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Abstract

In response to the fresh water scarcity, Tunisiautidizing more and more membrane
desalination of unconventional resources, includiogackish waters and seawater. The
widespread reserves of groundwaters and their &inity make this resource of special interest.
Two predominant ionic compositions have been idiedtidepending on their relative proportion
of sulfate to chloride ions. The question arising the decision-makers concerns the choice of
membrane technology and, therefore, of membrane. Famofiltration (NF) membranes (NF270
and NF90) and a reverse osmosis (RO) one (BW30g wested in a desalination study of
synthetic feeds reproducing the ionic compositioh tlree representative groundwaters.
Sulfate/chloride ratio appears to be the key faétorthe membrane choice to obtain good
quality drinking water meeting the Tunisian stanidarMoreover, validation of two prediction
tools was investigated: ROSA, software provided twg membrane manufacturer and
Nanoflux®, software specifically designed for NF. The exmental NF results are well fitted by
the NanofluX simulations. We concluded that ROSA cannot gélyemrovide good NF
predictions because it does not take into accdwnelectric interactions between membrane and

feed.

KeywordsMembrane desalination, Groundwater, Nanofiltrati®arformance prediction,
Software validation



1. Introduction

The Southern Mediterranean countries have beerifieéenas undergoing one of the most
important water crises in the world. This is theec&or Tunisia, one of these countries, which
has been suffering for several years from a wdtertage that makes problematic the drinking
water supply in some areas and at particular tioiese year. Several studies predict that rising
living standards and the development of the aduce) industry and tourism sectors, will
exacerbate the water scarcity in such a way thgilguisruption could be extended to the whole
of the country [1]. Indeed, according to the Tiamsnational water supply agency (SONEDE),
the consumption of drinking water, which attair8&L Mnt in 2010, is expected to increase to
450 and 500 Mrhin 2020 and 2030, respectively [2].

Considering the growingvater scarcity and the increasing demand for drinking water
Tunisia is moving more and more towards the exglimih of unconventional resources including
brackish groundwater reserves and, more recergigwater. Tunisian groundwaters can be
roughly classified into two predominant types o&dkish waters: (i) those coming from deep
aquifers with a salinity between 1.5 and 3 domprising a high proportion of sulfate, calcium
and magnesium divalent ions (type 1) and (ii) thosming from sedimentary coastal aquifers
with a salinity between 3 and 5 @ l(type 2), [3]. In recent years, the salinizatidrtte latter
has resulted from intrusion of marine water causethe over-exploitation of these resources. In
this case, the main contaminants are the chlondesadium ions [4].

Desalination becomes then essential to avoid smiligation in agricultural watering and to
make water suitable for human consumption and elgriousehold needs [6]. Reverse osmosis
(RO) is the most common membrane technology usegédidorming this task [7]. This process,
based on dense membranes operating at high prepsodeices overqualified permeate in most
of the cases [8]. Therefore, RO suffers from thiéowang three key limitations: high energy
consumption, low water recovery, and excessive mana fouling [9-11]. Nowadays, for
obvious economic reasons one the most importanessss the energetic impact of the RO
desalination process. One way of overcoming thalehge is the integration of technologies
less demanding in terms of energy consumption, sischanofiltration (NF). NF shows clear
advantages over RO, including higher permeate flarel lower operating pressure, resulting in

lower investment costs. Moreover, although ion aiga is lower than for RO technology,



requirement specifications can often be met usifig tNereby providing a better cost-effective
option in many cases [12-15].

In contrast to RO, NF membranes are consideredoesup and exhibit nominal cutoffs
between 200 and 1000 Da [12, 16]. Only the memlsravith the tightest pores are used for
desalination treatment. Two groups can be distsited in the literature regarding the rejection

of monovalent ions (NacCl), as non-exhaustively enésd in Table 1.

Table 1: Some commercial nanofiltration membranes clasbsifigh respect to their mono- and

divalent salt rejection

Membrane Manufacturer NacCl rejectionMgSO, rejection Reference
(%) (%)
1% Group NF270 Dow Filmtec 50 >908 [17]
NFX Snyder 40 99 [18]
Trisep TS40 Microdyn Nadir 40 99 [19]
DK, DL GE Osmonics <50 >08 [12] [20]
29 Group NF90 Dow Filmtec > 90 >98 [17]
Trisep TS80 Microdyn Nadir 80 99 [21]
ESNA1L Nitto Hydranautics >80 >86 (CaC)) [22]

The first group, including for example the NF270o¢D Filmtec), NFX (Snyder), DK
(GE osmonics) NF membranes, is characterized bigla delectivity between monovalent and
divalent ions for single solutions with typical @efions of less than 60% (NaCl) and higher than
90% (MgSQ), respectively. On the other hand, these membraffes higher permeate flow
rates than the second group (Table 1), which haejetion properties closer to RO membranes.
The £ membrane group is generally suggested for cutlmgn the total hardness of surface,
sea and ground waters due to their high mono/divate selectivity [23-25] while the"2group
is preferred for removing the total salinity andlp@ants [26]. However, it was also reported that
the NaCl concentration has a strong impact onisaliemoval performance.

