
 
Eksergi                       ISSN: 1410-394X 

Chemical Engineering Journal                                                                                                                            e-ISSN: 2460-8203  

Vol 23, No. 1. 2026 

 

1 

 

Mechanistic Modeling of a Spiral-Wound Nanofiltration Module using DSPM-DE for High-Purity 

Salt Recovery from Desalination Brine 

Mohamad Sugianto, Ali Altway, Susianto* 

Department of Chemical Engineering, Faculty of Industrial Technology and Systems Engineering, Institut Teknologi Sepuluh 

Nopember, Surabaya, East Jawa, 60111, Indonesia 

 

  
Artikel history: 

 
Submitted 16 November 2025 
Revision 25 November 2025 

Accepted 6 December 2025 
Online 13 December 2025 

 

ABSTRACT: Rejected brine is a concentrated NaCl stream whose elevated Ca²⁺, Mg²⁺, and 

SO₄²⁻ depress the quality of industrial salt. We built a mechanistic model of a spiral-wound 

KeenSen NF1-4040F nanofiltration (NF) element using the Donnan–Steric Pore Model with 

Dielectric Exclusion coupled to the Extended Nernst–Planck equations. Radial transport is 

coupled to axial mass balances and solved at steady, isothermal conditions over 𝑃𝑓 = 2.5  −

12.5 bar and 𝑄𝑓,in = 1.08 − 3.60 m3 h−1. Water flux 𝐽𝑤 increases almost linearly with 𝑃𝑓; along 

the module 𝑄𝑓(𝑧) falls and 𝑄𝑝(𝑧) rises nearly linearly. Recovery increases with 𝑃𝑓 but decreases 

with 𝑄𝑓,in. Flux decomposition shows cations are convention-dominated, whereas anions carry 

larger shares of diffusion and electromigration. Predicted end-of-module rejections are SO4
2−≈ 

99.0-99.3%, Mg2+≈ 97.6-98.1%, Ca2+≈ 96.0-96.6%, Cl−≈ 88-89%, and Na+≈ 74-75%, 

confirming divalent ≫ monovalent selectivity. Linking to product quality, the simulated 

permeate at 𝑃𝑓 = 12.5 bar and 𝑄𝑓 = 2.34 m3 h−1 yields a conservative dry-salt purity of ~96.9 

wt% NaCl when all non-halite salts co-precipitate. Under halite-first crystallization with a 

gypsum pre-step and bittern purge, only a minor fraction co-crystallizes, giving ≥98.5 wt% 

(≈99.5 wt% for a 20% co-crystallization assumption). Thus, operating at moderate-to-high 𝑃𝑓 

with moderate cross-flow not only maximizes recovery and divalent rejection but also supplies 

a permeate that can be crystallized to SNI-compliant high-purity salt. 

Keywords: nanofiltration; rejected brine; DSPM-DE; divalent ions; high-purity salt 

1. Introduction 

Industrial salt is a key inorganic commodity used as a 

reactant, electrolyte, or processing aid in multiple sectors, 

including chlor-alkali production, food processing, textiles, 

leather, water treatment, and pharmaceuticals. In Indonesia, 

national demand for industrial-grade salt has been reported 

in the range of 3.8 - 4.0 million tonnes per year, while 

domestic production of high-purity salt remains structurally 

insufficient, so that a large share of demand is still met by 

imports. The chlor-alkali, glass, and related chemical 

industries account for the largest portion of this demand and 

require feed salt with high NaCl content and low levels of 

divalent cations such as Ca²⁺ and Mg²⁺ to avoid scaling, 

membrane fouling, and product quality problems (Hista 

Saputra et al., 2022). As a result, the development of 

alternative, higher-purity salt feedstocks is strategically 

important for reducing import dependence and improving 

the resilience of Indonesia’s process industries. 

One promising but underutilised source of 

concentrated brine is the reject stream from seawater 

desalination plants. Seawater desalination capacity has 

expanded rapidly worldwide, especially in arid and coastal 
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regions, generating large volumes of high-salinity brine that 

are commonly discharged back to the marine environment. 

Global estimates suggest that desalination plants produce 

more than 140 million m³ of brine per day, often with salinity 

up to twice that of ambient seawater and containing process 

chemicals and trace metals (Jones et al., 2019; Omerspahic 

et al., 2022). If released without adequate management, this 

brine can increase salinity and temperature in the receiving 

waters, alter marine community structure, and degrade 

coastal ecosystems. At the same time, the high ionic strength 

and significant NaCl content of rejected brine make it an 

attractive candidate for valorisation pathways such as 

resource recovery and industrial salt production, in line with 

zero-liquid-discharge and circular-economy strategies 

(Omerspahic et al., 2022). 

A key challenge in upgrading rejected brine to 

industrial-grade salt is the selective removal of divalent 

cations such as Ca²⁺ and Mg²⁺, which promote 

hygroscopicity, caking, and scaling, and thus reduce the 

usability of the product in chlor-alkali and other sensitive 

processes. Membrane nanofiltration (NF) is particularly 

suited to this task because its separation characteristics lie 

between reverse osmosis (RO) and ultrafiltration (UF): NF 
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typically operates at lower transmembrane pressures than 

RO, offers higher water flux, and exhibits strong preferential 

rejection of multivalent ions over monovalent ones (EL 

Idrissi et al., 2024; Izadpanah & Javidnia, 2012). Recent 

studies on NF treatment of RO brine and diluted seawater 

have reported 79 - 89% removal of total dissolved solids 

(TDS) and 96 - 98% removal of total hardness, with 

especially high retention of Ca²⁺ and Mg²⁺, demonstrating 

the technology’s potential as a pre-treatment or stand-alone 

step for brine valorisation and scale control (Ali, 2021; 

Izadpanah & Javidnia, 2012). NF has also been applied to 

desalination brines specifically to recover water and reduce 

scaling precursors, often achieving high divalent-ion 

rejection at moderate operating pressures and recoveries 

(Avramidi et al., 2025). 

To design NF systems that can reliably upgrade 

rejected brine into a suitable salt feedstock, it is not sufficient 

to rely solely on empirical performance curves; a 

mechanistic understanding of transport and exclusion 

phenomena in charged nanopores is required (Yudhi 

Pamungkas et al., 2025). Over the past two decades, the 

Donnan Steric Pore Model combined with Dielectric 

Exclusion (DSPM-DE) has emerged as a comprehensive 

framework for describing ion and water transport in NF 

membranes. The model solves the Extended Nernst-Planck 

(ENP) equations for each ionic species, accounting for 

diffusion, convection, and electromigration within the pores, 

while representing ion partitioning at the membrane 

interface through Donnan electrostatic exclusion, steric 

hindrance, and a dielectric exclusion term based on Born 

solvation energy differences between the pore and the bulk 

solution (Agboola et al., 2015; Roy et al., 2017; Saavedra et 

al., 2024a). Classical work by Bowen and co-workers 

established the DSPM-DE formulation and highlighted the 

importance of dielectric exclusion for multivalent ions, 

while more recent contributions have extended the model to 

examine temperature effects, membrane charge and pore 

size distributions, and the separate roles of Donnan versus 

dielectric exclusion in controlling selectivity (Agboola et al., 

2015; Saavedra et al., 2024a). 

Recent studies have used DSPM-DE to analyse 

increasingly complex NF systems, including 

multicomponent feeds and composition-tailored 

membranes. Cevallos-Cueva and co-author., (2025), for 

example, applied DSPM-DE to nitrate-selective NF 

membranes and showed that dielectric exclusion and 

diffusion jointly dominate sulfate rejection, leading to very 

high SO₄²⁻ retention (≈96 - 99%) while allowing partial 

passage of NO₃⁻; negative apparent rejection of nitrate was 

observed under certain conditions due to coupled transport 

phenomena. In a follow-up study, the same group 

investigated Na⁺ / Mg²⁺ selectivity in interfacially 

polymerised NF membranes and demonstrated how 

variations in piperazine and trimesoyl chloride 

concentrations modify membrane charge density, pore 

structure, and ultimately the Na⁺ / Mg²⁺ separation factor, 

again using DSPM-DE as the modelling backbone. These 

works illustrate how mechanistic modelling can connect 

membrane formulation, operating conditions, and 

multicomponent ion transport in a physically interpretable 

way. 

However, most DSPM-DE-based studies to date focus 

on idealised conditions such as synthetic salt solutions, 

potable-water treatment, or specific pollutant removal, and 

only a limited number address real rejected brine 

compositions that include Na⁺, Cl⁻, Ca²⁺, Mg²⁺, and SO₄²⁻ at 

high salinity levels representative of seawater desalination 

plants (Izadpanah & Javidnia, 2012; Omerspahic et al., 

2022). Furthermore, relatively few works explicitly couple 

the radial (pore-scale) transport description of DSPM-DE 

with axial mass-balance equations along spiral-wound 

modules to explore process-scale performance metrics such 

as recovery, concentration profiles, and trade-offs between 

divalent-ion rejection and energy consumption. As a result, 

there is still a need for mechanistic models that can (i) 

capture the selective removal of Ca²⁺ and Mg²⁺ from realistic 

rejected brine streams, (ii) resolve the contributions of 

diffusion, convection, and electromigration to overall ion 

transport, and (iii) provide operating maps that are directly 

useful for designing NF-based routes to high-purity 

industrial salt. 

