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Abstract 11 

Nanofiltration (NF) is suggested to selectively remove ionic species in aqueous 12 

process streams taking benefit of both membrane and aqueous solution 13 

composition. The importance of predicting and optimizing selective ion 14 

rejections by NF not only of major compounds (e.g. NaCl, Na2SO4, MgCl2, 15 

MgSO4) but also of minor ones such as ammonium (NH4
+), nitrate (NO3

-), 16 

bromide (Br-), iodide (I-) typically present in natural and industrial process 17 

streams is crucial. The current work explores ion rejection patterns and 18 

membrane ion permeances using the phenomenological Solution-Electro-19 

Diffusion-Film (SEDF) model. It makes possible rapid calculations that account 20 

for the effects of spontaneously arising electric fields on rejections. Experimental 21 

ion rejection data of several inorganic ions species at various transmembrane 22 

pressures and at fixed cross-flow velocity have been obtained with NF270 23 

membrane. A number of trace ions (Na+, K+, Cl-, Ca2+, Mg2+, SO4
2-, NO3

-, NH4
+, 24 

Br- and I-) have been used in combination with various dominant salts (NaCl, 25 

MgCl2, MgSO4) as model feed solutions. Results showed that dominant salts 26 

were moderately (NaCl) and highly (MgCl2, MgSO4) rejected when some ions 27 

are divalent, while trace ions exhibited quite variable rejection, including 28 

negative ones mainly at low transmembrane volume flows. The electric field of 29 

membrane potential can accelerate or retard the ion flows to the permeate, so 30 

negative or unexpectedly high rejections could be observed. Ions transport was 31 

shown to be affected by the membrane chemistry (e.g. acid-base properties of 32 

the un-crosslinked carboxylic and amine groups) and the dielectric exclusion 33 

phenomena. From the modelling procedure, ionic membrane permeances were 34 

determined for various multi-ion systems studied. Results showed that nature of 35 

dominant salt composition can be used to control the rejection of minor 36 

components. 37 

 38 
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 5 

1. INTRODUCTION 6 

 7 

Nanofiltration (NF) is a new technological solution for the removal of both major and minor organic 8 

and inorganic compounds from aqueous solutions [1–3]. In comparison with reverse osmosis 9 

(RO), NF needs less pressure to provide the same volume flow (but usually with lower quality) 10 

and offers higher ion selectivities. Typically, NF are thin-film composites -made from various 11 

polymers such as (aromatic) polyamides, polysulfone/poly(ether sulfone)/sulfonated polysulfone, 12 

polyimide and poly(piperazine amide) [4]. Like RO, NF membranes contain functional groups (not 13 

fully cross-linked carboxylic and amine groups), resulting from the synthesis, that can be charged, 14 

depending on the pH of the solution in contact with the membrane. At neutral pH, NF membranes 15 

are usually slightly negatively charged (e.g. due to deprotonation of the carboxylic groups) as their 16 

isoelectric points are around pH 3–4.5 [5–10]. However, determining the chemical membrane 17 

composition, in terms of free functional groups, is still an important challenge especially in view of 18 

explaining the different ion rejections occurring with various kinds of NF membranes [7,11–13]. 19 

Multi-ionic solutions occur in virtually all practical applications of membrane processes, and the 20 

solution composition, in terms of chemical nature of the ions, especially in terms of charge (sign 21 

and magnitude) and the relative molar compositions, has been demonstrated to play a critical 22 

role. Rejection of a given ion depends not only on ion properties, but also on the solution 23 

environment (other ions present). As an example, recently, Umpuch et al. [14], investigated how 24 

the addition of strong electrolytes (e.g. NaCl or Na2SO4) affected the selectivity of the sodium 25 

lactate/glucose separation by NF. The addition of Na2SO4 (0.25 M) compared to NaCl (0.25 M) 26 

provided a maximum separation factor of 1.9 for sodium glucose (0.1 M)/sodium lactate (0.1 M) 27 

solutions whereas the separation with NaCl (0.25 M) provided separation factors up to 1.5 and the 28 

separation was impossible without the addition of salt. 29 

Modelling of ion rejection in NF is very useful for the optimization and scale-up of water treatment 30 

processes, and enormous effort on this field has been expended in the last decades. Ion transport 31 

through NF membranes has been widely described by either the non-equilibrium thermodynamic 32 

model and its modifications [15–18] or the extended Nernst–Planck equations [19–22].  33 

Among the former, the Spiegler–Kedem (SK) model [15] considered the solute transport as a 34 

superposition of (partially uncoupled) convective and diffusive solute flows. In order to include the 35 

interactions of solute-solvent, solute-membrane and solvent-membrane, the SK equation was 36 

accordingly modified taking into account the influence of membrane structural parameters [23,24] 37 

when electrolytes mixtures were employed and the concentration dependence [25] of the 38 
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phenomenological transport coefficients using single NaCl and NaBr salts. Then, the number of 1 

fitting parameters had to be increased up to six [26]. It was shown how the permeance 2 

coefficients to water and solutes can be derived from experimental data and how to choose 3 

suitable electroneutrality conditions to obtain the membrane permeances. 4 

Simultaneously, considering up to three ion exclusion mechanisms, i.e. steric, electric (Donnan 5 

equilibrium) [27–29] and dielectric - [30–33] exclusion mechanisms and the description of the 6 

solute transport in the membrane phase by the extended Nernst-Planck (NP) equation, several 7 

parameters of the membrane (such as pore size, fixed charge and dielectric properties) and the 8 

ion involved were determined. In addition, several extensions of the NP equations included 9 

macroscopic hydrodynamic and electrostatic equations to describe the equilibrium, partitioning 10 

and transport of the ions through a nano-porous membrane phase. The use of these complex 11 

equations required a large number of fitting parameters that makes difficult the solution of the 12 

inverse problem of unambiguous determination of these from experimental data.  13 

