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Small but Mighty:
Incorporating FesO, Nanoparticles into PES Membranes
for Enhanced Water Treatment Efficiency
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ABSTRACT: This study focused on developing a new membrane type by incorporating magnetic
iron oxide nanoparticles (FesO4) into a polyethersulfone (PES) matrix to create a Fe3O4/PES
membrane. The synthesized membrane was characterized using various techniques, including SEM,
Map, 3D images, TEM, XRD, and FT-IR, to determine its structure and properties. The membrane's
performance was evaluated by examining parameters such as water contact angle, membrane pore
size and porosity, water content, Pure Water Flux (PWF), and salt rejection. The results showed that
the Fe;04/PES membrane outperformed the pure PES membrane regarding water flux and salt rejection.
The membrane with a FesO4 concentration of 0.01wt.% had the highest flux value of 16.35 (L/m?h),
while the virgin membrane's flux value was only 2.81 (L/m?h). Furthermore, the salt rejection
of the modified membrane increased from 60% to 90% compared to the pure PES membrane.
It was observed that the Fe;O4 nanoparticles, which had a positive charge of 3-7 nm, tended
to agglomerate and increase in size when the Fe;O, concentration was increased, leading to a negative
surface charge. By using fewer FesO, nanoparticles, the Fes04/PES membrane achieved similar
performance as other research, making it a more cost-effective option.

KEYWORDS: Magnetic iron oxide nanoparticles; Polyethersulfone (PES) matrix; FesO4/PES
membrane; Membrane characterization; Surface charge; Cost-effective option.
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INTRODUCTION

The production of Nano Filtration (NF) membranes
with specific properties, such as high rejection, antifouling
ability, and water flux, is a critical stage in water treatment
and purification. The shape and surface chemistry of NF
membranes is practically significant due to their
connection to separation effectiveness and antifouling

behavior. Membrane fouling is a severe issue that affects
membrane selectivity, lifespan, and flow. In general,
membranes with hydrophilic surfaces have remarkable
antifouling qualities. The hydrophilicity and antifouling
capacity of NF membranes have been improved through
numerous approaches, including surface grafting, coating,
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polymer mixing, and introducing polymer matrix with
hydrophilic NanoParticles (NPs) [1-3]. The simplest and
most common method is thought to be the integration
of hydrophilic nanoparticles into the membrane body [4, 5].
It is known that metallic oxide nanoparticles, such as
TiO,, SiO,, and Fes0s are employed to alter NF
membranes. The majority of responders claimed that
changed membranes showed noticeable performance
changes. FesO4 is a hydrophilic and chemically stable
magnetic nanoparticle due to the surface hydroxyl groups.
These inexpensive materials have excellent reactivity, ion
exchange capacity, adsorption capacity, and environmental
safety. However, they cannot be dissolved in organic
solvents, and proper dispersion is achieved in a suitable
solution. Numerous studies have been done to prevent the
aggregation of nanoparticles from attaining high efficiency.
Three categories can be made for magnetic
nanoparticle modification techniques: covering the surface
of NPs with an adsorptive layer, immobilizing a reactive
ligand, and combining upper items. Furthermore,
modifying the surface of NPs might improve their affinity
for membrane structures. Polyvinylpyrrolidone (PVP) is a
great option for NP modification because of its capacity to
create covalent connections with the surfaces of magnetic
nanoparticles. Additionally, PVP is a non-toxic, inert
polymer[6-11]. It is an amphiphilic polymer because of the
pyrrolidone and alkyl groups present in its structure,
making it both hydrophilic and hydrophobic[5, 12-18].
FesO4 is a hydrophilic and chemically stable magnetic
nanoparticle due to the surface hydroxyl groups. This
material is inexpensive and has excellent reactivity, ion
exchange  capacity, adsorption  capacity, and
environmental safety. Rejection rates for NaCl and MgSO4
were reported to be 68 and 82 percent, respectively, when
FesO4 nanoparticles were added to a PES matrix.[19]
Numerous surface modifications have been studied since
interactions between nanoparticles and polymers heavily
depend on the latter's surface.[20-22] The impact of Congo
red dye adsorption-based removal using magnetite
nanoparticles (Fes0s) coated with polyvinyl pyrrolidone (PVP)
was studied.[19] The effects of functionalized (amine and
metformin) and modified (immobilizing silica-Fe;O4 NPSs)
iron oxide NPs have been examined on the segregation
performance of PES-based nanofiltration membranes.
Due to their improved hydrophilicity, porosity, and mean
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pore radius, nanocomposite membranes showed a significant
pure water flux. Copper ion elimination is likely due to
the nucleophilic functional groups and the hydrophilic
surfaces of nanocomposite membranes. Separately,
PES-based NF membranes incorporating carboxymethyl
chitosan- Fe;Os (FRR) showed high water flow and flux
recovery ratios.[7, 20, 23, 24]

