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ABSTRACT

The model of salt transport through the membrane in multi-component system was developed
with the irreversible thermodynamics theory considering the effect of the interaction between the
salt ions. With the proposed transport model, the model for spiral-wound module was built based
on the mass conservation law and concentration polarization derived by film theory. Through the
parameter estimation, the frictional coefficients related to permeability of water and each ion was
determined and then phenomenological analysis was conducted. The simulation results show
that the salt rejection is increasing as the applied pressure and feed flow rate increasing. Also, the
predictions by present model are in good agreement with the experimental data in the literature.
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1. Introduction

Reverse osmosis (RO) process has become very popu-
lar and important as a separation technique during the
past decade. This process can be applied to various fields
such as desalination of seawater, wastewater treatment,
chemical and biological industry and food and agricul-
tural industries [2].

Many studies have been published to explain the
mechanism of salt transport through the membrane,
which has dependence of membrane properties and op-
eration conditions [2-6]. In particular, both mechanistic
and thermodynamic models have been used for explain-
ing the transport phenomena of the salt: one of the most
popular and frequently used among the mechanistic
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models is the solution-diffusion model, in which the salt
is assumed to pass through the membrane independently
with the water. During the diffusion process across the
membrane, there exists a difference in diffusion rates
between the different species. Therefore, the separa-
tion is accomplished due to the concentration gradient
formed across the membrane [2]. The thermodynamic
models also have been used widely and developed by
many authors [3,4]. They do not require the mechanistic
view of the salt transport, rather use the linear phenom-
enological law of the irreversible thermodynamics. The
following two thermodynamic models are based on the
friction model, which explains the transport of the single
salt solution through the membrane using two types of
the frictions existing: One is between the salt and the
membrane, and the other is between the solvent and the
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membrane. Kedem and Katchalsky first developed the
transport model based on the irreversible thermodynam-
ics which describes systems at non-equilibrium [3]. The
Kedem-Katchalsky model takes account of the dissipa-
tion function composed of flows and forces in the case of
the solution separated into the solute and the solvent by
the membranes. The flows and the forces are also linearly
related by adding the phenomenological coefficients, and
consequently the fluxes across the membrane are calcu-
lated using the relationships. The Spiegler-Kedem model
is an improved version of the Kedem—Katchalsky model
[4]. Instead of the whole membrane, the infinitesimally
divided elements of the membrane are considered since
the salt concentration change across the membrane is
continuous. Those models mentioned above can be used
for the systems in which the coefficients, such as perme-
ability, reflection coefficients, etc., are known.

However, these results have investigated under the
single salt condition. Several studies have been proposed
to describe the salt transport in multi-component system,
and one of the most widely known methods is Kimura-—
Sourirajan analysis (KSA) [5]. The work of Kimura and
Sourirajan mainly demonstrates how the permeation
through the membrane is carried out by considering
the behaviours of multi-component solution, especially
electrolytes. Kimura-Sourirajan analysis explains the
transport phenomena of the various salts under the as-
sumption that each permeating salt uses distinct param-
eters for the each equation. The performance of the model
has been verified in the sense that the result agreed with
the one observed by experiments. However, it is reported
that some discrepancy is shown between the expecta-
tions and the experimental results since the convective
terms for the flux are neglected. Apart from the KSA, a
number of approaches to describe the transport of the
multi-component systems have been reported including
Nernst-Plank equations, Ficks’ law, a generalized form
of Fick’s law, and Stefan-Maxwell equation [6]. Among
those, the Stefan-Maxwell equation is the mostly pre-
ferred in the aspect of capability of explaining not only the
interactions between the salts but also the effects of those
inter-frictions by the interactions. In the same manner
with the thermodynamic models for the single salt solu-
tion, the Stefan-Maxwell equation is first derived for the
multi-component electrolyte solution based on the linear
phenomenological relation and extended to the various
equations for each component of the non-electrolyte salts.
Thus, the permeation process through the membrane can
be described by applying the Stefan-Maxwell form for
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the pressure-driven process with either the electrolyte or
the non-electrolyte.

The objective of this work is the modelling of salt
transport model and evaluation of the transport pa-
rameters in multi-component system. The salt transport
model was developed with using the irreversible thermo-
dynamic theory. The model for spiral-wound module was
built with developed the salt transport model and then
proposed the algorithm for solving the equations of the
model numerically. Through the parameter estimation,
the permeability coefficients of each ion were determined
and analysed the physical meaning of the parameters.

