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Abstract

Title: Study of the magnetorheological behavior and magnetic-induced microstructure of heavy
crude oils and ferrofluids mixtures’
Author(s): Maria Daniela Contreras Mateus*
Keywords: Rheology, Magnetorheology, Ferrohydrodynamics, Flow assurance, Heavy crude oils,
Ferrofluids.
Description:

Global energy policies are undergoing a profound reorientation to provide a more secure,
sustainable, and affordable system, moving towards net-zero emissions by 2050. Although
investment in clean fuels is set to increase significantly in the coming years, parts of the fossil fuel
system remain critical to energy security, such as refineries to supply residual users of
transportation fuels. In this context, unconventional hydrocarbons have been a major candidate for
current and future oil production, since they exist in abundant quantity on Earth’s crust,
representing nearly 70% of proven reserves. Accordingly, great attention has been fundamentally
directed towards exploring the promising and growing nanotechnology modern era. Against this
background, this thesis is framed in the theoretical and experimental study of the inclusion of
ferrofluids in the matrix of heavy crude oils with the aim of proving the induction of
magnetorheological effects, primarily focused on improving the flow properties of these complex
fluids in pipeline transportation applications. Therefore, it has been demonstrated that the
integration of nanoparticles plays a fundamental role as adsorbent and smart magnetically
controllable agent, effectively modifying the rheological properties of heavy crude oils. Likewise,
surface modification of nanoparticles by adsorption of asphaltenes supported the role of this
fraction as facilitator in promoting the spontaneous formation of aggregates. The orientation of
these aggregates could be manipulated using external magnetic fields to stimulate more favorable
flow properties in heavy crude oils. These findings serve as a fundamental theoretical basis for the
development of an innovative technological approach aimed at flow assurance of heavy crude oils.

T PhD thesis
t Faculty of Physicochemical Engineering. School of Chemical Engineering. Supervisors: Arlex Chaves
Guerrero, Francisco H. Sanchez.
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Thesis roadmap

The opening chapter of this thesis is devoted to an in-depth literature review, delving into
the fundamental theory of ferrofluids, their unique properties, and the evolution of their
applications in various scientific and industrial spheres. A specific focus was directed towards
exploring the experimental and theoretical progress of fluid dynamics of ferrofluids, influenced by
magnetic fields, in scenarios resembling the intrinsic macro-processes of the oil industry.
Fundamentally, the aim was to provide contextualization of the potential integration of ferrofluid
technologies in two pivotal oil macro-processes: recovery and transportation, which have been
widely acknowledged as the pillars of the oil supply chain. We also dedicated some sections to
discuss a selection of experimental approaches implemented in systems that closely emulate real-
world scenarios, involving the integration of ferrofluids and crude oils, under the influence of
external magnetic fields, and at thermodynamic flow conditions similar to reservoir environments.
These studies collectively reveal that, while initial efforts have showcased substantial
technological promise within the oil industry, there remains a significant knowledge gap on the
multiple intricate physicochemical mechanisms governing the interaction of rheologically
complex crude oils and magnetic stimuli-responsive nanoparticles.

The literature extensively acknowledges that the integration of nanoparticles as adsorptive,
heat carries, and catalytic agents, produces attractive phenomena in the crude oil rheological
properties since structural changes inside their matrices are promoted (e.g., inhibiting the
formation of complex long-range viscoelasticity). Research has widely discerned the kinetics,
isotherms, and thermodynamic modeling of the adsorption of asphaltenes onto multiple

nanoparticles; and it has found a place in diverse oil recovery and production applications,
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encompassing alteration of wettability, inhibition of asphaltene formation damage, reduction of
interfacial tension, enhancement of the bulk viscosity and viscoelasticity of crude oils, stabilization
of emulsions, among others. These explorations have marked a pivotal juncture in industry and
academia, which, to date, continue to join efforts to demonstrate the critical role of nanoparticles
in mitigating the adverse impacts of asphaltenes; recognized as one of the most challenging crude
oil fractions and a major financial burden for the industry. The author of this thesis has contributed
to the field through the publication of a book chapter, in which these topics are discussed in detail.
Refer to (1).

In this context, we recognize the relevance of studying the rheology exhibited by mixtures
of heavy crude oils and ferrofluids, by adding a second dimension: the application of external
magnetic fields. This fundamental principle holds potential for the development of technological
approaches focused on improving the efficiency of oil transportation and production, and its
motivation is based on the well-proven magnetic induced flow approaches of magnetorheological
fluids in these scenarios. Nevertheless, a fundamental knowledge of nanoparticle-asphaltene
physicochemical interactions is imperative, alongside the study of their impact on the induced
magnetorheological properties. Furthermore, it should be highlighted that the inherent rheological
behavior of these mixtures presents a more formidable challenge compared to conventional
ferrofluids. The intrinsic viscoelastic properties of heavy crude oils deviate from the coarse
knowledge of the magnetorheolgy and ferrohydrodynamics of ferrofluids, which has been mainly
focused on formulating and modeling them with Newtonian carrier liquids.

Considering the discussed progresses, this research thesis has been developed with the

fundamental objective of studying the magnetorheological behavior and magnetic-induced
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microstructure of heavy crude oils and ferrofluids mixtures. The specific objectives embrace a
visionary framework that spans from macroscopic to microscopic scales, starting from the
understanding of the rheology of heavy crude oils, followed by the evaluation of the effect of
inclusion of ferrofluids on the rheological and magneto-rheological properties of heavy crude oils,
and culminating in an in-depth understanding of the effect of physicochemical interactions
between asphaltenes and nanoparticles on the magnetically induced microstructures of these
mixtures. From the last, a systematic methodology was developed for the modeling and description
of the effects of asphaltene adsorption on the nanoparticle magnetic dipolar interactions, as well
as the formation and alignment of induced magnetic structures under the influence of uniform
perpendicular static magnetic fields. Against this background, the doctoral dissertation was
structured in three fundamental chapters complementing the above-discussed literature review and
providing the context for our own contributions to the field. Each of the three chapters is composed
of a research article; to date, two of them have been published, while the third is about to be
submitted. A schematic representation of the roadmap is presented in Figure 1.
The first chapter, entitled Rheological implications of the inclusion of ferrofluids and the
presence of uniform magnetic field on heavy and extra-heavy crude oils, provides a general
overview of the rheological and magnetorheological behavior of two selected samples of

Colombian heavy crude oils, based on two fundamental criteria. First, the thermo-rheological

§2. Contreras—Mateus MD, Ldpez—Lépez MT, Ariza-Le6n E, Chaves—Guerrero A. Rheological
implications of the inclusion of ferrofluids and the presence of uniform magnetic field on heavy and extra-heavy crude

oils. Fuel. 2021;285:119184.
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simplicity of these fluids with the aim of modeling their viscoelastic properties and relaxation
mechanisms through the application of the time-temperature superposition (TTS) principle and the
empirical generalized Maxwell model, within the dynamic flow field. Second, the rheological
behavior exhibited by the samples when mixed with FezO4 kerosene-based ferrofluids, with the
aim of encompassing the entire spectrum from Newtonian to non-Newtonian behavior. Against
this background, we focused on the rheological characterizations of the heavy oils and their
mixtures with the aim of elucidating the well-established effect of asphaltene adsorption onto the
surface of the nanoparticles by exploring the modifications of the stationary flow and viscoelastic
curves. Essentially, it was conclusively proven that the inclusion of the kerosene-based ferrofluids
significantly reduced the viscosity. Likewise, a specific critical concentration of nanoparticles was
found, further influencing both the viscosity and structural elasticity. On the other hand, this study
was the first to demonstrate the induction of moderate magnetoviscous effects of mixtures of heavy
crude oils and ferrofluids. This groundbreaking finding opened a new pathway, aiming to emulate
analogous magnetorheological effects, such as the known “negative viscosity” observed in
ferrofluids under the influence of oscillating and rotating magnetic fields. However, several
concerns emerged from these results, mainly because the induced effects were less pronounced
than those typically observed in commercial ferrofluids under the influence of uniform static
magnetic fields. These intriguing outcomes prompted further inquiries into the underlying
physicochemical mechanisms that inhibited the magnetorheological response, and the potential

implications of such effects in complex mixtures.
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The second chapter, entitled Effect of asphaltene adsorption on the magnetic and
magnetorheological properties of heavy crude oils and FezOs nanoparticles systems,” builds
upon the proven magnetorheological effects of the preceding chapter and aims to provide a
comprehensive understanding of the underlying physicochemical interactions within these systems
when exposed to external magnetic fields, with a particular focus on the role of the adsorbed
asphaltenes on the dipolar interparticle interactions. On this basis, this research simplified the
system by separating the asphaltenes from their original matrices to formulate toluene-based
models; and involved the development of two stages. First, an evaluation of the adsorption kinetics
and isotherms of asphaltenes on FesO4 nanoparticles was carried out in the toluene-based model
systems, considering the potential ambiguous effect of the presence of resins on the
nanoparticles/asphaltene interactions; and applying the well-established phenomenological
models and methods from the existing literature. Second, magnetometry and magnetorheological
characterizations were conducted, involving nanoparticles/asphaltene complexes in different
matrices, as a function of the asphaltene concentration, to elucidate their implications on the
magnetorheological properties. An important outcome of this research was the groundbreaking
demonstration of the existence of a functionally proportional dependence of the apparent magnetic
susceptibility with the asphaltene concentration, proving that this fraction was completely

adsorbed in the form of layers onto the nanoparticles surface, resulting in the appearance of steric

3. Contreras—Mateus MD, Sanchez FH, Cafias-Martinez DM, Nassar NN, Chaves—Guerrero A. Effect
of asphaltene adsorption on the magnetic and magnetorheological properties of heavy crude oils and Fe304

nanoparticles systems. Ibid. 2022;318:123684.
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repulsive effects. Furthermore, the analysis of the magnetic-modified dynamic moduli suggested
that, in the colloidal state configuration, additional attractive interactions, potentially involving
interdigitation, might be feasible at specific asphaltene concentrations (<1 wt.%). This finding
implied the spontaneous formation of isotropic aggregates of nanoparticles/asphaltenes, even in
the absence of an applied magnetic field.

The third chapter, entitled Toward understanding induced microstructural changes of
magnetic modified crude oils by applying non-linear rheology and magnetometry, expands upon
the groundwork laid in the preceding chapters, which deepened into the overarching
magnetorheological behavior of heavy crude oil and ferrofluid mixtures, and the simultaneous
steric repulsions of the adsorbed asphaltenes onto the nanoparticle surfaces. The primary objective
was to study and model the formation and reorientation of asphaltene/nanoparticle complexes to
provide fundamental insights that could be applied to enhance the flow properties of heavy crude
oils. A new methodology combining Large Amplitude Oscillatory Shear (LAOS) tests and
magnetometry was proposed. From the former, the sequence of physical processes (SPP)
framework was implemented to provide intra-cycle structure-rheological interpretations during the
nonlinear viscoelastic characterization of heavy crude oil- ferrofluid mixtures, upon the application
of an external field perpendicular to the flow direction. This approach was supported and validated
through the development of a phenomenological model that captured the intricate processes
involved in the formation and reorientation of aggregates, based on the experimental data acquired
from zero-field cooled (ZFC) and field-cooled (FC) magnetization curves. In general, it was
demonstrated that disordered asphaltene aggregates are highly extended and naturally formed in

the absence of a magnetic field. In contrast, in the presence of a uniform field, the formation of
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interacting structural aggregates of several hundred nanometers was observed, analogous to
ferrofluids-magnetically controlled suspensions.

