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Due to their unique properties, magnetic nanoparticles are interesting for the fundamental study of
materials science and their applications. Specifically, iron oxide nanoparticles have a wide range of
applications, for example in electronic, environmental, and medical areas. In many applications, iron
oxide nanoparticles with superparamagnetic behavior and high saturation magnetization are preferred
since optimum magnetic properties provide better magnetic control over the nanoparticles. In the study,
superparamagnetic iron oxide nanoparticles were synthesized by co-precipitation under an inert atmo-
sphere, and the impact of most effective parameters (reaction temperature and alkali concentration) on
their structural and magnetic properties was investigated. The reaction temperature was changed from
30 to 90°C, and then the alkali concentration was changed at a fixed reaction temperature. It was found
that the saturation magnetization of the superparamagnetic iron oxide nanoparticles increased with the
increase in reaction temperature, and the maximum saturation magnetization obtained was 67.9 emu/g
with zero coercivity at 75°C. It was also observed that the particle size increased as the reaction time
increased. The saturation magnetization of the superparamagnetic iron oxide nanoparticles synthesized
using different alkali concentrations changed between 64.6 and 67.9 emu/g, and the particle size slightly
decreased as the concentration decreased. The highest saturation magnetization (67.9 emu/g) with good
crystallinity and relatively narrow size distribution was obtained at 75°C and using the highest alkali
concentration. The synthesized superparamagnetic iron oxide nanoparticles may be used in a variety
of potential applications, such as the removal of pollutants from water, magnetic separation, magnetic
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resonance imaging, etc.
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1. Introduction

Nanotechnology has seen exponential growth in
the last few decades in many areas, such as inte-
grated electronics, biomedicine, chemistry, and en-
gineering. Because of their special and customized
qualities, nanoparticles are extremely important for
research and development in a variety of fields,
including electronics, environment, and medicine.
Due to their unique structural, electrical, and mag-
netic properties, iron oxides have attracted a lot
of attention recently. Many review studies [1-4] are
interested in presenting the synthesis and charac-
terization techniques of iron oxide nanoparticles as
well as their properties and applications. Despite
being investigated for many years, uncoated and
coated/functionalized forms of iron oxide nanopar-
ticles are still attracting attention.

Iron oxide nanoparticles are one of the types
of the magnetic nanoparticles that have a wide
range of application areas, such as electronics [5, 6],
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sensors |7, 8], ferrofluids [9], environmental appli-
cations [10, 11], and medicine [12-17]. All appli-
cations have specific requirements for the effective
use of magnetic nanoparticles. However, it can be
said that the most important requirement is a su-
perparamagnetic character with a high saturation
magnetization, My, since the requirements in appli-
cations of magnetic nanoparticles mainly focus on
these properties.