Accordingly, this study develops a steady-state, 

isothermal DSPM-DE / ENP model for a commercial spiral-

wound NF element (KeenSen NF1-4040F) treating a 

realistic five-ion, high-salinity rejected brine (Na⁺, Cl⁻, Ca²⁺, 

Mg²⁺, SO₄²⁻). Unlike single-salt analyses, the formulation 

couples radial ENP transport inside charged nanopores with 

axial mass balances, enabling spatially resolved predictions 

of permeate-water flux and per-ion rejection along the 

module. The framework further quantifies, for each ion and 

position, the relative shares of convection, diffusion, and 

electromigration, thereby clarifying why divalent ions are 

preferentially excluded. To make the results directly usable, 

we construct an operator-oriented map of the 𝑃𝑓 - 𝑄𝑓 space 

that links stage recovery to product quality and delineates 

practical windows for high-purity salt production. Model 

outputs are triangulated against NF90-type reference data to 

ensure semi-quantitative plausibility. We hypothesize that 

moderate-to-high feed pressure combined with moderate 

cross-flow maximizes divalent-ion rejection by 

strengthening dielectric exclusion while limiting 

concentration polarization, supporting the upgrading of 

rejected brine into a high-purity salt feedstock. 

2. Materials and Methods 

2.1 Modeled System and Operating Conditions 

The nanofiltration (NF) module is represented as an 

equivalent flat “unwound” leaf of a spiral-wound KeenSen 

NF1-4040F element. Cross-flow occurs along the axial 

coordinate 𝑧 ∈ [0, 𝐿] in the feed channel, while solvent and 

ion transport through the active layer are resolved in the 

radial coordinate 𝑥 ∈ [0, 𝛿𝑥]. The electrolyte contains five 

ionic species, Na+, Cl-, Ca2+, Mg2+, and SO4
2-, which are 

assumed to satisfy local electroneutrality everywhere inside 

the pore solution. Steady-state, isothermal conditions (𝑇 =
298.15 K) are imposed, with the brine treated as an 

incompressible Newtonian fluid of constant bulk density and 

viscosity over the operating range, consistent with 
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mechanistic NF models for spiral-wound leaves in the 

literature (Bowen & Welfoot, 2002; Roy et al., 2015). 

The feed composition is based on a representative 

rejected brine stream. On a molar concentration basis 

(mol·m-3), the inlet feed contains Na+ = 466.01, Cl- = 681.04, 

Ca2+ = 7.78, Mg2+ = 38.99, and SO4
2- = 31.80. The bulk 

solution density and viscosity are taken as 𝜌 = 1030.6 

kg·m-3 and 𝜇 = 1.96 mPa·s, respectively, while the Stokes 

radii and bulk diffusivities for each ion follow low-pressure 

NF characterization work (Labban et al., 2017; Suhalim et 

al., 2022). 

Operating conditions span a practical window for brine 

valorization. The feed pressure 𝑃𝑓 is varied between 2.5, 5.0, 

7.5, 10.0, and 12.5 bar (absolute), while the inlet feed flow 

rate 𝑄𝑓,in ranges from 1.08 to 3.60 m3·h-1. The permeate 

pressure 𝑃𝑝 is maintained at 1.01325 bar. These conditions 

cover moderate-pressure NF typical of brine polishing and 

divalent–monovalent fractionation, comparable to recent 

RO-brine NF studies where divalent hardness and sulfate are 

selectively removed (Ali, 2021; Figueira et al., 2023a). 

 

2.2 Physical Parameters and Osmotic Pressure 

Membrane and module parameters are chosen to represent a 

commercial spiral-wound NF element in desalination pre-

/post-treatment. The active layer is modeled as a charged, 

cylindrical-pore medium with effective pore radius 𝑟pore ≈

0.43 nm and active-layer thickness 𝛿𝑥 = 1 𝜇m, while the 

fixed volumetric charge density is set to 𝐶𝑥 ≈ −45mol·m-3, 

typical for negatively charged thin-film composite NF 

membranes operating with multi-ionic brines (Cevallos-

Cueva et al., 2024; Ma et al., 2014). The effective membrane 

area per element is 𝐴mem = 7.2 m2, the module length is 𝐿 =
1.016 m, and the feed-channel hydraulic height is 𝑑ℎ =
100 𝜇m, which yields an equivalent channel cross-section 

𝐴ch ≈ 𝐴mem𝐿−1 = 7.09 × 10−4 m2. 

Permeate-water flux 𝐽𝑤 is computed from a Poiseuille-

type relation for flow through the active layer, 

𝐽𝑤 = 𝐾perm[(𝑃𝑓 − 𝑃𝑝) − 𝑓 Δ𝜋],                                              (1) 

where the hydraulic permeability is 

𝐾perm =
𝑟pore

2

8𝜇 𝛿𝑥
≈ 1.18 × 10−11 m Pa−1s−1,                        (2) 

and 𝑓 ∈ [0,1] is an effective osmotic factor used to 

interpolate between a purely hydraulic response (𝑓 = 0) and 

the full osmotic pressure difference Δ𝜋. Similar forms for 𝐽𝑤 

are standard in DSPM-DE-based NF models for charged 

membranes (Bowen & Welfoot, 2002; Saavedra et al., 

2024). 

The osmotic pressure difference is evaluated from the 

wall concentrations on the feed and permeate sides obtained 

from the concentration-polarization (CP) model. For each 

side 𝑠 (feed or permeate), the solution osmotic pressure is 

approximated using a van ’t Hoff expression, 

𝜋𝑤
(𝑠)

= 𝑅𝑇 ∑ 𝜈𝑖𝐶𝑖,𝑤
(𝑠)

,

𝑖

                                                               (3) 

and the driving osmotic difference is 

Δ𝜋 = 𝜋𝑤
(feed)

− 𝜋𝑤
(perm)

.                                                             (4) 

Here 𝑅 is the universal gas constant, 𝑇is the absolute 

temperature, 𝜈𝑖 is the van ’t Hoff factor for ion 𝑖, and 𝐶𝑖,𝑤
(𝑠)

 is 

the wall concentration at side 𝑠. This formulation is widely 

used in mechanistic NF analyses of multi-ionic brines and 

SWRO retentates (Labban et al., 2017; Micari et al., 2020). 

To address robustness in the absence of in-house 

characterization, we add an analytical sensitivity rationale. 

From (2), 𝐾perm ∝ 𝑟pore
2 , so a +10% change in 𝑟pore implies ≈ 

+21% in 𝐾perm (and hence a comparable first-order increase 

in 𝐽𝑤 and stage recovery if all else is fixed). Steric 

partitioning for a solute of hydrated radius 𝑎𝑖 scales as Φ𝑖 ≈
(1 − 𝜆𝑖)

2with 𝜆𝑖 = 𝑎𝑖/𝑟pore; thus 𝑟pore ↑ reduces steric 

exclusion and tends to lower %rejection, most noticeably for 

larger / multivalent ions (Bowen & Welfoot, 2002). 

Conversely, increasing ∣ 𝐶𝑥 ∣ strengthens Donnan exclusion, 

roughly via 𝐾𝑖 ∼ exp (−𝑧𝑖𝐹𝜓𝐷/𝑅𝑇) with 𝜓𝐷 increasing 

with ∣ 𝐶𝑥 ∣, so anion rejection (Cl⁻, SO₄²⁻) increases, while 

cation response reflects a balance of convection vs. 

electromigration (Cevallos-Cueva et al., 2025; Saavedra et 

al., 2024a). These analytical trends are consistent with 

published DSPM-DE sensitivities and with the semi-

quantitative NF90 sanity-check, indicating that our main 

conclusions (high divalent rejection at moderate–high 𝑃𝑓 

with moderate cross-flow) are robust to ±10% uncertainty in 

𝑟poreand 𝐶𝑥. 

