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In recent years, magnetic composite nanosize powder materials are in-
creasingly used in medicine as a magnetic base for the transfer of a num-
ber of drugs. The undoubted advantage of using such composite medical
systems is the maintenance of an appropriate level of local concentrations
of therapeutic drugs in the affected area under conditions of a significant
reduction in the volume of their total dosage and a reduction in side ef-
fects on the human body as a whole. As established, the method of low-
temperature (350—400°C) decomposition/reduction of citrate salts in hy-
drogen medium allows obtaining nanosize ferromagnetic a-Fe powder with
a specific surface area of 31.4 m?/g. High specific surface area and mag-
netic characteristics allow us to recommend ferromagnetic a-Fe powder as
a magnetic base for the development of composite medical materials.

OcramHiMu poxkamMu menasi Gijbllle 3aCTOCYBAHHA Y MEOUIIMHI B SIKOCTi Mar-
HETHOI OCHOBU [Jisl IlepeHeCeHHA HUSKU JIiKapChbKUX NpellapaTiB 3HAXOAATH
MarHeTHi KOMIIO3UIIiMHI HAHOPO3MipHiI mopomKkoBi Mmarepisnu. Besmepeu-
HOI0 IIepeBarol BUKOPHUCTAHHA TAKMX KOMIIOSUI[IMHUX JiKAPChKUX CUCTEM
€ IMiATPUMAaHHA HAJEXKHOT0 PiBHA JOKAJLHUX KOHIIEHTPAI[il TepameBTUY-
HUX TIperapaTiB y 30HI ypaskKeHHA 3a YMOB iCTOTHOTO TOHMKEHHA 00CATY
3araJIbHOTO [O3yBaHHA iX i 3MeHINeHHA edeKTiB mobiuHol mil Ha opraHisam
JIOIWHA y IijoMy. B poboTi BCTaHOBIEHO, IO METOAOM HU3LKOTEMIIEpPaTy-
paoro (350—400°C) poskJamgaHHS/BiJHOBJIEHHS COJIeH ITUTPATIB y cepemo-
BUIIi BOAHIO OJep:KaHO (pepoMarHeTHWU HAHOAMCIIEPCHUU IOpOIIoK o-Fe 3
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muTOMOIO HmoBepxHelo y 31,4 m2/r. Bucoki mmrToMa moBepxHS Ta MarHeTHi
XapaKkTepPUCTUKU YMOKJIUBIIOIOTL PEKOMEeHAYyBaTH (hepoOMATrHETHHUI IMIOpo-
mIoK o-Fe B SKOCTi MarHeTHOI OCHOBU [JIA CTBOPEHHS KOMIO3UIIMHUX Ma-
TepifaJIiB MeIUYHOTO IIPU3HAUCHHS.

Key words: ferromagnetic nanopowders, magnetic nanosize powder mate-
rials, composite medical systems, biologically active agents.
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1. INTRODUCTION

In recent years, composite magnetic nanosize powder materials are
increasingly used in medicine as a magnetic basy for the transfer of
various drugs [1, 2]. The undoubted advantage of using such com-
posite medical systems is the maintenance of an appropriate level of
local concentrations of therapeutic drugs in the affected area under
conditions of a significant reduction in the volume of their total
dosage and a reduction in side effects on the human body as a whole
[3]-

More recent in vivo studies [4—6] have shown that the use of
magnetic iron-based suspensions as a magnetic basy for the localiza-
tion and transport of chemotherapeutic agents in oncological prac-
tice provides the necessary concentration and prolonged action of
drugs in the affected area.

It is known that nanosize iron particles are biologically active
agents, which can activate or, conversely, suppress certain func-
tions of vital organs, depending on their quantity, chemical compo-
sition and presence of impurities. Therefore, when a certain amount
of iron powder is introduced into the body, first, it is necessary to
have a clear idea of its behaviour in such bioenvironments as blood,
tissues, and intercellular fluids and lymph.

The purpose of this work is to develop and product ferromagnetic
nanosize a-Fe powder with a certain complex of physical and chemi-
cal properties (phase composition, high specific surface area, chemi-
cal purity) required for medical use.

2. MATERIALS AND METHODS

The main objects of research were iron powders with different
phase compositions and sizes obtained by decomposition/reduction
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of iron citrate salts under special technological conditions of syn-
thesis.

