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ABSTRACT

The search for new methods of synthesising magnetic nanoparticles is crucial because the properties of these mate-
rials are extremely sensitive to the way they are obtained. Innovative synthesis techniques allow these parameters
to be precisely controlled, which translates into the ability to design nanoparticles with precisely tailored functions.
This is important for both technological and biomedical applications. New methods can also increase production
efficiency and repeatability, reduce the toxicity of reagents, and enable the production of nanomaterials with previ-
ously unavailable properties. This study attempted to synthesise chitosan-functionalised magnetite nanoparticles
in an innovative way using ultrasound. The aim of the study was to compare the structural, magnetic and calori-
metric properties of nanoparticles synthesised by co-precipitation and by a new modified method using ultrasound.
In addition, the effect of the amount of chitosan on the physical properties of the nanoparticles was examined. The
structure and morphology of the obtained nanoparticles were characterised by X-ray diffraction and transmission
electron microscopy, determining their average sizes and size distributions. The effect of the amount of surfactant
and the method of nanocrystal synthesis on the magnetic properties was analysed using Mdssbauer spectroscopy,
while calorimetric measurements demonstrated the suitability of magnetite nanoparticles with a chitosan-modified
surface for potential hyperthermia applications. Mdssbauer studies have shown that an increased amount of chito-
san weakens the interactions between nanoparticles, facilitating their transition to a superparamagnetic state. The
samples synthesised using the new method exhibit superparamagnetic properties at lower temperatures than the
samples modified by co-precipitation. Calorimetric measurements indicate better heating properties in the samples
obtained using ultrasound.
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INTRODUCTION

Magnetic nanoparticles are currently one of
the most promising areas of research at the inter-
section of chemistry, physics, materials engineer-
ing, and biomedical sciences. Their unique prop-
erties resulting from a combination of quantum
effects, large specific surface area, and the abil-
ity to control particle behaviour using a magnet-
ic field — open the door to the applications that,
just a few years ago, remained only in the realm
of theoretical considerations. Contemporary
nanotechnology uses magnetic nanoparticles in,
among other things, magnetic resonance imaging,

targeted therapy, magnetic hyperthermia, drug
delivery systems, catalysis, environmental puri-
fication, and the construction of smart materials
[1-8]. The growing interest in these structures
stems not only from their versatility, but also
from the possibility of precisely modifying their
physicochemical properties, which allows them
to be adapted to specific application tasks [9].
One of the key aspects of work on magnetic
nanoparticles is the control of their stability, bio-
compatibility, and functionality [10, 11]. Raw,
unmodified nanoparticles often tend to agglom-
erate, may undergo oxidation, or exhibit limited
biocompatibility, which reduces their usefulness
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in aquatic or biological environments. Therefore,
it is important to develop the methods for modi-
fying their surface, especially with organic sub-
stances that act as stabilisers, protective agents, or
functional coatings that enable further chemical
or biological activation. Such surface modifica-
tions may include both small organic ligands and
natural or synthetic polymers that give nanoparti-
cles the desired properties, from increased colloi-
dal stability to the ability to attach biomolecules,
drugs, or fluorescent markers [12—13].

Chitosan, a natural polysaccharide obtained
through the deacetylation of chitin, is of par-
ticular importance in this context. Owing to its
biocompatibility, non-toxicity, biodegradability,
and the presence of amino functional groups, chi-
tosan is an ideal candidate for coating magnetic
nanoparticles. The chitosan layer not only sta-
bilises the nanoparticles in solution and protects
them from adverse changes, but also allows for
the easy introduction of additional functions, such
as the attachment of targeting ligands, drugs, or
antibodies. As a result, chitosan-coated nanopar-
ticles are widely used in medicine, including in
drug delivery systems, where their surface can be
designed to respond to specific stimuli or target
specific cells [14—16]. In addition, chitosan, due
to its antibacterial properties and gelling ability,
has the potential to create smart hybrid materials
that combine magnetic functions with biological
activity. Therefore, the search for new techniques
for the synthesis of surface-modified magnetic
nanoparticles is crucial for many reasons, which
result both from the limitations of the methods
used so far and from the growing application
requirements for nanostructured materials. The
aim of this work was to compare the physical
properties of magnetic nanoparticles synthesised
using different techniques.

