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Introduction

In recent years, due to the release of a variety of contami-
nants into the environment, great efforts have been made in 
removing them. Pollution of water resources by man has 
caused great concern over various toxic compounds such 
as organic compounds, dyes, heavy metals, and pesticides 
released in water. These compounds usually are water solu-
ble and the separation processes associated with them have 
always been faced with complexity [1]. One of the common 
ways to assist environmental protection, improve human 
health and medical concerns, especially in water purifica-
tion, is based on membrane technology which is very effec-
tive and low cost [2–4].

Polysulfone (PSf)-based membranes are used most exten-
sively in membrane processes because of their high heat 
resistance, chemical, and mechanical strength and stability 
over a wide range of pH [5]. Generally, the membranes with 
antifouling performance have short service life. Low surface 
hydrophilicity and adsorption of soluble hydrophobic mate-
rials create fouling phenomenon and lower the permeability 
in membranes. The major drawback of polysulfone-based 
membranes is that they are hydrophobic in nature as well, 
which makes them susceptible to fouling [6, 7].

In the last few decades, nanocomposite membranes based 
on fillers such as carbon nanomaterials and inorganic clays 
have been highly regarded due to their unique characteris-
tics. Compared to neat membranes, these novel nanomateri-
als, applied in the field of membranes, can largely improve 
properties such as the operating temperature and pressure, 
chemical stability, selectivity, permeability, and also can 
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reduce the fouling tendency [8, 9]. One of the most widely 
employed methods for increasing the surface hydrophilicity 
is blending the polymer with modifiers such as inorganic 
clays [10, 11], graphene oxide [12, 13], carbon nanotubes 
[14, 15], or a mix of them [16]. Anadão et al. showed that 
the hydrophilicity of PSf membrane increases by blending 
of PSf with unmodified montmorillonite and it was an evi-
dence for improved performance achieved due to increasing 
the hydrophilicity [17]. Vatanpour et al. and Daraei et al. 
improved hydrophilicity and antifouling property of poly-
ethersulfone composite membranes using functionalized 
multi-walled carbon nanotubes (MWCNT) as modifiers [18, 
19]. Kumar et al. modified polysulfone with polymer-grafted 
bentonite for ultrafiltration of oily waste water and obtained 
up to 98% oil rejection [20]. Ghasemi et al. [21] utilized 
graphene oxide as an additive to obtain a nanocomposite 
membrane for water treatment. The membrane with 3 wt% 
additive showed the best result for rejection of impurities. 
Arockiasamy Dass et al. [22] fabricated polyphenylsulfone-
based mixed matrix hollow fiber membranes to investigate 
separation of proteins and antifouling properties. Their 
experimental results showed that the addition of hydrophilic 
nanoparticles to polyphenylsulfone improved the thermal 
and mechanical properties, permeability, and altered the 
surface and sub-structure properties of the produced hollow 
fiber membranes.

Clay mineral is a multilayer compound composed of two 
silica tetrahedral plates with an alumina octahedral central 
structure. In the silicate layers, silicon atoms are linked 
together by oxygen linkages and cations such as sodium, 
magnesium, calcium ions, or water molecules which filled 
the gaps between the sheets [23]. Ceramic materials have 
been used as fillers in membranes, and their nanometric 
properties have been explored for producing nanocomposite 
membranes with enhanced performance [24, 25].

Modification of these materials is essential for improv-
ing their performance in membranes [26]. Incorporation of 
modified montmorillonite into the membrane’s structure 
was caused to make a porous and more hydrophilic filter, 
which could be used in ultrafiltration membranes [27]. The 
main advantages of the nanocomposite membranes made 
by incorporation of these nanofillers are high surface area, 
low cost and, more importantly, their considerably improved 
physicomechanical properties [28].

Modification of montmorillonite enhanced the distances 
between the layers and led to high interactions between the 
polymer matrix and the dispersed modified clay layers [29, 
30]. A modified montmorillonite with the surface negative 
charges stable throughout an entire pH range can show very 
interesting properties in membranes.

Keeping this in view, in the present work, a montmo-
rillonite modified with a hyperbranched epoxy (HBE) was 
used to improve the polyphenylsulfone (PPSU) membrane’s 

performance. To the best of our knowledge, HBE–MMT 
has not been used, to date, for fabricating nanocomposite 
membranes. The synthesized HBE–MMT nanomaterial was 
blended with the PPSU matrix membrane by phase inver-
sion method.

