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Abstract The enhancement of nanoparticle’s magnetic
properties with a suitable coating is the main tool to
increase their potential as an effective candidate for
applications in different areas, especially in biomedi-
cine. In the work here reported, Fe3O4 nanoparticles
coated with natural oils were synthesized by iron (III)
acetylacetonate thermal decomposition and the effects
of the coating on the magnetic properties of these parti-
cles have been investigated. The oils were extracted
from three Amazon fruits seeds: açaí, ucuúba, and
bacaba by CO2 supercritical extraction process, and
the relative percentage composition of fatty acids were
determined by gas chromatography. A systematic study
of crystalline, morphological, and magnetic properties
revealed a saturation magnetization (Ms) enhancement
and high values of the anisotropy constant for Fe3O4

samples when coated with açaí and ucuúba oils, which

present a large percentage of saturated total fatty acid.
Our results indicate that nanoparticles with sizes smaller
than around 5 nm present Ms values as high as that
found for bulk Fe3O4 and, consequently, much higher
than Ms values for nanoparticles usually coated with
oleic acid. The nuclear techniques neutron activation
analysis and perturbed angular correlations were used
to better characterize the nanoparticles.
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Introduction

Magnetic nanoparticles and nanocomposites materials
have currently captured attention of researchers from
different areas such as chemistry, physics, engineering,
pharmaceutical, and medicine. The reason is their great
potential to be used in a wide range of biomedical
applications such as controlled drug delivery, contrast
agents for magnetic resonance imaging (MRI), comput-
ed tomography, immobilization and separation of bio-
molecules, hyperthermia, and biosensors as well as gas
sensors and battery applications (Zhang et al. 2007;
Cuong et al. 2012; Pistone et al. 2013; Brollo et al.
2014; Chen et al. 2014; Ren et al. 2014; Jiao et al.
2015; Guivar et al. 2015). For these applications, nano-
particles must present high quality in terms of their
magnetic properties (superparamagnetic behavior with
high magnetic moment saturations is highly desirable),
crystallinity, morphology with good dispersion, and

J Nanopart Res (2020) 22: 68
https://doi.org/10.1007/s11051-020-4761-5

B. S. Corrêa :M. S. Costa :G. A. Cabrera-Pasca : C. Sena
Faculdade de Ciências Exatas e Tecnologia, Universidade Federal
do Pará, Abaetetuba, PA, Brazil

B. S. Corrêa :R. H. Holanda Pinto :A. P. S. Silva :
R. N. Carvalho Junior
Universidade Federal do Pará, Belem, PA, Brazil

M. S. Costa :G. A. Cabrera-Pasca :C. Sena :M. Saiki :
I. T. Matos : E. L. Corrêa :A. W. Carbonari (*)
Instituto de Pesquisas Energéticas e Nucleares, Universidade de
São Paulo, Sao Paulo, Brazil
e-mail: carbornar@ipen.br

L. Ishida : J. G. A. Ramon :R. S. Freitas
Instituto de Física, Universidade de São Paulo, Sao Paulo, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-020-4761-5&domain=pdf
http://orcid.org/0000-0002-4499-5949


easy reproducibility. Moreover, they must be biocom-
patible and present low toxicity. Methods for synthesize
nanoparticles are generally performed by a chemical
route involving the use and manipulation of dangerous
chemical materials that produce hazardous and polluting
waste, therefore increasing the production costs.

Several high-cost commercial oils are used in the
synthesis of nanoparticles, such olylamine, acid oleic,
and linoleycol oil. However, over the last few years,
great progress has been made in green synthesis
methods, with the use of natural agents to achieve small
nanoparticles with stable capping. These methods are
still under development and have been considered a
good experimental procedure to obtain nanoparticles
with good stability, segregation, morphology, and re-
duced size (Iravani 2011; Ahmed et al. 2016; Hussain
et al. 2016).

Recently, interesting oils have been extracted from
Amazon fruits and have been investigated as potential
candidates for several applications. In terms of the fatty
acid composition, which depends on the extraction
methods, açaí oil presents high proportion of oleic,
palmitic, and linoleic acids while ucuúba oil contains
high proportion of miristic, lauric, and palmitic acids
(Da Rocha Filho et al. 1992; Schauss et al. 2006; Soares
et al. 2007). Scientific researches have revealed that açaí
presents antioxidant, anti-inflammatory, and anti-
proliferative properties; cardioprotective activities; and
may be used in the treatment of asthma, infectious
diseases, and as antioxidant nutraceutical supplements
(Holderness et al. 2011; Gordon et al. 2012; Teixeira-
Neto et al. 2012; Yamaguchi et al. 2015). Due to their
high bioactive compounds content, industries are cur-
rently using açaí fruit extracts as food additives, dietary
supplements, or cosmetics ingredients (Liao et al. 2013).
In the same way, ucuúba butter, oil, resin extract, and
roots can also have different medicine applications such
as the treatment of colic, inflammation, rheumatism,
dyspepsia, liver dysfunction, ulcer, gastritis, and cancer,
and, in addition, it has antifungal action and it can also
be used in hair treatment (Lopes et al. 1996, 1999;
Fregonesi et al. 2009; Hiruma-Lima et al. 2009;
Carvalho et al. 2010). Bacaba oil is popularly used in
the treatment of pulmonary infections as bronchitis and
tuberculosis, and as a purgative. Previous studies have
revealed that bacaba fruits are a promising phenolic
source and, based on their antioxidant capacity, are good
in preventing chronic diseases (Abadio Finco et al.
2012). Therefore, unsaturated fatty acids found in açaí

and bacaba oils are important to humans, since they are
good energy sources for the metabolic mechanisms as
well as for constituting the cellular membranes structure
(Costa et al. 2017).

