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ABSTRACT

Mixed cellulose ester (MCE) porous substrates were first modified by using polyvinyl alcohol (PVA)
solutions. Double-skinned polyamide forward osmosis (FO) membranes were fabricated by way
of interfacial polymerization on PVA-modified MCE substrates. Field emission scanning electron
microscopy was used to observe the morphology change of PVA-modified MCE substrates and
the corresponding polyamide active layers. Fourier transform infrared was employed to detect
the functional groups of the polyamide layer. Atomic force microscope (AFM) was used to probe
membrane topography and surface roughness. The hydrophilicity and mechanical strength of syn-
thesized double-skinned polyamide membranes were, respectively, evaluated by using contact
angle and tensile testing experiments. When subjected to the test of FO desalination, the synthe-
sized membrane exhibited satisfactory separation performances with enhanced mechanical strength
and long-term stability. Using deionized water as the feed solution and 1 M NaCl aqueous solu-
tion as the draw solution, the water flux was 11.32 L m? h™' and the reverse salt flux was as low
as 0.58 g m? h™'. Compared with available FO membranes in the literature, the synthesized mem-
brane with double-skinned structure should be promising for enhancement of FO performance and
long-term operation capacity in practical desalination processes.

Keywords: Forward osmosis; Substrate modification; Double-skinned membrane; Polyamide;

Desalination.

1. Introduction

With the growth of the global population and the
improvement of living standards, water shortage becomes
an increasingly serious problem [1]. Seawater desalina-
tion has been considered a promising strategy to solve this
issue [2,3]. At present, reverse osmosis (RO) with its rela-
tively mature technology is the most widely used mem-
brane-based separation process for seawater treatment
[4,5]. The major challenge that a RO system is facing comes
from its high energy consumption because a large exter-
nal pressure is needed on the feed side to overcome the

* Corresponding author.

osmotic pressure [4]. Moreover, severe membrane fouling
often occurs in RO operations. In addition to the limita-
tion of plant location and process design, the desalination
efficiency of RO systems is only 35%-50%, which not only
wastes energy but also produces the concentrated seawater,
leading to secondary pollution [6].

Recently, forward osmosis (FO) has begun to be valued
as another membrane-based separation technology [7,8], in
which the osmotic pressure generated by the concentration
difference across the membrane serves as the driving force.
Thus, water molecules are spontaneously transported from
the feed solution of low concentration to the draw solution
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of high concentration while the solute is held in its original
place. Finally, the draw solution is concentrated to release
pure water to achieve recycling, resulting in a reduction in
both operating cost and equipment depreciation [9-11]. This
process consumes much less energy than that of RO. A FO
membrane is expected to be both stable and durable benefit-
ing from its less susceptible fouling tendency. Due to a series
of advantages of FO technologies, such as low cost, easy
availability, environmental friendliness, large processing
capacity, and independence on high pressure, their applica-
tion is considered one of the most promising directions for
desalination technologies [7,11].

In the development of FO technologies, one of the key
issues is to design and fabricate high-quality membranes
with acceptable separation performances. Fang et al. [12]
prepared polyketone substrates of varied pore size and
thickness, and further modified the substrate with metal
chlorides. A membrane with polyamide active layer was
prepared on the modified substrate, which displayed a
good water flux in the FO process. However, the rejection
was not ideal due to the inherent defect of the asymmetric
membrane structure. Li et al. [13] deposited polyethylenei-
mine on the polyethersulfone substrate using layer-by-layer
assembly and covered with polyacrylic acid to obtain a
composite polyethersulfone FO membrane. The membrane
mitigated the effects of internal concentration polarization
(ICP) and fouling, however, the rejection was not satisfac-
tory and the reverse salt flux was high. Obviously, an active
layer with high hydrophilicity, for instance, a polyamide
layer (PA), ought to be used [14,15]. Yan et al. [16] prepared
a partially reduced freestanding graphene oxide (GO) mem-
brane to lower the ICP effect and avoid its swelling in water.
However, the mechanical strength of freestanding GO mem-
branes was weak that could be a serious problem in actual
separation processes. Yang et al. [17] fabricated a reduced
GO laminate layer covered by dopamine. It exhibited a high
flux of water at the very beginning, but the flux declined
quickly with time due to membrane fouling. Therefore, anti-
fouling does matter to the fabrication and application of FO
membranes.