Accordingly, the initial perception of asphaltenes as antagonists created a sense of
uncertainty, it seems that asphaltenes unveiled a captivating paradox — could their presence serve
as a control agent in promoting the formation of aggregates, whose orientation could be
manipulated by external magnetic fields to induce favorable flow properties of heavy crude oils?

Finally, a section on general remarks and ongoing research was included where the main
findings of this thesis are highlighted. We also dedicated some discussions about the design,
assembly, and operation of a flowline system aimed at studying the effect of alternative magnetic
field configurations (longitudinal linear increasing and oscillating) with the potential of enhancing
the flow properties of mixtures of heavy crude oils and ferrofluids, as observed in

magnetorheological fluids by the induction of Kelvin-body forces and “negative viscosity” effects.
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Figure 1
Thesis roadmap.
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1 Theory, challenges, and status of the application of ferrofluids and magnetism in the
petroleum industry

1.1 Introduction

Fast-evolving international plans toward more sustainable scenarios represent a major
challenge for the oil industry, which implies an urgent priority in the investment and exploration
of non-conventional technological alternatives with the potential to reduce the ecological footprint
and reach the international climate targets, while preventing severe supply disruptions and
destabilizing price volatility; especially in aviation, shipping, and petrochemicals that rely on oil
for the medium term (4). Nanotechnology, which is focused on manipulating matter on the
nanoscale, is emerging as one of the alternative solutions that offer the imminent advantage of
both, adding profitable economic scenarios and preventing long-term negative impacts on the
environment. Accordingly, significant efforts have been devoted to studying the application of
nanomaterials to intensify upstream, midstream, and downstream oil operations. Specialized
literature has demonstrated that nanoparticle technologies stimulate oil exploration and production
processes by altering wettability, inhibiting asphaltene formation damage, reducing interfacial
tension, changing the viscosity of the flooding fluid, and enhancing the stability of foams and
emulsions. Nanomaterials have also found room in heavy oil transportation and storage, since they
act as asphaltene sorbents and dispersants, promoting viscoelastic structural changes due to the
disruption of asphaltene aggregates and the decrease of precipitation rates (2, 3, 5-7).

Among the well-known functional nanomaterials, growing interest has been assigned to
metal oxides that, besides providing large functional surface areas and asphaltene selectivity, also

exhibit enhanced structural properties, thermal and electric conductivity, as well as



30
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

superparamagnetism. Regarding this last property, plenty of advances in fluid dynamics using
colloidal suspensions of ferri- or ferromagnetic single-domain nanoparticles (i.e., ferrofluids) have
been reported in areas as diverse as engineering, biomedicine, electronics, environment, and
computing (8-11). Although these magneto-controllable features have not yet gained a foothold in
oil flow assurance and recovery, several works have hinted at their true potential. Most of the
available literature has focused primarily on the recovery of heavy oil by enhanced metal-
nanoparticle incorporating electromagnetic heating (EMNIEH) (12). In theory, high-frequency
magnetic fields can cause magnetic nanoparticles to release heat in various ways: hysteresis loss
and, Brownian and Néel relaxation (13), whose significance is conditioned to the particle size. For
instance, for typical parameters (at a frequency of 200 kHz and anisotropy energy density of 25
kJ/m?3) (13), the critical size is in the order of 15 nm, below which, magnetic relaxation mechanisms
dominate and the thermal energy dissipation is accomplished by the rotating magnetic moment of
each particle against an energy barrier, either due to the rotation of the magnetic moment while the
particle remains fixed (Néel relaxation), (13-15) and/or the unison rotation of the magnetic
moment with the particle itself (Brownian relaxation) (13-15). Although the relevance of hysteresis
loss has been controversial, in particles larger than 100 nm, thermal dissipation can also be ascribed
to shifting domain walls (13). Concerning this specific topic, Bera and Babadagli (12) reviewed
some of the early laboratory-scale attempts at the application of nanotechnology in
electromagnetic (EM) heating for enhanced heavy oil/bitumen recovery. Some of the mentioned
reports proved the reliable ability of the nanoparticles for heat dissipation, which resulted in heavy
oil viscosity reduction and, thus, enhanced recovery efficiency (16). Further down the line, Ali et

al. (17) expanded the scope of the state-of-the-art application of electromagnetic-assisted magnetic
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and dielectric nanofluids; favorable results, such as those reported by Soleimani et al. (18) showed
encouraging signs. Pioneering water-based ferrofluids composed of ferromagnetic Co?*xFe?*1.
«Fe*,04 nanoparticles (x=0.75, saturation magnetization of 65.23 emu/g) reached 71.44% of
residual oil-in-place recovery (ROIP) efficiency, and 85% ROIP with the simultaneous EM
irradiation (78 MHz). Recently, Hassan et al. (19) also reviewed promising results in oil recovery
with the concurrent EM treatment, using water-based Nickel-Zinc ferrite ferrofluids’™ (20), water-
based Yttrium lIron Garnet-YIG ferrofluidst* (21), water-based Fe;Os-Al;O3 nanofluids®® (22),
brine-based ZnO and Al.Os dielectric nanofluids™ (23, 24). Although this subject seems to be
well-documented, limited discussion has been devoted to the potential and applicability of induced
magnetoviscous effects of ferrofluids in oil flow assurance and recovery. The possibility of
stimulating new classes of fluid dynamic phenomena because of the action of moderate magnetic
fields that effectively compete with the gravitational forces, could provide several development
opportunities. Recently, Zhou et al. (25) presented an interesting breakthrough in the application

of magnetic nanoparticles in the petroleum industry. While their overview was broad regarding

0.1 wt.% Ni.«ZnxFe,03, x=0.5, saturation magnetization of 52,6 emu/g, 13.5 MHz irradiation, recovery of
26.07% ROIP.

1 wt.% Y3FesOi2, saturation magnetization of 18.17 emu/g, 13.6 MHz irradiation, recovery up to 43.64%
ROIP.

8 0.01 wt.% Fe,03-Al,03, saturation magnetization of 0.11 emu/g, 13.6 MHz irradiation, incremental
recovery up to 30% OOIP.

™ 0.01-0.1 wt.% of nanoparticles, 0.017-0.025 wt.% of SDBS, 3 wt.% brine, 18.8 MHz irradiation, up to

~40% of reduction in the interfacial tension and contact angle, up to 72.3% OOIP of total oil recovery.
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the potential of magnetic nanoparticles, just a couple of the reviewed research implemented
simultaneously magnetic nanoparticles (or ferrofluids) and magnetic fields in areas such as drilling
and completion improvement (26, 27), magnetic separation (oil-in-water (28-31) and water-in-oil
(32) emulsions, desalination (33, 34)), reservoir sensing and imaging (35-42), enhanced oil
recovery (43-46), heavy oil upgrading (EMNIEH (16, 47)), as well as flow assurance and
conformance control (dewaxing/inhibition of wax deposition by magnetic hyperthermia (48-50),
conformance control by magnetic hyperthermia (51), and magnetorheological effects (52)).
Though Zhou et al. (25) and other authors (17, 19, 53-55) have introduced some general principles
and practical approaches to the magnetoviscous properties of ferrofluids, an outline of the
magnetic-induced physical and fluid dynamics fundamentals governing ferrofluids is still essential
to provide in-depth insight into the diverse applications and their potential in the petroleum
industry.

Against this background, we have identified two approaches that have gathered ground in
recent years and, to the best of our knowledge, have not been thoroughly reviewed: ferrofluid-
assisted enhanced oil recovery, and pipeline transportation. Therefore, we have proposed a
programmatic line focused on exploring the theoretical and technical aspects, challenges, and
perspectives grounded on these pillars, as shown schematically in Table 1.

Table 1
Summary of the state-of-the-art applications of ferrofluids and magnetism in the petroleum

industry.

Magnetoviscous effect Highly diluted ferrofluids

Theory Rotational viscosity
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"Negative" viscosity
Ferrofluids and

. . Magnetic induced ferrofluid flows in porous media
magnetism in the

petroleum industry Applications,  challenges, Ferrofluid-assisted enhanced oil recovery

status, and perspectives Ferrofluid flow: Prospects for pipeline transportation

1.2  Ferrofluids: fundamentals and applications

Magnetic ferrofluids consist of stable colloidal dispersions of single-domain ferrite/metal
particles in a non-conducting liquid carrier, typically in the size range between 3-15 nm (8, 14, 56,
57). Based on this dimension domain, the particles are permanently magnetized and, thus,
experience strong-long range magnetostatic attraction, besides the gravitational field. To avoid
agglomeration and the subsequent sedimentation, repulsive mechanisms can be induced either by
coating the surface of the particles with a surfactant/polymer to produce an steric barrier or by
charging them to enable electrostatic repulsion (14, 56, 58).

Theoretically, to prevent settling or big gradients of concentration, the thermal energy of
the particles e; = k5T (Where, kg is the Boltzmann constant, and T the absolute temperature) must
be higher than the magnetic ey = uoMHV and gravitational e, = ApV gL energies (where p, is
the permeability of free space; H and M are the magnetic field, and the spontaneous magnetization
of the magnetic material; V tis he volume of the particles; Ap is the density difference; g denotes
the gravitational acceleration; and L is the elevation in the gravitational field). Thus, for example,
the condition for the maximum allowable size for spherical particles to remain stable against
segregation in a field gradient can be expressed as (14, 56),

d < (6kgT/muoMH)Y3 (1)

Since typical ferrofluids contain N~10'4-10*8 particles per cubic centimeter (8, 59, 60), the
collision rate is high because of Brownian motion, fluid shear, differential settling or magnetic

field, causing attachment and the subsequent aggregation; hence, active diameters could exceed
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the maximum established in Eq. 1, and induce sedimentation. Analogously, thermal energy (er)
must counteract the attachment energies, i.e., magnetic dipole-dipole pair energy (e;4) and electric
dipole fluctuation energy (van der Waals attractive forces, e, 4 /) (10, 14, 56). In the former, the
maximum energy required to separate a pair of permanently magnetized spherical particles is when
they are aligned; thus ey = (muoM?d3®)/(9(1 + 2)3), where d is the diameter of the particles and
[ = 2s/d, s denotes the surface-to-surface separation distance. Besides, e, reaches its maximum
when the particles come into contact (I = 0). Accordingly, to inhibit agglomeration, particle size
should obey the inequality e; > e;4, Which gives (56),

d < (72KgT /mpoM?)1/3 (2)

Regarding the van der Waals interaction, it causes irreversible coagulation of bare magnetic
particles. In contrast to the magnetic dipole-dipole interaction energy (which is finite for contacting
pairs (I = 0)), infinite e, 4 IS required to separate a particle pair, as depicted in Eq. 3 and Figure
2.

evaw = —(A4/6)[(2/(1* +4D) + 2/ + 2)?)