Therefore, the data in Table 1 are only indicaisehe ion composition of real solutions
and the precise plant configuration and operatioigditions all have a dramatic effect on the
performances of NF membranes. The electrostaterantions between the ionic species in a

multi-component feed and between the ions and thmlmnane charge are highly non-linear and
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cannot, in general, be predicted straightforwardéng as sole input single salt rejections
performances. There are furthermore currently nilerstood non-electrostatic interactions
(steric, dielectric, hydration, ...) that complicaigantitative modeling [27]. It is therefore
usually impossible to predict the NF performance afiven membrane and therefore judge its
suitability for a given application from the limdgerformance characteristics communicated by
the membrane manufacturers.

The question that arises from the previous disouss how to decide which kind of
membrane technology (NF or RO) and membrane shmmilgsed for desalting the different types
of Tunisian groundwaters. This requires having #rcient modeling tool to save time by
limiting the number of experimental validations.the case of RO, most of the manufacturers
provide prediction software such as for example R@Sow Filmtech) [28]. For the reasons
mentioned above, it is more difficult to have tlgpiiealent for NF. It should be noted that the
ROSA software, which is well-recognized as a slgtaool for estimating RO membrane
performance in relation to the plant operating ¢ols, also has an NF database. In this paper,
comparison of performance prediction with the N&ndt software, which is well adapted for
NF transport mechanism, was carried out in the caske NF270 and NFOO membranes, each
being associated with a different group (TableTb)do so, we confronted the model predictions
with the results of filtration experiments carriedt using the two simulated major types of
Tunisian groundwaters. The obtained data were désul in terms of water quality and
productivity efficiency in order to optimize the mbrane and process choieg the ground

water ionic composition.

2. Materials and methods
2.1.Theory
The structure of NF membranes was assumed to bendleb of straight cylindrical
capillaries characterized by their pore radigand effective lengthy (Fig. 1) and the external
solutions to be ideal and perfectly stirred so tmatcentration polarization could be neglected in
the present study. The system was considered rsofthevith a temperatur@ of 298 K. The
composition of the feed was fixed by the concemnabf the N ions making up the mixture,

each denoted by a concentratiGh (i=1..N). In the same wayC’ and T denote their

concentration in the permeate and inside the mambraspectively.
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Figure 1. Schematic diagram of a membrane pore used in teelimg withr, the pore radius
and lg the effective pore length. The positionsahd |”« denote the axial coordinates just

outside the pore,"Gandl's denote the axial coordinates just inside the pore.

The solute rejection in NF is described as being rdsult of the following steps: a
distribution of charged species at the membranelutisn interface caused by the steric and
electrostatic exclusion mechanisms and a trangfer dtombination of convection, diffusion and
electric migration through the membrane. The Nmdfar is generally described using the
Hindered Electro-Transport (HET) model that is lobase the volume averaged Stokes equation
for solution flow and incorporates steric and hyhmeamic hindrance factors into the Extended
Nernst—Planck (ENP) ion flux equations and stemecfian partitioning at the

membrane/solution interfaces [29-31].

. —dc CTK. D,
Ji:_KidDiﬁ_mF%michv (1)

’ dx RT dx '
with D =D 1/l the effective diffusion coefficient of ion in the membranek, the
diffusive hindrance factor for iom, D, the bulk diffusion coefficient of ion, T(x) the
concentration of ioni in the membrane,z the ion valance,R the gas constantT the

temperature,F the Faraday constanyy the electric potential in the membrank, . the



convective ion hindrance factod( is the volume flux density based on the membraea)aEq.

(1) has to be coupled with an explicit expressibtihe local electroneutrality inside pores:

N

224G + X, =0 @)

i=1

20 . . o
where X, =F_ is the effective membrane charge (molésthipore volume) for cylindrical

o

pores and related to the surface charge deasityre normalized membrane chargds defined

as:

Xm

Xl' = (3)

Ctot

with C;,.is the total salt concentration. Furthermore, in thlé electric current density across the

membrane vanishes,
J,=F> 23,=0 (4)

which allows one to obtain a relation between thectec potential gradient and the ionic
concentrations. The volume averaged Stokes equiatmgien:
1 dP d

g -_dP_ do

— 5
L%V dx dx ®)

N
whereLy, is the pure water permeability and- FZZiC. the local ion charge density.
i=1

In NF the HET equations must be solved using tlfion condition boundary. First, the ionic

molar fluxes J, are related to solution volume fluxas follows :
J, =CPJ, (6)