Numerous surface modifications have been studied
to understand the interactions between nanoparticles and
polymers, as these interactions heavily depend on the
surface properties of the latter [7, 21, 22]. One study
examined the impact of using magnetite nanoparticles (FesOa)
coated with polyvinyl pyrrolidone (PVP) for the removal
of Congo red dye [19]. Other studies investigated the
effects of using functionalized (amine and metformin) and
modified (immobilizing silica- Fe;04 NPs) iron oxide NPs
on the segregation performance of PES-based
nanofiltration membranes. Nanocomposite membranes,
with improved hydrophilicity, porosity, and mean pore
radius, demonstrated a significant pure water flux. Copper
ion elimination was likely due to the nanocomposite
membranes' nucleophilic ~ functional groups and
hydrophilic ~ surfaces.  Additionally, PES-based NF
membranes incorporating carboxymethyl chitosan- Fe;sO,4 (FRR)
showed high water flow and flux recovery ratios [7, 21, 25].

Incorporating  PANI and MWCNT (iron oxide)
nanoparticles onto PES-based NF membranes produced
considerable Cu antifouling characteristics and rejection
against  proteins  [20].  Another  study  used
Fe;s0.@Si0,@MPS@poly(4-vinyl pyridine) NPs to remove
nitrate from water. FesO4 nanoparticles were also used to
functionalize hollow fiber polyetherimide membranes on
their surface. The modified membranes showed notable
hydrodynamic permeability and antifouling properties
against the development of bacteria and proteins [26].

Modifying the surface of NPs can improve their
affinity for membrane structures. Particle size and shape
heavily influence nanomaterials' surface potential, surface
characteristics, and chemical properties. lIron oxide
surfaces have become popular at the nanoscale due to their
increased surface properties [27, 28]. Using nanoparticles
with smaller sizes than their common and commercial
is recommended because surface properties increase with
size reduction, and each material's characteristic properties
change tremendously with size reduction. For instance,
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Table 1: The details of composition for the preparation of Fe3Os/ PES membranes

/ Membrane Sample PES (wt. %) PVP (wt. %) Fes0, (Wt. %) DMAC (wt. %) \
SFo 18 1 0 81.00
SF; 18 1 0.01 80.99
SF, 18 1 0.03 80.97
SF; 18 1 0.1 80.90
Sk, 18 1 0.3 80.70
\ SFs 18 1 0.5 80.50 j

the characteristic property of gold nanoparticles is color
change with size reduction in the nano range. As the size
of iron nanoparticles reduces, their active surface area and
interaction with polymers increase. The nanoparticles'
dispersity is predicted to increase with the polymer solution
substrate. A membrane with acceptable properties can be obtained
by consuming a smaller amount of nanoparticles.

Although iron oxide surfaces are essential in
establishing a material's characteristics, research on the
properties of iron nanoparticles at the smallest sizes
has not yet been conducted, as synthesizing iron
nanoparticles at this scale is challenging, and their
magnetic characteristics become stronger as their size
decreases [29-31]. Recent research has started to produce
atomistic simulations of these surfaces. This study
investigated the effects of blending hydrophilic super
magnetic (FesOs) nanoparticles with PES-based NF
membranes for their physicochemical characteristics,
separation effectiveness, and antifouling capability. The
effect of FesO4 nanoparticles on the PES membrane matrix
and the alteration of PES-based nanofiltration membrane
characteristics by FesO, nanoparticles has not been studied.
No information is available in the literature. The shape
of membranes was investigated using scanning electron
microscopy (SEM) and three-dimensional pictures. The
impact of nanoparticle integration on membrane properties
and performance was further examined using water contact
angle, water content, membrane pore size and porosity,
FT-IR, XRD, water flux, and salt rejection.

EXPERIMENTAL SECTION
Materials and reagents

FeCl;.6H,0, FeCl,.4H,0, ethanol (98%), NH,OH,
polyvinylpyrrolidone (PVP, M, = 25000 g/mol) and N, N-
Dimethylacetamide (DMAc, M = 87.12 g/mol) provided
by Merck Inc and Polyethersulfone (PES) (Ultrason
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E6020P, M,,: 58000) was supplied by BASF Co. (New Jersey,
USA) were used.