In general, a high-quality FO membrane should have an
ideal water flux and a high rejection of the solute together
with satisfactory mechanical strength and stability [18,19].
Unfortunately, the water flux in the FO process is usually
much lower than the theoretical expectation due to the exis-
tence of serious ICP during operation. The ICP, generated
by a concentration gradient inside the porous substrate,
would cause a significant decrease in osmotic pressure dif-
ference so that the water flux could be reduced by up to
99.9% [9,11,14]. Currently, ultrafiltration or nanofiltration
membranes are used as porous substrates due to their high
mechanical strength and easy availability. The ICP effect
within these substrates cannot be ignored due to the exis-
tence of tortuous passages with small apertures [20,21].
Therefore, it would be more appropriate to use microfil-
tration substrates with relatively large pores to lower the
ICP. Obviously, the modification of these substrates, as
compensation, is necessary to improve their mechanical
strengths and durability. On the other hand, the prepared
FO membranes are usually asymmetric. The use of porous
substrates makes a remarkable ICP always exist either in the

mode of active layer facing the feed solution (AL-FS) or in
the mode of active layer facing the draw solution (AL-DS).
Once the contaminants enter the pores of a microfiltration
substrate, its porosity is lowered and the pore bending fac-
tor is increased, resulting in a heavier ICP with a further
reduction in water flux [21]. Based on the above analysis, the
FO membrane with a double-skinned structure would be
beneficial. To date, the double-skinned membrane has been
applied in the treatment of organic wastewaters with good
anti-contamination properties and ICP reduction [22-24].
However, the resistance to water permeation through the
doubled membrane would increase, leading to a serious
decrease in water flux [25].

In this work, double-skinned FO membranes are to be
prepared. PA is chosen as the active layer, while the mixed
cellulose ester (MCE) microfiltration membrane with a pore
size of 0.22 um is selected as the substrate. Polyvinyl alco-
hol (PVA) is used to modified MCE substrate to increase its
hydrophilicity and mechanical strength, and a crosslinking
reaction by using glutaraldehyde (GA) is carried out to sta-
bilize PVA chains attached on MCE substrate. It could be
expected that the synthesized double-skinned PA mem-
brane on PVA-modified MCE in this study would exhibit
a satisfactory desalination performance with a good anti-
pollution property and long-term stability. Up to now, there
are no relevant results available in open publications.

2. Materials and methods
2.1. Materials

MCE (50 mm in diameter, 0.22 um aperture) provided
by Tianjin Shengze Technology Co., Ltd., China, was used
as the substrate. PVA (98.0-99.0 mol %) and glutaraldehyde
(GA, 50%) were purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd, China. Hydrochloric acid (HCI,
36.0%-38.0%) and acetone (99%) were obtained from Tianjin
Damao Chemical Co., Ltd., China. 1,3-Phenylenediamine
(MPD, 99.5%) was purchased from Nanjing Shengbicheng
Chemical Technology Co., Ltd., China. Trimesoyl chloride
(TMC, 98%) was supplied by Tianjin Heowns Bio-Chem
Technology Co., Ltd., China. N-hexane (98%) was pur-
chased from Tianjin Fuchen Chemical Technology Co., Ltd.,
China. Sodium chloride (NaCl, 99.5%) was purchased from
Tianjin Jiangtian Chemical Technology Co., Ltd., China.
Deionized water (DI H,O) was produced on a water purifier
(Ulupure-1I-10 T, Chengdu Ultrapure Technology Co., Ltd.,
China) with a resistivity of 18.25 MQ cm.

2.2. Modification of MCE substrates

The MCE substrate was modified by using a PVA solu-
tion to increase its hydrophilicity and mechanical strength
[26,27]. First, 1, 2, and 4 wt.% PVA solutions were, respec-
tively, prepared under a water bath at 95°C. Thereafter, the
substrate was immersed in a PVA solution at 60°C overnight.
In the following step, the excess PVA solution was removed,
and the sample was dried in an oven at 100°C for 10 min.
To achieve the crosslinking of PVA chains, the dried sub-
strate was put into a glutaraldehyde solution (50 mM L
GA, 20 mM L HCI, acetone to water volume ratio of 1:3)
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at room temperature for 30 min. After wiping off the excess
GA solution, the modified MCE substrate was dried at 100°C
for 10 min, and then stored for further use. The substrates
modified with PVA solutions were named as 1PVA-MCE,
2PVA-MCE, and 4PVA-MCE, respectively. The numbers
1, 2, and 4 were referred to the corresponding concentration
of the used PVA solution.

