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Surface modification of polyethersulfone nanofiltration membranes by
nanocomposite Layer containing POSS nanoparticles
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Abstract

In this research, a nanocomposite layer containing POSS nanoparticles was applied
Received:2004-10.29 to improve the properties and surface modification of polyether sulfone nanofiltration
Revised: 2024-11-01 membranes. The impact of the Surface modification, on the structure, separation, and
Accepted: 2024-11-01 other properties of the membranes was checked. The pristine membranes were prepared
DOI:10.61186/CNJ.2.2.304 vja the phase inversion method. Also, the surface of the membrane was modified by the
dip coating method. The characterization of the fabricated membranes was done by
FTIR, SEM and AFM analysis. Moreover, the separation performance of membranes
was examined by the contact angle, porosity measurement, water content, pure water
flux (PWF), Na»SOs rejection, CrSOs rejection and flux recovery ratio (FRR%). The
FTIR results proved the creation of a nanocomposite layer with the POSS nanoparticles
on the surface of the virginal membrane. SEM images demonstrated the presence of a
new layer on the surface of the modified membranes, exhibiting uniform distribution.
The amount of water content for double-layer membranes exhibited an increasing trend
in comparison to virginal membranes. Also, the results of the contact angle showed a
decrease in the surface roughness for the modified membranes then with increasing
concentration of glycidyl-pass nanoparticles, that is a hydrophobic substance, went
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1. Introduction

During the last years, the deficiency of fresh water resources also the increment of requests for clean water have
been the major challenges in the world. Moreover, with the growth of pollutants and the presence of high amounts of
sulfate, bacteria, chloride, etc. in underground water sources, the application of new technologies with lower energy
and cost for purification wastewater treatment and returning water to the life cycle, increased [1-5]. Membrane
technology, adsorption, ion exchange, flotation, evaporation, etc. are examples of low-cost and practical methods in
the field of water purification. Among these, membrane technology with high separation efficiency, energy saving,
combining with other separation processes (hybrid processing), easy to up-scaling, etc. has been noticed [6-8,5].
Nanofiltration membranes are a specific type of pressure-driven membrane. Water purification, desalination, and the
ability to take away heavy metals from water are among the applications of nanofiltration during the recent years [9-
14]. In addition to the benefits that polymer membranes have, such as simple manufacturing, energy saving, and easy
industrialization, they have some defects, including unstable flux, poor antifouling property, and concentration
polarization that recently, their modification is a way to reduce their defects. There are various ways such as utilizing
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various polymers and nanoparticles, plasma modification, and chemical modification methods such as free-radical
grafting that can be used as a solution to overcome these defects [9,11-15]. Polyethersulfone is a type of polymer
material that has been employed to prepare nanofiltration membranes because of high mechanical and thermal stability
but PES is a hydrophobic polymer that makes low permeability for the membranes with on increasing trend of fouling
[14-18].

In this research, the surface of polyether sulfone nanofiltration membranes was modified through a nanocomposite
layer containing POSS nanoparticles for use in the water recovery process. PAS is a nanoparticle that contains Si
atoms, and this nanoparticle consists of a cage-like nucleus and functional groups. PAS as a three-dimensional
nanoparticle is unique and has been researched for the last 50 years. The chemical formula of PAS is (C¢H110,)
m(SiO15) n, Where -R are groups that can be connected at the top and around the PAS, such as halogens, alkenes, alkyls,
and hydrogen. Among the advantages of this nanoparticles, we can mention its non-flammability, thermal stability,
and high permeability [18]. According to the above advantages, PAS is a hydrophobic nanoparticle, this property
causes the limited use of this type of membranes in wastewater treatment [19,20-22]. Nanoparticles of acrylic acid
have been used to improve the hydrophobicity of Glycidal-Pas. Acrylic acid is a member of the carboxylic acid group.
Also, it contains a vinyl group that attached to another group that named carboxylic acid. Acrylic acid has
hydrophilicity, sensitivity to pH, reactivity, and low absorption [23,24]. It is expected that utilizing of nanocomposite
layer containing PAS next to acrylic acid nanoparticles will improve the properties of the membrane.

