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ABSTRACT

The objective of this manuscript is to investigate experimentally and theoretically the effect of ion
(cation and anion) valence and concentration on the rejection coefficient and solute permeability of
NF270 membrane. The experimental data of solute rejection vs. permeate flux is usually fitted to
Spiegler-Kedem equation to determine the reflection coefficient and the solute permeability. In doing
so, many problems may arise such as inaccurate numerical fitting, the discrepancy in the results
when the different initial guess is made and sometimes no result is obtained. The current research
work overcomes these problems by transferring the Spiegler-Kedem equation to a one-parameter
equation. This is done by first using the flux equation to determine the rejection coefficient and use
this data in the Spiegler-Kedem equation to determine the solute permeability. The success of this
procedure was confirmed by comparing its results with those available in open literature where an
excellent agreement was found. Moreover, the values of the reflection coefficient and the solute per-
meability that some researchers could not determine were found. The interaction between the solutes
especially at high concentrations was taken into account when the osmotic pressure was calculated.
The experimental results showed that o is inversely proportional to the concentration. P, however,
are proportional to the concentration until a certain concentration is reached after which the effect
diminishes. The results also show that as the valence of the cation increases both ¢ and P_ increase.
The results showed that AICL, has the highest value of 0 and NaCl has the lowest value. The values of
o follow the following order: ¢ >0 >c > Gy,q- The dependence of P_on the solute type
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1. Introduction

Nanofiltration (NF) technology is a pressure-driven
membrane technology used for ion separation and treat-
ing wastewater due to its small pore size that lies ranges
between 0.5 and 2 nm [1,2]. Nanofiltration processes have
been used for over five decades to produce freshwater [3].
Manufacturers produce NF membranes of various specifica-
tions that make it suitable for specific separation processes.
Moreover, the NF membrane has numerous preferable
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features such as high rejection of the single and multi-sol-
utes systems, high flux, and low operating pressure [4]. Sea
or brackish water pretreatment by NF membranes has been
applied in water desalination by reverse osmosis (RO) pro-
cesses, which solves many desalination issues like fouling
and scaling [5]. The NF membrane has also been utilized
directly to treat seawater [3]. NF is mostly operated under
pressure ranges between 7 and 30 bars [6]. These types of
membranes have a high flux compared to RO.
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NF membranes are generally made from polymeric
materials such as polysulfone, polyacrylonitrile, or inor-
ganic materials such as ceramic. Polymeric membranes are
usually used with drinking water and wastewater processes
[7]. NF membranes involve a variety of separation phenom-
ena such as diffusion, convection, and electromigration
[8]. Different types of commercial NF membranes (NF270,
NF90, and NF30) were used to treat seawater. Among all
membranes, NF90 has a smaller pores size, high surface
roughness, and high porosity. This membrane has the high-
est solute rejection while NF30 has the lowest solute rejec-
tion [9]. Some operational factors can influence the removal
capacity of the NF membranes like a salt concentration
in the feed, applied pressure, and pH [6].

Boussouga and Lhassani [10] and Ballet et al. [11] stud-
ied the mass transfer phenomena for some salts (NaCl,
Na,SO,, and MgSO,) using commercial NF membranes
(NF90 and NF270). The studies showed that the rejection
of SO;? reaches 99% using NF90 while it reaches 96% with
NF270. This was attributed to the smaller pore size of the
NF90 membrane compared to that of NF270. The studies also
showed that the rejection of monovalent salts such as Na*
(47%) using NF270 is much lower than that of the divalent
salts such as Mg* (96%). NF90 also showed higher retention
compared to NF270 since NF90 has a smaller pore size [12].

Membrane technology is practically implemented and
is extensively used in various processes. However, the sol-
ute transport phenomenon is still not fully understood in
detail. NF separation is a very sophisticated process [13]
and hence many models have been modified for mem-
brane separation mechanism, which can be categorized
into two main groups: irreversible thermodynamic models
and transport mechanism models.

The performance of any type of membrane is described
by the reflection coefficient (o) the value of which ranges
between 0 and 1 for NF membranes. The value of o reflects
the membrane’s ability to catch the solute and prevents
its passage [14]. Researchers have used the Spiegler—
Kedem model intensively to determine salt permeabil-
ity (P) and reflection coefficient (o) [15-17]. These factors
can be found using the best-fit method of the experimen-
tal data of rejection vs. permeate flux. Zouhri et al. [18]
applied Spiegler-Kedem model using three NF membranes
(NF270*4040, NF90*4040, and TR60) and two RO mem-
branes (BW30LE4040 and TM710) to predict membrane
performance and successfully determined o and P..

