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Abstract

Magnetic CoFe,O, nanoparticles were synthesized by co-precipitation at 80 °C. This co-precipitation was achieved by
the rapid addition of a strong base to an aqueous solution of cations. The investigation of the samples that were quenc-
hed at different times after the addition of the base, using transmission electron microscopy (TEM) coupled with ener-
gy-dispersive X-ray spectroscopy (EDXS) and X-ray powder diffractometry, revealed the formation of a Co-deficient
amorphous phase and Co(OH),, which rapidly reacted to form small CoFe,O, nanoparticles. The nanoparticles grew
with the time of aging at elevated temperature. The colloidal suspensions of the nanoparticles were prepared in both an
aqueous medium and in a non-polar organic medium, with the adsorption of citric acid and ricinoleic acid on the nano-
particles, respectively. The measurements of the room-temperature magnetization revealed the ferrimagnetic state of the
CoFe,0, nanoparticles, while their suspensions displayed superparamagnetic behaviour.
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1. Introduction

The unique magnetic properties of magnetic nano-
particles, which are dominated by single-domain ferri-
magnetism and superparamagnetism, are of great scienti-
fic and technological importance.'* Superparamagnetism
is a phenomenon associated with the size reduction of the
ferri/ferromagnetic material. When the size of the partic-
les is reduced below a certain limit the thermal fluctua-
tions induce a rapid relaxation of the particles’ magnetic
moments, relative to the time of observation.!? The criti-
cal size for the transition to superparamagnetic behaviour
at room temperature depends on the magnetocrystalline
anisotropy of the material and is 6-8 nm for CoFe,0,.>”
Superparamagnetic nanoparticles show an advantage over
the larger ferrimagnetic nanoparticles when colloidal sus-
pensions have to be prepared. The rapid moment relaxa-
tion strongly reduces the magnetic dipolar attractions,
which would otherwise cause agglomeration. Colloidal
suspensions of superparamagnetic nanoparticles are im-
portant in various technological® and biomedical applica-

tions, for example, in MRI imaging, in targeted drug de-
livery and in cancer treatments using magnetically-media-
ted hyperthermia.”!' While for biomedical applications
aqueous suspensions are needed, for the preparation of so-
me complex materials suspensions in organic liquids are
applied as a starting material. For example, for the prepa-
ration of nanocomposites where the nanoparticles are em-
bedded in a polymer matrix, suspensions of nanoparticles
in moderately polar organic liquids such as monomers are
needed.'*"

In some cases, single-domain ferrimagnetic nano-
particles show an advantage over superparamagnetic na-
noparticles. In the case of magnetically induced hypert-
hermia, ferrimagnetic nanoparticles display larger values
of specific power losses due to the hysteresis losess,
which are absent in superparamagnetic nanoparticles.'!
Also, in magnetic data storage the critical size where the
information can be stored is limited by the superparamag-
netic limit."

For some of these applications the soft spinel ferri-
tes, such as magnetite and maghemite, are suitable. Howe-
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ver, cobalt ferrite, CoFe,O,, displays some special magne-
tic properties that are not characteristic for the spinel ferri-
tes.'® Due to a high magnetocrystalline anisotropy, as well
as large magnetostrictive and magneto-optical coeffi-
cients, cobalt ferrite is a promising material for the fabri-
cation of composite multiferroics, high-density magnetic
data-storage devices, mediators for magnetic hyperther-
mia, etc.