Preparation of FesO4 nanoparticles

A solution of NH4,OH 25wt% was added dropwise
(1 mL/min) to a mixture of 5.16 g of FeCl, and 14.16 ¢
of FeCl; while stirring the mixture at 80°C until the pH
reached 10. Ethanol was added to the mixture to stop
the reaction. Then, the NPs were separated with a magnet
and the pH was restored to neutral. The obtained magnetic
NPs were washed with ethanol and deionized water several
times and then dried at 60°C under vacuum for 11 hours.
Magnetic NPs were synthesized in two ways: the first
experiment was performed under atmospheric conditions,
and the second under N gas [30-33].

Preparation of PES-based nanofiltration membranes

The phase inversion method was used to prepare
the NF membrane [34, 35]. In brief, PES (18 wt.%) and
PVP (1 wt.%) were dissolved in DMAc and stirred for 7h.
Different amounts of Fe;sO4 NPs (0, 0.01, 0.03, 0.05, 0.1,
0.3, and 0.5 wt.%) were added to the polymeric solutions
and sonicated for 30 minutes using an ultrasonic bath
(Parsonic 11S model, S/N PN-88159, Iran). The obtained
solution was left at ambient temperature to remove air
bubbles. Subsequently, the polymeric solution was cast
on clean glass plates at room temperature using a film
applicator with a thickness of 150 pm. The resulting films
were immediately immersed in DI water. The prepared
FesO4/PES membranes were then stored in DI water [36, 37].
The details of the composition for preparing FesO4/PES
membranes are provided in Table 1.

Characterization
Morphological studies

Different tests were conducted to characterize the final
product, including SEM, EDX Mapping, XRD, Particle
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Table 2: Condition of synthesis of NPs and their average diameter sizes

4 Sample Fe?/ Fe3* HCI (mL) Base Synthesized Atmosphere Synthesized Condition Diameter (nm) )
1 2 - NH; Ambient Air Stirring-Coprecipitation 7.1
2 2 - NH; Stirring-Coprecipitation 3.7 )

* Selected particles for membrane modification

25

Sample 2
20 1

Samnle 1

15 A

10 A

Frequency (%)

.10 15 20 25
Diameter (nm)

Fig. 1: PSA image of Samples 1 and 2

Size Analysis (PSA), FT-IR and TEM. FESEM (Holland
Philips XL30 microscope) was used to characterize the size and
morphology of the Fe;04 NPs. Moreover, FESEM (TESCAN,
MIRA 111, and the Czech Republic) was utilized to characterize
membranes' surface and cross-section morphology and
mapping. A particle size analyzer (LB-550 Horiba, Japan)
was used to find the nanostructure's size distribution. The crystalline
phase of different particles was examined by X-ray diffraction
(Holland Philips X-ray diffractometer with Cu-Ka radiation,
L = 1.54178 A). Furthermore, the 3D surface images and
Mountains (R) software (version 6.4) were used to study
the prepared membranes' surface morphology.

Membrane water contact angle, water content, porosity
and mean-pore size

A contact angle analyzer (Data physics-OCA15 PLUS)
was used to determine the water contact angle and
membrane hydrophilicity. Four different locations
were considered to minimize experimental errors.

In Eq. (1), differences between dry and wet membrane
weights were used to determine the amount of membrane
water content. For this purpose, membranes dried
in an oven at 60 °C [36, 38, 39]:

Water content = (W,, — W,;)/W,, x 100 Q)

Eg. (2) was used to calculate the porosity (&) of
the fabricated membranes [7, 39]:

(%) = (W, —Wa)/pV, x 100 O]
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Egq. (3), the Guerout-Elford-Ferry Equation, was used
to calculate mean pore size (rm) for all membranes [39, 40]:

I =+/((2.9 — 1.75¢)81LQ/eAAp) 3)

where Wy, Wy, Vi, p, m, L, Q, A, Ap, and ¢ are dry and
wet weight (g), membrane volume (cm?), water density
(g/cm?3), the water viscosity (8.9x10 Pa.s), the membrane
thickness (m), the volume of the permeated WF (m?3/s),
the membrane filtration area (m?), operating pressure
(0.45MPa), and membrane porosity, respectively.

Membrane Separation Performance

A homemade dead-end filtration system performed
the filtration test. The effective area of the treatment system
was 11.94 (cm?). Membrane compaction was performed
in 5 bars before the filtration test by deionized water.
Equation (4) was applied to the PWF of NF membranes
[25, 39]:

J = V/At @)

Equation (5) was utilized to calculate the salt rejection
ability

R(%) = (C;— WC,)/C¢ X 100 (5)

Where V, A, At, J, Cy, and C,, are the volume of permeate
flux (L), membrane area (m?), testing time (h), permeation
flux (L/m?h), the salt concentration in the feed and salt
concentration in permeate, respectively [41-43]. All
experiments were done at 25°C. Na;SO4 solution (1g/L)
was considered to evaluate the salt elimination ability
of NF membranes.

