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The hydrophilic y-Fe,0, nanoparticles coated with polyvinylpyrrolidone (PVP) were prepared in one step of
the modified polyol ‘method combined with an additional heat treating. The presence of maghemite (y-
Fe,0,) phase was confirmed by using X-ray diffraction (XRD) and Raman Spectrometry on powder. FT-IR
spectroscopy confirmed the presence of PVP on the nanoparticles surface and the Zeta potential also
supported the coating of nanoparticles with a layer of PVP and a good stability in aqueous medium. SEM
analysis showed that the prepared y-Fe,0, nanoparticles have a spherical structural morphology with the
tendency of agglomeration. Hysteresis IfJop shows a ferromagnetic behaviour at room temperature with a

saturation magnetization up to 57 emu/g.
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In the past decade, due to the physicochemical and
their unique magnetic properties, iron oxide nanoparticles
have been intensively studied by the scientific community
for their scientific and technologic importance. They find
applications in various fields, from magnetic recording [1]
and environmental remediating [2] to biomedical
applications such as magnetic resonance imaging (MRI)
[3-5], treatment of cancer by hyperthermia [6, 7],
separation of cells [8], drug delivery [9].

Among iron oxides, maghemite (y-Fe,0,) is especially
interesting for biomedical applications because it is non-
toxic and presents both thermal and chemical stability.
Also it has a chemically active surface where a variety of
bonds allow the formation of biocompatible coatings. For
biomedical applications magnetic nanoparticles need to
be crystalline, non-agglomerated with optimized shape and
size. By the synthesis process and controlling the process
parameters, it is possible to control the resulting
nanoparticles properties, such that nanoparticles with the
same composition and crystalline structure have different
chemical and magnetic properties. A wide variety of
chemical synthesis methods has been reported in the
literature for y-Fe,0, nanoparticles preparation:
coprecipitation [10, 113] microemulsion [12], sol-gel
synthesis [13, 14], termolysis [15], and thermal
decomposition of iron complex [16]. Darezereshki E.
reported the synthesis of y-Fe,0, nanoparticles (size of 10
nm) obtained by coprecipitation of FeCl, and FeCl,»4H,0
salts with NH,OH at pH = 9.73 and room temperature
[17]. The monodrspersed superparamagnetic y-Fe,O,
nanoparticles (15 - 20 nm) were prepared by a one—step
thermal decomposition of iron (Il) acetate in air at 400°C
[18]. Monodisperse y-Fe,0, nanoparticles with a diameter
of particle of 13 nm were’also prepared by the thermal
decomposition of iron pentacarbonyl in presence of oleic
acid at 100°C [16]. Via thermolysis of polyvinyl alcohol (PVA)
gels, prepared under alkaline pH by adding Fe** ions into
warm aqueous solutions of PVA, y-Fe,0, nanoparticles with
diameters in the 7 - 18 nm range were synthesrzed [15].

For biomedical applications, is required that the iron
oxide nanoparticles to be stable in water at neutral pH and
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physiological salinity. Therefore, one of the main problems
in producing stable iron oxide particles is to prevent their
agglomeration during the synthesis and coating processes.
For the surface modification of iron oxide particles with
various biocompatible and biodegradable materials, the
following approaches are presented in literature: organic
vapour condensation, polymer coating, surfactant
adsorption, and silanization using silane coupling agents
[19]. In this study, hydrophilic y-Fe,O, nanoparticles were
prepared by a modified polyol met fhod in the presence of
ethylene glycol as solvent and poly-vinylpyrolidone (PVP)
reagent. The coating of nanoparticles with PVP has been
realised in one step of the synthesis process. This
modification of the surface of nanoparticles gives them
water solubility and the biocompatibility required for
biomedical applications.

