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ABSTRACT

Thin-film composite (TFC) membranes with polyamide (PA) as an active layer synthesized via interfacial
polymerization (IP) are dominant in reverse osmosis (RO). This work reports the development of
a TFC-PA-RO membrane that minimizes the energy consumption while maintaining superior
membrane separation properties. The TFC-PA-RO membranes were prepared by IP of 2,6-diamino-
toluene (DAT) and trimesoyl chloride (TMC) on polysulfone (PS) support. The conventional monomer,
m-phenylenediamine, is replaced by a DAT monomer. These membranes were characterized by infra-
red spectroscopy, scanning electron microscope and contact angle measurements. It was found that
the optimum preparation conditions for the TFC-PA-RO membranes included soaking DAT (1 wt%)
for 2 min, TMC (0.15 wt%) for 0.5 min and curing at 75°C for 5 min. The TFC-PA-RO membrane pre-
pared at these conditions exhibited a salt rejection of 99.54% and a permeate water flux of 11.4 L/m* h
in 10 g/L NaCl feed solution at 18 bar. Also, the TFC-PA-RO membranes produced a salt rejection
of 98.25% and a permeate water flux of 9.3 L/m? h at 35 bar in 35 g/L NaCl feed solution. This low
operating pressure compared with the commercial membranes that operate at 55 bar for seawater

desalination saves the energy consumed by the RO system to 1.29 kWh/m?®.
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1. Introduction

Desalination using reverse osmosis (RO) technology
has attracted immense interest as one of the solutions for
producing reliable and sustainable water from seawa-
ter and brackish water [1]. The global expansion of sea-
water desalination and the associated excessive energy
consumption have serious economic and environmental
consequences. Therefore, the current RO development
focused on reducing specific energy consumption (SEC),
cost and addressing environmental concerns [2]. The min-
imum theoretical energy for seawater desalination with

* Corresponding author.

salt concentration of 35 g/L and 50% feedwater recovery
is 1.06 kWh/m?®. The practical minimum energy consump-
tion reported for an RO system is 1.58 kWh/m? for 50%
water recovery of 35 g/L NaCl solution at 25°C, 100% NaCl
rejection and 10.2 L/m? h flux, which indicates the need for
further improvement [3].

Thin-film composite polyamide RO (TFC-PA-RO)
membranes are currently the main class of RO membranes
available in the market for water treatment and seawater
desalination [4]. This is attributed to its high flux and high
rejection that are provided by the thin aromatic polyamide
(PA) separating layer [5]. Also, the chemistry and perfor-
mance of the TFC layers can be independently optimized
to maximize the membrane performance and stability [6].
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For most commercially available TFC-PA-RO membranes,
the interfacial polymerization (IP) reaction takes place
between m-phenylenediamine (MPD) and trimesoyl chlo-
ride (TMC) [7]. However, one of the major flaws in the cur-
rent TFC-PA-RO membranes operation is the high energy
consumption for pressurizing the seawater [8]. The applied
pressure extends between 55 and 82 bar to provide sufficient
driving force across the membrane for industrial production
from seawater. The energy consumption of the primary feed
pump for pressurizing the seawater accounts for a major por-
tion of the total cost (80.6%) [9]. One of the most important
attempts to improve the TFC-PA membranes performance
and reduce SEC in RO processes is the development of new
membranes based on novel monomers containing special
functional groups [10,11].

In previous work, the TFC-PA-RO membranes prepared
from the derivatives of MPD with electron donating group
such as CH, and OCH, attached to the phenyl ring of MPD
showed a better chlorine tolerance [12]. In this work, we
prepared and characterized a TFC-PA-RO membrane with
superior properties using 2,6-diaminotoluene (DAT) and
TMC monomers. Important synthesis parameters, namely
monomers concentration, reaction time and soaking time
were considered influential factors that improve the flux.
Moreover, the methyl group substituted on the aromatic
diamine ring is considered as a bulky side group that inhib-
its the packing efficiency and produces a high free volume
membrane with lower crystallinity. The high free volume in
the membrane facilitates the permeation and consequently
will lower the operating pressure and reduces the energy
consumed by the primary feed pump [13]. The low energy
consumption is reflected into lower operation and product
costs. The water flux and salt rejection of the prepared RO
membranes were assessed and carried out using a cross-
flow cell.