2.3 Radial Transport Model (DSPM-DE + ENP) 

Ion transport inside the charged pores is described by the 

Donnan Steric Pore Model with Dielectric Exclusion 

(DSPM-DE), written in the framework of the Extended 

Nernst-Planck (ENP) equation. The total molar flux of ion 𝑖, 
𝐽𝑖 , is the sum of convection, diffusion, and electromigration, 

𝐽𝑖 = 𝐾𝑖𝑐  𝐶𝑖 𝐽𝑤 − 𝐷𝑖
𝑒  

𝑑𝐶𝑖

𝑑𝑥
−

𝑧𝑖𝐹

𝑅𝑇
 𝐷𝑖

𝑒  𝐶𝑖  
𝑑𝜓

𝑑𝑥
,                          (5) 

where 𝐾𝑖𝑐 is a convective hindrance factor, 𝐷𝑖
𝑒 = 𝐾𝑖𝑑𝐷𝑖,∞ is 

the effective diffusivity in the pore (with 𝐾𝑖𝑑 a diffusive 

hindrance factor and 𝐷𝑖,∞ the bulk diffusivity), 𝑧𝑖 is ion 

valence, 𝐹is Faraday’s constant, and 𝜓(𝑥) is the 

dimensionless electrostatic potential. This formulation 

follows earlier DSPM-DE developments for NF membranes 

treating multi-ion solutions (Bandini & Vezzani, 2003; 

Bowen & Welfoot, 2002; Szymczyk et al., 2009). 

Concentration polarization at the feed-side wall is accounted 

for through a film model. For each ion, the wall 

concentration on the feed side is 
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𝐶𝑖,𝑤 = 𝐶𝑖,bulk exp (
𝐽𝑤

𝑘𝑚
),                                                         (6) 

where the mass-transfer coefficient 𝑘𝑚is obtained from a 

Sherwood correlation, 

𝑘𝑚 =
Sh 𝐷𝑖,∞

𝑑ℎ
,   Sh = 0.079 Re0.8 Sc

0.33,                           (7) 

with Reynolds and Schmidt numbers defined in the usual 

way from local channel hydrodynamics. Such CP 

correlations are commonly used in NF modeling for 

desalination and brine management (Suhalim et al., 2022) 

Ion partitioning at the membrane interfaces is described by 

Donnan equilibrium combined with steric and dielectric 

exclusion. On each side 𝑠 ∈ {feed, perm}, the concentration 

at the membrane side of the interface is 

𝐶𝑖,mem

(𝑠)
= Φ𝑖  Φ𝐵,𝑖 𝐶𝑖,𝑤

(𝑠)
exp (−

𝑧𝑖𝐹

𝑅𝑇
 𝜓𝐷

(𝑠)
),                              (8) 

where Φ𝑖 = (1 − 𝜆𝑖)
2 is the steric partition coefficient with 

𝜆𝑖 = 𝑟𝑖/𝑟pore, Φ𝐵,𝑖 is a Born factor accounting for the 

dielectric contrast between bulk solution and pore fluid, and 

𝜓𝐷
(𝑠)

 is the Donnan potential at side 𝑠. The Donnan potentials 

are obtained from electroneutrality at each membrane 

interface, 

∑ 𝑧𝑖𝐶𝑖,mem

(𝑠)
+ 𝐶𝑥 = 0.

𝑖

                                                             (9) 

Inclusion of Φ𝐵,𝑖 implements dielectric exclusion in the 

sense of DSPM-DE and has been shown to be essential to 

capture multivalent-ion rejection in NF and negative 

rejections in certain co-ion systems (Bandini & Vezzani, 

2003; Cevallos-Cueva et al., 2024; Saavedra et al., 2024a). 

Equations (5), together with electroneutrality in the 

pore and the expression for 𝐽𝑤, define a coupled system of 

ordinary differential equations (ODEs) for 𝜓(𝑥) and 𝐶𝑖(𝑥) 

across the active layer. Boundary conditions are set by the 

interface concentrations and Donnan potentials: 𝜓(0) =

𝜓𝐷
(feed)

, 𝐶𝑖(0) = 𝐶𝑖,mem

(feed)
, 𝜓(𝛿𝑥) = 𝜓𝐷

(perm)
, and 𝐶𝑖(𝛿𝑥) =

𝐶𝑖,mem

(perm)
. The Donnan potentials 𝜓𝐷

(𝑠)
 are obtained by solving 

Eq. (9) via root-finding at each interface. This approach 

follows recent mechanistic DSPM-DE analyses for nitrate-

selective and brine-treatment NF membranes (Cevallos-

Cueva et al., 2024; Ghorbani et al., 2021). 

 

2.4 Axial Module Model and Performance Indicators 

Figure 1 illustrates the equivalent “unwound” flat-sheet 

representation of the spiral-wound nanofiltration element 

used in this work. The membrane leaf has length 𝐿and width 

𝑊, with a thin active layer of thickness Δ𝑥 separating the 

feed channel (height ℎ𝑓) from the permeate channel (height 

ℎ𝑝). Feed solution enters at 𝑧 = 0 with volumetric flow rate 

𝑄𝑓,in and bulk concentrations 𝐶𝑖,in, while permeate is 

collected along the permeate channel and exits at 𝑧 = 𝐿 with 

flow rate 𝑄𝑝(𝐿). The schematic also highlights the local 

solvent flux 𝐽𝑤(𝑧) and solute fluxes 𝐽𝑖(𝑧) across the 

membrane, which couple the radial transport model to the 

axial mass balances. This geometric idealization follows the 

flat-sheet / spiral-wound formulation used in large-scale 

DSPM-DE simulations of seawater nanofiltration (Roy et 

al., 2015). 

For numerical solution, the module is discretized into 

𝑁axial control volumes of equal length Δ𝑧 = 𝐿/𝑁. Each 

segment 𝑘(with axial coordinate 𝑧𝑘) is associated with a 

membrane area 

𝐴seg   =   
𝐴mem

𝐿
 Δ𝑧                                                                   (10) 

where 𝐴mem is the total active membrane area of the element. 

Within each segment, the radial DSPM-DE model provides 

the local solvent flux 𝐽𝑤(𝑘) and ion fluxes 𝐽𝑖(𝑘), which are 

assumed uniform over 𝐴seg for that segment. This finite-

volume coupling between local pore transport and axial bulk 

flow is standard in mechanistic NF simulations and has been 

successfully applied to multi-ionic feeds such as seawater 

and ion-exchange regenerant solutions (Micari et al., 2020; 

Roy et al., 2015). 

 

 

 

 

 

 

 

Figure 1. Schematic of the equivalent flat-sheet 

representation of the spiral-wound NF leaf, showing 

membrane length 𝐿, width 𝑊, active-layer thickness 𝛥𝑥, 

feed and permeate channel heights (ℎ𝑓 and ℎ𝑝), and the 

axial variation of feed and permeate flow rates 𝑄𝑓(𝑧) and 

𝑄𝑝(𝑧). Adapted from Roy et al. (2015) 

 

The axial water-flow balances for feed and permeate 

streams across segment 𝑘 → 𝑘 + 1are written as 

𝑄𝑓
(𝑘+1)

= 𝑄𝑓
(𝑘)

− 𝐽𝑤
(𝑘)

𝐴seg                                                    (11a) 

𝑄𝑝
(𝑘+1)

= 𝑄𝑝
(𝑘)

+ 𝐽𝑤
(𝑘)

𝐴seg                                                    (11b) 

where 𝑄𝑓
(𝑘)

 and 𝑄𝑝
(𝑘)

 are the segment-inlet flow rates of the 

feed and permeate, respectively. These relations enforce 

conservation of water: the volume that permeates through 

the membrane in each segment is subtracted from the feed 

channel and added to the permeate channel. Similar axial 

balance formulations are widely used in spiral-wound NF 

and RO modeling to capture the gradual increase of recovery 

and concentration along the feed path. 

For each ionic species 𝑖, the discrete component mass 

balances in the retentate and permeate channels over 

segment 𝑘 are formulated to match the thesis model exactly. 

The retentate balance is 

𝐶𝑖,𝑅
(𝑘+1)

= 𝐶𝑖,𝑅
(𝑘)

+
−𝐽𝑖

(𝑘)
𝐴seg − 𝐶𝑖,𝑅

(𝑘)
(𝑄𝑓

(𝑘+1)
− 𝑄𝑓

(𝑘)
)

max (10−30, 𝑄𝑓

(𝑘)
)

,       (12) 
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and the permeate balance is 

𝐶𝑖,𝑃
(𝑘+1)

= 𝐶𝑖,𝑃
(𝑘)

+
𝐽𝑖

(𝑘)
𝐴seg − 𝐶𝑖,𝑃

(𝑘)
(𝑄𝑝

(𝑘+1)
− 𝑄𝑝

(𝑘)
)

max (10−30, 𝑄𝑝
(𝑘)

)
,          (13) 

Here 𝐶𝑖,𝑅
(𝑘)

 and 𝐶𝑖,𝑃
(𝑘)

 are the bulk concentrations of 

species 𝑖in the retentate and permeate channels at the inlet of 

segment 𝑘, and the small denominator cut-off avoids 

numerical division by zero at the module inlet. The first term 

in each numerator accounts for the net radial flux 𝐽𝑖
(𝑘)

 𝐴seg, 

while the second term represents dilution or concentration 

effects caused by the axial change in volumetric flow. This 

discrete formulation is equivalent to integrating the 

differential component balances along 𝑧under the 

assumptions of plug flow and negligible axial dispersion, 

which are typical for cross-flow nanofiltration modules 

(Bowen & Welfoot, 2002). 

