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A B S T R A C T

Polymeric nanocomposite membranes are emerging as promising materials for water treatment. To explore the 
potential of new materials for the removal of toxic metals from water, novel hydrolyzed polyacrylonitrile (hPAN) 
membranes coated with graphene oxide (GO) by layer-by-layer (LbL) assembly, using poly(4-vinylpyridinium 
iodide) (PVPI) as binding agent, were prepared, characterized, and applied to remove toxic metals in multi
component systems. The addition of PVPI and GO to the hPAN membrane modified the surface roughness, 
hydrophilicity, layers morphology, and introduced oxygenated functions to the pristine polymer. These features 
enhanced the material’s selectivity for Cu2+, Cr3+, and Pb2+, over Ni2+ and Cd2+, with removal efficiencies of 
50.4 %, 64.3 %, and 99.9 % in batch assays, at the concentrations of 4.1, 12.2, and 10.2 mg L− 1, and selectivities 
relative to Cd2+ of 13.7, 24.2 and 13450, respectively. Governed by the formation of coordination complexes, the 
increment of nanocomposite layers adhered to the polymer improved the adsorbent/adsorbate interactions. The 
efficiency of hPAN membrane with three PVPI/GO bilayers in removing metal ions was attested in comparison to 
other polymer nanocomposite membranes from literature.

1. Introduction

Heavy metals are frequently classified as high-density metallic ele
ments, being commonly used in mining, electroplating, and electronics 
manufacturing industries [1]. Additionally, they are usually incorpo
rated into products such as paints, pesticides, light bulbs, fertilizers, and 
personal care products [2]. Some heavy metals can be toxic to humans 
and other organisms and can be released into the environment in com
bination with different classes of contaminants, such as complex dyes, 
organophosphates, and phenolic compounds. The most commonly 
detected metals in water bodies are cadmium (Cd), lead (Pb), copper 
(Cu), chromium (Cr), mercury (Hg), and nickel (Ni) [3]. Recently, 
Sankhla et al. [4] reported high concentrations of Ni and Pb ions in the 
Yamuna River in India. As one of the major tributaries of the Ganges 
River, the Yamuna River is the water source for several metropolitan 
cities in India, and according to the authors the average concentration of 
Pb2+ and Ni2+ in the river over a period of one year was 1.9–0.24 mg L− 1 

and 1.83–0.12 mg L− 1, respectively. These values are considerably 

higher than those recommended by the World Health Organization 
(WHO), which stipulates maximum concentrations of 0.001 and 0.002 
mg L− 1 for Pb2+ and Ni2+, respectively [5].

With adverse effects for aquatic fauna and flora, and for humans, 
when present in relevant concentrations, toxic metals have been found 
with increasing frequency in water, wastewater, and effluents, mainly 
due to the widespread use and inefficiency of the conventional water 
treatments employed [6]. Efficient methods to remove such contami
nants from dilute systems are adsorption and/or ion exchange (i.e., 
sorption). These methods are based on the mass transfer of pollutants 
from solution to the solid phase where they accumulate onto the internal 
surface (adsorption) or replace stoichiometrically the solid counter ions. 
Adsorption is a mature and efficient technique with low implementation 
and maintenance costs. Since it relies on solid–fluid chemical and/or 
physical interactions, its efficiency depends on the adsorbent materials 
employed [7].

In recent years, nanotechnology-based products have been explored 
as potential adsorbent materials for the removal of toxic metals from 
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water. Nanomaterials have properties such as high specific surface area, 
good pore size distribution, and enhanced sites for adsorbent/adsorbate 
interactions [8]. A variety of potential nanoadsorbents has been used to 
remove toxic metals, including graphene derivatives, carbon nanotubes, 
and metal oxide-based nanoparticles. Despite the advantages of using 
nanomaterials for adsorption, a limiting factor is their high colloidal 
stability, which makes it difficult to remove them after the adsorption 
process. Thus, one of the alternatives to overcome this challenge is the 
immobilization of nanoadsorbents in polymeric structures [9].

Considered barriers with the ability to select the permeation of 
certain chemical species, membranes are emerging as a versatile strat
egy in the water purification process due to their cost-effectiveness, high 
efficiency, and low environmental impact [10]. From this perspective, 
the incorporation of nanoadsorbents in the polymeric matrix modifies 
the physical–chemical properties of the membrane, contributing to or 
interfering with its functionality. The trade-off between the enhance
ment of adsorbent properties of membranes and the formation of 
structural defects in the polymeric matrix that compromise the integrity 
of their structure depends on the manufacturing technique employed. 
Several techniques for preparing polymeric nanocomposite membranes 
have been explored, including physical deposition, electrospinning, 
phase inversion, and layer-by-layer (LbL) assembly [8].

With the objective to explore the preparation of new membranes 
with potential to remove toxic metals from water, and to understand 
how the incorporation of new nanoadsorbents in the polymeric matrix 
influences membrane efficiency, this study addresses the synthesis, 
characterization, and application of a new polymeric nanocomposite 
membrane for the removal of multiple toxic metals from water. New 
hydrolyzed polyacrylonitrile (hPAN) membranes coated with graphene 
oxide (GO) and poly(4-vinylpiridinium iodide) (PVPI) were prepared in 
this essay by LbL assembly, using PVPI as binding agent.

Endowed with nitrile groups with potential for partial hydrolysis, 
polyacrylonitrile (PAN) has electron-rich and electron-poor centers that 
enhance its interactions with metal ions [11]. Even so, due to their 
average pore size, which is slightly larger than the contaminant mole
cules, and the high flow rates usually encountered in practice, hPAN 
membrane are overlooked in favor of other polymers for water and 
effluent treatment. In this context, the use of GO in the hPAN membrane 
aims to improve the membrane permeation process. GO, a nano
adsorbent obtained by the incomplete oxidation of graphite and subse
quent exfoliation, can chemically and physically influence membrane 
properties. In the chemical aspect, since GO has oxygen functional 
groups, it can enhance the formation of coordination complexes be
tween such composite membranes and metal ions [12], and in the 
physical aspect GO alters membrane size and the distribution of pores, 
roughness, and hydrophilicity, parameters that influence the selectivity 
and anti-fouling [13] of the materials. However, because they have 
negative charges, GO and hPAN tend to repel each other electrostati
cally, requiring the presence of a cationic material as an electrostatic 
attracting agent between the two materials. In this case, we opted to use 
a cationic polymer (PVPI), which besides having bactericidal activity 
[14], would also provide the membrane with cation-π attraction, 
enhancing adsorbent/adsorbate interactions [15]. The choice for heavy 
metal contaminants was due to their different atomic radii, which made 
it possible to study the adsorption selectivity towards metals according 
to the number of GO/PVPI layers on the membrane.