An alternative approach is the use of solution-diffusion (SD) model, widely applied originally in RO 14 

[34–38]. Unlike the established extended NP or Donnan-Steric-Pore-Dielectric model, the SD 15 

model can explain the high SO4
2-/Cl- selectivity in NF and is in agreement with the weak 16 

convective coupling between the solute and solvent transfers in the membrane phase 17 

[18,24,39,40]. Yaroshchuk et al. [39] demonstrated that for single salts, the same simple version 18 

of SD model coupled with the film model theory, the solution-diffusion-film model (SDF) is 19 

applicable. However, for electrolyte mixtures the SDF model had to be extended in order to 20 

include the coupling between the electro-diffusion fluxes of various ions via the electric field of 21 

membrane potential [41–43]. Taking it into account, a good description of ion rejection 22 

dependence on the transmembrane volume flow for a number of electrolyte mixtures  could be 23 

achieved [41,42]. This approach also accounts for the existence of a concentration-polarization 24 

layer where the ion transfer occurs via electro-diffusion as well as via convection due to the 25 

solvent transfer. This new description of transmembrane mass transfer by the so-called Solution-26 

Electro-Diffusion-Film (SEDF) model allows for the development of efficient procedures of 27 

determination of membrane permeances towards not only salts but also single ions  from 28 

experimental data.  29 

The main objective of this work was to extend the validation of the SEDF model via comparing 30 

experimental and theoretical data on the rejection of several dominant salts and trace ions using 31 

the NF270 membrane in a cross-flow experimental set-up. Synthetic aqueous solutions 32 

representative of natural waters influenced by industrial and mining drainage (Na+, K+, Mg2+, Cl-, 33 

Br-, I-) and industrial wastewaters (NH4
+, NO3

-, SO4
2-) were used. Three representative dominant 34 

electrolyte types were used ((NaCl (+1:-1), MgCl2(+2,-1), MgSO4(+2,-2)). The membrane 35 

permeances with respect to several ions (Na+, K+, Cl-, Ca2+, Mg2+, SO4
2-, NO3

-, NH4
+, I- and Br-) 36 

was calculated. 37 

 38 
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2. MATERIALS AND METHODS 1 

 2 

2.1. Membrane cross-flow set-up 3 

Experiments were performed with a NF270 membrane in a cross-flow set-up equipped with a test 4 

cell (GE SEPATM CF II) with a spacer-filled feed channel and the possibility of independent 5 

variation of cross-flow velocity (cfv) and transmembrane pressure (TMP) [42,44]. The membrane 6 

area was 0.014 m2. Feed solutions were kept at constant temperature (23 ± 2ºC) in a 7 

thermostated feed tank (30 L) and pumped into the cross-flow filtration system with a high-8 

pressure diaphragm pump (Hydra-Cell, USA) at a prefixed flow rate and pressure. The two output 9 

streams from the test cell, permeate and concentrate, were recirculated into the feed tank 10 

providing thus a fairly constant concentration in the feed solution. The cfv was fixed and the TMP 11 

was varied by a needle valve located in the concentrate stream just at the exit from the test cell. 12 

The system was equipped with flow-meters, pressure-meters, a conductivity cell, a pH-meter and 13 

a temperature sensor to monitor the hydrodynamic and chemical parameters. Furthermore, a data 14 

acquisition system programmed in Labview was developed to ensure the robustness of the 15 

system and obtain reproducible data. Sensor calibration was performed under the hydrodynamic 16 

conditions used in the experimental work. 17 

 18 

2.2. Ion rejection experimental tests of multi-ion electrolyte solutions 19 

Several multi-ion aqueous solutions consisting of a dominant single salt (NaCl, MgCl2 or MgSO4) 20 

mixed with trace ions such as Na+, Cl-, Ca2+, Mg2+, SO4
2-, K+, NO3

-, NH4
+, I- and Br- were used as 21 

feed solutions. Common scenarios of low-quality surface waters influenced by industrial and 22 

mining drainage containing KCl, MgCl2, KI, NaBr, etc and industrial wastewater containing NH4
+, 23 

NO3
-, SO4

2- [45,46] were reproduced by these selected model systems. Before performing any 24 

rejection experiments, membranes were wetted overnight in distilled water to wash-out potential 25 

storage products. Then, they were compacted with distilled water for one hour and with the 26 

working solution over one hour and a half at the maximum working cfv and TMP to ensure 27 

constant transmembrane flux in all the experiments at the same pressure requirements. The 28 

experimental tests were carried out at a fixed cfv of 0.7 m s-1 and the TMP was varied between 29 

osmotic pressure of feed solution (4.5-7 bar) and 20 bar. Concentrations of dominant salts in feed 30 

solutions were maintained at 10-1 mol L-1 while concentrations of trace ions were at about 0.5-2% 31 

of dominant salt concentrations. All reagents were of analysis quality (PA-ACS-ISO reagent, 32 

