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ABSTRACT

Water hardness causes potentially costly nuisance problems in homes and in industry, such as dis-
abling washing, formation of tartar carbonate and magnesium hydroxide in the pipe network of
hot water. In this work, the ability of two commercial nanofiltration membranes (NF90, NF270) to
remove hardness from the Maamora groundwater (North of Morocco) was studied. Experiments
were carried out in the pressure range of 5-40 bar and for different total hardness (TH) of the feed
water. The effects of the trans-membrane pressure on the permeate flux and retention rate were
investigated for each membrane. The results show that the nanofiltration membranes are capable
of retaining the total hardness present in groundwater. Experiment results were correlated and
analysed using Spiegler-Kedem model. Model parameters (the reflection coefficients and the solute
permeability) have been determined for the two membranes using an adequate mathematical opti-
mization procedure (Levenberg-Marquardt’s algorithm: LMA). Model predictions of Ca* and Mg?**
rejection were used to calculate rejection for Total Hardness. The modeling results were in good
agreement with the experimental data for both NFO0 and NF270 membrane. The correlation coeffi-
cient was greater than 0.9 in all cases. Also, statistical analysis of residual errors based on the root
mean square error (RMSE), the normalized root mean square error (NRMSE) and the Nash-sutcliffe
efficiency (NSE) coefficient demonstrates the good performance of the model and the optimization
procedure. Results of this study are of great importance for local managers since waters of Maamora

groundwater are locally used in many areas and are part of several water management plans.
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I. Introduction

Master plans for water resource development in
Morocco foresee a shortage in potable water from con-
ventional resources by the year 2030. The impact of the
Rainwater variability and the climate change will make
the situation more problematic. Since 1980s, Morocco has
anticipated this problem and resorted to the desalination
of brackish water by membrane techniques to supply tra-
ditionally deficient regions with good quality water. In
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order to choose reliable technology that could be adapted
to relatively large capacities and specifications (energy
costs), ONEE (National Office of Water and Electricity)
had formed personnel and many desalination plants were
build. The largest desalination plant currently in operation
is that of Laayoune town seawater reverse osmosis plant
(south of Morocco) [1-3]. Other similar projects also apply
reverse osmosis (RO) process rather than other techniques
like nanofiltration (Table 1).

In Morocco, nanofiltration is widely studied at labora-
tory and pilot scales [4,5]. However, its implementation on
an industrial scale is not yet well exploited. The only exam-
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Table 1
Production of current desalination plants in Morocco

Process City Capacity
(m*/d)

Desalination Laayoune 25920
Boujdour 9504
Akhéfnir 864
Sidi EL Ghazi 89.856
Roc Chicco 30.24

Demineralisation Tarfaya 864
Daoura 233.28
Tan-Tan 3456
EL ouatia 8640
Tagounite 432

Demineralisation of fresh Khénifra 9849.6

water

Desulfurisation- Dakhla station 1 9504

Nitrification- Dakhla station 2 17280

demineralisation

Total (m3/d) 86667

ple of the implementation of this technique is that of the
groundwater demineralisation plant in the commune of
Sidi Taibi (Near Kénitra Town). The feed water of this plant
is pumped from Maamora aquifer. The water is slightly
brackish, with nitrate levels that moderately exceeds the
water quality international standards [6]. The station is
installed in a high school and works with renewable energy
combining solar and wind resources to provide drinking
water to students. This station has been in operation since
2014 and, except the problem of the nanofiltration mem-
brane fouling, this technique is entirely satisfactory. In this
study waters treated by NF comes from the same water
table (The Madmora groundwater) and hardness elimina-
tion was targeted.

Water hardness is primarily the amount of calcium and
magnesium, and to a lesser extent, iron in the water. It is
measured by adding up the concentrations of calcium, mag-
nesium and converting this value to an equivalent concen-
tration of calcium carbonate (CaCO,). Hard water is mainly
an aesthetic concern because of the unpleasant taste that a
high concentration of calcium and other ions give to water.
It also reduces the ability of soap to produce a lather, and
causes scale formation in pipes and on plumbing fixtures.
Soft water can cause pipe corrosion and may increase the
solubility of heavy metals such as copper, zinc, lead and
cadmium in water [7].

