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ABSTRACT

Polyethersulfone (PES)-based nanofiltration membranes were fabricated by
incorporating CuFe,04/Ag composite nanoparticles (CNPs) to enhance permeability,
hydrophilicity,and antifouling performance. The CuFe,04/Ag composite nanoparticles
(CNPs) were synthesized via an environmentally benign co-precipitation route
using arginine as a natural reducing agent. The chemical structure and surface
functional groups of the synthesized nanoparticles were explicitly characterized
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Moghadassi, Abdolreza y attenuated tota r.e ectance—Fourier trans orm |n.raro.e spectroscopy (ATR-
FTIR). In contrast, their surface morphology, particle distribution, and elemental

Email: homogeneity were examined using field-emission scanning electron microscopy

(FESEM) coupled with energy-dispersive X-ray spectroscopy (EDS). Similarly, the
successful incorporation of CuFe,04/Ag nanoparticles into the polymeric membrane
matrix was confirmed by ATR-FTIR analysis, which revealed the emergence of new
characteristic absorption bands associated with interfacial interactions between
the nanoparticles and the polymer chains. The surface morphology and spatial
distribution of the embedded nanoparticles within the membrane were further
investigated using FESEM, confirming a uniformly modified membrane surface
without noticeable agglomeration. Mixed matrix membranes were prepared by
the phase inversion technique at various CNPs loadings (0.001-1.0 wt%), and their
physicochemical properties were systematically evaluated. The addition of CuFe,04/
Ag CNPs significantly reduced the water contact angle from 70° to 45° and increased
membrane porosity from 75% to 89%, improving surface hydrophilicity and pore
interconnectivity. The optimized membrane (0.1 wt%) exhibited a 2.5-fold increase
in pure-water flux (from 12 to 29.0 L'm™2-h™") and achieved 94% Na,SO, rejection.
Moreover, it demonstrated excellent heavy-metal ion removal efficiencies, with 93%
and 81% rejection for Cu(ll) and Cr(Il), respectively. The flux recovery ratio (FRR)
markedly improved from 61% for pristine PES to 88% for the modified membrane,
indicating enhanced antifouling resistance. These improvements are attributed to
the synergistic effects of the hydrophilic CuFe,04/Ag CNPs, which enhanced charge
selectivity and pore uniformity. Overall, the CuFe,04/Ag—PES nanocomposite
membranes exhibited superior water flux, ion selectivity, and fouling resistance,
demonstrating strong potential for sustainable wastewater treatment and
desalination applications.
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Both inorganic and polymeric membranes have been
extensively investigated, each presenting specific
advantages and limitations [1]. Although inorganic

1. Introduction
Membrane-based
widely recognized as efficient and sustainable

separation  technologies are

approaches for advanced wastewater treatment due to
their high selectivity, operational simplicity, modular
configuration, and relatively low energy requirements.

membranes offer superior thermal and chemical
stability, their brittleness and high fabrication costs
limit large-scale industrial application. Consequently,
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polymeric membranes remain dominant in water
treatment systems, with polyethersulfone (PES) being
one of the most widely utilized materials owing to
its mechanical robustness, thermal resistance, and
chemical durability [2]. PES membranes offer an
advantageous combination of mechanical robustness,
thermal resistance, and chemical durability, rendering
them suitable for long-term operation under harsh
conditions. Nevertheless, the inherently hydrophobic
nature of PES promotes the adsorption of organic
matter, proteins, and microorganisms, resulting
in severe membrane fouling and progressive flux
decline. This limitation significantly compromises
separation efficiency, operational stability, and
membrane lifespan, thereby increasing maintenance
frequency and overall treatment costs [3]. Improving
the hydrophilicity and antifouling performance
of PES membranes therefore remains a critical
research objective. To address these challenges,
various modification strategies have been developed,
including surface grafting, coating, polymer blending,
and incorporation of functional nanomaterials.
Among these, mixed-matrix membranes (MMMs)
have attracted significant attention because they
enable the integration of polymer processability with
the functional advantages of inorganic nanofillers [4,
S]. Incorporation of suitable nanoparticles into the
PES matrix has been shown to enhance hydrophilicity,
mechanical strength, antifouling properties, and, in
some cases, catalytic or antibacterial activity, thereby
improving membrane durability and separation
performance [6]. Recent studies demonstrate that
ferrite-based, magnetic, MXene-derived, and carbon-
based nanomaterials are particularly effective in
tailoring membrane characteristics. For instance,
CuFe,0,-containing PES membranes have shown
improved surface hydrophilicity and antifouling
behavior [7, 8], while CoFe,O,-modified membranes
exhibited enhanced contaminant rejection and
structural stability [9]. Magnetic nanocomposites
such as Fe;O,@MXene have demonstrated strong
adsorption capability toward heavy metal ions
[10], and carbon-based composite membranes have
achieved enhanced ion removal and pore structure
optimization [11]. These findings collectively
highlight the potential of functional nanofillers in
enhancingseparation efficiency and mitigating fouling
in polymeric membrane systems. Among ferrite
materials, copper ferrite (CuFe,0,) is particularly
attractive due to its stable spinel structure, magnetic
properties, favorable electrical conductivity, and
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catalytic activity. Its relatively narrow band gap and
high surface area contribute to effective degradation
of organic pollutants and adsorption of heavy
metals [12]. Silver nanoparticles (AgNPs), known
for their strong antimicrobial activity and excellent
electron transfer characteristics, can further enhance
membrane functionality. The integration of CuFe,O,
with Ag to form CuFe,0,/Ag hybrid nanoparticles is
expected to generate synergistic effects that improve
catalytic, antibacterial, and adsorptive performance
[13]. Despite these advances, systematic investigation
of CuFe,0,/Ag hybrid nanoparticle incorporation
into PES nanofiltration membranes remains limited,
particularly regarding the influence of nanoparticle
morphology,
characteristics, separation efficiency, and antifouling
behavior. Therefore, in this study, CuFe,O,/
Ag composite nanoparticles were synthesized via

