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In this work, we studied the synergistic extraction and transport of Copper (II) and Lead (II) through polymeric
membranes using two polymers, such as methyl methacrylate (PMMA) and cellulose triacetate (CTA), as polymeric
matrix. A mixture of two extractants, di-(2-ethylhexyl) phosphoric acid (D2EHPA) and tri-octylphosphine oxide (TOPO),
in a 1:1 volume ratio, was used as a specific carrier. This extractant mixture forms stable metal complexes, thereby
enhancing the selective transport of the target ions. Coupling the process with EDTA in the strip phase further improves
the recovery of Pb*" and Cu?*, while minimizing back-diffusion, plasticized with di-octyl phthalate (DOP) by the solvent
evaporation method. The membranes were characterized using Fourier transform infrared spectroscopy (FTIR), contact
angle measurement, scanning electron microscopy (SEM) and thermogravimetric analysis (TGA-DSC). This new
approach combines the specific characteristics of extractants (D2EHPA/TOPO) with the advantages of plasticized
polymer membranes, which enable heavy metals to be separated and concentrated. An effective and environmentally
sustainable solution is proposed thanks to the properties of the extractants and the characteristics of the plasticized
polymer membranes. This method offers an effective, sustainable and ecological solution for more responsible
management of metal resources and environmental protection.
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INTRODUCTION

The presence of trace heavy metals in attention has been given to purification-

wastewater is a serious environmental issue. These
compounds, which come mainly from industrial
waste, agricultural practices and the domestic use
of chemicals, pose significant challenges in terms
of treating and protecting water resources.! For
example, lead and copper are found in products
such as paints, water pipes and certain cosmetics.
This is especially true in developing countries. Due
to its conductive properties, copper is used in many
electrical and electronic products.? In this context,
it is becoming imperative to explore innovative and
sustainable solutions in order to strengthen
environmental regulations and develop treatment
infrastructures.

In recent decades, environmental regulations
have become stricter regarding industrial activities
involving heavy metals. Also, focusing on the
treatment of wastewater, recently, significant

concentration techniques, such as membrane
separation® and synergistic extraction.®® Various
methods for the extraction of metal ions from
aqueous solutions have been developed, including
solvent extraction,® chemical precipitation,’
coagulation,'® ion exchange,!' adsorption,'® and
membrane-based methods, such as ultrafiltration,’
electrodialysis,'* bulk liquid membranes (BLM),'3
supported liquid membranes (SLM),!'5> emulsion
liquid membranes (ELM),'” and polymer inclusion
membranes (PIM).!%2¢ A wide range of
compounds, from anions or metal species to small
organic molecules, have been extracted using
PIMs.20-26

The present study introduces innovative
membranes developed by  poly(methyl
methacrylate) (PMMA) and cellulose triacetate
(CTA), incorporating dioctyl phthalate (DOP) as a

Cellulose Chem. Technol., 59 (5-6), 463-486 (2025)



SIHAM CHELOUAOU and FATMA SADI

plasticizer. These membranes include a neutral
extracting agent (TOPO) and a cationic extracting
agent (di(2-ethylhexyl) phosphate, D2EHPA) as
liquid carriers. The research focuses on
investigating the transport of metallic cations,
specifically Cu** and Pb**, through these polymeric
membranes.

Affinity membranes are gaining attention due to
their ease of preparation, cost-effectiveness,
versatility, improved stability, and high efficiency.
The study aims to enhance the transport efficiency
of heavy metals to the strip compartment by
leveraging the advantages of D2EHPA/TOPO
extractants and polymeric membranes. This
involves optimizing parameters, such as pH,
transport duration, and the composition of the
receiving solution, to achieve selective transport of
Cu?* and Pb*".

In the field of membrane-based separation, the
choice of extractants is critical to ensure high
selectivity and efficiency. The combination of
D2EHPA (bis(2-ethylhexyl) phosphoric acid) and
TOPO (tri-n-octylphosphine oxide) is well
documented for its synergistic behavior in the
extraction of metal ions, especially uranium and
iron, and is industrially exploited in the URPHOS
process. This synergistic effect arises from the
formation of highly stable metal-extractant
complexes. In this work, the D2EHPA/TOPO
system is coupled with EDTA in the strip
compartment to enhance metal recovery and
prevent back-diffusion, offering a promising
approach for the selective transport of Pb*" and
Cu?* through polymer inclusion membranes.

