
ARTICLE OPEN

Enhanced antifouling and separation capabilities of
polydopamine@Ce-MOF functionalized PES ultrafiltration
membrane
Dana Kadadou1,2, Thanigaivelan Arumugham1,2, Lina Tizani1 and Shadi W. Hasan 1✉

The need for antifouling membranes is substantial due to fouling’s negative impact on the effectiveness and durability of
ultrafiltration membranes. In recent times, Metal-Organic Frameworks (MOFs) have emerged as effective additives for crafting
ultrafiltration (UF) membranes. However, to harness their benefits and mitigate their drawbacks, a well-considered approach is
imperative. In this work, polyethersulfone (PES) UF membranes were tailored with polydopamine (PDA)-modified cerium (Ce)-MOF
(PDA@Ce-MOF) to achieve satisfactory antifouling properties and to remove biological macromolecules such as bovine serum
albumin (BSA) and humic acid (HA) from wastewater. The non-solvent induced phase separation (NIPS) method was used to
simultaneously fabricate the membrane and modify it with different PDA@Ce-MOF concentrations ranging from 0.05 to 0.50 wt.%.
Results showed significant improvements on the membrane’s morphology, hydrophilicity, porosity and pore size at 0.10 wt.%
loading of PDA@Ce-MOF. The synergistic effect of the PDA and Ce-MOF on the membrane improved the pure water flux (337 Lm−2

h−1) and filtration performance in the filtration of Bovine serum albumin (BSA) and humic acid (HA) reporting 145 L m−2 h−1 and
98% rejection, and 164 L m−2 h−1 and 88% rejection; respectively. Further, water-attracting functional moieties of PDA@Ce-MOF
hindered the deposition of BSA protein on the membrane surface, resulting in an excellent flux recovery ratio (FRR) of ~87%,
alongside mitigated irreversible fouling.
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INTRODUCTION
Globally, surface waters are experiencing heightened risks of
contamination and pollution due to the emergence of pollutants,
natural organic substances, industrial agents such as heavy metal
ions and dyes, as well as enduring organic contaminants1.
Membrane technology including ultrafiltration (UF) has been
deployed for wastewater treatment and water purification over
the past few decades to remove turbidity-causing particles,
bacteria, macromolecules, etc2. Because of its exceptional separa-
tion capabilities, continuous operational nature, compact design,
and minimal energy usage, UF membrane technology has
emerged as a viable substitute for traditional methods of
wastewater treatment3. Polyethersulfone (PES) is widely used in
the preparation of UF membranes due to its unique properties,
including high thermal stability, mechanical strength, and
chemical inertness4. However, the inherent hydrophobicity of
PES poses a major drawback that adversely affects the membrane
filtration capabilities. Throughout the filtration process, hydro-
phobic interaction forces lead to the entrapment of organic
pollutants within the membrane pores, causing notable fouling
through pore blockage5. As a result, the creation of hydrophilic
membranes has arisen as a great option to mitigate membrane
fouling6. In this regard, numerous efforts have been made to
increase the wettability of PES membranes by blending with
hydrophilic polymers7, grafting with hydrophilic monomers8,
coating9, and embedding hydrophilic nanomaterials10. Among
these methods, the preparation of mixed matrix membranes
(MMMs) that include nanofillers such as metal oxide11, graphene
oxide (GO)12, graphitic carbon nitride (g-C3N4)13, and metal-

organic frameworks (MOFs)14, etc., has proven effective in
preventing fouling.
In recent years, significant focus has been directed towards

metal-organic frameworks (MOFs), attributed to their versatile
applications including catalysis, drug delivery, and membrane
separation15. The coordination between the metal ion and organic
ligand forms a highly porous MOF network structure, which offers
tremendous advantages in terms of high surface area, tunable
structure, and ease of functionalization16. MOFs have demon-
strated the potential for improving hydrophilicity and filtration
efficiency. For example, Al-Shaeli et al. reported enhanced
hydrophilicity and permeability in membranes through modifica-
tion with UiO-66-NH2 MOF. The incorporation of UiO-66-NH2 MOF
within the membrane facilitated the creation of supplementary
routes for efficient water molecule transport while hindering the
adsorption of the BSA protein17. The study by Ren et al. focused
on creating advanced UF membranes with enhanced decontami-
nation and filtration performance. They developed a MIL- poly
(vinylidene fluoride) (PVDF) multifunctional membrane with high
MIL-53(Fe) loading. The resulting membrane showcased excellent
methylene blue (MB) removal, steady permeability, and efficient
filtration18. Top of Form
Rameesha et al. fabricated PVDF hybrid UF membranes with

