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ABSTRACT

The present work involves the study of the potential of selective retention of orthophosphate anions
H,PO,, HPO and PO in a synthetic solution and aims to a better understanding of the transport
mechanisms of phosphates through a charged Nanomax-type membrane. The study deals with the
Spiegler-Kedem model and its derivatives based on the thermodynamics of irreversible processes
on the results of nanofiltration of model solutions depending on the charge, concentration and ionic
strength. The modeling results were confirmed by the experimental values. The transport parameters
namely reflection coefficient ¢ and solute permeability P_could be then determined. In fact, this model
established the transport parameters and predicted the intrinsic characteristics of the Nanomax-50
membrane. It was further observed that these parameters are true indicators of membrane—solute
interaction reflecting the state of transport of species in a phenomenological way. The Spiegler-Kedem
model seems well suited with nanofiltration of orthophosphate solutions on a Nanomax-50 type

membrane.

Keywords: Nanofiltration; ~Orthophosphates; Nanomax-50 membrane; Transfer mechanisms;
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1. Introduction

Nanofiltration is a membrane separation process at the
molecular level. It has the ability to selectively separate elec-
trically charged species of small size and/or neutral molecu-
lar species. Moreover, it is very effective in removing a wide
range of dissolved matter in water both organic and inorganic
such as pesticides, herbicides, halogenated compounds, etc.
It can operate at lower pressure compared with the reverse
osmosis and thus reducing energy expenditures. The organic
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nanofiltration membranes are characterized by a nanometer
scale pore size and have generally charged groups on surface.

The high selectivity of nanofiltration membranes is based
on both size exclusion and electrostatic exclusion of charged
species opposite to the membrane (Donnan mechanism).

At present, the nanofiltration membranes retention
properties were studied only from macroscopic view point.
In fact, several macroscopic approaches have been devel-
oped to describe the transport of material in nanofiltration
membranes. The approach implicated in this study is of
phenomenological order and is a direct consequence of the
thermodynamics laws of irreversible processes. The resulting
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model considers the membrane as a black box between two
compartments in such a way that no information regarding
the membrane structure is required.

To a system consisting of a solvent and a neutral solute,
Kedem and Katchalsky [1] established a phenomenological
relationship of volumetric flux and solute molar flux in terms
of three transport coefficients: the membrane reflection coeffi-
cient, the solute permeability and the hydraulic permeability
of the membrane. The authors then extended their approach
to the case of a solution containing a binary electrolyte [2].
The establishment of flow equations was based on the lin-
ear theory of thermodynamics of irreversible processes and
they are applicable only for small values in both volumet-
ric flux and the difference in transmembrane concentrations
(usually not verified by nanofiltration). Spiegler and Kedem
developed a procedure consisting of cutting fictitiously the
membrane into a succession of elementary parts. Each part
separating two fictional solution elements (with virtual con-
centrations slightly different from one another) is in thermo-
dynamic equilibrium with the faces of the considered part
[3]. The equations established in the framework of the linear
theory of thermodynamics of irreversible processes remain,
therefore, valid, but they took a local character likewise the
transport coefficients. By integrating these equations over
the local membrane thickness, Spiegler and Kedem set up an
equation relating the solute rejection rate with the volumetric
flux, the reflection coefficient, the membrane and the mem-
brane permeability toward the solute. This model has been
successfully applied in many cases and is still widely used
today. The main drawback resides in the integration process
of the local flow equations, which presumes that local trans-
port coefficients are independent to virtual concentrations.

If this simplifying assumption is acceptable in the case
of neutral membranes, it is most objectionable in the case of
charged membranes separating solutes partially or totally
ionized, except in limited cases of very low and very high
volumetric fluxes [4]. The concept of membrane charge
previously absent in the Spiegler-Kedem (SK) model was
introduced in the expressions of the reflection coefficient
and solute permeability using the theory of the fixed charge
[5,6]. Nakao and Kimura [7] introduced hydrodynamic coef-
ficients in the expressions of the reflection coefficient and
solute permeability (model steric-hindrance pore [SHP]) in
order to determine the structural parameters (pore radius
and thickness-porosity ratio) of ultrafiltration membranes
from rejection rate of neutral solutes.