In an electronic application in [6], magnetic
ink composed of superparamagnetic nanoparti-
cles with an improved M, compared to its com-
mercial equivalent was obtained and investigated
for fully printed tunable radio frequency devices.
Iron oxide nanoparticles were also studied for
the removal of metal ions [18] and fluoride [19]
from water samples. Iron oxides and magnetic
composites give the opportunity for magnetic sepa-
ration in wastewater treatment; however, the ap-
plications of magnetic nanoparticles are not lim-
ited to only water samples but also extend to agri-
cultural, biological, and food samples [20]. The
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oxidized zero-valent iron core—shell structure, mag-
netite (Fe;O4), maghemite (y-Fe2O3), and hematite
(a-Fe203) are commonly employed in heteroge-
neous catalysis procedures and have been deemed
as appealing substitutes for the remediation of
organic compound-contaminated wastewaters and
soils [21]. Besides, magnetic nanoparticles can also
be functionalized to extend the application poten-
tials. In [22], surface active amine-functionalized
silica-coated iron oxide nanoparticles were pre-
pared by a two-step synthesis process involving co-
precipitation. The synthesized nanoparticles were
used for magnetically recyclable adsorption of aque-
ous carbon dioxide (CO3). In the study, it was
shown that the nanoparticles are highly dispersed in
the absence of a magnetic field, and the magnetic
nanoparticles exhibited a faster separation of the
adsorbent nanoparticles from their dispersion us-
ing a simple, easily accessible permanent magnet for
multiple adsorption—desorption and recycling appli-
cations. Thus, magnetic control over these nanopar-
ticles is very important for magnetic separation.
Superparamagnetic character and high M, provide
an advantage for separation applications. Further-
more, Fe304 and v-Fes O3 forms of iron oxides have
been commonly used in biomedicine because of their
high M, and superparamagnetic character below a
certain particle size [21]. Medical applications in
diagnosis and treatment are diverse and include
magnetic resonance imaging (MRI), drug and gene
delivery, biosensor applications, and magnetic hy-
perthermia [12-17]. Iron oxide nanoparticles are
approved magnetic materials for human use [23, 24].
Moreover, even without surface modifications for
targeting, superparamagnetic iron oxide nanopar-
ticles (SPIONSs) offer good in vivo biodistribution.
The SPIONs can be guided by an external mag-
netic field, and this controlled mobilization enables
the delivery of particles to the desired target area
and fixes them at the local site so that the side ef-
fects and dosage limitations can be overcome [25].
In study [16], citrate-coated SPIONs were synthe-
sized by co-precipitation, and monodisperse SPI-
ONs were obtained by centrifugation. The nanopar-
ticles were analyzed for their MRI, magnetic parti-
cle imaging (MPI), and magnetic fluid hyperther-
mia (MFH) performances in accordance with the
clinically used iron oxide nanoparticles. Magnetic
properties of the synthesized nanoparticles were also
investigated, and it was found that the M values of
the nanoparticles were higher than those of the clin-
ically used ones. It was highlighted that both MRI
and MPIT rely on the use of magnetic nanoparticles
with strong M, high magnetic susceptibility, and
no coercivity (H. = 0). As for MFH, it was said
that in order to obtain efficient heating under an
alternating magnetic field, M should be as high as
possible [16, 26]. For specific applications like MRI,
MPI, and bioseparation, it can be said that SPI-
ONs with high M, are among the most preferred
candidates [16, 25, 27].
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There are a variety of ways to produce
SPIONSs [1-3, 28]. One of many synthesis tech-
niques is co-precipitation. It is a simple, fast,
and cost-effective method to synthesize iron ox-
ide nanoparticles [28]. Tt is frequently employed in
the production of iron oxide nanoparticles with tai-
lored sizes and magnetic characteristics. Through
the addition of an alkali in an inert atmosphere at
room temperature or above, nanoparticles are cre-
ated from aqueous solutions using this technique.
With a stoichiometric ratio of Fet2?/Fet3 = 1/2
in a non-oxidizing atmosphere, full precipitation
is predicted to occur in a pH range of 8-14 [25].
However, in order to obtain nanoparticles with de-
sired properties, it should be taken into account
that the particle size and magnetic properties of
the final product are affected by the reaction pa-
rameters [29]. The size and shape of the iron oxide
nanoparticles may depend on the type of salts and
alkali sources used, the ratio of ferric and ferrous
ions, the pH of the medium, the reaction tempera-
ture, the ionic strength, the stirring rate, and pour-
ing speed of alkali solution [30-32]. Fe304 nanopar-
ticles were prepared by co-precipitation with dif-
ferent concentrations of ammonia, and it was ob-
served that the size of the nanoparticles strongly
depended on the concentration of ammonia, and
the crystallite size decreased from 11.8 to 6.6 nm
with increasing ammonia concentration [31]. In an-
other study [32], iron oxide nanoparticles were co-
precipitated by changing the alkali source and re-
action temperature. The crystallite size decreased
when the temperature increased from 50 to 70°C.
It was also determined that nanoparticles with a
