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Introduction

Water shortage as a major global crisis affects about
one third of the world's population and by 2025 this
amount will increase to two thirds [1].

Separation is one of the necessary parts in the processes
of chemical, petrochemical, food and pharmaceutical
industries and several other processes. Efficient
separation processes are needed to obtain valuable
products in the food and pharmaceutical industries,
to provide high-quality and healthy water for various
industries and communities, as well as to remove and
recover toxic and microbial or valuable components
from industrial wastewaters [2].

Among the separation processes, membrane processes
have been very popular and of interest in recent
decades. Environmentally friendly tools and high
productivity have been widely used in the field of
water purification [ 1, 3-4].

Four of the most widely used membrane processes
under pressure are ultrafiltration, microfiltration,
nanofiltration and reverse osmosis.

Polyether sulfone is used for water purification
processes in the preparation of nanofiltration and
ultrafiltration membranes due to its remarkable
properties, including good mechanical properties, high
thermal stability, toughness, and chemical resistance
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to organic solvents [5]. However, the inherent
hydrophobic property of polyether-sulfone makes this
material susceptible to fouling and deposition on the
membrane surface and limits its wider application in
membrane-based water treatment processes [6].

The balance between water permeability and salt
return, as well as fouling problems such as bottlenecks,
further limit the wider development of this technology.
Moreover, to improve this problem, a wide range
of nanomaterials such as nanoparticles, organic
nanocrystals and carbon nanotubes have been used in
the modification of nanofiltration membranes [5].

Tris (hydroxymethyl) aminomethane is a colorless
crystal at room temperature, a biodegradable, non-
corrosive, thermally stable compound, in aqueous
solution with a pH of approximately 10.5, an excellent
catalyst, a very inexpensive and non-toxic compound
which has been widely used in biochemistry and
molecular biology as a buffer solution component.
Nanoscale material size often results in higher
steric reactivity and changes in surface properties.
Moreover, this has led to the use of nano materials for
various applications. In addition, nanomaterials offer a
relatively larger active surface than the corresponding
bulk forms due to their small particle size [7].

Iron oxide nanoparticles are mainly used to remove



salts and heavy metals from water systems [8].
Moreover, magnetic nanoparticles have high
reactivity, excellent adsorption capacity to remove
many pollutants and good ion exchange capacity
along with low preparation cost. However, they do
not disperse properly in organic solvents and need
to be modified to achieve high efficiency [9]. In this
research, nanoparticles have been used as a base, and
hydrophilic nanoparticles have been made using tris
hydroxy methyl aminomethane. Finally, nanofiltration
membranes were surface modified by synthesized
nanoparticles and their performance was investigated.

Materials and Methods

Membrane and Nanoparticle Fabrication

First, by dissolving the polymer powder of polyether
sulfone and polyvinylpyrrolidone in the solvent-N,
N-dimethylacetamide, the polymer solution was
prepared in the room and the complete dissolution of
the polymer in the solvent was done by a magnetic
stirrer in a period of five hours. Then, the obtained
solution is drawn on the glass by means of an adhesive
film, and the polymer layer on the glass is immersed in
a double distilled water bath at room temperature until
phase separation occurs. Moreover, after coagulation
of the membrane, transfer it to another pure water bath
for a day so that the solvent is completely removed and
it is ready for the next use.

5 mmol of 4H,0.FeC,, and 10 mmol of 6H,0.FeC,
were poured into a 100 ml flask equipped with a
magnetic magnet, and 100 ml of distilled water was
added to it. The mixture was heated under nitrogen
atmosphere at 80°C for one hour. Then 10 ml of
concentrated ammonia (25%) was quickly added to
the mixture. The solution was stirred for another hour
under the same conditions. Then it was cooled to room
temperature. Afterwards, he formed black precipitate
was separated by a magnet and washed twice with
distilled water and ethanol and dried in a vacuum oven
at 60 °C.

One gram of Fe,O, magnetic nanoparticles synthesized
in the previous step was poured into a 100 ml flask
with 40 ml of ethanol and 6 ml of distilled water and
subjected to ultrasonic waves for 20 minutes. Then
1.5 ml of 20% ammonia was added and subjected to
ultrasound for another 20 minutes. Next, 1.4 ml of
tetraethyl orthosilicate (TEOS) was added. Then, the
balloon containing the reaction mixture was stirred
for 12 hours under nitrogen atmosphere at ambient
temperature. Then the formed Fe,O,@SiO, black
precipitate was separated from the reaction mixture
by a magnet. Then it was washed several times with
water and ethanol and dried in a vacuum oven at a
temperature of 60 degrees Celsius.

