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ABSTRACT: An essential part for crude oil extraction is flow
assurance, being critical to maintain a financially sustainable flow
while getting the petroleum to the surface. When not well managed,
it can develop into a significant issue for the O&G industry. By
heating the fluids, problems with flow assurance, including paraffin
deposition, asphaltene, and methane hydrate, can be reduced. Also,
as the temperature rises, a liquid’s viscosity decreases. Research
focusing on the application of magnetic nanoparticles (NPs) in the
oil industry is very recent. When magnetic nanofluids are exposed
to an alternating magnetic field, the viscosity decreases by several
orders of magnitude as a result of the fluid’s temperature rising due
to a phenomenon known as magnetic hyperthermia. This work
focuses on the use of magnetic NPs (9 nm) in heavy crude oil (API 19.0). The frequency and strength of the magnetic field, as well
as the characteristics of the fluid and the NPs intrinsic properties all affect the heating efficiency. For all of the experimental settings
in this work, the flowloop’s temperature increased, reaching a maximum of ΔT = 16.3 °C, using 1% wt NPs at the maximum
available frequency of the equipment (533 kHz) and the highest field intensity for this frequency (14 kA/m), with a flow rate of 1.2
g/s. This increase in temperature causes a decrease of nearly 45% on the heavy crude oil viscosity, and if properly implemented,
could substantially increase oil flow in the field during production.

■ INTRODUCTION
Research on the use of magnetic nanoparticles (NPs) in the oil
industry is relatively uncommon yet. However, this approach
presents possible solutions to problems of flow assurance,1−5

separation between water and oil,6−9 asphaltenes adsorp-
tion,10−12 and growth of wax crystals.13,14

During the extraction and transport of crude oil from the
offshore wells, the pipes (filled with the crude oil and natural
gas) pass through the seabed at 4 °C, precipitating solid
materials and depositing them on the inner walls of those pipes
in a combination of complex processes.15 Such solid deposits
can include wax, hydrates, and asphaltenes,16 where flow can
be severely restricted or even completely stopped, leading to
various environmental, safety, health, and economic risks. As
an estimated expense example, a well cleaning operation in the
Gulf of Mexico costed approximately U$ 70 million/well.17

Remedying these problems currently makes use of chemical
inhibition methods,15 which prevent the precipitation and
deposition of these solids. These methods require the
continuous injection of inhibitors, which could not only be
dangerous but also add problems to the process downstream.
Other frequent technique includes “pigging,”18,19 which
directly hinders production because the flow must be stopped

during the procedure and the tool is prone to getting stuck in
the pipes.
This research focuses on a different approach to the flow

assurance problems in oil production, by adding magnetic
nanoparticles to the oil flowing in the pipes, and with the
subsequent application of an alternating magnetic field (AMF)
to the system.20 Here, the nanoparticle (NP) concentration of
the heavy crude oil was changed. A phenomenon known as
magnetic hyperthermia occurs when a magnetic monodomain
nanoparticle (or ferro(i)magnetic) is subjected to an AMF
that, depending on its strength and frequency (higher than
relaxation time), will generate irreversibility in the magnet-
ization loop, releasing energy into the medium in the form of
heat.21−24 Heat comes from two different mechanisms when
the NPs are in a colloidal suspension: the so-called Neél and
Brownian relaxations. Neél relaxation is related to coherent
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rotation of the nanoparticle magnetic moments and will
depend on effective anisotropy and temperature,25,26 while the
heat generated by the physical rotation of particles due to the
process of aligning magnetic moments with the external AMF
refers to the Brownian mechanism.27,28 Heat efficiency can be
improved by specifically adjusting intrinsic NP properties, the
colloidal properties, or even the AMF conditions as intensity
and frequency. It is well known that by increasing a fluid’s
temperature, its viscosity decreases.29,30 So, the application of
AMF on fluids with added NPs can tune their viscosity,
eventually leading to a decrease of several orders of
magnitude.31