The simple co-precipitation and hydrothermal treat-
ments are known to be suitable methods for the synthesis
of single-domain ferrimagnetic CoFe,O, nanoparticles."’
Usually, the growth of the nanoparticles during the
synthesis is controlled by the addition of fatty acids, for
example, with oleic acid.'"” However, the preparation of
colloidal suspensions of fatty-acid-coated ferrimagnetic
nanoparticles in a non-polar organic medium was shown
to be challenging.'” Ricinoleic acid, which is isostructural
with oleic acid (the only difference being the presence of
the hydroxyl group at position C,, in the C, tail) is known
to be more efficient in the colloidal stabilization of nano-
particles in non-polar and even moderately polar organic
liquids.'> Moreover, the hydroxyl groups are effective
functional moieties, because they can be acetylated under
mild reaction conditions. For example, Lattuada et al.'®
synthesized various polymer brushes on the surfaces of ri-
cinoleic-acid-coated iron-oxide nanoparticles using the
atom transfer radical polymerization technique (ATRP).
The hydroxyl group was used to covalently bond the
ATRP initiator to the surface of the nanoparticles. The hy-
droxyl groups on the surface of the nanoparticles can also
be used to initiate ring-opening polymerization, a useful
method for the synthesis of several biodegradable poly-
mers that are potentially useful for biological and biome-
dical applications.'”?® Although the ricinoleic acid provi-
des remarkable colloidal stability in nonpolar and
moderately polar organic liquids, it is inefficient for the
colloidal stabilization of nanoparticles in highly polar or-
ganic liquids and aqueous media. In highly polar media,
such as water, the electrostatic charge on the nanoparticle
surfaces is usually the reason for the repulsion and colloi-
dal stability. The density of the surface charges on the
hydrated surfaces of oxides when exposed to aqueous me-
dia is usually too low to prevent agglomeration across a
wide pH region. The adsorption of a citriate anion on the
nanoparticle surfaces strongly increases their negative
surface charge.?! Citric acid is a tricarboxylic hydroxy
acid that forms a coordinate bond between the carboxyl
groups and the surface cations, leaving at least one car-
boxylic group non-bonded, pointing radially towards the
aqueous medium.*' The dissociation of this unbonded car-
boxyl group and the deprotonation of the hydroxyl group
are believed to be the reason for the highly negative sur-
face charge across the wide pH range of the citric-acid-
adsorbed oxide surfaces.?'

In this work the kinetics of the formation of Co-
Fe,O, nanoparticles during their co-precipitation with and

without the presence of ricinoleic fatty acid was studied.
We also present the preparation of colloidal suspensions
of single-domain ferrimagnetic CoFe,O, nanoparticles
and a qualitative description of their colloidal stability in
an aqueous and non-polar organic medium. In addition,
the role of the presence of the ricinoleic acid during the
co-precipitation of the nanoparticles on their size was in-
vestigated.

2. Experimental

2. 1. Materials

Cobalt (II) sulphate heptahydrate (CoSO, - H,0, Al-
fa Aesar, 98%), iron (III) sulphate hydrate (Fe,(SO,);, - x-
H,O, Alfa Aesar, 99+%), sodium hydroxide (NaOH, Alfa
Aesar, 98%), nitric acid (HNO,, AppliChem, 65% p.a.),
ricinoleic acid (C,¢H,,0,, TCI, >80%), citric acid
(CH O,, Alfa Aesar, 99+%), acetone (C,H,O, Appli-
Chem, p.a.), methanol (CH,O, Merck, for analysis), tolue-
ne (C,Hg, Merck, for synthesis), were used as received,
without further purification. From the corresponding sulp-
hates, stock aqueous solutions of Co®* and Fe** were pre-
pared (0.584 mol/l and 0.505 mol/l, respectively), and
from citric acid, a stock aqueous solution was prepared
(2.6 mol/l).

2. 2. Synthesis

The CoFe,O, nanoparticles were synthesized accor-
ding to a previously published method, with some modifi-
cations."” In brief, 40 ml of an aqueous solution of cations
(Co* 0.175 mol/l and Fe** 0.354 mol/l) was heated to 80
°C in a three-neck round-bottom flask and 20 ml of NaOH
(3.5 mol/l) aqueous solution was added in a single, rapid
pour during vigorous stirring. The pH of the suspension af-
ter co-precipitation was 13. After aging for 2 hours at 80 °C
under reflux, the suspension of precipitates was left to cool
naturally to room temperature. The nanoparticles were then
washed three times with DDI water to remove the unreac-
ted ions. Finally, the CoFe,O, nanoparticles were oven
dried at 60 °C and grinded in an agate mortar (CF-NPs).

