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1. Introduction

Synthesis, characterization, and application of
magnetic novel nanofiber membranes for the
removal of heavy-metal, organic and biological
pollutants from wastewater

Serife Sacmaci, 2 *3° Rabia Guzel,” Mustafa Sagmaci,® Ruken Esra Demirdégen,®
Aycan Giindogdu,®" Nuray Ates, 29" Oguzhan Tastan,” Mefaret Ceylan,”
Fatih Mehmet Emen®" and Kasim Ocakoglu &'

In the present study, magnetic novel NiFe,O4Pr’*—=MCM-41 (NiF:Pr**=M) and CoFe,O4:Pr’*—MCM-41
(CoF:Pr**—M) nanofiber membranes were synthesized and used as effective and efficient adsorbents for
magnetic dispersive micro-solid phase extraction (d-pSPE) and the removal of Cr, Pb, Ni, As, A, Co, Cd, and
Hg, as well as organic and microbial pollutants, from industrial wastewater. The nanofiber membranes of the
(NiF:Pr¥*—M) and (CoF:Pr¥*—M) nanocomposites were prepared by the electrospinning method. The structural
and morphological characterizations of the nanofiber membranes were performed by SEM, EDX, XRD, BET
analysis, TGA and FT-IR spectroscopy. XRD analyses confirmed the formation of the spinel NiFe,O4 and
CoFe,O4 phases, together with the preserved amorphous MCM-41 structure, while indicating the presence of
Pr and Fe oxide secondary phases in both nanocomposites. The optimized experimental conditions for the
pre-concentration of Cr, Pb, Ni, As, Al, Co, Cd, and Hg were as follows: for NiF:Pr**—~M@PVDF, sample pH =
2; adsorption and elution contact time = 3 min; and eluent = 2 mol Lt HNOz (1 mL), while for CoF:Pr¥t—
M@PVDF, pH = 4, adsorption and elution contact time = 3 min; and eluent = 2 mol L™ HCl (1 mL). The pre-
concentration factor, detection limit, and precision of the method were determined. The recovery results
obtained from the d-uSPE-ICP-MS procedure indicated that the nanofiber membranes served as highly
efficient and effective adsorbents for the separation and pre-concentration of the elements at trace levels, as
well as for the removal of organic and biological pollutants from wastewater. Thus, they can be exploited for
various matrices, such as sea mucilage and tap water samples. The accuracy of the method was verified by
analysis of the CWW-TMD wastewater Certified Reference Material.

industrial processes, a vital consumable item for humans and
animals, and a vector for domestic and industrial pollution. The

Water is one of the fundamental substances that support life
and the natural environment. It is a primary component of
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identification of new, potentially hazardous compounds in
water has become a crucial task for water suppliers.*
Wastewater (a combination of liquid or water-carried waste
removed from residences, institutions, and commercial and
industrial establishments, together with ground water, surface
water, and storm water) is defined as water that has been used
by households, industries, and commercial establishments,
which, unless treated, no longer serves a useful purpose and
may contain contaminants.>® It generally includes a high load
of oxygen-demanding wastes, pathogenic or disease-causing
agents, organic materials, nutrients that stimulate plant
growth, inorganic chemicals, minerals, and sediments. It may
also contain toxic compounds.* It comprises water from
household sinks, washing machines, and kitchen appliances, as
well as water flushed from toilets, and therefore, it contains
a combination of nutrients and chemicals. Industrial contri-
butions include carbon, nitrogen, and phosphorus nutrients, as
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well as pesticides and other chemicals, depending on the
specific industry.®> When left untreated, these nutrients and
chemicals enter natural water systems where they harm the
environment and human health.®

A host of bacterial, viral, and protozoan organisms can
survive in human waste and fecal matter. These include
Escherichia coli, which can be present in pathogenic form in
wastewater.” In ecosystems, nutrient pollution can lead to algal
blooms and eutrophication, as excess nutrients allow aquatic
microorganisms to proliferate and consume all available
oxygen, ultimately depleting the water's oxygen content.
Eutrophication can lead to fish deaths due to the formation of
anoxic conditions.® Humans are also at risk of shellfish
poisoning from the accumulation of biological contaminants in
filter-feeding organisms.®® Other effects, such as the emerging
issue of endocrine disruption in organisms, can occur in part
due to the presence of pharmaceutical products or chemicals in
waterways.*

Water sources are particularly vulnerable to pollution.
Polluted water has a profound impact on the health of
communities, the sustainability of aquatic ecosystems, the
natural environment, and the economic and social well-being of
society. For example, it has been reported that inadequate water
supplies, in terms of both quantity and quality, coupled with
poor sanitation globally, account for the death of approximately
30 000 people per day. Of these cases, 80% occur in rural areas,
with the highest percentage occurring among infants.*®

The most common pollutants present in wastewater are
metal ions, anions, dyes, phenols, pesticides, detergents, and
a broad spectrum of aromatic compounds. The presence of
these contaminants in wastewater can render natural water
unfit for drinking purposes and also toxic to aquatic life. Several
processes have been applied, with varying degrees of success, to
treat water and wastewater. These processes include coagula-
tion, filtration, ion exchange, anaerobic treatment, advanced
oxidation, electrolysis, and non-MNP-based adsorption tech-
niques. These treatment options can be used to remove
contaminants from water. However, several factors hinder their
application, including insufficient pollutant removal, difficult
adsorbent recovery, and high cost. In some cases, the waste
sludge is voluminous, requiring a proper design and a large
amount of space for disposal.”™*?

The exploration of nanomaterials is an active research area
in magnetic d-uSPE. These new materials, as adsorbents, are
essential for obtaining more selective materials, increased
adsorption capacities, high specific surface areas, and improved
chemical stability.’* Nanoparticles exhibit enhanced reactivity,
a large surface area, and accelerated sorption kinetics, pos-
sessing unique thermal, mechanical, and electronic
properties.*

In recent years, magnetic nanoparticles (MNPs) have
garnered considerable attention due to their unique super-
paramagnetic (SPM) properties, high adsorption capacities, and
surface area-to-volume ratio." In particular, transition metal
oxides with spinel structures, commonly referred to as ferrites,
are among the most essential MNPs. Based on their crystal
structures and magnetic properties, ferrites are classified as
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spinel (MFe,0,, where M = Mn, Fe, Co, Ni, Co, Zn, etc.), garnet
(M3Fes0,,, where M = rare earth cations), hexaferrite (SrFe;,04¢
and BaFe;,0;9) and orthoferrite (MFeO;, M = rare earth
cations).***® Among these, special attention has been given to
spinel ferrite nanoparticles (SFNPs) due to their excellent
magnetic properties, simple chemical composition, and wide
range of applications in various fields, including water and
wastewater treatment, biomedicine, catalysis, and electronic
devices.' When hazardous substances have to be measured at
low levels (for health or precautionary reasons), the measure-
ments should be reliable.

Therefore, there is a need for an adsorbent that is low-cost,
efficient, easily recovered, and reusable. Hence, SFNPs/SFNCs
appear to be attractive materials that can provide the desired
solutions to the problems pertaining to water purification and
quality.** This is primarily due to their exceptional physical
and chemical properties, which facilitate recovery and re-use, as
well as their ability to remove a wide range of contaminants
simultaneously.

In this study, magnetic NiF:Pr’*-M@PVDF and CoF:Pr’'-
M@PVDF nanofiber membranes were synthesized and investi-
gated for the first time as adsorbents for the separation/pre-
concentration of Cr, Pb, Ni, As, Al, Co, Cd, and Hg elements
from wastewater, sea mucilage, and tap water samples. An
electrospinning device was used to obtain the nanofiber
membranes. The structural characterization of the prepared
NiF:Pr**~-M and CoF:Pr’*-M nanocomposites and nanofiber
membranes (NiF:Pr**~-M@PVDF and CoF:Pr**-M@PVDF) was
carried out by SEM, EDX, XRD, BET, TGA and FT-IR analyses.
The parameters, including sample pH, adsorption and elution
contact times, eluent concentration and volume, sample
volume, and effects of interfering ions, were optimized for the
determination of Cr, Pb, Ni, As, Al, Co, Cd, and Hg. The
adsorption capacity of the magnetic nanofiber membranes and
their reusability performance were investigated.

2. Materials and methods

2.1. Reagents

The following high-purity (99.9%) reagents were used in all
experiments: iron(m) chloride (FeCl;-6H,0, 99%, Merck),
nickel(n) chloride (NiCl,-4H,0, 99.9%, Merck), acetone (C3HgO,
99%, Merck), N,N-dimethylformamide (DMF, C3;H,NO, 99%,
Merck), dimethyl sulfoxide (DMSO, C,H¢SO, 99%, Sigma),
aqueous solution of ammonia (NH,OH, 25% (v/v), Merck),
praseodymium nitrate (Pr(NO3);-6H,0, 99%, Aldrich), cetyltri-
methylammonium bromide (CTAB, C;sH3z3(CH3);NBr, 98%,
Sigma), tetraethyl orthosilicate (TEOS, CgH,,0Si, 98%, Aldrich),
ethanol (EtOH, C,HsOH, 96%, Merck), boron nitride (BN,
powder, ~1 um, 98%, Merck), oxalic acid (C,H,0,4-2H,0, 99%,
Merck), propylene glycol (CH3;CH(OH)CH,OH, 99%, Sigma),
and poly(vinylidene fluoride) (PVDF, —(C,H,CF,),—, average M,,
=~ 534 000 by GPC powder, Aldrich).

