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a b s t r a c t
The tested models of membrane transport were based on the steric, dielectric (Born and image force 
effects), and Donnan exclusions. Generally, the models with the concentration-dependent electrolyte 
permeability described the retention data satisfactorily, irrespectively of the origin of that dependence 
(dielectric or Donnan effect). Regarding the steric-dielectric exclusion, the same goodness of fit was 
obtained for many pairs of pore radius and dielectric constant. However, it was not possible to explain 
the differences in the electrolyte permeabilities, because of the inconsistency of the dielectric con-
stant of a pore solution and/or an effective membrane thickness. Much too high values of that thick-
ness obtained for the pure Donnan exclusion indicated that this type of exclusion was of marginal 
importance.
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1. Introduction

Reverse osmosis (RO) and nanofiltration are important
membrane techniques used in many fields (chemical, food, 
pharmaceutical, and paper industries) [1]. The treated solu-
tions are mainly aqueous electrolytes or neutral species, but 
they can also be organic [2]. To optimize the process, an 
efficient model should be developed. Such a model should 
cover three issues: a membrane transport, mass transfer in a 
membrane module, and a process scale-up [3]. Being aware 
of a variety of treated wastewaters, industrial effluents and 
groundwaters, an appropriate description of membrane 
transport, which is confirmed by the abundant literature on 
that subject, seems to be the most challenging.

The membrane transport in NF processes can be mod-
eled using the linear transport equations of nonequilibrium 
thermodynamics [4,5], frictional model of transport [6], 
extended Nernst–Planck (ENPE) [7–11], and Maxwell–Stefan 

equations [3,12]. Various approaches to the partition of elec-
trolytes between a membrane and an external solution are 
applied – Donnan exclusion [6,7,10,13,14], steric exclusion 
[8,10,13,14], dielectric exclusion, which comprises of the Born 
solvation energy difference [9,13,14] and the image force 
contribution [5,13–17]). In the pore model, the radial distri-
bution of ions inside the pore is sometimes considered [5,8], 
however, the quantities (concentration, velocity, and elec-
tric potential) averaged over a pore cross-section are mostly 
used. More detailed comments to these approaches can be 
found in Refs. [16,17]. The hindrance factors for diffusion and 
for convection, being a function of the ionic to pore radius 
ratio, are also commonly used.

Reviewing the results of model verifications, for each 
model one can find experimental examples, where it works 
or fails. For example, the Donnan Pore Model (DPM) model 
(DPM = ENPE + Donnan exclusion + hindrance factors 
depending on the pore radius, rp) turned out to be satisfactory 
in fitting the data concerning the filtration of NaCl, Na2SO4 
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and their mixture through various NF membranes covering 
the range from ultrafiltration to RO, as reported by Bowen 
and Mukhtar [18]. Two fitted parameters of that model were 
rp and charge density. The DSPM model (Donnan Steric Pore 
Model) was tested by Bowen et al. [8,9] – for monovalent 
salts (LiCl, NaCl, and KCl) it yielded good results, but it was 
invalid for a divalent cation salt (MgCl2). Similarly, Vezzani 
and Bandini [16,19] found that DSPM was applicable for 
monovalent cation salts, however, in the case of divalent 
cations (CaCl2, MgCl2, and MgSO4) it failed. The incorpora-
tion of the dielectric exclusion resulting from the image force 
effect (DSPM-DEi, dielectric constant of pore solution, εp, was 
the same as that of the external one) substantially improved 
the fit of these salts, however, still it was far from ideality. 
In the case of NaCl-Na2SO4 mixture [16], the differences 
between DSPM and DSPM-DEi were practically insignifi-
cant. Regarding the Donnan exclusion, Vezzani and Bandini 
[19] assumed that the membrane was highly charged and the 
counter-ion concentration could be approximated by that of 
fixed charges. However, the obtained expression for the fixed 
charge concentration (Tab. 2 in Ref. [19]) denied it. The DSPM-
DEB model (with Born effect, no image force contribution) 
was examined in Refs. [9,20,21]. Hagmeyer and Gimbel [20] 
assuming that εp was concentration dependent, obtained a 
relatively good fit of single salts (NaCl, Na2SO4, and CaC12) 
and a poorer fit for their mixtures, for example, the negative 
rejection of Na+ in the case of NaCl/CaCl2 filtration could not 
be predicted. Bowen and Welfoot [9] (here εp depended on rp) 
found that the standard error of the estimated rejection coef-
ficient of the DSPM-DEB fit for NaCl was 3–10 times worse 
than that of DSPM (Tab. 3 in Ref. [9]), whereas for MgCl2 it 
was better, however not for the lowest feed concentration (ca. 
1 mM, Tab. 4 in Ref. [9]). One could also notice that DSPM-
DEB yielded much smaller concentration of fixed charges 
comparing with DSPM indicating a significant DE contribu-
tion to the electrolyte exclusion. The DSPM-DEB model, as 
described in Ref. [9], was tested by Santafé-Moros et al. [21] 
for the salt mixtures – they obtained a good fit for the mixture 
NO3

–/SO4
–2/Na+, but unsatisfactory for NO3

–/Cl–/Na+. Escoda 
et al. [22] successfully applied DSPM-DEB for the filtration of 
mono- and divalent cations mixture (NaCl-CaCl2) of various 
salts ratios. The DSPM-DE model with both effects of dielec-
tric exclusion (Born, image force contributions) was tested by 
Szymczyk et al. [13,17]. In Ref. [13], a good fit of single salts 
KCl and MgCl2 was reported. Regarding salts with divalent 
cations (Pb(NO3)2 and Co(NO3)2) [17], the authors found that 
the experimental rejection was well described using either 
the Born dielectric effect or the image forces contribution. 
Surprisingly, using both types of dielectric exclusion the data 
fit was unsatisfactory. To eliminate the fixed charges contri-
bution and to discuss the dielectric effects only, Oatley et al. 
[23–25] performed the filtration experiments at the isoelec-
tric point of membranes determined from the zeta potential. 
The results were not unequivocal – in Refs. [23,24] they con-
firmed the validity of the Born approach, whereas in Ref. [25] 
they suggested that image force effect could provide a better 
description.

Thus, the conclusions about the validity of the models, 
including the type of dielectric exclusion, are not so obvious. 
Moreover, in the papers dealing with the image force contri-
bution, the conventional form of ENPE is used for description 

of transport inside the membrane pores. However, as this con-
tribution depends on concentration, the driving force in the 
ENPE should include this dependence (details will be pro-
vided further), which may change fitting results. Operating 
on hypothetical (virtual) external solutions instead of pore 
solutions, this problem disappears. As the image dielectric 
exclusion depends strongly on cavity geometry [15], another 
question is which shape of membrane pore should be chosen. 
In literature, a complex irregular pore geometry is approxi-
mated by two ideal cases – cylindrical pores [13,14] and slit-
shaped ones [13,16,17,19]. It seems that cylindrical geometry 
would be more realistic than the slit, however, regarding 
the pore entrance it is not necessary true [25]. Moreover, it 
should be stressed that according to Yaroshchuk [15,26], the 
derived formulas for the image dielectric exclusion are based 
on simplifying assumptions and should be treated with care.