An important application of different commercial
natural oils is related to their capping properties that
improve the magnetic parameters of nanoparticles or
add to them new functionalities. Magnetite (Fe3O4) is
the magnetic iron oxide commonly used for different
applications such as those listed above. It has a cubic
inverse spinel structure composed of two different
sublattices. The tetrahedral sites (positions 8a, usually
named as A sites) of this structure are occupied by Fe3+

ions while the octahedral sites (positions 16d named as
B sites) are occupied by an equal number of Fe2+ and
Fe3+ ions (Iizumi et al. 1982; O’Neill and Dollase 1994).
Parvin et al. (2004) reported that monodisperse Fe3O4

nanoparticles with average size of 4 nm synthesized
with oleic acid present blocking temperature (TB) of
20 K at 1000 Oe and saturation magnetization of about
37 emu/g. The investigation of the magnetic properties
of Fe3O4 nanoparticles coated with oleic and dodecano-
ic acids did not result in appreciable changes in the
general magnetic behavior of the samples (Barbeta
et al. 2010). Yuan et al. reported that the presence of
different coatings and suspensionmeans could affect the
magnetism of the nanoparticle magnetic core (with size
around 5 nm) due to the surface spin disorder influenced
by the coating absorbance and electric charge (Yuan
et al. 2012). Specifically, coating material may interact
with the atoms at the magnetic core surface forming a
magnetically disordered layer that leads to a reduction in
the number of magnetic ions in the core. This magnetic
phase reduction is also dependent on the coating mate-
rial (Yuan et al. 2012; Nemala et al. 2014). Therefore,
the coating not only influences nanoparticle morpholo-
gy and crystallinity but also the magnetic properties,
which are very important for technological and biomed-
ical applications.

In this paper, the synthesis and characterization of
iron oxide (Fe3O4) magnetic nanoparticles coated with
oils extracted from Amazon natural fruits are reported.
These fruits are easily found in the Amazon rainforest
and the extraction and analysis of their oils are here
reported too. The Amazon fruit oils were extracted from
açaí (Euterpe oleraceae Mart . ) and bacaba
(Oenocarpusbacaba Mart.) pulp and ucuúba
(Virolasurinamensis) seeds. All nanoparticle samples
were synthesized by thermal decomposition method.
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After synthesis, the structure, morphology, composition,
and particle size were investigated by X-ray diffraction
(XRD), transmission electron microscopy (TEM), neu-
tron activation analysis (NAA), thermogravimetric ana-
lyzes (TGA), and small-angle X-ray scattering (SAXS),
respectively. In addition, their local and magnetic prop-
erties were investigated by perturbed angular correlation
(PAC) spectroscopy, magnet izat ion, and ac
susceptibility.

Experimental

Açaí, ucuúba, and bacaba fruits were purchased from
the local market in the city of Abaetetuba (state of Pará,
Brazil). Açaí berries and bacaba were immersed in water
at 50 °C for 900 s; their pulps were then extracted with
water in an electric depulper. Ucuúba fruits were peeled
manually to remove the seeds. Both açaí and bacaba
pulps, as well as ucuúba seeds, were lyophilized
(Liotop, model L101, São Paulo, Brazil) and stored at
− 25 °C. Particle size was analyzed using Tyler sieves
(WS Tyler, USA) − 8 + 42 mesh, and the average parti-
cle diameter was determined according to the method
presented by the ASABE (1998). Sample density was
determined using a helium pycnometer (Quantachrome,
model Ultrapyc 1200e, USA), and the moisture was
determined by infrared moisture balance (Gehaka, mod-
el IV 2500, São Paulo, Brazil). These experiments were
carried out in triplicate.

Extraction procedures: CO2 supercritical extraction
(CO2-SE)

The extraction procedure was performed in the SPE-ED
SFE (model 7071, Applied Separations, Allentown, PA,
USA) equipped with a compressor (model CSA 7.8,
internal volume of 19.7 L, Schuz, SC, Brazil) of CO2

gas (99% purity, White Martins, PA, Brazil), and a CO2

flow meter (Alicat Scientific M 5SLPM Tucson, AZ,
USA), using a recycled ethylene glycol aqueous solu-
tion at − 5 °C (Polyscience F08400796 Nilles, Illinois,
USA). The fruit extracts were obtained under the fol-
lowing conditions of temperature and pressure, respec-
tively: 40 °C and 350 bar for ucuúba, 70 °C and 320 bar
for açaí in a cylindrical extraction cell of 50 mL volu-
metric capacity (internal diameter of 0.014 m and height
of 0.3248 m), and 40 °C and 290 bar for bacaba in a
100-ml extraction cell (internal diameter of 0.0314 m

and height of 0.1244 m) according to the method de-
scribed by Batista et al. (2016). The CO2 mass flow rate
in all extractions was 8.85 × 10−5 kg/s. The process was
divided into two stages: static and dynamic periods of
1800 s and 10,800 s, respectively. All the extractions
were performed in duplicate.