+In((1? + 4D /((L + 2)*))]

3)

where A is the Hamaker constant.

As mentioned before, contact inhibition is crucial to guarantee colloidal stability.
Adsorption onto the nanoparticles surface of long-chain molecules with compatible tails with the
surrounding matrix, promote steric repulsion since they act as elastic bumpers. Eg. 4 is a
semiquantitative description of these repulsive energies induced by the active-group shell layers

(14, 56).
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esteric = (Md*§/2)[2 = (U +2)/0)In((1 +8)/(1 +1/2))) - 1/t] 4
where & is the surface concentration of adsorbed molecules, t = 26/d, § denotes the

thickness of the surfactant layer.

Considering the foregoing, Figure 2 is a schematic representation of the attractive and
repulsive energy potentials between a pair of functionalized core-shell magnetite (FezOa)
nanoparticles of typical bare diameter of 10 nm, 2 nm, and 1 nm of surfactant shell (§) and density
(&), respectively. As shown, the net potential energy curve exhibits an energy barrier over 20 kT,
which is an order of magnitude higher than the average thermal energy per particle, implying that,
statistically, the agglomeration rate should be negligible under this common condition.

Figure 2
Attractive and repulsive energy potentials between a pair of functionalized FesO4 nanoparticles

(Mo= 4.5:10° Am™%).
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1.3 Magnetic properties and constitutive equations

The straightforward manner of studying the magnetic properties of ferrofluids is to assume
them as a system of non-interacting spherical particles, each with its embedded magnetic moment
m~2-10* pg (Bohr magnetons) and randomly oriented, analogous to the molecules of a
paramagnetic gas. However, under the action of a moderate magnetic field (few tens of mT), the
dipole moments tend to align along the direction of the field, enabling a net magnetization in the
system that obeys a state of thermodynamic equilibrium. This ordered state is proportional to the
field strength, until the magnetic field is high enough such that the magnetic forces overcome the
thermal forces and the magnetization reaches its saturation value (My) (8, 14, 56). Based on the
above, the classical theory of Langevin L(a) can be adapted to describe the superparamagnetic
features of ferrofluids, as shown in Eq. 5 and Figure 3.

Meq/Ms = cotha —1/a = L(a) (5)
where a = (/6) ugMoHd3 /xgT = uomH /xgT is the Langevin parameter, My = ¢M,,

¢ is the volume fraction of the magnetic cores, and M, is the spontaneous magnetization
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Figure 3

Magnetization curves of monodisperse spherical FesO4 nanoparticles (Mo= 4.5-10° Am™).
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At this point, one feature to highlight is that the magnitude of the initial susceptibility (y;)
of a ferrofluid is about four orders of magnitude stronger than that of a paramagnetic salt solution.
The above can be easily analyzed in the limit condition of low magnetic fields (a « 1), at which,
the Langevin function reduces to L(a) = a/3 and, thus, the equilibrium magnetization is directly
proportional to the magnetic field,

Xi = Meg/H = (My/3) (om/ksT) = (1/V)piem?/(3kT) (6)

It should be noted that, in a paramagnetic gas, the net magnetic moment only reaches a few
Bohr magnetons per constituent (m~2 pg) (61).

As outlined, the superparamagnetism of ferrofluids leads off the window of possibilities to

control their fluid dynamic properties by the action of moderate magnetic fields. Among these, the
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induced modifications on the apparent viscosity seem to be one of the most influential effects and
one of the most challenging subjects of ferrohydrodynamics (56). The complexity arises from the
deviation of the early theory of magnetization (M) collinearity with the magnetic field (H), which
is valid in sufficiently small particles (or solidified systems in static equilibrium), at which, the
magnetic moment rotates freely within the particle, as the thermal energy largely overcomes the
energy barrier provided by the effective anisotropy of the magnetic cores (KV « kgT, where K is
the effective anisotropy constant). The induced fluctuations of the magnetization inside the grain
have a characteristic time, known as Néel relaxation time ty (Eq. 7) (14, 56, 62).

Ny = (1/fo)eKV/kBT (7

where f, ~ 10° Hz (8, 56).

Besides, if KV = kgT, the magnetization of the grain is in equilibrium, but the potential
anisotropy energy still plays a role, and the theory of Langevin (Eg. 5) is no longer a good
description of the magnetization process (63). In such case, other approaches must be employed
(64).

On the other hand, for particles in a larger size domain (KV >» kgT), the magnetic moment
is fixed concerning its crystal structure, the relaxation takes place by the unison rotation of the
moment and the particle itself, in a process known as Brownian relaxation with characteristic time
7p (EQ. 8) (14, 56, 62).

T = 3Vn/kgT 8)
where, V = wr(d + 28)3/6 is the hydrodynamic volume of the particle (i.e., including the

active-group shell layer and assuming spherical forms), n is the viscosity of the liquid carrier.
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However, within the limit of the critical diameter, the relaxation takes place by a
combination of both processes, as described by the effective relaxation time (Eqg. 9).

1/t=1/15+1/1y 9)

The situation is even more challenging in ferrofluids since the size distribution is mostly
polydisperse, which implies the simultaneity of both relaxation mechanisms. Thus, for each
particle size, the relaxation time is determined by the shorter between both (Néel or Brown), and
so the average relaxation time of the suspension must be estimated by observing this condition.
Now then, changes in the orientation of H produce non-collinear responses of M, because of the
slower process of particle rotation, which is resisted by the fluid viscous-drag torque (i.e., a lack
of synchronization between the rate of rotation of a fluid element/particle and the rate of internal
spin of the matter making up the fluid element). Hence, the hydrodynamics becomes less
straightforward, and its continuum description requires body couples, internal angular momentum
density, antisymmetric and couple stresses (8, 14, 56, 62). The following basic laws of continuum
mechanics and constitutive relations comprise the whole set of ferrohydrodynamic equations (14).
It is worth pointing out that we will limit the scope to isothermal incompressible ferrofluids,
assuming a spatially uniform distribution of spherical, rigid, non-interacting, and monodisperse
particles. Therefore, the continuity equation is established, as shown in Eq. 10.

V-v=0 (10)
Now, the linear momentum equation for incompressible ferrofluids (Eq. 11).
p(Dv/Dt) = —Vp + pg + uoM - VH + 2{(V X w)

(11)
+A+n-=V(V-v)+(n+ V3V
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where p is the density, v is the translational velocity, w is the average rotation rate of the
subcontinuum units (i.e., particles’ spin velocity), p is the pressure, g is the gravitational field, M,
A, 1, ¢ are the magnetization, the bulk viscosity, the shear viscosity, and the vortex viscosity of the
suspension; respectively.

The hydrodynamic description implies the consideration of the internal angular momentum
as an independent variable, the rate of change of volume density of which (denoted by s(x,t) =
p(x,t)I(x,t)w(x,t)), can be obtained by subtracting the moment of the linear momentum density
from the total angular momentum density, as shown in Eq. 12 (8, 14).

pl(Dw/Dt) = uyyM X H+ 2{(VX Vv —2w) + (X' + n")V(V - w)
(12)
+7'Viw

where I(x, t) is the moment of inertia density of the subcontinuum units (particles) in the
ferrofluid and will depend on the shape and concentration of the particles, A’ is the bulk spin
viscosity, and n' is the shear spin viscosity.

Finally, the magnetization relaxation process depicts simultaneous magnetization and
reorientation. The average spin rate of the particles in a unit volume of fluid shifts the magnetic
vector of the fluid sample through w X M in unit time. Thus, the time rate of change of
magnetization in a moving but nonrotating frame can be expressed as shown in Eq. 13 (8, 14).

OM/0t +v-VM = w XM — (1/7)(M — M) (13)

Nevertheless, it is important to point out that, Eq. 13 describes accurately the magnetization
for low magnetic field strengths and frequencies, which are very common conditions in several
ferrofluid applications and imply feasibility of the Maxwell equations in the magnetoquasistatic

limit (Eq. 14) (8).
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VxH=0,V-(M+H) =0 (14)
Thus, the above corresponds to the set of ferrohydrodynamic equations (Eqg. 5-14)
describing the flow of a ferrofluid under the influence of a moderate magnetic field. Detailed
descriptions can be found in Rosensweig's book (14).
1.3.1 Magnetoviscous effect in highly diluted ferrofluids: Rotational viscosity
Consider a ferrofluid with non-interacting and magnetically hard elemental nanoparticles
(i.e., Brownian relaxation time being shorter than Néelian one), experiencing a shear flow under
the effect of an external magnetic field. For instance, the flow of a ferrofluid between two parallel

plates v = v,(x)i,, generated by the movement of the upper plate at a constant velocity U. For this

dv,

0 that coincides in direction and

situation, the fluid has a local angular velocity, Q, =

magnitude with the angular velocity of the particles w,,. In the case of applying a magnetic field
in the direction perpendicular to the vorticity, i.e., in the x-direction, a magnetic torque is generated
trying to align the magnetic moment of the particles in this direction and making the angular
velocity of the particle to be different from the local vorticity of the fluid, which translates into an
increase in viscosity. This phenomenon was experimentally observed by McTague in 1969 and
explained by Shliomis in 1972 (56).

In general, an intriguing scenario unfolds, which involves a non-collinearity between the
orientation of the magnetization vector (M) of the embedded particles and the encompassing
magnetic field (H), emerging due to a temporal misalignment between the rotational behavior of
the nanoparticle spins (w) and the vorticity of the ferrofluid (1/2 (V % v)) (65-67). Hence, an
intertwined dual counteracting phenomenon emerges. On the one hand, a mechanical torque

stemming from the spin—vorticity asynchrony, actively seeking to draw the dynamic magnetization
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vector away from its equilibrium orientation; and, on the other hand, a magnetostatic torque
stemming from the non-collinearity of M and H, exerting its influence to realign the magnetization
vector back to its original equilibrium position. Consequently, this induced contrarotation between
the vorticity and the magnetized nanoparticle spin results in an increased local dissipation in the
flow and, eventually, a rising in the viscosity of the fluid, known as rotational viscosity (56, 59,
68). Eq. 15 shows the mathematical derivation proposed by Shliomis (56).
An = (3/2)(¢'n¢)((a — tanh a) /(& + tanh &) )(sin® B) (15)
where, ¢’ denotes the volume fraction of the particles including the surfactant, n, the
viscosity of the solvent, « is the argument of the Langevin function (L, Eq. 5), § the angle between
the vorticity of the flow and the magnetic field direction, and (... ) denotes the spatial average of
the respective quantity.
Now, based on Eq. 15, under low magnetic fields, An grows proportionally to a?, thus
(68),
An =1/ (Pnda?,  a«K1 (16)
And tends to saturation, under high magnetic field strengths, thus (68),
An = 3/2)(@'no),  a>1 (A7)
Later, the system of equations was refined based on the Fokker-Planck equation for
colloidal ferromagnet particles (69).
An = (3/2)(¢p'no)(al?/(a — L))(sin® B) (18)
While this approach has served as the foundational framework of ferrohydrodynamics (56),
it is worth noting that changing the configuration of the magnetic field reveals a plethora of

captivating phenomena. In fact, the research led Shliomis and Morozov (68) to explore an
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intriguing possibility: what if the vorticity of the fluid and the spin of the magnetized nanoparticles
coincide synchronously, where the nanoparticle spin velocity surpasses that of the fluid vorticity?
This hypothetical alignment implies that a fraction of the internal angular momentum within the
nanoparticles transfers to the fluid, thus mitigating fluid dissipation. This phenomenon was proved
with frequency oscillating linearly polarized magnetic fields H = (H, cos wt,0,0), and the
expression derived by the authors is shown in Eq. 19.