To obtain the hydrophilic CoFe,O, nanoparticles
with charged surfaces, citric acid was adsorbed onto the
synthesized nanoparticles using the process described pre-
viously.” In brief, washed CoFe,0, nanoparticles were
dispersed in DDI water in a round-bottom flask and an
aqueous solution of citric acid was (0.6g/ml) was added.
The pH value of the suspension was adjusted to the value
of pH = 5.2 with the addition of an NH,OH aqueous solu-
tion. The suspension was heated to 80 °C and aged for 1.5
hours. After ageing, the suspension was left to cool natu-
rally to room temperature. The citric-acid-adsorbed Co-
Fe,O, nanoparticles were flocculated by the addition of
acetone and separated with a permanent magnet. The ex-
cess of citric acid was washed out with acetone. The sus-
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pension of citric-acid-adsorbed CoFe,O, nanoparticles
was prepared by dispersing the washed nanoparticles in
pure DDI water. To remove any agglomerates the suspen-
sion was centrifuged at a relative centrifugal force (RCF)
of ~3200 g for 5 minutes (Eppendorf 5804™ centrifuge
with F34-6-8 rotor). The suspensions were considered to
be stable colloidal suspensions of nanoparticles (CF-CA-
S). The citric-acid-adsorbed CoFe,O, nanoparticles were
isolated from the colloidal suspension CF-CA-S. The
nanoparticles were then flocculated by the addition of
acetone and separated with a permanent magnet. Finally,
the nanoparticles were oven dried at 60 °C and grinded in
an agate mortar (sample CF-CA-NPs).

To obtain the hydrophobic CoFe,O, nanoparticles,
ricinoleic acid was adsorbed onto the synthesized nano-
particles using the process described previously.'? In
brief, after aging the suspension of precipitate for 2 hours
at 80 °C under reflux (see the first paragraph for the
synthesis of the CF-NPs) 1 g of ricinoleic acid was added
in small amounts over a period of 30 min. After cooling to
room temperature, diluted HNO, was added to decrease
the pH to a value of approximately 5. The decrease in the
pH value resulted in the flocculation of the hydrophobized
CoFe,0, nanoparticles. To remove any unreacted ions and
excess ricinoleic acid the precipitate was washed three ti-
mes with DDI water, with acetone and three times with
methanol. The suspension of ricinoleic-acid-adsorbed Co-
Fe,O, nanoparticles was prepared by dispersing the was-
hed hydrophobic nanoparticles in toluene. To remove any
agglomerates the suspension was centrifuged at a relative
centrifugal force (RCF) of ~3200 g for 5 minutes (Eppen-
dorf 5804™ centrifuge with F34-6-8 rotor). The suspen-
sions were considered to be stable colloidal suspensions
of the nanoparticles (suspension CF-RA-S). The nanopar-
ticles that sedimented during the centrifugation were was-
hed with acetone, oven dried at 60 °C, and grinded in an
agate mortar (sample CF-RA-ND-NPs). The nanopartic-
les were also isolated from the colloidal suspension CF-
RA-S, flocculated by the addition of acetone and then se-
parated with a permanent magnet. Finally, the nanopartic-
les were washed several times with acetone, oven dried,
and grinded in an agate mortar (sample CF-RA-D-NPs).

