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In this study, a composite membrane based on hydrolyzed polyacrylonitrile (hPAN) coated with graphene oxide
(GO) and poly(4-vinylpyridinium iodide) (PVPI), referred to as hPAN/PVPI3/GO3, was evaluated for the removal
of Cr®*, cu®", and Pb?" ions from multicomponent aqueous systems. Adsorption performance was assessed
through kinetic and equilibrium studies, while post-adsorption characterization elucidated the underlying
adsorption mechanisms. Batch adsorption experiments, conducted over 24 h at 298 K and pH 5.5 with initial
concentrations of 10 mg I ! for Cr®* and Pb?* and 20 mg I ! for Cu", yielded maximum adsorption loadings of
6.42mg g 1, 23.2mg g !, and 29.6 mg g~ ! for Cr**, Cu?*, and Pb?*, respectively. The experimental assays
revealed selective adsorption behavior. Spectroscopic and microscopic analyses confirmed interactions between
metal cations and electron-rich functional groups on the membrane surface, as well as the reduction of Cu®* to
Cu™. The hPAN/PVPI3/GO3 membrane maintained high adsorption efficiency for Cr®* and Pb®* over five
consecutive cycles, demonstrating strong reusability. These results underscore the potential of hPAN/PVPI3/GO3
as a promising material for the remediation of toxic metals from contaminated water, with performance com-
parable to, or even exceeding, that of other reported adsorbents.

1. Introduction

Toxic metals, including “heavy metals”, are hazardous elements with
adverse potential for human health. These contaminants, often intro-
duced into the environment through anthropogenic activities [1], are
commonly incorporated into manufactured products and reach ecosys-
tems through the improper disposal of materials and effluents contam-
inated by metal ions [2]. Due to their bioaccumulative nature and high
toxicity, these elements can accumulate in plants and animals, leading to
severe health effects like organ failure, reproductive malformations, and
cancer [3]. Currently, the most toxic metal ions of concern are arsenic
(As), cadmium (Cd), lead (Pb), copper (Cu), chromium (Cr), mercury
(Hg), nickel (Ni), and zinc (Zn) [4].

Liu et al. [5] conducted a study to assess the distribution and con-
centration of toxic metals (Cd, Cr, Cu, Pb and Zn) in the Zijiang River
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(ZR), which supplies water to approximately 10 million people in Hunan
province, central China. In that study, the authors found that the con-
centrations of these metal ions in water were below the maximum
permissible limits for drinking water in China (Cd, 5 pg L %; Cr, 50 pg L };
Cu, 1 pg LY Pb, 10 pg LY and Zn, 1 pg L 1) [5]. However, this is not the
case for river sediments. The higher concentrations of Cd and Zn in the
sediment surface is an indicator of moderate to severe contamination,
leading the authors to recommend the implementation of effective
pollution control strategies to prevent further release of metal ions into
the river basin. In other study, Gundersen et al. [6] conducted seasonal
monitoring of Hg(II) ion concentration in lakes and rivers across Norway
and Russia, as well as in sediments and fish from these regions. While
low concentration of Hg(II) was detected in the water bodies (ranging
from 0.0002 to 0.042 pg L 1) they also documented high levels of Hg(II)
in sediments and fish throughout the region. Mercury reserves in
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sediments can be resuspended into watercourses, posing a significant
risk to local populations, wildlife, and the Arctic Ocean. Despite the low
concentrations in water, the bioaccumulation of these metals through
the food chain emphasizes the importance of water treatment, as their
transfer to living organisms could still pose significant health risks.
Therefore, despite their deleterious effects on the environment and
humans, the recurring presence of these pollutants in various environ-
mental compartments highlights an inadequate disposal of contami-
nated materials and the inefficiency of conventional treatments [7]. To
address these challenges, physicochemical treatments, oxidation/
reduction processes, and biological methods have been extensively
investigated in recent years for the decontamination of water resources
containing rising levels of toxic metal ions [8]. Among these technolo-
gies, physicochemical treatments stand out above the others, mainly due
to their reduced energy consumption and the lack of secondary pollutant
generation [9].

Adsorption is a biphasic phenomenon in which compounds are
transferred from a fluid phase into the porous structure of a solid, where
they adhere to its internal surface. It is a widely explored method for
removing metal ions from water through physicochemical processes [7].
In recent years, the application of nanomaterials as adsorbents has
boosted the efficiency of this process, and several nanoadsorbents,
including carbon nanotubes, metal oxide-based nanomaterials, and
graphene, have already been investigated for the removal of toxic metals
[10]. However, despite their high adsorption potential for metal ions,
nanomaterials tend to aggregate into larger particles due to van der
Waals interactions, which may penalize their adsorption capacity [11].
Additionally, their high stability in aqueous solution makes their re-
covery after the adsorption process expensive and economically unvia-
ble, primarily due to the requirement of additional separation steps,
such as centrifugation for solid precipitation and filtration for solid
removal from the medium [12]. One potential solution to these chal-
lenges is the incorporation of nanomaterials into a porous substrate [7].
This approach allows the integration of nanoadsorbents into a mem-
brane matrix, resulting in the formation of a nanocomposite polymeric
membrane. These membranes exhibit dual functionality, combining the
advantages of adsorption and filtration processes [13].

In our previous work, we developed polymeric membranes of hy-
drolyzed polyacrylonitrile (hPAN) coated with three layers of graphene
oxide (GO) and poly(4-vinyl pyridinium) (PVPI) (hereafter denoted by
hPAN/PVPI3/GO3) using the layer-by-layer method, and these mem-
branes were applied for the removal of Pb2, cr®t, cu®*, Ni?* and Cd?*
from water [14]. The incorporation of PVPI and GO on the pristine hPAN
modified both the surface and vicinal sub-layers of the base polymer,
reduced the hydrophilicity of the material, and introduced new Lewis
bases sites to the membrane, thereby enhancing its removal capacity.
Even under non-optimized conditions, the hPAN/PVPI3/GO3 membrane
demonstrated high selectivity for Cr**, Cu?*, and Pb®* over Ni2* and
Cd?* ions, achieving removal efficiencies higher than 50 %, under the
studied batch operating conditions. While these results highlight the
membrane’s promising potential, a comprehensive understanding of its
adsorption behavior remains limited. Gaining insight into the funda-
mental mechanisms governing the interaction between the membrane
and target metal ions is essential to fully exploit its performance and
guide the development of next-generation materials for water purifica-
tion. To address this, the present study aimed to investigate the per-
formance of hPAN/PVPI3/GO3 membranes for the removal of Cr3+,
Cu?*, and Pb2* ions in batch multicomponent conditions and to eluci-
date the underlying adsorption mechanisms. The influence of key pa-
rameters such as solution pH and adsorbent dosage on metal uptake was
evaluated, alongside the system’s kinetic and equilibrium behavior. The
regeneration potential of the hPAN/PVPI3/GO3 membrane was also
evaluated over consecutive adsorption—-desorption cycles. To elucidate
the interaction mechanisms between the membrane and the toxic metal
ions, a combination of advanced characterization techniques was
employed. These included Fourier Transform Infrared Spectroscopy (FT-
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IR), X-ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy
(AFM), Confocal Laser Scanning Microscopy (CLSM), and Scanning
Electron Microscopy (SEM).

