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a b s t r a c t
In this study, two main key features are used for the successful forward osmosis desalination pro-
cess. The first key is the thin-film nanocomposite membrane fabrication. This key is achieved by 
consolidating different concentrations of zeolite nanoparticles in the polysulfone supporting sheet 
(ranging from 0%wt. to 0.6% wt.) to enhance the hydrophilicity and porosity of the membrane. 
A thin polyamide layer is formed on the top surface of the modified polysulfone by interfacial 
polymerization of Metaphenylenediamine (MPD) and Trimesoyl chloride (TMC) to fabricate thin-
film nanocomposite (TFNC) forward osmosis membranes for forward osmosis (FO) application. 
The other key feature that makes the FO practical is selecting the ideal draw solute achieved by 
selecting sodium chloride as inorganic salt. Sodium chloride is characterized by high osmotic pres-
sure, chemically inert, low membrane reverse solute flux, and easily regenerated. The fabricated 
TFNC membranes were first tested using a cross-flow RO module to evaluate the effect of different 
loadings of zeolite nanoparticles on the membrane performance. The FO membrane with 0.4 wt% 
zeolite in polysulfone matrix (TFNC-0.4%) shows the most promising results through increasing the 
water flux by 126% than the TFC membranes. Then were tested using a cross-flow FO module with 
0.02–0.8 M NaCl concentration as feed solution. Results indicate that the water flux of the TFNC-
0.4% was increased by (55%–64%) than the TFC Control membrane depending on the membrane 
orientation and draw solution concentration. It is observed that the solute reverse flux increased 
with the increase of the concentration of draw solution. Different characterization tests have been 
carried out on the forward osmosis membranes to verify their successful preparation and modifi-
cation and specify the various effects of the zeolite nanoparticles added to the membrane substrate. 
A sponge-like structure is developed by adding zeolite nanoparticles compared to the TFC mem-
brane, enhancing water permeability. Moreover, an increase in mechanical and thermal properties 
is detected. Furthermore, the power consumption for the forward osmosis process was [0.72–4.66%] 
only from the total power consumption of the FO-RO process. The current power cost as OPEX for 
FO TFNC-0.4% membrane desalination process ranges from 0.072 to 0.132 EGP/m3 compared to the 
commercial SWRO+PX [5.53 EGP/m3] operated in Hurghada, Red sea, Egypt.

Keywords:  Forward osmosis; Zeolite nanoparticles; Thin film nanocomposite; Power consumption; 
Desalination
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1. Introduction

Nowadays, clean water scarcity has become a seri-
ous problem that threatens the national security of many 
countries, which will be aggravated due to exponential 
population growth [1]. In 2015, World Economic Forum 
in Davos ranked water scarcity problems as the most vital 
thread that will face humanity shortly. United Nations 
Food and Agriculture Organization (UNFAO) stated that 
by the year 2025, more than 66% of the world population 
would be underwater stress conditions, and more than 
1.8 billion people will experience absolute water scarcity 
[i.e., <500 m3/cap] [2]. Accordingly, water needs are in a 
logarithmic increase, and current freshwater resources may 
not meet human requirements. Egypt is one of the counties 
facing water scarcity and rapid population growth, which 
is a vital problem since the River Nile’s freshwater is tre-
mendously decreasing due to human activities. With the 
population expecting to double in the next 50 years and 
the negative impacts of the Grand Ethiopian Renaissance 
Dam (GERD) on the Blue Nile, the water shortage became 
a significant challenge for the Egyptian national security. 
Therefore, desalination could be considered a new source 
of freshwater along with the River Nile to solve Egypt’s 
diversity of fresh water. Global water scarcity motivates 
water researchers to adopt new water sustainability strat-
egies to develop new technologies for desalination and 
water treatment systems and enhance the current tactics for 
water production and distribution [3]. Seawater desalina-
tion is the most promising solution for this global threat 
as seawater represents more than 97% of the total water 
available on earth [1]. Water in form of brackish or sea-
water has been practiced regularly for over half a century 
as a sustainable water supply source in many counties [4].

For decades, aqueous separations have relied on hydrau-
lic pressure in the form of reverse osmosis as the most 
economical solution for water desalination to drive water 
across membranes that retain suspended and dissolved 
solids. Even with energy recovery devices, a large amount 
of electrical power is required for high-pressure pumps to 
generate pressure for reverse osmosis plants that already 
have some drawbacks in terms of increasing energy prices 
and carbon footprint. While most water researchers focused 
on membrane science to enhance membrane properties 
in terms of higher permeability or higher rejection, minor 
efforts have targeted the separation driving force. Recently, 
water researchers spotlighted the osmotic pressure as an 
alternative natural occurring driving force for water desali-
nation systems known as engineering osmosis or forward 
osmosis. In recent years, this alternative technology has 
gained potential as a solution for purification, desalination 
and power generation [5].

Engineering osmosis leans on natural occurring osmosis 
flow between aqueous solutions based on different osmotic 
forces that lead the pure flow from one key to another for 
various purposes. Two applications include forward osmo-
sis desalination to produce purified low saline water: direct 
osmosis concentration (DOC) to concentrate valuable solu-
tions by dewatering, and pressure retarded osmosis (PRO) 
to generate power by the flow kinetic energy. In both appli-
cations, the draw solution selection is the most important 

key component in driving the process with higher osmotic 
pressure properties based on the desired product [5].

Forward osmosis offers several advantages rather than 
other desalination technologies as it uses less expensive 
energy as it relies on osmotic pressure difference rather 
than electrical or thermal energy to drive water sponta-
neously across semi-permeable membranes. However, 
the energy type, quality, and quantity needed to depend 
entirely on the drawing solution selection and regenera-
tion process. Forward osmosis offers very low fouling pro-
pensity rather than other hydraulically driven methods [6] 
due to the lack of compaction of the fouling layers, which 
occurs in NF/RO membranes, which are more resistant to 
chemical cleaning agents as the polyester dense support 
layer does not exist in the forward osmosis membranes. 
Another advantage of forward osmosis is that it does not 
require more power to increase the system recovery, as it 
just needs to increase the concentration of the draw solution 
to maximize the systems recovery without any risk of scal-
ing potential due to the purity of the draw solution. Despite 
these strong points, forward osmosis still challenges the 
absence of a superior performance sustainable membrane 
and noble draw solution with excellent characteristics in 
terms of availability and economic regeneration [7].

Although the various advantages presented by the 
forward osmosis membranes in different water processes, 
water researchers adopt the idea of having a noble thin-
film composite membrane with superior properties, espe-
cially at the top active skin layer under investigation. In 
2012 Ma and Wei [8] prepared thin-film nanocomposite 
membranes TFN for water osmosis applications by incor-
porating zeolite nanoparticles into the top polyamide layer 
by interfacial polymerization of MPD and TMC monomers. 
The results showed that the optimized TFN membranes 
have higher water permeability than the typical TFC mem-
branes by incorporating 0.1% wt/v of zeolite nanoparticles 
in the polyamide top layer. The improved water permea-
bility is attributed to the newly created narrow size chan-
nel created by zeolite nanoparticles through which water 
molecules pass. In 2013 Liu and Qi [9] incorporated silver 
nanoparticles into the polyamide layer. Since thin-film 
composite forward osmosis membranes consist of a top 
selective layer and a microporous substrate layer, both 
layers could be optimized independently to enhance the 
forward osmosis performance [10]. In 2014 Emadzadeh 
incorporates titanium dioxide (TiO2) nanoparticles in 
the substrate polysulfone layer with different concen-
trations ranging from zero to 1%. It was found that sub-
strate hydrophilicity and porosity could be increased upon 
incorporating titanium dioxide in the membrane substrate. 
The improved water permeability is attributed to forming 
a finger-like structure in the substrate layer by increas-
ing the TiO2 concentration [11,12]. In 2020 Shawky incor-
porated silver nanoparticles in the polysulfone support 
layer that enhanced both water flux and salt rejection [13].

