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A simple “green” method for the synthesis of cobalt-zinc ferrites nanoparticles has been proposed. XRD, SEM/
EDX, TEM, Mdossbauer and FTIR techniques have been applied to investigate structure and morphology of the ob-
tained spinel ferrites. Analysis of the cation distribution showed that during the transition from cobalt ferrite to
zinc ferrite the inversion degree of the Fe cations decreases from 6 = 0.89 to 6 = 0.00. IR spectra show the pres-
ence of characteristic peaks of the Ma-O (at ~450 cm ') and M-O (at ~610 cm ™) vibrations as well as the vibra-
tions of functional groups of the honey residuals. It was concluded that honey acts as reductant and stabilizer

g?gﬁf;c ferrites preventing agglomeration of the nanoparticles. The force constants of the tetrahedral and octahedral bonds
Spinel have been calculated. Dependence of the Debye temperature on Zn content was also established for the first
Adsorption time: it is increased from 782 K to 805 K with Zn increasing. It was shown that the ZnFe,0, sample exhibits
Lead the highest adsorption capacity (289 mg/g) towards lead cations. This result is explained in terms of surface acid-

Magnetic hyperthermia ity of the examined samples, estimated from the variations of the ionic-covalent bond parameter. The Langmuir,
Freundlich and Dubinin-Radushkevich models were tested to evaluate the adsorption mechanism. The efficiency
of heat release by the Co.Zn, xFe;0, magnetic nanoparticles for magnetic hyperthermia was investigated as well.
The registered induction heating curves depend on the Zn content in the CoxZn,_4Fe,O4 samples. The sample with
X(Zn) = 0.6 exhibits the maximal specific loss power equal to 2.56 W/g. The intrinsic loss power (ILP) value is
0.40, and is 2.7 times higher than the ILP value of commercial Fe304. The obtained ferrite materials can be, there-
fore, used in magnetic hyperthermia applications and Pb(II) adsorption.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, an exponential growth is observed in studies on
magnetic spinel nanoparticles. Magnetic properties of spinels lead to
their applications in microelectronics, optics, catalysis, medicine, as
well as for the chemical sensors and environmental purposes, described
in original papers [1-3]. Synthesis and application of magnetic nanopar-
ticles are reviewed elsewhere [4-6]. Biomedical applications in vivo
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include contrast materials for diagnostic nuclear magnetic resonance
imaging, hyperthermia with alternating magnetic field, specific binding
and target delivery of therapeutic agents as well as tissue engineering
[7]. Magnetic spinels are promising adsorbents for removal of heavy
metals, dyes, antibiotics, pesticides and other contaminants etc.
[1,8-10]. Their main advantage is an easy separation from the spent so-
lution using an external magnetic field instead of traditional centrifuga-
tion and filtration, which greatly simplifies and speeds up the overall
process [4,11]. Surface of spinel magnetic sorbents can be modified
with inorganic, organic or polymer substances, creating functional
charged core-shell structures [12].

The chemical formula of ferrite spinels can be represented as
MFe,0,4, where M is a divalent metal cation. The most valuable magnetic
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properties are inherent for solid solutions formed by two ferrites, one of
which is ferromagnetic (for example NiFe,04, MnFe,04, CoFe,0,4), and
the other is non-magnetic (for example ZnFe,04) [13,14]. In such fer-
rites, zinc cations in the spinel structure usually occupy tetrahedral
sites, while ferric cations are located in both tetrahedral and octahedral
sites. The substituted zinc ferrite spinels can be described by the more
general formula: (Zn2Fe3X,)a[M3t Fe3 1, ]s(04)0, Where x is zinc
molar fraction. Incorporation of the zinc ions into ferrite crystal lattice
is accompanied by displacement of the iron cations from the tetrahedral
(A) sublattice to the octahedral (B) sublattice. Thus, magnetization of
the tetrahedral (A) sublattice decreases. Compensation between mag-
netic moments of the cations located in different sublattices (A and
B) decreases. As a result, the overall magnetization of the samples in-
creases. Consequently, the introduction of a nonmagnetic ions (such
as Zn) into ferrite spinel structure leads to increase in the saturation
magnetization [15]. Due to changes in the magnetic properties, mixed
cobalt-zinc ferrites are very promising materials [16-18]. Cobalt-zinc
ferrites have been investigated as catalysts [19,20], photo-catalysts
[21], materials for hyperthermia [22], MRI contrast agents [23], antibac-
terial agents [24] etc.

A variety of chemical methods can be used to obtain spinel magnetic
nanoparticles: sol-gel synthesis, synthesis in microemulsions, co-
precipitation method, hydrothermal method, sonochemical methods
[25-27]. Properties of the nanoparticles (composition, reproducibility,
morphology and particle size distribution, specific surface and magnetic
characteristics) depend on the particular synthesis method used. The
size and shape of nanoparticles can be varied by adjusting pH, ionic
strength, temperature and nature of the precursor metal salts (chlorides,
sulfates, nitrates). Nanoparticle size effects their colloidal stability - the
larger particle size, the faster its sedimentation [28,29]. Particle size dis-
tribution is important for biomedical applications. In the last years,
“green” synthesis methods have become widespread [30-32]. “Green”
synthesis protocols make possible to obtain nanoparticles of various
shapes, sizes and structures. Typical “green” materials for these synthe-
sis are plant extracts, fruits, vegetables, dairy products etc. [24,33-35].
Plants contain compounds that cause reduction of metal cations and for-
mation of nanoparticles. Moreover, diversity of plants causes significant
differences in composition of the extracts and may provide additional
opportunities for obtaining nanoparticles differing in size, shape, surface
composition and other characteristics [30]. For example, the well-
known reducing agents are polyphenols, carotenoids, caffeine, tea and
lemon extracts [30]. The obtained nanoparticles can be used in medicine
as antimicrobial agents and for antitumor therapy [36-38].

“Green synthesis” with honey as a stabilizer is relatively new con-
cept. Additionally reducing power of honey is used in synthesis of me-
tallic gold, silver, platinum and palladium nanoparticles [39-43].
Specific properties of honey make possible to use it also in the synthesis
of oxide nanoparticles [44,45]. Synthesis methods with honey as a stabi-
lizer and reducing agent have a number of advantages. Honey contains
many carbohydrates and vitamins, which are mild reducing agents and
allow for controlling the size of nanoparticles. Additionally, honey pro-
teins are stabilizers preventing nanoparticles from agglomeration.
They are adsorbed during synthesis and have stabilizing effect due to
electrostatic charge of the particle surface.

