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Abstract

Sulfonated polysulfone (sPSf) is a commonly used hydrophilic additive to polysulfone
(PSf) substrates for preparing polyamide membranes with enhancement desalination
performance. However, severe leaching of water-soluble sPSf into the coagulation
water bath during substrate formation can lead to weakened mechanical strength of the
substrate, loss of the expensive sPSf polymer, and potential environmental pollution. In
this study, we report a novel and efficient strategy to “anchor” sPSf in the PSf matrix
by using 2D layered double hydroxide (LDH) nanosheets. LDH nanosheets effectively
immobilized sPSf due to their electrostatic interaction, resulting in greener membrane
synthesis. Substrates modified with LDH anchored sPSf (PSf/sPSfs-LDHy) exhibited
enhanced mechanical strength and water permeability compared to the pristine PSf
substrate as well as the sPSf-blended substrates (sPSf/sPSfs). Interfacial polymerization
on the PSf/sPSfs-LDHyx substrate resulted in a polyamide rejection film containing more
extensive nanovoids and thus greater effective filtration area, which enhanced water
permeability without major loss of salt rejection. In forward osmosis tests, this novel
membrane enjoyed an additional advantage of less severe internal concentration

polarization, as reflected by its significantly reduced structural parameter.



1. Introduction

The global challenge of water scarcity [1] drives the exploitation of alternative water
resources through membrane-based desalination and water reuse [2, 3]. Thin-film
composite (TFC) membranes, with an ultrathin polyamide (PA) selective layer
interfacially polymerized on top of a porous substrate [4, 5], are the most widely used
commercial desalting membranes for nanofiltration, reverse osmosis (RO) and forward
osmosis (FO) [6-9]. These membranes offer desired combinations of permeability and
selectivity for a wide range of desalination and water reuse applications [10-12].
Nevertheless, further enhancing their permeability (for reduced energy consumption
[13]) and selectivity (for improved water quality [11]) is challenging due to the strong
trade—off between water permeability and selectivity, i.e., increasing water permeability
generally leads to a reduction in salt rejection [14, 15].

Substrate properties play a critical role on membrane separation properties. For
example, coating the porous substrate with a layer of tannic acid-Fe(l11) [16] or carbon
nanotubes [17] led to one order of magnitude enhancement in water permeability of the
resulting TFC membranes. Incorporating hydrophilic polymers for substrate
preparation is another effective strategy, with several studies reported improved
membrane permselectivity [18-20] and stronger binding between the PA layer and the
substrate [21, 22]. For FO membranes, the use of hydrophilic substrates offers an
additional advantage by reducing their internal concentration polarization (ICP) [23].
One commonly used hydrophilic additive is sulfonated polysulfone (sPSf), with its

polymeric backbone structurally similar to polysulfone (PSf) and its sulfonate
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functional groups imparting hydrophilicity [24, 25]. A recent study reported improved
water flux and lower reverse salt flux for an FO membrane with sPSf blended in its
porous substrate [26]. Nevertheless, severe leaching of water-soluble sPSf into the
coagulation water bath during substrate formation can result in serious consequences,
such as (1) weakened mechanical strength of the substrate (due to plasticization in the
presence of water) [26]; (2) loss of expensive sPSf polymer [27]; and (3) environmental
risks associated with the discharge of coagulation bath water.

This study reports a novel strategy of “anchoring” sPSf in a PSf substrate by layered
double hydroxide (LDH) nanosheets incorporated via a modified solvent-nonsolvent
phase inversion process (Figure 1). We hypothesize that the LDH nanosheets can
immobilize sPSf in the PSf matrix due to their high affinity. The effects of LDH
nanosheets on the properties of the substrate and the desalination performance of the
resulting TFC membranes were systematically investigated. Our study provides an
efficient and green strategy for mitigating sPSf leaching and simultaneously improving
the mechanical properties and separation performance of TFC membranes.