2.3. Preparation of double-skinned PA membranes

The modified MCE substrate was washed in DI water
at first and then soaked in a 3 wt.% MPD solution (acetone
to water volume ratio of 1:2) for 5 min. After removing
the excess liquid, it was immersed in a 0.15 wt.% TMC/n-
hexane solution for 2 min. The membrane was taken out
of the solution after the polymerization reaction was com-
pleted and dried at room temperature prior to use. The pre-
pared double-skinned PA membranes were named as PA-
1PVA-MCE, PA-2PVA-MCE, and PA-4PVA-MCE based on
the used substrates, respectively. In the same way, this pro-
cess was repeated to obtain the double-skinned PA membrane
adhered to an unmodified MCE substrate named PA-MCE.

In addition, single-skinned PA FO membranes were also
prepared for comparison. After washed with DI water, the
modified MCE substrate was fixed on a ring-shaped device
(Fig. S1, Supporting Information) with only one side open-
ing upwards, and was evenly coated with 2 wt.% MPD
solution for 5 min. The sample was carefully dismounted
from the device to remove excess liquid. Then, it was fixed
on the device once again. 0.15 wt.% TMC solution was
quickly applied to the side with MPD, and the reaction was
performed for 2 min, followed by drying at room tempera-
ture prior to use. The single-skinned PA membrane was
named by adding a “S” in front of the corresponding dou-
ble-skinned PA membrane, for example, S-PA-2PVA-MCE.

2.4. Characterization

Scanning electron microscopy (SEM) images were
recorded on a Hitachi S-4800 SEM at an acceleration voltage
of 5 kV. Tension tests were performed on a mini-type in-situ
tensile testing system (IBTC-300s, CARE Measurement
and Control Co., Ltd.) with respect to MCE substrates or
double-skinned PA membranes sized at 2 cm x 1 cm to
obtain a stress-strain curve. Tests were measured at the
strain rate of 0.003 s™ and determined with a non-contact
displacement detecting system to gain precise results [28].
Apparent contact angles were tested at room temperature
using a contact angle goniometer (JC2000D2M Contact
Angle Meter). Membrane topography and roughness were
probed by an atomic force microscope (AFM, NSG10) in
tapping mode. Fourier transform infrared (FT-IR) spec-
trum was measured with KBr media using a Thermo
Scientific Nicolet 6700 FT-IR spectrometer.

2.5. FO performance measurements

The water flux and salt rejection of synthesized mem-
branes were measured on a laboratory-scale H-shaped
forward osmosis device (Fig. 1). The two compartments
were connected via the two attached circular tubes of the

Fig. 1. H-shaped forward osmosis device.

same diameter, and the area of the sandwiched membrane
was 1.767 cm? The feed side was DI water and the draw
side was sodium chloride (NaCl) aqueous solution, which
were, respectively, added to the two compartments before
measurements. Magnetic stirring was used to eliminate
external concentration polarization. The conductivity of
the feed solution was monitored using a conductivity
meter. Prior to actual operations, a standard curve was
measured to give the conductivity-concentration relation.
For the synthesized double-skinned membranes PA-MCE,
PA-1PVA-MCE, PA-2PVA-MCE, and PA-4PVA-MCE, the
feed solution was DI water and the draw solution was 1 M
NaCl aqueous solution. To test the effect of concentration
gradients, the feed solution was still DI water while the
draw solutions were 0.5, 1, 1.5, and 2.0 M NaCl aqueous
solutions, respectively. Since the prepared double-skinned
FO membrane possessed a symmetric structure, it was
no need to distinguish AL-DS and AL-FS modes.

In addition, single-skinned FO membranes were
checked using the same feed and draw solutions to analyze
the effect of membrane structure on desalination perfor-
mances. The tests were performed under both AL-DS and
AL-FS modes.

The water flux was calculated by using:

— _Avfeed
L=, <) @

where | (L m™? h™, LMH) is the water flux, A the effective
membrane area, AV, , the feed liquid volume change, and
At the test time.

