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In this work, the effect of addition of different chelating agents on the magnetic properties of cobalt
ferrite nanoparticles produced by the combining of both co-precipitation and hydrothermal methods is
reported. The Rietveld analyses of X-ray diffraction patterns reveal that our samples are single phase
(space group: Fd-3m) with small average sizes. The weight losses observed in the thermogravimetric
measurements together with the M x H curves show that the organic contamination coming from che-
lating agent decomposition can give rise to misinterpretation of the magnetization measurements. Be-
sides, analyses of the zero-field-cooled (ZFC) and field-cooled (FC) magnetization measurements and the
M x H curves measured at room temperature allows us to state that both the average blocking tem-
perature and particles size distribution are sensitive to the kind of chelating agent.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The study of physical properties of nanoparticles systems and/
or nanocomposites has attracted much attention due to both the
appearing of new physical phenomena when compared with their
bulk counterparts and the strong potential to technological ap-
plications [1-4]. However, from a point of view of material growth,
the controlling of the morphological parameters such as particle
sizes, shapes and size distribution is not an easy task. In order to
reach such goal, chemical methods are the most used due mainly
to the control of the kinetics parameters and the low cost. Such
optimization is generally achieved using chemical addictive (gen-
erally organic compounds) [5-9]. However, the low temperatures
generally used in these synthesis methods are not sufficient to
eliminate completely the organic contamination of desired final
product. In this scenario, this organic waste can play an important
role in the analyses of the magnetization curves once the experi-
mental data are generally normalized by the mass. In this sense, to
avoid misinterpretations of the magnetization results, it is very
important to know the true mass of magnetic material used in the
analyses of the magnetization measurements.
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In order to discuss this problem, we synthesize nanoparticles of
CoFe,04 by combining co-precipitation and hydrothermal techni-
ques with the adding of the chelating agents: sucrose, glycerine,
oleic acid and oleylamine plus sodium oleate. X-ray diffraction
data show that the spinel phase was obtained for all samples. Once
the crystallographic phase of the CoFe,04 nanoparticles is formed
at temperatures around 180 °C, the analysis of weight loss ob-
tained from the thermogravimetric (TG) measurements allows us
to conclude that samples are a mixing of organic waste and
CoFe,04 nanoparticles. Because of this, we have carried out a new
mass normalization of the MxT and MxH curves. To estimate the
magnetization saturation values, average size and size distribution
of particle systems, the MxH loops measured at room temperature
to three samples were fitted using a uniform magnetic model
based on the Langevin function weight-averaged with a log-nor-
mal particle volume distribution.

2. Experimental procedure

CoFe,0,4 nanoparticles were prepared from the mixing stoi-
chiometric amounts of Fe(NOs)s3-9H,0 and Co(NO,)s;-9H,0
starting salts in distilled water which was gradually added to the
mixture up to reaching the desired final volume. In order to
evaluate the role of chelating agents in the magnetic properties, by
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combining the co-precipitation and hydrothermal methods, we
have prepared four samples by adding the sucrose (0.02 mol/l),
glycerine (0.02 mol/l), oleic acid (0.06 mol/l) and oleylamine (5 ml)
plus sodium oleate (0.0002 mol/l). It is important to state that
these chemical compounds were added to the aqueous solution
under a constant mechanical stirring. After that NaOH solution
was dropwise to keep a pH=13. The as-prepared mixture was
sealed into a Teflon-lined stainless steel autoclave with a capacity
of 110 mL for hydrothermal treatment at 180 °C during a time of
12 h to sucrose, glycerine, oleylamine plus sodium oleate and 2 h
to oleic acid. Then, autoclave was cooled at room temperature and
the precipitate was separated by centrifugation, washed with
distilled water and absolute ethanol, and dried under open air at
50 °C. A detailed description of the synthesis procedure is given
elsewhere [6,9,10].

