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ABSTRACT

Nanofiltration (NF) membranes can be used in different configurations. The aim of this
work was to determine the reliability of the data obtained using flat-sheet (FS) laboratory-
scale configuration when NF membranes are implemented at industrial scale level using
spiral wound (SW) configuration. Ion rejections in salt mixtures with the two configurations
types were analysed, modelled, evaluated and compared. In both cases of the study, the
operation was carried out in cross-flow mode and with recirculation of permeate and con-
centrate streams into the feed tank. Different feed synthetic salt solutions were used based
on a dominant and a trace salt. In both cases, the operating temperature was kept constant
(21.5 ± 2.5˚C), and the trans-membrane pressure range varied from the osmotic pressure to
20 bar. The same NF membrane was used for both configurations: NF270 (Dow Chemical).
The solution–diffusion–electromigration–film model was employed to describe the experi-
mental results. Comparing both membrane configurations, the trans-membrane flux
obtained with the FS configuration was higher than that observed with the SW configura-
tion under the same operating conditions. In general, it is proved that ion rejection curves
for both membrane configurations were fairly similar. Moreover, the membrane permeances
with respect to each ion in both configurations were quantitatively similar.
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mixtures
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1. Introduction

Desalination plants are used to obtain potable
water for human consumption. The concentration lim-
its allowed for human consumption depend on the
area, the health risk connected with these elements
and the available technologies that each zone has to
eliminate them [1].

Membrane technologies have become an important
part of the separation processes during the last dec-
ades. Their applications have increased significantly in
the water industry compared to other water treatment
technologies. In particular, reverse osmosis (RO) and
nanofiltration (NF) are broadly used for potable water
treatment [2].

NF membranes have good rejections to divalent
ions (up to 99%), but moderate rejection to monova-
lent ones in the difference of 20–70%. This property is
an intermediate between RO membranes with a salt
rejection of more than 95% and UF membranes with a
salt rejection of less than 10% [3].

Compared to RO, NF offers some advantages, such
as low operational pressure, high flux, high retention
of multivalent ions, relatively low investment and low
operation and maintenance costs. NF is signally useful
for the potable water production, since using this tech-
nique, the remineralisation process of the obtained
water during the process is reduced [4,5].

The module is the main part of any membrane
plant. For this reason, some important aspects have to
be taken into consideration for its design, such as
packing density, cost-effective manufacture, easy
access for cleaning and cost-effective membrane
replacement. Based on the above, the modules can be
distinguished into different major types: tubular mod-
ule, hollow fibre module, plate and frame systems
(flat-sheet modules (FS)) and spiral wound modules
(SW) [6].

In FS configuration, the feed solution is pumped
over one side of the membrane. Then, the filtration
process is carried out in cross-flow mode. Due to a
pressure gradient, part of the solution goes through
the membrane (permeate stream). Packing densities of
about 100–400 m2/m3 are achieved. FS membrane con-
figuration is commonly used only at laboratory scale
due to its size and low productivity. Although there
are some FS modules at the industrial scale, it is
uncomfortable to operate with them due to bearing a
lot of layers and the high space requirements. The
advantage of working at laboratory scale with any
kind of membrane configuration is the low installation
cost [7].

Essentially, in SW modules, two or more mem-
brane pockets are wound around a centrally located
permeate-collecting tube with a special mesh used as
spacer. The membrane pocket consists of two mem-
brane sheets with a highly porous material in
between, which are glued together along three edges.
The fourth edge of the pocket is connected to the col-
lecting tube. Several such pockets are SW around the
perforated permeate tube with a feed-side spacer
placed between the pockets. Usually, several such
membrane elements are arranged in one pressure ves-
sel [6]. The feed-side flow is strictly axial, while the
permeate flows through the porous support inside the
pocket and along the spiral pathway to the collecting
tube [8]. SW modules are characterized by high pack-
ing density (>900 m2/m3). This module is simple and
is also resistant to fouling at higher pressures. Most of
the commercially available NF membranes are made
in SW configuration [9].

Recently, Ribera et al. [10] make a comparison of
both membrane configurations working at constant
trans-membrane pressure (TMP) and constant trans-
membrane flux (Jv). They concluded that the experi-
mentation at the laboratory scale plant can be useful
to design a full-scale plant.

