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Polycaprolactone/polyacrylic
acid/graphene oxide composite
nanofibers as a highly efficient
sorbent to remove lead toxic metal
from drinking water and apple juice

Mohammadreza Rostami'2, Gholamreza Jahed-khaniki'*, Ebrahim Molaee-aghaee?*,
Nabi Shariatifar!, Mahmood Alizadeh Sani?, Mahmood Azami3, Sima Rezvantalab*,
Soghra Ramezani® & Marjan Ghorbani®**

Due to the characteristics of electrospun nanofibers (NFs), they are considered a suitable substrate for
the adsorption and removal of heavy metals. Electrospun nanofibers are prepared based on optimized
polycaprolactone (PCL, 12 wt%) and polyacrylic acid (PAA, 1 wt%) polymers loaded with graphene
oxide nanoparticles (GO NPs, 1 wt%). The morphological, molecular interactions, crystallinity,
thermal, hydrophobicity, and biocompatibility properties of NFs are characterized by spectroscopy
(scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray diffraction,
Thermogravimetric analysis), contact angle, and MTT tests. Finally, the adsorption efficacy of NFs

to remove lead (Pb?*) from water and apple juice samples was determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The average diameter for PCL, PCL/PAA, and PCL/
PAA/GO NFs was 137, 500, and 216 nm, respectively. Additionally, the contact angle for PCL, PCL/
PAA, and PCL/PAA/GO NFs was obtained at 74.32°, 91.98°, and 94.59°, respectively. The cytotoxicity
test has shown non-toxicity for fabricated NFs against the HUVEC endothelial cell line by more

than 80% survival during 72 h. Under optimum conditions including pH (= 6), temperature (25 °C),

Pb concentration (25 to 50 mg/L), and time (15 to 30 min), the adsorption efficiency was generally
between 80 and 97%. The adsorption isotherm model of PCL/PAA/GO NFs in the adsorption of lead
metal follows the Langmuir model, and the reaction kinetics follow the pseudo-second-order. PCL/
PA/GO NFs have shown adsorption of over 80% in four consecutive cycles. The adsorption efficacy of
NFs to remove Pb in apple juice has reached 76%. It is appropriate and useful to use these nanofibers
as a high-efficiency adsorbent in water and food systems based on an analysis of their adsorption
properties and how well they work.
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Heavy metals (HMs) are chemical elements with atomic weights between 63.5 and 200.6 Dalton and a specific
gravity of over 5.0. They are a significant subcategory of food contaminants, originating from naturally occur-
ring events, industrial operations, and environmental pollutants'. Toxic HMs and metalloids, like arsenic (As),
lead (Pb?*), cadmium (Cd), and mercury (Hg), are unnecessary for biological processes and have expanded
globally, posing significant risks to the ecosystem and human health?*. The high prevalence of toxic HMs in the
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food chain creates significant health risks due to their non-biodegradability, stability, bioaccumulation capacity,
and high toxicity levels. These metals accumulate rapidly in the human body through biomagnification in food
chains, and even in small amounts, they are known to cause cancer'. Lead pollution negatively impacts cognitive
development, leading to neurological and cardiovascular disorders in humans, especially in children*®. Moreover,
HMs like Pb?* and Cd are carcinogenic and can cause bone fractures, cardiovascular issues, renal dysfunction,
hypertension, liver, lung, brain, and immune system disorders™°.

To reduce and eliminate HMs, researchers have developed various methods to address the inevitable presence
of heavy metals in food and water, including coagulation, ion exchange, adsorption, electrostatic interaction,
chemical precipitation, advanced oxidation, membrane separation, and membrane filtration”®. Adsorption is
preferred for eliminating HMs due to its various adsorbents, notable efficacy, simplicity, reversibility, and cost-
effectiveness®!!. Adsorption is a popular method for removing HMs from aqueous samples due to its efficiency,
ease of implementation, reversibility, and cost-effectiveness. Common adsorbents include activated carbon,
natural zeolites, nanofibers (NFs), graphene, and nano-metal particles'>"'°. However, nanofibrous materials,
with their large surface area and porosity, offer enhanced adsorption capacity and faster rates. They can be easily
separated or recycled post-adsorption, making them effective adsorbents for HMs!¢-1%,

Several techniques, like electrospinning, self-assembly, phase separation, solvent thermal synthesis, and the
template method, are currently used for fabricating NFs -2, Electrospinning is a cost-effective technique in
this field, offering efficient, straightforward operation and equipment. The resulting nanomaterials, known as
electrospun NFs, have a large specific surface area, excellent porosity, favorable permeability, modifiable pore
structure, and easy functionalization®*.

Polymers are suitable for developing NFs as adsorbents, which have proper mechanical and physical proper-
ties and also have functional groups suitable for the adsorption of heavy metals. On the other hand, easy and
large-scale production are also significant factors in choosing the type of polymers. Polycaprolactone (PCL) is a
versatile polymer with excellent mechanical strength, flexibility, and a high surface area to volume ratio, with a
slow degradation rate and easy customization for specific applications®>?”. Also, Polyacrylic acid (PAA) is a sig-
nificant polyelectrolyte substance that possesses extensive usage as a complexing agent for metal ions, stabilizers
in nanoparticle production, and as a component in polyelectrolyte multilayer building?. PAA is a biodegradable
polymer that offers multiple benefits for eco-friendly usage.

PAA has carboxyl groups (-COOH) in its chemical composition, which can create complexes with heavy
metal ions via ion-exchange processes®. The carboxyl groups can form complexes with heavy metal ions such
as Pb, Cd, or Hg; therefore, efficiently extracting them from aqueous solutions®. Under acidic conditions, PAA
exists in its protonated state and has a greater attraction towards heavy metal ions.

On the other hand, graphene oxide (GO) has a planar structure composed of a solitary layer of carbon atoms
organized in a hexagonal lattice. This configuration offers a substantial expanse, enabling a notable capacity for
adsorbing heavy metal ions. The surface of GO is adorned with oxygen-containing functional groups, including
hydroxyl and carboxyl groups***. These functional groups can engage with heavy metal ions via electrostatic
interactions, n-m stacking, and coordination bonds, resulting in a high adsorption affinity.

GO is characterized by its chemical stability, environmental compatibility, and little impact on ecosystems®>*.
Additionally, it may be easily regenerated and reused to remove heavy metals. Furthermore, it demonstrates
selectivity in adsorbing heavy metals. It has been discovered that it has a greater attraction towards heavy metal
ions, such as Pb, Cd, and Hg, in comparison to other metal ions**~*.

In this research, a PCL/PAA/GO composite nanofiber is produced, in which PCL has been considered due to
having suitable mechanical and physical properties, as well as PAA and GO, to increase the maximum adsorption
efficiency. We conducted the absorption of lead heavy metal in the water environment and utilized this adsorbent
nanocomposite for the first time to adsorb lead metal in apple juice and food systems (Fig. 1).

Materials and methods

Materials

Polycaprolactone (80000 Mn/g mol™), polyacrylic acid, and lead (II) nitrate were purchased from Sigma Aldrich
(St. Louis, USA). Acetic acid, ethanol, and chloroform were acquired from Sigma Aldrich (St. Louis, USA). The
single-layer graphene oxide was obtained from Amin Bic Company (Tehran, Iran). The MTT test kit, including
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, was purchased from Gibco (GIBCO Invitrogen
GmbH, Germany). A selection of commercial apple juices from various brands (Tehran, Iran) were acquired
for adsorption analysis. All solvents were analytical grade, and deionized water was used for all experiments.

PCL/PAA/GO composite NFs preparation

A solution of PCL in a concentration of 12% w/v (intrinsic viscosity 0.9Z/cm? g™!, surface tension 35.5 mN/m)
was prepared in acetic acid (90%) and was used for the preparation of NFs. Fibers were created by adding PAA
(1 wt%) and PCL (12 wt%). GO (1 wt%) was added to a solution containing PCL (12 wt%), and this mixture was
employed to create fibers. Lastly, a blend consisting of PCL (12 wt%), PAA (1 wt%), and GO (1 wt%) has been
prepared and developed into fiber structures. Subsequently, the fibers that have been generated are assessed and
described.

To carry out the electrospinning process, the prepared polymer solution is placed in the syringes of the feeding
pump of the device (Electroris ES1000 FNM Co., Tehran, Iran), and the flow rate of the device is set at 1 ml/h.
The final voltage set for fiber preparation was 25 kV. Also, the distance between the needle and the collector
was 10 cm, and an aluminum foil on the drum collector (500 rpm) was used to collect the fibers. All the stages
of fiber preparation were under ambient temperature and pressure conditions, and the relative humidity of the
environment was 50%.
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Figure 1. Schematic of the preparation of PCL/PAA/GO nanofibers using the electrospinning method and
their application in absorbing lead metal from water and apple juice.

Characterizations and measurements

Morphology and structure

The 2 x 2 cm pieces of prepared NFs were subjected to scanning electron microscopy (SEM) (Philips XL 30 FEG,
Amsterdam, Holland) at 26 kV to indicate their morphology and diameter. All prepared NFs are covered with a
thin layer of gold before SEM. Image J software was used to measure the diameter of the prepared NFs, and the
average diameter of the fibers and their frequency were analyzed using Origin Pro 2022 (V9.9.0).

Molecular interactions

Fourier transform infrared spectroscopy (FTIR) (Tensor27, Bruker Co., Ettlingen, Germany) has been used to
investigate the molecular interaction of NFs. The spectra were recorded within the wavenumber range of 500 to
4000 cm™ with a spectral resolution of 4 cm™. Pellets for the samples were prepared using KBr powder.

Crystallinity
The X-ray diffraction (XRD) patterns of the nanofiber mats were obtained using an X-ray diffractometer (Bruker
AXS, Karlsruhe, Germany) at room temperature. The measurements were conducted within the 20 angle range
of 5°to 70°.

Thermal stability

A thermogravimetric analysis (TGA, Germany, Linseis, STA PT1600) has been used to investigate the weight
reduction and thermal stability of NFs. This test has been conducted under atmospheric N, conditions and in
the temperature range of 25 °C to 700 °C.

