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Abstract

The prediction of nanofiltration (NF) performance at environmentally relevant 

conditions, e.g.: highly saline brine solutions, is becoming of increasing interest for the 

recovery of waste materials in the water desalination industry. In this work, the prediction 

of the separation of sulfate and chloride contained in the retentate of reverse osmosis 

brackish water desalination by means of the commercial NF270 membrane is studied. 

Prior to theoretical modelling, streaming potential measurements were performed for 

aqueous single and binary mixtures of NaCl and Na2SO4 within the range of ionic 

strengths 0.001-0.1 M. Zeta potential values were obtained applying an extrapolation 

method from recent literature to allow the calculation of surface charge density under 

higher ionic strengths found in reverse osmosis desalination brines (0.1 to 1.2 M). The 

obtained surface charge density was then used to simulate sulfate, chloride and sodium 

rejections by means of the Donnan steric pore model (DSPM), in the pressure range 2 – 

20 bar. The good agreement between experimental and simulated rejection values allows 

to validate this approach that enables the prediction of NF performance for the separation 

of monovalent and divalent anions, of interest for the purification of desalination brines 

before their further exploitation as a source of sodium chloride concentrated solutions.

Keywords: nanofiltration, NF270, zeta potential, desalination brines, Donnan-steris-pore 

model
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1. Introduction

Nanofiltration (NF) separation relies both on the pore size and on the surface charge 

properties of the membrane. While the large molecules are retained because of the small 

pore size, which is usually lower than 1 nm in diameter, smaller charged species can be 

also rejected as a result of the electric repulsion effect exerted by the charged surface of 

the membrane. Negatively charged NF membranes are particularly effective for the 

rejection of multivalent ions, such as sulfate and calcium [1–4]. Compared to reverse 

osmosis (RO), NF offers higher permeate fluxes at moderate operation pressure, making 

it the preferred option for the treatment of moderately salty water, as it the case of brackish 

groundwater [5–9]. Also, examples of the increasing relevance of NF in applications 

involving high salinity solutions can be found in the pre-treatment in RO seawater 

desalination [10,11], and by its integration  in material recovery processes from RO 

desalination brines to be reused in several chemicals manufacturing processes, e.g.: 

chlorine production by electrolysis [12], conversion of NaCl into hydrochloric acid and 

sodium hydroxide by means of bipolar membrane electrodialysis [13–16]. 

The understanding of separation phenomena in NF membranes has been of interest in the 

last decades, fostering the development of novel experimental methods [17] and 

mathematical models with moderately good predictive capability [18]. The typical 

approach of these models is essentially based on the extended Nernst-Planck (ENP) 

equation, which best fulfills the transport of ions across the membrane in terms of 

diffusion, electromigration and convection [3,19,20]. Other alternative for NF modeling 

is the Spiegler-Kedem (SK) model [21–23], which considers the NF membrane as a black 

box, to fit experimental data in terms of two parameters, salt permeability and reflection 

coefficient. The SK model is characterized by its simplicity and has properly predicted 

the rejection of single multivalent salts [22] and high saline mixtures [24] containing 

sodium chloride and magnesium chloride or sodium sulfate near their concentration in 

seawater. However, neither the detailed physical phenomena nor the membrane 

characteristics are considered by the SK model. 

With regard to the use of the ENP equation, different phenomena have been included in 

order to achieve greater accuracy and predictive capability giving rise to a number of 

suitable models, which mainly differ in their strictness and complexity [18,19,25–29]. 

The inclusion of the Donnan [19] and steric effects [30] in the liquid-membrane 
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interfaces, derived in the Donnan-Steric-Pore-Model (DSPM). Further studies [31,28] 

included the dielectric exclusion (DE) in the DSPM, emerging the DSPM&DE model.

The overwhelming amount of approaches for predictive models are mostly thought to be 

applied under diluted and idealized solutions, composed of only 2, 3 or sometimes 4 ions. 

The application of these models to describe NF performance under realistic industrial 

conditions is far from accurate when concentrated multi-component solutions are 

considered. Added to this, the accurate characterization of NF membranes parameters has 

been widely discussed in previous studies [1,17,25,26,31,32] as one of the main 

challenges to face in the modelling of this technology.

