
Vol.:(0123456789)1 3

Applied Water Science          (2022) 12:146  
https://doi.org/10.1007/s13201-022-01671-x

ORIGINAL ARTICLE

Efficient heavy metals and salts rejection using a novel modified 
polysulfone nanofiltration membrane

F. Gholami1 · A. Asadi2 · A. A. Zinatizadeh1,3

Received: 21 January 2022 / Accepted: 4 April 2022 
© The Author(s) 2022

Abstract
Recent research proclivity is about supplying water for drinking, urban and industrial applications which is recognized as one 
of the most significant challenges that threaten humanity. Giving its simplicity and high efficient yield, membrane technology 
has been preferred compared to other separation technologies for water and wastewater treatment. In the present research, 
KIT-6 (KIT: Korea Advanced Institute of Science and Technology) was functionalized by H-acid to improve hydrophilic 
functional groups on KIT-6 surface. Different characterization tests were performed to prove the insertion of H-acid on KIT-6 
(H-KIT-6), e.g., FT-IR, XRD, zeta potential and FESEM analysis. Also, the effects of different loading of KIT-6 and H-KIT-6 
on the morphology, characteristics and performance of Polysulfone (PSf) nanofiltration (NF) membranes were investigated. 
The maximum pure water flux (30.2 kg/m2 h), the lowest irreversible fouling ratio (3.96%) and the highest flux recovery ratio 
(96.04%) were obtained for the membrane embedded with 0.1 wt.% H-KIT-6 (optimum membrane). Also, the performance 
of the synthesized membranes was evaluated by rejection of four different salts  (K2SO4,  MgSO4, KCl and NaCl) and heavy 
metal ions  (As3+ and  Hg2+). The NF membrane embedded with 0.1 wt.% H-KIT-6 also presented the highest rejection of 
different salts and heavy metal ions  (As3+ = 99.85% and  Hg2+  = 99.27%) compared to the others. Finally, the performance of 
the optimum membrane to treat a real case of Gachsaran brackish water was assessed. As a result, by applying the optimum 
membrane, 565 mg/l, 28 mg/l and 27 mg/l of  Ca2+,  SO4

2− and  Mg2+ were rejected, respectively.

Keywords Heavy metals · Nanofiltration · H-KIT-6 · Gachsaran brackish water

Introduction

Water shortage has been considering as a foremost prob-
lem in all over the world over the years. Application of cost 
effective and high efficiency technologies to treat wastewa-
ters and brackish water could be a decent solution to solve 
this concern. Numerous biological, physical and chemical 
methods and also couple of them were applied to treat dif-
ferent wastewaters. Besides, salts could be separated from 
brackish water via evaporation, ion exchange and mem-
brane technology to obtain drinking water (Giagnorio et al. 

2018; Zhao et al. 2020). Among the mentioned processes, 
membrane technology has been recognized as a promising 
technology due to its appropriate features such as its simple 
operation, high rejection of solutes and being cost effective 
(Kiran et al. 2016; López et al. 2020).

Two main processes in membrane technology which 
could be applied to treat salty water are reverse osmosis 
(RO) and nanofiltration (NF). Also, it should be mentioned 
that the presence of heavy metals in water resources is a 
treat to human health which could be removed along with 
other ions by RO and NF processes (Ikehata et al. 2018; 
Wang et al. 2020). As reported in the literature, heavy met-
als could aggregate in the cells of different organs in human 
body and abolish the cellular functions with making changes 
in proteins and nucleic acids, resulting several diseases in 
some vital organs like the lungs, liver, kidneys and even 
the central nervous function. Long-term arsenic poisoning 
via contaminated drinking water caused skin diseases like 
lesion, swollen skin and cancer (Podgorski & Berg, 2020; 
Zeng et al. 2020). Mercury also is known as a dangerous 
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heavy metal which creates different symptoms in human 
body like hearing, speaking and seeing damages, muscle 
weakness, nervousness and memory loss. Its long-term com-
plications are kidney damage and a reduction in brainpower 
(Sutton et al. 2002).

RO is an impressive technique to purify polluted and 
brackish water; however, it is required high operating 
pressure and also its fouling is drastic (Wang et al. 2018). 
Because of the mentioned cons for RO process, NF pro-
cess is being considered as an efficient replacement for RO 
process to separate multivalent ions and heavy metals from 
water resources. NF technology is operated in lower oper-
ating pressure that resulted in lower fouling phenomena 
rather than RO process which these features make it efficient 
technology in terms of energy consumption and economic 
aspects (Chitpong & Husson, 2017; Gao et al. 2020; Moradi 
et al. 2021).

Different NF membranes were synthesized by various 
polymers like polyvinylidene fluoride (PVDF) (Abbasi 
Eskandary et al. 2021), polyacrylonitrile (PAN) (Li et al. 
2021), polyether sulfone (PES) (Gholami et al. 2021), poly-
ether imide (PEI) (Zhao et al. 2021), polysulfone (PSf) (Li 
et al. 2022) and so on. Each of the mentioned polymer has 
some pros and cons. PS is a high-performance thermoplas-
tic with high toughness and stability at high temperatures 
which could be considered as an appropriate case to syn-
thesize membranes. The restriction of using PSf polymers 
as a matrix membrane is its low resistance for clogging and 
fouling phenomena. Application of hydrophilic additives 
into matrix membranes improved hydrophilicity, surface 
smoothness and rejection rate and also led to lower fouling 
phenomena and nearly stable permeate flux (Rahimi et al. 
2021). In this regard, various hydrophilic additives have 
been incorporated into polymer matrix for instance,  Fe3O4/
SiO2–NH2 nanocomposite (Kamari & Shahbazi, 2020), 
curcumin-modified boehmite nanoparticles (Moradi et al. 
2020), rGO/ZnO (Li et al. 2022), mesoporous (Asadi et al. 
2022a, b) and metal–organic framework (MOF) (Gnana-
sekaran et al. 2021).