PANREAC). The conditions of rejection experiments performed with multi-ion solutions are 33 

summarized in Table 1.  34 

 35 

Table 1. Experimental conditions for the filtration of multi-ion solutions of Na+, Cl-, K+, Ca2+, Mg2+, 36 

SO4
2-, NO3

-, NH4
+, I- and Br- by the NF270 membrane. 37 
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Dominant 

salts 

Trace 

salt 

Feed concentration 
Cross-flow 

rate 

Trans-

membrane 

pressure 

Dominant 

salt 
Trace salt 

(mol L-1) (mol L-1) (m s-1) (bar) 

NaCl MgSO4 10-1 2·10-3 0.7 4.5 - 20 

NaCl MgCl2 10-1 2·10-3 0.7 4.5 - 20 

NaCl CaCl2 10-1 2·10-3 0.7 4.5 - 20 

NaCl KCl 10-1 2·10-3 0.7 4.5 - 20 

NaCl NH4Cl 10-1 2·10-3 0.7 4.5 - 20 

NaCl NaNO3 10-1 2·10-3 0.7 4.5 - 20 

NaCl NaBr 10-1 2·10-3 0.7 4.5 - 20 

NaCl NaI 10-1 2·10-3 0.7 4.5 - 20 

MgCl2 KCl 10-1 5·10-4 0.7 7 - 20 

MgCl2 NH4Cl 10-1 5·10-4 0.7 7 - 20 

MgCl2 Na2SO4 10-1 5·10-4 0.7 7 - 20 

MgCl2 NaNO3 10-1 5·10-4 0.7 7 - 20 

MgCl2 NaBr 10-1 5·10-4 0.7 7 - 20 

MgCl2 NaI 10-1 5·10-4 0.7 7 - 20 

MgSO4 NaCl 10-1 5·10-4 0.7 4.5 - 20 

MgSO4 NH4Cl 10-1 5·10-4 0.7 4.5 - 20 

MgSO4 NaNO3 10-1 5·10-4 0.7 4.5 - 20 

MgSO4 NaBr 10-1 5·10-4 0.7 4.5 - 20 

MgSO4 NaI 10-1 5·10-4 0.7 4.5 - 20 

 1 

 2 

The transmembrane volume flow  was determined via monitoring collected permeate volume. 3 

Ion concentrations in feed and permeate samples were measured by ion chromatography (Dionex 4 

ICS-1000). The cation and anion analyses were performed by using the IONPAC® CS16 cation-5 

exchange column, which uses 3·10-2 mol L-1 methane sulphonic acid eluent and the IONPAC® 6 

AS23 anion-exchange column. A mixture of 4.5·10-3 mol L-1 Na2CO3 and 8·10-4 mol L-1 NaHCO3 7 

was used as eluent in the latter case. The pH of the feed and permeate solutions were measured 8 

with a pH electrode. Overall, in the experimental tests, pH ranged between 5.1 and 6.3.  9 

 10 

2.3. Modelling of ion transfer across NF membranes in multi-ion solutions  11 

In this study, the SEDF model was used to fit experimental data for both dominant and trace ions 12 

[41]. The model equations, summarized in Table 2  relates the observable rejections of the 13 

dominant salt (Rs
obs) and the trace ions (Rt

obs) with the corresponding intrinsic ones (Rs
int , Rt

int ) 14 

taking into account the concentration polarization and using the unstirred-layer thickness (δ) as 15 
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one of the fitting parameters. [41,42], 1 

In order to fit the dominant salt rejections as a function of transmembrane volume flow, two 2 

parameters need to be obtained for the dominant salt (by using Eq 8): the membrane and the 3 

concentration-polarization layer permeances to the dominant salt (Ps, Ps
(δ)). The intrinsic rejection 4 

of the dominant salt (Rs
int) can then be calculated by Eq. (9) and, then, its reciprocal intrinsic 5 

transmission (fs) and the corresponding membrane surface concentration (Cs
(m)) can be 6 

determined. Once the trace-ion concentrations at the membrane surface are calculated by using 7 

Eq. (10), the intrinsic rejections (Rt
int) and the corresponding reciprocal transmissions of the trace 8 

ions (ft)  can be obtained. Subsequently, in the case of trace ions different from the dominant ions, 9 

two parameters, b and K are fitted to Eq 11 and 12. From them, the membrane permeances to 10 

dominant and trace ions (P±, Ps
(δ)) can be calculated with Eq. (13) and the  parameter from Eq. 11 

(11), respectively.  12 

 13 

Table 2. Summary of mass transport equations of the Solution-Electro-Diffusion-Film (SEDF) 14 

model [39,41,42] 15 

 
 (1) 

 (2) 

 
(3) 

 
(4) 

 
(5) 

 
(6) 

 
(7) 

 

Observable salt rejections 

 

 

  where ,  and  (8) 

Intrinsic salt rejections   

 

(9) 

Trace ion concentration at the membrane surface  
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where  ,   ,  ,  

(10)

Reciprocal transmission of trace ion   

 where  , ,  and  (11)

Membrane permeances to dominant ions (12)

  
(13)