NF membranes, as semipermeable membranes, acquire a surface charge when they are in 

contact with aqueous solutions through several possible mechanisms, among which the 

most relevant ones are the dissociation of the functional groups included in the polymer 

material forming the top surface, and the adsorption of ions and charged macromolecules 

from the solution. Several theories have discussed the spatial distribution and 

concentration of ionic species in solution induced by the membrane surface charge 

[20,33,34]. The most complete and realistic theory, that has been followed in this study, 

is the formation of an electric double layer (EDL), which assumes a fixed layer of charges 

at the surface of the membrane, and a layer of mobile charges in the liquid layer adjacent 

to the membrane. Accordingly, one recent study [33] discussed the zeta potential 

determination and surface charge behaviour of forward osmosis (FO) membranes when 

high ionic strengths were considered. The research work of Coday et al. [33] disagreed 

with the commonly accepted assumption of neutralization of the membrane charge at high 

ionic strengths and established that the neutralization was not achieved; instead, a 

constant value of zeta potential was reached, due to the limitation of the compression of 

the diffusive layer by the size of the ions involved. 

Considering this background, the present study is focused on the prediction of the 

commercial NF270 membrane performance in the nanofiltration of highly concentrated 

mixtures of divalent (sulfate) and monovalent (chloride) anions, and particularly in the 

estimation of the charge density developed by the membrane when it is in contact with 

concentrated salts solutions, by means of streaming potential measurements. The 

extrapolation method developed by Coday et al. [33] will be applied. The validity and 

accuracy of the prediction will be assessed by the comparison of theoretical calculations 
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and experimental results of the NF270 performance in the separation of mixed sulfate 

(0.2 to 1.2 M) and chloride (1.0 M) solutions reported in the case study [3]. The 

motivation of this work comes from the interest in the recovery of monovalent ions, Cl- 

and Na+, from RO water desalination brines, which contain not only NaCl but also other 

species that interfere with the above-mentioned recovery by reducing the quality of 

products. Among others, sulfate anion is commonly encountered in RO brines, 

particularly in inland brackish water desalination operations. 

2. Theoretical background

The NF model applied in this work is the Donnan Steric Pore Model (DSPM) [19], as it 

was applied in a previous study [3]. DSPM enables a comprehensive mathematical 

description to gain insight into the separation mechanism of nanofiltration membranes, 

providing the tools for process design and optimization.

The equations considered in the model are summarized in Table 1, and take into account 

the ions transport through the membrane (Eq. 12), along with steric (Eq. 18) and Donnan 

effects in equilibrium partitioning at interfaces: feed/membrane (Eq. 9) and 

membrane/permeate (Eq. 10), as well as the hindered nature of diffusion and convection 

phenomena inside the pores (Eq. 16-17). Equations for mass balances at steady state (Eq. 

1-3) and polarization of feed concentration (Eq. 11) are included in the model. The 

parameters needed for the description of concentration polarization phenomena at the 

liquid layer adjacent to the membrane, e.g.: mass transfer coefficients, osmotic pressures, 

and the membrane permeability were obtained from the literature [3].

Experimental data, which were taken from our previous study [3], were obtained in a 

laboratory scale SEPA-CF (GE Osmonics, France) cross-flow module, provided with a 

flat NF270 (Dow Filmtec) membrane. The feed was pressurized at three operating 

pressures, 500, 1000 and 2000 kPa, and flowed at 2.5 L·min-1.

The model includes three parameters related to the membrane properties: the pore radius 

(rp), the effective membrane thickness (δ) and the effective membrane charge density 

(Xd). The accurate knowledge of these parameters represents one of the major limitations 

of NF modelling and therefore, they stand as the requirement of scientific and 

technological progress for prediction of NF performance. 
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Table 1. Equations considered for DPSM predictive model.
Mass balances
𝑄𝐹 =  𝑄𝑅 +  𝑄𝑃 (1)
𝐶𝐹𝑖·𝑄𝐹 =  𝐶𝑅𝑖·𝑄𝑅 +  𝐶𝑃𝑖·𝑄𝑃 (2)
𝑄𝑃 =  𝐽𝑣·𝐴 (3)
𝐽𝑣 =  𝐿𝑝·(∆𝑃 ‒  ∆𝜋) (4)
𝐿𝑝 = 𝐿𝑝𝑤·exp ( ‒ 𝐶𝑒𝑞) (5)