Determining o and P_ by fitting the measured perme-
ate flux and solute rejection to Spiegler-Kedem equation
may lead to inaccurate results since the values depend on
the initial guess made. In some cases, it is not possible to
determine them due to numerical instabilities and some-
times illogical values may result. The objective of this work
suggests a method to overcome these problems by first
determining o using the solute flux equation and use the
determined value of o in Spiegler-Kedem equation which
becomes a one parameter equation that enables determin-
ing the value of P. This work also aims at experimentally
investigating the effect of the valence of the ions (both the
cation and the anion) and their concentration on o and P
The interaction between solutes when the concentration is

high was taken into account when calculating the osmotic
pressure a situation that was not dealt with previously.

2. Theory

Spiegler-Kedem model is derived from Kedem-
Katchalsky theory where the solvent (/) and the solute
(J,) fluxes are represented by the following equations:

_,|dp_ _dn
o[ -o] .
J,=P.-AC+(1-0)C], (2)

where p is the applied pressure, x is membrane thickness,
C is solute concentration. Egs. (1) and (2) indicate that the
volumetric and the solute fluxes are controlled by the sol-
ute reflection coefficient, o, and the solute permeability,
P_. Careful estimation of these parameters allows finding
the fluxes. Kedem and Katchalsky [19] proposed a rela-
tionship between the volumetric flux (J)) and the observed
rejection coefficient (R ) given by the following equation:

R, o 1_8[‘1126)“ 3
1-R, 1-o

where R is the observed rejection coefficient defined as:
Ry=1-—" )

where C and C, are the concentration of the solute in
the permeate and in the feed, respectively.
Accordingly, the values of ¢ and P, are determined

0
1-R,
The accuracy of the fitting depends on the initial estimate of

by fitting the experimental data of and ] to Eq. (3).

the parameters and if inappropriate initial guess is made, a
false result may be obtained or in some cases, no results
might be obtained. Moreover, fitting the data to Eq. (3)
may result in numerical instabilities and the solution is
divergent. In some cases, a good fit is obtained but the
results of 0 and P, do not make sense [20-22].

To overcome the above-mentioned problems we pro-
pose the following procedures to determine o and P,
based on the transport equation that relates the flux to
the applied transmembrane pressure, AP, given by [23]:

J, =L, (AP -cAn) ()

where L is hydraulic permeability of the membrane and
At is the osmotic pressure. o is the reflection coefficient

expressed as = [iPJ and it specifies the selectivity of
m)
the NF membrane and the ability of the ions and the solutes

to transfer through the membrane. For ideal membranes,
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for example, RO membranes, the value of o reaches 1 due to
RO’s small pore size [24-26]. On the contrary, o approaches
to value of zero for membranes in which concentration gra-
dient doesn't exist and that is because the membrane pore
size is large compared to the ion or solute size such as MF
membranes [25]. For the NF membrane, the reflection coef-
ficient has a value less than 1 because it has a relatively
larger pore size compared to the size of the solutes [22,27].

Eq. (5) indicates that L, and o can be determined by
plotting | vs. AP where the slope is equal to L and the
intercept is equal to L oAm from which the value of o is
estimated once the osmotic pressure is calculated.

The osmotic pressure Am is influenced by solute con-
centration. For a dilute solution, the A can be estimated
using the Van’t Hoff equation:

An=aC (6)
where:
RT
=5 )
m

It should be mentioned that, this Egs. (7) is not valid
for high concentration solutions used in the NF system.
Therefore, the osmotic pressure A7t can be estimated from
the following equations written as [28]:

Alz+zZ_| 1 2In(1+ BaT*1'?)
g=1-—"1_"= -
B2T242 11/2 (BQ)A T2 | 2 BaT“*. 1
é. 27’[ - 12?1

)

T 2n+1 v, +v_

where A = 6,064.613 kg'? mol'? K* and B = 56.827
kg!? mol 2 K2,

Parameters S, 4, and n are given in [28] where S is solva-
tion parameter of anion, a is ion—ion distance parameter, and n is

the ion-solvent distance parameter with the assumption of > 0.
For AICIL, Bromley [29] suggested the following equation
to calculate Art for AICL:

1

[pli} -2.303(0.06 +0.6B)|Z,Z |
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The solute may pass through the membrane by either
diffusion, which is due to concentration gradient across
the membrane (no pressure is applied in this case), or by
convection when pressure is applied across the membrane.

