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Magnetic nanoparticles can improve the efficiency of phase separation time in multi-stage operations 
when a magnetic field is present. As such operations involve contact with aqueous and/or organic 
solutions, hydrophilic magnetic nanoparticles synthesized through the co-precipitation method were 
functionalized with oleic acid to attain hydrophobic magnetic nanoparticles. Both nanoparticles were 
characterized morphologically, chemically and magnetically. The results revealed that the particles 
(size ≈ 10 nm) consisted of an iron oxide mixture of magnetite and maghemite. The functionalization 
with oleic acid was effective in converting them into hydrophobic nanoparticles. Both particles were 
ferro/ferrimagnetic and the presence of oleic acid did not interfere significantly in the saturation 
magnetization value. The chemical stability of both nanoparticles were also evaluated, as an attempt 
of simulating broad industrial conditions to which the nanoparticles may be subjected; the hydrophilic 
nanoparticles were resistant at pH ≥ 4, while the hydrophobic nanoparticles were stable at pH ≥ 3.
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1. Introduction
The use of magnetic nanoparticles to develop and/or 

improve separation techniques has been widely studied 
in recent years. In general, the separation methods with 
nanoparticles have proven to be fast, easily automatable, 
reversible, and selective, in addition to being able to reach 
high efficiency levels 1–3. Magnetic nanoparticles have 
been used as contrast agents in diagnostic applications, 
drug release, magnetic refrigeration, magnetic separation, 
among others 4–6. In the field of mineral processing, the 
application of nanoparticles has been studied in multi-stage 
operations, such as solvent extraction 1,7–10, adsorption11–15, 
and ion exchange 16,17.

In solvent extraction, the application of magnetic 
nanoparticles is intended to magnetize the organic solution 
to make the separation between the aqueous and the organic 
phases quick and efficient when in the presence of a magnetic 
field 7,18. To obtain a magnetized organic solution, hydrophobic 
superparamagnetic nanoparticles are dispersed in an organic 
solvent containing an extractant, responsible to selectively 
react with the metal in the aqueous phase. After contact with 
the two phases, and the metal thus being transferred from 

the aqueous phase to the organic phase, a magnetic field is 
applied to accelerate the phase disengagement step 1,7–10. 
In fact, the results of phase disengagement with magnetic 
nanoparticles was faster, but the values varied significantly 
depending on the operating conditions and other specification 
of the system, such as the type and the concentration of 
the extractant, aqueous composition, concentration of the 
nanoparticles, etc. According to Palyska and Chmielewski8, the 
use of magnetic separation in solvent extraction can achieve 
a separation rate 160 times faster than using the gravitational 
field alone; Vatta, Koch, and Sole 9 reported that the time 
separation when using the magnetic system is between 48% 
and 86% when compared to the traditional system time; 
and Lobato, Ferreira, and Mansur 10 verified that magnetic 
separation is 3-5 times faster when using magnetic fluid. 

The superparamagnetic nanoparticles are also being 
studied for metal ion adsorption from an aqueous solution 
11–15. Similar to in solvent extraction, the use of magnetic 
properties in the adsorbent material is intended to improve 
the solid-liquid separation processes after metal loading 
processes occur. Moreover, because of the small size of 
the nanoparticles, the adsorption process is favored due to 
the large surface area. The magnetic nanoparticles are used 
as a core and their surface is modified in order to achieve 
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selectivity for a given substance or metal present in the 
aqueous phase. Once loaded, the magnetic particles can 
easily be separated from the depleted solution by using 
a magnetic field. Such operation may reduce the process 
time and increase the efficiency of the phase separation. 
Thus, the loaded particles can be regenerated and reused 
13–15. Magnetic nanoadsorbents have proved efficient for 
ions such as Cd(II), Zn(II), Pb(II), Cu(II) 11, As(III) 12, P 13, 
Cr(IV) 14, and Sb(III) 15. 

Also aimed at a faster and more efficient solid-liquid separation, 
magnetic particles have been proposed in the ion-exchange process 
16,17. The technique is very similar to the adsorption process. Modified 
magnetic nanoparticles capable of performing ion exchange are 
dispersed in an aqueous solution (or an effluent) containing the 
element to be removed. The loaded nanoparticles are separated 
from the aqueous phase through the presence of a magnetic 
field. Subsequently, ions are removed from the particles, which 
are regenerated and reused. This method has several advantages 
over the traditional method. First, problems such as clogging 
and fouling do not occur. Second, because of the small particle 
size, there is a large surface area for ion exchange reactions. And 
finally, there is the benefit of magnetic separation, which is faster 
than sedimentation or filtration and more selective, since only 
the magnetic fraction is separated from the aqueous phase 16.