 1 

2.5 NF270 properties 2 

NF270 (Dow Chemical) membrane was used to perform the experimental tests. Its active layer is 3 

made of semi-aromatic poly(piperazine) amide whose chemical structure is shown in Figure 1.  4 

 5 

Figure 1. Chemical polymeric structure of NF270 [10,47,48] 6 

 7 

Salt and ion permeances can be expected to correlate with the total dominant salt content in the 8 

membrane and with changes in the membrane effective fixed charge. The latter can be related to 9 

specific ion adsorption and competitive complexing of counter-ions to the fixed charge sites of the 10 

polymer membrane matrix, which diminishes the effective fixed charge. Recently aromatic 11 

polyamide active layers prepared via interfacial polymerization (similarly to NF270) were 12 

characterized in terms of concentration of ionizable functional groups (carboxylic (RCOOH/R-13 

COO-) and amine (R-NH3
+/R-NH2)) related to the degree of polymer cross-linking [7,49]. In the 14 

case of NF270, although no data on the acidity constants of the carboxylic groups have been 15 

published, most of the characterization studies observed that at neutral pH values 6-7, carboxylic 16 

groups are deprotonated (R-COO-). Thus, in the present study where the experiments were 17 

performed at pH around 6.6 the carboxylic groups were supposedly deprotonated (R-COO-). 18 

Ionizable functional groups can affect water and solute permeation not only because they produce 19 

pH-dependent charges in the active layer, but also because they can affect the active layer 20 

structure [11]. 21 

 22 

3. RESULTS AND DISCUSSION 23 

 24 
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3.1 NaCl as dominant salt 1 

 Figure 2 shows the observable rejection for the dominant salt (NaCl) in the presence of a trace 2 

salt (referred to as NaCl_CA, where CA is the trace salt) (Fig 2a) and for the trace ions (referred 3 

to as C+ (NaCl_CA) for the cations and A- (NaCl_CA) for the anions) (Fig 2b) as a function of 4 

transmembrane volume flow. The symbols represent the experimental points and the lines were 5 

derived by using the SEDF model equations (Table 2). Calculated membrane permeances to 6 

dominant and trace ions are collected in Table 3.  7 

 8 

 9 

Figure 2. Observable rejections for the dominant salt NaCl in the presence of trace ions (Fig 2a) 10 

and for the trace ions (Mg2+, Ca2+, K+, NH4
+, SO4

2-, NO3
-, Br-, I-) accompanying the dominant salt 11 

(Fig 2b) as a function of transmembrane volume flow. Lines were obtained by the SEDF model. 12 

 13 

Table 3. Concentration-polarization layer and membrane permeances to the dominant salt 14 
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  as well as ionic membrane permeances  of Na+, Cl-, K+, Ca2+, 1 

Mg2+, SO4
2-, NO3

-, Br-, I- and NH4
+ from NaCl, MgCl2 and MgSO4 based multi-ion solutions by 2 

using NF270 membrane.  3 

 4 

Dominant  
and trace 
salts 

Salt 
permeance 
(µm s

‐1
)  

Ion membrane  
permeance 
(µm s

‐1
) 

 

 

 

   

 

 
   

 

 
NaCl 
MgSO4 

119  27  ‐  ‐  106  12  ‐  15  ‐  ‐  ‐  0.09 

NaCl 
MgCl2 

94  33  ‐  ‐  662  13  ‐  17  ‐  ‐  ‐  ‐ 

NaCl 
CaCl2 

69  30  ‐  ‐  203  ‐  14  16  ‐  ‐  ‐  ‐ 

NaCl 
KCl 

120  32  ‐  202  3236  ‐  ‐  16  ‐  ‐  ‐  ‐ 

NaCl 
NH4Cl 

110  24  2358  ‐  298  ‐  ‐  12  ‐  ‐  ‐  ‐ 

NaCl 
NaI 

65  15  ‐  ‐  96  ‐  ‐  10  ‐  ‐  9  ‐ 

NaCl 
NaBr 

112  23  ‐  ‐  151  ‐  ‐  12  19  ‐  ‐  ‐ 

NaCl 
NaNO3 

65  12  ‐  ‐  1242  ‐  ‐  11  ‐  18  ‐  ‐ 

Dominant 
and trace 
salts 

Salt 
permeance 
(µm s

‐1
)  

Ion membrane  
permeance 
(µm s

‐1
) 

 

 

 

   

 

 
   

 

 
MgCl2 
Na2SO4 

40  2.1  ‐  ‐  2116  0.8  ‐  18  ‐  ‐  ‐  0.9 

MgCl2 
KCl 

38  2.1  ‐  99  ‐  0.8  ‐  9  ‐  ‐  ‐  ‐ 

MgCl2 
NH4Cl 

45  2.1  427  ‐  ‐  0.8  ‐  21  ‐  ‐  ‐  ‐ 

MgCl2 
NaI 

50  1.8  ‐  ‐  27  0.8  ‐  10  ‐  ‐  12  ‐ 

MgCl2 
NaBr 

47  2.8  ‐  ‐  63  1.1  ‐  14  17  ‐  ‐  ‐ 

MgCl2 
NaNO3 

38  2.2  ‐  ‐  2177  1.0  ‐  10  ‐  5  ‐  ‐ 

                         

Dominant and 
trace salts 

Salt 
permeance 
(µm s

‐1
) 