Surface wettability
The Data Physics OCA 20 contact angle system was used to compute contact angles for NFs, with each meas-
urement completed with 10 pL of distilled water, and the results averaged based on three different scenarios.

Thickness and mechanical property

The NFs’ thickness was measured using a thickness gauge (C640, Labthink) at five randomly selected points on
each sample. The thickness of each sample was determined by calculating the average of the collected values. The
tensile strength, elongation at break, and Young’s modulus of the generated NFs were determined using a Tensile
Analyzer (Instron 5566, USA) by ASTM D-882. The specimens were sectioned into fragments of 5 mm x 30 mm.
The experiments were conducted at ambient temperature and a velocity of 0.04 mm/s*.

Porosity, surface areas, and in vitro biodegradation studies
The porosity of the generated NFs was determined using the liquid displacement technique (Eq. 1)*°.
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V1 and V2 denote the original volume of ethanol (96%) and the volume after immersing nanofiber samples,
respectively. Additionally, V3 reflects the amount of ethanol after extracting the nanofibers, which occurs after
5 min.

To evaluate the degradation behavior in a laboratory environment, electrospun samples with a surface area
of 1 cm? were submerged in a solution of PBS (pH 7.4) for 7 days, with the temperature of the solutions main-
tained at 37 + 1 °C. The specimens were extracted from the solutions at different time intervals (1, 2, 3, 4, 5, and
6 days) and then rinsed with distilled water, dried by exposure to air, and measured to determine the percentage
of weight reduction. The weight loss of the NFs mat was determined using Eq. (2):

Wi — W
WL(%) = —— f

x 100 @)
i

Let W, represent the starting weight and W/ represent the weight of the NFs mat after it has dried for various

days. The Brunauer-Emmett-Teller (BET) technique was used to compute the specific surface areas. The pore

volume and pore size were determined using the Brrett-Joyner-Halenda (BJH) technique.

Biocompatibility study

The biocompatibility of the NFs was assessed against human umbilical vein endothelial cells (HUVEC) using
the MTT cell proliferation reagent. The NFs were prepared by cutting them into round discs with a diameter of
15 mm. Subsequently, the discs were sterilized and carefully arranged on a 24-well plate. Then, a volume of 1 mL
of cell suspension, including 1 x 10° cells in each sample, was added and subjected to incubation for durations of
24, 48, and 72 h at a temperature of 37 °C and an atmosphere containing 5% carbon dioxide. Subsequently, the
wells holding the samples were loaded with 400 uL of dimethyl sulfoxide solvent and subjected to a further four-
hour incubation period. The supernatant was optically examined for the presence of insoluble purple formazan
products using the ELISA microplate reader (E1x808, Biotek, USA) at a wavelength of 570 nm. The control group
in this study consisted of HUVEC cells.

Adsorption study in water

In this study, composite nanofiber (1 mg) was mixed with Pb?* solution (100 mg/liter, 30 mL) to investigate
adsorption efficacy from water solutions. Factors such as pH, interaction time, temperature, and Pb** concen-
tration were optimized for effective removal. The samples were shaken at 150 rpm for varying times, and the
NFs were extracted from the solution. The ICP-OES device was used to determine the remaining Pb?* in the
solution. The tests were conducted in duplicate and the average results were reported. The percentage of metal
ion removal was determined using Eq. (3).

C—C
9%Removal = —- ¢

x 100, 3)
€

where C; and C, represent the initial and ultimate concentrations of the metal ion in solution, measured in mil-
ligrams per liter (mg/L), respectively.

Adsorbent selectivity

The study assessed the selectivity of PCL/PAA/GO composite NFs in a specific concentration of HMs like Pb**,
Cd, and Hg. The experiment was conducted under optimized conditions including pH =6, temperature =25 °C,
and an adsorbent dosage = 1 mg. The ICP-OES equipment was used to evaluate the solution and determine the
degree of removal for each of the remaining dissolved HMs.

Regeneration and recycling

The PCL/PAA/GO NFs composite underwent adsorption, desorption through rapid filtration, and multiple
washes with distilled water to determine its reusability. After that, 50 ml of 0.1-M HCL solution was added to the
adsorbed Pb**/adsorbents, and the mixture was stirred for 2 h. Finally, the solution was filtered to separate the
nanofibers. Subsequently, the nanofibrous material was subjected to a drying process in an oven at a temperature
of 60 °C for 2 h. Before the second adsorption, the adsorbent underwent treatment with a 0.1 M NaOH solution
for 2 h. The regenerated NFs were introduced into the Pb?* solution for the adsorption process.

Molecular dynamics simulations
A number of model simulations were created in the current work to simulate the interactions between Pb*
ions, modified GO, and polymers. All simulations were based on weight percentages of components in the total
compositions to produce simulations that were comparable to wet-lab environments. Since surface modifica-
tion of GO with amine results in the formation of GOHNH,, we prepare and parameterized GOHNH, using
Polypargen webserver”. Moreover, the GOHNH, component in the acidic environment would be protonated
and converted to GOHNH?, this component has been modeled in the acidic solutions.

On the other hand, the structure of both polymers cannot be changed in the acidic solutions. Therefore, the
structure of PAA and PCL polymer chains was prepared using Charm-GUI polymer builder?®. Finally, the topol-
ogy of all components was obtained using the Charmm-GUI Ligand Reader and Modeler* with Charmm-36
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m force field*. Then, all-atom molecular models with multiple molecules solvated in water were prepared using
Charmm-GUI Multicomponent Assembler. In this section, the addition of Pb** ions was carried out with
neutralization of simulations with PbCl, salt.

Subsequently, GROMACS 2020 was used to further stabilize the simulations by using periodic boundary
conditions (PBCs) in the EM (with a minimum force of 10 kJ/mole/nm), NVT (for 500 ps with time steps of
1 fs), and NPT (for 500 ps with time steps of 1 fs). The study used the particle mesh Ewald (PME) method** to
handle long-range electrostatic interactions, the isotropic Parrinello-Rahman algorithm*® to control the pres-
sure at 1 bar, and the Berendsen thermostat to regulate the temperature at 300 K. The hydrogen bonds were
restricted using the LINCS algorithm*. Throughout the process, the van der Waals and Coulomb interactions
have been taken into account, with a cutoff radius of 1.4 nm. Ultimately, molecular dynamics simulations were
conducted for a duration of 100 ns, using a time step of 2 femtoseconds. Additional analysis of the simulations
was conducted with the GROMACS program. In addition, the models were visualized using VMD software*.

Adsorption of lead metal by NFs in apple juice media

The clear and pulp-free apple juice samples were used to quantify the initial concentration of Pb?* metal. Along
with the apple juice sample as a control (unspiked sample), a Pb** standard solution (100 ppm, 100 pL) was
added to the apple juice samples. Accordingly, NFs (1 mg) were also added to all samples. The juice samples were
subjected to acid digestion, and the quantity of Pb** metal was measured using ICP-OES equipment.

Statistical analysis

For every experiment, the study examined each condition in triplicate, and the results were presented as means
and standard deviations (SD). Using Origin 2022 software, one-way ANOVA and Tukey’s test were used to
examine variations in the results. The threshold for statistical significance was established at P <0.05.

Ethics approval and consent to participate
The writers of this paper did not conduct any investigations involving human volunteers or animals.

Results

Morphology and structure

Our investigation found that PCL solution has the optimum conditions for fiber production at a concentration
of 12% w/v. At this weight concentration, fibers can be easily separated from the surface of the collector. In this
concentration, the ejection of beads from the needle tip was less observed. To maintain the optimum conditions
and also to maintain the ability to produce fibers, PAA polymer was added to the composition at a concentration
of 1% wt, and the results showed that with the addition of PAA to the PCL composition at a concentration of 1%
wt, there was no change in the ability to produce fibers. With the addition of GO nanoparticles at a concentra-
tion of 1%, there was no change in the ability to produce fibers. Figure 2 shows the SEM images of the shape of
PCL-based NFs in various stages.

SEM pictures and the analysis of PCL NFs using Image J software reveal that this polymer has an average
diameter of 137 nm when presented at a concentration of 12% w/v (Fig. 2A). As seen in the images, the high-
est concentration of chain entanglements and overlap concentration for this polymer is seen at this particular
concentration. Indeed, this concentration yielded the greatest rate of fiber synthesis in our study*>*.

By including PAA in the PCL composition at a concentration of 1% w/v, the uniformity of fiber production
remains consistent. However, there is a noticeable upward trend in the average diameter of the NFs, as shown in
Fig. 2B. The SEM image analysis revealed that the NFs had an average diameter of 500 + 247 nm. The enlargement
of the fibers’ diameter may be attributed to the rise in the viscosity of the intended solution for fiber formation?.
Figure 2C shows an observed increase in the number of beads in the NFs when PCL is combined with GO. The
conducted analysis revealed that the average diameter of the NFs in this chemical was 364 +236 nm. The fib-
ers produced in this composition have a wide range of diameter sizes, but a greater distribution of the average
diameter has occurred in the range between 150 and 500 nm.

Various researches have shown that the inclusion of GO in nanofiber mat results in an augmentation of solu-
tion conductivity, thus leading to an enlargement of fiber diameters*~*%. The final mixture consisting of PCL/
PAA/GO exhibits an increased presence of beads on the fibers. The average diameter of the fibers in this mixture
was 216+ 100 nm, as shown in Fig. 2D. The mean fiber diameter exceeds that of PCL alone, although falls below
that of other compounds when coupled with PCL.