The main objective of the current work is to enhance 
reverse osmosis desalination economics by using forward 
osmosis as a promising technology process. Flat sheet thin-
film nanocomposite (TFNC) forward osmosis membrane 
was synthesized and its performance was enhanced by 
adding zeolite nanoparticles to the membrane substrate. 
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Adding zeolite nanoparticles reduced the effect of inter-
nal concentration polarization, directly affecting the mem-
brane flux rate. In addition, we studied the effects of zeolite 
nanoparticles loadings on the characteristics of PSF substrate 
and how the performance of the TFC is affected by those 
changes in the forward osmosis desalination processes. 
Moreover, we investigated the most efficient draw solution 
with the most optimum, economic, and feasible regenera-
tion processes for seawater desalination in water flux and 
power consumption. The results of this research work are 
significant to exhibit that varying the PSF substrate’s prop-
erties could be improved instead of changing the character-
istics of the PA layer to enhance the FO membranes.

2. Materials and methods

2.1. Materials

Polysulfone Udel P-3500 LCD MB7 in pellets form 
(Solvay Advanced Polymer), dimethylformamide (DMF, 
>99.5%, Fisher Scientific), and polyvinylpyrrolidone (PVP 
K12, Acros Organics) were used for membrane substrate fab-
rication. M-phenyldiamine (MPD, >99%, Acros Organics), 
triethylamine (TEA, Fisher Scientific), camphor sulfonic acid 
(CSA, Sigma Aldrich), sodium lauryl sulfate (SLS, Adwic, 
Nasr Pharma), benzenetricarbonyl trichloride (TMC, >98%, 
Sigma Aldrich), n-hexane (>99%, Merck Millipore) for PA 
active layer synthesis. Zeolite nanoparticles with <21ηmpar-
ticle size (SSZ-73, Raatec) were used for enhancing substrate 
properties. Sodium chloride (NaCl, >99%, Adwic, Nasr 
Pharma) and Magnesium Chloride (MgCl2·6H2O, >97%, 
Adwic, Nasr Pharma) were used for different concentration 
salt solution preparations for RO and FO experiments.

2.2. Preparation of flat sheet TFNC FO membranes

TFNC FO was prepared through two main steps: 
(1) preparation of polysulfone support membrane, and 
(2) preparation of TFNC active layer.

2.2.1. Preparation of polysulfone support membrane

Five substrates of different compositions were prepared 
using polysulfone dope solution, as presented in (Table 1). 
To prepare the dope solution, a specific concentration of 
zeolite nanoparticles was added at first to DMF, followed 
by a 60 min ultrasonication to reduce zeolite nanoparticles 
agglomeration. PVP was then added to the mixture under 

vigorous stirring on a hotplate for 15 min at 80°C. PSF pel-
lets were then gently added to the solution under vigorous 
stirring for about 120–180 min until dissolving all polysul-
fone pellets. The prepared homogenous dope solution was 
then left at room temperature overnight to eliminate the 
trapped air bubbles within the prepared solution. The dope 
solution was then cast over a dry clean, thin glass platter 
by the automatic film applicator at a knife of 200 µm thick-
ness, which was immediately placed into a water coag-
ulation bath for the phase inversion process as shown 
in Fig. 1. Coagulation time has an essential effect on the 
preparation process [14]. Once the membrane was husked 
off from the thin platter, it was placed into an additional 
distilled water bath and stored overnight to eliminate any 
residual monomers to be ready for further experiments.

2.2.2. Preparation of TFNC FO membrane

The active barrier layer of the TFNC membrane was 
established by interfacial polymerization (IP) on the sur-
face of the previously casted polysulfone substrate by 
using both aqueous and organic solutions; Tables 2 and 
3. A solution of 50 ml of 2% (w/v) MPD aqueous solution 
was poured onto the top of the clamped substrate by the 
slope to remove any water residue and guarantee the MPD’s 
permeation within the pores of the substrate. Then it was 
left for 2 min before disposing of the excess aqueous solu-
tion from the substrate surface. Tissue was used for clean-
ing the bottom of the membrane, and a rubber roller was 
used gently to remove any residual beads from the MPD 
from the surface of the substrate, as shown in Fig. 2. Then 
50 ml of 0.53% (w/v) TMC organic solution was poured by 
the slope onto the clamped substrate layer to remove any 
residual from the MPD, leaving the clamped substrate for 
1 min to ensure the completion of the interfacial polymer-
ization (IP) process (Fig. 2). Then the excess of the organic 
solution was drained off and dried in the oven for 10 min 
at 80°C. The TFNC membranes were then stored in dis-
tilled water until they were tested. The formed TFNC FO 
membranes were abbreviated asTFNC-0.2%, TFNC-0.4%, 
TFNC-0.5%, and TFNC-0.6% according to the concentration 
of zeolite nanoparticles in the polysulfone support layer.

2.3. Membrane characterization

The synthetic forward osmosis membranes (control 
TFC and TFNC-0.4%) were characterized using different 
tools. The membrane morphology studies top surface and 

Table 1
The composition PSF dope solution used for the FO membranes preparation

FO membrane  
samples

Composition of dope solution

PSF (wt.%) PVP (wt.%) DMF (wt.%) Zeolite (wt.%)

TFC (Control) 17.5 0.5 82 0
TFNC-0.2% 17.46 0.5 81.84 0.2
TFNC-0.4% 17.43 0.5 81.67 0.4
TFNC-0.5% 17.41 0.5 81.59 0.5
TFNC-0.6% 17.39 0.5 81.51 0.6
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cross-section of the (control TFC and TFNC-0.4%) were 
conducted using a scanning electron microscope (Quanta 
FEG-250, FEI) attached with Everhardt Thornley second-
ary electron detector (SED), with landing voltage range 
(standard 200 V to 30 kV), (beam deceleration of 20 V to 
30 kV) and magnification 14 up to 1000000 x. The Electron 
optics is highly resolution Schottky field emission, and 
the SEM column is optimized for high brightness at high 
current. FTIR molecular spectroscope (Nicolet, 6700, 
Thermo Electron Corporation) was used to identify the 
functional groups of the membrane. The FT-IR equipped 
with smart beam splitter from quartz (27,000–2,800 cm–1) 
to solid substrate (700–20 cm–1) and detectors from silicon 
(27,000–8,600 cm–1) to Si bolometer (600–20 cm–1). X-ray 

diffractometer (Philips, X’pert, PANalytical) is used to 
investigate the variation in the polymer’s crystalline nature 
that may occur by modifications and confirm the pres-
ence of zeolite nanoparticles within the substrate matrix.  

 

 

 

 

 

 

Fig. 1. (a and b) Schematic diagram for thin film nanocomposite membrane preparation.

Fig. 2. Schematic representation of the intermolecular reaction between the TMC and MPD of polyamide layer.