synthesis temperature of 70°C resulted in a smaller
crystallite size for all alkali solutions, especially for
the strong ones (potassium hydroxide and sodium
hydroxide). Furthermore, the M; values of nanopar-
ticles may also be affected by the reaction parame-
ters — directly or through the composition and par-
ticle size effect [1, 25, 29, 33-35]. In [34], the effect of
ammonium hydroxide concentration on the compo-
sition, morphology, and magnetic properties of co-
precipitated iron oxide nanoparticles was studied. It
was observed that the alkali concentration played a
significant role in the morphology and composition
of the nanoparticle. Samples synthesized using low
alkali concentration showed a typical paramagnetic
curve, thus proving the low volume fraction of mag-
netically ordered phases. At higher concentrations,
the relationship between composition and magneti-
zation was clearly observed, as the magnetization
M of the samples increased proportionally with in-
creasing alkali concentration. In another study [35],
the structural and magnetic properties of iron oxide
nanoparticles were investigated in relation to the
initial concentration of iron salts. It was revealed
that a decrease in the concentration of iron salts in
the initial solution led to the formation of an amor-
phous phase and, thus, a tendency to decrease the
value of M.
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In addition to the co-precipitation of un-
coated iron oxide nanoparticles, in many studies,
coated /functionalized nanoparticles are synthesized
by two-step synthesis involving co-precipitation,
and iron oxide nanoparticles obtained in the first
step serve as a core that provides magnetic proper-
ties [15, 16, 22, 36-38]. In [36], polyethylene gly-
col (PEG)-coated FezO4 nanoparticles were ob-
tained by a two-step synthesis. After synthe-
sizing Fe3O, nanoparticles, PEG solution was
slowly added, and stirring was continued at 400
and 700 rpm to obtain PEG-coated nanoparticles.
In [15], Fe304 nanoparticles were synthesized in or-
der to be used as an electrochemical biosensor for
glucose detection. In the study, Fe3O4 nanoparti-
cles were synthesized through co-precipitation, and
polyvinyl alcohol-Fe3O4 nanocomposite was pre-
pared by dispersing synthesized nanoparticles in
the polyvinyl alcohol (PVA) solution as a second
step of the process. In another study [37], PVA-
stabilized iron oxide nanoparticles were prepared
using an ultrasonic-assisted co-precipitation pro-
cess. Iron oxide nanoparticles were obtained by
co-precipitation, and then the nanoparticles were
sonicated with PVA by using an ultrasonic bath
to obtain the final nanoparticles. It was observed
that M of PVA-stabilized iron oxide nanoparti-
cles (45.08 emu/g) was enhanced compared to un-
coated iron oxide nanoparticles (41.93 emu/g). On
the other hand [38], Fe3sO4 nanoparticles were pre-
pared by co-precipitation in the first step, and for
the modification, the suspension of Fe3O4 nanopar-
ticles and Poly-L-Lysine solution was sonicated in
the ice bath. The saturation magnetization M; of
synthesized FesO4 nanoparticles decreased drasti-
cally with the modification. Citrate-coated SPIONs
were also obtained by a two-step synthesis pro-
cedure [16]. First, SPIONs were obtained by co-
precipitation, and after adding a certain amount
of hydrochloric acid and sonication, citrate solu-
tion was added and stirred for 2 h. The values of
M, of the synthesized samples were found to be
higher than those of M, of commercially available
nanoparticles. It was concluded that the nanoparti-
cles with high M, were preferred in all applications.
Finally, nanoparticles were investigated for MRI,
MPI, and MFH applications. In [22], surface active
amine-functionalized silica-coated magnetic iron ox-
ide nanoparticles (Fe304/SiO2-NHj) were prepared
by a simple two-step process for adsorbing CO2 gas
from an aqueous medium. In the absence of an ex-
ternal magnetic field, the Fe;O,/Si03-NHy parti-
cles are fully dispersible in aqueous medium. How-
ever, in the presence of a permanent magnet, the
nanoparticles were completely separated from their
aqueous dispersion. As stated in the study, magnetic
iron oxide nanoparticles ensure suitable magnetism
that allows for relatively easier and faster separa-
tion of the adsorbent materials from the dispersion
medium via magnetic attraction by using a simple
permanent magnet.
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The magnetic properties of the core nanoparti-
cles obtained in the first step are extremely im-
portant for coated or functionalized nanoparticles.
Thus, the aim of this study is to improve the satu-
ration magnetization M, of SPTIONSs since optimum
magnetic properties may provide better magnetic
control over the SPIONs in applications. It should
be pointed out that SPIONs can be used as un-
coated nanoparticles as well as the core material
of the coated/functionalized nanoparticles. In all
cases, it is therefore important to obtain high M
values of SPIONSs in the experimental process. With
the optimization of the synthesis parameters of co-
precipitation, the SPIONs with desired properties
can be obtained for potential applications such as
magnetic separation, water purification, etc. Thus,
in this study, the most effective parameters (reac-
tion temperature and alkali concentration) of co-
precipitation were investigated, and the SPIONs
with optimum M were obtained.

