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ABSTRACT

This work, as part of a global membrane process for the recovery of alkali and acids
from reverse osmosis (RO) desalination brines, focuses on the nanofiltration (NF)
separation of polyvalent and monovalent anions, more specifically sulfate and
chloride. This pretreatment stage plays a key role in the whole recovery process.
Working with model brines simulating the concentration of RO concentrates, 0.2-
1.2M chloride concentration and 0.1M sulfate concentration, the experimental
performance and modeling of the NF separation is reported. The study has been
carried out with the NF270 (Dow Filmtec) membrane. The effect of operating
pressure (500-2000 kPa), ionic strength (0.4-1.3 M) and chloride initial concentration
(0.2-1.2 M) on the membrane separation capacity has been investigated. Finally, the
Donnan Steric Pore Model (DSPM) together with experimentally determined
parameters: effective pore radius (7p); thickness of the membrane effective layer (5)
and effective membrane charge density (Xz), was proved accurate enough to
satisfactorily describe the experimental results. In this work we provide for the first
time the analysis of partitioning effects and transport mechanism in the NF
separation of sulfate and chloride anions in concentrations that simulate those found

in RO desalination brines.
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1. INTRODUCTION

In the context of desalination, RO membrane technology has been developed over
the past 40 years, being the leading technology for new desalination installations.
Water shortage problems in dry inland regions are increasingly satisfied through RO
desalination of brackish groundwater’s resources. Exploitation of brackish
groundwaters is advantageous due to the lower salt concentration of the inlet water
compared to seawater, which reduces the osmotic pressure to be overcome and the
energy consumption [1]. However, the management of concentrates is an important
drawback because brine discharges from inland installations still remains being a
problem with not many feasible alternatives [2]. In coastal desalination plants, brines
are directly discharged to the sea, posing adverse environmental effects on the

receiving marine environment [3].

Alternatives aiming at zero liquid discharge, through combination of different
technologies, are highlighted as the most promising management options [4]. In this
work a sequential process based on the appropriate combination of membrane
technologies is proposed with the aim of reducing the adverse environmental impact
of brine discharge, together with the recovery of valuable products contained in the
concentrated brine, namely alkali and acids. The strategy to achieve this goal implies,
first, a pretreatment step of the brine to remove scaling salts and impurities, followed
by Bipolar Membrane Electrodialysis (BMED) to recover hydrochloric acid (HCI)
and sodium hydroxide (NaOH). This technology has proved to be technically

feasible for the production of 1.0 M or higher acid and alkali solutions [5].

Thus, this work is focused on the pretreatment stage, specifically on the separation of
sulfate from the brine to avoid its negative effects in BMED. For this purpose, NF

has been selected and considered a potential and effective alternative.



Nanofiltration is a pressure driven membrane separation process with intermediate
separation effectiveness between RO and ultrafiltration (UF). NF membranes are
typically polymeric, asymmetric and consist of a low resistance support layer with a
functionally active porous top layer [6,7]. NF membranes have properties that
combine size and electrical effects. The pores are typically near 1 nm in diameter and
have fixed charges. Due to these characteristics, NF membranes retain multivalent
complex ions and permeate small uncharged solutes and low charged ions [8-10].
This, along with the small energy consumption of the process and the high fluxes
attained, makes NF membranes extremely useful in fractionation and selective
removal of solutes from complex process streams [11]. However, the description of
membrane NF separations is extremely complex and is dependent on the micro-
hydrodynamics and interfacial events occurring at the membrane surface and within
the membrane nanopores [12]. There is significant debate as to the exact nature of
these complex phenomena, and the rejection is typically attributed to a combination
of steric and electrical effects [6]. Modelling of transport through membranes is an
essential engineering aspect; although many models for nanofiltration have been
proposed by several researchers [13-18], a realistic model that describes rejection of
charged molecules has never been well established [19]. Thus, this work investigates
experimentally and theoretically the NF separation of sulfate and chloride co-ions
from highly concentrated solutions providing the tools needed for the design and

optimization of the recovery of brackish and seawater RO desalination brines.