Ion membrane
permeance 
(µm s

‐1
)

 

 

 

 

 

 
   

 

 
 

MgSO4 
NaCl 

27  0.1  ‐  769  1  ‐  13  ‐  ‐  ‐  0.04 

MgSO4 
NH4Cl 

22  0.2  54  ‐  2  ‐  9  ‐  ‐  ‐  0.1 

MgSO4 
NaI 

21  0.1  ‐  50  1  ‐  ‐  ‐  ‐  19  0.03 

MgSO4 
NaBr 

25  0.6  ‐  57  5  ‐  ‐  26  ‐  ‐  0.3 

MgSO4 
NaNO3 

23  0.2  ‐  62  5  ‐  ‐  ‐  41  ‐  0.1 
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 1 

For NF270, the rejections of the dominant salt varied between 50-60% (Figure 2a). Trace ions 2 

exhibited different selectivity patterns clearly depending on feed solution composition. It is a priori 3 

uncertain which of the ions, cations (Cn+) or anions (An-), would be the faster. The electrostatic 4 

potential gradient located between both sides of membrane, results in an electric field that 5 

accelerates or slows down the ions across the membrane, and concentrates them on both feed 6 

and permeate interfaces depending on their own ion charge. Double-charged trace ions (SO4
2-, 7 

Mg2+, Ca2+), were mostly better rejected than the dominant salt (NaCl) itself and the single-8 

charged trace ions (Figure 2b). Particularly, the double-charged anion SO4
2- was the best rejected 9 

trace ion, exhibiting a percentage removal >98% over the whole range of transmembrane volume 10 

flows tested, followed by the double-charged cations Mg2+ and Ca2+ (with rejection percentages of 11 

80-85% and 75% at the highest flows tested, respectively). This finding is consistent with the fact 12 

that the experiments were performed at pH around 6.6±0.2, whereby the carboxylic groups of the 13 

polyamide membrane were assumed to be deprotonated (R-COO-) so the permeance to Cn+ was 14 

expected to be significantly higher than that to An-. 15 

With regards to single-charged trace ions, cations (K+ and NH4
+) were better rejected than anions 16 

(I-, Br-, NO3
-) just in opposite way of double-charged trace ions (Figure 2b). Although, K+ and NH4

+ 17 

rejections showed both a very similar pattern increased up to 60%, anions were rejected up to 18 

50% (for I-), 45% (Br-) and 20% (NO3
-) at largest transmembrane volume flows. Besides that, 19 

negative rejections of NO3
- (-5%) were observed at smallest transmembrane volume flow (Figure 20 

2b). Indeed, NO3
- was more quickly transported to the permeate than Cl- as their ion membrane 21 

permeances values shows (Table 4).  22 

 23 

3.2 MgCl2 as the dominant salt 24 

The observable rejection of the dominant salt MgCl2 and the trace ions over the transmembrane 25 

volume flows are shown in Figure 3a and Figure 3b respectively, and following the notation 26 

described above in section 3.1. Experimental data are represented with symbols whereas their 27 

modelling by the SEDF model is shown by lines. The calculated membrane permeances towards 28 

the dominants salt and the trace ions by the SEDF model are presented also in Table 3. 29 
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 1 

 2 

 3 

Figure 3. Observable rejections for the dominant salt MgCl2 in the presence of trace ions (Fig 3a) 4 

and for the trace ions (Na+, K+, NH4
+, SO4

2-, NO3
-, Br-, I-) accompanying the dominant salt (Fig 3b) 5 

as a function of transmembrane volume flow. Lines were obtained by the SEDF model. 6 

 7 

It can be observed that the dominant salt and the trace anions were very highly rejected (with 8 

removal percentages between 60% and 100%) (Fig 3a and 3b) while the trace cations were 9 

poorly rejected showing even negative values (with removal percentages between (-10 % and -10 

190 %) almost over all transmembrane volume flows (Figure 3b).  11 

Compared to NaCl-dominant salt, dominant MgCl2 exhibited higher rejections (85-95%) at the 12 

highest transmembrane volume flow (Figure 3a). Similarly to the dominant salt MgCl2, high 13 

rejections were also observed for double-charged (SO4
2-) and single-charged (I-, NO3

-, Br-) trace 14 

anions (97-99 %and between 85-95 %, respectively, from intermediate to largest transmembrane 15 

volume flows). On the other hand, single-charged trace cations exhibited very different rejection 16 

patterns, with most of them showing negative rejections over the whole transmembrane volume 17 

flows (Figure 3b). The observed rejections at maximum transmembrane volume flows were 18 

mostly in the range of -55 % and 5 % for Na+ (depending upon the trace salt employed), -25% for 19 

K+ and -75% for NH4
+. At lower transmembrane volume flows, these ions exhibited even lower 20 
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(i.e. more negative) rejection values, with minima at -20% for Na+ at a transmembrane volume 1 

flow of 7 µm/s or -190% for NH4
+ at a transmembrane volume flow of 12 µm/s). Although, the 2 

highest negative rejections of K+ and NH4
+ being -125% and -190% respectively and  Na+ with 3 

SO4
2- as a counter-ion -150%.+.  4 

To sum up, the negative rejection (i.e. permeance through the NF270 membrane) of the positive 5 

single-charged trace ions appeared to follow the sequence (in decreasing order) : NH4
+ > 6 

