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Nanofiltration (NF) is a highly efficient membrane separation process which has
various environmental and industrial applications. Nanofiltration membranes are
finely porous membranes with specific interesting features, their characterization
being important for understanding of the NF processes and for their prediction
for practical use. A polyamide thin-film composite NF membrane (AFC 80) was
characterized in the present work by two different techniques: modelling of the
rejection of uncharged solutes and modelling of the salt rejection. The
interpretation of the data from uncharged solutes rejection experiments by using
Donnan steric partitioning pore model (DSPM) allows to determine the structural
characteristics of the AFC 80 membrane, i.e., effective pore radius (r,), and
thickness to porosity ratio (Ax/A,). The experimental data for sodium chloride
rejection were used to calculate the effective fixed charge density (®@X) by means
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of an irreversible thermodynamics model (Spiegler—Kedem model) and of a
charge model, namely Teorell-Meyer—Sievers (TMS) model. It was found that the
membrane charge depends on the salt concentration in solution, this behaviour
being attributed to ion adsorption on the membrane. The dependence of the
charge density on NaCl concentration obeys a Freundlich isotherm equation.

Introduction

Nanofiltration (NF) is arelatively new pressure-driven membrane water treatment
technique which has had more and more applications in environmental and
industrial areas in the last years. This technique has separation characteristics
between ultrafiltration (UF) and reverse osmosis (RO), and has also some
important advantages such as: high rejection of divalent ions accompanied by
lower rejection of monovalent ions, lower operating pressure, higher flux and
lower energy consumption comparing with RO [1]. NF membranes have
interesting properties which combine size and charge effects, namely very small
pores (<1 nm), and they are positively or negatively charged, depending on their
materials. Thus, NF membranes are able to retain neutral species with MW <200-
300 g mol™, and also to reject inorganic ions by a size exclusion mechanism
combined with electrostatic interactions between the ions and the charges
developed by dissociation of groups on the membrane active layer [2]. However,
due to the fact that the separation mechanism of the NF membranes is very
complex, it is not yet fully understood [1].

In order to explain and predict the separation properties of NF membranes,
it is necessary to determine their structural and electrical properties. The structural
properties are related to the pore size and membrane thickness, and the electrical
properties refer to the sign and magnitude of the charge of the membrane active
layer. The pore size and the charge determine the rejection of the solutes, and the
membrane thickness determines the hydrodynamic resistance of the membrane
and, therefore, the pressure which can withstand and the flux through the
membrane [3]. Direct measurement of the structural properties by atomic force
microscopy (AFM) is not very precise for NF membranes due to the fact that the
pores are very small and also the images of the membrane surface cannot give
information about the structure of the pore inside the membrane (tortuosity and
shape) which actually determine the transport of the solutes through the NF
membranes; also, the methods used for determination of the membrane charge
density, i.e., electrokinetic measurements, measurements of membrane potential
or determination of the ion-exchange capacity, can give mainly qualitative
information [4]. A widely applied method to determine the membrane
characteristics is by performing rejection experiments of uncharged solutes and
salts, followed by using of models for calculation of pore size, effective thickness
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to porosity ratio, and the membrane charge density.

Due to the fact that the separation mechanism of the NF membranes is very
complex, numerous models were developed in order to describe in an appropriate
way the flux and the retention of various species in NF. These models can be
divided into several classes, namely: irreversible thermodynamics (IT) models,
pore models, and non-porous (homogenous) models. The most frequently used
models for determination of the NF membrane characteristics are pore models like
Donnan steric partitioning pore model (DSPM) [5,6], the well known IT model
developed by Spiegler and Kedem [7], steric hindrance pore model (SHP) [8], or
more complex Donnan steric pore model & dielectric exclusion [9]. A rigorous
approach for describing the electrical properties of the membranes and for
determining the charge density of the NF membranes is the
Teorell-Meyer—Sievers (TMS) model [8,10].

In the present work, the structural parameters, i.e., pore radius (r,) and
thicknesses to porosity ratio (Ax/4,) of a thin-film composite polyamide NF
membrane (AFC 80) are determined by rejection experiments of different
uncharged solutes on the basis of DSPM model. The charge properties of the
membrane top layer were investigated from rejection experiments of different
concentrations of sodium chloride by means of Spiegler—Kedem (SK) and TMS
models.