The new membranes, denominated hPAN/PVPI/GO, were charac
terized by Fourier transform infrared spectroscopy (FT-IR), X-ray 
diffraction (XRD), excited photoelectron spectroscopy (XPS), confocal 
laser scanning microscopy, scanning electron microscopy (SEM), atomic 
force microscopy (AFM), water contact angle, and zeta potential to 
elucidate the chemical and morphological properties of the membranes 
modified with the nanoadsorbents. They were then applied to the 
removal of the toxic metals Pb2+, Cr3+, Cu2+, Ni2+, and Cd2+ in multi
component systems, under batch and dead-end filtration modes of 
operation. To the best of our knowledge, it is the first time that a salt 

(PVPI) and a nanoadsorbent (GO) have been incorporated in the hPAN 
membrane, with their influence on the material’s characteristics being 
systematically studied and related to the performance in removing toxic 
metals from water.

2. Experimental section

2.1. Chemicals

The chemicals utilized in the preparation of the membranes and the 
metallic salts employed can be found in Section SD1 of Supplementary 
Data.

2.2. hPAN/PVPI/GO membranes preparation

2.2.1. Graphene oxide synthesis
The GO was synthesized by pre-oxidation of mineral graphite, fol

lowed by oxidation and exfoliation of graphite oxide, as previously 
described in our work [16], following the modified Hummers method
ology [17].

2.2.2. hPAN membrane preparation
The preparation of hPAN membrane was conducted via a phase 

inversion and alkaline hydrolysis process, as previously described in our 
work [18], following the Hu et al. protocol [19].

2.2.3. Poly(4-vinylpyridine) quaternization
The quaternization of poly(4-vinylpyridine) (PVP) was carried out 

using the active halide iodomethane, following the methodology 
developed by Bicak et al. [20]. In a 50 mL round-bottom reaction flask, 
3.5 g of PVP were dissolved in 16.7 mL of dry dimethylformamide (DMF) 
under magnetic stirring in a nitrogen atmosphere. Once the polymer had 
been fully dissolved, 3.15 mL of iodomethane were added dropwise to 
the mixture. The solution was stirred at room temperature for 24 h, and 
then filtered with acetone (500 mL) and ethyl ether (500 mL). The solid 
obtained was collected and dried using a high vacuum pump.

2.2.4. hPAN/PVPI/GO membranes preparation
Following the process used by Halakoo et al. [21] to prepare the new 

membranes using the LbL method, the hPAN membrane was subse
quently immersed in (a) a solution of PVPI (1.5 g L-1) for 1 h, (b) 
deionized water for 3 min, (c) a suspension of GO (1.5 mg L-1) for 1 h, (d) 
deionized water for 3 min, thus completing the buildup of a bilayer 
(hPAN/PVPI1/GO1). The process was repeated for the double-layer 
(hPAN/PVP2/GO2) and triple-layer (hPAN/PVP3/GO3) membranes. 
For convenience of discussion, the modified membranes have been 
called A1, A2 and A3, where the numeral refers to the number of PVPI/ 
GO bilayers. To illustrate, Fig. 1 is a schematic of the LbL assembly for 
membrane preparation.

2.3. Characterization

The water contact angle of the wet membranes was measured using 
an Attension Optical Tensiometer model Theta Lite, One-Tension pro
gram. The measurements were conducted at room temperature with 120 
frames captured between 0 and 10 s, with an accurate measurement of 
15 μL of water. Contact angle images were obtained at various intervals 
using a high-speed camera, and the final results were reported as the 
average of three samples. XRD patterns were obtained at room tem
perature on a Panalytical XPert Powder XRD instrument, using Cu K-α 
radiation, operating at 40 kV and 30 mA. The analysis was performed by 
continuous mode scanning at 2◦ min− 1 and 0.02◦ step in a range of 5◦ to 
100◦. XPS spectra were collected using a spectrometer (ScientaOmicron 
ESCA+) with a hemispherical analyzer (EAC2000), monochromatic Al 
Kα radiation (hν = 1486.6 eV) as the excitation source, and a pressure of 
10–9 Pa. A charge neutralizer (CN10) was used to exclude surface charge 
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effects. The XPS high-resolution spectra were recorded at a constant pass 
energy of 20 eV with 0.05 eV per step for the high-resolution spectra. 
The energy range analyzed in the survey was between 0.0 and 1200 eV. 
Data analysis was performed using Casa XPS software. FT-IR analyses 
were conducted in the range of 4000 to 400 cm− 1, using the attenuated 
total reflection (ATR) method, on a Tensor 27 Bruker FT-IR instrument. 
Raman spectroscopy analyses were performed on a Horiba Jobin Yvon 
T64000 coupled to an Olympus BX41 microscope and a charge-coupled 
device detector. The wavelength of the incident radiation, which 
differed for each material, was provided by a He-Ne laser (Melles Griot). 
The laser power was set at 1 mW in the sample compartment, and the 
spectral resolution was 2 cm− 1. Scanning electron microscopy (SEM) 
was performed on a Tescan instrument (Vega 3 SEM) with high reso
lution, operated at 30 kV and a scan spacing of 180 nm. The sample 
sections were affixed vertically and horizontally to a surface with 
double-sided carbon adhesive and then vacuum sprayed with an ultra- 
thin gold film. Atomic force microscopy (AFM) was conducted on a 
NanoWizard4 instrument, JPK, with a resonance frequency of 150 kHz 
and a constant nominal force of 0.7 N m− 1, with a 512 × 512 pixel 
resolution. Image processing and statistical calculations were carried out 
using Gwyddion software. The flux of the membranes (L m–2h− 1) was 
evaluated by measuring the pure water flux in a membrane effective 
area of 12.56 cm2 under a transmembrane pressure difference of 700 
mmHg. The average surface charge of the membranes at different pH 
was determined by zeta potential analysis using a Malvern ZetaSizer 
Nano series DLS ZEN3600. The membranes were cut into small pieces 
and submerged in solutions with different pH ranges at 25 ◦C. 0.1 M 
NaOH and 0.05 M HCl were used to adjust the pH during the 
measurements.

2.4. Metal ions removal by new membranes

2.4.1. Batch adsorption assays
For the batch adsorption assays, initially, 20 mL of a synthetic 

contaminant solution containing the five metals were prepared with 
estimated concentrations based on quantifications carried out on in
dustrial effluents [22–24] (Cd2+: 1.8 mg L-1, Ni2+: 4.9 mg L-1, Cu2+: 4.1 
mg L-1, Cr3+: 12.2 mg L-1 and Pb2+: 10.2 mg L-1). Subsequently, a 0.05 g 
membrane unit was then added to the contaminant solution.

The system was then placed in an orbital shaker (LABWIT – Shaker 
Incubator ZWYR-240) at 180 rpm and room temperature for 24 h. At the 
end, aliquots were taken, acidified, and diluted, and then analyzed in an 
atomic absorption spectrophotometer (GBC, Avanta PM). The dilution 
factors are listed in Table SD2 in Supplementary Data.

The solid concentration or solid loading (qi, mg g− 1, Eq. (1) and the 
removal efficiency (%, Eq. (2) were calculated from the measured 
readings. The solid concentration represents the mass of metal removed 
per unit mass of membrane: 

qi =

(
Ci,0 − Ci,f

)
V

m
(1) 

where Ci,0 and Ci,f (mg L-1) are the initial and final metal concentrations 
in solution, respectively, V (L) is the solution volume, and m (g) is the 
mass of the membrane. Under equilibrium conditions (reached in 24 h), 
Eq. (1) gives the equilibrium solid concentration, qi,e (mg g− 1). The 
removal efficiency (%, Eq. (2) refers to the percentage of metal that was 
adsorbed on the membrane, i.e., that was uptaken from the initial 
solution. 

