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Abstract

The behavior of reverse osmosis membranes against salts separation from salty water during desalination
process depends mainly on ionic size, diffusivity and feed concentration of the solute. Here we studied the
mechanism of different solutes transport through a commercial BW-TFC membrane using NaCl, CaCl,, NaySOy,
and MgSO, as feed solutions at different initial feed concentrations (1000, 2000, 5000, 10000 mg/l) and two applied
pressures (two and three folds of each salt osmotic pressure). In addition, the membrane transport parameters were
investigated using two groundwater samples as feed solutions. The membrane transport parameters; solute
transport parameter (Dam/Ks) and mass transfer coefficient (k), useful for the prediction of the membrane
performance, have been calculated by fitting the graphical method to the experimental results. To investigate effect
of inorganic fouling onto the membrane performance, synthetic solutions (single solute) and two groundwater
samples (multicomponent solute) have been used. Moreover, the membrane surfaces and their cross-sections were
characterized using Scanning Electron Microscope to estimate the deposition and crystalline shape of salts onto the
membrane surfaces. According to cross-flow results, it was found that calcium and magnesium salts fouled the
membrane more than sodium salts, and the salt rejection percentage were in the order of Na,SO4> NaCl> MgSO4>
CaCl, in case of synthetic solutions and CaSO4>MgSO4>MgCl,>Ca(HCO3),>NaCl in case of groundwater

desalination.

Keywords Reverse osmosis membranes; Mass transfer coefficient;
Solute transport parameter; Inorganic fouling

Introduction

Reverse osmosis (RO) technique is an important and rapidly
growing source of providing drinking water and is widely used in
desalination plants especially in remote areas because of its lower cost
and simplicity[1,2]. Thin film composite (TFC) polyamide membranes
is the most commercial type used in RO desalination plants. However,
the water permeability and salt rejection of a membrane depends on its
properties, solution chemistry, and operating conditions. Therefore,
the membrane transport characteristics of any membrane kind should
be studied to estimate the behavior of the membrane during
desalination process. During RO desalination process, due to
application of high pressure, the ions in solution are formed by the
dissociation of inorganic salts in water and they are not free, they are
surrounded by shells of water molecules i.e. hydrated ions, Figure 1.
Despite many advantages of RO membranes, inorganic fouling using
calcium and magnesium salts considers one of the serious problems
facing the membranes because of scale formation onto the their
surfaces, which lead to decline the water permeability, frequent
cleaning and accelerates the membrane aging [3]. In that case, a solute
concentration boundary layer at the liquid-membrane interface will be
build-up, this layer known as concentration polarization (CP) that
propagate the scale formation [4]. CP is the primary factor for the
deviation of the permeate flux from being linear increasing with
driving pressure [5]. During CP, the solute concentration at membrane