Second, the distribution of ions at the membrarnetiem interfaces is described by the following

modified Donnan equations,
G(0)=C'®exp [ -2 FAQ, ) /RT)) ™
G(la) =CP0,exp | -7 FAg . /RT)] ®)

where0 | 0" and Iy |1 denote the membrane/solution interfaces at thé e and the

permeate side, respectivelgp, is the steric partitioning coefficient of iandefined as the ratio



between the available section (i.e. taking intooact the finite size of the ion) and the pore

cross section andg, is the dimensionless Donnan potential arising ahe@mnopore/external

solution interface.
Finally, at the one membrane element level themaktion rejection predictions for multi-

electrolyte solutions can be obtained from:

R=1-Gr ©
NanoFlu¥ is a commercial nanofiltration simulation progra@NRS) that can solve
numerically the HET model for up to eleven ioniesies and composite membrane systems
with up to three distinct layers. Given the composiof the feed solution, the characteristics of
the membrane, and the configuration of the NF ilsitans, NanoFIu® uses an internal single
salt database to predict the NF performance foitrarp ionic mixtures in terms of ionic

rejection and volume flux density [32-35].

2.2.Experimental part

Materials

Two commercial NF membranes (NF90 and NF270) arel R® membrane (BW30)
from Dow Filmtec were used in this work. The salug used to characterize the charge and the
performance properties of the membranes were prdday dissolving salts of analytical grade
salts without further purification in deionized wat(18 MYcm, Millipore Milli-Q): NacCl,
CaCb, N&SO (Carlo Erba) and MgSMerck Eurolab). All the solutions were filtere@l.45
um) prior to use to remove the residual insolublpunities.
Nanofiltration pilot

Tangential filtration experiments were carried asing a nanofiltration pilot (Figure 2)
consisting of a feed tank (1) equipped with a terafure control loop (2), a positive
displacement pump (3), a 2.5” stainless steel pressessel accommodating 2540 filtration
element (4), a pressure regulating valve (5) arghrapling loop (6). A programmable logic
controller (7) is used to control the equipment tmdetrieve the data from the sensors (feed and
permeate flow, feed pressure and retentate, feddléwvel). Sampling loop sensors allow pH,
temperature and conductivity measurements of ttemtate and permeate. The flow rate of the

feed was set at 7.9 L.min The membranes were first immersed at least ayetrin water



before being used in any experimental work and eaembrane was conditioned by filtering
pure water at 17 bar during 1 hour to avoid any m@ssion effects and to establish leak
tightness. All filtration experiments were carriedgt with an applied pressure range of 2—15 bar

at room temperature (25°C).

Figure 2. Presentation of the nanofiltration pilot used tiis study: (1) feed tank; (2)
temperature control loop; (3) pressure pump; (8) &tainless steel pressure vessel; (5) pressure

regulating valve; (6) sampling loop; (7) programmedbgic controller.

Permeability measurement
Membrane permeability was determined from the veuhax (J,) by circulating water

through the membrane systeip(L.m?.h) was calculated using Eq (10):
_ "
Jv = (At.A)

(10)

whereV, (L) is the volume of permeatat (h) is the permeation time ad(m?) is the active
membrane surface area. Membrane permeability flhthbar) was determined from the slope

of the linear variation ad, as a function of applied pressitd€bar).

lonic composition of simulated brackish waters fromSouth Tunisia
The major ion composition is reported in Table 2 foundwater found in three
locations of South Tunisia that were selected d@snation of their sulfate/chloride ratio and

salinity. Sfax well 1 is representative of type radkish waters (sulfate/chloride ratio > 1 and



salinity < 3 g/L) and Sfax well 2 and Gabés of tgpenes (sulfate/chloride ratio < 1 and salinity
> 3 g/L). Synthetic waters were prepared from thengositions reported in Table 2 and denoted
Feed 1, Feed 2 and Feed 3, respectively. Each esfetlparameters is compared with the
corresponding value of Tunisian standards for dnigkvater. The ion composition did not show
the presence of HC®at least not to a large extent. Feed 3 containsta88 mg/L accounting
for the higher pH value of 8. This concentrationhiswever, low compared to the other ones and
was therefore not considered a relevant parametn & it was taken into account in the
preparation of the simulated feed.

Table 2: Physicochemical parameters of 3 brackish grounelwdbund in the south of Tunisia

compared with the Tunisian standards for drinkiradex.