2. Materials and methods

2.1 Materials and Chemicals.

Polysulfone (PSf, average Mn ~22,000 Da) was purchased from Sigma-Aldrich.
Sulfonated polysulfone (sPSf) with 30% degree of sulfonation was purchased from
Yanjin Technology Co., Ltd. The chemical structure of PSf and sPSf polymers as shown
in Fig. S1. A commercial polyester nonwoven fabric (PET, grade 3249) was purchased

from Ahlstrom. 1,3-phenylenedia-mine (MPD, >99%) and 1,3,5-benzenetricarbonyl
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trichloride (TMC, ~98%) were purchased from TCI Chemicals Ltd. Mg(NO3z)2+6H0,
AI(NO3)3*9H20, NaOH, NaCl, NaNO3s, NaHSO3, NaCIO (available chlorine 8-12%)
and 1-methyl-2-pyrrolidinone (NMP, anhydrous, ~99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. DI-water was produced using a Milli-Q
ultrapure water purification system (Millipore, Billerica, MA).

2.2 Intercalation-assisted exfoliation of LDH nanosheets.

MgAI-NO3 LDHSs were prepared using a method modified from Wang and coworkers
[28] (also see Figure S2 in the Supporting Information). Briefly, 9.62 g
Mg(NOz)2¢6H20 and 4.69 g Al(NO3)3*9H,0 were added in 50 ml DI water (referred as
solution A), and 2.12 g NaNOz was added in 50 ml DI water (referred as solution B).
Before using, these solutions were sparged with N2 gas to remove dissolved CO>. Next,
solution A was dropwise added to solution B while maintaining pH at 10 by the addition
of 3.4 M NaOH solution. The mixture was aged for 1 h at room temperature under
continuous stirring, then hydrothermally treated at 120 °C for 12 h. After hydrothermal
aging, the resulting MgAI-NOs LDHs were washed with DI water until pH = 7 and
further washed with acetone to prevent nanoparticles agglomeration [29]. The obtained
MgAI-NOs LDHs were dried at 100 °C in an oven. A certain amount of MgAI-NO3
LDHs was dispersed into an NMP solution under stirring. To facilitate the exfoliation,
the dispersed solution was treated by a 30 min ultrasonication. The concentration of
delaminated MgAI-NO3z LDHs dispersions were adjusted to 1, 2, 4, and 6 g L%,
respectively. To obtain LDH nanosheets for further material characterization, the

delaminated LDH dispersions were centrifuged at 10,000 rpm for 10 min to extract
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exfoliated LDH nanosheets.

2.3 Preparation of LDH nanosheets modified TFC membranes.

LDH nanosheets modified substrates were fabricated using the solvent-nonsolvent
induced phase-inversion method. Table 1 shows the key parameters of casting solutions.
Typically, 5 wt% (which based on the total mass of polymers) sPSf granules with 30%
sulfonation degree was dissolved in a LDH-NMP dispersion solution (1, 2,4, or 6 g L~
1), and stirred at room temperature for 12 h. PSf granules were then dissolved in above
solution and subjected to magnetic stirring for 12 h. The above casting dope was
degassed for another 8 h before being casted on a wetted PET fabric with a 150 um
casting knife (Elcometer 3530). Finally, the casted substrates were immediately
immersed in a DI water bath for at least 24 h. These LDH nanosheets modified
substrates are named as PSf/sPSfs-LDHy, where the subscripts 5 indicates the wt% of
sPSf and x indicates LDH concentration. For comparison purpose, additional PSf/sPSf
substrates without LDH (denoted as PSf/sPSfs, PSf/sPSfig, and PSf/sPSfis in
accordance to the wt% of sPSf) and PSf substrate were also prepared.

