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The developed technology provides obtaining finely-dispersed ferrite powders ZnxFe,-xO, (x=0-0.5), which meet the
requirements to magnetic nanoagents used in the biomedical field such as biochemical purity, nanometric particle size,
rather high magnetization and superparamagnetic state in the therapeutic range of temperatures. The average particle
sizes have been determined by the methods of X-ray diffraction analysis and electron microscopy. The dependence of
the crystalline lattice constants on the zinc ions concentration has been determined. Magnetic measurements at 300 K
have demonstrated the increase of magnetization as a result of replacement of iron ions with zinc ions and the size
effect — the superparamagnetic state of the powder particles has been found.

The work has been performed within the project No. DR 0112U005918.

1.Introduction

Currently finely-dispersed ferrite powders are
actively studied due to the possibility of their
application in innovative biomedical technologies.
Such applications of magnetic nanoparticles as
targeted drug delivery to the disease sites with the
help of magnetic field, hyperthermia for treating
oncological diseases, usage in radiopaque fluids in
the rentgenological study are considered.

The main requirements to both individual
magnetic nanoagents and powder materials are:
biocompatibility, the particle size at the level of the
cell size (10-100 nm), proteins (5-50 nm) or genes
(2-10 nm), rather high magnetization and magnetic
susceptibility, close to the critical for
superparamagnetic particle volume.

Besides, the finely-dispersed ferrite particles are
of interest as an object of research to detect and
study size effects. For ferrites of the spinel structural
type the change of the magnetic state of particles,
stipulated by the size effect in relation to the
temperature and magnetic strength, is the most
extensively studied area [1,2].

In the biomedical field the magnetite particles
(Fe304) are widely used as magnetocontrollable
particles because of good biocompatibility of magnetite
[38-12]. For a macroanalog of the given ferrite, it is
known that its magnetization can be increased by
partial substitution of Fe?* ions with Zn?* ions [1].

The aim of this work was to obtain the system of
nanoparticles of zinc-substituted magnetite with different
concentration of zinc ions and to study the effect of the
size factor on magnetic and structural parameters.

2. Material and Methods

2.1. Samples and Chemicals. To obtain a finely-
dispersed ferrite powders with the composition
Zn Fe, O, with the concentration of zinc x = 0; 0.1,

0.2, 0.3, 0.4, 0.5, the method of chemical
condensation of ferrite-forming components from
aqueous solutions of salts in the alkaline medium
has been used. The corresponding equation for the
chemical reaction is:

2FeCl,+xZnS0 ,+(1-x)FeSO,+8NaOH— Zn Fe, O,
+ 6 NaCl+ Na,SO,. + 4H,0

It has been experimentally confirmed that for
proceeding the reaction and forming a black
precipitate, which is characteristic to magnetite, it is
sufficient to keep the mixture, obtained as the result
of the reaction on the water bath for approximately
two hours at T = 80° C, constantly stirring. Then the
mixture is kept up to 2 days for complete
"maturation” of the precipitate, after that it is
repeatedly washed by distilled water to pH = 7.5 -
8.0. To prevent a possible aggregation of ferrite
particles the obtained water suspension is placed
to the ultrasonic disperser for 2-3 min.

2.2. Analytical Methods. X-ray and electron
microscopic research of the synthesized powder.

2.2.1. X-ray analysis. The X-ray research of
the samples was conducted on the automated X-
ray diffractometer DRON-4 with the source of
monochromated Co-radiation. The spectra were
processed by the modified Rietveld method using
applied programs [13, 14].

Fig. 1 presents diffraction patterns of the powder
samples under research. The diffraction patterns
character testifies the powders single phase and
indicates the fact that the synthesized crystals have
a cubic structure of the ferrite spinel type belonging
to FAd38m(227) space group. From diffraction
patterns using Selyakov formula (D= KB/Acos6) the
average particle sizes were determined for all the
studied compositions. The obtained values were in
the range of 5.8-9.2 nm.
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Figure 1. X-ray spectra of the synthesized nanopowder with Zn Fe, O, composition

2.2.2. Electron microscopic research. The electronic picture of the powder particles for the
method of electron microscopy was used in order composition with the zinc concentration of x=0.4
to determine the distribution of particles by size, and their distribution by size obtained with statistics
which is necessary, in particular to identify their of ~400 particles. Distribution is close to symmetrical,
magnetic state. Fig. 2 as an example presents the the range of values is D=3-13 nm, the mean <D>
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Figure 2. Electronic picture of powder particles with the composition x=0.4 and their distribution by size.
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value is ~ 6.5 nm. At the same time approximately
80 % of particles have the size of 5.0-9.0 nm, and it
is consistent with the result obtained by the X-ray
diffraction method.

