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The increasing prevalence of complex multi-pollutants, including heavy metals, dyes, and pharma-
ceutical residues, in wastewater streams demands advanced materials capable of efficient and selective
separation. This study addresses the critical challenge of removal of diverse pollutants by developing
CORN-MOF-2/PVDF composite membranes, in which novel CORN-MOF-2(Ce) was functionalized into
a PVDF matrix by a nonsolvent-induced phase-inversion method (NIPS). The introduced MOF enhanced
the hydrophilicity of the resulting membranes and provided a higher permeability of 434.95 L m=2 h™! bar ™.
Membrane performance was evaluated through a series of filtration tests using synthetic wastewater
containing heavy metal ions, dyes and pharmaceutical compounds. The CORN-MOF-2/PVDF membranes
transitioned into a more selective interface, leading to absolute rejection of a wide range of pollutants—99%
for dopamine hydrochloride (DP), Cr,O;-~, Alcian blue (AB), and Congo red (CR). Furthermore, the study
extended to investigate the removal efficiency of the optimized membrane under different pH conditions,
achieving optimal performance at neutral pH. A combination of size exclusion, affinity-based bonding, and

Received 3rd June 2025, charge-based interactions was followed to attain superior rejection rates. The simultaneous removal of

Accepted 11th August 2025 multiple pollutants from the aqueous system demonstrates the superior versatility and efficiency of the
DOI: 10.1039/d5ma00581g fabricated membranes in handling complex multi-component contaminations. The treated water resulting

from this work adheres to the WHO's standards for safe water. Additionally, antifouling studies showed a flux
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1. Introduction

The tannery sector contributes significantly to the economy.
About 80% of the leather produced worldwide is made by
mineral tanning, also known as chrome tanning, which is the
most popular process for turning animal skin into leather.">
The extensive use of chemicals and water results in highly
polluted wastewater, posing a serious environmental risk.
Tannery effluent contains high concentrations of Cr/Cr(i)/
Cr(v1), organic pollutants (acidic and anionic dyes), and other
inorganic constituents.** This complex waste, when disposed of
in a wastewater treatment plant, combined with pharmaceuti-
cally active compounds (PhACs) from the household wastewater
(sewage) becomes even more complex to remove all the harmful
contaminants. PhACs are substances that include antibiotics,
antipyretics, anti-inflammatories, and analgesics and are fre-
quently found in wastewater effluents at various concentrations
of ppt (ng L") or even ppm (mg L") levels.” Unmetabolized
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recovery ratio of >95% after multiple cycles.

forms of PhACs are released into the aquatic environment via
human and animal faeces and urine, as well as by wastewater
from medical facilities and pharmaceutical manufacturing facil-
ities. Together, these various sources lead to the PhAC contam-
ination of water bodies. Adsorption is well-explored in removing
aquatic pollutants; however, secondary pollution results from the
regeneration of the adsorbent and the disposal of the desorption
solution.®” Catalytic degradation can produce toxic disinfection
by-products, worsening the situation and consuming relatively
high energy.® In this context, membrane separation is a promising
solution in terms of productivity and reusability. Nanofiltration
(NF) membranes exhibit good separation performance in reject-
ing nearly all pollutants with particle sizes larger than the pore
size (0.5-2 nm).°

Metal-organic frameworks (MOFs) have gained considerable
attention as nanofillers in membranes owing to their excep-
tional properties, including large surface area, tunable pore
sizes, and versatile chemical functionalities. According to the
literature, pore-networked membranes PNM/PEBA incorpo-
rated with metal-organic polyhedra simultaneously worked in
the removal and detection of OCR, EHMC, and HMS, offering
high selectivity and adsorption capacity.'® Free-standing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polyacrylonitrile/MOF-808 mixed-matrix membranes effectively
removed 91% of DCF from the water. The advent of a large
surface area of the MOF and the surface charge of DCF
improved the adsorptive removal of DCF.'’ A TFN-CU5
membrane incorporated with C-UiO-66-NH, had a high water
permeance of 17.66 L m~> h™" bar™ ', exceptional rejection for
norfloxacin (97.92%) and ofloxacin (95.31%), and excellent
long-term stability for treating synthetic secondary effluents
with an antibiotic rejection rate of over 90%.'> MOF materials
hold great potential for the separation and filtration of phar-
maceutical because of their distinct structural
features."® However, some potential downsides and restrictions
can impact their effectiveness and practicality in removing
multiple pollutants from complex sewage wastewater.
Membrane technologies are often limited to targeting specific
classes of pollutants, such as dyes, heavy metals, or pharma-
ceutical compounds, necessitating separate treatment pro-
cesses for each type of contaminant. This approach increases
the operational complexity and also elevates treatment costs
and energy consumption. A potential membrane capable of
simultaneously targeting multiple pollutants, ie. removing
dyes, heavy metals, and pharmaceutical compounds in a single
treatment step, is highly necessary to treat sewage wastewater.