2. Material and method
2.1 Materials

Polyether sulfone (Mw=5800 g/mol), was used as a virgin membrane-forming polymer. Polyvinylpyrrolidone
(Mw=25000 g/mol) as pore forming was prepared from Merck, Germany. Dimethylacetamide was purchased from
Swiss Fluka for utilizing as a solvent, and Glycidyl-poss as a surface modifier was purchased from the Polymer and
Petrochemical Research Institute. Also, Acrylic acid, potassium persulfate, ethylene glycol was obtained from Merck,
Germany. In addition, (Na2SO.) solution with Mw = 142.04 g/mol, and (CrSO.) with Mw = 156.056 g/mol were
applied for the tests.

2.2. Preparation and surface modification of nanofiltration membrane

The phase inversion method was employed to produce virginal membranes. A constant concentration of 1% by
weight of polyvinylpyrrolidone and 18% by weight of Dimethylacetamide solvent was used to make the membranes.
A magnetic stirrer was applied for a period of five hours to facilitate the complete dissolution of the polymer in the
solvent, and Air bubbles completely remove from prepared uniform solution by leaving at room for half day. After
that, the obtained solution was casted on the glass by an applicator with a thickness of 150 um, and at once immersed
into a DI water bath until the phase change occurred. Finally, the neat membranes were formed by exchange between
solvent and non-solvent. Following the preparation of the membranes, they were subjected to a 24-hour deionized
water bath to facilitate the complete removal of the solvent. Subsequently, the membranes were placed between two
sieves for 24 hours to facilitate the drying process. Then, the surface modifications were done by using the dip-coating
method. Surface modifying solutions with different gels of Glycidyl-Pass by dissolving 0.05 mg of potassium
persulfate in 2 mg of ethylene glycol, 0.08 mg of acrylic acid, and 30 mg of distilled water was made. The prepared
solutions were stirred for 15 minutes by a magnetic stirrer. After the complete uniformity of the solutions, various
amounts of glycidyl poss were added to them. For better distribution of nanoparticles in the prepared solutions, an
ultrasonic bath was used for 15 minutes. Then, to carry out the chemical reaction between acrylic acid and glycidyl
poss (AA-g-POSS), the solutions are placed on a magnetic stirrer at a temperature of 50 degrees Celsius for 4 hours.
The polyethersulfone nanofilter membranes were immersed in the surface modifying solutions. After removing the
membrane from the surface modifying solutions, the polymerization process on the surface of the membranes was
completed by placing them in an oven with a temperature of 60 °C for 3 hours. The fabricated membranes were named
M; (neat membrane), M,, M3, and M., respectively. The characteristics of the evaluated membranes are presented in
Table 1.
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Table 1. Introducing virgin and surface-modified membranes.

PES PVP Acrylic acid glycidyl POSS
Membrane .+ o) Wt.%) (Wt.%) (Wt.%)
M 18 1 0 0
M. 18 1 0.25 0
Ms 18 1 0.249 0.03
Ma 18 1 0.248 0.3

2.3. Membrane characterizations
2.3.1. Identification analyses

The FTIR analysis, The SEM analysis, The X-ray energy analyzer, and the Atomic AFM were applied to earn
information about the membrane characterization.

2.3.2. Water content and water contact angle

To assess surface hydrophilicity, the amount of roughness, and wettability, water contact angle and water content
were employed. For reducing the error of the test, all experiments were applied about three times for each sample and,
the final value was an average of the obtained numbers. It should be noted that, the operational condition was
environmental conditions. From Eg. (1) to calculate the water content of the membranes was used [9-11,25,26]:

Water content = W x 100 (D)
d

That, the weight of the wet membranes (W) is measured by placing the membranes in deionized water for three days.
The weight of the dry membranes (W) is measured by placing the membranes in an oven set to 60°C for one day.