Removal efficiency = 100 ×
Ci,0 − Ci,f

Ci,0
(2) 

The selectivity of a membrane towards ion i relative to ion j 
(
Si,j

)
in a 

multicomponent mixture can be estimated dividing both distribution 
coefficients, K: 

Si,j =
Ki

Kj
=

qi/Ci

qj/Cj
(3) 

2.4.2. Dead-end filtration assays
For the semi-continuous dead-end filtration adsorption assays, a 

synthetic solution containing the five metals was initially prepared using 
the estimated concentrations of real effluents mentioned in section 
2.4.1. Subsequently, the solution permeated the membranes with an 
effective area of 12.56 cm2 under 700 mmHg vacuum in a filtration 
system. At the end, aliquots of the obtained permeate (filtrate) were 
collected, acidified, diluted, and then analyzed by atomic absorption 
spectrophotometry as in section 2.4.1. The measured values were 
employed to calculate the removal efficiency (%, Eq. (2) and the final 
solid concentration (qi, mg g− 1, Eq. (1).

3. Results and discussion

3.1. Characterization

3.1.1. Graphene oxide and poly(4-vinylpyridinium iodide)

3.1.1.1. Raman spectroscopy. The Raman spectrum of the synthesized 
GO is shown in Fig. 2(a). A typical Raman spectrum of GO is charac
terized by a G band at 1600 cm− 1, which is related to the E2G vibrational 
mode for sp2 hybridized carbon atoms strongly coupled to hexagonal 
layers, and a D band at 1350 cm− 1, which is associated with the presence 
of defects in the hexagonal structure. The intensity ratio between the 
two bands (ID/IG) indicates material disorder. For GO, this ratio is close 
to 1 [25].

Concerning the synthesized GO, the vibrational mode of the G band 
is observed at 1594 cm− 1 and the D band at 1332 cm− 1. The value of the 

Fig. 1. Schematic representation of the new membranes production.
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calculated ID/IG ratio was equal to 1.10, confirming the success of the 
GO synthesis.

3.1.1.2. X-ray diffraction. The mineral graphite and GO samples were 
subjected to XRD analysis, and the results are presented in Fig. 2(b). The 
XRD pattern of the mineral graphite exhibits one peak at 26.62◦, which 
corresponds to the 002 crystallographic plane. In contrast, the XRD 
pattern of the synthesized GO shows a dominant peak at 12.38◦, which is 
associated with the 001 crystallographic plane. Applying Bragg’s law to 
both patterns, the interlayer spacing of mineral graphite and GO was 
found to be 0.34 and 1.01 nm, respectively [26]. The increase in inter
layer spacing observed for GO compared to graphite indicates that there 
have been ruptures in the crystalline structure of the latter, suggesting 
the insertion of oxygenated groups into the nanomaterial [27].

3.1.1.3. Fourier transform infrared spectroscopy. Fig. 2(c) depicts the FT- 
IR spectra of GO and PVPI. The spectrum of GO indicated the oxidation 
of the nanomaterial, as evidenced by the presence of bands at 3450, 
1753, and 1650 cm− 1. These bands are attributed to the presence of OH, 
ketones (C=O), and carboxyl groups, respectively. In the spectrum of 
PVP quaternized with iodomethane, the absorption band at 3025 cm− 1 

corresponds to unsaturated bonds of C-H units [28], while the bands at 
2922 and 2846 cm− 1 refer to the symmetric and asymmetric stretching 
of the methylene group (CH2) of the polymer, respectively [29]. In 
addition, the absorption bands at 1596, 1465, and 1412 cm− 1 corre
spond to the C=C and C=N vibrations of the pyridine ring [30]. These 
absorption peaks indicate the presence of pyridine rings in the structure. 
Moreover, a comparison of the observed spectra with those reported in 
the literature [31] indicates that the bands and transitions observed at 
1673 and 1635 cm− 1 in the spectrum of the material can be attributed to 
the PVPn+ cation. This evidence supports the conclusion that the qua
ternization of PVP was successful.

3.1.1.4. Zeta potential. The zeta potential of the GO and PVPI 

suspensions was measured in the pH range of 4–10 and the results ob
tained are shown in Fig. 2(d). According to the analysis, GO has a 
negative surface charge, while PVPI has a positive surface charge in the 
evaluated pH range. PVPI exhibited zeta potential values ranging from 
+ 17.3 to + 12.3 mV, and GO showed values from –22.7 to –41.6 mV 
when pH varied from 4 to 10.

The negative surface charge of GO is associated with the presence of 
oxygenated groups, such as carbonyl, hydroxyl, and epoxy, in the basal 
plane and at the edges of the sheets [18]. This result indicates the 
presence of a highly oxidized graphene derivative, suggesting the suc
cessful synthesis of the nanoadsorbent. Similarly, the positive surface 
charge of PVPI indicates the quaternization of the PVP polymer with 
iodomethane. The insertion of the alkyl halide into the polymer forms a 
quaternary ammonium cation [20].

It can also be argued that the excess of OH– in the medium at 
increasing pH increases the negative charge of GO and decreases the 
positive charge of PVPI, due to the deprotonation of the oxygenated 
functions in the nanoadsorbent and the interactions of the ions with the 
quaternary amine of the salt, respectively [16]. Therefore, for the LbL 
assembly of the hPAN/PVPI/GO membranes, the PVPI and GO disper
sions were prepared at pH 6, as this provides a good compromise among 
a mild pH and a greater interaction between the materials and the 
pristine membrane.

3.1.2. hPAN/PVPI/GO membranes

3.1.2.1. X-ray diffraction and Fourier transform infrared spectroscopy.
XRD patterns of the hPAN membrane and the hPAN/PVPI/GO mem
branes with 1, 2, and 3 bilayers of PVPI/GO are presented in Fig. 3(a). 
The XRD pattern of the hPAN membrane exhibits a minor sharp peak at 
approximately 16.8◦, which can be attributed to the crystal plane (100) 
and is indicative of the presence of nitrile groups in the polymer struc
ture [32]. Additionally, there is a broad band at 23.0◦, which can be 
attributed to the amorphous region of the membrane [33].