In this study, a comparison of both membrane con-
figurations was carried out by changing both the TMP
and the Jv. A rejection curve was obtained for each ion
and each membrane configuration. Different synthetic
mixtures based on a dominant salt combined with a
trace salt were used as feed solution in each experiment.
The solution–diffusion–electromigration–film model
(SDEFM) was used to describe the experimental data.
This model considers that the ion transport through the
membrane occurs via solution–diffusion and electric
migration phenomena, and also it takes into account the
concentration polarization layer. The SDEFM was
described by Yaroshchuk et al. [11]. By means of this
model, it is possible to calculate the membrane perme-
ability with respect to each ion, defined as the easiness
of the ions to cross the membrane [12].

To sum up, FS configuration is usually used at lab-
oratory-scale test membrane to evaluate the rejection
of ions of interest by NF process under given condi-
tions while at industrial scale SW membrane configu-
ration are used, due to the need for a larger active
membrane area and space optimization. The aim of
this study was to determine the reliability of the data
obtained using FS laboratory-scale configurations
when they are implemented at industrial scale level
using SW configurations.
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2. Materials and methods

2.1. Experimental description and operation

Two experimental set-ups were used with FS and
SW configurations in order to determine the influence
of the membrane configuration on the ion rejection.

NF membranes used were NF270 (Dow Chemical
Company, Midland, TX) with an effective membrane
area of 0.014 m2 for the FS configuration and 2.6 m2

for the SW configuration.
Both membranes were composed of a semiaromatic

piperazine-based polyamide layer on top of a polysul-
phone microporous support reinforced with nonwo-
ven polyester [13]. The main characteristics of these
membranes and operation limits of both pilot plants
described by the manufacturer can be found in Table 1.

Fig. 1 shows schematic experimental set-ups for
both membrane configurations.

The experimental procedure in both pilot plants
was nearly the same. The feed solution (25 L for the
FS configuration and 100 L for the SW one) was dri-
ven by a pump to the module where the membrane
was located. Two streams were obtained: permeate
and concentrate. Both streams were recirculated into
the feed tank, so the feed concentration was kept
approximately constant. Multiple parameter sensors
were installed to monitor the process: pressure meters
before and after the membrane, conductivity sensors,
temperature sensors and flow meters in both permeate
and concentrate stream. Adjustment of TMP was
achieved through a needle valve settled in the concen-
trate stream. The TMP varied from the osmotic pres-
sure to 20 bar, the permeate flow ranged between 1
and 3 L/min, and the temperature was kept constant
(21.5 ± 2.5˚C) A cartridge filter was used to protect the
pump and also the membrane from fouling by erosion
products.

To ensure that the comparison of the performances
of both configurations was as objective and reliable as
possible, the same feed solutions and operating condi-
tions were used. These are summarized in Table 2.

Different synthetic aqueous solutions were used as
feed solution for the experiments. All of them were
based on a dominant salt (NaCl, MgSO4, Na2SO4, and
MgCl2) mixed with trace ions (Na+, Cl−, Mg2+, SO2�

4 ,
Br−, NO�

3 , I
−, NHþ

4 , and K+). The ions studied are of
great interest in brackish water purification, due to
their large quantity (Na+, Cl−, Mg2+, and SO2�

4 ), they
are precursors of trihalomethanes (Br−, I−) or they are
characteristic ions present in rivers due to the influ-
ence of agriculture and industrial discharges (NO�

3 ,
K+, and NHþ

4 ). The dominant salt concentration was
always maintained at 0.1 mol/L, whereas the trace salt
molar concentration was varied between 2 and 0.5%
of dominant salt concentration depending on its
solubility. All reagents used were of analysis quality
(PA-ACS-ISO reagent, PANREAC).

Prior to any experiment, de-ionized water was
pumped through the membrane modules at the maxi-
mum TMP during at least one hour and a half. Imme-
diately after, this procedure was repeated with feed
solution in order to ensure that the membrane density
was kept constant during the whole experiment.