2. Materials and methods
2.1. Materials

Polysulfone (PS; molecular weight 60,000, product of
Acros Organics, USA) was used as a supporting material for
the TFC-PA-RO membranes. N-Methylpyrrolidone (NMP;
Fluka chemie, Switzerland) was used as a solvent. DAT
(99%), MPD (99%) and TMC (98%) were supplied by Acros
Company. n-Hexane (95%) was supplied by Tedia Company,
USA. NaCl was supplied by MP Biomedical (France) to pre-
pare the salt feed solution. The commercial RO membrane
SW30-2540 was supplied by Dow Filmtec, USA.

2.2. Preparation of PS support membrane

PS pellets were dissolved in 72 mL of NMP with 18 wt%.
This solution was mechanically stirred until the polymer
was completely dissolved and then the solution was left to
settle for 24 h to remove air bubbles. The solution was then
casted on a clean glass plate using an autocasting machine
(Zehntner 2300, Swiss) at constant spread speed of 10 mm/s
and thickness of 250 um. The cast membrane was immersed
and coagulated in deionized water as the non-solvent at room
temperature. The PS was gelled into a white microporous

sheet and separated from the glass plate. The top surface
of the PS (in contact with air) was used as a support surface
for the TFC-PA-RO membrane deposition. The prepared PS
membranes were then washed and moved to a new deionized
water bath for at least 24 h until the solvent was removed.

2.3. Preparation of the TFC-PA-RO membrane

The PS support membranes were removed from deion-
ized water and positioned onto a plastic plate. A rubber gasket
and a plastic frame were placed on top of the support mem-
brane. The plate membrane and gasket frame stack were held
together by binder clips. The aqueous and organic solutions
of the two monomers were prepared by dissolving DAT in
deionized water and TMC in hexane, respectively. The aque-
ous solution was poured on the top surface of the PS support
membrane to be soaked for 1, 2, 4 and 6 min. This residence
time allowed DAT to penetrate into the pores of PS support
membrane. Residual droplets of this aqueous solution were
squeezed off using soft rubber roller to ensure that no visible
aqueous droplets may form defects. Then, the TMC organic
solution was poured on the PS support membrane for 0.25,
0.5, 1, 2 and 3 min, then the residual solution was drained and
the stack was disassembled. The resulting membranes were
cured at different curing temperatures and times. Finally, the
prepared TFC-PA-RO membranes were immersed in deion-
ized water until tested in cross-flow experiments.

2.4. Characterization techniques

2.4.1. Chemical structure: Fourier transform infrared
spectroscopy

The chemical structure of PA membranes was character-
ized using Fourier transform infrared (FTIR; Perkin Elmer
Spectrum BX-11 Infrared spectrometer FTIR LX 18-5255).
The IR spectra were recorded in the range of wave number
4,000-400 cm™ to determine the group frequencies and chem-
ical structure of the prepared membranes.

2.4.2. Crystal structure: X-ray diffraction

X-ray diffraction (XRD) scans were carried out (using
X-ray 7000 Shimadzu, Japan) at room temperature in the
Bragg angle (20) in the range 10°-80° to determine the degree
of crystallinity and interplanner distance of the prepared
films. The X-ray source was a Cu target with settings of 30 kV
and 30 mA, with scan speed 4°/min.

2.4.3. Morphology: scanning electron microscopy

Cross-sectional, surface and bottom images of the mem-
branes were obtained using scanning electron microscopy
(SEM-XL 30 JEOL). The morphological cross-section images
of the PA membranes were snapped under liquid nitrogen to
give a generally consistent and clean break. The membranes
were sputter coated with thin film of gold. The membranes
were mounted on a brass plate using double-sided adhesion
tape in a lateral position. The thicknesses of the PA active
layer were calculated from cross-section of SEM images
using the Digimizer software.
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2.4.4. Hydrophilicity: contact angle measurements

Surface hydrophilicity of the prepared membranes was
evaluated from the average equilibrium sessile drop contact
angles of deionized water on dried membrane surfaces. The
contact angle of the TFC-PA-RO membranes surfaces was
measured using Rame-Hart, Instrument Company, France. A
drop of distilled water (2 uL) was placed on the RO mem-
brane surface (3 cm x 2 cm) using a microsyringe (Hamilton
Company, Reno, NV, USA). The liquid deposited on the
solid surface, under gravity has a tendency to spread until
the cohesion (internal forces) of the liquid, the gravity forces
and the capillary (surface tension) forces are in balance, and
an equilibrium state is reached. Once equilibrium is achieved
(after 10-20 s) a contact angle between the solid surface and
liquid can be measured. The contact angle was the average
of five measurements at different positions on the surface
within 10 s after the water drop was placed on the surface.

