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Abstract: In this study, we propose a new way of optimising the formulation of ferrofluids for oil-spill
clean-up processes, based on the rheological behaviour under extensional flow and magnetic fields.
Different commercial ferrofluids (FFs), consisting of a set of six ferrofluids with different magnetic
saturation and particle concentration, were characterised in a Capillary Break-Up Extensional
Rheometer (CaBER) equipped with two magnetorheological cells that allow imposing a homogeneous
and tunable magnetic field either parallel or perpendicular to the flow direction. The filament
thinning process with different intensities and orientation of the magnetic field with respect
to the flow direction was analysed, and the results showed that the perpendicular configuration did
not have a significant effect on the behaviour of the ferrofluids, as in shear magnetorheometry.
However, the parallel configuration allowed to determine that the formulation of ferrofluids
for oil-spill cleaning processes should consist of a 4% vol concentration of magnetic nanoparticles
with a magnetic saturation of Ms > 20 mT.
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1. Introduction

As long as our model of society keeps consuming products derived from crude oil, oil spills
and discharges will be unavoidable. However, they must be remediated to prevent their immediate
and longterm detrimental impact on ecosystems’ health and severe economic consequences
for the affected zones. Nevertheless, processes available for spills clean-up and mitigation are yet
of limited recovery efficiency or have unaffordable energetic demands. Many approaches have been
used to clean up the oil, e.g., by mechanical recovery [1], applied heat as in situ burning [2] or thermal
desorption [3], using superhydrophobic materials [4]. Other authors [5] investigated the effectiveness
of absorbent materials in the clean-up processes. Recently, Zahn et al. [6] proposed a magnetic clean-up
process consisting of mixing synthesized magnetic nanoparticles and dispersing them in oil-polluted
water in a vessel to form a ferrofluid either in the oil-phase or in the water-phase. To minimize
the amount of magnetic nanoparticles, the magnetic fluid will be formed with phase presenting
less volume, which is typically the oil-phase. When the mixture is placed in an oil-recovery vessel
containing an array of specifically arranged permanent magnets, the magnetic fluid in the reservoir is
attracted towards the lateral surface of the magnetic rods undergoing an extensional flow, as shown
in Figure 1; and then the ferrofluid climbs to the top of the array, above reservoir level, forming
beaded spheres around the magnets’ ends. The magnetic field thus separated the oil from the water
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phase much faster than gravity (phase-separation method by sedimentation), and without the use
of electrical power. Though the design seems to work well, the efficiency of the magnetic separation
process is yet to be determined. The performance of the magnetic separator will depend profoundly
on the rheological properties of ferrofluids, as the flow imposed by the magnetic field is complex.

Figure 1. Sketch of the magnetic separator unit proposed by Zahn et al. [6], consisting of a single
magnetic rod. In this top view, it is represented how the gradient of magnetic field generates a magnetic
force attracting the ferrofluid droplets towards the magnet. As the surrounding water and air move
freely, the ferrofluid drop is undergone to a shear-free extensional flow.

According to Solomon [7], ferrofluids (FFs) are colloidal suspensions of magnetic nanoparticles
in a non-magnetic carrier fluid. Thus, technically, ferrofluids can be considered to be a magnetically
controllable nanofluid [8,9]. Moreover, ferrofluids usually do not retain magnetization in the absence
of an externally applied field and thus are often classified as “superparamagnets” [10]. The shear
viscosity is independent on the shear rate and the intensity of the magnetic field [11], and consequently
they behaves like a fluid in the presence of a magnetic field since the particles do not agglomerate under
the influence of strong magnetic fields [12–15]. The rheological characterization of this type of fluids
is traditionally carried out under shear flow by means of different devices, for example, capillary
viscometers [16], capillary rheometer [17] or more commonly with rotational rheometers [11,14,18–20],
under the influence of an external magnetic field oriented perpendicular to the direction of flow.
However, to the best of authors’ knowledge, a systematic characterization of the FFs under extensional
flow and an external magnetic field by controlling the intensity and orientation of the magnetic
field has not yet been reported. In 2015, Galindo et al. [21] developed two magnetorheolgical cells
consisting of permanent magnets that allowed to studying the effect of the magnetic field and its
orientation on the filament thinning process of ferrofluids under extensional flow, but for a single
value of the intensity of the magnetic field strength. More recently, Sadek et al. [22] developed
a new version of these magnetorheological cells consisting of solenoids that allowed to control
the intensity of the magnetic field by controlling the intensity current; however they only focused on
the rheological characterization of magnetorheological fluids. If we intend to improve the oil-spill
clean-up processes by means of the magnetic separator proposed by Zahn et al. [6], it is paramount to
have a full rheological characterization of the ferrofluids, as it will allow for optimizing the formulation
of the ferrofluids and modelling the fluid-flow in real configurations, where shear and extensional
flow are coexisting, and the magnetic field may be oriented in any direction.
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In this work, we report the rheological behaviour of 6 (3 water-based and 3 oil-based) commercial
ferrofluids under the simultaneous application of a uniaxial extensional flow and an external magnetic field.
The influence of the intensity and orientation of the magnetic field with regards to the flow direction will
be analyzed. Moreover, the extensional properties of ferrofluids and their formulation will be correlated
to maximize the efficiency of the magnetic cleaning-up process for the preservation of the ocean’s health.