Generally, aromatic bicarboxylic acids are chosen as organic
linkers for MOF synthesis. Most of these are synthetic and,
hence, expensive. To replace these, natural dicarboxylate com-
pounds extracted from biomass are desirable. In light of this,
we chose itaconic acid extracted from Aspergillus itaconicus and
Aspergillus terreus fungi via fermentation as a sustainable raw
material (organic linker). Cerium, a typical nuclide, recovered
from radioactive waste is used to synthesize a novel cerium-
based MOF (CORN-MOF-2).'*'> However, Zr-based CORN-
MOF-2 has been reported earlier by Chen and group and
studied for gas storage.’® According to the literature, the Ce-
MOFs are well known for their great potential for the removal of
multipollutants (heavy metals, dyes, pharmaceuticals, and
nuclear waste)."” " Ce"", with partially filled low-lying 4f orbi-
tals, readily forms complexes with organic compounds. How-
ever, CORN-MOF-2(Ce) has not been reported yet in water
purification. In general, MOFs are prepared via solvothermal
routes employing high-temperature and -pressure conditions,
leading to higher energy consumption and lesser product yield.
Furthermore, reported CORN-MOF-2(Zr) is desirable for a cer-
tain class of pollutants. Herein, we report CORN-MOF-2(Ce) for
the first time, with a set of additional features such as simple
room-temperature synthesis within 30 minutes using water as a
solvent. Further, incorporating the as-synthesized MOF into the
PVDF matrix resulted in composite membranes. The unique
structural and chemical properties of MOFs, including tunable
pore size, and carboxylate and Ce*" functionalities, allow mod-
ified membranes to efficiently capture and remove multiple
pollutant types. We investigated the removal efficiency of heavy
metals, namely Cr,0,%", dyes, namely Congo red (CR) and
Alcian blue (AB), PhACs, namely dopamine (DP), diclofenac
sodium (DCF), and naproxen (NP), and revealed that synergistic
mechanisms such as adsorption, size exclusion, and chemical

actives
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(non-covalent) interactions are underplayed. This multifunc-
tionality of PVDF/MOF-2 composite membranes offers signifi-
cant advantages over traditional membranes. The membrane
systems reported to date are typically optimized for the removal
of individual pollutants, often requiring extensive modification
or the integration of multiple treatment units to achieve
comparable results. The novelty of reported membranes lies
in their ability to address the challenges of mixed pollutant
scenarios with better efficiency and versatility. The treatment of
diverse contaminants by a single membrane enhances opera-
tional simplicity and contributes to the development of sustain-
able and cost-effective water purification technologies.

2. Results and discussion
2.1 Characterization of CORN-MOF-2(Ce)

The observed lowest angle reflection at 20 = 8.7° corresponding
to the (111) plane in the PXRD pattern of the MOF depicts the
semi-crystalline nature of the framework (Fig. 1(a)), consistent
with the previous reports.'®?> It was experimented that the
replacement of solvent-water with DMF resulted in an amor-
phous framework. In the presence of a base (DMF), complete
desolvation of precursors led to amorphization of the product.
However, synthesis under aqueous conditions regulated deso-
lvation giving semi-crystallites. The FT-IR spectrum of the MOF
was studied in the 4000-400 cm ™" region. Fig. 1(b) presents the
bands in the 1690-1630 cm " region corresponding to the
symmetric and asymmetric vcoon Stretching vibrations in
the itaconic acid linker, which shifted to 1510 cm™ v¢oo- in
the case of CORN-MOF-2. This manifests the deprotonation of
-COOH groups and the co-ordination of itaconate to Ce"".
Further, the vc—¢ stretching band at 1224 cm™' in itaconic
acid shifted to 1195 cm™' in the MOF due to the co-
ordination.*»** vy, and vaym bands of -CH, and -CH,
appeared at 2940 and 2746 cm '. The bands related to the
bending vibrations of the C-O group in the lower wavenumber
region of 700-640 cm ™" are also observed in itaconic acid and
the MOF. These observations conclude that linker carboxylic
functionalities are co-ordinated to the Ce*" nodes, forming the
corn-like framework.

XPS analyzed the C 1s, O 1s, and Ce 3d spectra of the MOF
and their relative amounts in the survey spectra (Fig. Sla).
Deconvoluted peaks at 885.21, 907.07, 882.15, 899.96, 903.24,
and 916.65 eV confirm the presence of cerium in both the
oxidation states (iv) and (w) in the framework corresponding to
the 3ds, and 3d,, states, respectively (Fig. 1(e)).*>*® Two
different peaks can distinguish between carbon atoms in
various chemical environments, such as 284.85 eV for C-C
bonds in the fumarate linker, 288.41 eV for C—O bonds in
the carboxylate groups, and any potential C-O bonds from
surface-adsorbed species (Fig. 1(c)). Oxygen in the Ce-O bonds
of the cerium oxide secondary binding units (SBUs) is desig-
nated by 531.32 eV and C=O bonds of the linker by peak
centered at 531.79 eV (Fig. 1(d)). N, sorption studies revealed
the BET-specific surface area (SSA) of 231.42 m” g~ * (Fig. 1(f)),
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Fig. 1 Structural characteristics of the MOF: (a) PXRD pattern; (b) FT-IR spectra; XPS spectrum of (c) C 1s, (d) O 1s, and (e) Ce 3d; (f) BET N,-sorption

isotherm and BJH plot (inset).

and pore size distribution analysis disclosed micropores
approximately 1.49 nm in diameter (Fig. 1(f) inset).

The MOF resembled a corn shape as shown in Fig. 2(a) and (b).
The acquired FESEM and TEM images are presented in
Fig. 2(c)-(e). A spherical morphology of CORN-MOF-2 was
identified. Further, TEM was employed to analyze the structural
characteristics, crystallinity, and morphology. The TEM images
showcased the spherical structural arrangement with an aver-
age grain size of 61-64 nm (Fig. 2(d) and (e)). Diffused diffrac-
tion rings or halos in the SAED pattern indicated the presence
of semi-ordered regions that are characteristic of the semi-
crystalline MOF (Fig. 2(f)). Discrete spots superimposed on
the diffuse rings represented the crystalline domains within
the material. The spots are less sharp and fewer in number
compared to a fully crystalline MOF, reflecting the limited size
or distribution of the crystalline regions in agreement with the
PXRD pattern. The EDX mapping gives the elemental composi-
tion (carbon: 24.17%; oxygen: 31.24%; cerium: 44.59%), as
shown Fig. S1b.