The proposed procedure is as follows: the value of
o is first determined from a plot of | vs. AP where the
slope is equal to L and the intercept is equal to L oAm.
The value of Ar is calculated from Egs. (8) or (9). "Once
o is known its value is substituted in Eq. (3) which will
have one parameter in this case and that is P_. Fitting the

R,
data (1 R, and J, ]using Eq. (3) is now straight forward

and quick Conversion is obtained. By this way all, the fit-
ting problems (initial guess effect, numerical instabilities,
and inaccuracy of the results) are avoided. To check the
adequacy of this procedure the obtained values of o and
P are compared to those obtained by other researchers.
Moreover, the values of o and P, that were not determined
by some researchers are estimated and reported.

Once o and P, are known the rejection can be esti-
mated for any value of | from Spiegler-Kedem equation as
given through Egs. (12) and (13) [30]:

R:c(1—r) (12)
1-oF
7(170) ’
F exp[ " /‘} (13)
P = (1-0)J. (14)
: InF

2.1. Procedure verification

To prove the accuracy and adequacy of the suggested
procedure of estimating o and P, the results obtained by
other researcher and by the suggested procedure for NF270
membrane are tabulated in Table 1. The result presented
in Table 1 shows that an excellent agreement between the
values of o and P, exists. The results justify the easiness
and the adequacy of the proposed procedure. It can also
be seen from Table 1 that values that were not possible to
determine by the two models fit and by the researchers
are easily determined by the suggested procedure.

Al-Zoubi and Omar [22] estimated the parameters
o and P, for some anions and cations (Na*, CI-, SOZ, and
Mg?*) using NF270 and NF90 membranes. A comparison
between their reported results and those obtained using
the proposed procedures is summarized in Table 2. Again,
a good agreement is obtained between the results. It is
clear from Table 2 that the rejection (and hence o and P)
is strongly affected by the type of cation or anion which in
turns affects the estimated values of o and P_.

The adequacy of the proposed procedure to determine
o and P_for NF30 type membrane is shown in Table 3
where its results are compared to those obtained by other
researchers and by the two models fit of Eq. (3). A good agree-
ment between the results is obtained. The results in Table 3
prove the adequacy of the proposed procedure especially for
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Table 1

List of the values of o and P, obtained using Kedem and Katchalsky (Eq. (3)), the proposed procedures (Eq. (5)), and those listed in the
literature for various types of salts and various concentrations for NF270 membrane

Membrane NF270 Reference
Salts C (ppm) Proposed Two parameter Reported
procedure numerical fit values
o P (Lm™h) o P (Lm?h) o P (Lm™h)

5,000 0.98 91.17 1.07 86.88 0.95 75.1
KC1 10,000 0.91 104.29 1.09 121.76 0.99 109

15,000 0.94 118.56 0.99 157.7 0.99 132

3,000 0.98 0.27 0.99 0.21 0.98 0.31
Na,SO, 5,000 0.96 0.38 1.00 0.31 0.98 0.44 [21]

10,000 0.99 0.47 0.88 0.43 0.99 0.90

5,000 0.95 3.61 1.08 1.36 0.98 0.54
MgSO, 10,000 0.98 413 0.96 1.65 0.97 0.68

15,000 0.98 7.89 0.83 0.85 0.97 1.04
Mixture of Na* 11,460 0.63 152.99 * 177.78 * 168
NaCl and Cl- 15,194 0.81 223.39 * 261.97 * 395
NaSO, SO 3,379 1.16 2.81 0.93 1.86 0.92 1.76 22]
Mixture of Na* 11,008 0.89 138.49 0.94 189.35 * 160
NaCl and Cl- 18,389 0.93 129.05 0.95 204.03 0.93 264
MgCl, Mg* 479 0.70 10.83 0.81 7.43 * 9.6

*values are not obtained/available.

