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Chemical Modification of Cobalt Ferrite Nanoparticles  
with Possible Application as Asphaltene Flocculant Agent
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Asphaltenes can cause enormous losses in the oil industry, because they are soluble only in aromatic 
solvents. Therefore, they must be removed from the petroleum before it is refined, using flocculant 
agents. Aiming to find new materials that can work as flocculant agents to asphaltenes, cobalt ferrite 
nanoparticles were chemically modified through acid-base reactions using dodecylbenzene sulfonic acid 
(DBSA) to increase their lipophilicity. Nanoparticle synthesis was performed using the co-precipitation 
method followed by annealing of these nanoparticles, aiming to change the structural phase. Modified 
and unmodified nanoparticles were tested by FTIR-ATR, XRD and TGA/DTA. In addition, precipitation 
onset of the asphaltenes was performed using modified and unmodified nanoparticles. These tests 
showed that modified nanoparticles have a potential application as flocculant agents used to remove 
asphaltenes before oil refining, since the presence of nanoparticles promotes the asphaltene precipitation 
onset with the addition of a small amount of non-solvent.
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1. Introduction
Problems associated with heavy organic fractions 

crystallization and deposition during the production, 
transport and storage of crude oils can cause enormous losses 
to the petroleum industry. Heavy organic fractions of crude 
oil include waxes, resins, asphaltenes and organometallic 
compounds. They can exist in different quantities, shapes 
and states inside the crude oil and problems associated with 
organic deposits can be found at any stage of the process of 
oil production, from the reservoir through to the refinery1-3. 
The deposits are formed by several organic compounds; 
among them, asphaltenes are the most difficult to remediate, 
because they are the most polar fraction and are insoluble 
in aliphatic solvents, for instance n-heptane, and soluble 
in aromatic solvents, for instance toluene. Asphaltenes 
present a polyaromatic core circled by cyclic rings with 
aliphatic chains in the periphery. They can cause enormous 
losses in the oil industry, because they are soluble only in 
aromatic solvents, such as benzene and toluene; therefore, 
asphaltenes must be removed from the petroleum before 
it is refined. To remove asphaltenes from the petroleum, a 
flocculant agent is used.

Asphaltene precipitation has been investigated 
by several research groups and, among the possible 
solutions, nanotechnology methods are very promising. 
In fact, nanomaterials development has grown up in 

several application fields, such as chemistry, physics and 
engineering. Materials in nanoscale have shown much 
better properties in comparison to the same materials in 
macroscopic scale.

Nanomaterials in general can be roughly classified 
into two categories. If the characteristic length of the 
microstructure, such as the grain size of a polycrystal, 
is in the nanometer range, it is called a nanostructured 
material. If at least one of the overall dimensions of a 
structural element is in the nanometer range, it may be 
called a nanosized structural element. This may include 
nanoparticles, nanobelts, nanowires, nanofilms, etc. The 
reduced coordination of atoms near a free surface induces 
a corresponding redistribution of electronic charge, which 
alters the binding situation. As a result, the energy of these 
atoms will, in general, be different from that of the atoms in 
the bulk. In macroscopic scale materials, the surface region 
is typically very thin, only a few atomic layers4. However, 
in nanoscale there are only surface atoms, explaining the 
observed difference in the properties between the nanoscopic 
and macroscopic scale of the same material. Another 
inherent feature of nanomaterials is a very high surface area, 
which promotes better interaction between the particles and 
the medium5.

Among several possible morphologies, equiaxial 
nanoparticles present a lot of applications in chemistry, 
physics, engineering, and medicine, among other fields6-9. 
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In the crude oil industry, equiaxial nanoparticles are 
used mainly as catalysts in refining catalytic processes10. 
In a new application, cobalt ferrite nanoparticles were 
chemically modified and used as asphaltene flocculant 
agent. These nanoparticles were chemically modified 
through acid-base reactions, using dodecylbenzene sulfonic 
acid (DBSA). These modifications are able to increase 
the lipophilicity of the nanoparticles, allowing a better 
interaction between nanoparticles and the asphaltenes. This 
better interaction is able to promote the association among 
the asphaltenes molecules. In addition, these nanoparticles 
present superparamagnetic properties11-13, which provide 
a technological advantage to the magnetic removal of the 
asphaltenes deposits before the refining process.

2. Experimental

2.1. Material

Hydrochloric acid (HCL), ferric chloride (FeCl
3
), cobalt 

chloride II (CoCl
2
), sodium hydroxide (NaOH), sodium 

chloride (NaCl), n-heptane and toluene (analytical grade) 
were purchased from Vetec (Rio de Janeiro, Brazil). DBSA, 
in commercial grade, was purchased from Solquim LTDA 
(Rio de Janeiro, Brazil), and crude oil was kindly donated by 
LabPetro – Laboratório de Petróleo/DQUI/UFES.

