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Abstract—This film nanocomposite forward osmosis (TFN-FO) membrane was developed using polyethersulfone-fer-
rous ferric oxide (PES-Fe;O,) nanocomposite substrate. The results revealed that the porosity and the hydrophilicity of
the PES substrate were improved after addition of Fe;O, nanoparticles (NPs), leading to reducing in structural parame-
ter (S value or S) and water flux enhancement. To fabricate TEN membranes for FO application, a thin polyamide layer
was fabricated by interfacial polymerization of m-Phenylenediamine (MPD) and 1, 3, 5-trimesoylchloride (TMC) on the
top surface of PES-Fe,O, nanocomposite substrates. The TEN membrane prepared with 0.2 wt% Fe;O, NPs showing the
most reliable results by exhibiting high water flux and low reverse solute flux. Furthermore, TEN0.2 membrane exhib-
ited significantly higher pure water flux than that of control thin film composite (TFC) membrane in both AL-FS and
AL-DS orientation when 10 mM NaCl and Caspian seawater was used as feed solution and 0.5 or 2 M NaCl was used
as draw solution. This improvement can be attributed to the fact that the S value of TEN0.2 is much lower in compari-
son to control TFC membrane (0.42 vs 0.78 mm), leading to reduced internal concentration polarization (ICP) effect.
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INTRODUCTION

Due to dry climate and shortage of water resources in Iran, the
Caspian Sea (a large saltwater lake located between Europe and
Asia) has been considered as a potential resource for the produc-
tion of desalinated potable and agricultural water for Iran. Thus,
appropriate desalination technology with higher water flux and
higher recovery should be regarded [1].

Forward osmosis (FO) process has been identified as an emerg-
ing technology because of its unique features such as low energy
consumption, no or low hydraulic pressure, high water recovery and
more extensive applications such as seawater desalination, protein
and pharmaceutical enrichment, food processing, power genera-
tion and biological process. The FO process relies on using the
osmotic process to draw the water across a permeable membrane
from a feed water to a higher concentrated solution (draw solution).
The driving force is hence created naturally by the difference in
osmotic pressure (ie., the chemical potential difference) between
the draw solution and the feed solution [2-9]. However, there are
some obstacles to be overcome. One e challenging issue in FO is
concentration polarization (CP). Both external CP (ECP) and inter-
nal CP (ICP) can take place in FO processes. ECP occurs at the
active layer (AL) of the FO membrane and ICP occurs in the sup-
port layer of the FO membrane. However, the negative effect of ECP
on the pure water flux can be mitigated by increasing the velocity
or flow turbulence. ICP generates large boundary layer within the
substrate and could decrease the water flux by more than 80%
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[10-15]. It is generally well known that small structural parameter,
S (S=thicknessxtortuosity/porosity) is preferable for a support layer
(sublayer) to minimize the ICP effect during FO process. The smaller
S value can be achieved by constructing higher porosity, lower tor-
tuosity and thinner structure of support layer [11,16]. Membrane
support chemistry, most remarkably hydrophilicity, may also play
a significant role in the severity of ICP [17].

Some literature has mainly focused on finding an effective way
to mitigate the ICP phenomena during FO process. Yasukawa et
al. used polyketone membranes as a novel substrate for the prepa-
ration of high-performance FO membranes. This TFC FO mem-
brane improved FO efficiency because of its highly porous structure
and large pore size that dramatically reduced the parameters of the
polyketone membrane structure [18]. Puguan et al. synthesized
crosslinked polyvinyl alcohol (PVA) nanofibers membrane as a
porous support layer for the fabrication of TFC FO membranes.
The fabricated TFC membrane improved FO efficiency because of
its low S value and remarkable hydrophilic property [19].

In recent years, mixed-matrix membranes embedded by inor-
ganic nanoparticles such as zeolite, TiO, [20,21] and SiO, [22] have
attracted a great deal of attention. The literature has shown that
the incorporation of nanoparticles into the polymeric matrix not
only improves the structure and physicochemical properties (poros-
ity, hydrophilicity, mechanical stability and pore size) of polymeric
membranes, but also demonstrates unique functionalities such as
photocatalytic and antibacterial characteristics for the polymeric
membranes. This concept was mainly used to mitigate ICP, which
has negatively impacted the PRO and FO processes because it can
significantly decrease the osmotic driving force and therefore lower
the water flux [23-25].

Tian et al. incorporated different amounts of SiO, nanoparticles
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Table 1. The composition of casting solution and monomer solutions used for the TFC/TFN FO membrane preparation

Composition of casting solution
FO membrane

Composition of aqueous and organic
solution for PA layer formation

PES (wt%) PVP (wt%) DMF (wt%) Fe;O, (wt%) MPD/water (wt/v%) TMC/n-hexane (wt/v%)
TFC (control) 14 2 84.00 0 2 0.1
TENO0.06 14 2 83.94 0.06 2 0.1
TENO.1 14 2 83.90 0.1 2 0.1
TENO.2 14 2 83.80 0.2 2 0.1
TENO.3 14 2 83.70 0.3 2 0.1
TENO0.4 14 2 83.60 0.4 2 0.1
TENO.5 14 2 83.50 0.5 2 0.1

in the nanofibrous substrate for the synthesis of FO membranes to
mitigate undesired ICP. It improved the FO water flux, which was
attributed to the high porosity of the membrane and large pore sizes
that dramatically reduced the parameters of the membrane struc-
ture [22] Ghanbari et al. were able to control the ICP by adding hal-
loysite nanotubes into the substrate. The low structural parameter
of TEN membranes can be explained by the fact that the addition
of halloysite nanotubes enhances the hydrophilicity and increases
the porosity and pore sizes of the substructure [26]. Lu et al. fabri-
cated a novel TFN FO membrane based on a layered double hy-
droxide (LDH) nanoparticle blended ultrafiltration substrate. The
addition of LDH nanoparticles endowed the ultrafiltration sub-
strate with increased surface hydrophilicity, porosity and surface
pore diameter. Consequently, all resultant TEN FO membranes de-
creased S value and increased water flux as compared with TFC
FO membrane [27]. Kuang et al. successfully incorporated calcium
carbonate (CaCO;) nanoparticles into mixed matrix PSF FO mem-
brane fabrication. The results demonstrated that the substrate TFC
membranes fabricated with CaCO; nanoparticles exhibited higher
porosity and smaller S value, which is beneficial for improving water
flux and reducing mass transfer resistance [28].

