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HIGHLIGHTS

« We present the design of a new class
of multifunctional composite
membranes for inductive heating and
degradation of organic pollutants
activated by external alternating
magnetic fields.

« The synthesis route was based in
simple sonochemical and
electrospinning protocols that allow
scaling-up for industrial uses.

« The heating response from the
composite membranes was stable
against extreme pH and temperature
changes, as well as different liquid
media, along successive heating
catalytic cycles.

« The catalytic efficiency from the
obtained multifunctional membranes
retained their (>80%) unchanged after
several applications to degrade an
organic dye (methylene blue).

« The heating and catalytic stability of
these membranes allow remote
activation by magnetic fields, in those
catalytic and degradation
applications in dark/inaccessible
situations where photocatalytic
reactions cannot be applied.
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ABSTRACT

This work reports on the fabrication and characterization of a novel type of electrospun magnetic nano-
fibers (MNFs), and their application as a magnetically-activable catalysts for degradation of organic pol-
lutants. The magnetic stimulation capability for the catalytic action is provided by iron-manganese oxide
(Mn,Fe,_,04) magnetic nanoparticles (MNPs) embedded into electrospun polyacrylonitrile (PAN), which
provides stability and chemical resistance. The MNPs (average size d = 40 + 7 nm) were first obtained by a
green and fast sonochemical route, and subsequently embedded into electrospun PAN nanofibers. The
final MNFs showed an average diameter of 760 + 150 nm, providing a superhydrophobic surface with
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contact angle (6. = 165°), as well as a considerable amount (~ 50 % wt.) of embedded MNPs
(MngsFe, 504), thermally stable up to temperatures of 330 °C. The catalytic Fe?*/>*/Mn?*>*/4* active cen-
ters on the MNPs of MNF’s surface could be remotely activated by alternating magnetic fields (AMF) to
degrade the methyl blue (MB). Remarkable stability of the MNFs during heating under extreme pH con-
ditions (3 < pH < 10) was observed along several catalytic cycles. The degradation kinetics in presence of

hydrogen peroxide showed followed the Langmuir-Hinshelwood model with an average efficiency > 80
%, after several cycles of reusing the same sample without any regeneration process. The capacity of these
materials as a catalytic material with magnetic remote activation makes them appealing for those cat-
alytic applications under conditions of darkness or restrained access, where photocatalytic reaction can-

not be achieved.

© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water pollution from industrial and domestic activities
demands more and more efficient processes and materials for
remediation by pollutant degradation. [1-4]. Nanotechnology have
provided many options for the design of organic and inorganic
materials with multifunctional responses to accomplish this chal-
lenging task. [4-6] Nanomaterials with photocatalytic activity
(i.e., degrading of pollutants through the UV/visible radiation) have
been extensively studied and tested for water treatment. Although
the physical photocatalytic mechanisms have proven effective for
pollutant degradation, the need of light irradiation hinders its uses
in situations when direct light incidence is not available, such as
underground pipes or irrigation systems. [7-9].

The uses of magnetic nanoparticles (MNPs) applied to catalysis
have been by large related to the recoverability/reusability of the
materials through magnetic field capture. [10] However, magneti-
cally activable catalysts has been much less studied so far. The idea
behind these catalysts is that heterogeneous catalysis can be
improved by local stimulation of the active centers by a remote
magnetic field, [11-12] thus opening new possibilities for remote
and contactless stimulation in those situations where light is not
an option. A small number of previous reports on magnetically
switched catalysts, primarily applied to biocatalysis, have been
theoretically discussed and experimentally tested.[13-14].

Optimizing the magnetic nanoparticles (MNPs) properties to
maximize both their heating efficiency through their specific loss
power (SLP, i.e., the power losses per unit mass of magnetic mate-
rial) and their degradation efficiency requires a complex fine-
tuning of physicochemical and magnetic properties. Since the SLP
depends critically on the particle size and the effective magnetic
anisotropy of the resulting MNPs, an efficient way to tune the
SLP is to perform a recursive method given by each specific synthe-
sis route. The subtle differences in crystallinity, lattice defects and
oxygen vacancies (in ferrites) are very difficult to control at this
level of detail. [4-5] For instance, in the case of pure magnetite
Fe;04 MNPs, the magnetic anisotropy dictates that the size of the
MNPs should be centered at about 20-25 nm, with a narrow size
distribution given the homogeneity of the magnetic phase. This
requisite is not related with the specific particle size value, but
with the fact that at this critical size, magnetite particles are at
the transition from multi- to single-domain magnetic structure,
[15] and at this region the magnetic domains form closed-flux
magnetic domain structure, resembling a vortex-like structure that
are demonstrated to be highly efficient for large SLP values.[16-
17].