surfaces could be greater than the concentration of bulk feed solution,
which has a countering osmotic pressure beside the osmotic pressure
of the bulk of solution [6]. Through desalination process, CP could be
happen in two passes; from the membrane towards the bulk of feed
solution that have the harmful effect, and from the membrane to the
permeate side and this effect can be neglected [7]. Therefore, the
solutes accumulation at the feed -membrane interface leads the solute
molecules away from the membrane (i.e. solute back transfer). Due to
the steady state, a phenomenon of equality the amount of solutes that
pressed towards the membrane and that transferred back due to the
boundary layer, would inversely affect the membranes life time. That
phenomena leads to accumulation and stagnant of the ions at the
boundary layer, consequently decreased the effective applied pressure
because of the increasing retarding osmotic pressure resulting from CP
boundary layer [7]. Consequently, RO membranes lifetime and
permeate fluxes of the membrane are thought to be affected by the
phenomena of CP formation (i.e., solute build-up) and fouling [8].
Concentration polarization depends on solute type, which is the most
important factor affecting the membrane performance. For a better
description of a RO system, and to predict the performance of (RO) of
desalination of natural groundwater applications it is essential to
consider the mass-transfer both across the membrane and within a
film layer. Many efforts have been made to determine the mass transfer
coeflicient, which is affected by CP [9,10]. Applying models to quantify
the mass transfer coefficient is important to characterize the separation
properties of the membrane that are characterized by certain
parameters to describe the relative transport of solute and solvent
through a membrane [11]. In the desalination process, it is essential to
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determine the flow behaviour of the salt through membranes which is
affected by some salt properties such as ionic size, diffusivity and
concentration [12]. During the desalination process, as the water
molecules pass through the membrane the concentration of salt near
the membrane, at the feed side; will differ from the concentration at
the bulk. The salt accumulation at the feed solution-membrane
interface might lead to an equilibrium state under certain conditions
[13]. At steady state the solute flux through the membrane is constant
and equal to the solute flux throughout the film. The mass transfer
coefficient (k) helps understanding the behavior of each salt through
its desalination [14]. The mass transfer coeflicient is the amount of
mass transport in a definite time through a semi permeable surface.
There are many models that are used to determine the mass transfer
coefficient in RO systems [15]. These models are divided into three
types. The first type of models determining the mass transfer is the
solution diffusion models and their modifications (e.g. homogeneous
solution diffusion model), they assume that the membrane is
membrane is a non-porous dense material and the solute react with the
membrane material and diffuse through it and the RO process
mechanism is a diffusion mechanism. The second type of these models
are the size exclusion models (e.g. pore flow and film theory
models)which assume that the membrane is a porous material which
has channels or tunnels through which the solute particles pass and
also assume that the desalination process happens through molecular
sieving mechanism[16]. The third type of these models are the
combination between the previously mentioned models (e.g. graphical
method) and this type has the advantage of being simple equations,
easier to operate and use and have less complicated terms. A previous
work concluded that different models concerning the determination of
mass transfer coefficient through RO membranes such as the, Kimura-
Sourirajan Analysis (KSA) and the graphical method and in their work
the equations of the solution-diffusion model and the film theory
model are rearranged so that they can be used to estimate the
membrane parameters; solute transport parameter (Dy/Ks) and the
mass transfer coefficient (k) simultaneously by a simple graphical
method [17]. They also concluded that the KSA method is laborious
and time consuming while the graphical model is suitable for
estimation of the mass transfer coeflicient especially when the salt
rejection percentage is near or close to 100%.

Based on literature reviews, the mass transfer coefficient is a
function of feed flow rate, cell geometry and solute system. Here, only
one of these parameters, solute type, was under investigation at
constant feed flow rate. The membranes transport parameters were
investigated using synthetic and natural groundwater samples. Where,
the solutes that used were synthetic solution and groundwater during
the RO desalination. The graphical model was used to estimate D,/
Ks and k values of four different salts of NaCl, CaCl,, Na,SO,, and
MgSO, and two natural brackish and saline groundwater samples. In
addition, Scanning Electron Microscope (SEM) images were
interpreted to estimate the inorganic fouling onto the membrane
surfaces as a result of scales and crystalline shape formation of
different pressurized salts.

Feed Solution Permeate Solution
+ >y - 4
LAY A
e *: Jr
% T T
< R
AETRE L Fy &,
lied. %" L
<
Applie e, 6 58 %
& a 4 gb
pressure -+ .« 3% JNES,
L i : T a®
» £l
v T “ ¥ o "g
;M W, ¢ VA,
¥ Ay ¥
Ca Concentration c
Polarization Layer A3

Cya
i £
Ligand: a Watermolecule % & hydrated cation * hydrated anion

Concentration polarization forms a boundary laver.

Back diffusion of solutes due to the concentration polarization.

Partitioning of on pairs at the boundary layer into distinct ions and diffusion through the
membrane.

4 Water molecules increase at the permeate side as a result of partial dehydration of rejected hydrated
ions .

-

Figure 1: CP layer formation as a result of the RO filtration
mechanism.

