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ABSTRACT

MgO nanoparticles (MgO NPs) incorporated PVDF-HFP nanofibers have been synthesized using the electrospinning
method to remove arsenic from polluted water. MgO nanoparticles were synthesized from seawater bitterns and used
as magnesium precursors. The synthesized materials were characterized using various techniques, and their adsorption
capacities were evaluated against arsenic under different conditions. The results showed that the maximum adsorption
for As(V) adsorption was 41.47 mg g' for PVDF-HFP/MgO 30% (w/w), which equals 179.69 mg g based on the
weight of bare MgO NPs and achieved at pH 11, a contact time of 420 minutes, and an adsorbent weight of 0.0125 g.
Incorporating MgO NPs into the nanofiber matrix can enhance its stability, further increase the adsorption capacity.
This study demonstrates the potential of using PVDF-HFP/MgO nanofiber composites to treat arsenic-containing
wastewater and further provide commercial benefits for seawater bitterns by serving as a precursor for producing
functional nanomaterials.
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ABSTRAK

Nanozarah MgO (MgO NPs) yang tergabung PVDF-HFP nanozarah telah disintesis menggunakan kaedah pemintalan
elektrik untuk mengeluarkan arsenik daripada air tercemar. Nanozarah MgO telah disintesis daripada bittern air laut
dan digunakan sebagai prekursor magnesium. Bahan yang disintesis telah dicirikan menggunakan pelbagai teknik
dan kapasiti penjerapannya dinilai terhadap arsenik di bawah keadaan yang berbeza. Hasil menunjukkan bahawa
penjerapan maksimum bagi penjerapan As(V) ialah 41.47 mg g untuk PVDF-HFP/MgO 30% (w/w) yang bersamaan
dengan 179.69 mg g' berdasarkan berat NP MgO kosong dan dicapai pada pH 11, masa sentuhan 420 minit dan
berat penjerap 0.0125 g. Mencampurkan NP MgO ke dalam matriks nanozarah boleh meningkatkan kestabilannya,
seterusnya meningkatkan kemampuan penjerapan. Kajian ini menunjukkan potensi penggunaan komposit nanozarah
PVDF-HFP/MgO untuk merawat air sisa yang mengandungi arsenik dan seterusnya memberikan faedah komersial
untuk bittern air laut dengan berfungsi sebagai pendahulu untuk menghasilkan bahan nano berfungsi.

Kata kunci: Bittern air laut; komposit nanozarah; nanopartikel MgO; penyingkiran arsenik; PVDF-HFP nanozarah
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INTRODUCTION

The presence of arsenic in natural waters is a worldwide
issue and poses a continuous challenge for scientists due
to strict ecological tolerance levels and concentration
limits. The World Health Organization (WHO) has set
a maximum arsenic concentration level of 10 pg L-!
for drinking water (Ng et al. 2001). Inorganic forms
of arsenic, such as arsenite (As(IIl)) (H,AsO, and
H,AsO,) and arsenate (As(V)) (H,AsO, and HAsO,>),
are the primary contaminants found in drinking water
(Pramanik et al. 2014). Both arsenite and arsenate are
rapidly and extensively absorbed in the gastrointestinal
tract (Kwok et al. 2018). Several methods have been
developed to remove arsenic from water, including
chemical precipitation (Kumar, Nandi & Pakshirajan
2021), coagulation, and flocculation (Peydayesh et al.
2021), biological processes (Meena, Sonigra & Yadav
2021), ion exchange (Arshid et al. 2019), process
oxidation (Zhao et al. 2021), and adsorption (Fiyadh
et al. 2019). Compared to other methods developed for
removing arsenic from drinking water, adsorption is
an attractive alternative due to its easy operation, low
cost, and high adsorption capabilities, making it the
preferred choice (De Gisi et al. 2016; Shafiq, Alazba &
Amin 2018; Siti Zu Nurain et al. 2021).

Nanomaterials have recently gained popularity
as adsorbents for heavy metals in water treatment
processes. Some examples of such materials include
iron oxide (Mohammadian et al. 2021), manganese
dioxide (Delavar et al. 2021), titanium dioxide (Liao
et al. 2021), zinc oxide (Siti Zu Nurain et al. 2021),
and magnesium oxide (MgO) (Gupta et al. 2021). MgO
nanoparticles (MgO NPs) are widely used for removing
heavy metals like lead, nickel, cadmium, and arsenic
and are advantageous due to their natural abundance,
non-toxicity, and environmental friendliness (Guo et
al. 2022; Saod et al. 2023; Xiong et al. 2015). Due to
high concentration of Mg*", seawater bittern show a
great potency as Mg*" precursor in the preparation of
MgO NPs. Using seawater bittern as the Mg?" precursor
in the precipitation method offers cost-effective and
sustainable manufacturing, repurposing a byproduct and
minimizing waste generation while conserving resources
(Apriani, Hadi & Masduqi 2018; Davies & Knowles
2006; Lim et al. 2022).

Seawater bittern can contain various impurities,
such as other metal ions, organic compounds, or
particulate matter. These impurities may have both
beneficial and detrimental effects on the synthesized
nanoparticles. Impurities can act as dopants, modifying

properties, but can also introduce defects in the lattice
structure (Araujo, Terrones & Dresselhaus 2012; Yavari
et al. 2019).

Although MgO NPs has been found to have a
high capacity for adsorbing arsenic, surpassing other
metal oxides (Luo & Deng 2019), its effectiveness as
an adsorbent is hindered by various challenges during
application. When used in water treatment, the nano-
sized adsorbents tend to aggregate, leading to reduced
adsorption capacity. Furthermore, separating the
adsorbent from the water after the complete process
presents further issues. To address these challenges,
researchers have developed nanomaterial adsorbents
incorporated with polymer host media (D. Perez et al.
2017; Shi et al. 2021).

