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Abstract: In this work, we present the manufacturing process of magnetizable membranes based on
cotton microfibers, honey, carbonyl iron, and three different concentrations of silver microparticles.
Each membrane is used as a dielectric material for the fabrication of electrical devices. By using
the plane capacitor method, the electrical capacitance and dielectric loss tangent are measured in
a medium-frequency alternating field superimposed on a static magnetic field. From the obtained
data, the time constants of the devices, the components of complex dielectric permittivity, and the
electrical conductivity of the membranes as a function of the electric field frequency and magnetic
flux density can be extracted. The results show that the obtained membranes can be useful for the
fabrication of low-cost and environmentally friendly magneto-active membranes that are required
for various technical and biomedical applications.

Keywords: magnetizable membrane; cotton microfibers; honey; carbonyl iron; silver; electrical
properties

1. Introduction

Composite membranes (CMs) are complex structures that consist of two or more
materials confined to a spatial arrangement in which one dimension is much smaller
than the others [1,2]. The constituent materials have very different chemical and physical
properties and one of them, known as the reinforcement, is used as a matrix that fixes the
relative positions of the others. The physical and mechanical properties of the membrane
are generally improved compared to the individual components since the properties of the
matrix are also improved due to the presence of the reinforcement [3,4].

The most common membranes use polymers as the matrix (e.g., epoxy, polyester,
polypropylene) and fibers as the reinforcement (e.g., glass, carbon, aramid). This gives
rise to high-performance membranes, which are light and yet mechanically very strong,
that can be used for various applications in industry, medicine, and people’s daily lives [5].
As such, they are often used to remove hazardous contaminants from wastewater [6], in
battery and fuel cells [7], in the manufacturing of valuable biomaterials from food waste [8],
or for water, gas, and ion separation [9].

However, the ever-increasing needs of modern society require new types of mem-
branes whose properties can be tuned remotely [10]. To this aim, promising candidates
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are magnetizable CMs, i.e., membranes in which the reinforcement is a magnetic mate-
rial [11]. They have been successfully used for electromagnetic wave absorption [12], the
enhanced performance of selectivity and separation indexes [13], and information storage
and anti-counterfeit measures [14].

In recent years, attention has been focused on biocompatible and environmentally
friendly magnetizable CMs in which the matrix is made of natural fibers [15], where the
commonly used materials are silk [16], keratin [17], cellulose [18], and cotton [19]. Silk is a
fibrous protein in which the hydrophobic side chains consist mostly of glycine, alanine, and
serine that form B-sheets responsible for its high tensile strength. Thus, they are suitable
for use as tissue scaffolds [20]. Keratin is a cysteine-rich biopolymer in which two a-helices
form a superhelix structure by winding around each other. They also have good mechanical
properties, and due to their natural abundance, they are found in many applications [21].
Cellulose is a structural polysaccharide in which the fibers are formed by joining glucose
through intramolecular hydrogen bonding. This leads to the formation of rigid fibers which,
when treated with sodium hydroxide, become very stable thermodynamically [20,21].

Cotton fibers are made up of cellulose with 1,4-glucopyranose structural units that
further enhance their performance and make them compatible with other surfaces [22].
They have a fibrilar structure consisting of a primary wall surrounding a secondary one
that, in turn, embodies the lumen [23]. The main properties, processing, and use of cotton
fibers arise mostly due to the surface layer (cuticle) of the primary wall. Thus, magnetizable
CMs based on cotton fibers are useful for applications that require the long-term stability
of the structural properties, such as in the fabrication of various electrical devices [24-28].