2.2. Nanoparticles synthesis

Cobalt ferrite nanoparticles were prepared through the 
homogeneous precipitation technique using a FeCl

3
 solution 

(2.0 mol.L–1), a CoCl
2
 solution (1.0 mol.L–1) and deionized 

water, under continuous agitation. The reaction product was 
precipitated by the slow addition of NaOH solution, until 
the pH equaled 13, under continuous agitation. After this, 
the particles were obtained by filtering; they were washed 
several times with water and finally dried at 60 °C in an oven. 
The particles obtained were converted into spinell structures 
through annealing at 200 °C for one hour.

2.3. Chemical modification of the nanoparticles

Chemical modification was carried out by surface 
acid-base reaction, using DBSA. A 20% DBSA solution 
was prepared using an isovolumetric water/ethanol mixture. 
Soon afterwards, one gram of the nanoparticles was 
dispersed in this solution and continuously stirred for one 
hour. After this, the nanoparticles were filtered, washed and 
dried at 60 °C in an oven.

2.4. Characterization of the materials

Modified and unmodified nanoparticles were 
characterized by infrared spectroscopy with Fourier 
transformation using an attenuated total reflectance 
accessory (FTIR-ATR), X-ray diffraction (XRD) and 
thermogravimetric analysis (TGA/DTA). The FTIR analyses 
were performed in a Pike spectrophotometer, FTLA 200, 
using a resolution of 4 cm–1 and 30 scans. The XRD analyses 
were carried out using a Shimatzu diffractometer, XRD 
6000, using an electric potential difference (ddp) equal to 
40 kV and an electric current equal to 30 mA. Scanning was 
performed in the 2θ range between 10 and 90°, with steps of 

0.05°/min. The used radiation was Kα
Cu

 (λ = 1.5418 Å). The 
TGA/DTA analyses were performed using a TA Instruments 
SDT Q600 thermoanalyzer, under nitrogen flux, with a 
heating rate equal to 5 °C/min, a temperature range from 
25 to 700 °C and an empty alumina pan as a reference.

The asphaltenes were extracted by solubility differences 
using n-heptane and toluene as solvents in a soxleth 
extractor. They were characterized by FTIR and XRD, using 
the similar conditions applied to nanoparticles. The TGA 
analysis was performed using a TA Instruments SDT Q600 
thermoanalyzer, under nitrogen flux, with a heating rate 
equal to 10 °C/min, a temperature range from 25 to 400 °C 
and an empty aluminum pan as a reference.

2.5. Asphaltene precipitation onset tests

The asphaltene precipitation onset test was performed 
using three solutions: the first was a pure asphaltenes 
solution, the second was a solution of asphaltenes containing 
unmodified nanoparticles and the third was a solution 
of asphaltenes containing modified nanoparticles. The 
asphaltenes concentration was equal to 1% wt and the 
nanoparticles concentration was equal to 1000 ppm. The 
analyses were carried out in the UV-Vis spectrophotometer 
Varian, Cary, using a wavelength of 850 nm; n-heptane was 
used as a flocculant agent.

3. Results and Discussion
Figure 1 shows the FTIR spectra for the unmodified 

and modified cobalt ferrite. The unmodified nanoparticles 
FTIR spectrum showed a wide characteristic band around 
3350 cm–1 related to stretching of the O-H bond present in 
the FeOH. Another characteristic band, associated with the 
presence of structural water, is visible at 1630 cm–1. The 
bands that appeared at 650 and 590 cm–1 are characteristic 
of stretching of the Fe-O bond. In the modified nanoparticles 
spectrum, besides the characteristic bands of the unmodified 

Figure 1. FTIR spectra to the unmodified and modfied cobalt ferrite.
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nanoparticles, characteristic bands of the DBSA can also be 
observed, such as axial deformation of the C–H bond at 2950, 
2930 and 2850 cm–1 and symmetric and asymmetric axial 
deformations of SO

2 
at 1160 and 1150 cm–1, respectively. 

Moreover, the sulfoxide group presence is assigned by a 
characteristic band around 1036 cm–1. Angular deformation 
in-plane-ring is seen at 1002 cm–1. The bands from 825 to 
580 are characteristic of out-plane-ring angular vibrations 
of the aromatic hydrogens.

Figure 2 presents the diffractogram of the modified 
nanoparticles and unmodified nanoparticles. The 
diffractogram of the unmodified nanoparticles shows 
diffraction peaks at values of 2θ equal to 30.3°, 35.6°, 53.3° 
and 62.9°, which correspond to crystal planes (220), (311), 
(422) and (440), respectively, in the spinel structure of an 
orthorhombic cell. Moreover, these nanoparticles have a 
crystallinity of (81 ± 1)%, calculated using the Ruland 
method14 and size crystallite (Lc) of (16.9 ± 1.5) nm, 
determined by Scherer equation at (311). The diffractogram 
of the modified nanoparticles does not shows any changes in 
the nanoparticles structure, keeping the spinel structure of an 
orthorhombic cell, since there are no changes in diffraction 
peaks. These modified nanoparticles have a crystallinity of 
(83 ± 2)%, which was also calculated according Ruland 
method,14 and size crystallite (Lc) of (16.7 ± 1.5)nm, also 
determined by the Scherer equation at (311). Obtained Lc 
values are statistically equal, indicating no changes in the 
structure of the cobalt ferrite core.