The possibility of increasing the iron content was studied, while
maintaining nanoscale size of powder is due to the use of low-
temperature decomposition/reduction of citrate iron salt
Fe;{C;H.(0)(COO0);}, (instead of oxalate salts) in hydrogen atmos-
phere. With this aim, the processes of low-temperature iron synthe-
sis from its citrate salts, which were decomposed with reduction in
hydrogen in the temperature range of 250-450°C, were investigat-
ed. For the purposes of passivation and preservation of a high spe-
cific surface area of the powders obtained, a method for passivation
of the surface of iron powder by a controlled gradual replacement of
the reducing environment (hydrogen) by air for 5—8 hours was de-
veloped. In contrast to the traditional methods for the production
of iron powders by thermal decomposition of iron salts [7], a combi-
nation of the methods of decomposition and reduction of iron cit-
rate salt Fe;{C;H;(0)(COO);}, in a reducing hydrogen atmosphere
and a modified technique for further prolonged passivation of iron
powder surface by controlled substitution of protective hydrogen
atmosphere with an air mixture was used.

X-ray diffraction studies of the obtained powders were carried
out using a DRON-3.0 x-ray diffractometer in CoK, radiation. The
dimensions of the coherent scattering regions (D,,) and, in particu-
lar, their diameters were calculated by line broadening in the dif-
fractograms using the Scherrer equation [8].

The magnetic characteristics of the powders (specific saturation
magnetization o,, residual induction B,, coercive force H,k) were
measured using a ballistic magnetometer in the fields up to 800
kA/m at room temperature [9].

Electron microscopy of the obtained powders was carried out at a
scanning electron microscope JSM 6360 LA equipped with EDS mi-
croanalysis system JED-2200 with an accelerating voltage of 15 kV
and an electron probe diameter of 4 nm.

3. RESULTS AND DISCUSSION

To monitor the phase composition and the powder size, the samples
were examined after synthesis at temperatures of 250, 300, 325,
400, and 450°C. The temperature interval of 50°C was chosen with
aim to accurately select and optimize the synthesis conditions for
nanoscale iron powders, which (by their size, particle morphology,
and phase and chemical compositions) could be used for medical
purposes.

According to the x-ray phase analysis of the powders obtained in
the temperature range of 250—450°C by decomposition/reduction of
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Fig. 1. X-ray diffractograms of powders obtained by decomposition—
reduction of iron citrate salt at temperatures: a—250°C; b—300°C.

citrate salts in hydrogen, the powders synthesized at 250 and 300°C
contain only crystalline phase of iron oxycarbide FeC,0, (Fig. 1).

An increase in the synthesis temperature up to 350°C led to a de-
crease of the amount of crystalline phase of iron oxycarbide FeC,0,
(Fig. 2).

According to x-ray diffraction analysis, the powders synthesized
at 400 and 450°C consist only of the a-Fe crystalline phase (Fig. 3).

The obtained data indicate that the amount of oxycarbide phase
FeC,0, is decreased, whereas the amount of a-Fe phase is increased
with the synthesis temperature; this is explained by the intensifica-
tion of diffuse processes that lead to the formation of the men-
tioned crystalline phases (Table 1).

The specific surface area of the powders synthesized at different
temperatures was determined by the gas chromatography method
using thermal desorption of nitrogen [10].

As can be seen from the data obtained (Table 2), the specific sur-
face area of the powders is increased with increasing decomposition
temperature with the formation of several phases and is decreased
insignificantly with the transition to a single-phase system at 400
and 450°C.

The dependence of the specific magnetization of powders obtained
by decomposition/reduction of iron citrate salts at the temperatures
of 250, 300, 325, 400, and 450°C on the magnetic field strength is
shown in Fig. 4.

The obtained curves have the shape peculiar to the ferromagnetic
materials, with the exception of powders synthesized at 250 and
300°C (Fig. 4, curves 2 and 3) which do not contain ferromagnetic
phases. It should be noted that, as the synthesis temperature in-
creases, the curves of the specific magnetization shift to higher ab-
solute values (that also corresponds to an increase in the specific
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Fig. 2. Micrographs and chemical composition at randomly chosen areas of

a sample of iron powder obtained by synthesis from iron citrate salts at
350°C (x3000).