Experimental Section

Materials

Sodium Chloride (NaCl, M.W=58.44 g/mole) Sodium Sulphate
anhydrous (Na,SO,, M.W=142.036 g/mole), Calcium Chloride di-
hydrate (CaCl,.2H,0, M.W=147.008 g/mole), and Magnesium
Sulphate hepta-hydrate (MgSO,.7H,0, M.W=246.466 g/mole) salts,
commercial-grade chemicals were obtained from El-Gomhoreya
Company for chemicals, Egypt. A commercial polyamide TFC flat
sheet brackish water (BW) membrane (model: GE Osmonics Flat Sheet
membrane, Thin Film RO SG, YMSGSP4205, Sterlitech) was used for
reverse osmosis desalination process.

Methods

The membranes performance in terms of water flux (J,, L/m2.h) and
salt rejection percent (Rg%) was determined using cross-flow test cell
(model, Sterlitech®CF042 membrane test cell) with Hydra-cell pressure
pump, with an active membrane surface area of 42 cm?. Figure 2 shows
the schematic diagram of the cross-flow RO unit. For each experiment,
the amount of permeate was collected initially after discarding
permeate of the first hour, then all permeate amounts were collected
each 30 minutes. Then the brine and permeate were returned to the
feed container to maintain a continuous stream of a constant feed
concentration. At the end of the RO operation, when the permeate
conductivity reaches the steady state, permeate was collected from
each of the three test cells and the conductivities were measured. The
cross flow filtration system was allowed to run until the filtration
operation conditions were stabilized. The feed flow rate was kept
constant at 21/min.
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Figure 2: Schematic diagram of the cross-flow unit system.

The water flux (J,) expressed in weight of the product per unit
membrane area during operation time in liter (L/m2.h) was calculated
as follow;

Jy=ge M

Where, Q is water permeates in liter, A is the membrane area in
square meter and "t" is the time in hour. The equation of observed salt
rejection (Rg %) calculation is:

Cr %
RS=( > )xlOO )

Where C¢and C,, are the concentrations of feed and permeate water
(product), respectively.

Pure water permeability (PWP) was determined by plotting the
water flux vs. applied pressure (2.5, 5, 10, 15 bar) using deionized water
as a feed solution at 25°C. The value of PWP was determined by
applying Darcy’s law (equation 10) of diffusion [18,19] as follows;

Jy=1L,x4P (3)

Where; Jw is the water flux, P is the applied pressure and LP is the
permeability coefficient or hydraulic permeability.

The osmotic pressure (m) of each salt was calculated from the
following equation;

7 =iCRT (4)

Where, 7 is the Van't Hoff’s Factor, C is the molar concentration
(mol/L), R is the universal gas constant = 0.082 L.atm.K L. mol'! and T
is the temperature in Kelvins. Table 1 shows the calculated osmotic
pressure and estimated applied pressure values of different salts.

To calculate the membrane transport parameters and estimate the
scale formation effect onto their performance, four different
concentrations (1000, 2000, 5000, 10000 mg/1) of NaCl, CaCl,, Na,SO,
and MgSO, were prepared by dissolving the predetermined amount of
each salt in distilled water. Moreover, each concentration of a salt was
pressurized at two and three folds of its osmotic pressure at a constant
feed flow rate of 2 L/min.

Pressure NaCl Na,SO, CaCl, MgSO,

Osmotic pressure 1.7 1 1 0.5

Applied pressure 21 3.5 2 2 1

Applied pressure 31 5 3 3 1.5

Table 1: Osmotic and applied pressures of different salts at 2000 ppm.

The mass transfer coefficient (k) and solute transport parameter
(DaMm/Ks) were determined from the resulted observed salt rejection
and water fluxes and the results were fitted with the graphical method,
in which k and Dyy/Kgs were calculated from the slope (1/k) and the
intercept, respectively. The following equation of combined solution-
diffusion and film theory models was used;

Ln[(l - Ro)/(]v/Ro)] = Ln[DAM/KzS] + ]v/k )

Plotting Ln [(1-R,)/ (Jy/Ry)] vs. Jy, will yield a straight line with a
slope =1/k and an intercept of (Dsp/Ks).