2. Experimental section
2.1. hPAN/PVPI/GO membranes preparation

A schematic diagram illustrating the steps involved in the prepara-
tion of the hPAN/PVPI/GO membrane is shown in Fig. S1. Briefly, GO
was synthesized by a modified Hummers method [15], PVP was qua-
ternized to form PVPI [16], and hPAN membranes were obtained by
phase inversion and alkaline hydrolysis [17]. The final hPAN/PVPI3/
GO3; membranes were prepared by sequential layer-by-layer deposition
[18] of PVPI and GO (three alternating layers) on the hPAN membrane.

2.2. Batch adsorption assays

To study the optimal conditions for the adsorption of toxic metal ions
(Cr3+, Cu2+, and Pb2+) using the prepared membranes, the effects of pH
(1.5-5.5) and membrane mass (0.01-0.10 g) were evaluated. The
multicomponent contaminant solutions were synthetically formulated
by dissolving appropriate amounts of analytical-grade metal salts in
deionized water to obtain 20 mL of mixed-metal solutions containing all
analytes simultaneously at concentrations of 20 mg L™! for Cu**, 10 mg
L7! for Cr®", and 10 mg L™! for Pb®". These concentrations were
selected based on values reported in the literature [19,20]. The solution
pH was adjusted using 0.1 M HCl accordingly. The membranes were cut
and weighed according to the experimental design, ensuring accurate
representation of the selected mass range. Experiments were carried out
in triplicate on an orbital shaker (LABWIT — Shaker Incubator ZWYR-
240) at constant speed of 180 rpm and room temperature. After 24 h,
samples were collected, acidified, and diluted for analysis. Residual
concentrations of metal ions were determined by flame atomic absorp-
tion spectroscopy (GBC, Avanta PM spectrophotometer) using a five-
standards calibration curve.

The mass of metal adsorbed per unit mass of membrane at equilib-
rium is given by the solid concentration q;e (mg g~ !, Eq. 1), the per-
centage of metal ions retained in the membrane is given by the removal
efficiency R.; (%, Eq. 2), and the selectivity of the membrane for ion i
relative to ion j in a multicomponent system is given by the selectivity
coefficient S;; (Eq. 3).

Cio—Cif) V
Gie = M @
m
Res = 100 x 10— Cus @
Cio
Ki ie :
Sij = I? = ﬂ 3)
j qj'e/Cj,f

where Cjo and C;f (mg L 1y are the initial and final (equilibrium) metal
concentrations in solution, respectively, V (L) is the solution volume, m
(g) is the membrane mass, K; and K; are the distribution coefficients of
the metal i or j.

2.3. Kinetic and equilibrium study

2.3.1. Kinetic study

The adsorption kinetics study of the three metals in a ternary system
was carried out at pH 5.5 by fixing the solution volume (20 mL) and
varying the initial mass of the hPAN/PVPI3/GO3 membrane from 0.01 g
to 0.05 g over a time interval from 5 min to 24 h. After, the samples were
collected and the residual metal ions concentration was determined by
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Table 1 Table 3
Kinetic models. Summary of the hPAN/PVPI3/GO3 membranes characterization [14].
Models Equation Plot Technique Results
. ) Y — loga: The XRD patterns of hPAN and hPAN/PVPI3/GO3
Pseudo-first order 08 (ql'e B q"[) = 108Gie — log (qie B q“) st exhibited similarities, with a small sharp peak at 16.8°
< k1 ) ¢ ’ § XRD (100), which is attributed to the C=N bonds, and a broad
2.303 band at 23.0°, attributed to the amorphous region of the
Pseudo-second order 1 _ 1 b LI membrane.
. Qe kaq%  Gie Qie The FT-IR spectrum of the hPAN/PVPI3/GO3 showed
Ing:}fp:{tlcle Gie = Kow®S + ¢ Gic vs. 05 absorption bands at 3345 cm ™}, 2240 cm™?, 1649 cm ™},
ittusion FT-IR 1570 em ™}, and 1027 cm ™!, which can be attributed to
the stretching of the O — H, C=N, C=0, C=C,and C — O
bonds, respectively.
The presence of PVPI/GO in the membranes was
Table 2 confirmed by the increased in C content. The Cls high-
Isotherm models. resolution spectrum of hPAN/PVPI5/GO3 indicated peaks
XPS referring to C—spB/C—spz (284.7 eV), C—0 (286.9 eV),
Models Equation C=0 (287.7 V) and COOH (288.7) groups, while the N1s
high-resolution spectrum showed peaks attributed to NH,
BET e = ( b1 Cie ) ( 1 ) (399.5 eV) and N-C=0/N = C (400.3 eV) groups.
1+ (b1 = b2)G; 1= b2Cie The hPAN/PVPI3/GO3; membrane exhibited an
ASV gmabsCie 1 Morphological asymmetrlcel, thin, and-rough finger-like porous
1 —aln(1 - byCic) 1—byCie roperties sublayer, with macrovoids and a total pore volume of
n prop 0.140 x 103 cm® g, accompanied by a rougher surface
PTA Gmb1 Cie 1 - (b2Cic) :
T3 (b —ba)Gi 1-b.,C with an average roughness (Sq) value of 240.5 nm.
bCl 2)Cie 1 2ie Water contact angle A hydrophilic surface was observed on the hPAN/PVPI3/
AD ( qm b Le ) ( o ) (WCA) GO material with a WCA value of 17.7°.
1+bCie 1-b ZCi-E) The hPAN/PVPI3/GO3; membrane exhibited a PWF of

atomic flame absorption spectroscopy, on a GBC, Avanta PM spectro-
photometer, using a five-standards calibration curve.

The pseudo-first order [21], the pseudo-second order [22], and the
intraparticle diffusion [23] kinetic models were employed and fitted to
the experimental data using the Origin Lab program. Table 1 summa-
rizes the three kinetic models where: g;, (mg g 1) is the amount of metal
ion adsorbed per unit mass of adsorbent at equilibrium, g;; (mg g ) is
the amount of adsorbed metal ions at a given time, k; (min 1), ko (gm 1
min~ 1) and kpp (mg g ! min ~%°) are the pseudo-first order, pseudo-
second order and intraparticle diffusion adsorption rate constants,
respectively, t is the adsorption time (min), and c is the y-intercept.

2.3.2. Adsorption equilibrium study

The isotherms for the three toxic metals in a ternary system were
determined at pH 5.5 by fixing the solution volume (20 mL) and varying
the initial mass of hPAN/PVPI3/GO3 from 0.01 to 0.13 g throughout 24
h. After equilibrium, the samples were collected and the residual metal
ions concentration was determined by atomic flame absorption spec-
troscopy, on a GBC, Avanta PM spectrophotometer, using a five-
standards calibration curve.

The BET isotherm for liquid phase adsorption [24], along with the
modified BET equations due to Aguerre-Suarez-Viollaz (ASV) [25],
Pantuso-Tolaba-Aguerre (PTA) [26], and Aranovich-Donohue (AD)
[27,28], were selected and fitted to the experimental data using the
Origin Lab program. Table 2 summarizes these equations where: g; . (mg
g 1) is the equilibrium adsorbed phase concentration, qim (Mg g Y is the
monolayer adsorption capacity, Ci. (mg L™1) is the equilibrium liquid
phase concentration, b, b1, and by (L mg~ 1 are equilibrium constants,
and a, f, n1, and ny are constants.