A—Fe C—0 O—-C A—S & _—_Cr H—Ni V_—Ca

A N A A
a
A A
A . L’i A . A o Jjm
Iy & A
A
A A
A A 4
A .[L' A v ol A .

x5000

Fig. 3. Micrographs and chemical composition at randomly chosen areas of
a sample of iron powder obtained by synthesis from iron citrate salts at
450°C (x5000).

magnetization of the powders).

This experimental fact fully agrees with the results of x-ray
phase analysis, and it is explained by the increasing amount of the
ferromagnetic phase in powders with the synthesis temperature
(Table 1). It was shown that an increase in the synthesis tempera-
ture also leads to an increase in the level of residual induction B,
(Table 3) due to the same reasons [11]. The coercive force H, associ-
ated with the particle size of the powders is increased to a synthesis
temperature of 350°C (D..=150 nm) and is reached a maximum
value of 120 Oe; at 400°C, with an insignificant increase in the par-
ticle size (D, =180 nm), it began to decrease (65 Oe). The residual
induction B, was the highest at 400°C, when the system is consisted
only of nanosize particles of a-Fe.

With further increase of the synthesis temperature up to 450°C,
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TABLE 1. Phase composition and size of the coherent scattering (Dock)
regions (D) of powders obtained by synthesis of iron citrates.

CSr.

Synthesis regime
(in the course of 2 h)

Phase composition, wt.%|Phase fraction, % | D, nm

250°C FeC,0, 100 50

300°C FeC,0, 100 50
FeC,0, 70 60

325°C a-Fe 10 50
Fe,0, 20 —

. a-Fe 98 150
350°C Fo,0, 5 !
400°C a-Fe 100 180
450°C o-Fe 100 1100

TABLE 2. Dependence of the specific surface area of iron powders on the
synthesis temperature.

Temperature, °C 250 300 325 350 400 450
Specific surface area, m?/g| 9.88 15.07 28.0 30.8 31.4 30.7

the specific magnetization o, and the residual induction B, of syn-
thesized powders associated with the content of the ferromagnetic
phase remain practically unchanged, and the coercive force H. con-
tinues to decrease due to the increase in the particle size. Thus, the
powder obtained at 400°C had the highest magnetic properties (Ta-
ble 3).

The nanosize iron powder synthesized at 400°C consists of ferro-
magnetic a-Fe phase, has an optimum specific surface of 31.7 m?/g
and high magnetic characteristics (c,=177.6 A-m?/kg, H, = 100 Oe,
B, =1522 G). It is a promising powder material for using in the
chemical industry, medicine, and food industry.

4. CONCLUSION

It is proved that the low-temperature decomposition of iron citrate
salt Fe;{C;H,(0)(COO0);}, in reducing hydrogen atmosphere under
certain technological conditions allows to obtain nanosize iron pow-
der. During the synthesis of powders in the temperature range of
250-450°C, the amount of ferromagnetic a-Fe phase increases with
temperature.

According to x-ray phase analysis, the powders synthesized at
350, 400, and 450°C consist only of the crystalline a-Fe phase. Syn-
thesis of iron powders at higher temperatures leads to an increase
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Fig. 4. Dependence of the specific magnetization of powders obtained by
the synthesis of iron citrate salts on the magnetic-field strength at tem-
peratures [°C]: 1—250; 2—300; 3—325; 4—400; 5—450.

TABLE 3. Magnetic properties of powders obtained by decomposition—
reduction of iron citrates.

Synthesis regime (during 2 h) | c,, Am?/kg | H, Oe B, G
250°C 0.5 — —
300°C 4.1 — —
325°C 15.8 20 58.8
350°C 150 120 666
400°C 177.6 100 1522
450°C 179.6 65 1599

in their specific magnetization and residual induction due to an in-
crease in the amount of ferromagnetic a-Fe phase.

It is found that a low-temperature (400°C) decomposition—
reduction of citrate salts in hydrogen atmosphere allows obtaining
ferromagnetic nanosize a-Fe powder with a specific surface area of
31.4 m?/g. High specific surface area and magnetic characteristics
allow us to recommend the ferromagnetic a-Fe powder as a magnet-
ic base for composite materials for medical applications.
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