An = (1/4)(@"nea®)[(1 — w?3)/(1 + w?73)?], a1 (19)

Note that, for w = 0, Eq. 19 reduces to Eq. 16. While at, w,75 = 1, the function An
changes its sign, passing from the domain of positive (w < w,) to the domain of negative (w >
wy) Values, defined by the authors as negative viscosity (59, 68, 70, 71).

Other authors have delved into alternate configurations of magnetic fields, encompassing
rotating (72-74), traveling wave (75-77), static linear increasing fields (78, 79), among others.
Some of these approaches will be discussed in detail in subsequent sections.

1.4  Magnetic induced ferrofluid flows in porous media

Ferrofluid applications in porous media have gained increasing awareness due to the small
size, dispersibility, and ultra-stability of the suspended particles, which enables them to flow
appropriately through these complex media (e.g., natural sediments or fractured rock) by the action
of gravitational, pressure gradient, capillary, and magnetic forces (80, 81). Furthermore, it has been
theoretically demonstrated by Zahn and Rosensweig (82) the potential use of ferrofluids to prevent
the well-known viscous fingering destabilization (usually denoted as Saffman—Taylor instability),
occurring when an immiscible fluid pushes another more viscous one through the voids of a porous

medium. The key factor here is the effective stabilizing role of a magnetic field applied tangentially
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to a flat fluid interface separating the magnetizable and non-magnetizable fluids. The authors also
performed experimental tests in a vertical Hele-Shaw cell coupled to a Helmholtz-like
configuration that generated a uniform magnetic field directed tangentially to the interface; using
an upper fluid more viscous (Nypper > Nyr) but less dense (pypper < prr) than the pusher
ferrofluid (to avoid Rayleigh—Taylor instability). The fingering patterns revealed that the magnetic
field had a stabilizing effect and tended to decrease the finger growth rate while increasing the
spacing between fingers. Afterward, Zahn and Rosensweig (83) evaluated the effect of magnetic
field gradient on fingering stabilization in the recovery of reservoir-type fluids, using sand-pack
flood tests coupled to two individual magnetic arrays: i) a Helmholtz pair generating uniform
magnetic fields directed tangentially to the undisturbed fluid interface in the sand-pack; and, ii) an
iron yoke electromagnet providing the gradient magnetic field, which was oriented tangentially to
the driving interface and possessed a gradient of the field in the normal direction (i.e., field
increasing from the top towards the bottom of the sand-pack). One of the main observations
confirmed that uniform magnetic field stabilization is not effective in realistic three-dimensional
formations (i.e., it only stabilizes suitably short waves traveling along the field lines) (82), the tests
not only revealed that fingering was not prevented, but also recovery was very low. Meanwhile,
the gradient magnetic field showed, in all scenarios, a favorable influence on fingering stabilization
and significant increases in ultimate recovery (up to 62%). This gradient-field stabilization
mechanism was further proved by Miranda (84), based on linear stability analysis for flow in a
rotating Hele-Shaw cell, assuming that one of the fluids was a ferrofluid and that a nonuniform,
azimuthal, in-plane magnetic field was applied. The physical explanation of the stabilizing role of

the magnetic field obeyed the induction of a force directed radially inward which opposes the



45
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

centrifugal force and favors interface stabilization. This analytic study was then validated with
numerical evaluations, that complementary proved the appearance of nonlinear instabilities,
forming diamond-ring—shaped patterns, when the droplet is nearly stabilized (85). Verma and
Rajput (86) also established, based on a mathematical formulation of Darcy’s law, a stabilization
of fingers in a homogeneous porous medium saturated with a native non-magnetic liquid of higher
viscosity, and subjected to a uniform injection of a magnetic liquid and the influence of a
unidirectional magnetic field. Shah and Verma (87) further discussed an analytical one-
dimensional formulation of the phenomenon of fingero-imbibition (i.e., the simultaneous
occurrence of fingering and imbibition) in displacement processes through a saturated
homogeneous porous matrix, with the injection of wetting ferrofluids and the presence of magnetic
field, it was proved a decreasing tendency of saturation of the injected fluid since the average
cross-sectional area occupied by the fingers was reduced (stabilization of fingers). These analyses
have also been discussed considering the effects of gravitational force and capillary pressure (88).
More recently, Borglin et al. (80) conducted some laboratory-scale experiments on the flow of
ferrofluids in porous media. The authors demonstrated that ferrofluids could be mobilized by
permanent magnets over distances in the order of 0.25 m on timescales of hours to days, depending
on the permeability of the porous arrays, which also implied preferences of the direction of the
flow pathway followed by the ferrofluid. Although, in all cases, the final ferrofluid distribution
(regardless of the medium nature and gravity) held a static and predictable arc-shaped
configuration around the magnet. Based on this reproducible final structure, the authors
highlighted the potential use of ferrofluids in applications such as geo-physically image tracing, or

the formation of overlapping barrier layers to seal tanks or pipes. Pacitto et al. (89, 90) further
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described the magnetoviscous fingering instability in radial and linear Hele-Shaw flows subjected
to different configurations of external uniform magnetic fields (normal, perpendicular, and
tangential to the driven interface) and flow regimes (linear and nonlinear); the theoretical and
experimental approaches led to the introduction of an effective surface tension depending on the
amplitude of the magnetic field, which provided a qualitative understanding of the
stabilizing/destabilizing phenomena. Miranda and Widom (91) also contemplated Kelvin-
Helmholtz type of instabilities occurring in parallel flow (i.e., fluids flow parallel to the interface
separating them) in Hele-Shaw cells with ferrofluids, by performing a linear stability analysis
under different magnetic field configurations (normal, perpendicular, and tangential to the
unperturbed interface) to demonstrate that stability of the interface depends on the field’s direction;
on the one hand, tangential field showed stabilizing nature, while sufficiently strong normal and
perpendicular magnetic field configurations led to a possible destabilization of the interface, as the
ferrofluid evolves into a mazelike structure; as established by Rosensweig et al. (83, 92)
Additionally, the authors noted that the magnetic fields may create an effective interaction between
solitons (i.e., localized perturbations on the flat interface) since a net dipole moment is acquired.
Moatimid (60, 93) further obtained a dispersion relation of the Kelvin-Helmholtz instability of two
miscible ferrofluids in porous media, by using the method of multiple scales, in linear and non-
linear (Ginzburg—Landau equation) stability approximations. From the former, the author proved
that both the tangential magnetic field and the surface tension are stabilizing, while Darcy’s
coefficients play a dual role in stability (i.e., being stabilizing through porous media). Besides,
from the nonlinear approximation, the streaming velocities showed stabilizing influence. Another

kind of induced instabilities of a ferrofluid drop surrounded by an immiscible nonmagnetic fluid
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confined in glass Hele-Shaw cells have been also reported, due to the simultaneous application of
in-plane-rotating and dc-axial uniform magnetic fields (94-96). Besides monitoring the flow
patterns, the authors modeled them by applying the minimum magnetization and surface energy
analysis developed for labyrinth spacing (92). In general, the combination of both magnetic
configurations led to the formation of a discrete droplet structure (when the clockwise rotating
magnetic field is applied, followed by the DC axial field at a critical value near the saturation
magnetization) or the development of clockwise spiral patterns (when the DC axial field is applied
first). In that respect, Jackson and Miranda (97) explored two competing magnetic forces:
(destabilizing) uniform perpendicular magnetic field, and a (stabilizing) nonuniform azimuthal
magnetic field, through linear stability and numerical analyses, to design a convenient mode-
selection feature that offers precise control of pattern formation.

On the other hand, some authors have relied on more realistic scenarios; Larachi and
Desvigne (65-67) studied the ferrohydrodynamic ferrofluid flow in Muller porous medium of
spherically shaped grains, a special class of porous media presenting pronounced effects of wall
bypass flows, and subjected to external constant gradient magnetic fields (bulk-flow oriented
positive and negative). They focused on formulating a simplified zero-order three-dimensional
axisymmetrical (volume-averaged) model to analyze general Forchheimer non-turbulent flows,
assuming incompressible Newtonian ferrofluids of non-interacting magnetic nanoparticles. Based
on a series of simplifying assumptions to decouple the problem into a hydrodynamic sub-model
and a magnetostatic sub-model, they demonstrated that the ferrofluid flow exhibit only
magnetoviscothickening with co-rotative vorticity and spin density, acting mostly as a skinning

mechanism in the wall region to produce the desired effect of slowing down channeling alongside
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the wall (67). Likewise, the induced Kelvin body force, due to the magnetic field gradients,
produced hypo- and hyper-gravity conditions, because of magnetic levitation, which modified the
pressure drop. In general, such decoupling provided reasonable estimations of the velocity field,
the spin density, and magnetization fields, but only for large and positive gradient magnetic fields
(66). More recently, Kaloni and Mahajan (98) obtained a set of no definite form of the general
ferrohydrodynamic equations extended to porous media, by deriving the Reynolds-Orr energy
equivalence for a ferrofluid in these complex media, they established the stability bounds and
conditions when these flows are asymptotically stable, based on restrictions on Reynolds, magnetic
Reynolds, spin and Darcy numbers. In a complementary direction, Bashtovoi et al. (99) and
Rahmani et al. (100) studied the deformations (detachment and the subsequent evolution) of a non-
wetting incompressible and inviscid ferrofluid blob surrounded by a wetting non-magnetic fluid
confined in a capillary tube, under the action of a uniform longitudinal magnetic field. The former
(99), theoretically, and experimentally proved the elongation of the ferrofluid meniscus under the
effect of the axial field, which also produced a decrease of up to twice the pressure drop. By
implementing analytical and numerical methods, Rahmani et al. (100) solved Maxwell’s, Stokes,
and Young-Laplace equations, as well as the extended effect of nonlinear magnetization on the
ferrofluid blob evolution. On the one side, the pre-critical state of detachment was analyzed
numerically, considering that the magnetic field inside the blob was non-uniform, by employing
an integral representation of the ferrohydrodynamic equations. On the other hand, the post-critical
state was solved analytically, assuming an ellipsoidal configuration. Among the extended results,
they proved that nonlinear magnetization has drastic effects on the critical magnetic field