Compared with other nanomaterials, ferrous ferric oxide (Fe;O,)
nanoparticle was used as inorganic nanofiller additive in mem-
brane fabrication due to its numerous advantages, such as low tox-
icity, good biocompatibility, high surface area, chemical stability
and special magnetic properties [29-33].

In this study, we have attempted to fabricate novel TFN mem-
branes which are suitable for FO process by modifying the PES
substrate properties using hydrophilic Fe;O, nanoparticles. Influ-
ence of Fe;O, incorporation on the main properties of the substrate
with respect to hydrophilicity; porosity, pore size, cross-sectional
morphology, roughness, and water flux was systematically investi-
gated. Implications of nanomaterials are discussed to specify how
the incorporation of Fe;O, can influence ICB S value, water flux and
salt rejection of TFN FO membranes. To the best of our knowl-
edge, this is the first study on TFN membrane using PES-Fe;O,
nanocomposite substrate for FO applications.

EXPERIMENTAL

1. Materials
Polyethersulfone (PES, ultrason 6020) was used for preparing the

August, 2017

membrane substrates. N, N-dimethylformamide (DME >99.8%,
Merck) was used as the solvent for providing the casting solution.
Polyvinyl pyrrolidone (PVP, Merck) was used as an additive and
pore former in the casting solution. Ferrous ferric oxide (Fe;O,,
99.5%, 20-30 nm, USNANO) was added to the polymeric dope
solution to improve substrate properties. Also, sodium dodecyl sul-
fate (SDS, Merck) was used. Materials used for interfacial polym-
erization included m-Phenylenediamine (MPD, >95%, Merck), n-
hexane (>95%, Merck) and 1,3,5-trimesoylchloride (TMC, >98%,
Merck). Sodium chloride (NaCl, >99%, Dr. Mojallali) solution was
used for both FO and RO experiments.
2. Synthesis of Flat-sheet TFN FO Membranes
2-1. Preparation of FO Support Layer

Table 1 presents the characteristics of five substrates prepared in
this study using PES-based dope solutions. To make a dope solu-
tion, an appropriate amount of Fe;O, nanoparticles and PVP was
first added to DME followed by 30 min ultrasonication to mini-
mize Fe;0, agglomeration. In the following step, PES was added to
the solution under fast stirring. The dope solution was then degassed
at 25°C for 5h to remove the trapped air bubbles. The polyester
non-woven fabric was attached to a glass plate and then the dope
solution was cast on a polyester using casting knife at a thickness
of 100 pm. After that, the glass plate was immersed smoothly in a
precipitation bath including 2 wt% DMF and 0.1% wt/v SDS in DI
water at room temperature to initiate the phase inversion. After 30
min, the resulting PES substrate was immersed in a water bath for
one day to remove the excess solvent and additive. As the final
stage, the PES membrane was dried via placing between two sheets
of filter paper for one day at room temperature.
2-2. Preparation of Polyamide Rejection Layer

The active layer of TFN membrane was formed on the surface
of the PES substrate by interfacial polymerization between MPD
and TMC. The membrane sublayer was first immersed in a 2 wt%
MPD solution for 2 min. After removing the excess MPD solution
by rubber roller, the MPD saturated PES support layer was soaked
in a 0.1 wt% of TMC dissolved in n-hexane for 30 s. The resultant
TFC membrane was dried at 80 °C for 5min in an oven for post
treatment and then was kept in deionized water at room tempera-
ture for characterization.
3. Evaluation of Membrane Performance

The water permeability and selectivity of the TEN membranes
were tested using a cross-flow RO experimental. The effective sur-
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face area of the membrane was 38 cm” inside the permeation cell.
RO experiments used feed solution containing 20 mM NaCl at
2.5 bar. Pure water flux (J) and water permeability (A) [21] of the
membranes were calculated using Eqgs. (1) and (2) as follows:

_ AV
= a, At M

m

J
== 2
AP @
where A, is effective membrane area, and AV is permeate volume,
At is time and AP is pressure difference. To evaluate membrane salt

rejection rate R, the following equation is employed:

Rz(l—%)xloo (3)
In this equation, C;and C, represent salt concentrations in the feed
and permeate solution, respectively. The salt permeability coeffi-
cient (B) [34] of membrane was determined based on solution-
diffusion theory by:

1-R B

R A(AP-An) @
where A is pure water permeability, AP is pressure difference and
Aris the osmotic pressure gradient across the membrane. The FO
performance of the TEN membrane such as water flux and salt
permeability was determined in a lab-scale FO setup. Both feed and
draw solutions were circulated at a constant velocity of 800 mL/
min. Also, the temperature of feed and draw solutions was con-
stant at room temperature during the FO test. A digital weight bal-
ance was placed at the bottom of the draw solution tank to measure
the water flux of FO membranes. Solution conductivity was deter-
mined with a conductivity meter (Model: WA-2017SD, Taiwan) and
was consequently converted into concentration using a calibration
curve. All the TFN membranes were tested under two different
orientations: FO mode (support layer facing the draw solution (AL-
ES)) and pressure retarded osmosis (PRO) mode (support layer fac-
ing the feed solution (AL-DS)). Each experiment was run for 30
min and was repeated three times to obtain an average data. In the
FO system, 10 mM and Caspian Sea solutions were used as the
feed and different concentrations of aqueous NaCl solution (0.5
and 2.0 M) were used as the draw solution. The FO membrane water
flux J, was determined by measuring the weight change of draw
solution [35]:

AV Am/p

V= A A A, At

©)

where AV and Am are the volume and weight changes of the draw
solution, respectively. p is the density of feed solution, A, is effec-
tive membrane area and At is the measuring time interval. The
FO solute flux J, was determined from the salt concentration in the
feed solution after 30 min operation by the following equation [36].