𝐶𝑒𝑞 =  
1
2· 

𝑛

∑
𝑖 = 1

|𝑧𝑖|· 𝐶𝐹𝑖 (6)

𝜋 =
(𝑇 ∗

𝑓 ‒  𝑇𝑓)·Δ𝐻 ∗
𝑓 ·𝑇

𝑉𝑚𝑜𝑙𝑎𝑟 𝑠𝑜𝑙𝑣𝑒𝑛𝑡· 𝑇𝑓·𝑇 ∗
𝑓

·[𝑅𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑅 ] (7)

𝜉 =
(𝑇 ∗

𝑓 ‒  𝑇𝑓)
1.86 ·1000 (8)

Equilibrium partitioning of species at interfaces: feed/membrane and membrane/permeate
𝐶1𝑖

𝐶𝑜𝑖
= 𝜙𝑖·exp [ ‒ 𝑧𝑖·∆𝜓𝐷𝑜𝑛𝑛𝑎𝑛(0)] (9)

𝐶2𝑖

𝐶𝑃𝑖
= 𝜙𝑖·exp [ ‒ 𝑧𝑖·∆𝜓𝐷𝑜𝑛𝑛𝑎𝑛(𝛿)] (10)

Concentration polarization at feed side
𝐶𝑜𝑖 ‒  𝐶𝐹𝑖

𝐶𝐹𝑖 ‒  𝐶𝑃𝑖
= exp (𝐽𝑣

𝑘𝑖) (11)

Solute transport through the membrane

 𝐽𝑠𝑖 = 𝐽𝑣·𝐾𝑐𝑖· 𝐶𝑖 ‒  𝐷𝑝𝑖· 
𝑑𝐶𝑖

𝑑𝑥 ‒  𝑧𝑖· 𝐶𝑖· 𝐷𝑝𝑖· 
𝐹

𝑅·𝑇· 
𝑑𝜓
𝑑𝑥 (12)

 
𝑑𝜓
𝑑𝑥 =   

∑𝑛
𝑖 = 1 𝑧𝑖·(𝐽𝑣

𝐷𝑝𝑖)·[𝐾𝑐𝑖· 𝐶𝑖 ‒  𝐶𝑃𝑖]

(𝐹
𝑅·𝑇) ∑𝑛

𝑖 = 1𝑧2
𝑖 · 𝐶𝑖

(13)

 𝐽𝑠𝑖 =  𝐽𝑣· 𝐶𝑃𝑖 (14)
 𝐷𝑝𝑖 =  𝐾𝑑𝑖· 𝐷∞𝑖 (15)

Hindrance factors (0 < λ  ≤ 0.8)

 𝐾𝑑𝑖 = 1.0 ‒ 2.30· 𝜆𝑖 + 1.154· 𝜆2
𝑖 + 0.224· 𝜆3

𝑖 (16)

 𝐾𝑐𝑖 = 1.0 + 0.054· 𝜆𝑖 ‒ 0.988· 𝜆2
𝑖 + 0.441· 𝜆3

𝑖 (17)

Steric partitioning

 𝜙𝑖 = (1 ‒ 𝜆𝑖)2 (18)

 𝜆𝑖 =  
𝑟𝑖

𝑟𝑝
(19)

Electroneutrality conditions

 ∑𝑛
𝑖 = 1𝑧𝑖· 𝐶𝑃𝑖 = 0 (20)

 ∑𝑛
𝑖 = 1𝑧𝑖· 𝐶𝑅𝑖 = 0 (21)

 ∑𝑛
𝑖 = 1𝑧𝑖· 𝐶𝑖 +  𝑋𝑑 = 0 (22)