Most previous work dealing with the development of the
models of transport of species across membranes were based
on either approaches of non-equilibrium between two phases
or approaches related to the diffusion of solutes through the
membrane pores [2]. Many models, supported by different
considerations and assumptions have been recommended
and are being developed at present [8-17].

Another approach, more mechanistic, based on the use
of the extended equation of Nernst-Planck (including sol-
ute transport by convection) was proposed by Schlégl [18]
by making a simplification of the thermodynamics equations
of irreversible processes. The extended equation of Nernst—
Planck is used in the space charge model previously devel-
oped by Morrison and Osterle [19], Gross and Osterle [20]
and Fair and Osterle [21]. This model is also based on the

Navier-Stokes equations to describe the volumetric flux and
on the Poisson-Boltzmann equation to find out the radial
profile of the electrostatic potential within the pores.

Despite its stringency at the fundamental level, the space
charge model was essentially used to study electrokinetic
phenomena within cylindrical pores and has rarely been
applied in the study of retention electrolytes because of the
complexity of the required calculations [22,23]. Applied to
the charged and selective pores, the space charge model is in
fact a two-dimensional model taking into account the axial
and radial variations of pressure, electrostatic potential and
ion concentration inside cylindrical pores.

Various simplifications of the space charge model have
been proposed to reduce the complexity and calculation
time. Jacazio [24] suggested to replace the law of the Navier—
Stokes by the Poiseuille equation for the description of vol-
umetric flux while other authors made use of approximate
solutions of the Poisson—-Boltzmann equation [25,26].

Another approach reported by Schlégl [27] and Dresner
[28] gave the possibility to simplify considerably calculations
and to easily extend them to the transport of electrolytes mix-
tures. In this approach, the Nernst-Planck extended equa-
tion is combined with the fixed charge theory and the exclu-
sion of solutes is governed by thermodynamic equilibria at
interfaces (Donnan equilibria) and the transport inside the
membrane is described by the extended Nernst-Planck equa-
tions coupled with a local condition of electroneutrality. The
notion of port radius is absent and the description of trans-
port is one-dimensional. Wang et al. [8] used this approach
by introducing hydrodynamic coefficients of SHP model in
the extended equation of Nernst-Planck [28,29].

In this study, the parameters of the solute-membrane
system are estimated by the SK model and the SHP model
(steric-pore hindrance). These two models, based on the ther-
modynamics of irreversible processes are combined with the
film theory to facilitate estimation of the parameters, which
will then be used for simulation purposes.

1.1. Theory

Nanofiltration uses membranes with the mean pore
diameters less than 2 nm. Therefore, these membranes have
intermediate characteristics between reverse osmosis and
ultrafiltration conferring specific transport properties. The
complexity of the transport mechanisms in nanofiltration
may impede an optimal development of these separation
techniques on an industrial scale. It is, therefore, necessary to
develop simple and reliable tools to understand and predict
retention properties vis-a-vis different solutes membranes.

The irreversible thermodynamics theory was first applied
in the description of the transfer of solutes through a membrane
by Kedem and Katchalsky [1] in the case of biological mem-
branes, then it was expanded to the reverse osmosis membranes
in 1966 [3]. This is a model “black box” without description that
strictly dealt with the transport through the membrane.

When transferring each species from feed solution to per-
meate, the system under the influence of generalized forces
passes through an endless succession of states close to equi-
librium. Each new state is infinitely different from the pre-
ceding one. This model was based on the phenomenological
method and relies on a linear dependence between the flux
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(solvent, solute) and all the forces acting on the system: pres-
sure gradient, electrostatic potential and chemical potential.
This relationship was established through the phenomeno-
logical coefficients L, by the following equation (Eq. (1)):

Ji = LiFi+ )" LiF; 1)

i

where J is the flux of species i, F, is the associated forces and
F.is the non-associated forces.