Theory

Concentration Polarization in Nanofiltration

By measuring the solute concentrations in feed (retentate) solution (C,, ) and also

in permeate solution (C, ) , the observed rejection is given by Eq. (1)

R =1--12 (1)

In NF processes, the pressure applied on the feed side of the membrane leads to
a solvent flow through the membrane pores accompanied by a partial permeation
of the solutes. Therefore, the solutes retained by the NF membrane are
accumulated near the membrane surface, and the concentration of the solutes in
the bulk of the feed (C; ) differs from their concentration in the near vicinity of the
membrane surface (C;,,). This phenomenon is called concentration polarization
and is described by the film theory [6,11]. By using the film layer model for
concentration polarization, the concentration of the solutes near the membrane
surface can be calculated as follows
G, = C,+(CyymC,)exp? 2)
iLp if Tip k

im
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and the real (intrinsic) rejection (R) is defined by the following equation

R=1-_% 3)

i,m

where C;,, 1s the concentration of solute i in the feed solution near the membrane
surface, J is the permeate volume flux and £ is the mass transfer coefficient in the
polarization layer.

In Eq. (2), the mass transfer coefficient for the turbulent flow in tubular
membranes (in our conditions, the Reynolds number is = 17560) can be calculated

from Eq. (4), i.e., the well-known Sherwood relationship with Deissler correlation
[12]

Sh = 0.023Re 3755 023 4)
where the Reynolds (Re), Schmidt (Sc) and Sherwood (S4) numbers are given by

upd
Re = P

Se = — N and Sh=_* (5)
n pD,., D.

where u 1s the fluid velocity in the channel whose hydraulic diameter is d, (the
diameter of the tubular membrane in our case), D, ., is the bulk diffusivity of solute
i, and n and p are the dynamic viscosity and density of the aqueous solution,
respectively.

DSPM Model

The extended description of DSPM model is provided with details elsewhere [5-7],
and, therefore, only a brief description containing the main equations used in this
work is given below.

The DSPM model is based on the extended Nerst—Planck equation (ENP)
to describe the transport of a solute i through a porous membrane, modified to
include steric effects for hindered transport in pores

de.
T Zici,mDi,pR_};-v% * K, Cim

J (6)
with
D, =1-K,D, (7)

where j; is the molar flux of solute i, c,,, is the concentration of solute i in the
membrane, and the terms on the right side represent transport of solute i due to
diffusion, electric field gradient and convection, respectively; K;, and K;_ are
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factors which account for the hindered diffusivity of the solute i in the liquid filled
pores, which are reduced compared with their bulk values due to the particle-pore
wall hydrodynamic interactions and also to the steric restrictions expressed by the
solute i to pore size ratioA, = ril r, (0<A,<1).

When the uncharged solutes are considered, the electromigrative termin Eq.
(6) 1s zero and, therefore, the solute is transported through the NF membrane only
by convection and diffusion

. dcim
J; = -D, ~+K. c. J (8)

ip i ic i,m

By integration of Eq. (8) on the membrane thickness and for c;,, values between

C,, and C, , the following expression is derived for the real (intrinsic) rejection
[13]
C, K.
R-1-So . bikic ©)
Cipm 1-[(1 - ¢k, Jexp(-Pe)]

where the steric partitioning coefficient of solute i is ¢, = (1 — A,)* and the Peclet
number (Pe) is defined by Eq. (10) [13]

K J
Pe = ie” Ax

= 10
KD, 4, ®

The NF membranes can be modelled as a bundle of pores, and the hindrance
factors K, ; and K. have different forms for different pore geometry (cylindrical
or slit-like pores) [14,15]. The equations for hindrance factors for diffusion and
convection in cylindrical pores derived by Decadilok and Deen [15], which were
used in this work, are presented in Table 1.

Thus, the rejection of uncharged solutes is determined only by steric effects,
and the pore radius (r,), and the thickness to porosity ratio (Ax/4,) can be fitted
from Eq. (9).

Moreover, the thickness to porosity ratio Ax/4, can be calculated from water

flux measurements, by using the Hagen—Poiseuille equation [13]
2

J =LAP =2 AP a1
» 81 (Ax/A)

where J, is the pure water flux, L, is the pure water permeability, AP is the
transmembrane pressure and 1 is the solution viscosity.