Given the prospect of using magnetic nanoparticles 
in the mining industry, this work aims to characterize 
hydrophilic and hydrophobic magnetic nanoparticles. 
Hydrophilic magnetic nanoparticles were synthesized by 
the co-precipitation method with no surface modification, 
while the hydrophobic nanoparticles were obtained by 
functionalizing the hydrophilic nanoparticles with oleic 
acid. Oleic acid (C18H34O2) is an organic species with high 
affinity to the surface of ferrous oxides due to its carboxylic 
group, and because of this, it is often used as a surfactant 
to modify the surface of magnetite nanoparticles, making 
them hydrophobic. The functionalization process with oleic 
acid is considered to be simple and inexpensive 5,19,20. The 
nanoparticles were characterized for their morphology, 
composition, and magnetization. Furthermore, the stability 
of the particles when in contact with aqueous solutions of 
varying acidity was also evaluated, in an attempt to simulate 
a number of industrial conditions.

2. Experimental

2.1. Materials

Ferrous sulphate heptahydrate (FeSO4.7H2O, Neon, 
purity 99%), ferric chloride hexahydrate (FeCl3.6H2O, Vetec, 
purity 97%), ammonium hydroxide (NH4OH, Neon, 28-30 
wt.%), oleic acid (C18H34O2, Synth, purity 100%), ethyl 
alcohol (CH3CH2OH, Neon, purity 99.5%), sulfuric acid 
(H2SO4, Synth, purity 98%), potassium nitrate (KNO3, Vetec, 
purity 99%), and Exxsol D80 (liquid aliphatic hydrocarbon, 

ExxonMobil Chemical). Except for the organic diluent, which 
was of commercial grade, all remaining reagents used in this 
work were of analytical grade, and the water was distilled or 
Milli-Q (Millipore, France), depending on the experiment.

2.2. Synthesis of the hydrophilic magnetic 
nanoparticles

The nanoparticles were obtained by the co-precipitation 
method 5,21–24. In 300 mL of distilled water, 19.7 g of 
FeSO4.7H2O and 39.0 g of FeCl3.6H2O were dissolved 
(molar ratio of ferric ion to ferrous ion in the solution of 
two). The solution was vigorously stirred (1000 rpm) and 
heated to 80 ºC. Then, 50 mL of NH4OH were dropped 
under stirring, and the solution continued to be stirred for 
40 minutes. After, heating and stirring were turned off and 
the solution rested until reaching room temperature. The 
magnetic nanoparticles were washed with distilled water 
and then with ethyl alcohol. After that, they were filtrated, 
and dried in a kiln (60 ºC) for 2 hours.

2.3. Synthesis of hydrophobic magnetic 
nanoparticles

The hydrophilic magnetic nanoparticles were functionalized 
with oleic acid in order to make them hydrophobic 7. In 
a 100 mL glass reactor, 1 g of the synthesized magnetic 
nanoparticles was dispersed in 40 mL of distilled water at 
60 ºC under mechanical stirring (500 rpm). Next, 1 mL of 
oleic acid was added into the solution and the mixture was 
stirred for 15 minutes. The solution rested until reaching 
room temperature. The hydrophobic particles were removed 
using a magnet, washed with distilled water and then with 
ethyl alcohol, filtrated, and dried in a kiln (60 ºC) for 1 hour.

2.4. Characterization of the magnetic 
nanoparticles

The magnetic nanoparticles were characterized using 
the following methods: 

(i) Transmission electron microscopy (TEM) images were 
obtained in order to analyze the morphology structure and 
measure the particle size distribution of the nanoparticles. 
The analysis was performed using a Tecnai G2-20 equipment, 
SuperTwin FEI (200 kV);

(ii) The surface area of the nanoparticles was determined 
by the BET (Brunauer-Emmett-Teller) method through 
nitrogen adsorption using a Quantachrome Nova 1200e.