Based on the analysis of 100 fibers using Image J software, it has been discovered that the majority of fibers
have a maximum diameter ranging from 100 to 300 nm. Findings positively correlate with previous studies.
Raj et al.* showed that the combination of PCL and gelatin produces a band with a size ranging from 260 to
500 nm. Also, in another study, where uniform and beadles fibers have been produced, it was shown that the
production of fibers based on PCL ranged from 200 to 600 nm in average fiber diameter*’. In other studies, it
has been observed that with the addition of secondary polymers to the PCL composition, an increase in the
average diameter of the fibers occurs®. Oner et al. produced PCL/PAA to be used as an electrochemical sensor.
The optimum combination of a PCL/PAA concentration ratio of 9:1 has been reported. The average diameter of
nanofibers for this ratio was reported to be 259.4 nm*%,

Molecular interactions
FTIR is a non-destructive analytical technique used to identify and analyze the functional groups presented
in a wide range of materials®. FTIR analysis can provide valuable insights into the chemical interactions and
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Figure 2. SEM images at magnifications of 2 and 5 um and analysis of the distribution and average diameter of
NFs (A) PCL, (B) PCL/PAA, (C) PCL/GO, and (D) PCL/PAA/GO.

bonding presented within the PCL, PCL/PAA, GO, PCL/PAA/GO nanofibers structure (Fig. 3). The functional
groups presented in PCL may be identified by analyzing its FTIR spectrum, which exhibits the following peaks.

The presence of an asymmetric -CH, bond is shown by the adsorption peak at 2943 cm™. The compound
exhibits a symmetric ~-CH, stretching vibration at 2866 cm™, a carbonyl stretching vibration at~1722 cm™,
C-0 and C-C stretching vibrations at 1293 cm™, and an asymmetric C-O-C stretching vibration at~ 1180 and
1239 cm™". The presence of water in the nanofibers’ composition causes the existence of O-H stretching vibra-
tions, which is attributed to the peak area of 3440 cm™'°>°*. These findings are parallel with previous studies.

In a study, Ramirez et al.>® used PCL in combination with whey protein to remove chromium from water.
The results obtained in this study are consistent with the spectrum obtained in FTIR for the composition of PCL
NFs®. The FTIR spectrum also includes the addition of PAA to the PCL mixture. Additionally, the spectrum
exhibits peaks associated with PCL polymer. The spectrum displays peaks corresponding to the carbonyl group
in the ~ 1630 cm™!, which is not observed in the PCL spectra. This peak serves as a confirmation of the exist-
ence of PAA in the composition of PCL/PAA NFs. The band seen at 3282 cm™ corresponds to the stretching
of O-H bonds in PCL and exhibits a little reduction with adding PAA to the composition. Also, the peak in
the ~ 1250 cm ™ region is related to the C-O stretch, which is presented in both spectra, but the intensity of the
peaks is reduced due to the presence of PAA in the composition®.
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Figure 3. FTIR spectra of GO, PCL, PCL/PAA, and PCL/PAA/GO composite NFs.

The identification of oxygen functionalities in GO was determined based on the existence of peaks corre-
sponding to the C=0 stretching peak at 1630 cm™, C=C stretching at 1530 cm™, and C-OH (hydroxyl) stretch-
ing at 1050-1240 cm™*". The range between 3100 and 3800 cm™! corresponds to the presence of OH groups in
carboxyl and H,O structures®.

As shown in the results, in the final composition of PCL/PAA/GO, all peaks and spectra in other samples are
also observed. The area peak at 1630 cm™! has verified the existence of PAA. The PCL NFs alone do not reveal
this peak. This peak is also seen for GO, and it indicates its presence in the final composition. The results of FTIR
show that the carbonyl groups were in the region of 1732 cm™ for PCL, which shifted to 1727 cm™ with the
addition of PAA. Also, with the addition of GO to the final composition, this amount has increased to 1736 cm™.

The PCL composition shows the peak related to OH groups in region 3443 cm™. It can be seen that with the
addition of PAA, it has shifted to 3439 cm™!, and with the addition of GO, this value has decreased to 3440 cm™.
The FTIR results for the nanofibers of the final composition showed the shift of most of the peaks in their respec-
tive regions®**. The peaks obtained in this study are compatible with similar studies*. Palacios et al. produced
PCL/nanocellulose nanofibers for use in heavy metal filtration. They pointed out that within the PCL spectrum,
there are prominent bands, such as the carbonyl (C=0) group, which exhibit a stretching vibration at around
1723 cm™'. The peaks seen at 2954 and 2859 cm™! are indicative of the asymmetric and symmetric stretching of
CH,. The bands seen at 1473, 1243, and 1176 cm™! correspond to the bending of C-C bonds, the stretching of
asymmetric C-O-C bonds, and the stretching of symmetric C-O-C bonds, respectively. The peak seen at 1291
cm™! represents the stretching of C-O and C-C bonds in the crystalline phase, whereas the peak at 1157 cm™!
corresponds to the stretching of C-O and C-C bonds in the amorphous phase®.

Oner et al. prepared PCL/PAA nanofibers containing pyronose oxidase to be used as sensors. The peaks of
each material alone are the same as the peaks of the compounds in our research. In this research, no specific
interaction between PCL and recombinant PAA was observed™.

Huang et al. produced PCL/PAA nanofibers for use as wound dressings. The peaks obtained in the FTIR
spectrum for this research were similar to the previous studies, with the difference that a new peak related to
hydroxyl groups was created in the region of 300 to 3600 cm™¢.

Crystallinity

Based on Bragg’s law, which proves that X-rays diffracted by atoms generate a diffraction pattern, XRD is a potent
method used to evaluate material crystal structure and phase composition®?. By analyzing this pattern, it can be
determined the crystal structure, lattice parameters, and phase composition of the material under investigation®.
In the case of PCL/PAA/GO NFs, XRD can provide valuable insights into the arrangement of atoms and the
presence of specific phases within the nanofiber structure. Understanding the crystal structure of these NFs is
crucial for tailoring their properties and optimizing their performance.

PCL is a biodegradable polyester that exhibits a semi-crystalline structure®. The XRD analysis of PCL-based
NFs typically shows diffraction peaks at 20 =21.69° and 23.94° corresponding to the (110) and (200) planes of
the orthorhombic crystalline phase (Fig. 4)%%. The position and intensity of these peaks provide valuable informa-
tion about the crystal structure and crystallinity of the nanofiber. However, adding PAA/GO to the PCL matrix,
the intensity of the peaks fairly increased, suggesting the proper compatibility and the influence of PAA/GO
on the increase of the crystallinity and phase composition of NFs®. The addition of GO to the composition of
PCL causes a very small increase in the amount of nanofiber crystallinity. This has also been reported in other
studies®>~%”. According to the XRD information, the mixed fiber appears to have a semi-crystalline structure. In
the study by Roberto et al.%, the addition of GO to the PCL composition did not result in any discernible peak.
The reason for this is the low concentration of GO in the composition®.
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Figure 4. XRD pattern of PCL, PCL/PAA, PCL/GO, and PCL/PAA/GO composite NFs.

Surface wettability, porosity, mechanical properties, and in vitro biodegradation studies

The contact angle test was conducted to quantify the hydrophobic properties of the developed NFs (Fig. 5A).
Typically, when the contact angle is large and the drop deposited on the fiber surface retains its spherical form,
the compound exhibits more hydrophobicity. The findings indicate that PCL fibers possess inherent hydrophobic
characteristics. Specifically, the contact angle for ethene NFs was measured at 74.32°, demonstrating a distinct
hydrophobic behavior. The hydrophobicity of PCL is attributed to the presence of CH, groups throughout the
primary polymer chain®.

The hydrophobicity of the final nanofiber increases as the proportion of hydrophilic polymers in the mixture
decreases. The experimental findings indicate that the addition of PAA to the PCL composition enhances the
hydrophobic nature of the NFs. Furthermore, NFs have seen an augmentation in their hydrophobic characteristic,
and the contact angle of nanomaterials has surpassed the threshold of 90°. The hydrophobicity or hydrophilic-
ity of NFs is influenced by their porosity and average diameter”®. This research demonstrates that augmenting
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Figure 5. Evaluation of the characteristics of nanofibers using tests of (A) water contact angle, (B) porosity, (C)
degradation rate, and (D-F) mechanical properties of PCL, PCL/PAA, PCL/GO, and PCL/PAA/GO nanofibers,
respectively.
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the mean diameter of the fibers and the proportion of PAA in the PCL composite enhances its hydrophobic
properties.

Despite the water-soluble and hydrophilic qualities of PAA polymer, its incorporation has led to a notable
increase in the diameter of the fibers, increasing the hydrophobicity of the composite fiber. Indeed, when the
average diameter of the NFs decreases, the surface-to-volume ratio of the NFs increases, resulting in enhanced
hydrophilic characteristics of the composition. Moreover, augmenting the mean diameter of NFs leads to a
reduction in the ratio of surface-to-volume, hence enhancing the hydrophobic nature of the NFs”’.

The incorporation of GO into PCL has resulted in an augmentation of the hydrophobic nature of the resulting
nanofiber. As shown in the morphological discourse, the incorporation of GO into PCL resulted in an augmen-
tation of the fiber diameter. Nevertheless, this quantity is smaller than the one in PAA. In several research, the
inclusion of GO has been shown to enhance their hydrophilic property*’. However, this particular study reveals
that the level of hydrophobicity in fibers is mostly influenced by their width. When it comes to using NFs for
adsorbing heavy metals in water and fruit juice, it is advantageous because the NFs are hydrophobic and cannot
dissolve in water. Conversely, it will be more convenient to isolate it from liquid systems after adsorption. The
investigation conducted by Yavari et al.”* validates the findings of our study regarding the analysis of the contact
angle. Also, it was found that the contact angle for PCL polymer was 78.9° in a study by Sachin et al.”?. This
polymer, along with other hydrophobic polymers, raised the desired value. Oner et al. reported a water contact
angle of 72.9 for the PCL/PAA nanofiber composite. which was due to the increase in the amount of PAA in the
composition®.

Porosity is one of the outlining characteristics of NFs in the adsorption of heavy metals. Obviously, NFs with
high porosity show higher adsorption. As shown in Fig. 5B, the porosity of each NF of PCL, PCL/PAA, PCL/
GO, and PCL/PAA/GO is 87.5, 59.1, 69.1, and 75.36, respectively. The results of the porosity measurement are
consistent with the results obtained from the SEM. As it has been shown, PCL NFs have the highest amount of
porosity, while this composition has the lowest average diameter of NFs. Additionally, the average diameter of
NFs explains why PCL/PAA NFs have the lowest porosity.