2.4. Adsorption-desorption assays

The reuse potential of the hPAN/PVPI3/GO3 membrane was evalu-
ated through five consecutive adsorption-desorption cycles. After the
multicomponent adsorption assays, the membranes loaded with the
toxic metal ions were treated with aqueous solutions at either pH 1.5 or
at pH 5.5. The solution pH was adjusted using 0.1 M HCl or 0.1 M NaOH
accordingly. During this desorption step, the metal-loaded membranes
were immersed in 20 mL of the eluting solvent in a beaker and placed in
an orbital shaker (LABWIT - Shaker Incubator ZWYR-240) at 180 rpm

Pure water flux (PWF) 459Lm2h .

The incorporation of PVPI/GO on the hPAN membrane
resulted in a less negative surface charge. For hPAN/
PVPI;/GOj; the zeta potential was

—12.8 mV at pH 6.

Zeta potential

for 24 h. After, the membranes were washed with distilled water and
reused in subsequent multicomponent adsorption assays.

2.5. Post-adsorption characterization

The post-adsorption membrane was characterized using various
techniques: Fourier transform infrared spectroscopy (FT-IR) analyses
were performed in the range of 4000 to 400 cm ™! using the ATR method
on a Tensor 27 Bruker FT-IR spectrometer; X-Ray photoelectron spec-
troscopy (XPS) was conducted using a ScientaOmicron ESCA+ spec-
trometer with a hemispherical analyzer (EAC2000), monochromatic Al
Ka radiation (hv = 1486.6 eV) as the excitation source, and an operating
pressure of 107° Pa. A charge neutralizer (CN10) was used to mitigate
surface charging effects. Energy steps of 0.1 eV and 0.05 eV were used
for the survey and high-resolution spectra, respectively, within an en-
ergy range between 0 and 1200 eV. Data analysis was performed using
the Casa XPS software; Confocal laser scanning microscopy (CLSM) was
performed on dried membrane samples using a Keyence LSC VK-X200
equipment with a 10x and 150x confocal lens at a wavelength of
408 nm; Scanning electron microscopy (SEM) was carried out on a
Tescan equipment Vega 3 SEM at 30 kV with a scan spacing of 180 mm;
Atomic force microscopy (AFM) was carried out on a JPK NanoWizard4
equipment, with a resonance frequency of 150 kHz and a constant
nominal force of 0.7 N nT !, with a 512 x 512 pixels resolution. Image
processing and statistical calculations were carried out using the
Gwyddion software.

3. Results and discussion
3.1. Preparation and characterization of hPAN/PVPI3/GO3 membranes

The preparation of a membrane, based on hPAN coated with alter-
nating layers of PVPI and GO, was designed with the aim of developing
materials with potential applications in adsorption processes of water
and wastewater. PAN, a low-cost synthetic polymer containing nitrile
groups, has the capacity to interact with chemical pollutants through
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Fig. 1. a) Membrane mass variation from 0.01 g to 0.10 g at initial pH 5.5. b) Initial pH variation from 1.5 to 5.5 for a membrane mass of 0.02 g. Fixed conditions:
membranes with 3 layers of adsorbent on the pristine membrane (hPAN/PVPI3/GO3), 20 mL of solution with 10 mg L' cr®* and Pb?*, and 20 mg L~ ! of Cu®**, room
temperature, and contact time of 24 h. Bars represent adsorbent phase concentration; curves represent removal efficiency.

electron-rich and electron-deficient sites [29]. However, it demonstrates
limitations in terms of pore size, flux, and fouling resistance [30]. The
incorporation of GO, a nanoadsorbent derived from partially oxidized
graphite, improves chemical and morphological properties, enhancing
selectivity, hydrophilicity, and water permeability. However, electro-
static repulsion between hPAN and GO requires a cationic component to
ensure layer adhesion [31]. In this regard, PVPI was employed to pro-
mote electrostatic attraction, provide bactericidal activity, and enable
cation—r interactions with aromatic pollutants, thereby enhancing the
membrane’s adsorptive performance.

In Table 3 a summary of the characterization results of the prepared
hPAN/PVPI3/GO3 membranes is presented [14].

The removal of multiple toxic metals from aqueous solution was
previously evaluated [14] to assess the effect of PVPI/GO layers on the
adsorption capacity of pristine hPAN. The results showed that the
incorporation of PVPI/GO on the polymeric matrix resulted in
morphological and physicochemical modifications of the pristine
membrane, thereby enhancing the adsorption ability of hPAN. Among
the toxic metals evaluated, the new membranes exhibited superior
performance compared to the pristine polymer for Cr>t, Cu?*, and Pb?*
ions over Cd%* and Ni?* ions. Notably, the hPAN/PVPL:;/GOs membrane,
incorporating three alternating PVPI/GO layers, showed the highest
adsorption potential among the prepared membranes. Therefore, Cr>*,
cu?*, and Pb®" were selected for further investigation of the adsorptive
potential and interactions in hPAN/PVPI3/GO3 membranes.

3.2. Adsorption of toxic metals in multicomponent systems

3.2.1. Influence of hPAN/PVPI3/GO3 mass

The adsorption performance of the hPAN/PVPI3/GO3 membranes for
a ternary system containing Cr>*, Cu?*, and Pb?*" was evaluated as a
function of the mass of the material, varying from 0.01 g t0 0.10 g, with a
constant solution volume of 20 mL. The evolution of the adsorption
potential of the membrane for the three metal ions is illustrated in
Fig. 1a. The adsorption profile exhibited by the membrane in response to
all the ions evaluated was found to be broadly similar. The adsorption
performance expressed in g;. (equilibrium concentration in the hPAN/
PVPI3/GO3; membrane) gradually decreased as the membrane mass
increased, accompanied by a corresponding increase in the percentage
of contaminant removal.

Upon an initial membrane mass of 0.01 g, it was observed that higher
gi. and lower R.; were obtained for the metal ions in the ternary system
(Fig. 1a), with values of 6.42 mg g~ 1 (21 %), 23.2mg g 1 (32 %) and
29.6 mg g ' (96 %) for Cr’", Cu®* and Pb2*, respectively. Conversely,
for a mass of 0.1 g, the values were reversed for both ¢;. and R.;. The
values were 1.65mg g ' (73 %), 3.35mg g ' (72 %) and 2.21 mg g '
(100 %) for Cr**, Cu®* and Pb?*, respectively.