Mesoporous silica and carbon materials are used inten-
sively as fillers in mixed matrix membrane due to their high 
specific surface area and hydrothermal resistance (Samari 
et  al. 2021). In this regard, KIT-6 was introduced as a 
mesoporous filler to tailor NF membrane to remove salt/
dye/heavy metal from water in NF composite membrane by 
Moradi and her coworkers. From the reported results, heavy 
metals such as  Mn2+,  Cu2+,  Ni2+ and  Pb2+, as well as a salt 
solution of  Na2SO4, which reported a reduction of over 90%. 
(Moradi et al. 2021).

In the present research, KIT-6 was considered as a main 
filler in PSF via its large average pore diameter (4–12 nm), 
wall thickness of 4 to 6 nm and a tridimensional symmetric 
cubic structure which could improve water flux of the PSF 

membrane. Moreover, KIT-6 was functionalized with H-acid 
to improve its hydrophilic properties. H-acid is a naphtha-
lene with two–SO3H, -NH2 and -OH bonds on its surface. 
Therefore, it is expected that the membrane embedded with 
KIT-6 presents more hydrophilic and antifouling properties 
along with enhanced pure water flux.

In order to clarify the effect of H-acid on the properties 
of KIT-6, FTIR spectrum, XRD pattern, FESEM image and 
zeta potential test for H-KIT-6 and KIT-6 were performed. 
Moreover, in order to portray the effects of KIT and KIT-6 
as fillers on the properties and performance of the mem-
branes, two series NF membranes with PSf as a matrix 
polymer and different loading of H-KIT-6 and KIT-6 were 
synthesized through the phase inversion method. It’s worth 
mentioning that KIT-6 functionalized with H-acid was not 
reported already in the literature and aiming to shed light on 
the effects of two different fillers on the membrane perfor-
mance, the rejection of four different salts  (K2SO4,  MgSO4, 
KCl and NaCl) and two heavy metal ions  (Hg2+ and  As3+) 
were evaluated. Finally, the obtained optimum membrane 
was applied for treating a real case of brackish water given 
from Gachsaran city located in Iran. As a notice, drinking 
water of Gachsaran city was supplied by some wells which is 
well known as salty water containing high values of different 
salts and it is required to be treated before using.

Experiments

Materials

Methanol anhydrous  (CH3OH, 99.8%), polyethylene gly-
col (PEG) at different molecular weights, acetone, chloro-
acetic acid, sodium chloride, potassium chloride, potassium 
sulfate, magnesium sulfate and poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) 
(P123, Mn = 5800, (EO)20(PO)70(EO)20) were purchased 
from Sigma-Aldrich. Mercury(II) sulfate  (Hg2+), arsenite 
 (As3+), ethanol (≥ 99.9%), tetraethoxysilane (TEOS, 98%), 
n-butanol, polyvinylpyrrolidone (PVP, Mw = 25,000  g/
mol), thionyl chloride (97%), N,N-dimethylacetamide 
(DMAc, ≥ 99.0%) and hydrochloric acid (HCl, 37%) were 
provided from Merck Co. Polysulfone (PSf) was provided 
from BASF Co. (Germany).

KIT‑6 modification

KIT-6 was prepared based on the procedure reported in 
the literature (Wang et al. 2015). After that, H-acid-func-
tionalized KIT-6 (H-KIT-6) mesoporous was provided. In 
this regard, 1 g of the chloro-modified KIT-6 mesoporous 
and 1 g of H-acid was thoroughly dissolved in toluene and 
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refluxed overnight. Finally, the solution was dried at 100 ◦C 
to yield the H-KIT-6 mesoporous (Samari et al. 2021).

Fabrication of mixed matrix membranes

Phase inversion method was applied to synthesize mixed 
matrix membranes. Different casting solutions were pre-
pared according to Table1. Different weight percent of pow-
dered KIT-6 and H-KIT-6 (0, 0.1, 0.5 and 1.0 wt.%) were 
distributed in DMAc via sonication (45 min) followed by 
stirring (1 h) to get uniform casting solution and to avoid 
occurring agglomeration. Then, PSf (20 wt.%) and PVP (1 
wt.%) were added to the solution and stirred overnight to 
achieve homogenous viscous solution. In the next step, the 
casting solution was poured on a flat glass plate using an 
applicator. The casted plate was immersed immediately in 
deionized water coagulation bath. The fabricated membrane 
was detached from the glass plate within a few minutes. 
After detaching the obtained film, the membrane was kept 
in deionized water overnight (Gholami et al. 2021).

Dead‑end setup and fouling/rejection tests

To evaluate the performance of the fabricated membranes in 
terms of pure water flux, antifouling properties, and rejection 
of different salts and heavy metal ions, a dead-end setup with 
a membrane surface area of 0.001256  m2 was utilized. To 
provide the required pressure (4 bar) to operate the dead-end 
setup, nitrogen gas was used. At first, distillated water was 
passed through the dead-end setup and pure water flux was 
calculated based on the following equation:

In the next step, to evaluate fouling phenomenon, dried 
milk powder with concentration of 1000 mg/l was used as 
a foulant agent. In this mean, firstly distillated water was 
passed through to obtain pure water flux (J0), then dried 
milk solution was filtered for 90 min (Jp), afterward the 

(1)J
0
=

M

A
m
.Δt

membrane was washed and immersed into distilled water 
(20 min), and finally, the distilled water was filtered again 
for 60 min (JR) (Samari et al. 2020).