2. Model development
2.1. Membrane transport model

In the irreversible thermodynamic theory, the flows
are assumed to be a linear function of all the driving
forces at near of thermodynamic equilibrium. However,
the driving forces can be expressed as linear functions
of the fluxes for clear implication of coefficients. The
transport model for reverse osmosis membrane based on
irreversible thermodynamics can be expressed as follows:

E, :Rll]w +R12]sl +R13]52 ---- +R1n]sn—1
Fsl = RZ]]w + RZZ]S] +R23]s2 ----- + RZn]

sn-1
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where F and | denote the driving force and flux across
the membrane respectively, and the subscripts w and si
implies pure water and i-th ion species, respectively. The
coefficients 1_2,.]. are the resistances through the membrane.
In the physical meaning of each coefficient, the diagonal
coefficients, R, are the resistances between the membrane
and water/ion, and the off-diagonal coefficient, I_Qij are the
resistances due to the interaction between salt species.
Especially R;’simply the resistances between water and
ions. From Onsager’s relation, off-diagonal coefficients
obey the following relationships:

Rij = Rjz‘ (2)

In order that the meaning of coefficient has the resis-
tance, however, the flux, ] should be changed as the rela-
tive flux term since component flows through the mem-
brane simultaneously. Therefore, Eq. (1) is changed as:

®)

= Rnl (]sn—l - ]w ) + RnZ (]sn—l - ]sl ) + Rv13(]sn—1 - ]SZ) """ + Rnn]sn—l
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The diagonal coefficients have always positive but off-
diagonal coefficients may be either positive or negative
since ion has negative or positive charge and interact by
electric force each other. If the coefficient RI.]. is negative,
the flow of species j increases the flow of species i as
reinforcing the driving force to transport through the
membrane.

Simply, Eq. (3) is written as matrix form

E, 2R Ry . R, |[]a
Fsl =1 " ]sl
R R, . -R,
— 12 ; 2 2 (4)
Psn—l _Rln _RZn . Z Rni Isn—l

The driving forces can be expressed as the free energy
difference across the membrane. The following equations
are the driving force of water and ions [2]:

F,=x,(RTAIn(a,)+V.AP) (5)

F, =x,(RTAIn(a,)+VAP) (6)

where x is the molar fraction, a is activity and V is molar
volume. The physical meaning of F_and F_ are the free
energy difference when x moles of water or x, moles of
saltion is transported from the feed solution to permeate
through the membrane, respectively. Then, Egs. (5) and
(6) can be derived as follows:

F,=x,(RTAIn(a,)+V.AP)
=x, (RTAln (YoXs) +VwAP)

Q

x, (RTA(-x,)+V.AP) @)
R X, (—VTRTA(CS ) +VWAP)
~-VrAn+V AP~V (AP - Ar)

F,=x,(RTAIn(a,)+V4AP)
=x, (RTA In(y,x,) +VSZAP) (8)
=V (c,RTAIn(c, )+ Vac,AP)

Egs. (7) and (8) can be simplified by assuming that
the activity coefficients, y are unity and the partial molar
volume of water, V is equal to partial molar volume of
whole solution, V..

The membrane transport model can be obtained by
combining Egs. (4), (7) and (8) as a result.

2.2. Salt rejection

To solve the membrane transport model, it is more
convenient to use salt rejection since the concentrations of
permeate side are unknown. The salt rejection is defined
as follows:

P
- ®

where superscripts P and F denote the permeate side and
feed side, respectively.
The terms, A(C) and AIn(C ) in Egs. (7) and (8) are

related to the salt rejection and can be written as

P
A(cs)zci—cj’=Cf[1—%j=c§r=2c§ri (10)

s

ct 1
Aln(c,)=In| = |=In =—In(1-r, 11
(c2) (P] (1—7,) (=) w
Substituting Egs. (10) and (11) into Egs. (7) and (8)
results in

F,=x,(-ViRTY.Clr.+V.,AP) (12)

F, =Vr (VsiCsiAP—CsiRTln(l_ri )) (13

With inverse matrix form, Eq. (4) can be written as
J=R'F (14)

where R is the coefficient matrix, J is the vector for fluxes
and F is the vector for driving forces.

The salt rejection can be also determined from fluxes
and expressed as:

Vw]w +2Vsi]si

Substituting Eq. (14) with Egs. (12) and (13) into
Eq. (15), the salt rejection can be expressed as

r=1-f(r,P,T,cl) (16)

The above equation is an implicit function of the salt
rejection. Although an explicit expression is preferable,
it is difficult to derive if some assumptions such as very
dilute solution of permeate side are not valid. Therefore,
Eq. (16) should be calculated iteratively under the given
operating conditions such as applied pressure, feed tem-
perature and concentration of feed. The iteration scheme
is shown as Fig. 1.