2. Experimental details

Iron oxide nanoparticles were synthesized by
co-precipitation technique. FeCly - 4H,O (Merck,
> 99%), FeCls - 6H20O (Sigma-Aldrich, > 99%), and
NH,OH (Merck, 25% of ammonia) were used for
the synthesis. The molar ratio of Fe?t/Fe3t was
kept at %, and N, was used during the synthesis.
To obtain iron salt solution, 0.2479 g FeCl, - 4H5,0
and 0.6758 g FeCls - 6HoO were dissolved in 25 ml
deionized water. Then, 25 ml of NH,OH was poured
quickly to obtain an iron oxide nanoparticles. In
order to investigate the effects of reaction param-
eters and to obtain iron oxide nanoparticles with
optimum properties, temperature and alkali con-
centration were changed accordingly. The reaction
temperature was varied between 30 and 90°C, and
diluted NH4OH solutions with different concentra-
tions, from 2.6 to 13.3 M, were used as an alkali
source. The reaction was performed at 1000 rpm,
and reaction time was fixed at 30 min. After the
reaction, the sample was placed on the neodymium
magnet, the nanoparticles were magnetically sepa-
rated, and the supernatant was removed. The pre-
cipitate was washed several times with deionized
water, separated magnetically in the same way, and
dried in an oven for characterization. Dispersions of
the nanoparticles were obtained by using the pro-
cedure described in [39].

Structural characterizations were made using
the X-ray diffraction technique (XRD, PANalyt-
ical X’Pert Pro) and Fourier transform infrared
spectroscopy (FTIR, PerkinElmer Spectrum Two).
XRD measurements were performed between 20 =
20-80° by using Cu K, (A = 0.15406 nm) radia-
tion. KBr pellets were used for FTIR analysis, and
the scan was performed between 400-4000 cm™!.
A transmission electron microscope (TEM, FEI
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Tecnai G2 F30 model) was used for the determina-
tion of particle shape and size. A drop of the diluted
dispersion was placed onto the grid and allowed to
air-dry before the imaging. An accelerating voltage
of 200 kV was used, and particle sizes were calcu-
lated for over 200 nanoparticles from the TEM im-
ages by using ImagelJ software. A vibrating sample
magnetometer (VSM, ADE Technologies EV9) was
used to investigate the magnetic properties of the
nanoparticles. The magnetic field was applied up to
420 kOe (1 Oe intervals) at room temperature.

3. Results and discussion

Iron oxide nanoparticles were synthesized by co-
precipitation under an inert atmosphere to obtain
the optimum M; for possible use in applications [1-
4]. Primarily, the effective parameters in our exper-
imental setup were investigated. For this purpose,
reaction temperature, stirring rate, reaction time,
and alkali concentration were changed, and the ef-
fects of these parameters on the structural and mag-
netic properties of the nanoparticles were studied
separately. According to the findings, the two most
effective parameters were selected and extensively
studied in order to obtain high M, for the nanopar-
ticles. First, the effect of reaction temperature on
the properties of the nanoparticles was investigated
as the alkali concentration was fixed at a maximum
value (13.3 M). In the second stage, the alkali con-
centration was changed at a fixed reaction temper-
ature (75°C).

The XRD patterns of samples synthesized at
30°C (T30) and 75°C (T75) are given with the
peaks of magnetite in Fig. 1. In the XRD pattern
of the nanoparticles synthesized at 30°C, the peaks
of (220), (311), (511), and (440) planes are seen
at around 26 = 30°,35°,57°, and 63°, respectively.
These peaks can be attributed to magnetite accord-
ing to the JCPDS card no. 019-0629 (see Fig. 1). In
the XRD pattern of T75, the (400) peak of mag-
netite at around 20 &~ 43° is also observed aside
from the peaks labeled in the pattern of T30. Be-
sides, two weak peaks are seen at 26 ~ 53° and 74°
and can be labeled as (422) and (533), respectively.
The pattern of T30 only shows the most intense four
peaks of magnetite, however, the pattern of T75 in-
cludes three other peaks of magnetite aside from
the ones observed in the pattern of T30. The crys-
tallite size of the nanoparticles was estimated by
using the Scherrer equation [40]. The wavelength of
Cu K, (1.5406 nm) and the constant K = 0.9 were
used for the calculation. Two-theta and full width
at half maximum (FWHM) values of each peak are
given with their respective estimated particle size
in Table I. For sample T30, particle sizes are esti-
mated to be around 7-8 nm for three peaks and
15.4 nm for the (511) peak. For sample T75, how-
ever, particle sizes estimated for four peaks are very
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Fig. 1. XRD patterns of magnetite (JCPDS 019-

0629) and the samples synthesized at 30°C (T30)
and 75°C (T75). (Note that “+” represents (422)

and “x” represents (533) peaks).