Experimental part
Materials
Iron (ll) Chloride Hexahydrate FeCl,6H,0 (= 98 %)
purchased from FLUKA and Poly- vrnylpyrolrdone (PVP) (M
= 40000 g/mol) from SIGMA were used as reagents.
Ethylene glycol (EG) (99%) purchased from CHIMOPAR
was used as solvent and reducing agent, Sodium Acetate
CH.COONa (99%) was used as a precipitating agent from
REACTIVUL, Ethylic Alcohol Absolute CH.OH (99.9 %)
purchased from MERCK and Deionized 6Itrapure Water,
obtained from a Millipore Simplicity - UV equipment, were
used at washing and purification.

Synthesis of y-Fe,0, nanoparticles

In a 250 mL trée-neck round bottomed flask equipped
with condenser, magnetic stirrer, thermometer and heating
system was dissolved 4.05g (15 mmol) of FeCl,*6H,0 in
150 mL of EG using magnetic stirring and heatrng to £00°C
for 30 min. Then in the polyol-iron salt solution, 0.375g of
PVP was added continuing magnetic stirring at 100°C for
another 30 min. The thus obtained solution was gradually
heated up to 200°C. In this moment 10.8 g of CH,COONa
has been added, observing the formation of a precrprtate
of brown colour. The reaction mixture was maintained
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under these conditions of reaction for 2h. The solution was
then allowed to cool to room temperature and was
centrifuged to remove traces of EG and PVP excess. Then
the magnetically collected precipitate was washed five
times with deionized water and with absolute ethylic
alcohol at the end, and then it was dried at a temperature
of 60°C in air for 4 h. The dried powder of the nanoparticles
thus obtained and noted (S1), has been further heat treated
at 270°C/1h and at 280°C/4h.

Characterization

The powder of y-Fe, O, nanoparticles was characterized
by X-ray diffraction (X§D3 analysis for the determination of
the crystallographic structure, estimation of crystallite size
and lattice parameter. The X-ray diffraction pattern of the
powder samples was recorded on a D8 Discover, Bruker-
AXS (Germany) diffractometer with CuKo; (15406A) at
room temperature in the range of 10 to 100° in the 26 scale,
with a scanning speed of 0.04°/s and a time step of 10s.
Raman spectra were recorded using a Raman
Spectrometer Model LabRAM HR Evolution, Horiba, using
a 532 nm wave excitation and low power laser (about 0.1
mW). The spectra were acquired in the spectral range of
50-1700 cm? at an acquisition time of 30 s x 10
accumulations/spectrum using a 600 g/mm diffraction
network and a 50x ocular lens with a 0.75 numeric
aperture. IR spectra were recorded with a Jasco 4200
spectrometer coupled with an attenuated total reflectance
(ATR) module JASCO PRO 470-H ATR. The samples were
measured directly by placing them on the crystal of the
ATR and pressing with a controlled force, and the recording
conditions of the spectra were as follows: spectral range:
4000 - 600 cm; resolution: 4 cm™*: number of scans/
spectra: 50 accumulations. Thermal Analyses (TG/DTA)
were performed on the powder sample with a heating rate
of 10°C/min in the temperature range from room
temperature up to 600°C by using a TG-DTA system (STA
490C, Netzsch-Germania).

The morphology and particle size of the as prepared
samples were investigated by FESEM-FIB (Workstation
Auriga) scanning electron microscope equipped with a
dispersive X-ray spectroscope (EDS) detector (Oxford
Instruments). Chemical compositions were estimated by
an area analysis using energy dispersive X-ray
spectroscopy (EDS) system. The magnetic properties of
the y-Fe,O, samples were measured with a vibrating -
sample magnetometer (VSM) Lake Shore 7300 model at
room temperature. The prediction of the dispersion stability
of the hydrophilic y-Fe,O, nanoparticles in agueous solution
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was determined using NanoBrook ZetaPlus Zeta Potential
Analyzer (Brookhaven, USA).

Results and discussions
Crystal structure analysis

The XRD pattern of the sample (S1) of y-Fe.O
nanoparticles powder prepared by a modified polyoi
method was showed in figure 1.

