in the exper-
iments and designated as R90-SC (symmetric charge) in this work.
Magnesium sulfate (MgS0,4; 99.9%, Macklin, China), sodium sulfate
(NayS04; 99%, Sinopharm, China), magnesium chloride (MgCls;
99%, Macklin), sodium bicarbonate (NaHCOs3; 99%, Macklin), and
sodium chloride (NaCl; 99%, Aladdin, China) were used to evaluate
the membranes’ salt rejection performance. Poly(allylamine
hydrochloride) (PAH; > 98%, Aladdin) with the molecular weight
(Mw) of 15 000 g-mol~! and glutaric dialdehyde (GA; 50%, Macklin)
were utilized in the preparation of cationic coatings. Polyethylene
glycol (PEG) with various molecular weights (Mw: 200, 400, 600,
and 1000 Da) purchased from Merck, USA, was used to determine
the molecular weight cut-off of the membranes.

2.2. Membrane preparation

The cationic coatings were prepared by adsorbing PAH onto the
membrane surface and crosslinking with GA. The commercial hol-
low fiber nanofiltration membrane WHNF-R90 was soaked in a
2 wt% PAH solution for 2 h, then washed with a sodium chloride
solution. Subsequently, the membrane was immersed in a 2 wt%
GA solution to undergo Schiff base crosslinking for 12 h, yielding
the modified membrane R90-AC (asymmetric charge). As a coun-
terpart, the WHNF-R90 with an axially uniform selective layer will
be designated as R90-SC (symmetric charge) in subsequent text.

2.3. Membrane characterization

The morphological characteristics of the hollow fiber mem-
branes were meticulously analyzed utilizing scanning electron
microscopy (SEM; Hitachi TM3000, Japan). The surface charge
attributes of these membranes were ascertained via zeta potential
measurements conducted with an electrokinetic analyzer (Sur-
PASS3, Anton Paar, Austria). To maintain a stable ionic strength
throughout the measurement process, a 0.1 mmol-L~! KCI solution
was continuously circulated within the measurement cell.

The X-ray photoelectron spectroscopy (XPS) measurements
were conducted using a Thermo Fisher Scientific Escalab Xi*
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system equipped with an Al Kot X-ray source (1486.6 eV). To ensure
surface cleanliness, a short Ar* ion sputtering was performed at
low energy. Depth profiling procedure depth profiling was
achieved through sequential Ar* ion sputtering at a controlled rate
of 0.5 As7!,

2.4. Membrane separation performance

The water permeability of the hollow fiber membranes was
assessed by using a custom-designed laboratory-scale filtration
system. Pure water permeate samples were collected at regular
intervals and weighed using an electronic balance to calculate
the solvent permeance (P, L-m 2h~'bar™!) according to the
equation:

P

— AV
T AxAtxAp

(1)

here, AV (L) represents the volume of permeate collected over the
time interval At (s) under a transmembrane pressure difference
Ap (bar), and A denotes the effective membrane area.

Salt rejection tests were conducted using 1000 mg-L™! solutions
of Na,S0,, NaCl, MgSO,4, and MgCl,. The separation performance in
a salt mixture system was evaluated using three simulated brack-
ish water solutions, the detailed ionic compositions of which are
presented in Table S1 in Appendix A. Solute rejection (Rr) was cal-
culated using the formula:

(2)

where c;, and c;f are the concentrations of ion i in the permeate and
feed solutions, respectively. The concentrations of ions in the sam-
ples were determined by inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES; Perkin Elmer, OPTIMA 7000DV, China)
and anion chromatography (Tonggin Environmental Protection
Technology TQFM200-P70, China).

To evaluate the pore size distribution and MWCO of the mem-
branes, a series of experiments were performed using neutral
solutes of varying molecular weights. Polyethylene glycol solutions
with molecular weights of 200, 400, 600, and 1000 Da, at a concen-
tration of 100 mg-L~!, were employed as feed solutions. The mem-
brane pore size distribution was analyzed by measuring the
rejection rate of these solutes at a constant pressure of 6.0 bar.
The solute concentration in both feed and permeate solutions
was measured using a total organic carbon (TOC) analyzer.

The MWCO of the membrane was defined as the molecular
weight corresponding to 90% solute rejection. The effective pore
size was calculated using the Stokes radius (rs) of PEG solutes,
given by the equation:

rs=16.73 x 10712 x M**7

Ry = (1 Jf;) » 100%

3)

where M is the molar mass of PEG. The pore size (r,) distribution of
the membrane can be expressed as:

(inrm 71nup)2}

2(lnap)2

ARy (rm)
drm

1
rmlnap\/ﬁ exp |:7 (4)
In this equation, f, is the molecular radius when Ry = 50%, and oy, is
the ratio of the molecular radius when Ry = 84.13% to the molecular
radius when Ry = 50%. The membrane MWCO is equivalent to the
molecular radius when Ry = 90%.