The specific experimental setup was designed to be orders of
magnitude bigger than the usual setups used in magnetic
hyperthermia.32−34 It is worth noting that our experiment adds
another complex variable: the nanoparticles dispersed in the oil
are flowing through a pipe, subjected to an AMF.
The main contribution of this work is to demonstrate that it

is possible to change the properties of crude oil through
magnetic hyperthermia, namely reducing its viscosity and
increasing its flow rate, which would lead to a reduction in
formation of paraffin crystals, for example. This is a
continuation of a previous work where the same magnetic
nanoparticles were tested in diesel as a first proof of concept,20

using the same flowloop configuration. Diesel at room
temperature has a viscosity of 4.7 mPa·s, while the heavy
crude oil used here has a viscosity of 124.3 mPa·s at room
temperature. This work adds a layer of complexity to the
system, since this viscous liquid contains saturates, aromatics,
resins, and asphaltenes. Thinking on the real application, it
would be possible to recover nanoparticles at the end of the
process, employing a static magnetic field. This would allow
their partial reuse, reducing the operational costs and
contributing to make this technology viable. It is worth
mentioning that the same idea can, in principle, be applied to
any industry that depends on a flux of a viscous fluid.

■ MATERIALS AND METHODS
The tools and techniques utilized to identify and investigate
the hyperthermia in magnetic colloids are all explained in this
section. Repsol Sinopec Brazil provided the heavy crude oil
(API gravity of 19.0) and NanoGap provided the 9 nm iron
oxide (Fe3O4) NP for this study. Oleic acid-coated and oleic
acid-dispersed nanoparticles were delivered with a weight
concentration of 12%. Saturation magnetization (MS) values
are 71 A m2/kg NP at 300 K, measured in a previous work.20

Toluene (C6H5CH3, ≥99.5%) and oleic acid (C18H34O2,
≥90%) were both acquired from Sigma-Aldrich and used
without further processing. The diesel (type S10) was
purchased from commercial vendors and filtered to remove
contaminants. There was no further special process carried out.
Fluid Characterization. The first procedure was to

characterize the crude oil with a SARA standard measurement,
described in Table S1. Heavy crude oil present 11.9% of
saturated content. Diesel and heavy crude oil measured from
10−25 °C had the Arrhenius law (exponential increase as the
temperature decrease) validated.
Differential Scanning Calorimetry. The specific heat

(cp) of heavy oil was measured using a differential scanning
calorimetry (DSC) (Q2000, TA Instruments, USA), and the
experiments were based on ASTM E1269−05. The sample was
scanned from 0 to 140 °C with nitrogen atmosphere and 20
°C/min of heating rate. Three stages of measurement were

used; baseline, reference (sapphire), and sample. The cp of was
calculated using the library software (TA instruments).
Rheological Properties. The fluids’ viscosity was

measured using a controlled stress rheometer (Thermo,
Haake Mars), employing a cone and plate geometry with a
diameter of 60 mm and a cone angle of 1° with a gap of 0.052
mm. Shear stress and dynamic viscosity were measured at
different shear rates roughly ranging from 5 to 200 s−1.
Colloidal Preparation. Here, 9 nm oleic-coated iron oxide

nanoparticles were supplied by NanoGap. The NPs were
sonicated for 5 min in ultrasonic bath as received from
supplier. Then, NPs were dispersed into diesel by sonicating
another 5 min. The final nanocolloids were prepared in heavy
crude oil, using a turrax mixer for 2 min at 10 000 rpm and
then sonicating for an additional 5 min, in three different
concentrations (0.5, 0.75, and 1% wt, respectively) in order to
assess the effect of concentration on heating performance.
Transmission Electron Microscopy. Transmission elec-

tron microscopy (TEM) was performed in a JEM 2100
transmission electron microscope, with 200 kV accelerating
voltage. On a copper grid with carbon coating, a drop of the
suspension (nanoparticles in toluene) was placed, enabling the
solvent to evaporate at room temperature. Across a population
of more than 300 nanoparticles, the size distribution was
determined from various photographs using the ImageJ
software.
Magnetic Hyperthermia. To measure the magnetic

hyperthermia of the colloids, NanoScale Biomagnetics G3
Series equipment was used to generate an alternate magnetic
field. To eliminate magnetic field interference, an optical fiber
sensor (OSENSA’s FTX) was employed as the temperature
probe. The coil used had a length of 343 mm and a diameter of
32 mm. The experimental setup was a closed flowloop
designed as a prototype, explained in more detail in Brollo et
al.20 with a picture described in Figure S1. Its components
include a tank (with a maximum 8 L capacity and a
temperature range of ambient to 60 °C), a booster pump,
the test area, and a heat exchange system. For the tests, a
magnetic colloid was introduced to the tank, the pump is
followed by the Coriolis flowmeter, where the mass flow rate
(with an upper and lower limit of 3.6 and 1.2 g/s, respectively)
and density of the mixture are measured. Before entering the
test section, pressure and temperature are constantly being
checked. The primary measurement is the temperature
difference between the input and output. As a metallic sensor,
the PT100 was mounted 0.5 m away from the coil to minimize
any potential magnetic field effects. The error in temperature
control is ±1 °C. Before each test, the mixture is allowed to
flow for 1 h, stabilizing the temperature. Following this
homogenization, the NanoScale Biomagnetics driver G3 was
activated at the specified frequencies and field intensity. Data
was gathered for 20 min. In order to homogenize and stabilize
the temperature for the following experimental point, the
driver G3 was turned off after the experiment.