As can be seen from the X-ray diffractogram of the
sample (S1), the superposition of the peak positions for
the y-Fe,0, and Fe,0, could not confirm the phase of iron
oxide nanopartlcfes The X-ray diffractograms for the
samples additionally heat treated presented in figure 2 (a)
and (b), showed the formation of a single phase of the
crystalline structure identified as being of the y-Fe,0,
according to the ICDD PDF (01-089-5892) catalogue shéet.
The crystallite size was obtained using Debye-Scherer
equation (1) taking into account the main peak (311):
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where: D is the crystallite mean size, A =1.5406A is the
wavelength of the X-rays, B is the full width at half
maximum (FWHM) of the peak and 6 is the Bragg angle.
The crystallite size of the as prepared samples determined
in this manner are listed in tablel.

The crystallite sizes increase with increasing
temperature after applying additional thermal treatment
from 8 nm to 10 nm (at 270°C/1h) and respectively 15 nm
(at 280°C/4h).

In order to validate the crystalline structure of iron oxide,
the samples were further analysed by Raman
spectrometry. In figure 3 are shown the Raman spectra
recorded on the samples S1 heat treated at 270°C/1h and
at 280°C/4h respectively. One can notice the presence of
an intense band with the maximum at approx. 689 cm*
which can be attributed to the presence of y-Fe,0, in the
analysed sample [20, 21]. As this temperature rlses this
peak moves to the left and decreases in intensity. The low
intensity peak at about 1400 cm™ also indicates the
presence of y-Fe,0, (22).

FT-IR analysis

The Fourier Transform infrared (FT-IR) spectrum was
used to characterize the surface chemistry and Fe-O bonds
of the as synthesised y-Fe,O, nanoparticles. The FTIR
spectra obtained on the S1 heat treated sample at 270°C/
1h (fig. 4) revealed the presence in the 490-700 cm region
of a wide band with multi peak structure with maximum
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Fig. 1. X-ray powder diffraction patterns for (S1) y-Fe,0, nanoparticles sample prepared by a modified polyol method
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defined. Also, the presence of bands (2820-2930 cm™)
attributed to vibration of the C-H bond and some bands at
1720 cm™? attributed to vibration of the C = O bond, was
observed. They support surface coating of the y-Fe,0,
nanoparticles with PVP.
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Figure 5 shows the TG-DTA curves of the sample S1
synthesized by the modified polyol method before the
application of an additional thermal treatment.

The TG curve of the sample S1 in the analysed
temperature range is characterized by a gradually mass
loss. At approx. 160°C there is a loss of approx. 3% without
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Fig. 4. The FTIR spectrum recorded on
S1 sample heat treated to 280°C/4h.
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Fig. 5. The TG-DTA curves of iron oxide
nanoparticles (sample S1) synthesized
by the modified polyol method before
applying an additional thermal
treatment.
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a visible thermal effect and in the intervals of 200-300 and
300-500°C there is a mass loss of 14.50-15.45% associated
with a pronounced exothermic effect which is likely due
to the thermal decomposition and the burning of the sample
with a large heat release of 6.4 mW/mg. In the range of
400-580°C the mass is constant - no thermal effects arise
which shows that at a temperature above 300°C a stable
oxide system - y-Fe, 0, has been formed. On the DTA curve,
there is a small exothermic effect at 604.5°C without loss

of mass that may be due to redistributions in the previously
formed oxide network at approx. 300°C.

EDS-analysis

The energy dispersive spectrometer (EDS) was used to
analyse the chemical composition of the sample. The EDS
pattern of the as synthesized y-Fe, 0, nanoparticles (fig. 6)
showed the presence of Fe, O and C elements. The
presence of element C suggests that the nanoparticles

=l

Result Type Atomic %
Spectrum | Spectrum | Spectrum | Spectrum | Spectrum
Label 1 2 3 4
C 6.90 5.06 4.86 6.23
0 27.45 24.36 24.52 27.87
Fe 65.65 70.58 70.61 65.90
Total 100.00 100.00 100.00 100.00

Statistics C o Fe
Max 6.90 | 27.87 | 70.61
Min 4.86 | 24.36 | 65.65
Average 5.76 | 26.05 | 68.19
Standard Deviation | 0.97 | 1.86 | 2.79