In this work, we manufacture new low-cost, biodegradable, and efficient magnetizable
CMs based on raw natural components: cotton microfibers, honey, carbonyl iron (CI), and
silver microparticles. Cotton microfibers are found in most common textiles and they are
often modified for durable antibacterial activity, biosecurity, and a comfortable feel [29].
Here, the cotton microfibers used are from sterile gauze bandages made from pure cotton.
Their role is to absorb the viscous solution made from honey, CI, and silver nanoparticles.
Honey is a natural product that is well known for its therapeutic properties due to its
anti-inflammatory and antiseptic properties and is widely used as food support in the form
of bee products [30]. Cl is a biodegradable industrial product that has been commercialized
in the form of powder and is often used for the manufacturing of new materials, such
as magnetorheological suspensions [31] and elastomers [32], as well as in biomedical
applications [33], e.g., for the prevention/treatment of iron-deficiency anemia [34]. This
silver powder in the form of nano- and microparticles is also biodegradable and is useful for
making electromagnetic radiation-absorbent layers. In the magnetizable CMs obtained here,
the silver microparticles have a role in inducing pre-established conductibility and creating
an environment with anti-inflammatory and antimicrobial properties. Thus, compared
to other magnetizable CMs reported in the literature [11-15,24-28], here, the addition of
silver makes the obtained membrane superior for various biomedical applications such as
dermatological or dental treatments [35].

By using the obtained membranes as dielectric materials inside an electrical device
in the form of a plane capacitor, we investigate their electrical properties using a new
experimental setup that is described here. As such, the electrical capacitance and the
tangent of the dielectric loss angle in a medium-frequency electric field superimposed on
a static magnetic field are measured. The role of the magnetic field is twofold. First, it
induces magnetic interactions inside the composite such that the material properties are
changed almost instantaneously from its application. Second, for well-chosen values of
the magnetic flux density, it plays a preventive role. The obtained information is further
used to study the time constant of the device, components of the dielectric permittivity, and
electrical conductivity of the membranes. The results show that the electrical properties
can be preset in advance by choosing the right number of components and they are
noticeably influenced by both the electric and magnetic fields, thus making them suitable
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for electromagnetic shielding and the electrically and/or magnetically induced release of
the bioactive compounds from honey.

2. Materials and Methods

(@

The materials used for the fabrication of magnetizable CMs were as follows:

Cotton microfibers made from sterile compression from Labormed Pharma S.A. in
the form of gauze bandages (GB) manufactured by Shaoxing Gangfeng Hospital
Products Co Ltd (China)(company, city, state, country), with threads of 100% pure
cotton (Figure 1a). The mass density of the cotton microfibers was pcyr = 0.735 g/cm?
at 22°, with a relative air humidity of 60 %.

Lime honey with good antimicrobial and anti-inflammatory properties, which was
obtained from bee harvests from lands with linden forests. The mass density was
oy = 1.496 g/cm3 at 22°.

CI microparticles from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), prod-
uct code C-3518(city, state, country), with a minimum purity of 99.7 %. The particles
had a spherical shape, with an average diameter of dc; ~ 5 pm. The bulk density was
pc1 = 3.512 g/cm? at 22°.

Silver microparticles from Sigma-Aldrich, Saint Louis, (Missouri, USA), product code
327085 (city, state, country)with a purity of at least 99.9 %. The particles also had a
spherical shape and an average diameter of dg ~ 3 um at 22°. The bulk density was
ps = 1.336 g/cm3 at 22°.

(b)

Figure 1. (a) Sterile compression of cotton microfibers. (b) Sterile compression pack of cotton microfibers.

The main steps for the fabrication of magnetizable CMs were as follows:

The sterile compression shown in Figure 1a shows cut pieces with dimensions of
30 mm x 25 mm x 0.80 mm and seven packages were formed. An image of a
single package is shown in Figure 1b. The mass of each package was mgg = 0.200 g.
Thus, the volume of the microfibers within each package was Vemr = memp/0cme =
0.28 cm?®.

Seven magnetic liquid suspensions were prepared in Berzelius glasses at various
quantities of honey, CI, and silver microparticles, with the volumes and mass fractions
listed in Table 1.