2.5. Permeation experiments

The ion permeation experiments were conducted using a
custom-designed permeation cell with an effective membrane area
of 1.77 cm?. For each test, 50 mL of a 0.1 mol-L™! salt solution (e.g.,
MgCl,, Na,S0O,4, or NaCl) was introduced into the feed compart-
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ment, while an equal volume of deionized water was placed in
the permeate compartment. To investigate the separation perfor-
mance in mixed ion systems, a binary solution containing
0.05 mol-L™! MgSO, and 0.05 mol-L~! NaCl was used as the feed.
The permeation process was driven by the concentration gradient
across the membrane, facilitating the spontaneous migration of
ions toward the permeate side. To minimize concentration polar-
ization and ensure uniform concentration distribution, magnetic
stirrers were employed in both compartments at a constant speed
of 300 r-min~! throughout the experiment. After a permeation per-
iod of 12 h, the permeate solution was collected, and the ion con-
centration detection method is the same as that in Section 2.4. The
ion permeation rate was calculated using established formulas.

The ion permeance (J;) was determined based on the slope of
the linear regression of the permeate concentration over time, as
described by the following equation:

I ()

where J, (mol-m~2.h~!) represents the ion permeance, V(L) is the
volume of the permeate solution, M, (g-mol~!) is the molecular
weight of the salt, and Ac/At (mg-L™"-h™!) denotes the change in
concentration over time.

p
A x Mg

_ Ac 14
= At X 1000 x

2.6. Theoretical background

The prediction of solute rejection in the NF of electrolyte solu-
tions necessitates modeling the transport of species through both
the concentration polarization boundary layers and the active layer
of the membrane. In this study, the DSPM-DE model, which was
developed by Serena Bandini and Daniele Vezzani, is utilized for
the computation and prediction of mass transfer processes in
nanofiltration [32]. Based on the assumptions of the DSPM-DE
model, the computations can be simply divided into three parts:
concentration polarization, interfacial partitioning, and transport
within the membrane. The following sections will provide a brief
explanation of the computations involved in each of these parts.

2.6.1. Concentration polarization

At the feed/membrane interface, due to the finite diffusion coef-
ficients of solutes, solutes tend to accumulate at the interface, lead-
ing to the phenomenon of concentration polarization. The molar
flux (J;) of the ion i, can be given by:

(6)

where J, is permeate volume flux, z; is charge number of the ion i. F
is the Faraday constant, R is the molar gas constant, T is the absolute
temperature and ¢ is the electrical potential gradient at the feed-
solution/membrane interface in the continuum phase. ¢; ;, and cim
denote the concentration of ion i in the bulk solution and at the
feed/membrane interface, respectively. D;., is bulk diffusivity of

ion i. The symbol k¢; is the mass-transfer coefficient of the ion i

for high mass-transfer rates at semi-permeable walls, which can
be calculated by Eqgs. (7)-(10):

d .
Ji = =Ke;i(Cim — Cin) +JyCim — ZiCimDi e 1 ¢

kf‘,‘ = k5 (7)
1 -1.7

Bi=f+ (1 +0.26<%> > (8)

et = sh— 9)

Sh; = a;Re®™Sc
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where k; is the conventional mass-transfer coefficient of the ion i
for vanishing mass-transfer rates at impermeable walls. Sh; is Sher-
wood number of the ion i. E; is a correction factor accounting for the
suction effect upon the conventional mass-transfer coefficient, can
be semi-empirical described by Eq. (8) (when ], /k.; < 20). The coef-
ficient k.; can be calculated using the Reynolds number (Re), Sch-
midt number (Sc), known geometric shape parameters (a;, az, as)
and characteristic length (L).

