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Abstract

Nernst-Planck equation was used to try to understand the separating
behaviour of Ca*, and Br ions using nanofiltration membrane. The model
was run for different membrane pores, different volumetric flux based on
the membrane area values, and different ions concentration; to study the
rejection behavior. In general, as the membrane pore radiusincreased, the
rejection of Ca?* and Br ions decreased; where the rejection of Ca?* ion
was the higher than the rejection of Br- ion. While the rejections of Ca®*
and Br ions increased as volumetric flux based on the membrane area
increased. On the other hand, the concentration of Br™ inside the membrane
active layer was the higher than the concentration of Ca?* ions. Thus the
ions rejection is effected by the membrane pore radius beside the
volumetric flux based on the membrane area

Keyword: Nanofiltration, membrane, ion, pore radius, rejection, volumetric
flux.
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Introduction:

In biology, Membrane is a very thin layer which forms the out layer
boundary of a living cell and the out layer of the internal cell compartments
(Bowen & Welfoot, 2002). This layer separates the cell and its
compartments from the surroundings, also allows materials to pass into and
out of the cell and its compartments. In chemical engineering; the same
concept is applied for membrane in separating materials from solutions such
as ions, organic material, and bacteria, which is an alternative approach to
conventional processes due to its high potentialities (Labbana et al., 2017).

Membrane technology is a separation processes; it’s defined as a barrier
to certain components while being permeable to others which helps the
transport of substances between two fractions. Membrane technology has
become a distinguished separation technology over the different separation
processes such as flocculation, sediment purification
techniques, adsorption (sand _ filtersand  active  carbon filters, ion
exchangers), extraction and distillation (Bodzek, Tomaszewska et al., 2017).
Membranes are used in treatment of groundwater, surface water or
wastewater. Membrane technology advantages that the membrane works
without the addition of chemicals, a relatively low energy consumption,
easy, and well-arranged process. The membrane principle is simple: where
the membrane acts as a very specific filter that lets water molecule flow
through, while it prevents suspended solids and other substances. The
efficiency of a membrane filtration process is determined by its selectivity
and productivity.

Membrane filtration technology is divided into micro and ultra-
filtration and nanofiltration and reverse osmosis (Alsalhya et al., 2018).
Micro-filtration and ultra-filtration membranes are used for the removal of
large particles. However; when small size contaminants need to be removed
from water, then nanofiltration (NF) and/or reverse osmosis (RO) are
applied.

This project is about studying the theoretical separation behaviour of
CaBr, salt from brackish water using ceramic Nanofiltration membrane.
Ceramic Nanofiltration membrane was chosen; because of their mechanical
robustness, chemical and thermal stability, high separation accuracy, and
support restrict swelling in comparison with polymer membrane.
Nanofiltration membrane is characterised by the Nernst- Planck equation.
Nernst-Planck equation describes the solute concentration change inside the
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membrane and changes in concentration between feed and permeate streams
(Bowen et al., 2002).

Theory:

Transport of ions through Nanofiltration membrane is described by the
Extended Nernst-Planck equation; that covers convection and diffusion of
ions across nanofiltration membrane. The Extended Nernst-Planck equation
includes the following concepts (Bouranene et al., 1 September 2009):

a) Concentration gradient.
b) Electrical potential gradient.
c) Pressure difference across the membrane.

The convection of ions across Nanofiltration membrane is caused by
pressure difference across the membrane (Alsalhya et al., 2018). Whereas
ion diffusion across Nanofiltration membrane is caused by the concentration
and the electrical potential gradients (Labbana et al., 2017). The extended
Nernst-Planck equation is presented in equation (1) as follows
. de; Z; ciD;. d¥
hi = KicGlv = Dip o — ?p I ()

where (ji) is the flux of ion (i) based on membrane area (mol/m2.s),
(Dip) is the hindered diffusivity (m2/s), (ci) is the concentration in the
membrane (mol/m3), (z;) is the valence of ion (i), (Kic) is the hindrance
factor for convection inside the membrane, (Jv) is the volume flux based on
the membrane area (m/s), (R) is the universal gas constant (8.134 J/mol.K),
(T) is the absolute temperature (K), (F) is Faraday constant (C/mol) and ([J)
is the electrical potential (V). The ion flux is indicated in equation (2) below