Pore radius and effective membrane thickness characterization [18,20,35] has been 

discussed in the literature, including gas adsorption-desorption techniques, atomic force 
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microscopy (AFM), scanning electron microscopy (SEM), reverse surface impregnation 

coupled with transmission electron microscopy (TEM) and, the most commonly used, 

estimation by fitting neutral solute rejection data to simulated data with NF mathematical 

models [25]. Lin et al. [36] selected glucose, sucrose and raffinose for NF270 pore size 

characterization and estimated its average pore radius as 0.54 nm. Other studies [31,37] 

used glucose and glycerol, resulting in rp = 0.43 nm, which is similar to the value reported 

by Nghiem et al. [38], 0.42 nm. On the other hand, Hilal et al. [39] applied AFM for 

surface characterisation to determine the pore size distribution and the surface roughness 

of several NF membranes. The average rp value for NF270 was 0.35 nm. The effective 

membrane thickness is usually reported as thickness to porosity ratio [37,40], which 

makes difficult the gathering of data and comparison of the results obtained with different 

characterization techniques. However, Freger [41] determined the dry thickness of NF270 

by AFM (δ = 14 nm) and Pérez et al. [3] characterized it by SEM images (δ = 7 nm). 

While pore radius and dense layer membrane thickness are physical membrane properties, 

the effective charge density depends on the interaction between the charged membrane 

and the electrolyte. Several approaches have been followed in previous studies [25,30]. 

Bowen and Mukhtar [19] considered that the main mechanism involved in the formation 

of surface charge is the co-adsorption of the ions onto the membrane surface. As a result, 

the effective charge density was related to the ions bulk concentration using the 

Freundlich isotherm. This assumption has been broadly accepted by several authors 

[1,19,25,40,42–44] for different NF membranes, including NF270. The interest of 

applying the Freundlich isotherm for describing effective charge density relies on its 

practical usefulness. However, its application in previous works has been limited to low 

ion concentrations.

The effective charge density is widely determined by means of electro-kinetic 

measurements [1,3,29,32,43,45,46]. The tangential streaming potential technique is 

defined as the measurement of the electrical potential difference at zero applied current, 

generated when a hydrodynamic pressure is applied to the electrolyte solution forcing it 

to flow through a capillary channel [20,25,34]. The model of the electrochemical double 

layer defines the zeta potential (ζ) as the electrical potential at the shear plane that 

separates the stationary layer and the mobile layer of charges. The zeta potential (ζ) is 

given by the Helmhotz-Smoluchowski (H-S) equation (Eq. 23). This parameter is 

strongly dependent on the pH, the ionic strength and the composition of the solution in 
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contact with the membrane [1,3,18,25,35,47–50]. The higher the ionic feed concentration 

is, the larger the effective charge density is obtained [2,19,51] due to the compression of 

the electrical double layer. Even so, the interest of using zeta potential is supported by 

practical reasons since it can relate experimental measurements of streaming potential to 

the surface charge density. 

The surface charge density (σk) can be calculated by the Gouy-Chapman equation (Eq. 

24). σk can be converted into concentration assuming that the membrane surface charge 

is uniformly distributed in the void volume of cylindrical pores, giving as result the 

effective membrane charge density (Xd) (Eq. 27) [1].

  (23)𝜁 =  
𝑑𝑈
𝑑𝑃· 

𝜂
𝜀· 𝜀0

·𝑘

 (24)𝜎𝑘 =  
2·𝜀·𝑘𝐵·𝑇

𝑧·𝑒· 𝜅 ‒ 1·sinh ( 𝑧·𝑒·𝜁
2·𝑘𝐵·𝑇)

where  is the Debye length of the diffuse layer following the EDL approach, 𝜅 ‒ 1

calculated by Eq. 25. The ionic strength (I) of the feed solution influences the calculation 

of the Debye length, Eq. 26. At higher ionic strength, the Debye length decreases, which 

is assumed to correspond to the extension of the charges in the diffuse layer, and 

accelerates the shielding of the membrane charge by counter ions.

 (25)𝜅 ‒ 1 =  
𝜀·𝑅·𝑇
2·𝐹2·𝐼

   (26)𝐼 =  
1
2· ∑𝑖 𝑧

2
𝑖 · 𝑐𝑖

   (27)𝑋𝑑 =  
2· 𝜎𝑘

𝑟𝑝·𝐹

However, it is well known that the streaming potential experimental technique is not 

reliable when high ionic strengths are considered. Thus, Coday et al. [33] presented an 

indirect method for the determination of zeta potential developed by surfaces in contact 

with high ionic strength solutions. In the methodology developed by Coday et al. [33], 

the streaming potential measurements and the Debye length, at low ionic concentrations, 

were linearly fitted, and this behaviour was transposed to high ionic strengths. This 

assumption is based on the affinity of the membrane for electrostatic charge shielding 

when higher ion concentrations are considered, which reduces the diffuse layer as the 

ionic strength of the bulk solution is increased (Eq. 25). However, as it was initially 
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predicted by Lyklema [52], and is well known the limitation of Gouy-Chapman theory, 

the compression of the diffuse layer is limited by the size of the hydrated ions.