At the module outlet 𝑧 = 𝐿, two key performance 

indicators are evaluated. The stage recovery is defined as 

Rec   =   
𝑄𝑝(𝐿)

𝑄𝑓,in
                                                                       (14) 

which measures the fraction of the incoming feed converted 

to permeate. The overall rejection of ion 𝑖is calculated from 

the ratio of outlet molar flow rates in the permeate and 

retentate streams, 

%𝑅𝑖   =   100 [1 −
𝑛̇𝑖,𝑃(𝐿)

𝑛̇𝑖,𝑅(𝐿)
],                                                (15) 

𝑛̇𝑖,𝑃(𝐿) = 𝑄𝑝(𝐿) 𝐶𝑖,𝑃(𝐿),                                                     (16a) 

 𝑛̇𝑖,𝑅(𝐿) = 𝑄𝑓(𝐿) 𝐶𝑖,𝑅(𝐿).                                                    (16b) 

These definitions are consistent with common practice 

in NF modeling and experimental characterization, 

facilitating comparison with literature data on multi-ionic 

separations and on the performance of commercial 

nanofiltration membranes (Ghorbani et al., 2021; Micari et 

al., 2020).  

2.5 Numerical Solution Strategy and Model Verification 

The DSPM-DE + ENP system in the radial coordinate is 

solved using MATLAB’s explicit ODE45 solver, an 

adaptive Runge-Kutta (4, 5) method, with relative and 

absolute tolerances set to 10−7and 10−9, respectively. For 

each axial segment, the CP correlation is evaluated from the 

local cross-flow conditions, the Donnan potentials at both 

interfaces are obtained from Eq. (9) via a scalar root-finding 

routine, and the resulting initial conditions are used to 

integrate the ODE system for 𝜓(𝑥) and 𝐶𝑖(𝑥) across the 

active layer. The resulting 𝐽𝑤
(𝑘)

 and 𝐽𝑖
(𝑘)

are then passed to the 

axial marching scheme (Eqs. (11) - (13)) to advance from 

segment 𝑘to 𝑘 + 1 until 𝑧 = 𝐿. This iterative CP-Donnan-

ODE coupling per segment is consistent with recent DSPM-

DE implementations for spiral-wound NF modules 

(Ghorbani et al., 2021; Roy et al., 2015). 

At the module inlet, initial conditions are set to 

𝑄𝑓(0) = 𝑄𝑓,in, 𝑄𝑝(0) = 0, 𝐶𝑖,𝑅(0) = 𝐶𝑖,feed, and 𝐶𝑖,𝑃(0) =

0. In selected scenarios, an effective osmotic factor 𝑓 is 

calibrated by bisection within a bounded interval [0, 𝑓max] to 

match a target overall recovery (e.g., 15%) with a tolerance 

of 5 × 10−4. For pure hydraulic tests, 𝑓is set to zero in Eq. 

(1) to highlight the linear response of 𝐽𝑤 to 𝑃𝑓. Similar 

strategies have been used to tune effective osmotic 

contributions in NF simulations of brine-valorization trains 

(Labban et al., 2017; Roy et al., 2015). 

Internal verification includes (i) approximately linear 

𝐽𝑤 - 𝑃𝑓 behavior in the purely hydraulic limit, (ii) overall 

mass balance closure with total mass-flow discrepancies 

well below 0.1%, (iii) absence of negative values for 

concentrations or flow rates, and (iv) physically consistent 

axial trends (monotonic decrease of 𝑄𝑓(𝑧), increase of 

𝑄𝑝(𝑧), and progressive concentration of 𝐶𝑖,𝑅(𝑧)). External 

validation is performed by comparing predicted recoveries 

and ion rejections against data and trends from NF studies 

on RO brines and multi-ionic feeds of comparable salinity 

and composition (Ali, 2021; Cevallos-Cueva et al., 2024; 

Ghorbani et al., 2021; Micari et al., 2020). 

3. Results & Discussion 

3.1 Hydrodynamic Behaviour: Water-Flux Response to 

Feed Pressure and Module Mass Balance 

We first verify that the simulated hydraulics of the KeenSen 

NF1-4040F element behave in a physically consistent way. 

Figure 2 shows the permeate-water flux 𝐽𝑤 as a function of 

feed pressure 𝑃𝑓 in the range 2.5 - 12.5 bar for a 

representative inlet flow rate.  

 

 

 

 

 

Figure 2. Solvent flux Jw (m/s) against Pf (bar) in hydraulic 

test. 

The model predicts an almost linear increase of 𝐽𝑤 with 

𝑃𝑓, which reflects a nearly constant hydraulic permeability 

𝐿𝑝 and limited membrane compaction within this pressure 

window. This behaviour is in line with experimental 

nanofiltration studies, where pure-water flux is typically 

proportional to the effective transmembrane pressure until 

either compaction or strong concentration-polarization 

effects appear (Shahgodari et al., 2023). 
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Beyond the local flux–pressure relation, it is important 

to check whether the axial variation of the bulk flow rates 

remains consistent with overall mass conservation. Figure 3 

illustrates the axial profiles of the retentate flow rate 𝑄𝑓(𝑧) 

and permeate flow rate 𝑄𝑝(𝑧) along the dimensionless 

module length 𝑧/𝐿 for selected combinations of 𝑃𝑓 and inlet 

flow rate 𝑄𝑓,in. As water permeates through the membrane, 

𝑄𝑓(𝑧) decreases monotonically while 𝑄𝑝(𝑧) increases, and 

both trends are close to linear under conditions where 𝐽𝑤 is 

nearly uniform. This pattern confirms that the discretised 

model correctly couples the radial transport across the 

membrane with the longitudinal mass balance, similar to 

other axial-discretisation approaches for nanofiltration 

modules used in process design and optimisation (Hubach et 

al., 2023). 
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(b) 

Figure 3. Axial hydrodynamic behaviour of the NF module 

at 𝑄𝑓,in = 2.34 m3h
−1

 for different feed pressures 𝑃𝑓: (a) 

retentate flow rate 𝑄𝑓(𝑧); (b) permeate flow rate 𝑄𝑝(𝑧) 

 

Taken together, Figures 2, 3(a), and 3(b) provide a 

hydrodynamic “sanity check” for the model: the element 

behaves as expected for a spiral-wound NF module operated 

in cross-flow, with a nearly linear 𝐽𝑤 - 𝑃𝑓 relationship and 

smooth, monotonic evolution of 𝑄𝑓 and 𝑄𝑝 along the 

module, before moving on to more detailed analyses of 

recovery and ion-transport mechanisms in the following 

subsections. 

 

3.2 Stage Recovery and Operating Window 

Stage recovery is defined as the ratio between the permeate 

flow rate at the module outlet and the inlet feed flow rate, 

Rec = 𝑄𝑝(𝐿)/𝑄𝑓,in (see Section 2.4). For a single-pass 

nanofiltration module operated at fixed hydraulic conditions, 

increasing the feed pressure 𝑃𝑓generally raises the solvent 

flux 𝐽𝑤, enlarges 𝑄𝑝(𝐿), and therefore increases recovery. In 

contrast, increasing the inlet flow rate 𝑄𝑓,in mainly affects 

the denominator in the recovery expression, so that higher 

cross-flow tends to lower the stage recovery at constant 

pressure. This qualitative behaviour is consistent with recent 

DSPM-DE based simulations and experiments on multi-

ionic feeds, which report higher recoveries at larger 

transmembrane pressure but a systematic decrease in 

recovery as the feed flow or cross-flow velocity is increased 

(Ghorbani et al., 2021). 

Figure 4 summarises the simulated end-of-module 

recovery as a function of 𝑄𝑓,in for five feed-pressure levels 

(𝑃𝑓 = 2.5 - 12.5 bar). A horizontal dashed line marks the 

design target of 15% recovery. At fixed pressure, the 

recovery curves decrease non-linearly as 𝑄𝑓,in is raised. The 

concave-down shape reflects the fact that, under the 

hydraulic scenario considered here, 𝑄𝑝(𝐿) is controlled 

primarily by 𝐽𝑤 and the available membrane area and is 

therefore only weakly dependent on 𝑄𝑓,in, whereas the 

denominator in Rec = 𝑄𝑝(𝐿)/𝑄𝑓,in increases linearly with 

the feed flow. As a result, recovery approximately scales 

with 1/𝑄𝑓,in at constant 𝑃𝑓, reproducing the “recovery 

decreases with increasing feed flow” trend reported for NF 

treatment of multi-ionic solutions operated at different cross-

flow velocities (Ghorbani et al., 2021). 