Determination of fatty acids in CO2-SE extracts

The relative percentage composition of fatty acids was
determined by conversion into fatty acid methyl esters
(FAMEs) according to the method described by Rodri-
gues et al. (2010). The composition was then determined
using a gas chromatograph (Varian model CP 3380)
equipped with a flame ionization detector and with a
CP-Sil 88 capillary column (length 60 m, internal diam-
eter 0.25 mm, film thickness 0.25 μm; Varian Inc.,
USA). The gas chromatograph used FID detector and
injector (split ratio 1:100) temperatures of 250 °C, an
injection volume of 1 μL, and helium as carrier gas at a
flow rate of 0.9 mL/min. The column temperature was
set to 80 °C for 4 min and increased to 205 °C at a rate of
4 °C/min. The software Varian Star 3.4.1 was used for
the chromatograms, and standard fatty acids mixture
(Nu-check-prep, Inc., USA) was used to quantify the
fatty acids. The fatty acid contents were expressed as
total fatty acids relative percentages. These experiments
were performed in duplicate.

Synthesis of magnetite nanoparticles

Iron oxide nanoparticle samples were synthesized at
IPEN by a modified thermal decomposition method
(Oliveira et al. 2011), which consists in dissolving
2 mmol of iron(III) acetylacetonate in 20 mL of
diphenylether, 2 mL of ucuúba, bacaba or açaí oil,
4 mmol of oleylamine, and 10 mmol of 1,2-octanediol.
Using a round-bottom flask with three necks, one of
them connected to a condenser, the mixture was kept
under an inert nitrogen atmosphere stirring for 2 h at
258 °C. Specifically in our synthesis, the natural Ama-
zonian fruit oils replaced the usual oleic acid. After
cooling at room temperature, particles were purified by
centrifugation in ethanol for 30 min. This purification
process was performed three times. After drying under
low pressure (about 1 kPa) for 24 h, a fine powder was
obtained.
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Characterization

In order to check nanoparticle crystallinity, X-ray dif-
fraction patterns for each sample were obtained. Mea-
surements were performed using a PANalytical X-ray
diffractometer, model X’Pert PRO with X’Celerator
detector using the Cu-Kα radiat ion (λα1 =
0.154060 nm e λα2 = 0.154443 nm) at 40 kV and
40 mA. A step of 0.05° was used for the collection of
data. The size and dispersion of nanoparticles after
synthesis were determined by small-angle X-ray scatter-
ing technique (SAXS), which were performed using a
Bruker’s NANOSTAR equipment. The incoming
monochromatic X-ray beam wavelength was λ =
1.5418 Å (Cu-Kα), and the sample-detector distance
was about 0.67 m. The SAXS data were analyzed by
the indirect Fourier transformation (IFT) method using
GNOM (Svergun 1992) from the ATSAS program suite.
We used the IFTmethod in order to obtain the real-space
volume distribution function DV, which corresponds to a
histogram over all the different volumes of hard spheres
within the nanoparticle.

Transmission electron microscopy (TEM) images
were obtained on a JEOL JEM 2100 microscope oper-
ating at an accelerating voltage of 200 kV. Samples for
TEM observations were prepared by placing a drop of a
toluene solution containing the dispersed nanoparticles
on a carbon-coated copper grid. The distribution of the
average particle size was estimated through a visual
inspection, assuming a spherical shape. These estima-
tions were compared with those from SAXS results.

In order to determine the concentrations of Fe3O4 and
the capping material in all nanoparticle samples with
high precision, neutron activation analysis (NAA) was
performed. Measurements of thermogravimetric analy-
sis (TGA) for Fe3O4 + ucuúba sample were also taken,
and the results were compared with those of NAA.
Powder samples of 30.58 mg, 52.05 mg, and 69.10 mg
of Fe3O4 coated, respectively, with açaí, ucuúba, and
bacaba were used for NAA measurements. These sam-
ples along with a standard mass of Fe were irradiated for
16 h under a thermal neutron flux of 5.4 ×
1012 n.cm−2 s−1 in the IEA-R1 research reactor of IPEN.
After an intentional delay of 1 week, the Fe element was
identified in the sample by measuring the gamma ener-
gies of 1099.25 keV and 1291.60 keV in the decay of
59Fe (half-life of 44.5 days) using a hyper-pure Ge
detector connected to a DSA 1000 Digital Spectrum
Analyzer (Canberra model). Taking into account the

results of the iron pattern measurements, the concentra-
tion of Fe into the samples was then calculated using the
comparative method (De Soete et al. 1972), which per-
mitted the determination of the mass of Fe3O4 in each
sample. The TGA measurements were carried out using
thermal analysis equipment (Netzch, model STA 449 F3
Jupiter). About 10 mg of the sample powder was ana-
lyzed from room temperature up to 500 °C, with a
heating rate of 10 °C/min. The curve of the mass vari-
ation as a function of temperature was constructed, as
well as its derivative (dm/dT) that was used to identify
the thermal events that occurred during the analysis.

Magnetization measurements were carried out using
a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS) as
a function of the temperature in the zero-field-cooled
(ZFC) and field-cooled (FC) procedures. The ZFC
curves were obtained by measuring the magnetization
during the sample warming after cooling it without
applying a magnetic field, and the FC curve is obtained
by measuring while cooling the sample in the presence
of a magnetic field (H = 100 Oe). Magnetization loops
M(H) were measured in the field range ± 7 T at different
temperature.