2.4.5. Membrane performance evaluation

The performance (salt rejection and water flux) was con-
ducted for TFC-PA-RO membranes (area 42 cm?) using cross-
flow RO unit (CF042, Sterling, USA) with hydrolytic pump,
pressure control valve and gauge through the rejection line,
with variable frequency drive (SV015IG5A-4) and flow meter
(F-550, USA). The tested membranes were cut with stainless
steel cut die with dimension (8 x 11 cm) and were placed in
stainless steel cell with the active layer facing the incoming
feed with a feed flow rate of 1 L/min. Before the permeation
tests, the membranes were kept at a constant operating pres-
sure with deionized water for 1 h to obtain a steady flux and
ensure a stable membrane. The water flux and salt rejection
performance tests were conducted in NaCl of 10 and 35 g/L at
feed pH of 7+ 0.2 and temperature (25°C + 1°C). The permeate
flux was determined by measuring the volumetric permeate
flow directly (L/m?h). The determination of the total dissolved
salt of permeate water was measured with a pH/conductivity
meter (430 portable, Jenway, England). The salt rejection was
calculated by applying the following equation [14]:

c,-C
Rejection (%) =100 (fc”) M

f

where C, and C, are the ionic conductivity of feed solution
and permeate, respectively. The permeate water flux is
defined as:

Flux =

T ()

where V is the permeate volume (L), A is the membrane area
(m?) and t is the time (h).

3. Results and discussion

3.1. Mechanism of PA polymerization

In IP the two reacting monomers are dissolved in a pair of
immiscible liquids. The aqueous phase contains DAT and acts

as an acid acceptor extracting the hydrogen chloride by-prod-
uct from the polymerization zone. The other organic phase
consists of TMC that is dissolved in hexane. The IP reaction
is initiated at the interface where the aqueous solution was
impregnated in the PS support is brought into contact with the
organic solution. An insoluble thin PA film is formed at the
interface and grows in the organic side due to the negligible
solubility of TMC in water and the good solubility of DAT in
hexane. Hence, the IP reaction is mainly controlled by the dif-
fusion of the DAT molecules to the reaction zone. Therefore, it
is common to use a large excess of amine over acid chloride,
which drives partitioning and diffusion of the amine into the
organic phase [15]. The IP between DAT and TMC involves an
incipient fast stage that forms a dense, highly cross-linked and
ultrathin core of PA barrier layer followed by a slow growth
stage that is DAT diffusion limited “self-limiting” [16]. The
result of polymerization at this stage is the formation of a more
loose second layer of PA which covers the core layer causing
the ridge and valley morphology but having less effect on the
membrane performance [17]. The use of trichloride increases
the degree of cross-linking as initially the two monomers react
to form linear chains as with the dichloride, while the third
acyl chloride group can either undergo hydrolysis to form car-
boxylic acid or react with another diamine molecule to pro-
duce chain branching or cross-linking. The additional carboxyl
group allows for a greater degree of cross-linking and when
left unreacted it adds a mild anionic charge to the membrane
at neutral pH [15]. The thickness and cross-link density of TFC
membranes can be controlled by DAT diffusion and hydroly-
sis of TMC reactive sites. The IP reaction is terminated when
the mass transfer resistance of the PA layer becomes great
enough to prevent DAT transport into the organic phase [18].
The reaction scheme for the IP is shown in Fig. 1 where the
PA contains a cross-linked portion (Y) and a more hydrophilic
linear moiety (X) containing an unreacted acid chloride group
that subsequently hydrolyzes to a carboxylic acid group.

