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Heavy metal ions and inorganic anions in water sources pose serious environmental and health hazards,
necessitating versatile and scalable treatment solutions. In this study, we employ a mixed-matrix
membrane based on amine-carboxamide-modified zeolitic imidazolate frameworks (AMCD-ZIF)
embedded in electrospun polyvinyl chloride (PVC) nanofibers for the removal of diverse water pollutants.
The incorporation of AMCD into PVC nanofibers had been previously optimized for the removal of
organic dyes and crude oil from water. Building on this optimized hybrid membrane, we extend its
application to the removal of toxic heavy metals and inorganic anions. The functionalized membranes
exhibited high adsorption capacities—up to 1666.7 mg g~ for Pb(i), 400 mg g~ for Ag(l), and 666.7 mg
g~ ! for Cd()—and demonstrated preferential uptake of Pb(i) in competitive metal systems. Under rapid
filtration conditions, the membranes achieved comparable removal efficiencies to batch systems within
just 5 minutes for heavy metals. Removal of anionic contaminants such as nitrate, nitrite, sulfate,
phosphate, and total nitrogen from real contaminated water collected from Ain El Mreisseh was also
investigated. Under rapid filtration conditions, the membranes achieved high removal efficiencies of the
anions within 10 minutes: 99.2% for nitrate, 98.6% for nitrite, 95.3% for total nitrogen, 84.6% for sulfate,
and 66.8% for phosphate. Additionally, the membranes maintained moderate performance across four
regeneration cycles. These results highlight the scalability, reusability, and multifunctionality of the PVC-
AMCD membrane as an effective platform for water purification, targeting organic dyes, solvents, crude
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Introduction

Water pollution poses a global threat to ecosystems, food
security, and public health.’?® Contaminants include heavy
metals, inorganic anions, and organic pollutants, often origi-
nate from industrial, agricultural, and domestic sources,** and
are increasingly detected in surface water, groundwater, and
even treated effluents.*”® Sustainable, versatile, and reusable
purification technologies are urgently needed to address this
challenge.’

Among the various classes of water contaminants, heavy
metals and inorganic anions are of particular concern due to
their chemical stability, bio-accumulative potential, and
adverse toxicological effects.'> Heavy metals such as lead
(Pb*"), cadmium (Cd>"), and silver (Ag") are frequently intro-
duced into aquatic environments through anthropogenic

activities  including  mining, electroplating,  battery
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oil removal, in addition to heavy metals and anionic contaminants investigated in this study.

manufacturing, and industrial discharge.”*"® These non-
biodegradable metal ions can accumulate in biological
tissues, disrupt enzymatic pathways, and are associated with
a range of toxic effects, including neurotoxicity, nephrotoxicity,
and developmental abnormalities.*'”'* In parallel, inorganic
anions such as nitrate (NO;~), nitrite (NO, "), sulfate (SO,>7),
and phosphate (PO,*") are commonly detected in wastewater as
a result of agricultural runoff, excessive fertilizer application,
and municipal sewage effluents.”* Elevated concentrations of
these anions can lead to eutrophication, hypoxia, and ecological
imbalance, while also posing human health risks, such as
methemoglobinemia and gastrointestinal disorders.”* Conse-
quently, the effective and simultaneous removal of both heavy
metals and anionic pollutants is essential for ensuring water
quality compliance and mitigating ecological and human
health hazards.?

Traditional approaches for the removal of waterborne
contaminants, such as chemical precipitation, ion exchange,
membrane filtration, and electrochemical treatments, have been
widely employed to address both heavy metal ions and inorganic
anions.>''** However, these methods often suffer from signifi-
cant drawbacks, including high operational costs, energy