One gram of coated nanoparticles was poured into a
100 ml round bottom flask and 40 ml of toluene was
added to it. Afterwards, the reaction mixture was
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subjected to ultrasonic radiation for 30 minutes, a
homogeneous suspension was created. Then 0.9 ml of
3-chloropropyltrimethoxysilane was added. Moreover,
the reaction mixture was refluxed under nitrogen
atmosphere at 110 °C for 26 hours. The sediment was
separated from the reaction mixture with the help of
a magnet and was washed several times with toluene
and dried in a vacuum oven at 60°C.

One gram of chlorinated SiO, nanoparticles was poured
into a 100 ml flask with 30 ml of toluene and subjected
to ultrasonic waves for 20 minutes. Then 20 mmol
(2.423 g) of tris-hydroxy methyl aminomethane was
added to the contents of the balloon and the reaction
mixture was placed under nitrogen atmosphere under
ultrasonic waves for 1 hour and then under nitrogen
atmosphere at 110 degrees Celsius for 26 hours.
refluxed. Moreover, the product was washed with hot
toluene and then with ethanol and dried in a vacuum
oven at 60 °C.

The polyethersulfone membranes were modified for
48 hours at 90°C with a 10% by weight solution of
monoethanolamine. After that, the membranes were
immersed in solutions with 2 wt% glutaraldehyde, 4
mM sulfuric acid and different percentages of silica
nanoparticles for 45 minutes at 43 degrees Celsius
[10].

Membrane Analyses

Information about the structure and functional groups
of nanoparticles, molecular structure and chemical
bonding of pure and modified polyethersulfone
membranes is reported using the FTIR & ATR. After
modifying the membrane, the SEM images of the
surface of the constructed membranes was examined.
Furthermore, the prepared samples were coated with
a thin layer of gold. These images were taken under
high vacuum conditions at 15 Kv. Moreover, the
contact angle is one of the methods of observing
the hydrophilicity of the surface of the constructed
membranes. To calculate the tangential contact angle
from the drop to the solid surface, the angle between
the tangent and the solid surface is the contact angle.
For this purpose, 3 small samples from different parts
of the membrane were cut from each membrane. In
addition, this was done to minimize the test error. Then
a drop of water was dripped on the surface of these
samples and finally the average value was reported for
each sample. Moreover, AFM and 3D images of the
surface were used to check the surface roughness of the
manufactured membranes and report the parameters
related to the roughness.

Results and Discussion
FTIR and ATR Results
Fig. 1 shows spectra of the synthesized nanoparticles,
the base membrane and the membrane modified by
nanoparticles. According to the spectrum related to the
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synthesized nanoparticles, the broad peak in the range
0f3000 to 3500 corresponds to the stretching vibrations
of OH and the peak in the range of 1630 indicates the
torsional vibrations of this functional group. Also,
Si-O stretching vibrations are observed in the range
of 1100. The peak in the range of 2850 also indicates
the placement of 3-chloropropyltrimethoxysilane on
Fe304 nanoparticles. Also, the peak in the range of 1648
indicates the vibrations of the N-H bond. According to
the results obtained from the IR spectrum, it can be
claimed that Fe,O, nanoparticles are well covered. The
peaks at points 1486 and 1578 in the spectrum related
to the base membrane are characteristic of polyether

(-]

sulfone [11]. The interaction between nanoparticles
and the surface of the membrane can be seen in the
C spectrum. After modifying the surface with mono
ethanolamine and nanoparticles, the peaks related to
NH bonding are observed in the range of 3300 and
1650 on the membrane surface. Also, the broad peak
in the range of 3000 to 3500 is related to the OH
functional group. These cases indicate the change of
membrane surface after modification. As can be seen,
the absorption peak in the range of 3000 to 3500 after
modification is wider and more specific than the initial
state, which is probably due to the presence of OH
functional groups on the surface of nanoparticles.

W

T T T
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T v T
2000 1500 1000

Wavenumber cm-1 I

Fig. 1 FTIR & ATR: a) synthesized nanoparticles, b) basic membrane and c¢) modified membrane.