Table 2
Composition of aqueous solution used in FO membrane polyamide layer

FO membrane samples Composition of aqueous solution

TFC/TFNC MPD (wt.%) TEA (wt.%) CSA (wt.%) SLS (wt.%)

2 3 4 0.15

Table 3
Composition of organic solution used in FO membrane polyam-
ide layer

FO membrane samples Composition of organic solution

TFC/TFNC TMC (wt.%) Hexane (wt.%)

0.53 99.47
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The diffraction patterns were recorded using a copper 
(K) target with a secondary monochromator at 40 kV and 
40 mA.

The knowledge of the thermal properties of materials 
is essential in determining their thermal stability, chemical 
and physical changes, characterization, and possibility of 
different applications. Thermal resistance is a description of 
the chemical stability of the polymer at high temperatures 
[15]. Thermo-gravimetric Analyzer (TGA-50, SHIMADZU) 
is used to conduct the TGA test from zero to 1,000°C with 
a heating rate of 10 deg/min (minute variations in mass 
can be detected). Dynamic mechanical analyzer (Q800, 
TA instruments, Kuleuven; force range 0.0001 N to 18 N; 
strain resolution 1 nm) was used to investigate mechanical 
properties for the membrane. Regarding the measurement 
of the porosity ε (%) of the membrane substrate, it was cal-
culated from Eq. (1) by calculating the weight difference 
between the dry and wet membranes [11]. The dried mem-
branes were stored in room temperature distilled water 
then weighted instantaneously after being primarily dried 
with a dry tissue. Where L is the membrane thickness, A 
is the membrane area, ρ is water density, Ww and Wd are 
membrane weight in dry and wet modes.

ε
ρ

%( ) =
−

× ×
×

W W
A L

w d

H O2

100  (1)

2.4. Evaluation of membrane performance

2.4.1. Evaluation using RO experimental setup

The RO experimental setup scheme equipped with 
Sterlitech cross-flow RO membrane cell (CF042-RO) is rep-
resented in Fig. 3 to determine the prepared nanocompos-
ite membrane’s permeability and selectivity. The Sterlitech 
cell was 42 cm2 as a total effective surface area. RO exper-
iments were carried out using a solution of 1000 ppm as a 
feed solution at 4 bar, and the unit was operated with flow 
rate ranges between (2.5–3 L/min) with cross-flow velocities 
(0.32–0.39 m/s) respectively to minimize the concentration 

polarization. All experiments were performed after a mem-
brane warming up that lasted for 60 min with distilled water. 
Moreover, all results were recorded after 2 h of operation 
until flux stabilization.

Permeate water flux (JW
RO) (L/m2 h) and water permeabil-

ity (A) (L/m2 h bar) [16] of the membrane were calculated 
using Eqs. (2) and (3) as below.

J V
Am tW

RO =
×

∆
∆

 (2)

A J
P

=
�

 (3)

where ΔV is the volume of the permeate, Am is the mem-
brane active surface area (m2), Δt is the time (h), and P is the 
membrane applied pressure (bar). The salt rejection (R) was 
determined according to Eq. (4).

R
C
C
p

f

= −








 ×1 100  (4)

where CF and CP are the concentration of feed and per-
meate (product) (ppm). (B) (L/m2 h) is salt permeability 
coefficient [17] which is the intrinsic property of a mem-
brane to reject salt was calculated based on Eq. (5), Δπ is the 
osmotic pressure difference across the membrane.

1 −
=

−( )
R
R

B
A P� �∆ ∆π

 (5)

2.4.2. Evaluation using FO experimental setup

The membranes that showed the best results in the RO 
experimental setup membranes were tested in two different 
operational modes. The active layer facing the feed water 
(AL–FW) is called the FO Mode, and the active layer fac-
ing the draw solution (AL–DS) is called PRO mode. Draw 
solution and feed water were pumped to the membrane 

Fig. 3. Schematic diagram for the cross flow RO experimental setup.
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cell in a countercurrent flow mode. Fig. 4 represents the 
FO experimental lab-scale setup scheme equipped with 
Sterlitech cross-flow FO membrane cell for the FO flat sheet 
membranes to determine the membrane water flux and the 
reverse solute flux. The FO Sterlitech was designed to have 
a 42 cm2. The feed and draw solutions were circulated at 
a flow rate of 0.4 LPM with a variable speed pump (KNF 
1300KT18RC and VI-3389, Fisher Scientific, respectively) to 
keep the flow rates aligned with the needed pressure, and 
the pressure was maintained at 6 psi (pressure gauges) using 
the feed and draw solutions concentrate valves during the 
process.

Both feed and draw solutions were kept within the 
room temperature 25°C. The draw solution tank was placed 
on a digital weighing balance to evaluate the pure water 
flux precisely. Both solution’s salinities were measured by 
using a bench conductivity meter (3540, Jenway).

The draw solution tank was placed on a digital weigh 
balance to evaluate the pure water flux precisely. Both solu-
tions salinities were measured by using a bench conductiv-
ity meter (3540, Jenway). All experiments were performed 
after a membrane warming up that lasted for 60 min with 
distilled water. Moreover, all results were taken after 30 min 
of operation until flux stabilization. After finish recording 
the water flux results, the weight balance was transferred 
to be under the feed water tank and run the unit for 30 min 
until the flux stabilizes then started to take the readings 
of the weight balance with respect to the feed solution 
conductivity changes within 20 min, knowing that each 
trial was made three times to yield an average value.

The FO water flux Jv (L/m2 h) [12] was determined by 
measuring the weight change of draw solution according 
to Eq. (6):

J V
Am t

m

Am tv =
⋅

=
⋅

∆
∆

∆

∆
�

�
ρ  (6)

where ΔV is the volume change of feed solution (L), Am is 
effective membrane area (m2), ρ is the density of feed solution 
(kg/m3), Δm is the weight changes of feed solution (kg), 
and Δt is the measuring time interval (h).

After 30 min of the steady-state operation, the reverse 
solute flux Js (g/m2 h) [12] was calculated based on the salt 
concentration change by Eq. (7). Where; Am is effective 

membrane area (m2), Δt is the time interval (20 min), and 
Ct (mg/L) and Vt (m3) are the salt concentration and the 
volume of the feed measured during the experiment.

Js
C V

Am t
t t=

( )
⋅

∆
∆

� �
 (7)

In the FO experimental system, NaCl/MgCl2 aqueous 
solutions with different low and high salinities concentra-
tions were used as the feed/draw solutions. The osmotic 
pressure was calculated according to Eq. (8) (Van’t Hoff 
equation):

Π = iMRT  (8)

where π is the osmotic pressure in (atm), i is the Van’t Hoff 
Constant, M is the molarity of the aqueous solution, R is 
the universal gas constant (0.08206 L atm/mol K), T is the 
feed and draw solutions temperatures (K). In addition to Jv 
and Js, the FO power consumption is evaluated using Eq. (9),

E
Q

P Q P QS
p

f in in− − −=
× ×( ) +( )FO SW ds ds
1

36 η
 (9)

where Es-FO (kWh/m3) is the specific power consump-
tion for the forward osmosis process, η (%) is the pump 
efficiency, Pf (bar) is the feed solution pressure, Pds (bar) is 
the draw solution feed pressure, Qp (m3/h) is the permeate 
flow rate and Qsw-in and Qds-in are the inlet flow rates for feed 
water and draw solution, respectively [18]. In addition, the 
total power consumption for the FO-RO is evaluated using 
Eq. (10):

Est = ES-RO + ES-FO (10)

where the Est (kWh/m3) is the total power consumption 
of both FO/RO processes and Es-RO (kWh/m3) is the spe-
cific power consumption for the reverse osmosis cal-
culated using ROSA software.