Due to their unique characteristics, such as
their porous structure and high mechanical strength,
electrospun nanofiber materials have recently been
created for water purification (Gupta et al. 2015).
Polyvinylidene fluoride (PVDF) has been studied
extensively for its advantageous properties, such as
high thermal stability, good mechanical strength, and
chemical resistance to some organic solvents, acids, and
bases. Compared to other fluoropolymers, PVDF can
quickly dissolve in most organic solvents (Gopakumar
et al. 2017). PVDF can also be combined with other
polymers to form copolymers with superior properties.
One of the PVDF copolymers that have been widely
developed is PVDF-HFP (polyvinylidene fluoride-co-
hexafluoropropylene) which has high flexibility and
stability, good mechanical strength, and is relatively
easy to process (Lin et al. 2022; Puguan, Chung & Kim
2016). It has even been used as a matrix to treat heavy
metal waste (Pi et al. 2018). Recent developments in
nanofiber materials synthesized by electrospinning have
led to the production of unique materials with desirable
properties for water purification.

In this study, MgO NPs was prepared from
seawater bittern (by product of saltwork production)
as a sustainable source of magnesium ions using an
environmentally friendly precipitation process and
incorporated into polymer matrix PVDF-HFP nanofiber
using the electrospinning method. This is the first
reported of bittern-derived MgO nanoparticles/PVDF-
HFP electrospun nanofiber composites for arsenic
sequestration. The incorporation of MgO NPs into the
matrix of PVDF-HFP nanofiber is expected to reduce
the aggregation and enhance the stability of MgO NPs,
which results in the enhanced adsorption capacity
toward arsenic and more ecasily separated from water



when the adsorption process is complete. Moreover, we
have conducted metal arsenic adsorption tests, where
we studied the effects of several parameters, including
solution pH, contact time, adsorbent dose, and arsenic
ion concentration, and have shown promising results,
indicating that this material has great potential for
efficient water purification. Our study aims to contribute
to the rational design of functional material for water
purification, which is of great importance in addressing
the growing concerns about water pollution and scarcity.

MATERIALS AND METHODS

MATERIALS

Polyvinylidene fluoride co-hexafluoro propylene
(PVDF-HFP, Arkema Kynar Flex 2801-00), N,N-
Dimethylacetamide (DMAc), ethanol, sodium
hydroxide (NaOH), and disodium hydrogen arsenate
(Na,HAsO,*7H,O) were purchased from Merck.
Deionized (DI) water was used during this study.
Seawater bitterns (SWBs) were collected from saltponds
in Madura, Indonesia. All the chemicals were used as
received without further purification.

PREPARATION OF ADSORBENT

SYNTHESIS OF MGO NANOPARTICLES

Two mol NaOH was slowly dripped into 1 mol SWBs
(containing 58 g L' of magnesium) at a flow rate of 11
mL min"! and stirred with a magnetic stirrer for 30 min
at room temperature. The mixture was then centrifuged
at 3000 rpm for 15 min. The presence of impurities in
seawater bittern necessitates careful control and removal
steps during the synthesis process. Proper purification
techniques may be employed to minimize the impurity
content and ensure the desired purity of the MgO
nanoparticles. The solid phase was washed twice with
ethanol and hot water at 80 °C to remove impurities
and dried at 60 °C overnight. The products identified

2355

as Mg(OH), were calcined to produce MgO at 400 °C
for five hours at a target temperature with a temperature
increase of 2 °C per min.

SYNTHESIS OF PVDF-HFP/MGO NANOFIBER
COMPOSITES

PVDF-HFP copolymer 24% (w/v) was dissolved in 10
mL of DMACc and stirred with a magnetic stirrer for 5
h. The synthesized MgO nanoparticles were then added
with variations in weight (w/w) against the weight of the
PVDF-HFP copolymer into the copolymer solution and
stirred for £+ 12 h. The sample composition is shown in
Table 1. The solution was then put into the syringe and
spun using an electrospinning device with a flow rate of
16.67 uL min’, a distance from the nozzle to the collector
of 17 cm, and a voltage of 21 kV for a duration of 4 h.
The nanofiber was collected on an aluminum foil.

CHARACTERIZATION OF ADSORBENT

The synthesized MgO NPs, PVDF-HFP nanofibers,
and PVDF-HFP/MgO nanofiber composites were
characterized by using X-Ray Diffraction (XRD)
(Bruker D8 Advance, Germany) with Cu Ko as a
radiation source (A:1.540 A) at a diffraction angle of
20 from 10°-90°. An attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectrophotometer
was used at wavenumber 4000-400 cm' to analyze
the functional groups of the adsorbents. The JEOL-
JSM IT-300 scanning electron microscope (SEM) was
used for the morphological analysis of the adsorbent.
Samples were observed at a magnification of 30,000
times. The elemental composition of the nanofibers
was characterized using Energy Dispersive X-Ray
Spectroscopy (EDS). A Hitachi HT7700 transmission
electron microscope (TEM) was used to identify the
detailed internal structure of the adsorbent in high
resolution. The N, adsorption-desorption (BET) surface
area analyzer (Nova 3200e Ouantachrome) was used to
determine the surface area of the adsorbent.