RESULTS AND DISCUSSION
Characterization of FesO4 nanoparticles and
Fe304/PES membrane

Fig. 1 shows particle size analysis of samples under
different reaction conditions. The results are presented
in Table 2. The results of PSA show that the particle
size decreased when the reaction was performed under
N gas.
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Fig. 2: XRD pattern (in arbitrary units) of a) FesOs NPs and b) SF0, SF1, SF3 and SF6

The XRD pattern (Fig. 2a) shows the crystal
structure of the Fe3Os NPs. The sharp peaks of the
XRD pattern are related to the synthesized Fe;O4 NPs.
Some sharp Bragg reflections could be indexed as the
Face-Centered Cubic (FCC) structure of Fe;O, with
the corresponding diffraction peaks of (111), (220),
(311),(400), (422), (511), (440), and (533) planes [44-46].
The reflection peaks appear broader, indicating
synthesized Fe;O4 NPs with small sizes. The XRD
pattern of Fe;O, agrees with the JCPDS card No. 19-0629,
having the characteristic peaks at 20: 35, 36, 43, 57, and 62.
No impurity was observed [44-46]. The fitted image shows
no other diffraction peak in the sample, which confirms the
pure crystalline phase of the synthesized Fe;O4. According to
the Scherrer equation, the average crystal size of the FesO4
NPs was 3.7 nm.

Fig. 2b shows one prominent peak at 20 =26- 28°,
similar to the reported peak for pure PES [47]. For the
FesO4/PES membranes, some new peaks at 20 = 12, 35,
36°, and 43° were observed. These peaks are characteristic
of iron oxide, which confirms the presence of Fe;04 NPs
in the PES membrane. These XRD patterns show that the
FesO4 NPs have been distributed into the polymer body,
and the nano-enhanced membranes remained amorphous
with the incorporation of NPs into PES.
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Fig. 3: SEM images of a) Sample 1 and b) Sample 2 and ¢) TEM Image of Sample 2

The morphologies of FesO4 NPs were determined via
SEM and TEM. Fig. 3a and Fig.3b show SEM images of
FesO4 NPs prepared by the co-precipitation method under
different conditions. Fig. 3c shows the TEM image of
Fes04 NPs synthesized under N, gas. According to Fig.3c,
it is evident that the Fes04 NPs have narrow distribution
sizes and regular spherical particle shapes with an average
size of 3nm. The difference between samples 1 and 2 is
evident in Figs 3a and 3b, respectively. The particle size is
more extensive in Fig.3a. In Fig.3b, the particles are stacked
in sharper cones due to the more potent magnetic force
to reduce the surface potential further.

FT-IR analysis presented in Fig. 4a shows peaks near
660 cm™ and 594 cm™, which can be assigned to Fe-O
stretching[48]. The broad peaks around 1630 cm™ and
3440 cm™ can be ascribed to the O-H stretching modes
and bending vibration. Specific absorption peaks can be
identified for pure PES membranes. Composite
membranes in Fig. 4b show that the S=O stretching peaks
were present at 1170 cm ! and 1108 cm™. The hydrogen
bond O-H stretching modes and bending vibration stretching
peaks became broad in the 3000 cm™ - 3700 cm™? regions.
The peak of the CO stretching was observed at 1073 cm.
The C-H stretching peak of the benzene ring in the PES
structure was located at 3097 cm™. The C-O-C stretching
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Fig. 4: FT-IR pattern a) FesOs, b) PES (SF0) and Fe3O4/PES
membranes (SF1 to SF5)

peaks were situated at 1329 cm™ and 1226 cm™. Three
peaks between 1600 cm™ and 1400 cm™ were attributed to
aromatic skeletal vibration. However, because of
the presence of firm peaks of PES absorption bands, Fe-O
stretching peaks were not observed in intensity. They are
shown in Fig 4b in red lines for comparing pure PES and
blended membranes. These red lines indicated characteristic
peaks in the bonds between S, O, and C atoms of PES
and Fe;O,4 atoms.

