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This paper reports an experimental study on reverse osmosis (RO) desalination of
natural water samples using synthesized polyamide-grafted acrylic acid-titanium
dioxide (PA-g-AAc-TiO;) nanocomposite membrane. The phase inversion
method with chemical initiation technique was used in the membrane synthesis.
The behaviour of cations, anions and the hypothetical salts during the
desalination process was studied. Also, the transport mechanisms of the different
salts through the selected membrane were investigated. The obtained results
showed that the electrical conductivity (EC) as well as the total dissolved solids
(TDS) decrease as a function of operation time; the divalent cations and/or anions
are more rejected than that of monovalent ions. Also, the hypothetical salts of
brackish, saline groundwater and seawater samples are not changed after the
desalination process. For brackish groundwater, the sequence of salts rejection
related to initial concentration of each salt was arranged as: R; MgSO,, Rs MgCl,
> R; CaS0, > R; Ca (HCO3), >R NaCl; while it was Ry CaSO,4 > Rs MgCl, > R,
CaCl,, Ry Ca(HCOg), > Rs NaCl and Ry MgCl;, > Ry CaSO,4, Rs Ca(HCO3), > R,
NaCl > Ry MgSO, for saline groundwater and seawater sample, respectively. The
results obtained were in agreement with the coupled transport mechanism across
the selected membranes.

Introduction

In Egypt, the desert region constitutes more than 96% of
the total area of the country. The other 4% of the area
include mainly the cultivated lands in the Nile valley
and Delta where the majority of Egyptian population is
concentrated and less than 5% of the population are
scattered in all desert areas. It is well known that the
water resources in Egypt are limited. Meanwhile, water
demand is continually increasing due to population
growth, industrial development and the increase of
living standards. Because of population growth, the per
capita share of water has dropped dramatically to less
than 1000 m3/capita, which, by international standards,
is considered the "Water Poverty Limit". The value may
even decrease to 500 m%/capita in the year 2025. This
urged the successive governments to draw various
programs for land reclamation in desert areas. Such
programs, mostly, depend totally or partially on local
groundwater resources in desert areas and the
development of non-conventional water resources such
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as reuse of water and desalination of saline water. Sinai
represents 6 % of the total area of Egypt. Overall
integrated development of Sinai necessitates linking the
east side of the Suez Canal with the western side and
providing it with water source; so water desalination
became the main water source in this important area®. El-
Maghara area, middle Sinai-Egypt, is considered as an
example of arid zone which suffer from high salinity
groundwater and shortage of water resources. The study
area lies between longitudes 33° 10' - 33° 40' E and
latitudes 30° 35' - 30° 50" N and covers about 1500 Km?,
It lies about 182 km to the northeast of El-Ismailia city
and 120 km to the southwest of El-Arish city, Fig. (1).

The applicability of membrane separations for water
treatment is well known. Membrane separation
technology has been widely used for desalination of sea
and brackish waters®®. The reverse osmosis (RO)
process which uses polymeric membranes to achieve
molecular separation excels all other methods of
desalination and is considered as the simplest and most
efficient technique to desalt saline/seawater”. For
development of these polymeric RO membranes, two
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different techniques have been used: the phase inversion
method for asymmetric membranes, and the interfacial
polymerization for thin film composite (TFC)
membranes®®. In recent years, titanium dioxide (TiO,)
nano-particles have received much attention because of
its important role in various applications™'?; it has been
applied to a variety of problems of environmental
interest in addition to water and air purification'"*?,
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Fig. 1: Location map of the study area.

Reverse osmosis performance parameters, salt rejection
and permeate flux, are known to be influenced by
membrane  characteristics, by  physicochemical
properties of the system, and by operating variables such
as solute concentration and operating pressure®. In order
to maximize the solute separation ability and efficiency,
one has to develop membranes from available polymers
having suitable pore size combined with an appropriate
chemical nature of the polymer®. In RO processes,
preferential sorption at membrane-solution interface is
one of the factors governing solute separation. It is a
function of the membrane material, solute and solvent
interactions together with the experimental conditions.
These interactions arise in general from the ionic, steric,
polar and/or non-polar character of each one of the
above three components of the system involved. Two
essential membrane parameters in the RO process are
solubility and diffusivity of solutes and solvents to the
active-layer polymers™**,  which determine the
membrane rejection and the flux. The inter-relationships
between the RO membrane rejection and the polymer—
solute/-solvent interactions, in conjunction with the
chemical structure of the active-layer polymers, have
been considerably studied*"**.