The general theory of irreversible thermodynamics was
based on the assumption that each flux has a linear depen-
dence on each force operating on the system [31]. From this
premise, it is then possible to express the permeate flux ]
(Eq. (2)) and solute flux ]_(Eq. (3)) as follows [32-35]:

I= Lp (AP - oAm) (2)
J.=P.AC+(1-0)C]J, 3)

where C represents the average concentration of solute in
the pores.

These expressions show two phenomenological coeffi-
cients P, and 0. The dimensionless o coefficient is called the
reflection coefficient and is directly linked to the selectivity of
membrane vis-a-vis a solute [36]. The values c =0 and o =1
correspond, respectively, to an ideally non-selective mem-
brane (fully permeable) and an ideally selective membrane
(permeable to the solvent only). P, coefficient is in turn, con-
sidered as the permeability of solute through the membrane.
Spiegler and Kedem considered that these equations became
less representative to high volumetric fluxes and/or to higher
concentrations gradients for which the flux of solutes may be
affected. They recommended to change them by introducing
local transport coefficients (Egs. (4) and (5)):

__p,.[_dn

Jo=—Lr (dx dej @)

]s:—ﬁ-dcs+(1—a).cs.}v (5)
dx

where L, p, x, @, p, C, and o represent, respectively, the
hydraulic permeability, pressure, distance, osmotic pressure,
the local permeability of the solute, the solute concentration
in the membrane and the reflection coefficient. The three
transport parameters o, L and p are needed to define the
system (membrane, solute).

Assuming ¢ and p independent of the concentration, and
putting P = p/Dx, the integration of equations (Egs. (4) and
(5)) at boundary conditions (x=0, C = C)) and (x=Ax, C =C),
combined with the equation TR=1-C,/C, expressing the
rejection rate [37,38] leads to the expression (Eq. (9)) relating
the retention rate to the solvent flux through the membrane.
Ax and P represent, respectively, the thickness of the mem-
brane and the overall permeability.

By integration on the thickness of the membrane, L, p
and o are considered to be constant, we obtain Eq. (6):

=o)X _ =~ G0
P C,-C,(1-0)

(6)

By introducing the intrinsic retention coefficient (Eq. (7)):

2 (1=ep (Ao

176exp (7]VA) (7)

1-o
PS

A=12%Ax -
P

®)

Or P, = P/AX is the permeability of the solute (Eq. (8)).

1-o
TR=1-——— 9)
1—oexp@

S

The evolution of the retention rate (TR) based on the
permeate flux was chaired by the two phenomenological
coefficients o and P_ (Eq. (9)). It is, therefore, possible to
determine these two coefficients from the experimental
results of retention [39,40].

Note that o is the limit value of the retention rate at high
fluxes. It can be determined graphically by extrapolation
with infinite flux (Eq. (10)):

limTR=c (10)

Jy =

P_may, therefore, be estimated by knowing the slope of
the curve R =f (] ) at low fluxes (Eq. (11)):

. dIR o
=2 (11)
limg ==5

This graphical determination of o and P, however,
requires working in important flux ranges in order to min-
imize the built-in errors in various extrapolations. Their
direct determination by identification between the model
and experimental results (e.g., least squares method) was
preferred [40].

This model permits to relate a couple (o, P) to the reten-
tion of a solute, either neutral or charged, at different operat-
ing conditions (solute, membranes, solution properties, etc.).
However, these phenomenological parameters cannot be
used directly to understand the phenomena involved in the
separation process. It is difficult to simply connect o and P,
to the characteristics of the membrane (pore radius, charge,
material, etc.) and the studied solute (hydrodynamic radius,
charge, valence, etc.)