The reverse salt flux could be calculated according to:

_ _Acl,feedvt,feed (2)

(A, %At

where ] (g m? h™, gMH) is the reverse salt flux, AC,,
the feed solution concentration change over the time
period At, and AV, the feed volume change after

t,feed
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testing time. The test under the same operation condition
was measured at least three times and averaged.

2.6. Stability assessments

To investigate the effect of the double-skinned structure
on membrane stability, the consecutive FO experiments
were performed for both double-skinned and single-
skinned membranes. The feed solution was 3.5 wt.% or
2 M NaCl aqueous solution was used as the draw solution.
The experiment was performed for 24 h, and the vol-
ume change of the feed solution was measured every
three hours to calculate the water flux.

3. Results and discussion

3.1. Effect of PVA modification on substrate and membrane
morphologies

Fig. 2a gives the network structure of MCE substrates,
the voidage of which is very high. After modification, the
connected fibers in the network structure are reinforced
due to PVA deposition (Fig. 2b). Nevertheless, the observed
voidage is pretty high for either the MCE substrate itself
or its modified counterpart. The double-skinned PA
membrane on an unmodified MCE substrate (PA-MCE) is
displayed in Fig. 2¢, and its magnified image is given in
Fig. 2d. The outer surface of PA-MCE demonstrates a regu-
lar ridge and valley morphology. However, the synthesized
double-skinned PA membrane on the modified MCE sub-
strate (PA-2PVA-MCE) exhibits a concentrated ridge and
valley structure (Fig. 2e). This should be attributed to the
modification of the MCE substrate using PVA. When the
modified MCE substrate was immersed in the MPD solu-
tion, MPD molecules would interact with PVA molecules by
way of hydrogen bonding. This interaction would slow the
diffusion of MPD molecules when the modified MCE sub-
strate is immersed in the TMC/n-hexane solution, resulting
in the polymerization on uneven surfaces and the forma-
tion of the undulating surface structure (Figs. 2e and f) [29].
Based on the visual observation (Fig. 2f), the active PA layer
of PA-2PVA-MCE is ca. 200 nm thick. It should be noted
that this extremely undulating structure makes the effective
membrane area substantially increased. As a result, higher
water fluxes could be expected for this double-skinned FO
membrane with the dense undulating surface structure.

3.2. FT-IR analysis

To prove the successful preparation of the double-
skinned PA membrane on the modified MCE substrate, the
active PA layer of PA-2PVA-MCE was peeled off, and sub-
jected to infrared spectroscopy. As shown in Fig. 3, the peaks
at 1,660; 1,610; and 1,540 cm™ represent C=O, N-H, and C-N
bonds, respectively. These three peaks could indicate that
the active PA layer has been successfully covered on the
PVA modified MCE substrate.

3.3. Effect of PVA modification on membrane surface roughness

The AFM images show the difference in roughness for
PA-MCE and PA-2PVA-MCE (Fig. 4). PA-2PVA-MCE has got

1 pm

Fig. 2. SEM images of MCE (a), 2PVA-MCE (b), PA-MCE (c),
with its magnified image (d), and PA-2PVA-MCE (e) with its
cross-sectional image (f).
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1610 em™
1540 em!

4000 3200 2400 1600 800
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Fig. 3. FT-IR spectrum of the PA active layer from PA-2PVA-MCE
membrane.

a larger average roughness (159 nm) than that of PA-MCE
(134 nm), indicating the addition of PVA made the active
layer rougher. In other words, PVA modification increased
the effective surface area of PA active layer, which should
be conducive to the enhancement of water permeation.

3.4. Effect of PVA modification on hydrophilicity

The modification of the MCE substrate should lead to
a change in its surface hydrophilicity due to PVA deposi-
tion on MCE fibers (Fig. 2b). As demonstrated above, the
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Ra=134 nm

0.0 5.0 pm

Fig. 4. AFM images of PA-MCE (a) and PA-2PVA-MCE (b).

existence of PVA molecules on modified MCE substrates
made the polymerization on uneven surfaces, resulting in
the formation of undulating PA top-layers with changes in
surface hydrophilicity for double-skinned PA membranes.

The dynamic contact angle tests were carried out
on the surfaces of MCE, 2PVA-MCE, PA-MCE, and PA-
2PVA-MCE. As summarized in Fig. 5, the modification of
the MCE substrate with PVA leads to an increase in sur-
face hydrophilicity for both the substrate itself and the
active PA layer on the substrate. At the very beginning,
the contact angle of the MCE substrate is ca. 103°, exhib-
iting poor hydrophilicity. However, the contact angle of
the modified substrate (2PVA-MCE) is reduced to ca. 88°.
The reduction of the contact angle is further enlarged to
ca. 30° after 20 s, suggesting the improvement in surface
hydrophilicity for the modified MCE substrate.