TABLE 1. Composition of PVDF-HFP nanofiber and PVDF-HFP/MgO nanofiber composites

Sample type

PVDF-HFP copolymer

MgO nanoparticles

(% w/v) (% w/w)
PVDF-HFP 24 0
PVDF-HFP/MgO 10% 24 10
PVDF-HFP/MgO 20% 24 20
PVDF-HFP/MgO 30% 24 30
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BATCH ADSORPTION STUDIES

In this study, the effect of pH, contact time, adsorbent
dosage, and initial concentration of arsenic on the
adsorption capacity of the adsorbent was studied
using the batch method. The study on the effect of
pH was carried out by contacting 0.05 g (cut in small
pieces) of PVDF-HFP nanofiber and PVDF-HFP/MgO
composite nanofiber with 10 mL of As(V) solution
with a concentration of 100 mg L with variations in
pHof3,5,7,9 and 11, then stirred for 24 h on a shaker
at 150 rpm. After that, the mixture was filtered, the
filtrate was collected, and the As(V) ion concentration
was measured after adsorption using AAS. The amount
of adsorbed As(V) ions at equilibrium (q,) is calculated
using Equation (1):

Qe=%V @))]

m

where ¢, is the adsorption capacity; V' is the volume of
the solution (L); m is the mass of the adsorbent (g); C,
and C, are the initial and final concentrations of As(V)
(mg L), respectively.

To evaluate the effect of contact time, 0.05 g of
PVDF-HFP nanofiber and PVDF-HFP/MgO composite
nanofiber were contacted with 10 mL of 100 mg
L' As(V) solution with various contact times of 30,
60, 90, 120, 180, 240, 300, 360, 420, and 480 min at
optimum pH. To evaluate the effect of adsorbent mass,
contacting 10 mL of 100 mg L' As(V) solution was
contacted to variations in adsorbent masses of 0.00625,
0.0125, 0.01875, 0.025, and 0.05 g at optimum pH and
contact time. Meanwhile, studies on the effect of the
initial concentration of As(V) ions were carried out at
concentrations of 10, 20, 40, 60, 80, 100, and 150 mg L"!
at optimum pH, contact time, and adsorbent mass.

STABILITY STUDIES

The study was carried out by incorporating a certain
amount of adsorbent with the same weight of MgO NPs
into distilled water at various pHs 3, 5, 7,9, and 11. Then
it was stirred for 24 h, the adsorbent was separated
from the water, and the Mg ion concentration released
into the medium was measured using AAS.

RESULTS AND DISCUSSION

CHARACTERIZATION OF MgO NPs AND PVDF-HFP/MgO
COMPOSITE NANOFIBER

MgO NPs were synthesized by precipitation method
employing seawater bittern as Mg?" precursor. The
morphology of MgO NPs was identified using SEM
spectroscopy. Figure 1(a) shows that the particle size
range of MgO NPs is 33-51 nm, and the agglomeration
of the samples was further confirmed from the SEM
image. TEM image showed that the shape of single
MgO NPs was a flake-like structure (Figure 1(b)).
The agglomeration observed in the SEM image may
pose challenges in applying these nanoparticles as
an adsorbent, as it can reduce their surface area and
adsorption capacity.

Nanofibers were synthesized for a duration of 4 h
under specific experimental conditions, including a
flow rate of 16.67 pL min’!, a distance from the nozzle
to the collector of 17 cm, and an applied voltage of
21 kV. Further SEM analysis was also used to study
the morphology of the nanofibers and their average
distribution. The results depicted in Figure 2(a) show
that the morphology of pure PVDF-HFP nanofibers
forms straight primary fibers, which were ultrafine
and continuous, with no beading detected, although not
uniform. SEM images of PVDF-HFP/MgO nanofiber

FIGURE 1. Image of (a) SEM MgO NPs at 30,000 times
magnification and (b) TEM MgO NPs at 100,000 times magnification



composites with varying concentrations of MgO NPs
were also captured, as shown in Figure 2(b)-2(d)). The
addition of MgO NPs impacted the size of the nanofibers
formed. The figure demonstrates that more beads were
formed as more MgO NPs were added, and the MgO
NPs were trapped between the nanofiber matrices.

In the electrospinning process for nanofiber
characterization, several parameters influence the
morphology and diameter distribution of the nanofibers.
The applied voltage, typically ranging from a few
kilovolts to tens of kilovolts, creates an electric field that
promotes the stretching and elongation of the polymer
solution. The solution flow rate, controlled by the
syringe pump, determines the rate at which the polymer
solution is ejected through the needle. The distance
between the needle and collector, typically in the range

T 0um
T0pm
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of a few centimeters to tens of centimeters, affects the
stretching and solidification of the ejected polymer
solution into nanofibers. These parameters play a crucial
role in controlling the diameter, alignment, and overall
morphology of the electrospun nanofibers (Ibrahim &
Klingner 2020; Veerabhadraiah et al. 2017).

The nanofibers’ size distribution and average
diameter were determined using Imagel software.
Figure 2 illustrates the size distribution of the resulting
fiber diameters. The PVDF-HFP nanofibers had a
heterogeneous diameter size ranging from 300 nm to 1
um, with a predominance of sizes in the range of 500-
600 nm (Figure 2(a)). On the other hand, the diameter of
the PVDF-HFP/MgO 10% nanofiber composites ranged
from 0-700 nm, with a predominance in size of 200-
300 nm (Figure 2(b)). The diameter size distribution

T PYDF-HFPMGD 0%

FIGURE 2. SEM images of (a) pure PVDF-HFP nanofiber and PVDF-HFP/MgO composite nanofiber
with various MgO NPs concentrations of (b) 10% (w/w), (¢) 20% (w/w), (d) 30% (w/w) at 5,000
times magnification, and (e) EDS Mapping of PVDF-HFP/MgO 30% (w/w) nanofiber composites
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of PVDF-HFP/MgO 10% nanofiber composites was
smaller than that of PVDF-HFP nanofibers. The PVDF-
HFP/MgO 20% nanofiber composites had a diameter
size distribution in the range of 0-900 nm, with a
predominance of sizes in the 200-300 nm (Figure 2(c)).
For the PVDF-HFP/MgO 30% nanofiber composites
(Figure 2(d)), the diameter size distribution was in the
range of 0-1600 nm, with dominance in the size range of
200-400 nm. The data indicate that the size distribution
of the nanofibers increased with the addition of MgO
NPs. Additionally, Figure S1 shows the calculation
results for the average diameter of nanofiber composites
in more detail.