2. EXPERIMENTAL MATERIALS AND METHODS

2.1. Chemical characterization of brines

The salinity of brackish groundwaters water ranges from 1,000 to 8,000 mg/L of total
dissolved solids (TDS) while the value for marine water is typically around 35,000
mg/L TDS [20]. However, constituent concentrations in the RO brines are found to
be double or higher than in feed water. In this study, RO brines obtained from a
brackish water desalination plant (Cuevas de Almanzora) and from two seawater
desalination plants (Carboneras and Las Aguilas) located in Spain were taken as
reference to set the ionic concentration (Table 1) of model brines used in NF
experiments. The concentration of chloride, sulfate and nitrate was determined by ion
chromatography (Dionex ICS-1100, Sunnyvale, CA, USA). The concentration of
phosphate was determined by the ascorbic acid method according to Standard
Methods 4500-PE. The concentration of cations was determined by Inductively
coupled plasma - optical emission spectroscopy (ICP-OES) (Perkin Elmer Plasma
Emission Spectrometer ICP 400, Connecticut, USA), except for concentration of iron
and manganese, which was determined by atomic absorption spectroscopy (AAS)
(Perkin Elmer 3110, Connecticut, USA). The pH was measured by using a portable
pH-meter (Crison pH 25) and conductivity and TDS with a portable conductivity
meter (HACH sesION 5). Hardness was determined by EDTA titrimetric method
according to Standard Methods 2340 C. The concentration of carbonates and
bicarbonates was measured by titration method according to Standard Method 2320

B.

Given the high ionic concentration of desalination brines of Table 1 it is concluded
that any recovery process needs of the separation and purification steps where the

valuable compound, chloride in the present case, is separated from other major and



minor components. Alkali precipitation, with partial use of the recovered NaOH in
BMED, would be the most suitable option for hardness removal at industrial level.
The high concentration of sulfate in the analyzed brines is a consequence of the
geological characteristics of the area, rich in gypsum. The experimental part of this
study has been carried out using model brines with a fixed sulfate content of 8,000
mg/L (0.1M), the most unfavorable condition for its separation, and chloride
concentrations in the range from 5,000 mg/L to 40,000 mg/L (0.2-1.2M) in order to
cover the concentration range of brines from brackish water desalination to seawater
desalination. Specifically, four synthetic brines with molar ratios chloride/ sulfate:
o=1.7, 5.1, 10.2 and 13.6 were prepared in order to evaluate the effect of operating
pressure and ionic strength in sulfate and chloride rejection, and also the influence of

initial chloride concentration in sulfate rejection was evaluated.

2.2. Streaming potential measurement

The streaming potential was measured with a SurPASS electrokinetic analyzer
UAnton (Anton Paar, Barcelona; Spain). All the measurements were carried out at
pH 6. Streaming potential is usually measured using as electrolyte KCl solutions in a
low concentration range (0.001 to 0.01M) as reported in literature for the membrane
NF270 used in this study [21-27]. However, those electrolyte solutions are not
representative of the conditions applied in this study during NF operation. So, in this
work a somewhat modified procedure was followed based on the fundamentals of
surface charge of NF membranes. It is known that a polymeric membrane acquires
surface charge when brought into contact with an aqueous medium [28]. Therefore,
NF270 membrane samples were immersed in the model brines for 24 hours to allow
the active layer to acquire the corresponding charge [29,30]. After this time, the

streaming potential was determined using 0.1 M NaCl as electrolyte, that is the



maximum acceptable concentration according to the operating restrictions of the
equipment. This experimental protocol was developed to be able to measure the
streaming potential established in high saline concentrations as those as the model
brines used in this study. Achieved results using this procedure are in good

agreement with other studies [31,32] as it will be explained in section 3.1.2.
2.3. Experimental set-up and operation protocol

2.3.1. Experimental membrane set-up

All membrane experiments were carried out in a laboratory test cell using a SEPA-
CF (GEOsmonics, France) cross-flow module. The selection of the nanofiltration
membrane NF270 (Dow Filmtec) was based on the information given by membrane
manufacturers and previous studies reported in the literature [18,19,33]. The
membrane area was 0.014 m” and total recirculation was used for both the permeate
and the concentrate solutions that were returned to the feed reservoir. The feed was
pressurized at three pressure values of 500, 1000 and 2000 kPa, and flowed with a
cross flow rate value (tangential recirculation of the feed stream) of 2.5 L min™. The
permeate chamber was maintained at atmospheric pressure. The solute concentration
in the feed, permeate and concentrate samples was determined by ion
chromatography (Dionex ICS-1100, Sunnyvale, CA, USA) provided with an AS9-
HC column for the determination of anions and with a CS12A column for the

determination of cations.