The morphological changes and dispersion at different
concentrations of Fe;04 NPs were investigated by FESEM
cross-sectional images. As shown in Fig 5, all specimens
have an asymmetric structure with a dense upper layer and
a porous sub-layer. The exchange rate between non-solvent
and solvent can be affected by incorporating hydrophilic
FesOs NPs into the polymer solution [49, 50]. Faster
solvent removal leads to the active layer's rapid formation,
which causes excessive resistance to mass transfer
and increases the required time for the exchange of solvent
and non-solvent under the layer. Thus, the cavities
in the substrate of the sponge-like structure become
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a finger structure [51-53]. FESEM images showed that
the increase in FesO4 NPs in the membrane structure
resulted in a significant increase in the size of finger-like
channels in the substrate of the modified membranes
compared to the pure PES membrane [39, 54, 55].
The presence of FesOs as a hydrophilic additive with
similar non-solvent (water) properties in the polymer
solution leads to further insolubility of polymers due to
the formation of iron oxide-polymer bonds, which reduces
the interaction of polymer chains. It ultimately leads to faster
phase inversion of the polymer solution in the non-solvent.
As a result, this type of behavior leads to the formation
of larger cavities in the membrane structure [47].

Thus, due to FesO4 NPs hydrophilicity, phase inversion
occurred more rapidly, creating membrane cavities
with a finger-like structure. The cavities and channels are
irregular, the active layer is thick and the channels
stretched to the end are very wide. From samples SF1
onwards, the thickness of the active layer has increased,
especially in samples SF3, SF4, and SF5. Moreover,
the beginning of the channels is not close to the surface of
the membrane. On the other hand, the blockage of cavities
and channels has occurred with NPs.

FESEM images of the membrane surface (Fig. 6)
confirm the good dispersion of Fe3O4 NPs in samples SF1
and SF2 and also confirm the formation of lumps
on samples SF3 and later.

The cross-sectional analysis mapping for element Fe
is shown in Fig 7 for SF1 and SF3. As shown in Fig 7,
the diffusion of the Fe element in the membranes is
good in both samples. Although it is evident in Fig 7b,
the image shows a few hunks of Fe304 NPs inside
the membrane.

3D surface images were used to study the membrane
surface morphology (Fig 8). According to Table 3, the
average surface roughness obtained for SFO was 17.6 nm,
which increases with the combination of Fe;O4 NPs for
SF1 and SF2. Increased surface roughness due to
improved membrane heterogeneity results from the
presence of NPs in the membrane body. The hydrophilic
properties and low density of Fe;O, NPs place them
on the surface of the membrane. For SF4 and SF5,
it has been observed that Ra is reduced, and the membrane
surface is softer. The higher content of NPs can cause
scratches due to reducing the distance between the NPs
in the casting solution.
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Fig. 5: The cross-sectional SEM images of a)SF1, b)SF2, ¢)SF3, d)SF4 and e)SF5
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Table 3: The Surface roughness parameters of Fe3O4/PES membranes

4 SFO SF1 SF2 SF3 SF4 SF5 )
Roughness average (Ra) (nm) 2.18 4.011 3.04 3.77 4.67 4.64
Root mean square roughness (Rqg) (hm) 2.85 5.48 3.39 4.94 6.05 7.45
Mean Ht (nm) 12.70 19.42 24.91 24.32 24.36 30.15

\_ Median Ht (nm) 12.90 19.04 24.87 24.41 24.37 29.91 J

Fig. 6: SEM Surface images of a)SFO0, b)SF1, c)SF2, d)SF3, e)SF4 and f)SF5

(@)

Fe Ka

(b)

Fig. 7: EDX mapping of (Fe) for a)SF1 and b)SF3

Moreover, the viscosity of the casting solution
increases with the increasing amount of NPs [56, 57].
Increasing the casting solution viscosity can decrease
the rate of the phase inversion process [56, 58, 59], and due to
the delay in mixing, the NPs will clump together.
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However, at high concentrations of NPs (SF5) the surface
roughness increases again due to the release of enormous
masses of magnetic NPs by the weight of hunks and
the stirrer magnetic field. The membrane surface roughness
and heterogeneity are mainly due to the agglomeration
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Fig. 8.: The 3D surface images of the Fes04/ PES membranes SF1 to SF5 and

of NPs in high concentrations. In addition, Rg, which
indicates the effect of roughness caused by valleys
and peaks, increases with increasing nanoparticle
concentration. In SF1, the increasing concentration of NPs
resulted in rising average roughness. However, in sample
SF2, average roughness decreased sharply, showing
the agglomeration's effect. In samples SF2 to SF4,
agglomeration increases the roughness, but in sample SF5,
it reduces slightly. An increase in the average height
of the roughness indicates that the clumps became bulky
regionally.