Ultrapure water (18.2 MQ cm ™' resistivity) was obtained
from the Milli-Q system (Millipore, USA) and used in all
experiments. A high-purity ICP-MS multi-element standard
solution (10 mg L") obtained from Merck (Darmstadt,
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Germany) was used to prepare the calibration curves. Labora-
tory glassware was kept overnight in a dilute HNO; solution (1 :
1) and then rinsed with ultrapure water before the experiments
until the washings reached a neutral pH.

Test solutions were prepared daily from stock solutions for
all pH values studied using the following relevant solutions:
0.1 mol L' of NaOH and 0.1 mol L™" of HNOj; for pH 1-10.
Additionally, 2 mol L' of HNO; and 2 mol L~ " of HCI were used
as eluents throughout the experiments. The CWW-TMD waste-
water (mg L") Certified Reference Material was used to study
the accuracy of the method.

2.2. Sample collection and processing

For experimental tests, wastewater samples were collected
weekly for fourteen weeks from January 2022 to April 2022, from
the treated and untreated wastewater samples collected from
the Industrial Area in Kayseri's advanced biological wastewater
treatment plant. All samples were collected between 09:00 am
and 11:00 am on the same day of the week using a grab-
sampling technique. The sea sample was directly collected
from locations in the Marmara Sea (Istanbul) and analyzed
without pre-treatment. Tap water samples were collected from
our research laboratory (in Kayseri) and analyzed without pre-
treatment.

For the analysis of trace metals, 1 L portions of wastewater
and sea samples collected were stored in polyethylene bottles
(mechanically cleaned, i.e., pre-washed with detergent, ultra-
pure water, dilute HNO; and ultra-pure water, sequentially).
The wastewater samples were filtered through a cellulose
membrane filter (Schleicher & Schuell, Dassel, Germany) with
a pore size of 0.45 um (0.45 um porosity, 47 mm diameter;
Advantec MFS, Inc., CA, USA), and then, the procedure reported
in the literature was immediately applied as soon as the
samples arrived at the laboratory.”” The concentrations of the
elements (Cr, Pb, Ni, As, Al, Co, Cd, and Hg) in the filtered
samples (1 mL) were determined by ICP-MS after applying the
optimized method (the method detailed in Section 2.6).

The microbiological analyses of the species present in
untreated (influent) wastewater samples collected from the
wastewater treatment plant weekly were carried out over three
weeks (April 2022). The wastewater was collected using 500 mL
sterile microbiological containers mounted on a handle

Table 1 Operating conditions for ICP-MS (Agilent 7500a)
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approximately 1-1.5 m in length, allowing for safe sampling
from the influent stream without operator contact. All samples
were transported under cold-chain conditions and processed in
the laboratory within 4 hours of sampling. Sample processing
was performed in accordance with the accepted method given
elsewhere.” To avoid misleading or non-quantifiable results, E.
coli enumeration was conducted exclusively on influent
(untreated wastewater) samples because untreated influent
carries the highest and most stable microbial load, ensuring
accurate and reproducible colony enumeration.

The success of the organic-matter removal efficiency of the
novel NiF:Pr’*’-M@PVDF and CoF:Pr’*-M@PVDF nanofiber
membranes was tested by determining the chemical oxygen
demand (COD) in the treated and untreated wastewater samples
collected from the wastewater treatment plant during weeks 1-
12 and in week 15. The efficiency of sorption of the thus-
produced nanofiber membranes in the removal of organic
pollutants was determined by introducing nanofibers contain-
ing 25 mg of NiF:Pr’**-M@PVDF and 100 mg of CoF:Pr’'-
M@PVDF into the wastewater sample. The nanofiber
membranes were allowed to interact with the wastewater for
predetermined contact times of 20 and 50 min. Then, the
samples were subjected to COD analysis to determine the effi-
ciency of organic pollutant removal.

2.3. Instrumentation

Measurements were performed using an inductively coupled
plasma mass spectrometer (ICP-MS Agilent 7500a, Agilent
Technologies, Tokyo, Japan) equipped with an autosampler,
a Babington nebulizer, nickel cones, and a peristaltic sample
delivery pump. The system was used for the simultaneous
multi-element detection of Cr, Pb, Ni, As, Al, Co, Cd, and Hg.
The ICP-MS operating conditions are given in Table 1.

Analysis of each sample was performed in triplicate. High-
purity argon gas was used to form plasma in the ICP-MS. Agi-
lent ICP-MS tuning solution of 10 ug L™* (Ce, Co, Li, Tl, and Y)
was used for the tuning of the instrument. Data acquisition was
performed in both spectrum analysis and full quantitative
modes.

The surface morphologies of the synthesized novel nano-
composites, i.e., the as-prepared Ni/CoF:Pr**-M, were imaged
by scanning electron microscopy (SEM; ZEISS EVO LS10) at 25

Nebulizer

Spray chamber

RF generator

Ar flow rate (L min ")

Auxiliary gas flow rate (L min™")
Nebuliser gas flow rate (L min™")
Sample uptake rate(L min~")
Number of replicates
Integration time (s)

Internal standards

Isotopes
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Babington type

Qu

arts, double pass

Frequency: 10 MHz and power output: 1220 W

20
0.9

1-1.2
400

3
0.1
Bi,

Rh, and Sc

The following isotopes of trace elements were considered: >’Al, **Cr, *°Ni,
75AS, lllcd, Z()ng’ 59CO and Z()SPb
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kv and energy dispersive X-ray spectroscopy (EDX, Bruker). The
elemental analysis was performed using energy-dispersive X-ray
(EDX, Bruker) spectroscopy coupled with SEM. The crystal
structures of the as-prepared Ni/CoF:Pr**-M were analyzed via
X-ray thin-film diffraction analysis (XRD), and the pattern was
collected using a PANalytical Empyrean diffractometer with
a Cu Ko radiation source (A = 0.154 nm) operated at 45 kV and
40 mA, in the range of 1° to 90°. High Score Plus search-match
software was used for phase determination. The BET surface
area and porosity of the nanofilter membranes were determined
by the BET-N, method using a Micromeritics Gemini VII
analyzer (Norcross, USA). Thermogravimetric analysis (TGA)
curves were obtained using a HITACHI STA 7300 TG/DTA
thermal analyser under a dynamic air atmosphere. A sample
size of 4-5 mg and a heating rate of 10 °C min ' in the
temperature range of 0 °C-1000 °C were used.

The FT-IR spectra were recorded using a PerkinElmer Spec-
trum (400 FT-IR Spectrometer Spotlight 400 Imaging System).
The FT-IR measurements were performed in the 4000-400 cm ™"
range using the ATR mode to analyze bond characteristics.

The Ultrasonic HD 2070 Bandelin Sonopuls Ultrasonic
Homogenizer (Germany) was used to obtain homogeneous
solutions for synthesizing the nanofiber membranes of Ni/
CoF:Pr’**-M@PVDF. The nearfield electrospinning device
(NFS40) used was obtained from Eraktek.

2.4. Preparation of NiFe,0,:Pr’**~-MCM-41 and
CoFe204:Pr3+—MCM-41 nanocomposites

The MCM-41 (M) sample used in this study was synthesized
according to a hydrothermal synthesis procedure, as described
in a previous study.> Briefly, 0.50 g of CTAB (as a surfactant) was
dissolved in 100 mL of ultra-pure water. Into this mixture,
35 mL of ethanol, 10 mL of an NH; solution (3 mol L™"), and
2 mL of TEOS (as a silica source) were added. The solution was
stirred at room temperature for 3 h until a white precipitate was
obtained. Then, the precipitate was filtered and washed with
ultra-pure water and ethanol, followed by drying in air. There-
after, it was calcined in the furnace at 550 °C for 10 hours.

First, the NiFe,O,Pr’" (NiF:Pr’*) nanocomposite was
synthesized according to the method given elsewhere.” A solid
mixture of NiCl,-6H,0 (1 mmol), FeCl;-6H,0 (2 mmol), and
Pr(NO;);-6H,0 (1 mmol) was dissolved in 100 mL of ultra-pure
water and stirred until a dark-green-colored solution formed.
Then, a mixture of oxalic acid and propylene glycol (30 mmol)
was added to the solution and heated at 80 °C for 3 hours to
form a gel. The obtained product was then placed in a muffle
furnace and calcined at 800 °C for 2 hours.