loading on membrane surface

chemical co-precipitation and incorporated into PES
membranes using the phase inversion technique.
The structural and surface properties of the resulting
nanocomposite membranes were characterized, and
their separation and antifouling performance were
systematically evaluated. This work aims to develop a
multifunctional PES-based nanofiltration membrane
with enhanced permeability, stability, and resistance
to fouling for sustainable wastewater treatment
applications.

2. Experimental

2.1. Material

All reagents were of analytical grade and used
without further purification. Polyethersulfone
(PES, Ultrason® E6020P, Mw = 58,000 g-mol ") was
supplied by BASF (USA). N,N-dimethylacetamide
(DMAC, Mw = 87.12g:mol ™, density = 0.94 g-cm™)
was used as the solvent. Polyvinylpyrrolidone (PVD,
Mw = 25,000 g:mol™) served as a pore-forming
additive. Sodium sulfate (Na,SO,), copper(Il)
sulfate (CuSO,), and chromium(VI) salt (correct
species must be specified) were purchased from
Merck (Germany). Iron(III) nitrate nonahydrate
(Fe(NO,);-9H,0, =98%) and copper(II) nitrate
trihydrate (Cu(NO;),-3H,O, =99%) were used
as metal precursors for ferrite synthesis. Sodium
hydroxide (NaOH, =99%) was used as precipitating
agent. Silver nitrate (AgNO;) and L-arginine were
obtained from Sigma-Aldrich. Deionized water
(resistivity = 18 MQ-cm) was used throughout all
experiments.

Colloid Nanosci. J. 4(1) (2026) 817-833
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2.2. Synthesis of Copper Ferrite Nanoparticles
(CuFe,0,)
CuFe,O,
via a controlled co-precipitation method [14].
Fe(NO;);-9H,0 and Cu(NO;),-3H,O were dissolved
in deionized water at a molar ratio of Fe:Cu = 2:1
under continuous magnetic stirring at 60 °C for 2 h

nanoparticles  were  synthesized

to ensure complete homogenization. Subsequently,
1 M NaOH solution was added dropwise under
vigorousstirringuntil the pH exceeded 10, promoting
the formation of metal hydroxide intermediates.
The resulting precipitate was aged at 60 °C for 1
h to improve crystallization. The precipitate was
separated by centrifugation (8000 rpm, 10 min),
washed repeatedly with deionized water and ethanol
until neutral pH was reached, and dried at 90 °C for
8 h. The dried powder was calcined at 600 °C for 3 h
(heating rate: S °C-min™") in air to obtain crystalline
spinel CuFe,O, nanoparticles. The calcined product
was ground and sieved to minimize agglomeration.

2.3. Synthesis of Silver-Decorated Copper Fer-
rite composite nanoparticle (CukFe,0,/Ag)

Silver nanoparticles were deposited onto the
CuFe,O, surface via in situ chemical reduction using
L-arginine as a mild reducing and stabilizing agent.
Briefly, 1 g of L-arginine was dissolved in 50 mL of
deionized water (20 mgmL™). A predetermined
amount of AgNO,; solution was added to achieve a
CuFe,0,:Ag molar ratio of 1:2 under continuous
stirring. The CuFe,O, suspension was then
introduced into the AgNO;-arginine solution and
maintained at 70 °C for 8 h under constant stirring.
During this process, Ag" ions were reduced to
metallic AgO and nucleated onto the ferrite surface,
forming CuFe,0,/Ag composite nanoparticles.
The product was washed repeatedly with deionized
water to remove residual reactants and dried at 60 °C
overnight [15].

