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ABSTRACT

There are several methods available for magnetic nanoparticles (MNP) synthesis, and in this study the coprecipitatian met
employed. The cobalt ferrites (C#®ere prepared using aqueous solutions 6f @od Fé&* chloride with a stoichiometry proportion of
Co:Fe = 1:2. Thus, the aging temperatures were 27, 27/98, 60, 80 and 98 °C, during which the precipitation occurreahdttdé °C
aging one at 98 °C fahe FC27/98 sample. As a result, the study showed that a single crystal phase material was obtained at the
temperature of 98 °C during 1 h and with a mean particle size of 42 nm £ 7.4 nm and degree of polydispersity of 18%/SieHFC98
coated nanparticle had a surface area of 11 m2,gaturation magnetization of 10.05 emii g mean particle size of 773.4 nm = 131.1

nm and a degree of polydispersity of 17 %. It was possible to confirm that it had a silica coating of cobalt ferritdalesbp®RIFT

and EDX indicated the presence of silica.
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1. INTRODUCTION

Iron oxide nanoparticl¢s] and their mixtureqg2] have
been extensively studied igeveral areas such as phys[8$
chemistry[4], materials scien¢g], biology [6] and medicing7]

colloidal systems. The nanopiates of cobalt ferrite (CoR8,)
are remarkably interestirdue to its high coercivitj21] moderate
saturation magnetizatidi22], high magnetocrystalline anisotropy

due totheir unusual propertig8]. Magnetic nanoparticles became[23] and high structural stability at higher temperatures and

a topic of interest over the lsdecade because of theg
applicability in data storaf@], catalysi§10], magnetic pairji1],
environmental decontaminatid2], microelectronicg13], high
density magnetic recordind4], magnetic refrigeratiofil5] with
therapeutic applications in biomediddl6], cell separatiof17]
and cancer treatment.

The behaviour oparticles in nanoscald8] as wellastheir
physical [19] and chemical properties are quite different wh
compared to those observed at macroscopic scale. This is ¢
by the size reduction that incluleconfinement effects
dependency between electronic structure and particle
interface phenomena andfegfts induced by increasing surfa
area[20].

New methods have been developed for the synthesis of mag
nanoparticles through a variety of techniques. Moreo

irchemical[24].

There areseveral routes for the synthesis of magnetic
nanoparticles of different sizes, such as watkmicroemulsion
[25], microwave processing[26], mechanical grinding[27],
reverse micelle[28], combustion [29], co-precipitation [30],
pyrolysis [31] and among others. The magnetic core of the
magnetic nanoparticles can be coated with a polymeric layer o

enot active sites or anchoring organic molecules to a metal surfac
al32fl Theseparticles can be considered as hybrid materials that
can be an altermi@e to production of new multifunctional
Simmgterial. Among the various methods of synthesis, the co
ceprecipitation of iron and cobalt ions in alkaline medium is a
methodthat has presents several advantages, such as relativel
nktve reaction temperature and time, low cost and narrow particle
vesize distribution. Based on considerations of its importance for

modifying their surface has been improved their proper

iesnderstanding more intense each step of the synthesis using tt

providing new strategies fohé production of different materials method of o-precipitation, the magnetic properties, particle size,
with potential applications in many fields, such as spintronicarface area, and crystalline phase of thwsee conducted a
system and controlled release of drugs. The development sgbtematic investigation on the CeBg based on characteristics

magnetic nanoparticles that competer most of
applications, certain considerations mbg taken into accoun

these| of nanopatrticles.