3. Results and discussion

3.1. Characterization of TFC and TFNC FO membranes

The morphology of the top surface and cross-section 
of the prepared TFC and TFNC-0.4% membranes were 

Fig. 4. Schematic diagram for forward osmosis membrane experimental setup.



A.M. Ismail et al. / Desalination and Water Treatment 244 (2021) 90–10996

examined using a scanning electron microscope. The TFNC-
0.4% membrane had the same ridge-and-valley structure 
as the TFC membrane. At a high magnification of 20,000, 
deposits of bright nanoparticles can be detected on the 
membrane surfaces. The presence of zeolite nanoparticles 
in the main membrane structure increases membrane poros-
ity as the number of pores increases in the TFNC-0.4%, as 
shown in Figs. 5a and b [19,20]. The cross-section views of 
the TFC and TFNC-0.4% membranes are shown in Figs. 6a 
and b. These SEM images show that the sponge-like mac-
ro-voids extended from the bottom to the top of the sub-
strate layer (The overall thickness of the substrates was in 
the range of 100–130 µm). Compared to the pure polysul-
fone (PSF) substrate, the existence of hydrophilic zeolite 
nanoparticles in the dope solution greatly promotes water 
diffusion from the water coagulation bath to the casted poly-
sulfone film, resulting in the development of more sponge-
like pores, which facilitates the water flow and enhance 
the overall porosity that in turn plays a significant role 
in increasing the water flux [19,20]. Moreover, it could be 
noticed that there are two sponge layers in the membrane 
substrates, a high-dense sponge layer, and a lower dense 
layer compared to the pure polysulfone dope solution. The 
existence of hydrophilic zeolite nanoparticles in the PSF 
decreases the higher denser sponge layer from 35 to 9 µm, 
which directly affects the substrate’s overall porosity. The 
sponge-like skin layers of the substrates were responsible 
for providing a smooth surface and sufficient mechanical 
cushion for the polyamide rejection layers. As shown in the 
SEM images (Fig. 5), for TFNC, the presence of hydrophilic 
zeolite nanoparticles within membrane substrate (PSF) 
decreases the higher denser sponge layer from 35 to 9 µm 
leads to the formation of large number of interconnected 
small pores that increases the mass transfer area for osmotic 
flow to take place in the membrane substrate [21–24]. Which 
in turn increase the membrane porosity and wettability 
thus leading to enhanced flux rates and performance stabil-
ity. Leading to the reduction of the internal concentration 
polarization (ICP). Also, some agglomerations of zeolite 

nanoparticles (small white spots on SEM image) are formed 
at the cross-section of TFNC-0.4% membrane due to interac-
tion between zeolite nanoparticles with polyamide. [19–25].

FTIR molecular spectroscope was used to identify 
the functional groups of the TFC and TFNC-0.4% mem-
branes. As shown in Fig. 7 for the TFC, the peaks at the 
specific wave number of 1,151~1,155 cm–1 (symmet-
ric O=S=O stretching), 1,294~1,295 cm–1 (asymmetric 
O=S=O stretching), 1,240~1,258 cm–1 (asymmetric C−O−C 
stretching), 1,486~1,490 cm–1 (CH3−C−CH3 stretching) 
and 1,490 cm–1 (C=C aromatic ring stretching) are con-
formed to polysulfone substrate functional groups [26–
28]. Regarding the polyamide layer the characteristic 
peaks are 1,664~1,668 cm–1 (C=O amide stretching) and 
1,581 cm–1 (C−N amide stretching) [28–31] and this is con-
sidered for both TFC and TFNC membranes. While the 
zeolite characteristic peaks at 1,014 cm–1 (Si−O stretching), 
918 cm–1 (Al−OH bending), 569 cm–1 (Si−O−Al bending), 
and 463 cm–1 (Si−O−Si bending) are corresponded to the 
functional groups of zeolite nanoparticles [32].

X-Ray diffractometer is used to explore the transform in 
the crystalline nature of polymers that may occur by mod-
ifications and confirm the presence of zeolite nanoparticles 
within the substrate matrix. Fig. 8 shows the XRD patterns 
of the TFC, TFNC-0.4%, and pure zeolite nanoparticles. 
From the XRD pattern, it was clear that TFC membranes are 
mainly amorphous in nature and have one prominent peak 
at around 2θ = 17, on the other side in the TFNC-0.4% mem-
brane, we can find some characteristics peaks at 2θ = 29, 36, 
39.5, 48.3 and 64.5 in addition to mainly amorphous peak 
at around 2θ = 17 which reflects the crystalline nature of 
zeolite in the polysulfone substrate. Therefore, when com-
paring the TFC and TFNC-0.4%, X-ray diffraction patterns, 
it is clear that a remarkable increase in the degree of crystal-
linity in the TFNC due to the interaction of zeolite nanopar-
ticles with polysulfone. In addition to that, we can find the 
zeolite nanoparticles patterns that are mainly crystalline 
in nature at 2θ = 8.8, 9, 11.2, 13, 17.4, 22.5; these results 
correspond to the pattern of zeolite nanoparticles [20].

 

 

 

 

 

 

 

       
[a]                                                                                        [b ]  

  

Fig. 5. (a and b) SEM images for TFC and TFNC-0.4% membrane top surface.
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TGA is used to determine the fabricated membrane 
thermal stability Fig. 9 shows the weight loss (degradation) 
in the TFC occurred in two steps at midpoint 536.28°C by 
46.52% and at midpoint 705.86°C by 32% with a total overall 

weight loss of 79%, which is higher than TFNC-0.4% zeo-
lite modified membrane in which the weight loss occurs 
in three steps at midpoint 345.35°C by 2.12%, at midpoint 
524°C with 31.15% and midpoint 678°C with total weight 
loss 39.35% with overall total weight loss 72%.

 
(a) 

 
(b) 

  
 Fig. 6. (a and b) SEM images for the TFC and TFNC-0.4% membrane cross section.

Fig. 7. FTIR spectra of (a) TFNC-0.4% zeolite membrane and 
(b) TFC membrane.

Fig. 8. XRD diffraction pattern of: (a) TFC, (b) TFNC-0.4%, and 
(c) zeolite nano-particles.
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The 32% weight loss occurs in TFC membrane above 
705.86°C related to polymer main chain splitting resulting 
in the final material, carbon, obtained at more than 600°C 
[33,34]. The reasons for the TFNC-0.4% membrane stabil-
ity is expected to arise primarily from these chemical struc-
tures, composed of high-temperature resistance building 
units, such as amide groups and benzene rings [35]. While, 
sharp loss above 678°C is related to the polymer main chain 
splitting and the formation of zeolite oxide. It is observed 
that the weight loss of the TFN-0.4% is less than weight 
loss in the TFC membrane, which improves the thermal 
stability in the nanocomposite membrane. This improve-
ment may be attributed to the interaction of coordinate 
bonds, covalent bonds, Van Der Waals forces, or hydrogen 
bonds between zeolite nanoparticles and polymeric chains 
[36]. These restrict the thermal action of macromolecules, 
increase the rigidity of the macromolecular chain, and 
enhance the energy needed by the polymeric chain move-
ment and breakage, thereby promoting the membrane 
thermal properties [11,37–42].