By substituting the expression of Ax/A4, provided by Eq. (11) in the
expression of the Peclet number given by Eq. (10), an expression for the real
rejection for each pore geometry which depends only on the pore radius is
obtained from Eq. (9). By fitting the experimental retention data for all the
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pressures with this equation which contains only one fitting parameter, the pore
radius, ,,can be calculated with high accuracy, and then the corresponding values

of the thickness to porosity ratios (Ax/A,) are computed from Eq. (11).

Table I Hindrance factors for diffusion and convection in cylindrical pores [15]

Convection Diffusion

HQ) = 1+ %ximi - 1.560342, +

i

1+3.8674, - 1.907A7 - 0.834A] - HA) +0.52815517 + 1.91521A -

.= id
’ 1+1.867A, - 0.741A7 ®, - 2.819031; +0.270788A; +

+1.101151° - 0.4359331

Spiegler—Kedem Model

The Spiegler—Kedem model [7] uses the irreversible thermodynamics for
describing the transport of a single solute and solvent in NF and RO processes.
This phenomenological model considers the membrane as a black box, and the
solvent and solute transport is described by a sum of convective (due to the
pressure gradient) and diffusive (due to the concentration difference existing at the
membrane sides) fluxes. The transport coefficients of the Spiegler—Kedem model
are: the water permeability (L,), the solute permeability (w) and reflection
coefficient (o). By applying linear relationships on a local level, the solvent flux,
J,, and the solute flux, j, are expressed by following equations

J, = Lp(Ap - 0AT) (12)
J; = wAc;, +(1-0)J.c, 13)

Assuming constant fluxes and constant coefficients 0 and w, Eq. (13) is
integrated through the membrane thickness. This leads to the well-known
Spiegler—-Kedem equation, which relates the solute retention with the solvent
volumetric flux and the solute permeability

R = od-FH with F' = exp( J1- OJV) (14)

1 -oF w
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The reflection coefficient is a measure of the ability of the membrane to
separate solutes and has values between 0 and 1: 0 = 0 means totally unselective
membranes (no solute separation), and o =1 means ideally semipermeable
membrane (no solute transport) [7].

Teorell-Meyer—Sievers Model

The electrical properties of NF membranes can be described by
Teorell-Meyer—Sievers (TMS) model [8,10], which considers only the
electrostatic effects in order to explain the transport of charged solutes through NF
membranes. This model assumes radially uniform distribution of fixed charges in
a NF porous membrane, and it describes the electrical properties of the membranes
by means of the effective fixed charge density of the membrane (®.X).

Forasalt solution ofa 1-1 type electrolyte and a negative NF membrane, the
TMS model equations which express reflection coefficient (o) and solute
permeability (w) are given by the following equations

2

c=1- (15)
(20 - DE + (8 + 4)"”
Ay
o =D(1- 0)—Ax (16)

where & is the parameter which expresses the electrostatic effects and is defined
as the ratio of the fixed charge density of the membrane (X) to the concentration
of the 1-1 electrolyte (¢), E=X/c.

In Egs (15) and (16), the transport number of the cation in the free solution
(o) and the diffusivity of the 1-1 electrolyte (D,) are calculated on the basis of the
diffusion coefficients of the individual ions by using the relationships

D+ co (17)
o0 = — >
D+’oo + D—,oo
2D+ ooD—co
Ds = T 57 (18)
D, _+D

It is known that for most membranes the fixed charge density varies with the
concentration of the electrolyte [8,16,17]. Therefore, in order to enable the
interpretation of the relationship between the fixed charge density (X) and the
concentration of the electrolyte (c), the effective fixed charge density of the
membrane 1s used instead of X [8].
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Experimental
Materials

AFC 80 membrane (PCI Membrane Systems) used in this study is a tubular thin-
film composite NF membrane, consisting of an aromatic polyamide skin-layer on
a polysulfone substrate. The membrane is capable of withstanding pressures up to
60 bars, temperatures below 70 °C and pH in 1.5-10.5 range.

All the reagents used were of analytical reagent grade or the highest purity
available, and were used as received. The aqueous solutions were prepared by
dissolving the reagents, i.e., sodium chloride NaCl, glycerol, ethanol, isopropyl
alcohol, #-butyl alcohol (Penta Co., the Czech Republic) in highly demineralised
water (conductivity <1 uS cm™, pH 6.0 £ 0.1).