Parameters Sfaxwell 1 Sfaxwell2  Gabés Tunisian standards
(Feed 1) (Feed 2) (Feed 3) NT 09.14 (2013) [6]
pH 6.2 6 8 6.5-85
Na’ (mg/L) 571 837 1430 200
CI'(mg/L) 500 1400 1900 500
Mg?* (mg/L) 77 99 106 100
c&* (mg/L) 74 208 320 200
SO (mglL) 1000 793 1450 500
HCOs (mg/L) - - 188 -
Salinity of
simulated solutions 2222 3337 5394 1200 - 2000[
(mg/L)

Salt rejection measurement

The salt concentrations in permeate and feed solutiwere determined by ion
chromatography (DIONEX ICS- 1000) analysis. The sgéction was calculated using Eq (9).
Zeta potential

The zeta potential is the electric potential inititerfacial double layer at the location of
the slip plane relative to a point in the bulk duaway from the interface. It characterizes the
membrane surface charge and can be used for timéifoqpegion of its magnitude. The membrane

surface zeta potential was determined with a SuPA&fctro-kinetic analyzer (Anton Paar,
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GmbH) based on the streaming potential method. dmstable gap cell in which the membrane
samples were mounted was used with a height oftab@um [36,37]. The KCI electrolyte
solution at different concentrations was circulatedhe cell between two pieces of membrane
that were immersed in the electrolyte overnightobefthe measurement. The pH of the
electrolyte was controlled by HCl oM and NaOH 18 M solutions. The zeta potential was
calculated using the Helmholtz—Smoluchowski equafiom the measured streaming voltage as

a function of pH (from pH 4 to pH 10).

3. Results and discussion

Three simulated solutions with ionic compositiomepresentative of brackish
groundwaters found in South Tunisia (Table 2) widtered using two NF membranes (NF90
and NF270) and one RO membrane (BW30) for compariste salinity spans the range of
2222-5394 mg/L with sulfate/chloride ratio varyifrgm 2 to about 0.5. Two different NF
modeling tools (Rosa and Nanoffiavailable from Dow Filmtec and CNRS, respectivelgre
used to predict the permeate flow rate and therggttion as a function of the applied pressure
in the range of 2 — 14 bar. The obtained simulatésults were compared with the experimental

ion rejection data.

3.1. Desalination performances of NF and RO membranes

Feed 1 is characterized by the lowest salinity withalue that exceeds the standard of
Tunisian regulation for drinking water (Table 2) byly 10 %. However, it contains high
concentrations of sodium and sulfate ions with @althat exceed the norms by 65 and 50 %,
respectively. Feed 2 has intermediate salinity {38®)/L) with high concentrations of sodium,
chloride and sulfate exceeding the standards byoappately 76 %, 64 % and 37 %
respectively. Considering these data, it was ewgethat NF could lead to permeate with
composition meeting the Tunisian regulation fomkimg water. Figure 3 shows the NF90 and
NF270 performances in terms of filtration fluk)(and permeate salinity as a function of the

applied pressure for Feed 1 and Feed 2.
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Figure 3. Effect of pressure on permeate flux and salinityfiltration of Feed 1(left) and Feed
2 (right) using the NF90 and NF270 membranes.

Table 3: Membrane permeability and salinity rejection atod0 for filtration of Feed 1and Feed
2 using the NF90 and NF270 membranes.

Membrane Feed 1 Feed 2 Feed 1/Feed 2

ili 10 bar ili 10 bar ili i i
Permeability Rsaiinity Permeability Rsaiinity Permeability Rejection
decrease decrease

(L.m2h'bar) % (L.mZhbar) % % %
NF270 14.3 75.7 13.7 55.3 4 29
NF90 7.4 97.1 6.2 93.8 17 4

The membrane permeability values obtained fromlittear variation of), as a function
of the applied pressure are seen to be decreasthgnereasing feed salinity (from Feed 1 to
Feed 2, see Table 3). The intensity of this effiectyever, is strongly dependent on the rejection
rate, as it is more than four times higher in thgecof the NFOO membrane (group 2). This
observation can be accounted for by an apparenbsity enhancement in nano-scale pores
(electroviscous effect) related to electrostatiernactions between the membrane charges, the
ions in solution and water : the flow induced stne&y potential acts back on the ions in solution

to reduce the flow driving force produced by thentmembrane pressure gradient, leading to a
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decrease in slope that can be interpreted as aaneeth apparent viscous (on the other hand at
the relatively low salt concentrations studied osmpressure effects are weak) [31,33].

As expected from the diffusion / convection transfechanism, the passage of ions
across the membrane decreases with an increagpleddapressure (Figure 3). At low pressure
and permeate flow rate, the weak concentratiorerffce between both sides of the membrane
induced by the convective transport is counterldnby diffusive transport from the
concentrated solution to the diluted one which &b high passage of ions. The permeate flux
increases with the trans-membrane pressure redtieendiffusion contribution with respect to
convection leading to the observed decrease ofpessage until a high-pressure plateau is
reached.