Our optimization for the SLP of the MNFs was therefore chosen
for the specific synthesis route used in this work, i.e., the sono-
chemistry method in aqueous media. This synthesis protocol pro-
vides a fast, cheap, and green method that can provide some
grams of magnetic material in few minutes of reaction [18-19].

The energy delivered by ultrasound irradiation within aqueous
solutions provide the conditions for fast crystallization and con-
trolled growth of nanostructures [20-21]. Given our previous find-
ings showing that soft magnetic materials produced by
sonochemistry are better suited for heating by Néel relaxation
only,[22] we combined the heating efficiency and catalytic proper-
ties in a single material by choosing Mn,Fe, .0, MNPs, using the
amount x of Mn to tune the magnetic anisotropy for optimal heat-
ing. While the softer magnetic phase and specific size provides the
heating performance,[23] the Mn/Fe provide the active centers for
degradation of organic pollutants. [24].

Composites containing MNPs embedded within a polymeric
base material have been successfully used to take advantage from
the optical, mechanical, catalytic, and magnetic properties of the
active materials adding the stability and durability of the polymer
support [25-27]. Embedding MNPs within stable materials pro-
vides an efficient strategy to avoid the release of magnetic material
into the medium, and to recollect the catalyst for subsequent
cycles of degradation in a one-step process [28-29]. In this context,
the hybrid magnetic materials can be designed to provide a double
purpose: remote inductive heating actuated by magnetic fields
[30-33] combined with an inert and flexible support to shape
devices for different applications through additive manufacturing
techniques [34]. Within this type of manufacturing strategies,
polymer-based nanofiber nanomaterials are a common choice for
multifunctional approaches both basic research and industrial sec-
tors [35], thanks to its unique capability to be processed using sim-
ple procedures for the possibility of add a large variety of
optically-, chemically or magnetically-active materials.

Hybrid MNPs-embedded polymer nanofibers can be used for
the degradation of organic pollutants from water [36], which can
be oxidized and/or degraded by redox catalysis thanks to the pres-
ence of transition metal ions onto their surfaces [37]. Transition
metal ions are efficient mediators for electron transfer in Fenton-
like cyclic reactions [38] in presence of hydrogen peroxide
(H30,), producing hydroxyl radicals (OH) and other reactive oxy-
gen species (ROS) that initiate radical polymerization, oxidation,
or chlorination reactions [39-40]. For these reactions, pH and tem-
perature have strong influence their efficiency as degradation
agents [41].

Electrospinning technique provides a simple and unexpensive
option for the fabrication of magnetic nanofibers (MNFs), with
potentially scalable to the industrial manufacturing levels [42].
The flexibility of the electrospinning technique to produce a variety
of tailored nanofibers relays on the accurate control of the main
physical parameters during fabrication, such as the applied voltage
or the nozzle-collector working distance, the injection rates, and
the viscoelastic properties of the precursor solution [43-44].

In this work, MNFs were designed and obtained for a double
purpose, to act as remotely activated nanoheaters [45-46] and as
reaction center-points for degradation of heterocyclic organic
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tetra-methylthionine chloride dye (methylene blue MB) [47-49],
chosen as a proof-of-concept molecule (Fig. 1). The MNFs combine
the catalytic capacity of sonochemically produced iron-manganese
oxide (MnyFes_,04) MNPs with the stable and hydrophobic poly-
mer (polyacrylonitrile, PAN) to perform hybrid materials with mul-
tifunctional responses.

2. Experimental section

The synthesis route involved simple protocols of materials elab-
oration and processing towards facile, cost-effective, and scalable
manufacturing. Modifying the sonochemical route that we have
previously reported for the elaboration of MNPs, a rapid and easy
option to produce considerable amounts of MNPs optimized for
heating was developed using sulphate salts and reducing the
batch-to-batch modifications [22]. After washing and drying, the
MNPs were combined with organic solvent to dissolve PAN poly-
mer in a solution prepared for electrospinning. The combination
of both electrospinning and sonochemistry to produce hybrid sys-
tems represents a promissory route for multifunctional materials
using minimal infrastructure.