2.6.2. Interfacial partitioning

The interfacial partitioning between the membrane and the
solution is influenced by three effects: Steric partitioning, Donnan
equilibrium, and Dielectric exclusion. The non-ideality of the solu-
tion is accounted for by the introduction of activity coefficients 7;
(the detailed computational procedures are provided in Text S1
in Appendix A). At the feed/membrane interface, the activity coef-
ficients and concentrations near the solution side and the mem-
brane side are denoted as 7;,,Cim, and 7y;;,ci1, respectively.
Correspondingly, at the membrane/permeate interface, the activity
coefficients and concentrations near the solution side and the
membrane side are denoted as 7;,,Cip and y;y,Cin, respectively.
Here, the subscripts 1 and N represent the first and last discretized
points within the membrane, respectively. The ion partitioning
relationships at the feed/membrane and membrane/permeate
interfaces are defined by Eqs. (11) and (12):

®;dg exp (— f{—; Alpo)

ViCia

VimCim

(11)

ViNCiN
}'i.p Cip

(12)

&, Dy exp (— %Az//np)

where the three parameters multiplied on the right-hand side of the
equation correspond to the three forces. Ay, and Ay, are the
electrical potential differences at the feed/membrane and mem-
brane/permeate interfaces, respectively. @; is the parameter repre-
senting steric partitioning, which can be defined by the ratio (4;)
of the solute’s Stokes radius rs to the effective pore radius of the
membrane ry:

@i =(1- %) (13)

@y is the parameter related to dielectric exclusion. According to
the Born theory, the effect of dielectric exclusion can be described
by the solvation energy barrier that charged solutes encounter
when moving from a solution with a high dielectric constant (bulk
solution, &,) to one with a low dielectric constant (solution within
the pore, &,):

AW,

&g = exp (f kBTi) (14)
AW, = S8 (1 1) (15)

where AW, is Born solvation energy barrier, kg is Boltzmann’s con-
stant (1.38066 x 1072 J.K!), e, is the electronic charge
(1602 x 107" (), & is the vacuum permittivity
(8.854 x 10712 F.m™1).

2.6.3. Transport within the membrane
The ion transport process within the selective layer can be
described by the extended Nernst-Planck equation:

Ji= _Di.p% +Kiccd, — %CiDi.p% (16)

where ¢;,D;, are the concentrations and hindered diffusion coeffi-
cient of ion i in the membrane pore, respectively. ¢ is electrostatic
potential, and x is axial coordinate in the membrane. K; is the con-
vective hindrance factor for ion i, given by:
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Dip = K;4D;, (17)
_ 1+3.867/;-1.907/2-0.834/3
Kic = 1+1.8674,—0.741)2 (18)

where K;4 is the hindered nature of diffusion within membranes.

In addition, the electroneutrality condition is used to constrain
the concentrations of all ions in the computational domain (assum-
ing there are Nc types of ions). Inside the membrane active layer,
the electroneutrality equation considering the fixed charge density
of the membrane (c,) is:

SN zici = —¢x (19)

2.7. Numerical method and computer algorithm

The discretization method for the DSPM-DE model involves a
systematic approach to numerically solve the complex set of equa-
tions that describe the transport phenomena within the nanofiltra-
tion membrane. This method is crucial for transforming the
continuous mathematical model into a form that can be effectively
computed and analyzed [42]. The overall calculation flowchart of
the model is shown in Fig. S1 in Appendix A. A detailed description
of the discretization process is listed in the following.

2.7.1. Domain discretization

The membrane domain is divided into a set of N non-
overlapping control volumes (grid points) for discretization pur-
poses. Each grid point represents a location where the concentra-
tion and electrical potential of each ion are calculated. The
distance between consecutive grid points, Ax; is chosen to ensure
sufficient resolution to capture the gradients of the variables
accurately.

2.7.2. Finite difference approximation

The ENP equation, which describes the transport of ions within
the membrane, is discretized using the forward difference scheme.
For the ith ion at grid point j, the ENP equation is approximated as:
(20)

ZiF Cijy11Cij
RT 2

JoGip = —Dyp U 4 G DD Dip 25
where the subscripts of the variable c;; denote the ith ion and the
jth grid point within the membrane, respectively. Similarly, ¢; rep-
resents the electrostatic potential at the jth grid point.

2.7.3. Linearization of equations

To facilitate the numerical solution of the discretized extended
Nernst-Planck equations and other model equations, a lineariza-
tion step is essential. This process simplifies the nonlinear equa-
tions into a form that can be more easily solved using standard
numerical techniques. The linearization involves approximating
the nonlinear terms in the equations using the values from the pre-
vious iteration, denoted by a superscript = The linearized equa-
tions are then solved iteratively to converge to a solution. The
specific iterative formulas for the three main computational parts
are provided in Text S2 in Appendix A.

The linearized system of equations is solved iteratively. Starting
from an initial guess for the electrical potential and ion concentra-
tions, the equations are solved repeatedly, updating the values at
each iteration. The process continues until the changes in the vari-
ables between iterations are below a specified tolerance level, indi-
cating convergence to a stable solution.