2. 3. Characterization

The phase purity was checked with X-ray powder
diffraction (XRD) (Siemens D5000). The crystallite size
(dygp) Was estimated from the XRD line broadening using
the Scherrer equation.”? The whole-powder-pattern fitting
procedure was employed, where the crystallite size was
the fitted parameter using the crystallographic software
package Topas™. The contribution of the instrumental
broadening of the diffraction lines was described by the
convolution of the individual instrumental broadening
functions constructed from the instrument parameters.’*
For the TEM investigations a drop of the suspension was

dried on a copper-grid-supported, transparent, carbon foil.
The transmission electron microscopy (TEM) was perfor-
med using a thermionic electron-source TEM JEOL 2100
operated at 200 kV. The particle composition was charac-
terized using energy-dispersive X-ray spectroscopy
(EDX) coupled to the TEM. Semi-quantitative analyses
were performed using an EDX microanalysis system (Jeol
JED-2300) and Jeol Analysis software. The room-tempe-
rature magnetization M as a function of the magnetic field
H of the samples was measured using a Lake Shore 7307
VSM vibrating-sample magnetometer. The content of
inorganic phase (CoFe,0,) in the samples was determined
using thermogravimetry. The dried samples were weigh-
ted in corundum crucibles and heated to 500 °C in a labo-
ratory furnace (Nabertherm). After cooling to the room
temperature the crucibles were weighted again and the
content of inorganic phase was calculated. The hydrody-
namic size distributions of the particles in the suspensions
were measured using a dynamic light scattering (DLS)
Fritsch Analysette 12 DynaSizer. The design of the appa-
ratus enables measurements in a thin film of the suspen-
sion, which significantly reduces the probability of multi-
ple scattering of the detected light and thus enables mea-
surements in relatively concentrated, as-prepared sus-
pensions. The &-potential of the citric-acid-adsorbed na-
noparticles in aqueous media at pH = 7 was measured us-
ing a Brookhaven Instruments Corp., ZetaPALS.

3. Results and Discussion

3. 1. Mechanism of Formation

The CoFe,O, nanoparticles were synthesized with
the co-precipitation of Co** and Fe** cations by the addi-
tion of a strong base. The precipitations of Co®* and Fe**
cations proceed at markedly different pH values.'” The
precipitation of the Fe** cations proceeds at a low pH va-
lue, in the range between 2.5 and 3.0, whereas the
Co(OH), precipitates at a much higher pH value of 8.0."
The fast addition of the base and the vigorous stirring en-
sure that a pH value high enough for the simultaneous pre-
cipitation of both cations is achieved. It was shown that
for similar experimental conditions to those described he-
re (the same concentration and final pH value), that despi-
te the markedly different hydrolytic behaviour of both ca-
tions the single-phase stoichiometric CoFe,O, nanopartic-
les are formed at 40 °C.'” However, the synthesized nano-
particles were of an average diameter of =2 nm and there-
fore exhibited poor magnetic properties.!” It was also
shown that the presence of the surfactant, such as oleic or
ricinoleic acid during the co-precipitation, strongly modi-
fies the formation of the spinel phase.!” The lowest tempe-
rature for the formation of the stoichiometric CoFe,0, in-
creased to 80 °C."7 To obtain a better insight into the mec-
hanism of formation the magnetization measured at a
magnetic field strength of H = 1 T and the coercivity of
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the samples taken at different time intervals after the addi-
tion of the base at 80 °C were measured. At specified time
intervals after the co-precipitation the sample was taken
from the reaction vessel and poured into a large amount of
acetone. Because the samples were rapidly cooled to
room temperature and because the solubility of the Co and
Fe species is practically zero in acetone we believe that all
the reactions were quenched. To study the influence of the
presence of the ricinoleic acid on the formation of the spi-
nel the same experiment was conducted in the presence of
ricinoleic acid during the co-precipitation. The magneti-
zation and coercivity of both samples increased approxi-
mately linearly with time up to 30 min after the addition
of the base (Figure 1). The rate of increase of the magneti-
zation and coercivity in the time interval between 30 min
and 120 min progressively decreased. After 120 min the
values of the magnetization and coercivity remained con-
stant. The increase of magnetization and coercivity was
higher in the period from 0 to 60 min after co-precipita-
tion for the sample co-precipitated in the absence of rici-

noleic acid.
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Figure 1. The variation of the magnetization (full symbols) and
coercivity (crossed symbols) with time after the addition of NaOH
to the solution of the Co?* and Fe* cations in the absence (square
symbols) and in the presence of the ricinoleic acid (round sym-

bols).