 

 

 

 

 

 

 

Figure 4. Simulated end-of-module recovery as a function 

of feed flow rate 𝑄𝑓,in for different feed pressures 𝑃𝑓; the 

dashed line indicates the design target of 15% recovery 

The second clear feature in Figure 4 is the upward shift 

of the entire recovery curve when 𝑃𝑓is increased. At the 

lowest feed flow (𝑄𝑓,in = 1.08 m3. h−1
), the model predicts 

final recoveries of approximately 4, 11, 19, 26, and 34% for 

𝑃𝑓 = 2.5, 5.0, 7.5, 10.0, and 12.5 bar, respectively. This 

monotonic increase is expected because higher pressure 

directly raises the driving force for solvent transport and thus 

the permeate production at fixed membrane area. Similar 

positive correlations between recovery and transmembrane 

pressure have been observed in long-term NF operation with 

ceramic and polymeric membranes, where recovery set-

points between 40 - 80% are achieved by tuning the pressure 
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window while monitoring fouling and salt rejection (Cabrera 

et al., 2022). 

The 15% target line in Figure 4 provides a practical 

operating map for the KeenSen NF1-4040F element treating 

rejected brine. According to the simulations, 𝑃𝑓 = 12.5bar 

meets or exceeds the 15% recovery target up to 

approximately 𝑄𝑓,in ≈ 2.4 m3. h−1
, whereas 𝑃𝑓 = 10.0bar 

satisfies the target up to 𝑄𝑓,in ≈ 2.0 m3. h−1
. At 𝑃𝑓 = 7.5 

bar, the target is only reached for relatively low feed flow 

rates (𝑄𝑓,in ≲ 1.5 m3. h−1
), while 5.0 and 2.5 bar do not 

achieve 15% recovery within the investigated flow range. 

These trends align with NF design studies showing that 

higher pressure increases recovery but also strengthens 

concentration polarisation and the risk of scaling, whereas 

higher cross-flow mitigates polarisation at the cost of 

reduced single-pass recovery (Giacobbo et al., 2018). 

Overall, the simulated recovery map indicates that the design 

target of 15% can be attained by combining moderately high 

feed pressures with moderate feed flow rates, while lower-

pressure operation would require either longer modules or 

multi-stage configurations to reach similar overall recovery. 

This compact representation of the operating window serves 

as a convenient first-screening tool before moving to more 

detailed analyses of ion transport, concentration profiles, and 

rejection performance in the following subsections 

(Ghorbani et al., 2021; Giacobbo et al., 2018). 

3.3 Ion Rejection Performance: Divalent vs. Monovalent 

Ion rejection is used as a compact metric for how effectively 

the nanofiltration membrane retains each species relative to 

its passage into the permeate stream. In this work, end-of-

module rejection for ion i is defined on a molar-flow basis at 

the outlet segment, which is equivalent to the more common 

concentration–based form 100 (1 − 𝐶𝑖,𝑃/𝐶𝑖,𝐹)when the bulk 

volumetric flow is nearly constant. This definition is 

consistent with recent NF studies that treat rejection as a 

module-scale performance indicator directly linked to the 

mass balance of each ionic species (Thabo et al., 2021). Over 

the investigated operating window, the simulated end-of-

module rejections fall into a clear hierarchy, with divalent 

ions strongly favoured over monovalent ions (Table 1). 

The ordering SO₄²⁻ > Mg²⁺ ≳ Ca²⁺ ≫ Cl⁻ > Na⁺ reflects 

the combined action of steric hindrance, Donnan exclusion 

and dielectric exclusion in the DSPM-DE framework. 

Divalent ions experience a stronger electrostatic and 

dielectric penalty when entering the narrow pores, while 

monovalent ions are less strongly repelled and therefore 

display lower rejections.  

This divalent ≫ monovalent pattern, together with 

improved rejection at higher cross-flow velocities, is 

consistent with recent ENP-based modelling and 

experimental work on charged NF membranes, which show 

that charge selectivity and dielectric exclusion dominate the 

separation of multi-ionic brines in the typical NF pore-size 

range (Lu et al., 2022; Popova et al., 2023; Saavedra et al., 

2024a). 

Table 1. Simulated end-of-module rejection ranges for each 

ion (baseline operating window) 

Ion Charge %Rejection 

Na+ +1 74 – 75 % 

Cl- -1 88 – 89 % 

Ca2+ +2 96.0 – 96.6 % 

Mg2+ +2 97.6 – 98.1 % 

SO4
2- -2 99.0 – 99.3 % 

 

For the monovalent cations and anions, Na⁺ and Cl⁻, 

the model predicts moderate rejections of ≈74 - 75% and ≈88 

- 89%, respectively. Na⁺ is the least rejected ion because it 

experiences the weakest combination of steric and 

electrostatic exclusion; its small hydrated radius and single 

positive charge make convective transport with the solvent 

flux the dominant mechanism, so that increases in 

transmembrane pressure tend to enhance Na⁺ advection 

more than they enhance its electrostatic repulsion. 

Consequently, at fixed feed flow rate, raising feed pressure 

can slightly decrease the apparent Na⁺ rejection in the low-

to-moderate pressure region, a behaviour also reported in NF 

studies of saline and surface waters when concentration-

polarisation is not fully controlled (Tonova et al., 2020). In 

contrast, increasing the cross-flow rate Qf,in systematically 

improves Na⁺ and Cl⁻ rejection by thinning the 

concentration-polarisation layer, lowering wall 

concentrations and moving the system closer to the intrinsic 

selectivity of the membrane; this trend aligns with 

hydrodynamic analyses that link higher cross-flow velocities 

to reduced CP and improved salt rejection (Lai et al., 2021; 

Tonova et al., 2020). 

The divalent cations Ca²⁺ and Mg²⁺ exhibit 

significantly higher rejections, in the ranges 96.0 - 96.6% 

and 97.6 - 98.1%, respectively. Their larger hydrated radii 

increase steric hindrance, while the double positive charge 

leads to stronger Donnan exclusion at the negatively charged 

membrane surface, so that only a small fraction of the 

incoming flux is transmitted to the permeate. As cross-flow 

increases, the benefit of reduced concentration-polarisation 

is more modest than for monovalent ions because Ca²⁺ and 

Mg²⁺ are already strongly excluded by charge and dielectric 

effects; nevertheless, the simulations indicate a slight 

upward shift of rejection with Qf,in, in line with experimental 

reports for brackish-water NF where divalent hardness ions 

remain > 95% rejected across a wide hydrodynamic window 

(Saavedra et al., 2024a). These results confirm that, within 

the investigated conditions, nanofiltration can consistently 

suppress Ca²⁺ and Mg²⁺ to levels suitable for high-purity salt 

production.  

Sulfate (SO₄²⁻) is the most strongly rejected species, 

with predicted rejections of 99.0 - 99.3% across the baseline 

operating window. This behaviour is characteristic of 

multivalent anions in charged NF membranes, for which 

dielectric exclusion and Donnan partitioning act 
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synergistically: the high valence and relatively large 

hydrated size of SO₄²⁻ create a substantial Born-energy 

penalty when moving from the high-dielectric bulk solution 

into the lower-dielectric pore environment, in addition to 

electrostatic repulsion by the negatively charged membrane 

matrix. Modern DSPM-DE studies emphasise that, for such 

anions, adjusting membrane charge density and pore 

dielectric constant is more effective for improving 

separation than simply increasing operating pressure, 

especially at intermediate–high salinity where Donnan 

exclusion alone is insufficient (Bargeman et al., 2023; Lu et 

al., 2022). 

The very high SO₄²⁻ rejection predicted here is 

therefore consistent with the mechanistic understanding of 

NF and supports the feasibility of using the modelled module 

to strongly suppress sulfate impurities in rejected-brine 

feeds. 

Overall, the rejection results summarised in Table 3 

confirm that the KeenSen NF1-4040F module, operated 

within the investigated pressure and cross-flow window, 

behaves as a “hardness- and sulfate-selective” NF unit: 

divalent ions are almost completely retained, while 

monovalent ions are only partially rejected. This selectivity 

pattern matches the design objectives of producing higher-

purity salt from rejected brine, where Ca²⁺, Mg²⁺ and SO₄²⁻ 

are the primary impurities that must be minimised to avoid 

hygroscopicity and scaling issues in downstream industrial 

applications (Popova et al., 2023; Saavedra et al., 2024a). 

3.4 Projected Product Purity from Permeate 

Composition (Linking to Industrial-Salt 

Specifications) 

To connect the mechanistic NF results with practical salt 

quality, the simulated permeate composition at a 

representative operating point (here 𝑃𝑓 = 12.5 bar, 𝑄𝑓 =

2.34 m3 h
−1

) was translated into a projected “dry-salt” 

composition after complete water removal. Table 2 

summarizes the simulated ion concentrations (mol.m-3) in 

the retentate and permeate that are used in this calculation. 

Table 2. Simulated ion concentrations (mol.m-3) at 𝑃𝑓 =

12.5 bar, 𝑄𝑓 = 2.34 m3 h
−1

. 