3.2. The chemical structure of the PA layer

In order to identify the chemical structure of the active
skin layer of the TFC-PA-RO membranes, FTIR spectra were
recorded for TMC, DAT monomers and the PA layer as shown
in Fig. 2. From the TMC spectrum, a peak at 1,755 cm™ is
characteristic of the C=O stretching vibration of the acid chlo-
ride moiety and a peak at 705 cm™ is attributed to the C-Cl
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Fig. 1. A scheme for the proposed IP mechanism between DAT
and TMC.
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stretching vibrations [16-19]. The coupled doublet peak in the
range of 3,410-3,334 cm™ in the DAT spectrum is due to the
N-H hydrogen bonded primary amine asymmetric and sym-
metrical stretching [20]. In the spectrum of PA, the broad peak
at 3,477 cm™ is attributed to the stretching vibration of the
secondary amine groups (-NH) or hydroxyl groups (-OH)
[21]. The C=O stretching vibration, amide I band, is shifted to
lower frequency of absorption of 1,660 cm™ due to additional
conjugation in PA [21]. The conversion of a coupled doublet
peak in the DAT spectrum to one broad peak, the shift of C=O
in the TMC spectrum to lower frequency and the absence of
C—Cl band in the PA spectrum, confirmed the formation of PA
from the polymerization reaction of the DAT and TMC mono-
mers. The appearance of amide II band of secondary amides
at 1,570 cm™is attributed to the N-H bending of amide group
(-CONH-) [20]. Secondary amide N-H wagging appears at
654 cm™ [22]. The peak at 1,512 cm™ is corresponding to the
aromatic C=C bonds stretching vibration [22].
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Fig. 2. FTIR spectra of TMC, DAT and PA.
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3.3. PA structure studies using X-ray diffraction

XRD patterns of the TFC-PA-RO membranes pre-
pared at 1 wt% of DAT or MPD for 2 min soaking time,
0.15 wt% of TMC for 0.5 min reaction time and at 75°C cur-
ing temperature for 5 min are shown in Fig. 3. The crystalline
structures and interplanner distance of the PA-based DAT
and MPD were characterized by XRD and compared. The
two XRD diffraction patterns of the PA exhibited an amor-
phous broad peak around 20 =17.8°, which implies that the
PA is amorphous in nature. There is no sharp peak which
reveals a non-crystalline nature of PA. The XRD reflection
peak of PA-based DAT was broader than based on MPD,
suggesting the more amorphous nature. The d-spacing
within the PA chains were calculated from XRD measure-
ments as 5.128 and 5.087 A for the PA-based DAT and MPD,
respectively. The increase in free volume can be explained
by the steric hindrance of the substituted methyl group,
which results in an increase of the average chain distance
and a decrease of the chain packing density [11-13].

3.4. Membrane morphology

SEM images were investigated to characterize the surface
of the active skin layer, bottom and cross-section of the TFC-
PA-RO membrane. Fig. 4 shows the SEM images for the TFC—
PA-RO membranes prepared from 1 wt% of DAT for 2 min
soaking time, 0.15 wt% TMC for 0.5 min reaction time and at
75°C curing temperature for 5 min. From the SEM surface pho-
tographs, Fig. 4(A), the PA skin layer appears dense rough and
continuous with uniform ridge and valley morphology (the
white part is the peak and the black part is the valley), which is
characteristic of the PA membranes formed using an IP [23,24].
The thickness of the active PA skin layer was equal to about
0.466 um and varied with different preparation condition. The
bottom micrograph of the PS support layer has distinct porous
structure with different pore diameter as shown in Fig. 4(B).
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Fig. 3. XRD patterns of DAT- and MPD-based TFC-PA-RO membrane prepared at 1 wt% of DAT or MPD for 2 min soaking time,
0.15 wt% of TMC for 0.5 min reaction time and cured at 75°C for 5 min.
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Fig. 4. SEM micrographs of: (A) surface, (B) bottom, (C) cross-section and (D) sponge-type structure of the TFC-PA-RO
membrane prepared at 1 wt% of DAT for 2 min soaking time, 0.15 wt% of TMC for 0.25 min reaction time and at 75°C curing

temperature for 5 min.

Fig. 4(C) shows the cross-section image of the TFC-PA-RO
membrane with a dense skin layer at the surface and a porous
structure underneath. At higher magnification the porous PS
structure shows a sponge-type structure as shown in Fig. 4(D).
The porous PS structure does not only have thin passage chan-
nels of increasing pore diameter from the top to the bottom
side forming a finger-like morphology, but also have large
pores penetrating the entire membrane cross-section. The
channels structure decreases the resistance to mass transfer
while the sponge-like morphology supports high pressure and
favors the formation of an integral PA layer [24].