■ RESULTS AND DISCUSSION
The main idea of this work is to examine the effect of
concentration when a heavy crude oil with dispersed NPs flows
under an AMF, using different magnetic field frequencies,
magnetic field intensities, and fluid flow rates. TEM images of
these nanoparticles can be found in Figure S2, on Supporting
Information.
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In Figure 1, the increase in temperature is shown as a
function of the active magnetic field time (gray area), with
constant field intensity of 14 kA/m and constant frequency of
533 kHz. It is also possible to verify the influence of the
residence time and the NP concentration on temperature
increase. Figure 1A shows 0.5% wt NPs, Figure 1B shows
0.75% wt NPs, and Figure 1C shows 1% wt NPs, respectively.
The results show that an increase in NP concentration
provides an increase in temperature, reaching a maximum ΔT
of 12 °C. Also, as the mass flow rate drops, the NPs are
exposed to the magnetic field for longer periods of time, which
raises the fluid’s temperature. The fact that the particles are not
isolated facilitates them to aggregate into bigger clusters, where
the magnetic dipole interaction between them can influence
the behavior of the individual particles. This might be the
source on the temperature difference seen between 0.75 and
1% wt NP. This was discussed in more detail in a previous
work.31

Figure 2 shows the direct increase in temperature with rising
magnetic field frequency, keeping the field intensity constant at
8 kA/m and the flowrate at 1.2 g/s. Figure 1A shows 0.5% wt
NPs, Figure 1B shows 0.75% wt NPs, and Figure 1C shows 1%
wt NPs, respectively. For the lowest frequency available at the
NanoScale equipment (112 kHz, pink curve), the temperature
increase is independent of NP concentration. A clear difference
in temperature increase is evidenced when the frequency to

which the nanoparticles are subjected is increased. The highest
frequency available on the equipment is 533 kHz (black
curves), reaching a point where the temperature difference is
broader, achieving a maximum of 3.5 °C in 1000 s for the
sample with 1% wt NPs.
In previous works, an important parameter in magnetic

hyperthermia, the so-called specific absorption rate (SAR) of
these systems (for static measurements) was discussed.20,31

The system’s temperature variation was measured, and the
energy output is given in W/g units. The system’s heat
dissipation was determined by the lower relaxation time
between the Neél and Brownian mechanisms. The viscosity of
the liquid and the NP hydrodynamic volume affect the
Brownian contribution. On the other hand, the volume and
NP anisotropy affect the Neél contribution. For the nano-
particles used in this work, the Neél relaxation time was
calculated as τN (∼1.9 × 10−9 s). The size, shape, colloidal
stability, and concentration of NPs all affect the final SAR
values. Equations can be found in Supporting Information. The
maximum ΔT value for heavy oil was 57 °C in 2 min, for 0.5%
wt of NPs, under 28 kA/m and 770 kHz, respectively. This
increase in temperature means a SAR value of 187 W/g. In this
work, we were not calculating the SAR values because it is a
dynamic system where this important parameter was not fully
defined yet.

Figure 1. Temperature variation as a function of time, for different liquid flow rates, keeping constant the field intensity (14 kA/m) and frequency
(533 kHz). (A) Heavy oil with 0.5% wt of NPs, (B) heavy oil with 0.75% wt of NPs, and (C) heavy oil with 1% wt of NPs. Blue curves represent
the slowest flow rate available (1.2 g/s) while black curve represents the faster flow rate available (3.6 g/s). Gray area represents the application
time of the AMF (1200 s).

