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Abstract: In this study, three types of ferrites nanoparticles 
including CoFe2O4, NiFe2O4, and ZnFe2O4 were synthesized 
by microwave-assisted hydrothermal method. The X-ray 
diffraction analysis (XRD), Fourier transform infrared 
spectroscopy (FTIR), and field emission scanning electron 
microscopy (FESEM) were employed to analyze synthe-
sized nanoparticles and fabricated membranes. The mor-
phology of membrane surface was investigated by surface 
images. The ability of ferrite nanoparticles was evaluated 
to the separation of sodium salt and heavy metals such 
as Cr2+, Pb2+, and Cu2+ from aqueous solutions. The mod-
ified membrane showed the enhancement of membrane 
surface hydrophilicity, porosity, and mean pore size. 
The results revealed a significant increase in pure water 
flux: 152.27, 178, and 172.68 L‧m-2‧h-1 for PES/0.001 wt%  
of CoFe2O4, PES/0.001 wt% NiFe2O4, and PES/0.001 wt% 
ZnFe2O4 NPs, respectively. Moreover, Na2SO4 rejection was 
reached 78% at 0.1 wt% of CoFe2O4 NPs. The highest Cr (II) 
rejection obtained 72% for PES/0.001 wt% of NiFe2O4 NPs  
while it was 46% for the neat PES membrane. The Pb(II) 
rejection reached above 75% at 0.1 wt% of CoFe2O4 NPs. 
The Cu(II) rejection was obtained 75% at 0.1 wt% of 
CoFe2O4 NPs. The ferrite NPs revealed the high potential of 
heavy metal removal in the filtration membranes.
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1  Introduction
In recent years synthesis of ferrite nanoparticles and 
their usage in water treatment were described. Ferrites 
were obtained from various precursors with magnetic 
properties and attractive in many applications such as 
digital recording, microwave devices, sensors, catalysis, 
ferrofluids, and magnetic refrigeration systems. Spinel 
ferrites as the class of composite metal oxides with 
superior magnetic materials are containing ferric ions 
with general structure M2+Fe2

3+O4 (M = Co2+, Ni2+, Zn2+) 
because of low cost, high efficiency, resistivity, chemical, 
thermal strengths, tunable shape, magneto-crystalline 
anisotropy, electrical insulation, high surface area, surface 
active sites, and high potential in functionalization. The 
magnetic properties of ferrite depend on the dispersion 
of the transition metal ions among the cationic sites in 
the spinel structure (Ahmadian-Fard-Fini et al., 2018; 
Goodarzi et al., 2017; Hedayati, 2015; Hedayati et al., 
2016a, 2016b; Heidary et al., 2017; Nabiyouni et al., 2012).

SF adsorbents are excellent choice for water 
treatment through the adsorption or degradation process 
(Ahmadian-Fard-Fini et al., 2019). The ferrite preparation 
by precursor method is including the blend of ions at the 
atomic level which its results after thermolysis is usually 
nanosized ferrites (Ahmadian-Fard-Fini et al., 2020; 
Hedayati et al., 2016a, 2016b; Kavousi et al., 2018; Kiani 
et al., 2019).

There are different methods for the production of 
SF NPs such as polymerized complex, micro-emulsions, 
and microwave hydrothermal flash method. These 
techniques have low rate of yield and need to a long time 
for the process complete. Moreover, some methods have 
expensive raw materials, high energy demands. But the 
chemical synthesis methods from aqueous solutions are 
simple and suitable for mass production. Also, the control 
of reaction parameters are easy such as pH, complexing 
agent, and concentration. Among SF NPs, previous 
studies have been used magnetic nanoparticles for water 
treatment. Most studies focused on the conventional 
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iron oxide-based nanoparticles including magnetite 
(Fe3O4), hematite (α-Fe2O3), and maghemite (γ-Fe2O3). In 
recent years, the use of SFs has been widely applied as 
adsorbent to the capture of heavy metal ions. But there 
are fewer reports in the use of ferrite NPs especially 
MFe2O4 materials in the membrane filtration such as 
microfiltration, ultrafiltration, nanofiltration, and reverse 
osmosis. (BandehAli et al., 2019, 2021).

In this here was reported the synthesis of three 
different ferrite nanoparticles including CoFe3O4, 
NiFe2O4, and NiFe2O4 for the fabrication of PES-based NF 
membranes by microwave hydrothermal method. The 
synthesized nanoparticles and fabricated membranes 
were analyzed by XRD, FTIR, and FESEM. Furthermore, 
the surface morphology of the blend membranes was 
characterized by three-dimensional surface images. The 
ability of ferrite NPs were examined to separation of 
sodium salt and heavy metals such as Cr2+, Pb2+, and Cu2+ 
from aqueous solutions.