Surface Roughness & AFM Images of Membranes

AFM analysis images in 5 p x 5 p space for the
original membrane and the optimal sample are shown
in Fig. 2. The parameters related to surface roughness
are also presented in Table 1. According to the results,
the surface roughness has increased significantly after
modification. This result proves the placement of
modifying factors on the surface of the membrane. the
placement of mono ethanolamine and nanoparticles on
the surface of the membrane caused roughness on the
surface of the membranes after modification. Chemical
bond between nanoparticles, mono ethanolamine and
membrane surface can also be another factor of this
increase [12].

Membrane Average Surface Roughness (Nm)
M, 5.43
M, 461.53

Fig. 2 3D images of the surface: a) the original membrane,
b) modified membrane with 0.1% by weight of nanoparticles



Separation of Lead Metal and Obstruction Results
Lead metal has been chosen as a sample to investigate
the performance of the membrane in the removal of
heavy metals. Pore size and absorption by functional
groups are among the main factors in the separation
of nanofiltration membranes [12]. The effect of
removal based on the size of particles and pores is
clearly seen in the results. The reduction in the size
of the surface passing channels after the membrane
modification shows that the modified membranes had
a better performance in heavy metal removal. With
the increase in the concentration of nanoparticles, the
surface coverage by its modifiers is more, the dense
layer formed on the surface is thicker and as a result,
the separation rate of lead metal has increased compared
to the original sample. Moreover, the removal rate of
lead metal increased from 41% for the unmodified
membrane to 87% for the M6 membrane. Furthermore,
the research has shown that hydroxyl functional groups
have the ability to bind with heavy metal [ 13 ]. Among the
membranes modified by increasing the concentration of
nanoparticles from 0.02 to 0.1% by weight, the hydroxyl
groups on the surface of the membrane and as a result
the active sites for removing ions on the surface of the
membrane have increased. This has caused an increase
in metal separation in membranes after modification.
To evaluate the anti-fouling properties of the membranes,
the flux recovery ratio (FRR) has been used. In this
method, the flow of pure water was measured for 60
minutes and then the flow of milk powder solution was
measured for 60 minutes. Then the membranes were
washed with distilled water for 30 minutes and the
pure water flux was measured for them again for 60
minutes. As can be seen in Fig. 3, the flux recovery rate
in the modified membranes has increased significantly
compared to the original membrane. The polar and
hydrophilic agents on the surface of the membrane
have less tendency to absorb hydrophobic components
in the milk solution, and therefore these components
are temporarily trapped on the surface of the modified
membranes and after washing the membrane, a
significant amount is separated from its surface. It can
be said that the hydrophilic factors of the membrane
surface after modification are more compatible with
water molecules, which has increased the flux recovery
rate after modification. Conclusions

FRR %
&

M1 M6

Fig. 3 FRR% values for fabricated membranes.
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Conclusions

The purpose of this research was to evaluate the
performance of polyether sulfone membranes modified
by synthesized nanoparticles to remove salts and reduce
the anti- fouling properties of the membranes. Also,
the following results are a summary of the research:
A- FESEM and FTIR analyzes indicate the successful
synthesis of nanoparticles.

B- SEM, ATR and AFM analyzes also confirm the
placement of nanoparticles and hydrophilic agents
modifying the surface of the membrane. C- According
to the results, the modified membrane with 0.1% by
weight of nanoparticles had the best performance in
separating sodium sulfate salt and lead metal. At first,
the amount of flux increased after modification due to
the presence of surface hydrophilic agents, and from the
concentration of 0.06 and above due to blockage of the
holes, the amount of flux decreased.

D- The flux recovery rate after modification has
increased to a significant amount compared to the
original membrane, which indicates the positive effect
of nanoparticles in improving the anti-fouling properties
of the membrane after modification.

E- The increase in the hydrophilicity of the membrane
surface was proved using the surface contact angle test.
By increasing the concentration of nanoparticles and as
a result increasing the number of hydrophilic agents on
the surface of the membrane, the surface has become
more hydrophilic and as a result the surface contact
angle has decreased.

Nomenclatures

AFM: Atomic force microscopy
ATR: Attenuated total reflection
FRR: Flux recovery ratio
TEOS: Tetraethyl orthosilicate

References

1. Ekambaram, K., & Doraisamy, M. (2017). Surface
modification of PVDF nanofiltration membrane
using Carboxymethylchitosan-Zinc oxide
bionanocomposite for the removal of inorganic
salts and humic acid. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 525,
49-63. oi.org/10.1016/j.colsurfa.2017.04.071.

2. Madaeni, S. S., Tavakolian, H. R., & Rahimpour,
F. (2011). Cleaning optimization of microfiltration
membrane employed for milk sterilization.
Separation Science and Technology, 46(4), 571-
580. doi.org/10.1080/01496395.2010.534118.