In all assays, increasing the mass of adsorbent resulted in an increase

in the number of active sites available for adsorption. Given that the
volume of the solution and the initial concentration of adsorbates were
fixed in the tests, it was observed that an increase in the mass of
adsorbent led to a reduction in the occupation of the active centers of
hPAN/PVPI3/GOs, resulting in a decrease in q;.. Concurrently, an in-
crease in the relative amount of adsorbate removed from the aqueous
medium in relation to the total available was noted, leading to an in-
crease of R.;. Similar results were reported by Pang et al. [32], who
utilized red mud modified with amorphous MnO5 (MRM) to remove
cadmium from aqueous solution. The authors observed that increasing
the adsorbent dosage in the medium from 0.2 to 12 g I ! led to a non-
proportional increase in the removal percentage and a decrease in the
solid concentration. In our essays, in addition to the variations in g; . and
R, ; observed for each individual metal ion, differences were also noted
among the three metal ions, reflecting selective adsorption behavior.
Both phenomena can be explained by the non-linearity of the adsorption
equilibrium and/or to the competition for the adsorbent’s sites by the
different ions present in the medium. The non-linearity of the adsorption
process can be explained by the heterogeneity of the membrane surface,
competition for the active sites of the adsorbent by the different adsor-
bates, and/or range of operating conditions [33,34]. Concerning the
competition for active sites, one adsorbate may exhibit a higher affinity
for the adsorbent, lizmiting the adsorption of the other ions and affecting
the overall removal efficiency [35].

3.2.2. Influence of initial pH

Since the pH of the medium affects the protonation of chemical
functional groups in the adsorbent and the ionic charge of the adsorbate,
it is one of the most important parameters in adsorption processes [36].
To assess the effect of pH on the adsorption of metal ions in a multi-
component system by the membrane, hPAN/PVPI3/GO3 was used in
adsorption experiments by varying the initial pH of the solution from 1.5
to 5.5 (Fig. 1b). The selection of the pH in the acidic range was based on
the fact that metal ions precipitate at pH values above 6, which is
associated with the formation of metal oxides and hydroxides [37].

For Cu?" and Pb?", the membrane showed a similar adsorption
profile (Fig. 1b). There was a gradual increase of the hPAN/PVPI3/GO3
loading with the increasing pH of the medium. Cr®* exhibited a similar
pattern, with an initial increase up to pH 3.5, after which the system’s
adsorption remained constant. The adsorption values for Cu?* were
2.67mgg !,3.15mgg },5.49mgg },7.36 mg g !, and 8.06 mg g }; and
for Pb%* were 0.06 mg g !, 4.06 mgg ,6.72mg g ',9.09mg g !, and
9.59mgg L for Cr¥* were 0.11 mgg 1055 mgg 1313 mgg 13.29
mg g !, and 3.30 mg g * at pH 1.5, 2.5, 3.5, 4.5, and 5.5, respectively.

These trends can be elucidated by the influence of pH both on the
membrane surface and on the chemical speciation of the metal cations in
solution. Increasing the pH promotes the deprotonation of the carbox-
ylic and hydroxyl groups present in GO and hPAN (Table 3), which
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contributes to an increase of the negative charge of the hPAN/PVPI3/
GO3; membrane surface, thereby facilitating the adsorption of cationic
species [38]. Regarding the metal cations, within the evaluated pH
range, the predominant species for Pb and Cu are Pb%* and Cu®*
[39,40], while for Cr the major species is crdtat pH 1.5-3.5 and Cr
(OH)2+ between pH 3.5 and 5.5 [41]. Under highly acidic conditions,
competition between H' ions and metal cations for the active sites on
the membrane surface limits adsorption. As the pH increases, the pro-
gressive deprotonation of the functional groups of the adsorbent, along
with the formation of hydroxylated chromium species, enhances elec-
trostatic interactions and promotes the formation of coordination com-
plexes between the metal cations and the oxygenated groups on the
membrane surface [42].

Similar results were observed by Hosseinkhani et al. [43], who
studied the influence of the pH of the medium on the adsorption of metal
cations (Cd*" and Pb?") by graphene oxide/ZnO nanocomposites. Ac-
cording to the authors [43], an increase in pH resulted in an increase in
the surface charge of the GO, meaning that the electrostatic interactions
between the material’s nanosheets and the heavy metal ions became
stronger, resulting in improved sorption of Cd*" and Pb%*" ions. In
addition, the authors [43] attributed the low adsorption of Ccd** and
Pb2* in very acidic conditions to competition between the metal cations
and hydrogen cations on the sites of the surface nanoadsorbent.

Based on these findings, pH 5.5 was selected as the ideal condition
for conducting the membrane/toxic metal adsorption studies.

3.2.3. Selectivity analysis

In multicomponent adsorption systems, selectivity is a critical factor
that determines the applicability of adsorbent materials to real effluents.
The results obtained for Cr3+, Cu2+, and Pb?* uptake revealed that,
besides the variations in g;. observed for each ion under different
operational conditions (membrane mass and pH), there were also clear
differences among the three metals, evidencing selective adsorption by
the hPAN/PVPIs/GOs membranes.

In summary, the hPAN/PVPI3/GO3; membrane showed experimental
maximum adsorption capacities of 6.42 mg g !, 23.2 mg g ', and 29.6
mg g ! for Cr¥*, Cu®*, and Pb?*, respectively, when using a membrane
mass of 0.01 g at 298 K and pH 5.5, with initial concentrations of 10 mg
L1 of Cr®* and Pb?* and 20 mg L™! of Cu?*. Concerning the calculated
selectivities (relative to Cr®"), the values obtained were 1.00, 2.03, and
81.2 for Cr**, Cu?*, and Pb2*, respectively (Table S1). The membrane
thus showed markedly higher selectivity for Pb*, followed by Cu®* and
crt.

This preferential affinity toward Pb2* can be attributed to physico-
chemical characteristics of the ions, such as ionic radius, hydration en-
ergy, and their stronger tendency to interact with the hPAN/PVPI3/GO3
membrane [14]. Pb?* has the largest Pauling ionic radius (1.18 7\) [44]
and the lowest hydration enthalpy (—1481 kJ mol™ 1) [45], which favors
dehydration and direct interaction with the electron-rich functional
groups of GO, PVPI, and hPAN. Conversely, Crt, with the smallest
Pauling ionic radius (0.62 A) [44] and the highest hydration enthalpy
(—4560 kJ mol 1) [45], tends to retain its hydration shell more strongly,
inhibiting effective coordination with the membrane surface. Cu®*
presents intermediate properties (Pauling ionic radius 0.73 A [44] and
hydration enthalpy —2100 kJ mol ! [45]), which is consistent with its
intermediate selectivity compared to Pb%* and Cr*.

Furthermore, the selective adsorption observed can be attributed by
the non-linearity of adsorption equilibrium in multicomponent systems,
as well as competition among the cations for the available active sites
[35]. In such systems, ions with higher affinity dominate the adsorption
process, reducing the uptake of less competitive species. This explains
both the divergences in adsorption capacity among different metals and
the intra-ion variations observed for each individual species under
varying experimental conditions.

These findings align with reports in the literature, where multimetal
adsorption studies frequently highlight the preferential removal of
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Table 4

Kinetic parameters for the adsorption of the metal ions on hPAN/PVPI3/GOs.
Experimental conditions: membranes with 3 layers of adsorbent on the pristine
membrane (hPAN/PVPI3/GO3), 20 mL of solution with 10 mg L' cr®t and
Pb%*, and 20 mg L' of Cu®*, room temperature, pH 5.5, and contact time from
0to 24 h.