3. Materials and methods

3.1.  NF membrane

A commercial nanofiltration membrane, NF270 (Dow FILMTEC) was used in this study. 

NF270 is a thin film composite (TFC) membrane formed by a polyester support matrix, 

a microporous polysulfone interlayer, and a semi-aromatic polypiperazine amide dense 

layer, with end groups of secondary amine (=NH) and carboxylic acids [31,36]. The 

surface of the NF270 membrane is negatively charged at neutral pH. Since NF270 is a 

widely studied commercial membrane [3,18,25,44,53], some properties needed for 

predictive modelling have been taken from other studies, as the average pore radius (rp = 

0.43 nm [31]) and the effective membrane thickness (δ = 7 nm [3]).

3.2.  Chemistry of solutions

Sodium chloride and sodium sulfate were used to prepare aqueous salt solutions in 

ultrapure water (MilliPore). The concentration of sulfate was fixed at 0.056 M, and 

chloride concentration was varied in the range 0.085 M to 0.684 M. The concentration of 

salts reproduced the composition of reverse osmosis brines obtained in inland brackish 

water desalination, as reported in previous works [3,10, 44,54]. 

Based on these stock solutions, dilutions were prepared as described in Table 2, to meet 

the conditions for using the electrokinetic analyzer, that is, to fix the ionic strength within 

the range 0.1 M - 0.001 M.

3.3. Electrokinetic analyser

Streaming potential measurements were performed in the commercial electrokinetic 

analyzer UAnton (SurPASS, Anton Paar). Two film specimens of the NF270 membrane 

with dimensions 20 x 10 mm2 were mounted, face-to-face, within the SurPASS 

adjustable-gap cell. The cell was inserted in the electrokinetic analyser and the system 

was flushed with ultrapure water for approximately 2 minutes, drained and then flushed 

twice with the electrolyte solution. Flow check through the adjustable gap cell was 

performed before each measurement after replacement of the electrolyte solution, so 

linear relationship between volumetric flow and pressure through the gap cell was 

obtained. Streaming potential measurements were performed at 25  °C and a pH of 5.3 
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(unless otherwise stated), using an average gap height of 105±5 µm and working at a 

pressure drop of the fluid through the cell of  200 mbar  [34,55]. HCl 0.1 M and NaOH 

0.1 M were added for pH adjustment. Each reported value of streaming potential was 

calculated as the average of two replicate membrane specimens. Moreover, for each 

membrane specimen, eight measurements of the streaming potential were taken under the 

same conditions (four measurements with solutions flowing from left to right and four 

from right to left). The conductivity and pH were measured with the probes fitted in the 

equipment. Besides, the dielectric constant and the viscosity of the solutions were 

provided by the software of the UAnton electrokinetic analyser.

Table 2. NaCl/Na2SO4 solutions prepared for streaming potential measurements.

Stock 
Solution Dilution [NaCl] 

(mol/m3)
[Na2SO4] 
(mol/m3)  I (mol/m3)

1:2 43.0 28.0 127.0
1:10 8.60 5.60 25.4M1
1:100 0.86 0.56 2.5
1:10 25.70 5.60 42.5M2 1:100 2.57 0.56 4.3
1:10 51.30 5.60 68.1M3 1:100 5.13 0.56 6.8
1:10 68.40 5.60 85.2M4 1:100 6.84 0.56 8.5

4. Results and discussion

4.1.  Isoelectric point determination

Initial experiments were aimed at determining the zeta potential developed by the NF270 

membrane for solutions of the single salts NaCl and Na2SO4. Streaming potential data 

were converted to zeta potential making use of the H-S equation (Eq. 23). Figure 1 shows 

the variation of the zeta potential with pH for the two electrolytes, and the following 

concentrations: 0.1/0.01/0.001 M NaCl and 0.01/0.001 M Na2SO4.