Local crystalline structure and magnetic interactions
in all samples after synthesis and after an additional
annealing at 973 K for 2.5 h were examined by
perturbed gamma-gamma angular correlation (PAC)
spectroscopy at IPEN. This nuclear technique is based
on hyperfine interaction phenomena and is very useful
because it provides valuable information on short-range
interactions. This technique has been used with success
to investigate different magnetism sources in nanostruc-
tured materials (Uhrmacher 2011; Matos et al. 2015;
Sales et al. 2017). PAC is sensitive to small distortions
in the crystalline structure around a specific site occu-
pied by the probe nucleus as well as the presence of
impurities (Ramirez et al. 2015; Sena et al. 2015). In
order to carry out PAC measurements, new samples of
Fe3O4 coated with each natural oil were prepared fol-
lowing the same procedure described above, however,
with the addition of a small drop of liquid 111InCl3
(corresponding to a very low concentration < 1 ppm)
to the starting solution used to synthesize the nanopar-
ticles. Just after the synthesis, part of the resulting pow-
der samples containing the coated nanoparticles was
measured by PAC, while another part of each sample
was heated at 973 K for 2.5 h in an evacuated quartz
tube to remove organic materials and provide
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sufficiently energy to increase the probe nuclei fraction
into the crystalline core of the nanoparticles.

PAC measurements were carried out at room temper-
ature with a conventional fast-slow coincidence set-up
using four BaF2 detectors. The resulting spin rotation
spectra (R(t)) is given by

R tð Þ ¼ A22G22 tð Þ ¼ A22∑i f iG
i
22 tð Þ ð1Þ

where A22 is the unperturbed angular correlation coeffi-
cient. R(t) spectra were fitted using theoretical models
that take into account the population (fi) of the site
fractions occupied by the probe nuclei, and the nature
of the hyperfine interactions, given by the perturbation
functions G22(t), which can be magnetic, characterized
by the Larmor frequency (ωL), electric, characterized by
the quadrupole frequency (νQ) and the asymmetry pa-
rameter η, or a combination of both. For magnetic
interactions, G22(t) = 0.2 + 0.4 cos(ωLt) + 0.4 cos(2ωLt),
where ωL is proportional to the hyperfine field (Bhf)
and it is given by ωL = μNgBhf/ħ, where μN is nuclear
magneton and g is the g-factor (g = 0.306 ± 0.001 for
111Cd probe nuclei). As for electric quadrupole interac-

tions, G22 tð Þ ¼ S20 þ ∑3
n¼1S2n ηð Þcos g ηð ÞνQt

� �
, with

the nuclear quadrupole frequency νQ = eQVZZ/h, where
Q is the nuclear quadrupole moment and the asymmetry
parameter η = (VXX −VYY)/VZZ, being VZZ the major
component of the electric field gradient (EFG) tensor in
its main axis system (Dogra et al. 2001; Bosch-Santos
et al. 2015).

Results and discussion

Table 1 displays the fatty acid composition determined
by gas chromatography for the oils extracted from
ucuúba seeds and açaí and bacaba pulps. One can see
that açaí oil has 90.86% of palmitic acid (C16:00),
5.35% of stearic acid (C18:00), and 2.27% of caprylic
acid (C8:00). The ucuúba oil has 77.61% of myristic
acid (C14:00), 17.30% of lauric acid (C12:00), and
2.67% of palmitic acid (C16:00). The bacaba oil has
61.16% of oleic acid (C18:1), 22.12% of palmitic acid
(C16:00), and 11.48% of linoleic acid (C18:2). Note that
açaí and ucuúba oils have 99.6% of saturated fatty acid
while bacaba has 26.8% and 73.2% of saturated and
unsaturated fatty acid, respectively.

After synthesis, nanoparticle samples were analyzed
by X-ray diffraction (see XRD patterns in Fig. 1a),

where 2θ diffraction peaks were observed at 30°,
35.6°, 37.1°, 43°, 53.5°, 57°, and 62.7° corresponding,
respectively, to the (220), (311), (222), (400), (422),
(511), and (440) Bragg planes. These results observed
for all samples reveal a unique phase in agreement with
the pattern reported by Shen et al. (2012) and consistent
with cubic inverse spinel phase of Fe3O4 belonging to

Fd3m space group and lattice parameter of 8.395 Å. The
diffraction peak broadening is a signature of the nano-
particle small size. Additionally, the inset in Fig. 1b
shows the SAXS results for all samples. The best fitting
has been reached when a poly-dispersed system of
spheres with different volumes is considered. The size
distribution DV results (Fig. 1b) reveal that Fe3O4 nano-
particles have size distributions centered at a diameter
close to 3 nm with a smaller fraction of larger spheres.
The average diameters with respective uncertainties

Table 1 Fatty acid composition of oils extracted from ucuúba
seeds, açaí and bacaba pulps by the supercritical extraction meth-
od. Values are in percentage