In many regions groundwater tends to be harder than
surface water. Water hardness in most groundwater is natu-
rally occurring from weathering of limestone, sedimentary
rock and calcium bearing minerals. Hardness can also occur
locally in groundwater from chemical and mining industry
effluent or excessive application of lime to the soil in agri-
cultural areas. In some agricultural areas where lime and
fertilizers are applied to the land, excessive hardness may
indicate the presence of other chemicals such as nitrate.
Therefore, removal of these ions from waters has been an

area of substantial technological interest in all over the
world [8].

The traditional processes for water softening include
lime-soda and ion exchange processes [9]. Recent works use
an application of kenaf fibers (Hibiscus cannabinus L.) in
water hardness reduction [10].

Membrane softening is becoming an alternative to these
processes. Nanofiltration process with charged membranes
can be used for hardness reduction. It has attracted increas-
ing attention over the recent years due to its remarkable
ability to selectively reject different dissolved ions, even
these with low molecular weight. In addition, the NF mem-
branes can provide high water flux at low operating cost
and low energy consumption [11,12].

The rejection of ions by NF membranes is the conse-
quence of the combination of steric and electric interactions.
NF membranes reject multivalent ions more efficiently than
monovalent ions which are partly rejected. The concentra-
tion difference between feed and permeate is smaller than
for a complete rejection (reverse osmosis processes). This is
an advantage for NF because in this casethe osmotic pres-
sures are lower compared to reverse osmosis, so that lower
pressure need to be applied and the energy consumption is
proportionally lower [3,13,14].

Nanofiltration is now widely used in various fields such
as for water and wastewater treatment in order to remove
suspended solids and reduce the content of organic and inor-
ganic matters. Many authors have reported the application
of NF to highly reduce TDS, nitrates, hardness, cyanides, flu-
orides, arsenic, heavy metals, color and organic compounds,
e.g., totalorganic carbon (TOC), biological oxygen demand
(BOD), chemical oxygen demand (COD), and pesticides,
besides the elimination of bacteria, viruses, turbidity and TSS
from surfacewater, groundwater and seawater [5].

Schaep et al. [15] studied hardness reduction in ground-
water achieved by nanofiltration membranes. They studied
three commercial nanofiltration membranes and concluded
that the performance of the UTC20 nanofiltration mem-
brane for reducing hardness was better than that of the
NF70 and UTC60 nanofiltration membranes.

Gorenflo et al. [16] examined the nanofiltration of Ger-
man groundwater with high hardness. They used NF200B
nanofiltration with 5.5 bar transmembrane pressure. The
rejection of Ca?* and Mg?* was high (~74% and >86%,
respectively).

Ghizellaoui et al. [17] studied the use of nanofiltration
for partial softening of very hard water of Hamma under-
ground water, which provides drinking water for Constan-
tine City (Algeria). Two techniques were used to obtain a
partial softening based on applying weak pressure (0.5, 1,
2 bar) or relatively high pressure (4-16 bar) to feed water.
Retention reached 50% for Ca** and 40% for HCO; at rela-
tively high pressures and 34% for Ca** and 30% for HCO; at
low pressures.

Galanakis et al. [18] performed nanofiltration of brack-
ish groundwater by using a poly-piperazine membrane.
They used cross flow nanofiltration module and low trans-
membrane pressure (6-10 bar). Their results showed that
this nanofiltration membrane could remove 70-76% of
hardness.

Gilron et al. [19] studied the transport of 1500 ppm and
15,000 ppm NaCl in commercial polypiperazine nanofiltra-
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tion membrane. According to the manufacturer, the rejec-
tion of NaCl by this membrane is 70%. The feed flux varied
approximately between 20 L m?h to 100 L m2h".