2  Result and discussion
The separation performance of the membranes was 
evaluated by a dead-end nano-filtration system in Figure 1  
at pressure of 4.5 bar. Initially, the compaction of 
membranes was occurred at 5 bar for 30 min by deionized 
water to obtain a steady pure water flux before filtration 
test. The pure water flux (PWF) was obtained by:

=
×,1w

VJ
A t

� (1)

where Jw,1 (L‧m−2‧h−1) is the permeate flux, V, A, and t are 
the volume of water permeate, effective area of membrane 
(11.94 cm2), and time (h), respectively.

The rejection followed by Eq. 2:
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where Cf is feed solution concentration (Na2SO4  
(1,100 mg‧L-1) and heavy metals (300 mg‧L-1)) and Cp is the 
concentration of permeate solution.

Figure 2 shows the FTIR spectra of CoFe2O4, NiFe2O4, 
and ZnFe2O4 nanoparticles in the range of 500-4,000 cm-1. 
The presence of peaks below 600 cm-1 is assigned to 
tetrahedral and octahedral sites respectively in a spinel 
structure. Moreover, the binds near 600 cm−1 are attributed 
metal-oxygen intrinsic vibrations in tetrahedral complexes 
which assigned in the about of 565 cm-1 for Zn–O  

and Ni–O, 594 cm-1 for Co–O, and the peaks near the 500 cm-1 
are related to the presence of Fe–O stretching bonds and 
it is clear in 410 and 414 cm-1 for ZnFe2O4 and CoFe2O4 
NPs, respectively. The peaks around 3,400-3,500 cm-1 
correspond to the presence of bending and stretching 
vibration of H–O–H bond in all FTIR spectra.

XRD pattern of ferrite NPs is shown in Figure 3. 
The XRD analysis of ferrite nanoparticles presents the 
formation of crystalline structure of nanoparticles. 
The crystalline size of NPs was calculated by Scherrer 
equation about 16, 23, and 14 nm for CoFe2O4, NiFe2O4, 
and ZnFe2O4 NPs, respectively. Furthermore, the average 
size of ferrite nanoparticles by FESEM images in Figure 3 
were obtained 23, 33, and 25 nm for CoFe2O4, NiFe2O4, and 
ZnFe2O4 nanoparticles, respectively.

The cross-sectional FESEM images of the fabricated 
membranes: pure PES and PES/CoFe2O4, PES/NiFe2O4, 
and PES/ZnFe2O4 are illustrated in Figures 4-6. The FESEM 
images show the asymmetric structure including a thin 

Figure 1: Schematic diagram of the filtration system.

Figure 2: FTIR spectra of ferrite NPs: CoFe2O4, NiFe2O4, and ZnFe2O4.
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layer on the top of membrane and a finger-like structure 
as membrane support. This structure forms during an 
exchange between solvent (dimethylacetamide) and non-
solvent (water) in the phase inversion process (Rana et al., 
1993, 1996a, 1996b, 2000). Introducing ferrite NPs into 
the PES membrane change membrane morphology due 
to thermodynamic and kinetic effects of the system. The 
presence of nanoparticles disrupts the polymeric chains 
and reduces the interactions between polymer-polymers. 
Thus, more voids create into the membrane structure. The 
introducing nanoparticles into the PES membrane led to the 
formation of larger and longer pores due to increasing the 
exchange between solvent and water. As shown in Table 1  
and Figure 4, the mean pore size of membrane enhanced 
to 3.24 nm for 0.01 wt% CoFe2O4 NPs and then reduced 
to 1.09 nm at 1 wt% CoFe2O4 NPs. Moreover, membrane 
porosity decreased from 70.9% at 0.1 wt% to 65.3% at  
1 wt% CoFe2O4 NPs. These reductions can be attributed to 

pore filling, increasing solution viscosity. By introducing 
NiFe2O4 nanoparticles, did not observe a significant 
change in the membrane porosity, but increase mean 
pore size from 1.3 nm for pure PES membrane to 8.67 nm  
at 0.1 wt% NiFe2O4 nanoparticles (Table 1 and Figure 5). 
The decline of mean pore size at 0.01 wt% NiFe2O4 NPs (M2) 
can be explained to the bad dispersion of nanoparticles 
and nanoparticles aggregation into the membrane 
(Cui et al., 1998; Ghanbari et al., 2016; Khodabakhshi 
et al., 2018). Furthermore, the man pore size increased 
from 1.3 nm for the pure PES membrane to 4.56 nm at 
0.01 wt% ZnFe2O4 NPs, then it reduced to 1.6 nm at 1 wt% 
ZnFe2O4 NPs due to pore filling with nanoparticles (Table 1  
and Figure 6). As shown in FESEM images and Table 1, 
the introducing NiFe2O4 nanoparticles create the larger 
pore compared with another ferrite nanoparticles and 
the highest membrane porosity obtained for PES/CoFe2O4 
membranes. 