Fatty acid Açaí Ucuúba Bacaba
70 °C/
320 bar

40 °C/350 bar 40 °C/290 bar

C8:0 2.27 – 0.06

C10:0 – 0.44 0.01

C12:0 0.33 17.30 0.15

C13:0 0.21 0.17 0.06

C14:0 0.42 77.61 0.40

C15:0 – 1.26 0.06

C16:0 90.86 2.67 22.12

C16:1 0.08 0.31 0.43

C17:0 0.19 – 0.09

C18:0 5.35 0.20 3.39

C18:1 0.23 0.05 61.16

C18:2 – – 11.48

C18:3 – – 0.11

C20:0 – – 0.48

C22:0 – – –

Saturated total 99.67 99.64 26.82

Unsaturated total 0.31 0.36 73.18

C8:0 (caprylic acid), C10:0 (capric acid), C12:0 (lauric acid),
C13:0 (tridecanoic acid), C14:0 (myristic acid), C15:0
(pentadecanoic acid), C16:0 (palmitic acid), C16:1 (palmitoleic
acid), C17:0 (margaric acid), C18:0 (stearic acid); C18:1 (oleic
acid), C18:2 (linoleic acid), C18:3 (linolenic acid), C20:0
(arachidic acid), C22:0 (behenic acid)
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obtained from a Gaussian function fit to the highest
amplitude Dv peak for each sample are DSAXS ≈ 3.1 ±
1.7 nm, 2.0 ± 1.1 nm, and 2.7 ± 1.5 nm for açaí, ucuúba,
and bacaba, respectively. Moreover, as revealed for the
cross-sectional TEM images in dark contrast, all sam-
ples have spherical shape as displayed in Fig. 1c. For
Fe3O4 + açaí sample, images show particles with 3.4 nm
(0.1) average diameter and a small fraction with larger
diameter of 5 nm, while Fe3O4 + ucuúba and Fe3O4 +
bacaba samples show particles with average diameter of
2.5 nm (0.1) and 3.4 nm (0.1), respectively. The

difference in the diameter values measured by the two
methods is due to the larger number of particles that are
measured by SAXS than that taken from TEM images.
SAXS determine the average size of particles from a
quite large number of particles interacting with the
incident X-rays.

In order to determine the percentage in weight (%wt)
of oxide concentrations for Fe3O4 + açaí, Fe3O4 +
ucuúba, and Fe3O4 + bacaba samples, NAA measure-
ments were carried out as described above. The results
revealed that the nanoparticle cores are formed by ~

Fig. 1 a X-ray diffraction patterns, b SAXS results, and c TEM images of the synthesized nanoparticles with the corresponding histogram
(below each image) fitted with a log-normal distribution (solid line)
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75%, ~ 64%, and ~ 25% of Fe3O4, respectively. Conse-
quently, around 25%, 36%, and 75% of the total mass of
nanoparticles corresponds to the capping organic mate-
rial most likely due to the fatty carbonic-acid chains
contained in açaí, ucuúba, and bacaba oils, respectively;
see the schematic representation at bottom panel in
Fig. 2. To verify the NAA results, thermogravimetric
analysis (TGA) and the differential thermogravimetric
(DTG) measurements were performed in the Fe3O4 +
ucuúba sample in the temperature range from 25 to
500 °C. Figure 2 displays the DTG and TGA resulting
curves. Within the temperature range used, one can
observe the degradation of the ucuúba oil occurring in
two steps. In the first step, a small loss of mass happens
between the temperature range at 25 to 210 °C due to the
thermal desorption of fatty acids that compose the
ucuúba oil; the second step shows a larger loss of mass
between 210 and 450 °C, indicating that the oil has been

completely removed/degradated due to the dehydroge-
nation of the fatty acids (Sahoo et al. 2001; Pérez-Dieste
et al. 2003; Zhang et al. 2006). After these TGA steps,
around 64% of the total initial mass remained in the
sample; therefore, 36% of the total sample mass corre-
sponds to the ucuuba oil that was covering the surface of
the nanoparticles. This result is in very good agreement
with that of NAAmeasurements. Consequently, one can
consider NAA as good as TGA in determining the
analytic mass of the Fe3O4 core of nanoparticles. Hence,
NAA technique is a very efficient alternative to investi-
gate the mass concentration of Fe3O4 nanoparticle sam-
ples capped with different materials with the advantage
to be a non-destructive technique. For example, the
NAA technique was used by Corrêa et al. (2018) to
determine the mass of Er in nanoparticles of Er2O3 in
order to normalize the magnetization values (Corrêa
et al. 2018).
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Fig. 2 Thermogravimetric analysis (TGA) and the differential
thermogravimetric (DTG) curve of the Fe3O4 sample synthesized
with ucuuba oil. The bottom panel shows a schematic drawing of
the core and the shell layer containing açaí, ucuúba, and bacaba

oils of the nanoparticles along with their respective NAA results
for both concentrations. The average diameters (DSAXS) estimated
from SAXS results are also displayed
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Figure 3a shows the temperature dependence of ZFC
and FC magnetizations (M) measured with an applied
field of H = 100 Oe for Fe3O4 nanoparticles coated with
natural oils. All samples show essentially the same
temperature profile for the ZFC and FC curves. The

broad maximum of ZFC curves is usually associated
with the blocking temperature (TB) of nanoparticles
(Knobel et al. 2008). This temperature separates the
high-temperature superparamagnetic regime from the
low temperature blocked state, where the reorientation
of the particle’s magnetic moment is severely restricted
by the thermal energy barrier set by the magnetic an-
isotropy. Blocking temperatures for the three studied
samples are displayed in Table 2. The behavior of the
magnetization curves shown in Fig. 3 and the TB values
indicate that the particles are small with a reasonable
degree of dispersion.