In this paper, we apply the transport models with and 
without dielectric exclusion for the description of the filtra-
tion data obtained for the monovalent cation salts and a com-
mercial RO membrane. The chosen electrolytes are NH4Cl, 
NH4NO3, (NH4)2SO4, NaCl, NaNO3, and Na2SO4. The reason 
for the choice of nitrogenous compounds is that, for example, 
nitrates are dangerous for humans or aquatic animals and 
their content in wastewater, groundwater, drinking water 
should be reduced [10,21,27,28]; ammonium nitrate and sul-
fate are fertilizers, which can be recovered from wastewater 
using membrane filtration [29–31], etc. Among many possible 
transport models, we selected two models of an uncharged 
membrane and one of a charged membrane. The first one is 
the Spiegler–Kedem–Katchalsky (SKK) model based on the 
nonequilibrium thermodynamics with constant parameters 
(denoted as the SKK model); here the electrolyte perme-
abilities is analyzed in terms of the steric and Bohr dielec-
tric exclusion mechanisms. Additionally, it is tested with 
the electrolyte partition coefficient expressed by Freundlich 
or Langmuir isotherms (cSKK model). The second model is 
based on the electrolyte partition depending on the steric, 
Born, and image force effects (SPM-DE model). In the third 
one, the electrolyte partition is given by the Donnan effect 
(DPM model). The main goal is to verify whether a consis-
tent description of all six electrolytes can be obtained. For the 
electrolyte permeabilities, a common parameter is the mem-
brane geometric parameter defined as the ratio of the pore 
length to the surface porosity. A special attention is given to 
the thickness of the polarization layer – three methods of its 
determination are compared (model fitting, volume flux, and 
mass transfer correlation).

2. Experimental

The filtration was performed using the dead-end SEPA 
ST cell (Osmonics). The experimental setup is shown in Fig. 1. 
The filtration cell was not thermostated, the temperature was 
measured with an electronic thermometer. The magnetic stir-
rer was Barnstead/Thermolyne Cimarec®.

A membrane sample was cut from the RO mem-
brane module AG-90 produced by GE Water & Process 
Technologies; it is denoted here as GE-H. Before measure-
ments, the membrane sample was conditioned by filtering 
distilled water under the pressure 30 bar for at least 1 h until 
a constant water flow was obtained. The active membrane 
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area was 12 cm2, the initial feed volume was 0.3 L. Each time, 
before electrolyte filtration, the distilled water was filtered. 
The time of electrolyte filtration runs and the number of 
gathered permeate samples are listed in Table 1. The con-
centration of permeate was determined conductometrically 
using calibration curves. The observed retention coefficient, 
Robs,i, was calculated from the formula (1):

R
c

obs i
p i

f,i
,

,= −1
ĉ

 (1)

where cp,i is concentration of ith permeate sample, ĉf,i – mean 
concentration of feed during gathering that sample; it was 
calculated as an arithmetic mean of the feed concentrations 
at the beginning, cf,i–1, and at the end, cf,i, of gathering the ith 
sample: /ĉ c cf,i f,i f,i= +( )−1 2, cf,i was calculated from Eq. (2) 
resulting from the mass balance considerations:
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where mf,0 is the feed mass at the beginning of filtration, mp,j is 
the mass of jth permeate sample. The conditions of performed 
filtration experiments are listed in Table 1.

In order to verify whether the membrane surface was 
charged and, consequently, whether the application of the 
fixed charge model is justified, the streaming potential was 
measured using a setup consisting of the measurement cell 
with an electrolyte solution flowing along the membrane sur-
face (see, e.g., Fig. 4b in Ref. [32]), the multimeter Keithley 
2700 with the differential multiplexer 7710, the pressure 
transducer Validyne, and the Gilson peristaltic pump.

3. Theory

For the quantitative description of experimental results, 
two transport equations are used. The first one is the 

Fig. 1. Experimental setup, M – electronic manometer and 
T – thermometer.

Table 1
Parameters of performed experiments; cf,0, cf,end – initial and final concentration of feed, respectively, Δp – applied pressure, 
ΔT = (Tmax–Tmin) – maximal change of temperature observed during the experiment

Electrolyte Run 
no.

Symbol of 
run

Run time 
(h)

No. of permeate 
samples

cf,0 (M) cf,end (M) Δp (bar) Tmin (°C) ΔT (°C)

NH4NO3 1 0.05–15 10 7 0.05 0.18 15 24.2 3.9
2 0.05–20 6.5 7 0.05 0.14 20 21.6 5.5
3 0.1–30 3 8 0.1 0.2 30 25.6 2.1
4 0.2–30 4 7 0.2 0.39 30 26.3 0.5

NH4Cl 5 0.05–15 10 7 0.05 0.16 15 22.8 1.5
6 0.05–20 7.5 7 0.05 0.18 20 19.8 6.3
7 0.1–30 4 8 0.1 0.24 30 24.8 0.7
8 0.2–30 5 8 0.2 0.44 30 23.2 2.6

(NH4)2SO4 9 0.1–15 17 7 0.1 0.22 15 22.4 3.5
10 0.1–20 12 7 0.1 0.27 20 22.9 1.2

NaNO3 11 0.1–15 10.5 6 0.1 0.19 15 22.4 1.8
12 0.1–20 9.5 7 0.1 0.28 20 23.2 1.8
13 0.1–30 3.5 8 0.1 0.21 30 25.8 1.3
14 0.2–30 6 10 0.2 0.55 30 26.2 0.8

NaCl 15 0.1–15 11 5 0.1 0.19 15 21.8 1.9
16 0.1–20 15 7 0.13 0.33 20 21.9 3.1
17 0.1–30 4 8 0.1 0.22 30 24.8 1.0
18 0.2–30 5.5 8 0.2 0.4 30 24.4 1.6

Na2SO4 19 0.1–15 13 9 0.1 0.16 15 22.4 2.3
20 0.1–20 11.5 12 0.1 0.22 20 25.1 2.9
21 0.1–30 8.5 12 0.1 0.28 30 27.1 2.5
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Kedem–Katchalsky–Spiegler equation derived from the lin-
ear transport equations of nonequilibrium thermodynam-
ics. It describes the flux of a species (uncharged solute or 
electrolyte consisting of one kind of anion and cation), Js [4]:

J P dc
dx

S cJs s v v= − +  (3)

where c is concentration of hypothetical solution at equi-
librium with the membrane at the point x, Jv – volume flux, 
and Ps – solute permeability. The parameter Sv is defined as 
Sv ≡ 1–σ, where σ is reflection coefficient. In this work, the 
coordinate x is dimensionless, scaled with respect to the pore 
length lp; it means that Ps includes lp.