2.7.4. Under-relaxation technique
To ensure stability and convergence, especially for stiff systems,
an under-relaxation technique is employed. This method involves
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scaling the updates to the variables by a factor of less than one,
which helps to prevent overshooting and oscillations in the solu-
tion. The under-relaxation factor () is typically chosen based on
the specific characteristics of the system being modeled. For the
under-relaxed value of electrical potential (¢™), the under-
relaxation formula is:

P =¢"+w(d—¢) (21)
For the under-relaxed value of ion concentrations (c;*), the

under-relaxation formula is:

¢ = c;(1+ wAG) (22)

where Ac; is the relative computed change in the concentration of
ion i. To prevent the concentration from becoming negative, Ac; is
given by:
c,v—cxf
1)

2.7.5. Numerical stability and accuracy

Finally, a balance must be struck between accuracy and compu-
tational efficiency. Therefore, the normalized residuals are used to
assess the convergence of the solution. The formulas for calculating
the normalized residuals at different computational steps are pro-
vided in Text S3 in Appendix A.

With this, the model construction is finalized. The parameters
required for model computation are summarized in Table S2 in
Appendix A. These inputs are classified into three categories: D
fundamental physical constants, embedded in the governing equa-
tions; @ condition-dependent variables, primarily determined by
bulk solution ionic strength and feed flow rate; @ membrane
parameters, calibrated via neutral solute and single-salt rejection
data using well-established literature protocols [30].

o
i
Gi—C;

Ac; = min ( (23)

3. Results and discussion
3.1. Membrane characterization

To verify the successful fabrication of the charge-asymmetric
Janus structure, morphological and structural characterizations
were performed on the commercial membrane R90-SC and the
modified membrane R90-AC with a positively charged coating
(Fig. 1). The water permeance of R90-SC is 7-8 L-m~2-h~!-bar~!,
and its MWCO is approximately 400 Da. Since R90-SC is a
polyelectrolyte-based selective layer, a layer of oppositely charged
polyelectrolyte (PAH) was coated on its surface via dip-coating,
leveraging electrostatic interactions between the negatively
charged R90-SC surface and the positively charged PAH. Zeta
potential measurements confirmed the negative surface charge of
R90-SC (Fig. 1(a)). After coating with PAH, the surface charge of
R90-AC became positive due to the abundant amino groups in
PAH. The salt rejection performance of both membranes is shown
in Fig. 1(c). The commercial R90-SC membrane exhibited over
90% rejection for MgS0O, and Na,SO4 but less than 30% rejection
for MgCl,. After applying the positively charged PAH coating,
R90-AC demonstrated significantly enhanced rejection (> 90%) for
positively charged Mg?*, while the rejection of negatively charged
SO4~ decreased, indicating typical characteristics of a positively
charged nanofiltration membrane. The salt rejection performance
and zeta potential results aligned well, confirming the successful
fabrication of the positively charged coating on R90-AC. Pore size
distribution analysis based on neutral solute tests (in Section 2.4
for detailed procedures) revealed no significant changes in mem-
brane pore size (approximately 0.32 nm) before and after coating
(Fig. 1(b)), ensuring minimal impact of pore size variation on
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subsequent discussions regarding ion transport in the charge-
asymmetric selective layer.

To further validate the Janus structure of R90-AC, etching XPS
was employed to analyze the axial elemental distribution of its
selective layer (Fig. 2). Under the selected experimental etching
conditions, the relative etching rate was approximately 0.5 nm-s~"
(relative to Ta;Os material). Since polymers exhibit slightly faster
etching rates than Ta,Os, the actual etching depth achieved with
the 250 s etching duration in this work may be slightly greater
than 125 nm. The deconvolution results of N 1s and S 2p elements
on the R90-SC surface revealed abundant sulfonic acid and quater-
nary ammonium groups, suggesting that R90-SC’s selective layer
was likely fabricated using oppositely charged polyelectrolytes
containing sulfonic acid and quaternary ammonium groups,
respectively [45,46]. After PAH coating, the N content on the
R90-AC surface increased from 6.68% to 9.82%, while the S content
decreased from 4.48% to 2.12%. Glutaraldehyde crosslinking con-
verted primary amines in PAH to tertiary amines, which accounted
for 72.4% of the total amine groups, surpassing the intrinsic quater-
nary ammonium groups in R90-SC. The strong protonation capabil-
ity of the abundant amino groups and reduced sulfonic acid
content contributed to the highly positive surface charge of R90-
AC, consistent with zeta potential results. After 250 s of argon etch-
ing, the elemental composition and peak profiles of R90-SC
remained unchanged, confirming the uniform axial charge distri-
bution in its selective layer. In contrast, the etched R90-AC exhib-
ited gradual convergence of N (6.94%) and S (4.31%) content
toward the original R90-SC composition, confirming the retention
of the negatively charged selective layer beneath the PAH coating.
These results conclusively demonstrate the successful fabrication
of a charge-asymmetric Janus structure (positively charged top
layer and negatively charged bottom layer) in R90-AC.