2.3. Model for spiral-wound module

In this section, the model equations for the spiral-
wound module are derived. The schematic drawing of
spiral-wound module is shown in Fig. 2.
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Fig. 1. Iteration scheme for calculating the salt rejection.
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Fig. 2. Schematic drawing of stretched spiral-wound module.

The mole or volumetric fluxes of water and all ions, J,
through the membrane are given by Eq. (14) as a matrix
form.

At steady state, the mass of all components should be
conserved anywhere. Therefore, the following equations
are valid:

QW =QO)- [ WY ], )ax 17

Q(x)c,(x)=
Q(0)c, (0) —J'Ox W, (x )(1 -1 (x )) ey (x7)dx’

where W is membrane width and Q is the axial flow rate
of whole solution.

To describe the concentration polarization phenom-
ena, a film theory approach developed by Michaels and
others was used [30]. The relationship between concentra-
tion polarization and permeate flux can be expressed as:

" —c’ Jd
lts

¢ —c’

(18)

(19)

where cw is the concentration at the membrane surface,
¢, and ¢ are concentrations at the bulk and permeate
side, respectively. Also, 0 is film layer thickness and u is

average axial flow velocity. Assuming constant diffusiv-
ity, a local mass transfer coefficient in a thin rectangular
channel is described by

— 2 1/3
k(x)= % = %(;—;D—j (laminar flow)
X . X
D  0.04Re"”Sc"*.D 20
k(x)= 50) = 7 (turbulent flow)
X 0

Substituting Eq. (19) into Eq. (20) and applying the
salt rejection, the following equation can be obtained.

cg (x x
SOt e esp 122

The driving pressure in the module decreases along
the membrane channel due to the friction loss of the feed
stream through the membrane wall and spacers. The
pressure drop along the axial direction of membrane is
simply described by [1]

127 (x)mdx
H2

(21)

AP(x)=AP(0)—k, (22)
where k. is the friction coefficient in the feed channel
related to the pressure drop along the channel and 1) is
the viscosity of solution in the feed side.

The derived model for spiral-wound module can-
not be calculated analytically. Therefore, a numerical
approach is used in this study. The filtration channel is
divided into m segments of equal interval, Ax, and then
the concentrations of each component, driving pressure,
permeate flux and axial flow velocity are calculated. In
the first segment, the following equations are assumed,
in which concentration polarization is neglected and
rejections are assumed unity.

J(1)=RF(Q)
Q(1)=Q(0)
u(1) =u(0)

Ci D= Csi(o)
AP(1) = AP(0)

(23)

For segments from 2 to m

Q) =Q(i-1)-WaxY , (i-1) (24)

u(i) =Q(i) /(HW) (25)

c(i)=
Qi —1)e,; (i-1)=WJ,; (i-1)(1-r (i=1))c, (i-1) Ax (26)
Q@)

12 (i - 1)nAx
HZ

AP(i)=AP(i—1)—k, 27)
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.1 (3u(i)p*\"

k(l)_1.475[ 2H iij 29
Cq (i . : J, (-1
Cz—gigzl—l’i(l)+t‘i(l)exp ﬁ (29)
r(@) =1~ f(r (), P(), T, ¢, (i) (30)
J(i) =R F(i) @31

The algorithm of numerical procedure is shown in
Fig. 3. With the above equations and algorithm, the nu-
merical solution of the model for spiral-wound module
can easily be determined.

3. Results and discussion
3.1. Parameter estimation

The parameters in the presented multi-components
model are estimated with using experimental data
from literature [5]. In this literature, they have carried
out experiments which are desalination of wastewater
with various applied pressures and feed flow rates in
the spiral-wound module. For the estimation of the ion
rejection, 5 different ions are measured in both the feed
and permeate solution. Experimental data from literature
are shown in Table. 1.

Table 1
Experimental data from literature [5]

Calculate the first segment with given inlet

conditions

Guess the salt rejection of i segment.

Calculate the axial flow velocity and pressure drop
with Equ (24), (25) and (27)

Calculate the concentration and concentration
polarization with Equ (26), (28} and (29)
v

Calculate the salt rejection with Equ. (30)

Calculate the permeate flux with Equ (31)

v

Go to next segment

Fig. 3. Numerical procedure for calculating equations of spiral-
wound module.