silver (Ag) loaded MOF-5 for enhanced permeation, antifouling
and antibiofouling performance. These membranes demonstrated
exceptional performance in terms of permeability, fouling
resistance, and hydrophilicity. Notably, the PVDF/Ag@MOF-0.5
hybrid membrane showcased remarkable characteristics, includ-
ing a high-water flux of 236.5 LMH, exceptional rejection rates
(98.4% for bovine serum albumin (BSA), 96.5% for humic acid
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(HA)), and robust antifouling properties (flux recovery ratio (FRR)
of 89.7% for BSA, 92.4% for HA). Furthermore, PVDF/Ag@MOF-0.5
membranes exhibit outstanding antibacterial efficacy against both
E. coli and S. aureus19.
Samari et al. developed a PES UF membrane by incorporating

melamine-modified zirconium (Zr)-based UiO-66-NH2 MOF. The
modified membrane exhibited superior performance, manifesting
reduced water contact angle and roughness, along with increased
porosity compared to the base membrane. Introducing 0.1 wt.%
MOF notably raised FRR from 59.2 to 95.22%20. Tannic acid-
modified hollow zeolitic imidazolate framework-8 (hZIF-8)/UF
membrane possesses good mechanical, antifouling, and filtration
capabilities21. Zhao et al. reported that Zn MOF-5@polydopamine
modified UF membranes demonstrated high-water permeation
capacity and BSA rejection of 209.02 LMH, and 99.12%;
respectively22. Mohammadnezhad et al. introduced nanofiltration
(NF) membranes containing lanthanides MOFs such as cerium
(Ce)-MOFs for the removal of Direct Red 16. The modified
membranes demonstrated high porosity and high-water permea-
tion rates23,24. Nevertheless, pure MOF materials have some
limitations, including the hydrolysis of the metal-ligand bond over
time, which threatens the stability of the MOF and compromises
membrane performance25. There are few studies reporting that
MOF composites perform better than pure MOFs due to the easy
availability of active functional groups26.
Polydopamine (PDA) is also known as mussel-inspired “bio-

glue”. This environmentally friendly biopolymer can be produced
by oxidizing dopamine (DA) under alkaline conditions. Due to its
autooxidation nature, PDA can easily adhere to organic and
inorganic surfaces, so it has received extensive attention in surface
modification27. Upon membrane modification with PDA, the
incorporated catechol, imine, and amine functional groups enrich
the hydrophilicity of the membrane surface28. By modifying Ce-
MOF surfaces with PDA, hydrophilic functional groups may be
rendered, and PDA possesses inherent reducing properties,
preventing Ce(III) from oxidizing to Ce(IV) and providing additional
support for the Ce-MOF framework because of strong electrostatic

forces between the polymer chains and MOF29. Therefore,
“hydrophilic PDA” on “porous Ce-MOF” was expected to function
as an effective surface modification agent for improving the
filtration characteristics of the membrane30.
This research introduces a new approach utilizing PDA modified

Ce-MOF hybrid materials to create hydrophilic PES membranes via
the phase inversion method. The recent literature survey revealed
that no recent reports have been published on the modification of
PES UF with a hybrid Ce-MOF so far. Through characterization
including SEM, EDX, AFM, TGA, tensile strength, and contact angle
analysis, we investigated the impact of PDA@Ce-MOF loading on
membrane properties. Membrane permeation and separation
performances were assessed using pure water flux, BSA and HA.
Antifouling capability and membrane’s recyclability were evalu-
ated through multiple cycles of BSA filtration. This study offers a
fresh perspective on the advancement of MOF hybrid membranes
for UF applications, introducing innovative methods to enhance
membrane performance.

RESULTS AND DISCUSSION
Characterization of Ce-MOF and PDA@Ce-MOF
Figure 1a, b show the surface morphologies of Ce-MOF and
PDA@Ce-MOF, respectively. Pure Ce-MOF exhibits elongated leaf
(oblong)-like morphology, while PDA@Ce-MOF exhibits non-
uniform morphology due to the surface coverage of PDA chains31.
Supplementary Figure 1 shows the EDS elemental mapping
images that illustrate how the functional groups are distributed
within the Ce-MOF and PDA@Ce-MOF particles, respectively. While
both particles have nearly identical elements, such as cerium,
carbon, and oxygen, the PDA modification could provide an
additional element, nitrogen, in the case of PDA@Ce-MOF.
Additionally, the visual observation also confirms that the
modification was successful, as the color change for the
PDA@Ce-MOF was black. The recorded XRD spectrum for Ce-
MOF and PDA@Ce-MOF in the range of 2θ= 5°–50° is shown in