i = Ciply @)

where (Ci, p) is the concentration of ion (i) in permeate (mol/m?). The
concentration gradient (Bowen et al., 2002) was obtained by substituting
equation (2) into equation (1) and rearranging to obtain equation (3)
d(."l [‘. ZjCj d¥
—=-(K;oG— Cp) —'F . ©)

dx Dy RT
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The following assumptions are considered

a) ldeal solution and steady state condition.
b) The membrane effective charge is assumed to be constant, and
positive.

c) The electro-neutrality condition in the bulk solution is assumed to be
equal to zero (Bouranene et al, 1 September 2009).
1. Integrating and rearranging equation (3), and applying the first two
assumptions; subsequently the electrical potential gradient is obtained
(Wadekar et al., 2018) as follow

ar _ Erzl%;(ﬁi.rci_ci.pj @
dx % Tin zi2 g

2. The Donnan equilibrium was assumed to apply at the feed/membrane
interface and membrane/permeate interface.

3. The Donnan equilibrium is obtained by assuming a diluted solution
and the activity coefficient is equal to unity; thus the following
equation (5) is obtained:

(%) = pexp (— 2 aw) 5)

where AWp is the Donnan potential (V), Ci is the ion concentration in
the solution (mol/m?), and ¢ is the steric partitioning term.

4. Boundary conditions across the membrane active layer are
ﬂtX:U—I‘Ci :Cif
atx=Ax— G =G,

where Cip is the concentration of ion in the permeate (mol/m3) and Ci¢
is the concentration of the ion in the feed (mol/m3). lons rejection (Wadekar
& Vidic, 2018) is obtained as follows

: C;
R=L—?T (6)
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The ion concentration inside the membrane was calculated using
equation (3), over the assumed boundary conditions (Bouranene et al., 1
September 2009). Then the ion concentration at the permeate side was
calculated using equation (5). As a result, the membrane rejection would be
calculated by equation (6).

Results and discussion:

Calcium bromide (CaBr2) salt was used; to calculate the rejection of
Ca?" and Br ions at different physical variables; such as membrane pore
radius, and volumetric flux (Hajarat et al., 2020). The module was run over
a range of the volume flux based on the membrane active layer surface area
(m/s) for a range of membrane pore diameter. The flow rates ranged
between 1E-6 to 1E-5 m3/m?/s, membrane pore radius ranged between 7.0E-
10 to 5.0E-9 m, and the initial concentration was assumed to be 1, 5 and 10
mol/m?. The module was run over a range of the volume flux based on the
membrane active layer surface area (m/s) for a range of membrane pore
diameter. The membrane thickness was assumed to be equal to 20.0E-6 m, a
constant Donnan coefficient equals to 3.89E-3 and held at temperature
equals to 298 K.

Calcium ions (Ca®*) rejection:

For calcium bromide salt, the rejections of Ca?* and Br increased as
the flow rate increased; where the highest rejection was when the flow rate
was 1E-5 m3/m?/s. Besides that, the rejection of Ca?* and Br ions increased
as the membrane pore diameter decreased. The rejection of Ca?* ions at a
flux equal to 1E10° m3/m?/s and a membrane pore radius equal to 6E-10 m
was around 99%, while the rejection of Br~ was about 96% (figure 1). The
rejection of Ca?* ions was higher than the rejection of Br-, which is due to
the assumed membrane charge which was a positive charge. As a result of
the membrane positive charge, the rejection of Ca?* ions was higher than
Br- ion, where repulsion occurs between the Ca®* ion positive charge and
the membrane positive charge resulting in increasing the rejection of
Ca?" ions (Kheriji et al., 2013); where Ca?* ions were retained resulting in
high rejection. It was noticed that; as the stokes radius of Ca?* ion to the
membrane pore radius ratio increased then the rejection of Ca?* ion
increased. The concentration gradient along the membrane active layer for
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Ca®" ion was higher than that for Br ion (figure 2). As the initial
concentration for Ca?* ion increased thenthe concentration gradient along
the membrane active layer had a similar trend (Labbana et al., 2017).
Where the Ca®* ion concentration decreased from the membrane feed side
to the membrane permeate side (figure 2). As the membrane pore radius
increased, the rejection of Ca?" ion rejection decreased; thus Ca®* ion
passed easily through the membrane because Ca?* ion radius is less that the
membrane pore radius (figure 3) (Kheriji et al., 2013).
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Figure (1) The rejection (R%) for C2* and Br-ions versus the volumetric
flux per membrane surface are (Jv) (m3/m2.s).
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Figure (2) The concentration for Ca* and Br-ions versus X-step inside
the membrane active layer.
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Figure (3) Rejection versus the membrane pore radius
Barium (Br-) rejection:

As the membrane pore radius increased, the rejection of Br~ ion
rejection decreased; accordingly, Br~ ion passed easily through the
membrane because Br- ion radius is less that the membrane pore radius
(figure 3). It was noticed that; as the initial concentration for Br™ ion
increased then the concentration gradient along the membrane active layer
had a similar trend. Where the Br~ ion concentration decreased from the
membrane feed side to the membrane permeate side (figure 2) (Nair et al.,
2018). The rejection of C?* and Br ions increased as the ratio of stokes
radius of Ca?* and Br- to membrane pore radius () increased. Other than,
the rejection of Ca2" ion was higher than the rejection of Br ion, which is
supported by the ions radius. Where the Ca?* ion radius is larger than Br™ ion
radius, as a result Br~ ion would pass easily through the membrane (figure
4). For both concentration values; 1, 5 and 10 mol/m? | it was noticed that
the rejection of Ca?* and Br!* ions increased as the volumetric flow rate
increased, where the rejection of Ca?* was higher than the rejection of Br-
(Alsalhya et al., 2018).
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Figure (4) R% versus A.
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Conclusion:

Euler mathematical method was used to solve the extended Nernst-
Planck equation; by using FORTRAN programme. The used model to solve
the extended Nernst-Planck equation is known for its limitation and for
being more descriptive than predictive. The chosen ions were Ca?*, and Br-
ions (Wadekar et al., 2018). The model was solved for different feed
concentrations, 1, 5 and 10 mol/m3. The membrane active layer thickness
was assumed to be equal to 20.0E-6 m. For each concentration value, the
model was solved for different volumetric flux per membrane surface area
and membrane pore radius values, where volumetric flux per membrane
surface area ranged between 1.0E-6 to 1.0E-5 m®m?.s, and a membrane
pore radius values ranged between 7.0E-10 to 5.0E-9 m (Bowen et al.,
2002). It was noticed that the ions rejection decreased as the membrane pore
radius increased, where the resistance facing the ions decreased which
allowed the ions to pass through the membrane. Despite the fact that the
membrane pore radius increased where rejection of Ca2* and Br ions
decreased which is a result of the membrane surface charge and the ions
charge. The membrane surface charge was assumed be a positive charge,
this would assist the rejection behaviour (Kheriji et al., 2013). Where the
rejection of Ca?* ion was higher the rejection of Br~ ions, where repulsion
between of Ca?" ion and the membrane positive effective charge would
occur causing the Ca2* ion to accumulate on the membrane surface and be
rejected (Nair et al., 2018). On the other hand, the rejection of Br~ ion was
lower than the rejection of Ca®" ion because the attraction occurring
between the Br  ion and the membrane positive effective charge; thus
allowing Br ion to pass easily through the membrane (Wadekar et al.,
2018). Thus the membrane positive effective charge and membrane pore
radius have an effect on the rejection of ions. More work need to be done in-
order to improve this method such understanding the physics of solutions
and the properties of ions because they have great effect on the
nanofiltration separation process.
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Nomenclature:
ji is the flux of ion (i) based on the membrane area (mol/mz2.s).
Dip is the hindered diffusivity (m?/s).
Ci isthe concentration in the membrane mol/m3.
zi is the valence of ion (i).
Kic is the hindrance factor for convection inside the membrane.
Jv is the volume flux based on the membrane area (m/s).
R is the gas constant (J/mol.K).
rp is the effective pore radius.
ri is the radius of component (i).
T is the absolute temperature (K).
F is Faraday constant (C/mol).
Y is the Donnan electrical potential (V).
Ci, p is the concentration of ion (i) in permeate (mol/m3).
AWp is the Donnan potential (V).
Ci is the ion concentration in the solution (mol/m3).
¢ is the steric partitioning term.
TMP is transmembrane pressure.
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Appendix 1