Applied pressure Permeate flow rate Feed flow rate Mole fraction x 1e6

(bar) (I/h) (I/h)

P D F Ca” Mg* Na* Cl- HCO;
25 23.8 204 4.6 7.9 71 92 7.2
30 29.1 202 4.2 7.5 66 86 6.5
35 34.4 202 3.7 7.1 61 81 5.8
40 39.8 201 3.3 6.7 57 76 5.0
25 23.7 268 3.9 7.1 62 82 6.9
30 29.4 269 3.6 6.7 55 74 6.6
35 35.3 272 3.3 6.3 49 67 6.3
40 41.1 276 3.1 59 42 59 6.0
25 23.6 334 3.6 6.9 58 79 6.7
30 29.3 332 3.4 6.4 52 71 6.4
35 35.2 335 3.1 59 46 63 6.1
40 41.0 343 2.8 54 40 54 5.8
25 23.3 395 3.4 6.7 54 75 6.6
30 29.2 395 3.2 6.1 47 67 6.2
35 34.9 395 3.0 5.7 40 59 5.8
40 40.8 395 2.7 53 33 52 5.4




D.Y. Kim et al. | Desalination and Water Treatment 15 (2010) 20-28 25

In the case of water system with 5 ions, it is not easy
to estimate parameters since there are 21 parameters in
the present model. Therefore, the least-square solution
may be used for decision of initial guesses to estimate
parameters. Using the least-square solution, the order of
magnitude for each parameter can be inferred. However,
the coefficient matrix from least-square estimate is not a
symmetric form. The least-square solution can be easily
obtained by following equations.

F=RJ
FJ" =RJ)'

R=F"(JJ7)"

where F and ] are matrix constructed from the set of all
experimental data. With the initial guesses for the param-
eters, parameter estimation is conducted to minimize sum
of error square by adjusting the parameters value with
an optimization technique until the error is below a toler-
ance level, where the error is defined as a sum of square
differences between experimental data and simulated
values. The objective function is as following,

(32)

min ﬁ:(R’le -J7) (RVE, - J27)

R;(i<)) &=

(33)

where ] is the measured permeate flux and subscript,
k means experiment’s number.

In Figs. 4, 5 and 6 the permeate fluxes and salt rejec-
tions of each component are presented as a function of
the applied pressure for various feed flow rates. For the

2400 T T
®  Experiments(at feed flow rate:2001Hh)
Simulationiat feed flow rate:2001/h)
O  Experiments(at feed flow rate:2701h) }
somn b Simulationiat feed flow rate:2701/h) > 4
O Experiments(at feed flow rate:3401/H) £ o
— == Simulation(at feed flow rate:3401/h) / o
& Ewperiments(at feed flow rate:4001h) f‘
— — = Simulation(at feed flow rate;4001/h) //

permeate flowrate [mol/h]

1200 : L
25

30 35 40
pressure [bar]

Fig. 4. Permeate flow rate of water with various feed flow rate.

comparison, both simulation results and experimental
results are plotted simultaneously.

The results show that the salt rejection is increasing as
the applied pressure and the feed flow rate are increasing.
As shown in Table 2, the relative error of permeate flux of
water and ions are below 2% and the 10%, respectively.
The predictions by present model are in good agreement
with the experimental data.

The obtained optimal parameters are shown in Table 3.
As mentioned above, the physical meaning of parameters,
R,/s are the resistances of ion component and membrane
and they should be positive. Also, R;’s depend on the
membrane property, but they may not depend on oper-
ating variables except the temperature. Parameters, R,
on the other hand, may be either positive or negative
and they are independent of membrane property and
operating conditions.

Table 2
Relative errors for parameter estimation

Errorof ], % 1.2174
Error of |, % 5.0959
Error of e % 2.2080
Error of [, % 9.6413
Error of |, % 6.1231
Error of [,y % 4.6712
Table 3

Optimal frictional coefficients

Coefficient Value Sign
R11 3.5094e-4 +
R22 4.1463 +
R33 6.0501 +
R44 0.2309 +
R55 0.5886 +
R66 1.6486 +
R12 —6.7734e—6

R13 -1.0525e-5 -
R14 -1.0649e-5 -
R15 —-5.4724e-5 -
R16 6.0029e-6 +
R23 -0.2086 -
R24 —-0.0901 -
R35 0.0315 +
R26 0.0373 +
R35 0.0291 +
R36 0.0717 +
R45 0.3079 +
R46 0.1301 +
R56 -0.0719
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Fig. 5. Permeate flow rate of ions with various feed flow rate.