Stream Na+ Cl- Ca2+ Mg2+ SO4
2- 

Retentate 466.007 681.044 7.784 38.996 31.803 

Permeate 125.291 82.021 0.288 0.823 0.247 

Starting from this permeate, a conservative stoichiometric 

mapping was applied that forces all available counter-ions to 

precipitate as neutral salts in the following order (1) Chloride 

pairs first with Ca2+ and Mg2+ to form CaCl2 and MgCl2, (2) 

Any remaining Cl- then pairs with Na+ to form NaCl (3) 

Sulfate pairs with Na+ to form Na2SO4. 

This mapping deliberately maximizes the precipitation 

of non-halite salts (CaCl2, MgCl2, Na2SO4), thereby giving a 

lower-bound estimate of NaCl purity. Using the permeate-

side moles and molar masses (g mol-1) of NaCl 58.44, CaCl2 

110.98, MgCl2 95.21, and Na2SO4 142.04, the resulting dry-

salt composition becomes: 

• CaCl2: limited by Ca2+ → 0.288 mol → 32.1 g 

• MgCl2: limited by Mg2+ → 0.823 mol → 78.4 g 

• Remaining Cl- goes to NaCl: 82.021 − 2 × 0.288 −
2 × 0.823 = 79.812 mol → 4666 g 

• SO4
2- pairs with Na+ → 0.247 mol → 35.1 g 

The corresponding mass fractions are listed in Table 3. 

Table 3. Projected “dry-salt” composition from permeate 

(conservative stoichiometry). 

Component Mass (g) 
Mass Fraction 

(wt%) 

NaCl 4666 96.95 

CaCl2 32.1 0.67 

MgCl2 78.4 1.63 

Na2SO4 35.1 0.73 

Total 4812 100.00 

 

Under this deliberately conservative assumption, the 

projected halite purity is ∼ 96.9 wt% NaCl. This already 

lies within or just below the NaCl ranges specified for 

industrial salt in Indonesian and international standards 

(typically ≥ 96 - 98.5 wt% depending on grade and 

application). Indonesian SNI standards for industrial salt 

(SNI 8207:2016; SNI 0303 series) commonly cite minimum 

NaCl contents in the 96 - 98.5% range for high-grade 

industrial and food-industry salts (Astuti et al., 2021; 

Banerjee et al., 2025). Field and laboratory studies on 

Indonesian salt production likewise use 98.5% NaCl as a 

benchmark for industrial-grade quality (Ojo & Oludolapo, 

2025; Ridha et al., 2016). 

However, this 96.9% value should be interpreted as a 

lower bound for two reasons. First, in practical solar-salt and 

evaporative crystallizer operations, halite (NaCl) tends to 

crystallize first, while the more soluble Mg²⁺, SO₄²⁻, and part 

of the Cl⁻ remain in the mother liquor (bittern). Subsequent 

stages or separate ponds then precipitate Mg- and sulfate-

rich phases (e.g. MgSO₄·xH₂O, kainite, carnallite, gypsum) 

from this bittern stream (Astuti et al., 2021; Sri et al., 2023). 

Recent brine-valorization and salt-recovery studies 

explicitly note that NaCl crystallization produces a halite-

rich solid product, while divalent ions are concentrated in the 

bittern, where they are better recovered as secondary 

products (Morgante et al., 2022). Second, nanofiltration 

pretreatment is now widely proposed as a divalent-ion 

barrier in RO and brine-mining schemes, exploiting the 

typical NF selectivity of “high Ca²⁺/Mg²⁺ rejection, 

moderate NaCl passage” to prevent scaling while preserving 

most monovalent salt (Bagastyo et al., 2021; Ojo & 

Oludolapo, 2025). Pilot-scale and full-scale studies show 

that NF can remove >90 - 98% of Ca²⁺ and Mg²⁺ at modest 

pressures, enabling downstream crystallizers to operate with 

brines already depleted in divalent hardness and enriched in 

NaCl (Ojo & Oludolapo, 2025). In parallel, industrial salt-

purification work using NaOH/Na₂CO₃ precipitation or 

multi-step recrystallization consistently reports that Ca and 
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Mg are preferentially removed as hydroxide, carbonate, or 

gypsum solids in upstream steps, with final NaCl purities 

≥97 - 99% relative to SNI 8207 targets (Astuti et al., 2021; 

Ojo & Oludolapo, 2025; Rismana et al., 2024; Sri et al., 

2023). 

Interpreting our simulation in light of this process-

realistic crystallization sequence leads to a more appropriate 

purity estimate. If the NF permeate is used as feed to a halite 

crystallizer that operates in “halite-first” mode (i.e. Mg2+-

rich bittern purge and gypsum control downstream), the 

crystal phase will be dominated by NaCl, while a significant 

fraction of MgCl2 and Na2SO4 will remain in the mother 

liquor rather than co-crystallizing with halite. This behavior 

is consistent with reported observations for both seawater-

derived saltworks and bittern-recovery schemes, where 

NaCl forms the primary crystalline product and Mg-/sulfate-

rich phases are recovered as co-products from the bittern 

(Astuti et al., 2021; Bagastyo et al., 2021; Gilani et al., 

2024). 

To capture this effect in a simple way, a partition factor 

𝑓can be introduced to represent the fraction of non-halite 

salts that incidentally co-crystallize with the NaCl product 

(with 1 − 𝑓remaining in the bittern). For example, if only 

𝑓 = 0.20 (20%) of MgCl2 and Na2SO4 from Table 3 is 

assumed to enter the halite crystal phase, while 80% is 

rejected to the bittern, the projected crystal composition 

becomes: 

• NaCl: still ≈ 4666 g 

• Co-crystallized non-halite: 0.20 × (78.4 + 35.1) ≈
22.7 g 

The corresponding NaCl mass fraction in the harvested salt 

is then: 

𝑤NaCl,crystal =
4666

4666 + 22.7
≈ 99.5 wt%, 

which is well above the 98.5 wt% NaCl threshold typically 

cited for the highest industrial-salt grades in Indonesia 

(Astuti et al., 2021; Ojo & Oludolapo, 2025). Even for a 

more conservative case, where up to 𝑓 = 0.40of MgCl2 and 

Na2SO4 were to co-crystallize with halite, the calculated 

NaCl purity would still exceed 98.5 wt%. Thus, once 

realistic halite-first crystallization and bittern management 

are accounted for, the NF permeate projected by our model 

is fully compatible with premium industrial-salt 

specifications. 
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Figure 5. Simulated axial ionic flux profiles 𝐽𝑖(𝑧)at 𝑃𝑓 =

10.0 barfor (a) Na+, (b) Cl-, (c) Ca2+, (d) Mg2+, and (e) 

SO4
2- for different inlet feed flow rates 𝑄𝑓,in (1.08–3.60 

m³·h⁻¹). 

In short, the conservative stoichiometry in Table 3 

demonstrates that the NF permeate is already suitable for 

producing at least ≈96 wt% NaCl upon simple evaporation, 

while a process-realistic crystallization interpretation, 

consistent with current brine-valorization and salt-

purification practice, indicates that ≥98.5 wt% NaCl purity 

is achievable, thereby meeting and potentially exceeding 

SNI industrial-salt targets when standard crystallizer 

operation (gypsum control plus bittern purge) is applied 

downstream. 

1.20E-03

1.30E-03

1.40E-03

1.50E-03

1.60E-03

1.70E-03

0.1 0.3 0.5 0.7 0.9 1.1

Ji
 (

m
o

l.
m

-2
.s

-1
)

z (m)

Na+; 10.0 bar; 1.08 m3/hr

Na+; 10.0 bar; 1.71 m3/hr

Na+; 10.0 bar; 2.34 m3/hr

Na+; 10.0 bar; 2.97 m3/hr

Na+; 10.0 bar; 3.60 m3/hr

7.70E-04

8.70E-04

9.70E-04

1.07E-03

1.17E-03

0.1 0.3 0.5 0.7 0.9 1.1

Ji
 (

m
o
l.

m
-2

.s
-1

)

z (m)

Cl-; 10.0 bar; 1.08 m3/hr

Cl-; 10.0 bar; 1.71 m3/hr

Cl-; 10.0 bar; 2.34 m3/hr

Cl-; 10.0 bar; 2.97 m3/hr

Cl-; 10.0 bar; 3.60 m3/hr

2.75E-06

3.15E-06

3.55E-06

3.95E-06

0.1 0.3 0.5 0.7 0.9 1.1

Ji
 (

m
o
l.

m
-2

.s
-1

)
z (m)

Ca2+; 10.0 bar; 1.08 m3/hr

Ca2+; 10.0 bar; 1.71 m3/hr

Ca2+; 10.0 bar; 2.34 m3/hr

Ca2+; 10.0 bar; 2.97 m3/hr

Ca2+; 10.0 bar; 3.60 m3/hr

7.90E-06

8.90E-06

9.90E-06

1.09E-05

1.19E-05

0.1 0.3 0.5 0.7 0.9 1.1

Ji
 (

m
o
l.

m
-2

.s
-1

)

z (m)

Mg2+; 10.0 bar; 1.08 m3/hr

Mg2+; 10.0 bar; 1.71 m3/hr

Mg2+; 10.0 bar; 2.34 m3/hr

Mg2+; 10.0 bar; 2.97 m3/hr

Mg2+; 10.0 bar; 3.60 m3/hr

2.15E-06

2.55E-06

2.95E-06

3.35E-06

3.75E-06

0.1 0.3 0.5 0.7 0.9 1.1

Ji
 (

m
o
l.

m
-2

.s
-1

)

z (m)

SO4^2-; 10.0 bar; 1.08 m3/hr

SO4^2-; 10.0 bar; 1.71 m3/hr

SO4^2-; 10.0 bar; 2.34 m3/hr

SO4^2-; 10.0 bar; 2.97 m3/hr

SO4^2-; 10.0 bar; 3.60 m3/hr



Citation: Sugianto, M., Altway, A., & Susianto. Mechanistic Modeling of a Spiral-Wound Nanofiltration Module using DSPM-DE for High-Purity Salt 

Recovery from Desalination Brine. Eksergi, 23(1), 1–14. 