The second transport equation, which describes the 
movement of ions, is the ENPE Eq. (4) frequently used in the 
modeling of electrolyte filtration (e.g., Refs. [7–10]):

J
D dc

dx
z c F
RT
d
dx

K c J ii
i i

i i c i i v= − +








 + =

δ
ϕ

, , ,1 2  (4)

In Eq. (4), Ji is the flux of ion i per unit membrane area, 
c̄i, D‾ i, zi, and ϕ̄  denote concentration, diffusion coefficient, 
charge number of ion i, and electric potential in the mem-
brane pore solution, respectively, Kc,i is hindrance convection 
coefficient of ion i [7] (convection factor in Ref. [33]), δ is the 
effective membrane thickness [16,19] defined as δ ≡ lp/Xp, 
where Xp is the surface fraction of pores. In a more general 
form Eq. (4) can be written as:

J
D c
RT
d
dx

K c J
D c
RT
d
dx

K c Ji
i i i

c i i v
i i i

c i i v= − + = − +
δ

µ
δ

µ 

, ,  (5a,b)

where �µ i in Eq. (5a) is the electrochemical potential of ion i 
inside the membrane, �µi in Eq. (5b) refers to an external hypo-
thetical solution (also called a virtual one [37]) defined by the 
equality � �µ µ=i i, Then Eq. (5b) can be transformed into (3), 
where Ps and Sv are given by:

P P As s u= ,  (6a)

S S Av v u= ,  (6b)

A, Ps,u, and Sv,u are defined as:
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where kD is the diffusivity ratio, k D DD ≡ 2 / 1 . The hindered 
by the presence of pore walls diffusion coefficient of ion i 
in the pore solution, D‾ i , is related to that in a free solution, 
Di, by D K Di d i i= , [7], where Kd,i is hindrance diffusion coef-
ficient. Both Kd,i and Kc,i depend on the ratio of solute to pore 
radius (Refs. [7,13,34]). The partition coefficient of ion i, Kp,i, 

results from the equality of its electrochemical potentials 
at the membrane/solution boundary, � �µ µ=i i. It depends on 
many factors, which are summarized in Eq. (9) [13]: 

K
c
c

z F RT W Wp i
i

i

i

i
i i i i, exp /≡ = − − −( )γ

γ
Φ ∆ ∆ϕ B , im,  (9)

where γi and γ̄i are ion activity coefficients outside and inside 
the membrane, respectively, Δϕ is a difference in electric 
potential inside and outside the membrane (it includes the 
Donnan potential if the fixed charges are present), ΔWB,i is 
a change in solvation energy (divided by RT) resulting from 
the transfer of ion i from the external solution of dielectric 
constant ε to the membrane pore solution of dielectric con-
stant εp, Wim,i is a contribution of dielectric exclusion resulting 
from the image forces [15], Φi is a steric exclusion term. For NF 
membranes, it is usually described by the expression for cylin-
drical pores derived on the base of geometric arguments [35]: 
Φ i S i pr r= −( / ),1 2 , where rS,i is the Stokes radius of ion i, rp – 
pore radius. The ion partition coefficients, Kp,1 and Kp,2, are not 
independent quantities – they are connected with each other 
by the electroneutrality condition inside the membrane:

z c z c Xm1 1 + + =2 2 0  (10)

where X z c cm m m m≡ ,  is concentration of fixed charges, 
zm – their charge number.

A relation between Jv and the concentration of the feed at 
the membrane surface, cm, and of permeate, cp, results from 
the equality Js = cpJv (Js = constant), which when combined 
with Eq. (3) gives the basic Eq. (11) for the discussed models:

J
P

c S c
dcv

s

p vc

c

m

p

= −
−∫  (11)

where cm is not known from the direct measurements; 
it can be determined in different ways basing on the equa-
tion resulting from the stagnant film model of concentration 
polarization [36]:

c c c c J km p f p v c= + −( ) ( )exp /  (12)

where cf is the bulk feed concentration, kc is the mass transfer 
coefficient defined as the ratio of the salt diffusivity, Ds, to the 
thickness of concentration polarization layer, lpol (kc = Ds/lpol). 
In the utmost situation, one can neglect the polarization effect, 
as it was done by Hagmeyer and Gimbel [20]. Other authors 
(e.g., Refs. [8,23]) prefer a rather laborious method of deter-
mining the real rejection coefficient, R, directly related to cm 
(Eq. (14)); the method is based on the assumption that R does 
not depend on the stirrer speed (dead-end mode) or cross-
flow velocity of feed (cross-flow mode). It is not so obvious 
because R is a function of concentration at the membrane sur-
face, which depends on the hydrodynamic conditions. Some 
other authors use the correlation equations for kc [10]. In this 
work, kc and, consequently, lpol, were determined from the 
model fitting. A comparison with kc obtained from the cor-
relation for a stirred cell and from the expression for volume 
flux (Eq. (26)) is given in the Supplementary information.

Regarding the integral (Eq. (11)) relating Jv with the 
membrane parameters, Ps and Sv, four cases were considered, 
denoted as the SKK, cSKK, SPM-DE, and DPM models.
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3.1. The SKK model

The simplest case (SKK model) is based on the assumption 
Ps, Sv = constant, which applied to Eq. (11) yields:

J
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R Sv
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v
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−( ) −( )
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where R is the real retention coefficient:

R
c
c
p

m

≡ −1  (14)

Because for the investigated membrane, a convective 
term in the solute flux turned out to be of minor importance, 
the formula for Sv = 0 is also shown. In this model, Ps can 
be further interpreted in terms of Eqs. (6a)–(9) under the 
assumption that Kp,i does not depend on concentration. It 
means that here only the steric and Born exclusion can be 
taken into account.