3.5. Hydrophilicity of PA-TFC-RO membranes

Hydrophilicity is an important property of RO membranes
because the hydrophilic surface does not only increase the
water permeate flux, but also reduces the membrane fouling.
The lower the contact angle values indicate the higher hydro-
philicity and a greater tendency for water to wet the material
surface [25]. The hydrophilicity of the RO membrane is con-
trolled by the electrostatic and/or hydrogen-bond interactions
between the water molecules and surface functional groups.
Because of the strong hydrogen-bond interactions between
the adsorbed water molecules and the surface functional
groups, the RO-membrane affinity to water molecules can be

strengthened and the water droplet is prone to spread on the
surface. The contact angle of the RO membrane is correspond-
ingly decreased [26]. It was found that the contact angle of
the PA membrane is smaller than the supporting PS film. This
hydrophilicity is attributed to the presence of ionizable moi-
eties of unreacted amines and carboxylic acids [27]. Fig. 5(A)
shows the contact angle of TFC-PA-RO membranes prepared
at different DAT concentrations for 2 min soaking time, 0.1 wt%
of TMC for 1 min reaction time and at 75°C curing tempera-
ture for 5 min. It is noted that the contact angle has greatly
increased at small concentration of DAT and steadily increases
after 0.250 wt%. This may be attributed to the self-limiting of
the interfacial reaction process. The contact angle increases
from 34.69 to 55.45 with increasing of the DAT concentration
from 0.065 to 2.5 wt%. With increasing of DAT concentration,
the driving force for diffusion of DAT molecules is enhanced
at the aqueous/organic interface producing PA film with high
cross-linked units and lower contents of linear structure with
pendant -COOH groups [27]. The effect of different soaking
time on the contact angle is plotted in Fig. 5(B). The TFC-PA-
RO membranes were prepared at a fixed DAT concentration
of 1 wt%, 0.15 wt% of TMC for 0.5 min reaction time and at
75°C curing temperature for 5 min. Prolonging the soak-
ing time from 1 to 6 min drives the contact angle to steadily
increase from 37.5 to 60.8. This may be attributed to the fact
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that extending the soaking time is similar to increasing of DAT
concentration, which allows more DAT monomers to diffuse
and penetrate through the PS porous structure. On the other
hand, the effect of TMC concentrations on the contact angle
contradicts with the DAT concentration as shown in Fig. 5(C).
The TFC-PA-RO membranes were prepared at fixed DAT
concentration of 1 wt% for 2 min soaking time, 1 min reac-
tion time and at 75°C curing temperature for 5 min. Increasing
the TMC concentrations from 0.04 to 0.22 wt%, resulted in a
decline of the contact angle from 56.7 to 38.18. Excess of TMC
concentrations provides large amounts of TMC molecules at
the organic side of the interface where the PA thin film grows
and results in more unreacted acid chloride groups and con-
sequently higher contents of -COOH in the TFC membrane.
The effect of the TMC reaction time on the membrane hydro-
philicity is shown in Fig. 5(D). The TFC-PA-RO membranes
were prepared at a fixed DAT concentration of 1 wt% for 2 min
soaking time, 0.15 wt% of TMC at 75°C curing temperature
for 5 min. The hydrophilicity of the TFC-PA-RO membranes
was reduced with the increase of TMC reaction time. The short
reaction time of 0.25 min produces membrane with lower con-
tact angle of 33.3. The fast reaction rate results in membrane
with lower degree of cross-linking and with more linear amide
units with pendant acid groups. Extending the reaction time
to 3 min causes extensive cross-linking and film growth with
higher contact angle of 49.44. It can be seen that when the reac-
tion time increases, the contact angle first sharply increased
and then steadily increases. The small increase in the contact
angle with increasing of the reaction time after 0.5 min implies
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that there is no sharp increase in the extent of cross-linking
after such reaction time.

3.6. Membrane performance evaluation

The separation performance of the active PA layer
depends not only on the overall film thickness, but also on
the cross-link density of the internal structure. The cross-link
density of the active PA layer is directly proportional to its
crystallinity that is determined by the chain flexibility and
the volume fraction of the polymer. The transport mecha-
nism through a dense membrane is attributed to the molecu-
lar diffusion of permeates through the free volume fractions
between the polymer chains [17]. The effect of the prepara-
tion parameters was studied to obtain an optimized set of
conditions for the development of the PA-TFC membrane
with the best RO performance.