Cr3+
001g 0.02g 0.03g 0.05g
Experimental g 7.82 3.32 2.56 2.09
(mgg )
ko (minh 1.20E-  2.30E-  2.30E-  2.80E-
Psendo-first ord ! 03 03 03 03
seudo-lirst order o (mgg )  4.10 1.12 1.40 1.26
R? 0.88 0.86 0.94 0.91
ks (g mg™ 1.70E-  1.13E-  6.70E-  7.40E-
Pseudo-second min~1) 03 02 03 03
order gie (mgg™))  6.68 3.23 2.58 2.09
R? 0.97 0.99 0.99 0.99
-1
Intraparticle ﬁfl’:l ,((f;f i 0.13 0.04 0.05 0.04
diffusion R2 0.91 0.78 0.90 0.91
Cu2+
001g 002g 0.03g 005g
Experimental g 2475  8.24 6.42 5.70
(mgg )
ki (minY) 210E-  3.00E-  1.20E-  3.00E-
Pseudo.first ord ! 03 03 03 03
seudo-rstorder o (mgg)  9.75 2.31 2.72 2.98
R? 0.94 0.87 0.78 0.96
ko (g mg! 1.00E-  6.50E- 3.50E- 3.60E-
Pseudo-second min~%) 03 03 03 03
order Gio (mg g™ 24.81 8.28 6.20 5.69
R2 0.99 0.99 0.99 0.99
k -1
Intraparticle I:I’fr%";f 8 0.29 0.09 0.09 0.09
diffusion R? 0.90 0.80 0.92 0.94
Pb2+
001g 0.02g 0.03g 0.05g
Experimental g 31.4 9.87 5.68 3.99
(mgg )
ko (minh 3.40E-  3.70E-  5.50E-  1.17E-
Psendo-first ord ! 03 03 03 02
seudo-lirst order . (mggh)  21.44 4.29 1.41 1.01
R? 0.98 0.93 0.86 0.91
ks (g mg™ 4.00E-  5.50E-  1.54E-  4.64E-
Pseudo-second min~1) 04 03 02 02
order gie (mgg™h) 327 9.98 5.73 3.97
R? 0.99 0.99 0.99 0.99
-1
Intraparticle g::r("n;? 8 0.74 0.17 0.08 0.03
diffusion R? 0.86 0.65 0.62 0.46

specific ions depending on adsorbent surface chemistry, ion character-
istics, and experimental conditions [44,46,47].

3.3. Kinetics and equilibrium study

3.3.1. Adsorption kinetics

Adsorption kinetics refers to the rate at which solutes adsorb onto the
solid surface over time [48], which depends on film diffusion, intra-
particle diffusion, and the local adsorption rate [48,49]. Therefore, the
kinetic parameters involved in the uptake of Cr**, Cu®", and Pb?* by
hPAN/PVPI3/GO3 membranes were investigated by fitting pseudo-first
order [21], pseudo-second order [22], and intraparticle diffusion [23]
kinetic models to the experimental data. The adjusted parameters from
this analysis are listed in Table 4, with the best-fitting model determined
based on a high coefficient of determination (R?) value and a low
variance between the calculated and experimental g;. (value)

The results showed that the pseudo-second order model was
consistent with the experimental data for the three metal ions, with R?
above 0.98 for Cr3*, Cu?*, and Pb?* (Table 4). Fig. S2 summarizes the
pseudo second-order model fits to the experimental data. This model
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Fig. 2. BET, ASV, PTA, and AD adsorption isotherm models for a) cr®t, b)
Cu®*, and ¢) Pb*" on hPAN/PVPI;/GOj3 in a ternary system. Experimental
conditions: membranes with 3 layers of adsorbent on the pristine membrane
(hPAN/PVPI3/GO3), membrane mass from 0.01 g to 0.1 g, 20 mL of solution
with 10 mg L™! of Cr** and Pb**, and 20 mg L~ of Cu®", room temperature,
pH 5.5, and contact time of 24 h.

states that the rate of occupation of the active sites on the hPAN/PVPI3/
GO3; membrane by the metal ions is proportional to the square of the
number of unoccupied centers in the solid [50].

Similarly, Silva et al. [51] investigated the simultaneous adsorption
of multiple metals from aqueous solutions, including Al(III), Ba(II), Pb
(ID), Cu(ID), Cr(I11), Fe(II), Mn(II), and Zn(II), using a bioadsorbent based
on banana peel flour (BPF) and a synthetic adsorbent consisting of
magnetite encapsulated with chitosan (MEC). The authors reported that
the pseudo-second-order model best described the adsorption kinetics
for all metals on both adsorbents. Furthermore, Al-Amrani et al. [52], in
a state-of-the-art review on the adsorptive removal of heavy metals from
wastewater using emerging nanostructured materials, summarized that
the adsorption kinetics of heavy metals in various adsorbents, such as
layered double/triple hydroxides (LDHs/LTHs), carbon nanotubes
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Table 5

Equilibrium parameters of Cr®>*, Cu?*, and Pb?* adsorption on the hPAN/PVPI;/
GO3; membrane. Experimental conditions: membranes with 3 layers of adsorbent
on the pristine membrane (hPAN/PVPI3/GO3), membrane mass from 0.01 g to
0.1 g, 20 mL of solution with 10 mg L ™! of Cr** and Pb?*, and 20 mg L ! of Cu?*,
room temperature, pH 5.5, and contact time of 24 h.

Iso'cherm/metal cation crdt Ccu®t Pb%*
BET

qm (mgg™h) 1.07 1.98 12.33
by (Lmg™) 4.93 3.00 7.49
by (Lmg™Y) 0.10 0.06 1.51
R? 0.93 0.86 0.99
ASV

gm (mg g~ 1.34 2.83 18.14
by (Lmg™1) 0.11 0.07 1.76
a 6210 86,900 2.71
R? 0.98 0.95 0.99
PTA

qm (mg g™ ) 1.26 8.21 13.51
b (Lmg™) 1.08 1.07 6.34
by (Lmg™Y) 1.18 1.13 1.75
B 1.70 1.23 0.60
m 0.00 0.00 1.64
R? 0.94 0.85 0.99
AD

qm (mg g 1) 2.05 6.03 22.90
b (L mg™?) 0.83 0.24 3.72
by (Lmg™Y) 0.12 0.07 1.88
ny 0.33 0.31 0.48
R2 0.99 0.97 0.99

(CNTs), graphene-based materials, MXenes, metal-organic frameworks
(MOFs), and zeolitic imidazolate frameworks (ZIFs), generally followed
the pseudo-second-order model.

3.3.2. Adsorption isotherms

Adsorption isotherms represent the relationship between the adsor-
bate concentration in the solid (g;.) and the concentration of adsorbate
in the liquid phase (C;.) under equilibrium. It is a fundamental tool for
understanding how adsorbates distribute between the fluid and solid
phases when equilibrium is reached and may unveil the mechanisms of
adsorbent/adsorbate interaction [53]. The equilibrium experiments for
the three metal ions in the ternary system were carried out at pH 5.5
during 24 h and room temperature, by varying the initial mass of the
hPAN/PVPI3/GO3 from 0.01 to 0.13 g (Fig. 2) while keeping the solution
volume and the initial ions concentrations constant.