3.2. The cSKK model

In accordance with the definitions of A, Ps,u, and Sv,u 
(Eqs. (7) and (8a,b)), one can expect that Ps,u (neglecting 
the term with γ±) and Sv,u should be more or less constant, 
whereas A for uncharged membrane is just the electrolyte 
partition coefficient, Kp, and should be concentration depen-
dent. Analyzing this term in view of the Donnan equation 
(23), one can find that the simplest function describing con-
centration dependence of A (=Kp) would be just the same 
expression as Freundlich or Langmuir isotherms: A ∝ cn, 
A ∝ c/(a + c), where n and a are fitting parameters. The first 
dependence A(c) corresponds to that resulting from the ideal 
Donnan equation (23) for the condition c <<  c̄m, where c̄m is the 
concentration of fixed charges. For that case n = –zcoion/zcounterion 
[37]. The dependence A ∝ c/(a + c) sets the limit of A for c → ∞, 
similarly as Eq. (23). Substituting A ∝ cn into Eq. (6) we get:
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where c* (=1 M) has been introduced to ensure the same unit 
of Ps and Ps,0 (similarly for Sv). Ps,0 and Sv,0 are not the same 
as Ps,u and Sv,u; they contain proportionality factor between A 
and (c/c*)n. Eqs. (15a,b) substituted into Eq. (11) lead to [38]:
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Analogous expression for Jv can be derived for A ∝ c/(a + c); 
for Sv = 0 it takes a simple form:
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3.3. The SPM-DE model

The SPM-DE model is based on the assumption that the 
concentration of solute inside the membrane is governed by 
Eq. (9). In that case, the electrochemical potential of an ion 
in the membrane pore solution, �µ i, includes the image force 
term, Wim,i, which is concentration dependent [13]. Thus, in 
Eq. (5a) the driving force is:

d
dx

RT
d a
dx

z F d
dx

dW
dx

i i
i

iµ φ
= + +

ln ,im  (18)

 and, consequently, in Eq. (4) the driving force should include 
the term c dW dxi iim , / , which makes the use of Eqs. (4) and 
(5a) less comfortable. Using the external hypothetical solu-
tion approach (Eqs. (5b) or (3) with Ps and Sv given by Eqs. 
(6a,b)) this term disappears. To avoid the excessive model 
parametrization, it is further assumed that the membrane is 
uncharged (Xm = 0 in Eq. (10)) and, consequently, Kp,1 = Kp,2. In 
that case Ps and Sv become:

P P Ks s u p= ,  (19a)

S S Kv v u p= ,  (19b)

where Kp can be expressed as:
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Eq. (20) was derived from Eq. (9) by eliminating Δϕ 
using the electroneutrality condition (10) and applying the 
relations:

∆

∆

W
W

r z
r z

B

B

,

,

,

,

2 2
2

2
2

1

1

1

= cav

cav

 (21a)

W
W

z
z

im

im

,

,

2 2

2

1 1

=








  (21b)

resulting from the definitions of ΔWB,i and Wim,i (Eqs. (9) and 
(10) in Ref. [13]). The activity coefficient ratio, γ±/γ̄±, can be 
treated in various ways – in Ref. [15] it was expressed as the 
limiting Debye–Hückel law, in Refs. [13,39] the extended 
Debye–Hückel equation was used, in Ref. [14] it was 
neglected. It should be noted that the dependence of Kp on 
the dielectric constant of pore solution, εp, is not so obvious, 
because the Born contribution ( ∆WB p B∝1/ 1 /ε ε− ) increases 
when εp decreases, whereas in the case of image forces the 
situation is opposite – the higher εp comparing with εm, the 
higher exclusion. Because of complicated dependence of 
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Wim,1 and, consequently, Kp on c, it is not possible to obtain 
an analytical solution of Eq. (11). The procedure applied here 
was as follows – at first for given values of pore radius, rp, 
and dielectric constant of pore solution, εp, the dependence 
of Kp on c was determined and interpolated by a cubic spline, 
then it was used in Eq. (11) to calculate Jv. It can be noticed 
that for Kp = constant (only steric and Born effects are in Eq. 
(9)) the model simplifies to SKK. It should be also noticed 
that as Wim,i depends on the concentration of pore solution, 
it depends also on other factors affecting the partition coef-
ficient, here Φi and ΔWB,i. rcav,i, needed for the evaluation of 
ΔWB,i, is the radius of cavity, which ion i forms in a solvent; a 
precise definition can be found in Refs. [40,41]. In our calcula-
tions, the values of rS,i (0.184, 0.125, 0.121, 0.129, and 0.23 nm 
for Na+, NH4

+, Cl–, NO3
–, and SO4

–2, respectively) were taken 
from Ref. [42], rcav of Na+ (0.168 nm), NH4

+ (0.213 nm), and 
Cl– (0.1937 nm) – from Ref. [40], rcav of SO4

–2 (0.254 nm) – from 
Ref. [41]. rcav of NO3

– (0.2155 nm) were calculated as the sum 
of covalent radius (0.264–0.14 = 0.124 nm [42]) and the half 
distance between nitrate oxygen atom and hydrogen atom of 
water surrounding nitrate (0.183/2 = 0.0915 nm [43]). Other 
model parameters – the dielectric constant of solutions bath-
ing the membrane, εb, and of the membrane pore walls, εm, 
needed to calculate Wim – were assumed to be: εb = 78, εm = 6. 
The last value is higher than ε of the membrane forming 
polymers (ca. 3 [44]); it is equal to ε of the oriented water 
molecules at the pore walls [9]. Even higher value of εm (7–10) 
was obtained by Bouranene et al. [17] for a NF polyamide 
membrane.

3.4. The DPM model

In the DPM model, it is assumed that the membrane is 
charged, the electrolyte sorption is described by the ideal 
Donnan equation (23) and the ion transport by the extended 
Nernst–Planck equation (4). Neglecting the convective term 
(Kc,i = 0) in that equation, its integration over the concentra-
tion inside the membrane leads to:
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In the derivation of the earlier equation, the electroneu-
trality condition (10) was applied. A full integrated expres-
sion for Jv can be found in Refs. [6,7,45]. c̄1,k  is concentration 
of ion 1 inside the membrane at the boundaries with feed 
(k = f) and permeate (k = p). In general, the relation of that 
concentration with the external concentration on the feed or 
permeate side is given by Eq. (9) which can also be written as:

c c k c cz z z z
1
1 1

1
1 11 1/ / / /

2 2
2 2− −= eq  (23)

where for the pure ideal Donnan sorption keq = 1.

3.5. The model parameters

The fitting model parameters are SKK – lpol, Ps,25, 
αP; cSKK – lpol, Ps,25, αP, n; SPM-DE – lpol, Ps,25, αP, rp, εp;  

DPM – lpol, Ps,25, αP, Xm. Sv is not included as it was found that 
for the studied membrane this parameter was negligible. 
The parameter αP describes the temperature influence of Ps 
(Ps,0 or Ps,u) expressed by the formula:

P P Ts s P= + ( ) −( ), /25 251 α °C  (24)

where Ps,25 refers to 25°C. Eq. (24) works well in not too 
large temperature range and there was no need to use the 
Arrhenius equation here. The diffusion coefficient of electro-
lytes needed for the estimation of cm (Eq. (12)) was expressed 
by the equation analogous to (24) where the temperature 
coefficient was estimated from the limiting ion conductivi-
ties [46]. It should be noted that the membrane cell was not 
thermostated intentionally because: (1) not always the exact 
thermostating of membrane module is possible and (2) we 
wanted to check the importance of temperature coefficient 
when small temperature changes (below 10°C) during 
experiments occur.