Thus, the single-phase ferrite powders with the
obtained compositions with rather narrow
distribution of particles by size at the lower limit of
the nanoscale can be classified as model systems
intended for solving fundamental tasks.

3. Results and Discussion

3.1. Structural size effect. For finely-dispersed
powder materials it is known that the structural size
effect can be revealed in the change of syngony
and the constant of the crystalline lattice [15, 16].
In this case the crystal symmetry is not changed for
all the studied compositions. Therefore, only the
change of the lattice constant might be expected.

The value of the lattice parameters were
calculated from diffraction patterns with an
accuracy of (3-4)-10*A. Fig. 3 shows the
dependence of the crystalline lattice a on the Zn?*
ions concentration comparing to the linear
dependence supposed for macroanalogs. It is
obvious that for all studied compositions the values
of the lattice parameter are less than for the
corresponding macroanalogs. The observed
difference exceeds the experimental error by an
order and changes from 0.25% to 0.20 % with
increase of the zinc concentration in the range of x
= 0.1-0.5. It should be noted that the greater
deviation for magnetite (0.45 %) can be associated
with the supplementary reasons with the exception
the size factor, namely with the presence of iron
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Figure 3. The dependence of the crystalline lattice of
zinc-substituted magnetite Zn Fe, O, on the zinc ions
concentration: 1 — macroscopic analog, 2 —
nanodispersed powder-based samples.

oxide y-Fe, O, on the surface of magnetite particles,
as referred in the paper [17].

Increase of the concentration of zinc leads to
increase of the lattice constant, which can be
explained as follows. Unlike replaceable Fe?* ions
located in octahedral interstitial sites, substituting
Zn?" jons are prone to the tetrahedral surrounding,
i.e. after substitution the regular decrease of degree
of ferrite structure conversion is expected. The ion
radii of Zn?7(0.82A) and Fe2*(0.83A) are practically
the same. However, the interstitial site both for Fe,O,
(0.55A) and for ZnFe, O, (0.65A) has smaller size than
the octahedral one (0.75A and 0.70A, respectively).
In this regard localization of Zn?* ions in tetrahedral
interstitial sites leads to increase of the lattice
constant. The nonlinear character of the observed
dependence a(x) can be associated with the fact
that Zn?* ions take partially octahedral sites.

3.2. Development of the size effect on
magnetic properties. It is known that decrease of
particle sizes to the nanoscale is accompanied by
decrease of magnetization for all oxide ferrimagnets
[17]. For the test powder with the composition of
x=0.5 the specific magnetization value in the field
H=17 kOe equals ¢ = 75 emu-g" (fig. 4); it is twice
less than for macroanalog. However, it is important
that it exceeds the value of o =67 emu-g' for the
magnetite nanopowder (x=0).

Substitution with zinc ions allowed increasing the
powder magnetization, and in combination with the
small particle size it corresponds to the requirements
to magnetic nanoagents used in the biomedical
field. It is desirable the particles to be in the
superparamagnetic state, which is characterized by
a high magnetic susceptibility and, thus, by a good
magnetic control.

The comparison of the real volumes of zinc-
substituted magnetite particles with the critical
superparamagnetic volume allowed predicting the
superparamagnetic state even for the largest
particles of the researched powders in the
therapeutic range of temperatures. This forecast
was confirmed by the results of studying the
processes of magnetization and demagnetization
in the fields sufficient for saturation of a macroscopic
analog. It has been shown that the curves of
magnetization and demagnetization coincide, i.e.
the anhysteretic character of the magnetization
process is observed: residual magnetization equals
zero, the coercive force is absent (Fig. 4); therefore,
it shows the superparamagnetic state of the samples
of all compositions under research.

4. Conclusions

The given method for obtaining nanodispersed
powder-based samples of the zinc-substituted
magnetite system provides the chemical
homogeneity of the powder, small particle sizes (at
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Figure 4. lllustration of the superparamagnetic state of the small particles systems of pure and zink-substituted
magnetite.

the nanoscale lower limit), sufficient magnetization
and the superparamagnetic state of particles in the
therapeutic range of temperatures required for
biomedical application. The size effect consisting in
decrease of the array parameter with increase of
the zinc concentration at constant syngony of the
crystalline structure of ferrite has been found.
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CTPYKTYPHI TA ®I3U4HI BJIACTUBOCTI HAHOYACTUHOK CUCTEMM Zn, FE, 04,