Adding GO to the PCL composition, the amount of porosity has been reduced. It can be seen that the porosity
in the PCL/PAA/GO composition is slightly different from that of PCL NFs. This is also related to the average
diameter of the fibers. All the factors that cause the production of fibers in a uniform form and also cause the
change in the fibers’ diameter are far more effective in determining the amount of porosity.

The degradation of NFs has been investigated for 25 days. The addition of different compounds and their
degradation are shown in Fig. 5C. Fibers with high porosity, low nanosized, and a high surface-to-volume
ratio show a faster degradation rate”. As can be seen in the degradation test results, the composition of PCL is
degraded to a greater extent, and an upward trend in the degradation of these fibers is observed. Hence, 73.1% of
PCL nanofibers were destroyed within 25 days. The fibers that have the least amount of porosity are less damaged
during this period. However, the amount of destruction for PCL/PAA, PCL/GO, and PCL/PAA/GO nanofib-
ers was 43, 53.66, and 67.36%, respectively. Although PCL nanofibers are expected to degrade later than other
compounds, it has been observed that this does not happen. Likely, the presence of higher porosity and a higher
surface-to-volume ratio in the PCL composition is the reason for the earlier degradation of this composition.

The nitrogen adsorption technique was used to investigate the specific surface area and pore structure of the
composite NFs. Table 1 shows the values of the specific surface area, the total porosity, and the size of the porosity
for each of the nanofiber compositions. According to the results, it can be seen that by adding PAA to PCL, there
is a significant decrease in the amount of specific surface and total porosity, as well as the size of pores. As seen
in the SEM results, PCL has the lowest average fiber diameter and the highest specific surface area. However, in
the final mix of PCL, PAA, and GO, the specific surface area has gone down by the same amount that the average
fiber diameter has grown.

Moreover, the thickness of nanofibers is shown in Table 1. The mechanical properties of the samples are shown
in the Fig. 5D-F. The composition of the samples influences their mechanical properties. The addition of PAA to
PCL increases its Young’s modulus while adding GO to PCL decreases it. Notably, simultaneous addition of GO
and PAA to the PCL composition significantly enhances Young’s modulus. This increase in Young’s modulus of
PCL/PAA/GO composite results in a much higher yield stress compared to other samples. Additionally, the ten-
sile stress-induced elongation of the material is also influenced by adding additives to PCL. While the addition of
PAA has little effect on elastic elongation, incorporating GO increases elongation to 16.8%. Simultaneous addition
of PAA and GO results in a composite with an elastic elongation of 10.4%, representing a significant difference
compared to PCL. Overall, the addition of PAA and GO to the composite has enhanced its mechanical proper-
ties. This improvement is more pronounced when both PAA and GO are added to the sample simultaneously.

Sample BET (m*g™') | Pore volume (cm®g™) | Average pore diameter (nm) | Thickness (pm)
PCL 81.925 0.117 5.7141 75

PCL/PAA 10.069 0.01824 7.2462 30

PCL/GO 33.446 0.046401 5.5494 105
PCL/PAA/GO 42.393 0.060563 5.7143 55

Table 1. The composite nanofibers possess characteristics such as BET surface area, total volume of pores,
pore diameter, and thickness.
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Thermal stability

The thermal stability of produced NFs has been assessed using TGA. The study was conducted within the tem-
perature range of 25 to 600 °C, as shown in Fig. 6. The TGA thermogram demonstrates that three sets of produced
fibers have a comparable and closely aligned thermal stability behavior. A marginal decrease in weight is detected
across the three groups when exposed to temperatures ranging from 25 to about 390 °C. This weight reduction,
which accounts for 7 to 10 % of the total weight, may be attributed to the evaporation of moisture from the NFs.
The thermogram of PCL indicates no alteration until reaching a temperature of 370 °C, after which a notable
decrease in weight occurs at temperatures over 400 °C.

The presence of PCL NFs in the composition results in a significant decrease in weight within the tempera-
ture range of 370 to 450 °C. Approximately 70% of the NFs have experienced decomposition when PCL NFs are
heated from 450 to 700 °C. Despite being exposed to a temperature of 700 °C, the ultimate weight of the NFs
stays at 10%. The graph demonstrates that the inclusion of PAA in the PCL composition diminishes the stability
of the NFs that are produced.

Prior research on the thermal examination of PCL has shown that 70% of PCL is decomposed at a temperature
of 450 °C>. Out of all the nanofiber composites, the PAA/PCL composite exhibits the most rapid degradation
rate. According to the graph, the compound’s weight decreases to just 9% when exposed to a temperature of
around 450 °C. Nevertheless, other nanofiber compositions have shown greater durability. The PCL/PAA/GO
NFs exhibit an initial susceptibility to heat, similar to other NFs, resulting in a destructive response. The onset
of significant degradation occurs at a temperature of 370 °C, with the most substantial weight reduction seen
between 370 and 450 °C. Nevertheless, it is important to acknowledge that within this specific temperature range,
the carbonyl groups found in GO experience deterioration.

Ultimately, it is evident that fibers including GO exhibit greater stability compared to PCL/PAA fibers within
the temperature range of 450 to 700 °C. The uppermost heat limit for the deterioration of NFs is shown in Fig. 6B.
The most significant nanofiber degradation takes place within the temperature range of 400 to 420 in all three
nanofiber groups. Within this specific temperature range, it is well-established that the PCL/PAA fibers had the
most significant level of degradation. The PCL fibers exhibit lower levels of degradation within this temperature
range. Previous investigations have shown a consistent outcome, where electrospun NFs with the highest pro-
portion of PCL exhibited the least amount of weight loss and the greatest level of thermal stability”*-¢. Previous
studies showed the same results. In a study conducted by Ran et al.”°, PCL nanofibers had the highest stability
against heat. With the addition of other materials to PCL, its thermal stability decreases. Also, in other studies,
a temperature of about 400 °C results in the highest amount of nanofiber destruction®.

Biocompatibility

The cytotoxicity level of NFs is crucial for their use in food and food-related systems. The cytotoxicity of PCL,
PCL/PAA, and PCL/PAA/GO NFs in HUVEC cells was assessed at 24, 48, and 72 h, as seen in Fig. 7. As seen in
the illustration, none of the nanofiber groups exhibited cytotoxicity. The PCL/PAA/GO group had the lowest sur-
vival rate of the groups listed, with a rate of 84.4% after 72 h. Indeed, alternative fibers have shown a superior rate
of survival. In other studies, PCL NFs containing GO have increased the proliferation of cells?’. In these studies,
the cause of this increase in growth has been attributed to increased hydrophilicity, antibacterial properties, and
the ability to adsorb protein. Prior research has shown that PCL fibers not only lack cytotoxic effects but promote
cell growth””778 The non-toxicity of the investigated NFs confirms their applicability in food-related systems.
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Figure 6. Thermal analysis of the prepared NFs. (A) Thermogram of weight loss percentage in the temperature
range of 25 to 700; (B) Weight derivative according to temperature.
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Figure 7. Cytotoxicity for PCL, PCL/PAA, and PCL/PAA/GO NFs in HUVEC cells for 24, 48 and 72 h.

Adsorption study

Electrospun NFs show significant promise as adsorbents for heavy metals and other contaminants'®. These
materials possess a large specific surface area, significant porosity, and excellent functional capacity, and may
be transformed into mats or membranes to effectively eliminate contaminants from water-based solutions”.
Furthermore, they may be easily separated or regenerated after the process of adsorption. Therefore, nanofibrous
materials have been regarded as very effective adsorbents for heavy metals's.

NFs have garnered significant interest in the realm of environmental pollution management and remedia-
tion in recent years. The use of these materials in food systems, particularly in beverages such as juices, is a
recent development and is regarded as current research. The current study analyzed the polymers and efficient
substances that are well-suited for the adsorption of heavy metals. Ultimately, the PCL/PAA/GO composite has
been used to effectively adsorb and eliminate the toxic heavy metal lead, as well as a diverse array of heavy metal
mixtures under various circumstances.

Adsorption of heavy metal ions onto functional groups on the surface of NFs may be classified into two
categories: chemical adsorption and physical adsorption. HMs adsorption on NFs is mostly dependent on inter-
actions between functional groups and heavy metal ions, such as ion exchange, coordination chelation, and
electrostatic contact (Fig. 8). A combination of physical and chemical mechanisms for the adsorption of Pb*
metal on PCL/PAA/GO nanofibers has occurred. According to the functional groups on the surface of the
nanofibers, which have also been determined in the FTIR analysis, electrostatic attraction and chemical bonds
are responsible for the adsorption of Pb*" metal on the surface of the nanofibers.

The conditions demonstrate the optimum level of adsorption efficiency for each element (Fig. 9). The inves-
tigation examined the impact of pH, time, temperature, and Pb?>* content, as seen in Fig. 9. The investigation
included studying the effects of different pH levels (2, 4, 6, 7, and 10) on the removal of Pb?* metal from the
solution, as seen in Fig. 9A. The findings indicate that elevating the pH from a low value, such as 2, to a higher
value has resulted in a rise in the adsorption of Pb?* metal onto the nanofiber surface. In an acidic solution, the
concentration of H* and H;O" ions is substantially larger compared to Pb*" ions in the aqueous solution. Con-
sequently, these ions may also compete with the Pb** ions for the adsorption process on the adsorbent’s surface.
If a substantial quantity of H* and H;O" ions attach to the adsorbent’s surface, it can potentially resist the Pb**
ions®®1. The results suggest that when the pH level is higher than neutral, namely at 7 and above, it results in
the creation of solid aggregates and the aggregation of Pb?* metal, as seen in Fig. 10.