Water contact angle and hydrophilicity

The contact angle is essential in membrane
investigation as it indicates the wetting and the
hydrophilicity behavior. A hydrophilic membrane is useful

Research Article

as it shows low fouling and high water flux properties.[60]
According to literature reports, a membrane's PWF,
pore size, and porosity affect its contact angle.[61-66]
A membrane's porosity and pore size significantly affect
its contact angle more than PWF.[67] Research on
hydrophilicity suggests that hydrophilicity depends on two
general chemical and physical factors. The chemical factor
depends on the functional groups, chemical bonds, and
the resulting surface energy. The physical factor depends
on the surface roughness, the work function, peak height
and width. Contact angle measurements for PES
membranes embedded with Fe;O, are shown in Fig 9.
The addition of Fe;04 NPs is expected to reduce the contact
angle and, as a result, increase hydrophilicity. However,
the results show that the membrane contact angle did not change
significantly after embedding the hydrophilic FesO4 NPs.

3457



Iran. J. Chem. Chem. Eng.

Gandomkar E. et al.

Vol. 42, No. 10, 2023

3
[CA right: 62.7° -

SF1
'
SF3

[CA left:_63.1°
[CA right: 64.4~

SF2

SF4

Fig. 9: The water contact angle of all fabricated membranes

It may be concluded that the NPs are coated with PES
but are not in direct contact with water droplets. However,
it should be noted that the contact angle between a surface
and a drop of water depends not only on the surface
chemistry but also on the super magnetic properties,
the surface roughness, and the very high surface charge
of ultra-fine FesO4 NPs. Evidence shows that combining
FesOs NPs in polymer membranes increases the
membrane’s roughness, especially in mineral NPSs.
According to Wenzel’s model, the degree of roughness
should be such as to enhance the wettability of the surface
relative to its inherent tendency to roll or form a film
of liquid. It means that roughness can reduce the contact
angle for a surface such as a PES with a contact angle

3458

of fewer than 90 degrees. On the other hand, hydrophilic
FesOs NPs composition is expected to reduce
hydrophilicity and contact angle.

However, tiny FesO4 NPs stick together to reduce the
surface energy and form larger masses as the nanoparticle
concentration increases (SF4). Therefore, the active surface
area of the NPs is reduced, thus reducing the chemical
properties and functional groups that can be formed
on the surface.

In SF1, due to the surface charge, a strong hydrogen
bond is created and the surface chemistry and chemical
parameters, despite the high roughness, increase the
hydrophilicity compared to other samples. Its low angle is
due to the positive effect of chemical parameters, surface
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Table 4: The Water contact angle amounts for the FesO4 /PES membranes

4 Membrane No. Contact angle (°) Fe30, (wt. %) I
SF1 0.01
SF2 0.03
SF3 65.8 0.1
SF4 63.9 0.3
\_ SF5 67.7 0.5 )

s Water content --%-- €

SFO SF1 SF2 SF4 SFS SF6
Membrane name

Fig. 10: The water content and the porosity of all fabricated
membranes

.
o..
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Fig. 11: The calculated mean pore size of the Fe3sOs /PES
membranes

chemistry and magnetic properties in reducing the contact
angle, thus increasing the hydrophilicity consistent with
Wenzel’s model. In membranes SF2 and SF3, although
the roughness has decreased compared to SF1, the height
of the average roughness and the geometric average
of the roughness have increased due to the agglomeration.
Also, its chemical and magnetic parameters have decreased,
resulting in almost zero surface charge. The roughness
height causes some air to get stuck in these valleys caused
by the roughness and according to the Cassie-Baxter
model, the visual contact angle increases. In sample SF4,
the contact angle is expected to increase with increasing
roughness, as in samples SF2 and SF3. However, it is observed
that the contact angle decreases due to the increasing size
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of iron NPs, and the surface charge of iron becomes
negative. It increases the strength of surface chemical
parameters, which by reducing the angle, Wenzel’s model
prevails in these conditions. And in the last sample, it is
like 5, with the difference that with increasing the volume
of agglomeration, the charge ratio to the effective surface
of the agglomerated NPs decreases. On the other hand,
the roughness height rises slightly, and these two factors
slightly increase the contact angle and hydrophilicity.
Various factors affect the roughness; increasing the
roughness and height have a negative effect, chemical
and hydrophilic characteristics have a positive impact,
and the surface chemistry concerning the structure should
be investigated.

Membrane water content

According to Fig. 10, the modified membrane’s water
content increases compared to the virgin PES membrane.
Because  hydrophilic  Fes0, NPs increase the
hydrophilicity of membranes [68]. Fig. 10 shows that the
blended membrane’s water content and porosity increase
with increasing FesO4 NPs, due to the hydrogen bond
between Fe;04 NPs and water molecules. So, improving
the phase inversion process and forming larger and longer
void spaces at higher concentrations of Fe;O, NPs (SF3,
SF4, and SF5 samples) shows that it can reduce the
membrane’s ability to retain water, porosity, and water
content. This can be due to the accumulation of NPs and
reduced active sites of iron oxide. Therefore, it causes
the reduction of hydrogen bonds and closes the channels,
thus reducing water transfer through the membrane
pores. The nanoparticles’ intermolecular forces and
the polymer and water may disrupt the membrane
structure during phase inversion.