EXPERIMENT

Synthesis of magnetite nanoparticles

Synthesis of chitosan-modified nanoparticles by
co-precipitation

Magnetite nanoparticles were prepared by
weighing appropriate amounts of FeSO, and
Fe,(SO,), in a molar ratio of 1:2 and dissolving
them in distilled water. Next, the mixture of aque-
ous solutions of Fe(l1) and Fe(l1) ions was added
dropwise to a previously prepared ammonium
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base solution (pH=11). The synthesis was carried
out at room temperature, and the solution was
stirred vigorously (500 rpm). In order to remove
oxygen, the aqueous solutions were flushed with
a stream of nitrogen. The resulting precipitate was
rinsed four times with distilled water. A previous-
ly prepared chitosan solution (0.1 g of chitosan
dissolved in 15 ml of a 2% acetic acid) was added
in small portions to the rinsed precipitate and
stirred vigorously (500 rpm). Two further synthe-
ses were carried out in the same way using chito-
san weights of 0.05 g and 0.15 g. The samples are
denoted CS 05, CS 10, and CS 15, respectively.

Preparation of chitosan-modified nanopatrticles
using ultrasound

In the first stage of synthesis, 0.1 g of chitosan
was dissolved in 15 ml of a 2% CH,COOH solu-
tion under the action of a magnetic stirrer (500
rpm) for approximately 20 minutes. Next, appro-
priate amounts of iron salts FeSO, and Fe (SO,),
(mole ratio 1:2) were dissolved in distilled water.
The oxygen removal procedure was the same as
in the previous case. The next stage of synthe-
sis took place in an ultrasonic bath (POLSONIC
310 W). The mixed solutions of iron II and III
ions were added in small portions to the chitosan
solution under ultrasonic agitation. Next, small
portions of ammonium hydroxide solution (20
ml, pH=11) were added to the mixture. The pre-
cipitate obtained as a result of the synthesis was
subjected to sedimentation using a neodymium
magnet, the supernatant was removed, and the
residue was rinsed with distilled water. The pre-
cipitate was left to dry. Two more samples were
prepared in the same way, using chitosan weights
of 0.05 g and 0.15 g, respectively. The samples
were designated US CS 05, US CS 10, and US CS
15, respectively.

Characterisation

The average particle diameter was deter-
mined with use of the Williamson-Hall method
from X-ray diffraction (XRD) measurement. The
XRD pattern was obtained with a Philips X’Pert
using a diffractometer with CuKa radiation at
room temperature. Nanoparticle imaging was per-
formed using a FEI Transmission Electron Micro-
scope, model Tecnai G2 X-TWIN. All measure-
ments were performed using a lanthanum cathode
at a voltage of 200 kV. Samples were prepared
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on copper grids coated with an amorphous car-
bon coating. The samples with a modified and
unmodified surface were investigated with Fou-
rier Transform Infrared Spectroscopy using the
attenuated total reflection technique (FTIR-ATR).
The spectra were recorded by means of a Nicolet
6700 (Thermo Scientific) spectrometer equipped
with Smart Orbit ATR accessory (Thermo Sci-
entific) in the range of 400-4000 cm™ with the
resolution of 4 cm™, scan velocity 0.6329, and
maximum source aperture. Interferograms of 256
scans were averaged for each spectrum. The spec-
tra were corrected by application of a suitable
baseline and Advanced ATR correction function
implemented within Omnic software.

Moreover, the sample was examined with
Mdssbauer Spectroscopy in a wider temperature
range. All Mdéssbauer spectra were recorded in
the transmission mode using a constant accelera-
tion POLON spectrometer. The low-temperature
data were obtained with the sample mounted in a
4 K Closed Cycle Refrigerator System from Janis
and SHI (Woburn, MA). A 5Co source in a Rh
matrix and o-Fe standard were used.