Research Article

2.4. Preparation of Mixed Matrix NF-Mem-
branes

Mixed matrix nanofiltration membranes containing
the [CuFe,0,/Ag] composite nanoparticles were
fabricated using the same phase inversion approach.
Pre-measured quantities of CuFe,O,/Ag composite
nanoparticlewere initially dispersed in the solvent
(DMAC)
homogeneous distribution of the nanoparticles.
Afterward, 18 wt% PES and 1 wt% PVP were gradually
incorporated into the nanoparticle dispersion, and

under continuous stirring to ensure

the resulting mixture was stirred for more than 4
hours to obtain a uniform polymeric solution. The
solution was left undisturbed for 24 hours at ambient
temperature to ensure complete removal of entrapped
air. Subsequently, the degassed solution was cast
onto a clean glass substrate using a 200 pm film
applicator. The cast films were immediately immersed
in deionized (DI) water to induce phase inversion
and solidify the membrane structure. Finally, the
fabricated membranes were soaked in DI water for 24
hours to remove residual solvent and were then stored
for further characterization [16]. The composition of
the casting solutions is summarized in Table 1.

2.5. Characterization and Analytical Methods
The structural, morphological, and elemental
of the synthesized CuFe,O,/
Ag composite nanoparticles and the fabricated
nanocomposite systematically
analyzed using complementary characterization
techniques. The chemical structures of both the
composite nanoparticles and membrane samples were
examined by attenuated total reflectance—Fourier
transforminfrared spectroscopy (ATR-FTIR). Spectra
were recorded using a Galaxy Series 5000 spectrometer
(KBr pellet method) for nanoparticle analysis and an
ABB Bomem MB-104 spectrometer (Switzerland) for
membrane characterization.Morphological features

characteristics

membranes were

Table 1-The formulation of the casting solution for the membrane samples.

Sample PES (wt%) PVP (wt%) DMACc (wt%) CuFe,04/Ag (Wt%)
M, 18 1 81.000 0.000
M, 18 1 80.999 0.001
M, 18 1 80.990 0.010
M, 18 1 80.900 0.100
M, 18 1 80.000 1.000
Colloid Nanosci. J. 4(1) (2026) 817-833 819
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of the composite nanoparticles as well as the surface
and cross-sectional structures of the membranes were
investigated using field emission scanning electron
microscopy (FESEM). Nanoparticle morphology was
analyzed using a SU3500 instrument (USA), while
membrane morphology was examined using a Tescan
Mira III microscope (Czech Republic). For cross-
sectional imaging, membrane samples were immersed
in liquid nitrogen and subsequently fractured to
expose their internal structure.

Elemental mapping analysis was conducted to
determine the spatial distribution of constituent
elements and to evaluate the homogeneity of
nanoparticle dispersion within the polymer matrix.

Surface roughness parameters of the membranes
were quantified using a three-dimensional surface
profiler, and the obtained data were analyzed with
DME-SPM software (version 2.1.1.2).

The overall porosity of both pristine and modified
membranes was determined gravimetrically according
to Equation (1) [17]:

&% = (MJXIOO

AxIxd, (1)

Where Ww and Wd denote the wet and dry weights
of the membrane, respectively; A represents the
effective membrane area; d_is the density of water;
and L corresponds to the membrane thickness.

The mean pore radius (rm) was estimated using
the Guerout-Elford-Ferry equation (Equation 2),
taking into account the transmembrane pressure
(AP), volumetric permeate flow rate (Q), and water
viscosity ( = 8.9 x 107" Pa-s) [18].

\/(2.9—1.755)><877LQ
rm = (2)
EAAP

2.7. Permeability, fouling resistance, and sepa-
ration efficiency of the MMM

The functional performance of the prepared
membranes was examined with respect to pure
water flux (PWF), permeability to a milk solution,
and rejection efficiency for sodium sulfate (Na,SO,)
and various heavy-metal ion solutions. All filtration
experiments were conducted in a dead-end filtration
cell with an effective area of 19.6 cm”. Before testing,
the membranes were compacted by filtering distilled
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water at S bar for 30 minutes to ensure structural
stability. Subsequently, the pressure was adjusted to
4.5 bar for steady-state filtration. During operation,
the feed solution was continuously stirred at 500 rpm
to minimize concentration polarization effects near
the membrane surface. The permeate flux (Jw) was
determined using Equation (3) [19]:

oy
Axt

(3)

where V is the collected permeate volume (L), A is
the membrane surface area (m?), and At represents the
filtration time (h).