The sterile compressions were soaked with the suspensions and the composite mem-
branes M;, with i = 1,...,7 obtained (see Table 1 and Figure 2). As such, each
membrane, except for M;, contained honey; membranes M3, Mg, and My contained
silver microparticles, and membranes My, M5, Mg, and My contained CI microparticles.
The dimensions of each membrane are listed in Table 2.
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Table 1. Composition of membranes M;, withi =1,...,7. Veyp, Vi, Vs, and Vg are the volumes (in
cm?) of the cotton microfibers, honey, silver microparticles, and CI microparticles, respectively, and
Demp, Py, g, and Py are their respective volume fractions (in vol.%).

Membrane VCmF VH VS VCI q)CmF (I)H (I)s q)CI
M; 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M, 0.28 0.34 0.00 0.00 45.0 55.0 0.00 0.00
M3 0.28 0.34 0.10 0.00 39.0 47.0 14.0 0.00
My 0.28 0.34 0.00 0.10 39.0 47.0 0.00 14.0
Ms 0.28 0.34 0.00 0.20 34.0 41.0 0.00 24.0
Mg 0.28 0.34 0.10 0.10 34.0 42.0 12.0 12.0
My 0.28 0.34 0.10 0.20 30.0 37.0 11.0 12.0

Table 2. Dimensions of the membranes. V, S, and D are the volume, surface, and thickness, respectively.

Membrane V (cm?) S (cm?) d (cm)
M; 0.28 7.50 0.037
M, 0.62 7.50 0.082
Ms 0.72 7.50 0.096
My 0.72 7.50 0.096
Ms 0.82 7.50 0.109
Mg 0.82 7.50 0.109
My 0.92 7.50 0.122

(b)

Figure 2. Images of membranes: (a) My, i.e., only with honey, (b) M3, i.e., with honey and silver
microparticles, and (c) My , i.e., with honey and CI microparticles. The dimensions of all membranes
are the same at 30 mm x 25 mm (see text for details). Membrane M; is shown in Figure 1b. The other
membranes (Ms, Mg, and My) are similar to My.

3. Optical Microscopy

Optical microscopy was performed on the various membranes by using a B-290
series microscope from Optika SRL (Ponteranica, Italy), to illustrate the structure of the
cotton microfibers—Cl/silver microparticle complex. First, the images of the pure cotton
microfibers (M) are presented in Figure 3a and it can be seen that the average thickness
is about 20 pm. Second, the images of the cotton microfibers with honey and silver
microparticles (M3) show that the latter were attached to the cotton microfibers (Figure 3b).
Finally, the images of the cotton microfibers with honey, silver, and CI microparticles (M)
show that the latter were also attached to the cotton microfibers (Figure 3c).
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Figure 3. Optical microscopy images of magnetizable CMs. (a) Cotton microfibers (M;). (b) Cotton
microfibers with honey (light blue) and silver microparticles (gray spots on cotton microfibers) (M3).
(c) Cotton microfibers with honey (light blue), silver microparticles (gray spots on cotton microfibers),
and CI (dark spots) (My). See the main text and Table 2 for details.

4. Microstructural Characterization and Elemental Analysis

In order to highlight the surface morphologies and elemental compositions of the
obtained samples, an electronic scanning microscope Inspect S (SEM) from FEI Europe
B.V., Eindhoven, The Netherlands, equipped with an X-ray energy-dispersive spectrometer
(EDX) was used. All studied samples were analyzed in low vacuum mode using the LFD
detector , with a spot value of 3.5, pressure of 30 Pa, and a high voltage of 30 kV.

The results are presented in Figures 3 and 4 and show that the CI and silver micropar-
ticles adhered to the cotton microfibers. They were linked to the cotton microfibers through
the honey and absorbed by capillarity in the microfibers’ cavities and the spaces between
the microfibers of the cotton thread. Elemental analysis showed the presence of a high
content of Fe (Figure 4c). Together with Fe, the EDX spectra showed the presence of other
elements, such as C, O, and Ag, as expected.