Experimental

Materials

Polyphenylsulfone (Mw 50,000 and 1.28 specific gravity) 
was supplied by BASF. N-Methyl-2-pyrrolidone (NMP), 
montmorillonite, (3-aminopropyl)triethoxysilane (APTES), 
epichlorohydrin, triethanolamine, bisphenol A, sodium 
hydroxide and bovine serum albumin (BSA, Mw 67.000) 
were provided from Sigma-Aldrich. Dimethyl sulfoxide 
(DMSO) was obtained from Merck. All other reagents used 
in the present investigation were reagent grades.

Preparation of hyperbranched epoxy

Bisphenol A (2.5 g), triethanolamine (0.25 g), and epichlo-
rohydrin (4.99 g) were added in a two-neck round-bottom 
flask. The reaction mixture was stirred with a magnetic stir-
rer at 110 °C and a 5 N aqueous solution of NaOH (1.08 g) 
(equivalent to the hydroxyl group) was added slowly by a 
dropping funnel for 60 min. After 4 h, the reaction mixture 
was cooled to ambient temperature, transferred to a separat-
ing funnel and allowed the aqueous layer to separate from 
the desired organic layer. The collected organic layer was 
washed with 15% aqueous sodium chloride solution and 
distilled water 2–3 times, respectively. Finally, the viscous 
sticky transparent product was filtered and dried at 80 °C 
under vacuum for 24 h.

Modification of montmorillonite

To achieve better modification performance, at first the dis-
tance between the layers of montmorillonite was expanded. 
For this purpose, 0.33 g of montmorillonite was added into 
the mixture of 6 mL of DMSO and 1 mL of water under 
reflux and stirred vigorously for 24 h. The product was main-
tained at room temperature for 12 h. The obtained mate-
rial was centrifuged and washed three times with ethanol to 
remove excess DMSO. The product was dried in an oven at 
60 °C for 24 h.

An amount of 2 g of the obtained product was added to 
10 mL of APTES and under N2 atmosphere it was refluxed at 
200 °C and vigorously stirred for 48 h. The obtained product 
was separated and washed six times with toluene and dried 
at 80 °C for 12 h.
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0.5 g of MMT–APTES was added into a mixture of 
50 mL of THF and 25 mL of water in a two-neck flask and 
dispersed with an ultrasonic device. At this stage, 6.0 g 
of hyperbranched epoxy was dissolved in 50 mL of THF 
and added into the mixture. Next, the system was exposed 
to nitrogen flow for 1 h at 80 °C and maintained in reflux 
condition for 48 h. Finally, the sample was centrifuged and 
the obtained solid was washed several times with THF to a 
neutral pH and then placed in a vacuum oven to be dried for 
24 h at 60 °C.

Nanocomposite membrane preparation

The membranes were prepared by classical phase inversion 
method using PPSU and PEG as solute material, NMP as 
solvent, functionalized montmorillonite (HBE–MMT) as 
additive, and distilled water as non-solvent (coagulation 
bath). Certain amounts of polysulfone (2 g) and polyeth-
ylene glycol (PEG, Mw 3000) (1 g) were dissolved in NMP 
(~7 g), at 60 °C for 24 h and stirred to obtain a homogenous 
solution. Different percentages of dispersed HBE–MMT (0, 
1, 3, 5, 7 wt% based on the weight of PPSU) were added 
into the solution (1 g) and dispersed by a UP100H-Hielscher 
ultrasonic homogenizer (Table 1). The casting solution was 
flattened on clean and dry glass plates with 200 μm thick-
ness and maintained at room temperature for 30 s before 
being immersed into a coagulation bath (distilled water) for 
5 min. After peeling off from the glass plates, the resultant 
membranes were rinsed in distilled water and then stored 
in slightly chlorinated distilled water and used for further 
characterization and filtration tests.