Next, the CoFe,O,:Pr** (CoF:Pr’*) nanocomposite was
synthesized by the starch-assisted sol-gel auto-combustion
method.* Stoichiometric amounts of CoCl,-6H,0 (1 mmol),
FeCl;-6H,0 (2 mmol), and Pr(NO3);-6H,0 (1 mmol) were di-
ssolved in 100 mL of ultra-pure water and stirred for 30 min. An
aqueous solution of starch (10 mmol) was used as a fuel and was
added to the above solution, which was then stirred at 50 °C for
1 h. An aqueous ammonia solution (3 mol L") was then added
dropwise under constant stirring until the pH remained

© 2026 The Author(s). Published by the Royal Society of Chemistry
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constant at ~7.0 at room temperature. The mixed solution was
heated on a hot plate at 100 °C for 4 hours. During evaporation,
the solution turned into a viscous brown gel. Then, the gel was
placed in a preheated oven at 200 °C. The auto-combustion
process started in the hottest zones and propagated upward,
similar to the eruption of a volcano, through self-ignition. The
gel completely burned, forming a powder. The powder obtained
was ground in an agate mortar until it was completely homog-
enized. The burned powder material was calcined in the furnace
at 700 °C for 2 hours.

The synthesis of Pr’*-nickel/cobalt ferrite (Ni/CoF:Pr*")
nanocomposites with M was done via the wet impregnation
method. For this, 1.0 g of the Ni/CoF:Pr*" nanocomposites was
added to a mixture of 10 mL of deionized water and 50 mL of
ethanol. After dispersing the solution via sonication for 30 min,
2.5 mL of aqueous ammonia (3 mol L") and 0.85 g of M were
added. The mixture was stirred for an additional 24 hours at
room temperature. The obtained Ni/CoF:Pr*:M nano-
composites were separated using an external magnet and then
rinsed with ultra-pure water and ethanol. Finally, the nano-
composites were dried at 80 °C under vacuum for 12 h.

2.5. Synthesis of the NiF:Pr**-M@PVDF and CoF:Pr**-
M@PVDF nanofiber membranes

A solution of PVDF was prepared by dissolving 0.5 g of PVDF in
a 10 mL DMF : acetone (2 : 1, v/v) solution at 50 °C, followed by
stirring for 12 h to form a homogeneous suspension. At the
same time, 5.0 mg of boron nitride (BN) and 0.05 g of the Ni/
CoF:Pr’*-M nanocomposites were dispersed in 5.0 mL of DMF/
acetone using a sonicator for 1 h, separately. Then, they were
added to the PVDF solution, and all the mixtures were sonicated
at 70 W for 3 h. Subsequently, PVDF/BN-coated Ni/CoF:Pr**-M
nanocomposites were collected using a permanent magnet and
washed three times with ultra-pure water. The precipitates ob-
tained were dried in an oven at 80 °C for 1 h. The reaction
synthesis scheme of this process is given in Fig. 1.

Nanofiber membranes were obtained via electrospinning of
solutions prepared by dissolving novel Ni/CoF:Pr**-M nano-
composites in a DMSO: acetone mixture (1:1), with mixing
achieved via magnetic stirring for 1 h at 500 rpm at room
temperature. The parameters for the electrospinning process
were optimized as follows: a voltage of 15 kV, an injection pump
speed of 0.1 mL h™* at room temperature, and a distance of
11 cm between the needle tip and the collector (see Fig. 1).

2.6. Analytical procedure

The developed method was successfully applied to the ICP-MS
measurements for the determination of Cr, Pb, Ni, As, Al, Co,
Cd, and Hg in wastewater, sea mucilage, and tap water samples.
For this reason, two different NiF:Pr**~-M@PVDF and CoF:Pr’"-
M@PVDF nanofiber membranes were used in the study, and the
obtained results were compared.

The method was optimized with wastewater solutions before
it was applied. 25 mL portions of the wastewater examples were
placed in centrifuge tubes. 25 mg of NiF:Pr’*~-M@PVDF and
100 mg of CoF:Pr’*-M@PVDF were separately placed in a 50 mL

RSC Adv, 2026, 16, 29172-29194 | 29175
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Fig. 1 Schematic of the synthesis of the MF:Pr¥*—~MCM-41@PVDF nanoparticles with MF: Pr¥*, MCM-41, BN, and PVDF.

centrifuge tube as sorbent materials. The pH of the solutions
was adjusted to 2.0 using 0.1 mol L' of an HNO3/NaOH solu-
tion for the NiF:Pr’*~-M@PVDF nanofiber membrane and to pH
4.0 using 0.1 mol L' of the HNO3/NaOH solution for the
CoF:Pr**-M@PVDF nanofiber membrane. The mixtures were
vortexed for 3 min. Then, the nanofiber membranes were
separated using a strong magnet, and the supernatant was
carefully decanted using a pipette. 1 mL of 2 mol L™ HNO; was
used for the elution of NiF:Pr’’-M@PVDF, while 1 mL of
2 mol L™ HCI was used for the elution of CoF:Pr**-M@PVDF.
After vortexing for 3 minutes, the nanofiber membranes were
separated from the eluent using a magnet. The concentration of
the elements in the eluent (Cr, Pb, Al, As, Co, Ni, Cd, and Hg)
was determined by ICP-MS. The magnetic d-uSPE was applied to
wastewater, sea mucilage, and tap water samples for blank
analysis.

2.7. Procedure of BOD analysis

Samples were analyzed in accordance with international stan-
dards, as outlined in the Australian and New Zealand Standards
for Water Microbiology and Water Quality Sampling (Australian
and New Zealand Standards 2007).> E. coli enumeration in
wastewater before treatment was assessed via a membrane
filtration system. Sterile 0.45 pm pore-size nitrate cellulose
filters (Millipore) were used to filter 10 mL and 20 mL of the
water samples. The filters were plated on membrane thermo-
tolerant E. coli agar (mTEC agar, Oxoid) and incubated at 35 °C
for 2 hours, followed by 24 hours at 44 °C. Colonies exhibiting
a purplish-red color were identified as E. coli, and the colony
counts were subsequently expressed as CFU mL ™" by normal-
izing to the filtered volume. For each sample, triplicate plating

29176 | RSC Adv, 2026, 16, 29172-29194

was performed to ensure accuracy and reproducibility of colony
enumeration. The colony-forming units (CFU) were counted per
milliliter (CFU mL™") for each of the three plates, and the final
reported value was obtained by calculating the mean of these
triplicate counts.

2.8. Procedure of COD analysis

Chemical oxygen demand (COD) determination was performed
using the SM 5220 D closed reflux-colorimetric method, as
outlined in Standard Methods (APHA, AWWA, WEF, 2017).>°
Before starting the analysis, the wastewater samples were
shaken to ensure complete homogeneity, and appropriate
dilutions were made when the wastewater COD concentration
was above the calibration range. A 2.5 mL wastewater sample,
1.5 mL of a potassium dichromate solution (K,Cr,O), and
3.5 mL of a silver sulfate-sulfuric acid mixture (AgSO,-H,SO,)
were added sequentially to the COD tubes. Then, the COD tubes
were capped immediately, and a short vortex was applied (10 s)
to ensure homogeneous distribution of the contents. Closed
tubes were digested for 120 minutes in a thermo reactor that
had been previously preheated to 150 °C.

After the digestion process was completed, the tubes were
removed from the thermo reactor and allowed to cool to room
temperature. The absorbance of the cooled tubes was measured
on a UV-Vis spectrophotometer at a 600 nm wavelength. The
COD content of the wastewater samples was determined by
plotting absorbance values wversus concentration, which
produced a calibration curve. The calibration curve was
prepared in two different calibration ranges as low (0, 25, 50, 75,
100, 125, 150 mg L™*) and high (0, 100, 200, 400, 600, 800,
1000 mg L") using potassium hydrogen phthalate (KHP,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CgH5K0,), in accordance with Standard Methods 5220 D.
Standard COD solutions of known concentrations were
prepared following the same digestion procedure applied to the
samples, and ultrapure water was used as a blank.
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located at the (220), (311), (400), (422), (511), and (440) planes
confirm that the spinel phase is formed in both the free powder
sample (NiF:Pr’*) and the MCM-41-supported sample (NiF:Pr**-
M). In addition to the spinel peaks, both samples display several

g secondary reflections assigned to a-Fe,O;, FeO and PrFeO;,
= 3 Results and discussion indicating that the introduction of Pr** at a molar ratio equal to
B o Ni*" results in the formation of a multi-phase composite rather
’g_ 3.1. Characterization of the Ni/CoF:Pr’"-M nanocomposite than a fully Pr-doped single-phase spinel structure. The
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g The XRD patterns of the NiF:Pr’* and NiF:Pr**-M are presented  consistent presence of these impurity phases in both NiF:Pr**
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Fig. 2 (a) XRD patterns of NiFe,O4:Pr®* (Pr—=Ni—F) and NiFe,04:Pr’**~MCM-41 (Pr=Ni—M). (b) XRD patterns of CoFe,Q4:Pr** (Pr-Co-F) and

CoFe,04:Pr¥*~MCM-41 (Pr—-Co-M).
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Pr-doped NiFe,0, nanoparticles incorporated into the meso-
porous channels of MCM-41, the diffraction peaks exhibit
significantly reduced intensities compared to those for NiF:Pr**.
This reduction is attributed to the high dispersion of nano-
particles within the silica framework and the partial amorphous
background of MCM-41, which collectively decrease the overall
crystallinity. Moreover, the broad amorphous halo centred
around 26 = 22°-25°—a typical feature of the disordered silica
walls—confirms that the MCM-41 structure is preserved after
nanoparticle incorporation.