As shown in Table 3, R s are either positive or nega-
tive. When the i—th ion has different charge with j-th ion,
the coefficient, R, has positive sign and conversely, when
the i—th ion has equal charge with j—th ion, the coefficient,
R, has negative sign. The reason for this seems to be the
repulsion and attraction of charged ion by electric force.
If the i—th and j-th ions have same charge, they repulse
each other and there is no friction between the i-th
and j-th ions. On the other hand, if they have different
charge, there is high friction between the i-th and j-th
ions because of attraction forces. In the case of water
and ion, the frictional coefficients, R, ’s have small value
compared to R,, with 2-orders of magnitude difference.
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— ~ Simulation {permeate flux of Mg
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2 # Simulation (permeate flux of Na*)

[ Experiments (permeate flux of HCO'3)
------- Simulation {permeate flux of HCOZ)

Therefore, water and salt fluxes are not significantly af-
fecting each other.

4. Conclusions

In this study, the model of salt transport through the
membrane in multi-component system was developed
with the irreversible thermodynamics theory. The pro-
posed model considered the effects of the interactions be-
tween the saltions. The transport model was expressed as
matrix form for compact representation. Then, using the
proposed transport model, the model for spiral-wound
module was built based on the mass conservation law
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Fig. 6. Salt rejection of ions with various feed flow rate

and concentration polarization derived by film theory.
Through the parameter estimation, the frictional coeffi-
cients related to permeability of water and each ion were
determined. The obtained coefficients were analysed for
the physical meaning of the parameters. When one ion has
different charge with another ion, the coefficient has posi-
tive sign and when ion has equal charge with another ion,
the coefficient has negative sign, conversely. Although the
proposed salt ion transport model has relatively many
parameters than other models, most parameters except
of the diagonal parameters in the matrix, R may be set a
constant because they are independent of the membrane
property. The predictions by present model are in good
agreement with the experimental data in the literature.
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Symbols

a — Activity

c —  Concentration, mol/l

D — Diffusivity, dm

H — Height of the channel, dm

] — Flux across the membrane, dm/h
k — Mass transfer coefficient, dm/h
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kf — Friction coefficient

P — Pressure, bar

Q — Axial volumetric flow rate, I/h

R — Gas constant, barl/mol'’K

r — Salt rejection

RZ.]. — Resistance through the membrane, bar-dm*h/
mol

T  — Temperature, K

7 — Average axial flow velocity, dm/h

vV — Molar volume, l/mol

W — Membrane width, dm

X — Molar fraction, mol/mol

Greek

Y — Activity coefficient

o) — Film layer thickness, dm

Ax — Segment interval, dm

N — Viscosity of solution, bar h

T — Osmotic pressure, bar

Subscripts

k — Number of experiment

S — Salt

si  — i-thion species

T — Total

w — Pure water

Superscripts

b — At the bulk side

exp — Measured in experiments

F — At feed side

P — Atpermeate side

w — At the membrane surface

References

1

2]

C.R.Bouchard, PJ. Carreau, T. Matsuura and S. Sourirajan, Mod-
eling of ultrafiltration: predictions of concentration polarization
effects, J. Membr. Sci., 97 (1994) 215-229.

L.F. Song, Thermodynamic modelling of solute transport
through reverse osmosis membrane, Chem. Eng. Comm., 180
(2000) 145-167.

O. Kedem and A. Katchalsky, Thermodynamic analysis of the
permeability of biological membranes to non-electrolyte, Bio-
chim. Biophys. Acta, 27 (1985) 229-246.

K.S. Spiegler and O. Kedem, Thermodynamics of hyperfiltration
(reverse osmosis): Criteria for efficient membranes, Desalination,
1 (1966) 311-326.

N.G. Voros, Z.B. Maroulis and D. Marinos-Kouris, Salt and water
permeability in reverse osmosis membranes, Desalination, 104
(1996) 141-154.

S.W. Thiel and D.R. Lloyd, Application of the Stefan-Maxwell
equations to the pressure-driven membrane separation of dilute
multicomponent solutions of nonelectrolytes, ]. Membr. Sci., 37
(1988) 233-249.

B.J. Marinas and R.E. Selleck, Reverse osmosis treatment of
multicomponent electrolyte solutions, J. Membr. Sci., 72 (1992)
211-229.