3. Lynn Maria, S. (2014). Hybrid poly POSS-amide
Membranes for Nanofiltration. Bachelor’s thesis,
University of Twente.

4. Ahmed, S.F., Mehejabin, F., Momtahin, A.,
Tasannum, N., Faria, N.T., Mofijur, M., Hoang,
A.T., Vo, D.VN. and Mahlia, TM.I. (2022).
Strategies to improve membrane performance in



wastewater treatment. Chemosphere, 306, 135527.
doi.org/10.1016/j.chemosphere.2022.135527.
Luque-Alled, J.M., Abdel-Karim, A., Alberto,
M., Leaper, S., Perez-Page, M., Huang, K.,
Vijayaraghavan, A., El-Kalliny, A.S., Holmes,
S.M. and Gorgojo, P. (2020). Polyethersulfone
membranes: From ultrafiltration to nanofiltration
via the incorporation of APTS functionalized-
graphene oxide. Separation and Purification
Technology, 230, 115836. doi.org/10.1016/].
seppur.2019.115836.

Bai, L., Wu, H., Ding, J., Ding, A., Zhang, X.,
Ren, N., Li, G. and Liang, H. (2020). Cellulose
nanocrystal-blended polyethersulfone membranes
for enhanced removal of natural organic
matter and alleviation of membrane fouling.
Chemical Engineering Journal, 382, 122919. doi.
org/10.1016/j.cej.2019.122919.

Goh, P. S., Ng, B. C., Lau, W. J. and Ismail A. F.
(2015). Inorganic nanomaterials in polymeric
ultrafiltration membranes for water treatment.
Separation & Purification Reviews 44, 3: 216-
249. Goh, P. S., Ng, B. C,, Lau, W. J., & Ismail,
A. F. (2015). Inorganic nanomaterials in polymeric
ultrafiltration membranes for water treatment.
Separation & Purification Reviews, 44(3), 216-
249. doi.org/10.1080/15422119.2014.926274.
Gholami, A., Moghadassi, A. R., Hosseini, S. M.,
Shabani, S., & Gholami, F. (2014). Preparation
and characterization of polyvinyl chloride based
nanocomposite nanofiltration-membrane modified
by iron oxide nanoparticles for lead removal
from water. Journal of Industrial and Engineering
Chemistry, 20(4), 1517-1522. doi.org/10.1016/j.

Petroleum Research, 2025(August-September), Vol. 35, No. 142

10.

11.

12.

13.

jiec.2013.07.041.

Hosseini, S. M., Afshari, M., Fazlali, A. R.,
Farahani, S. K., Bandehali, S., Van der Bruggen, B.,
& Bagheripour, E. (2019). Mixed matrix PES-based
nanofiltration membrane decorated by (Fe,O,~
polyvinylpyrrolidone) composite nanoparticles
with intensified antifouling and separation
characteristics. Chemical Engineering Research
and Design, 147, 390-398. doi.org/10.1016/j.
cherd.2019.05.025.

Qin, A., Li, X., Zhao, X., Liu, D., & He, C. (2015).
Engineering a highly hydrophilic PVDF membrane
via binding TiO, nanoparticles and a PVA layer
onto a membrane surface. ACS applied materials
& interfaces, 7(16), 8427-8436. doi.org/10.1021/
acsami.5b00978.

Belfer, S., Fainchtain, R., Purinson, Y., & Kedem,
0. (2000). Surface characterization by FTIR-ATR
spectroscopy of polyethersulfone membranes-
unmodified, modified and protein fouled. Journal
of Membrane Science, 172(1-2), 113-124. doi.
org/10.1016/S0376-7388(00)00316-1.

Qin, A., Li, X., Zhao, X., Liu, D., & He, C. (2015).
Engineering a highly hydrophilic PVDF membrane
via binding TiO, nanoparticles and a PVA layer
onto a membrane surface. ACS applied materials
& interfaces, 7(16), 8427-8436. doi.org/10.1021/
acsami.5b00978.

Wu, S. P, Dai, X. Z., Kan, J. R., Shilong, F. D., &
Zhu, M. Y. (2017). Fabrication of carboxymethyl
chitosan—hemicellulose resin  for adsorptive
removal of heavy metals from wastewater.
Chinese Chemical Letters, 28(3), 625-632. doi.
org/10.1016/j.cclet.2016.11.015.