2. Experimental setup

Experiments were performed on a Millipore Proscale
pilot operating in the batch circulation mode, which means
that both permeate and concentrate were carried back to
the vessel to maintain constant concentration in the solu-
tion to be treated. A schematic diagram of the experimental
system was given in Fig. 1. The nanofiltration module was
equipped with a Nanomax-50 membrane which is a com-
posite polyamide negatively charged membrane in spiral
form with a 0.37 m? area. It has a macroporous polyester
mechanical support (120 pm), a microporous polysul-
fone intermediate structure (40 um) and an active layer in
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Permeate
Retentate

-

Fig. 1. Synoptic diagram of the nanofiltration pilot: 1 - feed tray;
2 — positive-displacement pump; 3 and 4 — pressure regulation
valves; 5 — nanofiltration module; 6 — recirculation of permeate;
7 — recirculation of retentate; 8 — heat exchanger; D — flowmeter;
P — pressure sensor; T — temperature sensor.

polybenzamide (0.4 pm). The data provided by the manu-
facturer reveal a cutoff about 300 Da for uncharged solutes
and a pore diameter of 0.5 nm. The recommended applica-
tion pressure ranges between 0 and 20 bar, the pH between
2 and 11 and the temperature must not exceed 40°C. The
solutions to be treated were prepared from deionised water
by adding NaH,PO,, Na,HPO, and NaCl of analytical grade
(Acros Organics, Fluka Analytical). The experiments were
performed at the 295 K over pressure range of 2-10 bar. The
volumetric flux | was determined by measuring the vol-
ume of permeate collected in a given time interval, observed
rejection was calculated by the relation: TR=1-Cp/Co
where Cr and C, are, respectively, the salt concentrations
in the permeate and in the feed solution. The anions con-
centrations were measured by ionic chromatography using
Waters 431 conductivity detector, IC-Pak Anion HR-26765
column, Waters 501 pump, eluent containing 1 L:0.32 g
sodium gluconate, 0.36 g boric acid, 0.50 g sodium tetrab-
orate decahydrate, 5 mL glycerin, 20 mL n-butanol, 120 mL
acetonitrile and Milli-Q water.

2.1. Pressure effect

The influence of the recirculation fluxes, which is equiva-
lent to that of the tangential flow velocity on the permeate flux
was studied using the solutions of NaH,PO, and Na,HPO, at
100 mg (PO,*) L. The results obtained are shown in Figs. 2
and 3, respectively. The permeate flux increases linearly
with pressure and is not affected by the recirculation flux.
It remains practically independent of the tangential velocity
but depends exclusively on the transmembrane pressure.
Similar results were reported in the literature [41-43].

In the present study, the permeate volumetric flux
increases linearly with the pressure and remains very close
to the pure water flux (Figs. 2 and 3).

120

100 + @

(m
)

Jp (L/h,m?)
o
S

(i

[m400L/h xX300L/h ©200L/h]

0 t t } } }
0 2 4 6 8 10 12
Pressure ( bar)

Fig. 2. Effect of pressure on the permeate fluxes of NaH,PO,
(100 mg (PO,>) L.
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Fig. 3. Effect of pressure on the permeate fluxes of Na,HPO,
(100 mg (PO,>) L71).

Authors such as Pontalier et al. [44] and Xu and Lebrun
[45] considered this linearity as a result of the absence of
concentration polarization where the difference between the
osmotic pressure of the boundary solution and that of the
bulk solution can be neglected [46]. Noting that in the rest
of our study and in order to overcome its effect, the tangen-
tial flow velocity was maintained constant at a feed rate of
280 Lh™.

2.2. Parameter estimation and simulation of permeate flux and
rejection rates

The experimental data were obtained in several operat-
ing conditions (transmembrane pressure, initial concentra-
tion and pH) where | and R, were measured as a function
of time. The transport parameters o and P, were obtained by
asymptotic resolution of Eq. (9) using experimental values of
J, and TR. The obtained values of ¢ and P_ were considered
as realistic values so as to fit experimental data with model
predictions. These values were then used to simulate the
flux and rejection rate under fixed conditions. The concen-
tration polarization phenomenon was neglected considering
external solutions as perfectly homogeneous. In practice,
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this assumption is logical when working with large tangen-
tial flow velocities and applying moderate differences in
transmembrane pressure [47].