Table 1
NF270 characteristics and operation limits of the pilot plants

Membrane type

Polyamide
thin-film
composite

Maximum operating temperature 45˚C
Maximum operating pressure 41 bar
Maximum feed flow rate 1.4 m3/h
Maximum pressure drop 1.0 bar
pH range, continuous operation 2–11
pH range, short-term cleaning (30 min) 1–12
Maximum feed silt density index SDI 5
Free chlorine tolerance <0.1 ppm

Fig. 1. Experimental set-up for the (a) FS and (b) SW mem-
brane configurations.
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After the pressurization procedure, the membrane
was prepared to start the experiment with the feed
salt solution. Then, a sample of the initial solution was
taken. In each experiment, the temperature was kept
constant, and the TMP was gradually increased by
steps of 2 bars from the osmotic pressure to 20 bars.
At each TMP increment, a permeate sample was col-
lected once and its conductivity remained constant.
Finally, one sample was collected from the feeding
solution to corroborate that its composition was con-
stant over the experiment.

2.2. Analytical methodologies and chemical analysis

During the experiments, solution rejections at each
TMP were calculated with the online conductivity val-
ues. After that, the concentration of each ion in the
samples was determined with an ionic chromatograph
(Dionex ICS-1000). The cation and anion analyses were
performed by two different analytical columns,
IONPAC® CS16 and IONPAC® AS23 (Dionex), respec-
tively.

2.3. Calculations of ion rejections

The results are presented in this study as ion rejec-
tion vs. Jv for both membrane configurations. Jv (m/s)
was calculated for each sample, and it is defined as:

Jv ¼ V

tp � Aef
¼ m=r

tp � Aef
(1)

where tp is the time of sample collection (s), V is the
permeate volume collected during tp (m3), Aef is the
effective membrane area (Aef (FS) = 0.014 m2; Aef (SW)
= 2.6 m2), m is the liquid collected weight (kg), and σ
is the density at 25˚C (σ = 997.1 kg/m3).

Experimental rejections (R) for different Jv were
calculated with the ion concentrations obtained by
chromatography.

R ¼ CF � CP

CF
(2)

where CF is the ion concentration in the feed solution
and CP is the ion concentration in the permeate solu-
tion.

Next, dominant salt and trace ions rejections were
calculated with the SDEFM by fitting the experimental
data. In the cases where one of the trace ions is the

same as one of the dominant ions, it is considered that
its concentration is too low and only the dominant salt
and the other trace ion rejections were calculated and
fitted by the SDEFM.

2.4. Modelling experimental data

SDEFM was used to describe the ion rejection by
the NF process, which was previously detailed in
other publications [11,14]. The main assumption of the
model is that the solute transport occurs via diffusion
and electromigration, making the convection term neg-
ligible. The basic equation of the SDEFM (Eq. (3)) rep-
resents the ions flux in terms of concentration
gradients and electric fields. It has been demonstrated
previously that ions transfer in the NF membrane is
controlled by the electric field, which appears due to
the differences between the membrane permeabilities
with respect to each dominant salt ion.

Ji ¼ �Di
dci
dx

þ zici
du
dx

� �
(3)

where Ji is the trans-membrane flux of the solute i
(mol/m2s), Di is the diffusion coefficient of the solute i
(m2/s), ci is the concentration of solute i (mol/m3), x
is the trans-membrane coordinate (m), zi is the charge
of the solute i, and φ is the electrostatic potential [11].

The dominant salt ions control the electric field
that arises in the NF membrane. The ion with higher
membrane permeability with respect to it will be able
to pass easily through the membrane, and an electric
field will arise since the permeate side of the mem-
brane will have opposite charge than the feed side
[15]. For this reason, the dominant salt rejection was
modelled in a first term for each solution.

SDEFM makes possible to calculate the observable
rejection of the dominant salt and also the membrane
and concentration polarization layer permeabilities.
After that, the dominant salt intrinsic rejection and its
concentration on the membrane surface are deter-
mined.

Subsequently, concentrations of the traces at the
membrane surface and the intrinsic rejections of them
are also calculated using the contribution of the con-
centration polarization layer.

In the particular case of a mixture of a single dom-
inant salt and trace ions, it is possible to represent the
reciprocal intrinsic transmission of a trace (ft) as a
function of the reciprocal intrinsic transmission of the
dominant salt (fs) as described in Eq. (4).
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ft ¼ ðfsÞb þ K
fs � fsð Þb
1� b

 !
(4)

where fs ¼ 1
1�Rint

s

� �
, ft ¼ 1

1�Rint
t

� �
, Rs

int is the intrinsic

rejection of the dominant salt, and Rt
int is the intrinsic

rejection of the trace ion.
From Eq. (4), it can be seen that experimental

results can be fitted using only two parameters:

b � ZtðPþ�P�Þ
ZþPþ�Z�P�

, and K � Ps

Pt
, where Zt is the charge of the

trace ion, Z± is the charge to single ions of the domi-
nant salt and Ps is the membrane permeability to the
dominant salt.