Figure S1 presents the relationship between the
addition of MgO NPs and the resulting nanofibers’
average diameter. It is found that the diameter of
PVDF-HFP nanofibers can be further controlled by the
addition of MgO NPs. It was observed that after adding
10% (w/w) MgO NPs, the average diameter of PVDF-
HFP nanofiber decreased from 515+156 nm to 276+101
nm. This suggests that adding MgO NPs increased
the conductivity of the polymer solution (Figure S2),
resulting in a smaller fiber diameter due to jet elongation
(Yalcinkaya, Yalcinkaya & Jirsak 2015). However, as
the amount of MgO NPs increased, the average diameter
also increased (282+125 nm for PVDF-HFP/MgO 20%
nanofibers and 296+184 nm for PVDF-HFP/MgO 30%
nanofibers).

The increase in diameter can be affected by the
viscosity of the solution. Adding MgO NPs increased the
concentration and viscosity of the solution (Figure S3).
This causes more polymer solution to be transferred per
jet, making the nanofiber diameter larger (Yalcinkaya,
Yalcinkaya & Jirsak 2015). In addition, the viscosity
of the polymer solution is also an important factor
affecting the morphology of nanofibers. As the polymer
solution’s viscosity increases, the jet’s elongation
during the electrospinning process becomes more
difficult, leading to the formation of larger fibers.
Moreover, the viscosity of the solution is closely related
to the concentration of polymer and solvent used in the
electrospinning process. Therefore, it is important to
carefully control the solution viscosity when synthesizing
nanofiber composites to obtain the desired diameter size
and morphology.

Using Imagel software for determining the size
distribution and average diameter of nanofibers offers
several advantages. Firstly, ImageJ is a widely used and
accessible image analysis software with a user-friendly
interface, making it accessible to researchers with

varying levels of expertise. It provides a range of image
processing and analysis tools that can be customized to
specific requirements. Additionally, Imagel allows for
batch processing, enabling efficient analysis of large
datasets (Schroeder et al. 2021). However, there are
also limitations to consider. ImagelJ relies heavily on
the quality of the captured images, and poor image
quality can introduce errors and uncertainties in
size measurements. Segmentation errors may occur,
particularly when dealing with complex or overlapping
structures. Orientation bias is another potential limitation
when analyzing 2D images of anisotropic nanofibers.
Calibration accuracy and the potential for user bias
in manual adjustments are additional considerations
(Huling et al. 2022).

Alternative methods for determining the size
distribution and average diameter of nanofibers include
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy
(AFM), dynamic light scattering (DLS), X-ray scattering
techniques (SAXS/WAXS), and nanoparticle tracking
analysis (NTA). SEM and TEM provide high-resolution
imaging for direct measurements (Tibolla, Pelissari &
Menegalli 2014), while AFM allows for topographic
analysis (Wang et al. 2019). DLS measures hydrodynamic
size in solution (Mao et al. 2017), X-ray scattering
techniques offer structural information (Su et al. 2014),
and NTA tracks individual nanoparticles (Amaro-
Gahete et al. 2019). Selection depends on nanofiber
characteristics and available equipment. Using multiple
methods and validating results enhances accuracy and
understanding of nanofiber size.

The EDS data provided in Figure S4 complements
the SEM image by offering information on the
composition of elements in the nanofiber. The EDS
spectrum of PVDF-HFP/MgO 10% (Figure S4(d))
and PVDF-HFP/Mg030% (Figure S4(f)) nanofiber
composites displayed the presence of Mg and O
elements, which indicated the successful synthesis of
composite nanofiber materials. Conversely, pure PVDF-
HFP nanofibers contained only C and F elements, as
seen in Figure S4(b). Moreover, EDS feature mapping
was conducted to confirm the distribution of MgO NPs
in the fiber. The results of the EDS mapping of pure
PVDF-HFP nanofibers are shown in Figure S5, which
shows that the elements C and F are uniformly distributed
throughout the scanned area. Figure S6 demonstrates
that the constituent elements of MgO NPs, i.e., Mg (purple
color) and O (light blue color), are uniformly distributed
in the PVDF-HFP/MgO 10% (w/w) composite nanofiber



sample. This characterization indicates that the MgO
NPswere well-dispersed in the PVDF-HFP matrix during
the electrospinning process, leading to the successful
formation of nanofiber composites.

Figure 2(e) shows the presence of Mg (purple
color) and O (light blue color), the constituent elements
of MgO NPs, in the PVDF-HFP/MgO 30% composite
nanofiber. However, it is observed that some elements are
agglomerated and trapped between the resulting fibers.
The EDS analysis and feature mapping provide crucial
information that helps confirm nanofibers’ composition
and distribution.