2.3.3. The porosity of the membrane
From Eg. (2) to calculate the overall porosity (¢) of fabricated membranes was used [27]:

(%) = % x 100 )

Where, the weight of wet membranes(g) is shown by W,,, the weight of dry membranes (g) is shown by W4, and the

water density (g/m?) isshownby p . |

2.3.4 The mean pores size of membrane
To calculate the average radius of the pores, the Guerout-Elford-Ferry equation is used, which follows this formula
[28]:
¢ _ [(29-175¢ )8nLQ
" eAAp

®)

Where, 1 is the water viscosity (8.9 x 10-4 Pa.s), L is thickness of membrane (m), Q is the pure water flux (m3/s), and
AP is operating pressure [28].
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2.3.5 The flux and salt rejection

The schematic of the nanofiltration system is presented in Fig.1. Nitrogen gas was employed as the driving force for
mass transfer and actually supplying the pressure of the used tank. And, during the experiment, the feed was
continuously agitated to decrease the results of concentration polarization [29-31].

Pressure control

@ euage

MNitrogen gas

BSA feed solution +—onoon—3—
—f—* Stirrering rod

——t Membrane on perforated

Permeate
plate

——— Magnetic rotor

Fig.1. The schematic of nanofiltration system [29-31].

The following equation is used to measure the flux [29]:
Vv

J,. = 4
w1 AXT ( )

Where, the flux (L/m2.h) is shown by J, the membrane surface area (m?) is shown by A, the volume of collected
permeation (L) is shown by V, and T is the filtration time (h) [9,10].
Also, the Eq.5 gives us a relationship to calculate the amount of membrane excretion [26]:

R(%) = (1 - E—I;) x 100 (5)

Where, C, and Crare salt concentrations in permeate and feed solutions, respectively [29].

2.3.6 flux recovery ratio (FRR%)

From Eq. (6) to calculate the flux recovery (FRR%) was used was measured [28,29]:
That, the pure water flux after washing of fouled membranes by deionized water is shown by Ju.

FRR(%) = (j“”—z) x 100 (6)

w,1
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2.3.7. The membrane’s mechanical tensile strength

Tensile strength can be defined as the maximum strain that a material can withstand when stretched before tearing
or breaking. ASTM1922-03 standard can use to measure this test. Two mechanical clamps and a number of weights
with different weights were used to measure the resistance change of the prepared membranes. First, the membranes
are cut to the standard size, and in the next step, a mechanical clamp is connected to another clamp, which has the
ability to add weight. The weights are placed one by one so that the membrane breaks due to tension. With this method,
the tensile strength of the membrane is obtained [9-11].

3. Results and discussion
3.1. FTIR test results

FTIR analysis was applied to obtain information about functional groups, identify compounds and bonds present in
the membrane structure. FTIR result of virgin and modified membrane shows in Fig.2. The peak around the 1073/17
cm and 1106/17 cm™, It is a confirmation of the presence of the Si-O-Si function group on the modified membrane
surface. Also, the peak around the 2956.28 cm-* confirmed the existence of the glycidyl function group on the modified
membrane surface [30-34]. As a result, the change of vibrations at the wavelength of 16.3069 cm™ and 13097 cm™ is
also due to the hydroxyl (OH) functional group. The peak at 1667.139 cm-! is ascribed to the (C=0) function group,
the peak in the range of 1242-1296 cm! belongs to (C=S0,=C) function group, and the peak around the 1579-1486
cm! confirming the presence of a benzene ring in the PES structure [9-11,34].
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Fig.2. FTIR analysis of modified membrane M4 (A), glycidyl-pass (B) and pure polyethersulfone (C).
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3.2. SEM and EDX results

SEM analysis was utilized to gain insight into the asymmetric structure of the membranes. SEM images of neat and
modified membrane shows in Fig.3 The SEM images corroborated the hypothesis that the asymmetric membranes
were composed of two distinct layers. The upper layer and the lower layer, which have a spongy-like and finger-like
structure, respectively. As illustrated in the accompanying figure, the surface modification of the membrane resulted
in a notable increase in the thickness of the dense layer on the membrane surface. This increase indicates the formation
of a thin layer on the surface of the primary membrane after modification, which causes a decrease in flux. In
comparison to the modified membrane, the surface of the pristine membrane is much smoother. Additionally, the
presence of glycidyl Poss nanoparticles increased the surface roughness, resulting in a decrease in hydrophobicity and
an increase in clogging, which eventually led to a reduction in pore size (Fig. 4) [36-39].
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Fig. 3. The SEM image; (M1) neat membrane, (M2 to M3) modified membrane
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The formation of a uniform layer of Si on the surface of the modified membranes was confirmed by EDX mapping.
The EDX results is shown in (Fig.5). Also, the peak of the graph related to Si in the surface of the modified membrane.

j————————{ 50ym HT=15kV Mag =500 X |probe =10 nA
SiKa 2

Ka SKa

Fig.5. The EDX mapping analysis of modified membrane.