The aim of this work is to develop a simple “green” method for syn-
thesis of chemically modified magnetic nanoparticles of cobalt-zinc fer-
rites, to study their adsorption properties and possibility of application
in magnetic hyperthermia. Heavy metals are dangerous environmental
pollutants, therefore, their complete removal is an important task in
water purification [46-48]. The effect of cation substitution on sorption
properties of the spinel ferrites has been reported previously [1,49]. It
has been shown that cation substitution has an impact on the structure,
morphology and adsorption activity of the nanoparticles [50]. Various
magnetic adsorbents are used for Pb(II) adsorption, including graphene
oxide/NiFe,04 composite [51], chitosan/Fe304 nanocomposite [52],
MnFe,0,4 [53], MFe,04 (where M = Co, Ni, Cu, Zn) [54,55], zinc
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Table 1
The charges of chemical elements of the precursors.

Reagent Calculations Total charge
Cobalt(II) nitrate 1x(+2) +2x(1x(0)+3x(—-2)) -10
Zinc nitrate 1x(+2) +2x(1x(0)+3x(—2)) -10
Ferric nitrate 1x(+3) +3x(1x(0)+3x(=2)) -15
Glucose CgH1206 6 x (+4) + 12 x (+1) + 6 x (—2) + 24
Fructose CgH1206 6 x (+4) 4+ 12 x (+1) + 6 x (—2) +24

ferrite-alginate beads [56]. Zinc ferrite and cobalt ferrite as well as
their composites are very popular adsorbents for removal of heavy
metals, toxic dyes, pharmaceuticals or oil [55,57-62]. However, investi-
gations into the adsorption properties of cobalt-zinc ferrites towards Pb
(I) ions are absent so far. This study describes honey-mediated synthe-
sis of cobalt-zinc NPs along with thorough characterization of their
structure, particle size, morphology and chemical composition by vari-
ous techniques (XRD, SEM/TEM, EDS, FTIR, Raman and Mdssbauer
techniques).

2. Experimental
2.1. Materials

Analytical grade zinc(Il) nitrate hexahydrate Zn(NOs), - 6H,0, cobalt
(I) nitrate hexahydrate Co(NOs),-6H,0, ferric nitrate nonahydrate Fe
(NO3)3-9H,0 were used for the synthesis of ferrite NPs. Honey of floral
origin was used as stabilizing and reducing agent. The detailed charac-
terization of honey functional groups was performed by FTIR spectros-
copy (see Section 3.1).

2.2. Honey-mediated synthesis of cobalt-zinc ferrites

Stoichiometric amounts of the corresponding metal salts were dis-
solved in 75 mL of distilled water and stirred for 30 min. The honey
was also dissolved in 75 mL of hot (50 °C) distilled water. The needed
amount of honey has been calculated using the stoichiometric coeffi-
cient (¢), which indicates the oxidant/reductant ratio. In our study
¢ = 1.In afirst approximation, two main components of honey are glu-
cose (CgH1206) and fructose (CgHq206), Which act as the reducing
agents. Taking into account the formal charges of the involved elements
(V(C) = 4+4; V(H) = +1; V(O) = —2; V(N) = 0; V(M) = +20or + 3
(for M(I) or (M(III) respectively)), the charges of the precursors were
calculated (see Table 1). The honey amount for synthesis was calculated
using the oxygen balance equation. The solution of honey was added to
the precursor metal salts solution and heated at 60 °C for 30 min under
continuous stirring. After that, the solution was heated to boiling.
Heating of the precursor solution led to decomposition of the honey
monosaccharides. During the boiling, the solution turned into a sol
and then into a gel, and then ignited spontaneously. As a result of such
combustion synthesis, the ferrite nanopowder is formed, and this pro-
cess is accompanied by release of N, CO,, H,0. The simplified reaction
of ferrite formation can presented in the following way:

(1—x)Co(NO3), - 6H,0 + xZn(NO3), - 6H,0 + 2Fe(NO3); - 9H,0
+ 2CgH1206 + 20, —

— Coy_xZngFe;04 +4 Ny T +27H,0 17 +12C0; 1 (1)

2.3. Characterization techniques

2.3.1. XRD
Phase composition and structure of the obtained materials were
analysed by XRD method with a powder diffractometer with Ay =
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0.154 nm. The average size of crystallites was calculated by Scherrer's
formula: <D> = m&%, where 311y is the full width at half maxi-
mum of the (311) reflection, 6 is the Bragg angle of the corresponding
reflection.

2.3.2. Mossbauer spectroscopy

Mdssbauer spectra were measured with MS-1104Em spectrometer
(°7Co(Cr) radioactive source, activity of about 40 mCi) at 293 K and
79 K. Calibration of the isomer shifts was done respectively to a-Fe stan-
dard (line width 0.29 mm/s). The spectra analysis and fitting procedure
were performed using UnivemMs 701 software.

2.3.3. SEM and EDS

Scanning electron micrographs were obtained on a REMMA-102-02
(JCS SELMI, Ukraine) electron microscope with an operating accelerat-
ing voltage of 20 kV. An EDS system was used for the elemental micro-
analysis of the sample surface. Samples for analysis were loaded onto a
brass stage.

2.34. TEM

Transmission electron microscopy observations were performed
using a FEI Osiris microscope equipped with an X-FEG Schottky field
emitter (200 kV). SAED patterns were collected with the aperture of
40 pum diameter. STEM imaging was performed using a High Angle An-
nular Dark Field (HAADF) detector. The samples were deposited on a
holey carbon film supported on a copper grid (Agar Scientific, 400
mesh).

2.3.5. FTIR

Fourier-transform infrared spectroscopy (FTIR) spectra were re-
corded in ATR mode (Alpha-P spectrometer (Bruker)) with 256 scans
in the wave number range from 4000 to 400 cm™! with the step of
2cm™ L

2.3.6. Adsorption properties

Sorption isotherms were determined using batch-mode experi-
ments. Precise amount of the spinel sorbents was placed in flasks con-
taining 50 cm? of Pb(II) solution of known concentration, varying in a
wide range (from 5 to 100 mg/dm?). The flasks were shaken at 25 °C
until attaining equilibrium (24 h). Then aliquots of the solutions were
taken and Pb(II) concentration was determined by atomic absorption
spectrometry (AAS) using an ICE 3000 Series Thermo Scientific spec-
trometer. The equilibrium sorption capacity, q., was calculated with
the formula [63]:

V-(Co—Ce)

qe = Tme (2)

where C, is initial Pb(II) ions concentration in solution, [mg Pb/dm?]; C,
is the equilibrium concentration of Pb(II) ions in the solution, [mg Pb/
dm?]; m, is mass of the spinel sorbent, [g]; q. is the equilibrium sorption
capacity of the sorbent, [mg Pb/g]; V = volume of the solution contain-
ing of Pb(Il) ions, [dm?]. For data analysis, the Langmuir isotherm was
used in the following form [63]:

B K;-Ce
qe = qmaxm 3)
where K; is Langmuir constant, [dm>®/mg Pb], q,na is maximum sorption
capacity, [mg Pb/g]. The parameters of the Langmuir equation were
computed using the Levenberg-Marquardt optimization procedure.