RESULTS AND DISCUSSION

Chitosan-modified magnetite nanoparticle
samples were tested for structural and morpholog-
ical properties. The results of XRD measurements
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for chitosan-modified nanoparticles without the
use of ultrasound are shown in Figure 1a, and the
spectra obtained for the samples synthesised using
an ultrasonic bath are shown in Figure 1b. A theo-
retical diffractogram profile (black solid line) was
fitted to the experimental data and Miller indices
hkl were marked. Analysis of the diffractograms
confirms the presence of magnetite in all prepared
samples. This is confirmed by the analogous dis-
tribution of diffraction peaks on the diffractograms
of the samples, described by Miller indices, which
are identical to that characterising magnetite. The
intensities and half-widths of the reflections with-
in the series under consideration are also similar,
indicating similar crystallite sizes.

On the basis of the measured diffractograms, the
average sizes of nanoparticles in each sample were
determined, along with the lattice constants and
strain (Table 1). The lattice parameters are almost
identical for all samples and range from 8.357 A to
8.361 A. These values are also close to the lattice
constant of magnetite, which is 8.397 A [17].

In the case of medium-sized crystallites,
higher values are observed for the nanoparti-
cles prepared and modified under the influence
of ultrasound, amounting to approximately 14
nm. Slightly smaller sizes (approx. 11 nm) were
achieved by the crystallites synthesised by co-
precipitation and modified with chitosan after the
crystal growth stage. There are noticeable differ-
ences in the values of lattice strains, which are
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Figure 1. Diffractograms of samples modified with chitosan (a) synthesised by co-precipitation,
(b) prepared using ultrasound
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Table 1. Parameters of crystal structure of chitosan-modified magnetite nanoparticle (a — lattice constant, d —

average nanoparticle size, n — lattice strain)

Sample a(A) d (nm) n

CS 05 8.358 + 0.001 11.0+0.2 0.253 + 0.005

CS 10 8.361 + 0.001 10.5+0.2 0.247 + 0.004

CS 15 8.360 + 0.001 10.9+0.2 0.269 + 0.005
CS US 05 8.357 +£ 0.001 13.7+0.2 0.064 + 0.005
CSUS 10 8.358 + 0.001 14.2+0.2 0.079 + 0.006
CSUs 15 8.358 + 0.001 13.7+0.2 0.086 + 0.005

lower for the samples prepared with ultrasound
and range from 0.064 to 0.086. The samples
obtained by coprecipitation are characterised by
approximately three times higher lattice strains.

The structures imaged using a transmission
electron microscope are presented in Figures 2
and 3. Qualitative analysis shows no significant
changes in the entire series in terms of nanopar-
ticle structure or dispersion, regardless of the use
of ultrasound during synthesis. The shape of the
obtained nanoparticles is mostly spherical. The
crystals tend to aggregate and overlap.

On the basis of TEM images, an analysis of
the size distribution of nanoparticles and their
standard deviations was also performed. The size
distributions are illustrated by the histograms in
Figure 4. The distribution parameters were calcu-
lated assuming a log-normal distribution accord-
ing to the formula:

P(d) = —— (— d—z) 1
- xad\/ﬁexp 202 ( )

where: d = In xi o4 Is the standard deviation d
and x, is the average size of ananoparticle.

On the basis of these results, it can be con-
cluded that in the case of the samples prepared in
a standard manner (i.e., without the use of ultra-
sound), the spread of crystallite sizes is greater
than in the case of synthesis using ultrasound,
and the nanoparticles reach sizes in the range of
5 nm to 17 nm, with extreme values accounting
for a small proportion. The exception is the sam-
ple modified with 0.1 g of chitosan (CS 10) - the
average size of nanoparticles ranges from 5 nm
to 14 nm, and the probability of extreme values
occurring is higher than in other preparations.
The use of ultrasound during synthesis results in a
reduction in the size distribution of nanoparticles
for samples US CS 05 and US CS 15. For sam-
ple US CS 10, the distribution of average sizes is
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greater (nanoparticles reach sizes ranging from 5
nm to 18 nm). Table 2 summarises the param-
eters determined from TEM images. The average
sizes of nanoparticles within the entire series are
similar and range from approximately 9 nm to 11
nm. It can therefore be concluded that ultrasonic
synthesis does not have a significant effect on the
size of crystallites, but rather on the spread of
their sizes.

When comparing the average crystal sizes to
those determined by X-ray diffraction, it can be
seen that they are slightly smaller (this applies to
both samples without and with ultrasound). This
is due to the characteristics of both methods.