2.2 Characterization of MOF membranes

2.2.1 Intrinsic properties. The effects of MOF materials
and various changes in the membrane structure are examined
by XRD analysis. The XRD patterns of unmodified and modi-
fied PVDF membranes are presented in Fig. 3(a). The «(010)
and ¢(100) planes characteristic of the a-phase (¢) PVDF were
reflected at 26 = 18.3° and 21° in all four membranes.>”*® The
appearance of a peak at 28.3° for the modified membranes
indicated the influence of CORN-MOF-2 on polymer phases
with increasing intensity related to the increasing concen-
tration of MOF. The polymer crystallization behavior was
influenced by the MOF, as it acts as a nucleating agent, thereby

6896 | Mater. Adv, 2025, 6, 6894-6906

2 1/mm

Fig. 2 (a) and (b) Architectures of CORN-MOF-2(Ce), (c) FESEM, (d) and
(e) HRTEM images, and (f) SAED pattern of CORN-MOF-2(Ce).
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preferring the PVDF to align in the f-phase (@) partially along
with the a-phase.?® The B-phase has a more rigid chain align-
ment compared to o, which further enhances the mechanical
strength and structural stability of the membrane. The van der
Waals (Ce**-F™) interactions imposed this polymer transition,
thus explicitly imprinting the reflection of the MOF in the XRD
profile of the modified membranes.

By ATR-IR spectroscopy, the PVDF/MOF membranes were
scrutinized for functional group characterization. Comparing
the pristine and modified PVDF membranes, the appearance of
a peak at 1278 cm™ ' signaled the B-phase of PVDF in the
modified membranes (Fig. 3(b)). This supported the trans-
conformation of the PVDF chain in modified membranes as
inferred from XRD.*® The stretching and deformation vibrations
of -CH, and -CF, groups appeared at 1400 and 1172 cm ',
respectively, for all the four membranes.’® Bands at 879 and
1070 em ™" were skeletal C-C stretching vibrations, and that at
842 cm™ ! was assigned to the ~CH, in-plane rocking vibration.
The ATR-IR spectra of the MOF-membranes showed no new
bands because the interactions between PVDF and the MOF
were non-covalent (van der Waals forces; Fig. 8). Nevertheless,
the phase change developed as a clear confirmation that MOF
had been inserted into the polymeric domain.

The thermogravimetric analysis of the MOF and membranes
is shown in Fig. 3(c). CORN-MOF-2 has decomposed in two
stages. The first weight loss (~20%) started at 30 °C and
continued up to 260 °C, including the loss of adsorbed moisture
and solvent molecules/atmospheric gas trapped within the pores

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD pattern, (b) ATR-IR spectra, (c) TGA curves, and (d) Stress—stroke curves of modified PVDF membranes.

during the synthesis of the MOF. The second gradual weight loss
(~7%) up to 450 °C is attributed to the disintegration of linkers
and denaturation of the framework.>" The as-synthesized MOF
was thermally stable up to 450 °C. Comparing the thermal
stability of modified membranes with the MOF, weight loss events
of membranes were predominated by the parent PVDF. Since
there were only non-covalent interactions between PVDF and the
MOF, as confirmed by ATR-IR spectroscopy, and no other physical
bonding interactions were involved. Three weight losses were
noticed for the membranes. The first loss up (~1%) to 100 °C
corresponded to the escape of physically adsorbed moisture.
The second steep weight loss (~62%) was seen in the range of
100-430 °C, indicating the breakdown of the C-F and C-C bonds.
The last weight loss of ~10% beyond 500 °C is related to the
complete dismantling of the PVDF polymeric backbone.?*??
The thermograms of the modified membranes leaned towards
the parent PVDF in the order of CIM;- CIM,-CIM;, corresponding
to the increasing MOF concentrations of 5, 6, and 7 wt%. This
further substantiated the variation in the MOF concentration in
the modified membranes.

In wastewater treatment, the membranes are expected to
be strong enough to withstand the pressure and function for a
long time. Insufficient mechanical strength can cause the
membrane to deform and rupture during filtration. Tensile
testing was used in this study to examine the mechanical
properties of the fabricated membranes. Fig. 3(d) displays the
stress—strain curves and tensile strength of the MOF mem-
branes. A membrane with a higher elongation at break is more

Mater. Adv., 2025, 6, 6894-6906 | 6897
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Table 1 Physico-chemical properties of the modified PVDF membranes
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Membrane  Thickness (um)  Tensile strength (MPa)  Elongation at break (%)  Porosity (%) Water uptake (%)  Contact angle (°)
CIM, 37.90 + 0.89 0.328 25.95 71.35 £ 0.26 58.94 £+ 0.89 73.83 £ 0.97
CIM, 49.02 + 1.5 0.155 6.37 89.46 + 1.09 78.97 £1.5 66.75 + 1.45
CIM, 56.7 £ 1.82 0.198 25.86 92.11 £+ 0.46 86.08 + 1.82 60.30 = 0.13
CIM; 63.2 £ 0.91 0.008 18.65 93.99 + 1.34 91.01 + 0.91 59.45 £+ 0.15

flexible and ductile. This means that the membrane can
undergo more deformation before breaking. A membrane with
a higher tensile strength can withstand greater tension without
rupturing.®® For the pristine PVDF membrane, the tensile
strength was 0.32 MPa and elongation at break was 25.95%
(Table 1).3%3® After the MOF is inserted into the PVDF matrix,
the tensile strength and elongation at break are decreased
initially and then increased. In the case of initial MOF loading
(5 wt%), the MOF particles disrupt the structural continuity of
the polymer chains.

This reduces the mechanical integrity of the membrane
(0.15 MPa) because the cohesive forces within the matrix are
compromised. In the case of CIM, (6 wt% of MOF), uniform
dispersion and higher surface area of the MOF establish
more interfacial interactions with the polymer. Moreover, the
increasing porosity (Table 1) allows applied stress to be dis-
tributed more evenly throughout the membrane. This com-
bined effect increases the tensile strength to 0.19 MPa. Beyond
6 wt%, the molecular force between the MOF particles
increases, whereas the molecular force between the MOF
particles and the polymer decreases, causing the MOF particles
to aggregate. It also makes the membrane more rigid, which
reduces its mechanical stability.>” The extremely porous struc-
ture of the CIM; membrane creates voids, which, in turn, act as
weak points to withstand tensile forces. The tensile strength is
positively impacted by the optimal amount of the MOF, while
the mechanical strength is weakened by excessive amounts of
the MOF. Therefore, 6 wt% is the optimal MOF loading with a
tensile strength of 0.19 MPa.