Characterization

Proton nuclear magnetic resonance (Bruker Advance DPX-
250 MHz spectrometer) (1H-NMR) and Fourier transform 
infrared spectroscopy (Bruker IFS-66/S FTIR) (FTIR) were 
used to confirm the HBE synthesis. Hitachi (S4160) field 
emission scanning electron microscopes (FESEM) were 
used to inspect the cross section and surface morphology 

of the prepared membranes. The membranes were cut into 
small pieces. The pieces were immersed in liquid nitrogen 
for 10–15 s for freezing. Later, the membranes were bro-
ken and dried. The dried samples were sputtered by a gold 
layer to be electrically conductive. The UV–visible spectra 
of different solutions were monitored on a UV–Vis spectro-
photometer (CARRY100 Bio 5). BET and BJH tests were 
used to evaluate the surface area, pore size, and volume of 
the membranes by a Belsorp Mini instrument. Heavy metal 
removal was determined by a Shimadzu AA-670 atomic 
absorption spectrophotometer with a hallow cathode lamp 
using an air–acetylene flame. For determination of the water 
contact angle, deionized water was dropped onto the mem-
brane surface with a microsyringe, and the contact angle 
was measured after stabilizing the water drop (OCA 15 plus, 
Dataphysics, Germany).

Membrane performance evaluation

Pure water flux (PWF)

The pure water flux of all membranes was measured using 
a self-fabricated lab-scale filtration unit. The membranes 
were maintained in water for 24 h before carrying out the 
experiments. The circular membrane sample with 3.6 cm2 
area was placed inside the sample holder. Next, the pure 
water flux was measured at 5, 7 and 9 bar, respectively, by 
collecting the filtrated water. For each membrane, average 
value was reported from three trials. The pure water flux was 
calculated using the equation:

where pure water flux (Jw) is expressed in L/m2h and Q is 
the quantity of water collected over a period of 5 min (Δt) 
and A(m2) is the surface area unit.

Rejection of salt, heavy metal, and dye

Rejection percentage of salt, heavy metal or dye was calcu-
lated using the following equation:

where Cp and Cf are the concentrations (salt, heavy metal 
or dye) in the permeate and feed, respectively. The concen-
trations of salt in the feed and permeate were evaluated by 
conductometry. Three salts including NaCl, MgSO4, and 
Na2SO4 were evaluated (salt concentration in the feed was 
0.01 molar at 5 bar pressure). Dye rejection tests were per-
formed by methylene blue (MB) and methyl orange (MO) 
solutions with an initial concentration of 0.0005 molar. The 

JW =
Q

A.ΔT

R% =

(

1 −
Cp

Cf

)

× 100
Table 1   Casting solution compositions used in preparation of PPSU/
HBE–MMT membranes

Entry Casting solution

HBE–MMT 
(wt%)

PPSU (g) PEG (g) NMP (g)

1 0 2 1 7
2 1 2 1 6.98
3 3 2 1 6.94
4 5 2 1 6.90
5 7 2 1 6.86
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concentration of dye in the permeate was determined by UV 
spectrophotometry. The heavy metal rejection was deter-
mined using an aqueous solution of ZnSO4·7H2O (10 ppm), 
Ni (NO3)2·6H2O (100 ppm), CuSO4·5H2O (1000 ppm), and 
Cd (NO3)2·4H2O (2500 ppm). The pressure was 5 bar and 
the testing time was 60 s for each membrane.

Antifouling properties

The antifouling property of the membranes was determined 
using a bovine serum albumin (BSA) solution in PBS buffer 
(100 ppm, 50 mM, pH 7). Each membrane was compacted 
for an initial 20-min period at 5 bar until reaching an equi-
librium condition in water, while the pure water flux was 
maintained in a constant value. The pressure was reduced 
to 4 bar and the pure water flux of the membrane, Jw1 (kg/
m2h), was determined over a period of 1 min. After comple-
tion of the pure water flux measurement, BSA was fed inside 
the permeation cell to be filtered through the membrane for 
30 min. Then, the membrane was flushed with pure water 
for 15 min and pure water flux, Jw2 (kg/m2h), was meas-
ured again. For each membrane, Jw1 and Jw2 were meas-
ured twice. Finally, the membrane antifouling property was 
determined by calculating flux recovery ratio (FRR) using 
the following equation:

The concentrations of BSA in the feed and permeate were 
measured using a UV spectrophotometer at a wavelength of 
280 nm. The samples were treated with Bradford reagent 
and kept for 10 min prior to measuring their concentrations. 
The percent of BSA rejection was calculated using the fol-
lowing equation:

where Cp (mg/mL) and Cf (mg/mL) designate the concentra-
tions of BSA in the permeate and feed, respectively.