Scanning Electron Microscope (SEM, QUANTA, FEG 250) was
used to monitor the inorganic fouling onto the membrane surfaces.
Where, five separate pieces of the same commercial membrane were
used, one of them was considered as a control that was exposed to
preconditioning with distilled water for 2 hours at 10 bars. Afterwards,
each membrane was first preconditioned with distilled water for 2
hours, then exposed to desalination of a solution with 5000 mg/l from
the following salts (NaCl, Na,SO,, CaCl,, MgSO,) for 12 hours at an
applied pressure equals three folds of the osmotic pressure of each
solution. Moreover, two groundwater samples with salinity of 5380 and
8540 mg/1 were pressurized and SEM images were taken. SEM surface
and cross-section images were taken and compared to the control
membrane to indicate the inorganic fouling species and behavior.

Results and Discussions

The compaction of the used BW membrane as a function of the
applied pressure was estimated through calculation the pure water
permeability at different pressure. Figure 3 shows a non-linier
proportion of the water flux against the applied pressure, indicating
changes of the membrane’s porosity and compaction of the membranes
[19]. The figure shows that the slope was found to equal to 0.322 L/
m?2.h/bar, which is low to extent to the used membrane. After that, the
solutes transport parameter through the membrane was investigated
through measuring the salt rejection of four different salts (Na,SOy,
NaCl, MgSO, and CaCl,) at a constant concentration and different
applied pressure based on the osmotic pressure of each salt. Figure 4
illustrates that the salt rejection was shown to be decreased in the
following sequence; 97.9, 97, 93 and 92 % for Na,SO,4, NaCl, MgSO,
and CaCl,, respectively. The unexpected increase of sodium salts
rejection than divalent salts may be due to increasing of the applied
pressure, which equals to triples of the salt osmotic pressure Table 1. In
addition to the high diffusivity of Mg?* and Ca?* ions through the
membrane, despite of their larger hydrated ionic radii Table 2. A little
increase in the rejection of Na,SO, than NaCl is due the difference in
the counter ion size .i.e. sulphate and chloride, where the sulphate
anion is more bulky and larger hydrated radius compared to the
chloride ion [20-22]. Meanwhile, the low rejection of MgSO, is due to
deterioration of the membrane surfaces because of high scale
formation as a function of the inorganic fouling, which cause a reverse
effect onto the membrane performance. A decreasing of CaCl,
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rejection percent was owing to the higher salt permeability of Ca?*
than sodium and magnesium ions [12].
12
Diffusivity Hydrated Hydration
(10°m2.sec”’ lonic radius ionic energy 10 A
lon ) (nm) radius(nm) (kJ.mol) =
~ 8
Na+ 1.333 0.095 0.365 407 é,
2 6.
Mg2+ 0.706 0.074 0.429 1921 |
5 4
Ca2+ 0.92 0.099 0.349 1584 2
Cl- 2.032 0.181 0.347 376 0
HCO3- 1.85 - - - 0 3 10 15 20
Pressure (bar)
S0O42- 1.065 0.23 0.38 1138

Table 2: Diftusivities, ionic radius and hydration energy of the studied
ions.