Permeation Experiments and Data Analysis

Nanofiltration experiments were performed by a cross-flow separation unit
presented schematically in Fig. 1. The NF system was operated with a tubular
MIC-RO 240 module manufactured by PCI Membrane Systems. The module was
equipped with two tubular AFC 80 NF membranes of 1.25 cm internal diameter
and 30 cm length, the effective membrane filtration area being 240 cm’.

ml NF membrane module
Feed

Permeate

ampling
Balance

Back pressure valve

Cooling
water
unit

_)?

Feed tank

Volumetric pump
E : % Drainage

Fig. 1 Setup of nanofiltration experimental system
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The experiments were performed at the constant temperature of the feed
solution of 25 + 0.5 °C and cross flow of 9 I min', and the transmembrane
pressure was varied in the range of 10-50 bar. The pure water flux (J,) was
measured at various transmembrane pressures in this range, and the membrane
pure water permeability (L,) was calculated. The value obtained for the pure water
permeability is L,= 1.45+ 0.1 Im”h™' bar ' at 25 °C. The NF experiments were
performed in the batch circulation mode, both permeate and retentate being
returned to the feed tank in order to maintain a constant concentration in the feed.
The permeate flux was determined by weighing, by using an electronic balance
connected to a personal computer, and samples of permeate and feed were
collected at each transmembrane pressure.

The structural characteristics of the membrane, i.e., the effective pore radius,
r,, and effective thickness to porosity ratio, Ax/4,, were determined from the
uncharged solutes rejection data. The experiments were performed by using 500
mg 1! solutions of ethanol (MW = 46 g mol™), glycerol (MW = 92.1 g mol™),
isopropyl alcohol (MW = 60 g mol ') and #-butyl alcohol (MW = 74 g mol "), at
the natural pH of the demineralized water (6.0 = 0.2). Their concentration in feed
and permeate was determined by the total organic carbon (TOC) technique.

The membrane charge was estimated from permeation experiments of NaCl
solutions with various concentrations in the range of 0.0025-0.05 M at pH 6.0 +
0.2. The concentration of NaCl was measured with the sequential, radially viewed
ICP (Inductively Coupled Plasma) atomic emission spectrometer INTEGRA XL
2 (GBC, Dandenong Australia).

In order to assure the reproducibility of the results, all the experiments were
performed in duplicate. The reported values represent an average of two identical
experiments, the relative standard deviation being up to 5 %.

As the membrane characteristics were determined by fitting with models,
the quality of fitting was ascertained by calculating the coefficient of
determination (R’) and the non-linear parameter (x*) by using the following
relationship [18]

_ 2
-3 (Repr R, (19)

cal
where R, ,and R, are the real rejections experimentally determined and calculated
in accordance with the models, respectively. Very high values of R*and very small
values of the parameter ¥’ indicate a good agreement between the experimental
data and the theoretical model [18].
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Results and Discussion
Determination of Membrane Structural Parameters

The NF experiments for structural characterization of AFC 80 membrane were
performed by using 500 mg I"' solutions of glycerol, ethanol, isopropyl alcohol
and #-butyl alcohol. The pure water flux and the fluxes of the solutions used versus
pressure are shown in Fig. 2.

Fig.2 Pure water flux and fluxes of the 500 mg I"' solutions of glycerol, ethanol,
isopropyl alcohol and #-butyl alcohol

Data in Fig. 2 show that the measured permeate flux vs pressure drop for the
solutions of neutral solutes used are similar to the pure water flux, which indicates
that the osmotic pressure of the solutions is negligible and the variations of the
solutions properties (density, viscosity and diffusion coefficients) can be
neglected, being considered identical with those of the pure water. This
assumption is valid for such diluted solutions and, therefore, the calculations of
the real rejections used for fitting with the DSPM model were performed using the
water density and water viscosity (n = 8.9x107* Pa s).

The real rejections for 500 mg 1! solutions of uncharged solutes are plotted
in Fig. 3 as a function of the volume flux by the AFC 80 membrane. It can be
observed that the higher the solute radius is, the higher the real rejection is (see the
parameters of the solutes presented in Table II). The membrane parameters
obtained by fitting 7, in Eq. (9) and then by calculating Ax/4, from Eq. (11) are
also presented in Table II. Figure 3 and Table II show that Eq. (9) is fitting very
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Fig. 3 Plot of experimental data for uncharged solute rejection by AFC 80 membrane
and calculated rejections for fitting pore radius in Eq. (9)