2.2.2 Intrinsic properties. The morphology of pristine and
composite membranes was investigated through the top and
cross-sectional FESEM images. EDX mapping on the CIM;
membrane surface gives the elemental composition: carbon,
35%; oxygen, 25%; fluorine, 31%; and cerium, 6% (Fig. S2e).
The top surface images appeared to be well dispersed without
surface nanoparticle agglomeration (Fig. S2a-d). The cross-
sectional SEM images revealed an asymmetric membrane
structure with a dense thin top layer, a middle layer with
porous channels, and a thick bottom layer. The parent PVDF
membrane showed sparse short channellike structures
(Fig. 4(a) and (d)). Incorporating CORN-MOF-2 increased the
porosity of the membrane. Wider and longer channels were
observed in the case of CIM;, and this increase in the porous
bulk of the middle layer reduced the thickness of the bottom
layer.*® This seemed to continue as the MOF loading increased.
However, the overall thickness of the membrane increased as
the MOF concentration increased. The thickness of these
membranes increased up to two times upon adding the MOF.

6898 | Mater. Adv., 2025, 6, 6894-6906

The viscosity of the dope solution following the addition of
MOF increased. A thicker membrane will result from a highly
viscous dope solution compared to a less viscous bare dope
solution.*® The addition of the hydrophilic MOF induces the
diffusion rates of the solvent-nonsolvent during the phase
inversion process. The faster the diffusion, the longer the
porous channels. A gradual increase in MOF content extended
the effect of enhanced diffusion, resulting in highly porous
structures.*>*' These morphological modifications improved
the permeability of the modified membranes.

In addition to the changes in the membrane morphology,
the surface roughness was measured using AFM. Added MOF
particles brought significant changes in the surface topography
of the membranes. As shown in Fig. 4(e)-(h), the parent PVDF
membrane has a surface roughness of 13.52 + 42 nm.
A consistent increase in the surface roughness of composite
membranes, 17.73 + 0.82, 19.20 + 0.57, and 20.58 + 0.37 nm
corresponding to CIM;, CIM,, and CIM;, indicated a signifi-
cantly rougher surface. The tendency of hydrophilic MOF
particles to emerge to the membrane surface during the NIPS
produces ridges and valleys. These ridges and valleys created
the visual folds with a fluctuating surface noticed in contrast to
that of the unmodified membrane. The observations were
evident from the FESEM top images. The changes in surface
roughness further altered the surface hydrophilicity of the
membrane. The higher the MOF concentration, the rougher
the membrane surface observed. The rougher the surface, the
higher the surface area of contact with the target pollutants.*?
Thus, the modified membranes with rougher surfaces will have
elevated rejection rates for the target pollutants.

2.2.3 Membrane surface hydrophilicity and charge. The
membrane hydrophilicity was evaluated through water uptake,
porosity, and water contact angle data. Table 1 presents the
water uptake (WU) and contact angle (CA) values. As discussed
earlier, the surface roughness of the membrane directly affects
the membrane hydrophilicity. This can be substantiated by the
CA values. Since the parent PVDF has a comparatively smoother
surface, a higher CA value of 73.83° was noted.** For the
modified membranes, as the surface roughness increased
proportionately, the CA values were decreased. A lower CA
suggests a higher surface hydrophilicity. A 7 wt% membrane
with a CA value of 59.45° indicated a highly hydrophilic surface
compared to the other two membranes, namely, CIM; and
CIM, with CA values of —66.75° and 60.30°, respectively. The
results established that the presence of hydrophilic -COO™
groups of the MOF introduced into the PVDF matrix enhanced
the tendency of the membrane surface to wet easily. When the
MOF loading increased, more number of -COO™ groups were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Morphological and topological features: (a)—(d). FESEM cross-sectional images and (e)—(h). AFM images of the modified PVDF membranes.
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present, resulting in more hydrophilicity with a lower CA value.
Similarly, the hydrophilic moieties of the MOF induce the
formation of porous structures, as discussed from the cross-
section FESEM images. The porous channels facilitate easy
movement of water through the membrane, increasing the
water uptake. The MOF concentration has a linear influence
on the porosity of membranes. Increasing the MOF content
increased the overall porosity of the membrane, in turn,
increasing the water uptake. A porosity of 71.35% was noticed
for the CIM, membrane, whereas loading 5 wt% MOF resulted
in 18% hike in porosity, implying that 89.46% was recorded for
CIM,."* Further, 6 wt% and 7 wt% MOF loadings led to an
increase in porosity to 92.11% and 93.99% for CIM, and CIM3,
respectively. Together with porosity, the water uptake of these
membranes reached 78.97%, 86.08% and 91.01% for CIM,,
CIM, and CIM;, respectively, much higher than that of the
parent PVDF membrane (WU-58.94%). These results proved a
strong positive linear correlation between the porosity and
water uptake of the membranes. This modification assisted
in increasing the permeation flux.*’

The surface charge characteristics of the membranes at
different pH values (3, 5, 7 and 9) were measured using a zeta

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Surface charge and (b) pure water permeability of the MOF membranes.