Polyamide (PA) rejection layer was formed on the as-prepared substrates by the IP
reaction of MPD and TMC monomers following our previous works [30, 31]. The
detailed preparation process is shown in Figure S2 of the Supporting Information.
Finally, the prepared membranes were thoroughly rinsed with DI-water and stored in
Dl-water at 4 °C till later usage. The TFC PA membranes are denoted as PA@substrate
(e.g., PA@PSf/sPSfs-LDHyx stands for PA membranes prepared on PSf/sPSfs-LDHy

substrates).



2.4 Characterization of LDH nanosheets.

The morphologies of samples were characterized by field-emission scanning electron
microscope (SEM, Nova NanoSEM 450) and high-resolution transmission electron
microscopy (HR-TEM, JEOL JEM-2100Plus), respectively. XRD characterization
(D8 ADVANCE, Bruker) evaluated the delaminated degree of LDHs in NMP solution.
Diffraction patterns were recorded with in the range of 20 = 5-30° with a step size of
0.02°. The turbidity of the delaminated LDHSs dispersions in NMP was measured using
a turbidimeter (WGZ-200, Shanghai Shanke Instrument). The particle size and zeta
potential of delaminated LDH dispersions were measured using particle size-zeta
potential analyzer. (Nano—ZS, Malvern). Moreover, the zeta potential of 5 wt% sPSf—
NMP solution was measured, which was used to evaluate the interaction mechanism.
2.5 Characterization of coagulation baths.

The leaching of water-soluble sPSf polymer during the phase-inversion was evaluated.
Water samples were collected from the coagulation bath used for the phase-inversion,
and their sPSf content was determined by a UV-Vis spectrophotometer (TU-1810,
PERSEE). Residues of the coagulation baths were obtained by freeze-drying
(FreeZone2.5, LABCONCO) at —50 °C for 48 h, then the functional groups were
analyzed by an attenuated total reflectance flourier transform infrared spectroscopy
(ATR-FTIR, VERTEX 70, Bruker).

2.6 Characterization of membranes.

Surface and cross-section of membranes were observed using SEM. The as-prepared

membranes were carefully peel off the PET substrates, fractured in liquid nitrogen, and
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coated with Pt using a sputtering coater before observations. The surface roughness and
hydrophilicity of membranes were studied by atomic force microscope (AFM,
Dimension 3100, Vecco) and contact angle system (DSA100, Kriss), respectively. The
water uptake ratio was calculated from the weight gain of the membranes after sorption
equilibrium in water as the ratio of this weight gain to the weight of the dry membranes.
Mechanical properties of prepared substrates without commercial PET were
characterized using a universal tensile tester (CMT4502, MTS) equipped with a 500 N
load cell at a stretch speed of 10 mm mint. Before each measurement, a membrane
sample was cut in a size of 20 mmx10 mm, and its thickness was measured with a
digital micrometer.

2.7 Evaluation desalination performance of LDH modified TFC membranes.
Separation performance of the substrates and PA-based TFC membranes was evaluated
by a cross-flow RO system (TYLG-19, Ji'nan Bona Biological Technology Co., Ltd)
with an effective membrane surface area (Am) of 15.90 cm?. Pure water flux of
substrates was measured at room temperature under 1 bar. The RO water flux of
membranes was tested at room temperature under 3 bar of applied pressure (AP) after

pre-compaction at 5 bar. Water flux J was calculated using equations (1):

AV
T A Al @

where AV and At are the permeate volume change and time interval, respectively. By
using a 10 mM NaCl solution as feed solution, the NaCl rejection (R) of TFC

membranes was determined by equation (2):
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where Cp and Cs are the NaCl concentrations in the feed and permeation, respectively.
The water permeability coefficient (A) and salt permeability coefficient (B) were
calculated from equations (3) and (4) based on the solution-diffusion model[29, 32]:

A=J/ (AP— & (3)
B:(l—R)/R*J 4)
where Az is the osmotic pressure across the membrane.