This phenomenon has also been shown in other research investigations®. Hydroxide ions (OH") are plenti-
ful in basic solutions and readily react with lead ions (Pb?*) to produce Pb** hydroxide (Pb(OH),), which is a
compound that does not dissolve. The insolubility of lead results in its precipitation from the solution as solid
particles®. Based on the findings and the observation that heavy metals are deposited at pH =7 and above, pH=6
is deemed the best level for the uptake of heavy metals. This is because the highest quantity of adsorption occurs
at this pH. At a pH =6, the functional groups undergo protonation, resulting in a reduction in the concentration
of H" and H;0" ions. This drop leads to an increase in the adsorption capacity.

Time plays a crucial role in the efficient adsorption and elimination of heavy metals and contaminants. During
the heavy metal removal process, it has been shown that the highest level of pollutant adsorption occurs during
the first minutes of the adsorption process, as seen in Fig. 9B. This tendency has seen a consistent decline over
time. This research assessed the adsorption of heavy metals during the time range of 15 to 150 min.

The impact of a 1 mg dosage of adsorbent on a solution with a concentration of 100 ppm has been examined. It
was found that over 90% of the Pb?* metal was adsorbed during the first 15 min. The time required for adsorption
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Figure 8. Schematic of lead metal adsorption by PCL/PAA/GO nanofibers.

of heavy metals is directly influenced by the amount of adsorbent. As the adsorbent dose increases, its adsorption
capacity also increases, resulting in a longer adsorption period for the heavy metal. Given that the adsorbent
dosage is set at the minimum level and remains constant during the trial, all the adsorbent sites and capacity
are fully used within the first few minutes, estimated to be 1 mg. At the start of the adsorption process, all the
active sites are new and capable of adsorbing the metal ions. As a result, the removal percentage is 100% and the
concentration of metal ions in the permeate is zero. Subsequently, the metal cations will cease to be adsorbed
due to the eventual saturation of active sites by the ions, particularly at higher initial input concentrations®%°.

The concentration of Pb** is another important element in the adsorption process, as seen in Fig. 9C. The
most significant reduction in Pb?* metal content has occurred at quantities below 25 mg/1. Based on the mini-
mal amount of adsorbent used, it is evident that the saturation of adsorbent sites occurs more rapidly at lower
Pb?* concentrations. Pb?* removal from water is more efficient at lower concentrations. As the concentration of
Pb** in the solution rose, the efficacy of its removal from water declined. Indeed, it is said that at low concen-
trations, it has the capacity to fully occupy all sites on the adsorbent, a possibility that does not arise at greater
concentrations®.

The impact of the temperature parameter on the adsorption process has been examined, as shown in Fig. 9D.
Temperatures ranging from 25 to 45 °C have been examined and recorded for the adsorption process. As shown
in this chart, the temperature of 25 °C has the most significant impact and achieves the largest degree of Pb**
metal elimination. With an increase in temperature from 25 °C onwards, we have seen a decline in the adsorption
of Pb?* metal in the solution. Hence, the temperature of 25 °C is defined as the ideal adsorption temperature in
this parameter, at which the greatest adsorption value is attained.

In a study by Irandoost et al. on the adsorption of Pb** metal by PCL nanofibers, it was observed that
pH(=5.5), a time of 10 (min), lower concentrations (5 mg/l), and a temperature of 40 °C were the optimal points
of the adsorption process, which is consistent with our results.

Adsorbent selectivity

The selectivity of heavy metals was assessed by examining PCL/PAA/GO NFs. The present investigation involves
the preparation of distinct quantities of heavy metals, including lead, arsenic, cadmium, nickel, chromium,
copper, iron, cobalt, and mercury. The experiment was conducted using a pH =6, a temperature of 25 °C, and
an adsorbent dosage of 1 mg. Based on SEM analysis, energy dispersive X-ray (EDX), and mapping, it has been
concluded that the produced NFs have the highest affinity for mercury, followed by lead. Figure 11 illustrates
the distribution of Pb** on the adsorbed membrane, obtained by EDX. This picture showcases the uniform
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Figure 9. The percentage of lead heavy metal removal may be influenced by several factors, including (A) pH
level, (B) duration of treatment, (C) concentration of the solution, and (D) temperature.

Figure 10. Different pH of lead nitrate for adsorption by NFs.

dispersion of a significant amount of Pb?* across the fibers on the surface of the nanofibrous scaffold after the

adsorption process.

The consistent distribution of Pb?* on the NFs indicates that the polymerization process occurred evenly
along the whole surface of the fibers. Consequently, the adsorption functional groups (imide and amine) were
uniformly distributed over the substrate. Observable changes in the membrane architecture may be seen after
the adsorption of lead. Figure 11A1 depicts the electrospun NFs before the adsorption process, while Fig. 11A2
illustrates the spatial distribution of NFs before adsorption, and Fig. 11A3 displays the quantity of materials

present before adsorption.
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Figure 11. SEM of PCL/PAA/GO electrospun NFs (A,) before adsorption, (A,) mapping before adsorption,
(A;) amount of material on fibers before adsorption and (B,) fiber surface after adsorption, (B,) mixture
mapping of metals after adsorption, (B;) The amount of metals on the adsorbent surface.

Moreover, Fig. 11B1 illustrates the alteration of the filamentary structure of the fibers, resulting in the forma-
tion of a sleek surface. PCL/PAA/GO NFs have been used for the sequestration and adsorption of a combination
of toxic heavy metals including lead, cadmium, mercury, chromium, nickel, and copper. The mapping done on
the surface of nanofibers after the adsorption process shows the dispersion of metals on the surface of nanofib-
ers (Fig. 11B2). This dispersion is characterized by different colors on the fiber surface, which has a higher color
composition than the nanofibers before adsorption. The quantity of each heavy metal is shown in Fig. 12Avia
the utilization of the region under the curve. It is well-established that the greatest level of adsorption of heavy
metal pollutants, namely mercury and lead, occurs when they are present in a combination of heavy metals.

Adsorption isotherms

Mostly the Langmuir, Freundlich, and Tembkin isotherm models are used to describe the adsorption equilibrium
of heavy metal ions on PCL/PAA/GO NF. The relationship between the initial concentration, temperature, and
pH of the heavy metal ion solution and the amount of heavy metal ion adsorbed may be described using the
adsorption isotherm®. The Langmuir, Freundlich, and Temkin isotherm equations were linearized using Egs.
(3), (4) and (5) respectively.

_ QmuxKuCe
‘T 14 K,C, “@
ge = KfCy/" (5)
RT
de = —In(KrCe) (6)

br

The variables in question are q,, which is the amount of Pb** in equilibrium (mg g™'), Q. Which is the
amount of Pb*" ions in equilibrium (mg g™), K,, which is the Langmuir constant (L mg’l), and C,, which is the
Langmuir adsorption capacity (mg L™). K; represents the Freundlich constant, which is measured in units of
(mg g™") (L mg™")V". The variable n represents the adsorption intensity. K; represents the Temkin constant, which
is measured in L mg™". R refers to the universal gas constant, which has a value of 8.314 ] mol™.K™". T represents
the absolute temperature, measured in K. Lastly, by denotes the heat of adsorption, measured in ] mol™87-%.

The interaction between Pb** ions and PCL/PAA/GO NF is analyzed using isotherm models such as Lang-
muir, Freundlich, and Temkin (Fig. 12A-C). Figure 12A demonstrates that the experimental equilibrium results
are best described by the Langmuir isotherm model (R*=0.98649). This indicates that there is a strong interaction
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Figure 12. The linear curve for isotherm models (A-C) and linear curve for kinetic models (D-F) in the
process of lead ion adsorption by PCL/PAA/GO nanofibers.

between the Pb** ions and the adsorbent, likely due to the formation of a monolayer of Pb** jons on the uniform
surface of the NF adsorbent. The Pearson coefficient, as shown in Fig. 124, indicates a robust linear correlation
(0.99322) between the adsorbed Pb** ion and PCL/PAA/GO NF according to the Langmuir model. Following
the Langmuir absorption model, Temkin’s model demonstrates more compatibility with the adsorption behav-
ior Fig. 12B. Subsequently, the Freundlich model also exhibits consistency Fig. 12C. In Irandoost et al. study,
Freundlich, Langmuir, and Temkin isotherm models were obtained, which is inconsistent with the results of
the research.

Kinetic study

To find out how fast Pb?* ions are taken in and how effective the adsorption process is, we compare the experi-
mental data with pseudo-second-order, Elovich, and pseudo-first-order kinetic models. Egs. (7), (8) and (9) were
used to express linear forms of pseudo-first-order, pseudo-second-order, and Elovich, respectively.

In(ge — q¢) = Inqe — Kyt 7
f_
a K2 qe ®)
ll(ﬁ)-f—llt 9
= —In(a ZIn
qt B B )

Let q. and q, represent the quantities of Pb** ions on the PCL/PAA/GO NF at optimal conditions (mg g™).
The variable t represents the contact time (min), K; is the constant for the PFO kinetics model (min™), and K, is
the constant for the PSO kinetics model (g mg™'.min™"). The initial adsorption rate (mg g™' min™") is represented
by a, while the desorption constant (g mg™) is represented by . These parameters characterize the rate of the
chemisorption process®.

Figure 12D-F displays the linear fitting of pseudo-first-order, pseudo-second-order, and Elovich models
for PCL/PAA/GO/NF adsorbents used to adsorb Pb** ions. The error regression R? value of 0.9995 indicates
that the adsorption process of the synthetic adsorbent is a pseudo-second-order reaction. This suggests that the
adsorption process may entail many steps. The experimental equilibrium data are fitted to the PFO kinetic model
(R*=0.94568) and the Elovich kinetic model (R?=0.94293) following the PSO kinetic model. The research con-
ducted by Irandoost et al. found that laboratory data aligned with the models being used in all situations exam-
ined. Additionally, the experimental findings demonstrate an adequate match with pseudo-second-order models.

Regeneration and recycling

To assess the durability and cost-effectiveness of the PCL/PAA/GO NFs as an adsorbent, it is crucial to examine
its performance throughout four consecutive cycles of adsorption and desorption of Pb** ions onto the NFs
adsorbent. This experiment aims to assess the capacity of the PCL/PAA/GO NF adsorption method to regenerate
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the adsorbent and its cost-effectiveness. Following the improvement of the adsorption settings, we have achieved
outstanding adsorption efficiency and a remarkable capacity to regenerate.