Table 2

List of the obtained values of o and P_ using Egs. (3) and (5) and those listed in the literature for various types of salts and various

concentrations for NF90 membrane

Membrane NF90 Reference
Ions C (ppm) Proposed Two parameter Reported
procedure numerical fit values

o P (Lm?h) o P (Lm™h) o P (Lm?h)
Mixture of Na* 11,460 0.81 4.48 0.84 2.79 0.68 2.16
NaCl and Cl- 15,194 0.65 1.67 * 2.85 * 4.80
NaSO, SOr 3,379 0.87 0.49 0.88 0.28 0.85 0.23
Mixture of  Na' 11,008 085 479 089 742 0.67 482 (22]
NaCl and Crr 18,389 0.71 3.24 0.58 3.35 0.59 3.12
MgCl, Mg* 479 1.06 0.32 0.75 0.69 0.73 0.55

*values are not obtained/available.

low concentration solutes where using Eq. (3) to estimate o
and P_did not succeed.

3. Experimental work
3.1. Set up

Batch experiments are performed on pilot scale nano-
filtration membrane system, the experimental setup is
shown in Fig. 1. The system consists of a feed tank of 10 L
capacity, a high pressure pump, membrane cell, and cool-
ing system. The feed solution temperature was maintained

at 30°C + 1°C and the flow rate was constant at 6 L min™.
Arectangular cell - flat sheet membrane —is utilized to carry
on the batch experiments. The membrane-housing unit is
made of stainless steel with two parts tight together with
high tensile screws. The upper half of membrane cell con-
tained the flow distribution cavity and a groove to fix rub-
ber ring to avoid leakage at high pressure range. The base
half is used to fix the membrane flat sheet as well as mem-
brane supporting to prevent rupture at high applied pres-
sures. The supporting arrangements layers contain 1 mm
of a perforated plastic sheet on which Whatman#42 filter
paper is laid on top of which the NF membrane is placed.
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List of the obtained values of 0 and P_using Egs. (3) and (5) and those listed in the literature for various types of salts and various
concentrations for NF30 membrane

Membrane NF30 Reference
Salts C (ppm) Proposed Two parameter Reported
procedure numerical fit values
g P (Lm?h) g P (Lm?h) g P (Lm?h)

5,000 0.92 165.85 0.89 * * *
KCl1 10,000 0.99 211.51 0.99 643.51 * *

15,000 0.97 196.65 0.95 186.84 * *

3,000 0.83 10.25 0.73 15.87 0.69 14.72
Na,SO, 5,000 0.56 7.36 0.58 11.82 0.56 11.30 [21]

10,000 0.85 28.16 0.71 30.19 0.61 29.55

5,000 0.98 7.92 0.54 7.92 0.53 7.78
MgSO, 10,000 0.76 6.72 0.55 7.71 0.52 7.15

15,000 0.59 6.17 0.54 8.55 0.52 8.23

*values are not obtained/available.

The active layer of the membrane is exposed to the feed
flow. The effective filtration area of the membrane is 35 cm?.
A schematic diagram of the filtration unit is shown in Fig. 1.

3.2. Materials and chemicals

In this study, a commercial polyamide NF 270 mem-
brane was used (flat sheet film NF membrane is from
Dow Filmtec™). The experiments were conducted with

synthetic solutions comprised of inorganic salts: sodium
chloride (NaCl, purity 99.5%), magnesium chloride (MgClL,,
purity 95.2), sodium sulfate (Na,SO,, purity 99%), and alu-
minum chloride (AICl, purity 99.99%). These salts were
used either as single salt solution to study the effect of ion
valence and concentration on rejection or mixed salt solution.
Chemicals were purchased from Sigma-Aldrich (Germany)
and were used as received. The synthetic solutions were
prepared with ultrapure water produced from the water
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1.High pressure pump
2.Stainless steel pipes
3.Valve

4.Pressure sensor
5.Pressure gauge
6.Membrane cell

7.Polymeric membrane
8.Permeate tank
9.Flow meter
10.Cooling system

11. Thermometer
12.Feed tank

Fig. 1. Schematic of nano-filtration unit assembly.
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purification unit (Milli-Q). The operating pressure was var-
ied between 5 and 20 bar. The inlet feed concentration was
varied in the range of 5,000-40,000 ppm. The concentrations
of the salts for feed and permeate were analyzed using a
conductivity meter (Mettler Toledo, seven Compact, USA).