Na+(Na2SO4) > Na+(NaI) ~ K+(KCl) > Na+(NaBr) ~ Na+(NaNO3) inversely in accordance with the 7 

positive rejection sequence of their electrolyte  counter-ions which was SO4
2- > I- > Br- ~ NO3

- 8 

(Figure 3b). This finding confirmed that both positive and negative trace ions rejections were 9 

strongly controlled by the same magnitude of the electric field that spontaneously arose 10 

depending on all involved ions in each experimental test.  11 

Results showed that a NF membrane containing negative charged functional groups (carboxylic 12 

groups) at the working  solution pH, the substitution of the dominant salt from NaCl to MgCl2 13 

promotes the possibility to remove from the treated solutions all the mono-charged trace cations 14 

(Na+, K+, NH4
+) present in solution (rejections below 0% along the pressure range evaluated).   15 

 16 

3.3 MgSO4 as dominant salt 17 

Figure 4 shows the observable rejection for the dominant salt MgSO4 in presence of different 18 

trace salts (CA) (Fig 4a) and for trace ions (Fig 4b) as a function of the transmembrane volume 19 

flow and following the notation described above in section 3.1. The symbols represent the 20 

experimental points and the lines were derived by the SEDF model. The calculated membrane 21 

permeances to dominant and trace ions are collected in Table 4. 22 

 23 
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 1 

 2 

Figure 4. Observable rejections for the dominant salt MgSO4 in the presence of trace ions (Fig 3 

4a) and for the trace ions (Na+, NH4
+, Cl-, NO3

-, Br-, I-) accompanying the dominant salt (Fig 4b) as 4 

a function of transmembrane volume flow. Lines were obtained by the SEDF model. 5 

 6 

When MgSO4 dominant-based solutions were treated by NF270 membrane, both the dominant 7 

MgSO4 (Figure 4a) and the single-charged trace cations (Na+ and NH4
+) (Figure 4b) were fairly 8 

well-rejected over all transmembrane volume flows (with rejection ranges of 85-99 % and 70-90 9 

%, respectively). The rejection of Na+ and NH4
+ trace ions seemed little influenced by their 10 

counter-ions, showing a subtle rejection sequence depending on their counter-anions as follows: 11 

Na+(NaI) > Na+(NaCl) > Na+(NaNO3) > NH4
+(NH4Cl) > Na+(NaBr) being in accordance with the 12 

dominant salt rejection sequence obtained MgSO4(NaI)≈ MgSO4(NaCl) > MgSO4(NaNO3) ≈ 13 

MgSO4(NH4Cl) > MgSO4(NaBr), that was also dependent on the anions from the trace salts. 14 

On the other hand, the single-charged trace anions were poorly rejected showing a wide range on 15 

their rejections [-170 to 40 %] including negative values over all transmembrane volume flows 16 

(Figure 4b). At the highest transmembrane volume flow, Cl- was the most rejected regardless the 17 

form in which it was added (40% and 30% when it was added as NH4Cl and NaCl, respectively), 18 

followed by Br- and I- (with rejection values lower than 10%) and finally NO3
-, which was 19 

negatively rejected over all transmembrane volume flows. At low transmembrane volume flow, the 20 

highest negative rejections of the single-charged anion patterns were determined as the retention 21 

sequence follows: Cl- (-50% (NH4Cl)) < Br- (-65%) < Cl- (-84% (NaCl)) < I- (-135%) < NO3
- (-22 

168%). This sequence was similarly to that achieved at highest transmembrane volume flows. 23 

As described by Umpuch et al. [14] the separation factor of mixtures of lactate /glucose was 24 

achieved by addition of strong electrolytes (Na2SO4 or NaCl) taking benefit of both the power of 25 

the dielectric exclusion and the nature of the dominant ions. Then, for example trace cations 26 

(organic or inorganic) could be removed from an aqueous solution with a membrane having 27 

negatively charged functional groups at the pH of the treated solution by using for example a (+2/-28 

1) type electrolyte (e.g. MgCl2, CaCl2 or BaCl2) promoting the permeation of all cations as the 29 
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dominant cation (Mg, Ca or Ba) would be highly rejected. Figure 3, shows that the use of a 0.1 M 1 

MgCl2 solution provides a 100% removal of Na+ /K +/NH4
+ ions. If the desired objective is to 2 

remove anions, a (+2/-2) type electrolyte (e.g. MgSO4) could be used. In Figure 2, permeation 3 

values for halides and NO3
- were below 10%, and separation factors close to 1.5 would be 4 

achieved 5 

 6 

 7 

3.4 Membrane permeances to dominant salt and trace ions: dependence on electrolyte 8 

type 9 

The difference in the rejections of the dominant and the trace ions lies on the membrane 10 

permeances towards them, which have been calculated by means of the SEDF model as 11 

summarized in Table 2. Salt membrane permeances decreased from the highest value 20-30 12 

µm/s measured for NaCl (an electrolyte with two mono-charged  species (1:1,Na+/Cl-)) to 1.8-2.8 13 

µm/s for MgCl2 (an electrolyte with one two mono-charged and two double-charged species 14 