Dynamic Mechanical Analyzer was used to investi-
gate mechanical properties for the membrane. To evaluate 
the material’s intrinsic and extrinsic mechanical proper-
ties, deformation is performed on a membrane sample, 
where sinusoidal stress or strain is applied to the material, 
and the resultant sinusoidal strain or stress is measured. 
As shown in Fig. 10; the mechanical properties of the TFNC-
0.4% (stress/strain 10.34 MPa, 15.46%) membrane increased 
compared to the TFC (stress/strain 8.57 MPa, 13.88%) 
membrane, which could be attributed to the presence of 
the zeolite nanoparticles that increased the mechanical 
properties of the membrane [19,20,38].

Regarding the measurement of the porosity ε (%) of the 
membrane substrate, it was noticed that the overall poros-
ity of the membrane increased from 62% for the TFC mem-
brane to 65.6% for the TFNC-0.4%. This increase could be 
attributed to the addition of the zeolite nanoparticles that 
increased the membrane porosity, decreasing the structural 
parameter S that minimizes the internal concentration polar-
ization during the FO processes that increase water perme-
ability [19,43,44].

3.2. Effect of zeolite loadings on the performance of 
TFNC membrane for RO experiments

In Fig. 11 the comparisons between TFC and TFNC-0.4% 
prepared membranes were conducted among the separation 
performances. The water flux of the fabricated FO membranes 
increased sequentially with the zeolite nanoparticles content 
increase in the PSF sheet. The enhanced TFNC-0.4%illustrates 
a 126% increase in water flux rate with 3.21 L/m2 h  
compared to the control TFC membrane 1.42 L/m2 h under 
test conditions of 4 bar using 1 g/L of sodium chloride feed 
solution. This increase could be attributed to the enhanced 
substrate hydrophilicity and the increased overall porosity 
upon adding zeolite nanoparticles [19,20]. The rejection of 
NaCl into polyamide layers is attributed to zeolite nanopar-
ticles incorporation. The retention percentage of the prepared 
membranes was linked with special compositions of zeolite 
nanoparticles in the PSF matrix. Thus, as seen in Fig. 11, the 
salt rejection percentage of sodium chloride was determined 

to be 91.03% and 96.7% for TFC and TFNC-0.4%, respectively, 
when 0.4% wt. of zeolite nanoparticles were embedded into 
the PSF matrix.

Furthermore, when loading more zeolite nanoparti-
cles from 0.5% wt. to 0.6%wt., the corresponding rejec-
tion decreased to be 94.9% and 94.3% to TFNC-0.5% and 

Fig. 9. TGA for both TFC and TFNC-0.4% membranes.

Fig. 10. Stress/strain curve for both TFC and TFNC-0.4% 
membranes.

Fig. 11. Water flux and NaCl rejection of TFC and TFNC 
membranes prepared from different types of PSF substrates (Test 
condition 4 bar, 25°C and 1,000 ppm NaCl aqueous solution).
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TFNC-0.6% membranes, respectively. This relative decrease 
in the salt rejection may be due to the aggregations of zeo-
lite nanoparticles at high concentrations, leading to form 
non-selective boundaries and cavities between NPs and 
PA matrix [44,45].

Therefore, the TFNC-0.4% membrane was used for 
FO experimental setup as it shows the most balanced 
results between the flux (0.81 L/m2 h bar) and salt rejec-
tion (96.7%) among the other TFNC membranes. The water 
permeability of the synthesized TFNC-0.6% membrane 
is (A = 0.91 L/m2 h) as seen in Table 4; this value is three 
times higher than the commercial CTA-W membranes 
(A = 0.303 L/m2 h) and is two times higher than the com-
mercial CTA-NW membrane (A = 0.46 L/m2 h) [46]. It 
could be noticed that the TFNC membranes outperformed 
the CTA commercial membranes as the Zeolite nanopar-
ticles play a significant role in enhancing TFC membrane 
performance. Therefore, it could be more applicable than 
the CTA membranes in commercial applications that 
exhibit low permeability and high salt passage [19,46–50]. 
In addition to their limited PH operating range that needs 
extra chemicals for PH adjustment. Moreover, The stabil-
ity of the TFNC-0.4% membrane was tested using a time 
stability test with 1,000 ppm NaCl feed solution at 4 bars, 
as shown in Fig. 12. It can be observed that the TFNC-
0.4% exhibits good stability properties with respect to 
permeate flux and salt rejection for more than 30 h.

3.3. Effect of zeolite loadings on the performance of 
TFNC membrane for FO experiments

The influence of zeolite loadings on pure water flux 
and reverse solute flux were determined by FO cross flow 
experimental setup. The experiments were performed using 
a range of water salinities from brackish water to seawa-
ter as feed water prepared in the laboratory. Different 
solutions of 0.4 MgCl2 [80,000 ppm-29 bar], 1.2 M NaCl 
[70,000 ppm-60 bar], and 2 M NaCl [120,000 ppm-101 bar] 
were used as a suggested draw solutions with different 
high concentrations. Results stated that the TFNC mod-
ified polysulfone substrate membranes presented a much 
higher flux for both orientations regardless of changing the 
draw solutions or changing in feed water salinities com-
pared to the TFC membrane. This higher flux minimizes the 
resistance against water permeation due to the improved 
structural properties of the polysulfone substrate.

As shown in Fig. 13a, the TFNC-0.4% membranes out-
performed the TFC (control) membranes across a wide 

range of different water salinities by using the sodium 
chloride as a draw solution; as the membrane water flux 
increased by 80% from 15.87 L/m2 h for TFC to 28.5 L/m2 h 
for TFNC-0.4% in AL-DS (for 1.2 M NaCl draw solution vs. 
500 mg/L feed water). Also, it was increased by 78% from 
8.73 L/m2 h for TFC to 15.6 L/m2 h for TFNC-0.4% in AL-DS 
(for 1.2 M sodium chloride draw solution vs. 45,000 mg/L 
feed seawater).

Similarly, as shown in Fig. 13b, the membrane pure 
water flux increased by 79% from 9.2 L/m2 h of TFC to 
16.5 L/m2 h of TFNC-0.4% in AL-FW. Also, it was increased 
by 76% from 5 L/m2 h for TFC to 8.88 L/m2 h for TFNC-
0.4% in AL-FW (1.2 M sodium chloride draw Solution vs. 
45,000 mg/L feed water).

As stated from Fig. 14a, the same increasing trend was 
also observed as the TFNC-0.4% membrane outperformed 
the TFC membranes across a wide range of different water 
salinities by using the sodium chloride (NaCl) as a draw 
solution, as the membrane water flux increased by 79.8% 
from 27.1 L/m2 h for TFC to 48.6 L/m2 h for TFNC-0.4% in 
AL-DS (2 M sodium chloride draw solution vs. 500 mg/L 
feed water). Also, it was increased by 80% from 18.2 L/
m2 h for TFC to 32.7 L/m2 h for TFNC-0.4% in AL-DS (2 M 
sodium chloride draw solution vs. 45,000 mg/L feed water). 
Similarly, as can be seen from Fig. 14b, that the membrane 
water flux increased by 78% from 15.6 L/m2 h for TFC to 
28 L/m2 h for TFNC-0.4% in AL-FW (2 M sodium chlo-
ride draw solution vs. 500 mg/L feed water). Also, it was 
increased by 81% from 10.2 L/m2 h for TFC to 18.4 L/m2 h 

Table 4
Comparison between the separation properties of TFNC membranes in this work and commercial CTA membranes

FO membranes Separation properties of TFNC and commercial CTA membranes

Water permeability (A) (L/m2 h Bar) Salt permeability (L/m2 h)

TFNC-0.4% [This Work] 0.81 0.087
TFNC-0.5% [This Work] 0.86 0.091
TFNC-0.6% [This Work] 0.91 0.096
CTA-W [38] 0.303 N/A
CTA-NW [38] 0.46 N/A

Fig. 12. Stability Test of TFNC-0.4% membranes. (Test condition 
4 bar, 25°C and 1,000 ppm NaCl aqueous solution).
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for TFNC-0.4% in AL-FW (for 2 M sodium chloride draw 
solution vs. 45,000 mg/L feed water).