The chemicals and solvents used in this work were: iron (II) sul-
phate heptahydrate (FeSO,4-7H,0) ReagentPlus® > 99%, manganese
(II) sulphate monohydrate ReagentPlus® > 99 % (MnS0,4-H,0),
sodium hydroxide pellets (NaOH) ACS reagent > 97 %, polyacry-
lonitrile  (PAN, (C3H3N),) average Mw 150,000, N,N-
dimethylformamide (DMF, CHON(CH3),) ReagentPlus® >99%,
methylene blue hydrated meets analytical specification of BP 73,
and hydrogen peroxide solution 34.5-36.5 % were purchased from
Merck. Milli-Q deionized water 18.2 MQ-cm~! was employed in all
experiments.

The MNPs were obtained mixing 8:2 ratio of FeSO4 and MnSO4
respectively in 1 L of Milli-Q water for a 5.4 mM solution. After,
90 mL of the prepared Fe*? and Mn*? solution was placed in a
100 mL borosilicate glass bottle (¢ = 56, h = 100 mm) and the Ti-
6A1-4 V 6 mm tip of Ultrasonic Vibra-cell® VCX 130 (20 kHz)
equipment was immersed in the center of the reactor. The solution
was constantly ultrasonicated at specific energy input 0.27 J/mL
during 10 min to reach temperature T ~ 60 °C. Then, adding
10 mL of NaOH solution (2 N) at 20 mL/min, alkaline conditions
for adequate MNPs crystallization were promoted. The reaction is
maintained another 10 min under continuous irradiation and after,
the ultrasonic processor was turned-off. The resultant solution in

Sonochemical
synthesis

Catalytic activity

FeSO, + MnSO,

NaOH
10 min

Inductive heating
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the reactor was poured in a beaker with 100 mL of water for lower
temperature and pH in the suspension. The described procedure
was performed 10 times and the obtained MNP were washed with
Milli-Q water using magnetic decantation until pH = 7 in the dis-
persion. After, we obtain magnetic powder drying MNPs at air
atmosphere at 60 °C for three days.

The MNFs precursor solution was elaborated as follows. First,
1 g of MNPs powder was re-dispersed in 10 mL of DMF using ultra-
sonic bath irradiation for 10 min. The obtained dispersion was
placed on magnetic stirring (250 RPM), and heated at 80 °C to
improve the solubility of the polymer. Then, 1 g of PAN was dis-
solved in the DMF-MNPs dispersion with constant stirring for
2 h. Heating was turned-off and stirring continued for 12 h to
obtain a homogeneous dispersion of MNPs within the PAN matrix
and leading to adequate entanglement of polymeric chains.

Polymeric films composed by MNP@PAN (MNFs samples) were
processed injecting 1 mL of the previously prepared precursor
solution within the employed electrospinning system which is a
laboratory-made version of the classical setup. It consists in a
LEGATO® 101 syringe pump (Kd Scientific), used to control the rate
injection (0.7 mL/h) of polymer through an AISI 316 stainless steel
needle (O¢ = 1 mm, h = 20 mm). For the applied voltage setup, the
positive pole of an adjustable high voltage Power Supply Unit
(Genvolt®, 30 W, 200 V — 30 kV) at 8 kV is connected to the needle,
while the negative pole was connected to a circular metallic collec-
tor (¢ = 100 mm, h = 30 mm) placed at working distance (distance
needle-collector) of 15 cm and covered with aluminum foil. The
collected MNFs were trimmed in 10 mm diameter circles for fur-
ther characterization and evaluation of their inductive heating
response and degradation capacity.

2.1. Materials characterization

The characterization methods and the data collected from the
experiments can be consulted in “Electrospun magnetic nanofibers
for triggered inductive heating and organic pollutants degradation:
a characterization dataset” Data in Brief.

2.2. Degradation kinetics of MB under magnetic stimulus

For the characterization of MB degradation under AMF stimula-
tion in continuous mode, the employed setup is described in (Data
in Brief, Figure 12) the flow past the modular UV-Vis spectropho-
tometer allowed for quantitative determination of the dye concen-

Solutions
elaboration

Electrospinning

MNPs embedded

MNPs + DMF + PAN within PAN fibers

Fig. 1. Schematics of the elaboration strategy for magnetic nanofibers (MNFs) embedded with magnetic nanoparticles (MNPs). Circular membranes composed by stable and
hydrophobic polyacrylonitrile combined with magnetic nanoparticles for heating and catalytic applications were intended as separation membrane for water treatment.