Fig. 1 Structure, XRD, and FTIR analysis of Ce-MOF and PDA@Ce-MOF. SEM images of (a) Ce-MOF and b PDA@Ce-MOF. (c) XRD, and (d) FT-IR
images of Ce-MOF and PDA@Ce-MOF. The scale bars shown in a–b represent 10 µm, respectively.
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Fig. 1c. The characteristic XRD peaks at 2θ= 9.5°, 14.9°, 15.7°, 18.4°,
and 30.3° are crystalline and confirm the formation of a Ce-MOF
phase, which is in accordance with previous literature32. The peak
intensity of PDA@Ce-MOF is lower than that of the XRD spectrum
of Ce-MOF. However, no peaks are observed that correspond to
PDA. The results suggest that Ce-MOF retains its stability even
after modification, despite changes in its morphology (Fig. 1a). The
FTIR spectra of Ce-MOF and PDA@Ce-MOF are shown in Fig. 1d.
Ce-MOF displays two sharp peaks at 1571 and 1390 cm-1, which
correspond to coordinated carboxylic function groups33. Next, the
peaks at 3340, 1620, 1500, and 1287 cm-1 are attributed to the
vibrational modes of O-H, N-H, C=O, C=C, and C-O in PDA34.
Supplementary Figure 2 illustrates the changes in zeta potential

values for Ce-MOF before and after PDA modification. A Ce-MOF
matrix with the least amount of free carboxylic acid group yields a
zeta potential of -1.8 mV35. After PDA modification, PDA@Ce-MOF
surface is fully covered with oxygen-containing functional groups
because of electrostatic interaction between Ce3+ and negatively
charged oxygen (-OH and -COOH). As a result, after PDA
modification, oxygen moieties provide negatively charged sur-
faces (for PDA@Ce-MOF particles), resulting in aa decrease in zeta
potential from −1.8 to −5.6 mV36.
According to Supplementary Fig. 3a, b, the specific surface areas

of Ce-MOF and PDA@Ce-MOF are 161.9 m2g−1 and 400.7 m2g−1,
respectively. Incorporating PDA onto Ce-MOF resulted in an
increase in total pore volume from 0.14 to 0.35 cc/g. Nevertheless,
the pore size is not significantly affected as both Ce-MOF and
PDA@Ce-MOF showed similar low pore diameters of around
~1.8 nm and pore size distributions ranging from 1.4 to 12.5 nm
(refer to Supplementary Fig. 3c, d). Thus, the high specific surface
area and pore volume indicate that Ce-MOF has been successfully
modified by PDA. Supplementary Fig. 4 demonstrates the TGA
spectrum of the Ce-MOF and PDA@Ce-MOF. The decomposition of
water and coordinated BDC ligand molecules in this Ce-MOF
resulted in a four-stage thermal degradation pattern35. However,
the TGA curve shows a steep decline after PDA modification due
to the rapid degradation of PDA chains35. Therefore, all results
provide evidence that the PDA was successfully tethered to the
Ce-MOF.

Surface morphology and EDS analysis of fabricated
membranes
The top, cross-section, and bottom surfaces of all membranes are
shown in Fig. 2. All membranes displayed smooth top surfaces,
asymmetrical cross-sectional morphologies with inclined finger-
like pores, and porous bottom surfaces. The modified membrane
exhibited a highly interconnected porous morphology as com-
pared to the bare membrane. It might be caused by the rapid
movement of hydrophilic PDA@Ce-MOF particles towards the top
surface during membrane formation. Further, the hydrophilic
PDA@Ce-MOF particles could affect the kinetic and thermody-
namic stability of the dope solution during the phase inversion
step to facilitate solvent-non-solvent exchange resulting in longer,
and larger pore nuclei (inclined finger-like channels) being
formed22. Therefore, the modified membrane has a larger pore
size and porosity than the pristine membrane (as discussed in
Section 3.2.3.). Moreover, EDS mapping images shown in
Supplementary Fig. 5 demonstrate the migration of hydrophilic
PDA@Ce-MOF to the membrane’s top selective layer during
membrane formation. In the mapping images, it is evident that
cerium and nitrogen are present in the modified membrane,
which are not present in the PES pristine membrane.

Membranes surface roughness, porosity, pore size and
mechanical properties
The three-dimensional (3D) AFM images of the pristine and PES/
PDA@Ce-MOF modified membranes are shown in Fig. 3, which

represents the topology of the membrane surfaces. It is visible in
the AFM images that the lighter and darker areas of the
membrane surface correspond to the crests and troughs. Rough-
ness is determined by the height difference between the peaks
and valleys, which affects fouling behavior by either adsorption or
desorption37. Further, the calculated root mean square (RMS)
roughness is shown in Supplementary Fig. 6. Surface roughness
was found to be high for pristine M-0 membranes (7.97 ± 0.26 nm).
However, surface roughness values decreased with the addition of
PDA@Ce-MOF up to 0.01 wt.% to the membrane. The surface
roughness value for M-0.10 decreased by 24%. When the addition
of PDA@Ce-MOF materials exceeds 0.10 wt.%, the membrane
surface roughness gradually increases. Because of the higher
loading of the particles, agglomeration can result in an uneven
dope solution38. However, these values are still lower than those
of the pristine M-0 membrane.
Pore size and porosity results are displayed in Fig. 4a. It is

important to note that these results are consistent with our
previous SEM and AFM results (see Figs. 2 and 3). Until 0.10 wt.%
PDA@Ce-MOF loading, the membrane’s porosity, and pore size
exhibit a positive trend due to the fastest solvent-non-solvent
exchange process during membrane formation. M-0.10 exhibits a
pore size of ~45 nm and a porosity of ~62%. When PDA@Ce-MOF
addition exceeded 0.10 wt.%, the solution viscosity possible
increased, resulting in a decrease in the membrane’s pore size and
porosity39.
A tensile strength test was performed on the prepared