consumption, secondary waste generation, and limited
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selectivity, particularly when dealing with complex or dilute
aqueous systems.*>* In contrast, adsorption-based technologies
have emerged as a more sustainable and adaptable solution for
water purification, offering broad-spectrum removal capabilities,
operational simplicity, cost-effectiveness, and the potential for
regeneration and reuse across multiple treatment cycles.***
Zeolitic imidazolate frameworks (ZIFs), a subclass of metal-
organic frameworks, have emerged as promising materials for
environmental remediation due to their high surface area,
tunable porosity, and chemical and thermal stability.>*>®
Among them, ZIF-8 is particularly notable for its robustness in
aqueous environments and capacity for functional modifica-
tion, enabling the selective adsorption of various water pollut-
ants.”>*® Recent strategies have integrated ZIFs into polymer
matrices, as fillers, to form mixed matrix membranes (MMM)
with improved adsorption efficiency, mechanical strength, and
antifouling resistance.** In this context, electrospun polyvinyl
chloride (PVC) has gained interest as a membrane support due
to its ease of functionalization, durability, and cost-effective-
ness;>® however, its intrinsic limitations in adsorption capacity
and fouling resistance can be addressed through ZIF modifi-
cation, enhancing its applicability in water purification.***
AMCD-ZIF was synthesized using mixed linkers (2-methyl-
imidazole and 4-amino-1H-imidazole-5-carboxamide) in DMF.
The resulting ZIF was covalently grafted onto the surface of
electrospun PVC membranes (Scheme 1). The incorporation of
AMCD-ZIF particles as fillers into electrospun PVC membranes
to form MMMs was previously reported to be highly effective for
the removal of organic dyes and oil-water separation.*** The
successful incorporation and post-functionalization of PVC
membranes with AMCD-ZIF have been reported previously.**?**
Detailed characterization of the modified electrospun PVC-
AMCD membranes is provided in the SI (Fig. S1). Scanning
electron microscopy (SEM) image of PVC-AMCD (Fig. Sla)
reveals a clear contrast between the smooth PVC fibers (average
diameter = 270 nm) and the PVC-AMCD membrane. The latter
displays uniformly distributed ZIF nanoparticles anchored onto
the fibre surfaces, accompanied by distinct compositional
variations that confirm successful surface incorporation. The
electrospun fibres of PVC-AMCD retain relatively uniform
diameters and continuous morphology, with no evidence of

0
.
may_ S, ETDUE

HN_N

2z
AMCD-ZIF c °

" + ——

PVC- AMCD Membrane
PVC Membrane

Scheme 1 Schematic presentation of the preparation of amine-
carboxamide modified ZIF-8 (AMCD-ZIF) (a) and the electrospinning
of PVC-membrane (b) followed by the post-synthetic modification of
electrospun PVC membrane with AMCD-ZIF (c) in ethanol under basic
conditions.
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bending, thinning, or bead formation, indicating that the
integration of ZIF particles does not compromise the structural
integrity of the membrane. FTIR spectra (Fig. Sib) of PVC-
AMCD display the expected amide C=0 band at ~1590 cm ™'
and the N-H vibration at ~764 cm ™}, features absent/weaker in
neat PVC-M, supporting the chemical grafting of AMCD-ZIF
onto the membrane surface. Moreover, the thermal stability of
the PVC-AMCD membranes was evaluated using TGA analysis,
as shown in Fig. Silc. Notably, the modified membranes
exhibited slightly lower thermal stability compared to the pris-
tine PVC membrane. This behaviour can be attributed to the
formation of C-N bonds between the PVC fibres and the AMCD-
ZIF framework, which decompose at lower temperatures than
the C-C bonds of the polymer backbone.*® Nevertheless, the
PVC-AMCD membrane maintained excellent thermal stability
up to 200 °C, highlighting it suitability for industrial applica-
tions. Collectively, characterization using SEM, FT-IR, and TGA
demonstrate the successful incorporation of AMCD-ZIF while
maintaining the structural integrity of the nanofibrous PVC
membrane. These earlier studies demonstrated both the effi-
ciency and renderability of the membranes. In the present
study, the application of AMCD-ZIF/PVC membranes for water
purification was broadened to target a wider range of contam-
inants, including both heavy metals and inorganic anions. The
performance of the AMCD-ZIF/PVC membranes was evaluated
using both synthetic solutions and real water samples.
Furthermore, the study was extended to explore the scalability
of the system, by applying the developed membranes in a larger-
scale filtration setup for water treatment. This work presents
a practical, and sustainable membrane-based strategy for
versatile water purification.