Fig. 2. (a) GO Raman spectrum. (b) XRD patterns of GO (black line) and mineral graphite (blue line). (c) FT-IR spectra of GO (black line) and PVPI (red line). (d) 
Zeta potential of GO (black circle) and PVPI (red circle).
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In the membranes containing different bilayers of PVPI/GO (Fig. 3
(a)), although the crystalline plane (001) of GO (Fig. 3(b)) is not 
observed, their XRD patterns are similar to those of the pristine hPAN 
membrane. The presence of the nanoadsorbent in the new membranes 
may be related to the significant reduction of the broad amorphous band 
of membranes A1, A2, and A3. The absence of the characteristic GO peak 
in the composite membranes may be attributed to the low GO mass 
attached to the polymer matrix’s surface [32], or even to its inhomo
geneous deposition on the hPAN. As the XRD technique is used to 
analyze the surface of materials [34], and since the PVPI/GO layers are 
not homogenously dispersed on the surface of the pristine membrane, 
the X-ray beam of the equipment may have scanned a sample band with 
a low material content. A similar observation was reported by Hung 
et al. [35] when preparing GO membranes on a modified PAN substrate 
by the pressure-assisted self-assembly technique. While the nano
adsorbent exhibited an XRD pattern with a diffraction signal at 26.25◦, 
this peak was absent in the diffractogram of the GO/PAN membrane 
[35].

Fig. 3(b) shows the FT-IR spectra of the hPAN membrane and the 
hPAN/PVPI/GO membranes with 1, 2, and 3 bilayers of PVPI/GO. The 
FT-IR spectrum of the hPAN (Fig. 3(b)) substrate was corroborated by 
the appearance of a broad absorption band at 3345 cm− 1, small bands at 
1649 and 1570 cm− 1, and a narrow band at 1027 cm− 1. These bands are 
attributed to the stretching of the hydroxyl, carbonyl, and C-O groups, 
respectively [36]. The sharp band at 2240 cm− 1 corresponds to the 
nitrile group (C≡N), which remains present in the membrane, indicating 
partial hydrolysis of the material [37].

The absorption bands characteristic of hPAN are present in the 
spectra of the membranes incorporated with PVPI/GO, although the 
progressive increase of the layers has led to changes in the intensity and 
shape of the peaks. In membranes A1, A2 and A3, the bands corre
sponding to oxygenated functions at 3345, 1649/1570, and 1027 cm− 1 

exhibited an increase in intensity relative to those of the hPAN mem
brane. These alterations in the spectral bands of the membranes incor
porated with PVPI/GO may suggest the presence of intermolecular 
hydrogen bonds between the oxygenated functions of GO and the 
functional groups of the hPAN, indicating the presence of GO on the 
surface of the material. Similar conformations were also observed by 
Jauhari et al. [38] in the synthesis of fibers composed of GO and 
polyacrylonitrile.

3.1.2.2. X-ray photoelectron spectroscopy. Table 1 and Fig. 4 summarize 
the survey analyses and the high-resolution C1s and N1s spectra of the 
hPAN, A1, A2, and A3 membranes, respectively. The analysis of the 
tabulated data (Table 1) reveals that all the membranes include the same 
main elements, with C, O, N, and Na, with a divergence in the abundance 
of each one. The hPAN membrane has 75.8 % and 11.9 % of C and N, 

respectively, associated with the polymer. Additionally, 12.1 % of O is 
present, which is related to the partial hydrolysis of the material. 
Furthermore, the presence of Na (0.2 %) is associated with the alkaline 
hydrolysis of the membrane with NaOH. In other studies, these pro
portions were comparable to those of the hydrolyzed PAN polymer [39]. 
For the composite membranes, a significant variation can be observed 
between their oxygen and nitrogen contents in comparison to those of 
the pristine membrane. Regarding O, the incorporation of GO on the 
pristine polymer resulted in an increase in the element content, with 
values varying from 12.1 % in hPAN to 22.6 %, 21.9 %, and 18.9 % for 
the A1, A2, and A3 membranes, respectively. Regarding N, there was a 
decrease in the element content in the modified membranes, with hPAN 
exhibiting 11.9 % of the element, while the A1, A2, and A3 membranes 
showed a variation of 1.5 %, 1.7 %, and 2.1 %, respectively. The surface 
of the pristine membranes was coated with PVPI/GO, resulting in an 
increase in C and O content of the material, with a corresponding 
decrease in N content. However, it was still possible to observe that, 
albeit lower than in the hPAN membrane, there was an increase in N 
content from the A1 to the A3 membrane. These results indicate (1) the 
incorporation of GO on the modified membranes, due to the increase in 
O content in the materials, and (2) the increase in PVPI in the materials, 
due to the progressive increase in N content.

The high-resolution C1s XPS spectra for the hPAN membrane (Fig. 4
(a)) exhibit peaks centered at 284.7 eV (39.2 %), 285.8 eV (21.4 %), 
286.9 eV (30.5 %), 287.7 eV (7.2 %), and 288.7 eV (1.7 %), corre
sponding to the C-sp3/C-sp2, C-N, C-O, C=O/N-C=O, and COOH bonds, 
respectively [40]. For the GO-modified membranes, the high-resolution 
C1s spectra (Fig. 4(b)-(d)) exhibit similarities to the spectrum of the 
pristine membrane, with the exception of the disappearance of the peak 
corresponding to the C-N bonds and variations in the intensities of the 
other peaks. The disappearance of the C-N bond signal in membranes 
A1, A2, and A3 may be attributed to the overlapping of the nitrile and 
amine groups of hPAN and PVPI, respectively, by the long carbon chain 
of GO. This may be due to possible electrostatic interactions between the 
PVPI quartenary amine and the nanoadsorbent oxygen functions [16]. 
Moreover, the variations in the intensities of the peaks present in the 
modified membranes indicate an increase in the relative area of the 
peaks associated with the oxygenated functions, which is accompanied 

Fig. 3. (a) XRD patterns of hPAN membrane and hPAN/PVPI/GO membranes with different PVPI/GO bilayers. (b) FT-IR spectra of hPAN membrane and hPAN/ 
PVPI/GO membranes with different PVPI/GO bilayers.

Table 1 
Scanning data obtained for the membranes by XPS analysis.

Membrane Content (%)
C O N Na I

hPAN 75.8 12.1 11.9 0.2 −

A1 75.5 22.6 1.5 0.4 0
A2 76.1 21.9 1.7 0.3 0
A3 78.7 18.9 2.1 0.3 0

T.F. Neves et al.                                                                                                                                                                                                                                 Chemical Engineering Journal 498 (2024) 155496 

5 



by a decrease in the peaks related to the C-C bonds. These results suggest 
the incorporation of GO into the matrix, given that the nanoadsorbent is 
rich in oxygenated organic functions [18].

The high-resolution N1s XPS spectra for the hPAN membrane (Fig. 4
(a1)) show peaks centered at 399.5 eV (78.1 %), 400.3 eV (17.7 %), and 
401.9 eV (4.2 %), which can be attributed to the NH, C≡N/N-C=O, and 
NHX bonds, respectively [41]. The high-resolution N1s XPS spectra of 
the GO-modified membranes (Fig. 4(b1)-(d1)) exhibit similarities to the 
pristine membrane spectra, except for the disappearance of the peak 
corresponding to the NHX and variations in the intensities of the other 

peaks. The disappearance of the NHX signal for the new A1, A2, and A3 
membranes and the increase in the peak related to N-C=O bonds (cor
responding to the increase in GO content in the membranes) are asso
ciated with the rise of oxygenated organic functions in hPAN [18]. As 
observed by Péres-Álvarez et al. [40], an increase in O content in the 
polymer matrix triggers a decrease in N content, resulting from the loss 
of cyano groups to form carboxylic groups.