Fig. 2 indicated that the competitive adsorption of the different metal
cations from solution with the hPAN/PVPI3/GO3 membrane was an
unfavorable process, and the simple Langmuir or Freundlich models
could not be applied. This suggests that the process integrated concepts
from different adsorption theories by considering the complexity of
multicomponent systems. Consequently, the findings were more effec-
tively modeled using approaches that allow the examination of multiple
sorption mechanisms [54], including the BET isotherm [25] and the
modified BET equations of Aguerre-Suarez-Viollaz (ASV) [26], Pan-
tuso-Tolaba-Aguerre (PTA) [27], and Aranovich-Donohue (AD)
[28,29] (Fig. 2). The corresponding calculated parameters are presented
in Table 5. The criterion for determining the best model was the highest
R2 (value)

Commonly used to represent data from Type II isotherms, the BET
equation for the liquid phase and its modifications are based on the
concept of multilayer adsorption, the first from a polynomial function
and the others from power law and transcendental functions. For the
cr®* and Cu®" isotherms, the AD model was the one that best fitted the
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Fig. 3. Experimental conditions for metal adsorption assays: membranes with 3 layers of adsorbent on the pristine membrane (hPAN/PVPI3/GO3), membrane mass
of 0.02 g, 20 mL of solution with 10 mg L' of Cr®* and Pb%*, and 20 mg L' of Cu?", room temperature, pH 5.5, and contact time of 24 h. Experimental conditions
for metal desorption assays: membrane mass of 0.02 g, 20 mL of eluent solvent, room temperature, and contact time of 24 h. For the desorption tests the eluent

solvent was a) pH 1.5 and b) pH 5.5.

experimental data, with R? values of 0.99 and 0.97, respectively
(Table 5). For the Pb>* equilibrium, the R? value of the four isotherms is
0.99, which suggests that all models fit the experimental data equally
well (Table 5).

The parameters calculated for Cr3+, Cu2+, and Pb?* (Table 5) indi-
cated that the difference in the magnitude of the equilibrium constants
for the first layer (b; or b) and the subsequent layers (bs), consistently
higher for the first and lower for the upper layers, suggests that the
adsorbent/adsorbate interaction energy is stronger in the first layer than
in the successive ones [55]. Accordingly, as postulated by the BET
model, it can be suggested that the Cr®*, Cu?*, and Pb?* removal
mechanism in hPAN/PVPI3/GO3 encompasses process that goes beyond
trivial adsorption.

Briao et al. [56] obtained analogous results in their study of the
adsorption of dysprosium on expanded vermiculite. With an isotherm
with an inflection point, the BET model exhibited an optimal fit of the
experimental data, indicating the formation of a first homogeneous layer
followed by the subsequent surface precipitation of the metal on this
layer. Raji et al. [57] reached analogous conclusions upon analyzing and
synthesizing information on the mechanisms of toxic metal adsorption
on different adsorbents. As indicated by the findings of the study, the
process of metal adsorption on activated carbon is a multifaceted phe-
nomenon that encompasses a variety of mechanisms. These mechanisms
include physical adsorption, electrostatic adsorption, ion exchange,
reduction, complexation, and surface precipitation [57,58]. For biochar,
three main processes are involved in the removal of toxic metals: (i) the
initial deposition of the contaminant on the surface of the adsorbent, (ii)
the diffusion of the adsorbate through the pores of the biochar, and (iii)
the subsequent formation of layers on the surface of the adsorbent due to
the surface precipitation of the adsorbate [57,59].

Additionally, in a research study, Bullen et al. [60] investigated the
mechanisms of arsenic removal in TiOy/FesO3 composites in ground-
water using spectrophotometric analyses. Based on extended X-ray ab-
sorption fine structure (EXAFS) spectroscopy, FT-IR spectroscopy, and
zeta potential analyses, the authors confirmed the formation of surface
complexes, speciation and As(III) precipitation onto TiOy/Fe;O3
composites.

Accordingly, it can be posited that the adsorption of metal cations on
the hPAN/PVPI3/GO3s membrane is predominantly driven by complex-
ation mechanisms that leads to the formation of a monolayer of ions.
Conversely, surface precipitation is responsible for the formation of
multilayers, wherein precipitated layers cover the first adsorbed layer
[13,61]. The findings indicate that, within the context of competitive
adsorption in multi-metal systems, selective sorption can occur
depending on the metal affinity to the membrane surface or the

precipitate surface.
3.4. Reuse of the membrane

The ability of new adsorbents to be reused in consecutive adsorption
tests without loss of efficiency is a fundamental parameter for evaluating
their functionality and practical applicability [62]. Recyclability tests
were conducted using the hPAN/PVPI3/GO3 membrane, which was
subjected to acidic (pH 1.5) and approximately neutral (pH 5.5) solu-
tions during the desorption stage. These tests were conducted over five
consecutive cycles, and the overall results of the adsorption of Cr>*,
cu®*, and Pb*" in a multicomponent system, using the different eluent
solutions, are presented in Fig. 3.

The hPAN/PVPI3/GO3; membrane maintained a Cr>* adsorption ef-
ficiency of 100 % after five reuse cycles when an acidic solution was
used as the eluent (Fig. 3a). In the case of Cu2+, the membrane exhibited
approximately 100 % efficiency up to the second reuse cycle, though a
gradual decline was observed, with efficiency decreasing to 53 % and 34
% after five reuse cycles when acidic and neutral eluents were used,
respectively (Fig. 3a-b). For Pb2* removal, the membrane’s performance
remained high, with only 21 % decrease efficiency after five reuse cycles
with ca. neutral eluent (Fig. 3b).

In summary, the membrane maintained high adsorption efficiency
for Cr®" and Pb?* over five consecutive cycles when using acidic and
neutral eluents, respectively. However, regardless of the eluent
employed, a low adsorption efficiency was observed for Cu?". This
behavior may be associated with the membrane and Cu?" interactions.
Post-adsorption characterizations revealed that Cu®?" was partially
reduced to Cu™ during the adsorption process. The Cu* ion, compared to
cations analyzed, possesses the largest Pauling ionic radius (1.40 A) [44]
and the lowest enthalpy hydration (—593 kJ mol 1) [45]. These prop-
erties favor the retention of the metal at the active sites of the mem-
brane, as the larger ionic size and lower degree of hydration enhance the
formation of strong interactions between the adsorbate and the adsor-
bent. Consequently, these stronger interactions inhibit metal desorption,
explaining the low adsorption efficiency of membrane in more than two
cycles for Cu®* in both eluents tested [63]. Similar conclusions were
reported by Xia et al. [64]. According to the authors, the strong
adsorption of ionic species on graphene-based materials can inhibit the
desorption of metal ions from the solid surface, especially when con-
ventional eluents such as acidic or basic media are used. This effect ul-
timately leads to low reusability efficiency of these materials for metallic
ions.
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Fig. 4. FT-IR spectrum of hPAN/PVPI3/GOj3 loaded with Cr®*/Cu®*/ Pb*" ions.

