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A B S T R A C T

Aiming to develop hydrophobic magnetic nanoparticles that are resistant to aqueous acid mediums, the
synthesis, characterization, and chemical stability analysis of a magnetite/maghemite magnetic core covered
with silica and functionalized with silane OTS (NANO + SILICA + OTS) were investigated. The synthesis of the
magnetic core was performed by the alkaline coprecipitation method. The coat, obtained by the sol-gel method,
using TEOS silane, aims to protect the magnetic core when exposed to acidic environments. The OTS silane was
used as modifier for the silica surface and provides hydrophobicity to the synthesized material; as a result, such
nanoparticles are capable of being dispersed in an organic liquid. The obtained results revealed that the na-
noparticles have a diameter size of approximately 10 nm, a high surface area, and a superparamagnetic beha-
vior. The coating of the nanoparticles with silica gave the iron oxide core greater protection against oxidation
and attack from acid environments. And NANO + SILICA + OTS concentrations of 20 g/L and 30 g/L in the
organic fluid demonstrated that iron release from the nanoparticles to the aqueous phase was lower than 0.6% of
the total iron mass, even after 24-h contact in an aqueous medium with an acidity of 2 mol/L. The obtained
nanoparticles are suitable for applications, even in severe acid environments.

1. Introduction

Nanometric materials, due to their size of around 10−9 m, have
characteristics that differ from those of the same material in a micro
metric scale or larger. This phenomenon occurs because the physical
properties, such as optical, electrical, thermal, and magnetic properties,
are strongly linked to the size of the particles and may therefore appear
differently when viewed below a critical size, normally found in a na
noscale [1]. Regarding magnetic nanoparticles, due to their small vo
lumes and high magnetic powers, their development has demonstrated
credibility in a wide range of applications, such as mineral processing
[2 9] and wastewater treatment [10 12]. Within the area of mineral
processing, magnetic nanoparticles have been employed in hydro
metallurgical processes, such as electrowinning [3,9], adsorption
[11,12], and solvent extraction [2,4 8].

However, an unavoidable problem of magnetic nanoparticles is re
lated to oxidation [13]. In mineral processes, this problem is even

greater, given that, in many process steps, the particles are exposed to
severe and corrosive environments, which can lead to the total de
composition of the material.

One example is the use of functional nanoparticles with oleic acid in
solvent extraction processes [2,4,5,8]. In this application, hydrophobic
magnetic nanoparticles are dispersed in the organic phase, together
with the extractant (which is the active reagent responsible for the
selective extraction of the metal of interest). This organic phase is
placed under agitation, together with an aqueous phase containing the
metal ions, in order to promote the extraction reaction and metal
transfer to the organic phase. In the subsequent stage of phase disen
gagement, improvement by applying magnetic nanoparticles in this
process is highlighted. Instead of separating the two phases only with
the aid of the gravitational field, the use of magnetic nanoparticles al
lows for a magnetic field to be applied, which guarantees a faster and
more efficient disengagement. Published studies have tested the use of
magnetite/maghemite nanoparticles functionalized with oleic acid and
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have obtained excellent results in decreasing the time of disengagement
step [2,5,8]. Lobato et al. [2], for example, reported a time of phase
disengagement step of up to 5 times faster when using the system
containing 30 g/L of nanoparticles in the organic phase. However, such
nanoparticles are not stable when they come into contact with aqueous
solutions of pH ≤ 2. In addition, nanoparticles with no type of coating
or functionalization are unstable at pH ≤ 3 [14]. Hence, it was con
cluded that uncoated nanoparticles, or those simply functionalized with
a long carbon chain compound, do not have enough chemical resistance
to be applied in aqueous systems operating within high acidity ranges.

The present study sought to create a novel composition of hydro
phobic magnetic nanoparticles that are resistant to acidic liquids in an
attempt to overcome this type of operating limitation. For this reason,
magnetic nanoparticles of magnetite/magnetite coated with silica and
functionalized with OTS silane were proposed. The synthesis of the
magnetic core was performed by the alkaline coprecipitation method
[2,13 18], followed by surface functionalization with oleic acid
[2,4,14], in order to improve the dispersion of these particles in the
next step, the sol gel process. A better dispersion of the particles in the
sol gel process guarantees an individualized coating, thereby pre
venting the formation of a coating around a particle agglomerate. The
sol gel process, based on the Stöber method, consists of the hydrolysis
and condensation of the tetraethylorthosilicate precursor, named TEOS
Si(OC2H5)4, in the presence of water, alcohol, and a catalyst, which in

this study was ammonia [19 21]. The silica layer formed on the surface
of the nanoparticles by chemical adsorption is capable of protecting the
magnetic nucleus from chemical attacks and severe environments [22].
Moreover, the silanol group terminations on the surface are capable of
reacting with various coupling agents through covalent bonds so as to
provide the desired characteristic particles, for example, surface hy
drophobization [11,21,23]. In this work, the n octadecyltrichlorosilane
(OTS) was used as a coupling agent and provided the characteristic of
hydrophobicity to the synthesized material. Such synthesized nano
particles are, therefore, capable of being dispersed in an organic liquid.