2.3.2. Operation protocol
New membranes were immersed in deionized water overnight before being used, and
then pressurized to 1000 kPa in the nanofiltration module, circulating deionized

water for two hours, to avoid any compression effects and to establish leak tightness



[34]. Temperature was controlled using an Advanced Digital Refrigerating/Heating
Circulator (Polyscience AD15R-30-A12E) and was maintained constant at 293 K in
all experiments. The ions rejection was determined from the difference between the
concentration of the ion in the permeate and the concentration of ion in the retentate,
according to Eq. (1).

R =1 < (1)
C

R

i

For each molar ratio between chloride and sulfate ions (o), three operational
pressures: 500, 1000 and 2000 kPa were studied. Samples of feed, retentate and
permeate were collected when the steady state was reached, at least one hour after
the start-up of each test and for the next two hours. During this experimental period,
continuous monitoring and control of the operating parameters such as operating
pressure, flow rate, temperature, pH and conductivity of brine solution was
undertaken to minimize the experimental error. In order to assure steady state
conditions, it was checked that constant volumetric flux and constant ions
concentration in the permeate and rejection streams were achieved, by comparing the
values in at least three consecutive samples obtained at a given set of experimental
conditions. All the experiments were developed at natural pH of solutions
(pH=6.3£0.3). Experiments were performed in triplicate (average standard deviation

among replica of 0.6%) for all the conditions previously described.



3. RESULTS AND DISCUSSION

3.1. Membrane characterization

3.1.1. SEM analysis

SEM micrographs were taken to determine the thickness of the NF270 membrane
effective layer. The NF270 membrane is a thin film composite of polyester support
matrix, microporous polysulfone interlayer and polyamide barrier layer, as can be
seen in Fig. 1. It is assumed that the thin active layer controls both water and salts
fluxes across the membrane and it determines its selectivity and salt rejection [35].
The thickness of the effective layer made up of polyamide, 6=7+0.27 um, was

determined from these SEM images.

The value of membrane pore radius of the NF270 membrane was taken from Lin et
al.[24] and Oatley et al. [6], as 1,=0.43 nm, calculated from the rejection of neutral
solutes (glucose and glycerol). This value agrees with pore size distribution

determined by Hilal et al.[36] using atomic force microscopy.

3.1.2. Effective membrane charge density

NF membranes allow to separate ions by a combination of size exclusion and
electrical effects. The electrical effects are closely related to the fixed charge
uniformly distributed throughout the membrane active layer. The magnitude of this
charge is quantified through the analysis of the ‘effective membrane charge density’
(Xa) parameter. The mechanism of membrane charge formation is related to the ionic
concentration existing in the solution in contact with the membrane [28,37]. Physical
determination of the magnitude of this parameter is not particularly well understood
and it is normally obtained from the fitting between experimental and simulated ions

rejection data using well known models [6,9,37-43]. It is highly desirable to develop



methods for predicting probable rejection of species based on quantifiable
physicochemical properties of solutes and membranes [44]. Therefore, in this work
the experimentally determined effective membrane charge density from
measurements of the streaming potential has been used to predict NF sulfate and

chloride ions rejection from high saline solutions.

The values of streaming potential for the model brines are collected in Table 2,
obtained according to the procedure described in section 2.2. No significant
differences are observed according to the average and standard deviation values
calculated for triplicate measurements. Thus the average of the streaming potential
data was considered for the calculation of the corresponding zeta potential ({) value
using the Helmholtz-Smoluchowsky equation (Eq. 2). The membrane surface charge
density (o) values were determined through the Gouy-Chapmann equation (Eq. 3)
using the calculated Debye length (k) (Eq. 4) for each of the brine compositions.
Subsequently, membrane surface charge density was converted to concentration units
(Xy) by using Eq. 5, which assumes that the membrane surface charge is uniformly

distributed in the void volume of cylindrical pores [45,46].
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As expected, the magnitude of charge density increased with increasing salt
concentration due to the electrostatic adsorption [6,9,37-43,47]. Up to our knowledge
here we report the first data of measured effective charge density Xy at saline

concentrations as high as those found in water desalination brines.