Figure 3 shows the X-ray diffraction pattern of
the synthesized MgO nanoparticles, the pure PVDF-
HFP nanofiber, and the nanofiber composites. The
XRD pattern of MgO nanoparticles (Figure 3(a)) shows
several peaks at different diffraction angles, indicating
the formation of the nanoparticles. The peaks at 36.86°,
42.78°,62.15°,74.42°, and 78.41° (ICDD/PDF No. 01-
071-1176) correspond to the crystal planes [111], [200],
[220],[311], and [222], respectively (Anam et al. 2018).
The XRD pattern of pure PVDF-HFP nanofiber (Figure
3(b)) shows several peaks at different diffraction angles,
including 18.30°, 20.53°, and 39.26° (ICDD/PDF No.
00-061-1406), indicating the crystal planes [100],
[020], and [021], respectively. This suggests that PVDF-
HFP is a semicrystalline polymer (Manuel Stephan
& Nahm 2006). The XRD pattern of the nanofiber
composites (Figure 3(c)-3(e)) confirms the successful
synthesis of the PVDF-HFP/MgO nanofiber composites.
The diffraction angles of 42.80° and 62.27°, which
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correspond to the MgO nanoparticles, are observed in
the XRD pattern of the 30% PVDF-HFP/MgO composite
nanofiber sample (Figure 3(e)).

The synthesis products were analyzed by examining
the absorption bands of functional groups in the IR
spectrum. The IR spectra of the synthesized MgO
nanoparticles, PVDF-HFP nanofiber, and PVDF-HFP/MgO
composite nanofiber (Figure 4) exhibited absorption
peaks at specific wave numbers. A wave number of 1400
cm™ indicated a C-F stretching vibration, while 1177
cm’ correlated to -CF,- stretching vibration, and 1073
cm indicated the presence of C-C stretching vibrations.
Additionally, the absorption peak at 877 cm™! suggested
the presence of an amorphous phase of the PVDF-HFP
polymer, while the absorption peaks at 840 cm™ and
600 cm! indicated the B phase and crystalline phase of
the PVDF-HFP polymer, respectively (Vo et al. 2019).
The presence of Mg-O stretching vibrations was shown
by an absorption peak at 667 cm™ (Anam et al. 2018),
with a higher percentage of MgO resulting in a higher
absorption peak.

The specific surface area of the material was
analyzed using the N, adsorption-desorption method.
MgO NPs were found to have a specific surface area
of 76.22 m? g''. However, after being composited into
the nanofiber system, the specific surface area of the
BET material decreased, which was attributed to the
dominance of the nanofiber as the matrix. Specifically, the
specific surface area of the BET nanofiber PVDF-HFP was
used as a control, which was found to be 5.173 m* g'!. As
the amount of MgO NPs in the nanofiber increased, the
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FIGURE 3. XRD Diffractogram of (a) MgO nanoparticles, (b) pure PVDF-HFP nanofiber, and
PVDF-HFP/MgO composite nanofiber (c) 10% (w/w), (d) 20% (w/w), (e) 30% (w/w)
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FIGURE 4. IR spectra of MgO nanoparticles, PVDF-HFP nanofibers, and
PVDF-HFP/MgO nanofiber composites

BET surface area also increased accordingly. For instance,
the specific surface area of the composite increased to
7.301 m? g, 8.147 m* g'!, and 11.17 m? g! for the 10%,
20%, and 30% composite, respectively. These findings
support the theoretical notion that the amount of metal
oxide in the nanofiber increases its specific surface area
to the optimum loading (Che Othman et al. 2016).

PRELIMINARY STUDY

Before further examining other adsorption parameters,
a preliminary study was carried out to determine the
adsorption ability of the adsorbent and to select the type
of adsorbent to be used in determining the optimum
adsorption conditions. The preliminary study was carried
out at pH 7 for 24 h; the mass of the adsorbent was 0.05
g, and the initial concentration of As(V) was 100 mg L.
The value of the equilibrium adsorption capacity (q,) of
each adsorbent is shown in Figure S7. The determination
of the q, value above was calculated based on the total
weight of the adsorbent and the weight of MgO NPs as
the active agent in the adsorption process. This is because
MgO NPs play an important role as an adsorbent for
As(V). So that it can also be compared with the same
weight of MgO NPs, how is the adsorption ability of
MgO NPs when it is in the form of powder and when it is
composited into the PVDF-HFP nanofiber matrix.

Based on the equilibrium adsorption capacity (q,),
the 30% PVDF-HFP/MgO composite nanofiber had the

most significant q_ value of 17.85 mg g if the weight
based on the total weight of the adsorbent (Figure
S7(a)). As more MgO NPs are added to the nanofiber,
the adsorption capacity increases; this could be due to
the increasing BET surface area. However, when the q,
was calculated based on the weight of MgO NPs alone
in the composite (Figure S7(b)), 10% PVDF-HFP/MgO
composite nanofiber gave the best results with a q,
value of 119.88 mg g!. Figure S7(b) also shows that as
compared to bare MgO NPs, with the same amount of
MgO NPs, the PVDF-HFP/MgO nanofiber composites
have a higher q, value than bare MgO NPs. Indicating
that incorporating MgO NPs into nanofiber can avoid
agglomeration of MgO NPs, making it more effective in
adsorbing As(V). Based on these results, samples with
10% and 30% (w/w) MgO NPs percentages were selected
for further adsorption studies.

Agglomeration of MgO nanoparticles significantly
affects their adsorption capacity by influencing the
surface area and accessibility of active sites. When
nanoparticles agglomerate, the available surface area
for adsorption decreases as the agglomerates form
larger structures with reduced specific surface area.
Additionally, agglomeration restricts the accessibility
of active sites, as they become buried within the
agglomerates, hindering the contact between the
adsorbate molecules and the active sites (Zhang et
al. 2019). To mitigate agglomeration and enhance



dispersion of MgO nanoparticles in nanofiber polymer
composites for improved adsorption performance,
additional strategies can be employed. One approach is to
incorporate the nanoparticles during the electrospinning
process, where the nanoparticles are dispersed within the
polymer solution prior to fiber formation (Zhang & Yu
2014). This ensures uniform distribution of nanoparticles
throughout the nanofiber matrix, minimizing the
likelihood of agglomeration. Surface modification of
the nanoparticles with polymer coatings can also be
utilized in the composite fabrication process, providing
enhanced dispersibility and preventing agglomeration.
These strategies help to maintain a high surface area
and accessibility of active sites within the nanofibers,
maximizing their adsorption capacity (Sinha Ray 2021;
Zhang et al. 2019).