3



J.A. Fuentes-Garcia, B. Sanz, R. Mallada et al.

tration. A flow rate of 0.4 mL/min was set in a closed-circuit config-
uration, using a MB solution that flowed through the sample holder
containing the MNFs sample (Data in Brief, Figure 12c), placed
within the magnetic coil. For these experiments, during the cat-
alytic reaction we selected a target temperature of 35 °C produced
by 3 mg of MNFs samples controlled by feedback system to regu-
late the magnetic field amplitude and stabilize the temperature
setpoint during the inductive heating evaluation of the MNFs.

The concentration of MB in real time was measured by a com-
pact modular UV-vis spectrophotometer (USB2000 + VIS-NIR) with
halogen light source (HL-2000-FHSA) (Ocean Optics™) bandwidth
from 349 to 1019 nm as described in Data in Brief, Figure 12c.
The flowing MB solution passed through a PEEK-flow cell with an
optical path length of 100 mm and internal volume of 60 pL thus
the real time absorbance was monitored. The unavoidable forma-
tion of micro-bubbles within the fluing solutions interfered with
precise absorbance measurements, and thus a bubble tramp was
added before the flow cell to eliminate these effects. The flow cell
was optically connected to the spectrophotometer and light source
by two optical fibers of 12 mm and 1 m, respectively. All elements
were integrated with a software that allowed the control of the
many parameters in real time. After systematic analysis and cali-
bration protocols for the UV-vis absorbance experiments, we
choose to decrease the signal-noise ratio using a Boxcar Width
(~3200 ms) as integration time and 3 scans to average. MB solu-
tions from 0.08 to 0.8 ppm were flowed to obtain a calibration
curve, and the linear fit yielded a final function, y = 2.29 x where
y is the absorbance and x = [MB] is the MB concentration.

In all MB degradation experiments, samples were composed by
four circular MNFs membranes stacked over each other, providing
a total of 3 mg of material, that is the adequate quantity of mate-
rials to controls the heating response in the holder, avoiding evap-
oration and bubble formation. The four samples were supported on
a Nylon filter (0.1 pm pore size, $ = 13 mm) to retain potential
sample debris that could affect the spectrophotometric measure-
ments by crossing the UV-Vis flow cell. Before each experiment a
MB solution ([MB] = 0.64 ppm) was circulated during 1.5 h reach
adsorption saturation. After this time the MNFs were stimulated
turning on the AMF (f = 317.80 kHz; Ho = 28.3 kA-m~!) in the mag-
netic applicator to increase the temperature. The MB concentration
was monitored continuously in a closed-circuit configuration
detecting the 665 nm absorption band and compared with calibra-
tion line for the quantification of degraded MB.

3. Results and discussion
3.1. MNFs properties

A large amount (2-5 g) of MNFs has been produced through a
fast (~3h) combination of sonochemical production of the MNPs
and subsequent electrospinning of the polymer/MNP mixture. In
addition to the low-cost and simplicity, the scalability of both steps
in the production is evident: sonochemistry under continuous flow
of reactants is already a reality in the industrial sector, with pro-
duction rates>10 L/min. Also, the industrial sector of electrospun
fibers has increased the production rate of dry spinning to a yarn
take-up rate of 200-1500 m/min. Improvements such as solvent-
less melt e-spinning adds a greener perspective, which has been
proposed as a method for preparing ultrafine fibers with a yield
of 10-20 g/h, with a subsequent pilot line of differential e-
spinning showing a throughput of 300-600 g/h.[50] These charac-
teristics clearly favor potential translation of our method to the
industrial sector.

Regarding the properties of the produced materials, the Scan-
ning Electron Microscopy (SEM) image analysis showed that the
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resulting fibers were quite homogeneous (Fig. 2 a) with a distribu-
tion of fiber diameters with average value ¢ = 760 + 150 nm, as
obtained from the histogram. It was found that the MNPs were suc-
cessfully embedded in the polymer (Fig. 2 b), Cross section imaging
using SEM-FIB dual beam microscopy (Fig. 2 c) revealed that the
MNPs were located both on the surface and within the PAN nano-
fibers. The size of the MNPs (40 + 7 nm) was consistent with the
38 + 6 nm previously reported using similar strategy for MNPs syn-
thesis [22].