Feed 2 mainly differs from Feed 1 by its chloridetent, which is about three times
higher (Table 2). The lower rejection of monovalems by membranes of group 1 could then
primarily be responsible for the strong decreas®mfrejection from Feed 1 to Feed 2 observed
in the case of the NF270 membrane (Table 3). Amathportant factor is related to how an
increase of salinity in the feed solution causes shreening of membrane charges, thereby
inducing a reduction of Donnan exclusion and r&sglin an alteration of both NF membrane
performances. It should be noted that the watetityyaroduced in all cases is in accordance
with the Tunisian standards in term of salinity @2 mg/L). However, treatment of Feed 1 by
NF90 leads to permeate with a too low-level salingtquiring a remineralization operation. The
ion composition of permeates obtained using NF2@@ AIF90 membranes at respective
transmembrane pressure of 6 and 10 bar (recovent 45 %) is given in Table 4. The value of
10 bar and 6 bar were chosen since it appears dogbbed compromise between salinity removal
and applied pressure. In that case, most permedhggomply with the Tunisian standards for
drinking water as defined in Table 2 except in ¢hse of treatment of Feed 2 by NF270 where
the sodium and chloride contents in the permeateesed the required values. These results
confirm that membranes of group 1 are not apprtefiar treating waters with too high content

in monovalent ions due to their high divalent/moalewnt selectivity.
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Table 4: lon composition of permeates and productivitg aar (NF270) and 10 bar (NF9O0).

SQ* CI Mg Cca&" Na  Salinity Permeate Recovery

mg/L mg/L mg/L mg/L mg/L  mg/L flow rate (%)
L/h.m2
NE270 Feedl 554 384 9 112 2457 7053 85.6 18
Feed2 24.8 1207 15.2 46.8 433 1727 83.2 17.5
NE9O Feed1 57 37 058 067 21 65 71 15.6
Feed2 29 137 052 24 59 201 56 13.1

" Not complying with the Tunisian standards for difigkwater.

To continue the comparison, NF270 is more proglactind less energy consuming in
terms of filtration flux than NF90 whereas its peate salinity is much higher. NF270 (and
group 1 NF membranes) can be considered as theatgice to treat Tunisian groundwaters
with a low NaCl content without any need to remalee permeate. On the other hand, NF90
(and group 2 NF membranes) are particularly watlesito treat waters similar to Feed 2.

To highlight in greater detail the behavior of the studied membranes, representative
of the two groups defined in introduction (Table the rejection performance for each ion is

reported in Figure 4.

V777 nF270-reeat [ wroo-Feedt [ nr270-Feco> [ NFoo-Feed2

100

80

0|

NN
N\

AN\
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20

Na* Mg** Ga™ cr sSO*

Figure 4. Rejection of monovalent and bivalent ions by NF2Ad NF90 membranes at a fixed

trans-membrane pressure of 10 bar for Feed 1 aed Fe
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The difference in separation performance betweernwo membranes is related to their
porous structure, as NF270 is known to have a tapgee size than that of NFOO [38-39].
Moreover, they both have a negatively charged saréd neutral pH as determined by their zeta
potential [39]. Owing to its restricted pore sizéhich impedes the convective and diffusive
mobility of ions, NF90 can retain more than 98 %tleé divalent ions and about 90 % of the
monovalent ones for the two types of feed solutiolbe quasi-quantitative rejection of sulfate
ions by the two membranes originates from stromegtebstatic interactions between the -2 ion
charge and the membrane surface. In contrast t®& N¥B270 rejects more selectively divalent
anion than divalent cations. Actually, cations astmembrane counter-ions and their passage
depends on the rejection of the other ions to ensloe electroneutrality of concentrate and
permeate according to the Donnan equilibrium edfelit the case of feed 1, the sulfate feed
concentration is higher than that of chloride. Tirealent Md* and C4&" cations are therefore
highly retained to ensure electroneutrality in doacentrate. By contrast, in the case of feed 2,
the chloride feed concentration is higher than tifatulfates. The passage of chloride through
the membrane because of its lower valance, sngflerand its high mobility causes the passage
of a certain number of divalent counter ions (besidhe monovalent ones) to ensure
electroneutrality in both permeate and concensates. Consequently, the rejection of divalent
cations is greater in the case of feed 1 thaned & [38]. In all cases, chloride can be seen in
Figure 4 as the less retained ion and appears aodscriminating and limiting parameter. Then,
monitoring the concentration of chlorides in pertaeig essential to verify the compliance of
nanofiltered water with the standards.