FO performance of the TFC membranes was evaluated using a lab-scale cross-flow
FO filtration unit with an effective membrane area (Am) of 30.75 cm? following a
standard methodology reported in the literature [33]. Membranes were tested under
PRO mode (PA layer facing DS) and FO mode (PA layer facing FS), respectively. Each
test was conducted for a duration of 1 h in triplicates. The water flux (Jw) and reverse

salt flux (Js) were calculated according to:

AV
Jy = AN (5)
ACY,
WY ©

where AV is the volume change of draw solution (DS) over a predetermined time At,
Ct and V¢ are the NaCl concentration change and volume of feed solution (FS) at the
end of tests, respectively. The structural parameter (S) of membrane, an intrinsic
property governing ICP effect in the substrate [32], is determined by fitting A and B

values into equation (7) for the FO mode:
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where zdgraw and 7reed are the osmotic pressure of DS and FS, respectively. And D is
the NaCl diffusion coefficient.

2.8 Trade-off and upper bound behavior of desalination membranes.

The trade-off relation between water permeability and water/salt selectivity
according to the solution-diffusion mechanism, which could serve as a standard
reference in the field of desalination membranes [14, 34-38]. Here, a preferred way is
to plot the water/NaCl permselectivity A/B vs. the water permeance A. Figure 6b shows

a clear tradeoff behavior, with the upper bound line given by:

2:16000A‘3'2 (with A/B in bartand A in Lm? h't bar?) (8)

where A and B are obtained via the equations (3) and (4), respectively

3. Results and discussion

3.1 Exfoliation of LDH nanosheets.

Microscopic characterization of delaminated LDHs show plate-like nanosheets (Figure
2(a)) with a lateral size on the order of 100 nm (Figure 2(b)). XRD spectrum (Figure
2(c)) of the MgAI-NOz LDH powders show the characteristic 003 and 006 diffraction
peaks indexed according to MgAl hydrotalcite (JCPDS No. 35-0965), confirming the
well-developed layered structure [39]. After delamination, the 003 diffraction peak was
greatly weakened and the 006 diffraction peak almost disappeared. Furthermore, a clear
Tyndall light scattering was observed for LDH dispersed in NMP with low

concentrations of 1-4 g Lt (Figure S3(b)). These results confirm the successful
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exfoliation of LDH nanosheets. However, higher LDH concentration (e.g., 6 g L™) led
to incomplete delamination, as indicated by (1) the increased intensity of the 003
diffraction peak (Figure 2(c)), (2) the less obvious Tyndall light scattering (Figure
S3(b)), and (3) the wider range of particle size distribution (Figure 2(d)).
3.2 Immobilization of sPSf during phase-inversion.
Leaching of sPSf during phase inversion was investigated by analyzing coagulation
bath water used for various substrates. For PSf and the PSf/sPSf series, loading greater
amount of sPSf resulted in greater turbidity (Figure 3a) and more intense UV absorption
over 260-280 nm reflecting the presence of sulfonic groups [27] (Figure 3b). These
results confirm that the hydrophilic sPSf can easily leach into the coagulation bath
during the solvent-nonsolvent induced phase-inversion [40]. Introducing LDH
nanosheets into the substrate significantly decreased the turbidity of coagulation baths
(e.g., from 9.4 NTU for PSf/sPSfs to 1.5 NTU for PSf/sPSfs-LDHe, see Figure 3(a)),
implying greatly reduced leaching of sPSf. Consistently, the UV-Vis spectra (Figure
3(b)) also show the diminishing of the absorption band over 260-280 nm.
Furthermore, ATR-FTIR characterization was performed for the residues of freeze-
dried coagulation bath water (Figure 3(c)). The residues obtained from the PSf/sPSfy
series show a characteristic peak at ~1030 cm (assigned to the stretching vibrations of
the S=O bond in sulfonic acid (-SOs") groups [25]) whose intensity increased at greater
sPSf loading. In contrast, this characteristic peak of sPSf gradually disappeared with
increased LDH incorporation for the PSf/sPSfs-LDHyx series, accompanied with a

