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The development of magnetite and maghemite particles in uniform nanometer size
has triggered the interest of the research community due to their many interesting
properties leading to a wide range of applications, such as catalysis, nanomedicine-
nanobiology and other engineering applications. In this study, a simple, time-saving
and low energy-consuming, microwave-assisted synthesis of iron oxide nanoparti-
cles, is presented. The nanoparticles were prepared by microwave-assisted synthesis
using polyethylene glycol (PEG) or PEG and β-cyclodextrin (β-CD)/water solu-
tions of chloride salts of iron in the presence of ammonia solution. The prepared
nano-powders were characterized using X-Ray Diffraction (XRD), Transition Elec-
tron Microscopy (TEM), Fourier-transform Infrared Spectroscopy (FTIR), Raman
Spectroscopy, Vibrating Sample Magnetometer (VSM), X-Ray Photoelectron Spec-
troscopy (XPS) and Thermal analysis (TG/DSC). The produced nanoparticles are
crystallized mostly in the magnetite and maghemite lattice exhibiting very similar
shape and size, with indications of partial PEG coating. Heating time, microwave
power and presence of PEG, are the key factors shaping the size properties of nanopar-
ticles. The average size of particles ranges from 10.3 to 19.2 nm. The nanoparticles
exhibit a faceted morphology, with zero contamination levels. The magnetic mea-
surements indicate that the powders are soft magnetic materials with negligible coer-
civity and remanence, illustrating super-paramagnetic behavior. © 2017 Author(s).

All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1063/1.4994057

I. INTRODUCTION

Iron oxide nanoparticles have triggered the interest of the research community and industry, due
to their great variety of applications. Iron oxide nanoparticles, with magnetite (Fe3O4) and maghemite
(γ-Fe2O3) playing the leading role, find great use in pharmacy and nanomedicine, and are used in cell
separation,1 as MRI contrasting agents,2 as drug carriers for targeted cancer therapy3 and as magnetic
nanomarkers for pathogens diagnosis using microfluidic sensors4,5 or magnetic microchips.6,7 In the
environmental sector iron oxide nanoparticles facilitate the purification of polluted water and soil,8

whereas in the field of energy storage, magnetite nanoparticles are highlighted as a promising anode
material for lithium ion batteries.9 BioMEMS10,11 are also employing magnetic nanoparticles for
implementing lab-on-a-chip applications.

Chemical composition, morphology and size control of nanoparticles are strongly dependent
parameters on the method of preparation and play a significant role for engineering applications.
Various techniques have been used to synthesize magnetic iron oxides nanoparticles, such as co-
precipitation,12,13 thermal decomposition,14,15 microemulsion technique,16 and hydrothermal meth-
ods,17,18 but they all suffer from serious drawbacks such as broad size distribution, long reaction time,
low efficiency and need of high temperature and pressure respectively.
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The need of a rapid, simple and efficient preparation method that produces monodispersed
nanoparticles with good magnetic properties under moderate temperature, led the scientific research
on the exploration of microwave-assisted synthetic routes. Since the late 1980s, microwave-
assisted synthesis has been utilized in the preparation of organics, organometallics and pep-
tides and only the last couple of decades, the exploration of this method has been introduced
in the field of inorganic material synthesis.19 Various research groups have focused their inter-
est on the microwave-assisted synthesis of magnetite and maghemite. A striking benefit of the
microwave-assisted synthesis, which strongly differentiates this method from the classic ones, is
the reduced reaction time as well as the homogenous heat supply due to the almost instanta-
neous interaction of the electromagnetic field with the material being processed rather than surface
heating.20