2. Materials and Methods

2.1. Fluids

The ferrofluids considered in this study were selected from six different commercial FFs, three
of them water-based and three oil-based. In all of them, the solid phase consisted of magnetic
iron oxides nanoparticles-magnetite-(Fe3O4) and the influence of their concentration, as well as
their magnetic susceptibility, was considered. The properties are shown in Table 1, provided by
the manufacturer, except for the surface tension and viscosity that were measured at 22 ◦C and in
the absence of an external magnetic field. For the surface tension, we used the Sigma 700 force
tensiometer (Biolin Scientific, Espoo, Finland), equipped with a Du Noüy ring of 0.185 mm in thickness
and 9.58 mm in diameter. The dynamic viscosity η was measured by means of a stress-controlled
rotational rheometer (Anton Paar MCR301, Graz, Austria) using parallel plates of 50 mm and 0.1 mm
gap (Figure 2). As the rheological properties of colloidal suspensions may depend on the dispersion
quality [23], fresh samples were always used for each measurement after being redispersed in an
ultrasound bath (Velleman VTUSC3, Gavere, Belgium) 6 min.

Table 1. Main properties of the ferrofluids considered in this study.

EMG-905 EMG-909 EMG-911 EMG-308 EMG-507 EMG-508

ρ (kg/m3) at 25 ◦C 1200 1020 890 1060 1120 1070
η (mPa·s) at 22 ◦C 9.81 ± 0.07 5.90 ± 0.02 4.04 ± 0.04 1.02 ± 0.01 1.20 ± 0.01 1.35 ± 0.02

σ (mN/m) 22.76 23.66 23.75 58.64 58.66 50.48
a (nm) ∼10 ∼10 ∼10 ∼10 ∼10 ∼10

Ms (mT) 44 22 11 6.6 11 6.6
χ 3.52 1.38 0.50 0.50 1.63 0.88

φ (% vol) 7.8 3.9 2 1.2 2 1.2

Where ρ is the density, η is the shear viscosity, σ is the surface tension, a is the nominal particle diameter, Ms is the
magnetic saturation, χ is magnetic susceptibility, and φ is the volume fraction of MNPs in the ferrofluid.
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Figure 2. Viscosity curve of the ferrofluids in the absence of an external magnetic field.
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2.2. Capillary Breakup Extensional Magneto-Rheometry