intensities and prevents the blob from evolving infinitely after detachment; this nonlinearity also
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showed the existence of a maximum blob length beyond which detachment does not occur.
Rahmani et al., further explored blob configurations in complex solid geometries, using a
magnetic-modified level set method, although this first approximation was limited to the
assumptions of linear magnetization and constant magnetic field inside the elongated/deformed
blob. Soares et al. (45) went further than Rahmani et al. by considering to deal, on the one hand,
the mobilization of residual oil by a wetting ferrofluid under the application of a magnetic field
(better suited to reservoir applications), but also coupling between the magnetic field and the
wetting/nonwetting interface displacement. The analyses were conducted on a pore-scale model
based on a two-dimensional sinusoidal snap-off geometry trapping a discrete oil ganglion; the
model considered a modified Young-Laplace equation, assuming constant susceptibility (linear
magnetization) and accounting for magnetic stresses: fluid-magnetic pressure and magnetic
normal traction. The numerical level set representation was implemented to track the quasi-static
motion of the fluid interface under the effect of magnetic stresses, and the immersed interface
method (1IM) was coupled to accurately represent the field distribution in the vicinity of the
interface with non-magnetic media. The results confirmed that the application of magnetic fields
parallel to the flow path, led to blob detachment from the wall, because of magnetic permeability
contrasts producing higher magnetic field strengths near the contacts between the oil blob and the
pore wall. Furthermore, the study revealed that fluid-magnetic pressure played a more significant
role in the displacement of fluids than magnetic normal traction. Therefore, increasing the strength
of the applied magnetic field and/or ferrofluid susceptibility was found to enhance fluid
displacement. Afterward, Zakinyan et al. (81) studied the capillary ascension of ferrofluids through

a sandy porous medium, and under the simultaneous action of upward/downward directed gradient
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magnetic fields. The experimental and theoretical observations showed that an upward-directed
field gradient increased the maximum reachable height and accelerated the ferrofluid capillary rise.
The authors also highlighted the advantages of measuring the inductance, by using a solenoid and
a small sensing coil, to evaluate the porous material parameters as an alternative technique (relative
differences below 10%); especially when using materials with visually indistinguishable wet and
dry regions.
1.5 Ferrofluid-assisted enhanced oil recovery
The earliest approaches reported on enhanced oil recovery processes with the simultaneous
application of ferrofluids and magnetic field could be ascribed to the analytical formulation
reported by Shah and Verma (87) on saturation profiles of fingero-imbibition phenomenon in
homogeneous porous media, discussed previously. Based on the same mathematical formulation;
i.e., one-dimensional cylindrical block, two immiscible fluids, less viscous and wetting ferrofluid,
magnetization directly proportional to the magnetic field intensity, and the macroscopic behavior
of fingers is governed by a statistical treatment (see Table 2); Gohil and Meher (101) extended this
study, by implementing the Analytical Homotopy solution Method (HAM) to counter-current
imbibition phenomenon in heterogeneous porous media, while also considering the effects of
inclination and viscosity of native fluids (1-100 cP) on the saturation and recovery rates of the
reservoir. According to the results, the saturation profile and recovery rates are slightly favored
due to the presence of the magnetic field, but mainly in reservoirs with low viscous native fluids.
Huang et al. (102) previously reported a numerical simulation on ferrofluid flow, acting as a
displacing fluid for flooding in fractured porous media, based on a discrete-fracture model.

Similarly, the authors applied the magnetic modified Darcy’s law for the seepage velocity (v, =
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—Z—WK- [VBR, — gpwVD — uoMVH], where D denotes highness and K the permeability tensor,
which changes to scalar K in isotropic porous media), assuming isothermal flow of an

incompressible fluid, and neglecting capillary and magneto-strictive pressure (Psz

H[o(MV)
fO [ ov

]H‘T dH = 0). Two scenarios were considered, single- and complex-fracture porous
media subjected to non-uniform distribution of magnetic field provided by NdFeB magnets
(residual flux density Br = 1.19 T) located in the upper left and lower right corner (for the single-
fracture scenario) and the upper left (for the complex one), over a square area of 25 cm? and 72
cm?, respectively. In the former, the modeled flow patterns of the ferrofluid were compared with
experimental results, in which an acceptable equivalence was observed. These validated flow
patterns were compared with water-flooding in the complex scenario, showing that the ferrofluid
in the presence of the magnetic field increased the swept area, resulting in enhanced displacement
efficiency (recovery ratio improved from 40% to 62%). More recently, Huang et al. (103) extended
the study to heterogenous and fractured porous media, using the Galerkin finite element method
for discrete equations, whose validity and accuracy were verified through the 1-D horizontal tube
configuration, analytically studied by Moridis (104). The authors demonstrated the induction of
flow in very low permeability areas or secondary fractions under the effect of the magnetic field,
as well as the modification of the direction of flow and velocity. Meanwhile, EI-Amin and Brahimi
(205) applied the same fundamental equations, but considering the capillary, Brownian diffusion,
magneto-strictive (P;), and fluid-magnetic (B,,) pressures in the momentum (extended Darcy’s

law) and mass conservation (saturation equation) equations (see Table 2), which can have a

significant impact on two-phase flow, as proved by Prodanovic et al. (106) The results showed
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that saturation profiles, nanoparticle concentration distribution, and deposition are attractively
affected by the magnetic field. The authors also demonstrated that inducing a positive gradient of
magnetic field in the direction of ferrofluid flow can lead to a higher saturation profile of
nanoparticles, suggesting that the field can potentially aid in promoting flow (107). Therefore, it
is worth emphasizing that, although these theoretical studies have proved the potential of inducing
non-uniform magnetic pressures to both enhance the transport of ferrofluids to target locations in
reservoirs and facilitate immiscible ferrofluid-fluid two-phase flow, only a limited number of them
have validated these findings with experimental data.(102) Divandari et al. (108) were the pioneers
in implementing functional experimental arrays such as 2D heterogeneous and homogeneous glass
micromodels, to assess the effectiveness of ferrofluids in enhancing the oil recovery factor.
However, the high magnetic field intensities applied during the experiment had a detrimental
impact on the stability of the formulated ferrofluids. Despite exhibiting this atypical behavior, with
a visible precipitated magnetic phase, the experimental results showed that the recovery factor was
maximized (up to 83%) with the simultaneous application of the magnetic field, which was 22%
more effective. The images captured during the experiment showed the formation of column-like
structures that produced a piston-sweeping flow. Ningyu Wang et al. (109, 110) studied the
mobilization of oil blobs (decane-mineral oil mixtures) in 2.5D converging-diverging single
channel and foot-long micromodels, influenced by water-based ferrofluid (EMG 700, Ferrotec)
flooding and the simultaneous application of uniform static or rotating magnetic fields (< 5 mT).
On the one hand, microfluidic experiments showed an enhanced mobilization of oil blobs under
the effect of static magnetic fields (oil saturation decreased from 24% to 12%), which was

essentially attributed to non-uniform magnetic induced pressure. On the other hand, the authors
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proved the formation of nanoparticle clusters/chains attached to the oil blob interfaces under a
rotating magnetic field, which led to the formulation of a second mechanistic explanation
involving the induction of torques that promoted the rotational motion of the oil blobs. Several
authors also agree with the induction of columnar structures that may prompt a piston-like flow,
ultimately leading to enhanced oil recovery.(43, 46, 108) Esmaeilnezhad et al. (46) have emerged
as trailblazers in applying core flooding tests with the simultaneous use of ferrofluids and static
magnetic fields. Notably, increases in the oil recovery factor of up to 10% were reached in the
presence of the magnetic field using light oil and Berea sandstone cores. Intriguingly, this effect
was not replicated when dealing with heavy oil. While the authors did not provide a comprehensive
explanation for this discrepancy, it is plausible that the observed differences could be effectively
attributed to the formation of aggregates in the light oil. This conjecture gains strength from the
fact that Brownian relaxation mechanisms have a direct correlation with fluid viscosity, potentially
shedding light on these outcomes. In this direction, Divandari et al. (108) conducted similar
experiments using 2D heterogeneous and homogeneous glass micromodels. Their work yielded
remarkable outcomes, showcasing recovery factor enhancements of up to 50% through the
concurrent application of ferrofluids and static magnetic fields. Particularly noteworthy is their
successful identification of the formation of distinct columnar-like structures, providing deeper
insights into the underlying mechanisms at play. Notwithstanding, we must highlight a crucial
aspect that remains inadequately explored, associated with the stability of the formulated
ferrofluids in water-based carrier liquids containing dissolved salts that induce detrimental effects.
On the other hand, alternative research attempts have leveraged the presence of these salts

alongside the incorporation of nanoparticles (Fe>Os3 (111), Al20s (111), MgO (112)) to promote
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the emergence of a reciprocal interplay between fluid dynamics and magnetic fields, a
phenomenon known as magnetohydrodynamics.
Table 2
Set of counter-current imbibition phenomenon equations, dealing with an external effect of

magnetic field.

Ref. Constitutive Equations Assumptions
0
E((ﬂ(x)sipi) +V-(pv) =0
1
¢=p()=——p-a-bx 2 LK =Kp(x)
) a—ox Incompressible fluids (p;
Conservation of mass@) where, i = w,nw refers to the wetting (aqueous) and non-wetting is constant)
(oil) phases respectively, ¢ is the porosity of soil, K. is a constant of
proportionality, and S, p, v; are the saturation, density, and Darcy’s
velocity of the phase; respectively.
ko .
Unw = —K(X)#—(V'Pa — gp, sina)
0
kw .
v, = —K(x)—(V-P, — gpysina+yH(V-H))
102 i
P 16mux?r?
Seepage velocities Y =tox t o2z
. . - . Unw = _Vw(_114)
Darcy’s Law(87, 101) where, u, is the magnetic permeability of free space, y is the
susceptibility, ris the radius of magnetic fluid particles, [ is the
center-to-center distance of magnetic particles, a is the inclination
angle, P;, k; and y; are the pressure, relative permeability, and
viscosity of fluids. K is the permeability of the porous medium.
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where, P, P, P, denote the capillary, fluid magnetic, and
magnetostrictive pressures, respectively. K is the permeability, 4,, =
ky/tw, fo = Ao/A; is the flow fraction, 1, = 4, + 4,, is the total
mobility.

Capillary pressure,(ll?)

relative permeability and phase

saturation

S=0y—Suw)/A =Sy —Su),0<S<1
k,, = k,,°s%
Ky = Ky "(1 = $)
where, P, is the entry pressure for the imbibition and S is the
normalized water phase saturation. S;, and S, denote the
irreducible water saturation and residual oil saturation, respectively.
k,,° =k, (S = 1) and k,,,° = k,,, (S = 1) are the endpoint relative
permeability of the water and oil phase, respectively. a, and b, are

positive numbers.

P.=P;InS

Nanoparticles
Transport Model

¢ 9(S,,¢)/0t — dcgy /Ot — Dcg, /Ot
+0/0z (v,c — ¢Sw(Daiff + Dyisp) 0/ 02)
=0

vy lC, vy S,
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where, c, ¢4, cs, denote the volume concentration of nanoparticles in
the water phase, in contact with the water phase available on the pore
surfaces per unit bulk volume of the porous medium, entrapped in
pore throats from the water phase per unit bulk volume of porous
medium due to plugging and bridging; respectively. Dy, is the
molecular diffusion coefficient, Dy, is the mechanical dispersion
coefficient. y4, . are the rate coefficient for surface retention of the
nanoparticles in the water phase, for entrainment of the nanoparticles,
respectively. y,, is the pore throat blocking constant, v is the critical
velocity for the water phase.
Nanoparticles deposition — Porosity variation(l_l8)
¢ =do— 6, §¢p=cs+Cs
K = Ko[(1 = ks + F(/90)]
f=1-vyce
where, ¢, is the initial porosity, K, the initial permeability, kis
constant for fluid seepage allowed by the plugged pores, f is the flow
efficiency factor expressing the fraction of unplugged pores available
for flow, y is the coefficient of flow efficiency for the nanoparticles.
Nanoparticles reposition - Relative permeabilities@)

kip =[1+71,(6, — D]k;,i = w,nw

Nanoparticles exist only

in the water phase and

have only one
interval.
[~25-35

size
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0o = kic/k;
Ta = atat/asp
ag, = Ap(¢/K)?
Agor = (68/d)5¢
where, 0, is the ratio of the phase i relative permeability due to
nanoparticles adhering, k; . is the relative permeabilities of water/oil
phase when the surfaces per unit bulk volume of the porous media is
completely occupied by the nanoparticles. ag,is a specific area of the
sand core, 4 is the cross-sectional area, a,,, is the total surface area
in contact with fluids per unit bulk volume, d is the diameter of the

nanoparticles.