Finally, to examine biofouling resistance of the mem-
branes, the modified and neat membrane samples were sub-
jected to the static protein absorption test. For this purpose, 
samples were cut in square shape with 0.5 cm2 specific sur-
face area and then ultrasonically treated (100 W, 40 kHz) in 
a phosphate buffer solution (PBS, pH 7.0, 0.1 M) for 5 min, 
and then incubated in a BSA–phosphate buffer solution 
(1.0 mg/mL) at 25 °C for 24 h. Afterwards, the samples 
were rinsed three times using PBS, and then treated in PBS 
under ultrasonic condition for 2 min to remove the adsorbed 
protein from the surface. The amounts of protein absorbed 
on the membranes were determined by UV spectroscopy.

FRR(%) =
JW2

JW1

× 100

%SR =

(

1 −
Cp

Cf

)

× 100

Results and discussion

Characterization of HBE and HBE–MMT

The hyperbranched epoxy was synthesized by polyconden-
sation reaction of bisphenol A and triethanolamine with 
epichlorohydrin and it was grafted to the amine-function-
alized MMT via the reaction between the epoxy groups 
of hyperbranched epoxy and amine groups present on the 
surface of MM. Fourier transform infrared (FTIR) test was 
used to characterize the modified MMT functional groups. 
The FTIR spectra of MMT, APTES–MMT, and HBE–MMT 
can be seen in Fig. 1. The characteristic bands of MMT 
(1) were observed at 527, 798, and 1054 cm−1 which were 
attributed to the Al–O–Al, Al–OH–Mg, and Al–OH–O–Si 
vibrations, respectively. For APTES–MMT (2), in addition 
to the bands of MMT, new characteristic bands appeared at 
1489, 1563 cm−1 (N–H vibrations), and 2939 cm−1 (bend-
ing vibration of aliphatic C–H). The functionalization of 
MMT with HBE was confirmed by FTIR (3). The decreasing 
peak intensity at 3622 cm−1 (N–H vibrations) was related 
to the amine groups reacted with HBE. The appearance of 
the peaks at 3102.19 and 1250.63 cm−1 was attributed to 
the =C–H in aromatic ring and in epoxy ring, respectively.

The structure of the hyperbranched epoxy resin was con-
firmed by 1H-NMR (400 MHz, CDCl3, Me4Si), and revealed 
the characteristic peaks at 3.74–3.82 (2H, m, NCH2CH2OH), 
2.57 (2H, t, NCH2), 1.65 (3H, s, CH3), 6.82 (4H, d, Ph), 7.14 

Fig. 1   FTIR spectrum of a MMT, b APTES–MMT, and c HBE–
MMT
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(4H, d, Ph), 4.12 and 4.18 (2H, d, OCH2), and 4.40 (1H, m, 
CHOH), according to the literature (Fig. 2) [31].

Characterization and performance of membrane

The membranes were prepared by phase inversion method 
using PPSU as polymer, PEG as pore-forming agent, and 
modified MMT (1, 3, 5, and 7 wt%) as additive. Due to the 
presence of functional groups on the surface of modified 
MMT, it could efficiently be incorporated into the polymer 
casting solution and enhanced the surface hydrophilicity of 
the membrane. However, the flat MMT sheets might be help-
ful to reject the solute molecules effectively. To evaluate the 
membrane performance, the effect of additive amounts with 
respect to morphology, hydrophilicity, flux, antifouling, salt 
rejection, and dye rejection was investigated.

Membrane morphology

Both cross-sectional and surface morphology of membranes 
were examined in detail by FESEM. The FESEM micro-
graphs of the cross sections for the neat and modified PPSU 
membranes are shown in Fig. 3. Additive concentration as 
an effective factor influenced the nanocomposite membrane 
morphologies. The finger-like structures were influenced by 
the percentage of additive added. More finger-like macro-
voids were observed in the membranes with higher amount 
of modified MMT which could be attributed to the rapid 
exchange of solvent with non-solvent during the phase inver-
sion process due to the presence of highly hydrophilic groups 
on the modified MMT [32]. By increasing the additive 
concentration in the modified MMT as a solid and hydro-
philic material, there developed thermodynamic instability 
in casting solution and consequently the flow rate of water 