3.1.3. Concentration polarization

In the pressure-driven liquid-phase membrane processes, such as NF, solutes and
particles in the feed are convected towards the membrane with the solvent. The
accumulation of retained species close to the membrane is known as concentration
polarization which can be represented by a concentration gradient adjacent to the
membrane [48]. The mass transfer coefficient (k) for each ion has been determined
using the dimensionless correlation shown in equation 6 (also applied by Silva et al.
[49] working with the same flat sheet cross flow cell SEPA CF from Osmonics) and

considering the specific properties of the ion in solution.
Sh=0.3125-Re*”"Sc"? (6)

The effect of concentration polarization in the modeling has been calculated as

follows,

c, -C

% e exp i (7)
C. -C, k,

being C, the concentration at the membrane surface and C,. the feed concentration.

3.1.4. Membrane permeability measurement

Different models (Hagen-Poiseuille, Jonson and Boesen) have been proposed for the
description of the volumetric flux through a NF membrane. They basically express
the fundamental Darcy’s law (flux proportional to pressure gradient) with an

empirical proportionality constant, the permeability [50]. The volumetric flux is
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related to the effective pressure gradient, that takes into account the applied pressure

and the osmotic pressure difference as described by Eq.8.

J, =L, (AP-Azm) (8)

Am accounts for the influence of concentration polarization

Am=r,— 7, )

being m, the osmotic pressure corresponding to the concentration at the feed side

membrane surface and ©; the osmotic pressure in the permeate side.

The osmomolality of different solutions with similar concentration to desalination
brines was experimentally measured using a Crioscopic osmometer (CamLab,
Loser), as shown in Fig. 2. Due to the fact that sulfate concentration remains almost
constant, experimental values of osmomolality were fitted to sodium chloride
concentration, achieving a correlation for the range of concentrations in feed-

membrane side and another correlation for permeate concentrations.
The osmotic pressure was calculated through the cryoscopic temperature as given by

equations (10) and (11),

ég:(Ti ;?),1000 (10)

U —Tf)-AHf‘;'T{R

pV@SSMVE
- (11)
4 T, T, }

molar solvent R

Experimental data of pure water flux showed a good linearity with the
transmembrane pressure in the range from 500 kPa to 2000 kPa (regression

coefficient R?=0.99) and the obtained value of the membrane permeability to pure

12



water Lyw = 3.96:10"" m Pa”' s (293 K) is very similar to the value reported by
Nghiem and Hawkes [51] Lyw=3.75-10"" m Pa” s for the same membrane NF270
(Dow Filmtec). Working with saline solutions, the solution permeability decreased at
increasing values of the ionic strength, although the relationship with the operating
pressure is kept always linear, as it is shown in Fig. 3.

This behavior was previously observed by other authors [10,14,52]. A similar trend
was observed by Otero et al [53], who found that solution permeability decreased
exponentially with the initial salt concentration. In the present study, the variation of
the membrane permeability L, with saline concentration of the solution has been

described by an exponential expression (Fig. 4).
3.2. Salts rejection

3.2.1. Effect of operating pressure

Fig. 5 depicts the results of sulfate, sodium and chloride rejection by the NF270
membrane as a function of the operating pressure. The rejection of the three ions
increased with increasing operating pressure. Water flux also increases when the
operating pressure increases, but the ion flux can be electrically and/or sterically
hindered, resulting in a dilution effect in the permeate [54]. Therefore this effect
causes lower ion concentration in the permeate and consequently the ion rejection
might be higher. For the lower chloride/sulfate molar ratio used in this study, a=1.7,
chloride rejection increases from -1.8% to 17.2%, sulfate rejection slightly changes
from 95.2% to 95.9% and sodium rejection increments from 52.7% to 60.4% in the
range of operating pressures from 500 kPa to 2000 kPa. Whereas for the higher
molar ratio, a=13.6, chloride rejection varies from 1.7% to 10.1%, sodium rejection

from 12.0% to 17.0% in the same range of operating pressure, and sulfate rejection

13



reaches its lowest value of 75.5% at the operating pressure of 500 kPa. In summary,
sulfate rejection was in the range 76-96% while chloride rejections were between -

2% and 17% in the studied range of pressures and saline concentrations.