Optical images of a MNFs membrane (Fig. 2 d) were taken with
the sample supported on a Nylon filter (0.1 um pore size, ¢
= 13 mm) used for the degradation experiments. The brownish
color of the MNFs is given by the high concentration of MNPs in
the filaments. Further characterization was made employing the
same samples geometries as presented in Fig. 2 d as commented
bellow.

The Fe and Mn stoichiometry of the MNPs given in atomic per-
centage (Data in Brief, Fig. 1) showed by EDS analysis was consis-
tent with the spinel ferrite MnFe,0, composition. The relationship
80-20 % wt of sulphate precursors (FeSO4 - MnSO4) used during
the synthesis resulted in a stoichiometry of Fe, sMngs04 (Fe = 83
%, Mn = 17 %) of magnetic material within the MNFs. A minor defi-
ciency of Mn contents was systematically found, as compared with
the nominal composition of initial reactants (i.e., ~ 3 % wt. defi-
ciency from the MnFe,0, composition). A standard deviation of
SD = 1.43 % was obtained from measurements in three different
sample areas (Fig. 1 a), indicating that the sonochemical method
produced materials with homogeneous composition that can be
supported on electrospun nanofibers with reduced composition
modification during the elaboration process.

The resulting MNFs showed a superhydrophobic surface, as
measured by the water-contact angle (WCA) of 6¢c = 165 ° (see Data
in Brief, Fig. 2). Previous reports of superhydrophobic properties in
PAN nanofibers [51] with contact angles 6¢c > 170 ° has been related
to the nanostructured aligned nature of the surface and interpreted
in terms of the fractional interfacial areas f; and f; of the nanofibers
and the air in the troughs between them. Two key parameters are
known to govern the (super)hydrophobic properties: surface
energy and roughness, and textured surfaces can diminish surface
energy while raising equilibrium contact angles (0c). In rough/tex-
tured surfaces the superhydrophobicity can be associated to the
existence of a reentrant surface, i.e., in which the surface topogra-
phy cannot be described by a simple single-valued function f(z) = g
(x,y), and a vector projected normal to the x-y plane intersects the
surface more than once. Since explained theoretically many years
ago, [52] both experiments and theories have confirmed that re-
entrant surfaces have excellent performance on stabilizing the Cas-
sie state. [53].

This is consistent with the surface topology observed in our
nanofibers, where the cross section (see Fig. 2.a) of the samples
is composed of cylindrical surfaces randomly stacked. Stacked
cylinders form an obvious topology with reentrant surface proper-
ties, and this reentrant surface texture is likely to be at the origin of
the SHP in our materials. The persistence of the superhydrophobic
properties after embedding the MNPs suggests strong chemical
interaction between MNPs and the polymer structure, confirmed
by the FTIR analysis (Data in Brief, Fig. 3). A strong absorbance in
the visible region (380-780 nm) from the MNFs suggest photo-
excitability with Eg = 1.75 eV (Data in Brief, Fig. 4). The thermal
stability of MNFs was studied through thermogravimetric analysis
and differential scanning calorimetry measurements (Data in Brief,
Figure 5 and 6). The data showed a glass transition (Tg) expected
for the pure PAN fibers at a temperatures Tg = 106 °C (Data in Brief,
Figure 5), which shifted to a value of Tg = 112 °C in MNFs samples.
This increase of ~ 6 °C is attributed to the incorporation of the
MNPs into the PAN matrix and confirmed some degree of interac-
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Fig. 2. Scanning electron microscopy images of fabricated magnetic fibers: a) secondary electrons and fiber diameter histogram (inset), b) close-up showing magnetic
nanoparticles in the surface, c) cross section of single magnetic fiber, d) optical image of MNFs composed membranes supported on a Nylon filter (¢ = 13 mm).
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Fig. 4. Upper panel: time dependence data of MB concentration during degradation
by MNFs triggered by AMF (Hy = 24.8 k/m; f= 317,18 kHz), in the presence of H,0,
(1.28 ppm) at pH 7. The three curves replicate the experiment re-using the same
MNF sample along three different days. Lower panel: registry data for the set point
temperature (35 °C, red line) and the changes in Ho amplitude (green line and right
axis) to control the temperature setpoint. The fast changes in Hy (At ~ 5 s) due to
the PI controls feedback produces the appearance of a ‘thickening’ in the Hy (green)
curve. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

tion between PAN chains and MNPs, probably due to the interfacial
interaction and possible covalent bonding between PAN and the
MNPs surface, reducing the mobility of polymer chains [54].