The optimal model parameters were found by 
minimizing the sum of square errors, SSE:

SSE = −( )∑ J Jv i v i
i

,mod, ,exp,

2
 (25)

In order to avoid meaningless values of Sv and lpol, these 
quantities were substituted by a sigmoidal function of an 
auxiliary fitting parameter, which enabled the imposition 
of a lower and upper limit of Sv (0 and 1) and lpol (10 and 
500 μm) (see Supplementary information).

4. Results and discussion

The concentration dependence of the observed retention 
coefficient, Robs, and of volume flux, Jv, are shown in Figs. 2 
and 3, respectively. Generally, Robs and Jv decreased with 
the feed concentration, however in some cases initially an 
increase in Robs and Jv was observed (NH4Cl, Figs. 2 and 3). 
This effect can be related to the membrane conditioning 
at the beginning of experiment. For better comparison of 
electrolyte retentions, the values of Robs for cf = 0.1 M are 
gathered in Table 2; the ratio of Jv/Δp to the water hydro-
dynamic permeability, Lp,w, is also shown. The series of Robs 
was as follows:

Na2SO4 ≥ (NH4)2SO4 > NaCl > NH4Cl > NaNO3 > NH4NO3

Divalent sulfates were rejected to the highest extent 
and chlorides were rejected better than nitrates. Comparing 
cations, Na+ was always better rejected than NH4

+. It can 
be noticed that for ammonium salts the difference in Robs 
between Cl– and NO3

– was substantially higher than that 
of sodium salts. Sulfate rejection only slightly depended 
on the kind of the cation. The transmembrane pressure 
increased the volume flux and, consequently, the retention, 
as it could be deduced from Eq. (13). The highest increase 
in Robs = f(Δp) was observed for electrolyte of the lowest 
retention – NH4NO3.

Regarding (NH4)2SO4, its retention for the comparable 
feed concentration range and similar transmembrane pres-
sure was slightly lower than that reported by Carter et al. [31] 
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Fig. 2. Observed retention coefficient, Robs, versus concentration of feed, cf (a mean value while gathering a given sample of permeate), 
for different initial feed concentrations and pressures (see Table 1). 
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Fig. 3. Volumetric flux, Jv, versus concentration of feed, cf (a mean value while gathering a given sample of permeate), for different 
initial feed concentrations and pressures (see Table 1).
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for a General Electric polyamide membrane. Contrary to 
their results, here the retention increased, as expected, with 
the applied pressure.

In Fig. 2 it can be noticed that for the same Δp = 30 bar 
there is a significant discontinuity of the Robs = f(cf) curves for 
NaNO3 (runs 13 and 14) at the point cf ≈ 0.2 M. It is difficult to 
explain – even a very small leakage through the membrane 
sealing could cause this effect.

The ratio of Jv/Δp to the water hydrodynamic permea-
bility, Lp,w, (Table 2) is always lower than 1, because of the 
presence of osmotic pressure difference across the mem-
brane, Δπ. This effect is quantitatively described by the 
equation derived on the basis of linear nonequilibrium 
thermodynamics [47]:

J L pv p= −( )∆ ∆σ π  (26)

Generally, the lower retention, the higher Jv/(ΔpLp,w) 
because of lower Δπ (Jv/ΔpLp,w ≈ 1–σΔπ/Δp). With the 
increase in pressure, for electrolytes of lower retention 
(nitrates) Jv/(ΔpLp,w) decreases, because Robs significantly 
increases with Δp, which means that Δπ should also be sub-
stantially increased, thus Δπ/Δp is getting higher. For elec-
trolytes of high retention (sulfates), the increase in Δπ is not 
so high, hence Δπ/Δp decreases with Δp which causes the 
Jv/(ΔpLp,w) gain.

4.1. Model calculations

For the model calculations, the data were “filtered” – the 
points on the left from the maximum on the Robs = f(cf) curve 
were rejected (e.g., Fig. 2, NH4Cl, runs 0.1–30 and 0.2–30). 
The model fitting was performed for single runs and for sets 
of runs. It was found that the convection part of salt fluxes 
was negligible in all the models (Sv ≈ 0). A similar result 
was observed also for other RO processes, for example, RO 
of monoborate complexes [48], where the experimentally 
determined reflection coefficient was higher than 0.999. 
Thus, as expected, the transport of electrolytes in the inves-
tigated membrane has a diffusive character. In single runs 
the changes in Robs were not so large and all the models fitted 
the experimental data with a similar accuracy; therefore only 
the fits of the run sets are further discussed. In that case, the 
SKK fit was not so satisfactory as that of other models, except 
for sulfates, in case of which the changes of Robs were very 

small (below 0.02). According to the statistic F-test the dif-
ference between cSKK and DPM was practically negligible 
for all electrolytes, the fit of SPM-DE was comparable with 
those models except nitrates. The temperature coefficient of 
Ps and αP was found to be important in the SKK and SPM-DE 
fits of NH4NO3 and NH4Cl, where the temperature changes 
were high. The obtained values of αP from the SPM-DE fit 
(NH4NO3 – 0.031, NH4Cl – 0.027) were slightly higher than 
those obtained for diffusion coefficients in free aqueous 
solution (for NH4NO3, NH4Cl αD = 0.023, 0.024, respectively, 
as calculated from the limiting ion conductivities [46]). For 
other cases αP was practically negligible.

The experimental Robs values and those resulting from 
the model fit are compared in Fig. 4 (sets of runs only). The 
DPM model yielded a similar fit to cSKK and therefore is 
not shown. For NaNO3 the run 14 was excluded from the 
fitting, because of the discontinuity observed in Fig. 2. The 
model Robs was calculated using the fitted parameters, listed 
in Table 3, Table S1 (lpol), and the experimental values of Jv, cf 
and T. It is seen that for three electrolytes (NH4NO3, NH4Cl, 
and NaNO3) the SKK model (Ps = constant) is worse than the 
models with Ps dependent on concentration.

It was found that both types of concentration dependence 
of Ps, A ∝ cn (Eq. (16b)) and A ∝ c/(a + c) (Eq. (17)), assumed 
in the cSKK model, gave similar fit of our experimental data. 
Therefore, only results for A ∝ cn are shown. The obtained 
values of the exponent n (Table 3) strongly deviate from 
–zcoion/zcounterion = 1 for 1:1 electrolytes. It means that the con-
dition c << |Xm| is not fulfilled – it agrees with small values 
of Xm obtained from the DPM model. The real rejection coef-
ficient (R, dash symbol in Fig. 4) is substantially higher than 
Robs and the sequence of electrolytes with respect to R is the 
same as that for Robs.