Recently, El Azhar et al. [20] have used two nanofiltra-
tion membranes (NF90 and NF270) in hardness removal
from groundwater. They studied the effects of pressure and
flow rate on the nanofiltration performance at various con-
centrations of TH (CaCl,, MgCl,). Their results showed that
nanofiltration separation could remove from 97 to 98% of
hardness with NF90 and from 47% to 70% with NF270.

On other hand, numerous phenomenological and
mechanistic models have been proposed to describe solute
and solvent transport through porous and dense mem-
branes [21]. For dense membranes, most popular is the
“solution-diffusion” model, in which solutes dissolve at
the membrane interface and then diffuse through the mem-
brane along the concentration gradient. In this model, sepa-
ration between different solutes results from dissimilarities
in the amount of mass that dissolves per membrane volume
and/or the rate at which it diffuses through the membrane
[22]. Pore-flow models also exist, in which different solutes
are separated by size, frictional resistances, and/or charge.
In addition to the solution-diffusion and pore-flow mod-
els, the Kedem—Katchalsky and Spiegler-Kedem models
employ irreversible thermodynamic arguments to derive
solute and solvent transport equations while treating the
membrane as a “black box” [23,24].

Recently, solute/solvent-membrane affinity has also been
taken into account in the convection-diffusion-affinity model
[25]. Finally, mixed-matrix membranes introduce new com-
plexities into membrane transport where multiple phases
potentially containing different characteristic pore size, solu-
bility, and diffusivity are present within a single membrane.

Spiegler-Kedem model correlates transport with
mechanical and osmotic pressure gradients. It assumes that
the membrane near to equilibrium and the system can be
divided into small sub-systems in which local equilibrium
exists. Fluxes are derived from phenomenological thermo-
dynamic relationships. However, this model do not provides
insights into mechanistic transport. Koyuncu and Yazgan
[26] found that this model was able to fit well their exper-
imental data (rejection versus permeate flux) for different
salt mixtures using TFC-S NF membrane. They concluded
that the reflection coefficient is constant for each anions and
cations in the salt mixture whereas the permeability coeffi-
cient was varied according to the type of the salt ions. Nev-
ertheless, different conclusion has been obtained by other
authors [27-29] for the filtration of single salts showing that
both model parameters have changed and were dependent
on the type of the filtered salt. Other authors proposed an
extended Spiegler-Kedem (ESK) model by incorporating
solute-solute interactions in the nanofiltration of multiple
solutes systems [30].

Chaudry [31] used the Spiegler-Kedem model to cal-
culate the percentage of diffusive and convective fluxes
in symmetric lab-made cellulose acetate membranes. He
found that 63% of the total NaCl flux is attributed to diffu-
sion transport and that the rest of about 37% is due to the
salt convective flux.

The Spiegler-Kedem model was also used by Gilron et
al. [10] to calculate the relative distribution of the salt flux
through the membrane. The authors found that at least half

of the salt flux is due to convective coupling, with the diffu-
sive flux decreasing with the increase in the feed flux.

Models based on irreversible thermodynamics approach
are easiest to use, especially Spiegler-Kedem model which
requires only two parameters for its application. This model
is recommended for studies representing first attempts of
modeling membranes processes. In addition, it is method-
ologically correct to start with the simplest description of
the phenomena under study and to evaluate the limits of
this approximation before investigating more complica-
tions. For all these reasons the use of S-K model is adequate
in our case study.

Maamoura groundwater provides drinking water for
many Moroccancities like Kenitra and the capital Rabat.
Previous works revealed that Madmoura groundwater is
further characterized by a particularly high level of total
hardness and that rock formations containing divalent
metals (Mg?, Ca*) are responsible for this excessive hard-
ness [32]. The object of this paper is to study the ability
of a nanofiltration membranes (NF90, NF270) to remove
hardness from groundwater of Madmoura region (North of
Morocco).The influence of different operational conditions
(pressure, feed concentration) on total hardness removal
is investigated. The viability of using the Spiegler-Kedem
model to predict the rejection of Ca?* and Mg** with the dif-
ferent membranes studied is examined.