The present work shows experimental data to obtaialto

such as stability chemical and structural composition of the systéanrite according to a study of the influence of aging temperature
shell / core. These characteristics depend on the route of synthasthe synthesis of magnetic cores and coating of the nanopatrticle:
of the nanoparticles and the methods used to prepare and stab8ieeeral aging temperatures wenedéd 98, 80, 60, 27/98 e 27.°C

2. MATERIALS AND METHODS
2.1. Reagents.

(CoChL.6H,0, 98% SigmaAldrich), iron (lll) chloride tetrahydrate

All the reactions were carried out using ultrapure watgFeCk.4H,0O, 98% Sigma&Aldrich), sodium hydroxide (95%
from a Millipore Ellix system and the chemical reagents were us&gnth), tetraethyl orthosilicate (98% Sigldrich) and ethanol
as received without any treatment or purification. Nanoparticlé88% SigmaAldrich).

were synthesizd using cobalt

(I) chloride hexahydrate 2.2. Synthesis of cobalt ferrite magnetic nanoparticles.
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Stock solutions of cobalt (II) chloride (2.5 mmof). iron
(1) chloride (5 mmol ') and sodium hydroxide (5 molj. were
prepared at room temperature by dissolving their respective
in ultrapure water. The cobalt ferrite was prepared by means @
co-precipitation method. The solutions were mixed in
stoichiometric ratio of Co:Fe = 1:2 at pH 13 under mechan
agitation at 700 rpm at different temperatures (27, 60, 80
98°C). The NaOH solution was used to adjust the pH. The pro
obtained was aging at the same temperature gfr@cipitation
under agitation for 1 hour, except for the sampl@@ETipitate at
27°C that was also aged at 98°C. Furthermore, to remove
excess bas the solid obtained was washed with ultrapure w
several times to reach a neutral pH. Finally, the dark solid
dried at 80°C for 24 hours in a stove.
2.3. Coating of cobalt ferrite nanoparticles with silica.

The coating of the nanoparticles waarried out in
accordance with the method of StoljgB]. In the representativg

s@lts event

duct

magnetic stirrer. The solution was kept for 24 hours at room
temperature and the reaction system was partially detde

evaporation. After th
f taded and kept for 48 hours at room temperature to complete th
heoating reaction. The dry material was stored in a sealed glas:

icAhe obtained material was encoded as FC98/SiO

aRd. Instrumentation and Measurements.

The materials were characterized byray diffraction

( XRD) wusing Cu KU radiation i
step of 0.02°. The surface area was measured through adsorptit
thetherms of nitrogen at a temperature of K.7The chemical

hteomposition of the nanoparticles was semiqualitatively evaluatec
whyg energydispersive Xray analysis (EDX) and the analysis was

conducted by infrared spectroscopy in a Fourier Transform
Infrared Spectrometer (FTIR). The nanoparticles vesia@yzed by
means of diffuse reflectance accessory (DRIFT). The morphology

2 of the solid material was investigated by transmission electron

procedure, 0.11g of ferrite sample synthesized with agimgicroscopy (TEM) using a Philips CM120 microscope operating

temperature to 98 °C (called FC98 ) was dispersed in 480 nj
ethanol solution: water mixture (molar ratio ethanohtev 1.5:1
v/v) followed by addition of 560 pL of 1mol L sodium hydroxid
After this, 240 pL of TEOS was added and vigorously stirred

3. RESULTS
3.1. Synthesis and characterization of magnetic CoFe,0y
particles.

Magnetic ferrite CoR£, nanopatrticles synthesized by the

coprecipitation route are formed through a process of dehydr
and crystallization.
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Figure 1. X-ray diffractogram®f the samples of cobalt ferrites preparg

in different temperatures. FC988°C, FC27 27°C, FC27/98 27°C
(first stage) e 98°C (second stage), FC@&D°C e FC80 80°C.
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For this reason, an aging period is essential to form t
nanoparticles. Ithe time and aging temperature are controlled,
growth mechanism and phase transformation can be mod
which opens up an opportunity to choose the most suit
morphology and structure of the nanoparticles. On the other K
the oxyhydroxide cryslline materials, in particular the akagane
b-FeOOH phase, display a reddisbrown color and have al
antiferromagnetic behavior, which means its presence in
material can serve to reduce its magnetic properties.