The experimental setup consists of a Capillary Breakup Extensional Rheometer (CaBER-1 device,
Thermo Fisher Scientific, Waltham, MA, USA) equipped with the magnetorheological cell (ExMRFx)
developed by Sadek et al. [22]. The CaBER device imposes a sudden extensional step strain (from
h0 to h f ) to a stable liquid bridge, reaching a state of unbalance in which capillary forces cause
the filament thinning process until it breaks. By studying the temporal evolution of the minimum
diameter of the filament, it is possible to characterize the extensional behaviour of the fluid [24,25].
The magnetorheological cells allow for the application of an external magnetic field of tunable
intensity (H (kA/m)) in two different configurations: parallel and perpendicular to the direction
of stretching (z-axis). Depending on the desired field direction, the corresponding configuration
is easily installed in the CaBER. As shown in Figure 3, (2a) corresponds to the ExMRFx with parallel
configuration, and (2c) with perpendicular configuration. The coils are connected in series to a DC
power supply (PS 5200-02A, power supply, Elektro-Automatik, Viersen, Germany), which allows
a current of up to 2A to be applied. Samir et al. [22] reported the correspondence between the current
strength provided by the source and the field strength (H). Finally, for the case study of FFs without
a magnetic field, the original configuration of CaBER is used (see Figure 3 (2b)). Due to the physical
limitations of both the power supply and the coils, the maximum value of H that can be obtained
with this device is 4 (kA/m). In this study, the intensity of fields applied, H, was set at 0, 1, 2, 3
and 4 kA/m. In the case of the water-based ferrofluids, due to their less sensibility to the presence
of the magnetic field, we also used a permanent magnet device [21] to achieve higher intensity values:
12 kA/m (parallel) and 19 kA/m (perpendicular). At least three experiments were carried out for each
case to ensure reproducibility of the results presented, and the temperature control was set to 22 ◦C
(Thermo Haake DC10, Karlsruhe, Germany). Besides initial and final gap was measured regularly
using a set of thickness gauges, and a thermocouple sensor was used to monitor the fluid temperature.

Figure 3. Experimental setup: (1) High-speed camera; (2) CaBER device: (2a) ExMRFx with parallel
configuration, (2b) non-magnetic field, and (2c) ExMRFx with perpendicular configuration; (3) Telecentric
Backlight Illuminator; (4) light source; (5) DC power source.

As in Galindo-Rosales et al. [21], the filament thinning process was not recorded employing
the laser system provided by the CaBER device, because the filament may not be symmetric
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with regards to a horizontal mid-plane. As an alternative, the entire thinning process was
monitored employing a high-speed video camera (Photron FASTCAM Mini UX100, West Wycombe,
Buckinghamshire, UK) assembled with a set of optical lenses (Optem Zoom 70 XL, Qioptiq, Fairport,
New York, USA). To establish the correct illumination and achieve high contrast in the images
of the liquid bridge profile, we used a 52 mm Telecentric Backlight Illuminator connected to a metal
halide light source (LeicaEL6000, Leica Microsystems, Wetzlar, Germany) by an optical fibre cable. All
the components of the experimental setup are indicated in Figure 3.

2.2.1. Slow Retraction Method (SRM)

Due to the low shear viscosity of the ferrofluid samples used in this study, which was smaller
than 10 mPa·s (Table 1), according to Rodd et al. [26], the characterization of the extensional properties
in the CaBER device is affected by inertial effects due to the fast step strain of the conventional
technique, which introduces oscillations in the liquid that result in a loss of symmetry in the filament.
(Figure 4a–d). Campo-Deanõ and Clasen [27] developed the so-called slow retraction method (SRM),
which consists of recording the filament thinning process with a high-speed camera while the filament
thinning process is promoted by a continuous and slow extension of the liquid bridge; in this way,
the breaking process is orders of magnitude faster than the separation speed of the plates. By using
the SRM, the effect of inertia due to quick plate separation in low-viscosity samples is minimized,
as it can be seen in Figures 4e–f, where the oscillations in the last droplets were strongly reduced
and the filament maintains its full symmetry up to the point of final breakage compared. Furthermore,
it can be observed that SRM is independent of the CaBER stretching profile, as long as the separation
rate of the plates remains much slower than the filament thinning process.

(a) Cushioned-ts = 20ms (b) Exponential-ts = 20ms (c) Linear-ts = 20ms

(d) Linear-ts = 50ms (e) Exponential-SRM (f) Linear-SRM

Figure 4. Comparison of the final filament shape obtained when imposing a fast separation rate
of the plates provided with the three different streching profiles available in the CaBER device (a–d)
for the EMG-905 sample, and when using the SRM method (e,f) with a plate separation rate set at
0.11 mm/s in SRM. No external magnetic field was imposed in this prelimiary tests.
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To summarize, all the results and discussions presented in the following section were obtained
by using the 4 mm plates that separate from h0 = 2 mm to h f = 6.25 mm with a separation speed
of the plates 0.11 mm/s (strike time of ts = 38.63 s).