2. Theoretical background: Spiegler-Kedem model

Membranes performance is measured in terms of salts
rejection R (%) and permeate flux, |, (m/s). For dilute aque-
ous mixtures consisting of water and a solute, the selectiv-
ity of a membrane toward the mixture is usually expressed
in terms of the observed solute rejection coefficient. This
parameter is a measure of the membrane ability to separate
the solute from the feed solution and is defined as:

Cf _CP

R(%)=100 )

f
where C and C, are the solute concentration in the permeate
and feed solution, respectively.

The Spiegler-Kedem (SK) model provides a simple
framework for description of solute transport in both RO
and NF processes. In this model, the membrane is regarded
as a “black-box”. The SK model considers convective cou-
pling of solute and solvent species.

For the derivation of the SK model, the starting point is
the assumption that the water flux () and the solute flux
(J,) are driven by forces F_and F, respectively. These gener-
alized forces are due to chemical potential gradients across
the membrane:

J,=L,E, +L,,F, (2)
J; =LyF, + LyF, 3
where L are phenomenological coefficients.

The chemical potential gradient is caused by a concen-

tration or pressure gradient. So that the final working equa-
tions of the nonlinear SK model are:
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dpP dIl
]v—Lp'(E—G—dx) 4)
dc, e

where | (kg/m?s): water flux. ] (kg/m? s): solute flux.
L (m/s): solvent permeability constant. (Pa): operation
pressure. IT (Pa): osmotic pressure. x (m): distance across
the membrane. C: solute concentration inside the mem-
brane. P_(m/s): solute permeability constant. c: reflection
coefficient.

Solvent transport is due to the pressure gradient across
the membrane and solute transport is due to the concen-
tration gradient and convective coupling of the volume
flow. Solute transport in RO membranes occurs predomi-
nantly via diffusion, however, for membranes with larger
pores such as NF ones, both the convective and diffusive
contributions to the solute flux are important and can-
not be ignored [3]. Hence, Eq. (4) shows that the solute
flux is the sum of diffusive and convective terms. Solute
transport by convection takes place because of an applied
pressure gradient across the membrane. A concentration
difference on both sides of the membrane causes diffusive
transport.

Integration of Egs. (4) and (5) combined with Eq. (1) and
considering the limit conditions of the problem (for x =0, C,
= Cf and for x = Ax, C = Cp) lead to Egs. (6) and (7):

.G _o(i=F)
k=1 Cf_ 1-oF ©)
F:exp(—(l})ﬂj @)

where C, (kg/m?): solute concentration in the feed solution.
C (kg/m?): solute concentration in the permeate solution.
F (dimensionless): a flow parameter. Ax (m): membrane
thickness.

The two transport parameters (¢ and P ) are the main
parameter of the model. The parameters G is a measure of
the degree of semipermeability of the membrane, i.e. its
ability to pass solvent in preference to solute. It character-
ized the imperfection of the membrane [3] while the param-
eters P_is associated to diffusive properties. Concentration
dependence of these coefficients is assessed by fitting the
data for different feed concentrations. A value of ¢ = 1
means that the convection solute transport does not take
place at all. This is the case for ideal RO membranes where
the membranes have no pores available for the convective
transport. In an entirely unselective membrane, in which a
concentration gradient does not cause volumetric flow at
all, 6 = 0. For the UF (untrafilration) and NF membranes
which have pores, the reflection coefficient will be ¢ < 1,
especially if the solutes are small enough to the entire mem-
brane pores under the convective transport effect [6].