membranes to evaluate their mechanical properties. Figure 4b
shows the tensile stress-strain curve of all prepared membranes.
The modified membrane demonstrated excellent tensile strength
compared to the bare membrane (Supplementary Table 1). It was
particularly evident that when the PDA@Ce-MOF particle loading
increased from 0 to 0.1 wt.%, the membranes’ tensile stress
increased from 3.0 ± 0.2 to 3.7 ± 0.2 MPa; respectively. The uniform
distribution of the PDA@Ce-MOF enhanced the mechanical
properties of the M-0.10 membrane by ~18% compared to
pristine PES membranes. Due to the intermolecular forces
between the PDA@Ce-MOF and PES chains, the PDA@Ce-MOF
dispersed uniformly in the membrane matrix restricts the free
movement of polymeric chains by allowing twisting. Conse-
quently, increasing membrane porosity did not have a significant
effect on mechanical properties. A similar observation was noted
in a previous study40. However, PDA@Ce-MOF loadings exceeding
0.1 wt.% degraded the tensile properties of the membranes due to
the non-uniform dispersion of the particles5. The M-0.50
membrane results in a significant decrease in tensile strength,
which is ~7% lower than the pristine membrane.

Membranes hydrophilicity, zeta potential (ζ) analysis and pure
water flux
A contact angle analysis was performed at liquid-solid interfaces
to assess the wettability of membranes. Figure 5a shows the
contact angles for pristine and modified membranes. Because of
the inherent hydrophobic nature of pristine PES materials, the M-0
membrane demonstrated a higher contact angle value of
76.9 ± 0.9°. The higher contact angle was significantly reduced
when the membrane was modified with PDA@Ce-MOF particles.
The lowest contact angle of 61.1 ± 0.2° has been observed for
M-0.50. By modifying the membrane surfaces with hydrophilic
functional groups, such as hydroxyl groups from PDA and
carboxylic acids from Ce-MOF, water molecules can form strong
hydrogen bonds with the membrane surfaces. According to
Fig. 5a, the calculated surface free energy of modified membranes
is higher than that of pristine M-0 membrane. This high value of
surface free energy represents a membrane surface that is more
conducive to wetting, thus improving filtration and fouling
resistance properties.
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As shown in Fig. 5b, the surface charge properties of the
membranes (M-0 and M-0.10) were measured at different pH
ranges between 5 and 9. Compared to bare membrane M-0,
M-0.10 showed a high negative zeta potential value at all pH
levels. In the case of increasing pH from 5 to 9, the negative zeta
potential values of M0.1 increased from -19.6 (±0.5) to -41.0 (±0.3).
It is notable that this high negative zeta potential value is ~1.6
times greater than M-0. Possibly the high negative zeta potential
of M-0.10 may be due to the exceptional surface coverage
provided by hydrophilic functional groups such as the hydroxyl
and carboxylic functional groups from PDA@ Ce-MOF41. As can be
seen from Supplementary Fig. 7, PDA plays an important role in
improving the surface charge. In the absence of PDA, the negative
zeta potential of PES/Ce-MOF was only -30 (±0.2) at pH= 7. This

finding is also supported by our previous results regarding contact
angles (refer to Fig. 5a).
Figure 5c clearly displays that as the concentration of PDA@Ce-

MOF within the membrane matrix increased, a significant increase
in pure water flux was observed. Increasing the PDA@Ce-MOF
loading from 0 to 0.10 wt.% enhanced the pure water flux by 83%.
However, there was a higher flux in M-0.25 than in M-0.10
regardless of the low porosity. Due to its high content of PDA@Ce-
MOF, it readily accumulates on the top surface of the membrane
and forms larger pores by creating a strong affinity between its
hydrophilic groups (hydroxyl and carboxylic groups) and the water
molecules42. This has a positive influence on the permeability of
M-0.25, but not on M-0.50. While the membrane-modified Ce-MOF
alone only improved flux by 29% compared with the pure

Fig. 2 Morphological analysis of the membranes. SEM microcraphs display the top, cross-section, and bottom morphologies of the pristine
and PES/PDA@Ce-MOF modified membranes. The scale bars (M-0 to M-0.50) in the top, cross-section, and bottom images represent 1 µm,
50 µm, and 10 µm, respectively.
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Fig. 4 Porosity, mean pore size, and mechanical properties of the membranes. a Porosity and mean pore size, and (b) mechanical
properties of the prepared membranes; error bars present standard deviations, n= 3. The scale bars (M-0 to M-0.50) represent <25 nm.

Fig. 5 Hydrophilicity, zeta potential, and pure water flux of the membranes. a Contact angle and surface free energy, (b) zeta potential, and
(c) pure water flux of the prepared membranes; error bars present standard deviations, n= 3.