potential instrument. Fig. 5(a) shows the zeta values of all the
membranes. The surface charge of the plain PVDF membrane
was —7.40 mV in neutral pH. As the pH turned acidic (pH-3
and 5), the negative charge of the plain PVDF membrane
decreased to —3.62 and —5.75 mV, respectively. This is due to
the complete protonation of the negatively charged -COO™
groups in acidic pH values. In the case of basic conditions,
pH 9, the deprotonation of -COOH groups decreased the sur-
face charge to —7.71 mV.*® The same trend was shown in MOF-
infused membranes. CIM; exhibited a surface charge of
—1.51 mV at neutral pH values, reduced to —0.87 mV at acidic
pH values, and slightly increased to —0.97 mV at pH 9. For
CIM,, a slightly higher concentration of MOF (6 wt%) could add
to the negative charge of the PVDF, giving a —2.29 mV charge at
pH 7. However, the further increased MOF content (7 wt%)
nullified all the charge effects and reached an almost near-zero
(—0.57 mV) surface charge. The change in pH did not alter the
surface charge in the case of CIM;. The measured surface
charge of CORN-MOF-2 in neutral pH was —1.46 mV. The
addition of negatively charged MOFs was expected to increase
the negative charge of membranes. However, this was the
contrary. Because the integration of MOF results in a molecular
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structure change in the PVDF matrix such as altering functional
group exposure. From the XRD patterns, details on the phase
transition from o to B were obtained. The B-phase alignment
involves all the fluoride atoms on one side and hydrogen atoms
on the other side. The possibility is that the PVDF matrix might
expose fluoride atoms facing down (rear to the surface) and
hydrogen atoms facing up (near the surface) during the fabrica-
tion process, counteracting the influence of the negatively
charged MOF. Therefore, the optimal loading of 6 wt% MOF
influenced the maximum negative charge, achieving a surface
charge of —2.29 mV.

2.3 Membrane performance

2.3.1 Pure water permeation. A thorough assessment of the
physiochemical characteristics of membranes provided an
understanding of the pure water permeation profile of compo-
site membranes. An optimization process covered different
pressure conditions (1-6 bar) to attain a stable enhanced
water flux. Membranes reached a stabilized constant flux at a
pressure of 4 bar. However, beyond 4 bar, the permeability
increased but was not constant over a reasonable time.
In Fig. 5(b), the permeability of the modified membranes
showed a growing trend, attaining a two-fold enhancement
for CIM; (434.95 + 11.72 L m > h™" bar™ ') when compared to
the parent PVDF membrane (227.00 4 12.27 Lm > h™ " bar ).
This means that the permeability increased as the MOF con-
centration increased. The combined advent of increasing
porosity and water uptake enhanced the hydrophilicity of the
membrane. The variations in membrane thickness also
impacted the permeation. Increasing membrane thickness
generally decreases the membrane permeability, as the dis-
tance feed molecules travel to pass through the membrane
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increases in a considered time frame.*” From CIM, to CIM;,
membranes are much thicker than the parent PVDF membrane
(Table 1). Interestingly, the membrane permeability has
increased rather than decreased. A close inspection of porous
channels from the cross-section (Fig. 4(a)-(d)) revealed that
the nanochannels of membranes are growing relatively long,
reaching the bottom layer, and wider too. This implies that the
opening of these channels is wider than that of the PVDF
membrane. Therefore, the molecule passing through the nar-
rower channel (pristine PVDF) feels more strained than that in
the case of wider channels (CIM; < CIM, < CIM;) even though
the distance is longer. Thus, the active transport mechanism is
less affected by thickness compared to the pore diameter.
An extremely thick membrane could still speed the water
transport regardless of the structural constraints. Given the
pure water permeation profile, further purification studies were
carried out to investigate the efficiency of membranes. Given
the specified pure water permeation profile, further purifica-
tion studies were carried out for the membranes at a pressure
of 4 bar, with an emphasis on membranes that functioned at
low pressures but presented improved flux.

2.3.2 Removal studies. At first, PVDF/CORN-MOF-2 mem-
branes were tested for the removal of PhACs. Three different
pharmaceutically active compounds, namely, DP (+), DCF (—),
and NP (neutral/partially negative) were chosen. The flux and
rejection profiles are presented in Fig. 6(a)—(c). It is noticed that
the flux in all three PhACs increased as the pressure increased
along with the increase in MOF content alike pure water flux.
The values presented in Fig. 6(a)-(c) indicate no rejection for
DP and NP and a poor rejection of 25% for DCF with minimal
fluxes of 10.72, 21.28, and 10.71 L m™ 2> h™ ', respectively, in
the case of the pristine PVDF membrane. Fig. 6(b) shows that
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Fig. 6 Flux-rejection graphs of (a) DP, (b) DCF, and (c) NP for MOF-membranes. (d) Effect of pH on the rejection trend (for the optimized CIM,

membrane).
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PhAC-flux for CIM; ranged between 26 and 41 L m~>h™" with a
rejection rate of ~32% for DCF, 23-40 L m > h™" with a
rejection of ~63% for DP (Fig. 6(a)), and 38-77 L m > h™"
with a poor rejection of ~20% NP at a pressure of 1-6 bars
(Fig. 6(c)). PhAC-flux for CIM, and CIM; further increased
reaching 140 L m > h™', and the rejection efficiency reached
an optimum stage of ~99%, ~54%, and ~58% for CIM,
during DP, DCF, and NP filtrations, respectively. Over changing
the pressure scale, CIM, upheld the rejection to be uniform.
For CIM;, the rejection efficiency decreased as expected due to
the presence of larger pores in the membrane channels. Over-
all, it is noteworthy that the increasing MOF content signifi-
cantly influenced the enhanced rejection trend compared to the
plain PVDF membrane.