The 3D surface images were applied to check the trend of the roughness. The results of 3D surface images are shown
in (Fig. 6), Also the calculated average roughness (Ra) is reported (Table.2) [39]. According to the results, by utilizing
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glycidyl-pass nanoparticles in the surface of the modified membranes, the trend of the roughness was enhanced, also
flux had a decreasing trend and the trend of the clogging had an increasing trend [36-39].

M2

M1

Fig.6. 3D surface images of neat and modified membrane.

Table.2. The results of the roughness.

Membrane number Ra(hm) Rq(nm)
M1 3.084 3.976
M2 2.507 3.198
M3 4.206 5.258
M4 3.328 4.194

Colloid Nanosci. J. 2(2) (2024) 304-320.
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3.3. Water content and water contact angle

Contact angle analysis and water content were employed to investigate the hydrophilicity/ Surface roughness rate
and the surface wettability for Fabricated membranes compared to the neat membrane [40]. The results of the contact
angle and water content show in Fig.7 and Fig.8 respectively. The findings indicate that the contact angle and Surface
roughness rate for the M, membrane surface were decreased. Also, the hydrophilicity and water content of the M
membrane surface were enhanced, which can be attributed to the hydrophilic properties of acrylic acid on the M2
membrane surface, including a negative charge caused by the functional groups [11,39,40]. The amount of
hydrophilicity in Mzand M4 membranes decreased with the formation of AA-g-POSS on the membrane surface, which
could be the result of the accumulation of nanoparticles in pores of the membrane, which caused the reduction of the
active surface area of the membrane. Also, water content of the M3 membrane surface were enhanced because by
increasing the rate of the hydrophilicity, the surface tendency of the membrane to absorb and retain water in its
structure increases but water content of the Masmembrane surface were decreased that Part of this change can be due
to the hydrophobic property of glycidyl-pass, and another part is due to the filling of surface pores of the membrane
with nanoparticles, which reduces the capacity of the membrane to retain and absorb water on the surface and inside
the pores of the membrane [40-44].
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Fig.7. The result of the water content (%)
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3.4. Pure water flux

The results of pure water flux are shown in Fig. 9. According to the result, the pure water flux has decreased at first,
then had an increasing trend and decreased again. Also, the water flux of all the modified membranes is lower than
the pristine membrane, which can be attributed to the dense layer on the surface of the modified membranes. The
decreasing trend of flux for the M, membrane compared to the primary polyethersulfone membrane is observed
because of the dense layer created by the polymerization of acrylic acid on the surface of the membrane. Also, the
process of flux increase in Mz membrane with the presence of AA-g-POSS on the surface of the membrane is due to
the cage-like structure of Glycidyl-POS, which increases the water passage. In the M4 membrang, the flux of pure
water had a decreasing trend, and the increase in the concentration and accumulation of glycidyl-pass nanoparticles
causes the clogging of some surface cavities due to the blocking of the transfer channels and the reduction of the flux
[9-12,43-45].
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Fig.9. Pure water flux