As(V) ADSORPTION STUDIES

During this step, a known mass of the nanofiber is
mixed with the adsorbate solution in a container. The
mixture is allowed to equilibrate for a specific period,
typically through gentle stirring or shaking, enabling
adsorption to take place between the nanofibers and
the target adsorbate. The batch test method serves as
a straightforward and commonly used approach for
the initial evaluation of the adsorption capacities of
nanofiber adsorbents. It allows for easy control of
experimental parameters and provides valuable data
for further optimization and comparison of different
nanofiber materials or experimental conditions (Ramlah
et al. 2018; Singh et al. 2011; Unuabonah, Omorogic &
Oladoja 2018).

EFFECT OF pH

Understanding the impact of pH on the adsorption
process is crucial in determining the interaction between
the adsorbent and the adsorbate. This study investigated
the effect of pH over 24 h, using an adsorbent mass of
0.05 grams and an initial As(V) concentration of 100 mg
L. Figure 5(a) presents the results of this investigation,
demonstrating the effect of pH variations on the
equilibrium adsorption capacity.

Figure 5(a) displays the study’s findings,
indicating that both PVDF-HFP nanofiber and PVDF-HFP/
MgO composite nanofiber can adsorb As(V) in a range
of pH levels from acidic to alkaline. From this result, it
can be inferred that PVDF-HFP nanofiber has a negligible
effect on the As(V) adsorption. On the other hand, the
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10% and 30% PVDF-HFP/MgO composite nanofiber
samples showed optimal pH at pH 11 with q_values of
11.69 mg g' 20.71 mg g-1, respectively. Therefore, the
MgO NPs play a crucial role in the adsorption of As(V)
providing the active adsorption sites. The solution's
pH variation can impact the observed phenomena by
altering the arsenic species, with H,AsO,- dominating
at pH 6-11, as shown in Figure S8.

Changes in the surface charge of the adsorbent as
pH changes can also provide further insight into the
observed phenomena. The point zero charge (PZC) value
can be used to determine when the surface charge of
the adsorbent is zero at a particular pH, known as pH,, ..
The pH,,, . can also be used to hypothesize the ionization
of functional groups and their interactions with metal
species in the solution. When the pH of the solution is
above pH,, ., the surface of the adsorbent is negatively
charged and can interact with positive metal species.
Conversely, when the pH is below pH,, ., the surface of
the adsorbent is positively charged and can interact with
negative metal species (Fiol & Villaescusa 2009; Laili
et al. 2010).

According to current literature, there are two
general mechanisms for the adsorption of arsenate on a
mineral surface: surface complexation and inner-sphere
complexation. Surface complexation is the adsorption
of arsenate on the surface of MgO starting with the
formation of surface complexes. The surface of MgO
carries a net positive charge at lower pH values, creating
electrostatic attractions with the negatively charged
arsenate species. Inner-sphere complexation is arsenate
ions that can form inner-sphere complexes with surface
Mg(II) sites by replacing hydroxyl groups on the MgO
surface. This process involves the coordination of the
arsenate oxygens with Mg(Il) ions on the surface (Cheng
et al. 2009; Cheng et al. 2016).

Figure S9 shows the pH,,. measurements of pure
PVDF-HFP nanofiber, MgO nanoparticles, and PVDF-
HFP/MgO composite nanofiber, which are 5.8, 12.4, and
12.2, respectively. The pH,, . value impacts the optimal
pH of pure PVDF-HFP nanofiber and PVDF-HFP/
MgOcomposite nanofiber, which is 5 and 11, respectively.
In the case of pure PVDF-HFP nanofiber, the highest
adsorption capacity was achieved at pH 5, which then
decreased as pH increased. This is due to the fact that
the surface of the adsorbent is positively charged at pH
below 5 (<pH,,.) and can interact with negatively charged
arsenate species, while at pH above 5 (>pH,,.), the
surface of the adsorbent becomes negatively charged.
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Similar observations were made for the MgO nanoparticle
samples and PVDF-HFP/MgO nanofiber composites. At
pH below 12 (<pH,,.), the adsorbent surface is positively
charged, allowing for interaction with negative arsenate
species (H,AsO,” dominating at pH 2-6, and HAsO >
dominating at pH 6-11), and adsorption capacity improves
with increasing pH as it interacts with the more negative
arsenate species.

Higher adsorption capacity at high can also be
explained from leaching behaviour of Mg?* at different
pH, therefore the leaching of Mg** was evaluated at
different pH. The results showed that with an equivalent
amount of MgO, the PVDF-HFP/MgO composite
nanofiber leached fewer Mg ions than bear MgO
nanoparticles (Figure S10). For instance, at pH 5 and 9,
the leached Mg*" were 5.98% and 5.04% on PVDF-HFP/
MgOcomposite nanofiber. In the bare MgO nanoparticles,
Mg** leached more, namely 7.84% and 6.49%.

The adsorption capacity of the PVDF-HFP/
MgOcomposite nanofiber with bare MgO nanoparticles
was further measured. As a result, with the same amount
of MgO NPs, the PVDF-HFP/MgO nanofiber composites
had a higher adsorption capacity than bare MgO
nanoparticles. Both had optimum adsorption capacities
at pH 11, respectively, 89.76 mg g'and 81.17 mg g' for
the PVDF-HFP/MgOand MgO NPs nanofiber composites
(Figure S11). This result shows a relationship between
adsorption capacity and the amount of Mg?* leach, which
govern the stability of PVDF-HFP/MgO. In conclusion,
incorporating MgO into the PVDF-HFP copolymer matrix
can increase its stability and thus enhance the adsorption
capacity.