As observed in Figure 1, isoelectric points (IEP) (values of pH at which membrane zeta 

potential is equal to zero) were very similar for all concentrations tested and the type of 

electrolyte did not exert a significant influence on this membrane characteristic. Global 

IEP for each electrolyte was calculated as the average of IEP obtained for the different 
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concentrations considered for each electrolyte, giving as result: IEP (NaCl) = 3.27 ± 0.20, 

and IEP) = 2.99 ± 0.06 for Na2SO4. The IEP values experimentally determined in this 

work are consistent with previous studies that reported IEP of the NF270 membrane in 

the range 3 – 4.05 for NaCl for concentrations between 0.05 – 0.001 M [31,46,56,57].

      

Figure 1. Zeta potential of NF270 membrane in the pH range 2.5–8.0: (a) for sodium 

chloride solutions, and (b) for sodium sulphate solutions.

Both electrolytes showed negative zeta potential for values of pH higher than IEP, and 

positive above this value. As it was discussed in previous studies that used the NF270 

membrane in the range of pH 7.9-9 that is relevant for the present study, as it is typically 

found in reverse osmosis brines [3], the carboxyl and/or sulfonic membrane functional 

groups are dissociated resulting in a negatively charged membrane. The similar IEPs 

developed by the NF270 membrane with the two electrolytes, NaCl and Na2SO4, and for 

different electrolyte concentrations are attributed to similar dissociation of the membrane 

functional groups with both electrolytes. And which is more important, this behaviour 

gives the opportunity to work with mixtures of both electrolytes, making easier the 

characterization of the membrane performance when both electrolytes co-exist.

4.2.  Effective Charge Density determination for high salinity solutions

Streaming potential and conductivity were measured for dilutions prepared from the 

different model stock solutions with different chloride/sulfate ratio, as shown in Table 2. 

Figure 2 shows, in a double logarithm scale, values of streaming potential plotted against 

the reverse of the square root of the conductivity. It is observed that the linear behaviour 

is common to all the measurements, independently of the differences of the 

chloride/sulfate ratio in each of the stock solutions. The experimental streaming potentials 

(a) (b)
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at equal conductivity values presented standard deviations lower than 0.0002%. This 

linear regression (Eq. 28 given in the insert of Figure 2) can be used in the estimation of 

the streaming potential of the NF270 membrane in high salinity conditions and, therefore, 

zeta potential values.

Figure 2. Log of streaming potential (mV/mbar) vs. Log of inverse square root of the 

conductivity ((S/m)-1/2). Data match the linear equation (Eq. 28) provided in the figure. 

Figure 3 shows the membrane zeta potential as a function of the ionic strength of the 

electrolyte solution. ZP calculations were accomplished using H-S approach as described 

in the introduction, and following the indications of the reference [33]. Blue open points 

represent experimental data obtained for electrolytes with ionic strengths in the range 1-

100 mol/m3, while green solid points correspond to ZP values calculated using Eq. 28, in 

the range of ionic strengths 100-1,200 mol/m3. Two sections can be clearly distinguished 

in Figure 3. At the low range of ionic strength of the bulk solution, the membrane zeta 

potential becomes less negative as the ionic strength is increased. However, when the 

ionic strength surpasses 200 mol/m3, the ZP values calculated from Eq. (28) take an 

asymptotic trend, so the extent of the diffusive layer compression is approaching its limit.
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Figure 3. Zeta potential values of experimental measurements and the results of the 

extrapolation method applied through the range of ionic strengths of reverse osmosis 

brines reported by [3]. 