Khollam et al.21 prepared magnetite powders with average crystallite size around 34 nm, using
as precursors ferrous sulfate and sodium hydroxide, in the temperature range of 90 - 200◦C, using
microwave-assisted conditions. Caillot et al.22 used alcoholic solutions of ferrous chloride and
sodium ethoxide solutions heated at about 160◦C, using microwave-assisted conditions, result-
ing in hematite, spinel phase (maghemite) and iron-magnetite nanocomposites, with grain sizes
close to 20 nm for magnetite and 60 nm for metallic iron. Monodisperse magnetite nanopar-
ticles (∼6nm) were synthesized by microwave-assisted heating at 220◦C for 5 min and 250◦C
for another 5 min, using Fe(acac)3 and 1,2-hexadecanediol in dibenzyl ether in the presence
of oleic acid and [bmim][BF4].23 Hong et al.24 prepared magnetite nanoparticles with average
size of 8-9 nm using ferrous and ferric salts and ammonia occupying a domestic oven without
any temperature control. Magnetite nanoparticles of average size around 15-20 nm, with partial
surface oxidation to maghemite, were obtained via microwave heating of chloride ferrous salts
and NaOH/hydrate hydrazine solution, at 100◦C for 120 min.25 Another research group prepared
super-paramagnetic maghemite nanoparticles with mean diameter about 6 nm, by heating under
microwave irradiation a solution of iron (III) acetylacetone and benzyl alcohol at 60◦C for 5 min
followed by heating at 180◦C for 10 min.26 Komarneri and his co-workers used chloride salts of
iron and different alkaline sources (such as ammonia solution NH4OH, NaOH, Na2CO3) under
microwave heating at 80-150◦C for 1-16min, producing magnetite nanoparticles, with size vary-
ing from 24 nm to greater than 1000 nm and saturation magnetization from 59 to 89 emu/g.
Their study shows that magnetite’s crystallinity increases with increasing temperature of microwave
heating.27

The addition of polyethylene glycol (PEG) in the precursor mixture, is a condition inves-
tigated by several researchers. Polyethylene glycol is a hydrophilic, water-soluble, biocompati-
ble organic polymer. Moreover its high polarizability makes it an excellent microwave-absorbing
agent, resulting to the high heating rate and significantly shorten reaction time.28 Wang et al.
synthesized magnetite and hematite ellipsoid-like nanoparticles using ferric chloride, polyethylene
glycol (PEG-20000) and hydrazine under microwave-assisted conditions at 100◦C for 10 min.28

Another research group investigated the synthesis of porous magnetite, emphasizing on the influ-
ence of the water/PEG ratio to the surface modification.29 There is also interest on the influence
of PEG on the shape of nanoparticles, as absorption of PEG on the nanoparticles surface leads
to anisotropic growth, resulting in nanowires.9,30 The second organic reagent, is β-cyclodextrin.
β-cyclodextrin (β-CD) is a cyclic oligosaccharide consisting of seven glucose units with lipophilic
central cavities and a hydrophilic outer surface. Its improving properties on solubility, stability,
and bioavailability of hydrophobic and biomolecular drugs, have been exploited for pharmaceutical
uses.31

In this paper, we report a facile, rapid, reproducible and effective method of microwave-
assisted synthesis of magnetite and maghemite nanoparticles and investigate the effects of time,
microwave power and ammonia concentration on the properties of nanoparticles. The presence of
PEG and CD during the microwave radiation was selected in order to evaluate their surface modi-
fication properties and their operation not only as binders facilitating the nanoparticles formation,
but also as sacrificial agents protecting nanoparticles from oxidation as well as polymeric partial
coatings.
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II. EXPERIMENTAL

A. Materials

The following chemicals were used during the synthetic routes: ferric chloride (FeCl2·4H2O (s),
FeCl3·6H2O (s), aqueous ammonia ∼18M (28-30% w/w), polyethylene glycol-200 (PEG-200) (l),
polyethylene glycol-400 (PEG-400) (l), β-cyclodextrin (β-CD) (s) and ethyl alcohol absolute. All
the chemicals were analytical grade and used without any further purification. Throughout all the
experiments deionized water was used.