The flux recovery ratio (FRR), irreversible, reversible 
and total fouling resistances were calculated using the below 
equations:

where Rir, Rr and Rt refer to the irreversible, reversible and 
total fouling resistances, respectively.

Also, the rejection of different salts and heavy metals was 
evaluated based on Eq. 6.

where M, Am and Δt refer to the weight of collected perme-
ate in kg, effective area of membrane in  m2 and test time in 
h. Cp and Cf signify the concentration of studied pollutants 
after (in permeate stream) and before (in feed stream) filtra-
tion, respectively. The concentration of salts and heavy metal 
ions  (Hg2+ and  As3+) in each solution was measured using 
a conductive meter and atomic absorption spectroscopy 
(AAS), respectively. It should be mentioned that mercury(II) 
sulfate  (Hg2+) and arsenite  (As3+) with concentration of 10, 
20 and 50 mg/l were prepared in deionized water for heavy 

(2)FRR(%) =

(

JR

J
0

)

× 100

(3)Rir =

(

J
0
− JR

J
0

)

× 100

(4)Rr =

(

JR − Jp

J
0

)

× 100

(5)Rt =

(

1 −
Jp

J
0

)

(6)R(%) =
(

1 − Cp∕Cf

)

× 100

Table1  The casting solution 
composition for membrane 
preparation

a KIT-6
b H-KIT-6

Membrane type PES (wt.%) PVP (wt.%) DMAc (wt.%) Additive (wt.%)

M1 20 1 79 –
M2 20 1 78.9 0.1a

M3 20 1 78.5 0.5a

M4 20 1 78 1.0a

M5 20 1 78.9 0.1b

M6 20 1 78.5 0.5b

M7 20 1 78 1.0b
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metals and 0.2 g/L of different salts  (K2SO4,  MgSO4, KCl 
and NaCl) was dissolved in deionized water.

In addition, to investigate the multipollutant separation 
of the membranes, a real case of brackish water obtained 
from Gachsaran city located in Iran was passed through 

the optimum membrane. The concentrations of  SO4
2−, 

 Ca2+ and  Mg2+ and total hardness of Gachsaran brackish 
water were measured before and after filtration according 
to standard methods.

Fig. 1  FT-IR spectrum of KIT-6 (a) and H-KIT-6 (b), wide-angle 
XRD pattern for both KIT-6 and H-KIT-6 (c), zeta potential of KIT-6 
(d) and H-KIT-6 (f), FESEM image of KIT-6 (e) and H-KIT-6 (h)

◂
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Characterization of fabricated membranes

In order to investigate the characterization of KIT-6 and 
H-KIT-6 and also fabricated membranes embedded with 
the additives, some characterization tests like field emis-
sion scanning electron microscope (FESEM), Fourier 
transform infrared (FT-IR), X-ray diffraction analysis, 

zeta potential, atomic force microscopy (AFM) and water 
contact angle were applied.

The morphology of synthesized H-KIT-6 mesoporous 
and cross-sectional morphology of the fabricated mem-
branes was evaluated by FESEM (TESCAN, MIRA III, 
Czech). The chemical structure of KIT-6 and H-KIT-6 
mesoporous was assessed using FT-IR (Nicolet  Ava-
tar  370). Also, the material chemical features of 
the synthesized mesoporous were tested by XRD 

M1 M2 M3

M4 M5 M6

M7

Fig. 2  FESEM images of the fabricated membranes
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(Philips PW 1730, Holland). To determine surface charge 
of H-KIT-6 mixed matrix NF membranes, zeta potential 
as a function of pH from 4 to 10 was measured by a Sur-
PASS electrokinetic analyzer (Graz, Austria). Besides, the 
surface topology was carried out by a nanosurf Mobile-
S AFM. The water contact angle of the fabricated mem-
branes was measured by using a contact angle goniometer 
Dataphysics OCA15 plusμ, Filderstadt.

The weights of the dry and wet membranes were meas-
ured to calculate the overall porosity of the membranes 
using the following equation at the temperature of 25 ◦C:

where mwet and mdry denote the weights of the wet (with 
deionized water) and dry membrane in kg, respectively. ρ, 
Am, and L are the density of water (kg/m3), the effective 
area of membrane  (m2) and the membrane thickness (m), 
respectively.

(7)ε(%) = (mwet − mdry)∕(ρ.Am
.L) × 100

Besides, mean pore radius (rm) was calculated accord-
ing to Guerout–Elford–Ferry Eq. (8):

where η is the water viscosity (8.9 × 10–4 Pa s), Q is the 
volume of the permeate pure water per unit time  (m3/s) and 
ΔP is the operating pressure (0.5 M Pa) (Moradi et al. 2020).