The thermogravimetric measurements were recorded using a
Q50 TA instruments in a temperature range 30 < T < 800 °C. The
room temperature X-ray diffraction data (XRD) were obtained
with a Panalytical diffractometer with the Bragg-Brentano geo-
metry in continuous mode with a scan speed of 1/4°/min in the 26
range from 22° to 70° using CuK, radiation. The Rietveld refine-
ments were performed using the free software DBWS9807 [11,12].
The magnetization measurements as a function of the magnetic
field and temperature were carried out using a superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design MPMS evercool system).

3. Experimental results and discussion

Fig. 1 displays the thermogravimetric (TG) measurements car-
ried out in the as-prepared samples from room temperature to
800 °C. The vertical arrows means the total loss weight and the
dashed line indicates the temperature of the hydrothermal
synthesis (T,=180 °C). Interestingly, the greatest loss occurred to
the sample prepared with two chelating agents. It is worth to
emphasize that at this temperature the CoFe,04 nanoparticles are
already formed (see XRD data). The observed loss weights must be
related with water evaporation (T~100 °C) and with decomposi-
tion of the chelating agents (T > 200 °C).

As one can see at 180 °C (see the dashed vertical line) only
around 10% of total mass was lost and so we can conclude that our
samples are a mixture of organic waste and ferrite cobalt

91+ ‘ 20%

44%

~
(=]
T

!

' = Glycerine
180°C | y

Oleic acid
Sucrose
= Oleylamine +
Sodium oleate

Loss Weight (%)

(=N
w
T

n
(=)
T

0 100 200 300 400 500 600 700 800 900
0
T(0)

Fig. 1. Thermogravimetric (TG) measurements carried out to the as-prepared
samples. The dashed vertical line indicates the temperature of the hydrothermal
treatment and the vertical arrows represent the percentage of loss masses of
samples.
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Fig. 2. X-ray diffraction data taken at room temperature to CoFe,0,4 nanoparticles.
The solid lines are the fittings using the Rietveld method (red lines) and difference
(green lines) between the experimental and calculated patterns. The horizontal
bars mean the standard pattern to CoFe,04 (JCPDS Card 00-022-1086). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

nanoparticles. In order to confirm that all organic wastes are
completely eliminated at 800 °C, samples were resubmitted to a
second loop of TG and no loss weight was observed (not shown
here).

According with TG results, to obtain the nanoparticles without
the organic waste, one should increase the synthesis temperature
to 800 °C. However, it is well known that the increasing of the
annealing temperature generally results in the increasing of
average nanoparticle sizes [13,14]. Indeed, this fact was observed
in the XRD measurements performed in the samples after ther-
mogravimetric measurements (not shown here). It is worth to
mention that to obtain pure NiO nanoparticles by using a similar
process Sasaki et al. [15] have used chemical additives to remove
the organic waste.

Fig. 2 shows X-ray diffraction data taken at room temperature
to CoFe,04 nanoparticles. The solid lines mean the fitted patterns
(red lines) and the difference between experimental and fitted
patterns (green lines). The vertical bars mean the standard JCPDS
card number 00-022-1086 to spinel crystalline structure of
CoFe;04.

Despite samples have been grown by using the same synthesis
temperature, it is possible to observe differences in the peaks
broadening which must be assigned to the chelating agents. For
instance, one must clearly note that in the sample prepared with
oleic acid seems to exist a superposition of broad and narrow
peaks. Indeed, to fit the full width at half maximum of XRD pat-
terns we have used the Thompson modified pseudo-voigth func-
tion which is one mixture of Gaussian and Lorentzian shapes. Such
profile function takes account isotropic and anisotropic crystallite
size and microstrain separately. The Rietveld refinement of XRD
patterns confirm that our samples belong to the spatial group Fd-
3m. Besides, except to the glycerine sample, the average particle
size obtained from refinement seems to be chelating agent
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Fig. 3. Magnetization curves as a function temperature taken in zero-field-cooled (ZFC) and field—cooled (FC) mode at H=50 Oe to cobalt ferrite samples grown with

sucrose, glycerine, oleic acid and oleylamine plus sodium oleate.

independent.