Finally, the membrane permeability to single ions
of the dominant salt (P±) and to trace ions (Pt) are esti-
mated using Eqs. (5) and (6), respectively [14].

P� ¼ Ps

1� Z�
Zt

� �
b

(5)

Pt ¼ Ps

K
(6)

To sum up, the SDEFM is able to predict the mem-
brane permeability to the ions by estimating the
parameters b and K when Eq. (4) is fitted to the exper-
imental rejection curves in terms of Jv for each ion
present in the solution.

3. Results and discussion

3.1. NaCl dominant

Fig. 2 shows the experimental rejections of NaCl
(used as dominant salt) and Mg2+ and SO2�

4 (Fig. 2(a))
and NO�

3 (Fig. 2(b)) as traces for both FS and the SW
configurations along different Jv and also the pre-
dicted rejections by the SDEFM.

The dominant salt and trace ion rejections are
shown in Fig. 2. Generally, ionic species rejection
using NF membranes describes an increasing curve as
TMP, and consequently, Jv increases until a maximum
rejection value where the rejection remains constant
although varying the TMP. Fig. 2 shows that rejection
trends under both configurations were similar.

In both cases, NaCl exhibited a moderate stable
rejection at around 50%. The dominant salt rejection is
independent of the trace salt (with divalent ions
MgSO4 or monovalent NaNO3). It is known that NF
membranes reject divalent ions better than single
charge ones and that trace rejection depends only on
the dominant salt rejection. The concentration of the

trace is too low to modify the conditions in the mem-
brane, thus, the use of a divalent (SO2�

4 ) or monova-
lent ion (NO�

3 ) as part of a trace salt does not
represent a substantial effect on the NaCl rejection
obtained for both experiments.

When MgSO4 was used as trace salt, SO2�
4 and

Mg2+ were highly rejected with rejections of 99% and
around 85%, respectively at Jv around 40 μm/s. The
rejection order obtained was R(SO2�

4 ) > R(Mg2+) > R
(NaCl). These patterns are in accordance with results
reported in previous NF studies for NaCl [16–18],
SO2�

4 [19,20] and Mg2+ [21] rejections.
Noteworthy is the rejection pattern of NO�

3 which
shows much lower rejection and even negative values
at low Jv. Negative rejections can be explained as
reported in previous studies [14]. The magnitude of
the electric field depends on the difference between
the membrane permeability with respect to dominant
salt ions, so that if the membrane permeability with
respect to the dominant anion is smaller than to the
dominant cation, there is a delay of the trace cation
and an acceleration of the trace anion. On the other
hand, if the membrane permeability with respect to
the dominant cation permeability is lower than to the

(a)

(b)

Fig. 2. Comparison between rejections experimentally
obtained and rejections predicted with the SDEFM using a
FS and a SW membrane configuration. (a) NaCl dominant
salt and MgSO4 as trace and (b) NaCl dominant salt and
NaNO3 as trace. Solid lines were obtained by SDEFM.
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anion, the trace anion is delayed and the trace cation
is accelerated. Briefly, the electric field is capable to
attract some ions, accelerating them and making their
rejection values negative. Furthermore, the electric
field is able to repulse trace ions, delaying them and
making their rejections values higher.

3.2. MgSO4 dominant

Fig. 3 shows the experimental rejections and the
rejections predicted by the SDEFM with a solution of
MgSO4 as a dominant salt and NH4Cl as trace for both
configuration membranes.

Noticeable difference in the rejection patterns was
observed with respect to the previous experiments.
The dominant salt was highly rejected (almost 100%).
The positive trace ion NHþ

4 was also fairly well
rejected (around 80%).