In addition to the nanoparticles with the final composition (mag
netic nanoparticles coated with silica and functionalized with OTS),
two other samples, nanoparticles functionalized with oleic acid and
nanoparticles coated with silica, were obtained throughout the synth
esis and characterized for comparison purposes and to achieve a better
understanding of the synthesis process. The characterization of the
samples comprised chemical composition, morphology, thermal stabi
lity, and magnetic properties. In addition, the magnetic nanoparticles
coated with silica and functionalized with OTS were characterized re
garding their chemical stability. This was performed to evaluate whe
ther or not such nanoparticles are more chemically stable than oleic
acid functionalized nanoparticles, as reported in published studies, and
especially if an organic magnetic fluid containing these dispersed na
noparticles is capable of being industrially applied, including in pro
cesses that come into contact with acidic aqueous phases, such as sol
vent extractions.

2. Experimental

2.1. Materials

All reagents used in this study were analytical grade: ferric chloride
hexahydrate (FeCl3·6H2O, Vetec, purity 97%), ferrous sulphate hepta
hydrate (FeSO4·7H2O, Neon, purity 99%), ammonium hydroxide
(NH4OH, Neon, 28 30 wt%), oleic acid (C18H34O2, Synth, purity
100%), tetraethyl orthosilicate TEOS (C8H20O4Si, Merck,
purity ≥ 99%), trichlorooctadecylsilane OTS (C18H37Cl3Si, Aldrich
Chemistry, purity ≥ 90%), sulfuric acid (H2SO4, Synth, purity 98%),
ethyl alcohol (CH3CH2OH, Neon, purity 100%), and Exxsol D80 (liquid
diluent which is essentially an aliphatic hydrocarbon, ExxonMobil
Chemical). The water used was either distilled or Milli Q (Millipore,
France), depending on the experiment.

2.2. Synthesis of the magnetic nanoparticles

To obtain magnetic magnetite nanoparticles, which consist of the
magnetic core of the coated and functionalized nanoparticles, the co
precipitation synthesis method, via alkaline medium, was applied
[2,13 17,24]. Thus, a solution of 0.05 mol of FeSO4·7H2O and 0.10 mol
FeCl3·6H2O in 300 mL of Milli Q water was heated (80 °C) and stirred
(1000 rpm). When temperature was reached, 50 mL NH4OH (28 30%)
was added dropwise, and the solution was stirred for 40 min. After this
period, 6.0 mL of oleic acid were added and the solution was stirred
(600 rpm) for 15 min at 60 80 °C. The system was then allowed to
stand until cooled. The nanoparticles were washed with ethyl alcohol
with the aid of a magnet. The nanoparticles obtained in this step were
named NANO + OLEIC ACID, which consists of the magnetic core
composed of magnetite/maghemite and the surface functionalization
with oleic acid. The functionalization with oleic acid aims to improve
the dispersion of the nanoparticles, avoiding agglomeration during the
coating step with silica.

For the coating of the nanoparticles with silica through the sol gel
process, 0.70 g of NANO + OLEIC ACID were dispersed in 20 mL of
pure ethyl alcohol by means of a probe sonicator (Branson Ultrasonics
Sonifier, 25% power and 3 cycles) for 6 min. This solution was then
diluted in 120 mL of pure ethyl alcohol and placed in an ultrasonic bath
(Brasonic, 1210 model, frequency 47 Hz) for 10 min. The final solution
was placed under mechanical stirring (600 rpm) at room temperature.
Next, 40 mL of Milli Q water and 5 mL of NH4OH were slowly added,
and the solution was stirred for 15 min. In sequence, 50 μL of tetraethyl
orthosilicate (TEOS), previously diluted in 20 mL of pure ethyl alcohol,
was slowly added to the solution over 5 h of stirring. After this period,
the nanoparticles were washed with pure ethyl alcohol with the aid of a
magnet. These silica coated particles, through the precursor TEOS,
were named NANO + SILICA.

Finally, a solution containing the NANO + SILICA nanoparticles,
from the previous step, was dispersed in 100 mL of ethyl alcohol (ul
trasonic bath for 10 min) and placed under mechanical stirring
(600 rpm) at a room temperature. Next, 35 μL of tri
chlorooctadecylsilane (OTS) was added to the solution, and stirring
(600 rpm) was continued for 18 h. After this period, the nanoparticles
were washed with ethyl alcohol and stored in pure ethyl alcohol. These
silica coated and OTS functionalized nanoparticles were named
NANO + SILICA + OTS.

To obtain the magnetic fluid to be used in the chemical stability test,
the nanoparticles NANO + SILICA + OTS dispersed in ethyl alcohol
were filtrated and dispersed directly in the Exxsol D80, by means of an
ultrasonic bath for 10 min at concentrations of 10, 20, or 30 g/L.

The flow diagram of the synthesis route of magnetic nanoparticles,
silica coating, and OTS functionalization is represented in Fig. 1.