Tablell  Characteristics of uncharged solutes and AFC 80 membrane parameters (r,and Ax/A4,)
calculated from their rejection by using DSPM model

Solute Molgcular Diffusivity Stqkes Membrane structural nghty of
weight radius parameters fitting r,
g mol™! 10°m?s™! nm ) A)C/Ak Xz
nm pm
-3
Ethanol 46 124 0198 0.287 2.88 3.60x10
-3
tsopropy! 60 102 0241° 03 313 6.03x10
alcohol
- -5
-Butyl 74 0.88° 0278  0.293 3.00 1.64x10
alcohol
Glycerol 92.1 0.95" 0.258" 0.315 3.45 3.83x10°°
0.299 3.115

(average) (average)

?Data obtained from Ref. [§]
®Data obtained from Ref. [13]

Gherasim C.V. et al./Sci. Pap. Univ. Pardubice, Ser. A 20 (2014) 343-359 353



Fig. 4 Water flux and fluxes of NaCl solutions of various concentrations ranged from
2.5 to 50 mM.

well the experimental data for all the neutral solutes used as the values obtained
for the non-linear parameter (°) are very small. The pore radius and the thickness
to porosity ratio obtained considering AFC 80 membrane modelled as a bundle of
cylindrical pores are similar irrespective of the neutral solutes, and their average
values calculated are 7,= 0.299 nm and Ax/4,= 3.115 pm. The average value for
pore radius presented in Table II indicates that AFC 80 membrane is a tight NF
membrane close to the RO range, as it has very small pores. Other studies found
similar pore radius about ,= 0.38 = 0.24 nm and r,= 0.40 + 0.27 nm [19].

Membrane Charge Density

The separation of charged solutes in NF is a combination of size exclusion and
electrical interactions between the ions in the aqueous solution and the charged NF
membranes. Therefore, the investigation of the membrane charge is an important
step in order to understand and to predict the NF processess. The membrane
charge is determined by the chemical structure of the membrane material, and it
occurs from dissociations of functional groups of membrane material or due to
adsorption of charged or polarizable solutes from the solution. AFC 80 membrane
used has a polyamide top layer containing ammonium (-NH;") and carboxyl
(—COOH) groups, and it has an isoelectric point at pH about 3.6 in KCl solution
[20]. Thus, at pH <IEP the membrane is positively charged as the carboxyl groups
are undissociated and the amine groups are protonated, and at pH > IEP the
membrane has a negative charge as the carboxyl groups are dissociated.
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Fig. 5 Rejection of NaCl by AFC 80 membrane as function of volume flux for feed
solutions with various concentrations ranging from 2.5 to 50 mM. Experimental
data (points) were fitted by Spiegler—-Kedem model equation (dashed lines)

In order to calculate the membrane charge, the separation experiments of
NaCl solutions with the concentration in the range of 2.5-50 mM were performed.
The water flux and the permeate fluxes versus applied pressure for the salt
solutions used presented in Fig. 4 show that the permeate flux is slightly
decreasing with increasing the concentration of NaCl solution as a consequence
of the increase in osmotic pressure.

Figure 5 shows the dependence of the real rejection as a function of the
permeate volume flux for NaCl solutions with various concentrations. The salt
diffusivity D, = 1.61x10”° m* s™' used to compute the real salt rejections was
calculated by using Eq. (18) on the basis of the diffusion coefficients of the
individual ions: D, \,+ =1.333x10” m’s™ and D, - = 2.031x10” m*s™" [19].

As presented in Fig. 5, the solute rejection decreases with an increasing
NaCl concentration in the aqueous solution, and an increase in the applied
pressure significantly increased the solute removal for all NaCl concentrations
investigated. Salt retentions were fitted with the Spiegler—Kedem model (dashed
lines in Fig. 5), and the values of the parameters of the model obtained are given
in Table III. The values of the effective fixed charge density (®.X) calculated from
Eq. (15) on the basis of these reflection coefficients are depicted in Fig. 6 together
with the dependence of the reflection coefficient on the concentration of NaCl
solutions.