The leaching of Mg?" from bare MgO nanoparticles
and PVDF-HFP/MgO composite nanofibers is a
significant factor affecting their stability and long-
term performance as adsorbents in water treatment
applications. Mg?" leaching can alter the surface
chemistry and reactivity of bare MgO nanoparticles, while
the presence of a polymer matrix in the composites can
delay the release of Mg?* ions (Zhu et al. 2020). However,
prolonged exposure to water may still result in gradual
leaching. The implications include potential changes in
water quality and a reduction in adsorption capacity over
time, emphasizing the need for careful consideration of
Mg?* leaching in optimizing the adsorbents’ performance
(He, Li & Ren 2022).

EFFECT OF CONTACT TIME

The objective of studying the variations in contact time
is to assess the efficiency and effectiveness of adsorption

by analyzing the equilibrium of the adsorption process
at a specific time. The study was carried out with an
adsorbent mass of 0.05 gram, an initial concentration of
As(V) 100 ppm, and at an optimum pH. According to
Figure 5(b), the adsorption capacity of the adsorbent is
relatively high within the first 30 min of the adsorption
process. This is because many active sites on the
adsorbent can still interact with the arsenic ions during
this initial period. However, the adsorption capacity
gradually decreases over time until it reaches saturation.
At this point, the adsorption process reaches equilibrium,
characterized by a constant adsorption capacity. For the
PVDF-HFP nanofibers, PVDF-HFP/MgO 10% nanofiber
composites, and PPVDF-HFP/MgO 30%, the equilibrium
is reached at 360, 420, and 360 minutes, respectively.

EFFECT OF ADSORBENT MASS

The purpose of examining the effect of adsorbent mass is
to determine the adsorption capacity of the adsorbent for
a specific initial concentration of adsorbate. The study
was carried out with an initial concentration of As(V) 100
ppm, at an optimum pH and contact time. Figure 5(c)
illustrates the impact of increasing the adsorbent mass
on the adsorption of As(V) ions. It can be observed that
an increase in adsorbent mass results in a larger surface
area and more adsorption sites, leading to an increase in
the amount of As(V) adsorbed. However, there comes a
point where increasing the mass amount of the adsorbent
no longer provides a significant increase in adsorption
capacity. This point is referred to as the saturation
point of the adsorbent, where all adsorption sites on the
adsorbent mass are completely filled with the adsorbed
substance. Therefore, the optimum adsorbent mass in a
certain amount of volume usually reaches the saturation
point of the adsorbent (Dong et al. 2018; Nandiyanto,
Ragadhita & Yunas 2020). The optimal adsorbent mass
for 10 mL of adsorbate volume was 0.025 g for pure
PVDF-HFP nanofiber and 0.0125 g for PVDF-HFP/MgO
composite nanofiber.

EFFECT OF INITIAL ADSORBATE CONCENTRATION

The study of variations in the initial concentration
of the adsorbate aims to determine the efficiency and
effectiveness of the adsorption process by observing
the equilibrium state at specific concentrations. The
study was carried out at an optimum pH, contact time,
and adsorbent mass. When the initial concentration is
low, the active sites on the adsorbent surface can easily
adsorb many metal ions, resulting in a sharp increase in
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FIGURE 5. Effect of (a) adsorbate pH, (b) contact time, (c¢) adsorbent mass, and (d)
initial concentration of adsorbate on the adsorption capacity of pure PVDF-HFP
nanofiber and PVDF-HFP/MgO composite nanofiber

efficiency up to a certain concentration. However, as the
initial concentration is further increased, there comes
the point where the active sites on the adsorbent surface
become saturated, and the available pores are unable
to adsorb more metal ions. This can be seen in the test
results in Figure 5(d).

ADSORPTION KINETICS

The adsorption kinetic study was performed to evaluate
the dynamic binding process of PVDF-HFP/MgO
composite nanofiber. This study used two adsorption
kinetic models, including pseudo-first and pseudo-
second-order kinetic models, to examine the adsorption
kinetic model that better fits the adsorption of As(V) ions
onto the composite nanofiber. The linear equation of the
pseudo-first-order model is expressed as follows:

In(q, — q;) = Inq, — kqt 2

where k, (min™) is the pseudo-first-order kinetic rate
constant, q and q_ (mg g"') are the binding amounts and
the equilibrium adsorption capacity of PVDF-HFP/MgO
composite nanofiber for As(V) at contact time ¢ (min),
respectively.

The linear equation of the pseudo-second-order kinetic
model is described as follows:

t 1 t

B T 3
qc (kzqg)-l_% @

where k, (g mg"' min™) represents the pseudo-second-
order kinetic rate constant. Figure S12 shows the pseudo-
first and pseudo-second-order fitting for pure PVDF-HFP
nanofibers, PVDF-HFP/MgO 10%, and PVDF-HFP/MgO
30% nanofiber composites.

The summary of the As(V) adsorption kinetic
parameter data is shown in Table S1. According to the
table, the value of the equilibrium adsorption capacity
of each adsorbent calculated by the pseudo-second-
order model is closer to the experimental equilibrium
adsorption than the pseudo-first-order model. Therefore,
based on the results, the adsorption kinetics of As(V)
onto the three types of adsorbents are more in line
with pseudo-second-order kinetics with correlation
coefficients of 0.995, 0.993, and 0.999 for PVDF-HFP,
PVDF -HFP/MgO 10%, and PVDF-HFP/MgO 30%,
respectively. Pseudo second order adsorption refers
to a type of adsorption kinetics in which the rate of
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adsorption of a solute onto a solid surface is proportional
to the square of the remaining solute concentration. This
means that the rate of adsorption is dependent on the
concentration of the solute and the availability of the
adsorption sites on the surface of the solid material (Jabar
et al. 2020; Noor Halini et al. 2023).