Magnetic nanoparticles have also garnered recognition as nanosensors to determine the
hydrocarbon saturation distribution in subsurface formations. Along this line, Prodanovic et al.
(106) proposed a parallel application geared towards modeling and detecting the acoustic response
of hydrocarbon/water-based ferrofluid interfaces movements, induced by an imposed oscillating
magnetic field. The authors coupled the Maxwell, modified Young-Laplace and Navier-Stokes
equations (see Table 3) to theoretically evaluate the effect of density difference, and susceptibility
(x) of particles on the composite pressure in a straight capillary (p*, see Table 3), proving that the
relative densities of the fluid phases strongly affect the displacement, i.e., the sum of
magnetostrictive (pg) and fluid-magnetic (p,,,) pressures is inversely proportional to the difference

in the densities of the fluids and directly proportional to the density of the non-magnetic fluid,

1 X 2 _p2 p1 ; : i ;
(ZHO ()(+1)2) (xB1n® — By )(pl_pz). Likewise, these pressure-like terms depend on imposed

magnetic field (B) quadratically, which in the case of a sinusoidal magnetic field leads to a doubled
frequency in resulting interface displacement. Those theoretical predictions were confirmed in an
experimental setup, using phase-shift optical coherence tomography (PS-OCT) to detect

oscillations of water-based ferrofluid (with iron-oxide nanorods) and dodecane interfaces. The
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study was further extended to pore scale arbitrary geometries, using a quasi-static numerical
interface-tracking model, based on the level-set method (F(X,t,t) = p. — (ps(t) + Py (t) +
pn(t)) — ok (X, ) = 0). In a subsequent study, Ryoo et al. (119) expanded upon their earlier
experimental and modeling work. On the one side, by studying interface displacements of
air/water-based ferrofluids of in-house synthesized and surface-modified iron-oxide nanoparticles,
as a function of the magnetic field strength, nanoparticle concentration, nano-cluster size, and the
applied frequency. In all cases, the amplitude of the displacement of the interface was proportional
to the magnetic field strength and independent of the applied frequency; there was also a functional
proportionality with the nano-cluster sizes. On the other hand, the numerical method was improved
to ensure volume conservation, leading to more precise quantitative matching.
Table 3
Governing equations of oscillating fluid-fluid interfaces, dealing with an external effect of

magnetic field.

Constitutive Equations Assumptions

p(Dv/Dt) = —VP* + pg + uoM - VH + nV3v

P =P(p,T) + P, +P,

H oM . .
Navier- P = “Of V(W) dH Incompressible  fluids
0 HT
(p is constant)
Stokes(ﬁ) H
szyof M dH Veveo
0

where, P* is the composite pressure, P, is the magneto-strictive pressure, and B, the fluid-

magnetic pressure.

Boundary conditions (magnetic modified Young-Laplace equation)
The wetting fluid is
P—(P,+P,+PB)—0k=0
Capillary magnetizable (w,
Pn =l (HZn - Hln)2/2

pressure water).

where, p,, is the magnetic normal pressure. H,,, is the component of the magnetic field strength

M = xH
in fluid 1 normal to the interface.
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1.6  Ferrofluid flow: Prospects for pipeline transportation

Acknowledging the substantial breadth of literature dedicated to the exploration of fluid
dynamics and magnetorheology of ferrofluids (8, 9, 120, 121), we embark on this section with a
clear purpose focused on delving into the intricacies of ferrofluid flow, fundamentally through
pipelines, under the influence of magnetic field configurations with the potential of enhancing flow
properties. The goal is to lay the groundwork for guiding the significant prospect of this technology
within the reality of the oil industry.

Now, revisiting the groundbreaking notion of negative viscosity (—An) introduced by
Shliomis and Morozov (68), which served as a stepping stone in the investigation of alternative
magnetic field configurations; it is pertinent to highlight the experimental endeavors of Bacri et
al.(70) and Zeuner et al.(122) dedicated to substantiating this theoretical concept through
experimental approaches at laminar flow regimes, satisfying the condition, Qtz < 1, where Q is
the azimuthal component of the flow vorticity @ = (V x v) /2. On the one hand, Bacri et al. (70)
evaluated the Poiseuille flow in a horizontal capillary tube (d=1 mm) of a 20 vol.% Co-ferrite
water-based ferrofluid (particle size d=10 nm, effective anisotropy constant K=2 -10° erg cm?,
grain magnetization Ms= 400 G), under the application of a longitudinal alternating magnetic field
of up to H=1 kOe at a frequency (f) varying from 0 to 1 kHz. The same qualitative behavior of
the rotational viscosity (An) was observed as theoretically established; a decrease of An was
reached from 143 cP at f = 0 Hzto -19 cP at f = 700 Hz. The authors additionally introduced a
refined magnetization equation, obtained through the adaptation of the Fokker-Planck equation for
rotary diffusion of colloidal particles with the assistance of the effective field method, which led

to obtaining improved alignment with the experimental results. Particularly, in instances where
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wTtg = 1, both the theoretical and the experimental data showed that the ferrofluid viscosity under
an alternating magnetic field can be smaller than the viscosity in a zero field. On the other hand,
Zeuner et al. (122) evaluated the Poiseuille flow of a commercial 3.5 vol.% FzO4 water-based
ferrofluid (d~12 nm, saturation magnetization Ms=0.02 T) in two horizontal capillary pipes in
series (d=1 mm), wherein one pipe was connected to a solenoid while the other acted as a reference.
The advantage of this arrangement lies in its independence to temperature fluctuations, as only the
ratio of the viscosities is determined. The applied magnetic field strength of interest was ranged
up to 15 kA-m, and the frequency (f) was varied between ~1- 22 kHz. Similarly, the results were
qualitatively in agreement with the theory, although some critical remarks in terms of the
quantitative comparison were highlighted by the authors, fundamentally associated with
nanoparticle polydispersity, concentration, and aggregation, all influencing the dynamics of
Brownian relaxation. On this basis, the authors proposed an analytical approximation modified by
a phenomenological frequency-dependent Brownian expression, which effectively fitted the
experimental results for small alternating magnetic fields. Felderhof (123) supported these remarks
by integrating the effect of the demagnetizing field (HP) into the magnetization relaxation
equations of Shliomis,(59) modified Shliomis,(69) and Felderhof and Kroh (124) in the flow of a
ferrofluid in a tube under an alternating magnetic field, considering that H? has a significant effect
in systems with moderate initial magnetic susceptibility. The analysis developed by the authors
led to the conclusion that, the modified Shliomis magnetization equation is adequate for dilute
ferrofluids. Later, Schumacher et al. (125) extended the Poiseuille flow experiments under
alternating fields to turbulent regimes, using a similar setup to the one designed by Zeuner et al.

(122). The applied magnetic field was increased up to 1264 Oe, the frequency was varied between
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~0- 1 kHz, and the studied fluid was a commercial water-based ferrofluid. The experimental results
were numerically evaluated by a model based on the ferrohydrodynamics equations, which
adequately predicted the fractional pressure drop as a function of flow rate, magnetic field, and
oscillation frequency, in both laminar and turbulent flow. Although, a functional dependence of
the magnetic susceptibility on the magnetic field and relaxation time, in laminar flow, had to be
imposed. Furthermore, these works have provided the foundation for numerous publications
engaging in a captivating assortment of analytical and numerical approaches (126-128), as well as
simulations (129). These efforts have provided support and improvement of the foundational
models (123, 126), but also have led to instances where they have been challenged and
contradicted.(130) Other authors have further explored alternative time-varying magnetic field
configurations, KrauB et al. (131) studied the surface driving macroscopic flow of two kinds of
ferrofluids (magnetite- and cobalt-based) under the application of an external rotating magnetic
field, employing a circular duct with a mean diameter of 100mm and a square cross-section of
5mmx5mm. The experimental results proved that the rotating magnetic field led to a motion of the
fluids in azimuthal direction of the channel, moving at a velocity proportional to the square of the
amplitude of the driving external magnetic field. Finally, one of the most recent advances in the
field has been documented by Mao et al., (75) who experimentally demonstrated a fascinating
phenomenon of direct body pumping of ferrofluids at controllable speeds in closed-loop
geometries, when subjected to traveling wave magnetic fields. The experimental setup involved
the use of a commercial 7.7 vol.% Fe3O4 oil-based ferrofluid, electromagnetic coils generating
magnetic field strengths up to 9000 A/m peak-to-peak and frequencies spanning from 0 to 2 kHz,

as well as polyvinyl chloride (PVC) pipes with an inner diameter of 15.4 mm and a thickness of
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2.8 mm. Perhaps the most significant insight drawn from the work involved the dynamical
formation of particle dimers; a finding that wielded profound influence over the
ferrohydrodynamic flow, even in scenarios of moderate magnetic fields. This dimer phenomenon,
unanticipated from the foundational equations, undoubtedly took center stage in the observations,

setting an unprecedented dimension for the understanding of ferrofluid behavior.
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2 Rheological implications of the inclusion of ferrofluids and the presence of uniform
magnetic field on heavy and extra-heavy crude oilsf
2.1 Abstract
This study embraces the evaluation of the rheological and magneto-rheological properties
of heavy and extra-heavy crude oils by applying nanotechnology and magnetism as technological
solutions in reducing viscosity. Mixtures of heavy oils with ferrofluids were used to study the
viscous effects induced by the action of external magnetic fields. The rheological evaluation
covered rotational and oscillatory tests as a function of time and temperature. In the magneto-
rheological characterization, there were analyzed the magnetoviscous effects. The results revealed
that the crude oils are viscoelastic materials that follow the Generalized Maxwell Model over a
wide range of temperatures (-5 to 60°C). It was also proved that the synergy between the carrier
liquid and the nanoparticles promoted a significant reduction of viscosity (~98-99%) and
viscoelasticity, which was directly related to the simultaneous action of the solvent and the
asphaltene adsorption onto the nanoparticles surface. Critical concentrations of nanoparticles (0.2
wt.% and 0.6 wt.%) were proved to promote the maximum decrease in viscosity (additional ~0.3-
0.5% or 1000-3000cP) and the elastic storage modulus, which was crucial evidence of their effect
on hindering the aggregation mechanisms of asphaltenes. In the heavy oil-ferrofluid mixtures, a

magneto-rheological effect was demonstrated. The magnetic field attenuated the initial relaxation

2. Contreras-Mateus MD, Lopez-Lopez MT, Ariza-Ledn E, Chaves-Guerrero A. Rheological
implications of the inclusion of ferrofluids and the presence of uniform magnetic field on heavy and extra-heavy crude

oils. Fuel. 2021;285:119184.
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processes, leading to an increase in the viscosity and shear stress. The phenomenon was attributed
to the formation of magnetic chains, such as that observed in magneto-rheological fluids. These
results were supported by Scanning Electron Microscopy, which showed the formation of
magnetic-field induced thick columnar assemblies of nanoparticles-asphaltene complexes.