3.5. Salt rejection and flux

The result of the Na;SQO, rejection shows in Fig.10. As a result, the recovery rate of sodium sulfate in the modified
membranes was higher than neat membrane. The presence of negatively charged hydroxyl and carboxyl groups in the
acrylic acid structure enables the removal of SO,2™ ions. The electrostatic repulsion resulting from the negative charge
of the membrane surface and sulfate ions is a significant factor influencing the separation process [46,47].
Consequently, the polymerization of acrylic acid on the surface of the M2 membrane results in an increase in the
amount of electrostatic repulsion of SO4-2 ions [46,48]. In M3 and M4 membranes, glycidyl-pass along with acrylic
acid is polymerized on the surface of the membrane. The porous and octahedral structure of glycidyl pas causes the
creation of active sites and the inclusion of more functional groups around the glycidyl pas, and this causes the
absorption of more positive ions [49]. In the M3 membrane with 0.03% w.t of glycidyl-pass, the yield has decreased
to a small amount. The increase in porosity and the average size of the holes has caused the passage of Na+ ions and
this has resulted in a decrease in yield. In the M4, membrane with 0.3% w.t of glycidyl-pass, we have seen an increase
in the yield. Increasing the amount of glycidyl-pass has caused the increase of functional groups in this membrane.
Electrostatic repulsion between functional groups with negative charge and SO42 ions, as well as more absorption of
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Na* ions on the surface of the membrane and within the structure of the membrane due to the presence of glycidyl-
pass with a porous structure, increases the yield [9,10,50-53].
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Fig.10. The flux and salt rejection results

3.6. Heavy metal removal experiment

The results of the removal of CrSO4 metal shows in Fig.11. As evidenced by the results, the modified membranes
exhibited an upward trajectory in efficiency. In the M2 membrane, because of the presence of hydroxyl and carboxyl
functional groups, the electrostatic repulsion between the functional groups and SO4-2ions has increased the yield. In
the M3 membrane, due to the increase in flux and porosity, more ions have passed through the membrane, as a result,
the yield has decreased slightly compared to M. In the M4 membrane, increasing the amount of glycidyl-pass, more
Cr?* ions are trapped and absorbed due to the porous structure of glycidyl-pass, thus increasing the yield [46,51].
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Fig.11. Heavy metal ions removal
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3.7. Flux recovery ratio

The most crucial factor in reducing membrane clogging is to enhance the surface properties, particularly the
hydrophilicity. The anti-fouling properties of the prepared membranes can be evaluated by measuring the reduction
ratio of the passing flux [48]. Also, the result of the flux recovery ratio is shown in Fig.13. According to the result, the
M. membrane has better antifouling properties than other membranes. The presence of hydrophilic groups on the
surface of the membrane improves the anti-clogging properties of the membranes. Improving the structure and surface
properties of the membrane can reduce membrane fouling [49,50]. In M3 and M4 membranes, with the decrease in
hydrophilicity and increase in surface roughness, due to the formation of AA-g-POSS on the membrane surface, the
percentage of flux recovery has decreased [51,53].
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3.8. Mechanical tensile strength experiment

The results of the tensile strength measurement are illustrated in Fig. 12. The obtained results indicate that the
tensile strength of the modified membranes is higher than that of the pure polyethersulfone membrane. The tensile
strength of the M2 membrane has increased as a result of the polymerization of acrylic acid on its surface and the
formation of robust bonds. The formation of AA-g-POSS on the surface of the M3 membrane results in a stronger
interaction than that observed in the pure polymer mixture, leading to an increase in tensile strength. However, in the
M4 membrane, the accumulation and lumpiness of glycidyl-pass nanoparticles cause a loosening of the bond between
the polymer chains, resulting in a decrease in tensile strength [39,51].
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4. Conclusion

In this research, nanofiltration membranes were fabricated via the phase inversion method. Subsequently, the
membranes were subjected to modification through the incorporation of varying weight percentages of glycidyl-pass
nanoparticles. The surface modification resulted in the formation of a dense layer on the surface of the membrane,
which led to a reduction in the pure water flux in comparison to the neat membrane. The findings of the contact angle
analysis indicate that the membrane exhibited an increasing hydrophilic property initially, followed by a decline in
this property with an increase in the weight percentage of glycidyl-pass. An increase in the amount of glycidyl
phosphate resulted in an expansion of the average pore size. However, the accumulation of nanoparticles within the
membrane pores led to a reduction in porosity. The recovery rate of sodium sulfate and chromium sulfate for modified
membranes is increased in comparison to the pure membrane. The anti-clogging property of the membrane initially
improved and then decreased with the increase in the weight percentage of glycidyl-pass and the surface roughness.
The amount of tensile strength increased with surface modification of the pure polyethersulfone membrane by
nanoparticles.
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