(iii) X-ray diffraction (XRD) was used to evaluate the 
crystallography of the nanoparticles. Tests were carried out 
using a Shimadzu 7000 X-ray diffractometer. The CuKα 
radiation source was operated at 40 kV/30 mA using a 
graphite crystal monochromator. The scan 2 theta ranged 
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from 10 to 80, with increments of 0.02 theta and a scanning 
speed of 2º min-1; 

 (iv) Raman spectroscopy was used to differentiate the iron 
oxide phases (magnetite and maghemite). The technique was 
performed using a Jobin Yvon Horiba LABRAM equipment, 
HR800 model, 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 in the range of 150-900 cm-1;

(v) Broad sextets and model-independent hyperfine field 
distribution were collected with the sample at 150 K and 298 
K (in a liquid helium bath-cryostat) in a constant acceleration 
transmission mode setup with a 20 mCi-57Co/Rh source. 
Data were numerically fitted by Lorentzian functions with the 
least-square procedure of the NORMOSTM program (Brand 
RA, Laboratorium für Angewandte Physik, Universität 
Duisburg, D-47048, Duisburg, Germany). The isomer shift 
values were referred to α-Fe at room temperature (RT);

(vi) The zeta potential of the hydrophilic nanoparticle 
was measured in order to compare the electrostatic potential 
of the surface of the synthesized nanoparticle with values 
reported in the literature. For sample preparation, 0.2 g of 
nanoparticles were added to 200 mL of 0.001 mol/L KNO3, 
and the pH was adjusted between 5 and 10, using NH4OH 
and H2SO4 solutions. Each sample was analyzed by a Zeta 
Meter device (ZD3-D-G 3.0+ model), collecting at least 
10 PZC values;

(vii) The adsorption of the oleic acid in the magnetic 
nanoparticles was verified by Fourier transform infrared 
spectroscopy (FTIR), which identified the chemical groups of 
the hydrophilic nanoparticles and the functional groups of the 
oleic acid. The analyses were performed in the range of 4000 
to 450 cm-1 using a Perkin Elmer infrared spectrophotometer 
(Spectrum Frontier model);

(viii) Thermogravimetric analysis (TGA) was used to 
evaluate the thermal stability of the magnetic particles, as 
well as to check the amount of oleic acid adsorbed on the 
functionalized nanoparticles. The experiment was carried out 
using a Perkin Elmer STA 6000 equipment and the procedure 
was performed in nitrogen atmosphere at a flow rate of 20 
mL/minute, and under the temperatures scan from 30 ºC 
and 800 ºC, at a heating rate of 10 ºC/minute; 

(ix) The magnetic characteristics and behavior of the 
nanoparticles were obtained using the Vibrating Sample 
Magnetometer (VSM), Lakeshore model 7404 series. The 
hysteresis loops were measured under a magnetic field 
strength of 11500 Gauss at room temperature;

(x) The chemical stability of the hydrophilic and 
hydrophobic nanoparticles was determined by contacting them 
with water at changing acidity. Regarding the hydrophilic 
magnetic nanoparticles, 0.25 g of the material was added 
to 25 mL of Milli-Q water (Millipore, France) 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) in Erlenmeyer flasks. The water was acidified using 
H2SO4 solutions. The hydrophobic magnetic nanoparticles 

were dispersed in Exxsol D80, a common diluent used in 
the industrial solvent extraction processes, at a concentration 
of 10 g/L, using an ultrasound bath (Brasonic, 1210 model, 
frequency 47Hz) for 30 minutes. After the formation of the 
magnetic fluid or ferrofluid, 25 mL of the organic liquid was 
placed in contact with 25 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) in Erlenmeyer flasks. All the samples were stirred 
in a shaker (New Brunswick Scientific, Annova44 model) at 
400 rpm, for 24 hours, at room temperature (25 ºC). After, 
a sample of the water was withdrawn for chemical analysis 
by Atomic Absorption Spectroscopy (GBC, XplorAA-2 
model) to determine the content of iron. Such tests were 
performed in triplicate. 