Fe
E
=
z
2
=
i
Cipe AAg Fe
AL Agg®ag

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.0010.0011.00 12.00
Energy (keV)
(©
Figure 4. SEM and EDX data of the membrane with honey, CI, and silver nanoparticles (Mg).
(a) 1—Cotton microfibers, 2—Honey with CI and silver microparticles. (b) Largest spheres—CI
microparticles; smaller spheres—silver microparticles. (c) Elemental analysis.

5. Magnetic Measurements

The magnetization curve of the CI microparticles was obtained using the experimental
setup described in Ref. [36]. The results are presented in Figure 5a and show that the
relative saturation magnetization was oycy =~ 200 A-m?/kg for the values of the magnetic
field intensity H 2 500 kA /m.

In the case of the magnetizable CMs with CI, i.e., membranes My, M5, Mg, and My, the
magnetization curves were obtained by taking into account the fact that between ocy,, with
i = 4,5,6,7 and the saturation magnetization of the magnetizable CMs oy, the relation
osm; = Pcrpooscr; [37] holds, where g is the vacuum magnetic constant; the values of Oy
are given in Table 1. The resulting magnetization curves are presented in Figure 5b. The
data show that o), were noticeably influenced by the composition of the magnetizable
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CMs. Compared with My and Mg, where o\, = oo, =~ 19.78 A-m?/ kg, for M5 and My
there was an increase of about 100% in the saturation magnetization. This was expected

since the volume of the magnetizable phase also increased by the same amount, as seen in
Table 1.

210 50
40
1401 301 2
. e 1 . M,andM, 38.70Am?/kg
%D 70 1 éﬂ %g e MyandM,
& 0 E 0' 19.78Am2/kg
< < 10/
< -70 5 0]
140 =307
40
210 . , , , -50 : : : :
600 400 200 0 200 400 600 -600 -400 -200 0 200 400 600
(a) H, (A-m%/kg) (b) H, (A-m%/kg)

Figure 5. Magnetization curves for the CI microparticles (a) and the magnetizable CMs (b). ¢ is the
relative magnetization and H is the magnetic field intensity.

6. Fabrication of the Electrical Devices and the Experimental Setup
For the manufacturing of the electrical devices, the following materials were used:

e A textolite plate coated with copper foil on one side, with dimensions of 100 mm
x 75 mm x 0.8 mm, from Electronic Light Tech. The thickness of the copper foil
was 35 pm and the plate itself was based on epoxy resin, FR40type, reinforced with
fiberglass.

e  Membranes M;, withi = 1,...,7 (Table 1) with dimensions of 30 mm x 25 mm x
0.8 mm.

The main steps in their manufacturing process were as follows:

1.  Two pieces of dimensions 30 mm x 25 mm X 0.4 mm were cut from the textolite plate,
and on each plate, two electrical conductors were welded, as shown in Figure 6.

2. The membranes were placed between each of the two electroconductive plates. As
such, the electrical devices ED; with i = 4,5, 6,7 were obtained. Figure 7a shows the
electrical device with membrane M3.

Figure 6. The components of the electrical device: 1—copper coated side of plates, 2—magnetizable
CMs, 3—electrical connectors. The image was taken under different illumination conditions than
those used for the image in Figure 4.

The experimental setup used for investigating the electrical properties of membranes
My, M5, Mg, and My in a medium-frequency electric field superimposed on a static magnetic
field is shown in Figure 7b. The setup consisted of an electromagnet with N and S poles.
EDy4, EDs, EDg, and ED; were introduced, in turn, between the N and S poles. Here, the
magnetic flux density B was continuously tuned with the help of a direct continuous source
(DCS), RXN-3020D type, from Haoxin. The tuning was performed by changing the intensity



Magnetochemistry 2023, 9, 19

7 of 15

of the electrical current passing through the coil of the electromagnet. The maximum value
attained by the magnetic flux density was 450 mT. A Hall probe was placed between the
electrical device and the S pole of the electromagnet, as shown in Figure 7b, and was
connected to a DX-102-type gaussmeter from Dexing Magnets.