Experimental procedure

Materials

Polyvinyl chloride (PVC, Mw = 85 000 g mol ') and silver nitrate
(AgNO;, MW = 169.87 g mol ') were purchased from Sigma-
Aldrich and used without further modification. Ethanol (EtOH,
=>99.8%), dimethylformamide (DMF, =99.8%), tetrahydrofuran
(THF, =99.9%), triethylamine (TEA, =99%), zinc acetate di-
hydrate (Zn(OAc), - 2H,0), lead nitrate (Pb(NOj3),, MW = 331.20 g
mol '), and cadmium nitrate tetrahydrate (Cd(NO,),-4H,0, MW
= 308.47 g mol ") were obtained from Fisher Scientific and used
as received. The ligands 5-amino-1H-imidazole-4-carboxamide
(95%) and 2-methylimidazole (99%) were supplied by Acros
Organics. Anion detection kits, including NitriVer® 2 (nitrite),
NitraVer® 5 (nitrate), PhosVer® 3 (phosphate), and Sulfaver® 4
(sulfate) powder pillows, along with total nitrogen reagent sets
(high range, TNT series), were acquired from HACH and used
according to the manufacturer's instructions.

Membrane fabrication and post-modification

A 16 wt% PVC solution was prepared by dissolving 1.936 g of PVC
powder in a DMF/THF solvent mixture (7:4 v/v), followed by
magnetic stirring at 700 rpm for 12 hours at room temperature to
obtain a homogeneous, colourless solution. This solution was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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then loaded into a 25 mL syringe and processed using an
electrospinning apparatus. Electrospinning was carried out for 8
hours at room temperature under a constant electric field of 18
kv, with a tip-to-collector distance of 15 cm and a feed rate of
1 mL h™". A commercial nylon screen fabric, characterized by an
average pore diameter of 350 um and a thickness of 215 £ 2 pm,
was employed as the collector on a rotating drum operating at
600 rpm. The resulting pristine PVC membrane was subsequently
modified by immersing it in an ethanol solution containing
AMCD at a 1:1 ratio of AMCD to membrane mass. The surface
modification procedure, previously optimized and reported in
earlier work, was adopted in this study.*

Heavy metal removal measurement

AMCD-ZIF, pristine PVC, and PVC-AMCD membranes were
evaluated for their ability to remove Pb(u), Cd(u), and Ag(1) ions
from aqueous solutions under ambient conditions (neutral pH
and room temperature). Each examined adsorbent (10 mg) was
immersed in a 150 mg L~ metal ion solution to assess its
removal efficiency with a weight-to-volume ratio of 1:1. The
experiments were conducted under identical conditions, with the
samples placed in a shaker operating at 100 rpm and maintained
at room temperature. Aliquots were withdrawn at predetermined
time intervals of 0.5, 1, 2, and 24 hours, and the solution was
subjected to filtration through a 0.45 pm syringe filter to ensure
the elimination of solid particulates. The concentration of metal
ions in the filtrate was quantified using an iCE 3000 series atomic
absorption spectrophotometer, employing an air-acetylene flame
as the atomization source. This analytical approach enabled the
precise determination of both the removal efficiency (%) and the
equilibrium adsorption capacity (Q., mg g ). The parameter Q,
denotes the amount of metal ions adsorbed per unit mass of the
adsorbent at equilibrium. The corresponding values were calcu-
lated using the following equations:

(G -C)

i

Removal (%) = x 100 (1)

(G-C)V
w

Qe = (2)

where C; and C, (mg L") are the initial and equilibrium
concentrations of metal ion, respectively, V is the volume of the
solution (L), and w is the mass of adsorbents (g).

Filtration studies

To evaluate the practical performance of the PVC-AMCD
membrane under dynamic conditions, two separate filtration
experiments were conducted: (1) removal of heavy metals from
a synthetic tertiary metal solution, and (2) anion removal from
actual wastewater. These experiments serve as a critical step
toward translating the membrane's promising properties from
controlled laboratory settings to real-world applications. Testing
the membrane with complex matrices such as real wastewater not
only highlights its chemical and mechanical robustness but also
allows for a more accurate assessment of its selectivity, durability,
and efficiency under operational conditions. By simulating

© 2026 The Author(s). Published by the Royal Society of Chemistry
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realistic scenarios, this approach moves beyond proof-of-concept
to provide valuable insights into the membrane's scalability,
adaptability, and long-term viability for industrial-scale water
treatment. Ultimately, these investigations aim to bridge the gap
between experimental innovation and functional deployment,
supporting the development of next-generation sustainable
membranes for broader environmental remediation efforts.