Considering the mechanism behind the observed rejection
rates, DP, positively charged in its hydrochloride form, causes
strong attractive electrostatic interactions with the negatively
charged membrane surface boosting the rejection. DCEF,
negatively charged drug, is expected to be rejected by electro-
static repulsion however, experiences partial rejection of ~54%
due to hydrophobicity interactions. At neutral pH values, NP is
less ionized or may be neutral/slightly negatively charged. The
lower electrostatic repulsion with the negatively charged
membrane surface allows it to pass more freely, thus giving a
poor rejection irrespective of the membrane with a higher MOF
content. However, the rejection profile remained comparable in
the range of 50-55% for DCF and NP. This was mostly attrib-
uted to the minor adsorption and size-exclusion principle that
governs the membrane filtrations.*®*°

Moving forward, the removal efficiency of membranes was
analyzed at different pH values to understand the impact of the
PpH. Given the best rejection profile with decent flux, CIM, was
screened for further filtration studies. The removal studies of
DP, DCF, and NP at pH 5, 7 and 9 at a constant pressure of 4 bar
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are presented in Fig. 6(d). The peak performance was observed
at neutral pH, the same as designated above. This can be
explained as the interplay between the ionization state,
membrane surface charge, and the electrostatic interactions.
Pointing to the structures of PhACs, they have functional
groups such as -OH, -COOH, and -NH, (-NRH, R-alkyl), which
undergo ionization/deionization, depending on the pH consid-
ered. At acidic pH 5, the specified functional groups will
be protonated imparting an overall positive charge, thereby
experiencing a weak electrostatic attraction with a slightly
negatively charged (—1.82 mV) CIM, surface. The same sce-
nario is observed at pH 9. The highest negative charge of
—2.29 mV has set the optimal electrostatic attraction between
PhACs and CIM, at pH 7. This accomplished a peak rejection at
PH 7 except DCF. DCF having both -COO™ and -NRH groups is
a weakly acidic compound with a pK, value of ~4.0. At pH 5,
DCF is partially ionized existing in both protonated (neutral)
and deprotonated (negatively charged) forms. Neutral DCF
molecules are less likely to pass through the membrane due
to other rejection mechanisms such as size exclusion and
hydrophobic interactions. Thus, rejection is maximum at pH
5. At pH 7 and 9, DCF is fully deprotonated, existing almost
entirely in its negatively charged form, which is highly water
soluble and less likely to adsorb onto the membrane surface.
This reduces interactions with the membrane and increases the
permeability. Thus, poor rejection is observed at pH 7 and 9.
Furthermore, a heavy metal (Cr,0,>") removal study was
conducted to assess the membrane efficiency. The flux-
rejection behaviour of MOF-membranes is displayed in
Fig. 7(a). The flux was found increasing from 24.21+0.22 to
59.25+0.48 L m > h™" bar !, while the rejection was remained
constant at 97 + 2% as compared to that of the bare membrane
(33 £0.48%). This implies that membrane properties includ-
ing porosity, hydrophilicity, and selectivity play a key role in
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Fig. 8 Interactions involved in the removal of multi-pollutants.

rejecting Cr,0,>~. CORN-MOF-2 contains carboxylate func-
tional groups, which act as binding sites capturing chromium
ions via strong electrostatic attractive interactions (Fig. 8).
Moreover, MOF functional groups co-ordinate with chromium
ions (Cr**/Cr®" species such as CrO,*"), resulting in strong
adsorption and rejection.’® Since there were no carboxylate
groups present in bare PVDF, no co-ordination bonding inter-
actions were observed. Therefore, no rejection was noted.

Additionally, the performance of the fabricated membranes was
extended to remove the charged dye organic pollutants AB (+) and
CR (—). A feed of 25 ppm dye solution was employed and removal
studies were conducted at a constant pressure of 4 bar. Fig. 7(a)
shows the flux-rejection data of AB and CR. The AB flux (30.19 +
1.04, 38.44 + 0.32, and 43.63 + 0.93 Lm ™~ >h ™" bar™ ') and rejection
(62 £ 0.54, 99 £+ 0.54, and 99 + 0.12%) both followed an
increasing trend, as the MOF concentration increased from 5 to
7 wt%, which is CIM; < CIM, < CIM;. However, no flux was
collected for CIM,. A similar trend was found for CR with the
highest flux of 83.13 + 0.84 Lm~>h™ " bar™ ' and a rejection rate
of 98 + 1.02% for the CIM; membrane. The negative surface
charge of the MOF membranes sets charge-based interactions
with target pollutants. The rejection of the positively charged
dye AB was caused by the electrostatic attraction influenced by
the negatively charged membranes. Electrostatic repulsion
between negatively charged membranes and the dye CR was
perceived in its efficient rejection. The absence of any such
interactions in the pristine PVDF membrane case can prove
this point.

The highest rejection rates for different pollutants were
tracked in the sequence DP ~ Cr,0,°~ ~ AB ~ CR > NP >
DCF. The composite membranes proved noteworthy rejection
competencies. Specifically pointing to the rejection of larger-
size molecules, and positively (AB) and negatively (CR) charged
dyes. The selective rejection of dyes, heavy metals, and phar-
maceuticals through the CORN-MOF-2/PVDF membranes prob-
ably depends on a combination of size-exclusion, affinity-based
bonding, and charge-based interactions. Moreover, the non-
covalent interactions like m-m stacking are likely to be active
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between the aromatic rings of organic pollutants (AB, CR and
PhACs) and itaconate linkers embedded within modified
membranes.”® Moreover, cerium, a redox-active lanthanide
metal, plays a multifaceted role in pollutant removal. Ce*" in
the MOF network imparts strong Lewis acidity, which facilitates
the coordination and adsorption of pollutants. Ce*" sites pro-
vide coordination sites that bind with soft/borderline Lewis
base groups. Moreover, Ce*" enhances electrostatic attractions
via n-n and hydrogen bonding via the linker structure. The
presence of Ce also contributes to the chemical stability of the
MOF under aqueous and mild acidic conditions, which adds
significant implication for real-time wastewater streams. Col-
lectively, these interactions take part in the enhanced rejection
of target water contaminants and in reducing the concentra-
tions of heavy metals such as chromium, residual dye levels,
and pharmaceutical contaminants to levels well within the
acceptable thresholds defined by the WHO [PhACs (DP): 75—
7.5 ug L™ %% Cr,0,°7: 50 ug L™ ;>® dyes (AB, CR): 0.1 mg L™ "]