To conclude this part, it is really interesting dompare the performance of brackish
water reverse osmosis (BWRO) membranes with theéteo§roup 2 NF ones. Figure 5 shows the
variation of permeate flow rate and salinity asuaction of applied pressure for filtration using
NF90 and BW30 in the case of the groundwater Felealvihg a higher salinity than Feed 1 and
Feed 2 with a large content of both chloride anthsuanions. The salinity of permeate meets
the requirement of Tunisian standards for optimypliad pressures of about 10 and 6 bar in the
case of NF90 and BW30, respectively. Beyond theskieg, the permeate needs to be
remineralized. It should be noted that all the parameters are fully in compliance with the

requirement of the Tunisian regulation for drinkiwgter. In Figure 5, it can be seen that the
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osmotic pressure of Feed 3 is more marked tharetbbBeed 1 and 2. The linear regression not

passing through origin gives permeability aboutenhnigher for NFOO than for BW30.
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Figure 5. Effect of pressure on permeate flux and salifutyfiltration of Feed 3 using the NF90

and BW30 membranes. The dashedline representswiee limit of Tunisian salinity norm.

Table 5 shows the parameters of permeates obtaiitedhe two membranes at applied

pressures of 10 and 14 bar. These data are givgrfancomparison as the recovery rates are

too low for an efficient BW30 operation. Again, N#ppears to be the better solution for the

production of drinking water from this type of gralwater both in terms of productivity and

desalination performance.

Table 5 Parameters of permeates and productivity fotrimeat of Feed 3 at 10 and 14 bar.

Applied cr Na’ Salinity Permeate Recovery
Pressure mg/L mg/L mg/L flow rate (%)
L/h.m?
10 104 64 200 48 10.1
NF90
14 58.6 41.7 135 72.2 15.2
10 57 34 99* 21 4.4
BW30
14 43.7 37 77.2* 32.8 6.9

" Not complying with the Tunisian standards for dimkwater.
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At this point, it is obviously essential to havepediction tool to decide what kind of
membranes (NF group 1 and 2 membranes or BWRO)dcthd best suited in terms of
desalination performance and specific energy copsomestimated by the produced volume of
desalinated water at a given pressure dependinth@rfeed groundwater salinity and ionic
composition (sulfate and chloride anion contenh)isTs the objective of the following section in
which two available softwares (ROSA and Nanofluxvere tested and their simulation data
confronted with the previous experimental results.

3.2. Nanofiltration performance prediction : softwae validation
ROSA prediction

As above mentioned, ROSA is popular software antdestablished prediction tool used
successfully for the performance assessment andndes RO systems [28]. This is illustrated
by the modeling of ion rejections obtained in thesec of Feed 3 treated with the BWRO
membrane BW30. Although comparison with the expenital data in Figure 6 shows only fairly
good overall agreement for all the ions studiedthie domain close to the rejection plateau
(applied pressure beyond 10 bar) the agreemertedlent with deviations of less than 1 %.
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Figure 6. lon rejections as a function of permeate flux fere# 3 treated witlBW30. Solid

curves are simulation results obtained with ROSA symbols the experimental results.
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The ROSA database contains also NF membranes moduc Dow Filmtec including
the NF270 and NF90. The performance of this premictool was then checked for the NF
treatment of the studied Tunisian groundwatersvalé demonstrated previously that NF270 and
NF90 should be the best choice for desalting FeaddlFeed 2, respectively. Figure 7 presents
the modeling of ion rejections as a function of peemeate flow rate in these two cases.

It can be seen in Figure 7 that ROSA simulatioregithe right order for ion rejection
experimentally found S§ > Mg > C&* > N& > CI. However, the ROSA predictions
systematically overestimate the rejection perforoeanf the membrane representative of group 1
(NF270). This is especially seen in the case oftbaovalent ions with a minimum deviation of
about 40% and 25 % for chloride and sodium on igh flux plateau (applied pressure 10 bar
and higher). On the other hand, the simulationiedldnt ion rejection appears to be much better
with a difference of less than 10 % in the sameald@ms. For purposes of comparison, the same
modeling was performed with NFO0 (group 2). Cloagreement between the experimental
monovalent ion rejection data and the ROSA simafatiurves (about 10 % at plateau) were
obtained in this case. Actually, group 2 NF membsaexhibit performance similar to those of
BWRO membranes. Consequently, although it is thbupht the transport mechanism is
different between these two kinds of membranesttif- and RO), the ROSA software can lead
to a good estimation of the NF90 performance. dnti@st, this is not the case for group 1 NF
membranes. With a higher selectivity between moleotaand divalent ions (a signature of NF
membranes) the difference in transport mechanisbmasaght to the forefront and experimental
data for monovalent ion rejection could not be prop predicted by the ROSA software.
Another point to mention is the discrepancy betweka permeate flux simulation and
experimental data. As seen in Figure 7, the maxinflum at 15 bar is about 50 % and 25%
lower than the values obtained with NF270 and NF8€pectively.
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Figure 7. lon rejections as a function of permeate flux fee& 1/NF270 (left) and Feed 2/NF90

(right). Solid curves are simulation obtained WRBSA and symbols the experimental results.