2.3. Characterization of magnetic nanoparticles

The magnetic nanoparticles were characterized using the following
methods:

(i) Transmission electron microscopy (TEM) analyses were per
formed using a Tecnai G2 20 equipment, SuperTwin FEI
(200 kV). Sample preparation consisted of the dispersion of the
particles in ethyl alcohol for 10 min in an ultrasonic bath, fol
lowed by dripping the sample on a carbon grid. The TEM images
were analyzed for morphology and particle size information. The
values of the diameters were measured using the Image J software
[https://imagej.net/Welcome];

(ii) The surface area of the nanoparticles was determined by the BET
(Brunauer Emmett Teller) method through nitrogen adsorption at
a temperature of 95 °C with an autogassing time of 24 h. The
analysis was performed using a Quantachrome Autosorb 1 MP
equipment;



(iii) X ray diffraction (XRD) was used to evaluate the crystallography
and the phases of the nanoparticles. The equipment used was a
Bruker D8 Advance diffractometer, with a copper anode (CuKα
radiation). Analyses were run with a scan range of °2θ from 15 to
80, with increments of 0.024 °2θ and a total count time of 1162 s
per step. Sample preparation was performed on a sample port
with the aid of a magnet below it to magnetically accumulate the
particles, thereby increasing the diffraction intensity. The data
were evaluated with the Bruker programs: DIFFRACT.EVA V4 and
TOPAS 5.0 for the refinement of the structure [Bruker AXS
(2008): TOPAS V4: General profile and structure analysis soft
ware for powder diffraction data (User's Manual, Bruker AXS,
Karlsruhe, Germany)]. In the Rietveld refinement [25], the fun
damental parameters addressed were applied in such a way that
the instrument was simulated by corresponding functions [26].
The crystal structure of the model was obtained from the Amer
ican Mineralogical Society website [http://rruff.geo.arizona.edu/
AMS/amcsd.php]. The network parameters, line shapes, back
ground, and fractional coordinates, according to the spatial group
applied in this study (#227 Fd 3 m), were refined;

(iv) Raman spectroscopy was performed with a Jobin Yvon Horiba
LABRAM HR800 spectrometer, equipped with a He Ne laser of
632.8 nm, coupled to an Olympus BX 41 microscope. The spectra
were acquired with a laser power 0.08 mW and frequency range
of 100 3020 cm−1. The acquisition time was 60 s, with a number
of samples equal to 10. This technique aimed to differentiate iron
oxide phases, such as magnetite and maghemite;

(v) The Mössbauer spectroscopy analysis had the objective of con
firming the composition in relation to the iron oxides of the
synthesized samples. For this, the samples were analyzed using
equipment with transmission mode with constant acceleration
and source of 20 mCi 57Co/Rh, at room temperature (298 K). The
data were numerically adjusted by Lorentzian functions with the
least squares procedure of the NORMOS™ program (Brand RA,
Laboratorium für Angewandte Physik, Universität Duisburg, D
47048, Duisburg, Germany). The displacement values of the iso
mers were reported for α Fe at room temperature (RT);

(vi) Fourier transform infrared spectroscopy (FTIR) was carried out in
a Bruker Tensor 27 infrared spectrophotometer, with the reading
of the transmittance between 4000 and 450 cm−1. This char
acterization identified chemical groups of the bare nanoparticles,
as well as the functional groups of the coating agent, in order to
confirm the adsorption process;

(vii) Thermogravimetric analysis (TGA) was used to evaluate the
thermal stability of the magnetic nanoparticles. The analyses
were performed with the Mettler Toledo equipment. The proce
dure was carried out under a nitrogen atmosphere at a flow rate
of 20 mL/min and between 30 °C and 800 °C, with a heating rate
of 10 °C/min;

(viii) The magnetic analyses, to obtain the magnetic behavior of the
nanoparticles, were performed using the equipment Vibrating
Sample Magnetometer (VSM), Lakeshore model 7404 series.

(ix) The chemical stability of the nanoparticles
NANO+ SILICA + OTS was determined by contacting them with

Fig. 1. Flowchart of the synthesis, coating, and functionalization process of the magnetic nanoparticles to obtain the organic magnetic fluid for application in the
chemical stability test.



water at changing acidity. As such nanoparticles are hydrophobic,
different concentrations of the organic magnetic fluid were ob
tained in order to apply them to this test. Thus, the
NANO + SILICA + OTS nanoparticles were dispersed directly in
Exxsol D80, by means of an ultrasonic bath for 10 min at con
centrations of 10, 20, or 30 g/L. Next, 10 mL of the magnetic fluid
was placed in contact with 10 mL of Milli Q water at changing
acidity ([H+] = 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1, 0.5,
1, and 2 mol/L). The samples were stirred in a shaker (Edmund
Bühler, KL2) at 400 rpm, for 24 h, at room temperature (25 °C).
Subsequently, the phases were separated, and the aqueous phase
was analyzed by atomic absorption spectrophotometry (GBC,
XplorAA 2 model). Thus, it was possible to evaluate how much
the aqueous phase in a determined acidity was contaminated by
the iron from the magnetic fluid. Such tests were performed in
triplicate.

3. Results and discussion

Three different nanoparticles were collected for analysis throughout
the entire synthesis process. The first is the nanoparticle functionalized
with oleic acid soon after the magnetite synthesis process, named
NANO + OLEIC ACID. Such a coating was performed in order to keep
the nanoparticles dispersed, thus avoiding their aggregation, mainly in
the sol gel coating step. The functionalization with oleic acid aims to
improve the dispersion of the nanoparticles, avoiding agglomeration
during the coating step with silica. When the silica coating is performed

directly on the iron oxide surface, it was noticed that the size of some
particles become micrometric. Consequently, these nanoparticles are
not easily dispersed in the organic liquid and end up precipitate.
Including, they invading the aqueous phase, when the organic solution
with the nanoparticles is in contact with the surface of an aqueous
solution, even though they are hydrophobic particles. This is because
the repulsive force due to hydrophobicity is lower than the particle
weight. So, it is important that, during the sol gel process, the nano
particles be as dispersed as possible so that the silica layer is formed
around each particle individually rather than around an agglomeration
of particles, which could result in final particles of non nanometric size,
unable to be dispersed in the fluid.