Coday et al. [33] related this performance to the size of the hydrated counter-ions that 

build the electrostatic shield at the diffusive layer adjacent to the charged membrane 

surface. ZP is determined at the surface of shear, the limit between fixed and diffusive 

layers, and is limited by the hydrated size of the ions. They also pointed that the value of 

ionic strength in which zeta potential becomes constant is equal to the value of ionic 

strength which gives a Debye length equal to the hydrated radius of the counter ions, 

calculated by Eqs. 25-26. In the present study, the membrane surface is negatively 

charged, and the counter ion is sodium. The ionic strength at which the zeta potential 

gained a practically constant value was between 1,100 and 1,200 mol/m3, as it is depicted 

in Figure 3, corresponding to a Debye length of 2.76-2.88 . These values are in close A

agreement with the hydrated radium of sodium, 2.76 [58],  which demonstrates that the A 

diffusive layer compression is limited by the size of the hydrated counter - ion, as it was 

proposed by Coday et al. [3]. Therefore, higher ionic strength than 1,200 mol/m3 should 

not be used in this method. Pérez-González et al. [3] considered that at high salinity, the 

zeta potential could be assumed to be constant, which is not far from the extrapolated 

results reported in this work (Figure 3). 
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Next, the effective charge density developed by the NF270 membrane in contact with the 

different brine solutions was calculated using Eq. (28) that serves to extrapolate streaming 

potential values at higher ionic strengths that those used in the experimental 

measurements.  Figure 4 shows with a dotted line the simulation of the charge density 

obtained for ionic strengths in the range from 100 to 1,200 mol/m3. The ionic strengths 

that correspond to the brine solutions (M1 to M4) are marked as filled symbols.

Figure 4. Effective charge density (Xd) values calculated from experimental ZP 

measurements and obtained from the extrapolation method. M1, M2, M3, and M4 refer 

to the model solutions that simulate the seawater RO concentrates. 

As it is shown in Figure 4, the higher the ionic strength of the feed solution, the more 

negative the effective charge density becomes. Compared to the low range of ionic 

strength, there is a substantial change in the behaviour of the surface charge when high 

concentrations of salts are considered. The increase of effective charge density along ionic 

strength corresponds to the shielding of ions in the surface of the membrane and 

consequently the excess of counter-ions is neutralized. 

Gouy-Chapman double layer theory predicts that the concentration of ions at the surface 

of the membrane can grow without limit, which is not coherent since the limitation is 

established by the size of these ions. This contradiction can be appreciated in Figure 4, 

which shows the variation of the membrane charge density with the ionic strength of the 

solution. 
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4.3. Simulation of ions rejection 

Simulations of nanofiltration performance of NF270 for the chloride/sulfate separation 

were carried out for different operational pressures, using the DSPM model described in 

Table 1. Four synthetic solutions were prepared following the compositions reported by 

Pérez et al. [3,44], which corresponded with different chloride/sulfate molar ratios. Low 

chloride/sulfate ratio resembles the salinity composition found in the brines from inland 

brackish water desalination, while the high chloride/sulfate ratio is related to seawater 

reverse desalination brines composition. The model was implemented in the process 

simulator Aspen Custom Modeler (AspenTech). The effective charge density was 

determined through the methodology described in Section 4.2.

Table 3 collects the composition of the model brine solutions under study, the calculated 

ionic strength, and the effective surface charge density developed by the NF270 

membrane, which was obtained following the procedure described above. The ratio of 

chloride to sulfate molar concentrations is also included, as the study is also focused on 

the analysis of the influence of sulfate concentration in the purification of chloride-rich 

desalination brines. The input data for the simulations were only the composition of the 

feed brines, and the results were shown as rejection percentage of the three ions under 

study Cl-, SO4
2- and Na+. 

Table 3. Compositions of saline solutions considered for ion rejection simulations with 

the calculated effective charge density for each feed solution.

Experiment [Cl-]/[SO4
2-] I (mol/m3) Xd (mol/m3)

E1 1.7 375 -441.8
E2 5.1 654 -478.5
E3 10.2 1,055 -513.3
E4 13.6 1,247 -526.1

Ion rejections were calculated according to Eq. (29). Added to the simulated ion rejections 

(solid lines), comparison with the experimental values (symbols) reported by Perez-

Gonzalez et al. [13], as a function of operational pressure is included in Figure 5.

(29)ℛ𝑖 = (1 ‒  
𝐶𝑃𝑖

𝐶𝑅𝑖)·100



16

Figure 5. Ion rejections, NF270 membrane. Solid lines correspond to simulated values 

and symbols to the reported experimental values [3]. Each plot corresponds to one of the 

experimental conditions described in Table 3: (a) E1, (b) E2, (c) E3, and (d) E4.