3.2.2. Effect of the initial chloride concentration and ionic strength

In the studied conditions the ions rejection follows a similar trend with the initial
chloride concentration than with the ionic strength, due to the influence of the former
variable on the solution ionic strength. Donnan exclusion mechanism plays a major
role in the rejection of inorganic solutes [55]. Negative chloride rejection is an often
observed phenomenon that occurs with NF membranes applied to separation of
mixtures of salts and large charged organic molecules and also when dealing with
mixed monovalent-multivalent salts; it happens that the monovalent salt rejection is
often negative [56,57]. Perry and Linder [58] explained for the first time this
phenomenon and showed that the apparent negative rejection arised from the effect
of the Donnan distribution of the salt between the solution and the membrane.
Besides, increasing the ionic strength or the initial concentration of chloride reduces
the retention ability of the membranes due to the lower influence of Donnan
exclusion [59]. In this case, NF270 is a negatively charged membrane, therefore
sodium ions (counter-ions) are attracted, while chloride and sulfate (co-ions) are
repelled. This effect facilitates the transport of sodium ions through the membrane to
the permeate side, and to maintain the electroneutrality condition, co-ions (sulfate
and chloride) have to cross the membrane as well. Chloride permeation is higher than
sulfate permeation due to chloride having lower ionic charge (less electrostatic
repulsion) and lower ionic radius (less steric hindrance). This is the reason that
makes sulfate rejection higher than chloride rejection. Fig. 6 shows that the rejection

of sodium ions decreases with increasing ionic strength as a result of the increase of
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sodium concentration in the permeate. Due to the fact that chloride rejection is no
affected by increasing the ionic strength, more sulfate ions have to be transported
through the membrane to the permeate phase in order to maintain the
electroneutrality condition. Therefore, this explains the decrease of sulfate rejection

with increasing ionic strength.

The sulfate rejection by NF270 membrane decreases from 95.9% to 81.3% with
increasing the initial concentration of chloride from 0.2 to 1.2M for the operating
pressure of 2000 kPa, and from 95.2% to 75.5% in the same range of initial chloride
concentration and operating pressure of 500 kPa. The effect of operating pressure has

been explained in the previous section 3.2.1.

3.3. Modeling of ionic rejection

In this work the Donnan Steric Pore Model (DSPM) has been used to describe the
nanofiltration results (permeate flux and ions rejection) of multicomponent model
brines using NF270 membrane. This model was firstly proposed by Bowen and
Mukhtar [38], and then revised in Bowen and Mohammad [39]. Bandini and Vezzani
[37] extended this model taking into account the dielectric exclusion (DE)
phenomenon as an additional electrostatic partitioning effect, but they concluded that
in the case of NaCl-Na,SO, mixtures, dielectric exclusion was no relevant in
determining ionic rejections and satisfactory agreement with experimental results
was obtained both through DSPM and DSPM&DE model. The same analysis was
done in the present study and the same conclusion was achieved: dielectric exclusion
is no relevant in determining ionic rejections in high concentrated NaCl-Na,SO4
mixtures. However, in the case of working with more complex salt solutions
containing for example calcium or magnesium salts, dielectric exclusion effect

should be taken into account [37].
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In the DSPM model, the transport equations of ions through the membrane are based
on the extended Nemnst-Planck equation, accounting for ion diffusion,
electromigration and convection in the membrane pores; the hindered nature of
diffusion and convection of the species inside the membrane pores is also considered.
Ion partitioning at the interfaces between the membrane and the external liquid
phases was taken into account through two separation mechanisms: steric hindrance
and Donnan equilibrium. Therefore, the mathematical model of mass transport in this
NF operation accounts for: (a) concentration polarization at the feed side; (b)
equilibrium partitioning of the species at the feed/membrane interface; (c) solute
transport through the membrane pores by a combination of convection, diffusion and
electromigration and, (d) equilibrium partitioning of species at the
membrane/permeate interface. Besides, the proposed NF model includes the mass
balances to the NF cell, in order to obtain the description of the retentate. The

fundamental equations of the model are detailed in Table 3.

The membrane is characterized by three parameters that are needed in order to
predict the permeate concentration with the NF transport model: membrane pore
radius (1p), effective membrane thickness (8) and effective membrane charge density
(X2). As mentioned in the previous section 3.1.1 the value of the pore radius was
taken from literature and the effective membrane thickness was obtained from the
analysis of SEM images. The membrane charge originates from the dissociation of
ionisable groups at the membrane surface and within the membrane pore structure.
Former literature [43,60,61] reported values of the “effective membrane charge
density” (Xyz) obtained from the best fitting of the experimental rejection vs total flux
data. Other studies have measured the streaming potential to calculate membrane

charge density working with low concentrated single salts solutions (concentration 2

16



orders of magnitude lower than brines) and with different NF membranes
[46,47,62,63]. However, in this work we developed an experimental approach to
obtain this parameter from experimental measurements of the streaming potential
with highly saline concentrated solutions simulating desalination brines as described

in section 3.1.2.