(8)rm =

√

(2.9 − 1.75ε) × 8ηlQ

� × A × ΔP

Table 2  Water contact angle, porosity, μp and MWCO of the fabri-
cated membrane

Membrane 
samples

Water contact 
angle (degree)

Porosity (%) μp (nm) MWCO (Da)

M1 66.6 ± 2.0 69.6 ± 2.1 1.61 1057
M2 53.4 ± 2.1 74.2 ± 2.1 1.37 785
M3 46.2 ± 2.2 81.0 ± 2.2 1.19 610
M4 51.2 ± 2.1 69.3 ± 2.2 1.27 685
M5 37.9 ± 0.56 84.7 ± 1.3 0.70 240
M6 42.1 ± 0.63 79.8 ± 1.2 0.72 250
M7 45.5 ± 0.68 63.8 ± 0.9 0.78 284
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Fig. 3  Zeta potential of the M1, M3 and M5 at different pH
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Fig. 4  AFM images of the 
prepared membranes
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Results and discussion

Characterization of the functionalized mesoporous

The characterization results of KIT-6 and H-KIT-6 are pre-
sented in Figs. 1a–h. Figures 1a, b represent FT-IR spectra 
for KIT-6 and H-KIT-6, respectively. The vibration bands 
at ~ 1087 and 463  cm−1 were assigned to the stretching 
and bending modes of siloxane groups (Si–O–Si), respec-
tively. Silanol groups (Si–OH) were detected by the broad 
peak at ~ 3424  cm−1 (stretching band) and a weak peak at 
965  cm−1 (bending band). The peak at a wavenumber of 
3437  cm−1 attributed to the hydroxyl and amine groups 
(Aslam et al. 2016). Besides, the modification of KIT-6 by 
H-acids was proved by the bands at 1115 and 1271  cm−1, 
corresponding to the stretching vibration of C–S, C–N, 
C–O and aromatic rings, respectively. The bands of S–H 
(2899  cm−1),  CH2 (2960  cm−1), N–H (1723  cm−1), S=O 
(1462 and 1388  cm−1) were appeared for H-KIT-6, while 
they were disappeared for KIT-6, indicating an appropri-
ate insertion of H-acids onto KIT-6. The intensity of the 

stretching band of OH (around 3437  cm−1) for H-KIT-6 
was higher than KIT-6 representing an improved hydro-
philicity for H-KIT-6 rather than KIT-6 (Zarabadi-Poor 
et al. 2013).

Moreover, XRD patterns of KIT-6 and H-KIT-6 
mesoporous are shown in Fig. 1c. As can be seen, the 
broad characteristic peak at 15–35° was related to the 
mesoporous constituents (Gopinath et al. 2018; Police 
et al. 2015). The peaks observed at 18.62, 22.37, 31.37 
and 42.12° corresponded to the H-Acid (Neofotistou et al. 
2007). Moreover, zeta potential was utilized to assess 
the surface charge of KIT-6 and H-KIT-6 as reported in 
Fig. 1d, f, respectively. From Fig. 1d, e, − 38.7 mV versus 
− 6.42 mV was reported for H-KIT-6 compared to KIT-6, 
indicating an enhanced negative charge of the surface of 
H-KIT-6 rather than KIT-6. Also, FESEM images of KIT-6 
and H-KIT-6 are illustrated in Fig. 1e and h, respectively. 
As could be observed in figures, the surface of H-KIT-6 
was harsher compared to KIT-6 and also the rock-like 
amorphous morphology of H-KIT-6 is highlighted.

Characterization of the fabricated membranes

FESEM images of the cross-sectional morphologies for all 
the fabricated membranes are shown in Fig. 2. An asym-
metric structure containing a compressed top layer and a 
porous sublayer for all the fabricate membranes could be 
observed. Figure 2 shows that the porosity and pore size 
in the finger-like porous sub-layer were influenced by the 
loading of additives, so that the bigger macro-voids were 
obtained by the presence of mesoporous additives. As big-
ger macro-voids caused higher porosity, the porosity of the 
fabricated membranes was measured and the achieved data 
are presented in Table 2. From Table 2, the porosity of the 

Table 3  Surface roughness parameters of the prepared membranes

Membrane samples Sa (nm) Sq (nm) Sy (nm)

M1 18.61 22.94 159.59
M2 13.55 16.80 115.13
M3 8.74 9.14 13.78
M4 9.73 11.46 50.06
M5 2.99 3.69 13.78
M6 6.17 7.32 16.83
M7 9.07 10.70 37.97
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Fig. 5  Pure water flux of all the fabricated membranes at the pressure of 4 bar (a) and the pure water flux of M1, M3 and M5 at different operat-
ing pressures (b)
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modified membranes was higher than the bare one (M1). 
Moreover, the highest porosity data were reported as 84% 
for M5 with 0.1 wt.% of H-KIT-6. However, more increasing 
H-KIT-6 loading from 0.1 (M5) to 0.5 wt.% (M6) decreased 
the porosity from 84.7 to 79.8% in which this trend of the 
porosity data is in a good agreement with FESEM images. 
As an explanation, the presence of H-KIT-6 with 0.1 wt.% 
caused an improvement in hydrophilicity of the membrane, 
thereby mass transfer rate between two phases (solvent and 
non-solvent) was increased leading to larger pore size and 
higher porosity. Whereas increasing H-KIT-6 from 0.1 to 
0.5 wt.% caused an increase in the viscosity of the solution, 
resulting a decrease in the mass exchange rate, smaller pores 
and lower porosity (Asadi et al. 2022a, b; Vatanpour et al. 
2020).

Porosity, water contact angle, average pore size and 
MWCO of all the synthesized membranes are presented in 
Table2. In overall, 0.1 wt.% of H-KIT-6 (M5) showed the 

highest porosity (84.7%) and average pore size (0.0.7 nm). 
MWCO for each membrane was determined using the 
PEG rejection data at different molecular weights of PEG. 
MWCO for the modified membranes was lower than the 
bare membrane (M1), while the membranes embedded with 
H-KIT-6 illustrated lower values of MWCO which is in a 
good agreement with mean pore size data. Lower pore size 
and MWCO is a sign of higher rejection potential for the 
membranes embedded with H-KIT-6.