2.3.7. Magnetic hyperthermia measurements

Magnetic heating of the ferrite nanoparticles was studied using
custom-made induction heater operating at fixed frequency of
100 kHz and regulated power up to 1 kW. The magnetic coil (5 cm in
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diameter) consisted of six turns of water-cooled copper pipe. Sample
tube with water suspension of CoyZn;_yFe,0, magnetic nanoparticles
was placed in magnetic coil. The sample temperature was registered
using an infrared remote thermometer. Changes of temperature de-
pending on concentration of magnetic nanoparticles and power of the
applied magnetic field provide heating parameters important for mag-
netic hyperthermia applications. Specific loss power (SLP) per mass
unit (W/g) was calculated with the following Eq. [64]:

stp =< Vs (g) [VEV} @

where C is the specific heat capacity of water, dT is the change in tem-
perature in dt time period, Vs is the sample volume, m is the mass of
the cobalt-zinc ferrite nanoparticles in the water suspension. A more
general parameter is Intrinsic Loss Power (ILP) proposed by M.
Kallumadil et al. [65] in order to compare heating efficiency of different
devices. The ILP parameter takes into account amplitude H and fre-
quency f of the magnetic field applied [65]:

ILP =

SLP {nH . mz} ‘ 5)

f H? kg

3. Results and discussion
3.1. Honey characterization

Chemical composition of honey is quite complex. Honey contains a
wide variety of substances: mono- and oligosaccharides, organic acids
and their salts, nitrogenous compounds (amino acids, proteins), min-
erals, vitamins, hormones, enzymes, essential oils and much more
[66]. FTIR spectrum of the used sample contains absorption bands in
the range 750-3700 cm ™! (Figure 1). Typical FTIR spectra are divided
on two parts: functional group area (4000-1500 cm~') and fingerprint
area (1500-500 cm™') [67]. The characteristic absorption bands in
functional group area belong to O-H stretching vibrations of water,
N-H stretching vibrations of proteins, C-H stretching vibrations from
lipids, and C=0 stretching vibrations [68]. The peak at 2100 cm ™! be-
longs to vibrations of adsorbed CO, molecules onto samples surface.
The fingerprint area contains C-H deformation vibrations from lipids,
N-H deformation and C-N stretching vibrations, C-O and C-C stretching
vibrations, C-H bending from the carbohydrates, C-OH and C-C
stretching from the carbohydrates [66,67,69]. All the characteristic ab-
sorption bands of honey spectrum are listed in Table 2.

3.2. Samples characterization

The X-ray diffraction patterns of the synthesized cobalt-zinc ferrite
magnetic nanoparticles are shown in Fig. 2. The resolved peaks in the
corresponding X-ray diffraction patterns, indexed to the (220), (311),
(511),(400) and (44 0) crystal planes (JCPDS 22-1012), confirm for-
mation of a single cubic spinel Fd-3 m phase for all the synthetized
cobalt-zinc ferrite samples. The broadened XRD peaks indicate that the
synthesized samples consist of particles of nanometer sizes. The average
values of the crystallites size were calculated using the Scherrer for-
mula, and are presented in Table 3. The lattice constant a for the
cobalt-zinc ferrites is distinctly increased with the Zn content increase,
virtually in a linear fashion (Fig. 2b), from 8.389 A for CoFe,0, to
8.414 A for ZnFe,0,. This is due to different radii of Co (0.58 A) and Zn
(0.6 A) cations. The cation distribution was obtained from detailed
XRD analysis (see Table 3), and the theoretical lattice parameter was
calculated (Fig. 2b). It was found that the .y, value depends mainly
on the radius of the tetrahedral cations (see inset in Fig. 2b). Further-
more, regardless the zinc content, the size, d, of the nanocrystallites ex-
hibits very similar values in the range of 14 4+ 2 nm (Table 3).



T. Tatarchuk, A. Shyichuk, Z. Sojka et al.

Journal of Molecular Liquids 328 (2021) 115375

1.0

o o
» o]
1 ]

Transmittance (a.u.)
o
=

0.2 4

ifL?lnct:ional group re:giong

oof | T

1600

T 1 1 1 1 1
4000 3600 3200 2800 2400 2000 1200 800

wavenumber (cm™)

Fig. 1. Fourier-transform infrared spectrum of the floral honey used for Co—Zn ferrite NPs synthesis.
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Scanning electron microscopy allowed revealing the nanoparticles
size and shape, as well as the degree of their agglomeration. The scan-
ning electron micrographs of cobalt-zinc ferrites are shown in Fig. 3. It

Table 2
Characteristic absorption bands in FTIR spectra of honey used for cobalt-zinc ferrites
synthesis.

can be seen that the overall morphology of the examined spinel samples
varies not significantly with the Zn content. Marked aggregation of the
particles is observed. Its probable cause is the attraction between the
magnetic spinel particles, which should decrease with the enhanced
Zn content. Despite this effect, the extended agglomeration remains
persistent. Porous morphology of the samples is formed due to gaseous

Zvl{al\ielnumber. description Table 3
Cation distribution of cobalt-zinc ferrites obtained from XRD analysis.
functional group 3000-3700 O-H stretching vibrations of water o " ) o S
area N—H stretching vibrations of proteins X(zn"")  aA Cation distribution dnm 5 _ E:';*
2928; 2885 C-H stretching vibrations from lipids A-site B-site ’
2100 vibrations of adsorbed CO, molecules ST 5 3
1643 C=0 stretching vibrations 0.00 8389 (CojosFesa)a [CogéaFeitels 12 089
fingerprint area 1410 C-H deformation vibrations from lipids 0.20 8393  (CopipZndioFedss)a  [CogisFeidls 14 0.64
1339; 1241 ‘I:Ii;l;lagif:l)srmatlon and C—N stretching 0.40 8395 (CodbsZnifioFedts) [CREsFed isls 15 0.38
1034 C-0 and C—C stretching vibrations 0.60 8.403 (ZngboFeddo)a [CogioFeikols 16 0.25
920 C-H bending from the carbohydrates 0.80 8408  (ZndioFedso)a [CodioFeidols 13 0.11
861; 813; 776 C-OH and C—C stretching from the
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Fig. 2. (a) XRD patterns of the cobalt-zinc ferrite samples; (b) dependence of the spinel lattice parameter of cobalt-zinc ferrites on the Zn content (x). Inset: lattice parameter changes

versus average radius of the tetrahedral cations.
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Fig. 3. Scanning electron micrographs of the cobalt-zinc ferrite samples.

products (CO,, Ny, H,0) released during thermal decomposition of the
reagents during the combustion synthesis. This effect is especially visi-
ble for the sample with x(Zn) = 0.6. EDS analysis confirmed the pres-
ence of chemical elements Co, Zn, Fe and O (Fig. 4). Theoretical and

experimental contents of Co(Il) and Zn(Il) ions in Coy_xZnyFe,04 sam-
ples are compared in Fig. 5a and b. It can be seen that experimental
weight contents (%) of all the constituent elements are very close to
those theoretically expected.
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Fig. 4. EDS spectra of the cobalt-zinc ferrite samples.
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Fig. 5. Parity plots of the EDS and expected content of the (a) Co(Il) and (b) Zn(II).