The mathematical equations were solved using the software Aspen Custom Modeler
(AspenTech). It is known that concentration polarization increases with increasing
concentration of salt solution when the system works at constant volumetric
permeate flux. In this work, however, the polarization contribution has been analyzed
and at the highest concentrations (o = 10.2 and 13.6) the influence of concentration
polarization is negligible mainly due to the observed decrease in water flux. On the
other hand, the influence of concentration polarization is higher at lower
concentrations (oo = 1.2 and 5.1) because of the higher water flux measured at high
operation pressure and both conditions (Fig.3) . The effect of the concentration
polarization effects on the modeling of ions rejection is plotted in Fig. 9b, validating

the previous discussion.

The extended Nernst-Planck equation accounts for convection (pressure gradient),
diffusion (concentration gradient) and electromigration (electric potential gradient)
[64]. The electromigration term describes the migration as a result of an electric
field. In the case of nanofiltration there is no external electric current but the
electromigration term is due to the ions charge and difference of ions concentration
across the membrane. Therefore, according to this definition it would be expected
that its contribution to the flux of ions across the membrane would be lower than
when an external electric field is applied, as in the case of electrodialysis. Next, the

contribution of each transport mechanism to the ionic flux is analyzed. Because co-
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ions are excluded from the membrane and counter-ions are attracted (due to the
Donnan effect), the concentration of co-ions in the membrane is lower than that for
counter-ions. Consequently, calculations of the contribution of each transport
mechanism to the electrolyte transport will be performed with co-ions that are the
limiting species to the overall electrolyte transport through the membrane [64].
Therefore, the contribution of the individual transport mechanisms to chloride and

sulfate flux (Jy;) towards the permeate side has been calculated (Tables 4 and 5).

Considering the contributions to the transport through the membrane of both co-ions,
diffusion is the mechanism that governs the transport in this strongly charged
membrane [65] and the effective charge density of the membrane determines the

contribution of each transport mechanism.

Analysis of the individual transport mechanisms for the case of chloride (Fig. 7.a-c)
shows that the more negative the charge density of the membrane, the lower the
contribution of electromigration, because as the more negatively charged the
membrane is the stronger the repulsion of chloride [55]. Conversely, the higher the
charge density of the.membrane is, the greater the contribution of the diffusive
transport [65]. The diffusion is directly related to the concentration gradient, and due
to the increase in the repulsion of chloride when the membrane is more negatively
charged, the concentration gradient between membrane and permeate is higher. The
contribution of the convective mechanism is directly related to the pressure gradient.
As shown in Table 4, the contribution of convective transport increases with applied

pressurc.

With regards to the contributions of the different mechanisms to the transport of
sulfate (Fig.8 a-c), the following behavior was observed, 1) by increasing the molar

ratio chloride/sulfate, or by increasing chloride concentration, the rate of
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electromigration that contributes to sulfate transport follows the same trend as for the
transport of chloride. However, the contribution of electromigration shows lower
values than for the case of chloride, because sulfate is a divalent ion and therefore the
repulsion exerted by the membrane is higher than for chloride [29]; ii) diffusion
contribution to the transport of sulfate is almost constant as the sulfate concentration
gradient does not vary with increasing chloride concentration in solution; iii)
regarding the percentage contribution of the convective transport of sulfate, this

percentage increases as the pressure gradient rises from 500 kPa to 2000 kPa.

Once the transport of ions through the membrane has been explained, simulated and
experimental ions rejection data are compared as function of the operating pressure.
Fig. 9b presents the experimental rejection of sulfate, sodium and chloride (symbols)
together with simulated data (solid lines) as function of operating pressure.
Simulated results with concentration polarization are in very good agreement with
the experimental ions rejection data, with average standard deviation values of 2%
for sulfate, 2% for sodium and 3% for chloride, thus, the model and parameters
reported in this work, satisfactorily describe the behavior of the rejection of the ionic
species (chloride, sulfate and sodium) with good accuracy. The simulated data of
volumetric flux also show a reasonable agreement with the experimental values (Fig.
9a), and the model predicts the flux decline observed as the salt concentration

increased.

4. CONCLUSIONS
The effectiveness of NF for sulfate/chloride separation in highly concentrated saline
solutions has been experimentally and theoretically studied in this work. The

membrane NF270 has proved to be very effective providing sulfate rejection in the
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range 75-96% and chloride rejections between -2 and 11%. By increasing the salt
concentration (NaCl) the retention ability of the membranes was reduced due to the
decrease in Donnan effect. This is the reason that explains the reduction in sulfate

rejection at increasing chloride concentration.