3.6.1. Effect of DAT concentration

Fig. 6 depicts the effect of the operating pressure on the
salt rejection and water flux of the TFC-PA-RO membranes
prepared at different DAT concentrations in 10 g/L NaCl feed
solution. The TFC-PA-RO membranes were prepared under
different concentrations of DAT (0.0625, 0.125, 0.250, 0.5, 1, 2,
2.5 wt%) for 2 min soaking time, 0.1 wt% of TMC for 1 min
reaction time and at 75°C curing temperature for 5 min. The
experiment was conducted at 25°C and the pressure was
varied from 16 bar to 26 bar to evaluate the TFC-PA-RO

64
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Fig. 5. Contact angles of TFC-PA-RO membranes prepared at different DAT concentrations (A), different DAT soaking times (B),
different TMC concentrations (C) and different TMC reaction times (D).
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membranes performance. It appeared from Fig. 6(A) that as
the operating pressure increases from 16 bar to 26 bar, the salt
rejection of the TFC membranes increases first until the pres-
sure reaches 18 bar and then decreases at 20 bar. Compared
with the MPD, the methyl side group in DAT monomer
increases the fractional free volume in the PA active layer
[11-13]. It has been reported that the mechanical strength of a
membrane decreases with increasing the free volume [28,29].
The salt rejection is decreased again at pressure exceeding
20 bar due to the breakdown of the active layer structure
which causing the membrane to permeate more water and
salts. In addition, the decline of the salt rejection is may also
be due to the increasing of the salt concentration difference on
the two sides of the membrane [30]. The maximum operating
pressure that ensures both mechanical and hydraulic stability
is observed at 18 bar. The membrane prepared at 1 wt% of
DAT exhibits the highest stability with increase of the oper-
ating pressure to 26 bar while the salt rejection decreases to
91% compared with other membranes. As might be antici-
pated from Fig. 6(B), a linear relationship exists between the
flux and pressure over the measured range. The primary
effect of increasing the operating pressure is to enhance the
driving force which increases the water flux [31]. The water
flux of the membrane prepared at 1 wt% DAT, increases from
6.2 to 13.5 L/m?h with increasing of the operating pressure
from 16 to 26 bar. The low operating pressure of 18 bar is
attributed to the increasing of interplanner distance within PA
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Fig. 6. Salt rejection (A) and water flux (B) of TFC-PA-RO mem-
branes prepared at different DAT concentrations vs. operating
pressure in 10 g/L NaCl feed solution.
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chains caused by the bulky methyl group. Consequently, the
energy consumed by the primary feed pump that accounts
for the major portion of the energy consumption and the total
desalination cost is reduced.

The salt rejection and water flux of the TFC-PA-RO
membranes vs. the different DAT concentrations in 10 g/L
NaCl feed solution at 18 bar are shown in Fig. 7. It is observed
that the salt rejection improves by increasing the DAT concen-
tration up to 1 wt% and further addition of DAT has a slight
effect on the value of salt rejection. However, the permeate
water flux is first sharply decreased with the increase of DAT
concentration up to 0.5 wt% and then increases at 1 wt% and
finally decreases steadily again at DAT concentrations higher
than 1 wt%. The maximum salt rejection of 99.52% and water
flux of 9.52 L/m? h were reached at 1 wt% of DAT optimum
concentration. The separation performance of the active PA
layer depends not only on the overall film thickness but also
on the cross-link density of the internal structure [32]. At low
concentration of DAT loose and less cross-linked PA layer is
formed and permeates more water and salts [32]. However,
higher DAT concentration the driving force for diffusion of
DAT into the organic phase and leading to the formation of
a dense and thick PA layer during the slow growth stage [33].