The feed concentrations used for separation
performance evaluation were 1000 ppm Na,SO,,
20 ppm heavy-metal ions, and 250 ppm milk powder
solution. The solute rejection efficiency (R) was
calculated using Equation (4), adapted from [20]:

% Rejection = 1—& x100
Cf

where Cp and Cf correspond to the solute
concentrations in the feed and permeate streams,
respectively.

To assess antifouling behavior, a three-step
filtration protocol was applied, and the flux recovery
ratio (FRR) was determined using Equation (5). In
the first step, pure water was filtered through the
membrane at 0.45 MPa for one hour to record the
initial flux (Jw,). In the second step, a 250 ppm milk
solution was filtered to obtain the fouled-state flux (Jp
). In the third step, the fouled membranes were rinsed
with distilled water for 20 minutes and subsequently

refiltered with pure water for one hour to record the
recovered flux (Jw,) [16].

JWZ

(4)

FRR% = (“22)x100

(5)

w1

The fouling parameters—total fouling (Rt),
reversible fouling (Rr), and irreversible fouling (Rir)
were calculated using Equations (6)—(8) [16]:

R, % =(1- FRR)x100 ©

J,,—J
R,%:(ijmo

wl

)
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Irreversible fouling occurs when firmly adhered
or embedded contaminants remain trapped within
the membrane pores and cannot be removed through
physical cleaning [21].

3. RESULTS AND DISCUSSION

3.1. Synthesized Nanoparticle Characterization

The FTIR spectrum of the synthesized CuFe,0,/Ag
composite nanoparticles is presented in Figure 1(a). A
broad absorption band observed in the range of 3400—
3500 cm™ corresponds to the stretching vibration of
surface hydroxyl (-OH) groups, which are typically
associated with adsorbed moisture and surface metal—-
hydroxyl functionalities. Weak bands near 2920 cm™
are attributed to residual C-H stretching vibrations,
likely originating from trace organic species involved

Research Article

during synthesis. A characteristic absorption band
centered at approximately S80-600 cm™ is assigned
to metal-oxygen (M-0O) lattice vibrations, commonly
reported for spinel-type copper ferrite structures
[7, 22]. Although FTIR alone cannot conclusively
confirm phase purity, the presence of this band,
together with the adopted calcination temperature
(600 °C), which is widely reported to yield crystalline
CuFe,0,, supports the successful formation of ferrite-
type metal-oxygen networks. The FTIR spectra
of pristine and modified membranes (Figure 1(b))
exhibit the characteristic vibrational features of PES.
The aromatic C=C stretching bands at 1580 and
~1480 cm™’, as well as the asymmetric and symmetric
0=S=0 stretching modes at 1240 and ~1150 cm™’,
remain unchanged after nanoparticle incorporation,
confirming that the chemical backbone of PES

S
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CuFeé204/Ag Nanpcomposite
3890 3390 2890 2390 1890 1390 890 390
Wavenumber (cmt)
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'\:Q‘
vl 8
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:
g
=
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Figure 1. FTIR analysis of (a) the modified composite nanoparticle and (b) the pristine and modified PES membranes.
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is preserved. A slight increase in intensity in the
580-600 cm ™" region is observed for the modified
membranes, consistent with the incorporation of
metal-oxygen species within the polymer matrix.
Additionally, a subtle narrowing of the broad O-H
band suggests possible interfacial interactions, such
as hydrogen bonding or dipole interactions, between
surface hydroxyl groups of CuFe,O./Ag and the
sulfone functionalities of PES. These interactions are
beneficial for nanoparticle dispersion stability within
the matrix. Overall, the spectroscopic results indicate
successful embedding of CuFe,0,/Ag nanoparticles
without altering the intrinsic chemical structure of
the polymer [7, 22].

3.2. FE-SEM and Elemental Mapping Analysis

FESEM images of the synthesized CuFe,0,/Ag
nanoparticles (Figure 2(a)) reveal nanoscale particles
with relatively uniform morphology. No severe
agglomeration was observed at the magnification
scale employed [22]. The EDX spectrum (Figure 2(b))
confirmsthe presence of Cu, Fe, Ag, O,and Celements,
consistent with the intended composite composition.
Elemental mapping (Figure 2(c)) demonstrates a
homogeneous spatial distribution of Cu, Fe, and Ag
signals, indicating that silver species are dispersed over
the ferrite framework rather than forming isolated
large clusters. While crystallographic confirmation
would require XRD analysis, the combined evidence
from FTIR, elemental composition, and synthesis
conditions supports the successful preparation of a
CuFe,0,/Ag hybrid nanocomposite.