The exothermic transition T ~ 314 °C in the PAN fibers corre-
sponds to the oligomerization of the nitrile groups within the
PAN structure. This transition was not observed in the correspond-
ing thermogram of MNFs, suggesting that the oligomerization of
PAN occurs partially with Nitrogen loses and the characteristic
transition of nitrile do not occur completely. PAN-sulfur compos-
ites have been reported to shift to lower transition temperatures
in function of the sulfur contents. The changes in the thermograms
can be explained by the interaction of the carbon chains with the
sulfur present in the MNPs, that is pyrolyzed at lower temperature
180 °C. These thermal analysis results agreed with FT-IR character-
ization and together show the structural modification of PAN when
is mixed with MNPs for MNFs processing. Both analyses support
the idea of a more stable polymer after the spinning process with
MNPs, related to the residual sulfate contents from the MNPs
synthesis.

Magnetic properties revealed that the saturation magnetization
of the composite MNFs (Mg = 15 emu/g at 10 K and Ms =9 emu-g~!
at 300 K) was lowered as compared to the value measured for the
MNPs (Ms = 53.5 emu/g) as expected. Taking the Ms (T = 10 K) this
value is consistent with a ~ 28 wt% of MNPs within the fibers. From
the M (H) hysteresis loops (Data in Brief, Figure 7) the coercive
fields Hc (265 Oe, 10 K and 100 Oe, 300 K) were consistent with
the expected values for MnFe,0,4 spinel. The elaborated magnetic
materials showed promising Néel relaxation associated inductive
heating efficiency under AMF, as revealed the data showed in Fig-
ure S8, where the SLP values were evaluated as a function of
applied field (12.4 < Ho < 36.3 KA'm™ !, f = 323.75 kHz) for MNPs
fixed using gelatin, while MNFs were measured using water as a
liquid carrier to temperature sensing from the sample (Data in
Brief, Figure 8). The MNFs have remarkable potential as catalysts
for water treatment thanks to the presence of Fe?* and Fe3* oxida-
tion states at MNPs surfaces, which are active centers in Fenton-
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like reactions and Mn?*, Mn?*, and Mn** for oxidation of organic
compounds in presence of H,0, (Data in Brief, Figure 9).

3.2. Minfs inductive heating efficiency

The SLP data obtained under different frequencies and fields
could be fitted using the allometric expression SLP(H) = ® H*, with
A =3.2 and 2.9 for MNPs and MNFs, respectively (Data in Brief, Fig-
ure 8). These values of 1 differ from the A = 2 expected for the LRT
approximation [55], which is consistent with the relatively large
values of Hp values used in our experiments, that results in a
non-linear increase of the M—H hysteresis loop area and therefore
a A > 2 dependence of the SLP. [56-57].

The obtained SLP values from MNPs samples were larger com-
pared to the MNFs samples under the same AMF conditions. For
the maximum field applied, H = 36.3 kA/m, the SLP values were
139.6 + 6.4 and 83.7 + 5.5 W/g for MNPs in gelatin and MNFs,
respectively, considering the same mass in the samples (3 mg).
However, according to the TGA characterization (Data in Brief, Fig-
ure 5), about 55% of mass in the MNFs is related to MNPs contents
and only the amount of magnetic material in the sample con-
tributes to heating. Assuming a 50% of MNPs contents (discarding
5 % from ashes and residua from non-pyrolyzed polymer) in the
MNFs samples, the observed SLP for MNFs is increased (13.8 W/
g), if it is compared with the 50% of the value of MNPs samples,
suggesting optimized heating efficiency in the MNFs configuration
through agglomeration effects or linear arrangements within the
fibers, that were reported as an option for increasing the SLP values
for magnetic materials [23,58-59].

The heating response of a single MNFs membrane (mass 1 mg)
placed in the magnetic applicator system under AMF (f = 328 kHz;
Hp = 36.6 kA/m) was enough to increase the temperature up to
46 °C within the first 60 s (in air) after the field was turned on
(Fig. 3 a). These responses and the reached temperature allow to
propose the MNFs as local heating agents as for bio applications.
The local magnetic heating is known to accelerate the release of
drugs and other molecules attached to the samples, and also
enhanced crossing through skin barrier has been reported,[60] as
well as reducing microorganism population for improved wound
healing [61-62]. However, the heating beahaviour can be modified
by the environment of the sample and if the media is a liquid
carrier.