The same increasing trend in water flux was observed 
between the TFC and the TFNC membranes with respect 
to the different membrane orientations and increasing in 
feed salinities when increasing the draw solution concen-
tration of NaCl from 1.2 M to 2 M. This may be attributed 
to the greater osmotic driving force available when a 
draw solution of higher concentration is used [19], that is, 
the higher the difference in osmotic pressure between the 
draw solution and feed water the higher the water flux that 
could be achieved.

Another draw solution was also investigated as a poten-
tial draw solution. As stated in Fig. 15a, the TFNC-0.4% 
membrane outperformed the TFC membranes across a wide 
range of different water salinities by using the magnesium 
chloride (MgCl2) as a draw solution. The membrane water 
flux increased by 76% from 7.93 L/m2 h for TFC to 13.96 L/
m2 h for TFNC-0.4% in AL-DS (0.4 M MgCl2 draw solution 
vs. 500 mg/L feed water). Also, it was increased by 60% from 
2 L/m2 h for TFC to 3.17 L/m2 h for TFNC-0.4% in AL-DS 
(0.4 M MgCl2 draw solution vs. 25,000 mg/L feed water). 
Similarly, as shown from (Fig. 15b), the membrane water 
flux increased by 72% from 4.76 L/m2 h for TFC to 8.2 L/m2 h 
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Fig. 13. (a and b) Water Flux for both TFC and TFNC-0.4% membranes (Test condition: 6 psi, 0.4 lpm, 25°C (AL-DS/FW) (draw solution 
1.2 M NaCl).
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Fig. 14. (a and b) Water Flux for both TFC and TFNC-0.4% membranes (Test condition: 6 psi, 0.4 lpm, 25°C (AL-DS/FW) (draw solution 
2 M NaCl).
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for TFNC-0.4 in AL-FW (0.4 M MgCl2 draw solution vs. 
500 mg/L feed water). Also, it was increased by 74% from 
1.1 L/m2 h for TFC to 1.9 L/m2 h for TFNC-0.4% in AL-FW 
(0.4 M MgCl2 draw solution vs. 25,000 mg/L feed water).

The same increasing trend in water flux was observed 
between the TFC and the TFNC membranes regarding the 
different membrane orientations and increasing feed salini-
ties. It was noted that the magnesium chloride practical sol-
ubility limit is very low as it reaches a maximum concentra-
tion of 80,000 mg/L (0.4 M) MgCl2. Moreover, it provides a 
very low osmotic pressure (29 bar) at this point. As a result, 
it shows lower fluxes when used as a draw solution than 
the sodium chloride due to the decreasing of the osmotic 
pressure difference between the magnesium chloride and 
the feed water. Other divalent salts were evaluated, such as 
calcium chloride (CaCl2) and magnesium sulfate (MgSO4) 
but, they showed a very low osmotic pressure and solu-
bility limit compared to the sodium chloride. Therefore 
it has been proven that improving the characteristics of 
polysulfone substrate could be a more practical approach 
rather than enhancing the polyamide layer characteristics 
by incorporating zeolite nanoparticles in the membrane 
substrate for the internal concentration polarization mini-
mizing [11,47].

The membranes’ solute fluxes were tested at different 
orientations, as shown in Fig. 16. It must be stated out that 
there was a significant increase in solute flux in TFNC-0.4% 
(13 g/m2 h) in AL-DS mode and 4.6 g/m2 h in AL-FW mode 
compared to control TFC membrane (6.04 g/m2 h) in AL-DS 
mode and 2.3 g/m2 h in AL-FW mode respectively when 
using 2 M NaCl as a draw solution. Similarly, in using 0.4 
MgCl2 as a draw solution, a significant increase in solute 
flux in TFNC-0.4% (3.2 g/m2 h) in AL-DS mode and 1.7 g/
m2 h in AL-FW mode compared to control TFC membrane 
1.5 g/m2 h in AL-DS mode and 0.42 g/m2 h in AL-FW mode 
respectively.

Eventhough the water fluxes of TFNC-0.4% mem-
branes were remarkably improved, It was noticed that the 
reverse flux is higher in using the NaCl as a draw solution.
This behavior could explain that the high concentration 
of draw solute at the support layer-active layer interface 
is crucial for developing a higher osmotic pressure gra-
dient, which drives a higher water flux. However, this 
higher concentration from the draw solute also increases 
the concentration gradient across the active layer, increas-
ing the reverse salt flux. Moreover, it was noticed that the 
AL-DS membrane orientations have higher reverse solute 
flux than that of the AL-FW, possibly due to increasing 
water flux that increases the solute reverse flux. Tables 
5 and 6 state a comparison between membranes perfor-
mance with other works with different membrane orien-
tations. It could be noticed that the water flux and reverse 
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Fig. 15. (a and b) Water Flux for both TFC and TFNC-0.4% membranes (Test condition: 6 psi, 0.4 lpm, 25°C (AL-DS/FW) (draw 
solution 0.4 M MgCl2).

Fig. 16. Reverse solute flux for both draw solutions for both 
TFC and TFNC-0.4% membranes at different orientations 
(Test condition: 6 psi, 0.4 lpm, 25°C) (feed water, distilled water).
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solute flux are lower in ourwork compared to the work of 
Emadzadeh et al.[12]. This decrease may be attributed to 
the difference in the membrane support morphology;our 
work’s membrane support morphology is sponge-like 
support compared to finger-like support in Emadzabeh’s 
work. Although substrates with more pores facilitate water 
flow, wide pore leadsto a high water flux witha high salt 
leakage (i.e., high reverse solute flux) [48], that is why the 
finger-like membrane support has a higher reverse salt 
flux compare to the sponge-like membrane support.

In all practical results in our work and all previous 
works, the PRO membrane orientation (AL-DS) mode out-
performs the FO membrane orientation (AL-FW) in terms 
of water flux and salt retention. This is attributed to the 
lower concentrative internal concentration polarizationfor 
PRO mode. Where salts are gradually accumulated within 
the porous support membrane layer due to diffusion of 
pure water towards the draw solution sucked from the feed 
solution due tothe osmotic pressure gradient.On the other 
side, the dilutive internal concentration polarization takes 
place in the FO mode. Where osmotic solutes are diluted 
even before flux can happen within the porous support 
membrane layer due to diffusion of pure water towards 
the draw solution withdrawn from the feed solution as a 
result of the osmotic pressure gradient.Therefore, the PRO 
membrane orientation mode is preferred when the feed 
solution is a lower molecular weight compound, andthe 
FO membrane orientation mode is preferred when the feed 
solution is higher molecular weight compounds that lead to 
the increased osmotic pressure gradient that yields higher 
flux rates [51–53]. Higher molecular weight compounds 
may lead to cake formation within the porous support 

membrane layer due to shear forces reduction and inhibit 
back diffusion [54].