(8]

9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J.M. Dickson, J. Spencer and M.L. Costa, Dilute single and mixed
solute systems in a spiral wound reserve osmosis module. PartI:
Theoretical model development, Desalination, 89 (1992) 63-88.
M. Khayet and ].I. Mengual, Effect of salt type on mass transfer
in reverse osmosis thin film composite membranes, Desalination,
168 (2004) 383-390.

G. Jonsson, Methods for determining the selectivity of reverse
osmosis membranes, Desalination, 24 (1978) 19-37.

H. Mehdizadeh, Kh. Molaiee-Nejad and Y.C. Chong, Modeling
of mass transport of aqueous solutions of multi-solute organics
through reverse osmosis membranes in case of solute-membrane
affinity. Part 1. Model development and simulation, J. Membr.
Sci., 267 (2005) 27-40.

J.W. AKkitt, Limiting single-ion molar volumes: Intrinsic volume
as a function of the solvent parameters, ]J.C.S. Faraday I, 76
(1980) 2259-2284.

0O.Kedem and A. Leaf, The relation between salt and ionic trans-
port coefficients, J. Gen. Physiol., 49 (1966) 655-662.

V. Gekas and B. Hallstrom, Mass transfer in the membrane
concentration polarization layer under turbulent cross flow. I.
Critical literature review and adaptation of existing Sherwood
correlations to membrane operations, J]. Membr. Sci., 30 (1985)
153-170.

T. Matsuura, L. Pageau and S. Sourirajan, Reverse osmosis sepa-
ration of inorganic solutes in aqueous solutions using porous cel-
lulose acetate membranes, J. Appl. Polym. Sci., 19 (1975) 179-198.
S. Kimura and S. Sourirajan, Analysis of data porous cellulose
in reverse osmosis with acetate membranes used, AIChE J., 13
(1967) 497-503.

S.K. Gupta, Design and analysis of reverse osmosis systems us-
ing three parameter models for transport across the membrane,
Desalination, 85 (1992) 283-296.

J. Zhou, H. Ohya and K. Matsumoto, Several engineering equa-
tions in the design of reverse osmosis plants, Desalination, 80
(1991) 15-30.

A.Malek, M.N.A. Hawlader and ].C. Ho, Simplified Ohya-Souri-
rajan analysis for predicting permeator performance, Desalina-
tion, 93 (1993) 265-278.

B.A.Q. Darwish, G.S. Aly, H.A. Al-Rqobah and M. Abdel-Jawad,
Predictability of membrane performance of reverse osmosis
systems for seawater desalination, Desalination, 75 (1989) 55-69.
M. Brusilovsky and D. Hasson, Prediction of reverse osmosis
membrane salt rejection in multi-ionic solutions from single-salt
data, Desalination, 71 (1989) 355-366.

M.G. Gabaldén, V.P. Herranz, J.G. Antén and J.L. Guifiéon Se-
gura, Effect of hydrochloric acid on the transport properties
of tin through ion-exchange membranes, Desal. Wat. Treat., 10
(2009) 73-79.

M. Turek, B. Bandura-Zalska and P. Dydo, Boron removal by
Donnan dialysis, Desal. Wat. Treat., 10 (2009) 53-59.

Ch. Hannachi, M. Ben Sik Ali and B. Hamrouni, Determination of
the selectivity coefficient of CMX cationic membrane at various
ionic strengths, Desal. Wat. Treat., 10 (2009) 47-52.

D. Prats, M.F. Chillon-Arias and M. Rodriguez-Pastor, Analysis
of the influence of pH and pressure on the elimination of boron
in reverse osmosis, Desalination, 128 (2000) 269-273.

M. Taniguchi, M. Kurihara and S. Kimura, Boron reduction
performance of reverse osmosis seawater desalination process,
J. Membr. Sci., 183 (2001) 259-267.

N. Oztiirk, D. Kavak and T.E. Kése, Boron removal from aque-
ous solution by reverse osmosis, Desalination, 223 (2008) 1-9.
S.W. Thiel, Concentration-dependent solute activity coefficients
and solute transport in pressure-driven membrane separation
processes, . Membr. Sci., 48 (1990) 127-140.

S.W. Thiel and D.R. Lloyd, Multicomponent effects in the
pressure-driven membrane separation of dilute solutions of
nonelectrolytes, J. Membr. Sci., 42 (1989) 285-302.

S. Kim and E.M.V. Hoek, Modeling concentration in reverse
osmosis process, Desalination, 186 (2005) 111-128.