3. Results and Discussion

The morphology and size distribution of the nanoparticles 
were obtained via transmission electron microscopy (TEM). 
The images shown in Figure 1 revealed that the synthesized 
nanoparticles have a nearly spherical shape, with homogeneous 
distribution. Hydrophilic nanoparticles are shown in Figure 
1 - A and B, while hydrophobic nanoparticles are shown 
in Figure 1 - C and D. The layer of oleic acid adsorbed on 
the surface of the magnetic hydrophobic nanoparticles is 
shown to surround the particles. The hydrophilic magnetic 
nanoparticles have sizes ranging between 6 and 16 nm, 
with a mean diameter of 10.2 nm, while the hydrophobic 
magnetic nanoparticles, functionalized with oleic acid, have 
sizes ranging between 7 and 18 nm, with a mean diameter of 
11.0 nm. The values of the diameters were calculated using 
the software Image J, with more than 300 values measured 
for each sample. Size histograms of both nanoparticles are 
shown in Figure 2. The distribution profile of the values 
of diameters follows the log-normal function, as had been 
observed in a previous study 25. Based on such results, it 
can be concluded that the functionalization of the magnetic 
nanoparticles with oleic acid did not modify them regarding 
their morphology and size. 

The surface area was determined by the BET method. 
The values of the hydrophilic and hydrophobic nanoparticles 
were 71.6 and 55.3 m2/g, respectively. Both materials present 
large surface areas. Such character is desirable in order to 
enhance a higher mass transfer and chemical reaction rates 
on adsorption and ion exchange processes, in the case of the 
hydrophilic nanoparticles; and it is favorable to improve the 
distribution of the nanoparticles in the bulk of the organic 
phase on the solvent extraction process, in the case of the 
hydrophobic nanoparticles.

X-ray diffraction revealed the crystalline structure of 
the nanoparticles (Figure 3). The materials showed well 
defined peaks at (111), (220), (311), (400), (422), (511), 
(440), (620), and (533), which correspond to an inverse cubic 
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Figure 1. Transmission electronic microscopy images of the hydrophilic nanoparticles (A and B) and the hydrophobic nanoparticles 
functionalized with oleic acid (C and D).

spinel structure. This structure is characteristic of magnetite 
(Fe3O4) or maghemite (γ-Fe2O3), not being possible to 
identify which of the phases is present or if both phases are 
present in the material. The diffractograms of hydrophilic 
and hydrophobic nanoparticles are similar, indicating that 
the functionalization process with oleic acid did not modify 
the crystallography character of the magnetic nanoparticles. 

The crystallite size of particles can be estimated by the 
Scherrer’s equation:

half-width of the maximum diffraction peak expressed in 
radians and θ is the diffraction angle of the peak position 
23,26 The application of the Scherrer’s equation to the peak 
(311) with 2θ ~ 35.7º of the magnetic nanoparticles indicated 
that the crystalline size of hydrophilic and hydrophobic 
nanoparticles were of 11.2 and 12.1 nm, respectively. The 
calculated sizes are according to the average sizes found via 
transmission electron microscopy (TEM). Moreover, the 
results found by Scherrer’s equation are statistically similar, 
because the crystalline cores of both samples come from 
the exact same synthesis. In addition, the oleic acid present 
in the hydrophobic particles is not detected by the X-ray 
diffraction method (it has no crystallographic organization), 
therefore it can not influence on the crystallite size calculated 
by Scherrer’s equation.

( )
cos

D K 1
$b i
m=

where K is the Scherrer constant, whose value is 0.9 
for spherical crystals, λ is the X-ray wave length, β is the 
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Figure 2. Size distribution histogram of the hydrophilic nanoparticles 
(A) and the hydrophobic nanoparticles (B).

Figure 3. X-ray diffractograms of the magnetic nanoparticles.

Raman spectroscopy analysis complements X-ray 
diffractograms, since it differentiates distinct phases of iron 
oxide present in the sample, such as magnetite (Fe3O4) and 
maghemite (γ-Fe2O3). Under the microscope linked to the 
equipment, it was observed that the samples of hydrophilic 

and hydrophobic nanoparticles presented areas with distinct 
colors, one brown and another black. For this reason, the 
analyses were performed on each distinct area of both samples, 
the results of which are shown in Figure 4. The vibrational 
modes of magnetite and maghemite structures in Raman 
spectroscopy are summarized in Table 1. A fitting of the 
peaks of magnetite and maghemite spectra was performed 
via PeakFit function of the Origin software, which it can be 
seen in Figure 4. Analyzing the characteristic peaks of each 
phase, it can be concluded that magnetite and maghemite 
phases occur in both magnetic nanoparticles, and that the 
black area corresponds to the predominance of the magnetite 
phase, while the brown area is related to the predominance 
of the maghemite phase. 