The NANO + OLEIC ACID nanoparticles were then coated with a
silica layer, using the TEOS compound as a precursor in the sol gel
process. This coating occurs along the entire surface of the nano
particles, and its main objective is to protect them from the external
environment in which the nanoparticles can be exposed, such as an acid
solution. Such particles were named NANO+ SILICA. Finally, to obtain
hydrophobic nanoparticles, the NANO + SILICA nanoparticles were
functionalized with the OTS silane, forming the
NANO + SILICA + OTS nanoparticles. A scheme of coated and func
tionalized nanoparticles can be seen in Fig. 2.

Transmission electron microscopy (TEM) analysis was performed on
all samples to evaluate the morphology and size distribution of the
nanoparticles. In the images of the NANO + OLEIC ACID (A and B),
NANO + SILICA (C and D), and NANO + SILICA + OTS (E and F)
shown in Fig. 3, it can be verified that samples have particle sizes

Fig. 2. Scheme of the synthesized magnetic nanoparticles.



between 10 and 20 nm, along with a homogeneous size distribution. It
should be emphasized that the morphology presented no relevant var
iations with the coating and particle functionalization. Moreover, in
Fig. 3D, it is possible to observe the presence of the silica layer around
the particles, while in Fig. 3F, the silica layer can be seen together with
its functionalization with the OTS compound, which illustrates that the
coating and functionalization processes were successfully completed.

For a better analysis of the size distribution, 350 particles of each
sample were measured using the Image J software. The mean diameters
of NANO + OLEIC ACID, NANO + SILICA, and
NANO + SILICA + OTS are, respectively, 9.7, 10.4, and 10.4 nm. The
histograms of the size distribution of each sample, along with the

distribution profile, are shown in Fig. 4. The distribution profile follows
the log normal function, as predicted in previous works [14,27].

The surface area was determined by the nitrogen adsorption tech
nique and calculated by the BET method. The values found were 52.6,
78.9, and 59.2 m2/g for the NANO + OLEIC ACID, NANO + SILICA,
and NANO+ SILICA + OTS samples, respectively. It was observed that
the nanoparticles that have a long carbon chain adsorbed on their
surfaces (NANO + OLEIC ACID and NANO + SILICA + OTS) have a
smaller surface area than the particles that do not have such a char
acteristic (NANO + SILICA). The same phenomenon was observed with
the nanoparticles reported in previous studies [2,14], in which the
nanoparticles functionalized with oleic acid (55.3 m2/g) had a smaller

Fig. 3. Transmission electronic microscopy images of NANO + OLEIC ACID (A and B), NANO + SILICA (C and D), and NANO + SILICA + OTS (E and F).



surface area when compared to nanoparticles without coating or
functionalization (71.6 m2/g) [14]. The reduction on the surface area
occurs because the presence of the long carbon chains absorbed on the
surface of the nanoparticles increase the particle size, which conse
quently decreases the surface area of the material. The surface area of
the nanoparticles coated with silica is also larger than those of the
uncoated nanoparticles due to the porosity of the silica layer [2,14,28].
In this sense, the surface area of the nanoparticles

NANO + SILICA + OTS is also influenced by the physical obstruction
of porosity caused by the presence of the long carbon chain layer ab
sorbed on the surface, which directly entails the reduction of the surface
area calculated by the BET method.

The inverse spinel crystal structure, characteristic of a magnetite
phase, was revealed through the identified peaks (1 1 1), (2 2 0),
(3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0), (6 2 0), and (5 3 3) present in
X ray diffractograms (Fig. 5). The diffractogram of the functionalized

Fig. 4. Size distribution histogram of the samples: NANO + OLEIC ACID, NANO + SILICA, and NANO + SILICA + OTS.
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Fig. 6. Rietvield refining of the NANO + OLIC ACID sample.
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sample with oleic acid (NANO + OLEIC ACID) was similar to the dif
fractogram of the sample of nanoparticles coated with silica
(NANO + SILICA), which was also similar to the sample of nano
particles coated with silica and functionalized with OTS (NANO + SI
LICA + OTS). Hence, it was observed that the crystalline structure
remained unchanged even after the coating process, followed or not by
silane functionalization, and that the crystalline portion of the samples

is comprised only of the iron oxides mentioned above, since, as ex
pected, the silica layer does not form a crystalline atomic structure.

The particle size was estimated by the Scherrer equation, using the
peak (3 1 1) with 2θ ~ 35.6° of the samples and considering the in
strumental contribution to the line broadening [17,29,30]. It was ob
served that the intensity and width of the peaks were almost identical
for all samples; therefore, all estimated grain sizes of the nanoparticles
were about 11.0 nm (NANO + OLEIC ACID = 11.0 nm, NANO + SI
LICA = 11.1 nm, and NANO + SILICA + OTS = 11.0 nm). The nearly
identical size was expected, since the crystalline iron oxide core of the
three samples comes from the same synthesis and is therefore the same.

The X ray diffractograms were refined by the Pawley Fit method
[31], and the network parameters of the samples were calculated, ob
taining a very similar result between the samples: NANO + OLEIC
ACID = 0.8372 ± 0.0002 nm, NANO + SILICA = 0.8378 ±
0.0003 nm, and NANO + SILICA + OTS = 0.8372 ± 0.0002 nm.
Thus, a detailed refinement of the structure by the Rietveld method was
done only for NANO + OLEIC ACID nanoparticles (see Fig. 6).