The TGA analysis of the unmodified cobalt ferrite 
shows two events of weight losses. The first is related to 
the output of adsorbed water of the nanoparticles surface, 
at around 130 °C. The second is associated with the outlet 
of hydration water, these water molecules are chemically 
linked to particle structure, and this occurs between 130 and 
150 °C. Total weight loss in the unmodified cobalt ferrite 
is around 18%. The TGA analysis of the modified cobalt 
ferrite presents five events of weight loss. The first occurs 
from ambient temperature to 66 °C, and is related to partial 
loss of water and light organic compounds from DBSA 
decomposition. The second is associated with the outlet of 
the residual adsorbed water; other light organic compounds 
and the hydration water exit at the start. The third weight loss 
event is connected to the elimination of residual hydration 
water and organic matter, and is observed between 200 and 
300 °C. The event from 300 to 520 °C is related to hydration 
water in the nanoparticles core, which needs more time and a 
higher temperature for the diffusion to occur. The last weight 
loss event is associated mainly with the disruption of the 
spinell structure, which results in hematite and free cobalt. 
The total weight loss was 22%; this means that around 4% 
corresponds to organic matter from chemical modification.

The asphaltenes FTIR spectrum shows typical 
characteristic bands. The wide characteristic band that 
appears around 3500 cm–1 is referent to the stretching of 
OH group; this band is wide because the OH group is able 
to form a hydrogen bond. The doublet observed at 2920 
and 2845 cm–1 corresponds to CH

2
 and CH

3 
stretching. 

The characteristic band at 1597 cm–1 is related to C=C and 
C=O coupled bonds. The CH

3 
asymmetric and symmetric 

absorption appears at 1453 and 1374 cm–1, respectively. 

The sulfoxide group (C
2
S=O) characteristic band is seen 

at 1035 cm–1. The characteristic band at 867 and 805 cm–1 
is associated with C-H out-of-plane vibration of the ring, 
while the characteristic band at 725 cm–1 is related to C-H 
in-of-plane vibration of the ring.

The asphaltene diffractogram presents feature a 
predominantly amorphous material, with an amorphous 
halo in the diffractogram. Using the Ruland method14, it 
is possible determine the crystallinity of the asphaltenes. 
The crystallinity is equal to (23 ± 2)%, which confirms the 
amorphous feature of the asphaltenes. It is expected that once 
asphaltenes suffer self-aggregation, this prevents the perfect 
package. The asphaltenes TGA analysis shows two events 
of weight loss. The first occurs between 150 and 365 °C 
and is associated with maltenes degradation. The maltenes 
are formed by saturated, aromatic and resin compounds, all 
of which are soluble in n-heptane. The second is related to 
the asphaltenic fraction degradation itself. The asphaltenes 
presented a weight loss of around 60% until 530 °C.

Figure 3 presents the graphic of asphaltenes precipitation 
onset. Initially, there is a decrease in the absorbance values 
with an increase of the n-heptane amount; this is due to a 
dilution effect. Following this, there is an increase in the 
absorbance value with the addition of more n-heptane; 

Figure 2. Diffractogram of the unmodified and modified cobalt 
ferrite nanoparticles.

Figure 3. Asphaltenes precipitation onset without and with 
unmodified and modified nanoparticles.
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4. Conclusion
Cobalt ferrite nanoparticles can be modified to increase 

their lipophilicity through the insertion of hydrocarbon 
chains in their surfaces, using acid-base reactions with 
organic acids, such as that with dodecylbenzene sulfonic 
acid. The results show that the chemical modification does 
not change the nanometric size of the particles, it simply 
increases their lipophilicity. These particles, without 
chemical modification, present potential use as flocculant 
agents for asphaltene, since they are able to decrease 
asphaltene precipitation onset.
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this is because there is the appearance of the first particles 
of asphaltenes that scatter light. The absorbance increases 
until all asphaltene is precipitated; after this, the absorbance 
decreases again due to a dilution effect. The inflection 
point of the curve corresponds to the onset of asphaltenes 
precipitation. It can be observed that the onset of asphaltenes 
precipitation occurs with the addition of 0.8 mL of 
n-heptane. In the presence of the unmodified nanoparticles, 
this value falls to 0.6 mL, suggesting that the unmodified 
nanoparticles promote asphaltene aggregation. On the other 
hand, the presence of modified nanoparticles in the system 
does not produce any change in the asphaltenes precipitation 
onset, remaining at 0.6 mL of n-heptane. This means that 
the particles are able to promote the asphaltene aggregation. 
Previous results15 have shown that changes in the chemical 
reactions can be performed to obtain distinct results. These 
changes can be used to adjust the modified nanoparticles to 
each kind of asphaltenes and application.
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