Fig. 3 AFM surface topological analysis of the membranes. AFM images of the membranes showing their 3D structures.
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membrane, this value was 54% less than PES/PDA@Ce-MOF (M-
0.10) (refer to Supplementary Fig. 8). Finally, according to the
improvement in pure water flux results, large pore sizes, high
porosity, and hydrophilicity contribute significantly to the facilita-
tion of water transport across membrane (M-0.10) structure.

Membrane separation performance
Figure 6 shows the results of filtration tests conducted on the
pristine and PES/PDA@Ce-MOF modified membranes against BSA
and HA solutions having initial concentrations of 100 ppm and 50
ppm, respectively. First, all the modified membranes with
PDA@Ce-MOF particles exhibited higher permeation to the
prepared BSA solution (Fig. 6a). Especially, M-0.10 and M-0.25
membranes with 0.10 and 0.25 wt.% PDA@Ce-MOF loading
exhibited the highest BSA permeation of 145.6 ± 4.7 LMH and
185.8 ± 4.0 LMH; respectively, leading to ~2.1 and ~2.6 times
enhancement when compared to the M-0 pristine membrane.
High permeation of the membranes could be explained by an
increase in their hydrophilicity. Moreover, the BSA permeation
results were consistent with those obtained in pure water flux, as
shown in Fig. 5c. Both BSA permeation and BSA rejection
increased for PDA@Ce-MOF loaded membranes until 0.10 wt.%.
The performance of BSA rejection decreases significantly when
the PDA@Ce-MOF concentration exceeds 0.10 wt.% due to the
abrupt increase in mean pore size (Fig. 4a). The M-0.10 membrane
showed the highest BSA rejection of 98.4 ± 4.9% at 0.10 wt.%
PDA@Ce-MOF loading. A comparison of the HA solution filtration
results of the pristine, M-0.10 C and M-0.10 was performed, and
the results are shown in Fig. 6b–d. M-0.10 performed well in the
filtration of Bovine serum albumin (BSA) and humic acid (HA), with
145 Lm−2 h−1 and 98% rejection, and 164 Lm−2 h−1 and 88%
rejection, respectively. It was apparent that membrane with PDA-
modified Ce-MOF demonstrated better filtration performance
against BSA and HA solutions due to the low contact angle, high
porosity, and larger pore size.

Antifouling characteristics of the membranes
To assess the antifouling properties of the membranes, BSA
solution and pure water were filtered cyclically for up to five
cycles. In Fig. 7a, the cyclic filtration test results are presented for

M-0, M-0.10 C, and M-0.10. As shown in Fig. 7a, the integrated flux
profile, the BSA flux is generally lower than the pure water flux
due to the interaction between the BSA molecules and the
membrane surface during filtration. Following five cycles, M-0.10
continues to exhibit superior filtration performance than pure
membrane (M-0). During filtration, BSA molecules do not easily
attach to smooth hydrophilic membrane surfaces, thereby not
causing an abrupt reduction in flux. Furthermore, based on the
flux profile, FRR values were calculated and displayed in Fig. 7b.
The pristine membrane (M-0) has a FRR of 84.3% during cycle 1,
but drops to 46.7% during cycle 5. Because the M-0 has a rough
surface with hydrophobic properties, it has a higher tendency to
attract foulants, which do not easily detach. Therefore, the drop in
the FRR for the M-0 was significant. In contrast, when the
membrane was modified with MOFs, the FRR remained high
(Fig. 7b). The FRR values for PES/Ce-MOF (M-0.10 C) membrane
and PES/PDA@Ce-MOF (M-0.10) membrane was 78.4 and 87.9%,
respectively, after five cycles of filtration. High FRR is a direct result
of improved hydrophilicity, which increases antifouling ability.
According to Fig. 7c, irreversible and total fouling significantly

decreased for modified membranes. When the number of
filtration cycles is increased, Rir and Rt of the pristine membrane
(M-0) are observed to increase. Although MOF modified mem-
branes also showed an increasing trend for Rir and Rt during
filtration cycles, the increase was not substantial enough to cause
severe pore plugging. M-0.10 C and M-0.10 showed irreversible
fouling (Rir,%) of 6.3 (±2.3) and 4.1 (±2.2) at cycle-1 and 21.6 (±1.7)
and 12.1 (±2.1) at cycle-5, respectively. The reason for the less
fouling effect of PDA@Ce-MOF membrane could be in terms of
surface charge, as the hydroxyl and carboxylic functional groups in
PDA@Ce-MOF particles change the PES membrane to be
negatively charged, maintaining the repelling force against the
BSA molecule during filtration (refer to Fig. 5b). Therefore, loosely
bound BSA molecules increase fouling in a reversible manner
(refer to Fig. 7c). The reversibly fouled membrane is easy to clean
due to the foulant accumulation only on the membrane surface or
the weak interaction between the foulant and the membrane
pores. In addition, a comparison of SEM images of the membrane
surface before and after 5 cycles of BSA filtration is shown in
Fig. 7d. Membrane M-0 exhibited uneven and significant

Fig. 6 Separation performance of the membranes. Filtration performances of the membranes towards (a, b) BSA and (c, d) HA ; error bars
depict standard deviations, n= 3.