B. Microwave-assisted synthesis of magnetic iron oxide nanoparticles

The microwave-assisted synthesis of the nanoparticles without using any organic reagents was as
follows: FeCl2·4H2O (0.86 g) and FeCl3·6H2O (2.36 g) were dissolved in 40 mL of, preheated at 80-
90◦C, deionized water in a beaker. In the beaker and under continuous stirring ammonia solution was
added, leading to the colour change of the solution from bright orange to dark brown or black. Three
different ammonia concentrations were tested: 0.5 M, 0.8 M and 1.1 M. The precursor suspension
was heated by microwave. The experimental conditions are shown on TABLE I.

The microwave-assisted synthesis of the nanoparticles using PEG-200 (PEG-400) was as follows:
the ferrous solution was prepared like before. In another beaker 40 mL of deionized water were mixed
with 32.08 g PEG-200 (PEG-400) and ammonia solution (again the same three different ammonia
concentrations were tested). Under continuous stirring and heating at 80-90◦C, the above alkaline
solution was mixed with the ferrous solution. The solution turned from bright orange to black.
After mixing the precursors, the solution was heated by microwave-assisted conditions as shown on
TABLE II.

The microwave-assisted synthesis of the nanoparticles using PEG-200 and β-CD was as follows:
the ferrous solution was prepared as described above with the addition of 0.108 g β-CD. In another
beaker 40 mL of deionized water were mixed with 31.75 g PEG-200 and 3.2 mL ammonia solution.
The ferrous solution was then added to the PEG/ammonia solution and the mixture was heated by
microwaves at minimum power for 2.5 min.

After the microwave-assisted heating, a black precipitate was collected. All products were washed
with deionized water and absolute ethanol twice, and then dried at 80◦C for 6h under partial vacuum
prior to characterization by different techniques. The microwave oven used for sample preparation
was a domestic microwave oven (Bluesky MOF800L.20.1), with maximum power at 800 W and
microwave frequency at 2450 MHz.

C. Characterization methods

The crystallographic structure of the samples was investigated with X-ray diffraction (XRD)
measurements, which were carried out with a Bruker AXS D8 Advance Diffractometer, using CuKα1

TABLE I. Experimental condition of nanoparticles synthesis without use of organic reagents.

Microwave Power (W) Time (min)

400 2.5
600 2.5
800 2.5

TABLE II. Experimental conditions of PEG-assisted synthesis.

Microwave Power (W) Time (min)

400 1 2.5 5
600 1 2.5 5
800 1 2.5 5
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radiation in the 2θ range of 20◦ to 110◦. The average crystallite size D was calculated from Debye-
Scherrer equation using the peaks from 30◦ to 50◦, i.e. D = kλ/β cos θ, where k = constant, λ = X-ray
wavelength and b = Full Width at Half Maximum.

The morphology of the nanoparticles was investigated by Transmission Electron Microscopy
(TEM) using a JEOL 2000FX operating at 200 kV; diffraction patterns were taken at camera length
of 100 cm. Images were recorded by Gatan Erlanshen 500W side-mounted CCD camera and processed
using Gatan Microscopy Suite - Digital Micrograph. Samples for TEM were prepared both by gentle
deposition of minute amounts of the particles directly onto the surface of a carbon-film covered grid
or were previously dispersed in 1mL of chloroform and the flask was sonicated for 2-3 minutes.
After sonication a drop of the dispersion has been put on the carbon-film grid. This procedure
allowed the better separation of agglomerations in individual particles for easier observation and size
quantification of them.