(2:1,Mg+2/Cl-)) and down to 0.1-0.6 µm/s for MgSO4 (an electrolyte with two double mono-charged  15 

species (1:1,Mg2+, SO4
2-)).  16 

Among the different mechanisms used for describing ion rejections by NF membranes, the 17 

dielectric exclusion mechanism explains the permeance values measured in this study. 18 

Yaroshchuk et al. [50] postulated dielectric exclusion as one of separation mechanisms of NF. 19 

Dielectric exclusion is caused by the interactions of ions with the bound electric charges induced 20 

by ions at interfaces between media of different dielectric constants (e.g. carboxylic and amine 21 

groups of NF270). The dielectric exclusion from the polymer network pores of the membranes 22 

with closed geometry is shown to be essentially stronger than that from free volume with relatively 23 

open geometry. Originally it was common to believe that their main rejection mechanism was the 24 

Donnan exclusion caused by a fixed electric charge. That conclusion was based, in fact, on the 25 

only observation that double-charge anions were rejected essentially better than single-charge 26 

ones. However, that is characteristic of dielectric exclusion too.  According to Kim et al. [49] thin 27 

film polyamide layers of RO and NF membranes have a bimodal distribution with sizes (e.g 2.1-28 

2.4 Å and 3.5-4.5 Å for FT30 RO membrane), which is just the range where the dielectric 29 

exclusion can be strong. In principle, that mechanism is more universal than the Donnan 30 

exclusion because a membrane may have or may not have a fixed charge (e.g. NF270 as a 31 

function of the pH), however, the existence of a low dielectric constant matrix is beyond any 32 

doubt.  33 

 34 

Thus, due to the dielectric exclusion membranes protect themselves from the intrusion of ions 35 

which gives rise to the screening of dielectric exclusion itself. Both mechanisms, the dielectric and 36 

Donnan exclusions, cause a rejection of ions. However, they are far from being simply additive, 37 

and the interaction between them is non-trivial. Indeed, it has been shown that a fixed charge 38 
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makes the screening of interactions with polarization charges stronger thus making the dielectric 1 

exclusion weaker [50,51]. At the same time the dielectric exclusion is equivalent to a decrease in 2 

the bulk electrolyte concentration. The latter is known to cause an increase in the Donnan 3 

exclusion. Thus, the dielectric exclusion makes the Donnan exclusion stronger, whereas the 4 

presence of fixed charge makes the dielectric exclusion weaker. That can be illustrated by the 5 

effect of dielectric exclusion on the relationship between fixed charge density and Donnan 6 

potential. It essentially depends on the pore geometry parameter and the type of electrolyte 7 

according to the ions valance.  8 

For instance, for 1:1 (e.g. NaCl) electrolytes dielectric exclusion is lower than for electrolytes with 9 

double-charge counter-ions 2:1 (e.g. MgCl2), which in turn is lower than for electrolytes containing 10 

double-charge ions (2:2) (MgSO4). Therefore in the case of electrolytes with double-charge 11 

counter-ions such as MgSO4 a fixed charge of considerable magnitude is likely to cause a 12 

decrease in reflection coefficient. At the same time a fixed charge of moderate magnitude may be 13 

beneficial for membrane performance. This behavior has been extended to other electrolytes data 14 

for NF270 reported in the literature and the same trend is reported, as it is the case of CaCl2 and 15 

Na2SO4 with permeance values of  4.8-5 µm/s, and 0.1-0.2 µm/s, respectively [42,52]. 16 

A second phenomenon related to the presence of charges on the membrane structure should be 17 

stressed. As discussed above, the isoelectric point at the solution pH, the free carboxylic groups 18 

are ionized. Then, for a given electrolyte, the negative ion (e.g. Cl- in NaCl and MgCl2 and SO4
-2 in 19 

MgSO4), will suffer from electrical repulsion, and then rejected in a stronger way than the 20 

positively charged ion (e.g. Na+ in NaCl or Mg+2 in MgCl2 and MgSO4). This is in agreement with 21 

the measured ion permeances, where the most potentially fast ion from this couple (Na+, Mg+2) is 22 

expected to be the Na+. Na+ has the largest ion permeances >100 for all the experiments with 23 

NaCl as dominant salt higher than Mg+2, affected additionally by the dielectric exclusion effect. 24 

With regards to anions, the potentially fastest ion was Cl- with permeance values of 11-17 µm/s 25 

for both NaCl and MgCl2 dominant salts, followed by sulfate with permeance values of 0.05-0.1 26 

µm/s for dominant MgSO4, due to the dielectric exclusion effect. Similar values of permeances for 27 

SO4
2- were reported by Pages et al. [42] for dominant Na2SO4 dominant salt experiments.  28 

The influence of the nature of the dominant electrolyte on the membrane permeance to the trace 29 

ions was also extracted from experimental data by using the SEDF model. Results, collected in 30 

Table 3, showed that membrane permeances to trace cations (Na+, Mg2+) were similar as those 31 

determined for them in experiments as dominant salt. Then, size exclusion mechanism as it is 32 

claiming in some NF models is not having a relevant contribution for Na+ rejections and solution 33 

composition (nature of the dominant electrolyte) and the membrane properties are having a 34 

highest contribution.   35 

Membrane permeance values to NH4
+ were approx. 400 µm/s and 2300 µm/s in NaCl- and MgCl2-36 

dominated solutions, respectively, much higher than the value of 54 µm/s corresponding to a 37 