The characterization of the developed
membranes was performed by various analytical
techniques, including contact angle measurement,
Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA-DSC). These

methods provide insights into membrane structure,
surface properties, and thermal behavior, crucial
for assessing their suitability in metal ion transport
applications.

EXPERIMENTAL
Reagents and solutions

Polymethyl methacrylate (PMMA) pellets and
cellulose triacetate (CTA) pellets were obtained from
Acros (USA). Di-(2-ethylhexyl) phosphoric acid
(D2EHPA) (99%), tri-n-octylphosphine oxide (TOPO)
(98%), and lead(Il) nitrate (Pb(NO3)2) (99%) were
sourced from Fluka (Germany). Copper(Il) chloride
(CuCly) (99.99%) was obtained from Merck (Germany),
and chloroform (99%) was received from VWR
Chemicals. Dioctyl phthalate (DOP) (99.5%) was a
product of Carlo Erba (Val de Reuil, France).
Hydrochloric acid (HCI) (37%, d = 1.18, Carlo Erba),
ethylenediamine tetraacetic acid (EDTA) (98% Fluka)
and sodium chloride (NaCl) (100.4%, Carlo Erba) were
used. Sodium hydroxide (NaOH) (98%, Carlo Erba)
was also used.

Deionized water was used to prepare all aqueous
solutions. Aqueous solutions of Pb and Cu were
prepared by dissolution in an HCI solution. Highly
purified water was used for the preparation of the
aqueous solutions, and the real sample was diluted to
provide a suitable test solution.

Preparation method of membranes

The polymeric membranes were prepared by the
method described by Sugiura.’®3! To prepare the
membranes, we dissolved a precise quantity of 0.1 g of
each polymer: polymethyl methacrylate (PMMA) and
cellulose triacetate (CTA), in 15 mL of chloroform,
under stirring for several hours, to obtain a
homogeneous polymer solution. After 2 hours, we
added the necessary quantities of the components and
0.1 mL of DOP. The D2EHPA/TOPO mixture was
prepared using a volumetric ratio of 1:1, meaning that
equal volumes of D2EHPA and TOPO were mixed
together into this polymer solution, stirring constantly to
ensure uniform dispersion of the extractants and
plasticizer.

Table 1
Composition of membranes
o PMMA CTA DOP D2EHPA/TOPO
Membranes composition.
(2) (2) (mL)

PMMA+DOP 0.2 / 0.1 /
CTA+DOP / 0.2 0.1 /
PMMA-+CTA+DOP 0.1 0.1 0.1 /
PMMA+ DOP+ D2EHPA+TOPO 0.2 / 0.1 0.1
CTA+DOP+ D2EHPA+TOPO / 0.2 0.1 0.1
PMMA+ CTA+DOP+D2EHPA+TOPO 0.1 0.1 0.1 0.1
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Figure 1: Transport cell scheme

The resulting solution was then poured into a clean
glass Petri dish to form a uniform film. The solvent was
allowed to evaporate at room temperature for 24 hours
to obtain solid membranes. Finally, the dry membranes
were gently peeled off the glass plate to be used in the
extraction and transport experiments. Table 1 presents
the membrane compositions.

Experimental process for transporting lead (II) and
copper (II) through polymeric membranes

The transport of lead (II) and copper (II) through
modified polymer membranes was carried out in a
Plexiglas cell shown in Figure 1. In the feed
compartment, a solution containing the metal ions to be
extracted (Cu?" and Pb?') in an acidic medium is
introduced, while the strip compartment contains an
EDTA (510-*M) solution adjusted to a pH of around 10
to facilitate the complexation and transport of the
metals. The two compartments are brought into contact
via a polymeric membrane impregnated with a mixture
of extractants.

Speciation diagram of lead (II) and copper (1)

The extracted species were determined using the
species distribution diagrams drawn by the computer
program Medusa, chemical equilibrium diagram
software (version: Eq. calcs 32).

Medusa software (in combination with Hydra) was
used to simulate chemical equilibria. The chemical
species were selected based on equilibrium constants
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Figure 2: Distribution pattern of chlorinated
Pb (IT) complexes

from the software's built-in database. Simulation
conditions (pH, concentration, temperature) were
defined to match the experimental setup.