3. Results and Discusion

The appropriate dimensionless number characterising breakup process in the CaBER is the Ohnesorge
number [28], which is defined as

Oh =
η0√

ρσRmin
, (1)

where η0, ρ, σ are the sample zero-shear viscosity, density and surface tension, respectively, whereas
Rmin is the minimum radius of the filament. Then Oh−1 = 0 is Stokes flow and Oh = 0 gives
inviscid flow. Presently, it is more common to use it as a relationship between the Reynolds number
(Re =

ρVcapR
η0

) and the Capillary number (Ca =
η0Vcap

σ ) defined in terms of the capillary velocity
Vcap = σ

η0
as follows [29]:

Oh−2 =
Re
Ca

=
ρσRmin

η2
0

. (2)

To carry out the analysis and post-processing of the results, we need to know the value
of the critical radius, R∗, which corresponds approximately to the onset of the liquid bridge instability
and when the filament thinning process gets started. According to Campo-Deaño et al. [27], this radius
is reached for critical Ohnesorge number Oh∗ = 0.2077 being

R∗ = 23.2
η2

0
ρσ

(3)

This critical radius is the reference from which we analyze the effect produced by the magnetic field on
the filament thinning process of the different FFs.

3.1. Oil Based Samples

Figure 5a–c, shows the temporal evolution of the last stages of the minimum filament
radius, normalised with R∗, corresponding to the oil-based ferrofluids for the different intensities
and orientation of the external magnetic field. The abscissas of the plots represent the time
of the filament thinning minus the break-up time corresponding to the ferrofluid sample without
the application of an external magnetic field (tb,H=0).

When the magnetic field is perpendicular to the extensional flow direction, the temporal evolution
of the normalized minimum radius follows the curve obtained in the case without the application
of any magnetic field, as it is shown in Figure 5a–c. Thus, the presence of an external magnetic field
perpendicular to the direction of the extensional flow does not have a significant effect in the thinning
process of the ferrofluids. However, when the external magnetic field is oriented with the direction
of the flow, the larger the intensity of the magnetic field, the longer the breakup time of the thinning
process is. This influence of the magnetic field orientation on the filament thinning process is consistent
with the results reported by Galindo-Rosales et al. [21]. As the magnetic field is aligned with
the flow direction, the magnetic particles form structures that are aligned [14,30] with the fluid flow
and the forces of the magnetic body that act as a result of their magnetization compensate for the effect
of the surface tension more effectively than in the perpendicular configuration. Therefore, there
is a significant field orientation dependence on the extensional behaviour of FFs, in contrast to their
behaviour under shear [21]. Additionally, as expected, the effect of the parallel magnetic field becomes
more significant when the values of φ, χ and Ms increase in the ferrofluids.
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Figure 5. Time evolution of the normalised minimum radius (Rmin/R∗) under the application of an
external magnetic field with different intensities and different orientations. Each plot corresponds
to each oil-based ferrofluid, where Per referes to the perpendicular configuration.(a) EMG-911,
(b) EMG-909, (c) EMG-905.

Since the effect driven by the surface tension is only counteracted by the viscous resistance,
the break-up time in the presence of a magnetic field parallel to the direction of the flow will
be higher due to the magnetoviscous effect. The magnetoviscuos effect (MVE) measures the influence
of the magnetic field strength on the shear viscosity of the magnetic suspension compared
to the viscosity in the absence of a field [11,30–32]. Analogously, we define here an extensional
magnetoviscous effect eMVE based on the extensional viscosity:

eMVE =
ηE(H 6=0) − ηE(H=0)

ηE(H=0)
(4)

where ηE is the extensional viscosity defined as [33]:

ηE(ε) =
−σ

2 dRmin
dt

(5)

being σ the surface tension.
Figure 6a shows the dependence of the extensional viscosity with the intensity of the external

magnetic field applied parallel to the direction of the flow. As expected, the Trouton ratio for Newtonian
fluids (Tr = η

ηE
= 3) is respected at 0 kA/m. The larger the concentration of the particles

and magnetization of the particles in the direction parallel to the extensional flow leads to a higher
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field-induced viscosity (see Figure 6a) and, consequently, the filament last longer, as discussed above
(Figures 5a–c).
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Figure 6. The figure shows the characteristic extensional viscosity (a) and eMVE (b) as a function
of the field strength.