The adjustment through Rietvield refinement presented a GOF
(goodness of fit) of 1.27 and a Durbin Watson Rwp parameter of 1.33.
The lattice parameter was refined to 0.8372 ± 0.0001 nm. The size of
the calculated magnetite domain was 9 ± 1 nm, which is consistent
with the expected values, considering the size of the nanoparticles
calculated by the Scherrer method, as well as the size measured by
TEM. Applying the Vegard rule [32] to determine the oxidation state of
magnetite, that is, by exploring a linear relationship between magnetite

Fig. 8. Analysis of the iron oxide peaks in the samples using the PeakFit
function of the Origin software.

Table 1
Typical Raman wave number values for binding types present in nanoparticles.

Chemical compound/Chemical bonding Wave number (cm 1) References

Fe3O4 - T2g 190–193 [36–38]
Fe3O4 - Eg 306–310
γ-Fe2O3 - T2g 350–365
Fe3O4 - T2g 450–490
γ-Fe2O3 - Eg 500–511
Fe3O4 - T2g 538–554
Fe3O4 - A1g 668–672
γ-Fe2O3 – A1g ~700
δ[CH2] ~1446 [34]
νs[CH2] ~2850 [35]
νa[CH2] ~2880
νs[CH3] ~2928

Fig. 9. Mössbauer spectra of the samples: NANO + OLEIC ACID,
NANO + SILICA, and NANO + SILICA + OTS.



and maghemite network parameters and its oxidation state, a degree of
oxidation of 36% can be deduced based on the variation of the net
parameter of the refined sample, which resulted in the chemical for
mula Fe2.88□0.12O4, which □ indicates vacancy. Whereas the general
formula for non oxidized magnetite is Fe3O4, for maghemite is
Fe2.66□0.33O4, and for oxidized magnetite is Fe3 x□xO4, it can therefore
be concluded that the degree of oxidation of the sample is low but
significant.

The Raman analysis was performed between 100 and 3020 cm−1 in
order to confirm the presence of the magnetite and maghemite phases
in the samples, as well as the presence of the carbonic chain

characteristics of oleic acid and OTS (n octadecyl trichlorosilane). All
obtained spectra showed the characteristic peaks of magnetite and
maghemite (see Fig. 7). Peaks 190, 310, 460, and 679 cm−1 are mag
netite peaks, while peaks 370, 510, and 700 cm−1 are characteristic of
the maghemite phase. To better evaluate the presence of these two
phases in the sample, peaks were adjusted between 100 and
1000 cm−1, using the PeakFit function from the Origin program (see
Fig. 8). With the adjustment made, the presence of all characteristic
peaks of the samples was observed, including the peak of approximately
550 cm−1 regarding magnetite. Thus, it can be concluded that both
phases are present in the samples.

Moreover, all of the spectra of the samples in Fig. 7 show a broad
peak around 1300 1500 cm−1. According to El Mendili et al. [33], the
occurrence of this broad peak (magnon mode) is linked to the char
acteristic of the antiferromagnetic structure of maghemite. However,
the NANO + OLEIC ACID and NANO + SILICA + OTS samples present
a more prominent peak in this region (~1446 cm−1) relative to the CH2

bond. This binding is characteristic of oleic acid and n octadecyl tri
chlorosilane (OTS) compounds, which have a carbon chain of 18 car
bons each [34]. The samples NANO + OLEIC ACID and NANO + SI
LICA + OTS also show peaks of 2850, 2880, and 2930 cm−1, referring,
respectively, to the asymmetric and symmetric vibration of CH2 and the
symmetric vibration of CH3 [35]. The relationship between the con
nection types and the corresponding wave number is summarized in
Table 1.

The occurrence of magnetite and maghemite was also identified by

Table 2
Mössbauer spectroscopy parameters of the samples NANO + OLEIC ACID, NANO + SILICA, and NANO + SILICA + OTS at room temperature.

Sample Phases δ (mm/s) (± 0.05) Δ/2ξq (mm/s) (± 0.05) BHF (T) (± 0.2) Area (%) (±1)

NANO + OLEIC ACID
(298 K)

γ-Fe2O3 0.31 0.01 46.5 38
Fe3O4

(Fe3) (tetrahedral site)
0.22 0.01 41.4 23

Fe3O4

(Fe3 + Fe2) (octahedral site)
0.60 0.01 41.0 39

NANO + SILICA
(298 K)

γ-Fe2O3 0.32 0.01 46.4 33
Fe3O4

(Fe3) (tetrahedral site)
0.22 0.01 41.4 25

Fe3O4

(Fe3 + Fe2) (octahedral site)
0.60 0.01 44.2 42

NANO + SILICA + OTS
(298 K)

γ-Fe2O3 0.31 0.01 46.2 39
Fe3O4

(Fe3) (tetrahedral site)
0.25 0.01 40.6 23

Fe3O4

(Fe3 + Fe2) (octahedral site)
0.60 0.01 39.7 38
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Fig. 10. FTIR spectra of the samples: NANO + OLEIC ACID, NANO + SILICA,
and NANO + SILICA + OTS.

Table 3
Typical FTIR wave number values for binding types present in nanoparticles.