Simulated results match to experimental data with good agreement. Simulations of sulfate 

rejections are particularly accurate for all the assayed mixtures, in the whole feed pressure 

range. Only for the lowest Cl-/SO4
2- ratio the model overestimates chloride rejections 

around 12%  higher, a factor that also affects to the estimation of the sodium counter-ion.  

Simulation of sulfate rejection at any of the investigated conditions and of chloride 

rejection for Cl-/SO4
2- ratios ≥ 5.1 were in excellent agreement with the experimental data, 

with average standard deviation values of only 2%.

(a) (b)

(c) (d)
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5. Conclusions

This work analyses the use of streaming potential measurements as a way to 

phenomenologically predict the performance of nanofiltration membranes for chloride 

and sulfate ions separation in the range of highly concentrated saline solutions, as those 

usually found in brackish water and seawater desalination brines. Particularly the 

prediction of the interfacial ion distribution phenomena occurring at charged 

nanofiltration membranes is studied. 

This work adapted a methodology developed previously by Coday et al. [33] for forward 

osmosis applications, who related the streaming potential measurements with the Debye 

length, at low ionic concentrations, and extrapolated the obtained fitting to higher ionic 

strengths.

The application of the above referenced methodology enabled the description of the 

surface charge density developed by the NF270 membrane when working with several 

highly concentrated mixtures of chloride and sulfate anions, using sodium as common 

counter cation. The surface charged density vs. ionic strength correlation was 

incorporated to the Donnan steric pore model (DSPM) to simulate and predict the ion 

rejection performance obtained with the NF 270 membrane. The excellent correlation 

observed between the experimental and simulated results confirms the validity of the 

proposed approach. Therefore, an indirect method for the determination of effective 

charge density has been obtained and reported.
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Nomenclature

A membrane surface (m2)

C concentration (mol/m3)

C1 concentration in the membrane at the feed-membrane interface (mol/m3)

C2 concentration in the membrane at membrane-permeate interface (mol/m3)

CF feed mole concentration (mol/m3)



18

CP permeate mole concentration (mol/m3)

CR retenate mole concentration (mol/m3)

Ceq Equivalent concentration (mol/m3)

D1 diffusivity of ions (m2 ·s-1)

Dp hindered diffusivity (m2 ·s-1)

e electronic charge (C)

F Faraday constant (C/mol)

JS molar solute flux (mol·m-2· s-1)

JV total volume flux (m·s-1)

kB Boltzmann constant (J/K)

k conductivity of electrolyte solution (S/m)

Kc convective hindrance factor, dimensionless

Kd diffusive hindrance factor, dimensionless

Lp solution membrane permeability (m·s-1 ·Pa-1)

Lpw water membrane permeability (m·s-1 ·Pa-1)

QF feed flow (m3/s)

QP permeate flow (m3/s)

QR retenate flow (m3/s)

ri Stoke radius of ion (m)

rp effective pore radius (m)

ℛ ion rejection, dimensionless

R universal constant of gases (J·mol-1 ·K-1)

Rpressure universal constant of gases (Pa·m3 ·mol-1 ·K-1)

T operation temperature (K)

Tf solution fusion temperature (K)

Tf
* water fusion temperature (K)

U streaming potential (V)

Vmolar water molar volume (m3/mol)

Xd effective membrane charge density (mol/m3)

z ionic valence, dimensionless

Greek letters

α ratio chloride concentration vs sulfate concentration 

δ thickness of the membrane effective layer (m)

ΔHf
* water fusion latent heat (J·mol-1)
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Δπ osmotic pressure difference across the membrane (Pa)

ΔP applied pressure difference across the membrane (Pa)

ΔψDonnan Donnan potential, dimensionless

ε0 vacuum permittivity (C/mV)

εr dielectric constant of water, dimensionless

κ-1 Debye length (m)

ξ osmolality (mosmol·(kgH2O)-1)

ζ zeta potential (V)

λ relative solute size, dimensionless

μ solution viscosity (kg/ms)

σk electrical charge on the membrane surface (C/m2)

Ф steric partitioning coefficient, dimensionless

Subscripts

i ion

F feed

P permeate

R retentate
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