The occurrence of magnetite and maghemite was also 
identified from the Mössbauer spectroscopy data for the 
samples at 150 K (Table 2 and Figure 5). Both 298 K spectra 
show broad line patterns with some small differences in their 
six line shapes. The broad six lines of the 298 K spectra of 
both samples can be attributed to the finite-size effect and/
or spin relaxation of the analyzed nanoparticles. However, 
no superparamagnetic state (absence of doublet component) 
has been observed probably due to the presence of particles 
with a larger size indicated by XRD and TEM data and/or 
due to the intra-particle magnetic interactions. Therefore, 
in order to better quantify the phases, measurements at 150 
K were performed. This temperature level is above the 
Verwey temperature, TV ~ 121 K, which is the temperature 
that the magnetic conductivity is significantly reduced and 
the magnetic behavior changes completely 30. Each spectra 
obtained at 150 K was fitted with three sextets with line-
width ~ 0.50 mm/s. The sextet with the largest hyperfine 
magnetic field (Table 2) was assigned to Fe3+ in maghemite. 
The other two sextets were assigned to Fe3+ in the tetrahedral 
sites and to the mixed valence Fe2+/Fe3+ in the octahedral 
sites of the magnetite. The numerical analysis of these 
Mössbauer spectra was carried out using the NORMOSTM 
software. Similar Debye temperatures were also assumed 
for both Fe-oxide phases, in order to have their relative 
areas. Results revealed that the hydrophilic nanoparticles 
have a composition of 60% maghemite and 40% magnetite, 
whereas the hydrophobic nanoparticles is composed by 
53% maghemite and 47% magnetite. The lower amount of 
maghemite in the functionalized nanoparticles with oleic 
acid is likely due to a protective character of the organic 
layer, which prevents the magnetite nanoparticle from being 
oxidized in air.

The adsorption of oleic acid at the external surface of 
the nanoparticles occurs due to the high affinity for iron 
minerals. In fact, the negative charge of the carboxyl group is 
highly attracted to the positive surface of these minerals20,31, 
as schematically shown in Figure 6. 

The pH value at the point of zero charge (pHpzc = 6.0) was 
determined using a Zeta Meter equipment (Figure 7). The 
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Figure 4. Raman spectrum of hydrophilic nanoparticles (A) and the hydrophobic nanoparticles (B), including analysis of the peaks using 
the Origin software.

Table 1: Vibrational modes of the magnetite and maghemite phases 
in Raman spectroscopy 27–29.

Phase Vibrational modes Wave number 
(cm-1)

Magnetite (Fe3O4)

T2g 190 - 193

Eg 306 - 310

T2g 450 - 490

T2g 538 - 554

A1g 668 - 672 

Maghemite 
(γ-Fe2O3)

T2g 350 - 365

Eg 500 - 511

A1g 700

isoelectric point of the hydrophilic magnetic nanoparticles 
found in this work is in fair agreement with the results available 
in the literature for similar particles, i.e., 5.6 32, 6.3 33, and 6.5 
22. Based on this value, the synthesized nanoparticles have 
a positive charge at pH < 6, thus favoring the adsorption of 
oleic acid molecules. In this study, the adsorption of oleic 
acid was carried out near pH 6, a value indicated as suitable 
to obtain the maximum chemisorption of the adsorbent. 
Moreover, the adsorption process occurred at 60 ºC, aimed 
at favoring the chemical linkage 22,34.

The Fourier transform infrared spectroscopy analyses 
confirmed the surface functionalization of magnetite 
nanoparticles (Figure 8). In relation to the peaks present 
in both spectra, the 578 cm-1 corresponded to the 
vibration of the Fe-O, while the bands 1630 and 3400 
cm-1 are characteristic of hydroxyl groups related to the 
water presence on the surface of the particles 19,21. In the 
spectrum of the nanoparticles functionalized with oleic 
acid (hydrophobic nanoparticles), bands 1425 and 1520 
cm-1 are related to the vibration of the carboxyl group 
(COO-) of oleic acid, while bands 2851 and 2921 cm-1 
correspond to the stretching of the C-H bonds 5,24. 