BIOMEAWYHOIO METOIO

€. JleBiTiH', |. BepepHikoBa', A. Kosanb', JI. OnbxoBik?, H. Bopucoea?, 3. Cusoga?,

A. ®daranieBa’

'HavjioHanbHWi apmaLeBTUYHWI YHIBEPCUTET,

2XapkiBcbkuii HaLlioHaIbHWI yHiBepcuTeT imeHi B. M. KapasiHa

Pestome: po3pobneHo TeXHONOriIo, fka 3abesnedye oOTpUMaHHs ApiGHOAMCNEPCHMX NOPOLLKiB depuTis Zn Fe, O, (x=0-

3x 4

0,5), 9Ki BiANOBIOAIOTL BMMOram A0 MarHiTHMX HAHOYaCTUMHOK, L0 BUKOPWUCTOBYIOTLCS B ranysi 6ioMeamumHn, Takum sk
BioxiMmiyHa ynMcToTa, PO3MIP HAHOYACTUHOK, OOCUTbL BMCOKA 34ATHICTb HaMarHiyyBaTWUChb i cyneprnapamarHiTHWiA CTaH B
TepaneBTUYHOMY Aiana3oHi TemnepaTyp. CepeaHili po3mip YacTUHOK OyB BU3HAUYEHWIN METOAAMM PEHTIEHIBCLKOT AndpaKLii
Ta eNleKTPOHHOI MiKpPOCKOMil. BU3Ha4eHOo 3anexHiCTb KOHCTAHT KPUCTAJTIYHOI PELLITKN Bif, KOHLEHTPaU,l iOHIB LMHKY. MarHiTHi
BuMiptoBaHHa npu 300 K nokasanu 306inblueHHs 30aTHOCTI HamarHi4yBaTUCb B pe3yfbTaTi 3aMiHM iOHIB 3ani3a Ha ioHM
LMHKY i PO3MIPHOrO edekTy — TakMM YMHOM Oy1I0 BU3HAYEHO CcyneprapamMarHiTHUiA CTaH YaCTUHOK MOPOLLKY.

KniouoBi cnoBa: HaHO4YaCTUHKKN, HepuTn, 30aTHICTb HaMarHivyBaTnCb, cyneprnapamMarHiTHUM CTaH.

CTPYKTYPHBIE U ®U3NYECKME CBOMCTBA HAHOYACTUL, CUCTEM Zn FE, 04, B
BUOMEAMNLIMHCKUX LIENSIX

E. Jleenutnn', U. BepepHukoBa', A. Kosanb', J1. OnbxoBuk?, H. Bopucosa?, 3. CusoBa?,
A. daranueea’

"HavmoHaibHbil papMaLieBTUHECKUIA YHUBEPCUTET,
2XapbkOBCKWI HALMOHA IbHBIV YyHUBEPCUTET nMeHn B. H. KapasuHa

Pesiome: paspaboTaHa TeXHOMOrus, Kotopas obecnevmBaeT NoJiydeHne MenkoAMCNEPCHbIX NMOPOLUKOB GeppuToB
Zn Fe, O, (x=0-0,5), otBevatoLimx TpeGOBAHNAM K MarHUTHbIM HAHOYaCTMLAM, KOTOPbLIE UCMOML3YITCA B 061acTu
HGroMeaNLMHbI, TaKUM Kak BMOXMMMYeckas YMcToTa, pa3mep HaHO4YaCTuUL, 4OCTAaTOYHO BbICOKass HAMarHM4eBaeMoCTb
M cynepnapamMarHuTHoe COCTOsIHME B TeparneBTMYEeCKOM Auana3oHe TemnepaTyp. CpeaHuii pasmep 4acTtul, Obin
onpeneneH MeTogamm PEHTIrEHOBCKOM AndpakLmMm N SNEKTPOHHOM M1Kpockonun. OnpeaeneHa 3aBUCUMOCTb KOHCTaHT
KPUCTaNINYECKON PELLETKN OT KOHLEHTPALMN MOHOB UMHKa. MarHutHbele nameperus npu 300 K nokazanu ysenmyeHve
HamMarHM4eBaeMOCTM B pe3ysibTaTe 3aMeHbl MOHOB XeJie3a Ha MOHbI LIMHKA 1 pa3MepHOro adpdekTa — Takum o6pa3om

ObINO OMNpeneneHo cynepnapamarHUTHOe COCTOSIHME YaCTuL, MOPOLLKA.

KnioueBble cnoBa: HaHO4YaCTULLbI, Cbeppl/lTbI, HamMarHmyeBaemMoCTb, cyrnepnapamMarHMTHoe COCTOAHME.
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