Heavy metal and anion filtration

Filtration tests were performed using a vacuum-assisted filtra-
tion apparatus. Electrospun membranes measuring 4 cm X
4 cm were first pre-wetted with deionized water to ensure
uniform permeability, then placed in a standard filter holder.
The feed solution consisted of a tertiary mixture of Pb(u), Cd (),
and Ag(1), each at an initial concentration of 150 mg L,
prepared in deionized water. A total volume of 50 mL of the
solution was poured into the filtration cell and allowed to
infiltrate through the membrane for a period of 10 minutes. The
filtrate was collected and analysed using AAS to determine the
residual concentrations of each metal ion. All filtration experi-
ments were conducted at room temperature, and each test was
performed in triplicate to ensure reproducibility. The removal
efficiency (%) was calculated based on the concentration
difference between the feed and filtrate.

To further demonstrate the versatility of the membranes
beyond their previously reported use in dye removal and oil-
water separation, as well as their heavy metal adsorption
capabilities established in this study, the membranes were
evaluated for anion removal from raw seawater wastewater. The
collected wastewater was first analysed to identify its content of
common anionic pollutants, including sulfate (SO,>7), phos-
phate (PO,*"), nitrate (NO; ), nitrite (NO, "), and total nitrogen
(TN). These anions were quantitatively assessed before and after
membrane treatment using UV-Vis spectrophotometric tech-
niques. The filtration procedure follows the same as for the
metal ions. A 50 mL aliquot of raw wastewater was filtered
through the 4 cm x 4 cm PVC-AMCD membrane under vacuum
after leaving it in contact for 10 minutes. The filtrate was then
analysed for residual anion content. The anion concentrations
were measured using a DR3900 Laboratory VIS Spectropho-
tometer (HACH) according to the manufacturer's reagent-based
protocols. For each test, a 10 mL water sample was placed in
a clean glass vial and mixed with the corresponding reagent
powder pillow: NitriVer® 2 for nitrite, NitraVer® 5 for nitrate,
Sulfaver® 4 for sulfate, and PhosVer® 3 for phosphate. The
mixtures were allowed to react for specific durations, 20
minutes for nitrite, 5 minutes for nitrate and sulfate (after
shaking nitrate for 1 minute), and 2 minutes for phosphate.
Untreated water samples were used as blanks in all cases, with
the instrument first zeroed before measurement. The spectro-
photometer programs were selected according to the analyte,
and absorbance was recorded at 371 nm (nitrite), 355 nm
(nitrate), 680 nm (sulfate), and 490 nm (phosphate). Final
concentrations were reported in mg L'. Total nitrogen
concentrations were determined using HACH's High Range
(HR) TNT reagent set, following the manufacturer's
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instructions. After sample digestion and reagent addition, the
TNT vial was inserted into the DR3900, which automatically
recognized the method via the 2D barcode printed on the vial
label. The spectrophotometer then performed the measurement
and reported the nitrogen concentration in mg L~ " without
requiring manual program selection.

This filtration test was designed to mimic pressure-driven
flow conditions commonly found in portable filtration
systems and industrial water treatment operations.**** It aimed
to determine whether the high adsorption efficiencies observed
under batch conditions could be maintained during continuous
flow applications.