Nevertheless, the identical impurity peaks observed in both
samples demonstrate that the confined environment of MCM-
41 does not prevent the formation of secondary phases, such
as PrFeO; and Fe-oxide species. The likely origin of this multi-
phase formation is the excessive Pr*" content relative to the
tolerance of the spinel lattice. Because Pr*" has a substantially

View Article Online

Paper

larger ionic radius compared to Ni** and Fe®", the spinel
structure cannot fully accommodate Pr** ions, causing the
excess Pr to segregate into separate Pr-containing oxide phases.
Simultaneously, deviations in the Fe oxidation balance may
promote a-Fe,O; and FeO crystallization. Overall, the XRD
results indicate that both NiF:Pr’* and NiF:Pr**-M samples
consist of NiFe,0, as the primary phase, accompanied by
PrFeO; and Fe-oxide impurities, confirming the formation of
a multi-phase system rather than a pure Pr-doped spinel. The
incorporation of nanoparticles into MCM-41 influences crys-
tallinity but does not alter the fundamental phase composition.
Furthermore, the detection of the characteristic amorphous
MCM-41 background peak demonstrates that the mesoporous
support remains structurally intact following impregnation and
calcination.
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Fig. 3 (a) XRD pattern of NiFe,O4:Pr¥*—M. (b) XRD pattern of CoFe,O4:Pr¥™—M.
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Low-angle XRD analysis was employed to evaluate the pres-
ervation of the mesoporous structure, and the corresponding
diffraction pattern is shown in Fig. 3(a). The low-angle XRD
pattern exhibits a distinct (100) reflection at approximately 26 =

View Article Online

RSC Advances

that the mesostructural framework is retained after nano-
particle incorporation. However, the reduced intensity and
partial disappearance of higher-order reflections indicate
a decrease in long-range ordering, likely due to the pore filling

20-2.5° accompanied by weaker (110) and (200) reflections, and structural distortion induced by the embedded
which are characteristic of the hexagonally ordered mesoporous nanoparticles.
structure of MCM-41.>® The presence of the (100) peak confirms
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Fig. 4 SEM and EDX analysis of NiFe,O4:Pr** and CoFe,04:Pr*. (a) SEM image of NiFe,O4:Pr’*. (b) EDX analysis of NiFe,O4:Pré*. (c) SEM image

of CoFe,04:Pr¥*. (d) EDX analysis of CoFe,Q4:Pr*.
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The XRD patterns of CoFe,0,:Pr’" (CoF:Pr*") and CoFe,O,:-
Pr**-MCM-41 (CoF:Pr*’-M) are shown in Fig. 2(b). Both
samples exhibit the characteristic diffraction peaks of the spinel

View Article Online
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CoFe,0, phase, matching the standard reflections reported in
JCPDS card no. 22-1086.> The prominent peaks indexed to the
(220), (311), (400), (422), (511), and (440) planes confirm that the
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Fig.5 SEM and EDX analysis of NiFe,0,4:Pr¥*—~MCM-41 and CoFe,04:Pr¥*~MCM-41. (a) SEM image of NiFe,04:Pr**~MCM-41. (b) EDX analysis
of NiFe,O4:Pr¥*~MCM-41. (c) SEM image of CoFe,O4:Pr**=MCM-41. (d) EDX analysis of CoFe,O4:Pr**—MCM-41.
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spinel structure is formed in both the free powder sample
(CoF:Pr**) and the MCM-41-supported sample (CoF:Pr’*-M). In
addition to the spinel reflections, both samples contain
secondary peaks attributed to a-Fe,0;, FeO, and Pr,03, indi-
cating the formation of a multi-phase system rather than
a single-phase Pr-doped CoFe,O, spinel. The presence of these
identical impurity phases in both samples suggests that the
multi-phase character originates from the high Pr** content,
which exceeds the structural tolerance of the spinel lattice. The
large ionic radius of Pr** restricts its incorporation into the
octahedral sites, causing excess Pr to segregate into Pr-oxide
phases while promoting Fe-oxide formation due to changes in
the Fe redox balance.

For the CoF:Pr’’-M sample, which contains partially Pr-
doped CoF:Pr** nanoparticles incorporated into the meso-
porous channels of MCM-41 via a suspension-impregnation
route, the overall diffraction intensity is lower compared to
that for the free nanoparticle sample. This reduction can be
attributed to the high dispersion of the nanoparticles within the
silica framework and the contribution of the broad amorphous
hump around 26 = 23°, which is characteristic of the disor-
dered silica walls of MCM-41. The appearance of this amor-
phous background confirms that the MCM-41 structure is
preserved during the incorporation process. Despite this, the
impurity peaks remain clearly visible, demonstrating that the
support does not alter the fundamental phase composition—
both samples consistently exhibit CoFe,04:Pr*", together with
Pr,0; and Fe-oxide phases. These results suggest that Pr’*
incorporation occurs only partially within the spinel lattice,
while excess Pr segregates into secondary phases, leading to
a multiphase system rather than a single-phase fully substituted
structure.

The low-angle XRD pattern of the CoF:Pr*’-M (Fig. 3(b))
exhibits a prominent diffraction peak at 26 = 2°-2.5°, corre-
sponding to the (100) plane of the hexagonally ordered meso-
porous structure of MCM-41. This observation confirms that the
fundamental mesostructural framework is retained following
the incorporation of CoFe,0,:Pr’* nanoparticles. In addition,
weak and broadened reflections corresponding to the (110) and
(200) planes are observed at higher angles, indicating a partial
loss of long-range ordering. This reduction in structural peri-
odicity can be attributed to the confinement of ferrite nano-
particles within the mesoporous channels, leading to pore
filling and slight distortion of the silica framework. Overall, the
results demonstrate that while the ordered mesoporous archi-
tecture is preserved, its structural regularity is partially dimin-
ished upon nanoparticle incorporation.

The SEM images of the unmodified Ni/CoF:Pr** are pre-
sented in Fig. 4(a)-(d). As shown in Fig. 4(a) and (c), the NiF:Pr**
and CoF:Pr** particles have a spherical shape with a uniform
size distribution. The EDX spectra of the NiFe:Pr’* and CoF:Pr’**
nanocomposites are given in Fig. 4(b) and (d), respectively. In
Fig. 4(b), the peaks for Fe, Ni, Pr, and O can be observed in the
spectrum of NiF:Pr*", and as expected in Fig. 4(d), the peaks for
Fe, Co, Pr, and O can be observed in the spectrum of the
CoF:Pr** nanocomposite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The SEM images of the unmodified Ni/CoF:Pr’>*-M are pre-
sented in Fig. 5(a) and (c). As can be seen in Fig. 5(a) and (c), the
NiF:Pr**-M and CoF:Pr’*-M particles have a spherical shape
with a uniform size distribution. The EDX spectra of the Ni/
CoF:Pr**-M nanocomposites are given in Fig. 5(a) and (c). As
can be seen in Fig. 5(b), the peaks for Fe, Ni, Pr, Si, and O are
observed in the spectrum of NiF:Pr**-M, and as expected in
Fig. 5(d), the peaks for Fe, Co, Pr, Si, and O are observed in the
spectrum of the CoF:Pr**-M nanocomposite.

The SEM images of the Ni/CoF:Pr**~-M@PVDF nanofiber
membranes are given in Fig. 6. It was observed that thinner and
more uniform nanofibers were obtained using a 1:1 DMSO:
acetone solution.

To further evaluate the mesoporous characteristics and
structural integrity of the materials, nitrogen adsorption-
desorption measurements (BET) were performed. NiF:Pr**-M
exhibits a typical type-IV isotherm with a hysteresis loop, char-
acteristic of mesoporous materials.** The corresponding
nitrogen adsorption-desorption isotherms are presented in
Fig. 7(a). The BET surface area was determined to be 406.5 m*
g~ ', which is lower than that of the pristine MCM-41.%* This
reduction indicates the partial occupation of mesoporous
channels by nanoparticles. The BJH pore-size distribution
shows average pore diameters of 2.42 nm (adsorption) and
2.65 nm (desorption), which fall within the characteristic pore-
size range of MCM-41 (2-4 nm). This confirms that the meso-
porous framework is preserved despite nanoparticle incorpo-
ration. The small difference between adsorption and desorption
values suggests minor pore distortion and limited pore
blocking.