The fixation of the electrical device and the Hall probe was carried out by mechan-
ical fixing with a non-magnetic mass (position 5 in Figure 6b). The mechanical tension
developed by the non-magnetic body on the surface of the device was about 5 kPa. This
value led to good electrical contact between the membranes and copper electrodes of the
textolite plates. The electrical properties of the device were measured with the help of an
E7—20—type impedancemeter from MNIPI and then they were transferred to a computing
unit (not shown in Figure 7b) for further processing. During the measurements, at the
terminals of the impedancemeter, the impedance was fixed at 10 M(). In order to avoid
the electrical breakdown in the membranes, the voltage at the terminals of the electrical
devices was fixed at 1 V.

@ ” )

Figure 7. (a) Assembled electrical device: 1—copper-coated side of plates, 2—magnetizable CMs,
3—electrical connectors, 4—epoxy resin plate reinforced with fiberglass. The image was taken under
the same illumination conditions as those used for the image in Figure 5. (b) The experimental setup
used to measure the electrical properties of the device: 1—magnetic yoke with N and S poles, 2—coil,
3—non-magnetic spindle, 4—non-magnetic plate, 5—non-magnetic weight, DCS—continuous source
current, Br—impedancemeter, Gs—gaussmeter, h—Hall probe, B—magnetic flux density vector,
F—gravity force, ED—electrical device.

7. Results

The electrical properties of the devices without CI microparticles (i.e., ED;, ED,, and
ED3) were first investigated without the presence of a magnetic flux density. The results
for the capacitance and dielectric loss tangent are presented in Figure 8a,b, respectively,
and show that both quantities were noticeably influenced by the addition of honey and
silver microparticles. For the quantities used (see Table 1), the electrical capacitance when
only honey was added (red curve) was about ten times larger compared to the case of
the microfibers only (black curve). When silver microparticles were added to honey, the
capacitance further increased, on average, by a factor of about 3.5 (blue curve). Similar
qualitative behavior also held for the dielectric loss tangent (Figure 8b).

For the investigated membranes, the equivalent electrical resistance R and the electrical
resistivity o were related by

ho
where L, I, and hg are the common length, width, and height, respectively, of the elec-
trodes. In addition to Equation (1), the following relations for the electrical conductivity o,
capacitance C, and dielectric loss factor ¢ were used [38]:

o= 27rfeoe”, C= eoe/Ll/ho and € =¢€D. 2)
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Then, by using Equation (1), together with the numerical values L = 30 mm, [ =
25 mm, hy = 0.8 mm, and €y = 8.845 pF/m, one obtains

1 10°
2nfCD — 27mf(kHz)C(pF)D’

R = 3)

The results are shown in Figure 8c and indicate a decrease in the resistance of ED3 by
about three orders of magnitude compared to ED;.

3.2
370
M < 10%4 M‘
296 2.4+
= ED. a 103_ = ED,
2221 . ED; A 1.6 = e ED,
A ED, o A ED;
148 = ED, 2 |
e 08{ ° ED 10
74 A ED,
lol_w
0L - - - 7 007 - - - - . . . . :
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
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M‘ 10 P
2 | a
10 —cE 03_
2 » B, | O 1 = ED,
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A ED, X 1024 A ED;
1 ©
10 =t
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10° . . . : 10° 4 . . . :
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(d) f, (kHz) (e) f, (kHz)

Figure 8. Variations in (a) capacitance C, (b) dielectric loss tangent D, (c) resistance R, (d) time
constant 7, and (e) electrical conductivity o, of the electrical devices without CI microparticles
(i.e., EDy, ED», and ED3), with the frequency f of a sinusoidal electric field at B = 0 mT.

Using Equation (3), the time constant T of the electrical device, which represents a
measure of the storage duration of the electromagnetic energy between the electrodes of
the device, is obtained according to

10” - 7(us) = C(pF)R(kQY). (4)

Then, by introducing the variations C = C(f)p and D = D(f)p from Figures 8a,b
in the last equation, one obtains the variation in the time constant of the device with the
frequency f at fixed values of B, as presented in Figure 8d. The results show that T decreases
with the addition of honey and silver microparticles.