The magnetization and coercivity of the sample co-
precipitated in the presence of the ricinoleic acid are lower
than for the sample synthesized in its absence, indicating a
smaller average size. It is worth noting that magnetization
not only strongly depends on the average size of the mag-
netic nanoparticles but also on the content of magnetic
material in the sample. Normally, thermogravimetry is
used to determine the amount of magnetic material, espe-
cially in the samples that also contain organic material,
such as ricinoleic acid. The use of thermogravimetry to
determine the content of the magnetic material in the sam-
ples taken immediately after the co-precipitation would
introduce a large error. It is reasonable to believe that the

samples taken immediately after co-precipitation also
contain hydroxides and oxyhydroxides that would trans-

form to oxides during heating to the temperature of 380
°C needed to decompose the ricinoleic acid.'® The release
of water due to dehydration of the oxyhydroxides would
in addition to decomposition of the ricinoleic acid contri-
bute to the weight loos. The coercivity is, in principle, in-
dependent of the content of magnetic material in the sam-
ple. The significantly lower coercivity of the sample
synthesized in the presence of the ricinoleic acid further
indicates that the coated nanoparticles are smaller than the
nanoparticles synthesized in the absence of ricinoleic
acid. The XRD powder patterns were only collected for
the samples co-precipitated in the absence of ricinoleic
acid. The XRD pattern of the sample taken immediately
after the co-precipitation consists only of a broad maxi-
ma, indicating its amorphous nature (Figure 2 (a)). Ho-
wever, the reflections characteristic for the cubic spinel
phase became clearly visible in the sample taken 5 min
after the co-precipitation and became narrower with age-
ing (Figure 2a). The average size of the nanoparticles in-
creased from ~3 nm at 5 min after the co-precipitation to
~14 nm at 120 min and remained practically constant af-
ter 120 min (Figure 2 (b)). The evolution of the average
size with time is very similar to the evolution of the mag-
netization (Figure 1). The average size of the nanopartic-
les co-precipitated in the presence of the ricinoleic acid at
80 °C and aged for 2 hours estimated from the XRD pow-

der pattern was 7 nm."”
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Figure 2. XRD powder patterns of the samples taken at different ti-
me intervals after co-precipitation in the absence of ricinoleic acid
at 80 °C (a). The variation of the average size of the spinel phase at

the same time intervals (b).
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The samples taken immediately, 5 min and 30 min
after the co-precipitation were also observed on the TEM
(Figure 3). The analysis revealed that the sample taken
immediately after the co-precipitation was composed of
very small, amorphous particles of a Co-deficient compo-
sition (Figure 3 (a)). In the same sample, long and thin
needle-like particles were also present. The needle-like
particles were most likely Co(OH),, since the EDS analy-
sis showed predominantly Co.

a)

b)

20 nm

9

Figure 3. TEM images of the samples taken immediately (a), 5 min
(b) and 30 min (c) after the co-precipitation. The insets are the se-
lected-area electron diffraction patterns (SAED) and images acqui-
red at higher magnification. The SAED pattern in Fig 3 (c) was in-
dexed according to the cubic spinel structure.

The sample taken 5 min after the addition of the
base is composed of slightly larger crystalline nanopar-
ticles with a more defined shape and nearly stoichiome-
tric composition. The needle-like Co(OH), particles are

still present (Figure 3 (b)). The sample taken 30 min af-
ter the addition of the base is composed only of crystalli-
ne nanoparticles of a size in the range between 4 nm to
12 nm, and of the stoichiometric CoFe,O, composition
(Figure 3 (c)).