3.3 Membrane Characterization

3.3.1 Membrane Morphology

Cross-sectional FESEM images (Figure 3) reveal
the typical asymmetric architecture of phase-inverted
PES membranes, consisting of a thin dense selective
layer supported by a porous sublayer. The pristine
membrane (MO) exhibits a relatively compact top
layer with limited macrovoid development and
a sponge-like substructure. Upon incorporation
of  CuFe,0,/Ag
morphological changes are observed. At low loading
(0.001 wt%, M1), the sublayer becomes more open,
indicating accelerated solvent—nonsolvent exchange
during phase inversion. The hydrophilic nature of the
nanoparticles enhances thermodynamic instability
in the casting solution, promoting instantaneous
demixing and the formation of larger finger-like pores
[23]. At intermediate loadings (0.01-0.1 wt%, M2—

nanoparticles,  pronounced
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M3), well-developed macrovoids extend across the
membrane thickness, and the finger-like structure
becomes more elongated and interconnected. This
morphology suggests an optimal balance between
nanoparticle  dispersion and  polymer—solvent
interaction. The enhanced water affinity of CuFe,0,/
Ag reduces interfacial tension between the polymer
solution and coagulation bath, facilitating rapid
mass transfer and pore formation. However, at high
loading (1 wt%, M4), the membrane cross-section
exhibits a thicker selective layer and partially collapsed
macrovoids. This structural densification is attributed
to increased casting solution viscosity and possible
nanoparticle agglomeration, which retard solvent
diffusion and delay phase separation kinetics [22].
The morphological transition from highly porous
(M3) to relatively compact (M4) directly correlates
with the observed flux and rejection behavior
discussed later. Elemental mapping (Figure 4)
confirms the distribution of Cu, Fe, and Ag across the
membrane matrix, indicating successful nanoparticle
incorporation without large-scale phase segregation.
The surface topography of the membranes was
analyzed using three-dimensional (3D) imaging, and
the roughness parameters, including the arithmetic
mean roughness (Ra), are summarized in Table 2. The
pristine PES membrane exhibited pronounced peaks
and valleys, reflecting the intrinsic heterogeneity
generated during phase inversion. Such surface
irregularities are typical for hydrophobic polymeric
prepared  via
phase separation. Incorporation of CuFe,0,/Ag
nanoparticles induced noticeable modifications
in surface morphology. A slight increase in Ra
was observed for M1, which may be attributed to
localized nanoparticle clusters and non-uniform
dispersion within the polymer matrix. Among the
modified membranes, M2 exhibited the highest
roughness value, possibly due to partial nanoparticle
aggregation that generated surface protrusions and
amplified topographical heterogeneity [22]. Increased
surface roughness can enlarge the effective interfacial

membranes nonsolvent-induced

area between the membrane and feed solution.
However, in the absence of dedicated adsorption
measurements, its influence on solute retention is
considered complementary rather than dominant.
At intermediate loading (M3), the surface became
comparatively smoother and more uniform. This
behavior can be associated with improved nanoparticle
dispersion and more homogeneous phase separation
kinetics, leading to a balanced distribution of surface

Colloid Nanosci. J. 4(1) (2026) 817-833
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Figure 2. (a) FE-SEM image of the CuFe O /Ag composite nanoparticle, (b) corresponding EDX spectrum, and (c) elemental
mapping images of O, Cu, Fe, and Ag.
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features. During phase inversion, hydrophilic additives
may preferentially migrate toward the membrane—
water interface due to thermodynamic driving forces,
contributing to partial leveling of surface asperities
[18]. At the highest loading (M4), surface irregularity
increased again, likely due to intensified nanoparticle
agglomeration and increased casting
viscosity, which disrupted uniform surface formation.

Consequently, the Ra value of M4 slightly exceeded
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that of the pristine membrane. The 3D analyses were
conducted over a 6 um x 6 um scanning area using
SPM software (version 6.4, Femtoscan), revealing
systematic roughness variations consistent with the
observed structural and permeability trends.

3.3.2. Surface Hydrophilicity of the Membranes

The static water contact angle measurements
(Table 2) demonstrate a progressive decrease from 70°
for pristine PES (MO0) to 45° for M4. This substantial

MIRA3 TESCAN|

SUT- FESEM

WiRA TEACAN|

SUT- FEsEM

MIRAY TESCAN

ST - FESEW

Minas TESCAN|

ST - FESEM
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Figure 3. FE-SEM images of the cross-section and surface morphology of all fabricated membranes.
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Figure 4. Elemental mapping images of the surface of the modified membrane showing the distribution of O, Cu, Fe, C, and Ag
elements.

reduction indicates a significant improvement
in surface hydrophilicity following nanoparticle
incorporation. The enhancement in wettability
can be attributed to surface-exposed hydroxyl and
metal-oxygen groups associated with CuFe,0,/
Ag nanoparticles [24]. During phase inversion,
hydrophilic species tend to migrate toward the
membrane-water interface due to thermodynamic
driving forces, resulting in enrichment of polar
functional groups at the surface [25]. The increased
hydrophilicity promotes the formation of a stable
hydration layer via hydrogen bonding with water
molecules. This hydrated layer reduces interfacial

Colloid Nanosci. J. 4(1) (2026) 817-833

resistance to water transport and simultaneously
acts as a physical barrier against foulant adsorption.
Importantly, the monotonic decrease in contact
angle correlates with the increase in pure water flux
up to M3, suggesting that surface wettability plays a
dominant role in permeability enhancement.