Fig. 3 presents the magnetization curves as a function tem-
perature taken in zero-field-cooled (ZFC) and field-cooled (FC)
mode at H=50 Oe to the cobalt ferrite nanoparticles grown with
sucrose, glycerine, oleic acid and oleylamine plus sodium oleate.
The values of magnetization are re-normalized by the mass of
CoFe,04 obtained from the TG analysis.

It is clear that the ZFC-FC curves yield different behaviors de-
pending on the chelating agent. However, once the average par-
ticles size seems to be below a critical size to all used chelating
agents (see XRD data), superparamagnetic features can be ob-
served, that is, a maximum in the ZFC curves (except to glycerine
sample) and an irreversible magnetic behavior. The maximum in
ZFC curves observed to sucrose and oleylamine samples is, for
noninteracting particles, directly proportional to the average
blocking temperature which is associated with the mean particle
size. On the other hand, while no maximum was observed to the
glycerine sample, the oleic acid sample seems to present two
maxima at T;=103 K and T, > 350 K consistent with a bimodal
distribution observed by Lopez-Dominguez et al. [17] to samples
grown by using a similar procedure.

Interestingly, taking account that (i) our samples are a mixture
of organic waste and CoFe,04 nanoparticles and (ii) the loss
weights observed in TG data increase sequentially as glycerine-
sucrose-oleic acid-oleylamine, it is evident that there is an in-
trinsic dispersion effect of CoFe,0, nanoparticles inside organic
waste. Indeed, it notes that the peak of the ZFC curve displaces
from ~270K (sucrose sample) to ~250 K (oleic acid-oleylamine
sample). However, the almost constant value of magnetization and
the deviation from Curie-type behavior indicate that some inter-
particle interaction must be present [16].

If one supposes an assemble of noninteracting and spherical
nanoparticles with uniaxial magnetic anisotropy, the blocking
temperature calculated by the expression, Tp~K;V/25 kg [18] with
d~5nm and K.;=2.5 x 10° J/m? (extracted from Ref. [19]) should
be around 65.4 K to sucrose, oleic acid and oleylamine plus sodium
oleate samples and 89.5 K to glycerine sample with d~17 nm and
Ker=9.5-12 x 10° J]/m?® (extracted from Ref. [20]). It must be ob-
served that these values are not in agreement with that observed

in the ZFC magnetization curves. However, the evaluation of the
maximum value of the derivative of difference between ZFC and FC
curves which is proportional to blocking temperature yields values
closer to that the calculated using the above mentioned expres-
sion, 172 K and 234 K to oleylamine plus sodium oleate and su-
crose samples, respectively. As we comment above, this dis-
agreement can be indicating that some level of interparticle in-
teraction is present, that is, the displacement of the peak position
in the ZFC curves depends on the nanoparticle concentration in-
side the organic waste which affects the strength magnetic inter-
action between nanoparticles [16].

Fig. 4 shows the magnetization as a function magnetic field at
room temperature to cobalt ferrite nanoparticles synthetized at T,
=180 °C. In the inset, we show the MvsH loops to the glycerine and
oleylamine plus oleic acid samples before and after the normal-
ization by the true mass of cobalt ferrite extracted from TG ana-
lysis. It is worth to remark that the evaluation of true mass of
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Fig. 4. Magnetization curves as a function magnetic field taken at room tempera-
ture to cobalt ferrite nanoparticles grown at T,=180 °C. In the inset, we show the
MxH loops to glycerine and oleylamine plus sodium oleate samples before (full
symbols) and after (open symbols) the mass correction.
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Fig. 5. Fittings of the MxH curves using the model described above to (O) oleic acid
(o) sucrose and (¢) oleylamine plus sodium oleate samples.

nanoparticles was extracted from the percentage of total mass loss
obtained from TG data (see Fig. 1).