The polyhedral shape and size of the nanoparticles was revealed by
TEM (Fig. 6a;-f;) and STEM (Fig. 6 a,-f,) imaging. The corresponding se-
lected area diffraction patterns (SAED), shown in Fig. 6as-f3, confirm the
spinel structure of the all samples, and their good crystallinity as well.
The particle size distribution (Fig. 6 a4-f4) exhibits a nearly Gaussian
shape for the sample with <d > 30 4+ 2 nm for x(Zn) = 0, where as
with the increasing zinc content it becomes more non-uniform with a
tailing towards the higher values. However, the population of the ab-
normal particles is rather scarce. The latter behavior is most distinct in
the case of the sample with x(Zn) = 0.4. Comparison of the size of the
nanoparticles determined by TEM with the size of the XRD crystallites,
shows that the synthetized cobalt-zinc ferrite nanoparticles are typically
composed of 1-4 single crystalline domains, which is consistent with
the observed shape of the SAED patterns.

Room temperature Mdssbauer spectra of cobalt-zinc ferrites with Zn
content of 1.0 and 0.8 mol per formula unit indicate paramagnetic state
of these materials (Fig. 7). Weak relaxation character of the Mossbauer
spectrum is observed at Zn content equal 0.6 mol per formula unit. The
spectrum of the sample with Zn content equal 0.4 mol per formula unit
indicates the presence of a magnetically ordered fraction. Decrease of
the Zn content down to 0.2 and 0.0 mol per formula unit leads to ap-
pearance of a broad sextet with simultaneous decrease of the paramag-
netic fraction content. However, the relaxation character of these
spectra prevents their detailed analysis.

The registered superparamagnetic properties of the investigated fer-
rites indicate that single domain state became preferable for ferromag-
netic particles with a size less than about 10-20 nm [70]. In this case, the
large magnetocrystalline anisotropy, K, causes orientation of the particle
magnetization along the easy direction. At the same time, thermal exci-
tation at the condition kgT > KV (kg is the Boltzmann constant, T- tem-
perature, V- particle volume) can cause the magnetization flips
between two stable orientations, up- and down of the easy direction.
Neel relaxation time of the particle magnetic moment 7N is calculated
as Ty = To exp (%) where T is characteristic relaxation time of the ma-
terial studied. Values of relaxation time of spinel materials usually fall
into range from 1072 to 10~ '! s. Such flipping leads to zero average
magnetization, and to the paramagnetic properties observed.

The observation of superparamagnetic transition depends on the pa-
rameters of the experimental technique. The used Mossbauer setup can
observe transition for particles with the Neel relaxation time less than
the lifetime of the >’Fe nucleus excited state (7, = 141.8 ns). Registra-
tion of the spectra at low temperatures allows to freeze the magnetiza-
tion flips, and to obtain information about distribution of the Fe** ions

between the tetra- and octahedral sublattice sites of spinel structure.
The low temperature Mdssbauer spectra of the samples with Zn content
<0.6 mol per formula unit demonstrate full transition to magnetically
ordered (MO) state for all particles. On the other hand, the samples
with the low content of Co ions (0.0 and 0.2) exhibit the effect of
superparamagnetic relaxation. The Mdssbauer spectra measured at
T = 90K for the samples with the zinc content of x < 0.6 were well fitted
by superposition of three six-line magnetic sub-spectra. Association
with the tetrahedrally (A) and octahedrally (B) coordinated Fe>* was
performed according to the isomeric shift values (Table 4). The isomeric
shift for the iron ions located in the A-sites is typically smaller, as a result
of stronger covalence of the Fe,-O bonds. The calculated parameters of
the Mossbauer spectra are presented in Table 4.

The values of the size of superparamagnetic particles were com-
puted as well. The size of the superparamagnetic particles, equal to
14 £ 2 nmiis very close to the average XRD size of the single crystallites,
for all synthesized samples. In this case, the magneto-crystalline ani-
sotropy K is the main parameter, which determines the conditions
of the superparamagnetic (SP) transition for the investigated ferrite
particles. The high-spin Co?* ions (S= 3/2) located in the octahe-
dral sites contribute to the orbital magnetic moment, and cause an in-
crease of the magneto-crystalline anisotropy. So, transition from the
superparamagnetic state to the magnetically ordered one was observed
at respectively lower size of the particles. One more important para-
meter is characteristic time of magnetic moment oscillations, To. This
parameter is size-sensitive, and is decreased exponentially from
16.7-1071% s t0 3.8-10 % s for CoFe,0,4 nanoparticles [71] (Fig. 8). As-
suming that the composition-induced changes of T can be neglected
for 0.0 <x(Zn) £ 0.6, the characteristic To value for 14 nm ferrite particles
is equal to 3.4-107 1%,

Temperature dependence of the magneto-crystalline anisotropy of
the bulk cobalt ferrite in temperature range from 20 K to 350 K is de-
scribed by the empirical relation Kr = K, exp (-A T?), where K, =
1.96:10° J/m> and A= 1.9-10" K2 [72]. At the same time, a decrease of
the particle sizes causes the corresponding decrease of the magneto-
crystalline anisotropy: from 7.5-10° J/m? for the particles about 5 nm
in size [73] to 3.1-10° J/m?> for the particles of about 10-15 nm in size
[74]. The zinc ions do not exhibit angular magnetic momentum, and
therefore, do not contribute to the magneto-crystalline anisotropy
values. So, an increase of the Zn content leads to fast decrease of the K
values. The value of the magneto-crystalline anisotropy of the sample
with x(Zn) = 1.0 (which is close to the paramagnetic state) was calcu-
lated to be approximately 5.2-10° J/m>.
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Fig. 6. TEM (a; - f;), STEM (a; - f5), SAED patterns (as - f3) and the nanoparticle size distribution of the cobalt-zinc ferrite samples with x(Zn) = 0 (a), x(Zn) = 0.2 (b), x(Zn) = 04 (c), x

(Zn) = 06 (d),

Zinc-cobalt mixed ferrite can be represented as (ZnXC0§+Fe?TX_y) A
[CoZTFe3 1504, where z stands for the inversion degree. Distribution
of the Fe** ions between the tetrahedral (A) and octahedral
(B) coordination sites was calculated using both the Mdssbauer and

x(Zn) = 0,8 (e) and x(Zn) = 1 (f).