Results and discussion
Removal efficiency in homo-ionic systems

The heavy metal removal performance of AMCD-ZIF particles,
both in powder form and when incorporated into the PVC
membrane, was evaluated at neutral pH and room temperature.
In each case, 10 mg of AMCD and PVC-AMCD were dispersed in
a 150 mg L ' metal ion solution to assess their adsorption
behaviour. Kinetic experiments demonstrated a high adsorp-
tion affinity of AMCD, particularly toward lead(u) and silver(i),
with removal efficiencies of 91.1% and 90.5%, respectively,
within the first two hours. Cadmium(u), by contrast, exhibited
a lower removal efficiency of 42% at the same time point. After
24 hours, the final removal efficiencies slightly declined to
86.0% for Pb(i1), 80.0% for Ag(1), and 64.0% for Cd(u), likely due
to surface saturation (Fig. 1a). The comparatively lower removal
of cadmium is consistent with its weaker interaction with the
amine groups in the AMCD structure.***”

The performance of 10 mg of PVC-AMCD membrane was
similarly evaluated, revealing notable improvements in metal
removal over the pristine PVC membrane (Fig. S2). After 24
hours, the modified membrane achieved maximum removal
efficiency of 48.3% for Pb(u), 77.5% for Ag(1), and 41.9% for
Cd(u). Kinetic profiles revealed that silver(1) exhibited the fastest
adsorption rate among the three metals, attributed to the strong
interaction between Ag(1) ions and the lone electron pairs on the
amino group (nitrogen atoms) of the AMCD structure.*®*
Although the removal capacities were lower than those of AMCD
powder, the incorporation of AMCD into the PVC matrix
significantly enhanced the membrane's adsorption perfor-
mance compared to pristine PVC, which exhibited poor removal
rates for all tested metals, with improvements of 47.4% for
Pb(u), 84.7% for Ag(1), and 83.2% for Cd(u).
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Fig.1 Heavy metals removal efficiency for: (a) AMCD-ZIF and (b) PVC-
AMCD membrane.
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The evaluation of AMCD and PVC-AMCD highlights the supe-
rior removal efficiency of AMCD in its powdered form, attributed
to the greater availability of active adsorption sites. The reduced
efficiency observed in the PVC-AMCD membrane is likely due to
the relatively lower incorporation and restricted accessibility of
AMCD within the polymer matrix.* Despite this, PVC-AMCD offers
notable advantages in handling, mechanical stability, and scal-
ability, making it a practical option for large-scale applications
(which is explored and reported in this study in Section 3.5).
Overall, these findings underscore the strong potential of AMCD
and its PVC-AMCD for effective heavy metal remediation.

Adsorption kinetics and isotherm

Kinetic studies were conducted to assess the rate of adsorption
of Pb(u), Ag(1), and Cd(u) on AMCD particles and PVC-AMCD
membranes.* The adsorption kinetics followed the pseudo-
second-order model with high correlation coefficients (R> >
0.98) across all systems, indicating that the adsorption process
is mainly achieved by chemisorption.>®** The kinetic rate
constant (K;), equilibrium adsorption capacities (g.), and the
correlation coefficients (R?) values are summarized in Table S2.
As shown in Fig. S3a-f, Pb(u) and Ag(1) demonstrated more rapid
uptake, over 2 hours, compared to Cd(u), which is attributed to
their stronger affinity for the nitrogen-containing functional
groups present in AMCD.*** Cd(u) exhibited slower adsorption
kinetics, indicating a less favourable interaction with the
adsorbent surface.*** These trends were consistent for both
AMCD and PVC-AMCD, suggesting that the incorporation of
AMCD into the polymer matrix preserved the accessibility and
reactivity of its active adsorption sites.*

Moreover, the equilibrium adsorption data were further
analysed to investigate the adsorption mechanism and measure
the maximum adsorption capacity of the adsorbents towards
the selected metals.* The adsorption isotherm data of the three
metals fitted well to Langmuir and Freundlich models, with R
values exceeding 0.99 (Fig. 2 and Fig. 3), indicating that both
models describe the adsorption behaviour. The Langmuir
model assumes monolayer adsorption on homogeneous sites,
while the Freundlich model accounts for multilayer adsorption
on heterogeneous surfaces.”*>*>*¢ The data suggests a mixed
adsorption process involving interactions at both homogeneous
and heterogeneous sites.*>**