In order to obtain the information on how chi-
tosan molecules bind to the surface of magnetite
nanoparticles, the samples studied were examined
using infrared spectroscopy. The spectra were
measured at room temperature. Figure 5a) pres-
ents the measurement results for: pure chitosan,
magnetite nanoparticles, and the chitosan-coated
samples obtained by the classic co-precipitation
method. All spectra of chitosan-coated nanopar-
ticles are characterised by a broad and intense
band extending between 3600 cm™ and 3100
cm', corresponding to N-H and O-H stretching
vibrations. The bands characteristic of the chito-
san molecule are also noticeable: at 2920 cm™ and
2860 cm™ —CH stretching vibrations (least intense
for the sample with 0.05 g of chitosan); at 1647
cm? stretching vibrations of C=0 of primary
amide, at 1374 cm™ stretching vibrations of C-N
of tertiary amide and a band at 1589 cm™ — bend-
ing vibrations of N-H (primary amine). Addition-
ally, around 600 cm™, the band typical for Fe-O
vibrations in iron oxides begins to appear. These
results indicate a permanent binding of chitosan
on the surface of magnetite nanoparticles.

Inthe case of synthesis and surface modification
in the presence of ultrasound (Figure 5b), the pres-
ence of the above-mentioned absorption bands is
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Figure 2. TEM images of chitosan-coated Figure 3. TEM images of chitosan-coated
nanoparticles (a) CS 05, (b) CS 10 and (c) CS 15 nanoparticles (a) US CS 05, (b) US CS 10 and
obtained by co-precipitation ¢) US CS 15 synthesised with the use of ultrasound
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Figure 4. Histograms of size distribution for chitosan-modified samples

Table 2. Sample parameters determined based on TEM data
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sample d [nm] Ad [nm] o [nm] Ao [nm]
CS 05 10.27 0.07 0.134 0.008
CS 10 9.13 0.22 0.172 0.041
Cs 15 9.36 0.07 0.146 0.009
US CS 05 9.59 0.14 0.098 0.019
US CS 10 11.01 0.10 0.147 0.012
US CS 15 8.98 0.15 0.163 0.027
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Figure 5. IR spectra of chitosan-modified magnetite nanoparticles: (a) synthesised by co-precipitation,
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(b) in the presence of ultrasound
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also noted. A visible difference is observed in their
intensity. The CH vibration bands (2920 cm™ and
2860 cm™) and the bands around 1056 cm™ (C-O
stretching vibrations) are more intense, while the
C=O0 stretching vibration absorption bands (1647
cm™) are less intense [18—19]. This regularity is
observed for any amount of chitosan used for syn-
thesis. It can therefore be concluded that synthesis
with the use of ultrasound increases the intensity
of the above-mentioned absorption bands. The
magnetite nanoparticles modified with chitosan
were characterised in terms of phase composi-
tion, crystallite size, crystallite size distribution
width, and tested for the binding of organic mol-
ecules on the surface of magnetite nanoparticles.
The characterised systems were then measured
using Mdossbauer spectroscopy. The aim of this
study was to determine the effect of the amount of
surfactant, in this case chitosan, on the hyperfine
interactions in nanoparticles, in particular on the
internal magnetic fields and the ability to transition
to a superparamagnetic state. The measurements
were performed in the temperature range from
4K to room temperature, and the samples were in
powder form. The obtained spectra are presented
in Figures 6 and 7. The spectra of the samples
synthesised by co-precipitation and then coated
were developed using a five-component model
below the Verwey transition. The spectra obtained
at 150 K and above were fitted with four sextets.
Two of them were assigned to the position of Fe**
ions in a tetrahedral environment and the position
of iron ions with an average valence of Fe?** in
an octahedral environment in the magnetite unit
cell. The intensity ratio of these two Fe**/Fe*>*
components was close to 1:2. The next two sex-
tets were attributed to iron ions in the maghemite
lattice. The spectra obtained at 200 K and room
temperature contain magnetic components with a
quasi-continuous distribution. These components
are associated with the superferromagnetic phase.
This state precedes superparamagnetic fluctua-
tions of magnetic moments in nanoparticles [20].
However, the superparamagnetic phase itself in
the nanoparticles synthesised by co-precipitation
and then coated is observed in samples CS 05 and
CS 10 at 290 K and 200 K, respectively. Hence, it
can be concluded that a larger amount of chitosan
better separates the nanoparticles, weakening the
intermolecular dipole interaction, which makes it
difficult to overcome the energy barrier and transi-
tion to the superparamagnetic state. The spectra of
the samples produced and coated using ultrasound