3.1.2.3. Morphological properties. High depth images of the membrane 
surface (Fig. 5(a)-(d)) were obtained using laser scanning confocal 

Fig. 4. High-resolution XPS spectra: (a) C1s from hPAN, (a1) N1s from hPAN, (b) C1s from A1, (b1) N1s from A1, (c) C1s from A2, (c1) N1s from A2, (d) C1s from 
A3 and (d1) N1s from A3.
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microscopy and show relevant differences between the GO-containing 
membranes and hPAN. The hPAN (Fig. 5(a)) membrane has a dense 
and smooth surface. The A1 membrane (Fig. 5(b)) also has a dense, 
smooth surface, with pores and thin ribbing on the pristine polymer. The 
images of the A2 (Fig. 5(c)) and A3 (Fig. 5(d)) membranes demonstrate 
that the smooth surface of the material has been replaced by a rough 
surface covered by materials, which are likely to be related to the 
presence of PVPI/GO attached to the polymer surface. In accordance 
with the confocal laser scanning microscopy, the SEM images of the 
membranes indicate surface variations in the materials according to the 
increase of PVPI/GO on the pristine polymer.

Fig. 5 (a1)-(d1) show the surface morphology and cross-section of the 
hPAN, A1, A2, and A3 membranes obtained by SEM analysis. Generally, 
an increase in PVPI/GO on hPAN resulted in an increased incidence of 
defects on the surface and in the underlying layer of the membranes. 
SEM images of the surface of the materials show that while hPAN (Fig. 5
(a1)) exhibits a dense and rough surface layer, membranes A1 (Fig. 5
(b1)), A2 (Fig. 5(c1)), and A3 (Fig. 5(d1)) display the presence of ma
terial deposited on their surfaces. Furthermore, the higher the PVPI/GO 
content on the material, the more these materials agglomerated, taking 
on the shape of thin ribbings. In addition to the changes observed in the 
membrane surface, the increase in the content of materials in the 
polymer matrix also affected the morphology of the cross-section of the 
materials. The hPAN membrane has three distinct regions: a uniform 
and denser layer in the center, surrounded by two porous layers, one of 
which resembles a stack of overlapping slabs. The membranes A1 and A2 
exhibit two regions: a porous layer with irregular finger-like macrovoids 
and a uniform layer. The membrane A3, on the other hand, only shows a 
porous cross-section area with irregular finger-like macrovoids.

These results indicate that the deposition of successive bilayers of 
PVPI/GO progressively modifies the morphology of the supporting 
hPAN membrane. The modifications are not only observable on the 

surface but also significantly and gradually extend to the interior of the 
membranes, which will increase the interaction with the pollutants so
lutions under static or permeation conditions [42]. Similar results were 
obtained by Januário et al. [13] in the preparation of polyethersulfone 
membranes modified with sulfuric acid, titanium dioxide (TiO2), and GO 
solutions by the LbL assembly methodology. The authors observed that 
the TiO2 nanoparticles were irregularly distributed and agglomerated on 
the membrane surface. They attributed this phenomenon to complete 
inhomogeneity of the nanoparticle solution in the ultrasonic stage and 
the subsequent agglomeration of the nanoparticles with GO on the 
polymer surface due to electrostatic interaction.

The thickness of the hPAN, A1, A2, and A3 membranes was also 
measured by SEM analysis, with average lengths of 48.56, 49.22, 55.34, 
and 80.25 µm, respectively, indicating that their thickness increases 
with the number of PVPI/GO bilayers adhered to the polymer. These 
results were expected since variations in the thickness of composite 
membranes are common in LbL assembly processes [13].

AFM analyses were also conducted to assess not only the morpho
logical surface properties of the membrane but also to evaluate the 
three-dimensional profile of the materials. Fig. 5(a2)-(d2) summarize 
the images and three-dimensional profiles obtained from the analysis of 
the hPAN, A1, A2, and A3 membranes. The hPAN membrane (Fig. 5(a2)) 
exhibits low surface roughness, with a mean square roughness index 
(Sq) estimated at 12.9 nm. In contrast, these characteristics were 
modified for the membranes containing GO and PVPI. Membranes A1 
(Fig. 5(b2)), A2 (Fig. 5(c2)), and A3 (Fig. 5(d2)) exhibit higher surface 
roughness, which increased as PVPI/GO adhered to the hPAN surface. 
Their Sq was found to be 23.6, 160.2, and 240.5 nm, respectively, ac
cording to the number of layers of PVPI/GO on the pristine polymer (1, 
2, and 3). The results demonstrate that the addition of PVPI/GO to the 
membrane increases the surface roughness of the pristine polymer. 
Januário et al. [43] stated that the apparent surface defects on the 

Fig. 5. Confocal images of the dried membrane surfaces (a) hPAN, (b) A1, (c) A2, and (d) A3. SEM images of the surfaces and cross sections of the (a1) hPAN, (b1) 
A1, (c1) A2, and (d1) A3 membranes. AFM images of (a2) hPAN, (b2) A1, (c2) A2, and (d2) A3 membranes.
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membrane surface and the increase in the roughness of materials 
modified with GO by the LbL assembly method are due to the folding 
effect of the GO nanosheets during the process.

Water contact angle.
In order to have information about the hydrophilicity of the novel 

membranes in comparison to the pristine polymer, contact angle mea
surements with water were conducted on hPAN, A1, A2, and A3, and the 
results obtained are shown in Table 2. According to the analysis, a hy
drophobic surface has a static contact angle greater than 90◦, whereas a 
hydrophilic surface has an angle less than 90◦ [44]. The results for all the 
membranes analyzed were less than 90◦, with values ranging from 7.58◦

to 17.70◦. This indicates that the materials have a hydrophilic nature 
with a suitable wetting surface.

Although all the membranes have a hydrophilic surface, the pristine 
hPAN polymer (7.58◦, Table 2) had a contact angle approximately 1.5 
times lower than the A1 membrane (12.32◦, Table 2), which is the 
lowest contact angle with water among the modified membranes. This 
discrepancy in contact angle between the pristine polymer and the 
modified membranes may be related to the morphological characteris
tics and chemical composition of hPAN. As mentioned above, the pris
tine membrane exhibits macropores/defects near the surface, which 
contributes to the penetration of water from the surface to the interior of 
the membrane by capillary action of the hydrophilic porous media [45]. 
Regarding the chemical composition of the membrane surface, the 
partial hydrolysis of the nitrile functions of PAN results in the generation 
of hydrophilic COO− and CONH2 functional groups in the membrane 
matrix, thereby enhancing the hydrophilic character of the material 
[45].