As it was explained before, the trace rejection
strongly depends on the dominant salt. Depending on
the difference between the membrane permeabilities
with respect to each dominant salt ion, the arisen elec-
tric field would be stronger or weaker. Comparing the
current experiment (using magnesium as part of the
dominant salt) with the first one showed (using mag-
nesium as trace salt), the rejection of Mg2+ as trace ion
depending on NaCl as dominant salt was lower. The
reason of this behaviour lies in the fact that, using
NaCl as dominant salt, the membrane permeability
with respect to chloride is much higher than the mem-
brane permeability with respect to sulphate when
using MgSO4 as dominant salt, so the arisen electric
field in the case of NaCl is weaker and magnesium is
less rejected than it is expected. On the other side,
using MgSO4 as dominant salt, the electric field

strongly retards the cations making their rejections
much higher than they are expected.

As before, the rejection pattern of the anion used
as trace ion in the experiment, in this case Cl−,
showed much lower rejection and again negative val-
ues at low Jv. It can be stated that R(MgSO4) > R
(NH4) > R(Cl), which matches previous results
reported in the literature [22]. For instance, Häyrynen
et al. [23] calculated the retention for different ions,
such as sulphate, magnesium and ammonium obtain-
ing a rejection of 98.9, 81.8, and 56.2% for sulphate,
magnesium, and ammonium, respectively.

It is important to point out that the membrane con-
figuration does not appear to significantly affect the
dominant salt or the trace ions rejections.

3.3. MgCl2 dominant

Fig. 4 shows the experimental rejections and the
rejections predicted by the SDEFM with a solution of
MgCl2 as a dominant salt and KCl as trace for both
configuration membranes.

Using MgCl2 as dominant salt, its rejection with
both membrane configurations reported similar
results. The monovalent cation rejection behaved
similarly in both configurations. Moreover, the single
charge trace cations rejection was always negative.
In this case, the negative rejection for the trace cat-
ion was related to the membrane permeability with
respect to magnesium is always much lower than
with respect to the chloride. This fact leads trace
cations to be accelerated with the electric field
obtaining negative rejections. Thus, R(MgCl2) > R
(monovalent cations) was the order obtained in this
study.

Fig. 3. Comparison between rejections experimentally
obtained and rejections predicted with the SDEFM using a
FS and a SW membrane configuration. MgSO4 as domi-
nant salt and NH4Cl as trace. Solid lines were obtained by
SDEFM.

Fig. 4. Comparison between rejections experimentally
obtained and rejections predicted with the SDEFM using a
FS and a SW membrane configuration. MgCl2 as dominant
salt and KCl as trace. Solid lines were obtained by
SDEFM.
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As a general conclusion for all the experiments that
were carried out, it can be stated that the Jv obtained in
both membrane configurations were quite different.
Working with a FS membrane configuration, higher
values of Jv were obtained compared to those obtained
using the SW configuration working at equal TMP with
the same salt feed solution. This fact depends on the
polarization layer thickness. At lower polarization layer
thickness, higher Jv is obtained. Working at the same
conditions, the thickness of the polarization layer was
lower working with the FS configuration and, for this
reason, the Jv obtained were higher.

3.4. Membrane permeability with respect to each ion

Results of membrane permeability with respect to
each ion can be obtained by the SDEFM. Their order
in each salt mixture allows understanding the electric
effects for the ions rejection. Tables 3–5 summarize in

decreasing order the membrane permeability with
respect to each ion obtained for each one of the tests
and also its value in both membrane configurations.

As can be seen in Table 3, three trace cases have
been studied working with NaCl as a dominant salt in
the solution: monovalent anions (I−, Br−, and NO�

3 ),
monovalent cations (NHþ

4 and K+) and divalent trace
ions (Mg2+ and SO2�

4 ). When working with a single
charge anion trace (NO�

3 ), the membrane permeability
with respect to sodium is the highest one, followed by
the membrane permeability with respect to the trace
anion and the lowest is reported for chlorine. By
working with a monovalent trace cation (NHþ

4 ), the
membrane permeability with respect to chloride is still
the lowest one, although now the membrane perme-
ability with respect to trace cation is as high as that to
sodium. Finally, using a divalent salt as a trace
(MgSO4), the membrane permeability with respect to
the double charge ions is much lower.