appear to be more complex. They were developed
using a larger number of magnetic components
than the spectra of nanoparticles obtained by the
classical co-precipitation method. The compo-
nents were not clearly assigned to the correspond-
ing iron ions in the crystallographic lattice. How-
ever, the average value of the superfine magnetic
field was determined for all tested samples. The
dependence of B, on temperature is shown in
Figure 8. At low temperatures, the field values are
similar in each tested sample. At room tempera-
ture, the lowest B, . value was recorded for the US
CS 10 sample.

Figure 9 shows the dependence of the super-
paramagnetic phase fraction on temperature for the
chitosan-coated nanoparticles. The studies indicate
that the largest increase in the superparamagnetic
phase is observed in the samples synthesised with
the use of ultrasound. This result may be some-
what surprising, as nanoparticles obtained with the
use of ultrasound are larger (approx. 14 nm) than
nanoparticles obtained by the classic co-precipi-
tation method (approx. 10.5 nm), and one would
expect a higher proportion of the superparamag-
netic phase in smaller nanoparticles. Therefore, the
values of the hyperfine interaction parameters in
surface-modified nanoparticles are influenced not
only by the size of the nanoparticles or the type
of coating enveloping the magnetic core, but also
by the method of coating the nanoparticle surface
with a surfactant and the way in which the organic
coating bonds to the nanoparticle surface.

Finally, the influence of an alternating elec-
tromagnetic field on the heat generation rate
expressed in terms of the specific absorption rate
(SAR) and specific loss power (SLP) was investi-
gated experimentally. This property of nanoparti-
cles is crucial in the application of magnetic fluid
hyperthermia for medical purposes. SAR is com-
monly defined as:

P
mmynp (2)

SAR =

where: P denotes the power generated per unit
mass of nanoparticles m .. The power
generated by MNPs depends on the
physical and magnetic properties of these
nanoparticles. However, the dissipated
power depends linearly on the frequency f,
and squarely on the magnetic field strength
H. To eliminate dependence on external
conditions, the concept of internal loss
power has become a standard approach.
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Figure 6. Mossbauer spectra of chitosan-coated magnetite nanoparticles taken at different temperatures. Sample
CS 05 obtained by (a) coprecipitation, (b) coating in the presence of ultrasounds

SAR

ILP =25 3)

The measurements were carried out in an
alternating magnetic field (AMF) with an inten-
sity of H=10 kA/m and a frequency of f = 532.4
kHz. The corrected slope method was used to
ensure that appropriate regions of the data are
used for calculations SAR [21]. Figure 10 shows
the results of calorimetric measurements of mag-
netic nanoparticles in AMF. By comparing the
obtained relationships, it can be clearly stated
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that the chitosan-modified nanoparticles in the
presence of ultrasound significantly improve the
heating properties of the synthesised samples for
each chitosan concentration. Ferrofluids reach a
temperature of 62 °C in 300 seconds (or less, in
the case of the US CS 10 sample). Furthermore,
the use of ultrasound in the synthesis also results
in a uniform and linear increase in the tempera-
ture of the samples under the influence of an
alternating magnetic field, and the cooling phase
(after switching off the magnetic field) occurs
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Figure 7. Mossbauer spectra of chitosan-coated magnetite nanoparticles taken at different temperatures. Sample
CS 10 obtained by (a) coprecipitation, (b) coating in the presence of ultrasounds

in a moderate and gentle manner. The samples
obtained without the use of ultrasound have weak-
er heating properties. The temperature reached by
these ferrofluids is 44 °C for the CS 05 sample
and 53 °C for the other two samples, which is
still the desired temperature for magnetic fluid
hyperthermia, but it takes longer to reach (600 s).
Furthermore, the temperature increases in the first
stage of the experiment, with the magnetic field
switched on, is non-linear, even irregular, and
this is evident for all samples synthesised without

ultrasound, although most clearly for sample CS
05. On the basis of the collected data, the SAR
and ILP parameters were determined and are pre-
sented in Table 3.