Latf 120 kV. The magnetic profile was obtained through a
conventional vibrating sample magnetometer (VSM) with fields of

.2 T at room temperature.
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Figure 2. Image oftransmission electron microscopy (TEM) of sampl

(@) FC98, (b) FC27/98, (c) FC98/SIOH. In all the images showg i
enlargement of a part of the micrography of the corresponding matefric

respectively.

As a means of evaluating how the temperature aftbetg

synthesis, the coprecipitated precursors were aged at diff

systems. A FC98/Sigsubmitted a surface area df.21 £ 0.15 M

g, because the silica coating of the surface area had decreased
78%,compared with the surface area of cobalt ferrite before it was
coated with silica.

With regard to the magnetic measurement of the sample
FC98/SiQ, as can be seen kigure 3c, the hysteresis loop of the
material displays saturation magnetization. This magnetic profile
can be seen in the graph of Magnetization versus the Appliec
Magnetic Field and shows the typical behavior of the
ferrimagnetic material. The measuredhagnetization is in
accordance with the data provided by XRD.
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temperatures and their respective XRD patterns are show
Figure 1. Miller indices assign the magnetic CoFe204 phase
221 086) and the (*) s Yy mbFeOOH i
phase (PDF 29712). It is clear that pure CoFe204 only formiet
aging in the coprecipitate at the highest temperature ofCo8

»1(b)

-
=
n

Mg = 27.48 emulg

(FC98) whil e -Fe®@H phakeawps presenttiret

materials aged at lower temperatures (FC88 and FC60). Aginc

room tenperature (FC27) resulted anearly amorphous materia
with a single broad peak at approximately dgres, which is
related to the (311) diffraction peak, even when prestted at 98
°C (FC27/98).

The TEM images of Figure 2 of the FC98, FC27/99

FC98/SiQ samples respectively. Figure 2a features an ave

particle diameter of approximately 42 nm = 7.4 nm and degre

polydispersity of 18%; Figures 2b, and 2c feature an ave
particle diameter of approximately 31.2 nm £ 7.0 nm and de
of polydispersity of 22% and 773.4 nm + 131,1 nm and degre|
polydispersity 17 %, respectively. The degree of polydisper
can be calculated from the ratio between the standard devi
and the average particle diameter.

The magnetic profile of FC98, FC®H and FC98/SiOH
showed the typical behavior of ferrimagnetic material, as cal
observed in Figure 3 a, b e ¢ respectively; there was a hyst¢
loop in the material which shows saturation magnetization va
of 39.7, 27.48 and 10.05 emit gespetively. The ferromagnetid
materials display a magnetic memory field caused by the preg
of magnetization remaining i.e.it is necessary to return to
initial magnetization, there is an application of a magnetic fiel
the opposite direction. The nmaadvantage of these systems is t
they provide the magnetic recording where the recon
information is preserved, even when there is no electricity preg
3.2. Coating of magnetic nanoparticles of CoFe,0,.

The purpose of coating the magnetianopatrticles is tq
allow the isolation and encapsulation of these materials and
avoid problems such as oxidation; moregvierimproves the
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Iu(i?‘“?gure 3. Magnetic hysteresis and its respective saturation magnetization
(Ms) for the sample (a) FC98, (b) FC27/98 and (c) FC98/SiOH
ence respectively, which is subject to a magnetic field of 20 kOe.

the

1 in Although the magnetic nanoparticles maintained their
hderromagnetic character (magnetic core), there was reduced
de@turation magnetization owing to the thickness of the silica layel
epevering the magnetic core (CgBg) which in the case of
diamagnetic material, tends to reduce the magnetization of the
material. In Figure 4there is a DRIFTS spectrum of the samples
tdssilica, ferrite, cobalt ferrite and silica coated with uncoated
cobalt. It can be determined that before being recoated with silica

cahe cobalt ferrite has vibrational modes in the region of 578 cm

degree of biocompatibility when they are used in biolog
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and 632 cm which are characteristic of cobalt ferrite. T
FC98/SiQ sample has vibrational modes with asymmelf
stretching absorption in the region 9DR00 cn associated with
the StOH and QGSi-O groups, thus indicating the presence
silica. The coating waalso analyzed sergjuantitatively for the
FC98/SIOH sample by means of the energy disper
spectroscopy Xay (EDX) technique which had an average mg
composition of 66.51% Si, 22.68% Fe and 11.14% Co.