TABLE I

XRD data and particle sizes of the nanoparticles (T30
and T75).

Sample 260 [°] FWHM d [nm)]
30.4768 1.0479 8.0

T30 35.7934 0.9800 8.7
57.3271 0.5987 15.4
63.1307 1.3451 7.1
30.2656 0.7428 11.3
35.8460 1.1328 7.5

T75 43.5009 0.7764 11.2
57.4322 0.8216 11.3
62.8550 1.0226 11.1

close to each other and around 11 nm, and a par-
ticle size of 7.5 nm for the (311) peak was also cal-
culated. The average crystallite size, dxrp, of the
nanoparticles was estimated using the most intense
three peaks of each sample. The average dxgrp of
samples T30 and T75 are calculated to be 7.7 and
9.4 nm, respectively (Table II). It is observed that
the mean particle size of iron oxide nanoparticles
increases with the increase in reaction temperature.

For further structural characterization, FTIR was
used. The spectrum of the nanoparticles synthesized
at different reaction temperatures is given in 1200—
400 cm ™! region in Fig. 2. All samples show similar
spectrum. There are transmittance peaks/bands at
around 430, 560-580, and around 625 cm~!. It is
stated that these peaks indicate the Fe—O stretch-
ing vibration in the tetrahedral site [41]. It is also
said that the peaks at 400 and 580 cm~! corre-
spond to magnetite, whereas the peaks at 460, 560,
580, and 620 cm~! are related to maghemite [42].
Thus, the samples synthesized at different reac-
tion temperatures may include both magnetite and
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Particle sizes and magnetic properties of the nanoparticles synthesized at different temperatures. TABLE II
Samble Reaction Alkali Particle size [nm] Magnetic properties
P temperature [°C] concentration [M]* dxrD drem M, [emu/g] H, [O¢]
T30 30 7.7 6.2+1.2 54.0 13055
T45 45 - - 60.5 11758
T60 60 13.3 - - 63.7 11828
T75 75 9.4 10.1+2.2 67.9 11075
T90 90 - - 66.2 11628
*The prepared alkali solution is 25 ml.
—Maghemite
039-1346
R 1 ‘
T90 g
ig —Magnetite
? 175 019-0629
C ||
: L l 1 I
Q\G T60 20 30 40 50 60 70 8(C
145 2 Theta [degree]
Fig. 3. XRD patterns of magnetite (JCPDS 019-
\ L 0629) and maghemite (JCPDS 039-1346).
/ [—t
. 560-580
1200 1000 800 600 400 [em!] was measured and shown in the image. The mea-
sured values of d(311) = 0.25 nm indicate the exis-
Fig. 2. FTIR spectrum of the samples synthesized tence of iron oxide nanoparticles with (311) direc-

at different reaction temperatures (T30 at 30°C,
T45 at 45°C, T60 at 60°C, T75 at 75°C, T90
at 90°C).

maghemite. In the XRD analysis, the peaks of
magnetite are also given as a reference in Fig. 1.
However, the most intense peaks observed in the
XRD patterns of magnetite (JCPDS 019-0629)
and maghemite (JCPDS 039-1346) are similar,
with a slightly higher Bragg angle for maghemite
(see Fig. 3). It is hard to distinguish them by
XRD patterns. According to XRD and FTIR anal-
ysis, the synthesized nanoparticles may include
magnetite and maghemite and can be called iron
oxide.

In the case of reaction temperature, transmission
electron microscope (TEM) images of sample T30
are given in Fig. 4 with the histogram as an inset
in Fig. 4b. The images of sample T75 are also given
in Fig. 5 with a high-resolution image at the 5 nm
scale in Fig. 5c. The physical particle sizes, drgwm,
of T30 and T75 were obtained from the images and
are given in Table IT as 6.2+ 1.2 and 10.1 +2.2 nm,
respectively. Particle size is found to increase as
the reaction temperature increases. From the high-
resolution TEM (HRTEM) image of T75 in Fig. 5c,
interplanar spacing d of the selected nanoparticles
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tion (see Fig. 5¢). The result is consistent with the
XRD analysis of the sample T75. In [32], iron ox-
ide nanoparticles were co-precipitated by changing
the reaction temperature. In contrast to our study,
it was shown in study [32] that the particle size of
the nanoparticles obtained using NH,OH gradually
decreased from 11 to 7 nm with the increase in tem-
perature from 25 to 70°C.