The design of the integrated membrane process requires of a reliable mathematical
model that enables prediction of the behavior of NF stage under variable conditions
of brine composition and operating pressure. The Donnan Steric Pore Model
(DSPM) with experimentally determined parameters: effective pore radius (r7p);
thickness of the membrane effective layer (8) and effective membrane charge density
(Xa), offers a good description of the experimental ionic rejection as function of

operating pressure, providing the tools for process design and optimization.

Notation

A membrane surface (m?)

c concentration (mol m™)

C: concentration inside the membrane at feed/membrane interface (mol m™)

Cz concentration inside the membrane at membrane/permeate interface (mol m™)

Cr feed mole concentration (mol m™)

Cr permeate mole concentration (mol m> )
Cr retentate mole concentration (mol m™)
Cey  equivalent concentration (mol m>)

Do difussivity of ions (m*s™)

D,  hindered diffusivity (m*s™)

e electronic charge (C)

F Faraday constant (C/mol)

Js molar solute flux (mol m™s™)

Jv total volume flux (m s'l)
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kg Boltzmann constant (J/K)
Ksomtionconductivity of electrolyte solution (S/m)
K convective hindrance factor, dimensionless
Ka diffusive hindrance factor, dimensionless
Ly solution membrane permeability (m s Pa™)
Lyw  water membrane permeability (m s” Pa™)
N Avogadro number

Or feed flow (m3/s)

Qr  permeate flow (m’/s)

Qr  retentate flow (m’/s)

I Stoke radius of ion (m)

Ip effective pore radius (m)

R ion rejection, dimensionless

R universal constant of gases (J mol” K"

Rpressureiniversal constant of gases (Pa m’ K™ mol™)
T operation temperature (K)

T solution fusion temperature (K)

Tr water fusion temperature (K)

Vpolar Water molar volume (m® mol™)

Vitreaming ~ Streaming potential (V)

Xa effective membrane charge density (mol m™)

z ionic valence, dimensionless

Greek letters

o ratio chloride concentration vs sulfate concentration (o=[CI'|(M)/ [SO42'](M))
) thickness of the membrane effective layer (m)

AHf water fusion latent heat (J mol™)
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Arr osmotic pressure difference across the membrane (Pa)

AP  applied pressure difference across the membrane (Pa)

AW b Donnan potential, dimensionless
o vacuum permittivity (C/m V)
&r dielectric constant of water, dimensionless

K Debye length (m)

& osmomolality (mosmol (kg H,O)™)

{ zeta potential (V)

A relative solute size (A= ri/1,), dimensionless
1l solution viscosity (kg/m s)

o electrical charge on the membrane surface (C/m?)
) steric partitioning coefficient, dimensionless
Subscripts

i ion

F feed

P permeate

R retentate
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Table 1. Average chemical characterization of the RO brines of three desalination plants: Cuevas de
Almazora, Carboneras and Las Aguilas. Values of the standard deviation of the analytical techniques

are given within brackets.

Desalination plants

Parameter Cuevas de Almanzora Carboneras Las Aguilas
pH 7.9 (0.01) 8(0.01) 9(0.01)
Conductivity(uS/cm)

. ) 34,300 (0.5) 95,500 (0.5) 96,160 (0.5)
es mili 0 micro)
Hardness (mg CaCOy/L) 13,000 (0.04) 18,000 (0.14) ~ 16,400 (0.09)
TDS (mg/L) 20,700 (0.5) 70,000 (0.5) 70,488 (0.5)
Chloride (mg/L) 7,279 (0.10) 37,955 (0.20) 38,887 (9.38)
Sulfate (mg/L) 8,465 (0.06) 7,243 (0.50) 5,316 (0.29)
Nitrate (mg/L) 447 (0.01) 0 (0.00) 1.8 (0.04)
Phosphate (mg/L) 0.3 (0.03) 0.025 (0.01) -
Sodium (mg/L) 5,176 (0.24) 17,020 (0.29) 21,922 (5.85)
Magnesium (mg/L) 1,589 (0.47) 2,715 (0.40) 2,479 (0.14)
Calcium (mg/L) 1,828 (0.46) 796 (0.22) 791 (0.04)
Potassium (mg/L) 178 (0.59) 816 (0.51) 743 (0.25)
Carbonate (mg/L) 0 (0.00) 18 (0.00) 155 (0.00)
Bicarbonate (mg/L) 826 (0.07) 217 (0.04) 173 (0.07)
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Table 2. Streaming potential, zeta potential and effective membrane charge density values determined
after membrane immersion in model brines.