It should be noted that the initial contact angle of
PA-MCE is slightly lower than that of PA-2PVA-MCE due
to the difference in surface roughness. However, the con-
tact angle of PA-2PVA-MCE is reduced faster than that
of PA-MCE, the value of which could reach to ca. 33°.
Obviously, the improvement in surface hydrophilicity via
the modification of MCE substrates should be conducive to
acquiring high water fluxes for FO membranes.

3.5. Variations of mechanical strengths

For MCE substrates, the effect of PVA modification on
the mechanical properties is given in Fig. 6a. Based on the
measured stress-strain relations, the MCE substrate can
bear a tensile strength of 7.61 MPa with 3.41% elongation at
break. After the modification with PVA, the tensile strength
of 2PVA-MCE can reach to 9.16 MPa with 3.7% elongation
at break, leading to a nearly 20% increase in tensile strength
at break. As for the double-skinned PA membrane on the
MCE substrate, the substrate modification with PVA pos-
sesses a more pronounced effect on its mechanical properties
as observed in Fig. 6b. The membrane PA-2PVA-MCE could
withstand a tensile strength of 12.31 MPa with 9.80% elonga-
tion at break representing a 37% increase in tensile strength
at break compared with the membrane PA-MCE. Therefore,
the PVA modification could effectively improve the mechan-
ical properties of MCE substrates and double-skinned PA
membranes, which should be conducive to keeping their
long-term stabilities in practical operations.

555.2 nm (b)
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Fig. 5. Variations of contact angles with time for MCE,
2PVA-MCE, PA-MCE, and PA-2PVA-MCE.

3.6. FO performances of double-skinned PA membranes

The FO performances of synthesized double-skinned
PA membranes were tested, including PA-MCE, PA-1PVA-
MCE, PA-2PVA-MCE, and PA-4PVA-MCE. All experiments
were conducted with DI water as the feed solution and
1 M NaCl aqueous solution as the draw solution. Since the
used PA membranes all possess symmetric double-skinned
structures, it is not necessary to distinguish the direction to
which the active PA layer faces.

As shown in Fig. 7a, the water flux of PA-MCE is ca.
5.66 LMH with a reverse salt flux of ca. 0.20 g MH. For the
double-skinned PA membranes on modified MCE sub-
strates, the water flux increases with the PVA concentration
in the modification of MCE substrates. These results might
be explained by the increase in surface hydrophilicity and
effective area for double-skinned PA membranes on modi-
fied MCE substrates. However, the variation of reverse salt
flux with PVA concentration is not monotonic. The ratio of
J/]., as a key parameter for evaluation of FO membranes, is
only 0.05 g L™ for PA-2PVA-MCE, which is the lowest one in
the synthesized FO membranes (Fig. 7b). The optimum PVA
concentration in the modification of MCE substrates should
be 2 wt.% based on the ratio of ] /] .