ADSORPTION ISOTHERM

This study used the adsorption isotherm to describe the
relationship between the adsorbed masses under specific
conditions. To determine the adsorption isotherm, the
concentration of the solution before and after adsorption
was calculated to measure the amount of adsorbate
adsorbed on the adsorbent. Several models can be used
to evaluate adsorption equilibrium experimental data.
The Langmuir and Freundlich isotherm models were used
in this study. Figure 6 shows the fitting of the Langmuir
and Freundlich isotherm models based on the results of
this study.

Based on the results, the Langmuir isotherm
model fits better than the Freundlich isotherm model for
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describing the adsorption behavior of As(V) using pure
PVDF-HFP nanofiber, 10% PVDF-HFP/MgO composite
nanofiber, and 30% PVDF-HFP/MgO composite
nanofiber. This is evidenced by the higher correlation
coefficients obtained from the Langmuir isotherm model,
as seen in Figure 6. The Langmuir model assumes
homogeneous adsorption in a monolayer. The number
of active sites on the adsorbent surface has the same
adsorption energy level, and the adsorbed molecules or
ions are adsorbed onto the active sites. The Langmuir
and Freundlich adsorption isotherm parameters are
presented in Table S2. Adding MgO NPs to the nanofiber
increases the adsorption capacity, which is attributed to
the increase in the BET surface area.

The adsorption capacities of various adsorbents for
As(V) from previous studies are summarized in Table
S3. Compared to the maximum adsorption capacity of
some previous adsorbents, PVDF-HFP/MgO composite
nanofiber can be considered an efficient adsorbent for
arsenic removal.
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FIGURE 6. Langmuir, Freundlich isotherm model and experimental results of As(V)
adsorption on (a) pure PVDF-HFP nanofiber adsorbent, (b) PVDF-HFP/MgO 10%
composite nanofiber, and (c) PVDF-HFP/MgO 30% composite nanofiber



CONCLUSIONS

This study successfully synthesized MgO nanoparticles
and PVDF-HFP/MgO nanofiber composites, as confirmed
through various FTIR, SEM, TEM, EDS, and XRD
analyses. The MgO NPs were observed to have an
average particle size ranging from 33-51 nm with an
average crystallite size of 9.77 nm. The nanoflakes
were observed in the form of MgO, and the amount of
MgO NPs added will influence the size dan diameter of
nanofibers. The study identified the optimal conditions
for As(V) adsorption using PVDF-HFP/MgO nanofiber
composites, and the adsorption process followed the
pseudo-second-order and Langmuir isotherm models.
Further, it is found that incorporating MgO NPs into
the PVDF-HFP copolymer matrix not only can increase
its stability but also increase adsorption capacity.
Adding MgO NPs to the nanofiber matrix increased the
adsorption capacity with a maximum value of 41.47
mg g' for 30% PVDF-HFP/MgO composite nanofiber
and comparable with other reported works. Overall,
these findings can contribute to developing efficient
and cost-effective adsorbents for removing arsenic from
contaminated water sources, which can significantly
impact public health and environmental sustainability.
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FIGURE S12. Adsorption kinetics model of pseudo-first-order and pseudo-second-
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TABLE S1. Adsorption kinetic parameters of As(V)
Pseudo First Order Pseudo Second Order
Adsorbent q,exp (mgg') k, q, k, (g mg" q,
R? R?
(min™') (mgg") min™') (mgg")
PVDF-HFP 0.92 0.00884 0.878 0.47 0.03333 0.995 0.97
PVDF-HFP/MgO 10% 12.27 0.00540 0.986 7.13 0.00174 0.993 12.49
PVDF-HFP/MgO 30% 20.59 0.00706 0.980 8.20 0.00221 0.999 20.81
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TABLE S2. Parameters of Langmuir and Freundlich adsorption isotherms of pure PVDF-HFP nanofiber, PVDF-HFP/MgO 10%
composite nanofiber, and PVDF-HFP/MgO 30% composite nanofiber

Langmuir Freundlich
Adsorbent sample q,. K,
R? 1/n , R?
(mg g") (L mg") (mg g")(L mg)""
PVDF-HFP 1.62 0.0152 0.993 0.536 0.081 0.976
PVDF-HFP/MgO 10% 18.69 0.0425 0.990 0.379 2.665 0.880
PVDF-HFP/MgO 30% 41.47 3.1765 0.984 0.067 31.123 0.929

TABLE S3. Comparison of As(V) adsorption capacity of various adsorbents

Adsorbent(s) q,,.mggh References
PVDF-HFP/MgO nanofiber 41.47 This study
a-MnO, nanofiber 60.9 Luo et al. (2018)
PVA-iron oxide nanofiber 52 Torasso et al. (2021)
PAN/GO/y-Fe,0, nanofiber 36.1 Tripathy & Hota (2020)
MOF hybrid nanofiber 42.17 Guo et al. (2021)
Nanochitosan 13 Kwok et al. (2018)
Iron-incorporated activated carbon 42.92 Rahman et al. (2020)
HA/Fe-Mn oxides-loaded biochar 35.59 Guo et al. (2019)
Fe/Cu nanoparticles 21.32 Babaee et al. (2018)
ZnO-impregnated corncob biochar 25.9 Cruz et al. (2020)
PVA-—alginate-supported IONPs 40.3 Saif et al. (2019)
Fe-Mn bimetallic oxides 38.09 Xie et al. (2022)