In order to evaluate the organic content of the samples several techniques were used. Raman
measurements were carried out in a Renishaw Ramascope RM1000 which is set up with a 632.8 nm
He–Ne laser and a Leica DM LM microscope. The entrance slit to the spectrometer was set to
50 µm, the grating at 1800 lines/mm, and the CCD camera was cooled with Peltier plates. For the
analysis, a lens with a magnification of ×20 was used, with a laser beam diameter on the focus
point smaller than 2 µm and energy smaller than 5 mW. This was done so that the noise of the
machine in the final spectra can be reduced. The range of wavenumbers that was studied was
between 150 wn and 2000 wn and the results were acquired using Renishaw “Wire 3.1” which
is controlled through the GRAMS32 software. Fourier transform infrared spectra (FTIR) between
4000 cm-1 and 400 cm-1 were carried out on a PerkinElmer Spectrum 100, using a KBr disk method.
X-ray photoelectron spectroscopy (XPS) was performed on a KRATOS AXIS ULTRADLD using
monochromatic AlKα radiation (at 15 kV and 10 mA). The samples were mounted on a steel bar
using double sided C tape and inserted into the spectrometer fast entry lock until a vacuum level of
approximately 5x10-7 mbar was established. The samples were thereafter transferred into the anal-
ysis chamber for XPS analysis. For the survey and high resolution scans, pass energies of 160 and
20 eV were used respectively. Survey and high resolution scans were acquired using a step size of
1 and 0.1 eV respectively. Charge neutralization was applied to compensate for surface charging
effects. The spectra were acquired at a zero angle of emission (normal emission). Owing to the mag-
netic nature of the samples the XPS analysis was performed with the analyser in the electrostatic
mode. The spectra were energy corrected by placing the C 1s for adventitious carbon (C-C/C-H)
at 284.8 eV. The vacuum in the analysis chamber during analysis was 2-3 x 10-9 mbar. Data anal-
ysis was performed using the software CasaXPS. Thermogravimetric tests were carried out using a
SETARAM-LabSys Instrument. Approximately 100 mg of each material were submitted to a tem-
perature ramp from 25◦C to 700◦C at a heating rate of 10◦C/min under argon atmosphere. Last but
not least, a vibrating sample magnetometer was used to evaluate the magnetic properties at room
temperature.

III. RESULTS AND DISCUSSION

The samples IDs for all the investigated samples and their fabrication conditions are demonstrated
on Table III.

A. X-ray diffraction patterns

All XRD patterns show low peak intensity and broadening of the peaks, which are characteristics
of nanosized crystalline particles. The nanopowders, as it will be presented in the following patterns,
all belong to the spinel phases of magnetite (Fe3O4) or/and maghemite (γ-Fe2O3). It is important,
however, to mention that these two phases are not perfectly distinguishable from the obtained XRD
patterns.

In Fig. 1, the X-ray diffraction of the sample prepared without use of PEG (sample A) shows
slightly sharper peaks, whereas the addition of PEG (sample C) during the synthesis results to the
slight reduction of the peaks intensity and their broadening.
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TABLE III. Samples IDs and fabrication conditions.

Sample ID Use of PEG (Y: Yes, N: No) Ammonia Concentration (M) Microwave Power (W) Time (min)

A N 0.5 400 2.5
B Y 0.5 400 1
C Y 0.5 400 2.5
D Y 0.5 400 5
E Y 0.5 600 2.5
F Y 0.5 800 1
G N 0.8 400 2.5
H Y 0.8 400 1
I Y 0.8 400 2.5
J Y 0.8 400 5
K Y 0.8 600 2.5
L Y 0.8 800 1
M N 1.1 400 2.5
N Y 1.1 400 1
O Y 1.1 400 2.5
P Y 1.1 400 5
Q Y 1.1 600 2.5
R Y 1.1 800 1
S PEG-400 0.8 400 2.5
T PEG-400 0.8 400 5
U PEG-200 + β-CD 1.1 400 5

The XRD patterns of samples prepared using PEG-200 in comparison with those prepared under
the same conditions but using PEG-400 instead, are illustrated in Fig. 2. The patterns show slight
differences of the peaks intensity.

The comparison of the XRD patterns (Fig. 3) of the samples prepared under maximum microwave
power for 1 min for different ammonia concentrations, show no major difference.