The findings indicated that the removal efficiency remained over 90% following optimization. As depicted
in Fig. 13, the composite material exhibited consistent adsorption efficiency for Pb** ions even after undergoing
four cycles of adsorption-desorption recycling. The efficiency remained at 97.6%, 95.3%, 89.4%, and 83.5%,
respectively. As shown, with the increase in adsorption cycles, the efficiency of the adsorbent decreases and
the amount remaining in the solution increases. As can be seen in Fig. 11, after the processes of adsorbing the
fibrous and porous form of the nanofibers, it has become a smooth and non-porous state, which in turn causes a
decrease in the active sites for the adsorption of lead metal and ultimately leads to a decrease in the adsorption
efficiency in the next cycles of adsorption. This shows that the PCL/PAA/GO NFs adsorbent is very stable and can
effectively get rid of recycled Pb** ions. After four stages of adsorption and desorption, the removal efficiency of
heavy metals has decreased by about 15%. The slight decrease in the adsorption efficiency is due to some Pb?** jons
leaving the surface of the composite. The surface functional charge groups of PCL/PAA/GO NFs change when
they are regenerated using an alkaline solution for desorption. This makes the Pb** ion rejection less effective.
These polymers showed high potential in multi-stage adsorption. Since these polymers are not expensive, they
are abundant, and the production of fibers from them is easy, the use of this system in industry can be explored.

Molecular dynamics simulations

The use of mathematical simulations is a prevalent method for discovering logical reasons for the reported experi-
mental outcomes. Molecular dynamics (MD) simulations are a sophisticated technique that offers enhanced
understanding and in-depth analysis of experimental findings®'. This study examines the individual and com-
bined impact of PCL, PAA, and GO polymers on the adsorption of Pb?* metal under both neutral and acidic
pH conditions. We used MD modeling to examine the adsorption of Pb** metal inside these polymers and
compounds. The polymer concentrations used in the simulation were identical to those utilized in the labora-
tory experimentation. The simulation demonstrated that the polymers in the molecule remain unchanged when
exposed to acidic environments.

However, when GO contains NH, groups, it undergoes a transformation into NH?* in the presence of acidic
circumstances. Figure 14 displays the arrangement and distribution of polymers, together with the extent of
Pb?* metal adsorption under both acidic and neutral environments. Observing the simulation box reveals that
the dispersion of polymers is more pronounced in neutral circumstances. Furthermore, the adsorption and
positioning of Pb** metal exhibit a stronger inclination under these conditions. However, in an acidic environ-
ment, as seen in the simulation box, polymers exhibit a higher density. Additionally, the Pb** ion dispersion is
considerably greater. Conversely, the NH, functional groups present on the surface of graphene oxide undergo
a conversion into NH;* groups. This conversion results in the Pb*" ion being positioned at the furthest distance
from the polymers and ultimately determines the final composition.

Adsorption of lead metal by NFs in apple juice media

To address the health hazards associated with heavy metals and their occurrence in food, it is essential to devise
techniques for eliminating these metals from food systems. Significant quantities of electrospun NFs have been
used to extract and adsorb substantial amounts of heavy metals from water and wastewater. The use of adsorp-
tion systems in the field of food is innovative and groundbreaking. The investigation focused on the adsorption
of Pb?* metal in apple juice. NFs with ideal conditions for Pb?* metal adsorption in aqueous systems have been
used to adsorb lead metal in apple juice medium.

To achieve this objective, 100 ul of a Pb*>* solution with a concentration of 100 parts per million (ppm) have
been introduced into the apple juice. A fraction of the solution is subjected to acid digestion without the inclu-
sion of fibers and then introduced into the device to quantify the metal content before adsorption. A nanofiber
adsorbent was introduced into a quantity of apple juice solution. After the allotted time for adsorption had
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Figure 13. Reusability of the PCL/PAA/GO NF for Pb ion removal in (A) 4 cycles, (B) spectral peak in each
cycle.
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PAA

Figure 14. Arrangement and distribution of polymers, together with the extent of lead metal absorption under
both acidic and neutral conditions.

elapsed, the solution underwent acid digestion, and the leftover Pb** metal was then put into the ICP apparatus.
The examination of heavy metal adsorption from apple juice revealed that the addition of Pb?* metal to the
juice resulted in around 70% adsorption of the Pb?* metal. The presence of other chemicals in juice composition
decreases the likelihood of Pb?* metal adsorption on the surface and fiber sites.

The findings indicate that the combination of acid digestion and the addition of Pb** to apple juice, followed
by adsorption, resulted in a significant 76% reduction in heavy metal content in the solution. This is because the
solution, after digested, has a very low and acidic pH. Consequently, the solution exhibits a high concentration
of H* and H,0" ions, resulting in a decrease in adsorption activity.

Conclusions

Electrospun NFs have a high potential to remove heavy metals according to their characteristics. In this study,
PCL polymer was used as a suitable and safe material for sequestering Pb** metal. PAA and GO were used to
improve the properties and increase the adsorption efficiency of heavy metals in combination with PCL. The
investigation of its morphology and assessment of its characteristics supported this choice. The final nanofibers
had a size of 216 nm, suitable mechanical properties, a semi-crystalline surface, high porosity, a high surface-
to-volume ratio, suitable hydrophobic properties, and were biocompatible and degradable. The resilience of PCL
fibers enables their multiple applications in lead metal adsorption. To enhance the efficiency of Pb** metal adsorp-
tion, the NFs were composed of both PAA and GO with amine functionalities. The FTIR analysis confirmed
the presence of these substances in the final composition of the NFs. The examination of Pb*" metal adsorption
showed that, regardless of the tested settings and parameters, the adsorption rate exceeded 80%. The adsorption
isotherm model of PCL/PAA/GO NFs in the adsorption of Pb?* metal follows the Langmuir model, and the
reaction kinetics follow the pseudo-second-order. PCL/PA/GO NFs have shown adsorption of over 80% in four
consecutive cycles. The use of a minimal amount of adsorbent has proven to be highly effective in adsorbing
substances. In this case, specially designed NFs with a high-water adsorption capacity were utilized to extract
Pb?* metal from apple juice. These NFs exhibited an impressive adsorption rate of 70%. Moreover, these NFs
possess non-toxic properties and demonstrate excellent functional efficiency. As a result, they can be used as
adsorbers and sensors for heavy metals, as well as for detecting water and food contaminants.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 14 November 2023; Accepted: 19 February 2024
Published online: 22 February 2024

Scientific Reports |

(2024) 14:4372 | https://doi.org/10.1038/s41598-024-54969-y nature portfolio



www.nature.com/scientificreports/

References

1.

Yuan, Y. et al. Simultaneous enrichment and determination of cadmium and mercury ions using magnetic PAMAM dendrimers
as the adsorbents for magnetic solid phase extraction coupled with high performance liquid chromatography. J. Hazard. Mater.
386, 121658 (2020).

2. Amini, S., Kandeh, S. H., Ebrahimzadeh, H. & Khodayari, P. Electrospun composite nanofibers modified with silver nanoparticles
for extraction of trace heavy metals from water and rice samples: An highly efficient and reproducible sorbent. Food Chem. 420,
136122 (2023).

3. Rai, P. K, Lee, S. S., Zhang, M., Tsang, Y. E. & Kim, K.-H. Heavy metals in food crops: Health risks, fate, mechanisms, and manage-
ment. Environ. Int. 125, 365-385 (2019).

4. Al-Saleh, I, Al-Rougqji, R., Elkhatib, R., Abduljabbar, M. & Al-Rajudi, T. Risk assessment of environmental exposure to heavy metals
in mothers and their respective infants. Int. J. Hyg. Environ. Health 220, 1252-1278 (2017).

5. Zhou, H. et al. Accumulation of heavy metals in vegetable species planted in contaminated soils and the health risk assessment.
Int. J. Environ. Res. Public Health 13, 289 (2016).

6. El-Kady, A. A. & Abdel-Wahhab, M. A. Occurrence of trace metals in foodstuffs and their health impact. Trends Food Sci. Technol.
75, 36-45 (2018).

7. Eghbaljoo-Gharehgheshlaghi, H. ef al. The concentration and probabilistic health risk assessment of trace metals in three types
of sesame seeds using ICP-OES in Iran. Int. J. Environ. Anal. Chem. 102, 5936-5950 (2022).

8. Bozorgzadeh, E., Pasdaran, A. & Ebrahimi-Najafabadi, H. Determination of toxic heavy metals in fish samples using dispersive
micro solid phase extraction combined with inductively coupled plasma optical emission spectroscopy. Food Chem. 346, 128916
(2021).

9. Wang, F. & Ge, M. Organic-inorganic hybrid of chitosan/poly (vinyl alcohol) containing yttrium (III) membrane for the removal
of Cr (VI). Fibers Polym. 14, 28-35 (2013).

10. Karthik, R. & Meenakshi, S. Adsorption study on removal of Cr (VI) ions by polyaniline composite. Desalin. Water Treat. 54,
3083-3093 (2015).

11. Cai, J. et al. Electrospun composite nanofiber mats of Cellulose@ Organically modified montmorillonite for heavy metal ion
removal: Design, characterization, evaluation of absorption performance. Compos. Appl. Sci. Manuf. 92, 10-16 (2017).

12. Zhu, S., Yang, N. & Zhang, D. Poly (N, N-dimethylaminoethyl methacrylate) modification of activated carbon for copper ions
removal. Mater. Chem. Phys. 113, 784-789 (2009).

13. Egashira, R., Tanabe, S. & Habaki, H. Adsorption of heavy metals in mine wastewater by Mongolian natural zeolite. Procedia Eng.
42, 49-57 (2012).

14. Shen, W. et al. Adsorption of Cu (II) and Pb (II) onto diethylenetriamine-bacterial cellulose. Carbohydrate Polym. 75, 110-114
(2009).