greater presence of NOs groups (peak at 1384 cm™) from the exfoliated LDH
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nanosheets [41]. These ATR-FTIR results of the bath water residues are consistent with
the turbidity and UV-VIS analysis, which underpins the role of LDH nanosheets in
immobilization of sPSf in the PSf matrix. Additional ATR-FTIR characterization was
also performed for the substrates (Figure S4). The SOs™ peak (~1030 cm™) was present
for the PSf/sPSfs-LDHe substrate while it was much weaker for the PSf/sPSfs substrate,
providing additional evidence that sPSf was effectively immobilized in the PSf matrix
by the LDH nanosheets.

The strong affinity between LDH nanosheets and sPSf is ascribed to their opposite
charges (Figure S5). The electrostatic interaction between positively charged LDH
nanosheets and negatively charged sPSf allows sPSf to be anchored in the casted
substrate (Figure 1) [28]. This simple anchoring strategy not only effectively prevents
the loss of expensive sPSf polymer but also mitigates the environmental impact caused
by the leaching of sPSf.

3.3 Effect of LDH nanosheets on properties of sSPSf modified substrates.

Mechanical strength plays an important role in membrane separation, such as
operation cycle and lifespan of the membranes [42]. Figure 4(a) shows mechanical
stress-strain curves of the PSf, PSf/sPSfy, and PSf/sPSfs-LDHy substrates, respectively.
Compare with the PSf substrate, introducing sPSf into the substrates (i.e., the PSf/sPSfx
substrates) significantly weakened the mechanical properties. It can be attributed to the
strongly polar -SO3™ groups that increase polymer chain movements and thus make the
substrates more flexible [43]. This undesirable effect can be addressed by the

introduction of exfoliated LDH nanosheets into the substrate, with the PSf/sPSfs-LDHx
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series showing much improved mechanical properties compared to both the PSf
substrate and the PSf/sPSfx substrates. The stress improvement could be explained by
the interactions established between LDH nanosheets and sPSf polymer chains. And
the strain improvement could be attributed to a possible rearrangement of LDH
nanosheets in the direction of the deformation, allowing higher membrane deformation
[30, 44].

Hydrophilicity of the substrates was characterized by water contact angle
measurements (Figure 4(b)). Both PSf/sPSfs and PSf/sPSfs-LDHx had smaller contact
angles compared to that of the PSf substrate, which is largely due to the introduction of
hydrophilic sPSf into the substrates (Figure S6) [42]. Consistently, these substrates also
had higher water uptake ratio. Introducing sPSf into the substrates resulted in reduced
surface roughness (Figure S7), possibly due to a reduction of the solvent exchange rate
between solvent and non-solvent by the hydrophilic polymer. Furthermore, it was found
that the surface roughness of PSf/sPSfs-LDHyx substrates were further significantly
decreased compared to PSf/sPSfs and PSf/sPSfs-LDHyx. This may be explained by the
increased viscosity of the casting solution due to the introduction of LDH nanosheets,
which retards the exchange of solvent and non-solvent during phase-inversion [45-47].
In addition, the more positive surface charge of PSf/sPSfs-LDHs substrate (Figure 4(c))
was obtained compared to the PSf/sPSfs and PSf/sPSfis.

Water permeability of the substrate was also improved by introducing sPSf into the
substrate (e.g., 146.3 L m™2 h™* bar™* for PSf/sPSfs vs. 96.7 L m~2 h™* bar* for PSf, see

Figure 4(d), thanks to the enhanced hydrophilicity (Figure 4(b)) and the more porous
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structure (Figure 5(b)). After the introduction of LDH nanosheets, the PSf/sPSfs-LDH4
substrate displayed the highest water permeability of 212.8 L m= h™ bar™*, which was
nearly 50% higher compared to the corresponding PSf/sPSfs substrate without LDH
nanosheets. The water permeability of PSf/sPSfs-LDH4 was comparable to that of the
PSf/sPSf1s substrate (with 15% sPSf loading, see Figure S9). This result confirms that
the effective anchoring of sPSf by LDH nanosheets could allow significant saving in
sPSf consumption, e.g., from 15% to 5% in order to achieve the same effect on the
substrate water permeability.