Magnetic properties of the nanoparticles syn-
thesized at different reaction temperatures were
measured, and the magnetization curves are given
in Fig. 6 with an inset showing the curves at
£200 Oe. Magnetization curves have no remanent
magnetization, M, = 0, and no coercivity, H. = 0,
indicating the nanoparticles are superparamagnetic.
The saturation magnetization, My, of the nanopar-
ticles gradually increases from 54.0 to 67.9 emu/g
with the increase in reaction temperature from 30
to 75°C, and then it decreases to 66.2 emu/g as the
temperature further increases to 90°C. The satura-
tion field, Hy, decreases from 13055 to 11075 Oe as
the reaction temperature increases from 30 to 75°C,
and the measured Hg increases to 11628 Oe at the
reaction temperature of 90°C. The values of M and
Hj of the nanoparticles are given in Table II. Max-
imum M, is obtained for the T75 sample with a
minimum H, value. It can be said that the opti-
mum reaction temperature to obtain SPIONs with
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1234567 8510111F1314151617181330
Sze Inm|

Fig. 4. TEM images of the nanoparticles synthe-
sized at 30°C at the (a) 50 nm scale and (b) 20 nm
scale. (Inset in (b) shows the histogram of T30).

high M, (67.9 emu/g) is 75°C for our experimen-
tal setup. It is indicated in [25, 43, 44] that in the
preparation of Fe3Oy4, precipitation at temperatures
below 60°C produces an amorphous hydrated oxy-
hydroxide that can be converted to FesOg, while
higher reaction temperatures (over 80°C) favor the
formation of Fe3Q4. Although it is hard to dis-
tinguish the difference in the XRD patterns under
study, the increase in the M value with the increase
in reaction temperature and reaching the highest
values at 75 and 90°C may be a sign that the dom-
inant phase is Fe3O,4 because it is known that the
bulk M, value of Fe3Q, is higher than the bulk M
value of FepO3 [45]. However, the phase difference
cannot be presented as the sole cause of the change
in magnetic results, and the relation between parti-
cle size and M, should also be taken into account.
It is seen that the M, values from hysteresis curves
increase as the particle size increases, as obtained
from XRD and TEM analysis.
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Fig. 5. TEM images of the nanoparticles synthe-
sized at 75°C at the (a) 50 nm scale, (b) 20 nm
scale, and (c) 5 nm scale (Inset in (b) shows the
histogram of T75).

In the second stage, the alkali concentration was
changed at a fixed reaction temperature of 75°C.
The alkali concentration used in co-precipitation
was changed from 13.3 to 2.6 M. The XRD patterns
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Fig. 7. XRD patterns of the samples synthesized

by using 13.3 M (S13.3) and 5.3 M (S5.3) NH,OH
(Note that “x” represents (222), “4” represents
(422), and “x” represents (533) peaks).

of the samples synthesized using alkali concentra-
tions of 13.3 M and 5.3 M are given in Fig. 7 (sam-
ples are labeled S13.3 and S5.3, respectively). The
sample S13.3 is the same sample as T75, and the
XRD pattern of T75 is reproduced in Fig. 7 for com-
parison with S5.3. In the pattern of S13.3, charac-
teristic (220), (311), (400), (511), and (440) peaks
of iron oxide are clearly observed at around 20 =
30°,35°,43°,57°, and 63°, respectively. The peaks
with low intensities are seen at 20 ~ 53° and 74° (la-
beled in the pattern by “+” and “x”) and attributed
to (422) and (533) planes of iron oxide, respectively.
In the pattern of S5.3, (220), (311), (400), (511),
and (440), peaks of iron oxide are observed. Unlike
S13.3, a weak peak around 260 ~ 37° appeared in the
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Magnetization curves of the samples synthesized at different temperatures. (Inset shows the curves at

TABLE III

XRD data and particle sizes of the nanoparticles
(S13.3 and S5.3).