Figure 2 shows the distribution pattern of the
chlorinated Pb (II) complexes at the concentration of
Lead (II) 0.48 mM (0.1 g/L) and the concentration of
chloride ions of 500 mM at 25 °C. Chlorinated lead (II)
complexes have been distributed at pH below 6 and the
extractants can react with these ionic substances (Pb?",
PbCl,, PbCls~ and PbCL*) to form complexes. The
formation reactions and their equilibrium constants are
the following:

Pb? + CI"=2PbClI* (log K1 = 1.6)

Pb* + 2CI"=PbCl: (log K2 = 1.8)

Pb* + 3CI"=PbCls™ (log K3 = 1.38)

Pb* + 4ClI'= PbCls* (log K4 = 3.5)

Figure 3 shows the distribution pattern of
chlorinated copper (II) complexes at a copper (II)
concentration of 0.74 mM (0.1 g/L) and a chloride ion
concentration of 500 mM, we need to consider the
speciation of copper in the presence of chloride ions.
Copper (II) can form various complexes with chloride
ions, such as CuCl*, CuCl,, CuCls, and CuCls,
depending on the concentrations and the stability
constants of these complexes. The formation reactions
and their equilibrium constants are shown below:

Cu?" + CI'2CuCl" (log K1 = 0.64)

Cu?* + 2ClI'=CuCl: (log K2=0.2)

Cu** + 3ClI'=CuCls (log K3 =1.2)

Cu?* + 4ClI'= CuCls* (log K4 =3.6)
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RESULTS AND DISCUSSION
Contact angle measurements

The determination of contact angles of the
various elaborated membranes provides valuable
insights into the surface state and surface tensions
of the materials. This characterization helps to
ascertain the hydrophobic/hydrophilic nature of the
different polymeric membranes. Table 2
summarizes the values of contact angles and
densities of the wvarious elaborated cellulose
membranes.

The PMMA+DOP+D2EHPA+TOPO blend has
a contact angle of 62.7°, indicating that the surface
is hydrophilic. This means that the surface has a
high affinity for water, which spreads easily over
it. In contrast, the CTA+DOP+D2EHPA+TOPO
mixture has a contact angle of 117°, indicating that
the surface is hydrophobic. In general, a surface is
considered hydrophobic if the contact angle is
greater than 90°, which means that water does not
spread  easily over it.  Finally, the
PMMA+CTA+DOP+D2EHPA+TOPO blend has
a contact angle of 78° also indicating that the
surface is hydrophilic, although the affinity for
water is less marked than in the case of the first
blend.

Characterization of synthesized membranes by
Fourier transform infrared spectroscopy
(FTIR)

Fourier Transform Infrared Spectroscopy
(FTIR) allows the identification of different
functional groups present in each compound. Its
high sensitivity makes it possible to study the
molecular behavior and movements of polymer
chains at a microscopic level. This advanced
technique also facilitates the identification and
quantification of the various interactions that can
occur between the different constituents of a
membrane (polymer, plasticizer and extractant).

We have observed that the FTIR spectra of the
membranes, grouped in Figures 4, 5, and 6 show
distinct bands that can be attributed to specific
functional groups of the cellulose triacetate (CTA)
and PMMA polymers, the D2EHPA and TOPO
carriers, the DOP plasticizer, and the complexing
agent.

The presence of bands at 2957 cm™, 2930 cm ™,
and 2865 cm™ is attributed to, respectively, the
asymmetric and symmetric vibrations of the -C—H
and —CHz— bonds. The peaks at 1270 cm™ and
1069 cm™ are attributed to the asymmetric and
symmetric vibrations of the C-O-C group,
respectively.

Table 2
Contact angle and density of the membranes produced

Membrane Contact angle (°) Density (mg/cm?)
PMMA+DOP+D2EHPA+TOPO 62.88 1.18
CTA+DOP+D2EHPA+TOPO 117 1.22
PMMA+CTA+DOP+D2EHPA+TOPO 78 1.2
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Figure 4: FTIR spectra of membranes CTA+DOP and

CTA+DOP+D2EHPA/TOPO
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Figure 5: FTIR spectra of membranes PMMA+DOP
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Figure 6: FTIR spectra of membranes CTA+PMMA+DOP and CTA+PMMA+DOP+D2EHPA/TOPO