MgSO4-dominated solution. This latter low value is due to the fact that in a solution dominated by 38 
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a 2:2 type electrolyte, the negatively charged ion (SO4
2- in this case) accelerates trace anions 1 

permeation while des-accelerates the transport of cations such as NH4
+. The same explanation as 2 

before applies to the permeance values to K+ (approx. 200 µm/s and 100 µm/s for NaCl- and 3 

MgCl2-dominated solutions, respectively) are slightly lower than to NH4
+.  4 

It is of particular mention the behavior of ion permeances of Na+. For dominant NaCl and MgCl2 5 

solutions Na+ ion is showing the highest ion permeances with values higher than 100.  However in 6 

dominant MgSO4 solutions as trace values of rejection measured range from 0 up to –80% at the 7 

maximum linear velocity. For the case of anionic species, sulfate ions as trace component in 8 

MgCl2 and NaCl, solutions provided permeance values similar to those for dominant salts as well 9 

as chloride ions in MgSO4 dominant salt concentration. For the case of non-common anions such 10 

as Br-, I- and NO3
-, values reported were similar to a monovalent ion as Cl-. Both Br- and I- have 11 

similar chemical properties, although different size properties as it is reported by the hydrated 12 

radius with values of 330 pm, and 340 pm respectively, and 195 pm for Cl-. However this has not 13 

been traduced in such different ion permeances as it is claimed by models considering size 14 

exclusion effects. Similarly NO3
- (340 pm hydrated radius), a single charge ion, with also similar 15 

permeance values to halide anions. 16 

 17 

 18 

4. CONCLUSIONS  19 

In order to study the effect of dominant salt concentration on the removal of trace ions (Na+, K+, 20 

Cl-, Ca2+, Mg2+, SO4
2-, NO3

-, NH4
+, Br- and I-) a set of NF experiments with different dominant salts 21 

(NaCl, MgCl2, MgSO4) was designed. The rejections of easily-permeating ions such as single-22 

charge inorganic ions in NF membranes containing ionisable free carboxylic and amine groups 23 

are controlled to a larger extent by a combination of the electric field, the membrane permeance 24 

to them, the membrane properties and the solution composition. The experimental data with 25 

various trace ions and dominant salts confirm this hypothesis and can be qualitatively interpreted 26 

within the scope of extended SEDF model in the case of feed solutions consisting of one 27 

dominant salt and (any number of) trace ions.  28 

The applicability of the SEDF model was confirmed, since it was possible to fit the experimental 29 

data by means of the model, even in the case of negative rejections. The successful SEDF model 30 

fitting highlighted the importance of the polarization layer and electric-field effects on which the 31 

model is based. The study has demonstrated severe changes on the selectivity rejection of 32 

inorganic ions as Br-, I-, NO3
-, NH4

+, K+ depending on the environment solutions. Although the 33 

information on the membrane permeances to ions has remained empirical in this study, in 34 

principle, it can further be used for the verification of self-consistency of various mechanistic 35 

models. The availability of three “measurable” quantities, the membrane permeances to the 36 

cations and anions of the dominant salt as well as to the trace ions, in contrast to just one 37 

permeance to the salt available from conventional measurements with single salts, can make self-38 
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consistency checks much more conclusive. 1 
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Nomenc

lature 

 

 water permeance defined on Eq. (1) 

 ion and water molecules concentrations (mol m-3) 

 water molecules concentration in the feed solution (mol m-3) 

  salt concentration in the feed solution (mol m-3) 

  salt concentration at the membrane surface (mol m-3) 

  salt concentration in the permeate (mol m-3) 

  trace ion concentration in the feed solution (mol m-3) 

  trace ion concentration at the membrane surface (mol m-3) 

  trace ion concentration in the permeate (mol m-3) 

  ion and water molecules diffusion coefficients in the membrane (m2 s-1) 

  solute diffusion coefficient in the concentration-polarization layer (m2 s-1) 

  dominant ion diffusion coefficients in the concentration-polarization layer (m2 s-1) 

  dominant salt diffusion coefficient in the concentration-polarization layer (m2 s-1) 

  trace ion diffusion coefficient in the concentration-polarization layer (m2 s-1) 

 reciprocal dominant salt transmembrane transfer 

 reciprocal trace ion transmembrane transfer 

 liquid-membrane sorption coefficient defined on Eq. (1) 

  concentration-polarization layer permeance to the dominant salt (m s-1) 

  membrane permeance to the dominant salt (m s-1) 

  membrane permeances to the dominant ions (m s-1) 

 membrane permeances to the trace ions (m s-1) 

  dominant salt Péclet number  
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  trace ion Péclet number  

 gas constant (J K−1 mol−1) 

  dominant salt intrinsic rejection  

  trace ion intrinsic rejection  

  dominant salt observable rejection 

  trace ion observable rejection  

 temperature (K) 

 solute molar volume (m3 mol-1) 

 coordinate scaled on the membrane thickness (m) 

  ion charge 

  dominant ion charges 

 trace ion charge 

Greek letters  

 fraction of trace ion over salt diffusion coefficients in the concentration polarization-

layer 

 activity coefficient of the bulk feed solution 

 
activity coefficient of the feed-membrane interphase 

 estimated concentration-polarization thickness (m) 

 dimensionless reference electrostatic potential 
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