Regarding the SPM-DE model, practically the same 
values of SSEmin (Eq. (25)) were obtained for the points (rp, εp) 
laying on the lines shown in Fig. 5. As it was mentioned 
above, it is a result of two opposite changes of the electro-
lyte partition coefficient with εp regarding Born and image 
force effects. The Born exclusion increases, when εp decreases, 
whereas the image exclusion increases with εp. Assuming 
that εp = εb (no Born exclusion), as it was done by Vezzani 
and Bandini [19], rp would be between 0.44 nm (NH4Cl) and 
0.50 nm (NaNO3). These values are ca. 0.2 nm higher than 
those estimated in Ref. [19] for the nanofiltration N50 mem-
brane (Separem SpA) assuming a slit-like pore geometry and 
a constant electric potential gradient inside the membrane. 
Generally, the value of rp depends on the applied model – in 
another work with the same membrane Bandini and Vezzani 
[16] using the Donnan-steric-pore model and different pro-
cedures obtained rp = 0.4–0.67 nm. The assumption – εp close 
to εb – could be supported by Escoda et al. [49] who for a poly-
amide NF membrane, from the membrane potential measure-
ments, obtained εp = 76 (εb = 78.5, rp = 0.93 nm). However, it is a 
question whether εp so close to εb is reliable. Certainly, regard-
ing the radial direction of pore, it is not true. For rp ≈ 1 nm 
and rcav of ions ca. 0.2 nm, only three layers of H2O between 
ion and pore wall are possible. The water molecules which 
are in contact with the pore wall or with an ion are more or 
less oriented, which results in a low dielectric constant (for 
completely oriented H2O molecules ε = 6 [9,50]). Only the 
intermediate layer of water has higher dielectric constant. 

Table 2
The observed retention coefficient, Robs, and the volume flux 
divided by Δp and the water hydrodynamic permeability, Lp,w, at 
cf = 0.1 M for different values of transmembrane pressure

Electrolyte Robs Jv/(Δp Lp,w)

15 bar 20 bar 30 bar 15 bar 20 bar 30 bar

NH4NO3 0.807 0.830 0.885 0.76 0.78 0.73
NH4Cl 0.939 0.945 0.952 0.68 0.71 0.78
(NH4)2SO4 0.983 0.985 – 0.56 0.60 –
NaNO3 0.909 0.918 0.940 0.63 0.70 0.67
NaCl 0.965 0.967 0.975 0.61 0.67 0.67
Na2SO4 0.984 0.990 0.992 0.44 0.56 0.66
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Fig. 4. Robs versus Jv for various feed concentrations and pressures; symbols represent the experimental point, the lines connect the 
points calculated from the fitted model parameters and the experimental data of Jv, cf, and T, the numbers after the model abbreviation 
are the run numbers taken for the model fitting; dash symbol – real rejection coefficient.
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Regarding the axial direction of pore, ions are separated by 
a large number of H2O molecules and ε should be substan-
tially higher. These considerations are supported by Itoh and 
Sakuma [51], who determined the dielectric constant of water 
confined between two graphite slabs using the MD simula-
tions. They found that dielectric constant in the direction per-
pendicular to the slabs, ε^, was much lower than that in the 
parallel direction, ε||. For the distance between slabs 1.3 nm 
they obtained ε^ ≈ 3.9 and ε|| ≈ 41. Thus, for the calculation 
of Wim (image force effect) εp closer to ε^ should be used, 
whereas in the calculation of ΔWB (Born solvation energy 
change) some average of ε^ and ε|| would be more appro-
priate. It should be noted that from the fitting of the 0.1 M 
NaCl filtration data (R = f(Jv)) Deon et al. [52] obtained εp = 54 
which was lower than that in Ref. [49] (εp = 76); in both works 
the same membrane was investigated. In the case of CaCl2 εp 
decreased to 40 because of a stronger electric field of divalent  
cation Ca+2 ordering H2O molecules to a greater extent.

The observed in Fig. 5 relation εp (nitrates) > εp (chlorides) 
is opposite to that observed for free solutions (sodium salts: 

Figs. 9 and 11 in Ref. [53]). With the increase in rp, the dis-
crepancy between the values of εp decreases, for example, 
rp = 0.9 nm εp(NaCl) ≈ εp(NH4NO3) = 30, εp(NH4Cl) = 27.4 and 
εp(NaNO3) = 34.2. Assuming the 10% tolerance of SSEmin, the 
εp range for NaCl overlaps with that for NaNO3, however, 
this is not so in the case of ammonium salts.

To determine which pair (rp, εp) is close to reality, addi-
tional experiment is needed. Regarding rp, a filtration of 
neutral solute would be helpful [8,19], however, to find a 
solute of appropriate molecular geometry and properties 
may not be possible. More information on εp can bring the 
electrochemical impedance spectroscopy measurement per-
formed on the isolated active layer [54]. Montavillo et al. 
[55], for a polyamide NF membrane (Desal HL, Osmonics) in 
KCl solutions, using the impedance spectroscopy technique, 
obtained εp equal ca. 10 for c ≥ 0.001 M (cylindrical pore). In 
their calculations, the permittivity of the membrane material 
was neglected and the mean pore radius was assumed to be 
0.48 nm, as determined by Hussain et al. [56] from the filtra-
tion of uncharged solutes. In their approach, εp was directly 
proportional to rp

2; taking rp equal to 0.85 nm, εp would 
increase to ca. 31 close to our results (Fig. 5).

4.1.1. Electrolyte permeability, Ps, and effective 
membrane thickness, δ

The optimal values of Ps for the set of runs, seen in Fig. 4, 
are listed in Table 3 together with the parameters responsi-
ble for the concentration dependence of Ps – the exponent 
n (cSKK) and the fixed charge concentration, Xm (DPM). 
To be consistent with the preliminary streaming potential 
measurement results, here the negative values of Xm are 
given. However, also positive Xm yields a similar model fit. 
The permeability coefficient of the SPM-DE model, Ps,u, is 
shown only for the limiting case εp = εb (no Born exclusion).

One can notice that the values of solute permeability 
given by the SKK and DPM models do not differ too much, 
whereas SPM-DE yields much higher values of Ps, because 
of high electrolyte exclusion predicted by that model. 
As expected, the sequence of Ps agrees with the reversed 
sequence observed for Robs (Table 2):

NH4NO3 > NaNO3 > NH4Cl > NaCl >  (NH4)2SO4 > NaSO4

Below, the consistency of Ps and effective membrane 
thickness for these electrolytes is discussed.