The main absorption band is detected at 1728
cm™!, corresponding to the carbonyl C=0 group
vibration in the DOP and CTA/PMMA polymers.
Additionally, two bands at 1460 cm™ and 746 cm™
were also observed, corresponding to the angular
deformation of the —CH> and —CH groups of the
DOP plasticizer. Finally, a band at 1142 cm™
corresponds to the characteristic stretching
vibration of the C—O—C group in PMMA.
Characterization by electron
microscopy (SEM)

scanning

OPO/D2EHPA)

m 2. CusTHE & : 3
b) CTA+DOP+(D2EHPA/TOPO)

A scanning electron microscope (SEM) was
used to determine the morphology of the
membranes. Membrane samples were prepared by
freezing under liquid nitrogen (70 K) and rapidly
fracturing them, resulting in a clean fracture to
visualize their cross-section. The samples were
mounted with conductive adhesive on metal
supports, with the fractured side facing upwards,
and then sputter-coated with gold. The samples
were then observed using SEM at magnifications
ranging from around 1000% to 3500x.
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481



SIHAM CHELOUAOU and FATMA SADI

GEONY  BTmm  WTD  igh veows 40 ¥

¢) PMMA+CTA+DOP+(D2EHPA/TOPO)

yime - Base

Figure 7: Scanning electron microscopy images of the synthesized membranes

The scanning electron microscopy (SEM)
observations show that all the membranes
produced have a non-homogeneous pore structure.
This is probably due to the addition of the
plasticizer DOP and the presence of the extractants
D2EHPA and TOPO in the composition of the
membranes, which can affect the formation of
pores and porous cavities in the polymer matrix.
By adding plasticizers, such as DOP, and
extractants, such as D2EHPA and TOPO, the
polymer matrix is disrupted, leading to pore
formation. This disruption manifests itself in the
form of cavities and spaces within the polymer
matrix.

Thermogravimetric (TGA) and dTG analyses
Thermogravimetric  analysis (TGA) was
applied to evaluate the thermal stability of the
membrane components. TGA is a reliable
technique for monitoring thermal decomposition
processes, including evaporation, desorption,
sublimation, oxidation, and reduction. The
measurements were conducted using a TA
Instruments TGA Q500 system, programmed from
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Figure 8: Thermogravimetric (TGA) and (dTG)
curves of elaborated membranes PMMA + DOP +
(D2EHPA/TOPO)
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50 to 500 °C, at a constant heating rate of 10
°C/min under nitrogen atmosphere.

A detailed thermal analysis was carried out on
a membrane composed of cellulose triacetate
(CTA), polymethyl methacrylate (PMMA), and
plasticized with dioctylphthalate (DOP). This
membrane was modified by the addition of specific
transporters,  di-2-ethylhexylphosphoric  acid
(D2EHPA) and trioctylphosphine oxide (TOPO).
The thermal and decomposition properties of the
membrane were studied using differential
thermogravimetric analysis (dTG) and
thermogravimetric analysis (TGA). The results
obtained are shown in Figures 8-10.

The TGA curve shows losses of sample weight
as a function of temperature. An initial decrease in
weight at lower temperatures (up to around 100 °C)
may indicate the loss of volatile components or
moisture. Significant weight loss occurs between
200 °C and 400 °C, which may be associated with
thermal decomposition of membrane components.
Typically, cellulose triacetate begins to decompose
around 300-350 °C, DOP volatilizes at around 230-
300 °C.30
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Figure 10: Thermogravimetric (TGA) and dTG curves of membranes CTA+PMMA + DOP +
(D2EHPA/TOPO)

The dTG curve shows the rate of weight
change. The peaks in this curve represent the
temperatures where mass loss is most rapid. The
main peaks at around 250 °C and 350 °C may
indicate the main decompositions of DOP and
cellulose triacetate (CTA), respectively.*

In Figure 10, the mass loss evolution as a
function of temperature for the membrane
composed of cellulose triacetate (CTA) and
PMMA polymers, with the plasticizer DOP is
illustrated. The degradation process clearly follows
three steps. An initial mass loss of approximately
3.5% occurs between 100-150 °C, attributed to the
evaporation of the plasticizer (DOP). A second,
more significant mass loss of around 32.26%, is
observed, with a peak degradation temperature
near 278 °C, spanning the temperature range from
250 °C to 300 °C. This stage is associated with the
degradation of the cellulose triacetate (CTA)
polymer. The final degradation stage, representing
a mass loss of about 44.59%, begins around 400
°C. This stage corresponds to the breakdown of
PMMA and D2EHPA. A residual weight loss
beyond 400 °C could indicate the decomposition of
more stable components such as TOPO.