From the experimental observations described
above a mechanism of formation can be proposed. The
addition of the base results in the rapid precipitation of
amorphous Co and Fe oxy/hydroxides that react to form
very small spinel nanoparticles. The reaction at 80 °C is
relatively fast since only 5 min after the co-precipitation
the reflections characteristic for spinel are present and
no broad maxima characteristic for the amorphous phase
are present. The evident growth of the spinel phase (Fi-
gure 1 and 2) is most likely a result of the Ostwald ri-
pening process. The process is caused by the solubility
difference between larger and smaller particles, which
are more soluble, as described by the Gibbs-Thomson
equation.”> The slower growth resulting in the smaller
average size of the spinel nanoparticles co-precipitated
in the presence of the ricinoleic acid is also related to the
Gibbs-Thomson relation. It is well known that fatty
acids, such as ricinoleic acid, form a bilayer structure on
the oxide nanoparticles in aqueous media.?® The -COO~
groups of the ricinoleic acid form a coordinate bond with
the surface cations of the oxide phase and form a first la-
yer. Because the ricinoleic acid is present in a much lar-
ger amount to form a monolayer, the hydrophobic tails
of the second layer associate in such a way that their
—COQO™ groups direct towards the aqueous media. Becau-
se of the bilayer the surface tension of the nanoparticles
is strongly reduced from approximately 55 mJ/m?, which
is a typical value for the spinel phase,”” to a value in the
range between 10 mJ/m* and 20 mJ/m?, typical for mi-
cellar solutions of surfactants bearing -COO"~ groups.*®
According to the Gibbs-Thomson equation, a solid exhi-
biting a lower surface tension is also less soluble.” The
nanoparticles co-precipitated in the presence of the rici-
noleic acid display a lower solubility with respect to the
nanoparticles co-precipitated in the absence of the acid.
Therefore, the driving force for their growth is lower,
which results in their slower growth and smaller average
size.

3. 2. CoFe,O, Nanoparticles

The magnetic and colloidal properties of CoFe,O,
nanoparticles in aqueous and organic non-polar media are
of great importance for their applications in various fields.
The CoFe,0, nanoparticles were synthesized by the co-
precipitation of Co®* and Fe** cations with the addition of
a strong base at 80 °C. The suspension was aged for 2
hours at 80 °C. As shown above, the particles’ growth cea-
ses after this period. To prepare colloidal suspensions in
aqueous media and non-polar organic media the nanopar-
ticles’ surfaces were modified by bonding citric or ricino-
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Figure 4. XRD patterns of the synthesized nanoparticles.

leic acid, respectively. The surface modification was con-
ducted post synthesis to ensure comparable size distribu-
tions of the modified nanoparticles, since the presence of
a surfactant clearly modifies the growth of the nanopar-
ticles.

The XRD pattern of the nanoparticles CF-NPs is
composed only of broad reflections characteristic for the
spinel structure (Figure 4). The average size estimated
from the broadening of the XRD reflections was found to
be 14 nm. The nanoparticles CF-NPs strongly agglomera-
ted during drying on the supporting film of the TEM spe-
cimen grid (Figure 5 a). Because of the agglomeration a
precise measurement of the size of an individual nanopar-
ticle was not possible and therefore the estimation of the
size distribution function is not feasible. However, an esti-

mation on the size can be made. Clearly, the size distribu-
tion is broad: the particle sizes ranges from 5 nm to 20 nm
(Figure 5 (a)).

The nanoparticles CF-NPs exhibit ferrimagnetic
behaviour at room temperature (Figure 6 (a) and Table
1). However, the magnetization of the nanoparticles does
not reach saturation at the maximum applied field of 1 T,
because of their small size.' The magnetic nanoparticles
have a structurally and magnetically disordered surface
layer, which cannot reach saturation in magnetic fields
that are achievable with conventional magnetometers.
However, the slope of the magnetization is rather low at
high fields and the magnetization obtained at a field
strength of 1 T is a reasonably good estimation of the sa-
turation magnetization (Figure 6). The magnetizations of
the nanoparticles are lower than the saturation magneti-
zation of the bulk CoFe,O, (80 emu/g)'® because of their
small size.'