3.4 Effect of LDH nanosheets on the morphology of membranes.

The morphology of the substrates was investigated using SEM as shown in Figure 5(a-
c). All the as-prepared substrates showed an asymmetric structure, consisting of a thin
top layer and a porous bottom layer with finger-like macrovoids. Moreover, the
PSf/sPSfs and PSf/sPSfs-LDHa substrates showed more porous structures, which might
be due to the improved hydrophilicity that induced a delayed demixing during the
phase-inversion. However, the surface porosity of the sPSf blended substrates (e.g.,
PSf/sPSfs and PSf/sPSfis (Figure S10)) was decreased by ImageJ analysis. After IP
reaction, all the resulting TFC membrane surfaces showed the characteristic “ridge-
valley” morphology (Figure 5(d-f)) [48-51]. The cross-section of PA@PST (Figure 5(d))
shows a PA layer with an apparent thickness of about 110 nm. It is worthwhile to note
that, due to the presence of nanovoids in the PA layer [5, 51], the actual intrinsic
thickness is much smaller (in the range of 10-20 nm [52]). PA@PSf/sPSfx had thicker

apparent thicknesses (approximately 120 nm for PA@PSf/sPSfs (Figure 5(e)) and 160
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nm for PA@PSf/sPSfis (Figure S10(b)), which is possibly caused by their more porous
substrates [29, 32, 53]. Furthermore, the PA layer of PA@PSf/sPSfs-LDH4 had the
greatest apparent thickness of approximately 230 nm, with much more extensive
nanovoids contained inside this rejection layer (Figure 5(f)). According to our previous
works [5, 51, 54, 55], nanovoids inside the PA layers are formed as a result of degassing
of CO2 nanobubbles during the IP reaction (i.e., the conversion of HCO3™ dissolved in
the MPD solution to CO, due to acid and heat generation during IP), and larger
nanovoids are well correlated to improved membrane water permeability. Consistent
with its larger nanovoids, PA@PSf/sPSfs-LDH4 also had a much larger surface
roughness (Ra = 176 nm) compared to those of PA@PSf and PA@PSf/sPSfs
(approximately 100 nm, see Figure S11). The greater roughness and more extensive
nanovoids in the PA layer are favorable in increasing the effective filtration area (and
thus membrane permeability [5, 52]).

3.5 Influence of LDH nanosheets on desalination performance.

The water permeability and NaCl rejection of the TFC membranes were measured by
cross-flow RO tests (Figure 6). The PA@PSf/sPSfs membrane had a slightly higher
water permeability of 3.15 L m™2 h™* bar ! compared to that of PA@PSf (2.92 L m™ h™
1 bar?, also see Table S1). The LDH nanosheets-incorporated PA@PSf/sPSfs-LDHy
membranes showed more effective enhancement, with the optimized membrane
PA@PSf/sSPfs-LDHa4 having a water permeability of 4.04 L m2 h™ bar®. This
significantly enhanced membrane permeability compared to the control PA@PST can

be ascribed to the improved hydrophilicity and water permeability of the substrate
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(Figure 4) as well as the formation of rougher PA layer with enhanced effective filtration
area (Figure 5). Nevertheless, the loading of sPSf and LDH nanosheets led to a slight
reduction in NaCl rejection (Figure 6(a) and Table S1). Figure 6(b) presents the trade-
off between membrane water permeance (A) vs. the water/NaCl permselectivity (A/B)
[14, 15, 38]. In general, the PA@PSf/sPSfs-LDHx membranes overperformed the
control PA@PSf membrane and the PA@PSf/sPSfx series, confirming sPSf
immobilization by LDH as an effective strategy for tailoring membrane separation
performance.