Table 3
Ps, n, and Xm for the set of runs shown in Fig. 4; “x“ means that a model does not yield a statistically better fit than SKK

Electrolyte Ps (μm/s) n (cSKK) Xm (DPM) (M)

SKK (Ps) cSKK (Ps,0) DPM (Ps,u) SPM-DE (εp = εb, Ps,u) 

NH4NO3 1.1 ± 0.1 1.9 ± 0.1 1.5 ± 0.1 151 0.19 ± 0.02 –0.076 ± 0.005
NH4Cl 0.27 ± 0.02 0.32 ± 0.02 0.28 ± 0.01 59 0.09 ± 0.02 –0.036 ± 0.006
(NH4)2SO4 0.034 ± 0.001 x x x x x
NaNO3 0.43 ± 0.02 0.60 ± 0.04 0.43 ± 0.02 35 0.23 ± 0.03 –0.14 ± 0.02
NaCl 0.12 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 26 0.11 ± 0.03 –0.10 ± 0.02
Na2SO4 0.026 ± 0.001 x x x x x
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is for eye guide.
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4.1.1.1. The SKK model

The analysis of Ps obtained from the SKK model can be 
performed assuming that Kp,1 = Kp,2 = constant. In that case, 
only the concentration independent effects (steric and Born, rp 
and εp are constant here) in Kp may be considered. According 
to Eqs. (8a) and (19a), assuming the same effective membrane 
thickness, δ, for all electrolytes, the partition coefficient ratio 
of electrolytes I and II is given by:
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where D K Di d i i= , . As Kd,i depends on rp (Eq.(23) in Ref. [13]), 
also the Kp,i ratio depends on rp; for example, rp = 0.5 nm we 
get the following Kp,II/Kp,NaCl ratios: NH4NO3 – 5.8, NH4Cl – 
1.3, (NH4)2SO4 – 0.38, NaNO3 – 3.7, and Na2SO4 – 0.40. In the 
limit rp → ∞ (no steric exclusion), these ratios change to 7.7, 
1.8, 0.30, 3.7, and 0.28, respectively. According to the above 
approach, the difference in retention between NH4NO3 and 
NaCl (Robs is smaller by about 0.1–0.15) is explained by at 
least sixfold higher sorption of NH4NO3, whereas a higher 
retention of sulfates comparing with NaCl (ΔRobs = 0.01–
0.02) is caused by ca. threefold smaller sorption of sulfates. 
Substituting Kp (Eq. (20) with steric, Φi, and Born, ΔWB,i, terms 
only) into Eq. (27), for each electrolyte pair one gets a relation 
between rp and εp depending on εp of one chosen electrolyte, 
for example, NaCl. The comparison of these relations for the 
studied electrolytes should inform about the reliability of the 
discussed model. According to them, it was found that the 
upper limit for εp(NaCl) was 40; for higher values of εp(NaCl), 
εp(NH4NO3) would exceed εb and Kp(NH4NO3) > 1. Lowering 
εp(NaCl) to, for example, 20, εp for other electrolytes ranged 
from ca. 18 (NH4Cl) to 27 (Na2SO4) (Fig. 6). Such high dis-
crepancies in εp seems to be unrealistic for very dilute pore 
solutions. Unfortunately, it was not possible to reduce them 
by choosing another value of εp(NaCl). To determine a prob-
able rp range, the effective thickness from Eq. (8a) and that 
from the pure water hydrodynamic permeability (Hagen–
Poiseuille equation, Lp,w ∝ rp

2/δ, Eq. (12) in Ref. [8]) were cal-
culated. In Fig. 6, it is denoted as δ (el.) and δ (H2O), respec-
tively. It is seen that these quantities overlap in the range of 
rp 0.4–0.7 μm, which corresponds to δ = 5–14 mm. This range 
of δ includes the values obtained by Bowen et al. [8] for a 
NF membrane and chlorides (5.9–8.4 μm depending on the 
model assumptions).

4.1.1.2. The SPM-DE model

The consistency test of the SPM-DE model is based on 
the effective membrane thickness calculated from the elec-
trolyte permeability (Eqs. (8a) and (19a)) using rp and εp = f(rp) 
shown in Fig. 5. It is seen (Fig. 7) that the discrepancy 
between electrolytes is significant – from δ = 5 (NH4NO3) to 
20 μm (NaCl). In the rp range 0.6–0.8 nm, δ for NH4NO3 and 
NaNO3 are practically the same (13.5 μm) and they cross 
δ(H2O) at rp = 0.7 nm. Because of significant differences in δ, 
one may conclude that this approach still needs an improve-
ment. Regarding the transport equation, one could take into 
account a coupling between cations and anions neglected 
in the extended Nernst–Planck equation (4) or apply the 

Maxwell–Stefan equations which include such cross-effects. 
It is a question to what extent this coupling is important – for 
free solutions the cross coefficients become significant (>5%) 
for concentration higher than 0.03 M (NaCl, [57]), whereas 
the electrolyte concentration inside the membrane predicted 
by the dielectric exclusion is one order smaller. Another 
question is the applicability of the diffusive hindrance fac-
tor, derived for spheres on the basis of continuum hydrody-
namics, to the estimation of ion diffusivities in the membrane 
nanopores.

4.1.1.3. The DPM model

Regarding the DPM model (only Donnan exclusion), 
using the values of Ps,u in Table 3 and Eq. (8a) one got 
extremely large values of δ, which differed by an order of 
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magnitude – from 1,300 (NH4NO3) to above 13,000 μm 
(NaCl). It indicates that the incorporation of the dielectric 
and steric exclusions into that model is crucial for its proper 
functioning. It was checked that the DPM model with the 
included steric and Born exclusions yielded similar results as 
those shown in Fig. 6 for the SKK model.

5. Conclusions

The filtration models were tested using filtration data 
of ammonium and sodium salt solutions (nitrates, chlo-
rides, and sulfates) through the commercial RO membrane 
(GE Water & Process Technologies). The data were char-
acterized by the following series of electrolyte retentions: 
M2SO4 > MCl > MNO3 (M = Na, NH4) and NaA > NH4A 
(A = Cl, NO3).

As expected for the RO membrane, it was found that the 
convective part of the salt flux in all tested models was negli-
gible. To obtain a satisfactory fit, a concentration dependence 
of electrolyte permeability was needed. The origin of this 
dependence did not play a role – dielectric exclusion caused 
by image forces, Donnan exclusion, or the assumed simple 
functions (Freundlich and Langmuir equations) yielded a 
similar goodness of the model fit.

In the model with dielectric (image force and Born effects) 
and steric exclusion, the partition coefficient is influenced by 
pore radius, rp, and dielectric constant of pore solution, εp, in 
opposite directions. Thus, the same goodness of the model fit 
was obtained by many points (rp, εp) forming a characteristic 
curve for each electrolyte. However, basing on these data, it 
was not possible to obtain a common value of effective mem-
brane thickness for the electrolytes. Thus, this model needs a 
further improvement. It is suggested that two different val-
ues of εp should be used – one for the Born hydration energy 
estimation and the second one for the determination of the 
image force contribution. The additional information on εp 
can be obtained from the molecular dynamics simulations 
and from the EIS measurements. It is also pointed out that 
when expressing the ion flux in terms of internal quantities 
(concentration, electric potential), the image force compo-
nent in the driving force should be taken into account.