In order to get further insight into which factaee not properly taken into account by
ROSA, additional NF experiments with a single maaent salt (NaCl) were undertaken using
the NF270 membrane in the range of applied pres3wd5 bar. In a first experiment, the feed
salt concentration was varied from™0 10" M at a fixed pH = 6 in order to examine how the
feed ion content affects the ROSA prediction in ttese of NF membranes. This range
corresponds to chloride ion concentrations from53% 3550 mg/L and sodium ion
concentrations from 23 to 2300 mg/L. Figure 8 Jleftesents the ROSA simulation results and
the experimental data. An increase of the feedcietiength causes a drastic decrease in the
experimental ion rejection. Actually, the extentedéctrical interactions is strongly limited by
the charge screening occurring at high ionic sttenghich accounts for a drop in monovalent
rejection [41]. This effect linked to a decreasethd Debye length is well reflected in the zeta
potential change of the NF270 membrane surface ameion of ionic strength and it is
particularly marked for pH values higher than 6g(fFe 9 right) [42]. By contrast no change is
observed in the ROSA simulations. It can, howepegdict fairly well the ion rejection for low
salt concentrations around 40/. It can be concluded that the ROSA modeling doeatstake
into account the variation of electrical interangowith changing feed composition. This could
explain why the ROSA prediction tool cannot prediet rejection behavior of NF membranes
given that interfacial Donnan (electrostatic) eschm is one of the predominant mechanisms

governing ion rejection in this case.

18



100 300

280 - Simulation - Experience
> E > 260
240
® - 220
200 T
= § 180 :
5 m _E- 160
- N =
g 5 140
T = 120
[1d = 100
e w
Simulation 80
> C=10"M 60
e C=10°M 40
401 20
= C=10"M
0 0

0 50 100 150 200

, C=10"*M C=10*M Cc=10"M
Flux (L.h".m?)

Figure 8. Comparison betweesimulated and experimental ion rejections as a tiomcof
permeate flux for different NaCl feed concentratian pH 6 (left) and the corresponding
permeate flux as a function of NaCl feed conceiatnafright). Solid curves are simulation
results obtained with ROSA and symbols the expertaigesults.

The increase in ionic strength leads also to aimedf the experimental permeate flow
rate particularly noticeable in the concentratiange between T0and 10'M. This observation
is due to the rise in osmotic pressure (Figuree®).l Although this qualitative effect on
membrane performance is well taken into accountti®y ROSA modeling, the predicted
amplitude of the flow rate drop is much greatenttfze experimentally observed one. Apart the
large overestimation of ion rejection seen in Fégar(left) in the case of ¥ NaCl feed, the
pure water permeability data input in the ROSA bas® (about 11 L/hfbar) that is one and
half times lower than the experimental one (16 B&L/h.nf.bar) could likely be responsible of
the observed discrepancy for the*hd 10°M NaCl feeds.
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Solid curves are simulation obtained with ROSA dats the experimental results. Zeta potential

of the NF270 membrane surface as a function of pdHiECI| concentration (right).

The membrane surface charge originates from thieatan of functional groups and/or
the adsorption of charged species, especially enctise of polyvalent ions [43]. As seen in
Figure 9 (right), membrane surface charge is styoaffected by pH of the contacting solution
(isoelectric point between 3 and 4) [44]. NF270drmees more negatively charged as the pH
increases before reaching a plateau at neutralNedt, a second experiment was designed to
examine if this effect is taken into account by ROEigure 9 (left) displays the NF270 ion
rejection for a 18 M NaCl feed at three different pH values (3, 6 df). This concentration
was chosen to discriminate the effect of pH chdng that of ionic strength. It appears from
the experimental data that the rejection at 15d=areases from about 90 % to 50 % when
decreasing the pH from 10 to 3. This result is =tast with the membrane charge inferred from
the zeta potential values shown in Figure 9 (rigAthigher membrane charge is expected to
lead to a higher ion rejection in the case of agleinsalt due to the Donnan exclusion.
Interestingly, ROSA can predict more or less thecteon at pH values corresponding to the
plateau (pH = 10) but fails at lower pH when thentbeane surface charge shows a large
variation. We do not know how the ROSA softwaredesigned for predicting the rejection
performance of NF membranes, but it appears clé¢batythe electrical interactions between the

charged solutes and the membrane are not considetéeir full complexity and totality. To
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further investigate this issue, the following sewtis devoted to the validation of a prediction

tool, Nanoflux, specifically designed to address the particuériof NF membrane transport.
Nanoflux® validation

The NanofluX prediction tool is based on an internal databas#aining the specific
membrane parameters (pore radjyisnormalized membrane chargeand effective pore length
lesf) required to solve the set of equations desailthe HET model. This database is built
from the rejection data of neutral solutgs) @nd of representative single salts including NaCl
NaSOy, MgSQ,, CaCh in different conditions of pH and concentratiory 8ecomposing the
feed solution in a combination of single salts, suftware defines a new set of membrane
parameters by mathematical interpolation accorthripe feed composition and pH. Calculation
using the HET model then enables Nandfltx predict membrane performance in terms of flux
and ion rejection. For instance, Table 6 gives difeerent membrane parameters used by
Nanoflux® for establishing the simulation curves presentid.