2.2 Introduction

Heavy crude oils are defined as oils with specific gravity scale developed by the American
Petroleum Institute (API) and viscosity below 22.3 and 10.000 cP (10 Pa-s), respectively; while
extra-heavy oils are those with API gravity under 10 and viscosity above 10.000 cP (10 Pa-s) at
reservoir conditions (132). Generally, they consist in complex mixtures of hydrocarbon families
(hydrogen 8-12 wt.% and carbon 80-88 wt.%) (133); heteroatoms like sulfur (0-9 wt.%) (134),
nitrogen (0-2 wt.%)(134) and oxygen (0-2 wt.%) (134); and traces of heavy metals (V, Ni, Fe)
contained in metalloporphyrins (133, 135-137). Because of the chemical complexity of the heavy
and extra-heavy crude oils, industries and academy generally employ a practical fractionation
technique based on solubility and polarity parameters known as SARA analysis, which divides
their components into Saturates, Aromatics, Resins, and Asphaltenes.

From the microscopic structural viewpoint, heavy crude oils are also defined as viscoelastic
colloidal suspensions, whose dispersed elastic phase is attributed to asphaltene aggregates over a
semi-continuous matrix of maltenes (saturates, aromatics and resins) (138-141). Under certain
thermodynamic conditions (i.e., modifications of the composition, temperature or pressure (142)),
these components are prone to self-associate and to precipitate due to their compositional
complexity that varies from single aromatic cores (island) to bridged aromatic moieties

(archipelago), with short and long alkyl units, and multi-heteroatom functionalities (143). One of
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the well-known consequences of the agglomeration and precipitation of asphaltenes consists of
dramatic increases in viscosity and non-Newtonian rheological behavior (i.e., viscoelasticity (138,
144), thixotropy (145)), as well as, the formation of deposits on steel surfaces (146). This complex
behavior hinders their mobility and flowability through pipelines, causing several operational and
economic problems in oil industries. As a result, the oil transportation industry has implemented
conventional technological solutions, mainly based on viscosity and friction reduction, to reach
the required viscosity specifications, which must be in the range of 250-400 cSt at 37.8°C (147).
Martinez-Palou et al. (136) and Hart (148) describe in detail some of these techniques and discuss
their advantages and disadvantages. As an important conclusion from the reports, it is observed
that industry has not yet developed an effective technique to be implemented at operational level;
these conventional solutions imply high energy consumption, high operational cost, and technical
difficulties (i.e., flow turbulence), evidencing the need to propose and study alternative
approaches.

Over the last decades, the non-conventional magnetic and electric technologies have shown
to be effective in reducing viscosity and flow turbulence (mainly when using waxy crude oils)
(149), showing lower energetic and economic costs. Several studies have concluded that the
magnetic field may reduce viscosity and modify wax crystallization mechanisms of waxy crude
oils without affecting their thermodynamic equilibrium (150-154). It has also been reported that
magnetic fields influence the resinous-asphaltic fraction (152, 155) and can even modify the
rheology due to the presence of paramagnetic ions in the water phase (156). Some researchers have
explained that the magnetic/electric fields improve the flow properties by induction of an

anisotropic viscosity, which is the result of aggregation phenomena of the colloidal phase (149,
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151, 157, 158). In contrast, other authors have described the influence of magnetic fields as
promoters of disaggregation (153, 154). Equally important, various studies have also shown the
high selectivity of the magnetic treatment over the nature of crude oils (156, 159), and in several
cases, the non-functionality of this method; which have been justified by the well-known

diamagnetism of these fluids (150, 156, 159, 160). Certainly, so far, it has not been possible to

establish the interaction mechanism between the crude oil and the magnetic field, as well as its
role in preventing or promoting the association of heavy organic materials, such as asphaltenes, in
the case of heavy crude oils. Thus, it is fundamental to propose experimental strategies to facilitate
the elucidation and functionality of this approach, seizing their technical and operational benefits.

Additionally, another useful innovative approach for improving the rheological properties
of heavy crude oils is nanotechnology, which harnesses the considerably high ratios of surface
area/volume as well as the functionalizable surface area of nanoparticles (NPs) for adsorption of

asphaltenes (5, 6, 142, 146, 161-164). Among the NPs successfully employed are included, iron

oxides (Fe,05 (165), Fe3;0, (161, 164, 165), y-Fe,05 (142), a-Fe, 05 (142)), aluminum oxides
(y-Al, 05 (146), Al,05 (5)), nickel oxide (NiO (161)), cobalt oxide (Co3z04 (161)), titanium oxide
(TiO2 (161)), silica (Si0, (5, 6)), among others; and several theoretical assumptions about
asphaltene adsorption mechanisms have been proposed, including both chemisorption (166) and

mostly, physisorption (146, 161, 167-169). Furthermore, it has been concluded that asphaltenes

are mainly adsorbed on the surface of NPs forming single layers, i.e., the adsorption isotherms are

typically Langmuir Type | (142, 146, 165, 170).

Particularly, metallic oxide NPs have attracted great interest because of their highly

selective physicochemical properties, enabling broad applicability in hydrocarbon Exploration and
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Production-E&P (171). Within their unique properties are included, significant surface area and
amount of active sites (165), thermal conductivity and heat transfer (171), enhanced catalytic effect
(161, 167), and in some cases, such as magnetite (FesO4), superparamagnetic behavior (3-15 nm
(14)). Fundamentally, because of the latter property, magnetic NPs have been widely used in other
fields, such as the development of stable magnetic colloidal suspensions, known as ferrofluids, to
solve a wide variety of technical problems related to fluid dynamics. Ferrofluids exhibit an
extraordinary high initial susceptibility, and thus, they present high magnetization for moderate
magnetic field strength (~50 mT) (56); accordingly, their flow properties can be controlled by such
magnetic fields. For example, some studies have demonstrated increases in viscosity and a
magnetoviscous effect (i.e., concentrated magnetic suspensions (56)) under the influence of
uniform static magnetic fields (172, 173), but it has also been possible to induce "negative"”
viscosity responses under the action of alternating magnetic fields (174, 175); and even, flow
appearance using rotational and traveling magnetic fields (73, 75, 176-179).

It is worth noting that, to the best of our knowledge, there is no research in which magnetic
nanoparticles and externals magnetic fields have been simultaneously applied to improve the flow
behavior of heavy and extra heavy crude oils. However, this approach has already been evaluated
as an alternative for improving crude oil demulsification (180-184), spill control (185), pavement
engineering (186), and Enhanced Oil Recovery (EOR) (187).

Motivated by the possibility of using magnetic fields to control the rheological behavior of
heavy oils effectively, this research reports the rheological and magneto-rheological
characterization of mixtures of ferrofluids and heavy crude oils (hereinafter, crude oil-ferrofluid

models), considering the fundamentals of the induction of magnetoviscous effects. Accordingly,
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this work is divided into two parts: (1) a rheological characterization of the crude oils and the crude
oil-ferrofluid models, including steady-state flow curves and dynamic experiments to generate a
baseline for comparison purposes, and (2) a magneto-rheological characterization of the crude
oil-ferrofluid models to evaluate modifications in the rheological behavior by the application of a
magnetic field. The experiments were carried out under the effect of static uniform magnetic fields,
using a magneto-rheometer. The results revealed that the action of a uniform external magnetic
field had a direct effect on the rheological properties of the heavy crude oil-ferrofluid models, and
this effect was hindered by the complexity of the flow behavior of the samples, particularly, the
structural properties and the viscoelastic effects. These results could be the basis for the
applicability of this hybrid approach in decreasing the energy consumption, due to the possibility
of controlling the flow properties of heavy crude oils by the action of external magnetic fields that
overcome the gravitational and viscous forces.
2.3 Materials and Methods
2.3.1 Materials

The samples used corresponded to two Colombian heavy crude oils (hereinafter, C1 and
C>), which were characterized by the determination of i) the concentration of asphaltenes (ASTM
6560-12 (188)), ii) the density by the pycnometer method (ASTM D70-18a (189)), and iii) the
zero-shear viscosity by rheometry; their properties are shown in Table 4. Commercial magnetite
NPs (EMG 1300) were obtained from Ferrotec (USA) Corporation and were used without any
further treatment. According to the providers, NPs have a nominal diameter in the order of 10 nm,
iron oxide content between 60-80 wt.%, saturation magnetization in the order of 50-70 emu/g, and

a polymeric surfactant. Commercial kerosene was used as the carrier fluid of the ferrofluids,
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considering that Lopez-Lopez et al. (190) reported that oleate-covered magnetite in carrier liquids
with dielectric constants, ¢, < 5, such as kerosene, are thermodynamically stable due to the very
low lyophobic attraction between NPs.
Table 4

Asphaltene concentration, API gravity, and viscosity of the heavy crude oils.

Properties C, C.

Asphaltene concentration (wt.%) 21.93 + 4.689 21.55+ 4.688
API gravity 7.87 10.6

Viscosity (Pa-s) 2070 (25°C) 44.1 (25°C)

976 (30°C) 24.1 (30°C)

2.3.2 Preparation of the heavy crude oil-ferrofluid models.

The procedure was based on the methodologies employed in refs. (190-192) and it consists
of the following stages: i) the NPs were added to the kerosene in concentrations of 0.2; 0.6; 1 and
5.0 wt.%. ii) The suspensions were agitated by hand and then immersed in an ultrasonic bath for
15 min. Subsequently, they were stirred in an orbital shaker at 150 rpm and 40°C for 2 h. This
temperature was previously tested and suggested by the providers as the optimum to stabilize the
tails of the polymeric surfactant. iii) Finally, the ferrofluids were mixed with the heavy crude oils
in a concentration of 20 wt.%, employing a sequence of an ultrasonic bath for 6 h, followed by
orbital shaking during 12 h at 350 rpm and 50°C, and finally, they were reincorporated to the
ultrasonic bath for another 6 h to guarantee the colloidal stability of the samples (192). C,,_x—x
notation was used to differentiate each heavy crude-oil ferrofluid model; n refers to the sample of
the crude oil (n =1or 2), k-x the NPs concentration in kerosene. For example, C;_x_o2,

corresponds to a mixture of the heavy oil 1 (C1) and Kerosene-Based Ferrofluid (KBF) with
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0.2 wt.% of NPs. A standard sample of kerosene and crude oil without NPs (C,,_x—_o.0, according
to the notation) was included for comparative purposes.
2.3.3 Rheological evaluation.