Regarding the comparison of XRD patterns of samples prepared in the presence of PEG-
200 and those prepared in the presence of PEG-200 and β-CD (Fig. 4), no major difference is
observed.

Using the Debye-Scherrer equation the average crystallite sizes of the samples were calculated.
The results are presented on TABLE IV.

FIG. 1. XRD patterns of nanoparticles prepared a) with use of PEG-200 (sample C) and b) without use of PEG-200
(sample A).
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FIG. 2. XRD patterns of nanoparticles prepared a) in the presence of PEG-200 for 5’ @400 W (sample J) b) in the presence
of PEG-400 for 5’ @400 W (sample T) c) in the presence of PEG-200 for 2.5’ @400 W (sample I) d) in the presence of
PEG-400 for 2.5’ @400 W (sample S).

From TABLE IV, it is observed that the average crystallite size of the samples prepared under
microwave-assisted heating, ranges from 10.3 nm to 19.2 nm in all different preparation processes.
The average crystallite size for each process will be illustrated in the next Chapter, concerning
transmission electron microscopy studies.

B. Transmission electron microscopy images

TEM was used to characterize the size and shape of the iron oxide nanoparticles. Fig. 5
demonstrates the morphology obtained with the different synthetic routes. The PEG-free synthetic

FIG. 3. XRD patterns of nanoparticles prepared in the presence of PEG-200 for 1min@800 W with ammonia concentrations
at a) 0.5M (sample F) b) 0.8M (sample L) c) 1.1M (sample R).



048201-7 Aivazoglou, Metaxa, and Hristoforou AIP Advances 8, 048201 (2018)

FIG. 4. XRD patterns of nanoparticles prepared in the presence of a) PEG-200 (sample P) and b) β-CD και PEG200
(sample U).

route (sample G) resulted to nanoparticles of 9.7 nm ± 2.3 nm, as calculated from a popula-
tion of 80 particles (Fig. 5 (a)). The PEG-assisted synthesis (sample I) resulted to nanoparticles
of 8.5 nm ± 0.5 nm, as calculated from a population of 50 particles (Fig. 5 (b)). The his-
tograms beneath each image in Fig. 5 provide a look at the entire population distribution of
the nanoparticles diameters used to calculate the mean size ± one standard deviation. However,
it should be noted that the abnormal size distribution is attributed to the shadow effect of sev-
eral nanoparticles superimposed one another, eventually permitting electron transmission through
them.

TABLE IV. Average crystallite sizes of the samples, calculated with Debye - Scherrer equation.

Sample ID Average Crystallite Size (nm)

A 13.4
B 11.6
C 11.6
D 15.7
E 13.4
F 15.8
G 13.3
H 11.6
I 10.3
J 15.8
K 15.8
L 19.2
M 16.2
N 10.3
O 15.7
P 19.2
Q 11.6
R 11.6
S 15.8
T 13.3
U 11.7
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FIG. 5. Representative TEM images of nanoparticles prepared in the a) absence of PEG and b) in the presence of PEG.

C. Raman spectra

Raman measurements were carried out firstly to evaluate the presence of organic reagents and
secondly to obtain a better insight of the participating phases in the samples. Representative spectra
of samples prepared with and without PEG-assistance are illustrated in Fig. 6. The presence of a
sharper peak at 510 cm-1 and a small shoulder at the range of 1000-1250 cm-1 at the spectra of PEG-
assisted prepared samples, could be an indication of PEG presence at the final products. According
to reported results32–34 there was a typical peak near 670 cm-1 for magnetite, maghemite appeared in
four peaks around 500 cm-1, 510 cm-1, 645 cm-1 and 1400 cm-1, goethite appeared a peak near 387
cm-1, while hematite appeared in three peaks at 220 cm-1, 286 cm-1 and 1300 cm-1. The presence of
hematite and part of maghemite is attributed to the phase transformation of the analyzed powders, as
a consequence of laser-induced thermal effects. It is well known that under heat treatment, magnetite,
which shows great light absorbance in the range of wavelengths used in Raman measurements, easily
transforms into the oxidized crystal of maghemite at around 200◦C to finally complete oxidation to
hematite (α-Fe2O3) at around 400◦C. Shebanova et al., also mention that the rate of the laser-induced
transformation is fast enough to be completed even at low temperatures, when the size of the particles
is less than 300Å.34