The aim of this work is to apply the best of some
synthesized RO aromatic polyamide membranes in
desalination of Red sea and two groundwater samples
collected from El-Maghara area, middle Sinai, Egypt.

Experimental procedures
1. Materials:

Poly [(m-phenylene isophthalamide)] [PMPIPA] and N,
N-Dimethyl acetamide (DMAc) were supplied by
Aldrich. Acrylic acid (AAc), purity 99.9% was used as
received and purchased from Merck, Germany. Titanium
dioxide nano-particles (TiO,) in its commercial form
(P25, 80% anatase, 20% rutile, BET area 50m*gm, 30)
was obtained from Deggusa. Sodium dodecyl sulfate
(SDS) was used as surfactant; the other chemicals such
as solvents and inorganic salts were reagent grade and
used without any further purification.

2. Membrane preparation:

Different membranes of polyamide un-grafted, AAc
grafted and/or modified with TiO, nanoparticles were
prepared. The polymer with 7wt.% concentration was
dissolved using DMAc as a solvent and LiCl as
inorganic additives until complete dissolving of polymer
and forming the casting solution. For (PA-g-AAc)
membrane, the chemical initiation process was used
with benzoyl peroxide (BPO) as a chemical initiator.
The monomer concentration represents 20 wt. % of
polymer, BPO concentration was 5 wt. % of monomer,
the desired temperature and time which required for
complete the reaction was 85°C for 120 min,
respectively. For (PA-g-AACc/TIO,), TiO, nano-particles
are firstly modified with sodium dodecyl sulfate (SDS)
as a surfactant to prevent any aggregation of nano-
particles in the membrane matrix. Where, 1g of TiO,
nano-particles was added to 0.7 % SDS at adjusted pH 4
with nitric acid, then stirred for 6h and the modified
TiO, was obtained by centrifuge, then dried at 60°C for
24 h; TiO, with 3wt. % was added to the casting
solution before the chemical initiation process. The
solutions were casted on a glass plates, then allowed to
dry to obtain the membranes. After this process the
membranes were immersed in a coagulation bath of
distilled water for about 12h at 25°C (complete
exchange of solvent). After precipitation, the
membranes were washed in distilled water and dried
completely in a vacuum system or kept in distilled water
until its application in water desalination process.

3. Water Analyses

Water analyses include the determination of EC, total
dissolved solids (TDS), pH, concentration of major ions
ca®*, Mg*, Na', K*, CO3%, HCO3, SO,* and CI". All
the analyses were done according to Rainwater and
Thatcher, 1960, Fishman and Friedman, 1985, and
ASTM, 20028, Measurements were carried out by EC
meter model Orion (150 A"), pH meter (Jenway 3510),
Flame photometer (Jenway PFP 7), and UV/Visible
spectrophotometer. The obtained chemical data are
expressed in milligram per liter (mg/l), part per million
(ppm) and equivalent part per million (epm).

4. RO Performance:

Reverse osmosis properties (salt rejection and permeate
flux) of the synthesized membranes were measured by
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laboratory DDS reverse osmosis system, model LAB-
M20, manufactured by Alfa Laval Comp., Denmark. It
consists of stainless steel cylindrical vessel, 20cm in
diameter and 70cm height, with control panel. The
effective membrane areas range from 0.036 to 0.72 m?
(0.018m? per membrane). The salt rejection percent (Rs
%) was calculated as: R (%) = (Cs - C,/Cs) x 100, where
Cr and C, are the concentrations of feed and permeate
water (product), respectively.

The water flux through a semi-permeable membrane is
expressed in weight of the product (grams) per unit
membrane area (cm?) during operation time in sec.

Results and Discussion

By studying RO performance of different synthesized
PA, PA-g-AAc and PA-g-AAc/TiO, membranes and
comparison their salt rejection (%) and permeate flux, at
the same operation conditions which include NaCl as
feed solution with EC 20000 pmhos, applied pressure 30
bar, 5L/min flow rate for 8h operation time at room
temperature, the result investigated indicate that the
synthesized PA-g-AAc/TiO, nanocomposite membrane
possess the highest water flux (J,= 34 g/cm?.secx10™)
with acceptable salt rejection (Rs= 42 %), Fig. (2).