_ VrCr_VOCO
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J

where V,, and V, are the initial and final volumes of the feed, and

C, and C, are the salt concentration of feed solution measured at
the beginning and the end of the FO test. According to the classi-
cal ICP model developed by Loeb et al. [35], the water flux of FO
membranes was obtained experimentally from the following equa-
tions for dilutive ICP (AL-FS) and concentrate ICP (AL-DS) as
expressed in Egs. (7) and (8), respectively [38,39].

j = Q[Ln_‘.*_”@w_il%_} @)
VS At B+],
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In these two equations, D is the solute diffusion coefficient; 7,
and 7z, are the osmotic pressures of the draw solution and feed
solution, respectively. So, the S value can be determined from these
equations (Egs. (7) and (8)).
4. FO Membrane Characterizations

Fourier transform infrared spectrometer (FTIR model: TEN-
SOR 27, Germany) was used to evaluate the functional groups of
PES support and TFN membranes. The XRD pattern of the PES-
Fe;O, substrates was examined at 26 ranging from 10 to 80 using
X-ray diffractometer (X' Pert Pro, Panalytical). Tensile mechanical
properties of the PES and PES0.2 membranes were measured with
an electronic strength tester (Gotech Universal AI-7000-LA, Tai-
wan) at a crosshead speed of 5 mm/min. At least four stripes were
tested for each membrane to obtain the mean values of tensile stress
and elongation at break of the membranes. Both top surface and
cross-section morphologies of the PES and TFN membranes were
examined using a field emission scanning electron microscope
(FESEM: Mira 3-XMU). To evaluate the properties of voids (ori-
entation and eccentricity), the data were extracted from FESEM
images of the membrane cross section and were calculated using
the image processing software. The orientation of voids is defined
as the angle between a x-axis and a major axis of the fitting ellipse,
and eccentricity is defined in terms of the minor and major axes
of an ellipse [40]. For the cross section scanning, membrane samples
were broken in liquid nitrogen. Then, all membranes were coated
with a thin layer of gold to produce electric conductivity. Atomic
force microscope (AFM model: Easyscan2 flex) was used to ana-
lyze the surface roughness and morphologies of the membranes.
AFM with contact mode in the scale of 5 umx5 pm was used in
these experiments. A contact angle measuring instrument (Canon
camera, Japan) was applied to evaluate membrane surface hydro-
philicity. The contact angles reported are the averages of five ran-
dom locations for each membrane to minimize the experimental
error. Substrate porosity € (%) was determined by measuring the
wet mass (m,,,) and dry mass (m,,) of membrane according to
the following [41]:

A”dmw +B- ]vj|

8
A;z'feedJrB ®)

o= (mwet — mdry)/pw
((mwe17 mdry)/pw) + (mdry/pm)

%100 9)

where p, and p,, are the density of water and membrane, respec-
tively.

Guerout-Elford-Ferry equation (Eq. (10)) was used to calculate
PES membrane mean pore radius (r,,) based on the water flux and
porosity data [42-44].

Korean J. Chem. Eng.(Vol. 34, No. 8)
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- A/(2,9 —1.758) x (8 7IQ) (10) RESULTS AND DISCUSSION
exAxAP
1. Effect of Fe;O, Loadings on the Properties of PES Substrate
where 77 is the water viscosity (8.9x10 * Pa-s), [ is the PES mem- Table 2 presents the changes in the structural properties of PES
brane thickness (m) and Q is volume of permeate pure water per substrate with and without impregnation of Fe,O, NPs. Clearly, the
unit time (m’/s). pure water flux of the PES substrate was significantly improved when

Table 2. Effect of Fe;O, concentration on the properties of PES substrate with respect to pure water permeability, contact angle, overall poros-

ity and S value
Membranes Pure water permeability (L/ m’ h bar) Contact angle (°) Overall porosity (%) S value (mm)
PES (control) 120.4+8 712 80+1.9 0.78+0.06
PES 0.06 154.6+10 67+1.6 83.2+24 0.6+0.05
PES 0.1 185.4+13 65+1.5 85.5+2.2 0.53+£0.05
PES 0.2 214.4+11 62+1.6 87+2.3 0.42+0.03
PES 0.3 1749 60+1.3 85.3+1.8 0.53+0.01
PES 04 124.6+10 59+0.8 83.4+19 0.71£0.02
PES 0.5 10217 58+1 81+14 0.85%+0.06

“Pure water permeability of PES membrane was determined at operating pressure of 2.5 bar
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View fieid: 1.38 pm  Date{midsy): 0821118 RMRC Viewr fladd- 138 um Dateimidsed: SA21718 RMEC
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Fig. 1. FESEM of the top surface of PES substrates prepared from different nanoparticles loadings, (a) PES (control), (b) PES 0.1, (c) PES 0.2
and (d) PES 0.5.
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only 0.2 wt% Fe;O, NPs was used. The reasonable explanation is
attributed to the increased membrane hydrophilicity and overall
porosity. As shown in Table 2, the hydrophilicity of PES substrate
was improved remarkably with the addition of hydrophilic Fe;O,
NPs into the casting solution. The reduction of water contact angle

value from 71 °C to 58 °C in the PES substrate containing 0.5 wt%
Fe,O, NPs demonstrated the enhancement hydrophilicity of mod-
ified PES substrate.