3.3.3. Pore Structure and Porosity

As summarized in Table 2, the mean pore radius
increased progressively with increasing CuFe,0,/
Ag nanoparticle loading, reaching approximately
7.6 nm at 0.1 wt% (M3). This pore enlargement is
consistent with accelerated demixing kinetics induced
by the addition of hydrophilic nanoparticles [8, 26].
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Table 2-Examining Membrane Parameters: Total Porosity, Average Pore Radius, and Roughness Surface Characteristics.

Average pore size

Contact

Name Porosity (%) (nm) angle () Roughness(nm)
Bare PES 75.2+0.2 2.6+0.2 70+2.2 7.77
M, (CuFea04/Ag 0.001 79.8+0.1 2.840.2 67402 8.51
wt%)
M, (CuFe,0./Ag 0.01 wt%) 85.3+0.2 3.1+1.0 56+2.8 8.94
M3 (CuFe;04/Ag 0.11 wt%) 89.9+0.2 3.710.1 52+2.1 8.34
M, (CuFe,04/Ag 1wt%) 80.8+0.1 7.6+0.6 45+2.4 9.65

At higher loading (1 wt%, M4), the mean pore radius
remained comparable; however, the overall porosity
decreased to 80.8%, likely due to nanoparticle
agglomeration and partial pore obstruction, which
restricted solvent—-nonsolvent exchange and promoted
formation of a denser polymer network [6, 27]. The
addition of CuFe,0,/Ag nanoparticles also increased
membrane porosity relative to the unmodified PES
membrane. This enhancement may be attributed to
the physicochemical behavior of the nanoparticles at
the polymer—water interface. Due to their relatively
low density and high surface energy, nanoparticles may
migrate toward the interface during phase inversion,
facilitating localized solvent—polymer interactions
and the formation of interconnected microvoids [28].
At the highest loading (1 wt%, M4), while the mean
pore radius remained comparable to M3, the overall
porosity decreased to 80.8%. This reduction is likely
due to nanoparticle agglomeration and partial pore
obstruction, which can restrict solvent—nonsolvent
exchange and lead to a denser polymer network [29,
30]. Such structural changes highlight that excessive
nanoparticle content may compromise the uniformity
of the porous architecture despite maintaining large
pore dimensions.

Overall, the M3 membrane represents an optimal
balance between pore size, porosity, and structural
stability, providing efficient water transport while
maintaining mechanical integrity.

3.3.4. Membrane Filtration Performance

The of CuFe,O,/Ag composite
nanoparticle incorporation on the pure water flux
(PWF) and salt rejection behavior of the membranes
is shown in Figure 5. A notable increase in water
permeability was observed upon addition of the
hydrophilic CuFe,O,/Ag nanoparticles into the PES
matrix. The PWF increased from 15.1 L-m™>h™" for

influence
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the pristine PES membrane (MO0) to 29 L-m™h™" for
the M3 membrane containing 0.1 wt% CuFe,0,/
Ag. This enhancement can likely be attributed to
two complementary factors. First, the improved
surface hydrophilicity, inferred from reduced water
contact angles and the presence of hydroxyl and
silver—oxygen functionalities, may reduce interfacial
resistance and facilitate water transport [31, 32].
Second, morphological and porosity analyses (Figure
3 and Table 2) suggest that incorporation of the
nanoparticles leads to a more open and interconnected
pore structure, which likely contributes to increased
flux [33]. The trend in PWF correlates well with
the measured mean pore radius, supporting this
interpretation.

At the highest nanoparticle loading (1 wt%, M4),
a slight decrease in PWF was observed. This behavior
may result from nanoparticle agglomeration and
partial obstruction of pore channels, which could
increase local solution viscosity and limit solvent—
nonsolvent exchange during phase inversion, thereby
producing a denser selective layer. Despite this
reduction, all nanoparticle-modified membranes
exhibited = significantly higher PWF than the
unmodified PES membrane, likely due to the
combined effects of enhanced surface hydrophilicity
and the modified porous architecture [34].