The specific reverse solute flux diffusion (JS/JV), which 
refers to draw solutes leakage from the bulk draw solu-
tion through the membrane active layer and into the feed, 
was also calculated to determinethe draw solution losses 
during the forward osmosis process. It is helpful to com-
pensate the draw solution directly with the concentrated 
draw solution in order not to decrease or lose the osmotic 
pressure driving force to keep the water flux stabilized. The 
ability of the forward osmosis membrane to reduce losses 
of draw solute is represented by the specific reverse sol-
ute selectivity (SRSF) [55]. The SRSF is necessary to calcu-
late the replenishment costs of the draw solution, and it is 
shown in Fig. 17 that for each water liter recovered amount 
salt is lost towards the feed water. It was noticed that the 
specific reverse salt diffusion is increased with the increase 
of both water flux and solute reverse flux; the TFNC-0.4% 
(0.26 g/L) (AL-DS) (0.16 g/L) AL-FW shows a higher spe-
cific reverse salt diffusion compared to TFC membrane 
(0.22 g/L) (AL-DS) (0.14 g/L) (AL-FW).

Energy requirements for the seawater desalina-
tion forward osmosis process (FO-only) were evaluated 
using Eq. (9). It was noticed that the (Es-FO) decreased 
with increasing concentration of the draw solution for 
both membrane orientations,whichwas attributed to the 
increasing of the driving force between the draw solution 
and feed water. Also, the power consumption of FO (Es-
FO) was lower in TFNC membranes compared to the TFC 
membrane that could be attributed to increasing water flux 
resulting from the addition of the zeolite nanoparticles 
in the TFNC membrane substrate. Moreover, the power 

Table 6
Comparison between FO membranes performance (AL-FW) FO

FO membranes Comparison between FO membranes performance [AL-FW]/FO

Water flux (L/m2 h) Reverse salt flux (g/m2 h) Feed solution Draw solution

TFC [This Work] 15.9 2.3 2 M NaCl DI
TFNC-0.4% [This Work] 28.9 4.6 2 M NaCl DI
TFC [12] 13.9 5.3 2 M NaCl DI
TFN0.6 [12] 33 15.7 2 M NaCl DI
sPPSU [40] 48 7.6 2 M NaCl DI
SPSF [41] 26 8.3 2 M NaCl DI

Table 5
Comparison between FO membranes performance (AL-DS)/PRO

FO membranes Comparison between FO membranes performance [AL-DS]/PRO

Water flux (L/m2 h) Reverse salt flux (g/m2 h) Feed solution Draw solution

TFC [This Work] 27.3 6.04 2 M NaCl DI
TFNC-0.4% [This Work] 49.1 13 2 M NaCl DI
TFC [11] 32.3 14.2 2 M NaCl DI
TFN0.6 [11] 59.4 31 2 M NaCl DI
sPPSU [39] 54 8.8 2 M NaCl DI
SPSF [40] 47.5 12.4 2 M NaCl DI
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consumption increases as the feed salinity increasefrom 
the lower feed salinities (Brackish water) to the higher feed 
salinities (seawater). As stated in Figs. 18a and b, the low-
est power consumption was achieved by using 2 M NaCl 
as a draw solution, followed by the 1.2 M NaCl and 0.4 
MgCl2.This is due to the higher effective osmotic pres-
sure provided by the 2 M NaCl, which increases the water 
flux but, it will be atthe expense of increasing losses of 
the draw solution as stated in Fig. 16. Moreover, it should 
be mentioned that the magnesium chloride could not be 
used for higher seawater salinities as it could not reach a 
concentration higher than 0.4 M (practically), which pro-
vides a lower effective osmotic pressure (29 bar) so, it 

was evaluated with seawater salinity 25,000 ppm (21 bar). 
Itcould not be used for higher salinities as the power con-
sumption will be very high compared to the sodium chlo-
ride, and it could reach the flux reversal point where the 
process of the FO will be reversed as the feed solution will 
have the effective driving force leading the water from the 
draw solution to the feed water.

The power consumption percentage of the forward 
osmosis process% Es-FO wasevaluated for both draw solu-
tion concentrations of NaCl (1.2 M and 2 M) as shown in 
Figs. 19 and 20a and b using both membrane orientations 
with respect to the total power consumption for RO in anS-
WRO module.The power consumption for the RO mod-
ule was evaluated using reverse osmosis system analysis 
(ROSA) for an existing plant in Hurghada, Red Sea, Egypt, 
Fig. 21. This is achievedby using Dow Dupont seawater 
membranes SW30HRLE-440 which is operated with recov-
ery 34% as a standard recovery for the RO modulesfor an 
RO unit 500 m3/d that used for the case study showing 
that the specific power consumption for the RO, ES-RO is 
6.84 kWh/m3 with pump efficiency 80% and feed pressure 
67 bar (without using energy recovery device). Moreover, 
the energy recovery module was used to calculate the power 
consumption of the SWRO unit using the energy recovery 
device (PX Module)(Fig. 22). The specific power consump-
tion ES-RO of the RO module is reduced to 3.69 kWh/m3. The 
results showed that the power consumption in the FO pro-
cess was only from 0.72% to 2.33% from ES-ROby using 2 M 
draw solution for both membrane orientations for TFC and 
TFNC membranes, and from 1.52% to 4.66% ES-RO whenus-
ing 1.2 M draw solution for both membrane orientations 
for TFC and TFNC membranes without using the energy 
recovery module in the RO. On the other side, by using the 
energy recovery device ERD, results stated that the power 

Fig. 17. Specific reverse salt diffusion for both draw solutions for 
both TFC and TFNC-0.4% membranes at different orientations 
(Test condition: 6 psi, 0.4 lpm, 25°C) (feed water, distilled water).
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Fig. 18. (a and b) Specific power consumption for FO membranes for both TFC/TFNC-0.4 membranes at different SW salinities (Test 
condition: 6 psi, 0.4 lpm, 25°C (AL-D/FW) (Pump η 80%).
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consumption in the FO process was only from 1.3% to 4.3% 
from ES-RO by using 2 M draw solution for both membrane 
orientations for TFC and TFNC membranes and from 2.81% 
to 8.63% from ES-RO by using 1.2 M draw solution for both 
membrane orientations for TFC and TFNC membranes as 
shown in Tables 7 and 8 for brackish water to seawater 
salinities. It was reported that the average production cost 
of desalinated water in Egypt based on [SWRO + ERD-PX] 
with salinity [45,000 ppm] is 8 EGP/m3 [0.51 $/m3].It is tak-
ing into account the power, which represents about 70% 
of the total OPEX as shown in Table 9 [i.e., 5.53 EGP/m3]  
[based on average power cost 1.5 EGP/kW], which means 

that the FO desalination process only could reduce the 
overall power cost to [0.072 – 0.132 EGP/m3] Fig. 23is 
based on different membrane orientations for TFNC-0.4%.

The cost for the expensive regeneration process for the 
draw solution recovery is a significantpart that must be 
combined withthe overall seawater desalination cost dis-
regarding the type of the draw solutionused [56]. Sodium 
chloride as a draw solution shows a good water flux in the 
FO module at high concentrations. However, these high 
concentrations could not be regenerated by the traditional 
RO modules as it will need a high pressure that exceeds the 
design pressure of most RO membranes and equipment as 

[a]                                                                                  [b ]

Fig. 19. (a and b) Specific power consumption percentage for FO membranes for both TFC/TFNC-0.4 membranes at different 
SW salinities W/O. ERD (Test condition: 6 psi, 0.4 lpm, 25°C) (AL-D/FW) (Pump η 80%).