The maximum adsorption capacities (gy,) obtained from the
Langmuir model were 1000 mg g~ * for Pb(i), 1000 mg g~ * for
Ag(1), and 909.1 mg g~ " for Cd(u) on AMCD, and 1666.7 mg g~ ",
400 mg g~ ', and 666.7 mg g * for the same metals on PVC-
AMCD, respectively (Table 1). These values confirm the high
affinity and capacity of both adsorbents for heavy metal
removal. Notably, the adsorption capacity of Pb(u) on PVC-
AMCD exceeded that of AMCD alone. This enhancement is
unexpected compared to the trends observed for Ag(i) and Cd(u),
and may be attributed to the moderate affinity of pristine PVC
toward Pb(u), as also reported in our previous work.>> The
pristine PVC membrane achieved up to 25% removal efficiency
for Pb(u), unlike its negligible affinity for other metal ions
(Table S1). This suggests that the PVC contributes to Pb(iu)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Langmuir isotherm model of AMCD-ZIF for: (a) Pb(i), (b) Ag(),
and (c) Cd(n); Freundlich isotherm model of AMCD-ZIF for: (d) Pb(i), (e)
Ag(1), and (f) Cd(n).
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Fig. 3 Langmuir isotherm model of PVC-AMCD membrane for: (a)
Pb(i), (b) Ag(), and (c) Cd(i); Freundlich isotherm model of PVC-AMCD
membrane for: (d) Pb(i), (e) Ag(1), and (f) Cd(i).

adsorption, leading to a synergistic effect when combined with
AMCD in the mixed matrix membrane. The combined active
sites on AMCD and the PVC nanofibers likely resulted in the
elevated Pb(u) uptake observed in the functionalized system.

Moreover, the Langmuir separation factor (R;) ranged from
0.12-0.99, indicating that the adsorption of the metal ions onto
AMCD and PVC-AMCD is favorable.* In parallel, the Freundlich
exponent (n) ranged between 1.05-1.49, supporting a favourable
adsorption and suggesting a heterogeneous distribution of
surface sites of the adsorbent.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Overall, the kinetics and isotherm analyses confirm that
metal ion adsorption onto AMCD and PVC-AMCD occurs
through a combination of monolayer chemisorption and
multilayer physisorption. This mixed mechanism is governed
by both the strength of interaction between the metal ions and
the functional groups on AMCD, as well as the surface hetero-
geneity introduced by the functionalized membrane.*>*"~**5

Competitive adsorption in tertiary metal systems

A tertiary system containing 150 mg L' of Pb(u), Cd(u), and
Ag(1) was studied over 24 hours to mimic realistic water condi-
tions involving multiple metal contaminants and to evaluate
the competitive adsorption behaviour and selectivity of AMCD,
pristine PVC, and PVC-AMCD membranes. As shown in Fig. 4,
AMCD particles demonstrated the highest removal efficiency,
achieving nearly 98% for Pb(u), 53% for Ag(1), and 45% for Cd(u),
highlighting their strong affinity for heavy metals. In contrast,
unmodified PVC showed negligible adsorption across all metals
(below 5%), confirming its chemically inert nature and lack of
functional groups. Notably, the incorporation of AMCD into
PVC fibres significantly enhanced membrane performance,
with the resulting PVC-AMCD membrane achieving nearly
complete removal of Pb(u) (~99%), along with moderate
removal of Ag(1) (~26%) and Cd(u) (~30%).

Pb(n) exhibited the highest removal efficiency in the
competitive system, a result attributed to its relatively higher
electronegativity, smaller hydration radius, and strong coordi-
nation sphere.** Previous studies have shown that heavy metal
cations with higher electronegativity, like Pb(u), are more likely
to outcompete ions with lower electronegativity for adsorption
sites.”” Additionally, Pb(u)'s relatively smaller hydration radius
and favourable coordination behaviour can further enhance its
selective uptake over Ag(i) and Cd(u) in multi-metal
systems.”>**** Thus, PVC-AMCD membranes demonstrated
effective and selective removal behaviour even under competi-
tive adsorption, maintaining a clear preference for Pb(u), and
confirming their potential for advanced wastewater treatment
applications.