Figure 5a and 5b shows the effect of feed concentration of different
salts on the solute transport parameter Dy)/Ks and mass transfer
coefficient (k), respectively, at a constant feed flow rate. It was found
that the two parameters values were gradually increased as a function
of feed solution salinity increases with all salts, except calcium chloride
that shows a reverse relation. In addition, the effect of applied pressure
and feed concentration on the mass transfer coefficient was
investigated Table 3. From the table, it was observed that both of the
applied pressure and feed concentration have a great effect on the mass
transfer coefficient, where it values for the calcium & magnesium salts
were higher than that of sodium salts, the matter which indicated the
higher diffusivity of these ions, subsequently their lower rejection. The
lower of water flux in case of calcium salt than that of sodium salts
indicating a scaling occurrence which is responsible for the flux
decline. The increasing of k values in case of calcium chloride at low
pressure (twice the osmotic pressure) is due to lowering CP effect at
the membrane boundary layer, which enhances the ions transport
through it. As the feed concentration increases up to 5000 and 10000
mg/l, CP plays an important role in blocking the pores of the
membrane and hindered further passage of ions. When applying the
high pressure (three folds of the osmotic pressure) on the calcium salt
as feed solution, CP layer is formed quickly and further passage of ions
is hence low and nearly constant through the membrane. For sodium
salts of low diffusivity, the rapidly increases of mass transfer coefficient
at low pressure (twice the osmotic pressure) was due to the small scale
build-up formation onto the membrane surface, which increases
gradually with increasing the feed concentration as CP layer increase.
With increases of the applied pressure to be three folds of the osmotic
pressure, the CP effect appear at high concentration, preventing
further salt passage that results in decreasing the mass transfer
coefficient [23].

Figure 3: Water flux variation as a function of applied pressure.
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Figure 5: Effect of solute concentration onto membrane transport
parameters, a) solute transport parameter and b) Mass transfer
coefficient.

To investigate the membrane transport parameters and inorganic
fouling in case of multi-ionic system, two groundwater samples with
salinities of 5380 and 8540 mg/l were selected. Hypothetically, the
combination between major anions and cations in groundwater lead to
formation of salts. However, the relations between cations and anions
in the investigated waters are illustrated in the form of bar graphs [24],
Figure 6 The calculated hypothesized salts of two samples were found
to be NaCl, MgCl,, MgSO,4, CaSO, and Ca (HCOs3),. Figure 7 shows Rs
% of the calculated hypothetical salts at different applied pressures,
where the salt rejection was observed to be decreased in the following
order; CaSO, > MgSO, > MgCl, > Ca(HCOs3), > NaCl. Where, the
membrane has shown high rejection for calcium and magnesium salts
and low rejection for NaCl salt.

Feed Pressure = 21 Pressure = 3
Salt
Concentration (mg/l) | Jy (L/m2.hr) Ro% K (m/s) x 102 Jy (L/m2.hr) Ro% K (m/s) x 102
1000 2.08 94.1 0.83 2.4 95.4 1.53
2000 4.67 96.9 1.41 5.1 97 2.33
NaCl
5000 3.3 97 1.89 9.3 97 1.23
10000 10.03 97.2 2.03 9.4 97.7 1.02
1000 2.64 97.8 0.77 2.7 98 0.14
2000 1.77 96.3 1.21 2.8 97.9 0.75
Na2S04
5000 2.94 95.8 1.67 4.2 97.1 1.28
10000 4.88 954 1.72 7.9 97.1 2
1000 2.26 88.6 6.67 3.9 91.6 1.1
2000 2.1 89.5 9.09 2.8 92 0.91
CaCl2
5000 3.4 91.3 0.33 6.2 91.5 1.36
10000 5.71 91 0.37 7.8 91 1.23
1000 1.28 92.8 0.68 3 93.4 0.95
2000 1.88 92.6 0.64 2.3 93.3 1
MgSO4
5000 1.94 924 0.88 3.5 94.4 1.43
10000 4.93 95.1 4.88 7.9 96.1 1.08

Table 3: Mass transfer coefficient, salt rejection and water flux for different salts at different concentrations.

This rejection behavior can be explained as: the membrane surface
appeared to be positively charged with divalent salts and negatively
charged in the presence of NaCl [25]. In case of MgSO,, MgCl,, CaSO,
and Ca(HCOs3), salts, there is a strong adsorption of Mg?* and Ca?*
ions yielding revere of the sign of the membrane charge so that the

membrane becomes positively charged. This could explain the fact that
those salts are better rejected than NaCl in case of natural feed water,
where Mg?* and Ca?* are the co-ions (ion with the same sign of the
charge as the membrane charge) and have a higher valence than
chloride which is the co-ion in case of NaCl.
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Figure 6: Bar graphs representing hypothetical salts of the brackish
and saline groundwater samples.