Data in Fig. 5 and Fig. 6 and the values of the non-linear parameter %’ in
Table III show that the Spiegler—Kedem model describes very well the experi-
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Table III Reflection coefficients (o) and solute permeabilities (w) obtained by fitting
experimental data of NaCl rejection with Spiegler—Kedem model

NaCl Spiegler—Kedem model Effective fixed Quality of
concentration parameters charge density fitting
mM o L - x
2.5 0.984 1.807 402.083 1.037 x 107
5 0.976 2.5 552.520 5.165x10°
10 0.977 3.34 1032.089 3.557 x 1077
25 0.97 3.672 2035.848 2,486 x10°
50 0.961 4.146 3511.306 1.071 x 10”7

mental rejection data for all the NaCl concentrations investigated. The reflection
coefficient (o) decreases and the solute permeability (w) increases by increasing
salt concentration in feed solution, which stands in an agreement with the
gradually decreasing rejection when increasing the concentrations of the solutions
obtained experimentally and depicted in Fig. 5. Thus, it can be assumed that the
Spiegler—Kedem model gives a good description of the experimental results of
NacCl rejection.

Fig. 6 Reflection coefficient and effective fixed charge density of AFC 80 membrane
as function of NaCl concentration in feed. Effective charge density values vs
concentration were fitted with Freundlich isotherm equation (dashed line)
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Figure 6 shows the dependence of the effective fixed charge density (®.X)
of the AFC 80 membrane calculated from Eq. (15) on the NaCl concentration in
the solution. It can be observed that the membrane charge is strongly dependent
on the concentration of the solution with which the membrane is in contact; the
membrane negative charge is increasing monotonically when the NaCl
concentration in the aqueous solution increases. This behaviour was observed by
other authors, and it can be attributed to the adsorption of ions from solution on
the membrane surface [3,5,8,16]. In our case, the increase in the negative
membrane charge can be determined by the adsorption of chloride ions on the
membrane. Indeed, Fig. 6 shows that the data obtained for the effective charge
density at different concentrations of the electrolyte solution are consistent with
an adsorption process as they are fitted quite well by Freundlich isotherm
equation. Similar dependencies of the membrane charge density were reported by
other authors for similar NF membranes [3,5,8,16]

Conclusion

In the present study, an overall characterization of the polyamide thin-film
composite NF membrane, AFC 80, was performed by using modelling the
rejection experiments. The structural and electrical properties of the membrane
were expressed in terms of three parameters, i.e., effective pore radius (r,),
thickness to porosity ratio (Ax/4,) and effective fixed charge density (®X).
Donnan steric partitioning pore model (DSPM) is useful for structural
characterization, and it reveals that AFC 80 is a tight NF membrane which
possesses pores with radius about 0.3 nm. Based on the Spiegler—Kedem model
and on Teorell-Meyer—Sievers (TMS) model, the charge density of the AFC 80
membrane was evaluated from rejection experiments of NaCl solutions of various
concentrations. The charge density of the membrane was found to be dependent
on the concentration of the electrolyte solution, namely it increases with increasing
the solution concentration as predicted by the Freundlich isotherm adsorption
equation. This suggests that ions from the solution are adsorbed on the membrane
surface and thus increase their negative charge.
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Symbols

A, membrane porosity

C,, concentration of solute i in feed solution, mol m™>
C, ,, concentration of solute i in feed solution at membrane surface, mol m™
C,, concentration of solute i in permeate solution, mol m™
¢;,, concentration of solute i in membrane, mol m™
D, .. bulk diffusivity of solute i, m*s™

d, hydraulic diameter, m

effective diffusivity of salt, m*s™'

permeate volume flux, m* m2s™

molar flux of solute i, mol m?s™

solvent volume flux, m®> m?s™

pure water flux, m> m?s™

mass transfer coefficient in polarization layer, m s
hindrance factor for convection

hindrance factor for diffusion

pure water permeability, m s Pa™!

pressure, Pa

Stokes radius of component i, m

pore radius, m

Peclet number

real (intrinsic) rejection

observed rejection

Reynolds number

Schmidt number

Sherwood number

absolute temperature, K

fluid velocity in channel, m s™'

distance in membrane, m

fixed charge density, mol m™

valence of solute i

[

NSRS

~

iala

o

U

o XD :ﬁug o A Nl

Q

BoE s SgR

Greek symbols

o transport number of cation in solution
AP transmembrane pressure, Pa

AT osmotic pressure, Pa

n dynamic viscosity, Pa s

p density, kg m

¢, steric partitioning coefficient of solute i
®X effective fixed charge density, mol m™
A, solute i to pore size ratio

1
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w solute permeability, ms™
o reflection coefficient
¢ ratio of fixed charge density to salt concentration
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