D. Kadadou et al.

6

npj Clean Water (2024)     7 Published in partnership with King Fahd University of Petroleum & Minerals



deposition of BSA fouling, whereas PDA@Ce-MOF modified
membranes did not exhibit any significant differences.
Further, the antifouling mechanism of M-0.10 has been

elucidated using surface roughness, contact angle, and zeta
potential results. In detail, hydrophilic functional groups, such as
the hydroxyl and carboxylic acid groups from PDA@Ce-MOF, are
present on the membrane surface. These water-attracting func-
tional groups create a hydration layer to facilitate foulant
desorption during cleaning. Finally, hydrophilicity and a negative
charge endow the PES membranes (M-0.10) with a strong
antifouling ability (Fig. 8). In Table 1, the best-performing
membrane, M-0.10, is compared with previous literature reports.
The reported M-0.10 membrane in this study performed better
and was comparable in terms of permeation, rejection, and
antifouling properties.

METHODS
Materials
PES granules (Mw: 58 kDa), polyvinylpyrrolidone (PVP) (Mw:
10 kDa), N-N dimethylacetamide (DMAc), cerium (III) acetate

hydrate, 1,4-benzenedicarboxylic acid, Triethylamine (TEA),
dimethylformamide (DMF), dopamine hydrochloride (DA), Trizma®
hydrochloride (THCl) (>99.0%), sodium dihydrogen phosphate,
sodium phosphate dibasic, BSA, and HA were all purchased from
Sigma-Aldrich. Deionized (DI) water (resistivity:15 MΩ.cm at 25 °C),
obtained from a Millipore Elix® Advantage 10 purification system
(Millipore Corp., USA), was used throughout this study.

Synthesis of cerium metal–organic framework (Ce-MOF)
Ce-MOF was prepared using a method previously described43,
albeit with certain adjustments. Initially, cerium (III) acetate
hydrate and 1,4-benzenedicarboxylic acid (BDC) were individually
dissolved in 30 mL of water (designated as solution A) and 30mL
of dimethylformamide (DMF, referred to as solution B). After
stirring for 30min, solution B (the linker solution) was introduced
cautiously into solution A using a glass dropper, employing a
dropwise approach. Triethylamine (TEA) at a concentration of
0.001 M was incorporated as a modulating agent. For the solution
blends, ultrasonication was conducted for 30 min, followed by
12 h of stirring at room temperature. The resultant Ce-MOF
precipitate was collected by centrifugation and subsequently

Fig. 8 Proposed separation mechanism of PDA@Ce-MOF modified membrane. Schematic depiction of the antifouling mechanisms of the
PES/PDA@Ce-MOF UF membrane.

Fig. 7 Antifouling assessment of pristine and PDA@Ce-MOF modified membranes. a Integrated flux profiles (b) Flux recovery ratios (FRR) (c)
reversible, irreversible, and total fouling (cycle 1 and 5) of all prepared membranes, and (d) SEM images of membranes before and after five
cycles of BSA filtration; error bars depict standard deviations, n= 3.
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washed with DMF, water, and ethanol. Following the washing
steps, the precipitate was subjected to drying in a hot air oven at
60 °C for 24 h. The final product, characterized by its white color,
was stored in sterile sample tubes for subsequent analysis.

Preparation of PDA@Ce-MOF particles
A solution was prepared by dispersing 300 mg of Ce-MOF and
300mg of DA in 300mL of tris buffer (10 mM, pH 8.5) using
ultrasonication for 15 min. Subsequently, the mixture was
subjected to overnight stirring at room temperature with a
stirring speed of 600 rpm. This facilitated the in-situ synthesis of
PDA, which immobilized onto the Ce-MOF. After 24 h, the
resulting black PDA@Ce-MOF powder was subjected to multiple
washing cycles using distilled water through centrifugation at

8000 rpm. Upon washing, the wet powder was dried overnight at
60 °C. Figure 9a depicts the outlined process of Ce-MOF
modification with PDA, showcasing visual representations of Ce-
MOF prior to and subsequent to the modification procedure.

Fabrication of PES/PDA@Ce-MOF membranes
As shown in Fig. 9b, asymmetric pristine and PES/PDA@Ce-MOF
UF membranes were fabricated using the nonsolvent-induced
phase separation (NPIS) method44. A set of five casting dope
solutions were prepared using different compositions of PDA@Ce-
MOF including 0, 0.05, 0.10, 0.25, and 0.50 wt.% in DMAc while
maintaining PES and PVP at 18 and 1.0 wt.%; respectively. Table 2
shows the nomenclature and compositions of the fabricated
pristine and PES/PDA@Ce-MOF nanocomposite membranes. At

Table 1. Comparison of PES/PDA@Ce-MOF UF membrane performance.