4. Results and discussion

Experimental data on NF270, a commercial polyamide
NF membrane collected from batch experiments to study the
flux and rejection of sodium chloride (NaCl), sodium sul-
fate (Na,SO,), magnesium chloride (MgCl,), and aluminum
chloride (AICl)) are shown in Table 4. The values of ¢ and
P were estimated by the procedures explained in the pre-
vious section. The values are also estimated by using the
Spiegler-Kedem equation (Eq. (3)) to compare the results
of the two methods. The results of the two methods are
summarized in Table 4. The results showed an excellent
agreement between the two methods.

4.1. Pure water permeability

The mean value of pure water permeability (solvent)
L was measured before the salts rejection experiments
by the statistical linear relationship of permeate flux vs.
operating pressure. It was found to be 6.65 x 10°m s bar.
Later, this value of L will be considered as a reference
to calculate reflection coefficient 0 and solute permeabil-
ity P. Fig. 2 shows pure water flux for NF270 membrane
increase with the growth of operating pressure.

Table 4

4.2. Effect of operating variables

4.2.1. Effect of concentration on NaCl, MgCl,,
AICI,, and Na,SO, flux

Solute flux is affected by the concentration gradient
across the two sides of the membrane and the solute mass
transfer coefficient. Membranes material and construc-
tion also play an important role in solute permeation [31].
The experimental data of permeate flux of NaCl, MgCl,
Na,SO,, and AICI, vs. transmembrane pressure at different
concentrations (5,000; 10,000; 20,000 and 40,000 ppm) are
shown in Fig. 3. As can be seen from Fig. 3 a linear rela-
tion between the permeate flux and the applied pressure
exists. It can also be seen that as the concentration increases
the flux decreases. Data for the measured fluxes and
rejection is shown in Table 4.

4.2.2. Effect of pressure on NaCl, MgCl,, AICL,
and Na,SO, rejection

In order to examine the impact of solute concentra-
tion on rejection, NaCl, MgCl,, AICl,, and Na,SO, con-
centrations were varied for 5,000; 10,000; 20,000 and
40,000 ppm at operating pressure range from 5 to 20 bar.
The results are portrayed in Fig. 4 where it can be seen
that salt rejection increases as the pressure increases for
all solutes tested. It can be also seen that for a given value
of P, the rejection increases as the concentration decreases.
In addition, the rejection also decreased with increased
feed concentration.

Measured values of flux and solute retention for various salts at different concentrations and estimated values of o and P_ using the
proposed method and Eq. (3) for NF270 membrane at temperature of 30°C and feed flow rate of 6 L min™

Membrane NF270
Salt C (ppm) Flux (m s™) R, Proposed Two parameter
method numerical fit Eq. (3)
o} P (ms™) o P (ms™)
5,000 5.98E-05 0.50 0.66 1.09E-05 0.69 1.07E-05
NaCl 10,000 5.37E-05 0.39 0.53 2.15E-05 0.57 2.20E-05
20,000 4.78E-05 0.19 0.32 2.84E-05 0.31 2.94E-05
40,000 4.34E-05 0.10 0.20 3.77E-05 * *
5,000 5.75E-05 0.52 0.53 7.91E-06 0.63 1.06E-05
MgCl 10,000 5.03E-05 0.43 0.46 1.22E-05 0.55 1.49E-05
2 20,000 4.25E-05 0.34 0.38 1.51E-05 0.48 1.96E-05
40,000 3.76E-05 0.20 0.23 1.69E-05 0.31 1.71E-05
5,000 7.45E-05 0.58 0.74 5.46E-06 0.75 5.86E-06
AlC 10,000 6.24E-05 0.53 0.69 9.53E-06 0.71 9.47E-06
3 20,000 5.31E-05 0.47 0.64 1.28E-05 0.68 1.12E-05
40,000 4.06E-05 0.34 0.36 1.54E-05 0.39 1.62E-05
5,000 7.30E-05 0.52 0.58 9.88E-06 0.68 9.96E-06
10,000 4.57E-05 0.37 0.53 1.71E-05 0.57 1.67E-05
Na,S0, 20,000 4.34E-05 0.23 0.47 2.22E-05 0.37 2.57E-05
40,000 4.11E-05 0.13 0.25 2.54E-05 * 2.89E-05

*value were not obtained.