The membranes containing the cationic polymer and the anionic 
nanoadsorbent (A1, A2, and A3) exhibited an increase in the water 
contact angle with the increase in PVPI/GO layers on hPAN. The values 
obtained were 12.32◦, 13.61◦, and 17.70◦ for membranes A1, A2, and 
A3, respectively. These results may be attributed to the presence of GO 
and PVPI on the surface of the membranes, which have hydrophobic and 
hydrophilic zones in their structure, respectively. Assuming that the 
nanoadsorbent adheres to the membrane surface through electrostatic 
interactions with the cationic polymer PVPI [15], the hydrophobic 
centers of GO become more accessible for interaction with the medium, 
resulting in an increase in the water contact angle of membranes with 
higher nanoadsorbent content. Similar results were obtained by Mok
kapati et al. [46], who stated that high concentrations of GO can cause 
an increase in the water contact angle due to the GO nanosheets having 

hydrophobic fractions that can be more exposed on the membrane 
surface.

3.1.2.4. Pure water flux. The results of the pure water flux for the hPAN, 
A1, A2, and A3 membranes are presented in Fig. 6. Equivalent results 
were obtained for the metal solution. The findings indicate that the flux 
decreased as the PVPI/GO content on the surfaces of the pristine poly
mer increased. This suggests that GO and PVPI have attached to the 
hPAN surface. The hPAN membrane exhibited the highest flux, 170.8 L 
m− 2h− 1, followed by the A1, A2, and A3 membranes with fluxes of 63.0, 
56.5, and 45.9 L m− 2h− 1, respectively. This reduction in water flux 
through the membranes with an increasing number of bilayers of PVPI/ 
GO deposited over the hPAN is associated with morphological and 
physicochemical changes in the pristine polymer.

Regarding membrane morphology, hPAN has greater total macro
pores/defects than the modified membranes. These features contribute 
to greater permeation of water through the material [18]. Furthermore, 
the hydrophilic functional groups increase membrane wettability 
(Table 2) and affinity towards water molecules, which may facilitate 
their transport through the hPAN membrane matrix [47].

The accumulation of PVPI and GO over the surface of the pristine 
polymer resulted in an increase in the mean square roughness of the 
modified membranes (A1, A2, and A3), as well as a decrease in the total 
macropores/defects volume of these materials with eventual pore 
blockage. This morphological change in the membranes, in turn, in
creases the flow resistance, making it difficult for water to pass through 
[48]. Furthermore, the PVPI/GO contributes to a small reduction of the 
surface hydrophilicity of the modified membranes in comparison to the 
hPAN membrane (Table 2), which may slightly penalize their affinity 
towards the water molecules [18].

3.1.2.5. Zeta potential. The zeta potential of the hPAN, A1, A2, and A3 
membranes was measured at pH 6, and the results obtained are pre
sented in Fig. 7. The analysis revealed that, despite all the materials 
exhibit a negative surface charge, the negative potential of the mem
branes decreased as the bilayers of PVPI/GO adhered to the material 
increased. The zeta potentials of the hPAN, A1, A2, and A3 membranes 
were –23.4, − 21.7, − 16.4, and − 12.8 mV, respectively.

The negative surface charge of hPAN is attributed to the presence of 
oxygenated functions such as carboxyl and amide in the polymer matrix, 
resulting from the alkaline hydrolysis of the material [49]. Regarding 
the membranes coated with different layers of PVPI/GO, while the 

Table 2 
Water contact angle of hPAN, A1, A2 and A3 membranes.

Membranes Contact angle (θ◦) 
at 10 s

Images of the contact angle at different times
0.1 s 3 s 10 s

hPAN 7.58

A1 12.32

A2 13.61

A3 17.70
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negative surface charge of the composite membranes was also evident, 
the decrease of their absolute charge with increasing cationic polymer 
and anionic nanoadsorbent indicates the influence of PVPI on the 
surface.

In the development of the new membranes, the cationic PVPI poly
mer was used as an electrostatic attracting agent between the anionic 
materials, GO and hPAN. Consequently, PVPI, as a quaternary amine, 
contributes to a positive surface charge [20] (Fig. 2(d)). The reduction in 
the negative charge of the surface membranes with increasing layers of 
PVPI and GO in hPAN indicates that the deposition of PVPI, in addition 
to acting as an electrostatic attracting agent, results in an increase of the 
positive charges at the membrane surface [39].

3.2. Adsorption of toxic metals in multicomponent systems

The hPAN, A1, A2, and A3 membranes were subjected to metal ion 
adsorption in batch and dead-end filtration processes. In this stage of the 
study, the main objective was to evaluate the impact of the modifica
tions resulting from the addition of PVPI/GO on the adsorptive and 
filtering potential of the membranes.

3.2.1. Batch adsorption study
The use of membranes in batch adsorption experiments offers a 

significant advantage: the adsorbent can be easily removed from the 
aqueous medium after the adsorption process, eliminating the need for 
filtration, which makes the purification process more expensive. 
Therefore, batch assays to study the adsorption potential of the mem
branes for contaminants in water were performed using a complex 
system containing the metal ions: Cd2+, Ni2+, Cu2+, Cr3+, and Pb2+. The 
results obtained are shown in Fig. 8.

The results of the experiments (Fig. 8) indicate that the modified 
membranes exhibited a higher removal potential than the hPAN mem
brane. This suggests that the incorporation of PVPI/GO led to an 
improvement of the adsorption performance of the pristine polymer, 
which may be attributed to the presence of OH and COOH groups in GO, 
which are likely to form coordination complexes with metal ions [50]. 
Among the membranes analyzed, A3 showed the highest removal ability 
(and solid loadings) with measured values of 6.6 % (qe = 0.05 mg g− 1), 
23.1 % (qe = 0.45 mg g− 1), 50.4 % (qe = 0.83 mg g− 1), 64.3 % 
(qe = 3.14 mg g− 1), and 99.9 % (qe = 4.08 mg g− 1) for Cd2+, Ni2+, Cu2+, 
Cr3+, and Pb2+ ions, respectively. Moreover, from the data presented in 
Fig. 8, it can be concluded that all membranes showed a higher 

Fig. 6. Flux of pure water through hPAN, A1, A2 and A3 membranes.

Fig. 7. Zeta potential of hPAN, A1, A2 and A3 membranes.
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selectivity for Pb2+, Cr3+, and Cu2+ ions compared to Ni2+ and Cd2+

ions. This is clearly emphasized by the calculated selectivities relative to 
Cd2+ using Eq. (3), which, for membrane A3, were 13450, 24.2, 13.7, 
4.0, and 1.0, respectively. The detailed calculations are available in 
Sections SD4 and SD5 in Supplementary Data.

With regard to membrane selectivity, as elucidated by Upreti et al. 
[51], this variation in cation removal potential can be attributed to the 
chemical interaction between metal ions and adsorbent materials, which 
depends on the affinity of the contaminants to interact with the func
tional groups of the adsorbent. In the case of porous materials, steric 
limitations associated with ion size can also affect adsorption. In that 
study [51], the authors observed that the affinity of As5+ ions was lower 
than that of Pb2+ with respect to the adsorbent. These results may be 
related to the radius and charge density of the ions, their coordination 
numbers (number of hydration molecules) and hydration energies, 
which globally favored Pb2+ adsorption [52,53].