3.2. Membrane performance evaluation in brackish water systems

The nanofiltration performance of both membranes was tested
in simulated brackish water systems (Fig. 3). Brackish water
derives its salinity primarily from the dissolution of soluble miner-
als and rocks in geological formations. Even when sourced from
different origins, the predominant ionic constituents remain con-
sistent, comprising six major ions: Na*, Ca**, Mg?*, CI-, HCO3,
and SO3~ [6,8]. Therefore, synthetic brackish water solutions were
prepared using these six ions and categorized into three types
based on ionic concentration levels: low ionic strength, high ionic
strength (monovalent salt-dominated), and high ionic strength (di-
valent salt-dominated). The negatively charged R90-SC membrane
maintained high rejection (> 90%) for SOF~ and low rejection (<
10%) for Cl~ across all three systems. Notably, negative rejection
of CI~ was observed in the two high ionic strength systems. For
R90-AC, the rejection of Ca®* and Mg?* slightly improved compared
to R90-SC, with an average increase of ~10%, but did not exceed
90%. While single-salt tests and zeta potential measurements con-
firmed the strong positive charge of R90-AC, its divalent cation
rejection in mixed-salt brackish water systems exhibited a 10%-
15% reduction compared to single-salt conditions. Additionally,
unlike R90-SC, which showed significant rejection differences
between ions of varying charges, R90-AC demonstrated conver-
gence in rejection for ions of the same valence but opposite
charges. These observations imply that the Janus structure (posi-
tively charged top layer and negatively charged bottom layer) of
R90-AC influences ion transport, resulting in distinct behaviors
compared to conventional positively or negatively charged nanofil-
tration membranes. Therefore, this inspires us to further explore
the ion separation mechanisms in the selective layers of the two
structures.
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dominated); (c) high ionic strength (divalent salt-dominated).
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3.3. Validation of model effectiveness and fitting results

Before incorporating charge heterogeneity into the DSPM-DE
model, the uniform selective layer of R90-SC was used to validate
the accuracy of the discretized DSPM-DE model. By fitting neutral
solute rejection data and single-salt rejection data, four key mem-
brane parameters were regressed: effective pore size (1), effective
membrane thickness (d,), membrane pore dielectric constant (&),
and effective charge density (cy) (Table S3 in Appendix A). The neg-
ative equivalent charge density (¢ < 0) obtained from fitting
aligned with R90-SC’s zeta potential results, consistent with its
high SO3~ rejection and low Mg?* rejection in single-salt tests.
Using the fitted parameters, the rejection of NaCl at different per-
meate volume flux and solute concentrations was calculated and
compared with experimental results (Fig. S2 in Appendix A). The
model effectively predicted the variations in rejection rate caused
by increased volumetric flux and NaCl concentration, providing
preliminary validation of the established DSPM-DE model’s accu-
racy. Furthermore, the model was applied to predict ion rejection
in the three brackish water systems. As shown in Fig. 4, the model
achieved accurate predictions for six ions, with average deviations
of 3.96%, 2.95%, and 4.16% across the three systems. Notably, non-
negligible deviations primarily originated from HCO3 predictions.
Since HCO3 undergoes ionization equilibrium in water, the current
DSPM-DE model may inherently incur unavoidable deviations in
calculating its transport. Nevertheless, all three systems exhibited
deviations below 5%, validating both the DSPM-DE model’s effec-
tiveness for brackish water systems and the reasonableness of
parameter fitting in this work.

Subsequently, the model was applied to R90-AC with its charge-
asymmetric selective layer. Without considering axial charge dis-
tribution, the same fitting method yielded parameters for R90-AC
(Table S3). Due to R90-AC’s distinct single-salt rejection behavior
(e.g., > 90% rejection for Mg?"), the fitted equivalent charge density
was positive (q > 0). However, unlike the high accuracy achieved in
predicting R90-SC performance, the same modeling approach
exhibited significant deviations when applied to R90-AC, with
average deviations reaching 16.94%, 18.96%, and 19.14%. The
model overestimated rejection for divalent cations (Ca?" and
Mg?* > 98%) and underestimated rejection for divalent anions
(SO3~ < 80%), inconsistent with experimental values (~85%). More-
over, the model-calculated rejections of monovalent ions were sys-
tematically higher than experimental values, with considerable
deviations observed. These discrepancies highlight fundamental
incompatibilities between the conventional DSPM-DE assumptions
and the experimental behavior of Janus membranes.