Chemical bonding Wave number (cm 1) References

νs[Si O Fe] ~460 [41]
ν[Fe O] ~580 [15,24,28]
νs[Si O Si] 790–800 [34,41]
ν[Si OH] 950 [34,41]
νas[Si O Si] 1030–1050 e 1120–1150 [28,34]
νs[COO ] 1404–1425 [15,39]
νas[COO ] 1520–1530 [15,39]
C18H34O2 (free oleic acid) 1700–1750 [39,40]
νs [C H] 2850 [15,24,34]
νas[C H] ~2920 [15,24,34]
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Mössbauer spectroscopy analysis. The spectrum obtained for the sam
ples at 298 K (Fig. 9) shows six broad lines. The broad line patterns can
be attributed to the finite size effect and/or the spin relaxation of the
analyzed nanoparticles, in addition to suggesting a superparamagnetic
behavior of the samples at room temperature. Through the use of
NORMOSTM software, the spectra were adjusted with three different
sextets referring to the phases of magnetite and maghemite. The hy
perfine parameters obtained by the analysis are presented in Table 2.
These parameters (δ, Δ/2ξq, and BHF) showed no significant changes
among the samples, indicating that the coating and/or functionalization
did not alter the hyperfine structures of magnetite or maghemite. The
results show that NANO + OLEIC ACID nanoparticles have a compo
sition of 38% maghemite and 62% magnetite, whereas NANO+ SILICA
particles are composed of 33% maghemite and 67% magnetite and
NANO + SILICA + OTS, 39% maghemite and 61% magnetite, in sa
tisfactory agreement with XRD analysis.

Through infrared spectroscopy (FTIR), the functionalization and

surface coating of the magnetic nanoparticles were observed. Fig. 10
shows the spectra of the samples: NANO + OLEIC ACID, NANO + SI
LICA, and NANO + SILICA + OTS. The three samples present the band
568 cm−1, corresponding to the vibration of the FeeO bond
[15,24,28]. The sample of nanoparticles functionalized with oleic acid
(NANO + OLEIC ACID) has bands at 1425 and 1520 cm−1, which are
attributed to the symmetric and asymmetric vibration of the carboxyl
group (COOe) of the surfactant, respectively, and the bands 2850 and
2915 cm−1, corresponding, respectively, to the symmetrical and
asymmetric stretching modes of the CH bonds of oleic acid [15,24]. In
addition, this sample also presents the band 1710 cm−1, which corre
sponds to the free oleic acid vibration, meaning that there was an excess
of this surfactant in the functionalization process [39,40]. On the other
hand, the samples covered with silica or covered with silica and func
tionalized with OTS (NANO + SILICA and NANO + SILICA + OTS)
present the band related to the iron oxygen bond around 570 cm−1

and, together with this, the Si O Fe band around 460 cm−1. Due to the
overlap between these two bands, the peak detected around 570 cm−1

for the samples containing silicon show a higher intensity. The inter
ference between these bands has already been mentioned in the lit
erature [41]. In addition, bands 1030 and 1125 cm−1 for SieOeSi
binding, the 950 cm−1 band for SieOH binding, and the 800 cm−1

band corresponding to SieOeSi binding [28,34,41]. In the sample
NANO + SILICA + OTS, in addition to the aforementioned bands, the
occurrence of bands at 2850 and 2915 cm−1, referent to the CeH
bonds, present in the long carbonic chain of the OTS compound were
identified. The relationship between the connection types and the
corresponding wave number is summarized in Table 3.

It was observed that the characteristic bands of oleic acid (1425 and
1520 cm−1) disappear in the sample of silica coated nanoparticles. It
can therefore be concluded that the bonds between the oleic acid mo
lecules and the nanoparticles are undone during the coating process of
the magnetic nanoparticles via sol gel. The bands 2850 and 2915 cm−1

reappear in the NANO + SILICA + OTS sample due to the OTS mo
lecule used to make the nanoparticles hydrophobic. This silane has,
much like oleic acid, an 18 carbon carbon chain and consequently has
C H bonds.

Fig. 11 shows the thermograms of the three characterized samples.
The NANO + OLEIC ACID sample presents four stages of decomposi
tion. Up to the temperature of 120 °C, the weight loss refers to the
evaporation of water and/or alcohol adsorbed onto the particles, about
0.6%. From 120 °C to 270 °C and from 270 °C to 450 °C, respectively,
correspond to the decomposition of the oleic acid adsorbed (4.0%) and
chemically adsorbed (7.6%) layers on the nanoparticle surfaces
[15,40]. The last step between 450 °C and 800 °C is a loss of 15.7% by
mass. As already mentioned in the characterization of oleic acid func
tionalized nanoparticles from the first synthesis of this work, this
thermogram stage refers to the degradation of oleic acid, which pro
duces gases, such as CO and CO2, responsible for the reduction of
magnetic nanoparticles [42]. The NANO + SILICA sample presents a
weight loss of 0.9% up to 120 °C referring to the water and/or alcohol
molecules on its surface. The weight loss, from 200 °C to 350 °C, of
3.1%, is due to the decomposition of non hydrolyzed ethoxy groups.
Weight loss at a higher temperature (350 650 °C) is also associated
with the condensation of the silanol chemistry group on the nano
particle surfaces, forming a stable SieOeSi layer (4.5%) [43,44]. Fi
nally, in the NANO + SILICA + OTS sample, between room tem
perature and 120 °C, the weight loss consists of water and alcohol
molecules on the surface of the nanoparticles (1.1%). The desorption of
the physically and chemically adsorbed OTS layers appear in the fol
lowing temperature ranges, respectively: 120 °C to 350 °C (5.0%) and
350 °C to 550 °C (6.2%). In these temperature ranges, the decomposi
tion of non hydrolyzed ethoxy groups present on the silica may also
occur. The final stage, between 550 °C and 800 °C, is a step in which
there is still a loss of organic matter, a loss of eOH present in silica and
magnetite, a decomposition of the magnetic nucleus (i.e. magnetite),