Based on the above results, the membrane PA-2PVA-
MCE was selected to study the effect of concentration
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Fig.7. (a) FO performances for PA-MCE, PA-1PVA-MCE, PA-2PVA-MCE, and PA-4PVA-MCE with 1 M NaCl aqueous solution as the
draw solution. (b) J /] for PA-MCE, PA-1PVA-MCE, PA-2PVA-MCE, and PA-4PVA-MCE with 1 M NaCl aqueous solution as the draw
solution. (c) FO performances for PA-2PVA-MCE under different NaCl concentrations in the draw solution. (d) ] /]  for PA-2PVA-
MCE under different NaCl concentrations in the draw solution. (e) FO performances for S-PA-2PVA-MCE under both AL-FS and
AL-DS modes with 2 M NaCl aqueous solution as the draw solution. (f) ] /] values for S-PA-2PVA-MCE under both AL-FS and AL-DS
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gradients in the draw solution. As shown in Fig. 7c, the
feed solution is DI water while the draw solutions are 0.5,
1, 1.5, and 2 M NaCl aqueous solutions, respectively. The
water flux together with the reverse salt flux is going up
when the NaCl concentration in the draw solution increases,
owing to the increase in the driving force. When the draw
solution concentration is varied from 0.5 to 1 M, the water
flux is almost doubled from 6.04 to 11.32 LMH. As the draw
solution concentration is shifted from 1 to 2 M, the water
flux is only increased by 0.6 times, suggesting that the FO
process is not affected by the ICP at low concentration in
the draw solution whereas it is influenced by the ICP when
the NaCl concentration is higher. Therefore, under a low
or medium concentration in the draw solution, no effect of
ICP in the double-skinned membrane PA-2PVA-MCE could
be observed. By using the 1 M NaCl aqueous solution as
the draw solution, 11.32 LMH water flux, and extremely
low reverse salt flux (0.58 g MH) have been achieved. | /]
remains relatively stable throughout the process (Fig. 7d).
For comparison, the single-skinned PA membrane
S-PA-PVA2-MCE was also tested under both AL-DS and
AL-FS modes, which was further compared with the corre-
sponding double-skinned PA membrane PA-PVA2-MCE. The
experiments were conducted with DI water as the feed solu-
tion and 2 M NaCl aqueous solution as the draw solution.
By comparison to PA-PVA2-MCE, the water flux of S-PA-
PVA2-MCE under both modes was going up accompanied
by a substantial increase of reverse salt flux (Fig. 6e), result-
ing in at least two-fold increase in | /] for S-PA-PVA2-MCE

(Fig. 6f). Indeed, the double-skinned structure lowered the
membrane permeability due to its increased mass trans-
fer resistance, however, it can give rise to a substantially
improved rejection performance for the FO process.

As shown in Table 1, the FO performance of the syn-
thesized double-skinned membrane is listed and compared
with those of available membranes in the literature. Due
to its double-skinned structure, the water flux of the mem-
brane PA-2PVA-MCE synthesized in this study is lower than
those of listed FO membranes under the same operation con-
dition, however, its rejection effect is much enhanced with
the lowest ] /] . The membrane PA-2PVA-MCE possesses a
comparable water flux and a high rejection, which would
be advantageous to seawater desalination to achieve high
separation efficiencies.

3.7. Membrane stability

To check the stability of synthesized double-skinned
PA membranes, both PA-2PVA-MCE and S-PA-PVA2-MCE
(AL-DS) were chosen in the test. In order to simulate the
real seawater desalination system, 3.5 wt.% NaCl aque-
ous solution (about 0.6 M) was selected as the feed solu-
tion and 2 M NaCl aqueous solution as the draw solution.
The water flux was recorded every three hours in the FO
process. As presented in Fig. 8, the water flux of PA-PVA2-
MCE could remain stable over the whole process with
the mean value of 12.17 LMH, proving that the fouling
within the membrane could be negligible. With respect to

Table 1
Comparison with FO performances of available FO membranes
FO membrane Draw solution Orientation J, (LMH) J. (gMH) J/], (g L™ Reference
(M NaCl) mode
GPA-0.45° 1 AL-DS 26.72 3.86 0.14 3]
' AL-FS 17.24 3.73 0.22

F-CGO* 1 - 18.80 5.84 0.31 [16]

AL-DS 20.80 3.40 0.16
-MPD/TMC¢ 1

¢O /MC AL-FS 17.29 2.12 0.12 [30]

M4 1 AL-DS 24.00 2.80 0.12 [31]
AL-DS 23.60 6.9 0.29

TFN-2¢ 1 [32]
AL-FS 13.40 6.2 0.46
AL-DS 44.02 7.41 0.17

TEN 0.05 0.5 33
AL-FS 29.88 4.35 0.15 [33]

Single skin PA-2PVA- 2 AL-FS 20.75 7.13 0.34

MCE 2 AL-DS 39.62 11.29 0.29 This

c 1 - 11.32 0.58 0.05 work
PA-2PVA-MCE 2 - 17.66 1.58 0.09

The feed solution is DI water.

“Polyamide active layer was formed on the nylon substrate containing GO/MWCNT layer.

"Freestanding graphene-based laminar membrane by thermally-induced chemical cross-linking.

‘GO-based MPD/TMC crosslinking membranes by pressure-assisted self-assembly technique.

“‘Polyamide active layer was formed on polysulfone substrate and conducted surface mineralization modification by depositing silver chloride

(AgCl) particles on the surfaces.
‘PSf substrates with varied LDH/GO loadings.