Further, to investigate the hydrophilicity of the fabricated 
membranes, water contact angles were measured for all the 
synthesized membranes. From Table 2, it is obvious that the 
insertion of mesoporous additives decreased water contact 
angle of the bare membrane (M1). The lowest water contact 
angles were reported as 46.2° and 37.9° for M3 and M5, 
respectively. As a result, M5 with 0.1 wt.% of H-KIT-6 rep-
resented the lowest contact angle, the highest hydrophilicity 
and negative surface charge influenced by more hydrophilic 
groups like –OH, –NH and –SO3 on the membrane surface. 
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Fig. 6  Permeation flux versus time of the composite mixed matrix 
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As a notice, water contact angles were increased slightly at 
higher loading of KIT-6 and H-MKIT-6 which it may be 
related to take place agglomeration at high amounts of the 
additives.

As solute rejection rate is a key factor in the membrane 
performance and it is influenced by the surface charge in 
NF filtration membranes significantly, zeta potential of 
M3 and M5 (which showed the lowest contact angle) was 
measures and compared with the bare membrane (M1) 
at different pHs (Fig. 3). The surface negative charge of 
the bare membrane was enhanced by adding additives as 
shown in Fig. 3. However, M5 (embedded with H-MKIT-6) 
represented higher values of negative surface charges com-
pared to M3 (embedded with KIT-6) at all three levels of 
pH resulted from the presence of hydrophilic functional 
groups (–OH, –NH and –SO3) on the membrane surface. 
More negative surface charge obtained for M5 is com-
promised by its lower contact angle (37.9°) which these 
features tailor membranes to present better performance 
in the terms of antifouling feature and permeate flux (Jin 
et al. 2021; Moradi et al. 2021; Mu et al. 2020).

Moreover, the roughness of all the fabricated mem-
branes was evaluated by AFM as illustrated in Fig. 4. It 
should be noticed that the peaks and valleys on the surface 
were recognized by the brightest and darkest regions and 
the roughness parameters of the synthesized membranes 
are presented in Table 3. Average roughness, root mean 
square of Z data and the distance between the highest 
peak and the lowest valley were reported as Sa, Sq and 
Sy, respectively. From Fig. 4, the surface of M3 and M5 
represented more flat surface with respect to the others 
and the roughness of the bare membrane surface (M1) 
was decreased by insertion 0.5 wt% of KIT-6 (M3) and 
0.1 wt.% of H-KIT-6 (M5). Likewise, the data reported 
in Table 3 were in good agreement with the AFM figures, 
so that the maximum and minimum Sa were 18.61 and 
2.99 nm for M1 and M5, respectively. Also, from Table 3, 

Sa data showed an increasing trend from 2.99 to 9.07 nm 
with increasing loading rate of H-KIT-6 from 0.1 to 1 
wt.% (corresponding to M5 and M7) as a consequence of 
agglomeration phenomenon at high loading of the additive 
(Gholami et al. 2021).

Assessment of pure water flux

Pure water fluxes of all the fabricated membranes were meas-
ured under the pressure of 4 bar and presented in Fig. 5a. 
From the figure, pure water flux of the bare membrane was 
improved with adding KIT-6 and H-KIT-6, though the effect 
of H-KIT-6 on the response was more significant. As an 
explanation, the membranes embedded with H-KIT-6 were 
more hydrophilic as a result of more hydrophilic groups on 
their surfaces as discussed earlier which led to enhanced 
pure water flux (see water contact angle, Table2). Further-
more, the maximum pure water flux was reported as 30.2 kg/
m2 h for M5 with 0.1 wt.% of H-KIT-6. As a notice, with 
increasing the loading of H-KIT-6 to 1.0 wt.% (M7), pure 
water flux decreased to 18.29 kg/m2 h. This observed trend 
for pure water flux is compromised by the results of porosity 
and water contact angle presented in Table 2. From Table 2, 
with increasing loading of H-KIT-6 from 0.1 to 1.0 wt.%, 
porosity was decreased from 84.7 to 63.8% and also water 
contact angle was increased from 37° to 45° resulted in a 
decreasing trend in pure water flux. Likewise, M3 with 0.5 
wt.% of KIT-6 loading showed the highest pure water flux 
among the membranes embedded with KIT-6 (M2, M3 and 
M4). Therefore, M3 and M5 were the optimum membranes 
for the series of KIT-6- and H-KIT-6-modified membranes. 
To assess the effect of operating pressure on the pure water 
flux, M1, M3 and M5 were operated under operating pres-
sures range of 3–5 bar and the measured data are presented 
in Fig. 5b. According to the figure, M5 was more influenced 
by increasing the operating pressure compared to M3 and 
M1 resulted from its higher porosity. In overall, pure water 
flux was increased linearly for all of the tested membranes 
with increasing the operating pressure (Oskoui et al. 2019; 
Vatanpour et al. 2020).

Assessment of antifouling performance

Antifouling properties of the fabricated membranes were 
evaluated by filtration milk solution (1000 ppm) as a foulant 
agent under the operating pressure of 4 bar. In this mean, 
three steps were performed including filtration of distillated 
water, milk solution and distillated water in sequence. From 
Fig. 6, the permeate flux was decreased significantly for 
all the membranes when milk solution was passed through 
the dead-end setup as a result of fouling phenomena on the 
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membrane surface. Nevertheless, the modified membranes 
showed higher values of permeate flux for all three steps 
rather than M1, verifying the positive effects of both addi-
tives on the bare membranes. Similar to pure water flux data, 
the membranes embedded with H-KIT-6 (M5, M6 and M7) 
represented supreme permeate flux rather than the others. 
The maximum permeate flux for all three steps was reported 
for M5 with 0.1 wt.% of H-KIT-6. Generally, H-KIT-6 is 
recognized as an effective additive in terms of increasing 
hydrophilicity, porosity, permeate flux and antifouling fea-
tures (Farahani & Vatanpour, 2018; Mohammadnezhad et al. 
2019).