In this study, the model parameters 6 and P_ were opti-
mized using the Levenberg-Marquardt’s algorithm (LMA)
to fit the experimentally obtained rejection permeation data
to the model calculated rejection [33]. The LMA algorithm
solves non-linear least-squares problems in mathemat-
ics and computing using an iterative minimization tech-

nique. The LMA is used in many software applications for
solving generic curve-fitting problems. The algorithm com-
bines advantages of the steepest descent method (that is,
minimization along the direction of the gradient) with the
Newton method (that is, using a quadratic model to speed
up the process of finding the minimum of a function). Also,
LMA algorithm finds a solution (parameters estimation)
even if it starts very far off the final minimum. The calcu-
lated coefficients (c and P) are said to represent the values
of the transport coefficients for the given feed salt compo-
sition. Concentration dependence of these coefficients can
be assessed by fitting the data with the LMA algorithm for
different feed concentrations.

3. Materials and methods
3.1. Brackish groundwater

The nanofiltration operations were conducted for an
underground water of Maamoura region doped for the
three concentrations of TH (CaCl,, MgCl,) for three feed
water (FW) having respective hardness of 100 °fH (FW1),
150 °fH (FW2) and 200 °fH (FW3). Table 2 gives the charac-
teristic of the brackish groundwater and the Moroccan stan-
dards of drinking water. The total hardness is mainly due to
the presence of Ca* rather than Mg?.

3.2. Pilot plant

NF experiments were performed on an industrial pilot
NE/RO (E3039) provided by the company TIA (Applied
Industrial Technologies, France) (Fig. 1). The applied pres-
sure over the membrane can be varied from 5 to 70 bar with
manual valves. The operations were designed in a contin-
uous simple pass mode. The pilot is equipped with two
identical modules in series. The pressure drop AP is about 2
bar. The two spiral wound modules are equipped with two
commercial reverse osmosis and nanofiltration membranes.
Table 3 gives the characteristics of the used membranes.

Table 2
Characteristic of brackish groundwater

Parameters FW1 FW2  FW3 Norms
pH 6,70 6,98 6,73 6,50-8,50
Turbidity (NTU) 0,50 0,92 1,02 5
Conductivity (uS/cm) 1793 2200 3050 -

TDS (mg 17) 1344,75 1650 22875 500
Total Hardness (°fH) 100 150 200 50
Total Alkalinity (°fH) 26 26 26 -

Ca? (mg 1) 2784 339,2 4352 250
Mg?* (mg 1) 7,68 1024 1792 50

Na* (mg 1) 56,40 56,40 56,40 250

K+ (mg 1) 1,84 1,84 1,84 -

SO (mg 1) 60 60 60 400
ClI- (mg 1) 541,38 665,63 1020,63 250
NO,™ (mg.I™) 41 41 41 50
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3.3. Statistical analysis

In this study, a statistical analysis of residual errors
based on the root mean square error (RMSE), the normal-
ized root mean square error (NRMSE) and the Nash-Sut-
cliffe efficiency (NSE) coefficient was performed.

n 2
z i=1 (xmeas,i - xpred,z’)

RMSE = N 8)
where X s measured retention rate, X e calculated reten-
tion rate.

The RMSE is the distance, on average, of a data point
from the fitted line, measured along a vertical line. It is
directly interpretable in terms of measurement units, and
s0 is a better measure of goodness of fit than the correlation
coefficient.

NRMSE = REVI SE 9)
XYVIEIIS
where X : mean measured retention rate.

meas®

Fig. 1. Diagram of the NF/RO pilot plant.

T: tank; P : feed pump; Ve : pressure regulation valves; V : drain
valves; M : NF/RO module; Pe : Permeate recirculation; R : Re-
tentate recirculation; H : Heat exchanger; Ma : Pressure sensor;
Te : Temperature sensor.

Table 3
Characteristics of the membranes used

The normalized root mean square error (NRMSE) rep-
resents a non-dimensional form of the RMSE. A lower value
of NRMSE indicates less residual variance.

n 2
2 )(xmeas,i - xpr?d,i)

NSE=1-| == -
- J_Cmeas)

(i:l)(xmf‘”sfi
The Nash-Sutcliffe Efficiency (NSE) is a normalized sta-
tistic that determines the relative magnitude of the residual
variance (noise) compared to the measured data variance
(information). It informs on how well the plot of observed
versus simulated data fits the 1:1 line.