In contrast, at the entrance to the blocked channels,
the channels may be connected at a shorter distance
from the thin layer to form a larger space so that porosity
can be increased (SF5, Fig. 5). In addition, Fig. 11 shows
the average pore size of the prepared membranes increases
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with increasing the concentration of NPs. However,
by the strong magnetic interaction of tiny FesO, NPs,
the accumulation of NPs on the surface and inside
the membrane can play an essential role in the hole size
of the membrane structure. Under these conditions,
the transport channels can be blocked, and thus, the flux
is reduced. No acceptable flux was observed from the SF3
sample onwards [69].

Membrane separation performance

Membrane hydrophilicity and membrane morphology
are two parameters that affect the amount of flux, and flux
increases with the improvement of these two parameters.
The presence of FesO4 NPs as hydrophilic NPs increases
the membrane’s hydrophilicity and leads to increased
water flow through the membrane. Besides, membrane
morphology and structure characteristics affect flux, such
as increased porosity, increased mean pore size, reduced
high-density layer thickness, and improved membrane
channel shape. According to the results, using hydrophilic
FesOs4 NPs in the membrane structure increases water
penetration into the polymer film. Also, it increases
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the rate of solvent penetration from the membrane into
the water during the phase inversion process. Therefore,
empty spaces and cavities are vast in the membrane
structure, which improves the flux. On the other hand,
as shown in Fig. 9, as the amount of Fe;04 NPs increases,
the water contact angle decreases, which indicates an
improvement in hydrophilicity and flux (Fig. 12). The rise
in flux for SF1 16.35 (L/m?h) and SF5 7.25 (L/m?h) is
very significant compared with SFO as the neat PES
membrane 2.81 (L/m?h).

By increasing the concentration of NPs from sample
SF3 onwards, the flux so much decreased that its data
as NF membrane flux were not acceptable, so its data
were not reported. As the polymer solution’s viscosity
increases and the phase inversion rate decreases (Fig.5),
the increase in the top layer’s thickness also acts as a layer
of resistance to water molecules’ transfer. In addition,
the tendency of NPs to accumulate causes blockage
of membrane cavities, which reduces porosity and pore
size[70, 71]. Note that despite the decrease in flux at higher
concentrations reported of FesOs NPs, the flux obtained
for the modified membranes is more than a neat
membrane, which indicates the favorable effects of Fe;O,
NPs on flux. Comparing Fig. 12 and Fig. 11, it is clear that
the studied membranes’ flux behavior is almost similar
to the mean pore size diagram's action. This study has three
general separation mechanisms: chemical-magnetic,
sieving, and Donan electrostatic. The dominant
mechanism is determined according to Fig. 13 and
considering other analyses (especially Fig. 4b). Since
in sample SF1, FesO, NPs are very well dispersed
and no lumps are observed. The effective size of NPs is
tiny, so they have a very high electrostatic force per unit
area, and active sites are much stronger than other samples.
It can be seen that the chemical bonds and electrostatic
force of Donan positively affect this separation.

On the other hand, the largest Ry, and flux are gained
in sample SF1, so in this sample, sieving separation has
the least effect compared to other cases. However, sieving
cannot be ignored due to the high flux, so all mechanisms
had positive synergy in SF1. Each Fe;O4 has four oxygen,
which can absorb and separate by four chemical bonds
due to the activity of the sites. So chemical mechanism
is superior to other mechanisms. As shown in Fig. 8, SF1
has a higher apparent roughness than other samples.
However, its highest water content, which indicates its highest
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Table 5: Comparison between prepared membrane's flux and rejection performance in this study and some reported ones

NPs NPs W% Reg PFlux, ‘Re dFlux Re-Rey/Reg*100 Flux Fluxo/Fluxe*100 Ref
(@)Fes0, 0.02 5391 | 281 | 9003 | 1635 67.00 481.85 ;:clii/
(b)FesOs 0.1 82 3.2 84 43 2.44 34.38 [39]