Table 3
Membrane permeability with respect to each ion for different salt mixtures in both membrane configurations using NaCl
as dominant salt

Salt mixture
Membrane permeability with respect to each ion (μm/s)(Dominant salt_Trace salt)

NaCl_NaI

NaCl_NaBr

NaCl_NaNO3

NaCl_NH4Cl

NaCl_KCl

NaCl_MgSO4
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For MgSO4 as dominant salt, two trace cases have
been studied: trace monovalent anions (I−, Br−, and
NO�

3 ) and trace monovalent cation (NHþ
4 and K+)

(Table 4). In the former case, the membrane permeability
with respect to the single charge anion is the highest one,
followed by the membrane permeability with respect to
sodium, magnesium and finally sulphate. In the case of
KCl or NH4Cl as salt traces, the membrane permeability
order with respect to each ion is chloride, monovalent
cation, magnesium and the lowest one sulphate again.

The same two trace cases have been studied using
MgCl2 as dominant salt (Table 5). The membrane per-
meability with respect to each ion was as follows:
sodium > single charge anion > chloride > magnesium
and monovalent cation > chloride > magnesium.

The results are consistent with previous studies
[11,12,14,19], in which it was observed that the
membrane NF270 exhibit less permeability to divalent
ions. Besides, membrane permeability with respect to
sulphate was lower than to magnesium, and the per-
meability to chloride was lower than the one obtained
to sodium. According to Yaroshchuk et al. [15], the
membrane permeability with respect to each ion of
the dominant salt can explain the behaviour of the
electric fields which controls the rejections of the trace
ions during the experiments. And by means of Tables
3–5, it has been shown that they are fairly the same
for both membrane configurations, being the perme-
ability number of each ion in the same order of
magnitude for each membrane configuration.

Table 4
Membrane permeability with respect to each ion for different salt mixtures in both membrane configurations using
MgSO4 or Na2SO4 as dominant salt

Salt mixture
Membrane permeability with respect to each ion (μm/s)(Dominant salt_Trace salt)

MgSO4_NaI

MgSO4_NaBr

MgSO4_NaNO3

MgSO4_NH4Cl

Na2SO4_KCl
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4. Conclusions

Comparing both membrane configurations, it can
be said that the Jv obtained is higher using the FS
membrane configuration working at the same pressure
and salt mixture. The dominant salt rejection seems to
be not affected by the membrane configuration, as
similar rejection curves were obtained for both config-
urations. The general trend observed for the trace ion
rejection was the same.

SDEFM is a valid model which is capable to fit sat-
isfactorily experimental data of a dominant salt and a
trace mixture and determinate the rejection curves for
each of the ions vs. the Jv produced in each experi-
ment. Moreover, according to the SDEFM, the rejec-
tion values obtained can be explained with the effect
of the spontaneouslyarising electric fields.

Membrane permeability with respect to each ion
can be calculated with the SDEFM, and for both
membrane configurations, the permeability is similar.
Furthermore, qualitatively, they have the same order

of membrane permeability with respect to each ion, as
it is shown in Tables 3–5.

In general terms, it seems that the two configurations
behave in a similar way. This trend is useful implement-
ing NF technology at industrial scale, since SW configu-
ration is used at large scale, representing a larger
membrane active area and occupying a small space,
whereas the FS configuration is used in test in a labora-
tory scale, for its simplicity and its easiest methodology
is of great interest in order to obtain experimental data.
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Salt mixture
Membrane permeability with respect to each ion (μm/s)(Dominant salt_Trace salt)
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MgCl2_NH4Cl

MgCl2_KCl
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Glossary of symbols

Aef — effective membrane area (m2)
ci — concentration of solute i (mol/m3)
Di — diffusion coefficient of the solute i (m2/s)
fs — reciprocal intrinsic transmission of the

dominant salt
ft — reciprocal intrinsic transmission of a trace
Ji — trans-membrane flux of the solute i (mol/m2s)
Jv — trans-membrane flux (m/s)
m — liquid collected weight (kg)
P± — membrane permeability to single ions of the

dominant salt (m/s)
Ps — membrane permeability to the dominant salt

(m/s)
Pt — membrane permeability to trace ions (m/s)
Rs

int — intrinsic rejection of the dominant salt
RT

int — intrinsic rejection of the trace ion
tp — time of sample collection (s)
V — permeate volume collected during tp (m3)
x — trans-membrane coordinate (m)
Z± — charge to single ions of the dominant salt
zi — solute i charge
Zt — charge of the trace ion
σ — density at 25˚C (kg/m3)
φ — electrostatic potential
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