Table 1. Size and room-temperature magnetic properties of nano-
particles.

Sample name dygp (nm) M (emu/g)* Hc (Oe)
CF-NPs 14 57.0 563
CF-CA-NPs 15 61.0 567
CF-RA-D-NPs 13 60.0 441
CF-RA-ND-NPs 19 63 1277

# Magnetization at field strength H=1T. The value is normalized per
g of CoFe,0,.

Figure 5. TEM images of the nanoparticles CF-NPs (a), CF-CA-NPs (b), CF-RA-D-NPs (c) and CF-RA-ND-NPs (d).
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Figure 6. Room-temperature magnetization curves of the nanopar-
ticles (a) and suspensions prepared from the nanoparticles (b).

3. 2. Colloidal Suspension of CoFe,O,
Nanoparticles

The colloidal behaviours of the aqueous and non-
polar organic suspensions of the CoFe,O, nanoparticles
were studied. A profound difference in the colloidal stabi-
lity between the aqueous and organic suspensions was
first noted in the centrifugation step of the suspensions’
preparation. When the suspension of citric-acid-coated
nanoparticles was centrifuged, all of the nanoparticles re-
mained dispersed in the liquid. On the other hand, a relati-
vely large amount of nanoparticles separated from the sus-
pension of the ricinoleic-acid-coated nanoparticles in to-
luene. The average size of the separated fraction CF-RA-
ND-NPs was estimated from XRD reflection broadening
and was found to be 19 nm, which is larger than the avera-
ge size of the nanoparticles CF-NPs (Table 1). The large
average size of the nanoparticles CF-RA-ND-NPs is also
evident from the relatively large coercivity displayed by
the nanoparticles (Table 1). The nanoparticles CF-RA-D-
NPs that were isolated from the colloidal suspension we-
re smaller than the nanoparticles CF-NPs and displayed a
lower coercivity (Table 1). The difference in the nanopar-
ticle sizes is not clearly evident from the TEM images,
because the nanoparticles strongly aggregated during the
drying on the support film of the TEM specimen grid (Fi-
gure 5). The observed separation is most likely caused by
the strong magnetic attraction between the nanoparticles

larger than approximately 15 nm, which is not counter
balanced by the repulsion between the ricinoleic acid
chains of the approaching nanoparticles. The nanopartic-
les that were dispersed in both the aqueous and the orga-
nic media are ferrimagnetic at room temperature (Figure
6 (a) and Table 1), while the suspensions displayed typi-
cal superparamagnetic behaviour, showing no remanence
and coercivity (Figure 6 (b)). In colloidal suspensions the
nanoparticles are also subjected to rotational motion in
addition to Brownian movement.” The rotation of the in-
dividual nanoparticles is the reason for the randomization
of the magnetic moments in the absence of an external
magnetic field and consequently for the superparamagne-
tic behaviour. It is worth noting that the individual nano-
particles are still in the ferrimagnetic state, although their
suspensions show superparamagnetic behaviour because
of the moment relaxation with the rotational motion. Ho-
wever, the frequency of such rotations is inversely pro-
portional to the size of the nanoparticles.” The probabi-
lity that the two approaching nanoparticles are oriented in
such a way that the magnetic dipolar interaction is attrac-
tive is therefore inversely proportional to the size of the
nanoparticle. This means that even if the colloidal sus-
pension displays superparamagnetic behaviour there will
be a larger number of events that would result in agglo-
meration if the magnetic and van der Waals attractions
are not prevented. The variation of the diffusion coeffi-
cient or the hydro/solvodynamic diameter of the nanopar-
ticles dispersed in a liquid medium on their concentration
can give an insight into whether the colloidal system is
attractive or repulsive.** The hydrodynamic diameter of
the nanoparticles CF-CA-NPs was estimated to be 22 nm
and 47 nm at a concentration of 1.8 g/l and at infinite di-
lution, respectively. The increase in the hydrodynamic si-
ze with a decrease of the concentration of nanoparticles
indicates that the system is repulsive.*® The repulsion is
expected because the measured &-potential of the nano-
particles CF-CA-NPs at the same neutral pH as the mea-
surements of the hydrodynamic diameter and the magne-
tic properties of the suspension CF-CA-s was found to be
strongly negative (<40 mV). The solvodynamic diameter
of the nanoparticles CF-RA-D-NPs was estimated to be
44 nm and 41 nm at concentrations of 19.0 g/l and at infi-
nite dilution, respectively. The slight decrease indicates
that the system is attractive.’® A similar system of magne-
tic nanoparticles stabilized in a non-polar organic me-
dium by the adsorption of unsaturated fatty acid, such as
ricinoleic acid, was also found to be attractive and at the
same time colloidal.'? A qualitative difference in the des-
cription of the interaction energy between two particles
dispersed in aqueous or organic media obviously exists.
In the aqueous media the energy barrier is clearly high
enough to prevent agglomeration, even of the largest ci-
tric-acid-coated nanoparticles of ~ 20 nm in size that are
present in the sample. The reason is the highly negative
surface charge. In contrast, in the organic media the at-
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traction between the nanoparticles larger than ~15 nm in
size is high enough to cause their agglomeration.