EDS data (Table 5). The experimental EDS values of the Co/Fe and
Zn/Fe molar ratios were marked as K; and K, respectively. The
Méssbauer analysis allows also to calculate the ratio of Fe** jons in
the tetrahedral and octahedral interstitials of the spinel lattice
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Fig. 7. Mossbauer spectra of the synthetized cobalt-zinc ferrites, measured at (a) 293 K and (b) 90 K.

(Fea/Feg), which was labeled as K5 (Table 5). The molar ratios were
presented in a form of three equations: (y + z)/(3 -x-y-2z) =
Ki;x/(3-x-y-2z)=Ks; (1-x-Y)/(2-2z) = Ks.This set of the equa-
tions was solved for all the studied samples, and the obtained results
are presented in Table 5. The calculated cation distributions for Co,.
xZnyFe;04 (0 < x < 1) ferrites are described in Table 6. It can be con-
cluded that the cation distribution obtained from the Méssbauer
analysis is quite close to the cation distribution obtained from the
XRD data.

The FTIR spectra of the examined ferrite samples are shown in
Fig. 9. The observed characteristic peaks are ascribed to vibrations
of the metal-oxygen bonds and to the vibrations of the functional
groups of the honey components. The strong peaks at the wave num-
bers 450-500 cm ™! (v;) and 620-630 cm ™! (v,) correspond to the
vibrations of the M-O bonds in octahedral and tetrahedral sites,

Table 4

The parameters of the Mossbauer spectra of cobalt-zinc ferrites measured at 90 K (Is is iso-
mer shift; Qs is quadrupole splitting; H is hyperfine field; S is relative integral intensity; G is
line width).

Site Is/mm-s~! Qs/ H,/kOe S/% G,/mm-s~!
mm-s~!
(COO 06 eo 94 A[COO o4Feq] OG]BO4 (CoFe,04)

1 Al 0.39 —0.002 503.8 46.8 047
2 B1 0.48 0.003 533.6 27.6 0.53
3 B2 0 41 —0.032 471.5 25.6 0.67

(Zng; 1SC00 02 eo 80 A[COU 7sFeq ZZ]BO4 Zng>Cop sFe;04)
1 Al 0.39 0.001 503.4 403 0.51
2 B1 0.49 0.013 529.7 27.1 0.64
3 B2 0.42 —0.051 474.7 32.6 0.87

(Zng56Co55sFed o) alCop taFed 411504 (Zno.4C00.6Fe204)
1 Al 0.40 —0.003 503.6 29.5 0.48
2 B1 0.50 0.012 5214 19.2 0.66
3 B2 0.43 —0.028 474.7 51.3 0.93

(Zn356C03 " Fed ha)al Cod3sFed §,104 (Zno,6C00.4Fe204)
1 Al 0.40 —0.08 470.2 21.7 0.70
2 B1 0.43 0.007 500.8 433 0.68
3 B2 0.41 0.067 429.9 35.0 1.66

respectively (Table 7). With zinc content increase, the position of
the v; peak is shifted towards long-wavelength region. Low-
intensity bands in the range 1000-2000 cm ™! refer to the vibrations
of the N-H, C-H, C=0 bonds of the organic residues of the parent
honey, whereas the strong broad peak at 3500 cm™! corresponds
to the vibrations of water molecules. The obtained spectra corre-
spond well to the literature data [75]. The observed characteristic
bands differ only in the peak intensity. Thus, one can infer that
some minor honey residues are present on surface of the ferrite
nanoparticles. The obtained data reveal possible application of the
studied magnetic NPs in biomedical applications.

The frequencies of the metal-oxygen bond stretching peaks enable to
calculate the corresponding bond force constants [76]:

kr = 7.62:-M;v310~> (dyne/cm?) (6)

ko = 10.62-@4}5-10*3

5 (dyne/cm?) (7)

20

0 T T T T T T
4 6 8 10 12 14 16

Particle size, nm

Fig. 8. The dependency of characteristic time 7o of the magnetic moment oscillations for
CoFe,0, nanoparticles (calculated using the data presented in [71]).
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Table 5
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Theoretical and experimental (EDS and Méssbauer spectroscopy) results for the Zn**, Co>* and Fe** ions content in the synthesized Co—Zn ferrites.

Co** Chemical composition
?;?l;jrisfer:)e nt Theoretical Experimental
Co, Zn, Fe, Co/Fe, Zn/Fe, Co, Zn, Fe, Co/Fe, Zn/Fe, Fer/Feo,
wt% wt% wt% molar ratio molar ratio wt% wt% wt% molar molar ratio molar ratio
ratio (K;) (K3) (K3)
1 25.12 0 47.6 0.50 0.00 2532 0 47.42 0.50 0.00 0.89
0.8 19.98 5.55 47.34 0.40 0.10 19.77 5.05 48.86 0.38 0.09 0.66
0.6 14.91 11.03 47.08 0.30 0.20 154 10.04 45.73 0.32 0.19 0.42
0.4 9.88 16.45 46.83 0.20 0.30 9.63 15.57 49.59 0.18 0.27 0.28
0.2 4,92 21.82 46.58 0.10 0.40 5.67 21.77 45.95 0.12 0.40 -
0 0 27.13 46.33 0.00 0.50 0 26.47 46.9 0.00 0.48 -

where kr and kg are bond force constants of tetrahedral and octahe-
dral sites, respectively; M; and M, are atomic masses of the respective
cations in the tetrahedral and octahedral sites. The obtained values are
listed in Table 7. The bond force constants are known to be inversely re-
lated with the corresponding bond lengths. The transition from cobalt
ferrite to zinc ferrite is accompanied by substitution of the relevant cat-
ions in the both tetrahedral and octahedral sublattices of the spinel cell.
The zincions (r(Zn?>*), = 0.6 A) are larger in size than the cobalt ions (r
(Co®*")a = 0.58 A) and the ferric ions (r(Fe**) = 0.49 A). Thus, replace-
ment of the Co ions by the Zn ones leads to an increase of the tetrahedral
bond length and to decrease of the octahedral bond length. In such case,
the values of the force constants should be inversely proportional.
Fig. 10 supports this statement as the tetrahedral force constant kt de-
creases and octahedral force constant kg increases with the increasing
Zn content.

Debye temperature, 0p, is related with many properties of solids,
such as specific heat, electrical conductivity, thermal conductivity and

Table 6
The calculated cation distributions for Zn,Co;_xFe;04 (0 < x < 1) ferrites.