A. The hindered diffusivity was obtained as follows (Bowen &
Welfoot, 2002)

Dig = KigDj (a-1)

where Di. is the bulk diffusivity (m?/s) and Kig is the hindrance factor
for diffusion.

B. The hindrance factor for diffusion is
Kia = K (%) (a-2)
where K is the hydrodynamic drag coefficient.
C. The hindrance factor for convection is
Kice = (2 — &)G; (a-1)
_vyhe_re G is the hydrodynamic drag coefficient and [J is steric
partitioning term.

The hydrodynamic drag coefficients (K) and (G) are
K 1(2;,0) = 1.0 — 2.3, + 1. 15427 + 0. 224} (a-4)

G(2;,0) = 1.0+ 0.0542, — 0.98827 + 0. 4412} (a-4)

A. The steric-partitioning term is

¢=(1-2)7 (a-5)
where [J is the ratio of ionic or solute radius/pore radius.

B. The stokes radius of component (i) to pore radius ratio (L) is given
as follow

A= (a-6)

where rp is the effective pore radius and r; is the radius of component (i).
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Appendix 2

Sample of the constant parameters that were calculated and used in
Fortran programme to run the model.

l

The hindered diffusivity (Di,p)

D1,p=Ki,d*Di,==| D2,p=Ki,d*Di,==
1.19E-10 7.63E-10
1.80E-10 9.07E-10
2.34E-10 1.02E-09
2.81E-10 1.12E-09
3.21E-10 1.20E-09
5.33E-10 1.58E-09
6.14E-10 1.72E-09
6.57E-10 1.79E-09
6.83E-10 1.83E-09

Figure (5) Hindered diffusivity for Ca?* and Br' ions.

l

The hindrance factor for diffusion
K1,d=K-1 K2,d=K-1
1.51E-01 3.80E-01
2.27E-01 4 51E-01
2.95E-01 5.09E-01
3.54E-01 5.56E-01
4.05E-01 5.95E-01
6.72E-01 7.86E-01
7.75E-01 8.55E-01
8.29E-01 8.90E-01
8.62E-01 9.12E-01

Figure (6) Hindrance factor for Ca?* and Br'- ions.
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l
hindrance factor for convection (Ki,c)
K1,c=(2-9)(G) K2,c=(2-90)(G)
1.46E+00 1.43E+00
1.47E+00 1.40E+00
1.46E+00 1.37E+00
1.44E+00 1.35E+00
1.42E+00 1.32E+00
1.27E+00 1.18E+00
1.19E+00 1.13E+00
1.15€E+00 1.10E+00
1.12E+00 1.08E+00

Figure (7) Hindrance factor for Ca?* and Br ions.

K-1
ion 1 (Ca) ion2 (Br)
1.S1E-O1 3.80E-O01
2.27E-01 4 S1E-O1
2.95E-01 S.0SE-O1
3.54E-01 5.56E-01
4 OSE-O1 S.9S5E-O1
6.72E-01 7.86E-O01
7.75E-01 8. 55E-01
8.29E-01 8. 90E-0O1
8.62E-01 S . 12E-01

Figure (8) The hydrodynamic drag coefficient

(K) for Ca?* and Br'- ions.
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