3.6.2. Effect of TMC concentration

Theinfluence of the TMC concentrations on the TEC-PA-RO
membrane salt rejection and permeate flux in 10 g/L NaCl
feed solution at 18 bar is shown in Fig. 8. The TEC-PA-RO
membranes were prepared at different TMC concentrations
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Fig. 7. Salt rejection and water flux of TFC-PA-RO membranes
vs. DAT concentrations in 10 wt% NaCl feed solution at 18 bar.
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Fig. 8. Salt rejection and water flux of TFC-PA-RO membranes
vs. TMC concentrations in 10 wt% NaCl feed solution at 18 bar.
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(0.04, 0.1, 0.15, 0.22 wt%) for 1 min reaction time, 1 wt% of
DAT for 2 min soaking time and at 75°C curing temperature
for 5 min. The salt rejection rises from 96.1% to 99.48% with
increasing the TMC concentration from 0.04 to 0.15 wt% and
then the salt rejection slightly changed above this concentra-
tion. However, the water flux decreased from 11.4 to 7.2 L/m?>h
with increasing the TMC concentration from 0.04 to 0.22 wt%,
respectively. The TFC membrane prepared at 0.15 wt% of TMC
exhibits the highest salt rejection of 99.48% and water flux of
10.39 L/m? h suggests the formation of thin, more hydrophilic
and defect free PA layer. At low TMC concentration, the degree
of polymerization is expected to be lower because of the insuf-
ficient concentration of TMC at the interfacial reaction zone.
Consequently, the formed PA skin layer was less cross-linked,
thin and loose and it poorly rejects NaCl while permeates more
water. The formation of hydrophilic, thick, dense and compact
top PA layer, at higher TMC concentrations, reduces the water
flux and slightly changes the salt rejection [31].

3.6.3. Effect of TMC reaction time

Fig. 9 displays the effect of TMC reaction time on the
TFC-PA-RO performance in 10 wt% NaCl feed solution at
18 bar. The PA-RO-TFC membranes were prepared at fixed
DAT concentration of 1 wt% for 2 min soaking time, 0.15 wt%
of TMC at 75°C curing temperature for 5 min. The polymer-
ization reaction is very fast. At short reaction time (0.25 min),
the membrane has salt rejection of 95.8% and water flux of
11.8 L/m?h. The PA chains have not enough time to get prop-
erly organized in short reaction times resulting in a less
cross-linked and opened PA layer, which could explain the
high permeate flux and low salt rejection [32]. Increasing of
the TMC reaction time to 0.5 min, the water flux is slightly
decreased to 11.4 L/m?h while the salt rejection is increased
to 99.54%. However, rising of this time to 3 min, the salt rejec-
tion is slightly changed whereas water flux is dramatically
declined to 5.7 L/m? h. This may be attributed to the increas-
ing of PA layer thickness with extending the reaction time.
After a certain period of reaction, the water flux and salt rejec-
tion will almost stay constant because both of the thickness
and compactness of the selective skin layer are almost fixed
[31]. The optimum TMC reaction time is chosen to be 0.5 min.

3.6.4. Effect of DAT soaking time

Fig. 10 indicates the effect of DAT soaking time on the salt
rejection and water flux of TFC-PA-RO membranes in 10 wt%
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Fig. 9. Salt rejection and water flux of TFC-PA-RO membranes
vs. TMC reaction times in 10 wt% NaCl feed solution at 18 bar.

NaCl feed solution at 18 bar. The TFC-PA-RO membranes
were prepared at fixed DAT concentration of 1 wt%, 0.15 wt%
of TMC for 0.5 min reaction time and cured at 75°C for 5 min.
It is found that the salt rejection increases with increasing of
the DAT soaking time from 1 to 2 min and further longer soak-
ing times have a slight effect on the salt rejection. On the other
hand, the increasing of DAT soaking time reduces the water
flux from 12.5 L/m*h at 1 min to 7.14 L/m?h at 6 min. The lon-
ger soaking time enhances the amount of DAT that diffused
and penetrated the PS support layer pores forming thick and
cross-linked PA film. The membrane prepared at 2 min DAT
soaking time exhibits the maximum salt rejection of 99.54%
and water flux of 11.42 L/m?* h.