COFe2O4 NiFe2O4

ZnFe2O4
XRD analysis of ferrite NPs

Figure 3: FESEM images and XRD analysis of ferrite NPs: CoFe2O4, NiFe2O4, and ZnFe2O4.
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M0

M1 M2

M3 M4

Figure 4: FESEM images of unmodified membrane (M0) and PES/CoFe2O4 membranes (M1-M4)..

The morphology of the membrane surface and 
membrane surface roughness was determined by SPM 
software (version 6.4, Femtoscan). Three-dimensional 

surface images of the pure PES membrane and modified 
membranes at 1 wt% of nanoparticle are shown in Figure 7  
at scanning area 6 × 6 μm. Moreover, the membrane 
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roughness parameter including the average roughness 
(Ra) is presented in Figure 7. According to the results, 
the modified membranes showed a smoother surface 
compared with pure PES membrane. By increasing the 
nanoparticles reduced surface roughness due to pore 
filling and valleys by the nanoparticles on the membrane 
surface and then reduction of pore sizes.

The surface hydrophilicty of the fabricated 
membranes was determined by contact angle and water 
content measuring (Table 2). All modified membranes 
showed lower contact angle compared with the pure 
PES membrane (65°). It is clear that the use of ferrite 
NPs enhance membrane hydrophilicity and leads to easy 
transport of the water molecules. Moreover, the highest 
water content (79%) obtained to PES/1 wt%-ZnFe2O4 due to 
its high porosity (79%) (refer to Table 1). The results of the 
water content showed the increment of water content and 
membrane hydrophilicity by using ferrite nanoparticles as 
additive into the PES as the membrane matrix. 

Figure 8 indicates PWF of the prepared membranes. 
It is clear PWF increased significantly compared to the 
pure PES membrane and the highest PWF was obtained 
152, 178, and 172 L‧m-2‧h-1 for PES/0.001 wt% CoFe2O4, 
PES/0.001 wt% NiFe2O4, and PES/0.01 wt% ZnFe2O4, 
respectively. This trend is agreement with the increase 
of mean pore size of the membrane in Table 1. Bigger 
pores increase water transport and lead to more PWF 
(Etminan et al., 2018; Ghanbari et al., 2015; Moradi et 
al., 2018). The decrease of PWF related to decreasing 
mean pores size and pore filling at high concentration 
of NPs. Moreover, the formation of interconnect 
structure of the fabricated membranes is another 
reason to decline PWF.

Figure 9a shows the Na2SO4 rejection for pure PES and 
three types of modified membranes. Introducing ferrite 
NPs enhanced Na2SO4 rejection to 78%, 72%, and 62% at 
0.1 wt% CoFe2O4, NiFe2O4, and ZnFe2O4 NPs. The increase of 
Na2SO4 removal describes with Donnan exclusion effects. 

M1 M2

M3 M4

Figure 5: FESEM images of PES/NiFe2O4 membranes (M1-M4).
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M1 M2

M3 M4

Figure 6: FESEM images of PES/ZnFe2O4 membranes (M1-M4).

Therefore, negative charges on the membrane surface 
repulse SO4

2- ions. Furthermore, the hydrophilic surface 
of the modified membranes decreases foulant deposition 
and concentration polarization which leads to high 
separation performance. Then Na2SO4 rejection reduces 
in the high concentration of nanoparticles (1 wt%) due 
to nanoparticle accumulation on the membrane surface. 
It seems that CoFe2O4 and ZnFe2O4 NPs with smaller 

sizes have better dispersion into the polymeric solution 
and their membranes have better salt separation than  
PES/NiFe2O4 membranes. 