Fig. 12. Hysteresis curves (A) and coercivity field values (B) of the samples:
NANO + OLEIC ACID, NANO + SILICA, and NANO + SILICA + OTS.

Table 4
Saturation magnetization, and coercivity values of the magnetic nanoparticles.

Sample Coercivity Hc (kA/m) Magnetization Ms (Am2/kg)

NANO + OLEIC ACID 0.37 52
NANO + SILICA 0.15 59
NANO + SILICA + OTS 0.02 56



and a condensation of the chemical silanol group on the surface of the
nanoparticles (14.4%) [43,45]. Fig. 11 also illustrates that the amount
of matter added to the surface of the nanoparticles (magnetic core)
increases in the following order: NANO + SILICA, NANO + SI
LICA + OTS, and NANO + OLEIC ACID.

The hysteresis curves of the magnetic nanoparticles are shown in
Fig. 12 A, exhibiting the samples’ magnetization values of between 52
and 59 Am2/kg. It is observed that the samples showed a small coer
civity value (Fig. 12 B), leading to the conclusion that most of the
particles are in the superparamagnetic state. The effect of less coercivity
most likely occurs due to a better dispersion of the nanoparticles, which
favors a residual nonmagnetization. The data obtained by the analysis
are shown in Table 4. It is also important to note that the decrease in
the saturation magnetization value is related to the percentage of
nonmagnetic matter present in the nanoparticles. As previously men
tioned, the amount of nonmagnetic matter present on the surface of
nanoparticles increases in the following sequence: NANO + SILICA,
NANO + SILICA + OTS, and NANO + OLEIC ACID. This relationship
is directly related to the decreasing order of magnetization:
NANO + SILICA (59 Am2/kg), NANO + SILICA + OTS (56 Am2/kg),
and NANO + OLEIC ACID (52 Am2/kg), reaffirming that the decrease
in the magnetization value of magnet nanoparticle samples is due to the
presence of nonmagnetic material, in this case, oleic acid, silica, and

OTS.
To evaluate the chemical stability of nanoparticles when in contact

with environments of varied acidity, the chemical stability test was
performed using NANO + SILICA + OTS nanoparticles. These nano
particles were dispersed in the organic liquid (Exxsol D80) in the fol
lowing concentrations: 10, 20, and 30 g/L. Samples of each of these
concentrations were placed in contact with aqueous solutions of
varying acidities: [H+] = 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1,
0.5, 1, and 2 mol/L. Here, 10 mL of each organic phase, together with
10 mL of the aqueous phase, were shaken for 24 h.

The results presented in the Fig. 13A show the iron release in the
aqueous phase in μg/mL. It was observed that the presence of iron in
creased in direct proportion with acidity, as expected. When comparing
the results obtained in the present work with those obtained by Lobato
et al. [2], which performed the same chemical stability test with na
noparticles functionalized with oleic acid, it was noted that the mag
netic nanoparticles coated with silica and functionalized OTS are much
more resistant. Data from both systems were plotted in Fig. 13B, by
which it is possible to observe the discrepancy of iron contamination
between the different nanoparticle composition systems. The results
reported by Lobato et al. [2] show that the nanoparticles functionalized
with oleic acid (NANO + OA) present in the organic fluid at a con
centration of 30 g/L and in contact with 2 mol/L aqueous solution

Fig. 13. Iron release from the magnetic nanoparticles NANO + SILICA + OTS (A), Iron release comparation of NANO + SILICA + OTS and NANO + OA na-
noparticles (B) and percentage of iron release from the magnetic nanoparticles NANO + SILICA + OTS (C) during the chemical stability test.



release about 2000 μg/mL of iron, while the nanoparticles of this work
under the same conditions only presented an iron release of 61 μg/mL,
that is, NANO + SILICA + OTS nanoparticles were about 30 times
more stable than nanoparticles functionalized with oleic acid. At

pH = 1 and a concentration of 30 g/L, the system with nanoparticles
functionalized with oleic acid contaminated the aqueous phase with
869 μg/mL of iron, whereas the system with nanoparticles coated with
silica and functionalized OTS, this contamination was 12 μg/mL of iron.
In this specific condition, the resistance of NANO + SILICA + OTS
nanoparticles was 72 times higher. Evaluating all the results obtained,
at different concentrations, NANO + SILICA + OTS nanoparticles are
on average 32 times more resistant than NANO + OA nanoparticles.
This higher stability is related to the greater protection that the silica
layer provides to the nanoparticle cores, which consists of the magne
tite and maghemite phases. With the hydrolysis and condensation re
actions of TEOS that occur during the sol gel process, the silica layer
(SiO2), which forms on the surface of nanoparticles, protects the mag
netic core against acidic media, chemical attacks, and severe environ
ments [11,21,23,28,46,47]. The small iron release that may still occur
is due to the existing silica porosity [28].