The thermograms of the magnetic nanoparticles are 
shown in Figure 9. The initial weight loss (30 ºC to 120 
ºC) is related to the evaporation of water adsorbed on 
the nanoparticles. The weight loss in this first stage for 
the hydrophilic nanoparticles was 7.5%, while that for 
the hydrophobic nanoparticles was much lower, about 
0.9%, a value that is coherent with the fact that these 
particles are hydrophobic. No other relevant modification 
was attributed to the hydrophilic nanoparticles. On the 
contrary, the hydrophobic nanoparticles pass through three 
more weight loss stages. The first two stages, between 
120 ºC to 260 ºC and 260 ºC to 450 ºC, correspond to the 
decomposition of the layer of physically adsorbed (3.6%) 
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Table 2: Mössbauer parameters for hydrophilic and hydrophobic magnetic nanoparticles at room temperature and 150K.

Sample Phases δ (mm/s) (± 0,05) Δ/2ξq (mm/s) 
(± 0,05) BHF (T) (± 0,2) Area (%) (± 1)

Hydrophilic nanoparticles 
(RT)

γ-Fe2O3 0.22 -0.06 47.0 38

(γ-Fe2O3/Fe3O4) 0.37 -0.06 41.6 62

Hydrophilic nanoparticles 
(150K)

γ-Fe2O3 0.40 -0.05 50.3 60

Fe3O4 (Fe3)  
(tetrahedral site) 0.31 -0.08 48.1 14

Fe3O4 (Fe3+Fe2) 
(octahedral site) 0.60 -0.02 46.4 26

Hydrophobic nanoparticles 
(RT)

γ-Fe2O3 0.29 -0.02 46.1 31

(γ-Fe2O3/Fe3O4) 0.38 -0.06 41.4 61

Hydrophobic nanoparticles 
(150 K)

γ-Fe2O3 0.41 -0.08 50.6 53

Fe3O4 (Fe3) 
(tetrahedral site) 0.31 -0.02 48.1 16

Fe3O4 (Fe3+Fe2) 
(octahedral site) 0.64 -0.02 45.4 31

Figure 5. Mössbauer spectra of the magnetic nanoparticles at room temperature (A) and 150 K (B).

and chemically adsorbed (5.6%) oleic acid, respectively, 
on the surface of the nanoparticles 5,19. These layers 
represent 0.045 and 0.115 mL of oleic acid adsorbed 
physically and chemically, respectively, for each gram of 
magnetic nanoparticles. The third stage of weight loss is 
above 450 ºC – 500 ºC. According to Ayyappan at al. 35, 
the degradation of oleic acid produces reduction gases 
like CO and CO2, which are responsible for reducing 

the magnetic nanoparticles. During heating, the possible 
reduction reactions may occur 35:

( )Fe O CO FeO CO3 23 4 2+ +

( )CO O CO2
1 42 2)+

( )FeO Fe O Fe3 32 3) a+

(2)

(3)

(4)



743Characterization and Chemical Stability of Hydrophilic and Hydrophobic Magnetic Nanoparticles

Figure 6. Adsorption of oleic acid on the surface of an iron oxide nanoparticle.

Figure 7. The isoelectric point (pHpzc) of the hydrophilic nanoparticles.

Figure 8. FTIR spectra of the magnetic nanoparticles.

Figure 9. Thermograms of the magnetic nanoparticles.

The hysteresis curves of the magnetic particles obtained 
using a magnetometer are show in Figure 10 - A and the 
coercivity field values (HC) are show in Figure 10 - B. It 
can be observed that the samples have a ferro/ferrimagnetic 
behavior, because the coercive fields at room temperature are 
non-zero, which is in agreement with the Mössbauer data (six 
broad lines) above discussed. However, as the coercivity field 
value is very small, it can be concluded that large part of the 

particles are in the superparamagnetic state. This observation 
is in agreement with Mössbauer spectroscopy. The values of 
saturation magnetization and coercivity of the nanoparticles 
are shown in Table 3. The functionalization with oleic acid 
did not significantly change the magnetization values. In 
fact, the small decrease in the magnetization value on the 
hydrophobic nanoparticle is due to the presence of the organic 
compound 5,23 It is noted that the value of the percentage 
of nonmagnetic material adhered to the magnetic material 
(9%) is almost the same as the magnetization loss between 
the two samples (8%), thus indicating the reason why the 
nanoparticles functionalized with oleic acid (hydrophobic 
nanoparticles) lost magnetization.