15. Luo, L. L., Gu, X. X., Wu, J., Zhong, S. X. & Chen, J. R. Advances in graphene for adsorption of heavy metals in wastewater. Adv.
Mater. Res. 550, 2121-2124 (2012).

16. Zhu, E, Zheng, Y.-M., Zhang, B.-G. & Dai, Y.-R. A critical review on the electrospun nanofibrous membranes for the adsorption
of heavy metals in water treatment. J. Hazard. Mater. 401, 123608 (2021).

17. Xiang, T. et al. Characterization of cellulose-based electrospun nanofiber membrane and its adsorptive behaviours using Cu (II),
Cd (II), Pb (IT) as models. Sci. China Chem. 56, 567-575 (2013).

18. Zeng, M. et al. Engineered two-dimensional nanomaterials: An emerging paradigm for water purification and monitoring. Mater.
Horiz. 8,758-802 (2021).

19. Bhardwaj, N. & Kundu, S. C. Electrospinning: A fascinating fiber fabrication technique. Biotechnol. Adv. 28, 325-347 (2010).

20. Qin, W. et al. Fabrication of porous chitosan membranes composed of nanofibers by low temperature thermally induced phase
separation, and their adsorption behavior for Cu?*. Carbohydrate Polym. 178, 338-346 (2017).

21. Huang, W. et al. Solvothermal synthesis of microporous, crystalline covalent organic framework nanofibers and their colorimetric
nanohybrid structures. ACS Appl. Mater. Interfaces 5, 8845-8849 (2013).

22. Rostami, M., Yousefi, M., Khezerlou, A., Aman Mohammadi, M. & Jafari, S. M. Application of different biopolymers for nanoen-
capsulation of antioxidants via electrohydrodynamic processes. Food Hydrocoll. 97, 105170. https://doi.org/10.1016/j.foodhyd.
2019.06.015 (2019).

23. Rostami, M. et al. Development of resveratrol loaded chitosan-gellan nanofiber as a novel gastrointestinal delivery system. Int. J.
Biol. Macromol. 135, 698-705. https://doi.org/10.1016/j.ijbiomac.2019.05.187 (2019).

24. Rostami, M. et al. Recent advances in electrospun protein fibers/nanofibers for the food and biomedical applications. Adv. Coll.
Interface. Sci. 311, 102827. https://doi.org/10.1016/j.cis.2022.102827 (2023).

25. Khedri, M. et al. Artificial intelligence deep exploration of influential parameters on physicochemical properties of curcumin-
loaded electrospun nanofibers. Adv. NanoBiomed. Res. 2, 2100143. https://doi.org/10.1002/anbr.202100143 (2022).

26. Banimohamad-Shotorbani, B., Rahmani Del Bakhshayesh, A., Mehdipour, A., Jarolmasjed, S. & Shafaei, H. The efficiency of PCL/
HAp electrospun nanofibers in bone regeneration: A review. J. Med. Eng. Technol. 45, 511-531 (2021).

27. Parin, E. N. & Parn, U. Spirulina biomass-loaded thermoplastic polyurethane/polycaprolacton (TPU/PCL) nanofibrous mats:
Fabrication, characterization, and antibacterial activity as potential wound healing. ChemistrySelect 7, 202104148 (2022).

28. Xiao, S. et al. Fabrication of water-stable electrospun polyacrylic acid-based nanofibrous mats for removal of copper (II) ions in
aqueous solution. J. Appl. Polym. Sci. 116, 2409-2417. https://doi.org/10.1002/app.31816 (2010).

29. Wang, Q. et al. Preparation of the crosslinked GO/PAA aerogel and its adsorption properties for Pb(II) ions. Mater. Res. Express
7,025514. https://doi.org/10.1088/2053-1591/ab726a (2020).

30. Duan, C, Ma, T., Wang, J. & Zhou, Y. Removal of heavy metals from aqueous solution using carbon-based adsorbents: A review.
J. Water Process Eng. 37, 101339 (2020).

31. Farooq, M. U. & Jalees, M. I. Application of magnetic graphene oxide for water purification: heavy metals removal and disinfection.
J. Water Process Eng. 33, 101044 (2020).

32. Velusamy, S., Roy, A., Sundaram, S. & Kumar Mallick, T. A review on heavy metal ions and containing dyes removal through
graphene oxide-based adsorption strategies for textile wastewater treatment. Chem. Record 21, 1570-1610 (2021).

33. Liu, X. et al. Graphene oxide-based materials for efficient removal of heavy metal ions from aqueous solution: A review. Environ.
Pollut. 252, 62-73 (2019).

34. Adel, M., Ahmed, M. A,, Elabiad, M. A. & Mohamed, A. A. Removal of heavy metals and dyes from wastewater using graphene
oxide-based nanomaterials: A critical review. Environ. Nanotechnol. Monit. Manag. 18, 100719 (2022).

35. Zhang, R. et al. Development of polylactic acid/ZnO composite membranes prepared by ultrasonication and electrospinning for
food packaging. Lwt 135, 110072 (2021).

36. Salehi, M. et al. Porous electrospun poly (e-caprolactone)/gelatin nanofibrous mat containing cinnamon for wound healing appli-
cation: In vitro and in vivo study. Biomed. Eng. Lett. 10, 149-161 (2020).

37. Yabe, M., Mori, K., Ueda, K. & Takeda, M. Development of polypargen software to facilitate the determination of molecular
dynamics simulation parameters for polymers. J. Comput. Chem. Japan-Int. Ed. 5, 2018-2034 (2019).

38. Choi, Y. K. et al. CHARMM-GUI polymer builder for modeling and simulation of synthetic polymers. J. Chem. Theory Comput.
17,2431-2443 (2021).

Scientific Reports | (2024) 14:4372 | https://doi.org/10.1038/s41598-024-54969-y nature portfolio


https://doi.org/10.1016/j.foodhyd.2019.06.015
https://doi.org/10.1016/j.foodhyd.2019.06.015
https://doi.org/10.1016/j.ijbiomac.2019.05.187
https://doi.org/10.1016/j.cis.2022.102827
https://doi.org/10.1002/anbr.202100143
https://doi.org/10.1002/app.31816
https://doi.org/10.1088/2053-1591/ab726a

www.nature.com/scientificreports/

39

40.

41.

42,
43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

. Kim, S. et al. "CHARMM-GUI ligand reader and modeler for CHARMM force field generation of small molecules 1879-1886
(Wiley Online Library, 2017).

Brooks, B. R. et al. CHARMM: A program for macromolecular energy, minimization, and dynamics calculations. J. Comput. Chem.
4,187-217 (1983).

Kern, N. R. CHARMM-GUI multicomponent assembler for modeling and simulation of complex heterogeneous biomolecular
systems. Biophys. J. 116, 290a (2019).

Essmann, U. et al. A smooth particle mesh ewald method. J.Chem. Phys. 103, 8577-8593 (1995).

Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 52,
7182-7190 (1981).

Hess, B., Bekker, H., Berendsen, H. J. & Fraaije, J. G. LINCS: A linear constraint solver for molecular simulations. J. Comput. Chem.
18, 1463-1472 (1997).

Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33-38 (1996).

Hamdan, N. et al. PCL/gelatin/graphene oxide electrospun nanofibers: Effect of surface functionalization on in vitro and antibacte-
rial response. Nanomaterials 13, 488 (2023).

Heidari, M., Bahrami, S. H., Ranjbar-Mohammadi, M. & Milan, P. B. Smart electrospun nanofibers containing PCL/gelatin/
graphene oxide for application in nerve tissue engineering. Mater. Sci. Eng. C 103, 109768. https://doi.org/10.1016/j.msec.2019.
109768 (2019).

Gea, S. et al. Facile synthesis of ZnO-Ag nanocomposite supported by graphene oxide with stabilised band-gap and wider visible-
light region for photocatalyst application. J. Mater. Res. Technol. 19, 2730-2741. https://doi.org/10.1016/j.jmrt.2022.05.184 (2022).
Raj Preeth, D. et al. Bioactive Zinc(II) complex incorporated PCL/gelatin electrospun nanofiber enhanced bone tissue regenera-
tion. Eur. J. Pharm. Sci. 160, 105768. https://doi.org/10.1016/j.ejps.2021.105768 (2021).

Ren, K., Wang, Y., Sun, T., Yue, W. & Zhang, H. Electrospun PCL/gelatin composite nanofiber structures for effective guided bone
regeneration membranes. Mater. Sci. Eng. C 78, 324-332. https://doi.org/10.1016/j.msec.2017.04.084 (2017).

Jiang, B. et al. Potentiation of Curcumin-loaded zeolite Y nanoparticles/PCL-gelatin electrospun nanofibers for postsurgical
glioblastoma treatment. J. Drug Deliv. Sci. Technol. 80, 104105 (2023).

Oner, A. et al. High generation dendrimer decorated poly-E-caprolactone/polyacrylic acid electrospun nanofibers for the design
of a bioelectrochemical sensing surface. React. Funct. Polym. 161, 104853 (2021).

Mohamed, M. A, Jaafar, J., Ismail, A. E, Othman, M. H. D. & Rahman, M. A. Membrane Characterization 3-29 (Elsevier, 2017).
Saltan, F, Akat, H. & Yildirim, Y. Synthesis and characterization of The POSS/PCL-graphene oxide composites; the effects of
gamma-radiation on its thermal properties and molecular weight. Mater. Res. Express https://doi.org/10.1088/2053-1591/ab59b1
(2019).

Ramirez-Rodriguez, L. C., Quintanilla-Carvajal, M. X., Mendoza-Castillo, D. I, Bonilla-Petriciolet, A. & Jiménez-Junca, C. Prepa-
ration and characterization of an electrospun whey protein/polycaprolactone nanofiber membrane for chromium removal from
water. Nanomaterials 12, 2744 (2022).

Santiago-Morales, J., Amariei, G., Leton, P. & Rosal, R. Antimicrobial activity of poly (vinyl alcohol)-poly (acrylic acid) electrospun
nanofibers. Coll. Surfaces B Biointerfaces 146, 144-151 (2016).