Sidelong permeate flux, flux recovery ration (FRR) is 
another important parameter to investigate antifouling fea-
tures of the fabricated membranes. Therefore, in the present 
study FRR was calculated for each membrane as shown in 
Fig. 7 a. Based on the FRR data, the presence of KIT-6 and 
H-KIT-6 improved FRR value and antifouling properties, 
however H-KIT-6 with 0.1 wt.% of loading showed the bet-
ter performance and higher FRR value. FRR was enhanced 
from 70.49% for M1 (the bare membrane) to 96.04% for M5 
(0.1 wt.% of H-KIT-6). This result could be explained by the 
inherent hydrophilicity of H-KIT-6 which forms  H2O layer 
on the membrane surface and prevents adhesion of foulant 
agent to the membrane surface. In overall, M3 and M5 pre-
sented higher values of FRR for series modified membranes 
with KIT-6 and H-KIT-6, respectively, similar to pure water 
flux data. Also, FRR values of M3 and M5 as representative 
of both series of the modified membranes were measured 
for five sequential filtration cycles of milk solution/deion-
ized water to evaluate the repeatability of the reported FRR 

values (Fig. 7b). The achieved results verified the stable and 
enhanced antifouling properties of M5 over five sequential 
cycle compared to M3 and M1 (Mohammadnezhad et al. 
2019; Safarpour et al. 2016).

To present more deep assessment on antifouling prop-
erties, irreversible, reversible and total fouling resistances 
(Rir, Rr and Rt) of all the fabricated membranes were cal-
culated as presented in Fig. 8. As a fact, reversible fouling 
could be eliminated by washing as this kind of fouling is 
temporary. Despite of reversible, irreversible fouling is per-
manent fouling resulted from pore blocking which could be 
removed via chemical methods. As observed from Fig. 7, 
M2–M7 showed lower values of Rir compared to M1 and 
the relatively equal Rr and Rir was reported for M1 (higher 
than 29%). As a result, the application of H-KIT-6 in the 
mixed matrix of membrane decreased Rir expressively, so 
that the lowest value of Rir (3.96%) was achieved for M5 
with 0.1 wt.% of H-KIT-6 due to its enhanced hydrophilicity 
and smoothness of the membrane surface. As an outcome, 
M5 could act as a decent NF membrane in terms of perme-
ate flux and antifouling properties (Safarpour et al. 2016).

Salt rejection

The rejection performance of all the synthesized membranes 
was evaluated by rejecting four different salts including 
 K2SO4,  MgSO4, KCl and NaCl in which the achieved data 
are presented in Fig. 9. The salt concentration and pH of 
each salt solution was 0.2 g/L and 6. From Fig. 9, salt rejec-
tion followed the order of  MgSO4 ˃  K2SO4 ˃ KCl ˃ NaCl 
compromised by the rejection trend of negatively charged 
NF membranes. It should be mentioned that the negatively 
charged surface of NF membrane repulse  SO4

2− as divalent 
anion is more significant compared to  Cl− based on Don-
nan effect. Thus, the rejection data of  MgSO4 and  K2SO4 
were higher than KCl and NaCl. Along with Donnan effect, 
the hydrated radius of Cl− and SO2−

4
 are 3.32 and 3.79 Å, 

respectively, resulted in more rejection of  SO4
2− compared 

to  Cl−. Also, the hydration radius of  Mg2+ (0.43 nm) was 
greater than  K+ and  Na+ (0.33 and 0.36 nm) and also  Mg2+ 
has higher charge density as a divalent cation, resulting a 
higher attraction between negative surface of membrane and 
 Mg2+ which finally led to higher rejection of  Mg2+. Similar 
to pure water flux and FRR data, salt rejection efficiency was 
improved with embedding KIT-6 and H-KIT into the mixed 
matrix membrane. The lowest salt rejection was reported for 
M1 (the bare membrane) and the highest salt rejection was 
obtained for M5 (0.1 wt.% of H-KIT-6) for all different salts. 
Likewise, M3 (0.5 wt.% of KIT-6) represented the highest 
salt rejection for all four salts in the series of membranes 
embedded with KIT-6. These results were in a good agree-
ment with zeta potential data of M5, M3 and M1 presented 
in Fig. 3. As reported in Fig. 3, zeta potential data followed 

Table 4  The ion concentrations and total hardness of Gachsaran 
brackish water before and after filtration by the optimum membrane 
(M5)

SO4
2− (mg/l) Ca2+(mg/l) Mg2+(mg/l) Total 

hard-
ness (mg 
 CaCO3/l)

Before sepa-
ration

29.1 582 28 610

After separa-
tion

1.1 17.46 0.84 18.3

Table 5  Performance of M5 and a commercial membrane in the same 
operating condition

The operation condition: 200 ppm  MgSO4, dead-end setup, 4 bar

M5 Commercial

Pure water flux, kg/m2 h 30.2 14.9
MgSO4 rejection, % 99.7 76.5
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the order of M5 > M3 > M1 for the range of pH between 4 
and 10 (Nightingale Jr, 1959; Wang et al. 2016).