Additional FO tests were also performed using a 1 M NaCl draw solution (Figure 7).
Consistent with the RO results, the PA@PSf/sPSfs-LDH4 membrane had the highest
water flux in both FO and PRO modes. The combined effect of a more hydrophilic
substrate and greater porosity led to a significant reduction in the structural parameter
(Table S1) and therefore less severe ICP [30], which partially explains the water flux
enhancement. In addition, the greater water permeability coefficient, resulting from the
rougher PA layers with more extensive nanovoids [5, 51, 52], also contributes to more
effective transport of water [30, 59]. In addition, the stability of the LDH nanosheets in
the membranes was assessed by the PA@PSf/sPSfs-LDH4 membrane in the cross—flow
filtration system at FO mode for 50 h. The concentration of Mg in the feed solution
were detected by Atomic absorption spectrophotometer (AA-6880, SHIMADZU)
analysis and the result is shown in Figure S12. The tested membrane contains
approximately 10 mg LDH nanosheets. During the initial 6 h, the Mg release was not

observed. The average release rate was about 0.04 ppm/12 h. Unlike some other

17



nanomaterials that releases toxic heavy metals (e.g., Ag, Cu, etc.), Mg is present in
natural water in abundance and does not harm human health.
4. Conclusions

The current study presents a novel and green strategy for immobilizing sPSf in the
substrates, which effectively anchors sPSf in the substrates via electrostatic interaction
and prevents its leaching to the coagulation bath during the phase-inversion process.
And the method of exfoliated LDH nanosheets can effectively improved the properties
of PSf/sPSfs membrane, which achieved the similar performance under the higher sPSf
loading (e.g., the PSf/sPSfis). The resulting PSf/sSPfs-LDHy substrates had higher
mechanical strength, hydrophilicity and water permeability compared to the pristine
PSf substrate. Compared to the control TFC@PSf membrane, the LDH-loaded TFC
membranes showed enhanced water permeability, better combinations of
permeability/selectivity (closer to the “upper bound"), and reduced structural
parameters, leading to improved RO and FO performances. This novel approach shed
new lights on the integration of advanced nanomaterials into the membrane preparation
process for simultaneously enhanced desalination performance and reduced

environmental impact.
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Figure 2. (a) SEM image of MgAI-NOs LDHSs; (b) TEM image of exfoliated LDH
nanosheets; (c) XRD patterns of MgAI-NO3z LDH and exfoliated LDH nanosheets with
different concentration; and (d) The particle size distribution of delaminated LDH

dispersions with different concentration.
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Figure 5. SEM images of the surface and cross—section of prepared substrates and PA-
based TFC membranes. (a) PSf, (b) PSf/sPSfs, and (c) PSf/sPSfs-LDH4 substrates; (d)

PA@PST, (e) PA@PST/sPSfs, and (f) PA@PSf/sPSfs-LDH4 membranes.
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Table 1. Composition of casting solutions.

LDH nanosheets
Membranes PSf (wt%) sPSf (wt%) NMP (wt%o)
concentration

(gL
pSf 12.0 - 88.0 -
PSf/sPSfs2 11.4 0.6 88.0 -
PSf/sPStio 10.8 1.2 88.0 -
PSf/sPSfis 10.2 1.8 88.0 -
PSf/sPSfs-
LDH,P 11.4 0.6 88.0 1.0
PSf/sPSfs-
LDH;, 11.4 0.6 88.0 2.0
PSf/sPSfs-
LDH, 11.4 0.6 88.0 4.0
PSf/sPSfs-
LDHg 11.4 0.6 88.0 6.0

@The subscript corresponds to the content of sPSf in the total mass of polymers.

The subscript corresponds to the concentration of delaminated LDH dispersions.
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