To address this, axial charge distribution was incorporated by
expressing the charge density c, as a function of axial distance
Xq4. In the current DSPM-DE model framework, the calculation of
¢y typically relies on either the Freundlich isotherm or Gouy-Chap-
man equation [32,47]. These approaches universally treat ¢, as an
axially invariant constant, dependent solely on the ion concentra-
tion of the feed solution and membrane potential. Under the
assumption of axial charge distribution, c, can be computed using
Egs. (24) and (25):

Cx=(xCs

eqv

(24)

Ceqv = %2&1 |Zi‘ X Cip (25)

where ceqy is equivalents concentration of solution. Both g and s are
membrane charge parameter under Freundlich isotherm theory.
Etching XPS and surface potential characterization confirmed
that the top and bottom regions of the R90-AC selective layer exhi-
bit positive and negative charges, respectively. Thus, we incorpo-
rated the axial variation of ¢, into the model and evaluated the
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applicability of three new charge distribution functions (step func-
tion, linear function, and polynomial function) to the Janus struc-
ture in this study. Detailed function settings and assumptions are
provided in Text S4 in Appendix A. Results indicate that both linear
and polynomial functions yield similar prediction accuracy, out-
performing the step function. Therefore, subsequent discussions
are based on the simpler linear function assumption, and the vari-
ation of volumetric charge density with axial direction calculated
based on linear function is shown in Fig. 5.

Model parameters fitted using the new charge density distribu-
tion expression are presented in Table S4 in Appendix A, and pre-
diction results for brackish water systems are shown in Fig. 6. The
results demonstrate that the axial-charge-distributed DSPM-DE
model exhibits significantly improved accuracy compared to sce-
narios neglecting axial charge distribution. Although deviations
persist in predicting monovalent ions, the adjusted model achieves
substantial enhancement in divalent ion rejection accuracy, with
average deviations for divalent ions all below 5%. The overall aver-
age deviations for all ions were 6.37%, 7.97%, and 6.60%, all under
8%. Practically, this highlights that accounting for axial charge gra-
dients in membrane pores enhances the predictive capability of the
DSPM-DE model for charge-asymmetric selective layers in com-
plex mixed-salt systems. Theoretically, it underscores the physical
relevance of axial charge distribution in elucidating ion transport
mechanisms within such intricate pore structures.

It is worth noting that other axial heterogeneities (e.g., pore size
or dielectric constant) were not considered, as pore size changes
were negligible and dielectric exclusion primarily affects interfa-
cial partitioning rather than axial transport. Additionally, despite
significant differences in mathematical formulation, the linear
and polynomial functions demonstrate comparable predictive per-
formance. This may arise because, in a model where parameters
are fitted, mathematically distinct yet physically equivalent adjust-
ments may emerge through the fitting process. Specifically, both
functions account for gradual axial variations in charge density,
which is the equivalent physical implications of these functions
and the core reason for their improved accuracy. Regarding the dif-
ferences in mathematical formulation, they are mitigated or even
eliminated via optimized parameter values during the model fit-
ting process.

3.4. Analysis of ion transport mechanisms in membranes

3.4.1. Characteristics of ion concentration distribution within the
membrane

To investigate ion transport behaviors in mixed-salt brackish
water systems for membranes with different selective layer struc-
tures, discrete concentration profiles within the membranes calcu-
lated by the DSPM-DE model were compared (Fig. 7). Here, it
should be noted that for enhanced visual clarity, the two-
dimensional interface between the membrane and solution, which
physically has no thickness, was graphically represented with a
finite thickness in the figures. For clarity and simplicity, the analy-
sis focused on Ca%*, SO3~, Na*, and CI~ in the high ionic strength (di-
valent salt-dominated) system, representing divalent cations/
anions and monovalent cations/anions, respectively (the complete
concentration distribution for all three systems is shown in Figs. S3
and S4 in Appendix A). The membrane ion transfer process was
divided into three regions: the feed side, the membrane interior,
and the permeate side. Due to three solute partitioning mecha-
nisms at the interfaces (steric partitioning, dielectric exclusion,
and Donnan equilibrium), the concentration of each ion decreased
at the feed/membrane interface. For the negatively charged R90-
SC, both anions exhibited significant concentration drops at the
interface, while cation concentrations remained relatively stable.
In contrast, the R90-AC membrane, with its positively charged
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coating, showed more pronounced cation concentration declines at
the feed/membrane interface compared to R90-SC.