 

10 

 

3.5 Axial Ion Fluxes and Concentration Profiles: 

Mechanistic Interpretation 

To better understand the origin of the outlet rejection trends 

discussed in Section 3.3, this subsection examines the axial 

behaviour of ion fluxes and bulk concentrations along the 

NF module. Figure 5 shows the simulated axial profiles of 

the total ionic flux 𝐽𝑖(𝑧) for each species at a representative 

operating point (e.g. 𝑃𝑓 = 10 bar and 𝑄𝑓,in = 2.34 m3. h−1
). 

These fluxes are obtained from the Extended Nernst-Planck 

(ENP) equation with Donnan, steric, and dielectric exclusion 

(DSPM-DE), as outlined in Section 2. The ENP formulation 

decomposes 𝐽𝑖  conceptually into convective, diffusive, and 

electromigrative contributions; in practice, the model results 

confirm that convection dominates the net transport of most 

cations, while diffusion and electromigration play more 

prominent roles for anions, in agreement with recent 

mechanistic NF studies (Cevallos-Cueva et al., 2024; 

Ghorbani et al., 2021).  

As shown in Figure 5, all ions exhibit positive fluxes 

that increase monotonically with axial position. The profiles 

are almost linear over most of the module length, reflecting 

the combination of (i) a decreasing retentate flow rate 𝑄𝑓(𝑧), 

which leads to progressive concentration build-up, and (ii) a 

nearly uniform permeate-water flux 𝐽𝑤under the hydraulic 

conditions considered here. Because the convective term in 

the pores is proportional to 𝐽𝑤and to the local wall 

concentration 𝐶𝑖,𝑤(𝑧), the convective contribution grows as 

the solution becomes more concentrated towards the module 

outlet. Diffusion opposes this convective transport by 

driving ions from the concentrated retentate side towards the 

permeate, whereas the electromigrative term adjusts to 

preserve local electroneutrality. Similar axial trends in 𝐽𝑖(𝑧) 

have been reported in other DSPM-DE simulations for 

multicomponent feeds, confirming that the present 

framework captures the essential coupling between 

hydrodynamics, ion transport, and charge balance in spiral-

wound NF elements (Ghorbani et al., 2021; Hubach et al., 

2023). 

The relative magnitude of 𝐽𝑖  across species follows the 

selectivity hierarchy expected for a negatively charged 

polyamide NF membrane. Monovalent ions (Na⁺, Cl⁻) 

present the highest fluxes, with 𝐽Na+ typically larger than 𝐽Cl
− 

because Na⁺ experiences weaker electrostatic exclusion and 

is strongly dragged by the permeate flow. In contrast, the 

fluxes of divalent ions (Ca²⁺, Mg²⁺, SO₄²⁻) are substantially 

lower and increase more slowly with 𝑧. This is a direct 

consequence of stronger steric hindrance, Donnan exclusion, 

and dielectric exclusion for multivalent species, particularly 

SO₄²⁻, which faces the largest Born-energy penalty when 

entering the lower-dielectric pore environment. These 

mechanistic features are consistent with reported pore-scale 

partition coefficients and mobilities from detailed DSPM-

DE analyses of tight NF membranes (Cevallos-Cueva et al., 

2024; Saavedra et al., 2024a). 

Beyond the through-pore fluxes discussed above, the 

simulated axial bulk concentrations provide a 

complementary picture. Along the retentate channel, the 

model predicts that the retentate-side concentrations 𝐶𝑖,𝑅(𝑧) 

of Na⁺, Cl⁻, Ca²⁺, Mg²⁺, and SO₄²⁻ increase monotonically 

with distance 𝑧as water is progressively removed, with 

steeper gradients at higher 𝑃𝑓 and lower 𝑄𝑓,in where both 

recovery and concentration polarisation are stronger. In 

physical terms, the combined effect of solvent permeation 

and limited back-diffusion leads to enrichment of all ionic 

species near the module outlet. Permeate-side concentrations 

𝐶𝑖,𝑃(𝑧) remain much lower than 𝐶𝑖,𝑅(𝑧) for the strongly 

rejected ions, SO₄²⁻ and Mg²⁺ stay at very low levels along 

the entire module, whereas Na⁺ and Cl⁻ exhibit higher and 

more rapidly increasing 𝐶𝑖,𝑃(𝑧). This behaviour is consistent 

with classical concentration-polarisation theory for NF/UF, 

which links retentate enrichment and mild flux decline to the 

build-up of solute in the boundary layer adjacent to the 

membrane surface (Giacobbo et al., 2018). 

Taken together, the axial flux and concentration 

profiles predicted by the model provide a mechanistic 

explanation for the outlet rejection hierarchy summarised in 

Section 3.3. The strong build-up of 𝐶SO4
2−,𝑅(𝑧) and 

𝐶Mg2+,𝑅(𝑧), combined with low permeate concentrations and 

relatively small fluxes for these ions, underpins the very high 

end-of-module rejections (≥97 - 99%) obtained for sulfate 

and magnesium. Conversely, the much larger convective 

fluxes and higher permeate concentrations of Na⁺ and Cl⁻ 

naturally lead to lower overall rejections in the 70 - 90% 

range. Similar divalent ≫ monovalent selectivity and ion-

specific axial trends have been reported in ENP/DSPM-DE 

studies of multi-ionic brines and seawater, reinforcing that 

the present modelling framework captures the relevant 

transport physics for nanofiltration of rejected brine in 

spiral-wound modules (Cevallos-Cueva et al., 2024; 

Ghorbani et al., 2021; Hubach et al., 2023). 

3.6 Mechanistic Transport Decomposition and Model 

Validation 

To better interpret the overall rejection behaviour, the total 

molar flux of each ionic species, 𝐽𝑖, was decomposed into the 

three contributions appearing in the Extended Nernst–

Planck (ENP) equation, namely convection, diffusion, and 

electromigration. For a given operating condition, the local 

values of each mechanism were calculated across the 

membrane thickness and along the module length, then 

axially averaged to obtain representative percentages of ∣
𝐽𝑖,conv ∣, ∣ 𝐽𝑖,diff ∣, and ∣ 𝐽𝑖,elec ∣ relative to ∣ 𝐽𝑖 ∣. This approach 

follows earlier ENP / DSPM-DE studies that use flux 

decomposition to link ion-specific selectivity to 

hydrodynamics and electrostatic exclusion (Cevallos-Cueva 

et al., 2024; Ghorbani et al., 2021; Szymczyk et al., 

2009).Table 4 summarises the axial-average contribution of 

each mechanism for Na⁺, Cl⁻, Ca²⁺, Mg²⁺, and SO₄²⁻ over the 

investigated pressure window 𝑃𝑓 = 2.5 − 12.5 bar at 𝑄𝑓,in =

2.34 m3. h−1
. For Na⁺, convection clearly dominates the 

transport, contributing approximately 75 - 80 % of the total 

flux, while electromigration contributes about 17 - 22 % and 

diffusion less than about 4 % across the entire pressure 

range. Cl⁻ displays a more balanced behaviour, with 

convection contributing around 36 - 43 %, diffusion 34 - 37 

%, and electromigration 23 - 28 %, reflecting its monovalent 
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charge and weaker Donnan exclusion compared to the 

divalent ions. 

For Ca²⁺, the convective contribution is also very 

strong (≈78 - 82 %), whereas diffusion and electromigration 

account for roughly 15 - 17 % and 4 - 5 %, respectively, 

consistent with strong electrostatic and dielectric exclusion 

that limit back-diffusion of this divalent cation. Mg²⁺ shows 

the highest sensitivity to pressure: convection decreases 

from about 84 % at 2.5 bar to ≈71 % at 12.5 bar, while 

diffusion increases from ~10 % to ≈28 - 29 %, and 

electromigration remains relatively small (≈1.4 - 1.7 %). 