Therefore, this membrane was selected for water
desalination process.
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Fig. 2: RO performance for different synthesized membranes.
Brackish groundwater (TDS: 3333 ppm), saline

groundwater (TDS: 13986 ppm) and the Red sea (TDS:
42847 ppm) water samples were pumped into the RO
unit as feed solutions using 30, 40 and 50 bar applied
pressures, respectively, against the selected membrane.
Feed and permeate salinity of each sample were
determined up to 24 hours. The obtained results show
that EC and TDS decrease as a function of operation
time, Fig. (3).

Also, the concentration of major constituents was
measured to study the behaviour of cations, anions and
the hypothetical salts.

1. Behaviour of cations, anions and the hypothetical
salts during the desalination process:

The behaviour of cations and anions during the
desalination process can be written according to the
sequence of rejection percentage of cations as: Ry Mg?*
> R, Ca®* > R, Na' for all water samples. While the
anions sequence was: R SO42'>RS HCO; > R, CI for
both brackish and saline groundwater samples and: R
Cl > R, SO,%>R, HCO; for sea water, Figs. (4-6).
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Fig. 3: EC and TDS as a function of operation time during
desalination process of (a) brackish, (b) saline groundwater and (c)
seawater samples.

Generally, it was noted that, the divalent cations and/or
anions are more rejected than that monovalent. The only
difference between sea water and the other water
samples was the order of the anions rejection sequence.
Also, the hypothetical salts of the different water
samples are not changed during and after the
desalination process i.e., the pre- and post treated water
have the same hypothetical salt types. The changes are
related to its percentage (%) regarding to TDS.

For brackish groundwater sample, the hypothetical salts
were NaCl, MgCl,, MgSO, CaSO, and Ca (HCOs3),. The
sequence of salts rejection related to the initial
concentration of each salt can be arranged as: Rs MgSQ,,
Rs MgCl, > Ry CaSO,4 > Ry Ca (HCO3), >R NaCl, Fig.
™.

The membrane showed high rejection for magnesium
salts (MgSQO,4, MgCl,), moderate rejection for calcium
salts [CaSO,, Ca (HCO3),] and low rejection for NaCl
salt. Table (1) shows the water flux and salt rejection (%)
of the hypothetical salts as a function of the operation
time.
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The membrane has shown high rejection for Ca and Mg
salts [CaSO,4, MgCl,, CaCl,, Ca (HCOs3),] and moderate
rejection for NaCl salt.
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Fig. 4: Behaviour of major ions during desalination of brackish
groundwater sample.
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Fig. 5: Behaviour of major ions during desalination of saline
groundwater sample.

While for saline groundwater; the hypothetical salts
were NaCl, MgCl,, CaCl, CaSO, and Ca(HCOs3),. The
sequence of salt rejection related to initial concentration
of each salt can be arranged as: R; CaSO,4 > Ry MgCl, >
R, CaCl,, R; Ca(HCOg), > Ry NaCl, Fig. (8) and Table 2
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Fig. 6: Behaviour of major ions during desalination of seawater
sample.
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Fig. 7: Behaviour of the hypothetical salts during desalination of
brackish groundwater sample.
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Fig. 8: Behaviour of the hypothetical salts during desalination of
saline groundwater sample.
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Table (1): Reverse osmosis parameters for the selected membrane in desalination of brackish water sample

. o
Time Feed conc. Post 3,x10° Rs Salt rejection (%)
(hr.) treatment 2 ]
(ppm) (gm/cm®.s) (%)
water (ppm) NaCl ~ MgCl, MgSO, CaSO4  Ca(HCOs),
e —
8 1619.9 15.43 51 22.67 9.74 4.08 11.31 3.60
16 3333 1301.4 14.20 61 26.47 12.14 4.66 13.80 3.88
24 933 10.28 72 30.60 14.08 6.16 16.40 4.76

Table (2): Reverse osmosis parameters for the selected membranes in desalination of saline groundwater sample

Time Post

Salt rejection (%)

(hl’ ) Feed conc. treatment ‘]leo-zs Rs 1
' /cm®, %
®Pm) yater ppm)  @MEMS) OB 0l Mol  caCl,  Caso,  Ca(HCO9)
8 7036 13.88 48.00 29.11 10.22 -0.02 7.70 0.99
16 13986 5856 10.80 57.00 31.05 13.00 0.49 11.30 1.16
24 5059 9.26 63.00 32.17 14.17 191 13.47 1.28