(c )Fes0, 05 61 115 59 95 3.28 17.39 [74]
(d)Fe:0s 1 53.5 0.9 6078 | 2.01 13.61 123.33 [75]
(@)8-HQ/ Fe;0, 0.05 5855 | 7.1 65 9.6 11.02 35.21 [76]
(0)8-HQ/ Fe0, 0.2 5855 | 7.1 9% 215 63.96 202.82 [76]
(a);e;c;‘;:::agifa‘:‘gth 0.01 2 8.8 305 | 155 38.64 76.14 [22]
(b)tlr:ie;o(()ﬁutrrgitiet?a\gith 1 22 8.8 36 21.3 63.64 142.05 [22]
()Fe;04-PVP 0.05 82 3.2 87 6.5 6.10 103.13 [39]
(b)Fe:0,-PVP 0.1 82 3.2 9 6.45 9.76 101.56 [39]
(@)PAA- Fe;0, 0.05 535 | 268 90.5 1.6 69.16 -40.30 [75]
(b)PAA-Fe;0, 1 53.5 0.9 64.68 | 2.68 20.90 197.78 [75]
PVA/ Fe:0, layer 4% coated 77 26 93 14 20.78 46.15 [22]
L Sur::c(i:::‘hz:a(il " 0.50 6100 | 1150 | 67.80 | 18.40 11.15 60.00 [74] )

2 Rejection performance of pure PES

b Pure water flux of pure PES

¢ Rejection performance of prepared membrane
d Pure water flux of prepared membranes

hydrophilicity, is due to the relative roughness effect
of chemical bonds found in most mineral oxides [72, 73],
confirming that the predominant mechanism is the
chemical-magnetic mechanism in  SF1. Because of
agglomeration and increased effective size of NPs in SF2
and SF3 onwards, the chemical effect has decreased
compared with SF1. In SF2, the mean pore sizes do not
change much and the reductions observed in flux and
separation can be attributed to the decrease in the Donnan
mechanism. Because the dispersion of nanoparticles
in SF2 is better than in SF3, the Donnan effect is more
effective. There is no nanoparticle in SFO, and its pore size
is larger, so the predominant separation in SFO is
the sieving mechanism.

SF1 has the highest thickness of the thin layer and
the highest surface charge is seen in this membrane.
Therefore, this membrane has the most rejection
performance and water flux. In addition, chemical and
sieving separation and electrostatic repulsion in this
membrane are more than in other membranes. As the
concentration of NPs increase, the phase change rate
increases, so the thin layer thickness decreases,
and the sieving separation decreases. With increasing
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agglomeration phenomenon and misalignment of spins,
the surface charge of the membrane is reduced, so
electrostatic separation is reduced. In SF2, the entrance
of the channels is closed and the interchannels are blocked.
As a result, it causes water retention in the blocked
channels and reduces rejection performance and water
flux. However, in SF3, because the agglomeration has moved
slightly upwards due to the increase in the rate of phase
change and sometimes transferred to the thin layer,
the obstruction of the channels is less than in SF2 and
a slight rise in flux can be observed.

Al of the systems evaluated in this study are dead-end
nanofiltration systems, and two nondimensional parameters
define the performance of the base membrane. Table 5 and
Fig. 14 compare the properties of the FesO/PES membrane,
including water flux and rejection performance, with those
reported in other studies. The results show that the performance
of the FesO4/PES membrane is comparable to the reported
membranes and better in some cases. The table lists the water
flux and rejection performance values reported in several articles.
It is clear that the values obtained in the present study
demonstrate better performance than other reports, with much
less consumption of nanoparticles.
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Moreover, the increase in flux is much less in these
cases than in the present study. In general, this work is
economically superior due to the low consumption of NPs.
However, future investigations should identify optimal
conditions to prevent NP accumulation. Creating
a membrane with a higher magnetic strength may also be
possible for specific purposes.

CONCLUSIONS

NF membranes based on PES were fabricated through
phase inversion methods and different concentrations of
FesO4 NPs were embedded in the membrane body. The
effect of the incorporated Fe;O4 NPs on the morphological
properties of the membrane was studied using FT-IR,
XRD, SEM, and 3D surface images. The 3D images and
EDX mapping indicated a relatively uniform distribution
of NPs in the membrane matrix. In addition, the results
revealed higher surface hydrophilicity and prominent flux
for the Fe;04/PES compared to the neat membrane. On the
other hand, flux was mainly improved by incorporating
FesO4 NPs in the polymeric matrix. The maximum flux,
16.35 (L/m?h), was obtained for PES-0.01 wt.% Fes;O,
in the membrane matrix, while 2.81 (L/m?h) was observed
for the bar membrane.

Moreover, the salt rejection increased from 60% for a virgin
PES membrane to 90% for the modified membrane. The
nanoparticle used is, at best, one-tenth of the nanoparticle used
in similar works by other researchers. This indicates that this
research is much more economical under similar operating
conditions than in similar cases.
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