3.2. Water Based Samples

As in the previous section, the critical radius (Equation (3)) was determined for each sample
based on the criterion Oh∗ = 0.2077. The results are shown in Figure 7, where it can be observed that
the effect of the magnetic field on the aqueous-based ferrofluids is hardly perceptible. This result
is in line with the ones shown in Figure 5, as the formulation of the water-based ferrofluids consists
of particles with a magnetic saturation Ms ≤ 11 mT and with a concentration φ ≤ 2% vol (Table 1),
which are values similar to the ones of EMG-911, the oil-based ferrofluid which did not exhibit any
response to the external magnetic fields. Only the sample EMG-507 under the influence of H = 12
kA/m aligned with the flow direction exhibits a slight increase in the duration of the filament lifetime
due to its small extensional magnetoviscous effect (∼0.106). As expected, this result is consistent
with the eMVE calculated for the ferrofluid EMG-911 (Figure 6b), once both possess the same volume
fraction and the same low magnetic saturation value. It cannot be conclude from this study the effect
of the carrier fluid in the filament thinning process for the higher concentrated ferrofluids.
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Figure 7. Cont.
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Figure 7. Time evolution of the normalised minimum radius (R/R∗) under the application of an
external magnetic field with different intensities and different orientations. Each plot corresponds
to each water-based ferrofluid, where Per referes to the perpendicular configuration and only the curves
corresponding to the highest intensity fields are shown for the sake of clarity. (a) EMG-308, (b) EMG-508,
(c) EMG-507.

4. Conclusions

In this work, we characterized six FFs under the action of extensional flow using the CaBER device
together with the magnetorheological cells that allow the application of a homogeneous and tunable
magnetic field either parallel or perpendicular to the flow direction. The experiments were performed
by using the slow restraction method, due to the low viscosity of the ferrofluids, under various magnetic
field strengths and the two configurations. The magnetic field applied in the parallel direction caused
an increase in the breakup time of the filament compared to the case without the presence of an
external magnetic field. This is a consequence of an increase in extensional viscosity. However, when
the magnetic field is applied perpendicularly to the flow direction, there was no significant modification
of the filament thinning process, which means that the extensional viscosity remained unmodified
under this configuration. This latter result is consistent with the results reported in the literature under
simple shear flow, where the shear viscosity does not depend on the intensity of the magnetic field,
which is also applied perpendicularly to the flow direction.

Thus, for the parallel configuration, it was possible to analyze the differences in the filament
thinning process of the different ferrofluids, based on their formulation. It was possible to see that
independently on the carrier fluid, the ferrofluids consisting on magnetic nanoparticles with a magnetic
saturation Ms ≤ 11 mT and a rvolume fraction φ ≤ 2% vol are not sensible to magnetic fields with
intensities H < 12 kA/m. Thus, these formulations should be avoided for the oil-spill cleaning process.
Thus, considering the fact that magnetic nanoparticles are produced in small quantities, we would
recommend to formulate ferrofluids with a concentration of φ∼4% vol. and magnetic nanoparticles
with at least a magnetic saturation of Ms = 20 mT. Moreover, in order to maximize the oil separation
in the magnetic separator proposed by Zahn et al. [6], the configuration of the magnets should promote
the extensional flow with the magnetic field aligned to the flow direction.

Additionally, this magnetorheological characterization of ferrofluids under extensional flow
can be also useful for optimizing the formulation of fluids for other industrial processes in which
the extensional flow may be relevant, such as in printing processes with very low viscosity inks, where
the addition of magnetic nanoparticles and the application of an external magnetic field aligned with
the flow may be of help for improving the printing quality.
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Abbreviations

The following abbreviations are used in this manuscript:

CaBER Capillary Breakup Extensional Rheometer
ExMRFx Extensional Magneto-Rheological Fixture
FFs Ferrofluids
SRM Slow Retraction Method
MVE Magnetoviscous effect
eMVE extensional Magnetoviscous effect
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