Subsequently, heating response evaluation using water as liquid
carrier, were performed. Response from the MNFs was evaluated at
acidic, neutral and alkaline pH conditions. Under these conditions,
the membranes were activated using AMF pulses of 10 min and the
heating response was recorded (Data in Brief, Figure 10). The heat-
ing response from “pH mix” experiment is shown in Fig. 3c. A
reproducible heating response was observed for all cycles per-
formed under different pH conditions (pH 7, pH 3, and pH 10)
using the same MNFs samples without any reconstruction process.
Additionally, we tracked the stability of these response against
time by repeating the heating experiments at different pH along
25 days after the first experiment. The resulting values of temper-
ature showing negligible variations within this time lapse.

However, as shown in Fig. 3 c, the evolution of %mx has a
decreasing tendency compared with the first measurement. This
decrement in the rate after the first cycle can be attributed to mag-
netic materials losses during the experiment. Is possible that the
liquid flux carry with the MNPs attached to the surface, besides
to the dissolving effect of acid conditions on MNFs. However, after
the second cycle the heating response remained stable and the
maximum temperature could be reproduced.

The reproducibility of the thermal behaviour of the MNFs can be
attributed to the combined thermal stability of the polymer matrix



J.A. Fuentes-Garcia, B. Sanz, R. Mallada et al.

Table 1
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Degradation percentage (7), total mass degraded (m,), Langmuir - Hinshelwood constants for magnetically activated degradation of MB at T = 35 °C, and goodness-of-fitting

according to Nash-Sutcliffe model efficiency (NSE) coefficient criterion.

ni%] me [pg] ke K RSME .10 SDexp SDrmodel NSE
Test 1 81.7 24 356.52 0.0028 1.54 0.1105 0.1105 0.9999
Test 2 85 25 356.52 0.0028 147 0.0928 0.0927 0.9999
Test 3 91.7 2.7 355.58 0.0028 0.87 0.0669 0.0669 0.9999

and the absence of degradation of the MNPs as catalysts. This is
consistent with the characterization data (see Section 3.1) that
demonstrated that the MNFs structure is thermally stable up to
320 °C. The analysis of the SEM images after the samples were used
for the experiments (Data in Brief, Figure 11) confirmed the stabil-
ity of the morphology of the MNFs.

3.3. MNFs magnetically activated MB degradation

There is a considerable body of experimental and theoretical
works on the use of metal and metal oxide nanoparticles on cat-
alytic degradation of organic pollutants in water by enhanced oxi-
dation mechanisms [63]. Those based on iron-containing
nanoparticles as active sites for the generation of reactive oxygen
species (ROS) have shown remarkable efficacy in the catalytic oxi-
dation of persistent water organic pollutants [64]. However, only
some works have reported on the use of magnetic activation to
improve or control the catalytic efficacy of magnetic catalysts [65].

Our assessment of MNFs as magnetically activated catalytic
membranes was assessed using MB as a target molecule. Before
experiment, 5 mL of a solution of 0.64 ppm of MB with H;0,
(1.28 pL), was flowed (Q = 0.4 mL/min) for 1.5 h to reach equilib-
rium and possible adsorption of MB on the MNFs. Once the concen-
tration was stable for several minutes in the UV-Vis module
coupled to the magnetic stimulator (Data in Brief, Fig. 1 c), MNFs
were remotely stimulated with the AMF (Hy = 24.8 kA/m;
f = 317,18 kHz) and monitored the concentration of MB during
4 h of magnetic field application as presented in Fig. 4.

Fig. 4 shows the gradual decrease in the concentration of MB in
the solution within the first at the time window of 4 h of measure-
ments. The control of the target temperature was achieved by
using the temperature of the sample as feedback parameter to con-
trol the amplitude Hq of the applied field (Fig. 4, lower panel).

The reusability of the MNFs membranes for MB removal was
evaluated three times, one time a day, drying the membranes over
night at 60 °C, air atmosphere. For each experiment, initially the
MNFs were put in contact at 35 °C with a circulating pure water
and kept it for ~30 min to wet the MNFs. After, the medium was
replaced instantly, changing the circulating path (using a zero-
dead volume switch valve) from water to the MB solution.