increased and led to the expansion of macrovoids. However, 
the clay acted as a surfactant and reduced the interfacial ten-
sion between water and membrane dope which affected the 
exchange rate of solvent and non-solvent and precipitation 
kinetics during phase inversion. This in turn, changed the 
membrane morphology [33]. The surface micrographs of 
neat and modified PPSU membranes indicated that the clays 
were dispersed in the PPSU matrix in the form of large and 
small aggregates. It was difficult to estimate the size of the 
aggregates because they were non-isometric and randomly 
dispersed in the matrix. The clay particles were dispersed in 
the form of small aggregates or even as individual particles 
(Fig. 4). Additionally, as can be seen clearly in the FESEM 
images, the increase of MMT–HBE has resulted in a rise in 
the amount of the particles on the membrane surface.

BET surface area, BJH pore size, and volume analyses

The results of the BET and BJH analyses for the mem-
branes with 1–7 wt% of HBE–MMT are given in Table 2. 
By increasing the additive amount, the surface area and pore 
volume enhanced intensively to 3% (as shown in FESEM 
micorographs) and then decreased slightly, but the pore size 
radius remained almost unchanged. At high percentage of 
additive, a decrease in the specific surface area and pore 
volume may be due to the effect of the filling material in 
the polymer matrix. To investigate the pressure effect, the 
membrane with 3% HBE–MMT was pressed under 10 bar 
pressure for 30 min and the BET analysis was repeated. As 
seen in the table, the surface area and pore volume only 
decreased slightly, representing the compressive strength of 
the membrane.

Pure water flux of membranes

It is possible to verify that the use of additives affects mem-
brane permeability. As it was expected, the permeate fluxes 
increased easily by increasing the transmembrane pres-
sure for all the membranes. The water flux of the modi-
fied membranes was remarkably higher than that of the neat 
PPSU membrane. The surface hydrophilicity of the modi-
fied membranes enhanced and a large number of finger-like 
macrovoids were obtained. The improvement in the pure 
water flux of nanocomposite membranes was attributed to 
(1) the high water-holding capacity of the membranes and 
the ease of transport of water through the membranes, and 
(2) the interfacial gaps between the layered additive and the 
polymer matrix for additional water channels [34]. On the 
other hand, by increasing the modified clay content by over 
3%, the particles aggregated, and the effective surface area 
decreased (Fig. 5).Fig. 2   1H-NMR spectrum of the hyperbranched epoxy
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Salt rejection

The salt rejection performances of the prepared nanocom-
posite membranes are shown in Fig. 6. The rejection per-
formances of all of the modified membranes were more 
than that of the neat PPSU membrane. The salt rejection 
was in the order of NaCl < Na2SO4 < MgSO4. The effec-
tive factors affecting the salt rejection of membrane are 
size exclusion (steric effects) [35], Donnan exclusion 
(electrical repulsion) [36], concentration polarization [37], 
and mobility which is determined by diffusion coefficient 
and effective size of ions [38]. Therefore, the higher rejec-
tion obtained with MgSO4 in comparison with NaCl and 
Na2SO4 was ascribed to the steric effects [39, 40]. The 
increase in modified clay additive concentration from 1 to 
3 wt% improved the salt rejection and also water perme-
ability due to increased porosity of the membrane [41]. 

Other reports also showed that both water flux and rejec-
tion were improved by embedding additives [42].

Dye removal

The modified PPSU membranes were used for remov-
ing methyl orange (MO) and methylene blue (MB) from 
wastewater because of a suitable membrane pore size, 
dye size, high ionic charge density in the surface, and 
lack of requirement for pH tuning. The nanocomposite 
membranes significantly exhibited a higher dye removal 
capacity than pure PPSU. By increasing the modified 
clay content up to 3%, the dye removal percent increased 
in both dyes. The additive particles aggregated and the 
porosity and effective surface area decreased with the 
increase in additive content by over 3%. Therefore, the 
dye removal percent decreased for the membranes with 

Fig. 3   Cross-sectional FESEM images of the modified MMT/PPSU membranes (modified MMT—a 0%, b 1%, and c 3%)
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more than 3% additive. Importantly, the higher percent 
removal of MO compared to MB could be attributed to 
its negative charge; a membrane negative charge due to 
HBE with negative charge led to Donnan exclusion effect 
(electrical repulsion (Fig. 7).