Quantification of the contributions from these three partition-
ing mechanisms at both interfaces (Fig. 7; calculation details in
Text S5 in Appendix A) revealed that Donnan equilibrium domi-
nated interfacial partitioning in R90-SC. Moreover, due to the uni-
form axial charge distribution in its selective layer, the relative
contributions of each mechanism were nearly identical at the feed

[ Experimental results

Modeling results of DSPM-DE

and permeate interfaces (Fig. 8(a)). However, for the charge-
asymmetric Janus-structured R90-AC, Donnan equilibrium played
a reduced role at the feed interface but regained dominance at
the permeate interface (Fig. 8(b)). This indicates that asymmetric
charge distribution between the feed and permeate interfaces also
influences ion partitioning results at both boundaries.

In addition to the different contributions of ion partitioning at
the interface, there are significant differences in the intrapore
transport processes between the two membrane structures. For
R90-SC with its uniformly negative internal charge, only SO3~
exhibited a significant concentration decline during transport,
while other ions showed minimal changes within the selective
layer. In contrast, the charge-asymmetric R90-AC demonstrated
substantial concentration gradients for all ions across its selective
layer. Notably, cations (Ca®* and Na*), which experienced sharp
declines at the feed/membrane interface, displayed significant con-
centration increases during intramembrane transport. Conversely,
anions (SO7~ and CI~), with smaller interfacial concentration drops,
underwent marked decreases within the membrane. Convention-
ally, diffusion driven by concentration differences is considered a
key transport mechanism. However, R90-AC’s results revealed
cation concentrations increasing along the permeation direction,
indicating their transport against concentration gradients.

3.4.2. Electromigration’s unique contribution to ion transport under
asymmetric charge distribution

To elucidate the origin and implications of these anomalous
concentration gradients in charge-asymmetric R90-AC, we quanti-
fied the contributions of diffusion (Cy), convection (C.), and electro-
migration (C.) to each ion’s transmembrane transport using the

Modeling results of axial-charge-distributed DSPM-DE
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extended Nernst-Planck equation (Fig. 9; calculation details in
Text S6 in Appendix A) [39]. For charge-symmetric R90-SC, ion
transport was predominantly governed by diffusion and convec-
tion. Electromigration contributed minimally (< 20% for all ions)
and even exhibited negative effects on cation transport, aligning
with literature reports on charge-symmetric membranes. First,
the signs of electromigration contributions reversed compared to
R90-SC—shifting to positive values for cations and negative values
for anions. This indicates electromigration transitioned from
impeding to promoting cation transport, while conversely hinder-
ing anion transport. Moreover, the magnitude of electromigration
contributions increased dramatically, exceeding 100% for cation
transport facilitation, demonstrating its dominant role. This dis-
tinctive “electrostatic dragging” effect directly explains the
observed cation accumulation and anion depletion within R90-
AC’s nanopores.

To further elucidate the mechanistic origin of the “electrostatic
dragging” effect, the electrical potential gradient in membrane
bulk (fj—f). a key parameter in electromigration terms, was identified
as the critical factor governing this anomalous behavior. Leverag-
ing the discretized DSPM-DE model, the spatial potential distribu-
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tion across membrane grid points was extracted for analysis
(Fig. 10; the electric potential distributions for the other two sys-
tems are presented in Fig. S4 in Appendix A). The results revealed
fundamentally distinct potential profiles: R90-SC exhibited minor
potential variations (0.61 mV.-um™') primarily originating from
interfacial Donnan potentials, correlating with its negligible elec-
tromigration contributions. In stark contrast, the asymmetric fixed
charges in R90-AC’s Janus structure generated an intrinsic axial
electric field, creating a steep potential drop from —-0.019 (inlet)
to -0.031 V (outlet)—equivalent to a field strength of
18.87 mV-um~!. This substantial potential gradient directly
accounts for R90-AC’s reversed and amplified electromigration
effects during ion transport.

The direction of this potential gradient-driven electromigration
is determined by ion charge polarity, thus affecting both mono-
and divalent ions. However, in brackish water tests, R90-AC with
its positively charged coating exhibited divergent rejection trends
for divalent (Ca%*, Mg?*, SO3~) versus monovalent (Na*, CI7) ions.
This discrepancy arises because interfacial partitioning mecha-
nisms (Donnan equilibrium and dielectric exclusion) are strongly
valence-dependent (z;), causing more pronounced concentration
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drops for divalent ions at interfaces. Consequently, despite
intramembrane concentration increases for divalent cations, R90-
AC ultimately showed enhanced rejection of Ca%*/Mg?*. Con-
versely, the additional electromigration contribution from asym-
metric selective layers predominantly influenced monovalent
ions: Na* rejection decreased while CI™ rejection increased. This
explains the opposing rejection trends between mono- and di-
valent ions in R90-AC.