The catalytic activity of MNFs was measured monitoring MB
decreasing concentration over the time. The measured degradation
time dependence (Fig. 4) shown good agreement with the Lang-
muir-Hinshelwood (LH) model [66-69], originally developed for
heterogeneous photocatalysis through the expression [70]:

1 1 1
Tk Tk KC M

where r is the rate of the reaction that changes with time, k; is
the limiting rate constant of reaction, K is the equilibrium constant
for adsorption of the substrate onto catalyst and Cis the concentra-
tion at any time. This model includes the reversible binding of sub-
strate molecules with a multiplicity of active sites at the
nanoparticle surface, assuming fast adsorption mechanisms that
provides equilibrium at all times [71-72]. The LH models goodness
of the fit to the experimental data was evaluated using the Nash-
Sutcliffe model efficiency (NSE) coefficient criterion as hypothesis

testing indicator, using root mean square error (RMSE) and stan-

dard deviation (SD) as follows NSE=1 — (%)2. This coefficient

of efficiency of mathematical predictions has a perfect fit at

NSE = 1 [73]. Tablel summarizes the kinetics parameters such as
[MB]o —[MB]

degradation percentage (1), using the relation n = S, X 100,

total mass degraded (m;) and the LH degradation kinetics con-
stants k, and K, and goodness-of-fitting according to NSE.

The obtained value of # > 80% from the first cycle of usage
showed the efficiency of MNFs as degradation agent activated by
AMF with essentially no decrement on the MB removal capacity
after three experiments. Also, the degraded mass was similar after
each cycle, showing the reusability of the MNFs as degradation
agent. Calculated values of k. and K were the same in the three
cases, this behavior can be associated to stable values for adsorp-
tion equilibrium and limiting rates. We can stablish those values
as characteristic from the catalytic activity of MNPs embedded in
nanofibers of PAN, reported for first time in this work, thanks to
the goodness-of-fitting (NSE = 0.9999). As observed in Table 1,
the adjusting output shown reduced SD values and quite similar
between SDexp and SDmodel, €nsuring that the experimental data
are well described by the LH heterogeneous catalysis kinetics.

These results were consistent with a previous work [73] where
adsorptions and discoloration of MB was negligible at all tempera-
tures tested due to the MB surface was protonated, except at pH 10
when adsorption was clearly detected. When compared to the
works reported by Mufioz et al. [28], our experimental conditions
imply a better degradation efficiency since lower concentrations
of H,0, and lower temperatures were required in our work to
obtain similar catalytic activity on MB.

The observed MB degradation kinetics using MNFs and the
degradation response magnetically triggered can be consider as
promising result for the application of magnetic materials as water
remediation agents. The obtained # > 80% after each cycle of degra-
dation can be attributed to the superhydrophobic behaviour of
MNFs ensuring minimal interaction with water soluble molecules,
reducing the adsorption and the needs of regeneration procedures
for the reusability of the MNFs. Our data can be considered as a
proof-of-concept of the possibility of magnetic activation of cat-
alytic membranes for degradation, using materials with the poten-
tial to be scaled-up to domestic or industrial applications aiming
the treatment of waste water.

4. Conclusions

A simple methodology for the synthesis of hybrid nanomateri-
als based in polymeric nanofibers and magnetic nanoparticles
can be applied to obtain a multifunctional catalyst. This strategy
could be easily extended to different polymers and nanoparticles
thanks to the versatility of the synthesis rout described here. The
MNFs based on hydrophobic PAN polymer provides a reusable
degradation catalyst easy to recover after its application, and a sus-
tainable strategy for decontamination at large scales. The compos-
ite showed chemical stability against acidic and basic media, while
its response to alternating magnetic fields provided a way to remo-
tely switch the catalytic activity on and off thus controlling the
redox mechanisms. The degradation kinetics for MB could be
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explained in terms of a Langmuir-Hinshelwood mechanism for
heterogeneous catalysis, in which the degradation rate is limited
by the reaction constant with a slight contribution of the adsorp-
tion of molecules on the active sites, with some features resem-
bling allosteric enzymatic activity. Overall, these results showed
the potential of MNFs and hydrophobic membranes as catalytic
agents for pollutant removal from running water, e.g., under-
ground pipelines with limited access. The employed simple proto-
cols, based in sonochemistry and electrospinning, open the
possibility towards scale-up elaboration of materials for industrial
applications using basic infrastructure, low toxic precursors and
reduced time for the elaboration. Although this work demon-
strated the working principle on these materials, further optimiza-
tion of the degradation efficiency and cost-effectiveness evaluation
will be needed for environmental applications such as biological
wastes or microplastic degradation.
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