Rejection of heavy metal ions

As the existence of heavy metals in water resources is a 
serious threat for human health, in the present study, the 
performance of the optimum membranes including M3 (for 
the series of membranes embedded with KIT-6) and M5 (for 
the modified membranes with H-KIT-6) to reject two differ-
ent heavy metal ions  (Hg2+ and  As3+) has been compared 
with M1 (the bare membrane).

In this mean, the rejection and permeation flux of the 
mentioned membranes (M1, M3 and M5) at concentration 
of 10, 20 and 50 mg/l of  Hg2+ and  As3+ were measured 
and reported in Fig. 10a–d. As observed from Fig. 10a, 
b, the rejections of  Hg2+ and  As3+ for M1 were decreased 
obviously by increasing the convention of ions from 10 to 
50 mg/l. Likewise, M3 presented a gentle reduction for 
rejecting of  Hg2+ and  As3+ with increasing the concentration 

of ions, while M5 showed a nearly constant rejection data 
at different concentrations of heavy metal ions and decreas-
ing trend was not significant, indicating the high potential 
of M5 for the rejection of heavy metals. Generally, in spite 
of smaller hydrated radius of  As3+ (0.35 nm) compared to 
 Hg2+ (0.422 nm), the rejection of  As3+ was higher than that 
 Hg2+ for all the three tested membranes. This result could 
be explained by the high charge density of  As3+ led to more 
effective adsorption on the negatively charged membrane 
surface. From Figs. 10 a and b, M5 presented the highest 
rejection performance for both heavy metal ions, so that the 
rejection data of M5 were 99.735% and 98.2% for  As3+ and 
 Hg2+ with 50 mg/l of concentration. Furthermore, the rejec-
tion flux data of  As3+ and  Hg2+ are reported in Fig. 10c, 
d. According to the figures, the permeate flux of M5 was 
significantly higher than M3 and M1 at different concentra-
tions of heavy metal ions as a result of higher hydrophilic 
property of M5 verified by lower reported water contact 
angle (see Table2). Permeate flux data of M5 were in the 
range of 27–28.6 kg/m2.h for  As3+ and  Hg2+ rejection with 

Table 6  The heavy metals/salts rejection data of some nanofiltration membranes

The obtained results of the current work were specified with bold for getting readers’ attention

Membrane Techniques PWF, kg/m2.h Heavy metal /salt Rejection, % Refs.

TFN-UiO-66-NH2 TFN 12 MgSO4 92 (Liu et al. 2020)
CNC-TFC TFC 16.45 NaCl

MgSO4

22.7
98.8

(Bai et al. 2018)

Sulfaguanidine TFC TFC – NaCl
MgSO4

36.7
94.5

(Zhang et al. 2019)

PS/PES TFC TFC 11.9 NaCl
MgSO4

39.8
96.2

(Wei et al. 2013)

TFN-mBTO-E TFC 5.8 As 97 (Pu et al. 2021)
PA-CSBF TFC – As 98 (Zeeshan et al. 2020)
PAA-PVDF 700 TFC – Hg 97 (Islam et al. 2020)
GO-PES TFC 26.3 Hg 80.3 (Chen et al. 2019)
NF-SS/NF-SH TFC – Hg

NaCl
MgSO4

99.8
45.2
96.7

(Zhang et al. 2020)

MoS2-PSBMA/PES MMM 18.5 Na2SO4
MgSO4

2.2
0.3

(Liang et al. 2019)

ZIF-8/(TA-Zn2+)2/PES MMM 5.1 NaCl
MgSO4

55.2
85.9

(Xiao et al. 2021)

PVDF/SMA/CNTCOOH MMM – NaCl
MgSO4

1.7
1.2

(Kang et al. 2021)

PSf/GO-vanillin MMM 35 NaCl
MgSO4

25.4
92.5

(Yadav et al. 2022)

PMIA MMM – As 90 (Zhao et al. 2012)
PPSU/MWCNTs MMM – Hg 76 (Chandrashekhar et al. 2019)
N30F
NF90

Commercial – As
As

78
94

(Figoli et al. 2010)

PSf/H-KIT-6 MMM 30.2 As
Hg
NaCl
MgSO4

99.85
99.27
74.5
99.7

This work



Applied Water Science          (2022) 12:146  

1 3

Page 15 of 18   146 

concentration of 10–50 mg/l. It should be noticed that the 
membrane performance in rejecting heavy metal ions and 
permeate flux followed the order of M5 ˃ M3 ˃ M1. The 
steady and higher rejection of M5 is related to the higher 
negatively charge of the membrane surface caused higher 
interaction between surface membrane and heavy metals 
ions (Bandehali et al. 2020; Nightingale 1959; Shukla et al. 
2018).

In the next step, in order to present more deep assess-
ment on the ability of M5 to reject heavy metals, a long-term 
study to remove both studied heavy metals with concentra-
tion of 10 mg/l and operating pressure of 4 bar was carried 
out. The obtained data over 24 h are displayed in Fig. 11a, 
b. As illustrated in the figures, the rejection and permeat 
flux of  As3+ and  Hg2+ were constant over 24 h, indicating 
a supreme and stable performance of M5 for heavy metal 
rejection resulted from a decent permanancy of H-KIT-6 in 
the mixed matrix membrane.

Gachsaran brackish water filtration

Gachsaran brackish water was passed through M5 menbrane 
to evaluate its perfromance for rejecting different salts from 
a real case brackish water which is multipollutant soultion. 
Table 4 presented the concentrations of  SO4

2−,  Ca2+ and 
 Mg2+ and also total hardness before and after filtration by 
M5. From Table 4, M5 presented an outstanding perfor-
mance to remove ions from a real case as total hardness was 
decreased from 610 to 18.3 mg/l. Besides, around 565 mg/l, 
28 mg/l and 27 mg/l of  Ca2+,  SO4

2− and  Mg2+ were rejected, 
respectively. As a conclusion, H-KIT-6 with 0.1 wt.% tai-
lor PSf nanofiltration mambrane to reject different salts and 
ions from multipollutant solution and real cases of brackish 
water.