Table (3): Reverse osmosis parameters for the selected membranes in desalination of seawater sample

Time Post

Salt rejection (%)

(hr ) Feed conc. treatment ‘]WX]'O; Rs |
: DY —————————————————————
®PM) water (opm) IO 0 Tl Mgel,  MgsO.  casos  ca(HCO:),
8 24689 12.85 4200 3052 812 1.66 127 042
16 42847 21946 11.82 4900 3624 844 2.37 1.46 0.49
24 16721 8.18 5900 4433 813 4.10 1.83 0.61
Table (4): Diffusivities, stokes radii and hydration energy of the major ions.
lon Ds [ Hydration energy
(10°m?.sec™) (hm) (kJ.mol ™) a
Na* 1.333 0.183 407
Mg** 0.706 0.345 1921
Ca** 0.92 0.307 1584
Cr 2.032 0.12 376
HCOs 1.85 0.167 --
S04* 1.065 0.229 1138
o rejections for chloride, sulfate and bicarbonate salts of
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Fig. 9: Behaviour of the hypothetical salts during desalination of
seawater sample.

Also, the desalination process does not change the
hypothetical salts in both pre- and post-treated waters
for sea water sample which have the same types of salts:
NaCl, MgCl,, MgSO,4, CaSO, and Ca(HCOg3),. The
sequence of salts rejection related to the initial
concentration of each salt can be arranged as: Ry MgCl,
> R, CaS0O,, R Ca (HCO3)2 > R; NaCl > R MgSOs,,
Fig. (9) and Table (3). The membrane displayed high

divalent cations [Mg Cl,, CaSO, and Ca (HCO3),] and
moderate rejections for NaCl and MgSQO,.

From the obtained data, the salt rejection (%) increases
with increasing operation time, while the water flux
decreases. This is due to the fact that as the operation
time increases the accumulation of salts in the pores of
membrane is produced; this resulted in reducing the
water flux and increasing the salt rejection. Also, the
selected nano-composite membrane (PA-g-AAC/TIO,)
could be acceptable for practical uses in RO desalination
of brackish, saline and sea water samples. This is due to
high water flux and salt rejection. The salt rejection (%)
was 70, 63 and 59 %, after 24h. operation time, for
brackish, saline and seawater samples, respectively, with
acceptable water flux.

However, to understand the behaviour of cations, anions
and the hypothetical salts during the water desalination
process, the possible mechanisms for the separation of
multi-component electrolytes using a membrane and the
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interactions between membrane material, solute and
solvent are discussed'?; these are:

1. Sieving (depending on ionic radii).

2. Electrostatic interactions between the membrane

and ions or between ions mutually.
3. Differences in diffusivity and hydration energy of
ions.

According to the sieving mechanism and the values of
ionic radii for both cations and anions, Table 4, the
cationic radii are decreased in the order r, Mg®* >
r.Ca®* > r, Na'; this reflects the rejection of cations is in
the order R Mg®* > R, Ca®* > R, Na*. Also the anionic
radii are decreased in the order r; SO,* > rs HCO5 > r,
CI', reflecting the rejection in the order R, SO,* >R,
HCO; > R, CI".
According the electrostatic interaction mechanism
which deals with the interaction between the membrane
surface and the ions in solution, it is expected that the
electrostatic repulsion will help make in repelling of
different species of anions by the charged membranes.
It is important to mention that TiO, is an amphoteric
oxide with an iso-electric point (IEP) of 6. Therefore,
when the solution pH is higher than the IEP of TiO,,
the TiO, surface is negatively charged®”. In other
words, the presence of COO™ and TiO, on the
membrane surface makes the surface negatively
charged. These negative charges undergo repulsion
with the anion species in the electrolyte solution
according to the Donnan exclusion mechanism?. In
this mechanism, the co-ions (which have the same
charge of the membrane) are repulsed by the membrane
surface charge and to satisfy the electro-neutrality
condition, an equivalent number of counter-ions (which
have the opposite charge of the membrane) is retained
which resulted in salt rejection. On the basis of Donnan
exclusion theory, a high co-ion valency causes a higher
salt rejection. So, beside the effect of ionic radii, the
rejection can be written in the order: R; S0, >R,
HCO;5 > R, CI" and Ry Mg*"> R, Ca?* > R, Na" based
on repulsion and attraction forces, respectively.
Usually, large size solutes (salts of Ca** and Mg?* ions)
with higher charges show a high rejection®. In case of
MgSO,4, MgCl,, CaSO, and Ca (HCO:s), salts; there is
strong adsorption of Mg* and Ca”" ions. This could
explain the fact that these salts are better rejected than
NaCl.