The surface porosity of PES substrates prepared with various
Fe;0, NPs loading is shown in Fig. 1. Also, from the FESEM images,

Table 3. Effect of Fe,O, concentration on the properties of PES substrate with respect to thickness, tortuosity/porosity, pore size, mean orien-

tation and mean eccentricity

Thickness Tortuosity/ Mean pore radius’ Mean pore radius’ Mean orientation Mean
Membranes . -
(um) Porosity (nm) (nm) (deg) eccentricity
PES (control) 139.9+2.6 5.59+0.11 1.9971 353 6.0002 0.17029
PES 0.1 104.88+2.1 5.05+£0.14 2.1361 355 3.5872 0.2222
PES 0.2 99.47+1.5 4.22+0.1 2.2614 36.5 3.2389 0.22529
PES 0.5 80.55+1.2 0.55+0.02 2.1924 26.9 2.1002 0.21524

“The mean pore radius calculated by quantitive image computing
"The mean pore radius calculated by Eq. (10)

Topography - Scan forward

(a)

Lire ® 115rm

Topography - Scan forward
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Fig. 2. AFM images of the top surface of PES substrates prepared from different Fe;O, nanoparticles loadings, (a) PES (control), (b) PESO0.1,

(c) PES0.2 and (d) PES0.5.
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the mean pore sizes were calculated by quantitive image comput-
ing [38] and summarized in Table 3. At low Fe;O, content (<0.2%
w/w), increasing in Fe,O, content improved porosity and the pore
sizes which were mainly due to the diffusion of Fe;O, NPs toward
the coagulation bath during phase inversion.

At higher Fe,O, content (=0.3% w/w), on one hand, the exchange
rate between solvent and nonsolvent was reduced due to a rela-
tively high viscosity of the casting solution which was visually ob-
served; on the other hand, a majority of Fe;O, nanospheres could
not diffuse into the coagulating bath before the solidification of
support layer, and then had to be placed within the support struc-
ture or near the surface, It means that minor parts of Fe;O, con-
tent contribute to complete the pore formation process [45-47].
Therefore, the surface porosity and the pore size of the support
containg 0.5% w/w Fe;O, was smaller than a support layer pre-

SEM HV: 150 kV
SEM MAG: 1000 x

WD 10.18 mam
Det: InBaam SE

View Beld; 208 pm  Date{midly|: 082116

R.R. Darabi et al.

pared using 0.2% w/w Fe;O,. Furthermore, a reduction in mem-
brane pore size and porosity with increasing in loading of Fe;O,
could be ascribed to the pore blocking effect at the high concen-
tration of Fe;O, NPs and the remarkable agglomeration at high

Table 4. Effect of Fe;O, loading on the surface roughness parame-
ters of the PES substrates by AFM analysis

Roughness
Membrane
S, (nm) S, (nm) S, (nm)
PES (control) 12.476 15.725 113.25
PES 0.1 34476 45.045 342.42
PES 0.2 41.483 54.383 501.16
PES 0.5 36.723 51.75 496.11

SEM HV: 15.0 kv
SEM MAG: 1,00 kx

WD: 9.97 mim

Dat: InBeam SE S0 pam
i ralil]

Fig. 3. FESEM of the cross section of PES substrates prepared from different nanoparticles loadings, (a) PES (control), (b) PES 0.1, (c) PES

0.2 and (d) PES 0.5.
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Fig. 4. FESEM of the top surface of PES prepared from different nanoparticles loadings, (a) PES0.1 at low magnification, (b) PES0.2 at low
magnification, (c) PES0.5 at low magnification, (d) PES0.1 at high magnification, (e) PES0.2 at high magnification and (f) PES0.5 at
high magnification.
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Fe,O,/PES blending ratio. High magnification of FESEM images
for substrate of TFC and TFN membrane shown in Fig. 4 con-
firms this observation clearly.

An increment in the overall porosity of substrate leads to a sig-
nificant decline in mass transfer resistance and acts as the main
contributor for smaller S value. In general, a smaller S value offers
a better performance of the sublayer in reducing the effect of ICP
phenomenon during the FO process [48]. Based on the data ob-
tained, it is sensible to conclude that the increased water perme-
ation of substrate at higher Fe;O, loading is mainly due to the incre-
ment in substrate hydrophilicity coupled with increased porosity
and pore sizes.

With respect to substrate surface roughness, Fe;O, NPs played
an important role in substrate surface roughness. Using the 3D AFM
images, the changes in the PES membranes surface roughness are
shown in Fig. 2, while the roughness parameters of membranes
are summarized in Table 4 in terms of the average roughness (S,),
the squared root of mean the Z (S,) and the mean height differ-
ence between the peaks and valleys (S,). The observed increase in
substrate surface roughness with an increase in Fe,O, incorpora-
tion (£0.2% w/w) is possibly ascribed to the amount of Fe;O, NPs
embedded in substrate matrix. The increase in water flux with the
increase in roughness was ascribed to the increment of the area
available for the water transport [49-51]. Further enhancment in
Fe;O, NPs demonstrated a negative impact on substrate surface
roughness. This may be attributed to the decrease in pore size of
membrane with high concentration of the Fe;O, NPs.

Fig. 3 shows the cross section imgaes of PES substrates prepared
with various Fe;O, NPs incorporations. From the FESEM images,
it can be seen that longer finger-like structures were extended from
the top of the support layer to the bottom by adding Fe;O, NPs
into PES substrate. Also, the membrane eccentricity was estimated
by calculating FESEM images. Eccentricity can be measurably con-
sidered as a function of finger-like structures or sponge-like struc-
ture. When membrane eccentricity is equal to 1, the membranes
show macrovoids structure with a completely ellipse shape like fin-
ger-like structures and vice versa. At the present of Fe;O, NPs, the
membranes showed higher eccentricity than a neat membrane as

shown in Table 3. The longer finger-like structure is favored for
FO membranes because it produces less resistance to water and
salt diffusion and consequently decreases the ICP propensity of
membranes. The changes in sublayer morphology upon addition
of Fe;O, NPs could be attributed to the faster exchange rate be-
tween solvent (DMF) and nonsolvent (water) during the phase
inversion process. In comparison with the pristine PES casting solu-
tion, transport of water from coagulation bath to the polymer film

Intensity (a.u.)