In order to obtain the effective magnetic anisotropy
of nanoparticle samples, we have used the ac suscepti-
bility technique. The relaxation time for the thermally
activated over barrier of isolated nanoparticles is given
by the Néel-Brown expression (Bedanta and Kleemann
2009), τ = τ0 exp(E/kBT), where τ0 is the so called at-
tempt time ranging between 10−9 and 10−10 s, E =KV is
the uniaxial anisotropy energy barrier, K is the
magnetocrystalline anisotropy, and V is the particle vol-
ume. Figure 3b displays the temperature dependence of
the imaginary component χ″ of the ac susceptibility for
the Fe3O4+ açaí sample measured with a modulation
field hac = 1 Oe in the frequency range between 1 and
1000 Hz. As expected, the susceptibility shows a max-
imum close to TB that shifts to higher temperatures
when the frequency increases, or equivalently, with the
decrease of the observation time τ = 1/(2πf). The data
follows the Arrhenius law in the frequency domain (see
the inset in Fig. 3b) from which the effective anisotropy
K can be derived by calculating the slope KV/kB of the
linear fit assuming spherical particles with mean particle
diameter obtained in the structural analysis.

Table 2 also displays the calculated anisotropy values
for all samples. For açaí and ucuúba capped samples, the
anisotropy values are within the same order of magni-
tude, although higher thanK = 4.74 × 105 J m−3 reported
for 6.6 nm Fe3O4 nanoparticles (Caruntu et al. 2007).
Nanoparticle sample synthesized with bacaba oil, on the
other hand, presents an anisotropy value somewhat low-
er. It is also important to highlight that all these values
are higher than that usually observed for bulk materials
(Kbulk = 1.35 × 104 J m−3) (Morales et al. 1999). These
results indicate that different natural oils used for cap-
ping nanoparticles influence their magnetic properties.
These properties are known to be very sensitive to
surface effects, which are enhanced in small particles.
Among these effects, there are the possible existence of

Fig. 3 a Temperature dependence of magnetization for Fe3O4

nanoparticles capped with açaí, ucuúba, and bacaba oils measured
with an applied field H = 100 Oe under the zero-field-cooling
(ZFC) and the field-cooling (FC) processes. Data were normalized
by the FC magnetization measured at T = 2 K. b Imaginary com-
ponent (χ”) of the ac susceptibility as a function of temperature for
Fe3O4 + açaí measured with a modulation field hac = 1 Oe chang-
ing frequency. The inset displays the Arrhenius behavior of the
relaxation frequencies 1/f = (1/f0) exp.(E/kBT). c Magnetization as
a function of applied field H
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randomly oriented uncompensated surface spins for an-
tiferromagnetic nanoparticles, the presence of canted
spins or spin-glass-like behavior of the surface spins,
and the occurrence of a magnetically dead layer at the
surface or the enhancement of the magnetic anisotropy
(Issa et al. 2013). We believe that the difference in
anisotropy here observed may be ascribed to the fatty
acid concentrations present in the different oils as shown
in the Table 1. It is, therefore, important to notice that
açaí and ucuúba oils have ~ 99.6% of saturated fatty
acids whereas bacaba oil has ~ 73% of unsaturated fatty
acids including a large quantity (62%) of oleic acid,
which is a usual fatty acid for nanoparticles coating,
stable at high temperature (around 360 °C) as reported
by Zhang et al. (2007). Moreover, the lower values of K
and TB found in Fe3O4 + Bacaba sample when com-
pared with Fe3O4 + açaí and Fe3O4 + ucuúba samples
are an indication of a weaker interaction between the
magnetic core and the outer layer of the nanoparticles
capped with bacaba.

Our results indicate that fatty acids contained in oils
extracted from Amazon fruits used for capping can help
to produce Fe3O4 nanoparticles with regular and crys-
talline core and have a strong influence on their mag-
netic properties. In order to further investigate this in-
fluence, the M-H measurements were performed at T =
2 K for all samples. Figure 3c shows that the saturation
magnetization (Ms) for the samples synthesized with
bacaba (Ms ≈ 74 emu/g), ucuúba (Ms ≈ 81 emu/g), and
açaí (Ms ≈ 91 emu/g) are very close in magnitude to that
for the bulk Fe3O4 (Ms ≈ 90–92 emu/g).

Generally, small Fe3O4 nanoparticles have smaller
Ms values than those here observed, because Ms is
strongly dependent on the particle size (Jun et al.
2005). For instance, Ms = 37 emu/g was reported for
Fe3O4 nanoparticles capped with oleic acid having av-
erage size around 4 nm (Parvin et al. 2004). The reduc-
tion inMs for small nanoparticles is an open issue, and it

is associated to the spin disorder in their surface layer. In
magnetite, the superexchange interaction between mag-
netic Fe atoms is mediated by oxygen ions and, oxygen
vacancies in the surface layer can lead to the Fe spin
disorder resulting inMs smaller than that for Fe3O4 bulk
due to the large surface/volume ratio (Caruntu et al.
2007).

In fact, it has been reported in the literature that
coating nanoparticles with organic and polymeric
materials results in an increase of the saturation mag-
netization (Hou et al. 2003; Sun et al. 2004; Roca
et al. 2006). On the other hand, the molecular coating
absence results in defects and the oxygen lack around
the iron atoms decreasing the saturation magnetiza-
tion (Andrzejewski et al. 2014). Interesting results
were reported by Unni et al. (2018) for small Fe3O4

NPs capped with oleic acid and synthesized by ther-
mal decomposition using molecular oxygen as one of
the reactive species. They show that this procedure
results in single-crystalline iron oxide nanoparticles
with few defects and similar physical and magnetic
diameter distributions, presenting, therefore, a thin
magnetically dead layer, ascribed to the presence of
oxygen during synthesis. Our results then indicate
that oils extracted from natural Amazon fruits with
a high percentage of saturated fatty acids (açaí and
ucuúba) increase Ms of small Fe3O4 nanoparticles,
probably because saturated fatty acids influence the
oxidation of iron atoms near the surface thus reduc-
ing the magnetically dead layer. This effect can be
attributed to the oxygen (Unni et al. 2018) probably
from the COOH functional group present in fatty
acids.