Based on the difference in diffusivity of different ions
in the solution, for ions of the same valence (cations or
anions), the rejection sequence could be affected
according to the difference in ion diffusivities. Indeed,
as shown in table (4), the sequence of ion diffusivities
is D; (Na") > Ds (Mg®) > D, gCa2+), is inversely
reflected in the rejection sequence®®. Also, for anions
the sequence of ion diffusivities is Ds CI' > Dy HCO3 >
D, 8042', while the rejection sequence is Ry CI" > R;
HCO3 > R, SO,”.

On the other hand, the hydration energy plays an
importance role in rejection process of ions, i.e. the ion
with strong hydration energy is reduced in the permea-

bility through the membrane as compared to that with
low hydration energy®*.

The hydration energy of the cations is decrease in the
order E, Mg®* > E, Ca** > E, Na'. As a result, the
rejection is in the order Ry Mg®* > R, Ca** > R, Na". For
anions the hydration energy is decreased in the order E;,
SO42' > E;, HCO3 > E;, CI'; as a result, the rejection is in
the order Ry SO, >R, HCO5; > R CI". The cationic
rejection sequence can be explained on basis of
difference in stock radii, ion diffusivity and hydration
energy of different cations as motioned before.
Nevertheless, the anionic rejection sequence at the high
concentration of feed solution cannot be explained
according to the same hypothesis. Wang et al.?®
suggested that the steric hindrance effect is the major
factor of the salt rejection. According to the electrostatic
and steric hindrance (ES) model, the steric hindrance
effect increases with increasing the ratio of solute
Stocks radius to pore radius. The sequence of Stocks
radii for cations is: r; (Mg?") > r, (Ca®") > r, Na®. So, the
rejection sequence of cations is R, (Mg®") >R, (Ca®") >
Rs Na*. But in case of anions, the sequence of rejection
cannot be explained by ES model because rs of CI is
smaller than those of sulfate and bicarbonate. This
behavior may be explained on the basis of high
concentration of CI" ions in seawater relative to other
ions.

According to the difference in diffusivity coefficient
between the different salts, the salt with the lowest
diffusion coefficient shows the highest rejection,
whereas that with the highest diffusion coefficient
shows the lowest rejection””. Although the mentioned
three mechanisms discussed the behaviour of cations,
anions and the hypothetical salts during the desalination
process, it did not identify the rejection taking place by
ions or salts. Therefore, the following solution-diffusion
model was discussed.

2. Transport mechanism through the selected
membrane:

For RO membranes, the solution-diffusion mechanism
has been widely used to characterize the transport of
solvent and permeating solutes through the active
asymmetric membrane®.

Electrolyte transport through RO membrane may occur
through two distinctly different pathways: (i) ion pair
mechanism and (ii) coupled transport of ions. For the
ion pair mechanism, cations and anions associate to
form electrically neutral ion pairs at high electrolyte
concentration near the membrane-water interface due to
the concentration polarization effect. Subsequently, ion
pairs get partitioned into relatively non-polar
asymmetric layers of membrane and permeate to the low
pressure side. By varying feed concentration (Cy) and
trans-membrane pressure for a single electrolyte, the salt
concentration permeate (Cp) varies according to the ion
pair mechanism: C,= constant (Co)? ------ 1)

For the coupled transport mechanism, the membrane
phase can be considered to be adequately solvated due
to the trans-membrane transport of polar water molecu-
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les. Thus, individual ions (not ion pairs) get partitioned
into the solvent permeated membrane and migrate to
the permeate side in a manner that the negative charge
of an ion is balanced by the equivalent positive charge
of an accompanying cation. The inter-diffusion
coefficient of the electrolyte governs the permeation
rate according to the coupled transport mechanism:

C,= constant (Cs) ------ 2
On a logarithm-logarithm scale, the plots of equations
(1) and (2) for the two proposed mechanisms take the
following forms:

For ion- pair mechanism:

Log C,= constant + 2 log (C)------ 3)
For coupled ions mechanism:

Log C,= constant + log (Cy)-------- (@)

The distinction between equations (3) and (4) can be
readily noted. The salt concentration in permeate is
linearly dependent on the feed concentration according
to the coupled transport mechanism while permeate salt
concentration varies with the square of the feed
concentration according to ion-pair mechanism. Thus,
C, versus Csplot on a log-log scale will yield a slope of
2 and 1 according to ion-pair mechanism and coupled
ion transport mechanism, respectively.