3.4.3. Validation of electric field-driven diode effect via bidirectional
permeation experiments

To validate the significance of the internal electric field induced
by fixed charges in Janus membranes on ion transport, permeation
experiments were conducted to examine the differences in ion per-
meation fluxes under forward and reverse transmembrane direc-
tions. By reversing the orientations of the feed and permeate
compartments in permeation experiments, ions can traverse the
selective layer bidirectionally. In Janus structures with axially
asymmetric charge distributions, ion transport along opposite
directions is subjected to opposing forces from the internal electric
field. Consequently, comparative analysis of ion fluxes during for-
ward transport (positive-to-negative charge regions) and reverse
transport (negative-to-positive charge regions) directly reveals
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the intrinsic electric field effects induced by axial charge gradients
on ion transport behavior. Given the more pronounced field effects
on divalent ions, Mg?* and SO%~ were selected as representative
cations and anions, respectively.

The calculated ion fluxes from permeation experiments
revealed distinct behaviors (Fig. 11). For the R90-SC membrane,
both ions showed comparable permeation rates in forward and
reverse directions. In stark contrast, the R90-AC membrane exhib-
ited significant directional dependence: the forward Mg?* flux
(2.69 x 1072 mol-m~2-h!) exceeded the reverse flux (2.98 x 10~>-
mol-m~2-h~!) by nearly an order of magnitude, while SO3~ showed
lower forward (8.21 x 10~ molm™2h"!) than reverse flux
(1.07 x 1072 mol-m~2-h"). These opposing trends align with elec-
tric field effects that the field enhanced Mg?* transport when
aligned with its direction, but impeded SO;~ movement. The Janus
structure thus functioned as an “electrostatic diode,” indicating
that the intrinsic electric field within the selective layer exclusively
permits unidirectional cation transport along the field direction.
Although SO3~ exhibited the expected reverse trend, its smaller
flux difference (compared to Mg?*) reflects intrinsic limitations
from a larger ionic radius and slower diffusion. Mixed-salt condi-
tion data (Fig. 11(b)) corroborated these single-salt observations,
with Mg?* maintaining its order-of-magnitude directional flux
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disparity. These results robustly confirm the proposed electric
field-governed transport mechanism in R90-AC's asymmetric
nanopore structure.

4. Conclusions

In this study, charge-asymmetric Janus structures were success-
fully constructed on the commercial R90-SC membrane by deposit-
ing and crosslinking a positively charged PAH coating, resulting in
the modified R90-AC membrane. The Janus structure (positively
charged top layer and negatively charged bottom layer) was con-
firmed through depth-profiling XPS characterization. By incorpo-
rating axial charge heterogeneity into the DSPM-DE model,
theoretical simulations and experimental validations were per-
formed to analyze ion transport mechanisms in complex brackish
water systems. The modified model achieved accurate predictions
for six ions in brackish water, with average deviations below 8%,
demonstrating the necessity of accounting for axial charge distri-
bution in modeling charge-asymmetric membranes.

Discretized model calculations revealed an intrinsic electric
field (equivalent strength: 18.87 mV-um™') generated by the
asymmetric fixed charges in R90-AC. This field induced a distinct
“electrostatic dragging” effect, quantified by electromigration con-
tributions exceeding 100% for cations and ranging from —50% to
-20% for anions. By correlating interfacial partitioning and
intramembrane transport processes, the opposing rejection trends
for monovalent and divalent ions were explained: interfacial exclu-
sion dominated divalent ion rejection, while electromigration-
driven transport significantly influenced monovalent ions. Specifi-
cally, R90-AC exhibited reduced Na* rejection but enhanced CI~
rejection compared to R90-SC.

Permeation experiments further validated the critical role of the
axial charge gradient. The Janus structure functioned as an “elec-
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trostatic diode,” where Mg?* forward flux (2.69 x 1072 mol-m~2h™")
exceeded reverse flux (2.98 x 10~ mol-m~2-h~!) by nearly an order
of magnitude. These results, consistent across single and mixed salt
conditions, conclusively confirmed the electric field-driven trans-
port mechanism.

This work provides novel insights into ion transport mecha-
nisms in charge-asymmetric Janus nanofiltration membranes and
establishes a theoretical foundation for designing functionalized
selective layers with tailored ion separation capabilities.
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