FIG. 6. Raman spectra of a) PEG-200 and nanoparticles prepared b) in the presence of PEG-400 (sample S), c) in the presence
of PEG-200 (sample I) and d) in the absence of PEG (sample G).
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FIG. 7. FT-IR spectra of PEG-assisted prepared nanoparticles.

D. Fourier transformation infrared spectra

In order to better evaluate the presence of PEG at PEG-assisted prepared samples, FT-IR
spectra were obtained. Representative spectra of a sample prepared using and not using PEG are
illustrated in Figures 7 and 8 respectively. The first spectra shows bands at 3434.39 cm-1, 1629.89 cm-1,
1384.43 cm-1, 1117.72 cm-1, 1070.74 cm-1, 630.78 cm-1 και 586.94 cm-1. The second spectra shows
bands at 3429.76 cm-1, 1630.79 cm-1, 1384.39 cm-1, 1115.79 cm-1, 1052.64 cm-1, 630.88 cm-1 και

586.93 cm-1. The peak at 586.93 cm-1 is characteristic of magnetite and concerns the Fe-O bend-
ing vibration.35 This peak has strong intensity suggesting high crystallinity of the sample. It must

FIG. 8. FT-IR spectra of PEG-free prepared nanoparticles.
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FIG. 9. Representative XPS spectra of nanoparticles prepared in the presence of PEG-200: (a) the whole spectrum (b) Zoom
in at the O 1s region (c) Zoom in at the Fe 2p region.

be highlighted that the exact spot of the peaks depends on the history of the samples as well as
on the particles size.36 The peak around 630.8 cm-1 is characteristic of maghemite.37 The band at
1384.4 cm-1 is attributed to some impurity of KBr and shall be neglected. The peak at 3429.2 cm-1

can be assigned to OH stretching vibrations of the absorbed water, as well as to the OH groups found
on the surface of magnetite nanoparticles.38 The peak at 1630.7 cm-1 is attributed to O-H bending
vibration of water molecules.29

E. X-ray photoelectron spectra

The XPS spectra of samples prepared via PEG-assisted synthesis are illustrated in Fig. 9. Peaks at
1300 eV concerning Mg and traces of Ca and Cl, are common contamination during sample handling.
The peak at 530 eV is characteristic of the energy of the anion O2- of Fe2O3.39 The broadening of
this peak indicates the presence of hydroxides, fact that is consistent with peaks observed at FT-IR
and Raman spectra. The characteristic peaks at 724.6 eV and 711 eV concern the binding energy of
Fe (2p1/2) and the binding energy of the Fe (2p3/2) respectively, in addition with the "satellite" peak
at 719 eV, indicate the presence of hematite (α-Fe2O3) or maghemite (γ- Fe2O3).40,41 The peak at
285 eV is characteristic C(1s) peak, which cannot be used as indication of PEG presence, since it
concerns the inevitable presence of C on the XPS surfaces.

F. Thermal analysis

TG and DSC curves of the prepared nanoparticles are illustrated in Figure 10. All the curves
present a common region of weight loss, accompanied by an endothermic phenomenon at the

FIG. 10. TG/DSC pattern of nanoparticles prepared in the presence of PEG-200 for 2.5’ @400 W using: a) 1.1M ammonia
(sample O), b) 0.8M ammonia (sample I), c) 0.5 M ammonia solution (sample C) and d) nanoparticles prepared in the absence
of PEG-200 (sample G).
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FIG. 11. Representative magnetization curves for nanoparticles prepared in the presence and in the absence of PEG.