Finally, SO₄²⁻ exhibits a more even split between convection 

and diffusion, with convective contributions decreasing 

from ~71 % to ~65 % and diffusion rising from ~23 - 24 % 

to ~26 - 27 % as pressure increases; electromigration for 

SO₄²⁻ lies in the range 6 - 8 %. 

 

Table 4. Axial-average contribution of transport 

mechanisms to the total ionic flux for each species over 

𝑃𝑓 = 2.5 − 12.5 bar at 𝑄𝑓,in = 2.34 m3. h−1
(percent 

ranges) 

Ion Ji,conv (%) Ji,diff (%) Ji,elec (%) 

Na+ 75 - 80 0 - 4 17 - 22 

Cl- 36 - 43 34 - 37 23 - 28 

Ca2+ 78 - 82 15 - 17 4 - 5 

Mg2+ 71 - 84 10 - 29 1 - 2 

SO4
2- 65 - 71 23 - 27 6 - 8 

The patterns in Table 4 provide a mechanistic 

interpretation of the rejection hierarchy discussed in 

Sections 3.3 and 3.5. For Na⁺ and Ca²⁺, the flux is primarily 

convective, with only modest diffusive counter-flux; these 

ions are carried forward with the permeating water, leading 

to comparatively lower rejections for Na⁺ and intermediate 

rejections for Ca²⁺. In contrast, SO₄²⁻ and Mg²⁺ experience 

strong Donnan and dielectric exclusion, which suppresses 

convective transport and enhances diffusive back-transport, 

thereby supporting very high overall rejections despite 

significant enrichment in the retentate. The nearly balanced 

contributions of convection, diffusion, and electromigration 

for Cl⁻ are consistent with its role as the main counter-ion 

that maintains electroneutrality within the pores, a behaviour 

also reported in other multi-ionic DSPM-DE analyses of 

brines and seawater. From a modelling standpoint, this 

mechanistic decomposition is in good agreement with 

previous ENP / DSPM-DE applications, where convection 

typically dominates cation fluxes while anions, especially 

multivalent ones, show a larger share of diffusion and 

electromigration due to stronger electrostatic exclusion and 

the requirement of local electroneutrality (Ghorbani et al., 

2021; Giacobbo et al., 2018; Szymczyk et al., 2009). 

Model validation was carried out at two levels. First, 

internal numerical checks were performed to ensure the 

consistency of the coupled radial-axial solution: for all 

simulated conditions, global mass balances for water and 

each ionic species closed within tight numerical tolerances, 

and electroneutrality was satisfied in both retentate and 

permeate streams. The nearly linear relation between solvent 

flux 𝑱𝒘 and transmembrane pressure in the hydraulic test 

(Section 3.1) further indicates that the hydraulic 

permeability and osmotic-pressure corrections are correctly 

implemented. Second, predictions were confronted with 

independent experimental data for nanofiltration of brines 

and multi-ionic electrolyte solutions using commercial 

polyamide tight-NF membranes.  

In particular, the simulated trends, high rejection of 

divalent ions and lower rejection of monovalent ions, agree 

with reports for NF90 and similar membranes treating 

seawater / SWRO brines (Figueira et al., 2023b; Giacobbo 

et al., 2018; Saavedra et al., 2024). Beyond trend matching, 

we also anchored the model to a standard benchmark: the 

FilmTec NF90 datasheet reports stabilized MgSO4 rejection 

≥ 97% at 25 °C, 2,000 ppm MgSO4, 70 psi (~4.8 bar) and 

~15% recovery. At 𝑃𝑓 ≈ 5 bar with the inlet flow adjusted 

to achieve Rec ≈15%, our simulation gives 𝑅𝑀𝑔2+= 97.8% 

and 𝑅SO4
2−= 99.1%, i.e., within 0 - 2 pp of the benchmark, 

while predicted NaCl rejections (𝑅NA+  ~ 74–75%, 𝑅C𝑙~ 88–

89%) remain consistent with the expected divalent ≫ 

monovalent selectivity under multi-ionic, higher-salinity 

feeds. Taken together, the mechanistic flux decomposition, 

internal numerical consistency, and point-wise agreement 

with NF90-type data indicate that the present DSPM-DE 

model provides a physically sound and semi-quantitatively 

reliable description of ion transport in the KeenSen NF1-

4040F element treating rejected brine. Limitation: no new 

experiments were performed on the specific KeenSen 

module; full quantitative calibration (e.g., direct 

measurement of 𝑟𝑝𝑜𝑟𝑒, 𝐶𝑥, and single-salt trials) is left for 

future work ((Figueira et al., 2023; FilmTecTM Membranes 

FilmTecTM NF270 Nanofiltration Elements for 

Commercial Systems, 2021; Giacobbo et al., 2018; Saavedra 

et al., 2024). 

4. Conclusions 

This study developed and applied a coupled DSPM-

DE/Extended Nernst–Planck model for a spiral-wound 

KeenSen NF1-4040F element treating multi-ionic rejected 

brine, with the aim of predicting water flux, recovery, and 

ion-specific rejection as a function of feed pressure and inlet 

flow rate. The hydraulic verification showed a nearly linear 

𝐽𝑤 - 𝑃𝑓 relationship and consistent axial mass balances, 

confirming that the implemented permeability and pressure–

drop relations are physically sound. The recovery maps 

revealed that a target single-pass recovery of around 15% 

can be achieved by combining moderate-to-high feed 

pressures with intermediate feed flow rates, while the axial 

profiles of concentrations and ionic fluxes clarified how 

retentate enrichment and through-pore transport evolve 

along the module. Mechanistic flux decomposition 

demonstrated that cation transport, especially Na⁺ and Ca²⁺, 

is strongly convection-dominated, whereas diffusion and 

electromigration contribute a larger fraction to anion 

transport, particularly for SO₄²⁻ and, to a lesser extent, Cl⁻. 

As a result, the model reproduces a clear divalent ≫ 
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monovalent selectivity, with very high rejections for SO₄²⁻, 

Mg²⁺, and Ca²⁺ and lower, but still significant, rejections for 

Na⁺ and Cl⁻, providing a coherent process-scale explanation 

for the observed separation hierarchy. 

From an application perspective, these results support 

the use of nanofiltration as a selective pre-purification step 

to upgrade rejected brine into a higher-purity feed for 

industrial salt production, by strongly suppressing hardness 

and sulfate while allowing part of the NaCl to pass. At the 

same time, the study highlights key modelling limitations, 

such as the simplified treatment of osmotic effects and 

concentration polarisation, the assumption of ideal solution 

properties, and the neglect of fouling and ageing, that point 

to natural extensions of this work. Future research should 

incorporate more detailed CP correlations and osmotic-

pressure corrections, calibrate membrane parameters via 

dedicated experiments and inverse modelling, and couple 

the transport model with energy and cost analyses to 

optimise 𝑃𝑓 - 𝑄𝑓,in - recovery trade-offs. In the longer term, 

extending the framework to multi-stage or recycle 

configurations and embedding fouling/aging dynamics 

would further enhance its value as a design and optimisation 

tool for valorising rejected brine in industrial salt supply 

chains. 

Importantly, by translating the simulated permeate at a 

representative operating point (𝑃𝑓 = 12.5 bar, 𝑄𝑓 =

2.34 m3 h−1) into a projected dry-salt composition, the 

analysis shows a conservative NaCl purity of ~96.9 wt% 

when all non-halite salts (CaCl₂, MgCl₂, Na₂SO₄) are forced 

to co-precipitate. Interpreted under a process-realistic 

crystallization sequence, gypsum control followed by halite-

first crystallization with bittern purge, only a small fraction 

of non-halite salts co-crystallizes with halite; with a 

representative partition factor 𝑓 ≈ 0.2, the harvested crystal 

is ~99.5 wt% NaCl, and even 𝑓 ≤ 0.4 still yields ≥98.5 wt%, 

consistent with premium SNI industrial-salt specifications. 

These results bridge the mechanistic NF predictions to 

downstream salt quality, indicating that moderate-to-high 

𝑃𝑓with moderate cross-flow not only meets recovery and 

rejection targets but also supplies a permeate that can be 

crystallized to SNI-compliant high-purity salt using standard 

gypsum-pre-step and bittern-management practice. 

From an energy perspective, the recommended operating 

point at 𝑃𝑓 = 12.5 bar and a design single-pass recovery of 

𝑅 ≈ 0.15 corresponds to a stage-level specific energy 

consumption of approximately 2.8 - 3.0 kWh·m⁻³ permeate, 

assuming a typical pump efficiency of 75% and no energy-

recovery devices. This value falls within the upper range of 

reported SECs for nanofiltration units treating brines (≈0.7 - 

3 kWh·m⁻³, depending on pressure and recovery) and is 

comparable to the energy demand of modern SWRO 

systems, while the NF module in our scheme only polishes 

the rejected-brine side stream; hence, the incremental energy 

penalty for upgrading brine into an industrial-salt feed is 

moderate and can be further reduced in future work by multi-

stage configurations or energy-recovery integration. 
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