SKa

D) Kiow

T T T
5 10

20 (deg) * 10

Fig. 5. EDX patterns for substrate (control) and substrate0.2.
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Fig. 6. XRD pattern of Fe;O, nanoparticle in the PES substrate.
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is facilitated with addition of hydrophilic Fe;O, into the casting solu-
tion, resulting in long finger-like structure formation [21]. To eval-
uate the membrane orientation, the data were extracted from FESEM
images of the membrane cross section using the image processing
software. Table 3 presents the changes in the substrate orientation
at different loadings of Fe;O, NPs. The orientation of substrate was
decreased when loading of Fe;O, NPs was increased. It is obvious
that decreasing substrate orientation is preferable for a substrate in
order to minimize the ICP effect as a result of the increase of the
area available for the water transport.

Fig. 4 shows the existence of Fe;O, NPs on the top surface of
the PES substrate. Clearly, more nanoparticle agglomeration (small
white spots on FESEM images) took place on the top surface of
sublayer as the Fe;0, loading increased. The permanent attachment
of these Fe;O, NPs to the PES substrate matrix is a result of the
combined effects of physical and chemical interactions [22]. Also,
the presence of Fe;O, NPs within the substrate matrix was con-
firmed by EDX results and XRD data as shown in Figs. 5 and 6,
respectively. Fig. 6 shows the pattern of Fe;O, crystal powders which
has six crystalline characteristic peaks at 26 of 30.0°, 35.3°, 42.9°,
53.5°, 57° and 62.4°, which are consistent with the values reported
by Zhuang and et al. [52]. Table 5 summarizes the tensile strength
and elongation at break of the PES and PES0.2 membranes. As
shown, all the mechanical properties of PES0.2 membrane were
better than PES membrane. It means that the loading of Fe;O,
nanoparticles increased the mechanical properties. This increase
in mechanical properties of PES0.2 membrane can be attributed to
the physical interaction between Fe;O, nanoparticles and PES poly-

Table 5. Mechanical properties of PES and PES0.2 membranes

Membranes  Tensile strengt (MPa) Elongation at break (%)
PES 2.6+0.09 13.00£1.2
PES 0.2 3.12+0.1 25.83+2.1

e Ly
SEM HV: 15.0 kV
SEM MAG: 1.50 kx

WD: 11.05 mm |
Dat: BSE 20 pm
View fiald: 133 pm  Date{midiy]: 08121116 L

MIRA3 TESCAN
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mer. Fe;O, could operate as a barrier in PES0.2 membrane to limit
the chain mobility of PES and increase the strength of PES chain.
So more energy is required to slide PES chains tied by Fe,O, and
the mechanical properties of PES membrane were improved [53].
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Fig. 7. ATR-FTIR spectra from 2,000 to 1,000 cm” for substrate (con-
trol) and TFC membrane.
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Fig. 8. FESEM of the top surface of the TFC membrane at (a) low magnification (b) high magnification.
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2. TEN Membranes Prepared from PES and PES-Fe;O, Sub-
strate

Fig. 7 illustrates the ATR-FTIR spectra of PES support layer and
TFC membrane prepared in this study. The peaks at the wave num-
bers of 1,104cm ™" (C-O stretching vibration), 1,149 (O-H defor-
mation and C-O stretching vibration interaction), 1,298 and 1,239
(C-O-C stretching vibrations), 1,484 (C-S), 1,322 (-SO,- asymmet-
ric stretching vibration) and 1,576 (aromatic systems) corresponded
to the specific functional groups of PES support [54,55]. A com-
parison between the PES substrate spectrum and the TFC mem-
brane spectrum, however, revealed the characterizing peaks of PA
layer formed with MPD and TMC monomers at 1,662 cm ™, 1,542
cm™, 1,612 cm™, which correspond to amide I band (C=0 stretch-
ing), amide II band (C-H stretching) and aromatic ring breathing,
respectively [55].

The rejection layer of TFC membrane was synthesized on the
top of PES substrates by interfacial polymerization. Fig. 8(a) and
(b) presents the top surfaces of the TFC membrane at both low
and high magnifications, respectively. The TFC membrane shows
a ridge-valley surface structure that is a typical morphology for poly-
amide membranes formed by MPD and TMC monomers [56,57].
3. Effect of Fe;O, Loading on the Performance of TFN Mem-
brane During RO Experiments

The effect of Fe;O, loading on water permeability and NaCl
rejection rate was evaluated using cross-flow RO tests and the re-
sults are shown in Fig. 9. At operating pressure of 2.5 bar, the TFC
membrane tested with 20mM NaCl aqueous solution demon-
strated water permeability of 1.96 L/m” h bar and 96.3% NaCl rejec-
tion, while the TEN membrane containing 0.2 wt% Fe;O, (TFN0.2)
exhibited water permeability of 3.08 L/m’ h bar, which was 57%
higher than that of control TFC membrane. The improved water
permeability of TEN membranes can be justified by the higher
porosity and better hydrophilicity of the PES substrates also the
subsequent formation of more open rejection layers and provid-
ing extra water pathways.