Regarding the Donnan exclusion, its role in electrolyte 
exclusion was marginal, as indicated by enormously high 
values of the effective membrane thickness obtained for that 
type of exclusion.

Assuming that the electrolyte partition depends on the 
steric and Born exclusions only (Ps = constant), the effective 
membrane thickness obtained from the electrolyte permea-
bilities agreed with that from the water hydrodynamic per-
meability in the range 5–14 μm, which corresponded to pore 
radius, rp, between 0.4 and 0.7 nm. However, the differences 
in the obtained values of εp for the studied electrolytes were 
much too high to be explained by those observed for free 
solutions of these electrolytes.

Symbols

A — Expression defined by Eq. (7)
c — Concentration of solute, mol/m3

c̄ —  Concentration of solute inside a membrane, 
mol/m3

Di — Diffusivity of species i in a solution, m2/s
D‾i — Diffusivity of species i in a membrane, m2/s
F — Faraday constant, 96,485 C/mol
Jv — Volume flux, m/s
Kc,i — Hindrance factor for convection of ion i
Kd,i — Hindrance factor for diffusion of ion i
Kp — Partition coefficient
kc — Mass transfer coefficient, m/s
kD — Ratio of diffusion coefficients,  kD ≡ D‾1/D‾1
Lp — Hydrodynamic permeability, m/s/Pa
lp — Pore length, m
lpol — Thickness of concentration polarization layer, m
n — Fitting parameter in Eq. (15)
Ps — Diffusional permeability of solute, m/s
P̄s —  Diffusional permeability of solute inside a 

membrane, m/s
p — Pressure, Pa
R — Gas constant, 8.314 J/K/mol
R — Real retention coefficient
Robs — Observed retention coefficient
r — Radius of stirrer, m
ri — Radius of species i, m
rcav,i — Cavity radius of ion i, m
rp — Pore radius, m
rS,i — Stokes radius of ion i, m
Sv — Parameter defined as Sv ≡ 1 – σ
T — Absolute temperature, K
ΔWB,i —  Dimensionless change in solvation energy 

resulting from the transfer of ion i from the 
external solution to the membrane pore solution, 
scaled with respect to RT

Wim,i —  Dimensionless image force contribution to the 
electrochemical potential of ion i, scaled with 
respect to RT

Xm —  Concentration of fixed charges including their 
sign (Xm ≡ zm c̄m ), mol/m3

Xp — Surface fraction of pores
x  —  Dimensionless coordinate, scaled with res-

pect to lp
zi — Charge number of ion i
αD — Temperature coefficient of Di
αP — Temperature coefficient of Ps
δ — δ ≡ lp/Xp – effective membrane thickness, m
γ± —  Mean ionic activity coefficient on the molar scale
εb — Dielectric constant of bulk solution
εm — Dielectric constant of membrane pore walls
εp — Dielectric constant of pore solution
ν — Kinematic viscosity of solution, m2/s
σ — Reflection coefficient
Φi — Steric exclusion term of ion i, Φ i S i pr r= −( / ),1 2

ϕ̄ —  Electric potential in the membrane pore 
solution, V

 Δϕ —  Potential difference between the pore and 
external solution, V

ω — Stirring speed, s–1

Subscripts

1 – cation, 2 – anion, f – feed, m – membrane or fixed 
charge, p – permeate or pore, s – solute, v – volume, 
w – water
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Supplementary information:

S1. Thickness of concentration polarization layer, lpol

The lpol values calculated in various ways are listed in 
Table 4. The values obtained from the correlation equation 
(S1) (taken from Appendix A in Ref. [8]):
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where r is radius of stirrer, ω – stirring speed, and ν – kinematic 
viscosity of solution are given for ±10% deviation of the set 

value of stirring speed, ω (unfortunately, the stirrer was not 
equipped with a tachometer).

Only for NaCl the agreement between Eq. (S1) and the 
model fitting was observed. For other electrolytes, except 
for sulfates, Eq. (S1) predicted higher values of lpol. lpol could 
also be determined directly from Eqs. (26) and (12), if Lp and 
σ were known. Because of high retention, the contribution 
of solute to Lp should have been negligible and Lp should 
have been close to the water hydrodynamic permeability, 
Lp,w. Regarding σ, it was always higher than the real rejec-
tion coefficient, R (Fig. 4), thus for sulfates one could assume 
σ = 1, for chlorides it should have been not less than 0.99, only 
for ammonium nitrate σ could be > 0.93. However, from the 
model fitting, it resulted that even for nitrates Sv (Sv ≡ 1 – σ) 
was less than 0.003, thus σ should have been higher than 
0.997; a lower value of σ, for example, σ = 0.93, significantly 
decreased the goodness of fit. σ influences the calculated lpol 
insignificantly – it was found that in the case of NH4NO3 the 
values of lpol for σ = 0.93 and one differed by less than 20 μm. 
In Table S1, mean values of lpol for the sets of runs are given, 
calculated by minimizing the sum of squared errors:
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where k numbers the runs, i – points of a given run; Δπ was 
calculated using the osmotic coefficients from Ref. [46]. lpol 
obtained in this way is lower than that from Eq. (31) and from 
the model fits, except NH4NO3.

S2. Sv and lpol fitting

In the model fitting, in order to avoid meaningless values 
of Sv and lpol, these quantities were substituted by a sigmoidal 
function Y (Y = Sv, lpol):

Y Y y

y
Y Y= + +

−

+ −( )( )

















−( )min / max min.0 5 1 20

5 20
2 1 2  (S3)

with y as a fitting parameter (for y → –∞ Y → Ymin, for y → ∞ 
Y → Ymax). The following values of Ymin and Ymax were chosen: 
Sv,min = 0, Sv,max = 1, lpol,min = 10, and lpol,max = 500 μm.

Table S1
lpol calculated for the sets of runs from: Eq. (S1) (for ±10% deviation of ω), Eq. (12) combined with (26), and the model fits. “x“ denotes 
that the model fit is not significantly better than the SKK fit, “y” – no model solution is found for rp < 1.5 nm

Electrolyte Ds,25 (10–9 m2/s) [46] lpol (μm)

Eq. (S1) Eqs. (12) and (26) SKK cSKK SPM-DE DPM

NH4NO3 1.929 136–153 83 ± 4 84 ± 14 66 ± 6 58 ± 5 54 ± 5
NH4Cl 1.994 138–154 75 ± 4 119 ± 11 111 ± 6 108 ± 7 109 ± 8
(NH4)2SO4 1.530 126–141 82 ± 5 235 ± 4 x y x
NaNO3 1.568 127–143 92 ± 3 83 ± 7 102 ± 3 111 ± 3 103 ± 3
NaCl 1.610 128–144 92 ± 3 123 ± 7 139 ± 5 139 ± 6 138 ± 5
Na2SO4 1.230 117–132 110 ± 4 150 ± 4 x y x
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