The nitrogen adsorption-desorption isotherms of CoF:Pr**-
M are presented in Fig. 7(b). CoF:Pr*-M similarly exhibits
a type-IV isotherm, with a BET surface area of 431.8 m”> g™/,
indicating a slightly higher accessible surface area compared to
that for the Ni-based system. The BJH pore diameters were
determined as 2.41 nm (adsorption) and 4.40 nm (desorption).
While the adsorption value remains consistent with that for
MCM-41, the significantly higher desorption value indicates
pronounced hysteresis effects. The deviation between adsorp-
tion and desorption branches suggests the presence of pore
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Fig. 6 SEM images of the electrospun nanofiber membranes (a) NiF/
M@PVDF/BN and (b) CF/M@PVDF/BN.
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blocking and ink-bottle-type pore structures, which are
commonly observed in nanoparticle-loaded mesoporous
systems.** This behavior reflects partial pore filling and struc-
tural distortion, rather than the collapse of the mesoporous
framework. Overall, the combination of the reduced surface
area and preserved pore diameter provides strong evidence that
the nanoparticles are successfully incorporated within the
mesoporous channels rather than merely deposited on the
external surface. The preservation of mesoporosity, combined
with successful nanoparticle incorporation, results in a syner-
gistic structure that enhances adsorption efficiency while
maintaining magnetic separability. The reproducibility of
extraction performance further confirms that the structural
modifications do not adversely affect functional stability.

29182 | RSC Adv, 2026, 16, 29172-29194

The FT-IR spectra of NiF:Pr’*/NiF:Pr**-M and CoF:Pr’*/
COF:Pr’*-M are presented in Fig. 8(a) and (b), respectively. As
can be seen in Fig. 8(a), the NiF:Pr**-M nanocomposites show
characteristic absorption bands, indicating the presence of
ferrite-related vibrational modes together with the silica
framework. Specifically, the spectrum of bare NiF:Pr** displays
prominent bands at approximately 3420 cm™ " (broad O-H
stretching from surface hydroxyl groups or adsorbed water),
1630 cm ' (H-O-H bending vibration of water molecules),
590 cm ™ (tetrahedral Fe-O stretching vibration), and 410 cm™*
(octahedral Ni-O stretching vibration).** These bands are
indicative of the inverse spinel structure, where Fe®" ions
predominantly occupy tetrahedral sites and Ni**/Pr*" ions may
partially substitute into octahedral sites, although the XRD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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results indicate that complete incorporation is not achieved.
The incorporation of Pr’* causes a slight broadening and
downshift (by ~5-10 cm ™) in the octahedral band compared to
that of the undoped NiFe,0,, attributed to lattice distortions
due to the larger ionic radius of Pr** (0.99 A) versus Fe** (0.645
A), leading to modified bond strengths and vibrational
frequencies.*** Upon compositing with MCM-41, additional
bands emerge at 1080 cm™ ' (asymmetric Si-O-Si stretching),
800 cm ™" (symmetric Si-O-Si stretching), and 460 cm™" (Si-O
bending vibration), which are hallmark features of the siliceous
MCM-41 matrix.** The Si-OH stretching band, typically strong
at ~960-970 cm ™" for the pure MCM-41, appears weakened and
shifted to ~950 cm™" in the composite, suggesting hydrogen
bonding or covalent interactions between the silica surface
hydroxyls and the ferrite nanoparticles, which could facilitate
better dispersion and prevent agglomeration during electro-
spinning. This interfacial interaction may enhance composite
stability; however, no clearly distinguishable additional bands
are observed, and the absence of resolved Pr-O vibrations in the
500-600 cm ! region cannot be taken as evidence of complete
incorporation of Pr’* into the ferrite lattice, as overlapping

© 2026 The Author(s). Published by the Royal Society of Chemistry

metal-oxygen vibrations may mask contributions from Pr-
containing secondary phases, consistent with the XRD results.

The overall transmittance decreases in the composite spec-
trum, reflecting increased scattering from the heterogeneous
structure, a common observation in nanoparticle-silica hybrids.
Similarly, in Fig. 8(b), the CoF:Pr’*~M nanocomposites exhibit
analogous features, with bare CoF:Pr** showing bands at
3440 cm™ ' (O-H stretch), 1620 cm™ ' (H-O-H bend), 580 cm ™"
(tetrahedral Fe-O), and 400 cm™" (octahedral Co-0).** Pr’*
doping here induces a comparable shift in the octahedral band
(to ~390-395 cm™ '), consistent with the substitution at Co*
sites (ionic radius: 0.745 A).>** The MCM-41 integration intro-
duces Si-O-Si bands at 1075 cm ™" (asym.), 795 cm™ " (sym.), and
455 em™ ' (bend), with similar weakening of the Si-OH band,
indicating effective anchoring of the ferrite onto the silica pores
and potentially improving the material's reusability in adsorp-
tion cycles.*” Compared to the Ni-based composite, the Co-
based composite shows slightly higher intensity in the M-O
bands, possibly due to the more substantial magneto-crystalline
anisotropy of Co ferrites. These FTIR results are consistent with
the presence of bonds associated with ferrite and silica;

RSC Adv, 2026, 16, 29172-29194 | 29183
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however, it is important to note that the phase composition was
more reliably determined by XRD, which indicates a multi-
phase structure. The modified surface functional groups (e.g.,
increased Si-OH availability) improve the binding affinity for
heavy metals and organic pollutants, potentially through elec-
trostatic or chelation mechanisms. Overall, the FTIR spectra
confirm the presence of ferrite and silica-related vibrational
modes and suggest possible lattice distortions due to Pr**
addition. However, consistent with the XRD results, the system
should be considered as a multi-phase composite rather than
a single-phase Pr-doped spinel.

Also, the thermal stability and structural degradation stages
of the synthesized CoFe,04:Pr**~-MCM-41 nanocomposite were
investigated by thermogravimetric analysis (TGA) and differ-
ential thermogravimetric analysis (DTG) from room tempera-
ture up to 1000 °C (Fig. 9(a)). The overall TGA curve
demonstrates that the material exhibits an extremely low total
mass loss of only ~3% up to 1000 °C, which clearly confirms the
excellent thermal and structural stability of the entirely inor-
ganic oxide and silica-based framework. The thermal profile of
the material can be evaluated in four main stages. The minor
mass loss (~1%) observed in the first stage, from room
temperature to approximately 200 °C, is attributed to the
evaporation of the physically adsorbed water molecules on the

(@) s

CoFe,0,:Pr*-MCM-41
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sample surface and the residual volatile solvents trapped within
the MCM-41 pore structure.*® In the second stage (200 °C-600 °
C), the steady and slow mass loss represents the gradual de-
hydroxylation of the surface silanol (-OH) groups in the MCM-
41 framework and the removal of crystalline water. The very
limited mass loss in this region verifies that the material was
successfully calcined during the synthesis and is free of organic
impurities.*® In the third stage (750 °C-900 °C), a specific mass
gain in the TGA curve and a corresponding distinct positive
peak in the DTG curve (approximately +5 pg min~') were
detected. This phenomenon indicates the occurrence of partial
oxidation processes due to oxygen uptake by the transition
metals (specifically cobalt or iron ions) in the spinel ferrite
structure at high temperatures under atmospheric conditions.*
Finally, the sharp mass loss observed above 900 °C can be
associated with the thermal degradation (structural collapse) of
the ordered mesoporous silica network or high-temperature
reduction reactions in the ferrite phase.* All these thermal
findings indicate that the CoFe,O4Pr’**-MCM-41 material
possesses more than enough structural integrity and high
stability for adsorption applications, such as wastewater treat-
ment, which are typically carried out in aqueous environments
at room temperature.
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Fig.9 (a) TGA/DTA curves of the CoFe,O4:Pr** —~MCM-41 nanocomposite. (b) TGA/DTA curves of the NiFe,04:Pr** ~MCM-41 nanocomposite.
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Similarly, the thermal degradation profile of the synthesized
NiFe,04:Pr**~-MCM-41 nanocomposite was evaluated under
identical conditions (Fig. 9(b)). The overall TGA curve indicates
a total mass loss of only ~4.8% up to 1000 °C, confirming the
highly stable nature of this inorganic composite. The thermal
decomposition occurs in three distinct stages. In the first stage
(from room temperature to 200 °C), an initial mass loss of
~1.7% is observed, which corresponds to the elimination of the
physically adsorbed water and residual volatile solvents trapped
inside the mesopores.* The second stage (200 °C to 800 °C) is
characterized by a very slow and gradual mass loss (~1.2%),
which is attributed to the continuous dehydroxylation of the
surface silanol (-OH) groups of the MCM-41 framework and the
loss of structurally bound water.*® Unlike the cobalt-based
nanocomposite, the NiFe,0,:Pr’'~-MCM-41 sample does not
exhibit a distinct mass gain related to high-temperature oxygen
uptake, reflecting the different oxidation kinetics of the nickel-
based spinel lattice. In the final stage (above 850 °C), a sharp
mass loss (~1.9%) accompanied by a prominent DTG peak is
recorded. This sudden mass loss is ascribed to the ultimate
thermal degradation and structural collapse of the ordered
mesoporous silica network.*® Collectively, the TGA results for
both Ni- and Co-based nanocomposites prove that the bare
powder materials possess extraordinary thermal stability and
structural integrity, rendering them highly durable prior to their
integration into the final polymeric electrospun membranes.