Figures 9b,c show the change of Cr(II), Pb(II), 
and Cu(II) rejection at different concentration of 
ferrite nanoparticles. The heavy metals removal has 
an increasing trend. However, the reduction of heavy 
rejection in high concentration (1 wt%) is due to 

Table 1: Porosity and mean pore size of the pure PES membrane and the modified membranes

Mem. PES/CoFe2O4 PES/NiFe2O4 PES/ZnFe2O4

Porosity (%) Mean pore size (nm) Porosity (%) Mean pore size (nm) Porosity (%) Mean pore size (nm)

M0 50 1.3 50 1.3 50 1.3
M1 51.8 5.55 58.9 5.46 50.9 1.29
M2 65.6 3.24 55.5 1.79 35.39 4.56
M3 70.9 1.29 54.5 8.67 48.9 1.75
M4 65.3 1.09 62.3 8.26 79 1.61
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accumulation of NPs and decline of active sites to heavy 
metal adsorption. Cr(II) rejection reached 69% and 
68% at 1 wt% Co Fe2O4 and ZnFe2O4 NPs. Moreover, the 
highest Cr2+ rejection was 72% for PES/0.001 wt% NiFe2O4 
while it was 46% for the neat PES membrane. The Pb(II) 
rejection reach above 75% at 0.1 wt% CoFe2O4, 0.01 wt% 
NiFe2O4, and 0.001 wt% ZnFe2O4 NPs while it was 45% 
for the pure PES membrane. Cu(II) rejection obtained 
75% and 74% at 0.1 wt% of CoFe2O4 and NiFe2O4 NPs.  
The highest Cu(II) rejection was 74% for PES/1 wt% 
ZnFe2O4 membrane while Cu2+ rejection was 50% for the 
pure PES membrane. Mechanisms for the heavy metal 

rejection are due to the ion electrostatic exclusion via 
negative charges on the membrane surface and the ion 
adsorption by NPs. Of course, good dispersion of NPs 
at suitable values promotes metal ion rejection. It was 
noticed that ions with a high hydration radius have 
lower the diffusion coefficient value for the cations in 
the aqueous solution Pb2+ > Cr2+ > Cu2+. Therefore Pb2+ 
ions transport across the membrane is easier than other 
metal ions which increase the adsorption capacity of 
modified membranes due to their spinel structure. 
Moreover, Cu2+ ion removal is higher than Cr2+ ions due 
to the high hydration radius.

Pure PES

Ra=7.21 nm

PES/CoFe2O4

Ra=1.72 nm

PES/NiFe2O4

Ra=0.6421 nm

PES/ZnFe2O4

Ra=2.144 nm

Figure 7: 3D surface images of the pure PES membrane and PES/CoFe2O4, PES/NiFe2O4, and PES/ZnFe2O4 at 1 wt% NPs.

Table 2: Contact angle and water content of all fabricated membranes

Mem. PES/CoFe2O4 PES/NiFe2O4 PES/ZnFe2O4

Contact angle (°) Water content (%) Contact angle (°) Water content (%) Contact angle (°) Water content (%)

M0 63 66 63 66 63 66
M1 50 74.6 48 77 51 76
M2 38 78.8 39 72 53 63.7
M3 30 77.2 47 69.9 36 66
M4 39 75.5 28 72.3 44 78.1
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3  Conclusion
In this research, CoFe2O4, NiFe2O4, and ZnFe2O4 
nanoparticles were synthesized by microwave-assisted 
hydrothermal method. The various concentrations of 
synthesized nanoparticles were used to fabricate PES 
nano-filtration membranes by phase inversion method. 
FTIR, FESEM, XRD analysis, and three-dimensional 
surface images were used to analysis membrane 

and nanoparticles. The separation performance of 
modified membrane was investigated by sodium salt 
separation and heavy metals removal. PWF enhanced 
significantly as well as membrane hydrophilicity and 
mean pore size of membrane. Modified membrane 
showed outstanding sodium salt and heavy metal 
removal and Na2SO4, Cr(II), Pb(II), and Cu(II) rejection 
enhanced 36%, 36%, 40%, and 33% compared with the 
neat PES membrane.

Experimental

Synthesis of ferrite nanoparticles

Polyethersulfone (PES, Mw = 58,000 g‧mol-1) was 
provided by BASF, Germany, polyvinylpyrrolidone 
(PVP, Mw = 25,000 g‧mol-1) as pores creating agent were 
provided from Merck, Germany. N, N-dimethylacetamide 
(DMAc, Mw = 87.12 g‧mol-1) as solvent was prepared 
from DAEJUNG, Korea. Co(NO3)2, Ni(NO3)2, Zn(NO3)2, 
Fe(NO3)3‧9H2O, and NaOH were prepared from  Merck, 
Germany. Moreover, the aqueous solutions of Na2SO4 
and CrSO4, Pb(NO3)2 and Cu(NO3)2 were provided 
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Figure 8: Pure water flux of the pure PES membrane and  
PES/CoFe2O4, PES/NiFe2O4, and PES/ZnFe2O4 membranes at 4.5 bar 
pressure.
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Figure 9: The rejection of Na2SO4, CrSO4, Pb(NO3)2, and Cu(NO3)2 by the pure PES membrane and PES/CoFe2O4, PES/NiFe2O4, and  
PES/ZnFe2O4 membranes.
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from Merck, Germany for the membrane separation 
performance analysis. 