Sample 260 [°] FWHM d [nm)]
30.2656 0.7428 11.3

35.8460 1.1328 7.5

S13.3 (T75) | 43.5009 | 0.7764 11.2
57.4322 0.8216 11.3

62.8550 1.0226 11.1

30.3181 0.7632 11.0

35.7934 0.9214 9.3

55.3 43.1858 0.3401 25.6

57.3665 1.0351 8.9

63.0650 0.9981 9.5

pattern of S5.3. This peak can be labeled as (222)
according to JCPDS 019-0629 and JCPDS 039-1346
cards. Two-theta and FWHM values of each peak
are given with their respective estimated particle
sizes in Table III. As stated before, particle sizes are
very close to 11 nm for four peaks, and a different
size of 7.5 nm is estimated for the (311) peak in the
pattern of sample S13.3 (T75). However, the sizes
vary between 8.9 and 11 nm for sample S5.3. Also, a
notably different value (25.6 nm) is observed for the
(400) peak. Note that dxgp was estimated from the
three most intense peaks in each pattern and is pre-
sented in Table IV. As can be seen, dxrp character-
izing the samples S13.3 and S5.3 is 9.4 and 9.3 nm,
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TABLE IV

Particle sizes and magnetic properties of the nanoparticles synthesized at different alkali concentrations.

Sample Reaction Alkali Particle size [nm] Magnetic properties
temperature [°C| concentration [M]* dxRrD dreMm My [emu/g| H, [Oe]

S13.3 13.3 9.4 10.1 £2.2 67.9 11075
S10.6 10.6 - - 65.0 11896
S8.0 75 8.0 - - 64.6 11830
S5.3 5.3 9.3 8.8+2.5 66.9 11472
S2.6 2.6 - - 66.7 10977

*The prepared solution is 25 ml.

S2.6
55.3
5
S $8.0
&
X
$10.6
\ S13.3
/) e
~ 625 560-580
1200 1000 800 600 400 [em]
Fig. 8. FTIR spectrum of the samples synthesized

at different alkali concentrations.

respectively. In [31], it was found that the crys-
tallite size decreased linearly from 11.8 to 6.6 nm
with the increase in ammonia concentration. In that
study, Fe3O4 nanoparticles were prepared by co-
precipitation with four different concentrations of
ammonia, however, a mixture of solutions of iron
salts was added dropwise to the alkali solution un-
der vigorous stirring, which was different from our
study.

The FTIR spectra of the samples synthesized at
different alkali concentrations are given in Fig. 8.
The spectra of all samples show similar bands. The
bands observed in the spectrum are around 430 and
560-580 cm™!, and the shoulder peak at around
625 cm~! is present. The observed peaks/bands
confirm that all samples are iron oxides [41].

The TEM images of sample S5.3 are given
in Fig. 9 with the histogram. The images of S13.3
(T75) have been given in Fig. 5. From TEM im-
ages, drgm of S13.3 and S5.3 are calculated to
be 10.1 £+ 2.2 and 8.8 + 2.5 nm, respectively (see
Table IV). The histogram in Fig. 9b shows a slightly
bimodal distribution of the nanoparticles synthe-
sized at 5.3 M alkali concentration. Although par-
ticle sizes are concentrated around 8 nm, a number
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Fig. 9. TEM images of the nanoparticles synthe-
sized using 5.3 M NH4OH; (a) 50 nm scale and
(b) 20 nm scale. (Inset in (b) shows the histogram
of S5.3).

of nanoparticles with a particle size of ~11 nm can
be observed. The particle size distribution of S13.3
(T75) (see the histogram in Fig. 5b) can be consid-
ered more favorable than that of S5.3. It is stated
in [25, 46] that if the alkali sources are poured as
quickly as possible into the ionic solution under
vigorous stirring, a black colloid can be obtained,
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curves at £200 Oe).

but the size distribution becomes wide. Although a
higher alkali concentration is used for the synthesis
of 513.3, the size distribution determined from TEM
images is favorable compared to that of S5.3.

Magnetization curves of the nanoparticles synthe-
sized using different alkali concentrations are given
in Fig. 10. Also, an inset is given to show the
curves of the samples between —200 and 4200 Oe.
Magnetic data is presented in Table IV. Accord-
ing to the magnetic measurements at room tem-
perature, the nanoparticles are superparamagnetic
without M, and H.. The saturation magnetiza-
tion M of the nanoparticles changes between 64.6
and 67.9 emu/g with the variation of alkali con-
centration between 2.6 and 13.3 M. Also, the Hj
value changes from 10977 to 11896 Oe as the al-
kali concentration changes between 2.6 and 13.3 M.
The highest My of SPIONs for the alkali concen-
tration parameter was obtained for sample S13.3
as 67.9 emu/g.