Fig. 6. The EDS pattern of the y-Fe,O, nanoparticles prepared by a modified polyol method and subsequently heat treated to 270°C/1h.
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were covered with the organic PVP layer. Also, EDS analysis
was able to estimate the elements concentration (70.61%
Fe, 27.87% O and respectively 6.9% C). While considering
the atomic weights of iron and oxygen as 55.85 and 16,
the weight ratio of iron and oxygen concentrations in the

sample was estimated and the ratio of elements came
close to the empirical formula of Fe,0,. This confirms that
the nanoparticles obtained are y- Fe O and not magnetite
(Fe,0,).
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Fig. 7. The SEM images of the y-Fe,0, nanoparticles prepared by a
modified polyol method (a) and subsequently heat treated to (b)
270°C/1h and to (c) 280°C/4h.

SEM analysis
The SEM images of the synthesized y-Fe,0
nanoparticles powder are presented in figure 7 (a) - (c
The morphology of the as prepared y-Fe, O, nano-
particles showed an approximate spherical shape with the
tendency of agglomeration. The particles size resulting from
the SEM analysis was coincident with the XRD analysis.

VSM analysis

Figure 8 shows the magnetization vs. magnetic field
loops measured at room temperature for the samples of y-
Fe,O, nanoparticles prepared. Hysteresis loops show that
allthe nanoparticles have ferromagnetic behaviour at room
temperature.

Table 2 shows the magnetic parameters of the y-Fe,0,
nanoparticles samples. The saturation magnetization EM
= 25.45 emu/g) value for the y-Fe,O, nanoparticles (sample
S1)issignificantly lower than those of heat treated sam ples
due to the indefinite crystalline structure of iron oxide. With
increasing of heat treatment temperature, the saturation
magnetization value increases from 51.59 emu/g for
sample S1 treated at 270°C/1h to 55.56 emu/g for sample
S1 treated at 280°C/4h. However, the saturation
magnetization values are lower than those of the bulk -
Fe,0, (76 emu/g) [24, 25] due to the presence of the
nonmagnetlc (PVP) coating and the small size effect of
the y-Fe,0, particles.
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Fig. 8. M vs. H hysteresis loops for the as prepared y-Fe,0,
nanoparticles samples.

Zeta potential analysis

Figure 9 shows the Zeta potential recorded on an

aqueous solution (0.01%) of the y-Fe,O, nanoparticles

prepared by the modified polyol method combined with
10 .

: f

'
9

Power

T I @

00 4
-1500 0
Zeta Potential (mV)
Fig. 9. Zeta Potential of the y-Fe,O, nanoparticles prepared by a
modified polyol method and subsequently heat treated to 280°C/4h
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an additional thermal treatment at 280°C/4h at a pH of 7.5.
The value of the resulting Zeta potential of -28 mV indicates
good aqueous medium stability of the y-Fe,O, nano-
particles thus prepared, supporting the surface madification
of nanoparticles by coating with a fine layer of PVP
hydrophilic polymer.

Conclusions

The hydrophylic y-Fe,O, nanoparticles were successfully
prepared in one step of the modified polyol method in the
presence of PVP and with additional thermal treating at
270°C/1h and at 280°C/4h. Raman spectrometry confirmed
the presence of the y-Fe,0, unique phase. Increasing
temperatures and heat treatment time led to increasing
the degree of crystallinity and crystalline sizes from 10 to
15 nm without affecting the structural composition. The
presence of the PVP layer on the surface of prepared y-
Fe,0,nanoparticles was confirmed by the results of FT-IR,
EDS analyses and by the water dispersibility stability (zeta
potential). The result of VSM analysis revealed
ferromagnetic behaviour at room temperature. The Ms
value increases with the increase in crystallinity and particle
sizes reaching a value of 56 emu/g for the S1 sample
thermally treated at 280°C/4h. The magnetic properties and
good stability in the aqueous medium were encouraging
for using PVP-coated y-Fe,0, nanoparticles prepared by
polyol method in biomedical appllcatlon
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