282

4.3. Effect of concentration on o

The reflection coefficient (o) of a given salt is the great-
est possible rejection value for that solute. In this study, o
for NaCl, MgCl,, Na,SO,, and AICI, solutes is calculated

1E-04 T

y = 6.65E-06x - 4.43E-06

1B-04 1
r R? = 1.00E+00

1E-04 4

8E-05 1

Flux (m/s)

6E-05 |
4E-05 4

2E-05

OE+00 + . t t t
0 5 10 15 20 25

Pressure (bar)

Fig. 2. Effect of applied pressure on pure water flux for NF270
membrane.
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using the proposed procedure as mentioned in the theory
section. The estimated values of o for all the above salts are
listed in Table 4. To illustrate the effect of concentration on
o, the calculated values of o are plotted vs. concentration
for all solutes tested and the results are shown in Fig. 5.
It can be seen that o is inversely proportional to the feed
concentration. The results show that the data follows a lin-
ear fit (0 = —a x C + b) with a = 1 x 10 for all salts tested
and intercept varies according to the salt type. The R? val-
ues of all the fits are larger than 0.9. The results show that
AlCI, has the highest values of o whereas NaCl has the low-
est values of 0. The dependence of o on the type of solute

follow the following order c,,, >c >0 >c

AlCL, MgCl, Na,S0, NaCl*

4.4. Effect of concentration on P,

Solute permeability, P, is influenced by three factors:
salt concentration, nature of the solute, and the effec-
tive charge of the NF membrane [32]. Estimated values
of P, as a function of solute concentration are shown in
Fig. 6. It can be seen that P_increases as the concentration
increases. Fig. 6 shows that the effect is larger until the con-
centration reaches a certain value then the effect becomes
small. It can be also noticed as the solute size decreases (cat-
ion size) the value of P_increases. Accordingly, NaCl has

b)  9E-05 +
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8E-05 1 —e— C=10000ppm
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TE-05 T _ & — c=40000ppm
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2E-05
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Fig. 3. Measured permeate flux vs. the applied pressure for various concentration (at 6 L min™ and 30°C) (a) NaCl, (b) MgCl,

(c) Na,SO, and (d) AlCL,.
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Fig. 5. Estimated reflection coefficient vs. concentration for the
various ions tested. ® AICl, A MgCl, ® Na,SO,, and ® NaCl.
The lines represent the fitting of the data.

the largest P_value whereas AICI, has the lowest P_ value.
Moreover, when the anion size increases P, value decreases
and hence P_value for NaCl is larger than that of Na,SO,.
For other solutes, the dependence of P_ on the solute type

follows the following order Ps,NaCl> PS,NaZSO4> Ps,MgClz> PS, AlcL
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Fig. 6. Estimated values of P_for the various solutes tested
vs. concentration. ¢ AICl, A MgCl, ® Na,SO, and B NaCl.
The lines represent the fitting of the data.

5. Conclusion

The rejection of various solutes through the NF270
membrane was experimentally investigated. Membrane
parameters (reflection coefficient, o, and solute permeability,
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P) were determined. All of the numerical problems that
were previously encountered were overcome by using the
flux equation then Spiegler-Kedem model. Solute interac-
tion especially at high concentration was taken into account
when calculating the osmotic pressure. The effect of solute
concentration and its type on the membrane parameters was
experimentally investigated. The results showed that as the
concentration increases o decreases linearly. However, the
value of P_increases as the concentration of the solute increases.
The results also showed that P increases rapidly with con-
centration until a certain concentration is reached after which
no effect of concentration on P_ was noticed. The type of sol-
ute affects both o and P_. For the solutes tested, AICI, has the
highest value of 0 and NaCl has the lowest value. The values

of o follow the following order:6,,, >o >0 >c

AlCly MgCl, Na,SO,

The dependence of P_ on the solute type follows the follow-
ing order P> P >P >P

5,NaCl 5,Na,SO, 5,MgCl, s,AlClS'

NaCl*
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Nomenclature

AP — Transmembrane pressure, bar

AT — Osmotic pressure, bar

|ZZ 1 — Absolute value of the charge product

A, — Debye-Huckel constant for activity coefficient.
‘ It is equal to 0.511 Kg?mol"? at 25°C

C — Solute concentration, ppm

I — Ionic strength

I — Solute flux, m s™!

I, — Volumetric flux, m s!

Lp — hydraulic permeability of the membrane,

m s7! bar

P, — Intrinsic membrane permeability, m s™ bar

P — Solute permeability coefficient, m s™

T — Temperature, °C

o — Reflection coefficient

[0} — Osmotic coefficient

Y(al) — Function of al as written in Eq. (9)
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