Using the data from Table 2 together with the set of equations given by relation 2, the
electrical conductivity becomes

o =2megDe = 2nfD% — 8373 d(cm) f (kHz) DC(pF). (5)

The results are shown in Figure 8e and reveal an increase of three orders of magni-
tude for ED;, whereas for EDj3, the increase was about four orders of magnitude. In the
investigated f-range, in all cases, the conductivity was quasi-constant.

An important factor that affects the properties of these composite membranes is the
evaporation of water from honey. Initially, the membrane was found between the two
textolite plates, which act as a barrier and prevent evaporation. However, when the
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membrane was removed from within the plates for a given period of time, the evaporation
process was pronounced enough at room temperature (22 °C), normal ambient humidity
(55%), and pressure conditions. In order to investigate these effects, the variations in
the capacitance and dielectric loss tangent with the frequency f of the electric field were
investigated at various times t after the membrane was manufactured. The results are
presented in Figure 9 and show that within several hours, both the capacitance and dielectric
loss factor noticeably decreased. In particular, after about six hours, stabilization seemed to
be achieved.

115.0 30
n s t=0h
103.5- 251 .
= t=0h :
T 9204 e t=3nh 201
£ 4 t=6h
O 8051 v t=9h o 1.5
69.0" " 1.0]
5754, .. 0.5]
460 Ty 00% : A i .
10 15 20 25 30 10 15 20 25 30
@ f, (kHz) (b) f, (kH2)

Figure 9. Variations in (a) capacitance C, and (b) dielectric loss tangent D of the electrical device
containing only honey (i.e., ED,), with the frequency f of a sinusoidal electric field at B = 0 mT and
at various times ¢.

The effects of the magnetic field on the electrical properties of the membranes with
CI microparticles were determined by measuring the electrical capacitance C and the
dielectric loss tangent D of electrical devices EDy, EDs, EDg, and ED;. The measurements
were performed using the impedancemeter, with a fixed input impedance of 10 k() and
alternating voltage of 1 V. The frequency f was adjusted from the control panel of
the impedancemeter in steps of 1 kHz. The magnetic field measured with the DX-102
gaussmeter was adjusted from 0 mT to 400 mT in steps of 200 mT. The variation in the
capacitance with the frequency of the electric field, i.e., C = C(f)g, is shown in Figure 10,
for three values of the magnetic flux density B. Similarly, the variation in the dielectric loss
tangent, i.e., D = D(f)g, is shown in Figure 11.

In a magnetic field, CI microparticles become magnetic dipoles almost instantaneously,
among which magnetic interactions arise [39]. As a consequence, the dipoles arrange
themselves in the form of parallel chains along the height of the membrane. Thus, electrical
microcapacitors are made between two magnetic dipoles. They are connected along
the dipole chain, having their ends anchored on the copper electrodes. Through these
electrodes, the microcapacitors, grouped in series, are electrically connected in parallel. The
net effect is an equivalent capacitor whose electrical capacity changes with the increase in
the B values of the magnetic flux density, as given in Figure 10.