Table 6 Parameters determined by Nanofiuor the modeling performance of the studied NF

membranes as a function of the used feed solutions.

NF270 NF90
T X; lefs T X; lefs
(nm) (um) (nm) (Lm)
Feed 1 0.525 -1.245 3.167 0.42 -46.63 8.92
Feed 2 0.525 -0.748 13.84 0.42 -22.45 21.0
Feed 3 - - - 0.42 -30.00 35.0

From these data, it can be seen clearly that e demposition impacts the normalized
membrane chargand thereby the electrical interactions with thieites. As indicated before, the
membrane charge density decreases with the increfasiee feed ionic strength by charge

screening. This accounts for the reductiorXpfrom Feed 1 to Feed 2. However, an increase of
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this parameter is observed for Feed 3 in spite faftaer increase of the salt content. As can be

noted from the composition of Feed 3 in Table 2,hl of this solution is 8 compared to about 6

for the previous ones, explaining the increase nnangcharge. Thus, by taking into account the

electrical interactions more specifically, predictiof NF membrane performance can be more

accurate.

For example, Figures 10 and 11 present the congmabstween the simulation curves
given by NanofluR for the ion rejection in the case of Feed 1 u$if@70 and NF90 and those
for Feed 3 using NF9O0, respectively. As can ba st experimental rejections of the five ions
(Na', CI, SQ%, c&" and Md") are well fitted by the modeling enabling a rel@assessment
of membrane performance in all cases studied.
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Figure 10. lon rejections as a function of permeate flux fee® 1 nanofiltered by NF270 (left)

and by NF90 (right). Solid curves are simulatiosutes obtained with Nanoflfand symbols

the experimental results.
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Conclusion

It was demonstrated in this study that the two pneidant brackish water types found in South
Tunisia can be treated by NF technology. Two groapsN\F membranes were considered
depending on their divalent/monovalent selectivithie advantage of this approach is that a
better productivity of permeates complying with fhenisian requirements for drinking water
can be obtained. The conclusion of this study cansbmmarized in the following way:
- The sulfate/chloride ratio appeared to be the feeyor for choosing the more appropriate
membrane to treat specified low salinity groundwsatelhus, it was found that Tunisian
groundwaters can be roughly divided into two faesilseparated by the sulfate/chloride ratio of
about 1. The experimental results showed that thepgl NF membranes as exemplified by
NF270, are suitable for treatment of low saliniggds having a large proportion of sulfate ions
over chloride ions. By contrast, the group 2 NF roeames with ion rejections close to those of
RO (like NF90) provided an optimal compromise fooundwaters from the sedimentary coastal
aquifers containing a high proportion of chloridas.
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- Validation of available software was undertakerhaive a decision-making tool for selecting
the right membrane as a function of the feed ttrdsted and the water quality to be produced. It
was shown that Nanofl(fx a prediction tool specifically designed for takimto account the
complexity of NF membrane transport, can be a uidefl for this technology. On the other
hand, the ROSA software designed for RO was nohdoto be generally useful for the
prediction of NF membrane performance becauseeas dmwt appear to account for the electric

interactions between membrane and solutes.
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List of symbols:

A Membrane area, @n

Cif: Concentration of ionin the feed, (M)

C?: Concentration of the ionin the permeate, (M)

C:: Total salt concentration, (M)

¢ : Concentration of ioninside the membrane, (M)

D, : Effective diffusion coefficient of ionin the membrane, (tts)
F: Faraday constant, (C nl
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Ji - Molar flux density of iori, (1/mol.nf.s)

Jv: Volume flux density based on the membrane arafs ¢r L/h.m)
Je: Electric current density, (C/ns)

Ki4: Hindrance factor for diffusion

Kic: Hindrance factor for convection

L, Pure water permeability, (L/h.bam

les . Effective active NF membrane layer thickness, \um
Im: Active NF membrane layer thickness, (ium)

P: Average fluid pressure, (bar)

rp: Pore radius, (nm)

R: Gas constant, (J mbK™)

Ri: lon rejection of ion

T: Absolute temperature, (K)

V,: Volume of permeate, (L)

Xm: Effective membrane charge, (moledym

Xi: Normalized membrane charge

z;: Valence of ion

At: Time, (h)

Ag, : Donnan potential(mV)

@: Electric potential, (mV)

®, : Steric partitioning coefficient of ion i localnccharge density

o : Surface charge density, (C)m
p: lon charge intensity, (C/i
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