3.5. Adsorption mechanism based on FT-IR, XPS, AFM, CLSM and SEM
analyses

3.5.1. FT-IR, XPS, AFM, CLSM and SEM post-adsorption analyses

To elucidate the interactions of the toxic metals with the hPAN/
PVPI3/GO3 membrane, a series of post-adsorption analyses were con-
ducted, including FT-IR, XPS, CLSM, SEM, and AFM. The FT-IR analysis
was used to examine the functional groups at hPAN/PVPI3/GO3 surface
and identify any changes that occurred during the toxic metal adsorp-
tion (Fig. 4), demonstrating the formation of membrane/metal ions
complexes. The FT-IR spectrum of the pristine hPAN/PVPI3/GO3
membrane (Table 3) exhibited characteristic bands indicative of the
functional groups of the materials’ composition. A broad band in the

b)

312
, Cr(OH),/
Cr(lll)-acetate

Cr,0,

Intensity (a.u.)

585 580 575

Binding energy (eV)

590

d)

Intensity (a.u.)

Intensity (a.u.)

Journal of Molecular Liquids 442 (2026) 129055

region of 3436 cm ™}, attributed to OH stretching, a sharp band at 2240
cm’l, associated with nitrile groups (C==N), and bands centered at 1649
em™!, 1570 em™! and 1027 cm™?, assigned to C=C stretching, NH
bending and C-O-C stretching vibrations, respectively [14], were
observed in the spectrum of the pristine membrane. After the adsorption
process, shifts in some bands and the appearance of new ones were
detected in the FTIR spectrum, suggesting interactions between the
adsorbent and the adsorbate. The bands corresponding to the OH (3436
cm ) and NH (1570 cm ™) stretching vibrations in the hPAN/PVPI3/
GOg3 spectrum (Table 3) exhibited blue-shifts to 3393 em ! and 1547
cm ™}, respectively, in the spectrum of the loaded membrane (Fig. 4).
This suggests the formation of interactions between the metal cations
and the oxygen- and nitrogen-containing functional groups within the
membrane structure [65,66]. Furthermore, the emergence of bands at
3141/3042 cm’l, 2924 cm’l, and 2854 cm’l, attributed to the NH
stretching vibrational modes of pyridinium, symmetric and asymmetric
CH stretching of aliphatic acids, and symmetric CHj stretching [65],
respectively, suggests that the adsorbent/adsorbate interactions lead to
electron delocalization within the conjugated structure [67].
Furthermore, to elucidate the established adsorbent/adsorbate in-
teractions, XPS analysis was performed on the hPAN/PVPI3/GO3
membrane after adsorption (Fig. 5). The XPS survey spectrum confirmed
the presence of the metal cations on the loaded membrane, with relative
atomic contents of 0.8 %, 0.9 %, and 0.2 % for Cr°*, Cu®**, and Pb**,
respectively (Fig. 5a). High-resolution XPS spectra of the individual
metals provide further insights into the nature of the adsorbent/adsor-
bate interactions and metal oxidation states (Fig. 5b-d). In the case of Cr
(Fig. 5b), the spectrum displayed the presence of two peaks, with two
components in which peak. The components at binding energies of
586.1 eV (Cr 2p;,2) and 576.4 eV (Cr 2ps3,2) correspond to critin Cry03
(30.2 %), while the peaks at 587.4 eV (Cr 2p; 2) and 577.5 eV (Cr 2p3,2)
are attributed to Cr* in Cr(OH)3/Cr(II)-acetate (69.8 %) [68,69]. The
presence of Cr—O bonds indicates interactions between Cr®* and

c) If’3/2
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Fig. 5. a) XPS data obtained from the survey spectrum of the loaded membrane. High-resolution XPS spectra of the loaded membrane for b) Cr, ¢) Cu, and d) Pb.
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Fig. 6. Confocal images of membrane surfaces and 3D membranes surfaces for a — al) hPAN/PVPI3/GOs, and b — b1) hPAN/PVPI3/GO; loaded with Cr®*/Cu®"/
Pb2", AFM images of a2) hPAN/PVPI3/GOs, and b2) hPAN/PVPI3/GO3 loaded with Cr®"/Cu®*/Pb?". a3) SEM-EDS mapping images of the surface of hPAN/PVPI3/

GOj3 loaded with Cr®*/Cu®*/Pb2*.

oxygenated functional groups of hPAN/PVPI3/GO3. Furthermore, the
substantial energy separation between the components of both species
(9.7 eV and 9.9 eV) further supports these findings [70].

The high-resolution XPS spectrum of Cu (Fig. 5c) revealed the
presence of four characteristic peaks, including two main doublets and
two associated satellite peaks. The peaks at binding energies of 952.1 eV
(Cu 2p1,2) and 932.5 eV (Cu 2ps3,2) are assigned to the Cu™ species,
whereas those at 954.2 eV (Cu 2p;,2) and 934.4 eV (Cu 2ps,3) corre-
spond to Cu®" species. In addition, satellite features at 941.6 eV and
943.7 eV are of Cu®" shake-up transitions [71,72], further confirming
the coexistence of both oxidation states. The presence of Cu' on the
membrane surface suggests a partial reduction of Cu*, likely promoted
by redox-active functional groups present in the membrane matrix. The
presence of electron-rich organic functionalities, including hydroxyl,
carboxyl, and amide groups, in hPAN/PVPI3/GOs contributes to its
negative surface charge (Table 3) and potential for electron donation,
which can promote the reduction of Cu?* to Cu'. Raji et al. [57]
investigated the mechanisms of heavy metal removal by various ad-
sorbents and determined that redox interactions could be one of the
potential adsorption mechanisms. In a related study, Chen et al. [73]
investigated the use of biomass composed of sewage sludge for the
removal of Cr®". Their findings indicated that during the adsorption
process there was a partial reduction of Cr®* to Cr3* due to the presence
of carboxyl, amide, and hydroxyl groups within the biomass.

Regarding the high-resolution XPS of Pb (Fig. 5d), the peaks
observed at biding energies of 143.4 eV and 138.5 eV correspond to Pb
4fs,2 and Pb 4f; 5, respectively [74], indicating the formation of Pb—O
bonds [70,75]. This suggests the formation of coordination complexes
between Pb%" and oxygen-containing functional groups of hPAN/
PVPI3/GOs as corroborated by FT-IR.

CLSM, AFM, and SEM analyses were also performed to investigate
the morphology of the pristine and loaded hPAN/PVPI3/GO3 membrane
(Fig. 6). The confocal image of the hPAN/PVPI3/GOg3 surface (Fig. 6a)

showed a rough surface, attributed to the PVPI/GO layers onto the
pristine polymer [14]. The hPAN/PVPI3/GO3 membrane loaded with
cr*t/cu?t/Pb?t also exhibited a rough surface. However, while the
roughness of the pristine membrane was narrower and slenderer, the
roughness of the loaded membrane was broader and more voluminous
(Fig. 6b).

Upon closer examination of the confocal image of the membrane
after adsorption (Fig. 6b), it becomes evident that the darker regions
exhibit similar conformations as those observed in the hPAN/PVPI3/
GO3 membrane before adsorption (Fig. 6a). Additionally, larger and
more prominent rough areas, highlighted as lighter regions, are het-
erogeneously distributed across the membrane surface. This suggests the
deposition of metal ions (Pb%*, Cu?*, Cu™, and Cr>") onto the mem-
brane. This interpretation is further supported by the 3D projections
obtained from confocal analysis, which show that while the hPAN/
PVPI3/GO3 membrane displays a relatively uniform surface, with
moderate valleys and peaks, and an average surface thickness of 5.5 pm
(Fig. 6 al), the metal loaded membrane has a more heterogeneous
topography, with more pronounced and widely distributed surface ir-
regularities, and an increased average thickness of 7.1 pm (Fig. 6 bl).
These findings suggest that the accumulation of metal ions contributes
to the formation or accentuation of surface protrusions on the
membrane.