(10)

3.4. Total Hadress rejection calmculation

TH retention is calculated based on Ca** and Mg** reten-
tions as follows:

[Ca* J10° . [ Mg J10°
4 243

(11)
where [Ca?*]: Ca®* concentration and [Mg*]: Mg** concen-
tration
2+ 3 2+ 3
[Ca ]flO . [ Mg ]flO
4 243

TH, = (12)

TH,, [Ca**], [Mg*],: concentration of TH, Ca** and Mg*" in
feed water

[Ca] 10° [Mg* ] 10°
P + P
4 243

THP, [Caz*]P, [Mgz*]p: concentration of TH, Ca* and Mg?* in
permeat water.
TH retention is given by:

TH, = 13)

[Ca“]plOS . [Mg“}n 10°

_, TH, . 4 243
Ry =1 TH:: =1 [Ca“]f 10° . [Mg“]f 10° (14)
4 243
The Ca* retention is given by:
I:Cﬂ2+ ]P 2+ 2+
R =1- ca) and [Ca*] =(1-R..)[Ca* ] (15)
The Mg** retention is given by:
Mg2+
|: :Ip and [Mg2+ :|p — (1 _ RMg2+ )[Mg2+ ]f (16)

e =1—m

Membrane Maximum pressure  pH tolerated during Maximum temperature Maximum permissible
supported treatment concentration of free chlorine

NF90 40*40 40 bar 3-10 45°C 0,1 ppm

NF270 40*40 40 bar 3-10 45°C 0,1 ppm
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(1- R )[ca**] 107 . (1= R,y [ Mg ] 10°
243
10°

Ry =1- (17)

4
[Ca“}f 10° . [Mg2+:|f
4 2.43

4. Results and discussion
4.1. Effect of pressure

The experiments were carried out in simple pass con-
figuration. The imposed pressures were: 10, 25 and 40 bar
for NF90 and 6, 10, and 25 bar for NF270 following the
manufacturer instructions (Table 3). The influence of the
pressure on the permeate flux for each feed water shows
that the volumetric permeate flux increases linearly with
the pressure. The slopes of the curves are equal to the

1.0
0.9
0.8-
-~ 0.7 :
é 4
: 0.6-_
= i [
g 0.5 =
2 0.4 5
A 0.3 v NF270_membrane
© ] o FWI
0.2+ * FW2
0.1 v FW3
1 S-K model
010 T L] T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55

Permeate flux (m/s) x 10°
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hydraulic permeability of the respective membranes. The
permeate flux obtained by the NF270 is higher than the
NF90 membrane. This can be attributed to the nature the
NF270 membrane which has more opened pores compared
to the NFOO membrane.

4.2. Effect of permeate flux on permeate rejection: application of
Spiegler—Kedem model

The experimental data of rejection versus permeate flux
for all investigated feed waters and membranes (NF270 and
NF90) are plotted in Figs. 2 and 3. Highest rejections are
obtained for the NF90 membranes as a result of their imper-
meable structure which has properties close to reverse
osmosis (RO) membranes. NF270 membrane has relatively
medium rejection. NF selectivity is influenced by chemical
phenomena, pore size and electric charge effects in addition
to operation conditions. Also, increasing permeate flux lead

1.0
0.9 o
_ 0.8
£ 07
pa ]
S 0.6-
8 4
E 0.5-_
& 0.4 NF270 membrane
e —_—
= 0.3- o FW1
1 FW2
0.2- *
] v FW3
0.1 S-K model
0.0 .

10 15 20 25 30 35 40 45 50 55

Permeate flux (m/s) x 10°

3

Fig. 2. Effect of permeate flux on rejection of Ca** and Mg?* using NF270 membrane at various feed water hardness.