Further increasing Fe,O, nanoparticles demonstrated a negative
impact on membrane water permeability, which was reduced to
6.4L/m’ h bar, 495L/m* h bar and 4.15 L/m’ h bar, for TFN0.3,
TFN0.4 and TFNO.5, respectively. The decreasing trend can be
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Fig. 9. Water flux and salt rejection of TFC/TFN membranes pre-
pared from different types of PES substrates (Test conditions:
2.5 bar and 20 mM NaCl aqueous solution).

attributed to the pore blockage and a decrease in porosity of mem-
brane at higher concentration of the Fe;O, NPs. However, the
TENO.2 membrane exhibited 93.2% salt rejection, which was slightly
lower compared to that of TFC control membrane. We believe
that the reduction in NaCl rejection is owing to the lower degree
of cross-linking formed in the active layer that is caused by the
Fe;O, agglomeration on PES substrate. Further increase in Fe;O,
loading enhanced NaCl rejection.

Table 6 compares the NaCl rejection and water permeability of
membranes prepared in this work with two commercial cellulose
triacetate (CTA) membranes): CTA-W and CTA-NW. With respect
to pure water permeability, the PES substrate with Fe;O, addition
played a significant role in enhancing TFC membrane efficiency.
All the synthesized TFN membranes showed much higher pure

Table 6. Comparison between the separation properties of TFC/TFN membranes prepared in this work and commercial CTA membranes

Water permeabili Water permeability A Salt permeability B B/A

Membranes (L/rﬁz h bar)* v (x1g-12 m/s Pa;Z (E 10°® m/s)zy (kPa) References
TFC (control) 1.96+0.21 5.44+0.3 523+14 9.61+3 In this work
TEN 0.06 2.32+0.23 6.44+04 8.3+1.6 12.9+3 In this work
TEN 0.1 2.68+0.26 7.44%0.5 10.62+1.7 14.27+4 In this work
TEN 0.2 3.08+0.27 8.55x0.5 15.60+1.8 18.24+5 In this work
TEN 0.3 2.56+0.24 7.11+0.5 12.56+1.8 17.66+4 In this work
TFC 04 1.9840.2 5.5+0.4 9.24+1.5 16.8+6 In this work
TENO.5 1.66+0.18 4.61£0.3 7.23+1.5 15.6+5 In this work
CTA-W 0.33+£0.04 0.9+0.1 4+0.9 47+12 [10]
CTA-NW 0.46+0.07 1.3+0.2 2.710.2 22+3 [10]

“Water permeabilities were measured in RO testing mode at 2.5 bar pressure and DI water as feed solution
*Salt permeabilities were measured in RO testing mode at 2.5 bar pressure and 20 mM NaCl as feed solution
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water permeability than those of commercial CTA membranes. As
the polyamide active layer of the composite membrane is very thin,
the transport resistance of water molecules is to be minimal in
comparison to the commercial CTA membranes. Because of this
fact, the water permeability achieved by the TEN0.2 membrane was
close to 9.3-times and 6.7-times higher than the CTA-W and CTA-
NW membranes, respectively. With respect to salt permeability/
pure water permeability (B/A) ratio, all of the in-house-made com-

a) so . .
( ) ® Feed solution 10mM NaCl and Draw solution 2 M NaCl

Feed solution 10mM NaCl and Draw solution 0.5 M NaCl
45

40
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25

0 I I | i | I I
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posite membranes displayed smaller values compared to the com-
mercial membranes. The smaller value of B/A ratio showed more
efficiency for our in-house membranes in decreasing solute reverse
flux during FO process [10].
4. Effect of Fe;O, Loading on the Performance of TFC/TEN
Membrane During FO Test
4-1. Results for 10 mM NaCl as Feed Solution

Fig. 10 presents the water flux of TFC membranes evaluated by

50
m Feed solution 10mM NaCl and Draw solution 2 M NaCl

45 Feed solution 10mM NaCl and Draw solution 0.5 M NaCl

0 I | | i ' I I

TFND.OB TFNO.1 TFND.2 TFND.3 TFND.4 TFND.5
Membranes

w

Fig. 10. Water flux of FO membrane prepared from PES substrate made of different Fe;O, loading, (a) AL-FS orientation and (b) AL-DS ori-

entation.

Table 7. Comparison between the performance of the TFC/TFN FO membranes prepared in this work and TFC/TFN FO membranes