Feng, Z.-Q., Yuan, X. & Wang, T. Porous polyacrylonitrile/graphene oxide nanofibers designed for high efficient adsorption of
chromium ions (VI) in aqueous solution. Chem. Eng. J. 392, 123730 (2020).

Kumar, N, Das, S., Bernhard, C. & Varma, G. D. Effect of graphene oxide doping on superconducting properties of bulk MgB2.
Supercond. Sci. Technol. 26, 095008 (2013).

Mohammadi, S., Shafiei, S. S., Asadi-Eydivand, M., Ardeshir, M. & Solati-Hashjin, M. Graphene oxide-enriched poly(e-
caprolactone) electrospun nanocomposite scaffold for bone tissue engineering applications. J. Bioact. Compat. Polym. 32, 325-342
(2017).

Palacios Hinestroza, H. et al. Nanocellulose and polycaprolactone nanospun composite membranes and their potential for the
removal of pollutants from water. Molecules 25, 683 (2020).

Huang, Y.-. et al. Microstructure and biological properties of electrospun in situ polymerization of polycaprolactone-graft-poly-
acrylic acid nanofibers and its composite nanofiber dressings. Polymers 13, 4246 (2021).

Chauhan, A. & Chauhan, P. Powder XRD technique and its applications in science and technology. ] Anal Bioanal Tech 5, 1-5
(2014).

Garcia-Casas, 1., Montes, A., Valor, D., Pereyra, C. & Martinez de la Ossa, E. ]. Foaming of polycaprolactone and its impregnation
with quercetin using supercritical CO,. Polymers 11, 1390 (2019).

Balu, R., Kumar, T., Ramalingam, M. & Ramakrishna, S. Electrospun polycaprolactone/poly (1, 4-butylene adipate-co-polycap-
rolactam) blends: Potential biodegradable scaffold for bone tissue regeneration. J. Biomater. Tissue Eng. 1, 30-39 (2011).
Kolodziej, A. et al. A Raman spectroscopic analysis of polymer membranes with graphene oxide and reduced graphene oxide. J.
Compos. Sci. 5,20 (2021).

Castilla-Cortazar, L, Vidaurre, A., Mari, B. & Campillo-Fernandez, A. J. Morphology, crystallinity, and molecular weight of poly
(e-caprolactone)/graphene oxide hybrids. Polymers 11, 1099 (2019).

Wang, C., Wang, M., Ying, S. & Gu, J. Fast chemo-responsive shape memory of stretchable polymer nanocomposite aerogels
fabricated by one-step method. Macromol. Mater. Eng. 305, 1900602 (2020).

Scaffaro, R. et al. Electrospun PCL/GO-g-PEG structures: Processing-morphology-properties relationships. Compos. Appl. Sci.
Manuf. 92,97-107 (2017).

Qian, Y., Zhang, Z., Zheng, L., Song, R. & Zhao, Y. Fabrication and characterization of electrospun polycaprolactone blended with
chitosan-gelatin complex nanofibrous mats. . Nanomater. 2014, 1-1 (2014).

Al-Musawi, M. H. et al. Optimization and characterization of carrageenan/gelatin-based nanogel containing ginger essential oil
enriched electrospun ethyl cellulose/casein nanofibers. Int. J. Biol. Macromol. 248, 125969 (2023).

Yavari Maroufi, L., PourvatanDoust, S., Naeijian, F. & Ghorbani, M. Fabrication of electrospun polycaprolactone/casein nanofibers
containing green tea essential oils: Applicable for active food packaging. Food Bioprocess Technol. 15, 2601-2615 (2022).

Kumar, S., Bose, S. & Chatterjee, K. Amine-functionalized multiwall carbon nanotubes impart osteoinductive and bactericidal
properties in poly (e-caprolactone) composites. RSC Adv. 4, 19086-19098 (2014).

Mohammadzadeh, V. et al. Design of a novel tannic acid enriched hemostatic wound dressing based on electrospun polyamide-6/
hydroxyethyl cellulose nanofibers. J. Drug Deliv. Sci. Technol. 86, 104625. https://doi.org/10.1016/.jddst.2023.104625 (2023).
Aynali, F, Balci, H., Doganci, E. & Bulus, E. Production and characterization of non-leaching antimicrobial and hydrophilic
polycaprolactone based nanofiber mats. Eur. Polym. J. 149, 110368 (2021).

Hivechi, A., Bahrami, S. H. & Siegel, R. A. Drug release and biodegradability of electrospun cellulose nanocrystal reinforced
polycaprolactone. Mater. Sci. Eng. C 94, 929-937 (2019).

Zou, Y., Zhang, C., Wang, P, Zhang, Y. & Zhang, H. Electrospun chitosan/polycaprolactone nanofibers containing chlorogenic
acid-loaded halloysite nanotube for active food packaging. Carbohydr. polym. 247, 116711 (2020).

Dziadek, M. et al. PCL and PCL/bioactive glass biomaterials as carriers for biologically active polyphenolic compounds: Compre-
hensive physicochemical and biological evaluation. Bioact. Mater. 6, 1811-1826 (2021).

Raja, I. S. et al. Polyphenols-loaded electrospun nanofibers in bone tissue engineering and regeneration. Biomater. Res. 25, 1-16
(2021).

Scientific Reports |

(2024) 14:4372 | https://doi.org/10.1038/s41598-024-54969-y nature portfolio


https://doi.org/10.1016/j.msec.2019.109768
https://doi.org/10.1016/j.msec.2019.109768
https://doi.org/10.1016/j.jmrt.2022.05.184
https://doi.org/10.1016/j.ejps.2021.105768
https://doi.org/10.1016/j.msec.2017.04.084
https://doi.org/10.1088/2053-1591/ab59b1
https://doi.org/10.1016/j.jddst.2023.104625

www.nature.com/scientificreports/

79. Wang, X,, Yu, ], Sun, G. & Ding, B. Electrospun nanofibrous materials: A versatile medium for effective oil/water separation. Mater.
Today 19, 403-414 (2016).

80. Zhang, W,, Hu, L., Hu, S. & Liu, Y. Optimized synthesis of novel hydrogel for the adsorption of copper and cobalt ions in wastewater.
RSC Adv. 9, 16058-16068 (2019).

81. Rahim, A. R. A. et al. Effective carbonaceous desiccated coconut waste adsorbent for application of heavy metal uptakes by adsorp-
tion: Equilibrium, kinetic and thermodynamics analysis. Biomass Bioenergy 142, 105805 (2020).

82. Rosli, N., Yahya, W. Z. N. & Wirzal, M. D. H. Crosslinked chitosan/poly (vinyl alcohol) nanofibers functionalized by ionic liquid
for heavy metal ions removal. Int. J. Biol. Macromol. 195, 132-141 (2022).

83. Chen, Q. et al. Comparison of heavy metal removals from aqueous solutions by chemical precipitation and characteristics of
precipitates. J. Water Process Eng. 26, 289-300. https://doi.org/10.1016/j.jwpe.2018.11.003 (2018).

84. Abdullah, N. et al. Polysulfone/hydrous ferric oxide ultrafiltration mixed matrix membrane: Preparation, characterization and its
adsorptive removal of lead (II) from aqueous solution. Chem. Eng. J. 289, 28-37 (2016).

85. Hezarjaribi, M. et al. Novel adsorptive PVC nanofibrous/thiol-functionalized TNT composite UF membranes for effective dynamic
removal of heavy metal ions. J. Environ. Manag. 284, 111996 (2021).

86. Zarghami, Z., Akbari, A., Latifi, A. M. & Amani, M. A. Design of a new integrated chitosan-PAMAM dendrimer biosorbent for
heavy metals removing and study of its adsorption kinetics and thermodynamics. Bioresour. Technol. 205, 230-238 (2016).

87. Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 40, 1361-1403 (1918).

88. Freundlich, H. Over the adsorption in solution. J. Phys. chem 57, 1100-1107 (1906).

89. Temkin, M. Kinetics of ammonia synthesis on promoted iron catalysts. Acta physiochim. URSS 12, 327-356 (1940).

90. Ruthven, D. M. Principles of adsorption and adsorption processes (John Wiley, 1984).

91. Khedri, M., Beheshtizadeh, N., Maleki, R., Webster, T. ]. & Rezvantalab, S. Improving the self-assembly of bioresponsive nanocar-
riers by engineering doped nanocarbons: A computational atomistic insight. Sci. Rep. 11, 21538 (2021).

Author contributions

MR., M.AS,, S.R,, and S.R.: methodology, investigation, software, data analysis, and writing—original draft.
G.J.-K,, EM.- A, N.S., M.A. and M.G.: conceptualization, investigation, funding acquisition, project administra-
tion, supervision, and writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding
This work was financially supported by the Tehran University of Medical Sciences under Grant number [1402-
297-59327], and Iran National Science Foundation [4013767].

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.J., E.M. or M.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4372 | https://doi.org/10.1038/s41598-024-54969-y nature portfolio


https://doi.org/10.1016/j.jwpe.2018.11.003
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polycaprolactonepolyacrylic acidgraphene oxide composite nanofibers as a highly efficient sorbent to remove lead toxic metal from drinking water and apple juice
	Materials and methods
	Materials
	PCLPAAGO composite NFs preparation
	Characterizations and measurements
	Morphology and structure
	Molecular interactions
	Crystallinity
	Thermal stability
	Surface wettability

	Thickness and mechanical property
	Porosity, surface areas, and in vitro biodegradation studies
	Biocompatibility study
	Adsorption study in water
	Adsorbent selectivity
	Regeneration and recycling
	Molecular dynamics simulations
	Adsorption of lead metal by NFs in apple juice media
	Statistical analysis
	Ethics approval and consent to participate

	Results
	Morphology and structure
	Molecular interactions
	Crystallinity
	Surface wettability, porosity, mechanical properties, and in vitro biodegradation studies
	Thermal stability
	Biocompatibility
	Adsorption study
	Adsorbent selectivity
	Adsorption isotherms
	Kinetic study

	Regeneration and recycling
	Molecular dynamics simulations
	Adsorption of lead metal by NFs in apple juice media

	Conclusions
	References