1.0 - . .
S 094
= NF90 membrane
.§ o FWI
£ 03- ¢ FW2
F v FW3
"o S-K model
Q

0.7

0.6 — T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55

Permeate flux (m/s) x 10°
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0.9 4 ¥ o
4 A [ ]
. 0.84
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: 4
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Fig. 3. Effect of permeate flux on rejection of Ca** and Mg?** using NF90 membrane at various feed water hardness.
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to a significant increase in Ca** and Mg?** rejection, especially
for NF270 membrane. This can be explained by the influ-
ence of the pressure on the permeate flux as cited above. In
other hand, the effect of feed concentration (hardness) on
rejection is depicted in Figs. 2 and 3. For NF270, rejection
of Mg* and Ca?" decreases with increasing feed hardness
concentration. For NF90 no significant effect of feed concen-
tration on rejection is observed, especially for Ca*".

The experimental data were fitted on the basis of
Spiegler-Kedem model using optimal values of the reflec-
tion coefficient (6) and the solute permeability (P) calcu-
lated with the LMA algorithm. The rejection rate predicted
by the Spiegler-Kedem model is plotted in solid lines in
Figs. 2 and 3, for both membranes (NF270 and NF90) and
for various concentrations of TH, to provide comparison
with measurements. The modeling results show a good fit
for the rejection values for each feed water and for all mem-
branes used.

Table 4 summarizes the phenomenological parameters
¢ and P_obtained. The values of P_and ¢ are dependent on

Table 4
Parameters ¢ and P, estimated by the model

Ca2+
Membranes NF270 NF90
Model parameters c P (m/s) o P (m/s)
FW1 (TH = 80 °fH) 0.71 3.87E-06 0.995 1.500E-7
FW2 (TH =100 °fH) 0.53 8.58E-06 0.997 1.500E-7
FW3 (TH =150 °fH) 047 1.12E-05 0.99 2.00E-7
Mg2+
Membranes NF270 NF90
Model parameters c P (m/s) o P (m/s)
FW1 (TH = 80 °fH) 0.99 2E-7 091 1.95E-06
FW2 (TH =100 °fH)  0.65 1.15E-05 0.88 1.05E-06
FW3 (TH =150 °fH) 0.67 1.26E-05 091 1.55E-06
0.9
~ 0.8+ NF270 membrane
X
<
= 0.7
=
= |
]
2 0.6
]
:.I-
& 05
-
<
= 04- —— linear fit
E - R'=0.95
S 034
0|2 T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Observed Ca’* rejection (%)
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the type of the membrane and on feed water concentration.
High values of ¢ are attributed to NF90 where transport
is dominated by diffusion more than convection. Also, for
NF270 the coefficient ¢ decreases so much with increasing
feed water hardness, while it still approximately unchanged
for NF90 membrane.

Another way to examine model performance is to plot
experimental rejection against predicted rejection (S-K
model). In all cases, calculated and experimental rejec-
tion are very close, as shown by the good approximation
to the diagonal (Figs. 4 and 5). The correlation coefficients
are equal to 0.95 (Ca®*) and 0.90 (Mg?") for NF270 and 0.88
(Ca?) and 0.94 (Mg**) for NF90.

4.3. Application of Spiegler—Kedem model to total hardness
rejection

Model predictons of Ca** and Mg** rejection were used
to calculate rejection for Total Hardness. TH rejection ver-
sus permeate flux for all investigated feed waters and mem-
branes (NF270 and NF90) are plotted in Fig. 6.

High TH rejections are obtained for the NF90 membrane
as a result of its impermeable structure which has proper-
ties close to reverse osmosis (RO) membranes. NF270 mem-
brane has relatively medium rejection. Also, increasing
permeate flux lead to a significant increase of TH rejection,
especially for NF270 membrane. In other hand, the effect
of feed concentration (hardness) on rejection is depicted in
Fig. 6. For NF270, rejection of TH decreases with increasing
feed hardness concentration. For NF90 no significant effect
of feed concentration on rejection is observed.