Transport study of two metal cations, Pb** and
Cu**, across plasticized polymeric membranes

Using the transport cell described in Figure 1,
we studied the active transport of Pb(Il) and Cu(II)
across the plasticized polymer membranes. The
assay was carried out by atomic absorption on
samples taken from the feed compartment and the
strip compartment over a 24-hour period.

Investigation of Pb** and Cu** in the feed
compartment over time

To study the effect of the presence of a
complexing agent in the strip compartment on the

transport of Pb (II) and Cu(II) ions, we maintained
the metal concentration in the feed phase at 100
mg/L in a hydrochloric acid medium (0.5 M). The
receiving phase contained an EDTA solution (510
3M), which serves to trap metal ions in the form of
stable complexes, ensuring efficient, irreversible,
and selective transport of metals across the
membrane.

Figures 11 and 12 show the variation in Pb(II)
and Cu(Il) ions concentrations in the feed
compartment over time, using three membranes
that differ in the nature of the base polymers:
CTA+PMMA+DOP+(D2EHPA/TOPO),
CTA+DOP+(D2EHPA/TOPO), and
PMMA+DOP+(D2EHPA/TOPO). The results
show that the membranes used have different
capacities for the transport of these metals.

The results of the study show significant
variations in the efficiency of the membranes for
transporting Pb (II) ions depending on the nature of
the base  polymers used. For  the
CTA+PMMA+DOP+(D2EHPA/TOPO)
membrane, the [Pb?"] concentration decreases
rapidly at the start, stabilizing at around 40 mg/L
after about 6 hours, indicating a high initial
efficiency that reaches a plateau relatively quickly.
In contrast, the CTA+DOP+(D2EHPA/TOPO)
membrane shows a strong continuous decrease in
[Pb*"] concentration, reaching around 0 mg/L after
24 hours, demonstrating exceptional efficiency in
removing [Pb*] from solution. Finally, the
PMMA-+DOP+D2EHPA/TOPO) membrane
shows a rapid decrease in [Pb*'] concentration
initially, followed by a slower decrease, reaching
approximately 40 mg/L after 24 hours, reflecting
moderate efficiency.

The curve in Figure 12 shows the concentration
of [Cu*'] (mg/L) as a function of time (h) for the
three different membranes. Membrane
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CTA+PMMA+DOP+(D2EHPA/TOPO) shows a initial fluctuations before gradually decreasing
gradual reduction in Cu(Il) concentration from 100 from 100 mg/L to about 15 mg/L after 24 hours.
mg/L to approximately 28 mg/L after 24 hours. These  observations  confirm  that  the
CTA+DOP+(D2EHPA/TOPO) demonstrates a CTA+DOP+(D2EHPA/TOPO) membrane is the
rapid and efficient reduction, decreasing from 100 most effective in reducing Cu(Il) concentrations,

mg/L to 0 mg/L within 5 hours and maintaining at while the other membranes show varying
0 mg/L. PMMA+DOP+(D2EHPA/TOPO) shows efficiencies.
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Figure 11: Variations in Pb?* concentration as a Figure 12: Variations in Cu?" concentration as a
function of time in the feed compartment ([Pb?'];= 100  function of time in the feed compartment ([Cu?"]; = 100
mg/L, [EDTA]; = 5.10° M) mg/L, [EDTA]u = 5.10° M)

Investigation of Pb(Il) and Cu(ll) concentration

least efficient, showing a concentration of Pb?"
in the strip compartment over time

stable at zero, which could indicate an absence of

The system containing adsorption or a very low efficiency of this system.
CTA+PMMA+DOP+(D2EHPA/TOPO) appears Finally, the system with
to be the most effective at retaining or complexing PMMA+DOP+(D2EHPA/TOPO)  shows an
Pb?*, with the concentration increasing intermediate performance, with an initial increase
significantly over time. On the other hand, the followed by a stabilization of the Pb?"
system with CTA+DOP+(D2EHPA/TOPO) is the concentration.
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Figure 14: Variation of Cu(II) concentration in the
strip compartment vs time across the synthesized
membranes ([Cu?']; = 100 mg/L, [EDTA]; = 5.10° M)