Membrane
materials

Application WCA, pristine/
modified (°)

Water Flux, pristine/
modified (LMH)

Rejection (%) Antifouling properties (FRR
%), pristine/modified

Ref.

PES/Ce-
anthranilic acid
MOF

Natural organic substances
and whey wastewater

64/ ~ 48 5/30 99% of aCOD, bBOD,
cTSS and turbidity

34/70 46

PES/Ce-MOF Powder milk solution 63/57 14.7/21.2 99% of direct Red 16 62.2/91.5 24

Melamine
modified Zr-MOF

Milk powder ~76/61 44/49 99.7% of humic acid 59/95 20

Cellulose acetate/
Cu MOF/PES

BSA protein and HA 75/46 21.9/28.5 79% HA
85% BSA

--- 47

PES/PDA@Ce-
MOF

Organic substances (BSA and
HA)

77/66 184/337 98% BSA
88% HA

~46 / ~ 87
for BSA (Cycle-5)

This
work

aCOD chemical oxygen demand.
bBOD, biochemical oxygen demand.
cTSS, total suspended solids.

Fig. 9 Nanomaterial synthesis and membrane fabrication schematics. Schematic illustration of (a) PDA @Ce-MOF synthesis process, and (b)
fabrication steps of PES/PDA@Ce-MOF membranes.
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first, the PDA@Ce-MOF were dispersed in the specified amounts of
DMAc using ultrasonication baths for 30 min. Then, PVP and
moisture free PES granules were added slowly to the DMAc
solutions while stirring at 200 rpm at 50 °C. The solutions were
then left to stir uninterruptedly. After 24 h, the solutions were left
to degas using sonication and a vacuum oven for 20 min and 3 h
at 25 °C; respectively. The dope solutions were then cast on clean
glass plates using a flat-sheet casting machine (Elcometer 4340)
and a casting blade with a gate height of 200 μm at ambient
conditions. The phase inversion process was then immediately
initiated by immersing the PES film-coated glass plates in a
coagulation bath containing distilled water at room temperature.
The membranes were then left in the coagulation baths overnight
to ensure full phase separation. Following the membrane
fabrication step, the membranes were thoroughly washed with
deionized water to remove any residues of the DMF solvent and
PVP additives, and then they were stored in deionized water until
they were tested or characterized. As a further evaluation of PDA
modification on Ce-MOF, PES/Ce-MOF (0.1 wt%) membranes
without PDA were prepared and labeled as M -0.10 C (refer to
Supplementary Fig. 9).

Characterization of PDA@Ce-MOF particles
Field emission gun (FEG) SEM, Quanta FEG 250 (FEI, Oregon,
United States), coupled with energy dispersive system (EDS), was
utilized in this study. The morphology and elemental composition
of the PDA@Ce-MOF particles were examined. Prior to morpho-
logical and elemental analysis of the samples, a 7 nm layer of gold
was deposited on the surface of the samples to maximize
conductivity and enhance SEM analysis. The imaging was
conducted under a 5 kV accelerating voltage with a working
distance of 10 mm. X-ray diffraction (XRD) analysis was performed
using Bruker D2 Phased XRD diffractometer to determine the
crystallinity of the samples at a current of 10 mA, voltage of 30 kV,
and a wavelength of 1.5418 Å in a 2θ range of 5° to 50°. The data
was acquired at a scanning rate of 0.05° s−1. Moreover, the
functionalization of the MOF was confirmed with Bruker ATR FTIR,
VERTEX 80 v (Bruker, Massachusetts, United States). Specific
surface area, pore volume, and pore size of the MOF samples
was calculated from N2 adsorption-desorption isotherms at 77 K
using a Quantachrome nova 2200einstrument.The surface charges
of MOF samples were determined by using a Zeta potential
analysis (Nano ZSE, Malvern, UK). The thermal stability of the MOF
was analyzed using a thermogravimetric analyzer under nitrogen
atmosphere, TGA 4000 (PerkinElmer, Waltham, MA).

Characterization of pristine and PES/PDA@Ce-MOF
membranes
The morphology (top, bottom, and cross-sectional areas), ele-
mental composition, and functionalization of the fabricated
membranes were also assessed by the Quanta FEG 250 and
Bruker ATR FT-IR instruments. To obtain cross-sectional SEM
images of the membrane samples, small pieces of membrane

samples were immersed in liquid nitrogen for 30 s and carefully
fractured. The tensile strength of the pristine and composite
membranes was determined with a universal strength testing
machine, Instron 5966 (Instron, USA). The measurements were
done while applying a stain rate of 5 mm/min until fracture. The
topography and surface roughness of the composite membranes
were assessed using an atomic force microscope, MFP-3D Origin
AFM (Asylum Research, Santa Barbara, CA). The membrane
samples were analyzed via non-contact mode using a Si tip with
a frequency of 63.5 kHz (Ted Pella, Redding, CA). The scan area
taken for all membranes was 2 μm× 2 μm.
The static contact angles of DI water were measured by the

sessile drop method using Krüss GmbH drop shape analyzer using
5 μL DI water droplets ejected via a micro-syringe. Measurements
were taken at 5 different surface areas and average values were
reported45. The surface free energy (�4GSL) was calculated using
the below Young-Dupre equation (Eq. (1))5