A long-term stability test was run for the CIM, membrane
using Cr,0,%> as feed up to 25 h (Fig. 7(b)). An initial flux
output of 52.09 L m~> h™" bar™ " with a rejection rate of 99.72%
was well-maintained up to 13 h with minimal fluctuation
(~2%) in the removal efficiency and the flux gradually
decreased by 7% reaching 48.21 L m > h™* bar™’. Further,
this trend continued giving 90.80% rejection and a flux of
39.75 L m > h™" bar ' at the 25th hour. This inferred the
stability of membrane to work for long hours with nominal loss
of flux and removal efficiency owing to the collective effort of
good structural integrity and mechanical stability of the
membrane. FESEM and EDX mapping of the CIM, membrane
at different magnifications after a long-term study was carried
out (Fig. 7(d) and (f)). These micrographs indicate a minor
uneven deposition of Cr,0,°~ on the surface (Fig. 7(d) right &
left insets), reducing the membrane performance; however, the
cross-section of the membrane did not show any changes even
in higher magnification images (Fig. 7(e) insets). This depicts
the structural stability of the membrane after a long-term run.
Further, the deposited Cr,0,”~ was mapped on the CIM, sur-
face by EDX (Fig. 7(f)). A slight difference in the elemental
composition of the membrane before and after the run was
noted, which indicated that the deposited pollutant possibly
masked the original elemental signals, giving reduced atomic
percentage of the original membrane elements.

2.3.3 Removal of PhACs from secondary effluents (SEs).
This study examined the feasibility of the as-fabricated mem-
branes by a real-time filtration study in addition to a thorough
investigation of the composite membrane’s filtration effective-
ness. In the best scenario, SE was filtered through the CIM,
membrane under the previously mentioned operating condi-
tions. The wastewater used in the experiments was collected
from STP Bangalore, India, accommodating 1000 equivalent
citizens. In this study, 5 mg of each drug was added to the feed
water to guarantee the accuracy of the applied analytical
methods. The effluent characteristics are listed in Table S3.
The observed flux trend differed slightly compared to the
simulated samples in the order of 76.27 + 2.10, 44.09 + 1.90,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 54.24 + 3.15 L m~> h™" for DP, DCF, and NP, respectively
(Fig. 7(c)). The rejection efficiency of PhACs varied significantly,
but the observed flux rates were consistent with the case of
filtering simulated samples. The reported rejection rates were
75.36 + 2.43% for DP, 90.74 + 1.65% for DCF, and 44.74 +
2.11% for NP. It is important to note that, in contrast to trials
using simulated samples, the CIM, membrane demonstrated
comparatively high efficiency during the actual wastewater
trials. The wastewater contained several organic species that
were determined to be COD in addition to the medications.
Drugs easily adsorb onto this suspended organic matter,
increasing the removal effectiveness.>® Further, investigating
the different degrees of drug sorption highlighted the effective
entrapment of DCF in organic and inorganic matrices over
other drugs.>® The existing organic constituents could compete
with the drugs during the filtration process and result in
different rejection rates. However, this notable disparity sug-
gests that mechanisms beyond the mere adsorption and com-
petition of other drugs are involved. The overall conclusion of
this comparative study is that the as-fabricated membranes
have the potential to be genuine alternatives to commercial
membranes in wastewater treatment.

2.3.4 Antifouling characteristics. Following the rejection
studies, fouling experiments were demonstrated by investigat-
ing the antifouling properties of composite membranes
(Fig. 9(a) and (b)). Comparing the FRR, R,, R;;, and R, values
of the composite membranes to those of the parent PVDF
membrane allows for a numerical explanation for the antifouling
improvement (Fig. 9(b)). A low flux of 2.72 + 0.91 Lm~>h™" bar™"
before fouling and 1.09 4 0.41 L m > h™" bar " after fouling was
shown by the bare PVDF membrane. Out of 37% total fouling (R;),
about 11% of fouling was reversed (R,), and the rest 26%
was irreversible fouling R;,. Increased fluxes of 31.07 £+ 7.98 and
28.26 & 6.35 L m > h™ " bar™ " before fouling was shown by mem-
branes with 5 and 7 wt% MOF concentrations. However, the flux
decreased to 12.39 + 2.65 and 20.91 £+ 6.55 L m > h ™" bar™ " after
fouling. A drastic decrease in flux after BSA filtration shows poor
flux recovery ratios (FRRs) of 31 and 50% with about 20%
reversible fouling for CIM; and CIM;. With a high FRR of 96%,
the CIM, membrane demonstrated the ability to recover a
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substantial amount of flux after fouling. This is an important
metric since it indicates how well the membrane can function for
a full twelve hours. When compared to pristine PVDF, the CIM,
membrane exhibited a relatively high R, value of 54% and the
lowest R value of 7%.%”°® This indicates that the fouling that
occurred could be readily reversed, most probably due to the Ce-
MOF’s high hydrophilicity. This feature is beneficial because it
lowers the need for frequent cleaning. Overall, the results point to
the potential of the MOF/PVDF membranes for antifouling char-
acteristics over extended runs in water treatment applications.

The long-term study experimental data conducted for the
optimized CIM, membrane reflect that the total amount of
water filtered is 1.3 litres over 25 hours. The composite
membrane retains more than 90% of its initial removal effi-
ciency even after 25 h, with only a minor decline of ~7% in flux
and rejection. Moreover, the highest FRR of 96% achieved
during the continuous filtration of BSA for consecutive 3 cycles
indicates the membrane operability for prolonged time without
compromising the membrane performance. These results vali-
date that the membrane can be reliably used for 3 cycles
without regeneration. However, mild regeneration of the
membrane by backwashing will restore the performance for
further runs. This collectively remarks on the membrane opera-
tional longevity.