Regeneration and reusability of PVC-AMCD

The regeneration and reusability of the PVC-AMCD membrane
were evaluated through successive adsorption-desorption cycles
using 0.1 M HCI solution (pH = 4), focusing on Pb(u) and Ag(1)
removal. After each filtration cycle, the membrane was soaked in
acid for one hour to desorb the adsorbed metals. As shown in
Fig. S4, the PVC-AMCD membrane maintained moderate reus-
ability, with Pb(u) removal efficiency decreased by 49%, while
Ag(1) removal dropped by 32% over four regeneration cycles. SEM
analysis (Fig. S5) revealed a noticeable reduction in AMCD
particles attached to the PVC nanofibers after repeated regener-
ation cycles, indicating potential loss of functional material and
reduced membrane stability. Despite the decrease in efficiency
compared to pristine AMCD, the PVC-AMCD membrane offers
reasonably good efficiency, reusability, and stability, essential for
practical water treatment applications.
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Table 1 Adsorption isotherm model constants derived from Langmuir and Freundlich isotherms
AMCD PVC-AMCD
Isotherm model Parameters Pb(u) Ag(1) Cd(n) Pb(u) Ag(1) Cd(n)
Langmuir model R* 0.9937 0.9998 0.9924 0.9925 0.9901 0.9979
Grmax (Mg g7 1) 1000 1000 909.1 1666.7 400 666.7
K. (L mgfl] 0.0089 0.0026 0.0011 0.00024 0.0013 0.00059
Ry, 0.12-0.53 0.24-0.95 0.47-0.98 0.62-0.98 0.36-0.89 0.55-0.99
Freundlich model R* 0.9949 0.9983 0.999 0.9953 0.9948 0.9945
Ky (mg g™ 19.50 6.61 1.25 0.73 1.35 0.91
1/n 0.67 0.73 0.95 0.89 0.80 0.84
n 1.49 1.37 1.05 1.12 1.25 1.19
100 . with Pb(u) showing the highest.uptake (~58.%), followed by
< 90 uAg Cd(u) (~36%) and Ag(1) (~24%) within just 5 minutes of contact
s__, 80 | acd . io. ) . . .. _
5 ] time (Fig S7) f[‘he relatlYely high electr.onegatwlty. and fav01.1r
2 able coordination behaviour of Pb(u) likely contributed to its
60 1 . . . .
g 5o | preferential adsorption, even under limited contact time. Ag(1)
8 a0 showed lower removal efficiency in the rapid filtration setup,
g 01 which may be attributed to kinetic limitations and competition
& 27 among metal ions during the short contact time. Cd(u)
12 demonstrated moderate removal, further confirming the
AMCD Pve PVC-AMCD membrane’s ability to adsorb a broad range of heavy metals.
Adsorbent

Fig. 4 Removal efficiencies of 10 mg of AMCD, PVC, and PVC-AMCD
membranes in a 150 mg L™ tertiary metal ions system after 24 hours.

In earlier studies on oil and dye removal, the PVC-AMCD
membrane maintained performance over five cycles using
only mechanical or simple solvent washing.**** However, in this
study, the strong coordination between metal ions and the ZIF
active sites necessitated a harsher regeneration step. While the
strong acid HCI proved effective in desorbing the metals, the
process likely contributed to ZIF detachment. Therefore, future
efforts should focus on optimizing the regeneration protocol
using milder desorbing agents that preserve the membrane's
functional integrity while maintaining high reusability for
metal removal.

Rapid filtration performance of mixed contaminants

To assess real-world applicability, the PVC-AMCD membrane
was tested under dynamic conditions for removing (1) heavy
metals from a synthetic tertiary metal solution and (2) anions
from real seawater wastewater. These rapid filtration experi-
ments were conducted using a 4 x 4 cm membrane (30 mg)
operated under vacuum for 5 and 10 minutes, respectively
(Fig. S6). The tests simulate conditions suitable for large-scale
implementation and highlight the membrane's robustness,
selectivity, and efficiency in complex matrices. This marks a key
step in translating lab-scale innovation to practical environ-
mental remediation. Ultimately, the findings support the
membrane's scalability and potential for sustainable water
treatment applications.