reported in the literature
2 2
Membranes z\g;;er(lqu (L/ m"h) ;{g\;;rfs:(z)salt flux (gfm”h) Feed solution Draw solution References
TFC (control) 10.4+0.5/13.2+0.6 2.1£0.1/4.1+0.3 10 mM NaCl 0.5 M NaCl In this work
16.5+0.7/22.4+0.8 5.9+0.3/10.1+0.5 10 mM NaCl 2 M NaCl In this work
TEN 0.06 12.9+0.5/15.4+0.6 2.9+0.1/5.4+0.3 10 mM NaCl 0.5 M NaCl In this work
20.78+0.7/27.77+0.9 8.5+0.4/13.2+0.6 10 mM NaCl 2 M NaCl In this work
TEN 0.1 14.6+0.6/18.3£0.7 3.5+£0.1/6.3£0.3 10 mM NaCl 0.5 M NaCl In this work
23.52+0.8/31.4+1 11.6+£0.5/16.8+0.6 10 mM NaCl 2 M NaCl In this work
TEN 0.2 17.5+0.7/21.9+£0.8 4.9+0.5/7.9+0.5 10 mM NaCl 0.5 M NaCl In this work
28.8+0.9/38.08+1.2 14.7+0.7/20.1£0.9 10 mM NaCl 2 M NaCl In this work
TFN 0.3 14.21+0.6/18.6+0.7 4.1+0.4/7.1+£0.6 10 mM NaCl 0.5 M NaCl In this work
23.42+0.8/31.6x1 12.2+0.7/17.3+£0.8 10 mM NaCl 2 M NaCl In this work
TFC 0.4 10.8+0.5/14.1£0.6 3.6+0.2/6.4+04 10 mM NaCl 0.5 M NaCl In this work
17.56+0.7/24.33+0.9 10.4+0.5/15.9+0.7 10 mM NaCl 2 M NaCl In this work
TFEN 0.5 9+0.4/11.5+0.5 2.7+0.1/5.2+0.3 10 mM NaCl 0.5 M NaCl In this work
14.75+0.6/20.6+0.6 8.1+0.4/12.8+0.5 10 mM NaCl 2 M NaCl In this work
CTA-W 5.00/6.55 5.3/4.8 10 mM NaCl 0.5 M NaCl [10]
12.1/22.9 10 mM NaCl 2 M NaCl [10]
CTA-NW 4.42/8.19 2.9/2.8 10 mM NaCl 0.5 M NaCl [10]
8.54/21.8 10 mM NaCl 2 M NaCl [10]
CNEF-NH, 18/- 0.5 10 mM NaCl 1 M NaCl (35]
TFC 21 17/27.6 - DI water 2 M NaCl [28]
TFC-FO 21/33 2.2/2.8 DI water 2 M NaCl [2]
TEN 0.05 22.5/36.5 - 10 mM.NaCl 2 M NaCl [60]
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the cross-flow FO process at AL-FS and AL-DS orientations. The
experiments were performed using either 0.5 M NaCl or 2 M NaCl
as draw solution and 10 mM NaCl as feed solution. Results showed
that the TEN membranes prepared from PES-Fe;O, substrates
showed much higher water flux for both draw solutions compared
to the control TFC membrane. However, the addition of more than
0.2 wt% of the Fe;O, NPs results in lower water flux which can be
attributed to pore blockage. Based on the results obtained from
the RO and FO experiments, it is concluded that Fe;O, NPs load-
ing of 02wt% was the optimal loading for PES-Fe;O, sublayer
preparation to produce a promising performance for TEN mem-
brane resulting in high water flux and porosity. Fig. 10 illustrates
that by adding only 0.2 wt% Fe;O,, the water flux increased from
10.4 L/m’ h of TFC (control) to 17.5L/m’ h of TFNO0.2 in AL-FS
(for 0.5M NaCl as draw solution) and from 13.2 L/m* h of TFC
(control) to 21.9L/m’ h of TENO0.2 in AL-DS (for 0.5 M NaCl as
draw solution). Results in Table 7 and Fig. 10 show the same trend,
but the membranes evaluated at AL-DS orientation have exhib-
ited notably higher water flux. The decrease in osmotic pressure
differential owing to ICP phenomenon can be considered as the
major reason for the lower water flux in AL-FS orientation [58]. A
similar increasing trend was also observed when 2 M NaCl draw
solution was replaced with 0.5 M NaCl solution, but with a much
greater water flux produced. This is due to the increase of osmotic
pressure difference that noticeably improves the driving force and
the water flux of the FO penetration process. However, the incre-
ment of water flux is not as much osmotic pressure difference
increment, because the osmotic pressure loss across the membrane
increases accordingly as the draw solution concentration enhance-
ment. This incompatibility may attribute to the deterioration of
dilutive ICP [6].

It has been proven that modifying PES support layer properties
by adding Fe;O, NPs could also be an effective way to enhance
FO performance of typical thin film composite membrane. One of
the main factors that reduce ICP during FO process is the S value.
Since the effect of ICP on FO process can be minimized by reduc-

(a) 20 - u Feed solution 10mM NaCl and Draw solution 0.5 M Nacl

H Feed solution 10mM NaCl and Draw solution 2 M NaCl

TFNO.O6  TFNO.1 TFND.2 TFND.3 TFNO.4 TFNOD.5
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Solute Flux(gMH)

Fig. 11.
entation.
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ing S value, it seems that modification of the PES substrate through
loading of Fe;O, NPs is an acceptable strategy to improve the TFC
membrane efficiency in FO process. Also, Fe;O, NPs have signifi-
cantly increased the mass transfer efficiency of PES substrate where
the S value of substrate (0.2) was much smaller (0.42 mm) compared
to that of PES substrate (0.78 mm). These findings agree with the
substrate characterization discussed earlier (Section 3.1) that a sub-
strate containing 0.2 Fe;O, NPs has shown higher hydrophilicity,
higher overall porosity, and lower thickness compared to pristine
PES. Given the fact that tortuosity/porosity ratio straightly influ-
ences the S value, it is logical to witness a reduction in S parame-
ter for substrate. As can be seen in Table 3, by increasing Fe;O, NPs
the tortuosity/porosity ratio decreases and leads to reducing the
ICP propensity of membranes. Also, reports show that substrates
with higher hydrophilicity are more favorable for reducing ICP
phenomenon [20]. Furthermore, Fe,O, incorporation in the sup-
port layer facilitates water transport as it provides extra water path-
ways in the support layer. This improved pure water flux (as shown
in Table 2) and consequently increased mass transfer coefficient of
the support layer. The results obtained in this study offer that addi-
tion of Fe;O, to the PES support layer improves FO pure water flux
performance through (1) increasing the water permeability of the
active layer, and (2) minimizing the ICP phenomenon inside the
support layer by reducing the S value.

The NaCl salt fluxes of membranes tested in both AL-FS and
AL-DS modes are shown in Fig. 11. The trend of NaCl salt flux
was well correlated to the trend of NaCl salt rejection data in RO
shown in Fig. 9, where a high rejection rate corresponds to a low
solute flux and vice versa. A high level of solute flux must be avoided
insofar as it would result in remarkable ICP and membrane foul-
ing problem during FO test [59]. Despite the significant enhance-
ment in water flux achieved by TFN0.2 membranes, there were
insignificant differences in terms of NaCl salt flux of TFN0.2 mem-
brane compared to TFC membranes fabricated with PES only. Fur-
ther increasing in Fe;O, NPs loading up to 0.3 wt% reduced the
NaCl solute flux.