For equivalent valences, larger ions in solution may interact more 

strongly with solid sorbents due to the weaker hydration forces that 
retain water molecules around them [54]. Given that the ionic radii of 
the metals studied in this essay can be roughly ordered as Pb2+> Cd2+>

Cr3+ ≅ Cu2+ ≅ Ni2+, such reasoning only fails for the predicted selec
tivity of Cd2+ ions. Computer simulations may be used to unveil this 
behavior.

3.2.2. Semi-continuous dead-end filtration adsorption study
The removal efficiency of the membranes by dead-end filtration was 

explored with a mixed aqueous system containing the metal ions: Cd2+, 
Ni2+, Cu2+, Cr3+, and Pb2+. The removal efficiency and solid concen
tration of the membranes are shown in Fig. 9.

An analysis of the results (Fig. 9) shows that the modified membranes 
had a greater removal potential than the pristine hPAN membrane, 
which was even more evident than in the batch assays. Consequently, 
the deposition of PVPI/GO on the pristine hPAN membrane resulted in a 
notable enhancement of the adsorption performance of the materials in 

Fig. 8. Toxic metals batch adsorption by hPAN (blue), A1 (green), A2 (red) and A3 (black) membranes. Bars represent removal efficiency, and lines show pollutants 
concentration in membranes. Membrane mass of 0.05 g, solution volume of 20 mL, initial concentrations of Cd2+ of 1.8 mg L− 1, Ni2+ of 4.9 mg L− 1, Cu2+ of 4.1 mg 
L− 1, Cr3+ of 12.2 mg L− 1, and Pb2+ of 10.2 mg L− 1, adsorption time of 24 h, agitation of 180 rpm, pH 5.5, and room temperature.

Fig. 9. Toxic metals removal by dead-end filtration using hPAN (blue), A1 (green), A2 (red) and A3 (black) membranes. Bars represent removal efficiency, and lines 
show pollutants concentration in membranes. Membrane effective area of 12.56 cm2, percolated volume of 20 mL, initial concentrations of Cd2+ of 1.8 mg L− 1, Ni2+

of 4.9 mg L− 1, Cu2+ of 4.1 mg L− 1, Cr3+ of 12.2 mg L− 1, and Pb2+ of 10.2 mg L− 1, filtration time of 5–20 min, pump pressure at 700 mmHg, pH 5.5, and room 
temperature.

T.F. Neves et al.                                                                                                                                                                                                                                 Chemical Engineering Journal 498 (2024) 155496 

10 



batch and filtration systems. The A3 membrane, which exhibited the 
highest removal percentages (and solid loadings) among those analyzed, 
attained values of 8.7 % (q = 0.03 mg g− 1), 10.5 % (q = 0.10 mg g− 1), 
15.0 % (q = 0.12 mg g− 1), 18.8 % (q = 0.46 mg g− 1), and 31.8 % (q =

0.65 mg g− 1) for Cd2+, Ni2+, Cu2+, Cr3+, and Pb2+, respectively. The 
detailed calculations are available in Section SD4 in Supplementary 
Data.

While in the batch assays the removal percentages of the A3 mem
brane for metal ions were 6.6 %, 23.1 %, 50.4 %, 64.3 %, and 99.9 % for 
Cd2+, Ni2+, Cu2+, Cr3+, and Pb2+, respectively, in the filtration system, 
the respective values for the same membrane and metals were generally 
much inferior: 8.7 %, 10.5 %, 15.0 %, 18.8 %, and 31.8 %. The same 
happened with the solid loadings, qi. In the batch system, the mem
branes were maintained in contact with the multicomponent solution for 
24 h, while in the dead-end filtration mode the contact times between 
the adsorbent and permeating solution were only a few minutes. Such 
low contact times reduce the mass transfer efficiency between the 
adsorbent and adsorbate due to the rate-controlled nature of membrane 
separations. On the contrary, the long batch experiments of section 3.2.1
corresponded to equilibrium stage operations.

In a porous membrane containing macropores/defects under dead- 
end filtration, the separation may involve the following steps: (1) 
convective transport of solution through macropores/defects by viscous 
flow; (2) intraparticle transport of the solutes from the bulk of the so
lution inside the pores to their walls; (3) intraparticle diffusion (in series 
and in parallel) through the micro/mesopores and/or dense phase of the 
membrane; (4) interaction with the active sites of the adsorbent. 
Consequently, the contact time between the membrane and the toxic 
metals is a crucial parameter that influences the sorption kinetics of the 
process [55,56]. In this instance, short contact times with the mem
branes can impede the system from attaining equilibrium.

Concerning the calculated selectivities (relative to Cd2+), A3 mem
brane reached the following values for Pb2+, Cr3+, Cu2+, Ni2+ and Cd2+

ions: 5.1, 2.5, 1.9, 1.3 and 1.0. (See Section SD5 in Supplementary Data). 
They follow the same order mentioned above in batch operation, though 
with significantly lower values, mainly for Pb2+ and Cr3+. This result 
was expected in advance, taking into account the important viscous flow 
permeation mechanism in the membranes, which is essentially non- 

selective.

3.3. Interactions of toxic metals with hPAN/PVPI/GO membranes

Modifying the pristine hPAN polymer with GO and PVPI resulted in 
morphological and physicochemical changes in the membrane. The 
study of the Cd2+, Cr3+, Cu2+, Ni2+, and Pb2+ removal potential in 
multicomponent systems showed that these changes enhanced the 
adsorption performance of the modified membranes. The extension of 
the interactions between the membrane and the metal ions are affected 
by morphological features and physicochemical principles. Regarding 
the former, the rougher surface, and the asymmetric and macroporous/ 
defects layers influence the permeation velocity distribution inside the 
membrane and the internal diffusion paths, which subsequently deter
mine the adsorption kinetics. With respect to the physicochemical in
teractions, the increase of GO content in the modified membranes results 
in an increase in the oxygen content of their structure due to the func
tional groups, which in turn leads to an elevated number of Lewis bases 
in the substrate (Fig. 10). This contributes to a greater formation of 
coordination complexes between the modified membranes and the 
metal ions [50].

Despite their differences in the potential to remove metals from 
water, both hPAN and the modified membranes A1, A2, and A3 showed 
affinity for the different metal ions. Nonetheless, lower removal effi
ciencies and selectivities were achieved under dead-end filtration mode 
of operation, as the viscous flow transport and the intrinsically short 
membrane/adsorbate contact times made it difficult to reach equilib
rium [56]. In batch, the modified membranes showed significant 
removal potential, mainly for Cu2+, Cr3+, and Pb2+ ions, with removal 
efficiencies of 50.5 %, 64.3 %, and 99.9 %, and selectivities relative to 
Cd2+ of 13.7, 24.2 and 13450, respectively, for membrane A3. The 
concentrations of Cu2+ and Pb2+ in the permeate meet the limit values 
for metal ions in waters from industrial sources and human dwellings, 
for the sanitary importance of drinking water, according to the World 
Health Organization (WHO 2022) [57] (Table 3).