�4GSL ¼ ð1þ cos θÞγTL (1)

where θ is the DI water contact angle and γTL is the water surface
tension constant (72.8 mJ.m-2).
At three different pH levels (5, 7, and 9), the zeta potential value

of prepared membranes was determined using the Anton Paar
SurPASSTM 3 electro-kinetic analyzer. Membrane porosity was
determined via gravimetric method. Equal circular cuts of all
membranes were prepared and soaked in DI water for 24 h and
weighed. Then, the membranes were completely dried and
weighed to record their dry weights. A digital micrometer
(Mitutoyo, Japan) was used to measure the thickness of the
membranes. Equation (2) was used to calculate porosity44:

ε ¼ ðWw �WdÞ
Amδρg

´ 100 (2)

where ε is the porosity (%), Ww and Wd are the wet and dry
weights of the membranes (g), Am is the membrane area (cm2), δ
is the measured membrane thickness (cm), and ρg is the DI water
density (0.998 g.cm−3).
The mean pore size was calculated using Guerout-Elford-Ferry

equation (Eq. (3))13:

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:9� 1:75εð Þ:8ηδQ
εAm4P

s

(3)

where rm is the mean pore size (m), ε is the membrane porosity
(%), η is the DI water viscosity (8.9 × 10−4 Pa.s), Q is the DI water
flow (m3.s−1), and 4P is operating transmembrane pressure (Pa).

Membrane filtration performance
The pure water flux of the fabricated membranes was measured
using a stirred dead-end filtration cell, UHP 4370 (Sterlitech Co.,
USA) with a membrane diameter of 40 mm. The UF setup includes
a compressed nitrogen gas cylinder which was used to maintain a
transmembrane pressure of 1 bar. All membranes were first
compacted 30min prior to measuring flux values. The pure water
flux (Jw , LMH) was calculated by using DI water as feed and
measuring the volume after 20 min using Eq. (4) as follows24:

Jw ¼ V
ðAm ´ tÞ (4)

where V is the DI water volume collected (L), Am is the area of the
membrane tested (m2), and t is the time elapsed (h).
The separation performance of the membranes was then

studied using BSA protein with a feed concentration of
100 ppm. To prepare 1 L of BSA solution, 1.19 g and 1.40 g of
sodium dihydrogen phosphate and sodium phosphate dibasic
were added and stirred in 1 L of DI water for 1 h. The pH was then
measured to be 7.0. Then, 100mg of BSA was added to the

Table 2. Composition of pristine and PES/PDA@Ce-MOF membranes.

Membrane PES (wt.%) PVP
(wt.%)

PDA@Ce-MOF
(wt.%)

DMAc
(wt.%)

M-0 18 1.0 0 81

M-0.05 18 1.0 0.05 80.95

M-0.10 18 1.0 0.10 80.9

M-0.25 18 1.0 0.25 80.75

M-0.50 18 1.0 0.50 80.5
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prepared 10mM phosphate buffer solution and stirred for another
hour. The BSA feed solution was filtered through the membrane at
an operating pressure of 1 bar. The concentration of BSA was
determined via a UV-Visible spectrophotometer, UV-1800 (Shi-
madzu, Japan) at a wavelength of 280 nm, after which the
rejection (R) was calculated using Eq. (5):

R ¼ Cf � Cp

Cf
´ 100 (5)

where Cf and Cp are the feed and permeate concentrations (ppm),
respectively.
Using the same filtration cell discussed above, 50 ppm humic

acid solutions were filtered through pristine and MOF-modified
membranes to determine the separation performance of humic
acid (HA). BSA and HA filtration procedures were followed in the
same manner. Using a UV–Vis spectrometer (UV-1800 Shimadzu,
Japan) at a wavelength of 254 nm, the concentration of HA in the
feed and permeate after filtration was determined. The HA flux
and rejection performance of membranes was calculated using
Eq. (4) and Eq. (5).
Flux recovery ratio (FRR), reversible (Rr), and irreversible (Rir) fouling

ratios were calculated using Eqs. (6–8) to study the antifouling
properties of the membranes through five cycles of BSA filtration
where hydraulic washing took place in between cycles5.

FRR ¼ Jwn

Jwn�1

´ 100 (6)

Rr ¼ Jwn � JBSA
Jwn�1

´ 100 (7)

Rir ¼ Jwn�1 � Jwn

Jwn�1

´ 100 (8)

where Jwn�1 indicates the water flux in the (n−1)th cycle (Lm−2h−1);
Jwn is the water flux in the nth cycle (Lm−2h−1) after hydraulic
cleaning; and JBSA is the BSA solution flux (Lm−2h−1).
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