The AFM analyses under liquid media (Fig. 6 a2-b2) provided results
consistent with those obtained from CLSM confirming the deposition of
metal ions on the hPAN/PVPI3/GO3 membrane. These analyses revealed
the formation of larger and more prominent rough areas compared to
those observed on the membrane before adsorption. Additionally, the
AFM technique enabled the quantification of surface roughness through
the mean square roughness (Sq) parameter, which showed an increase
after adsorption. The Sq of the hPAN/PVPI3/GO3 membrane was 236
nm (Fig. 6a2), while the one of the metal loaded hPAN/PVPI3/GO3
membrane was 499 nm (Fig. 6a2). These findings may be attributed to
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accumulation of metal ions on the surface of the material. Similar ob-
servations were reported by Milosavljevi¢ et al. [76], who employed
hydrogels of chitosan, itaconic acid, and methacrylic acid for the
adsorption of Cu?* ions in batch mode. Topographic images of the
hydrogels after the adsorption process indicated the agglomeration of
grains on the surface, leading to increased roughness as the initial
concentration of Cu?* ions in the solution increased. Based on AFM
results, the authors concluded that the toxic metal ions were both
distributed on the surface and within the material.

The SEM-EDS mapping (Fig. 6a3) supports the findings from the
CLSM and AFM analyses, which revealed the presence of metal ions
through imaging and changes in the morphological parameters of the
membranes. The SEM-EDS results showed that the membrane exhibited
a rough surface and a uniform distribution of metal ions on its surface.

3.5.2. hPAN/PVPI3/GO3 adsorption mechanism

The hPAN/PVPI3/GO3 membrane, when applied in multicomponent
systems for the removal of toxic metals (Cr®*, Cu®*, and Pb%"),
exhibited selective adsorption behavior and promising adsorption ca-
pacity. The adsorption mechanism of metal cations by the membrane
was elucidated based on equilibrium modeling and post-adsorption
spectroscopic and morphological analyses.

The equilibrium data fitted best to the BET and AD models, indi-
cating multilayer adsorption involving both surface complexation and
possible surface precipitation. This finding indicates that competitive
adsorption in the multi-metal system promotes selective sorption, driven
by the affinity of specific metal ions either for the membrane surface or

Journal of Molecular Liquids 442 (2026) 129055

for the surface of the precipitate.

Regarding the adsorbent/adsorbate interactions, FT-IR spectra of the
loaded membranes showed shifts in the ~OH (3436 — 3393 cm™!) and
_NH (1570 — 1547 cm™ 1Y) stretching bands, as well as new absorption
features at 3141/3042, 2924, and 2854 cm’l, confirming coordination
between the metal ions and oxygen- and nitrogen-containing groups.
XPS analysis corroborated these interactions, evidencing the presence of
cr*t, cu?t/cut, and Pb2* species. The partial reduction of Cu®" to cut
suggests redox activity of surface functionalities, while Pb and Cr signals
indicated coordination through O-containing groups such as hydroxyl
and carbonyl. Morphological analyses (CLSM, SEM-EDS, and AFM)
revealed a uniform metal distribution and an increase in surface
roughness from 236 to 499 nm after adsorption, supporting multilayer
deposition and complexation processes.

Overall, adsorption proceeds mainly via chemisorption through co-
ordination complexes between the cations and the hPAN/PVPI3/GO3
membrane, coupled with surface precipitation and minor redox re-
actions (Fig. 7).

In summary, hPAN/PVPI3/GO3 membrane showed experimental
maximum adsorption capacities of 6.42 mg g !, 23.2 mg ¢ !, and 29.6
mg g ! for Cr®*, Cu?*, and Pb2*, respectively, when using a membrane
mass of 0.01 g, at 298 K, and pH 5.5, with initial concentrations of 10 mg
L !of cr®t and Pb?*, and 20 mg I ! of Cu*. Even in a multicomponent
system, the membrane outperformed several other membranes reported
in the literature for the removal of metal cations in unary systems
(Table 6). These results highlight the high potential of hPAN/PVPI3/GOg3
to remove toxic metals from water.

4. Conclusions

This study demonstrated that the hPAN/PVPIs/GOs membrane ex-
hibits high efficiency and selectivity for the removal of Cu®", Cr**, and
Pb?* ions in multicomponent systems, confirming its potential for
environmental remediation applications. Under optimized conditions
(pH 5.5 and 298 K), maximum adsorption capacities of 6.42, 23.2, and
29.6 mg g~ ! were achieved for Cr>*, Cu?*, and Pb?*, respectively. The
adsorption behavior followed the pseudo-second-order kinetic and BET
isotherm models, indicating chemisorption and multilayer adsorption
processes influenced by competitive ion interactions. Spectroscopic and
morphological analyses indicated that adsorption occurs mainly through
coordination between the metal cations and oxygen- and nitrogen-
containing groups, accompanied by multilayer adsorption and partial
redox interactions. These synergistic processes increased the mem-
brane’s affinity and selectivity, particularly for Pb%*, leading to high
adsorption capacity and good reusability. Overall, the results

Table 6
Comparison of the solid concentration of hPAN/PVPI3/GO3; membrane with other membranes from the literature for the adsorption of Cu?*, Cr**, and Pb?".
Membranes Membrane mass  Metal Adsorption Initial concentration pH Temp. Calculated solid Ref.
(mg) ion system (mg L’l) (K) concentration
(gie; mg g™ )
Cucurbit[8]uril sponge 100 crt Binary 0.05-5 50 298 2.04* [77]
Cucurbit[6]uril sponge 100 crt Binary 0.05-5 5.0 298 9.44* [77]
hPAN/PVPI;/GO3 10 et Ternary 10 5.5 298 6.42 :’]:::k
Polyvinylidene fluoride-attapulgite- fluorescent
carbon dots composite membrane - Cu?* Unary 20 - - 0.73 [78]
(PVDF/ATP-CDs)
Cellulose acetate/polyethyleneimine blend 15 Cut Unary 10 _ 288 742 [79]
membrane
hPAN/PVPI5/GOs 10 cu?t Ternary 20 55 298 23.2 3:::]{
Thiol-functionalized cellulose nanofiber 10 Pb2+ Unary 20-400 4 208 29,0 [80]
membrane
Chitosan/Silica Composite membrane 50 Pb?* Unary 220 7.0 298 57.6 [81]
hPAN/PVPI;/GO; 10 Pb>+ Ternary 10 5.5 298 29.6 3\:]::1(

" Langmuir maximum adsorption capacity.
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demonstrate that the adsorption mechanism governs the membrane’s
efficiency in heavy metal remediation, confirming hPAN/PVPIs/GOs as
a promising and sustainable material for the remediation of heavy
metal-contaminated waters.
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