Average
- dl/streamin
[Cl] — av,
a=-577 dp __ streaming s
[SO7] NaClmy AP Smy)  Xamoum’)
(mV/bar)
(mV/bar)
1.70 0.14 -0.42+0.23 -265
5.10 0.42 -0.54+0.27 -459
-0.4 -6.34
10.20 0.85 -0.39+0.41 -649
13.60 1.13 -0.25+0.37 -750
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.Table 3. Fundamental equations of the proposed NF model.

Mass balances

QF :QR +QP
CF, 'QF = CR,. 'QR +CP,- 'QP
QP=JV'A

J, =L (AP—Ax)

izi'CR,» =0
i=1

1 n
Gy BEIC

a) Concentration polarization at the feed side

Co, — Cpl J,
= exp PR,
C.-C, k

b) Equilibrium partitioning of the species at the feed/membrane interface

C
C_l’ = ¢1 eXp[—Zl—A Y bonnan (O)]

Ol

¢) Solute transport through the membrane

J =gk C-p Y _.cp L av
Si i Pi dx pi RT dx
zn Zi JV [Kc Ci_CP]
dl’y i=1 Dp1 i i

dx i Zn ZiZC.
RT =10
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Hindrance factors (0 < 1 <0.8)
K, =1.0-2.304 +1.15427 +0.224

K, =1.0+0.0547, —0.98847 +0.4414]

d) Equilibrium partitioning of species at the membrane/permeate interface

C
C_z‘ = ¢z exp[_ZiAWDanmm (5):|

B
Steric partitioning

4 =1-4) 3=

Electroneutrality conditions

Zn:ZiCPI =0
i=1

Zn:zl.Ci+Xd =0

i=1

Table 4. Contribution of diffusion, convection and electromigration mechanisms to chloride flux.

(kl;a) ({; f)llllrﬁ_l;ig_le) % Diffussion % Convection % Electromigration
500 1.92E-03 71% 11% 18%
a=1.7 1000 3.01E-03 66% 13% 22%
2000 5.30E-03 55% 16% 28%
500 3.18E-03 73% 14% 13%
a=5.1 1000 5.31E-03 71% 14% 15%
2000 9.40E-03 64% 16% 20%
500 3.04E-03 75% 17% 8%
a=10.2 1000 5.87E-03 73% 17% 10%
2000 1.12E-02 70% 18% 12%
500 2.83E-03 76% 17% 7%
a=13.6 1000 5.81E-03 75% 18% 8%
2000 1.14E-02 72% 18% 10%
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Table 5. Contribution of diffusion, convection and electromigration mechanisms to sulfate flux.

P

Jssulfate

(kPa) (mol m? ) % Diffussion 9% Convection % Electromigration
500 8.11E-05 82% 11% 7%
oa=1.7 1000 1.41E-04 71% 17% 11%
2000 4.01E-04 55% 27% 18%
500 6.37E-05 90% 7% 3%
0=5.1 1000 9.02E-05 83% 12% 5%
2000 1.77E-04 70% 20% 10%
500 5.65E-05 95% 4% 1%
0=10.2 1000 7.37E-05 91% 8% 2%
2000 1.13E-04 83% 14% 4%
500 5.00E-05 96% 4% 1%
o=13.6 1000 6.51E-05 93% 6% 1%
2000 9.42E-05 86% 12% 2%
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Highlights

e Reverse Osmosis (RO) brines as source of valuable compounds

e Nanofiltration for RO brines conditioning before bipolar membrane
electrodialysis

e High sulfate/chloride separation efficiency with NF270 membrane

e Donnan Steric Pore Model describes monovalent and divalent anions

separation by NF
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Fig. 1. SEM images of the NF270 membrane employed in this study.



Figure 2
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Figure 5
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Fig. 6. Experimental results of sulfate, sodium and chloride rejection as function of ionic strength (pH
value=6.3+0.3)
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Fig. 9.a) Experimental flux data (symbols) and simulated flux (solid lines) and their comparison with
the experimental pure water flux as a function of a and effective pressure. b) Experimental (symbols)
and predicted (lines) ions rejection data as a function of o and operating pressure. Simulated results
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