The field dependence of the magnetization of all
samples was measured at different temperatures in the
blocked state (T < TB). The inset in Fig. 4 displays the
results for the Fe3O4+ açaí sample, which shows a clear
decrease of the coercive field Hc with the increase of the

Table 2 Structural and magnetic properties of Fe3O4 nanoparticle
samples capped with oils extracted from the Amazon fruits açaí,
ucuúba, and bacaba. DSAXS are the nanoparticle diameters obtain-
ed by SAXS. K is the magnetocrystalline anisotropy determined

by Arrhenius law and Stoner and Wohlfarth (S-W) model, Hc is
the coercive field at 2 K, Ms is the saturation magnetization, TB is
the blocking temperature, and the organic material percentage as
obtained by NAA

Fe3O4 sample DSAXS (nm) K (Arrhenius) (105 J/m3) K (S-W) (105 J/m3) Hc (Oe) Ms (emu/g) TB (K) Organic material (%wt)

Açaí 3.1 4.6 3.9 343 91.4 44.7 25

Ucuúba 2.0 9.3 5.1 460 80.6 34.0 36

Bacaba 2.7 0.75 0.85 329 73.6 28.7 75
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temperature. The temperature dependence of HC in the
Stoner and Wohlfarth (S-W) model is given by Stoner
and Wohlfarth (1948):

HC Tð Þ¼HC0 1−
25kBT
KV

� �1
2

" #
ð2Þ

This model assumes that all monodisperse particles
are in the blocked state, with a random distribution of
easy axis and coherent reversal of the magnetic mo-
ments. The main panel of Fig. 4 shows that the S-W
model gives a good description of the data for all sam-
ples only at low temperatures (T < 10 K). The reason is
mainly because as the temperature approaches TB, an
increasing fraction of the nanoparticles becomes
unblocked and in order to improve the model, a particle
size distribution needs to be taken into account. Never-
theless, the slope of the HC vs. T0.5 straight line fitted to
experimental data at low temperature can be used to
obtain an independent estimation of the effective anisot-
ropy values K, which are shown in Table 2 along with K
values obtained from susceptibility data. The increase in
Hc result for Fe3O4+ ucuúba sample could be attributed
to the quantity of fatty acid of lower carbonic chains
(77.6% of C14:0 and 17% of C12:0) than those of the
samples with açaí and bacaba oil (Table 1).

Results displayed in Table 2 show that nanoparticles
capped with Açai and Ucuúba follow the expected
behavior with the smaller particle presenting the smaller
Ms and higher K. This behavior is not observed for
nanoparticles capped with Bacaba that, although has

an average size higher than nanoparticles capped with
Ucuúba, present smaller Ms and a much smaller K.
Since small nanoparticles have large surface area, the
effect of spin disorder at the surface is high resulting in
small Ms and high magnetic anisotropy. Our results
indicate that the large amount of Bacaba capping has a
stronger influence on the magnetic anisotropy.

Improvement of the magnetic properties of parti-
cles related to the coating material (organic and inor-
ganic) has been reported in the literature, where the
chemical bond of iron with chain carboxylic acids
(Fe–O–C) contributes to the formation of magnetic
dipoles on the surface of NPs, thus improving their
magnetic properties (Knobel et al. 2008). In associa-
tion with these facts, it is important to note that the
oils of açaí and ucuúba have different proportions of
fatty acids, which are predominantly saturated and
have the carboxyl group present in their chains. On
the other hand, bacaba oil has different proportions of
fatty acids, however most unsaturated, as can be seen
in Table 1. This difference in oil composition has
certainly influence on the stabilization process and
preservation of the magnetic phase of the surface
layer of particles, as well as on the thickness of the
capping (non-magnetic layer). Consequently, it must
affect the value of the anisotropy constant, which
depends on the anisotropy constant of both, the core
and the surface (Lee et al. 2019). Therefore, given the
different concentrations of fatty acids present in the
oils used for the synthesis of Fe3O4 nanoparticles,
these anisotropies do not follow the usual correlation
with particle size since surface anisotropy would
have an important contribution. In order to elucidate
the surface effect, additional experiments should be
carried out.