Theoretical Zn?>* content Experimental cation distribution
0.00 (CopbsFedtoa)al CogdaFed 61504
0.20 (Zng}5Copb2Fed o) alCop 3sFei 321504
0.40 (Zng36C 00 05 eo $0)alCogSoFed 411504
0.60 (Zng56Co Ja)alCog 3sFed b,1504
0.80* (Znge Feo 21 A[COO $1Feiols04
1.00* (Zng§7Fed 3)alFe3 bols04

* the calculation of the cation distribution for the samples with Zn?* theoretical content

1.00 and 0.80 was performed using the EDS data only.
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Fig. 9. FTIR spectra of the cobalt-zinc ferrite samples.

elastic properties, and can be estimated using the following formula
[77]:

h-c-vag

GD - kB

8)

where h is Planck constant (h = 662,606,957 x 10734]-s); c s light ve-
locity (c = 3*10'° cm/s); Vayg = “15%2) (1 and v;, are peak frequencies
of the M-0 bonds of the octahedral and tetrahedral sites, respectively).
The calculated values of Debye temperature are varying between 782
and 805 K (Table 7). Fig. 11 shows dependence of the Debye tempera-
ture on the Zn content. It can be seen that 6p increases with increase
of the Zn molar fraction above 0.6.

Fig. 12 reveals a clear linear relationship between the octahedral
force constant and the Debye temperature. It is known that excitation
of the bond vibration modes depends on the Debye temperature. The

Table 7
Wavenumbers of the IR absorption bands, bond force constants (ky and ko) and (vy - v5)
differences for the cobalt-zinc ferrite samples.

mn*t oy vy kr x 10° ko x 10° k v - 6p
() (em™") (em™') (dyn/em®)  (dyn/cm?) (avg) va (K
(B-site)  (A-site)
0 448.0 638.0 2.974 1470 2.222 190.0 782.2
0.2 452.0 634.0 2.957 1.495 2226 182.0 7822
04 460.0 624.0 2.883 1.547 2.215 164.0 780.7
0.6 460.0 624.0 2.900 1.545 2.223 164.0 780.7
0.8 474.0 620.0 2.880 1.639 2.259 146.0 7879
1 504.0 614.0 2.840 1.851 2.346 110.0 805.2
T T T T T T 1.9
3.00
1.8
2.95 4
F1.7
o)
x5 X
2.90 4
1.6
2.85 iz
2.80 T T T T T T 1.4

0.0 0.2 0.4 0.6 0.8 1.0
Zn content (x)

Fig. 10. Dependence of the tetrahedral force constant kr and the octahedral force constant
ko on the Zn content (x) in the samples.
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Fig. 12. Relationship between octahedral bond force constant ko and Debye temperature
for Co—Zn ferrite samples.

observed variation of the Debye temperature with composition may be
interpreted in terms of the bond forces changes in the spinel lattice.
Crystals with strong interatomic interactions are characterized by a
high value of 6p. The observed increase in Debye temperature (6p)
with the increasing zinc content (x) suggests that the metal-oxygen
bond vibrations are hampered upon replacement of the Co ions by Zn
ones. In other words, the strength of the interatomic bonds is increased
with increasing content of zinc (x). Indeed, when the large cobalt ions
are replaced by the smaller ferric ions in the octahedral sublattice, the
resultant decrease in the bond length leads to the corresponding in-
crease in the bond strength.

3.3. Adsorption of Pb?>* ions

Environmental issues motivate researchers to develop efficient sor-
bents that are convenient in use and are easily separable [63,78-81].
Therefore, the obtained magnetic cobalt-zinc ferrites were examined
as sorbents of lead ions in aqueous media (Fig. 13). It is seen that
CoFe,04 has the lowest adsorption capacity equal to 16 mg/g. Adsorp-
tion capacity of the Zn-substituted samples is increased from 23 mg/g
(for CoggZngoFe;04) to 289 mg/g (for ZnFe,0,4). Therefore, the four

10
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Fig. 13. Lead (Pb?™) adsorption capacity of cobalt-zinc ferrites depending on zinc molar
content. (Experimental conditions: initial concentration of Pb>* ions = 17 mg/L;
volume of Pb?*solution = 50 ml; mass of the adsorbent = 2 mg; agitation time =
24h;pH=7).

most promising samples, with x(Zn) = 0.4, 0.6, 0.8 and 1.0, were se-
lected for further detailed adsorption experiments.

Adsorption experiments were carried out in batch mode using
model solutions of Pb?* jons and magnetic cobalt-zinc ferrites. Ad-
sorption isotherms are depicted in Fig. 14a. The values of the sorp-
tion capacity are clearly increased with increase of Zn content in
cobalt-zinc ferrites. The adsorption capacity of sample with x
(Zn) = 0.4 is equal to 65.5 mg/g, while the adsorption capacity of
the sample with x(Zn) = 1.0 is four times higher, and equal to
270.3 mg/g. The Langmuir, Freundlich and Dubinin-Radushkevich
models were used for analyzing the adsorption mechanism
(Fig. 14b-c). According to the Langmuir model, each surface-active
center attracts one Pb?* cation and a monomolecular layer is
formed. Linear form of the Langmuir isotherm is described by the
eq. 9 [82]:

Ce
Qe

1 1
= Ce + 9
(qmax> ¢ qmaxK L ( )

where g, (mg/g) is adsorption capacity; qmax (mg/g) is the maximum
adsorption capacity; C. (mg/L) is the Pb?>* equilibrium concentration;
Ky (L/mg) is a Langmuir constant. Thus, a plot of Ce/qe vs. Ce (Fig. 12b)
gives values of g, and Ki (Table 8). A separation factor R, has been cal-
culated using the formula (10) [82]:

1

Ri=17 KiCo

(10)

where K (L/mg) is Langmuir constant; C, (mg/L) is initial Pb>* con-
centration. The separation factor Ry provides information about the
sorption character: linear (R, = 1), unfavorable (R, > 1), favorable
(0 <Ry < 1), orirreversible (R, = 0). The obtained values (Table 8)
are in the range 0 < Ry < 1 indicating clearly that surface of
cobalt-zinc ferrites is favorable for sorption of the Pb?* ions. With in-
crease of zinc content in the sorbent materials, the values of the max-
imal capacity gmax and the coefficient K are increased. In other
words, both the sorption capacity and the sorbent affinity are in-
creased. The quite large value of K = 2.272 for the sample with x
(Zn) = 1.0 indicates a strong interaction between the Pb®* ions
and the ferrite surface.

An alternative Freundlich model of the adsorption data treatment
takes into account a probable multilayer adsorption. The linear form of
Freundlich equation may be presented as the following [82]:



T. Tatarchuk, A. Shyichuk, Z. Sojka et al.

Journal of Molecular Liquids 328 (2021) 115375

350 1 - 20
S ZnFe,0 ' -
©) 2V
S 300+
E v & 15-
Be 2307 C0y52ZN o gFe,0, '
o g
8 200- <n
Q O 1.0
= 150 - Coy 4ZnygFes0,
:5. 0.5 m CogeZng4Fe,0,
_(g 100 ] ¢ Co,,Zn,Fe,0,
o o " 4 Coq,pZng5Fe,0,
50 COOVGZn0V4FeQO4 0.04 M”‘ v ZnFe,0,
0+ ! J ! ! ! ! T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140
C, (mglL) Ce
3.6 1 . Coj¢Zng 4Fe,0,
e Co,,Zn, Fe,0, 044
3.2 4 Coj,Zng gFe, 0, v e
v ZnFe,0, 0.0 \
2.8 \
-0.4 4 1
o 2.4 S " e ’ ’
@) B i v v e
iel b - 08 ]
204 |
. -1.24 = CoysZng,Fe,0,
1.6 1 e Coy,Zn,.Fe,0, |
-1.6 4 Coj,2Zn4Fe, 0O,
1.2 v ZnFe,O,
—T T T T T T -2.0 T T T T T
-1.0 -05 00 0.5 1.0 1.5 2.0 25 200 400 600 800 1000 1200
*T % 2
log C, [R*T*In(1+(1/C))]

Fig. 14. Sorption isotherms (a) and transformations according to the Langmuir (b), Freundlich (c) and Dubinin-Radushkevich (d) models. C. is equilibrium concentration.