Figure 13: Variation of Pb (II) concentration in the strip
compartment vs time across the synthesized membranes
([Pb*'];= 100 mg/L, [EDTA]y= 5.10> M)

The results for Cu(Ill) ion transport show concentration, reaching around 35 mg/L after 24

distinct behavior depending on the membranes hours, indicating that this combination strongly
used. The CTA+PMMA+DOP+(D2EHPA/TOPO) favors the increase in Cu?’. In contrast, the

membrane shows a rapid increase in Cu®" CTA+DOP+(D2EHPA/TOPO) membrane
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maintains an almost flat curve around 5 mg/L
throughout the experiment, meaning that this
combination has no significant effect on Cu*
concentration.

The PMMA+DOP+(D2EHPA/TOPO)
membrane shows a slight increase in Cu?'
concentration, reaching around 10 mg/L after 24
hours, indicating a moderate effect on the increase
in Cu?’, but less pronounced than that observed
with the first combination.

Once saturated with metal ions, the membrane
can theoretically be regenerated through a
desorption process, typically involving treatment
with an acidic solution, such as HCI or HNOs. This
procedure facilitates the release of the adsorbed
metal ions, thereby contributing to the extension of
the membrane’s operational lifespan.
Alternatively, an electrolysis process may also be
considered for effective regeneration.

CONCLUSION

In the initial phase of this study, separation
membranes were developed using cellulose
triacetate (CTA) and polymethyl methacrylate
(PMMA) as the polymeric matrix, dioctyl
phthalate (DOP) as the plasticizer, and
D2EHPA/TOPO as the carrier. The membranes
were characterized using SEM, Fourier-transform
infrared spectroscopy (FTIR), contact angle and
thermogravimetric analysis (TGA-DTG).

SEM analysis results showed that the
membranes present a porous structure that
facilitates the passage of metal cations.

The contact angles measured using a surface
tensiometer for solids and liquids show that the
CTA+PMMA+DOP+(D2EHPA/TOPO) and
PMMA+DOP+(D2EHPA/TOPO) membranes are
hydrophilic, which facilitates the transfer of ions.
In contrast, CTA+DOP+(D2EHPA/TOPO) is
hydrophobic, which is essential for separating and
removing metals from aqueous solutions. Their
ability to repel water, while interacting with
hydrophobic substances makes them particularly
effective for these applications.

Fourier-transform infrared (FTIR)
spectroscopy confirmed the existence of specific
interactions between the different constituents of
the membranes produced. These interactions were
evidenced by disruptions in certain characteristic
bands, such as the narrowing and widening of the
bands, as well as the appearance of new bands.

The thermal behavior of the various membrane
materials was studied using thermogravimetric
analysis (TGA). The results indicated that all the

Cellulose triacetate

developed membranes exhibit good thermal
stability, withstanding temperatures up to 178 °C.
This temperature is significantly higher than those
typically used in different membrane processes.

The results demonstrated that the tree
membranes synthetized are highly effective in
immobilizing lead and copper. The incorporation
of ethylenediamine tetraacetic acid (EDTA) in the
strip compartment of the metal ion transport setup
reveals marked variations in the efficiency of the
membranes. The membrane
CTA+PMMA+DOP-+(D2EHPA/TOPO 1:1)
demonstrates a moderate capacity to influence
Pb(Il) and Cu(ll) concentrations, suggesting a
complex interaction with EDTA, which can form
stable complexes with these metal ions. In contrast,
the membrane CTA+DOP+(D2EHPA/TOPO 1:1)
maintains low concentrations of these ions,
indicating high efficiency in the presence of
EDTA, potentially due to a greater affinity for
forming complexes with metals. For the
PMMA-+DOP+D2EHPA/TOPO1:1) membrane,
moderate efficiency is observed for Pb(Il), with a
slight increase in Cu(Il), suggesting selective
interactions with EDTA, depending on the nature
of the constituent polymers. Thus, the effect of
EDTA on membrane performance underscores the
crucial importance of specific chemical
interactions in developing effective methods for
heavy metal separation and purification.

These results highlight the importance of
specific chemical interactions between the
membrane, the extractants, and the complexing
agent to optimize the separation process. Thus,
these membranes offer a promising solution for the
recovery and treatment of heavy metal-
contaminated waters, paving the way for
sustainable and efficient industrial applications.
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