The structural and magnetic properties of iron
oxide nanoparticles were investigated according to
the initial concentration of iron salts in [35]. The
maximum M, of iron oxide nanoparticles syn-
thesized by co-precipitation was 39 emu/g with
zero H.. In the same study, the nanoparticles
obtained with the ultrasonic method showed al-
most twice as high M, value (79 emu/g), how-
ever, there were H,. values up to 19 Oe. The Fe30y4
nanoparticles were synthesized by changing iron
salts in [29]. In the study, the M, values varying
between 46.7 and 86.6 emu/g were obtained, how-
ever, all samples showed H,. values (8.8-97.5 Oe),
and Fe3O, nanoparticles obtained with the high-
est M, (86.6 emu/g) had a quite high H. value
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Magnetization curves of the samples synthesized at different alkali concentrations. (Inset shows the

of 66.0 Oe. In study [34], M; of iron oxide nanopar-
ticles was seen to increase from 20 to 68 emu/g
with the increase in alkali concentration, and the
samples showed H. < 5 Oe. The maximum M,
found in the study is compatible with the value ob-
tained in our study, however, there was H. (lower
than 5 Oe), and the size distribution of the sam-
ple showing the best M, was quite wide according
to the TEM analysis. The average particle size was
found to be 16 nm, with the sizes ranging from 3
to 57 nm [34]. The iron oxide nanoparticles that
were developed for magnetic ink in [6] showed M
values of 51-53 emu/g without H,. at room tem-
perature. In another study [47], PEGylated Fe3O4
nanoparticles were obtained with a two-step synthe-
sis, and superparamagnetic naked Fe3O4 nanopar-
ticles obtained in the first step showed a relatively
high M value of 61 emu/g. Also, in [48], PEG-
coated Fe3O4 nanoparticles were obtained by in-
situ co-precipitation, and uncoated FesO4 nanopar-
ticles obtained in the study showed M, value of
80.23 emu/g and H, value of 14.71 Oe.

In the present study, iron oxide nanoparticles
with a significantly high M value (67.9 emu/g) and
zero H. were obtained. These nanoparticles may
contribute to applications that need superparam-
agnetic nanoparticles with high M, such as mag-
netic separation, water purification, biosensor appli-
cations, and drug delivery. The investigation of the
synthesis parameters and obtaining SPIONs with
high M, values may give the opportunity to syn-
thesize the required nanoparticles with controlled
synthesis and use them in applications as uncoated
nanoparticles or as a core in coated /functionalized
nanoparticles.
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4. Conclusions

Due to their specific structural and size-
dependent characteristics, magnetic nanoparticles
are very important for research and development in
a variety of fields, including electronics, medicine,
and environment. The unique structural, electrical,
and magnetic characteristics of iron oxide have gar-
nered a lot of interest recently. In the present study,
co-precipitation was used to synthesize SPIONs in
an inert atmosphere. The reaction temperature and
alkali concentration were adjusted in order to exam-
ine the effects of reaction parameters and to obtain
SPIONs with high M. The reaction temperature
was varied between 30 and 90°C, and diluted al-
kali solutions with different concentrations, from 2.6
to 13.3 M, were used. Structural characterizations
were made by using XRD and FTIR. TEM was used
for the determination of particle shapes and sizes.
The magnetic properties of the nanoparticles were
investigated using VSM. It is determined from the
XRD patterns and TEM images that the particle
size of SPIONs increases with the increase in reac-
tion temperature. The particle size drgy of T30 and
T751s 6.24+1.2 and 10.1£2.2 nm, respectively. The
value of M, of the SPIONSs also increases from 54.0
to 67.9 emu/g with the increase in reaction temper-
ature from 30 to 75°C. The rise in Mg may be caused
by the structural changes as well as the increase in
particle size. The particle size drgym of the SPIONs
synthesized using different alkali concentrations is
10.1 £ 2.2 and 8.8 + 2.5 nm for S13.3 and S5.3, re-
spectively. The histogram of S5.3 shows a slightly
bimodal size distribution. Alkali concentration also
has an effect on M, as the values are between 64.6
and 67.9 emu/g. The highest M, with a moderate
size distribution was obtained for the sample syn-
thesized at 75°C and 13.3 M alkali concentration
in our experimental conditions. The effects of reac-
tion parameters of co-precipitation under an inert
atmosphere have been presented. SPIONs with high
M, values were obtained for possible applications in
many fields, specifically, the fields that require high
My, such as magnetic separation, water treatment,
biosensors, and gene and drug delivery.
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