(11)

where g. (mg/g) is equilibrium adsorption; C. (mg/L) is equilibrium
concentration of the Pb?" ions, K¢ (mg/g)/(mg/L)" is the Freundlich
constant; n is a parameter indicating adsorption intensity. The value of
nis usually interpreted in terms of the surface heterogeneity. The linear
plot of log ge vs. log C. (Fig. 14c) gives the Freundlich constant Kr and pa-
rameter n. Adsorption is favorable when n > 1. The calculated values of
the Freundlich constants are presented in Table 1. All the values of pa-
rameter n are larger than 1. Thus, adsorption of Pb?>* ions on the studied

logq, = nlogC, + logKr

magnetic spinel sorbents is clearly favorable. The values of the
Freundlich constant, kg, for Pb>™ adsorption increase with the increas-
ing Zn content: Kp = 139 (x(Zn) = 04) < K = 68.1 (x
(Zn) = 0.6) < Kg = 84.4 (x(Zn) = 0.8) < Kr = 161.4 (x(Zn) = 1.0). This
regularity confirms the highest adsorption activity of the ZnFe,04 sam-
ple. The highest values of the correlation coefficient are observed in the
case of the Langmuir model. This fact implies that Pb?>*" ions are
adsorbed on ferrite nanoparticles in the monolayer fashion.

The Dubinin-Radushkevich model, in turn, was involved in order to
distinguish between physical and chemical adsorption (Fig. 14d). This
model is described by the eq. (12) [82]:

Table 8

The isotherm parameters for the Pb?>* adsorption.
Sample Langmuir model Freundlich model D-R model

Gmax KL RL RZ n KF Rz 13 Jmax E R2

Xx(Zn) = 04 79.92 0.061 0.11-0.75 0.976 2.8 139 0.921 0.0015 2149 18.26 0.929
x(Zn) = 0.6 188.70 0414 0.05-0.42 0.996 33 68.1 0.883 0.0011 333.1 21.32 0912
x(Zn) = 0.8 271.21 0.489 0.06-0.34 0.995 34 84.4 0.981 0.0010 3519 22.36 0.994
x(Zn) = 1.0 298.71 2272 0.01-0.10 0.999 5.8 161.4 0.691 0.0006 317.1 28.87 0.929

11
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Ing, = —Kpre? + Inqpg (12)

where qpr (mg/g) is theoretical adsorption capacity; Kpr (mol?/kJ?) is a
D-R constant; ¢ is Polanyi adsorption potential. The Kpg constant gives
the value of the mean adsorption energy E (kJ/mol), with using
Eq. (13) [82]:

1

VoL (13)

If E < 16 kJ/mol, adsorption occurs along a physical mechanism, and
if E > 16 kJ/mol, adsorption occurs along a chemical mechanism. As can
be seen in Table 3, the values of the adsorption energy are higher than
16 kJ/mol. Thus, mechanism of the Pb?* adsorption is the
chemisorption one.

Adsorption activity of the examined cobalt-zinc ferrites can be linked
with the surface acid-base properties of the samples. The ionic-covalent
parameter (ICP) was used for evaluation of the acid-base properties of
Coq_xZnyFe,04 surface [83]. The ICP parameter takes into account cation
distribution and ionic radii of the cations in the tetrahedral and octahe-
dral sites depending on their coordination number [84]. The values of 3,
ICP for Co,_xZnyFe;0,4 spinels were calculated by the following formula
(14) [83]:

3 ICP = c(Zn,i*)-lCP (Znﬁ*) + c((:oi*)-lcp (CO,{*)
+c(Fex")ICP(Fex" ) +c(Cop " )-ICP(Coz")
+ C(Feg*) JICP (Feg*) (14)

where c is the concentration of the cations and ICP is the partial ionic-

covalent parameter for the A- and B-sites. The values of the partial ICP
were calculated using the eq. (15) [83]:

ICP = log P—1.38y + 2.07 (15)
where Pis polarizing power of the cation, calculated as P = Z/r? (Z s for-
mal cation charge and r is Shannon ionic radius [85]); y is electronega-
tivity of the given cation (y(Co®") = 1.467; y(Zn**) = 1.428;
y(Fe®™) = 1.687) [86]. An increase in the zinc content causes the resul-
tant increase of the 3, ICP value, indicating enhancement of the acidic
properties of the Co;_ZnsFe,0,4 surface. The dependence of the adsorp-
tion capacity of the Co-Zn ferrites on the ionic-covalent parameter is

T T T
2.042 2.043 2.044

ICP

T T
2.039 2.040 2.041

Fig. 15. Adsorption capacity of Co—Zn ferrites versus the ionic-covalent parameter of the
spinel.
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Fig. 16. Removal efficiency of Pb?" ions from aqueous solutions with cobalt-zinc ferrites.

Table 9
Adsorption capacity of the studied adsorbents towards Pb?>* ions.

Adsorbent Qmax (Mg/g) Ref.
iron-trimesic metal-organic frameworks 3.56 [90]
CuFe,04 4.50 [91]
NiFe;04 41.50 [54]
CoFe,04 44.20 [54]
graphene oxide/NiFe,04 46.03 [51]
ZnFe,04 47.10 [54]
hydrochar/MgAl-layered double hydroxides composites 62.40 [92]
Mn-Zn ferrite/biochar composite 99.50 [93]
zinc ferrite-alginate beads 108.80 [56]
MgFe,0,4/graphene oxide 143.0 [94]
molybdenite 147.80 [95]
Fe;0,4-decorated porous BN nanofibers 203.75 [96]
Fe30,@TATS@ATA 205.20 [97]
Coo.6Zng 4Fe;04 79.92 this study
Cop.4Zng gFe;04 188.70 this study
Cop2Zng gFe;04 271.21 this study
ZnFe;04 298.71 this study

depicted in Fig. 15. Clearly, the higher is surface acidity the higher is ad-
sorption capacity. Efficiency of the cobalt-zinc ferrites in removal of the
Pb?™ ions is depicted in Fig. 16, and it can be seen that zinc ferrite is the
most effective one. Comparison of the adsorption capacity of the studied
adsorbents towards Pb?™ ions is presented in Table 9.