[a]                                                                                  [b ]

Fig. 20. (a and b) Specific power consumption percentage for FO membranes for both TFC/TFNC-0.4 membranes at different SW 
salinities W. ERD (Test condition: 6 psi, 0.4 lpm, 25°C) (AL-D/FW) (Pump η 80%).
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it may reach more than 140 bar for both the 1.2 and 2 M 
NaCl solutions. However, it could be used as a draw solu-
tion whenits concentration decreases so it will be able to be 
treated with the traditional RO modules but, it will be at 
the expense of reducing the water flux due to decreasing 
of the effective driving force between the draw solution 
and the feed water to the FO.

4. Conclusions

The current study evaluated the feasibility of the FO-RO 
hybrid process compared to RO for seawater desalination 
processes. First, practical FO experiments were used to 
assessthe performance of the FO and PSF substrate char-
acteristics of the TFNC. FO membranes were effectively 

Fig. 21. Membrane projection by ROSA for an RO unit 500 m3/d fed by a seawater 45,000 ppm with recovery rate 34%.

Fig. 22. RO energy recovery module by ERI for an RO unit 500 m3/d fed by a seawater 45,000 ppm with recovery rate 34%.
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modified by mingling different concentrations of zeolite 
nanoparticles from 0 to 0.6 wt% within the polysulfone 
matrix, increasing the hydrophilicity and porosity of the 
nanocomposite substrate,which directly affect the water flux. 
Then, the regeneration process was evaluated using reverse 
osmosis system analysis for an existing SWRO+PX unit in 
Hurghada, RedSea, Egypt.The TFNC-0.4% membrane pre-
pared from PSF substrate implanted with (0.4 wt%) zeolite 
nanoparticles exhibited the best performance among other 
concentrations by increasing the water flux by 126% than 
the TFC membranes. Practical experiments showed that in 
the forward osmosis experiments, the (AL-DS) membrane 

orientations showed a higher water flux than that of 
(AL-FW) but accompanied with higher solute reverse flux.

Although higher fluxes are reached with the increaseof 
draw solution concentration, the power cost of the desali-
nation process tends to increase with the increase in the 
draw solution concentration. Moreover, the increase in zeo-
lite concentrations in the polysulfone substrate increases 
the water flux for the TFNC membranes, while salt rejec-
tion is decreased at high concentrations. This is attributed 
to the lower degree of cross-linking of the polyamide selec-
tive layer formed. Dissolved inorganic salts remain the 
most effective draw solutes due to their high osmotic pres-
sure that driveswater permeation through the membrane. 
The power consumption in the promising forward osmosis 
technology alone was a small percentage of (0.72 to 4.66%) 
of the total power consumption in the RO process, which 
reduces the power OPEX for theSWRO+PX with 45,000 ppm 
from 5.53 EGP/m3 to 0.072 EGP/m3].Therefore, most of the 
FO-RO process power consumption was realized in the RO 
regeneration process.The FO-RO hybrid water desalination 

Table 7
Specific power consumption percentage ES-FO/ES-RO (W. ERD) (AL-DS)

Membrane orientations/
feed salinity

Specific power consumption percentage ES-FO/ES-RO (W.ERD) (AL-DS)

TFNC-0.4% ES-FO [2 M] TFC ES-FO [2 M] TFNC-0.4% ES-FO [1.2 M] TFC ES-FO [1.2 M]

500 ppm 0.48% 0.87% 0.82% 1.49%
1000 ppm 0.49% 0.87% 0.84% 1.5%
10,000 ppm 0.52% 0.94% 0.94% 1.73%
20,000 ppm 0.57% 1.03% 1.08% 1.93%
35,0000 ppm 0.65% 1.17% 1.15% 2.29%
45,000 ppm 0.72% 1.29% 1.52% 2.71%

Table 8
Specific power consumption percentage ES-FO/ES-RO (W. ERD) (AL-FW)

Membrane orientations/
feed salinity

Specific power consumption percentage ES-FO/ES-RO (W.ERD)(AL-FW)

TFNC-0.4% ES-FO [2 M] TFC ES-FO [2 M] TFNC-0.4% ES-FO [1.2 M] TFC ES-FO [1.2 M] 

500 ppm 0.84% 1.52% 1.43% 2.55%
1000 ppm 0.86% 1.53% 1.47% 2.6%
10,000 ppm 0.91% 1.63% 1.65% 2.98%
20,000 ppm 1% 1.79% 1.88% 3.3%
35,0000 ppm 1.15% 2% 2.32% 4.14%
45,000 ppm 1.28% 2.32% 2.66% 4.66%

Table 9
OPEX Percentage for SWRO/ERD 500 m3/d

OPEX Percentage

Power cost 70%
Materials & spares 15%
Labor salaries 10%
Medical, social, insurance 3%
Others 2%

Fig. 23. Power OPEX comparison between current SWRO-ERD 
and TFNC-0.4% membranes.
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module is not consuming lower energy than a standalone 
RO module to achieve a specificrecovery. However, the FO 
advantage is that it could work as a pretreatment for the 
conventional RO system to increase the lifetime of the RO 
membrane and reduce the frequencies of chemical clean-
ing and the usage of scale inhibitors for RO membranes 
(Fig. 24). Although the divalent salts consume much lower 
power in the regeneration process as a draw solution, they 
cannot be used as they have a very low osmotic pressure 
and their practical solubility limits are very low compared 
to the monovalent salts. The synthesized TFNC-0.4% nano-
composite membrane will have broad applications in the 
FO seawater desalination by innovative draw solution 
with economic recovery solution.According tothe results 
achieved in this study, it can be concluded that forward 
osmosis polysulfone membrane substrate impeded with 
proper zeolite nanoparticles could potentially improve 
the overall performance of FO desalination processes by 
enhancing desalination power OPEX to make the forward 
osmosis economically feasible.
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Symbols

A — Pure water permeability (A), L/m2 h bar
Am — Membrane active surface area, m2

B — Salt permeability coefficient, L/m2 hr
Cf — Salt concentration in the feed solution, ppm
Cd — Salt concentration in the draw solution, ppm
Cp — Salt concentration in the permeate, ppm
Es-FO —  Specific power consumption for forward 

osmosis, kWh/m3

Es-RO —  Specific power consumption for reverse 
osmosis, kWh/m3

Est —  Total power consumption of both FO/RO pro-
cesses, kWh/m3

I — Van’t Hoff Constant, dimensionless
Js — Reverse salt (solute) flux, g/m2 h
Jw

RO — Pure water flux based on RO, L/m2 h
Jv — Pure water flux based on FO, L/m2 h
P — Membrane applied pressure, bar
Pf — Feed solution pressure, bar
Pds — Draw solution feed pressure, bar
Qp — Permeate flow rate, m3/h
Qsw-in — Inlet flow rates for feed water, m3/h
Qds-in — Inlet flow rates for draw solution, m3/h
OPEX — Operating expenses
R — Universal gas constant, L atm/mole K
R — Salt rejection, %
S —  Membrane structural parameter, 

dimensionless
t — Operation time, h
T — Operation temperature, K
V — Permeate volume, L
Ww — Weight of wet membrane, g
Wd — Weight of dry membrane, g
ρ — Solution density, kg/m3

ε — Membrane porosity, %
π — Osmotic pressure in, atm
η — Pump efficiency, %
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