The salt rejection behavior of the membranes
was evaluated using Na,SO, as a model electrolyte
(Figure 6). The pristine PES membrane (MO)
exhibited a comparatively low rejection of 66%, likely
due to its hydrophobic surface and heterogeneous
pore Incorporation of CuFe,0,/Ag
nanoparticles substantially improved the rejection
performance, reaching a peak of 94% for the M3
membrane (0.1 wt% loading). This enhancement may

structure.

be attributed to the combined effects of increased
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surface hydrophilicity, improved pore uniformity, and
possible electrostatic interactions associated with the
presence of CuFe,O,/Ag nanoparticles. Specifically:

1. Enhanced hydrophilicity, inferred from contact
angle measurements, likely improves wettability and
reduces concentration polarization at the membrane—
solution interface, maintaining higher rejection
efficiency [35, 36].

2. Uniform distribution of nanoparticles may
promote more consistent pore architecture and
provide additional adsorption sites, which could
facilitate selective ion transport [37].

3. Athigher loading (1 wt%, M4), a slight reduction
in rejection was observed, likely due to nanoparticle
agglomeration and partial pore obstruction, which
may create non-uniform pathways for ion transport
[37,38] .

—@—Unmodified

Y. Razgardani et al.

Overall, the M3 membrane exhibits the most
favorable balance between permeability and salt
rejection, likely resulting from the combination of
optimized pore structure, surface hydrophilicity,
and homogeneous dispersion of CuFe,0,/Ag
nanoparticles within the polymer matrix [39].

The separation efficiency of heavy metal ions
was evaluated using the optimized CuFe,0,/Ag
nanocomposite membrane (M3) and the pristine PES
membrane (MO0), with chromium sulfate (CrSO,) and
copper sulfate (CuSO,) as representative feed solutions
[40]. At the optimal nanoparticle loading of 0.1
wt%, the M3 membrane demonstrated significantly
improved heavy metal rejection compared with the
unmodified membrane (Figure 7). Specifically, Cr**
rejection increased from 25% for MO to 81% for M3,
while Cu®" rejection rose from 41% to 93%. This

—{—Modified
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enhancement may be attributed to the combined
effects of increased surface hydrophilicity, more
uniform pore structure, and additional adsorption
sites provided by the homogeneously dispersed
CuFe,0,/Ag nanoparticles [41]. FESEM analyses
(Figure 2) indicate improved pore uniformity and
roughness in the modified membranes, which likely
contribute to the enhanced ion removal. Moderate
porosity in M3 appears to support efficient water
flux and ion transport, whereas higher nanoparticle
loadings may cause localized agglomeration, reducing
the effective surface area and slightly decreasing heavy
metal rejection. Interestingly, Cu®* ions exhibited
slightly higher rejection than Cr** ions, possibly due
to stronger coordination interactions between Cu®*
and the hydroxyl or oxygen-containing functional
groups on the membrane surface [42]. These results
are consistent with previous reports highlighting
the favorable interaction of copper ferrite-based
nanoparticles with divalent cations [43, 44]. Overall,
the M3 membrane provides an effective balance of
porosity, surface hydrophilicity, and nanoparticle
distribution, leading to enhanced heavy metal removal
under the studied conditions [45, 46].

3.3.5. Fouling Resistance and Cleaning Efficiency

The antifouling performance of the membranes
was evaluated using the optimized CuFe,0,/Ag
nanocomposite membrane (M3) and the pristine
PES membrane (M0) with a protein solution (milk
powder) as the fouling agent. The pure water flux
(Jw,) was measured initially, followed by the flux
during protein filtration (Jp), and finally the water
flux after cleaning (Jw,). The recorded values for both
membranes are presented in Figure 8.

A notable decrease in flux was observed during

Colloid Nanosci. J. 4(1) (2026) 817-833

protein filtration compared to the initial water flux,
indicating partial pore blockage and surface deposition
of protein molecules. After hydraulic cleaning, the
pure water flux partially recovered, suggesting a
combination of reversible and irreversible fouling. The
fluxrecovery ratio (FRR), calculated asJw,/Jw, x 100%,
is shown in Figure 9. The M3 membrane exhibited
a higher FRR than the unmodified PES membrane,
indicating improved resistance to fouling under the
tested conditions [47]. This enhanced antifouling
performance may be associated with changes in
surface morphology and hydrophilicity induced by
the incorporation of CuFe,O,/Ag nanoparticles.
Compared to MO, the modified membrane displayed
a smoother surface and lower water contact angle,
which likely facilitates the formation of a hydration
layer on the membrane surface. Such a layer may act
as a physical barrier, reducing protein adhesion and
mitigating fouling. Additionally, the improved water
mobility across the membrane surface may assist in
detachmentofloosely bound foulants, delaying fouling
progression. The overall fouling resistance (Rt = Rr +
Rir) was further analyzed by differentiating reversible
(Rr) and irreversible (Rir) fouling components (Figure
10). Reversible fouling corresponds to loosely bound
solutes removable by hydraulic cleaning, whereas
irreversible fouling involves more persistent deposits
that may require chemical treatment. The M3
membrane exhibited a lower total fouling resistance
than MO, with the majority of fouling being reversible.
These observations suggest that the incorporation
of CuFe,O,/Ag nanoparticles may contribute to
improved fouling mitigation, while preserving
membrane functionality under the experimental
conditions.
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4. Comparison with other literature