temperature range from 25◦C to 150◦C, which indicates the loss of physically absorbed water. For
the nanoparticles prepared without use of PEG (sample B), an additional weight loss is located
at 500-600◦C indicating the phase transformation to hematite.42 For the nanoparticles prepared by
PEG-assisted synthesis (samples A, C, D) the weight loss at 200-500◦C is greater, in comparison
with sample B. The main weight losses at 200-350◦C are attributed to the decomposition of organic
components, which were present on the surface of the nanoparticles.43 It is observed that the DSC
curve, for the nanoparticles prepared using PEG, presents a multistep exothermic peak at 200-350◦C,
especially for sample D. At this temperature range, the TG curve shows an intense weight loss. These
phenomena could be attributed to the deformation of PEG coating. However, it should be mentioned
that literature indicates the presence of an endothermic event at 250◦C, which is assigned to the
dehydration process of possible hydroxides FeO(OH) to hematite.44

G. Magnetic properties

The saturated mass magnetization was determined by vibrating sample magnetometer. Two
representative magnetization curves of nanoparticles prepared with and without PEG-assistance are
illustrated in Figure 11. It is observed that both sample show similar magnetic behavior and exhibit
a saturated mass magnetization of 70 emu g-1. Furthermore, the magnetization loop obtained in
room temperature illustrates absence of hysteresis and remanence magnetization, which is the main
characteristic of super-paramagnetic behavior. Future work is to be devoted in temperature dependent
magnetization response in order to observe the critical transition temperature from the ferromagnetic
to the super-paramagnetic state, thus allowing for the determination of the anisotropy constant, k, of
the powders.

IV. DISCUSSION

The produced nanoparticles are all in the phase of magnetite and maghemite, with the ones
prepared in the presence of PEG showing larger participation of magnetite (Fig. 1). As shown in
Fig. 1, the PEG-assisted prepared nanoparticles are expected to be smaller in size, in comparison
with the nanoparticles prepared without the assistance of PEG. The same applies when nanoparticles
prepared in the presence of PEG-400, are compared with particles prepared in the presence of PEG-
200 (Fig. 2). From Fig. 3 it is concluded that the ammonia concentration, in the range of values
that have been tested in this study, do not play significant role on the reaction’s evolution. This
conclusion applies also for the samples prepared under minimum power for 1 to 5 min and also for the
samples prepared under medium microwave power for 2.5 min. All the XRD patterns of the produced
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nanoparticles, prepared with the PEG-assisted method, show lower participation of maghemite in
comparison with the ones prepared through the PEG-free synthetic route. This phenomenon can be
attributed to the sacrificial role of PEG, which protects the nanoparticles from oxidation during the
synthetic process. Moreover, samples prepared under microwave heating for 5 min, and samples
prepared under maximum microwave power, also show greater participation of maghemite. This
observation can be related to a critical point of microwave-assisted heating conditions, which when
exceeded PEG fail to protect the nanoparticles from oxidation, since the temperature is high enough to
accommodate the oxidation of magnetite to maghemite. It is also essential to mention the noticeable
change of color of the samples, from black/dark brown to brown, after their drying. As Hu et.al.
showed, drying in the presence of air at 100◦C lead to maghemite formation, in contrast to drying in
the presence of nitrogen.45

From TABLE IV, it is concluded that, nanoparticles prepared in the presence of PEG, keeping
constant the rest of parameters, exhibit lower average crystallite size in comparison with the samples
prepared in the absence of PEG, regardless the ammonia concentration. This phenomenon can be
attributed to the binding role of PEG, which provides a template for rapid nucleation of particles.
The reductive effect of β-CD, on the nanoparticles size, is also evident, comparing the last sample
with the one prepared under the same conditions, but only in the presence of PEG. In detail, the
sample prepared with PEG and β-CD, exhibits smaller nanoparticles size by 7.5 nm. It is also
observed that the average crystallite size is greatly affected from the microwave power and the
heating time. In particular, the average crystallite size increases when one of the above parameters is
increased.