Finally, membrane A3, employed in multicomponent systems, con
tinues to demonstrate superior performance compared to most 3D ma
terials reported in the literature, both in mono-component and 

Fig. 10. Physicochemical interactions governing toxic metals adsorption onto hPAN/PVPI/GO membranes.
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multicomponent systems (Table 4). It is worth noting the favorable and 
significantly higher distribution coefficients (Ki = qi/Ci) generally ob
tained for Cu2+, Cr3+, and Pb2+, particularly the exceptionally high 
value for Pb2+: K = 400 L/g versus the literature range of 
0.000217 − 0.911 L/g.

4. Economic aspects

Currently, polymeric membranes play a significant role in the 
treatment of wastewater and effluents, and are the primary separation 
medium applied in desalination processes. However, surface fouling and 
biofouling of these materials, low recovery, pre-treatment, and periodic 
cleaning are some of the shortcomings of membranes. In this scenario, 
there is growing interest in the development of new membranes with 
potential to overcome these problems and with high selectivity for target 
contaminants [65]. Despite the increasing interest of the academic 
community in the development of new membranes for removing metal 
ions from water, there is still a lack of economic interest in the pro
duction and full-scale application of these materials [66].

To estimate the economic aspects of new materials, two factors must 
be considered: the efficiency of the product and the cost associated with 
production. Compared to other standard membranes and composite 
membranes, hPAN/PVPI/GO membranes show equivalent or, in some 

cases, better performance in removing different metal ions from water, 
being highly selective for Pb2+, Cr3+, and Cu2+. Regarding the cost 
associated with producing the modified membranes, considering only 
chemicals, the price for the A3 membrane was US$ 0.20 cm− 2. With the 
addition of transportation costs and electricity used in the process, the 
cost of the final membrane is around US$ 0.50 cm− 2 [67].

Although it is possible to estimate the economic aspects associated 
with the production of new materials, it is difficult to assess the total 
costs of a credible treatment for wastewater polluted by metals. This is 
mainly due to the quality and quantity of the effluent volumes gener
ated, as well as labor, passive pumping, location, and so on, parameters 
that influence and alter the costs of effluent treatment on a real scale. 
Therefore, the overall cost-benefit assessment of hPAN/PVPI/GO 
membranes should be examined in more detail and suggested for future 
use.

5. Conclusions

New hPAN membrane coated with GO layers by LbL assembly, and 
using PVPI as binding agent, were synthesized, characterized, and 
applied to the removal of metal ions from multicomponent aqueous 
systems. The addition of PVPI and GO to hPAN introduced oxygenated 
functions to the pristine polymer, increased the surface roughness of the 
membranes, modified the size and structure of membrane sublayers, 
culminating in improved efficiency to remove Cd2+, Cr3+, Cu2+, Ni2+, 
and Pb2+ ions from water.

With removal efficiencies higher than 50 % for Cu2+, Cr3+, and Pb2+, 
and high equilibrium selectivities relative to Cd2+ (e.g., 13.7, 24.2 and 
13,450 for hPAN/PVPI3/GO3 membrane), two characteristics could be 
elucidated for the membranes: (1) The selectivity of the membranes for 
different metal ions suggests the formation of adsorbent-adsorbate co
ordination complexes promoted by the presence of Lewis bases in the 
substrate, and depends on properties such as the ionic radius, coordi
nation numbers and hydration forces of the toxic metals; (2) The 
morphology of the modified membranes, with their higher surface 
roughness, asymmetric and macrovoid porous sublayers, enhanced the 

Table 3 
Removal efficiency of A3 membrane in batch experiments together with the 
WHO (2022) permissible limits.

Toxic 
metal ions

Initial concentration 
(mg L− 1)

Concentration (mg 
L− 1) 
after membrane 
treatment

Permissible 
limits 
(mg L− 1) of WHO 
(2022)

Cd(II) 1.8 1.7 0.003
Ni(II) 4.9 3.8 0.07
Cr(III) 12.2 4.3 0.05
Cu(II) 4.1 2.0 2.0
Pb(II) 10.2 0.01 0.01

Table 4 
Comparison of the removal efficiency, solid concentration and distribution coefficient achieved by membrane A3 in batch experiments with other membranes from the 
literature.

Adsorbent Adsorbent 
dosage

Metal 
ion

Initial 
concentration (mg 
L− 1)

pH Temp. Removal 
efficiency (%)

Calculated 
solid conc. 
(qi, mg g¡1)

Ki,  
(L g− 1)

Ref.

Polyamid (NDX) − Cu(II) 100.0 − r.t. 29 − − [58]
Biochar and chitosan blend 3:7 (w/w) Cu(II) 88.3 4.8–6.9 r.t. 57 0.12 0.0032 [59]
PEI-glycidyl polyhedral 

oligosilsesquioxane/GO
0.01 wt% Cu(II) 500.0 − r.t. 55 2750 12.2222 [53]

Comercial nanofiltration (NF270) − Cu(II) 2000.0 1.5 25 ◦C 66 − − [60]
TiO2-carbon nanofibers 6 wt% Cu(II) 300.0 7 25 ◦C 73 3.65 0.0451 [61]
hPAN/PVPI3/GO3 1.5 g L-1 Cu(II) 4.1 5.5 25 ◦C 50 0.83 0.4049 This 

work
Poly(butylene adipate-co-terephthalate) 

membrane
2 % (w/w) Cr(VI) 0.1 3 − 6 0.0003 0.0032 [62]

Poly(butylene adipate-co-terephthalate) 
membrane with cellulose 
nanostructures

2 % (w/w) Cr(VI) 0.1 3 − 30 0.0015 0.0214 [62]

Poly(butylene adipate-co-terephthalate) 
membrane with modified cellulose 
nanostructures

2 % (w/w) Cr(VI) 0.1 3 − 71 0.0035 0.1207 [62]

hPAN/PVPI3/GO3 1.5 g L-1 Cr(III) 12.2 5.5 25 ◦C 64 3.14 0.7149 This 
work

Biochar and chitosan blend 5.5 (w/w) Pb(II) 2.5 4.8–6.9 r.t. 54 0.00025 0.0002 [59]
PEI-glycidyl polyhedral 

oligosilsesquioxane/GO
1 wt% Pb(II) 500.0 − r.t. 78 39 0.3545 [53]

Polyphenylsulfone- COOH-GO 0.5 wt% Pb(II) 10.0 6 r.t. 82 1.64 0.9111 [63]
TiO2-carbon nanofibers 6 wt% Pb(II) 300.0 7 25 ◦C 87 4.35 0.1115 [61]
Hyperbranched polyethyleneimine- 

carbon nanomaterial
1:5 (w/w) Pb(II) 1000.0 6 25 ◦C 91 4.55 0.0506 [64]

hPAN/PVPI3/GO3 1.5 g L-1 Pb(II) 10.2 5.5 25 ◦C 100 4.08 400 This 
work
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adsorption of contaminants from water in batch and dead-end filtration 
operation. In addition to being highly selective for Cu2+, Cr3+, and Pb2+

in multicomponent systems, the new hPAN/PVPI/GO membranes also 
showed greater removal potential and distribution coefficients 
compared to other polymeric membranes from the literature.
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