A comprative perfromance with commercial 
membrane

The performance of M5 (optimal membrane modified with 
H-KIT-6) and a commercial membrane (WMC110 dNF80) 
was compared to reject  MgSO4 in the same operating con-
ditions (as presented in Table 5). The comparable data are 
summarized in Table 5. From the table, an enhanced pure 
water flux could be observed for M5 rather than the used 
commecial nanofiltration membrane. Besides, the rejec-
tion of  MgSO4 was found to be 99.7 and 76.5% for M5 and 
the commercial membrane, respectively. It is clearly found 
that H-KIT-6 plays an important role to improve the per-
fromance of nanofiltration memnrane in terms of PWF and 
salt rejection.

A comparative review on nafiltration membranes

To compare the perfromance of M5 (the optimum mem-
brane) with the literature, the rejection data of heavy met-
als/salts for some nanofiltration membranes prepared with 
different modification techniques are illustrated in Table 6. 
From the table, it could be observed that the rejection data 
of NaCl/MgSO4 for the reported membranes were lower than 
the data obtained in the current study. NaCl rejection was in 
the range of 22.7–55.2%, while 74% of NaCl was rejected in 
the current study (M5). However,  MgSO4 rejection approxi-
mately was the same range for the membrane modified with 
TFN- UiO-66-NH2 and PSf/H-KIT-6 (M5: current study), 
PWF of M5 was 30.2 kg/m2.h compared with 12 kg/m2.h for 
TFN- UiO-66-NH2.

Besides, M5 showed higher performance for rejecting 
heavy metals compared to the other studies, so that more 
than 99% of rejection data was found for both As and Hg. 
The polarized ferroelectric membrane (TFN-mBTO-E) 
shows 97% of As rejection, whereas its pure water flux was 
low rather than the membrane embedded with PSf/H-KIT-6 
(5.8 kg/m2 h versus 30.2 kg/m2 h), verifying the effficient 
amended procedure in the present study. Also, TFC mem-
brane modified with graphen oxide (GO) represented 80.3% 
of Hg rejection with pure water flux of 26.3 kg/m2 h, cor-
raborating that Psf/H-KIT-6 is more prone to reject heavy 
metals with high pure water flux. To sum up, the determinal 
impact of TFC on the pure water flux was clearly observed in 
the mentioned researches, while PSf/H-KIT-6 presents high 
water flux aside from high rejection rate of salts.

Moreover, some studies with mixed matrix membrane 
are presented in Table 6. From the table, the maximum pure 
water flux was reported for PSf/GO-vanillin (35 kg/m2 h); 
however, the rejection of NaCl and  MgSO4 was 25.4% and 
92.5%, respectively (versus 74.5% and 99.7% for the present 
study). Therefore, it could be concluded that Psf/H-KIT-6 
was outperformed in comparison with the researches uti-
lized by both TFC and mixed matrix methods. As a result, 
the comparative data of Psf/H-KIT-6 and the nanofiltration 
membranes reported in the literature illustrated the outstand-
ing perfromance of M5 (Psf/H-KIT-6) in terms of rejection 
and PWF which makes it a decent proposal for efficient and 
economic brackish water treatment.

Thin-film composite (TFC), mixed matrix membrane 
(MMM), thin-film nanocomposite (TFN), Cellulose 
nanocrystals (CNCs), polysulfone (PS), polyethersulfone 
(PES), polarized ferroelectric membrane (mBTO-E), core 
shell biofunctionalized (CSBF), polyacrylic acid (PAA), pol-
yvinylidene fluoride (PVDF), graphene oxide (GO), 2-meth-
acryloyloxy ethyl dimethyl (3-sulfopropyl)-ammonium 
hydroxide sulfobetaine methacrylate (MoS 2 –PSBMA), 
styrene-maleic anhydride (SMA), carboxylated carbon 
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nanotubes (CNT-COOH), poly(m-phenylene isophthala-
mide) (PMIA), polyphenylsulfone (PPSU).

Conclusions

In the present research, KIT-6 was modified by H-acid 
and the effect of both KIT-6 and H-KIT-6 additives on the 
nanofiltration membrane performance for rejecting heavy 
metal ions and different salts was evaluated. According to 
the characterization and performance tests, H-KIT-6 with 
0.1 wt.% not only reduced water contact angle and the sur-
face roughness, but also increased negative surface charge, 
porosity, pure water flux, heavy metal ions rejection and 
antifouling properties. As a result, the well-performed mem-
brane (0.1 wt.% of H-KIT-6) rejected 99.27% and 99.85% 
of  Hg2+ and  As3+, respectively, for a long time operation 
over 24 h with constant permeate flux (over 28 kg/m2.h). 
Likewise, the highest salt rejection was obtained for mem-
brane embedded with 0.1 wt.% of H-KIT-6 with the order of 
 MgSO4˃K2SO4˃KCl˃NaCl. Finally, the performance of the 
optimum membrane was investigated to reject salts from a 
real case brackish water in which total hardness of the men-
tioned water was reduced from 610 to 18.3 mg  CaCO3/l. As 
a conclusion, H-KIT-6 mesoporous was used efficaciously 
to improve the performance and features of nanofiltration 
membrane with mixed matrix of PSf polymer.
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