Considering the fractions of each component (calculated 
by Mössbauer) and the saturation magnetization values of 
magnetite bulk phase (92 emu.g−1) 36 and maghemite bulk 
phase (74 emu.g−1) 26 the nominal magnetization values of the 
hydrophilic and hydrophobic nanoparticles should be 81.2 and 
82.5 emu.g-1, respectively. These values are higher to those 
found by magnetic analysis, but in agreement with similar 
studies reported in the literature 23,36 This phenomenon can be 
explained due to the magnetic effects caused by the asymmetric 
environment of the atoms near to the surface (magnetic dead-
layer). As the nanoparticles have a large surface area in relation 
to their volume, this effect becomes very accentuated 37–39. 
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Figure 10. Hysteresis curves (A), and coercivity field values (B) 
of magnetic nanoparticles.

Table 3: Saturation magnetization and coercivity values of the 
magnetic nanoparticles.

Sample Coercivity (Gauss) Magnetization 
(emu/g)

Hydrophilic 
nanoparticles 13.6 66.7

Hydrophobic 
nanoparticles 9.3 61.5

The results of the chemical stability of the magnetic 
nanoparticles are shown in Table 4. Regarding the hydrophilic 
nanoparticles, no iron was determined in the aqueous 
solution at pH ≥ 4, while the hydrophobic nanoparticles are 
chemically stable to acid media at pH ≥ 3. Furthermore, the 
loss of iron of the hydrophobic particles is comparatively 
smaller than that of the hydrophilic nanoparticles when in 
contact with a medium with the same concentration of H+, 
which is attributed to the protective layer of oleic acid. The 
same result of chemical stability is shown in Figure 11 but 
in relation to the percentage of total iron that contaminated 
the water. It was observed that while the maximum iron loss 
of the hydrophobic nanoparticles (functionalized with oleic 
acid) is 31%, the iron loss in the hydrophilic nanoparticles 

Table 4: Iron contamination of the water at changing acidities.

n.d. not detected

Acidity [H+] Hydrophilic 
nanoparticles

Hydrophobic 
nanoparticles

10-7 n.d. n.d.

10-6 n.d. n.d.

10-5 n.d. n.d.

10-4 n.d. n.d.

10-3 8.2 ± 0.5 n.d. 

10-2 83 ± 1 35.6 ± 0.4

10-1 883 ± 23 732 ± 44

0.5 4874 ± 75 1702 ± 22

1.0 5578 ± 2 1807 ± 36

2.0 5968 ± 248 2265 ± 32

Figure 11. Percentage of iron loss from the magnetic nanoparticles.

reaches 82%. Hence, under appropriate conditions, the 
magnetic nanoparticles can be employed with no chemical 
alteration of the environment in which they are applied 
and with no chemical or morphological alteration of the 
nanoparticles themselves. Moreover, in suitable conditions, 
the magnetic nanoparticles have a long service life and can 
be reused several times.

4. Conclusions

The magnetic nanoparticles synthesized through the 
co-precipitation method (hydrophilic nanoparticles) and 
subsequently functionalized with oleic acid (hydrophobic 
nanoparticles) have a spherical shape, with a average nanosize 
of approximately 10 nm, a large surface area (55 - 72 m2/g), 
a chemical composition of magnetite and maghemite, and 
a ferro/ferrimagnetic behavior. The hydrophobization by 
oleic acid, in addition to being an easy, fast, and economical 
process, ensures a hydrophobic nanoparticle, as well as 
greater protection against oxidation and acidity of the 
medium. Moreover, the presence of oleic acid (around 9% 
by weight) does not interfere significantly in the saturation 
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magnetization value. Regarding chemical stability, the 
hydrophilic nanoparticles are stable at pH ≥ 4, while the 
hydrophobic nanoparticles are stable at pH ≥ 3. It was observed 
that hydrophobic nanoparticles are relatively more resistant 
to acid environments than are hydrophilic nanoparticles due 
to the protection of the organic layer. Thus, under suitable 
conditions of pH and in processes involving aqueous and/or 
organic solutions, the nanoparticles developed in this work 
can be used for several cycles of the process with no chemical 
alteration of them or of the environment in which they are.
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