The advantage of the microwave-assisted method, in comparison to other chemical methods,
due to its rapid "in core" heating of materials and its selective absorbance from particular chemical
bonds, resulting to nano-sized particles, with good uniformity of shape and size is depicted again from
the TEM images (Fig. 5). It is also clear, that the PEG-assisted method resulted in nanoparticles of
smaller size and narrower size distribution. Concerning the shape of the nanoparticles, both synthetic
routes resulted in uniform faceted particles. However, because of the large specific area, high surface
energy, and magnetization of the nanoparticles, partial agglomeration was observed, a fact that could
also be attributed to lacking in situ PEG coating.

Another main advantage of the method described herein, is the ability to coat the nanoparticles
with selected molecules, due to the nature of the microwave-assisted heating. Raman spectra failed
to offer a clear insight on the nanoparticles coating. Along the same lines, regarding the FTIR results,
a clear answer concerning the existence of PEG in the PEG-assisted prepared sample is still not
given. The presence of bands around 1115 cm-1 και 1070 cm-1, on one hand could be attributed to
the response of C-O-C etheric bonds,28 but on the other hand they could be attributed, according
to the literature, to the characteristic OH deformation of hydroxides.36 Therefore, the presence of
PEG in the form of coating is still questionable. However, if it does appear as coating, then it
is expected to be insufficient in quantity to permit FT-IR and Raman spectroscopy to detect it,
also leading to oxidation of the samples during storage, as they come in touch with environmental
conditions.

From the XPS results, as presented in Fig. 9, it is concluded that the prepared nanoparticles
are surface oxidized to hematite or maghemite to a depth of at least 5 nm. Moreover, taking into
consideration the XRD patterns, where hematite was absent, it is safe to assume that XPS indicated
the surface oxidation of the nanoparticles to maghemite. In order to evaluate the post-process and post-
characterization PEG presence, a more in detail analysis of the carbon peaks is needed. From Fig. 11
the sacrificial role of PEG during oxidation is depicted, as samples A, C and D present the oxidation
peaks at higher temperatures, in comparison with sample B. The explanation of thermal analysis
presents some difficulties regarding the temperature range 200-350◦C. Taking into consideration the
possible presence of hydroxides in the XPS and Raman results, part of the endothermic peak is
attributed to them. However the comparison of curve B with the rest (Fig. 10), strongly supports the
presence of PEG molecules on the surface of the nanoparticles.

From all the above it is safe to conclude that nanoparticles are partially coated with PEG as Raman,
FTIR, XPS and TG/DSC analyses indicated. Taking into consideration, that the nanoparticles were
prepared in a domestic oven, the method is very promising for in situ coating of nanoparticles when
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a frequency-power-environment tuned microwave oven is used, where all these conditions, namely
frequency, power and gas atmosphere are under control.

Regarding the magnetic measurements, the value of magnetization indicates the strong par-
ticipation of magnetite in the prepared nano-powders, since typical value of Ms for magnetite is
85-100 emu g-1, whereas for maghemite is only 56 emu g-1. Moreover, it is known that the effective
saturation magnetization is reduced compared to the bulk material.30,35,46

V. CONCLUSIONS

In conclusion, a microwave-assisted method for the synthesis of magnetite and maghemite
nanoparticles with well-controlled size, high crystallinity and good magnetic properties, under short
reaction time has been developed. The process is simple, time-saving and low energy-consuming due
to the advantages of the microwave irradiation. It is noticed that microwave power and heating time are
the main parameters controlling the size of the nanoparticles and the presence of maghemite, whereas
ammonia concentration does not strongly affected it. The PEG-assisted synthetic route showed better
results in terms of particle size (8.5 nm ± 0,5 nm) and oxidation resistance. The obtained results
indicate the presence of partial polymeric coating. However, the quality of the bond between the
polymer and the nanoparticles cannot be evaluated.
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