2.3.5 Comparison with the literature. This section includes
a brief overview of recent literature evaluating the performance
metrics of the reported composites comparing the current work
(Table 2).

Membrane filtration and adsorption using specialized mate-
rials such as GO and CNTs are employed for the removal of
pharmaceutically active compounds. However, these methods
often target specific pharmaceutical compounds, limiting their
broader applicability. Recent studies have reported efficient
Cr(vi) removal using nanomaterials such as metal oxide com-
posites and biocompatible processes. While these methods are
effective, they still suffer from high operational costs and
limited scalability. Dye removal studies have primarily focused
on using single-adsorbent materials/membranes to target spe-
cific dyes. The studies using activated carbon, zeolites, or MOFs
have shown high adsorption capacities but are limited to
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(a) Flux profile of water-BSA. (b) Antifouling parameters of the PVDF membranes.
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Table 2 Comparison of the current work with the recent literature

Feed characteristics Permeance Rejection
Composites Method (concentration mg L) Lm?2h") (%) Ref.
Polyamide/HKUST-1 BTFC membrane Interfacial synthesis  Diclofenac (1) 33.1 99.5 59

Naproxen (1) 24.9 98.3
Tannic acid/chitosan/UiO-66/polyethersulfone  Physical mixing Acid brilliant scarlet (20)  18-32 99 60
membrane and deposition Methylene blue (20) 99

Cr(vi) (10) 99
Biocompatible Zr-MOF (MIP-202) Adsorption Direct red 81 (5) — 36.07mgg ' 31

Cr(vi) (5) 19.01 mg g !
Graphene oxide-single-wall carbon nanotube Wet method via Diclofenac — 59.28 61
buck paper self-standing membrane vacuum filtration Ketoprofen 58.75

Naproxen (1-50) 63.54
MIL-88A/polyacrylonitrile Electrospinning Amarnath red (20) — 99.2 62
Nanofiber membrane Rhodamine B (20) 94.4

Acid blue (20) 99.8
UiO-66-NH,/TiO,/polyethersulfone/ Electrospinning Phenol (50) 475-739 99 63
polyacrylonitrile nanofibers Cr(v1) (100) 83.5
Polyethersulfone/PMO-PPD/CQD Blending/phase Pb(u) (30) 81.3 89.76 64
membranes inversion Methyl orange (40) 93.71

NaCl (200) 36.77
In-MOF/PVDF membranes Blending Methylene blue (50) — 99 65

Azure A (50) 99

Azure B (50) 99

Toluidine blue O (50) 99
CORN-MOF-2/PVDF membranes Blending/phase Dopamine 357-443 99 This work

inversion Diclofenac 54

Naproxen 58

Cr,0,2~ 99

AB 99

CR 98

individual dye species. Addressing the limitations of the
pollutant-specific removal methods, the current study offers a
comprehensive solution effective against a wide range of dyes,
heavy metals, and pharmaceutical compounds. This also reduces
the need for multiple, specialized treatment processes. The
integration of multi-pollutant removal capabilities improves the
treatment efficiency and aligns with the growing need for sustain-
able and adaptable water management practices in diverse indus-
trial and municipal contexts.

Despite the CORN-MOF-2(Ce)/PVDF composite membranes
acting as a single process system to remove multiple pollutants
efficiently, the current approach is limited by certain tailbacks. The
MOF loading beyond a certain threshold causes particle agglom-
eration and defects in the membrane matrix, reducing mechanical
integrity. The current synthesis protocols, although effective, will
not be suitable for industrial-scale production. Exploring the MOF-
functionalization strategies enhances the dispersibility and com-
patibility. Present studies have been performed in controlled
laboratory environments. Long-term studies under real wastewater
conditions, including complex matrices (interfering ions), pH
fluctuations, and salinity have not yet been fully validated. Acces-
sing the collective inference of all these factors should be applied to
align the current findings with industrial needs.

3. Conclusion

In this work, novel CORN-MOF-2(Ce) was synthesized employing a
low-cost biocompatible organic linker-itaconic acid. The impact

6904 | Mater. Adv, 2025, 6, 6894-6906

of infused MOF enhanced the perm-selectivity of modified
membranes, transitioning the removal efficiency to the opti-
mal 99% for DP, Cr,0,>~ and AB and CR with flux rates of
101 + 13,36 £ 2,26 + 1.5, and 45 + 4 L m 2 h_, and 54 and
58% for NP and DCF with flux rates of 78 + 3 and 59 =+
2 L m > h™', respectively. The removal rates of PhACs were
further substantiated in different pH ranges, attaining a peak
performance at neutral pH values. The real-time monitoring of
PhACs in the secondary effluent (SE) has revealed the efficiency of
the optimized 7 wt% membrane with superior rejection rates in
the order of DCF > DP > NP (90.7 > 75.3 > 44.7%, respectively).
The highlighted antifouling characteristic of the membranes
recovered 96% flux (FRR) after 3 cycle fouling tests. Overall, this
work highlights a transformative approach to wastewater treat-
ment through the simultaneous removal of the dyes AB and
CR, the heavy metal Cr,0,°", and the pharmaceutical actives
DP, DCF, and NP. This multi-pollutant removal strategy addresses
the limitations of conventional methods that target individual
contaminants, offering a comprehensive, efficient, and environ-
mentally sustainable solution. By integrating diverse removal
mechanisms into a single system, our method ensures high
treatment efficiency across complex and different wastewater
compositions. These membranes pave the way for scalable and
cost-effective applications in industrial and municipal wastewater
management, contributing to cleaner water resources. The ability
of the membrane developed in this research study to consistently
meet the WHO standards highlights its effectiveness and relia-
bility as a sustainable solution for addressing water pollution
challenges.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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