2.3. Simulation of retention of NaH,PO, and Na,HPO, salts
by the Spiegler—Kedem model

2.3.1. Charge effect

The pH and the nature of the ions in solution have pre-
dominant effects on the observed selectivity of the studied
Nanomax-50 membrane. The orthophosphates have the par-
ticularity of having erratic charges depending on pH and the
forms are interrelated through the acidity constants of phos-
phoric acid: pKa, =2.1, pKa, =7.2, pKa, = 12.4 (Fig. 4). The pH
effect on the nanofiltration of orthophosphates in simple mix-
ture has been studied by Abidi et al. [48]. This parameter can
affect the properties of the membrane and the solute chemical
specificities by the distribution of molecules at the interface of
membrane pores and the solution, coupled with the Donnan
theory. The study of the influence of pH was carried out for
a phosphoric acid solution with a concentration of 100 mg L~
in the presence of NaCl solution having a chloride concen-
tration of 200 mg (CI) L, under a pressure of 10 bar. The
temperature was fixed at 25°C. The recirculation flow was set
at 280 L h™* and the acidity was adjusted by the addition of
NaOH. The ionization degree depends upon the nanofiltered
solution pH which refers to the isoelectric point (pI = 4.9).
This corresponds to the value of pH at which the electric
charge of fixed cations neutralizes globally that of anions. The
evolution of the retention of orthophosphates and chlorides
ions in mixed model solutions is shown in Fig. 5. The results
are discussed on the basis of three ionization cases membrane
groups distinguished according to the pH of the solution.

pH >5 (pH more than pl)

Since the Nanomax-50 membrane being negatively
charged, owing to the ionization of RCOO- groups, the
co-ions (the anions of the solution) govern the reten-
tion of the ions, as they cannot easily pass through the
membrane due to repulsive interactions with membrane
groups. The divalent co-ions, such as HPOf‘, are bet-
ter retained than monovalent co-ions H,PO,” and CI,
because their strong negative charge keeps them away
from the pores. In contrast, the monovalent co-ions of

H;PO, HPO,

pH

Fig. 4. Diagram of prevalence of the various shapes of the ortho-
phosphoric acid according to the pH in aqueous solution.
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Fig. 5. Retention rates of the various orthophosphates and chlo-
rides species in a mixed solution according to pH.

higher ion mobility have lower retentions. Hence, for the
same associated cation Na*, Cl- retention is lower than
that of H,PO,". The increase of pH with respect to phos-
phoric acid pKa generates different forms of orthophos-
phates and the retention occurs in step with this variant.
In fact, with pH between 6 and 7.2 (pKa,), the orthophos-
phates exist as H,PO,” and H,PO, with a rejection rate of
about 82% and 11%, respectively. The rejection rate of the
orthophosphates increases and reaches 97% in the form
of H,PO,". The H,PO, ions are increasingly rejected by
the membrane, resulting in an increase of their retention
rates. This observation is apparent for pH > pKa, with an
equal co-existence of the two forms of phosphates H,PO,
(R =98%) and HPO* (R = 98%) in the retentate at pH =
10.23. Beyond this pH value, the divalent form of ortho-
phosphates anions HPO,* dominates with a retention of
about 98%. The increase in pH above the isoelectric point
leads to a rise in negative charge of the membrane; hence,
it is the chloride ions that are increasingly rejected by the
membrane, resulting in an increase in their retention rate
up to a maximum value of about 56.5%

4 <pH <5 (pH close to pl)
The retention of orthophosphates by the Nanomax-50
membrane in the mixed solution is close to those deter-
mined in the simple solution. This suggests that at the
isoelectric point of the membrane, the anionic groups are
only weakly ionized. The observed exclusion phenomena
are limited to a steric exclusion. However, at its isoelectric
point, the membrane has no charge, resulted from a bal-
ance between A-NH,* and R-COO ionized groups.
Indeed the results presented in these figures show a
minimum retention of chloride ions close to the isoelec-
tric point, the obtained results show that the values of
the orthophosphates rejection rate increased from 40%
to 80% when the solution pH varies from 2.9 to 5.9. This
change reflects a fluctuation of sign (positive/negative) of
the membrane at the isoelectric point (pI = 4.9). It would
then be the sieve effect which primarily governs the
selectivity of the membrane due to the steric hindrance
induced by the size of solute.
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pH <4 (pH less than pI)