/Hydrophilic/hydrophobic interpenetrating network composite nanofibers (HH-IPN-CNF) as substrate were prepared by electrospinning
technology, and the PA active layer was formed by interfacial polymerization using MPD/GO/TMC.
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Table 2
Comparison with FO performances of available FO membranes
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FO membranes Feed solution Draw solution ], (LMH) ] . (LMH) ] . (LMH) ] . (LMH) Reference
pDA-rGO? DI water 0.6 M NaCl 54.55 38.18 23.18 - [17]
GO-TMC? DI water 2 M NaCl 10.50 5.25 - - [30]
GO-TMC/MPD¢ DI water 2 M NacCl 20.80 20.70 - -
M4 10 mM NaCl and 0.5-1.5 M NaCl 24.00 18.00 - - [31]

200 mg L' BSA
MTECe 1,000 mg L! phenol 1M NaCl 11.40 8.60 - - [34]
TFN/ Municipal water 1 M NaCl 28.00 24.86 22.29 21.43 [35]
S-PA-2PVA-MCE 3.5 wt.% NaCl 2 M NaCl 16.83 15.45 12.96 11.24 This
PA-2PVA-MCE 3.5 wt.% NaCl 2 M NaCl 13.39 12.51 11.13 12.32 work

*rGO membrane coated by pDA.

*GO-based TMC and MPD/TMC crosslinking membranes by using the pressure-assisted self-assembly technique.
‘Membrane fabricated using CuBDC-NS as the nanofiller in the PA active layer.

°AgCl mineralized TFC PA membranes.

/Polyamide active layer was formed on the polysulfone substrates and conducted surface mineralization modification by depositing

AgCl particles on the surfaces.

18

I PA-2PVA-MCE
S-PA-2PVA-MCE(AL-DS)

151

12

J,, (LMH)
o

12
Time (h)

15 18 21 24

Fig. 8. FO performances of PA-2PVA-MCE and S-PA-2PVA-
MCE(AL-DS) in 24 h.

S-PA-PVA2-MCE, the situation was different. The water
flux of S-PA-PVA2-MCE was continuously decreased with
time, dropping to ca. 60% of its original value in 24 h. Based
on these experiments, it can be demonstrated that dou-
ble-skinned FO membrane prepared in this study could
effectively prevent the flux drop caused by membrane foul-
ing and remain long-term stability in practical seawater
treatment.

As described above, the FO performances of the
membrane PA-2PVA-MCE could keep stable in a long-term
operation, the comparison of which with those of reported
FO membranes in the literature is shown in Table 2.
Although the double-skinned PA-2PVA-MCE membrane
has a relatively low water flux at the beginning, it main-
tains the same over the time of operation. In contrast, the
reported FO membranes in the literature do have a higher

water flux at the beginning of measurements, but the
water flux decreases sharply with time due to membrane
fouling. Evidently, the double-skinned FO membranes are
conducive to long-term desalination processes due to their
excellent anti-pollution behaviors.

4. Conclusions

The MCE substrate was first modified by using PVA
solutions with different concentrations, leading to an
improvement in hydrophilicity and mechanical strengths.
The double-skinned PA membrane was successfully pre-
pared by interfacial polymerization on both sides of the
modified MCE substrate. The PVA modification of MCE
substrate exhibited a significant effect on the morphology
of the PA active layer with an enlarged surface area, at the
same time, the mechanical strengths, and hydrophilicity
of double-skinned PA membranes were improved accord-
ingly. The synthesized membrane PA-2PVA-MCE displayed
a moderate water flux (11.32 LMH) with an extremely low
reverse salt flux (0.58 g MH) when the feed solution was
pure water and the draw solution was 1 M NaCl aqueous
solution. Compared with available FO membranes in the
literature, the use of the double-skinned structure in this
study effectively reduced ICP and endowed the membrane
with excellent anti-fouling ability, leading to a significant
improvement in its long-term stability. It was revealed that
double-skinned PA membranes on modified substrates
could be applied in FO desalination with acceptable water
flux, excellent salt rejection, improved mechanical strength,
and long-term stability. Moreover, a new method was
supplied to design high-performance FO membranes for
application in wastewater treatment and water purification
processes.
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Supplementary information
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Fig. S1. Ring-shaped device for preparing single skin PA FO
membrane.
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