Feed solution 10mM NaCl and Draw solution 0.5 M Nacl
W Feed solution 10mM NaCl and Draw solution 2 M Nacl

TFNDO.O6 TFNDO.1 TFNDO.2 TFNO.3 TFNO.4 TFNO.S
Membranes

0

v

Solute flux of FO membrane prepared from PES substrate made of different Fe,O, loading, (a) AL-FS orientation and (b) AL-DS ori-
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Table 7 compares the water flux and salt flux of the TFC/TEN
membranes with two commercial CTA membranes. All the TEC/
TFN membranes showed much higher water flux than those of
commercial CTA membranes. The better water flux and lower salt
flux of our in-house membranes can be attributed to the higher
porosity and lower S value [10] of our TFC/TFN membranes. The
current study suggests that TFC membranes offer remarkable advan-
tages over CTA membranes because (1) the TFC way allows flexi-
bility for autonomous optimization of the support layer and the
polyamide layer, and (2) the polyamide layer formed with interfa-
cial polymerization also tends to have better water flux and solute
rejection [10].

Along with comparison to commercial CTA membranes, the
TFNO0.2 membrane was also compared to other FO membranes
reported in the literature. As shown in Table 7, our TENO0.2 mem-
branes exhibit better water flux than FO membranes reported in
the literature [2,27,35,60].

4-2. Results for Caspian Seawater as Feed Solution

FO is a most promising process for seawater desalination, so in
this section Caspian seawater was applied to evaluate the perfor-
mance of TFC and TFN membranes. The performance was eval-
uated with Caspian seawater as feed solution and 2M NaCl as
draw solution in both AL-FS and AL-DS modes. Fig. 12 and Table
8 illustrate that by adding only 0.2 wt% Fe;O,, the water flux in-
creased from 7.2 L/m’ h in the TFC membrane to 123 L/m’ h in
the TFNO0.2 membrane (ie., ~70% increase) and from 9.6 L/m’ h

Water Flux

‘-) I I
0 I I
TFC

TENO.1 TENOD.2 TEND.S

0

AL-FS mAL-DS

Fig. 12. Water flux of FO membranes in both AL-FS and AL-DS
orientation using Caspian seawater as feed and 2 M NaCl
as draw solution.

Table 8. Result for Caspian Seawater as feed solution

to 16.6 L/m’ h (i.e, ~73% increase) for AL-FS and AL-DS orienta-
tions, respectively. Comparing Fig. 12 with Fig. 10 shows that the
water flux of TFC and TFN membranes decreased significantly for
seawater concentration. The results can be explained as follows:
when seawater or a certain concentration of feed solution was taken
instead of the 10 mM NaCl, a concentrative ECP emerged on the
membrane active layer side, and the high draw solution concen-
tration also led to a more serious dilutive ICP on membrane sup-
port layer. As a result, the severe CPs on both sides of the mem-
brane raised the osmotic pressure drop through the membrane
and consequently lowered the water fluxes. However, the water
flux of TFN0.20 membrane was still higher than the TFC and all
other TFN membranes in both AL-FS and AL-DS orientations
due to the smaller S parameter of the sublayer and less severe ICP.
It is noted that the component and concentration of feed solution
could influence the selection of FO membrane orientation.

CONCLUSIONS

The properties of PES substrates for TFN FO membranes were
successfully improved by loading different amounts of Fe;O, NPs
ranging from zero to 0.5 wt% into the substrate matrix. The results
demonstrated that the porosity and the hydrophilicity of PES-
Fe;O, substrate have been successfully improved upon addition of
Fe;O, NPs. In RO tests, the water permeability of TFC membrane
increased with addition of Fe;O, incorporation, while salt rejec-
tion reduced slowly first, due to the defects of PA selective layer and
increase slowly at Fe;O, loading of >0.3 wt%, due to the pore block-
age membrane during RO experimental. With respect to the FO
tests, the TFC membrane prepared from PES substrate embedded
with 0.2 wt% Fe;O, exhibited the best performance in both AL-FS
and AL-DS mods and for both low (0.5M NaCl) and high 2 M
NaCl) draw solution concentrations. This should be ascribed to
the much smaller S value (S=0.42 mm) of TFNO0.2 membrane that
is supposed to play the main role in minimizing the effect of ICP
phenomenon during the FO process. Facilitation of water trans-
portation via formation of additional water pathways, higher hy-
drophilicity and improved overall porosity can be considered as the
major factors behind reduction in S value. As a conclusion, this
present work provides an insight that instead of modifying the
properties of PA layer, improving the properties of the support layer,
e.g. its porosity and hydrophilicity, could open up a new opportu-
nity to improve FO membrane efficiency.

Membranes Water permeability =~ Water permeability A Salt permeability B S value Water flux Water flux
(L/m” h bar)* (x107 m/s Pa)" (x107° m/s)* (mm) (L/m’h)’ FO  (L/m’h)° PRO
TFC (control) 1.09+0.12 3.03+0.21 2.18+0.4 1.94+0.11 7.2+0.33 9.6+0.45
TFC 0.1 1.41+0.15 3.91+0.28 4.83+0.9 1.27+0.09 10.5+0.45 13.5+0.52
TFCO0.2 1.76+0.16 4.88+0.31 7.8+1.4 1.11+0.08 12.3+0.51 16.6+0.6
TFC 0.5 0.98+0.08 2.72+0.23 3.66+0.5 2.01+0.11 6.8+0.31 9.1+0.32

“Water permeabilities were measured in RO testing mode at 2.5 bar pressure and Caspian Seawater as feed solution

"Water fluxes were measured in FO testing mode at Caspian Seawater as feed solution and 2 M NaCl as draw solution

“Water fluxes were measured in PRO testing mode at Caspian Seawater as feed solution and 2 M NaCl as draw solution
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