The membrane is positively charged and this results in a
rise in the overall retention of chloride ions CI- (R =49.36),
ion exclusion effects between Na* and A-NH," groups in
addition to steric exclusion effects. The reading in the dia-
gram values shows that for pH < 4 the orthophosphates
are selected as H,PO, R (H,PO,) = 40% and a negative
retention of monovalent phosphate anions R (H,PO,") =
-5% to offset the imbalance charge created between the
membrane and the solution when the pH decreases.
The positive charge of the membrane increases and Na*
ions are increasingly rejected by the A-NH,* groups of
the membrane. Although the monovalent co-ions are
repelled by divalent cations to the membrane, they cross
the membrane at a higher level than their concentration
in the retentate, so as to compensate the charge imbal-
ance. This transmission occurs simultaneously with that
of counterions, in order to satisfy the electroneutrality
condition.

Since the membrane is negatively charged, it was
expected that the divalent anion HPO,*, dominating
phosphate species on the predominance diagram at pKa,
=7.20 <pH < pKa, =12.35, will be rejected more than mon-
ovalent anion H,PO,, dominating at pKa, = 2.15 < pH <
pKa, = 7.20. Indeed, Figs. 6-8 show that the retention of
HPO_* phosphate anions is higher than H,PO,” with a rate
of 98% and 93%, respectively. In addition to the Donnan
effect, the retention of HPO,* may be related to the higher
value of the hydrated radius (HR of HPO,*) = 0.327 nm,
(HR of H,PO,") = 0.302 nm [49] and to the fact that the
membrane charge will be more negative at pH 8.5.

Similarly to Na,SO, the retention of Na,HPO, was rel-
atively constant with changes in the permeate flux while
the retention of NaH,PO, increases slightly with the flux
reflecting the type of force influencing the transport of
each species. Comparison of the results of the SK model
and experimental data shows a good fit and perfect com-
patibility for both phosphate salts. Transport parameters
namely the reflection coefficient o and solute permeabil-
ity P, were determined and are presented in Tables 1-3.
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091 ” NaHPO; , pH =55
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Fig. 6. Retention rate of NaH,PO, and Na,HPO, salts as a func-
tion of solvent flux (C, =20 ppm). The lines represent the adjust-
ment of Spiegler-Kedem model to experimental values.
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Fig. 7. Retention rate of NaH,PO, and Na,HPO, salts as a func-

tion of solvent flux (C, =100 ppm). The lines represent the adjust-
ment of Spiegler-Kedem model to experimental values.
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Fig. 8. Retention rate of NaH,PO, and Na,HPO, salts as a func-

tion of solvent flux (C, = 1,000 ppm). The lines represent the
adjustment of Spiegler-Kedem model to experimental values.

2.4. Simulation of the retention of salt NaH,PO,
(Spiegler—Kedem model)

2.4.1. Concentration effect

Figs. 9 and 10 show the retentions HPO,* and H,PO,
anions, respectively, within a concentration range from 20 to
1,000 ppm. It was found that the retention of H,PO,” decreases
with increasing initial concentration, while the rejection rate
of HPO,* remains almost constant despite of the variation of
its initial concentration. The decrease in retention of the mon-
ovalent anion may be also attributed to the protection by the
screening effect of the membrane charge by the ions in the
presence of high concentration electrolytes. The increasing
concentration leads to increasing formation, by counterions,
of a screen neutralizing the negative charges of the membrane.
Repulsion forces between the negative sites of the membrane
and co-ions were then reduced. At low concentrations, the
screen effect was very low and the repulsion of anions is
important and leads to high retention. When the concentra-
tion was higher, the screen effect was amplified and the poten-
tial of the membrane decreases. Accordingly, the repulsion
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Table 1

Evaluation of the coefficient of reflection ¢ and specific permea-
bility P, by the model of Spiegler-Kedem for salts: NaH,PO, and
Na,HPO, (C, =20 ppm)

Solute c P (m/s) x 107

NaH,PO, 0.9438 3.90039

Na,HPO, 0.9951 0.45007
Table 2

Evaluation of the coefficient of reflection ¢ and specific perme-
ability P_ by the model Spiegler-Kedem for salts: NaH,PO, and
Na,HPO, (C, =100 ppm)