These results suggest that each ion could have its individual
contribution to the membrane charge by means of adsorption; this
phenomenon is attributed to ionic adsorption at the interface
membrane/solution. On the basis of Donnan exclusion theory, a high
co-ion valence causes a higher salt rejection [26,27]. Also, a strong
affinity of chloride ions for the membrane material (stronger than
sulfate and bicarbonate ions) has been found, this affinity causes a
lower positive charge for MgCl, than MgSO,. In case of brackish
groundwater sample, Figure 8a, the sequence of cations rejection (R,
%) is: R, Mg** > R, Ca** > Ro Na*, while the sequence of anions
rejection is: Ry, SO,>> R, Cl" >R, HCO3".Whereas the cations rejection
sequence in the saline sample, Figure 8b is in the order: R, Mg?* > R,
Ca”* > Ro Na* and the anions rejection is in the order: R, SO, >R,
HCO3 > R, Cl . From these figures, it is obvious that the retention for
the bivalent anions is lower than that of cations. Also, the retention of
bivalent ions was higher than that of monovalent ones. This can be
explained due to one of the three factors; the first is the ionic radii and
hydrated ionic radii, where the ionic and hydrated ionic radii of
divalent ions in solution are larger than that of monovalent ions, Table
2. The second is based on the different cationic valence rejection
sequence which can be explained by the Donnan exclusion theory,
which suggests that a higher valence co-ion causes a higher ion
rejection, whereas a higher valence counter ion (neutral species) leads
to a lower rejection of the salt. For the same valence ions, the rejection
sequence could be affected by the difference in ion diffusivities, i.e., an
ion is retained more if it has a smaller diffusivity, Table 2, this is
inversely reflected in the rejection sequence [25]. Those factors can
explain the high rejection of Mg?* and Ca?* counter-ions more than
Na*. The third is based on the hydration energy, where the difference
of retention can be attributed to the difference of energy hydration
between the divalent and monovalent ions; the more hydrated the
divalent ions, the more difficult their transfer across the membrane
[28], Table 2. Consequently, SO,42 and HCO? ions, which are more

strongly hydrated than Cl" ions, become difficult to permeate through
the membrane. So, the rejection of ions is written in the order: R,
SO4% >R, HCO?* > R, Cl" and R, Mg?** > R, Ca’* > R, Na*.
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Figure 7: Rejection of hypothetical salts at different applied
pressures of saline (A) and brackish (B) groundwater samples.
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Surface Cross-sections

membrane

Figure 9: SEM images of surfaces (left) and cross- sections (right) of
the membranes after desalination of synthetic solutions of different
salts.

Table 4 shows the attitude of the K’ values as a function of changing
the pressure and feed concentration with time of two groundwater
samples. In case of the brackish groundwater sample, as the operation
time increase, the feed concentration increase due to the brine mixing.
Where, the salt rejection was observed to be increased with decreasing
of k values with time decreased. This is may be due to the low
concentration polarization formed, which render the membrane
couldn’t hinder the further salt passage at the increased applied
pressure. In the desalination of the saline groundwater, the lowering of
k values at the low pressure is due to an increased salt concentration
with time.

Figure 10: SEM images of the membranes after desalination of
brackish (a&b) and saline (¢ & d) groundwater samples at two
different magnifications of 4000 (left) and 1000 (right).

This reflects formation of a concentration polarization layer, which
indicates the membrane deterioration. In fact, the k values continued
to decrease with increasing the applied pressure as the concentration
polarization continued to grow in thickness until it prevents more salt
passage. It is clear that the ‘K’ values for the groundwater desalination
are higher than that of desalination of a single salt in the feed solution.
This is because groundwater feed rich in mineral salts compared. From
these results, it is concluded that the formation of CP layer, which is
responsible for the ‘K values trend, depend on the concentration of
feed solution and the nature of sample. It is clear that the ‘K values for
the groundwater desalination are higher than that of desalination of a
single salt in the feed solution. This is because groundwater feed rich in
mineral salts.