3.4. Magnetic hyperthermia measurements

Magnetic nanoparticles (MNPs) are used in the medicine and biol-
ogy for targeted drug delivery, contrast enhancement of magnetic reso-
nance imaging, and magnetic hyperthermic treatment [87]. In the case
of magnetic hyperthermia, MNPs are heated by external electromag-
netic field and dissipate the heat into the surrounding tissue, and
tumor cells may be destroyed by means of evolved local heating [88].
For hyperthermia therapy, magnetic nanoparticles are introduced into
tumor tissue, and an external electromagnetic field is applied. Tumor
tissue is heated up to 43-46 °C [89], resulting in destruction of the tis-
sue, while surrounding healthy cells are not damaged appreciably. The
hyperthermia therapy requires magnetic materials with the Curie tem-
perature near 45 °C. Upon reaching the Curie temperature, such mag-
netic nanoparticles would pass into a paramagnetic state and the
hyperthermia heating is stopped. Quantitative characteristics of a
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hyperthermic material include such parameters as specific absorption
rate (SAR) and specific loss power (SLP). The latter parameter quantifies
released thermal energy per unit mass of the magnetic particles. This
value should be as high as possible. The efficiency of heat release by
CoyZn;_4Fe;0, magnetic nanoparticles was, therefore, also investigated
in the present study.

Heating profiles of water suspensions of zinc-cobalt ferrites at con-
centration of 75 mg/mL are shown in Fig. 17a. The initial fast increase
in temperature is followed by slower heating and then temperature be-
comes stable. The presented heating curves indicate clearly that the
heating efficiency depends on the zinc content in the magnetic ferrite
particles. Under the given conditions, the samples with x(Zn) = 0.2,
X(Zn) = 0.4, x(Zn) = 0.6, x(Zn) = 0.8 and x(Zn) = 1.0 are heated to
temperatures of 24.13°C, 29.51°C, 45.91°C, 31.49°C and 24.63°C, respec-
tively (Fig. 17b). The temperature range from 43 to 46 °C is considered
as the most effective for the successful hyperthermia therapy. The time
required for heating the Cog4ZnggsFe;04 sample to the therapeutic
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temperature is equal to 39 min (Fig. 17a). The values of SLP were calcu-
lated for all the studied Co,_xZnyFe,04 samples, taking into account the
initial slopes of the temperature curves vs. time (Fig. 17a). With an in-
crease of zinc content, the SLP values also increase up to x(Zn) = 0.6,
and next decrease (Fig. 17c). The maximum value of SLP = 2.56 W/g
was found for the sample with x(Zn) = 0.6.

The values of the intrinsic loss power (ILP) were calculated in order
to compare the presented data with literature ones. Magnetic field in-
tensity of 100 Oe at the frequency of 100 kHz were took into account.
From the results presented in Fig. 17d, it can be inferred that the ILP
values for the synthesized cobalt-zinc ferrites are changed with the Zn
content. The sample Cog 4ZnggFe,0,4 exhibits the maximal value of
ILP = 0.40 nH-m?-kg~". This value is 2.7 times higher than the corre-
sponding ILP value of commercial magnetite (Fe;04) equal to 0.15
nH-m?-kg~". The Cog¢Zng4Fe,04 and Cog»Zng gFe,04 samples exhibit
the ILP values of 0.19 and 0.23 nH-m?-kg ™!, respectively. These results
are also superior as compared with the commercial Fe50,4. The ILP values
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Fig. 17. Results of the magnetic hyperthermia measurements: (a) Induction heating curves of CoxZn;_xFe,0, suspensions in distilled water as a function of the Zn content (process
conditions: frequency = 100 kHz; NP concentration = 75 mg/ml); (b) The dependence of the maximum heating temperature of the Co;_xZnyFe,0,4 suspensions on the zinc content;
(c) The specific loss power (SLP) vs. Zn content for the Co;_xZnyFe,04 samples; (d) Intrinsic loss power (ILP) vs. the Zn content in the Co;_xZnyFe,04 samples.
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0.06 and 0.13 nH-m?-kg ™! for the samples with x(Zn) = 0.2 and x
(Zn) = 1.0, respectively, are lower as compared with the ILP of commer-
cial Fe304. This preliminary study shows that the magnetic cobalt-zinc
ferrite nanoparticles, synthesized by honey-mediated method, satisfy
requirements of the hyperthermia therapy, and are thus promising for
use in biomedicine. More detailed future studies are needed to deter-
mine if proper adjusting of the magnetic field and the particle concen-
tration will lead to the desired efficient hyperthermal effect.

4. Conclusions

Honey-mediated synthesis of cobalt-zinc ferrite NPs was developed.
The obtained NPs were thoroughly characterized by means of XRD,
SEM/EDS, TEM, Mossbauer and FTIR techniques. All the samples exhibit
a single phase with the spinel cubic structure (Fd-3 m). It was found that
the obtained spinel nanoparticles have crystallite size around 14 +
2 nm. The Mdéssbauer spectra of cobalt-zinc ferrites reveal that the Zn
content controls the magneto-crystalline anisotropy and the
superparamagnetic/ferromagnetic state of the synthetized particles.
The force constants of the tetrahedral and octahedral bonds are in the
range 2.840-2.974 dyn/cm? and 1.470-1.851 dyn/cm? respectively. In-
crease in the Zn content leads to increase of the ko and decrease of kt
force constants values. Direct correlation between the Debye tempera-
ture and the octahedral force constant was also found for the first
time. Adsorption properties of cobalt-zinc ferrites were evaluated in
the case of Pb?>* removal from water solutions. Adsorption capacity
values of the Zn-doped samples vary from 23.10 mg/g (for
Cog.gZngFe;04) to 289 mg/g (for ZnFe,0,4). Three isotherm models
(Langmuir, Freundlich and Dubinin-Radushkevich) were applied in
order to explain adsorption mechanism. The Langmuir equation de-
scribes well the experimental results, implying that a monomolecular
layer adsorption of Pb2™ takes place. The synthetized ferrites were
tested for possible application in magnetic hyperthermal therapy. The
specific loss power and the ILP coefficients were determined at mag-
netic field of 100 Oe and the frequency of 100 kHz. The maximum values
of the SLP (2.56 W/g) and ILP (0.40 nH-m?-kg~') parameters were
found for the Cog4Zng gFe;04 sample, which are higher than those of
commercial Fe;04. The obtained results are promising for fabrication
of new functional cobalt-zinc ferrites-based materials aimed for practi-
cal applications. The developed method for synthesis of cobalt-zinc fer-
rite nanoparticles can be used as a green technology for the production
of nanopowders with desired properties for a wide range of environ-
mental and biomedical applications.
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