Solute c P_(m/s) x 107

NaH,PO, 0.9284 418277

Na,HPO, 0.9796 1.76865
Table 3

Evaluation of the coefficient of reflection ¢ and specific permea-
bility P_ by the model of Spiegler-Kedem for salts: NaH,PO, and
Na,HPO, (C,=1,000 ppm)

Solute o P (m/s) x 107
NaH,PO, 0.8850 4.30854
Na,HPO, 0.9145 2.11395
1,00 4
0390 4 > : o “
080 4
0,70 4
060
& 0501
040 4
030 4
0204
010 4 +20ppm 4 100ppm « 1000ppm
000

0 5 10 5 0 % 0 » 0 5
Jy(mls).10®
Fig. 9. Effect of concentration on retention rate of NaH,PO, salt.

The lines represent the adjustment of Spiegler-Kedem model to
experimental values.

between the membrane and co-ions decreases. In fact, these
co-ions crossed the membrane more easily, bringing with
them the counterions in order to meet electroneutrality, and
hence the retention was reduced. The regression parameters
o and P, for both phosphate salts are shown in Table 4.

2.5. Simulation of the retention of NaH,PO, salt
by Spiegler—Kedem model

2.5.1. Effect of ionic strength

The effect of the ionic strength was studied by adding
various concentrations of NaCl ranging from 20 to 500 ppm.
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Fig. 10. Effect of concentration on the retention rate of Na,HPO,
salt. The lines represent the adjustment of Spiegler-Kedem
model to experimental values.

Table 4
Evaluation of reflection coefficient ¢ and specific permeability
P_by Spiegler-Kedem model for NaH,PO, and Na,HPO, salts

Solute Concentration (ppm) © P_(m/s) x 107
NaH,PO, 20 0.9438  3.90039
100 09284  4.18277
1,000 0.8850  4.30854
Na,HPO, 20 0.9951  0.45007
100 0.9796  1.76865
1,000 09145  2.11395
1
+[NaCl}=100 ppm = [NaCI|=500 ppm o [NaCl]=20 ppm 4 [NaCl]=0 ppm
’ 0 5 10 15 20 25 30 35 40
Jy(mls).10"®

Fig. 11. Effect of ionic strength on retention rate of NaH,PO, salt.
The lines represent the adjustment of Spiegler-Kedem model to
experimental values.

Figs. 11 and 12 show that the retention of phosphate anions
decreases with increasing NaCl concentration. This well
known behavior is a characteristic of charged membranes
and is generally interpreted by the screening phenomenon.
Increasing the concentration of the sodium ions against
Na" in the solution leads to the progressive formation of a
negative charge neutralizer screen membrane. As the total
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0,14 4 [NaCl]=0ppm ¢ [NaCl]=20ppm « [NaCl]=100ppm = [NaCl]=500ppm
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Fig. 12. Effect of ionic strength on retention rate of Na,HPO, salt.
The lines represent the adjustment of Spiegler-Kedem model to
experimental values.

Table5

Evaluation of the coefficient of reflection ¢ and specific perme-
ability P_by Spiegler-Kedem model for NaH,PO, and Na,HPO,
salts in the presence of NaCl

Solute Concentration (ppm) © P_(m/s) x 107
NaH,PONaCl 0 09284 418277
20 0.9093 4.68627
100 0.8825 5.3303
500 0.8192 5.37675
Na,HPO,NaCl 0 0.9796 1.76865
20 0.9524 1.87501
100 0.9398 3.10563
500 0.8967 3.53215

charge of the membrane decreases, the electrostatic effect of
the membrane becomes lower and accordingly, a decrease
in the retention of phosphate anions occurs. The figures
represent the approximation of the retention of phosphate
anions by the SK model with the most appropriate values
of o and P_. Nevertheless, the results show a good fit of the
model for all concentrations of NaCl discussed with phos-
phate anions H,PO,” and HPO,*. The estimated transport
parameters are given in Table 5. Reading of o and P, val-
ues shows their dependence on the concentration of NaCl.
Indeed, o decreases and P_ increases with increasing con-
centration of NaCl.