3.7. Comparison of the membranes performance and their
energy consumption

The preparation conditions were systematically studied
and optimized to give the highest membranes performance.
The optimum conditions were 1 wt% of DAT for 2 min soaking
time, 0.15 wt% of TMC for 0.5 min reaction time and curing at
75°C for 5 min. The performance of the DAT and MPD-based
TFC-PA-RO membranes are compared in 35 g/L NaCl feed
solution (seawater) as shown in Fig. 11. The MPD-based TFC-
PA-RO membrane was prepared at 1 wt% of MPD for 2 min
soaking time, 0.15 wt% of TMC for 0.5 min reaction time and
curing at 75°C for 5 min. The performance of the two mem-
branes shows the same trend. The maximum salt rejection of
98.25% and water flux of 9.3 L/m? h are observed at 35 bar
for DAT-based membrane. On the other hand, the MPD-based
membrane shows a maximum salt rejection of 97.24% and
water flux of 15.7 L/m2 h at 55 bar. In previous experiment,
the optimum conditions for preparation of MPD-based TFC-
PA-RO membrane were soaking at 2 wt% of MPD for 2 min,
0.1 wt% of TMC for 1 min reaction time and curing at 70°C for
5 min. The membrane prepared at this condition has a maxi-
mum salt rejection of 96% and water flux of 5 L/m?h at 55 bar.

The performance of both DAT-based TFC-PA-RO mem-
brane and the commercial TFC-PA-RO membrane (SW30-
2540) is compared in 10 g/L NaCl feed solution as shown
in Fig. 12. It is noted that the DAT-based membrane has
higher salt rejection but lower water flux than the commer-
cial membrane. However, the TFC-PA-RO membrane based
on DAT shows a maximum salt rejection and water flux at
18 bar while the commercial membrane operates at 50 bar.
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Fig. 10. Salt rejection and water flux of TFC-PA-RO membranes
vs. DAT soaking times in 10 wt% NaCl feed solution at 18 bar.
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Fig. 12. Salt rejection and water flux of TFC-PA-RO membrane
based on DAT (A) and the commercial TFC-PA-RO membrane
(SW30-2540) (B) vs. operating pressure in 10 g/L. NaCl feed solution.

The commercial membrane shows a salt rejection of 97% and
water flux of 20 L/m? h in 35 g/L NaCl feed solution at 55 bar.
The DAT-based membrane has higher salt rejection (98.25%)
with lower water flux (9.3 L/m?h) but operates at lower pres-
sure (35 bar) than the commercial membrane.

The SEC of the pump is calculated from the following
equation [7]:

pump — Q_p = Qp 3)

where W is the pump work (w), Q, is the feed flow rate
(L/min), Q is the permeate flow rate (L/mm) and AP is the
transmembrane pressure difference (bar).

The total energy consumption for an RO system using
TFC-PA-RO membrane based on DAT is 1.29 kWh/m? for
35 g/L NaCl solution at 25°C, 98.25% NaCl rejection and
9.3 L/m? h permeate flux. On the other hand, the MPD-based
TFC-PA-RO membrane prepared at the same condition con-
sumes 1.74 kWh/m? for 35 g/L NaCl solution at 25°C, 97.24%
NaCl rejection and 15.7 L/m? h permeate flux. However, the
TFC-PA-RO membrane prepared at optimum MPD condi-
tion consumes 3.57 kWh/m?for 35 g/L NaCl solution at 25°C,
96% NaCl rejection and 5 L/m*h permeate flux. It can be
concluded that the TFC-PA-RO membrane based on DAT
monomer not only rejects more salts but also consumes lower
energy than the MPD-based and commercial membrane for
brackish water and seawater desalination. Also, this mem-
brane has lower energy consumption by 21% compared with
the practical minimum energy consumption reported for RO
system [4].

4, Conclusions

A TFC-PA-RO membrane was prepared through the
IP of DAT onto porous PS support membrane. The optimal
polymerization conditions for the TFC-PA-RO membrane
were as follows: DAT = 1.0 wt%; soaking time =2 min; TMC =
0.15 wt%; reaction time = 0.5 min; curing temperature = 75°C;
curing time = 5 min. The desired TFC-PA-RO membrane
fabricated under the optimized preparation conditions has a
typical salt rejection of 98.25% and a water flux of 9.3 L/m* h
for a feed solution of 35 g/L NaCl at 35 bar. The systematic per-
formance studies showed that the TFC membrane prepared in
this work operates at a low pressure of 35 bar compared with
55-82 bar for most of commercially TFC-PA-RO membranes
while maintaining almost the same quality. The lower operat-
ing pressure can account for reduction of the energy consump-
tion, costs and environmental consequences in water industry.
The DAT-based membrane has lower energy consumption
than the MPD-based membrane and the practical minimum
energy consumption reported for the RO system. The water
flux obtained in this work is relatively low and needs to be
further improved for commercial application. Further studies
will be made in the future to improve the water flux while
maintaining or even increasing the salt rejection.
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