One must note that while in the glycerine sample the satura-
tion magnetization remained almost the same after mass correc-
tion, the oleylamine plus oleic acid sample presents an appreciable
change in the saturation magnetization increasing from 40.5 to
72.2 emu/g. Many works in literature [5,13,21-24] which report on
the magnetic properties of magnetic nanoparticles obtained via
chemical methods with chelating agents discuss the changes in
the magnetization saturation when compared with its bulk value
as an effect coming from particles surface. We also agree with such
interpretation, however, in this scenario, we want to call attention
that the crude magnetization curves of the samples grown via
chemical route with chelating agents can drive to the
misinterpretations.

Once, at room temperature, no coercivity is observed in the
M x H loops to sucrose, oleic acid and oleylamine plus sodium
oleate samples, we believe that these samples are in the super-
paramagnetic state, that is, thermal agitation is dominant when
compared with another effects. In this sense, some works in lit-
erature [17,18,25-30] have used a generalized model to fit mag-
netization curves as function of magnetic field in the super-
paramagnetic state. It is well known that the magnetic behavior of
superparamagnetic nanoparticles with uniaxial anisotropy axis is
governed by magnetization reversal processes, that is, magnetic
moments inside nanoparticles can rotate collectively under action
of both thermal agitation and/or magnetic field. On the other
hand, to real system, the size distribution is another important
feature that can influence the magnetic response of the system. In
order to estimate the mean size and size distribution nanoparticles
from the M x H curves, following a procedure found in Refs.
[17,18], we have used a uniform magnetic model based on the
Langevin function weight-averaged with a log-normal particle
volume distribution. In Fig. 5, we show M x H curves fitted by such
simple model to the sucrose, oleic acid and oleylamine plus so-
dium oleate samples. As one can see, there is a good agreement
between the experimental and fitted data. Unfortunately, we are
not able to fit the sample grown with glycerine once the coercive
field is not zero. By assuming that our samples present a size
distribution represented by a log-normal function:

1 lnvlo
V; o, Vo) = exp| -
P o tor =0 s &P =52

M

D3 . .
where Vo= ”TO is the particle average volume, we have com-

puted the magnetization as function of the magnetic field using
the following equation:

Table 1
Parameters extracted from the fittings of MxH and X-ray diffraction data to the
samples growth with sucrose, glycerine, oleic acid and oleylamine plus sodium
oleate.

Mean size ~ Mean size o Model Ms (emu/g) ypm (x 107%)
(nm) XRD (nm) model model
Sucrose 5(1) 5.0 11 43.7 5.24
Glycerine  17(3) - - - -
Oleic Acid 6(1) 54 0.9 144 0.61
Oleylamine  4(1) 49 11 89.8 411

MH) = [7p(V: o, Vo MsL@) + 1o H] @

where L is one Langevin function with x= "‘”’(‘275;”".

Table 1 shows the parameters extracted from the best fits by
using the uniform model. One can see that there is a good ac-
cordance of the average particles size estimated by XRD data with
that calculated via model. These analysis show that independently
of the used chelating agent, the fitted samples present a small size
and size distribution (approximately <D > =5nm and oc=1).

4. Conclusions

CoFe,0,4 nanoparticles were synthesized by combining co-
precipitation and hydrothermal chemical methods with addition
of different chelating agents. The analyses of the XRD patterns are
consistent with a cubic structure belonging to the Fd-3m space
group to all samples. Thermogravimetric data show strong loss
masses which increases sequentially as glycerine-sucrose-oleic
acid-oleylamine. Besides, despite chelating agents can help us in
the control of important morphologic parameters such as size,
shape and size distribution, we show that organic contamination
coming from decomposition of chelating agents which is present
in samples after synthesis procedure can drive to misinterpreta-
tions of the magnetization data. Finally, by using a uniform model
to fit magnetization vs magnetic field curves at room temperature
we conclude that our samples present a small mean size and size
distribution.
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