4. Conclusions

The co-precipitation of CoFe,O, nanoparticles at
80 °C was studied. The addition of a strong base to an
aqueous solution of cations results in the precipitation of
an amorphous Co-deficient phase and Co(OH),. The pre-
cipitates react to form very small CoFe,O, nanoparticles,
which at a later stage grow through the Ostwald ripening
process, reaching a final size of ~14 nm. The ricinoleic
acid, which adsorbs on the formed nanoparticles, inhi-
bits their growth. The adsorption of the ricinoleic acid
reduces the nanoparticles’ solubility, thus decreasing the
driving force for the Ostwald ripening.

The CoFe,O, nanoparticles were synthesized using
the co-precipitation of the Co**/Fe** aqueous solution at
80 °C. The synthesized ferrimagnetic nanoparticles dis-
played a saturation magnetization and coercivity of 57
emu/g and 563 Oe, respectively. The adsorption of the
citrate anion on the nanoparticle surfaces enabled the pre-
paration of the aqueous colloidal suspension. The adsorp-
tion of ricinoleic acid on the nanoparticle surfaces enabled
the preparation of the colloidal suspension in toluene. Ho-
wever, the ricinoleic acid was not efficient in preventing
the agglomeration of nanoparticles larger than ~15 nm in
toluene due to the attractive magnetic interactions. Both
suspensions displayed superparamagnetic behaviour, des-
pite the ferrimagnetic nature of the dispersed nanopartic-
les.
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Povzetek

Magnetne nanodelce CoFe,O, smo sintetizirali s soobarjanjem na temperaturi 80 °C. Soobarjanje smo dosegli s hitrim
dodatkom moc¢ne baze k vodni raztopini kationov. Mehanizem nastanka nanodelcev CoFe,O, smo Studirali tako, da smo
odvzeli vzorce pri razli¢nih ¢asovnih intervalih po dodatku baze in ustavili kemijske reakcije. Analize vzorcev s presev-
no elektronsko mikroskopijo (TEM) v kombinaciji z EDXS spektroskopijo in rentgensko praskovno difrakcijo (XRD)
so pokazale nastanek amorfne Co deficitne faze in Co(OH),, ki hitro reagirata in nastanejo majhni CoFe,O, nanodelci.
Med staranjem na poviSani temperaturi nanodelci rastejo. Koloidne suspenzije nanodelcev v vodnem in organskem ne-
polarnem mediju smo pripravili z adsorpcijo citronske ozirom ricinolejske kisline. Meritve magnetnih lastnosti na sob-
ni temperaturi so pokazale ferimagnetne lastnosti nanodelcev CoFe,O, medtem, ko so suspenzije kazale superparamag-
netno obnasanje.
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