The addition of silver microparticles to the solution of honey and CI microparticles led
to a more conductive solution. For a fixed amount of honey, the conductivity of the mixture
increased with the increase in the silver quantity. This was equivalent to the reduction in
the distance between the magnetic dipoles and thus, for a fixed value of the magnetic flux
density B, the capacitance of the electrical device increased, as shown in Figure 10.
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Figure 10. Variations in capacitance C with the frequency f of a sinusoidal electric field at discrete
values of the magnetic flux density B. (a) B = 0 mT. (b) B = 200 mT. (c) B = 400 mT.
= ED, = ED,
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Figure 11. Variations in dielectric loss tangent D with the frequency f of a sinusoidal electric field at
discrete values of the magnetic flux density B. (a) B = 0 mT. (b) B = 200 mT. (c) B = 400 mT.
Using the data from Figures 10 and 11 in Equation (3), one obtains the variations in
the resistance with frequency f, as shown in Figure 12. The data show that the resistance
decreased with the addition of the microparticles. In particular, the highest decrease was
at B = 0 mT, where the resistance of ED; was about one order of magnitude smaller than
that of ED4. When B # 0, the differences between the resistances of ED4 and ED; were less
pronounced. Similar qualitative behavior also held for the time constant (Figure 13). Note
that such behavior for the resistance and capacitance can be described qualitatively using
models based on dipolar approximation [24].
6075 60 60
e, = ED, " ED,
50 - 504 ® ED; 50 e EDg
A EDg A EDg
g 401 = ED, g 40] v ED, | © 40] v ED,
= ® EDg = feuna, =<
o 304 A ED, o 304 "maay O 30
v ED,
204 AL TTYY 20 1 20-{un
10 N 10-e 10
AAAAAAAAAAAALAAAALA AAAAAAA AAAAAAA AAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAAASAAAAAAAAA r 2000
o ITTTTITITIT R RN O LTTTITTHHHHH O R Laszias I TTIIITITITISLOIILTILOVIIIHITIH :
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
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Figure 12. Variations in resistance R with the frequency f of a sinusoidal electric field at discrete
values of the magnetic flux density B. (a) B = 0 mT. (b) B = 200 mT. (c) B = 400 mT.
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Figure 13. Variations in time constant T with the frequency f of a sinusoidal electric field at discrete
values of the magnetic flux density B. (a) B = 0 mT. (b) B = 200 mT. (c) B = 400 mT.
Finally, the variations in the electrical conductivity with frequency f at fixed values of
the magnetic flux density were obtained from the variations in the capacitance (Figure 10)
and the dielectric loss factor (Figure 11), used together with Equation (2). The results are
presented in Figure 14 and for each electrical device, they indicate a quasi-linear dependence
on the frequency f for all values of B. However, the addition of CI and silver microparticles
led to a faster increase in the conductivity, starting from higher initial values. In particular,
the fastest increase was for ED; at B = 400 mT, with an initial starting point of about
0.9 O 'm~!at f = 10 kHz. Moreover, at a fixed value of f, the electrical conductivity
increased with both B and the quantity of silver microparticles. Thus, through electrical
conductivity, one can control the drug-release process of biocomponents from honey with
the help of f, B, and the quantity of silver microparticles.
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Figure 14. Variations in electrical conductivity o with the frequency f of a sinusoidal electric field at
discrete values of the magnetic flux density B. (a) B = 0 mT. (b) B = 200 mT. (c¢) B = 400 mT.

8. Discussion

The increase in the capacitance (Figure 10) and the decrease in the resistance (Figure 12)
with the magnetic flux density arise because CI microparticles become magnetic dipoles
when the magnetic field is applied. They are oriented along the magnetic field lines and
form aggregates in the form of parallel and equidistant chain-like structures, as reported in
Refs. [27,40]. As such, each pair of magnetic dipoles forms an electric microcapacitor and
at the same time, an electric microresistor. Within each chain, they are connected in series,
whereas through the copper foils on the textolite plates, they are connected in parallel.
When the magnetic field is applied, interactions are established between the magnetic
dipoles, and as a result, the distance between them decreases with an increasing magnetic
flux density [27,40]. Thus, the net effect of the magnetic field is the increase in the electrical
capacitance and decrease in the electrical resistance of the microelements of the electrical
circuit within the body of the electrical devices. Further, by decreasing the distance between
metallic microparticles, the honey film reduces its thickness. Then, the contact electrical
resistance between the microparticles in the chains decreases, which is equivalent to a
decrease in the height of the electrical potential well [41]. In this way, electrons from lower
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energy levels pass over the potential well, leading to the observed increase/decrease in the
electrical capacitance/resistance.