On other hand, Fig. 6 shows a good agreement between
the experimental and predicted TH rejection.

4.4. Statistical analysis and model performance tests for total
hardness

Another way to examine model performance is to plot
experimental rejection against predicted rejection. Fig. 7
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Fig. 4. Parity plots between calculated and measured rejection rates of Ca* and Mg?*~for NF270.
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Table 5
Results of the statistical analysis

Membrane RMSE (%) NRMSE (-) NSE (-)
NF90 0,027 0,032 0,95
NF270 0,034 0,050 0,99

shows parity plots between calculated and measured total
hardness rejection, using data for the three feed waters
tests. Calculated and experimental TH rejection are very
close, as shown by the good approximation to the diagonal.
The correlation coefficients are superior to 0.95 which show
the perfect fit by the model.

Also, Table 5 shows the results of the statistical analysis
as described in material and methods section. The RMES
coefficient obtained have a small value, the NRMSE func-
tion is small than unity and the NSE coefficient is very near
to 1. This result demonstrates the good performance of the
model and the optimization procedure.

5. Conclusion

Nanofiltration is well studied worldwide in the case of
synthetic water, but in the case of natural water results of
nanofiltration application differ according to water consti-
tution due to the numerous interactions between constitu-
ents. Data for membrane performances correspond to their
use with synthetic water and for their use as new mem-
branes. Due to aging (time and type of use), the membranes
lose their performance as demonstrated by many authors.
Hence, in each studied case, experimentation on pilot can
bring a scientific novelty.

In this work, separation performance (rejection and
flux) of groundwater of Madmoura region (North of
Morocco) with different total hardness was investigated
using two nanofiltration commercial membranes (NF270
and NF90).The Spiegler-Kedem model was used to fit the

experimental data of rejection versus the permeate flux.
Results showed a good agreement between model calcu-
lations and experimental data for the two membranes and
feed water hardness. Optimal values of model parameters,
6 and P, were estimated using an adequate mathematical
optimization procedure (Levenberg-Marquardt’s algo-
rithm) and are in concordance with membranes proprieties
and vary depending on feed TH as can be expected. The
correlation coefficient obtained between model calculations
and measurements was greater than 0.88 in all cases. This
simple model successfully used here for modelling Total
Hardness remove by NF can be a helpful tool for designing
possible practical applications. Results of this study are of
great importance for local managers since water used is a
ground water from the Madmora zone and is locally solic-
ited in many areas. Also, authors of the present research
have been working closely together, for many years, with
ONEE’s engineers. Some research results of this long term
collaboration have been exploited in the ONEE drinking
water production plants. The present work represents a
continuity of this fruitful collaboration. The novelty of the
work is that the water treated and membranes used form a
special case study. Also, the study represents a first attempt
to apply mathematical modeling on Madmora groundwater
using nanofiltration data.

Symbols

C (kg/m?) —
C, (kg/m) —

Solute concentration in the feed stream
Solute concentration in the membrane

C,(kg/m’) — Solute concentration in the permeate
stream

R? — Correlation coefficient

F — Dimensionless parameter of SKK model

FW — Feed water

J,(m*/m?s) — Permeate flux

J. (kg/m?>s) — Solute flux

J., (kg/m?*s) — Water flux

L, (m/s) — Solvent permeability constant
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NSE — Nash-Sutcliffe efficiency

NRMSE — Normalized Root Mean Square Error

P (Pa) — Operation pressure

P_(m/s) — Solute permeability constant

R (%) — Membrane rejection

RMSE — Root Mean Square Error

TH — Total Hardness

T (°C) — Temperature

o — Reflection coefficient

x (m) — Distance across the membrane

AP (Pa) — Hydraulic pressure applied across the
membrane

Ax (m) — Membrane thikness

ATI (Pa) — Difference in the osmotic pressure of the
solutions on the feed and permeate side
of the membrane.
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