3. Results

The study of the transport of orthophosphates ions
through a nanofiltration membrane of Nanomax-50 type is
divided into several parts:

e The first was devoted to the study of solute transport
through a charged organic nanofiltration membrane
(with an active polybenzamide layer). The SK model was

used to investigate the transport properties of NaH,PO,
and Na,HPO,. Retention properties vis-a-vis binary
electrolyte membranes are then studied. The study
highlighted the amphoteric surface sites of the active
layer and indicated that the Donnan exclusion played a
major role in the membrane exclusion mechanism. The
phenomenological SK model was used to describe the
experimental results. The adjustment of the theoretical
curves on the rates of experimental rejections allowed
access to transport parameters (c and P) for the studied
salts. The results showed that the permeability P_ varies
inversely with the reflection coefficient ¢ meaning that
the more the ion has a low permeability, the better it will
be rejected. This explained the displacement of the mem-
brane retention in the ascending order of the feed and the
valence of the anions and cations. In fact, ¢ depends on
the nature of the co-ion. It is particularly important when
the co-ion is strongly negatively charged.

The study of the transport of electrolytes (NaH,PO, and
Na,HPO,) at different concentrations was performed
by estimating ¢ and P, from the adjustment of the SK
model to the experimental values. The predictions of an
SK-type model are confronted to the rate of experimen-
tal ionic rejection rates. It should be noted that a satisfac-
tory description of the experimental results was obtained
for the two electrolytes at different concentrations. The
results in the table show that when the concentration of
phosphate salts increases, the specific permeability of the
ion also increases, resulting in a decrease of the reflection
coefficient, and therefore, a considerable decrease in the
selectivity of the membrane. This result confirmed our
assumptions given in the experimental section and con-
firmed what are found in the literature [50,51]. In fact,
Perry and Linder [52] showed that the increase in salt
concentration results in a decrease of the reflection coeffi-
cient and an increase in permeability, and explained their
results by the Donnan exclusion which interprets these
findings by screen effect.

The transport parameters ¢ and P_ vary with pH. The
increase in pH of the phosphate salt led to an increase in
reflection coefficient o and a decrease in permeability P
It was also noted that o was greater for pH higher than
p!l and the results are in agreement with the experimental
results.

The change in the ionic composition by adding sodium
chloride to phosphate salts generated the concept of
ionic strength that occurred in complex solutions. The
adjustment of the SK model on the experiment produces
transport parameters ¢ and P, which are characteristics of
these conditions.

The results underlined the importance of Donnan
exclusion phenomenon in the case of nanofiltration of
phosphates in complex mixtures. In fact, the reflection
coefficient o decreases and the specific permeability P,
increases with increase in the NaCl concentration.

The reflection coefficient ¢ depends on the nature of the
co-ion. In fact, the results showed that ¢ (HPO>) > ©
(H,PO,"). In the case of monovalent co-ions, the variation
of reflection coefficient highlights the effect of parameters
other than the co-ions charge density, on the selectivity of
the membrane.
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4, Conclusion

The objective of this work was to suggest models for
understanding the mechanisms of transfer. We have pre-
sented some models based on irreversible thermodynamics
theory. It was observed that the model used suits well the
separations based on Nanomax-50 membrane. Indeed this
model has allowed us to determine the transport parameters
(o0 and P ) of phosphate salt solutions and also the prediction
of the intrinsic characteristics of the Nanomax-50 membrane.
It should be noted that these parameters are true indicators of
membrane-solute interaction reflecting the state of transport
of species in a phenomenological way. The model SK seems
well suited to nanofiltration of phosphate solutions on an
organic membrane Nanomax-50 type. Moreover, it was easy
to deduce the analytical forms of the permeate flux which
allows access to the volume fraction profile. Once the model
becomes predictive, it is possible to consider its use in the
continuous monitoring of nanofiltration of such molecules
by measurements and calculation of standard sizes. We can
as well consider optimal conduction of the filtering operation
in terms of permeate flux vs. the energy required to bring the
solution to flow and create the appropriate transmembrane
pressure gradient.
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