Figure 2. Temperature increase as a function of time, for different field frequencies, keeping constant the field intensity (8 kA/m) and flow rate
(1.2 g/s). (A) Heavy oil with 0.5% wt of NPs, (B) heavy oil with 0.75% wt of NPs, and (C) heavy oil with 1% wt of NPs. The black curve
represents the higher frequency available (533 kHz) while the pink curve represents the lower frequency available (112 kHz).
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To evidence the effect of NPs concentration on the
temperature increase, Figure 3A shows the temperature change
ΔT as a function of time, maintaining constant the other
variables: frequency at 533 kHz, field intensity at 14 kA/m, and
flowrate at 1.2 g/s, respectively.
Indeed, Figure 3A shows that there is a negligible

temperature increase in the measurement without adding
nanoparticles to the oil (orange curve), indicating that an
eventual temperature increase due to eddy current effect is not
relevant. The heat observed on the magnetic colloids when the
magnetic field is on, is indeed due to magnetic relaxation
effects from the nanoparticles contained in the crude oil. Also,
the increase in temperature is probably not due to the naturally
occurring magnetic nanoparticles in the crude oil,14 since the
same behavior was observed for a sample containing only
diesel, presented in a previous work.20 Figure 3B evidences the
ΔT variation as a function of frequency, where the higher the
frequency, the broader the temperature difference. Constant
values of field intensity 8 kA/m and flow rate 1.2 g/s were
maintained to keep apart the variable of interest. One observes
a maximum difference in ΔT of more than 1 °C at the higher
frequency by doubling the NP concentration, for the same
magnetic field conditions.
Owing to a safety reason, there is an upper limit on the

magnetic field application time (20 min). As a final experiment,
a longer application time was tested to evaluate if an
asymptotic behavior would be reached. Figure 4 shows this
measurement, using the highest frequency available at the
equipment (533 kHz), with the highest available field intensity
for this frequency (14 kA/m), under the lowest flow rate (1.2
g/s), using 1% wt NPs and 50 min of magnetic field
application time. The result was a remarkable increase in
temperature of 16.3 °C, which is considerably higher than the
results for 20 min.
In a previous work,31 we have measured viscosity vs

temperature at constant shear rate for heavy crude oil.
Previous data show the decrease in viscosity as the temperature
increases, with Newtonian behavior, following an exponential
increase with the decrease in temperature. These findings
provide a simple way to connect how the heat emitted by NPs
can alter the fluid’s viscosity by showing a direct correlation
between temperature and viscosity. Using data from the

literature,31 it is possible to predict that a temperature increase
of 16.3 °C would lead to a reduction of nearly 45% on the
heavy oil viscosity.

■ CONCLUSIONS
This work presents the findings of an experimental
investigation into the hyperthermia effect when commercial
heavy crude oil flowing under an AMF is mixed with
superparamagnetic nanoparticles. The goal of the study was
to determine how NP concentration affected crude oil by
calculating the amount of heat that was transferred to the fluid.
The application of heat can be controlled remotely, thanks to
this technology. The impact of the NP concentration is
evident. If the system is colloidally stable, the hyperthermia
response grows as the concentration does. When concentration
and flow rate were held constant, the temperature variation
(ΔT) in the flowloop rose linearly with frequency. For all of
the experimental conditions for the heavy oil with added

Figure 3. (A) Temperature increase as a function of time for different NP concentrations in heavy oil. Constant values for field intensity (14 kA/
m), field frequency (533 kHz), and flow rate (1.2 g/s), respectively. (B) Temperature increase as a function of field frequency for different NP
concentrations in heavy oil. Constant values for field intensity (8 kA/m) and flow rate (1.2 g/s). Applied magnetic field for 1200 s.

Figure 4. Temperature increase as a function of time for heavy oil
with 1% wt of NPs, keeping constant the field intensity (14 kA/m),
frequency (533 kHz), and flow rate (1.2 g/s), respectively. Gray area
indicates the application time for the AMF (3000 s).
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nanoparticles, there was a temperature rise in the flowloop.
The maximum temperature increase of 16.3 °C, observed
between the inlet and outlet of the experimental section, was
achieved using the highest frequency of the magnetic field
available (533 kHz) and the highest field intensity for this
frequency (14 kA/m). This temperature increase was achieved
for a 50 min application period. The results presented here
demonstrate the possibility of altering the properties of heavy
crude oil through magnetic hyperthermia. By improving the
recovery of nanoparticles along the production line, which can
be reused, leading to significant savings of money and
resources. Technology is in its infancy for this field, and it
shows signs of a prosperous future not limited only to the
O&G industry.
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