Brackish sample
Salinity Applied Water flux
Pressure | Salt Rejection (%) k (m/s) x 102
(mg/)(m/s) x 102 (bar) Jy(L/m2.hr)
5380 P2 s | o2 16.7 104
5440 92.93 11.9 8.1
5300 :=3 12 | 924 17 5.9
5460 95.2 21.2 8.2
Saline sample
8540 ::2 95| 92 8.3 4
10090 91 7.86 10
10200 P 1 | 92 95 8
10600 91 13.3 6

Table 4: Mass transer coeflicient values in the desalination of ground
feed water.
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Figure 8 shows SEM images of the flat sheet membrane for NaCl,
Na,SO,4, CaCl, and MgSO, salts at constant concentration of 5000
mg/l in order to examine the salts accumulation on the membrane
surface. Each membrane was allowed to completely dry at room
temperature before scanning its surface. In case of NaCl and Na,SO, as
feed solutes, SEM images show formation of uniform crystals shape,
respectively, onto the membrane surface without any crystalline
formation inside the active layer as shown from the cross-section
image. Therefore, the inorganic fouling due to these salts could be
external fouling which is a reversible and can be easily washed away by
rinsing with dilute acid solution. SEM images of CaCl, as feed solution
show precipitation of the salt as twinned-bread and random shape
crystals [29,30]. In addition, the crystalline formation of the salt inside
the active layer, cross-section image, indicates the internal fouling,
which is a probability of irreversible membrane fouling that
deteriorates the membrane performance. The coral-reef-like and
random shape crystals was observed in case of using MgSO, as feed
solution with scales distribution inside the polyamide active layer. This
effect agreed with the obtained experimental RO results in which the
water flux obtained from calcium and magnesium salts were less that
the permeated water flux obtained from the sodium salts. The
deteriorating effect of magnesium and calcium salts is attributed to
their lower solubility product than sodium salts.

Figure 9 shows SEM images of the membrane after desalination of
actual two brackish groundwater samples with salinity of 5380 and
8540 mg/l. Where a higher degree of fouling and more developed
crystal shapes was observed in addition its propagation as a function of
salinity increases. It could be conclude that SEM images of the
membrane surface after desalination of groundwater samples indicates
that the cause of formed fouling is mainly due to precipitation of
calcium and magnesium salts due to their low solubility product. This
is because when the feed solution contains more than one salt, re-
dissolution of sparingly soluble salts with highest solubility product
would happen to preserve equilibrium at membrane surface interface.

Conclusion

Salt intrinsic properties such as the hydrated ion radius and the
diffusivity of ions contribute in the salt transport behavior through the
TFC RO membranes. The solute transport parameters such as the mass
transfer coefficient ‘K was found to be highly affected by the change in
the operation conditions such as the feed solute concentration and the
cross flow applied pressure. They were also different from one salt to
another. From the results, the larger cations with higher diffusivity
were found to cause a problem to the membrane owing to the high CP
effect, while the smaller cations with relatively low diffusivity lead to
lower formation of CP layer. SEM images also confirmed the very high
degree of fouling caused by calcium and magnesium salts. It was found
that, the membrane fouling in case of sodium salts was an external
fouling (reversible) only and can be easily eliminated using a rinse
solution containing very dilute acid. While Calcium & Magnesium
salts cause internal &external fouling (irreversible) and cause
permanent damage to the membrane. According to cross-flow results,
it was found that calcium and magnesium salts fouled the membrane
more than sodium salts, and the salt rejection percentage were in the
order of Na,SO,> NaCl> MgSO,> CaCl, in case of synthetic solutions
and CaSO, > MgSO, > MgCl, > Ca(HCO;); > NaCl in case of
groundwater desalination.
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