The nanoparticles modified with chitosan
and prepared in the presence of ultrasound
exhibit high SAR and ILP values. For sample
US CS 05, the specific absorption rate is 50.99
W/g, and the internal loss power is 0.370 nHm?/
kg. As the amount of chitosan used to coat mag-
netite nanoparticles increases, the SAR and ILP
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Table 3. SAR and ILP values and nanoparticle concentrations in chitosan-modified samples subjected to

calorimetric testing
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Figure 9. The dependence of superparamagnetic phase shares on temperature determined for chitosan-coated
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temperature [K]

nanoparticles

Sample Concentration [mg/ml] SAR [W/g] ILP [nHmM#/kg]
CS 05 4 27.08 + 3.67 0.200 + 0.027
CS 10 10 14.72 £ 0.59 0.110 + 0.004
CS 15 13 12.20+0.74 0.090 + 0.005
US CS 05 10 50.99 + 2.88 0.370 £ 0.021
US CS 10 20 40.23 +3.19 0.300 + 0.023
US CS 15 20 19.13+1.09 0.140 + 0.008
12
S
[+
é { ®-@®-@Cso05 v
Q. e - — e USCSO05 -
2 % -%-Xcs10 y
S 84 W -¥-WUSCS10 .
© g
£ -
© b
5] ,
e- - 7
2 v
Q. s
2 . i
© >~ - -
£ Pl ¥ X
b 2 »
: YT
- e + e
% 21 - == ’. T
Q 3 -
0 '. v T . T T .’ v T v T
0 50 100 150 200 250 300




Advances in Science and Technology Research Journal 2026, 20(5), 159-170

56

o
Q.48 -
g
2 ]
o
3
E44_
L
L |
o ko]
2 | o
- = =
40 o | S
0 Z @
4 50 | ¢
[=)]
@© ©
; (= I £
¥ T T T T 1
0 200 400 600 800
time [s]

CS05US
Cs10Us
CS15US

b)

60 —

Temperature [OC]
=4
|

40

| . | . | ¥ | ’ I
0 200 400 600 800
time [s]

Figure 10. Temperature dependence on time for chitosan-modified samples synthesised (a) without and (b) with
ultrasound

parameters decrease (even when the concentra-
tion of ferrofluids in the measured samples is
the same — samples US CS 10 and US CS 15).
A large amount of chitosan in the sample can
cause multiple layers of chitosan molecules to
form on the surface of the nanoparticles, which
translates into agglomeration of the nanopar-
ticles and, as a result, also into their ability to
heat up. The samples prepared without the use
of ultrasound show the same tendency. Among
them, the sample with the lowest amount of chi-
tosan used for coating (CS 05) has the highest
SAR and ILP values. It seems that the amount of
chitosan used for synthesis has a greater impact
on the heating parameters than the concentra-
tion of individual ferrofluids.

CONCLUSIONS

The Fe,O, nanoparticles obtained with the
coprecipitation method were investigated in
terms of their chemical and physical proper-
ties. The synthesis method was modified by
using ultrasound, simultaneously precipitating
nanoparticles and modifying their surface, and
comparing these results with the synthesis using
the classical co-precipitation method. The XRD
studies showed that the average sizes of chitosan-
modified nanoparticles obtained during ultrasonic
synthesis are slightly larger than those obtained
and modified in the standard way.

A different nature of chitosan binding on the
magnetite surface was observed during synthe-
sis in the presence of ultrasound compared to the
classical coprecipitation method. The results of
Mdossbauer studies showed that a larger amount
of surfactant used for the functionalisation of the
nanoparticle surface weakens the dipole interac-
tions between them, thus contributing to an easier
transition to the superparamagnetic state. Addi-
tionally, in the case of the samples synthesised
with ultrasound, the superparamagnetic compo-
nent appears at lower temperatures than in the
samples modified with the same amount of chito-
san obtained by the standard method.

Calorimetric measurements have clearly
confirmed the superior heating properties of the
chitosan-coated nanoparticles prepared with
ultrasound. These samples heat up faster, reach-
ing temperatures above 60 °C, and the parameters
determining the heating capacity are significantly
higher than in the case of the samples obtained
and modified without the use of ultrasound.
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