3.2. Selection of the optimal pH

The pH of the aqueous solution is a significant variable that
controls the adsorption of Cr, Pb, Ni, and As on NiF:Pr**-
M@PVDF and Al, Co, Cd, and Hg on CoF:Pr**~-M@PVDF for
wastewater samples. Therefore, the effect of pH on the
adsorption of Cr, Pb, Ni, As, Al, Co, Cd, and Hg was studied in
the pH range of 1-10 using 0.1 mol L' HNO,/NaOH solutions
(see Table 2). It can be observed that the adsorption of Cr, Pb,
Ni, and As decreases with increasing pH, whereas the adsorp-
tion of Al, Co, Cd, and Hg increases with increasing pH. At high
pH values, the recovery values decrease, probably due to the

Table 2 Effectof pH (n =3, ug L™}
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precipitation of hydroxides. Therefore, the optimum pH values
were chosen separately for each nanofiber membrane: pH 2 for
NiF:Pr’*~-M@PVDF and pH 4 for CoF:Pr’*~-M@PVDF.

3.3. Zeta potential measurements

The zeta potentials of the Ni/CoF:Pr**-M@PVDF nanofiber
membranes were measured in a pH range of 1-10. As seen in
Fig. 10, the Ni/CoF:Pr’*~-M@PVDF nanofiber membranes di-
splayed a positive surface potential between pH 1 and 5, while
after the adsorption of Cr, Pb, Ni, As, Al, Co, Cd, and Hg, the Ni/
CoF:Pr’*-M@PVDF nanofiber membranes indicated positive
zeta potentials at pH 2 and 4. This result indicates that the
adsorption of Cr, Pb, Ni, As, Al, Co, Cd, and Hg elements onto
the particles of nanofiber membranes may have taken place by
electrostatic interactions between Cr, Pb, Ni, As, Al, Co, Cd, and
Hg and the Ni/CoF:Pr’**~-M@PVDF nanofiber membranes.

3.4. Effect of contact time for adsorption and elution

The effect of contact times for the adsorption and elution of Cr,
Pb, Ni, and As on NiF:Pr**-M@PVDF and Al, Co, Cd, and Hg on
CoF:Pr’*-M@PVDF was investigated. The effect of contact times
for the adsorption and elution of analytes was tested using
model solutions of 25 mL of the wastewater samples with 25 mg
of NiF:Pr**~-M@PVDF and 100 mg CoF:Pr’**~-M@PVDF at pH 2
and pH 4, respectively, for 0, 1, 2, 3, 5, and 10 min. By increasing
the contact times, the concentrations of analytes increased and
remained stable thereafter. The adsorption and elution of
analyte ions reached equilibrium within 3 minutes. Therefore,
we selected a contact time of 3 min for both adsorption and
elution in all subsequent experiments.

3.5. Effect of eluent type, concentration, and volume

Concentrations of strong acid solutions, including HCI and
HNO;, were tested for the elution of Cr, Pb, Ni, As, Al, Co, Cd,
and Hg from the Ni/CoF:Pr**~-M@PVDF nanofiber membranes.
Aliquots of 5 mL of 0.5, 1, 2, and 3 mol L ™" of HCl and HNO;
were used. The results indicated that the maximum recovery

Element concentration (X + s)

NiF:Pr**-M@PVDF

CoF:Pr**-M@PVDF

pH Cr Pb Ni As Al Co Cd Hg

1 6.57 £+ 0.12 9.82 + 0.23 106 £ 7 0.112 £+ 0.01 5.80 + 0.15 20.4 £ 0.9 0.538 £ 0.009 1.250 £ 0.01
2 7.16 £ 0.14 9.92 £+ 0.25 108 £ 6 0.122 £ 0.01 6.02 + 0.14 219+ 1.1 0.545 £ 0.01 1.256 £ 0.01
3 7.04 £ 0.12 9.77 £ 0.34 104 £ 8 0.119 £ 0.02 6.33 £0.14 22.9 £0.8 0.611 £ 0.008 1.289 £ 0.014
4 6.68 + 0.18 9.11 + 0.41 100 £ 6 0.091 £ 0.01 6.90 £ 0.19 24.6 £ 0.9 0.678 £ 0.01 1.382 £ 0.01
5 5.345 £ 0.10 8.92 £ 0.55 92 +6 0.085 + 0.01 6.71 + 0.26 242 £1.2 0.527 £ 0.01 1.267 £ 0.11
6 4.312 +£ 0.11 8.83 + 0.46 78 £5 0.067 £ 0.01 5.81 +1.12 211+ 1.4 0.311 £ 0.01 1.248 £ 0.017
7 2.345 £ 0.17 6.21 + 0.51 35+6 — 5.12 + 1.27 171+ 1.3 — 1.111 £ 0.13
8 — — — — — 12.2 £ 1.3 — —

9 J— J— J— J— J— J— J— J—

10 — — — — — — — —

“ Below the detection limit.
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Fig. 10 Zeta potentials of the Ni/CoF:Pr**—M@PVDF nanofiber membranes.

values for Cr, Pb, Ni, and As were obtained with 2 mol L™ HNO,
(1 mL), while 2 mol L™" HCI (1 mL) was chosen as the optimum
eluent for Al, Co, Cd, and Hg in the subsequent experiments.

The effect of the eluent volume on the quantitative elution of
Cr, Pb, Ni, As, Al, Co, Cd, and Hg was investigated using 1, 2, 3,
4, and 5 mL of 2 mol L™* HNO; and 2 mol L™" HCl. The
maximum recovery values for Cr, Pb, Ni, As, Al, Co, Cd, and Hg
were obtained using 1 mL of the 2 mol L' HNO; and 1 mL of
the 2 mol L™' HCI solution. There was no increase in the
maximum concentrations with increasing the eluent volume.
Thus, an eluent volume of 1 mL was selected as the optimum to
obtain a high pre-concentration factor for subsequent
experiments.

3.6. Effect of sample volume

The effect of sample volume was investigated using 25, 50, 100,
150, 200, 250, and 500 mL of the wastewater samples. Then,
adsorption and elution were performed under the optimum
conditions (pH 2 and pH 4; contact time, 3 min; 1 mL of eluent),
as described in Section 2.6. The concentrations of analytes were
found to be optimal for volumes ranging from 25 to 250 mL.
Volumes higher than 250 mL resulted in a decrease in the
concentration of analytes. Therefore, a sample volume of
250 mL was selected as the optimum, and the pre-concentration
factor of the method was found to be 250.

3.7. Reusability of the adsorbents

The reusability of the adsorbents is expected to improve their
utilization efficiency and reduce the analysis costs.*** The
reusability of the NiF:Pr**~-M@PVDF and CoF:Pr**-M@PVDF
nanofiber membranes (life-time) was investigated using the
proposed procedure. Before each cycle, the nanofiber
membranes were rinsed with ultra-pure water. It was found that

29186 | RSC Adv, 2026, 16, 29172-29194

the life-time was exceptionally long because no loss was
observed in the recovery rates throughout the study. The results
indicated that the nanofiber membranes remained stable up to
60 cycles without a noticeable decrease in the concentrations of
the analytes. Therefore, the NiFe,O4:Pr**~-MCM-41 and CoFe,-
04:Pr’’-MCM-41 nanofiber membranes show better reusability
and stability towards Cr, Pb, Ni, As, Al, Co, Cd, and Hg.

3.8. Effect of interferences

The effect of sample matrix components on the recovery of Cr,
Pb, Ni, As, Al, Co, Cd, and Hg analytes in wastewater samples
was investigated. NaCl, KCl, Mg(NO;),, Ca(NOs),, Cu(NO3),,
Fe(NO3)3, Fe(NO3),, Zn(NO3),, Mn(NO3),, Na,SO,4, and NazPO,,
within the range of 25-10.000 mg L', were added to 25 mL
wastewater sample solutions. After that, the developed
magnetic d-uSPE method was applied. The recovery values of
these ions were observed to be =95% for 10.000 mg L ™" of Na(i),
K(1) and Mg(n); 20.000 mg L~" of Ca(u); 25 mg L™ of Cu(n),
Fe(m), Fe(n), Zn(n) and Mn(n); and 2500 mg L™" of SO,>~ and
PO,*". The results indicate that the developed method is suit-
able for the accurate and selective determination of Cr, Pb, Ni,
As, Al, Co, Cd, and Hg in wastewater samples.

3.9. Adsorption capacity

The adsorption capacity of the Ni/CoF:Pr’**~-M@PVDF nanofiber
membranes is an important parameter, and it was studied
under the optimum conditions given in Section 2.6. The
investigation was conducted in five replicates. For this purpose,
first, 25 mg of the NiF:Pr’*~-M@PVDF was suspended in a 25 mL
aqueous solution containing 10 mg L™" of Cr(m), Pb(u), Ni(u),
and As(m) at pH 2 by vortexing for 3 min. Then, the NiF:Pr**-
M@PVDF material was separated from the solution by centri-
fuging at 4000 rpm for 1 min. The concentrations of Cr, Pb, Ni,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and As ions in the remaining solution were determined by ICP-
MS after 100-fold dilution.