Fig. 4   FESEM surface images of a neat; b, c, and d the modified-MMT/PPSU membrane

Table 2   BET and BJH analyses of modified MMT/PPSU membrane

Additive parameter (%) 1% 3% 5% 7% 3% 
(under 
pressure)

Efficient surface area (m2/g) 4.11 24.95 21.2 17.2 23.30
Pore volume (cm3/g) 0.016 0.100 0.034 0.030 0.096
Pore size—radius (nm) 1.22 1.22 1.63 1.60 1.22

Fig. 5   Pure water flux of neat PPSU and modified membranes
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Heavy metal removal

The heavy metal removal performances of the prepared 
nanocomposite membranes exposed to ZnSO4.7H2O, 
Ni(NO3)2.6H2O, CuSO4.5H2O, and Cd(NO3)2.4H2O solu-
tions are shown in Fig. 8. The removal workings of all the 
modified membranes were higher than that of the neat PPSU 
membrane. The nanocomposite membrane with 3  wt% 

additive showed the best performance. The heavy metal 
removal was in the order of Zn > Ni > Cu > Cd, which 
could be attributed to size exclusion (steric effects) and 
mobility, which are usually affected by the diffusion coef-
ficient and effective ionic size.

Hydrophilic/hydrophobic nature of membranes

Contact angle reflects the hydrophilic/hydrophobic nature 
of the surface of a membrane and strongly influences the 
adsorption and transmission of permeate molecules. Com-
pared with the neat PPSU membranes, the hybrid mem-
branes displayed lower contact angles due to the presence 
of hydrophilic functional groups in HBE–MMT. The contact 
angle values reduced significantly from 74.3° to 53.6° when 
the HBE–MMT/PPSU additive percent increased from 0 to 
7.0 wt% (74.3, 64.6, 62.3, 57.1, and 53.6°, respectively). 
This may be due to the migration of hydrophilic clay nano-
plates on the membrane surface when the number of nano-
plates is high.

To study the fouling properties of the membranes and 
effect of their additive content on fouling, the dynamic foul-
ing analysis (flux recovery ratio) and static fouling (BSA 
adsorption) were performed for the fabricated membranes. 
Static fouling experiments were carried out using 1000 ppm 
solution of BSA protein in an operational pH of 7.4 at a 24-h 
contact time. The results of static BSA adsorption on the 
membrane surface are shown in Fig. 9.

According to the results, the neat PES membrane showed 
higher amount of BSA adsorption than the mixed nanocom-
posite membranes. On the other side, the increase of the 
modified MMT percent from 1 to 3 wt% led to lower BSA 
adsorption, because higher concentration of the additive 
increased the hydrophilicity of the membrane. The presence 
of tight hydration layer on the hybrid membranes is respon-
sible for an effective reduction in the adsorbed amounts of 

Fig. 6   Salt rejection performance of the prepared nanofiltration 
membranes

Fig. 7   Dye removal of membranes containing modified MMT

Fig. 8   Heavy metal removal of HBE–MMT/PPSU membrane

Fig. 9   BSA adsorption membranes in different concentrations of 
additive
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BSA, but further increasing creates rougher surface and 
leads to higher BSA adsorption. The results of FRR % 
or dynamic fouling for the membrane prepared, with and 
without HBE–MMT, are shown in Fig. 10. The higher flux 
recovery for modified membranes suggested that the protein 
fouling on the membrane layer was more reversible due to 
higher hydrophilicity of the modified membrane. The high-
est biofouling resistance evaluated by FRR was observed in 
a membrane with 3 wt% of additive. This could be related 
to factors such as surface hydrophilicity and roughness. The 
greater additive percent improved the surface hydrophilic-
ity and meanwhile generated higher surface roughness in 
nanocomposite membranes.

Conclusion

HBE-clay/PPSU nanocomposite membranes were pre-
pared through classical phase inversion method by dispers-
ing HBE–MMT nanosheets in PPSU casting solution. The 
FESEM analyses showed that the addition of HBE–MMT 
nanosheets changed the microstructure of the PPSU mem-
branes. The membranes exhibited greater hydrophilic-
ity, water flux, and antifouling properties. The addition of 
HBE–MMT also improved the rejection of salt, heavy met-
als, and dyes more efficiently. It could be observed that the 
membrane with 3 wt% of additive had an optimal perfor-
mance, while the membranes with the additive content above 
3 wt% showed lower working performance.
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