log 1/R (a.u)

4000 3500 3000 2500 2000 1500 1000 500
v/ cm™)

Figure 4. Infrared spectrum diffuse reflectancEourier transform
(DRIFT) samples of uncoated cobalt ferrite FC98, silica and pure ¢
ferrite coated with silica FC98/S}0

3.3. Testing for kinetic or thermodynamic influences on the
synthesis of cobalt ferrite.

Three replications of the methodologvere employed tg
study the reproducibility of the synthesis of FC98 and FC27
these were also carried out to study the nature of the aging tin
the reaction product of a property that is dependent on kineti
thermodynamics. Tests were perfodniey employing the FC94

neminutes at 98 °C and included a mixture of CoFe204 phases witl

rithe oxyhydroxide phase; in additiaghwas noted that five minutes
was not enough time to form a singlgstalline phase.

of It was also found that this material showed no magnetic
properties. Another test was conducted by employing the

siveethodology required for the synthesis of FC60 when conditionec

lafior a minimum aging period of 24 hours. This sample only gtbw
a crystalline phase of Cof®, and we observed that this material
has magnetic properties. When these data are compared, it can
concluded that the crystalline phase of cobalt ferrite is dependen
on a kinetic process and this fact can be observed in the XRD i
Figure 5.
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OBigure 5. X-ray diffractograms of samples of cobalt ferrite
e(t?;grmodynamic or kinetic testing), (a) synthesis of FC98 with aging time
o

i minutes at a temperature of 98 °C, (b) synthesis (FC60) with aging
FStiffe of 24 hours at a temperature 60 °C.

70

methodology and the sample was subjected to an aging time

4. CONCLUSIONS
This paper investigates the influence of aging temper
on the synthesis of magnetic cobalt ferrite coating with sil

of 5

turebalt ferrite phase for the silica coating. The shell / core type
caoating system (FC98/SiOH) had a surface afedl.21 + 0.15

Several agingemperatures were studied such as 98, 80, 60, 27/88 g*, the mean particle size of 773.4 nm = 131.1 nm and a
and 27 °C. The aging temperature of 98 and 27/98 °C showef degree of polydispersity of 17%. The particles covered with silica
best conditions for preparing a single phase of cobalt fefrifgresented saturation magnetization 10.05 erfu agd. The
CoFeQ,, with a particle size of less than 100 nm. It was obsefvednoparticle cobalt ferrite coating system (FC98/SiOM3s

that a rig in temperature aging led to a significant increase tharacterized using the DRIFT technique, which presentec
saturation magnetization and remanence factors for their magnetlrational modes with asymmetric stretching absorption in the
properties. Some parameters are kept fixed for the synthesis thaegon 9001200 cnt associated with the $H and QSi-O
required for obtaining the cobalt ferrites such as the followingroups, thus indicating the presence of silica in the particle
final pH of the reaction equal to 13, while the aging temperatuserface.

covered a period of 1 hour, and the concentration of base 5mpl L Therefore, the parameters studied and obtained in this
solution sodium hydroxide. It was possible to obtain a single phaserk, the nanoparticle of cobalt ferrite, as well as cobalt ferrite
of cobalt ferrite (FC98) that had a particle sizetdfnm + 7.4 nm| coating with silica showed with ferrimagnetic properties, with the
and a polydispersity of 18%, saturation magnetization of 39.7 prpassibility of applying this material to the data storage by
g'. The sample FC98 was selected because it presented simgigndic memory.
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