Second, the adsorption capacity was investigated for the
CoF:Pr*'-M@PVDF nanofiber membranes. 100 mg of CoF:Pr**-
M@PVDF was suspended in a 25 mL aqueous solution con-
taining 10 mg L™ of Al(m), Co(u), Cd(u), and Hg(u) at pH 4 by
vortexing for 3 min. Then, the CoF:Pr**~-M@PVDF material was
separated from the solution by centrifuging at 4000 rpm for
1 min. The concentrations of Al, Co, Cd, and Hg ions in the
remaining solution were determined by ICP-MS after 100-fold
dilution.

The adsorption capacity of the Ni/CoF:Pr**~-M@PVDF

nanofiber membranes was calculated by the equation:
— V(CO _Ce) a3
—w

In this equation, g, V, C,, C., and W indicate the adsorption
capacity (mg g '); volume (L); initial concentration of Cr(m),
Pb(u), Ni(i), As(m), Al(u1), Co(u), Cd(u), or Hg(n) (mg L~ ); equi-
librium concentration of Cr(u), Pb(u), Ni(i), As(ur), Al(u), Co(1r),
Cd(n), or Hg(n) (mg L™ '); and the adsorbent mass (g), respec-
tively. The g (adsorption capacity) values for the elements
optimized for NiF:Pr**-M@PVDF and CoF:Pr’**-M@PVDF were
found to be 14.9 mg g~ * for Cr, 12.3 mg g * for Pb, 10.8 mg g~ *
for Ni, 8.67 mg g~ for As, 32.9 mg g~ * for Al, 13.4 mg g~ for Co,
28.4 mg g~ " for Cd and 23.5 mg g~ ' for Hg.

3.10. E. coli enumeration

E. coli colony counts were evaluated over three weeks in influent
wastewater samples (Table 3). The results demonstrated that
both nanofiber membrane materials substantially reduced the
E. coli load in influent wastewater. In the control samples,
bacterial  concentrations remained consistently high
throughout the three weeks, ranging from 21.6 to 30.4 CFU
mL . In contrast, the influent samples treated with NiF:Pr*"-
M®@PVDF showed a marked reduction, with E. coli levels
decreasing to 0-0.3 CFU mL ', and complete inhibition (0 CFU
mL ') was observed in the first and third weeks. CoF:Pr*'-
M@PVDF exhibited even stronger antimicrobial performance,
achieving complete elimination (0 CFU mL ') in all influent
samples across all three weeks.

The ability of both nanomaterials to maintain similar levels
of antimicrobial activity over the experimental period indicates
high stability and sustained efficacy, even under the high
microbial load characteristic of influent wastewater. Compared
to the consistently elevated counts in the control group, the
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dramatic reduction achieved by the nanocomposites highlights
their strong and reliable antibacterial action.

To better interpret this strong antibacterial performance,
a plausible removal mechanism is proposed. The complete
removal of E. coli is most plausibly governed by a synergistic
mechanism involving surface-mediated oxidative stress and
physical interactions rather than metal-ion toxicity.****” Given
the structural stability of the nanocomposites over repeated
cycles, ion leaching is expected to be minimal. The ferrite phase
(NiFe,0, and CoFe,0,) is known to promote the generation of
reactive oxygen species (ROS) through surface redox processes,
leading to oxidative damage of bacterial membranes, proteins,
and nucleic acids.***” In parallel, the electrospun nanofiber
architecture provides high surface area and nanoscale rough-
ness, facilitating direct physical contact that can contribute to
bacterial membrane disruption.”® Additionally, the porous
MCM-41 framework can facilitate bacterial adsorption and
immobilization on the surface, which may increase local expo-
sure to ROS and surface interactions, thereby contributing to
the reduction of the E. coli levels.***

3.11. Organic pollutant removal

The organic matter removal behavior of the Ni/CoF:Pr’*-
M@PVDF nanofiber membranes was evaluated based on COD
values for both untreated (influent) and treated (effluent)
wastewater samples at dosages of 25 mg and 100 mg and
contact times of 50 and 20 minutes, respectively. Samples were
obtained in different weeks, allowing for the evaluation of the
effect of time-dependent variability of the actual wastewater
matrix (e.g., organic load and dissolved/particulate matter
distribution) on system performance. The obtained COD results
and the corresponding removal efficiencies are presented in
Table 4. The COD values in the untreated wastewater ranged
from 289 to 385 mg L™}, while in the treated wastewater, these
values ranged from 30 to 36 mg L. The COD removal perfor-
mance of the facility was calculated to be in the range of 88—
91%, depending on the influent concentration.

The membranes were evaluated under operational condi-
tions determined by considering their structural properties and
preliminary experimental observations. Therefore, the obtained
COD removal results were evaluated not for directly comparing
the intrinsic performances of the two materials, but to reveal
the behavior observed under specific conditions and within the
actual wastewater matrix. For untreated wastewater, COD
removal values ranging from 8%-55% were obtained with the
NiF:Pr’*~-M@PVDF nanofiber membranes and up to 76% under

Table 3 E. coli colony counts in wastewater samples (CFU: colony forming units)

Sample type Filtered volume 1st week 2nd week 3rd week
Control Influent 10 mL 21.6 CFU mL ! 29.2 CFU mL ™! 27.0 CFUmL ™!

Influent 20 mL 24.8 CFU mL ™" 30.4 CFU mL™" 21.5 CFU mL ™"
NiF:Pr**-M@PVDF Influent 10 mL 0 0.30 CFUmL ™! 0

Influent 20 mL 0 0.25 CFU mL™* 0
CoF:Pr‘“—M@PVDF Influent 10 mL 0 0 0

Influent 20 mL 0 0 0
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certain conditions with the CoF:Pr*’-M@PVDF nanofiber
membranes. These findings indicate that the composite mate-
rials can effectively interact with organic compounds under
relatively high initial loading conditions, suggesting their
potential applicability in a complementary treatment step for
untreated wastewater. However, the wide range of the results
and the observation of negative removal values in some cases
show that the system performance is sensitive not only to
material properties but also to variability in the wastewater
matrix and operating conditions. When the removal values
obtained with the NiF:Pr**-M@PVDF nanofiber membranes at
lower dosages are evaluated together with the results observed
for the CoF:Pr**-M@PVDF nanofiber membranes at higher
dosages and shorter contact times, it is understood that the
performance differences vary depending on the experimental
conditions and matrix properties. Similarly, it has been widely
reported in the literature that process efficiencies in real
wastewater systems can vary depending on matrix composition,
competitive interactions, and operating parameters. The
observed COD removal behaviors of the Ni/CoF:Pr**-M@PVDF
nanofiber membranes are consistent with the trends reported
in studies where metal complexes were immobilized on MCM-
41. Reddy et al.> reported that the mesoporous structure of
MCM-41 facilitates the diffusion of organic molecules and
strengthens the surface interactions of metal centers. They
demonstrated that transition metal complexes bound to MCM-
41 interact strongly with organic molecules, reducing the
diffusion limits of the mesoporous silica matrix and signifi-
cantly enhancing organic matter retention. Similarly, Bahrami
et al.>* emphasized that the combined effect of the ferrite core
and the mesoporous structure plays a role in organic load
reduction. These findings support the possible mechanistic
basis of the removal behavior observed in the study.

The electrospun nanofiber structure improves mass-transfer
processes by providing a high surface area and multiple active
sites. Chen et al.®*> and Tang et al.>* showed that functional
nanofiber-based membranes exhibit strong diffusion properties
against organic pollutants and that surface interactions become
more effective when combined with metal oxides or meso-
porous composites. In this context, the obtained results are
consistent with the behavior of the nanofiber-mesoporous
composite systems reported in the literature.

The low removal efficiency observed in the treated waste-
water is related to the adsorption processes becoming diffusion-
controlled at low organic-matter concentrations. This situation
has been widely reported in several studies®® focusing on
MCM-41 composites modified with transition metal oxides,
where limited access to active sites at low concentration levels
can reduce removal efficiency. Furthermore, some studies have
indicated that electrospun composites may exhibit limited
organic matter release at low concentrations, which can
contribute to experimental fluctuations.**

Overall, an appreciable COD removal efficiency was observed
in the untreated wastewater, which can be associated with the
surface chemistry of the ferrite core, the mesoporous structure
of MCM-41, and the enhanced mass transfer provided by the
electrospun nanofiber structure. In contrast, the relatively low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Assessment of the accuracy of the method by the certified reference material, CWW-TMD, in wastewater (n = 3)

Concentration, X + s (mg L)