Combining these electrical properties with the biomechanical ones in a single mem-
brane gives them a competitive advantage over similar materials. In particular, the use
of natural components is not harmful to biological life and does not produce pollution,
whereas the structure and composition of cotton microfibers impart a high degree of
flexibility to the whole membrane.

Refs. [42,43], for example, reported the fabrication of electrical devices based on cotton
microfibers soaked in magnetorheological suspensions consisting of liquid solutions with
CI microparticles and various additives such as silicone oil. The reported results showed
that the electrical capacitance and resistance were noticeably modified by the magnetic
flux density and the volume fraction of the CI. However, the essential difference is that the
components used in the above-mentioned works were environmentally unfriendly.

To alleviate this issue, Refs. [44,45] reported the fabrication of membranes based on
non-polluting components, which are useful for various technical and medical applications.
Similar to the results reported here, the electrical and viscoelastic properties were shown
to be noticeably influenced by the magnetic flux density and volume fractions of the used
components. In Ref. [44], membranes based on honey, CI microparticles, and turmeric
powder as additives were produced. The reported electrical properties depended on the
volume concentration of the turmeric powder and the existence of the maxima of the
dielectric losses was revealed. This provided the possibility of heating the membrane
in a medium-frequency electric field superimposed on a static magnetic field so that the
natural components could be selectively released depending on the application. Ref. [45]
reported the results of membranes based on medical gauze bandages soaked in honey and
CI microparticles. It was shown that by the application of a magnetic field, the transmission
of white light could be tuned and by superimposing a medium-frequency electric field
over a static magnetic field, the membranes could be heated so that the natural components
from honey could also be selectively released. Compared to the membranes reported in
Refs. [44,45], the membranes manufactured in this work have electrical properties that can
be sensitively tuned. Moreover, the antiseptic properties of silver microparticles are useful
for the fabrication of various medical devices.

9. Conclusions

In this work, a new type of low-cost, biodegradable, and environmentally friendly
membrane based on cotton microfibers, honey, CI microparticles, and various quantities of
silver microparticles are manufactured. The membranes are used as dielectric materials
for the fabrication of electrical devices in the form of plane electrical capacitors, and the
effects of an external magnetic field on the electrical capacitance C, dielectric loss tangent
D, resistance R, time constant 7, and electrical conductivity ¢ are investigated.

The magnetic flux density is varied in steps of 200 mT from 0 to 400 mT. The mea-
surements are performed in a medium-frequency alternating electric field with frequencies
varying in steps of 1 kHz from 10 kHz to 30 kHz using a new in-house experimental setup,
designed and built for these types of measurements.

It is shown that all the measured quantities are noticeably influenced by the frequency
of the electric field, the magnetic flux density, and the volume concentration of the silver
and CI microparticles. By increasing the frequency of the electric field, the values of all
electrical properties are decreased. The most pronounced decrease is in the small values of
the frequencies, in general, smaller than 10-12 kHz. However, an increase in the magnetic
flux density and mass concentration of silver microparticles increases the values of the
electrical properties, except for the time constant, which decreases with an increase in the
magnetic flux density.

These results show that the electrical properties of the obtained membranes can be
tuned remotely. In particular, the dielectric loss factor and electrical conductivity show that
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the membranes can be heated up for an electrically and/or magnetically controlled release
of bioactive compounds from honey.

Taking into account their chemical compositions and the very small values of the
magnetic field density, which the membrane can sense, they are very good candidates for
the fabrication of devices that are useful for biomedical applications or electromagnetic
shielding. In particular, the method of preparing magnetizable membranes can be useful for
the realization of technologies that can follow the crystallization kinetics of bee honey and
the detection of impurities. The decrease in the electrical resistance suggests the possibility
of manufacturing medical devices in which bee honey, CI, and silver particles are used in
dermatological treatments. Thus, by choosing the composition of the membranes and/or
the value of the magnetic flux density, the value of the intensity of the electric current
through the electrical device can be fixed. In this way; it is possible to obtain a thermal field
to facilitate the penetration of useful substances from the membranes into the treatment
area as required.
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