A summary of different research studies
investigating the removal of contaminants such as
dye, heavy metals, and salt is presented in Table 6.
These studies, including the current research, indicate
that incorporating hydrophilic nanoparticles into the
PES membrane matrix is a highly effective approach
for reducing these pollutants. Moreover, the results
of this study provide evidence that enhancing the
PES membrane through the utilization of MOF
and nanostructure methods can significantly
improve its performance in pollutant removal.
The modified PES membrane exhibited a removal
efficiency exceeding 80% for salts and over 90% for
heavy metals and reactive dyes. Table 6 compares
the separation efficiency of the ZIF-8@(AC-co-CS)/
PES membrane with those reported in some recently
published articles. The data show that the membrane
synthesized in this study achieved the highest rejection
rates for various contaminants, including MB, RhB,
RB50, RB21, RY145, RY39, Na,SO, MgSO,,
CrSO,, and CuSO,, among different MMMs.

The specific solute rejection rates were 96.85% for
Na,S0,, 86.05% for MgSO,, 97.50% for CrSO,, and

Y. Razgardani et al.

96.30% for CuSO,. This performance improvement
is attributed to incorporating the ZIF-8@(AC-co-CS)
nanocomposite. The exceptionally high separation
efficiency of the ZIF-8@(AC-co-CS)/PES membrane,
compared to similar membranes, underscores its cost-
effectiveness in filtration processes.

4, CONCLUSION
CuFe,O,/Ag  hybrid
incorporated as functional modifiers to improve the
efficiency of polyethersulfone (PES) nanofiltration
Membranes  containing  different
nanoparticle concentrations were fabricated using
the phase inversion method. The synthesized
membranes and  composite
nanoparticle were systematically characterized using

nanoparticles were

membranes.

nanocomposite

Fourier-transform  infrared spectroscopy (FTIR),
scanning
(FESEM), and three-dimensional surface profiling
to assess their structural and morphological features.

field emission electron  microscopy

Sodium salt separation and heavy metal ion removal

experiments were conducted to evaluate the
filtration performance of the modified membranes.

Although CuFe,0,/Ag nanoparticles inherently

Table 3-Performance Comparison: CuFe O /Ag/PES membrane vs. reported results.

Polymer and

. . o
Concentration (wt %) Membrane type Additive Solute rejected (%) Ref
Na SO ,:97.75
PES20 02— 274
NE Fe304@Si02-CS Methylene Blue:38.25 [48]
Na,SO, Rejection (%) : 65
PES 18 NF PES/NiFe,04 Cr(II) Rejection (%) : 65 [22]
Cu(II) Rejection (%) :70
Na,SO4 Rejection (%) : 61
PES 18 NF PES/ZnFe:04 Cr(I1) Rejection (%) : 63 [22]
Cu(II) Rejection (%) : 63
Na,SO, Rejection (%) : 78
PES 18 NF PES/CoFe,0, Cr(II) Rejection (%): 72 [22]
Cu(II) Rejection (%) : 75
Na,S0,:66.94
Pb(NO,), :85.08
PES 18 NF Cu,0 Crso, 17938 [49]
Cu(NO,),:81
Pb(11):92.6
PES 18 NF Ag/Cu reactive black 5:96.4 [50]
reactive red:98.4
Na,SO, Rejection (%) : 94
PES 18 NF CuFe,04/Ag Cr(II) Rejection (%) : 81 This work

Cu(II) Rejection (%) : 93
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exhibit hydrophobic characteristics, their integration
into the PES matrix resulted in a remarkable
enhancement of hydrophilicity, as confirmed by
experimental observations. The incorporation of a
small amount of hybrid nanoparticles was found to
significantly reduce surface roughness and contact
angle, thereby enhancing the overall wettability of
the membrane surface. Consequently, the pure water
flux increased approximately 2.5 times compared
with the unmodified PES membrane. In addition,
the modified membranes exhibited substantial
improvements in separation capability, with rejection
efficiencies for Na,SO,, Cr(II), and Cu(II) increasing
by 66%, 25%, and 41%, respectively, compared to the
pristine PES membrane. A pronounced enhancement
in antifouling behavior was also observed, as the flux
recovery ratio (FRR) rose from 61% for the neat
membrane to 88% for the optimized nanocomposite
membrane (M3), corresponding to nearly a fourfold
improvement in fouling resistance and operational

durability.
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