NiF:Pr**-M@PVDF CoF:Pr’*-M@PVDF
Element Certified value Determined value Recovery (%) Certified value Determined value Recovery (%)
Cr 1.00 0.98 + 0.01 98 1.00 0.99 + 0.01 99
Pb 1.00 0.99 + 0.04 99 1.00 0.99 + 0.02 99
Ni 1.00 1.01 £ 0.02 101 1.00 1.00 + 0.03 100
As 0.25 0.245 £ 0.01 98 0.25 0.25 + 0.08 100
Al 1.00 0.99 + 0.05 99 1.00 0.97 + 0.03 97
Co 1.00 0.97 + 0.04 97 1.00 0.98 + 0.05 98
Cd 0.25 0.250 £ 0.001 100 0.25 0.249 £ 0.007 100
Hg 0.02 0.019 £ 0.001 95 0.02 0.019 £ 0.004 95
Table 6 Analysis results of Cr, Pb, Ni, As, A, Co, Cd, and Hg in water samples (n = 3, ug L™
Wastewater Tap water
Added (ug L) Found (pg L™ 1) R (%) Added (pg LY Found (ug L) R (%)
Cr — — — — — —
50 48 + 3? 96 50 49 98
100 97 £5 97 100 99 99
Pb — 6.55 + 0.18 — — — —
50 55+ 3 97 50 50 £2 100
100 106 £ 6 99 100 99 + 4 99
Ni — 60 £ 3 — — 0.04 £+ 0.001 —
50 111 £ 5 102 50 49+ 2 98
100 158 £ 6 98 100 100 + 3 100
As — — — — — —
50 48 £3 96 50 50+ 3 100
100 96 £5 96 100 98 £ 4 98
Al — 1.4 + 0.01 — — — —
50 51+3 99 50 50 100
100 100 + 4 99 100 100 100
Co — 6.54 + 0.26 — — 1.86 + 0.01 —
50 55+ 2 97 50 51+2 98
100 107 + 4 100 100 102 + 3 100
Cd — — — — — —
50 49 £ 2 98 50 50 2 100
100 101 + 3 101 100 100 + 2 100
Hg — — — — — —
50 47 £ 3 94 50 49+ 2 98
100 98 £4 98 100 98 + 4 98
“ Below detection limit. * X + s.
Table 7 Concentration of the metals in water samples (n = 3)¢
Concentration, X £ s (ng L")
NiF:Pr’'-MCM-41 CoF:Pr*'-MCM-41
Cr Pb Ni As Al Co Cd Hg
Raw wastewater — 6.77 £ 0.18 68 +3 — 0.79 £ 0.01 5.42 +0.26 0.39 £ 0.06 0.62 £ 0.01
Nanofiber-membrane-treated 7.86 + 0.41  10.1 £ 1.1 115+ 6 0.13 £0.01 8.87 £0.15 32.5+1.1 0.85 + 0.01 1.56 £ 0.01
wastewater
Sea mucilage 3.16 £0.18 5.81 £0.02 3.74 £0.17 — 1.24 £0.02 23.1 £0.9 1.19 £ 0.09 —
Tap water — — 0.02 £ 0.001 — — 0.56 £ 0.01 — —

“ Below detection limit.
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removal efficiency observed under low organic-content condi-
tions may be attributed to the concentration-dependent limi-
tations, which are consistent with behaviors reported in the
literature.

3.12. Analytical figures of merit

After the optimization of the experimental parameters, the
analytical properties of the developed magnetic d-uSPE proce-
dure were investigated. The limit of detection (LOD), pre-
concentration factor (PF), precision, and linearity of the devel-
oped method for the Cr, Pb, Ni, As, Al, Co, Cd, and Hg ions were
investigated.

The limit of detection (LOD) test was performed by applying
the optimized magnetic d-uSPE method combined with ICP-MS
to ten 25 mL blank (n = 10) solutions. The LOD is defined as
Crop = 3Sp/b, where Sy, is the standard deviation of the blank
signals, and b is the slope of the calibration curve. The LOD
values for Cr, Pb, Ni, As, Al, Co, Cd, and Hg were calculated to be
0.003 pg L™ for Cr, 0.004 pg L™ " for Pb, 0.002 pg L™ " for Ni, 0.01
ng L' for As, 0.01 pug L™ for Al, 0.001 pg L™" for Co, 0.002 pg
L~ for Cd, and 0.08 ug L " for Hg. The pre-concentration factor
and precision of the method were found to be 250-fold and
=2.8, respectively.

The calibration curves using eight standards for Cr, Pb, Ni,
As, Al, Co, Cd, and Hg showed good linearity. The determina-
tion coefficients of the calibration curves across the range of 0-
50 ug L™ for Cr, Pb, Ni, As, Al, Co, Cd, and Hg were higher than
0.997. The internal standards, **Sc, 2°°Bi, and '°*Rh, were used
to ensure the stability of the instrument and to check for
instrumental drift and nonspectral interferences.

3.13. Accuracy of the method and analysis of samples

The developed magnetic d-uSPE method was verified by the
analysis of certified reference materials (CWW-TMD, waste-
water). Three parallel analyses were performed for each
concentration level. The analysis results of the CRMs are given
in Table 5. The analyte concentrations found by the developed
magnetic d-uSPE method were in good agreement with the
certified values. The relative error was found to be =5%. The
developed magnetic d-uSPE method is accurate and has high
applicability for wastewater.

Also, recovery experiments with wastewater and tap water
samples were performed, which included different sample
matrices that were spiked with two different concentrations of
metal ions. The results are given in Table 6. The recoveries (%)
varied from 94% to 102% and from 98% to 100% for wastewater
and tap water samples, respectively. The CRMs and recovery
results indicate that the magnetic d-uSPE can be successfully
used as an accurate, selective and reliable method for Cr, Pb, Ni,
As, Al, Co, Cd, and Hg determination in samples with a complex
matrix.

The method was extended for the magnetic d-uSPE deter-
mination of Cr, Pb, Ni, As, Al, Co, Cd, and Hg in wastewater, sea
mucilage, and tap water samples. The water samples for anal-
ysis were prepared as described in Section 2.6. The results are
shown in Table 7.
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4. Conclusions

Water analysis is a crucial component of the chemical analysis
of environmental samples. The development of new methods
for water analysis and the improvement of existing ones are
significant tasks for analytical chemists.

In this study, a fast, sensitive, simple, low-cost, and time-
saving magnetic d-uSPE procedure was developed for the ICP-
MS determination of Cr, Pb, Ni, As, Al, Co, Cd, and Hg
elements in industrial wastewater, sea mucilage, and tap water
samples using magnetic Ni/CoF:Pr**-M@PVDF nanofiber
membranes. Additionally, the application of the synthesized
nanofiber membranes to remove biological and organic
pollutants in industrial wastewater samples was investigated.
For this reason, the magnetic Ni/CoF:Pr’'~-M@PVDF nanofiber
membranes were synthesized and used for the first time as an
adsorbent for the magnetic d-pSPE determination of Cr, Pb, Ni,
As, Al, Co, Cd, and Hg elements, as well as organic and bio-
logical pollutants in industrial wastewater. XRD analyses
confirmed the formation of the spinel NiFe,O, and CoFe,0,
structures, together with the preserved amorphous MCM-41
framework, while revealing the presence of Pr and Fe oxide
secondary phases. Although minor secondary phases, such as a-
Fe,0, and Pr-containing oxides, are detected in the XRD
patterns, the spinel ferrite phase remains dominant and is
primarily responsible for the magnetic properties of the mate-
rials. The presence of these secondary phases may lead to
a slight reduction in the overall magnetization; however, due to
their low abundance, they do not significantly hinder the
magnetic separation performance. In practical applications,
rapid and efficient magnetic separation was consistently ach-
ieved, indicating that the materials retain sufficient magnetic
responsiveness. Moreover, the reproducibility of the extraction
results demonstrates that the multiphase composition does not
adversely affect the functional stability of the system. These
structural findings confirm that the synthesized nano-
composites exhibit the requisite crystallographic features to
ensure a strong magnetic response and high adsorption
performance in the d-pSPE process.

A comparison of the analytical performance of the developed
magnetic d-uSPE method with those reported using some
nanosized adsorbents for the analysis of Cr, Pb, Ni, As, Al, Co, Cd,
and Hg is shown in Table 8.~°> When compared with the other
methods using nano-sized adsorbents, the Ni/CoF:Pr**-
M@PVDF nanofiber membranes exhibit fast adsorption and
elution kinetics, higher adsorption capacities, relatively high
reusability for a magnetic adsorbent (60), low detection limits,
and a good pre-concentration factor (250). This approach is time-
efficient due to the magnetically assisted separation procedure.
The recovery values for Cr, Pb, Ni, As, Al, Co, Cd, and Hg in CRMs
indicate that the method has good accuracy, selectivity, and
reliability. The magnetic d-uSPE method can be successfully
applied for the separation and pre-concentration of inorganic,
biological, and organic pollutants from water samples.

For the removal of biological pollutants, E. coli colony counts
were evaluated in influent wastewater samples. The results

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that both nanofiber membrane materials
substantially reduced the E. coli load in the influent wastewater
sample. Overall, these findings indicate that NiF:Pr**~-M@PVDF
and, more notably, CoF:Pr’’-M@PVDF possess significant
potential for E. coli removal from influent wastewater and may
serve as promising candidates for advanced microbial control
strategies in the early stages of wastewater treatment.

Nanofiber-mesoporous composites have been observed to
contribute to COD removal, particularly in wastewater with high
organic loads. The limited removal efficiency achieved in the
treated water samples with low organic-matter content is
consistent with diffusion-controlled mass transfer, as described
in the literature. Similarly, the interaction between the
praseodymium-doped metal oxide structure and the electro-
spun fiber structure is also considered to contribute to the
performance of these composites.
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