0.01 mol of Co(NO3)2, Ni(NO3)2, and Zn(NO3)2 
were dissolved in the de-ionized water, separately. 
Then 0.02 mol of Fe(NO3)3‧9H2O were added to metal 
solutions in the prior step. Then NaOH solution (1 M) 
was added to solution (for reaching pH = 10) under 
microwaves (600 W) for 30 min. After that the solution 
was heated at autoclave reactor at 180°C for 5 h. The 
precipitated nanoparticles were centrifuged and washed 
with distillate water and were placed in oven for  
drying. 

Fabrication of NF membranes

Nanofiltration (NF) membranes were produced through 
phase inversion method with immersion into the 
deionized water bath. The polymeric solutions were 
prepared from PVP (1 wt%) and PES (18%) in DMAc as 
solvent with different amounts of ferrite nanoparticles. 
Then casting solutions were stirred for 5 h at room 
temperature. Polymeric solutions were placed for 40 min 
in an ultrasonic bath for better dispersion of nanoparticles 
in solution. The homogeneous solutions conserved for 
12 h without stirring in the same temperature due to 
removing air bubble. Polymeric solutions were cast on 
a clean glass plates by an applicator and then they were 
instantly drenched into the distillate water bath. The 
blend membranes were placed in deionized water for 24 h  
to remove any soluble material in water and were kept 
between two filter papers for drying at room temperature. 
Table 3 indicates the details of the prepared membrane 
compositions.

Characterization methods

FTIR was applied with a Bruker spectrometer (TENSOR 27) 
in the range of 400 to 4,000 cm−1 at the resolution of 1 cm−1 
for each spectrum for the characterization of synthesized 

nanoparticles and membranes. FESEM (SU3500, USA) 
was employed to determine ferrite NPs and membrane 
morphology. Moreover, three-dimensional surface image 
was used to determine the surface morphology of the 
fabricated membranes in scanning area 6 × 6 μm by SPM 
software (version 6.4, Femtoscan).

X-ray diffraction pattern (model X’ Pert Pw 3373,  
λCu = 0.154°A, Philips, Holland) was used to characterize 
ferrite nanoparticles. The average size of ferrite crystals 
(D) was calculated using Debye Scherrer equation in 
Eq. 3:

cosc
kD = λ

β θ � (3)

where K as a dimensionless value is equal to 0.9, λ is the 
X-ray wavelength, and β is the full width at half maximum 
intensity of peak corresponding to 2θ.

The mean pore size and porosity of the membranes 
was determined by dry-wet weight method. Membranes 
immersed into the deionized water for 2 h and then 
weighted. After drying wet membranes, dry weight of 
membranes was measured. The membranes porosity (ε) 
and mean pore size of membrane (rm) were obtained by 
equations (BandehAli et al., 2019, 2021).

(%) 100w d

f m

W W
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 −
= × 
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ρ
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(2.9 1.75 )8
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LQr
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ε η

ε
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where Ww and Wd are the weight of the wet and dry 
membrane (g), Vm and ρf are membrane volume (cm3) and 
water density (g‧cm-3), respectively. η is the water viscosity 
(8.9×10-4 Pa‧s), Q is the volume of the permeated water 
flux (m3‧s-1), ΔP is operating pressure (0.45 MPa), A is the 
membrane filtration area (m2), and L is the thickness of 
membranes (m). 

The contact angle analyzer (G10, Kruss, Germany) 
was used to the measurement of water contact angle (θ) of 
membranes. Moreover, the water content of membranes 
were calculated according to base on wet and dry weight 
of membranes (BandehAli et al., 2019, 2021):

 (%) 100w d

w

W WWater content
W
−

= × � (6)

All experiments were repeated three times and 
their average values were reported for the decline of the 
experimental errors.

Table 3: The composition of materials in the membrane preparation

Membrane PES (wt%) Ferrite NPs 
(wt%)

PVP 
(wt%)

DMAc 
(wt%)

M0 18 0 1 81.000%

M1 18 0.001% 1 80.999%

M2 18 0.01% 1 80.990%

M3 18 0.1% 1 80.900%

M4 18 1% 1 80.000%
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