From the Spin Rotation (R(t)) spectra obtained by
PAC measurements, one can determine the magnetic
hyperfine field as well as the electric quadrupole hyper-
fine parameters that are very sensitive to the local envi-
ronment around the probe nuclei reflecting, for instance,
the symmetry of the nearest neighbors, possible vacan-
cies, and electronic structure. Very similar PAC results
were observed for all samples of particles capped with
oils extracted from the three Amazon fruits. As an
example, the R(t) spectra measured at room temperature
using 111In(111Cd) as probe nuclei for Fe3O4 + açaí sam-
ple after synthesis and after annealing at 973 K are
displayed in Fig. 5a, b, respectively. The fit of the
theoretical function to the spectrum obtained after

Fig. 4 Temperature dependence of the coercive field Hc obtained
from theM(H) measurements for Fe3O4 samples. The inset shown
the M(H) measurements for the Fe3O4+ açaí
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synthesis considered that probe nuclei occupy two site
fractions: one with well-defined magnetic frequency
ωL = 29.6 MHz (8) and another characterized by a
widely distributed (with frequency distribution
δ ∼ 50%) electric quadrupole frequency νQ =
270 MHz. The Larmor frequency ωL corresponds to a
magnetic hyperfine field Bhf = 12.6 T (3). This result is a
little higher than Bhf = 11.8 T (1) reported by Inglot et al.
(1991) and Bhf ~11 T reported by Asai et al. (1985). As
can be seen in Fig. 5a, the R(t) spectrum presents a
strong amplitude attenuation similar to that observed
by Effenberger et al. (2016) for R(t) spectra measured
with 111Cd in Fe3O4 nanoparticles capped with oleic
acid.

The samples were subsequently heated at 973 K to
reduce the particles coating shell (by evaporation) and
increase the population of 111Cd nuclei occupying Fe
sites in the core of nanoparticles. PAC spectra were then
measured at room temperature, and the resulting R(t) for
acai-coated sample, displayed in Fig. 5b, was fitted with
a model where a probe nuclei fraction with population
f = 39(3)% are at substitutional Fe sites with a pure
magnetic dipole interaction characterized by a well-
defined (frequency distribution δ = 3.2(3)%) Larmor
frequency ωL = 27.3 MHz (1). This Larmor frequency
corresponds to Bhf = 11.7 T (1), equal to that observed
for 111Cd at substitutional Fe sites in crystalline Fe3O4

previously reported (Lee et al. 2019). The other probe
nuclei fraction (f = 61(3)%) was characterized by a
broad (δ = 45(2)%) quadrupole frequency νQ =

137 MHz (3), which we assigned to probes at the
particle surface region. Specifically, this major fraction
is due to the increased surface spin disorder related to a
high number of superficial iron ions with incomplete
coordination environments of 111Cd nuclei probe
(Matos et al. 2015). The probe population values at the
particle outer layer for the annealed nanoparticles, ac-
cording to Effenberger et al. (2016), correspond to par-
ticle sizes around 7–8 nm.

Moreover, due to the Fe3O4 crystalline structure,
there are two possible 111Cd probe nuclei locations
corresponding to the tetrahedral and octahedral sites
occupied by Fe ions. The probe nuclei occupation has
been controversial and, recently, ab initio calcula-
tions based on the density functional theory (DFT)
were performed to elucidate 111Cd probe nuclei site
assignment (Sato et al. 2016). They concluded that
the 111Cd are located in the tetrahedral sites occupied
by Fe3+ ions. Following these results, we have
assigned the observed Bhf to 111Cd probes at the
tetrahedral sites for which the electric quadrupole
interaction vanishes due to the neighboring symme-
try. Furthermore, the good agreement of Bhf results
for both samples with that for bulk Fe3O4 indicates
that the core of the nanoparticles crystallizes in the
expected structure and are free of defects. This ob-
servation is due to the results from PAC measure-
ments that show a pure magnetic interaction (with Bhf

agreeing with that for the bulk Fe3O4) for the fraction
of probes assigned to replace Fe sites at the core of

Fig. 5 PAC spectra for Fe3O4 + açaí sample a after synthesis process with
111In probe nuclei and b after annealing at 973 K for 2.5 h with the

respective c XRD patterns
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nanoparticles instead of pure electric quadrupole in-
teraction or a combined magnetic plus electric inter-
action, which would indicate the presence of defects
(Inglot et al. 1991; Mercurio et al. 2010).

XRD patterns for Fe3O4 nanoparticles capped with
açaí measured after synthesis and after annealing are
both displayed in Fig. 5c and show that the samples
present the same peaks corresponding to the cubic
inverse spinel crystalline structure. As expected, it is
clearly seen that after annealing, the peaks in XRD
pattern are narrower than those in the pattern obtain-
ed after synthesis indicating the increase of particle
size. The XRD and PAC results then indicate that the
particle cores present a good crystallinity free of
defects.

Conclusion

Magnetite nanoparticles were synthesized by the
thermal decomposition method with oils extracted
from the Amazon fruits açaí (Euterpe oleraceae
Mart.), bacaba (Oenocarpusbacaba Mart.), and
ucuúba (Virolasurinamensis). These oils were ex-
tracted by the CO2 supercritical extraction process
under low pressure and temperature and had the
relative fatty acid percentages determined in their
composition by gas chromatography. The character-
ization of all samples by XRD, PAC, and SAXS
results as well as TEM images reveal, respectively,
a correct crystalline structure free of defects, a
small size (< 5 nm), and a regular morphology for
the synthesized Fe3O4 nanoparticles. Measurements
of their magnetic properties show that the saturation
magnetization (Ms) for every measured sample is
as high as that found for bulk Fe3O4. Therefore, the
high values of Ms observed for all samples can be
explained by the well-defined core structure plus
the effect of the coating on the iron spins at the
surface of particles, which probably was achieved
due to the presence of high-saturated total fatty acid
from the oils extracted from the Amazon fruits in
the synthesis. The findings here reported show that
the natural oils present great potential to produce
good and stable nanoparticles better than those
produced using only a specific fatty acid. Further-
more, oils therapeutic properties could be preserved
to be used in technological and biomedical
applications.
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