The mechanism of electrolyte transport

through the selected membranes should be dependent
of the valence of constituent cations and anions which
represent the major components of the three water
samples having different concentrations. That is why
experimental data were collected to groundwater and
seawater samples, which include four salts of different
valences e.g. NaCl (1:1), MgCl, (2:1), MgSQ, (2:2),
CaS0, (2:2) and Ca(HCO3), (2:1).
Figure (10) shows log C, versus log C; plots from a
series of runs carried out using the selected membrane
in desalination of different feed concentrations (Cr:
3333, 13986 and 42847 mg/l) of water samples; water
flux and operation times were kept nearly constant by
altering feed pressures. The different salts permeate
sequence can be arranged in the order; NaCl > CaSO,4 =
MgC|2> Ca (HCO3)2

4 ™
A& NaCl —e—DMgCl2 ¢ + DMgSO04

10

CaSO4 ---+---Ca(HCO3)2

¥ NaCl= 1.0665x - 0.663

yCaS0, = 0.5769x + 0.7139 ¥MgCl, = 1.0241x - 0.7129

Log Cp

"y Ca(HCOy),= L3004x - 1.1941

¥MgS0, = 1.5215x - 2.1568

1

L Log Cf 10/

Fig. 10: Plots of log C, Vs. log C; of different salts for RO runs
using the three different water samples.

Permeates of sulfate, chloride and bicarbonate salts for
divalent cations are lower than that of NaCl permeate
under identical conditions. With an increase in feed
concentration (Cy) at nearly constant water flux (J),

salt concentrations in the permeate increase. This agrees
well with the already mentioned results obtained from
the desalination of the three water samples. However,
the slopes of log C, versus log Cs plots for the different
salts present such as NaCl (1:1), MgCl, (2:1), MgSO,
(2:2), CaSO, (2:2) and Ca (HCOg), (2:1) were close to
unity. This is in agreement with the prediction of
coupled transport mechanism across PA-g-AACc/TiO,
RO membranes.

Conclusions

A series of some RO aromatic polyamide membranes
were prepared using phase inversion method with the
chemical initiation technique. By studying the RO
performance of the different synthesized PA, PA-g-AAc
and PA-g-AAc/TiO, membranes and comparison
according to the values of their salt rejection (%) and
flux using NaCl as feed solution, PA-g-AACc/TiO, nano-
composite membrane was selected for desalination of
brackish and saline waters.

Red sea and two groundwater samples were collected
from EI-Maghara area, middle Sinai, Egypt. The
behaviour and the transport mechanism of the different
salt types involving mono and divalent cations and
anions were studied. The obtained results lead to the
following general conclusion:

(1) The EC as well as TDS decrease gradually as a
function of operation time.

(2) The divalent cations andfor anions are more
rejected than that of monovalent ions. Also, the
hypothetical salts of the tested samples do not
change after the desalination process.

(3) For brackish groundwater, the sequence of salts
rejection related to is initial concentration of each
salt is arranged as: Ry MgSQO,, Rs MgCl, > R
CaS0, > Ry Ca(HCOs), >Rs NaCl; while it was R
CaSO, > Rs MgCl, > Ry CaCl,; Rs Ca(HCO3), >
Rs NaCl and R MgCl, > Rs CaSO,, Rs Ca(HCO3),
> Ry NaCl > Ry MgSO, for saline groundwater and
sea water sample, respectively.

(4) The slopes of log C, versus log C; plots for the
different salts present such as NaCl (1:1), Mg Cl,
(2:1), Mg SO, (2:2), CaSO4 (2:2) and Ca (HCO3),
(2:1) were close to unity. This is in agreement

with the prediction of coupled transport
mechanism  across  PA-g-AAc/TiO2 RO
membrane.
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