Fig. 13C shows the percentage of iron release from the organic
phase with NANO + SILICA + OTS nanoparticles to the aqueous phase
during the chemical stability test. Note that the higher the amount of
nanoparticles present in the fluid, the lower the percentage of iron re
leased in the aqueous phase, as observed in previous studies [2]. Such a
behavior is related to the change in the physical properties of the fluids
due to the presence of nanoparticles, such as density, surface tension,
and viscosity, which can affect the immiscibility between the phases
and the mobility of the particles [48,49]. That is, the more concentrated
the fluid, the higher the viscosity, the higher the surface tension, and,
consequently, the higher the immiscibility, which favors the chemical
stability of the particles.

In fact, it can be concluded that an organic phase containing the
NANO+ SILICA + OTS nanoparticles with a concentration of 20 30 g/
L presents an iron release of less than 0.6% even after 24 h of contact in
an aqueous medium with an acidity of equal to 2 mol/L.

In order to prove the physical and chemical stability of nano
particles in contact with very acidic solutions over a long period, the
NANO + SILICA + OTS nanoparticles obtained from the 2 mol/L
chemical stability assay [30 g/L of nanoparticles, 24 h] were evaluated
regarding their crystallography, chemical composition and magnetic
behavior, through the following respectively analyzes: X ray diffraction
(DRX), Raman spectroscopy and magnetic analyzes.

In Fig. 14A, the X ray diffractogram of the sample after the chemical
stability test (NANO + SILICA + OTS (after 2 mol/L)) shows the same
characteristic peaks of magnetite phase revealed by the nanoparticles
coated with silica and functionalized with OTS sample (NANO + SI
LICA + OTS). Already the Raman analysis, performed between 100 and
1000 cm−1, revealed that the NANO + SILICA + OTS (after 2 mol/L)
sample presents all characteristic peaks of magnetite and maghemite,
presenting the same spectrum structure of the NANO + SILICA + OTS
sample as can be seen in Fig. 14B. Thus, through the XRD and Raman
analysis, it was concluded that the chemical and crystallographic
structure of the magnetic core of the NANO + SILICA + OTS nano
particles did not change after the chemical stability test in contact with
2 mol/L aqueous solution for 24 h. Finally, the magnetic behavior was
evaluated through the hysteresis curve of the sample that underwent
chemical attack. As can be seen in Fig. 14C, it is noted that there was no
change in the saturation magnetization and the coercivity value. Thus,
it is found that the nucleus remains superparamagnetic and with the
same magnetic properties. It is concluded, therefore, that such analyzes
prove that the silica layer actually protects the magnetic core of it, thus
preventing a chemical degradation, or substantial oxidation or phase
change of the iron oxide core, which can cause the formation of a
nonmagnetic iron oxide phase.

Hence, it can be concluded that these nanoparticles are chemically
suitable for industrial applications even in very severe environments.

Fig. 14. X-ray diffraction (A), Raman spectroscopy (B) and magnetic analyzes
(C) of the nanoparticles coated with silica and functionalized with OTS sample
before (NANO + SILICA + OTS) and after the chemical stability test in an acid
solution of 2 mol/L (NANO + SILICA + OTS after 2 mol/L).



4. Conclusions

During the synthesis, coating, and functionalization of nanoparticles
with silanes, three samples from different points of the synthesis were
obtained and characterized: nanoparticles functionalized with oleic
acid (NANO + OLEIC ACID), nanoparticles coated with silica
(NANO + SILICA), and nanoparticles coated with silica and functio
nalized with silane OTS (NANO + TEOS + OTS). The three different
samples presented an average particle diameter of around 10 nm, a high
surface area (between 52.6 and 78.9 m2/g), and a mineralogical com
position of magnetite and maghemite, which is the predominant mag
netite phase with more than 60%. Moreover, these samples presented a
behavior that was quite close to superparamagnetism, with a low
coercivity value and a high saturation magnetization value (between 52
and 59 Am2/kg). The coating of the nanoparticles with silica gave the
iron oxide core greater protection against oxidation and attack from
acid environments. Hydrophobization with OTS was also efficient be
cause the particles remained in the organic phase even after intense
agitation between the phases. As for the chemical stability tests, these
showed that, at the concentrations of the fluid containing the nano
particles NANO + SILICA + OTS of 20 g/L and 30 g/L, the iron release
of the nanoparticles to the aqueous phase was less than 0.6% of the
total iron mass of the organic phase, even after 24 h of contact in an
aqueous medium with acidity equal to 2 mol/L. Furthermore, it was
proved that these hydrophobic magnetic nanoparticles that had contact
with the acidic solution in the most severe condition (2 mol/L) did not
change in their crystallographic structure, chemical composition and
magnetic behavior, proving that the silica layer is really efficient re
garding the iron oxide core protection. Thus, it can be concluded that
nanoparticles coated with silica and functionalized with OTS at con
centrations of 20 30 g/L are suitable for to be applied in all solvent
extraction systems, including the operations of copper, cobalt, nickel
and/or zinc recovery, which are systems that normally operate in one
or more of the steps under highly acidic conditions (pH < 1) [50 52].
Moreover, such nanoparticles can be adapted and evaluated for appli
cations as an oil collector, for example in petroleum oil spill disasters in
sea or rivers [53].
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