In the case of heavy metals, the membrane demonstrated
selective removal efficiencies from a 150 mg L™ " metal solution

950 | RSC Adv, 2026, 16, 945-952

In parallel, the same filtration setup was applied to real
seawater collected from Ain El Mreisseh, Beirut, to assess the
membrane's performance in anion removal. The selected
anions: nitrate (NO; ™) nitrite (NO, "), total nitrogen (TN), sulfate
(S0,7?), and phosphate (PO, %), were chosen due to their
increasing presence in municipal and industrial wastewater
effluents, as well as their significant role in promoting eutro-
phication, algal blooms, and the overall degradation of aquatic
ecosystems.'>** Hence, efficient removal of these anions plays
a crucial role in controlling eutrophication and improving the
water quality. A 30 mg PVC-AMCD membrane with dimensions
of 4 x 4 cm achieved notable removal efficiencies during anion
filtration within a 10 minutes contact time, including 99.2% for
nitrate, 98.6% for nitrite, 95.3% for total nitrogen, 84.6% for
sulfate, and 66.8% for phosphate (Fig. 5). Compared to pristine
PVC, the enhanced performance was attributed to AMCD
surface functionalization, which led to a significant improve-
ment in anion removal by 47.3% for nitrate, 57.4% for nitrite,
61.6% for total nitrogen, 92.8% for sulfate, and 34.0% for
phosphate. The removal of anions is mainly governed by elec-
trostatic attraction and hydrogen bonding.*® Although the
alkaline pH of seawater (~8) reduces the protonation of amine
groups, a fraction of surface sites may remain positively
charged. These residual charges can facilitate electrostatic
interactions with anionic species such as sulfate and
phosphate.>*** Moreover, the amine and amide groups within
AMCD can form stable hydrogen bonds with oxygen-rich
(oxoanions) anions,* which is pH-independent and effective
even under high-salinity conditions.*

Together, these findings validate the versatility of the PVC-
AMCD membrane in removing both heavy metals and anions
within short contact times, demonstrating its potential as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Percentage removal of anions from wastewater collected from
Ain El Mreisseh using pristine PVC and PVC-AMCD membranes.

a scalable and multifunctional platform for rapid and efficient
water purification.

Conclusion

In this study, the mixed matrix membrane prepared through the
incorporation of amine-carboxamide-modified zeolitic imida-
zolate framework (AMCD) onto electrospun polyvinyl chloride
(PVC) membrane was investigated for the removal of a selection
of heavy metals and inorganic anionic pollutants from water.
Comparative adsorption analyses between powder AMCD ZIF,
pristine PVC, and PVC-AMCD membranes demonstrated
a significant enhancement in removal efficiency of heavy metals
and anions from water using AMCD ZIF and PVC-AMCD
membrane.

Heavy metals adsorption experiments conducted on AMCD
powder and PVC-AMCD membranes revealed that the adsorp-
tion process followed the pseudo-second-order kinetic model
and fit well to both Langmuir and Freundlich isotherms, indi-
cating a combined monolayer-multilayer adsorption mecha-
nism. The PVC-AMCD membrane exhibited a maximum
adsorption capacity of 1666.7 mg g~ * for Pb(u), demonstrating
improved performance relative to a number of earlier polymer
nanofiber adsorbents (Table S3). It also achieved removal effi-
ciencies of 48.3% for Pb(u), 77.5% for Ag(1), and 41.9% for Cd(u),
representing improvements of 47.4%, 84.7%, and 83.2%
respectively over pristine PVC. In mixed-metal systems, the
membrane showed a strong preference for Pb(u) over Ag(i) and
Cd(u), attributed to its favourable coordination behaviour and
ionic characteristics.

Beyond heavy metal removal, the AMCD-functionalized
membrane effectively removed common anions from real
seawater, achieving 99.2% for nitrate, 98.6% for nitrite, 95.3%
for total nitrogen, 84.6% for sulfate, and 66.8% for phosphate
within short contact times. Compared to pristine PVC, these
removals represent improvements of up to 92.8%, highlighting
the enhanced performance achieved through surface function-
alization. Furthermore, the membrane maintained moderate
performance over multiple regeneration cycles, with moderate
loss in efficiency due to gradual detachment of AMCD particles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This study introduces a versatile nanofibrous membrane with
high selectivity and broad-spectrum removal capacity, suitable
for rapid and scalable water treatment. By reporting this work,
we demonstrate the effectiveness of a single membrane system
in removing a diverse range of pollutants, including oils, heavy
metals, and anions, from contaminated water.
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