The rheological characterization had the purpose of establishing a baseline to gain
information about the rheological implications of the KBFs inclusion at zero-magnetic field. The
following rheological measurements were carried out in a rheometer (MCR 302
Physica-Anton-Paar) using a parallel plate measuring system (20 mm) at a gap of 0.5 mm:

Preliminary rheological characterization of the unmodified heavy crude oils by
Small-Amplitude Oscillatory Shear (SAOS) experiments, to characterize the linear viscoelastic
properties. The protocol followed the methodology proposed by Abivin et al., (144) consisting of:
first, a thermodynamic stabilization of the sample for 30 min at a constant temperature and zero
shear rate. After the equilibrium was reached, isothermal amplitude sweep tests were performed
at a constant angular frequency of 10 rad/s to identify the Linear Viscoelastic (LVE) region,
followed by frequency sweep experiments from 0.1 to 10 Hz and employing a constant strain
amplitude within the LVE region, at fixed temperatures. The temperature range of the experimental
tests was varied from 60°C to 0°C in C1 and 30°C to -5°C in Cz, using the same sample.

Steady-state flow curves of the heavy crude oil-ferrofluid models, applying a logarithmic
ramp of shear rate (y) from 0.1 to 100 s at 30°C and 25°C for Ci and Cy, respectively. The
protocol used can be described as: i) thermodynamic stabilization of the samples for 5 min at the
evaluation temperature (25 or 30 °C) with no shearing, ii) pre-shearing of the samples at y =
0.5s~1 for 5 min; and iii) application of the logarithmic ramp of shear rate. Each point was

determined at a steady state by using the "steady-state sensing” option on the rheometer software.
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Dynamic moduli curves of the heavy crude oil-ferrofluid models as a function of frequency
at 25°C from 0.1 Hz to 10 Hz. Preliminary amplitude sweeps were applied to identify the LVE
region.

Dynamic moduli curves of the heavy crude oil-ferrofluid models as a function of
temperature, applying a linear temperature ramp from 30°C to -5°C at an angular frequency of 10
rad/s, employing a strain amplitude into the LVE region.

2.3.4 Magneto-rheological evaluation.

The magneto-rheological measurements were conducted on the MCR 302
Physica-Anton-Paar coupled with a Magneto-Rheological Device (MRD) that induces a magnetic
flux density up to 1 Tesla (MRD170/1T). To ensure temperature homogeneity and stability of the
fluid sample between the parallel plates (which is affected by the thermal energy dissipation due
to the current flow in the MRD), an external temperature control system (T-CS) was paired to the
device. The TC-S consists of a PT-100 thermocouple that measures the temperature in the lower
plate containing the fluid sample. It simultaneously sends the signal to a refrigerated circulator
(Julabo F32), which acts as the control system, changing the temperature of the MRD device until
reaching the temperature setpoint. The following rotational and oscillatory tests were performed:

Measurements of viscosity vs. magnetic flux density (magnetoviscous effect (56)) applying
a logarithmic current ramp from 0.01 to 5 A (1.85 to 875.61 mT) at constant shear rates of 10, 50,
and 70 st at 30 °C for C;_j_s 0, and 1, 10, and 50 s at 25°C for C,_j_s o.

Viscosity as a function of time, applying constant magnetic flux densities of 34.45, 174.51
and 349.58 mT (at 70 s%, 30°C, during 180 s) for C;_j_s o, and 647.3 mT (at 25 s%, 25°C, during

5 min) for C,__, samples.
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2.3.5 Morphological assessment of magnetic field-induced assembly on NPs-asphaltene
complexes.

A glass slide covered with carbon tape (0.5x0.5 cm?) was placed in the center of an N48H
Halbach cylinder array, parallel to the magnetic field direction. The cylinder provides a uniform
diametral magnetic flux density of 1 Tesla (T). A stable dispersion of C, asphaltenes (ASTM 6560-
12 (188)) was prepared at a concentration of 1 mg/ml in toluene, by submitting the mixture of
asphaltene-toluene to reflux at 80 °C for 5 h (this procedure will be described in detail in a
separated work). Subsequently, 1.0 wt.% of NPs were added to the asphaltene-toluene dispersion
and then immersed in an ultrasonic bath for 20 min. To investigate the assembly behavior, the
"synthetic" crude oil-ferrofluid model (i.e., asphaltenes-NPs-toluene) was dropped on the carbon
tape and left until the toluene was completely evaporated, following the drop-casting method
(193). The samples (either in the presence or absence of the magnetic field) were analyzed by
Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS), using
a high-resolution Quanta FEG 650 microscope, operating at 30 kV and high vacuum conditions.
2.4 Results and Discussion
2.4.1 Linear viscoelasticity of the crude oils

As previously discussed, heavy crude oils can be described as colloidal viscoelastic
suspensions, where the components having the highest molecular weights (i.e., the asphaltenes)
are dispersed, forming fractal aggregates with sizes between 2—9 nm (133, 139, 194). According
to Lesueur, Behzadfar, and Hatzikiriakos (133, 138, 140), the complexity of the system lies in the
role of resins acting as stabilizing agents (resin shell), as well as the wide range of melting

temperatures of maltenes, that span from ~ — 50°C to ~30°C, depending, particularly, on the
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origin of the crude oil. In consequence, modifications in the thermodynamic equilibrium of the
system result in phase transitions of maltenes, which have a direct repercussion on the effective
volume of the disperse phase. Thus, many ambiguities have been found when studying the
rheology of heavy crude oil and bitumen. One of the most relevant of these controversies is related

to the thermo-rheological simplicity of these fluids (133, 138, 139, 144), which implicates that all

the relaxation times and moduli have the same functional dependence on temperature. This fact
considerably simplifies the analysis of the thermo-rheological behavior and has led to the
establishment of the Time-Temperature Superposition (TTS) principle (195). For instance, it has
been proved that, for bitumen with a high content of asphaltenes (around 24 wt.%) and waxes, the
TTS principle does not hold (133, 139, 144). According to Chailleux (196), the validity conditions
for the construction of the master curve draw on two general requirements: i) the absence of
macromolecular rearrangements caused by temperature, such as phase transformations, and ii) the
test must be performed in the LVE region.

Consequently, a previous analysis of the phase behavior of the crude oils based on
calorimetry measurements was carried out, proving the absence of high amounts of crystalline
fractions. Based on this thermal analysis, the TTS principle was used to perform a more detailed
mechanical characterization at a temperature range varying from 60 to 0 °C for Cy, and 30 to -5
°C for C,. The master curves of dynamic moduli were constructed at the reference temperature T,

of 30 °C and they are shown in Figure 4. It is important to highlight that it was assumed that the

product of temperature times density [T;—’;T ~ 1] remained constant, therefore, the final curves were

the result of horizontal displacements only. The procedure employed in the construction of the

master curves followed the applicability criteria proposed by Ferry (197), which suggest i) exact
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matching of the shapes of adjacent curves; ii) the same values of the shift factor (at) must
superpose all the viscoelastic functions, and iii) the temperature dependence of ar must have a
reasonable form consistent with empirical models (Figure 5).
Figure 4
Master curve obtained by applying the Time-Temperature Superposition (TTS) principle to a set
of frequency sweeps (between 0.1-10 Hz) at different temperatures under a controlled strain
(LVE region). The reference temperature is 30 °C. The model employed to fit the experimental
values was the generalized Maxwell model. A. C1, temperature range 0°C to 60°C. B. C»,

temperature range 5°C to 30°C.
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As recommended by Ferry (197) and for comparative purposes, at values as a function of

temperature, obtained from the master curves, were fitted to both the Arrhenius model
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“Eaq(1_1
ar = exp R (T Tr)

and the Williams-Landel-Ferry (WLF) model [logaT = — M]

(k2 +(T-TH1)

where E, is the activation energy, and k; and k, are constants that depend on the reference
temperature T,.. The modelling approaches are shown in Figure 5.

As it can be noted, the experimental values of the dynamic moduli of C; hold the
applicability criteria (197). The elastic storage modulus (G'(w)) and the viscous loss modulus
(G"(w)) showed total overlap in the dynamic frequency range (Figure 4A); ar also satisfied the
WLF equation, k; = 13.128,k, = 196.594 with R? = 0.9996 (Figure 5A). These constants
were reasonably consistent with those reported by Behzadfar and Hatzikiriakos (138) in a bitumen
(Tr=10 °C, k; = 17.57 and k, = 84.821) and by Soto-Castruita et al. (198) in samples of heavy
crude oil (k;~9.972 —12.139; k,~137.868 — 160.999 at T: in the range of 49-88 °C). The
activation energy E, values were also in agreement with those found in the literature (117-168
kJ/mol (138, 139, 199)).

In the case of C», it was observed that the applicability criteria were partially fulfilled; some
deviations appeared between -5 to 10°C (Figure 4B). Nevertheless, ar fitted the WLF equation
(Figure 5B), k; = 11.874, and k, = 199.026 (R?> = 0.9964) were found to be consistent with
the reported in the literature, as well as E,. Similar anomalies were reported by Ferry (197) and
Morrison (195), which were interpreted as multiple viscoelastic mechanisms with different
temperature dependencies. For example, for some polymethacrylates, Ferry (197) proposed that
the observed storage compliance, /', was the sum of a contribution J’, from backbone motions,

whose relaxation times followed the WLF equation, and another J's from side-chain motions,

whose maximum value was far smaller than J’,. These anomalies could be analogous to the



75
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.
observed in C2, whose elastic storage modulus G' showed a secondary relaxation in the same
temperature range (Figure 9), as it will be further discussed.
Figure 5
The shift factor values (ar) as a function of temperature obtained from the master curve and

fitted to the Arrhenius and WLF models. A. C1. B. Co».
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As shown (Figure 4A), in the sample C1, G" is higher than G’ at temperatures above 0°C;
however, in the order of 0°C, a transition of the material to elastic behavior took place. It was also
observed that a tendency towards the development of a plateau on G' at low frequency, which is
characteristic of a solid-like behavior. This plateau has been previously reported in the literature

(with wa; between 10— 102 rad/s (138, 139, 200, 201)), and it is related to a secondary relaxation
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time. This phenomenon has been associated with the interactions of asphaltene aggregates forming
a weak network, whose equilibrium conformation poses characteristically high relaxation times
due to the minimization of their steric interactions. On the other hand, the parallelism of the
dynamic moduli in the transition zone (marked by a change in the slopes of G' and G") is also
attributed to a weak gel-like behavior (144). These results confirmed that C: behaves as a
viscoelastic fluid with a slight elastic character, predominantly visible at low frequency.

In the case of C», the transition point and the development of the plateau were not observed.
Similarly, the sample was dominated mostly by the viscous contribution with a minor influence of
the elastic character. Further investigation is necessary to establish differences in the molecular
structures and the arrangements of these materials that might be linked to the relaxation
mechanisms.

In order to confirm the formation of the aforementioned weak three-dimensional elastic
networks, the linear viscoelasticity (i.e., experimental dynamic moduli) of the crude oils was fitted

to the generalized Maxwell model in SAOS, whose material functions are defined as follows (195):

N
gidiw

GII a) — _Jr L 20
( ) - 1+ Aiz(l)z ( )

i=1

gidi"w Uk

G'(w) = s g, = — 21
( ) L 1 +Ai2w2 gl /11 ( )

Where, 1;, g;, and A; are the i viscosity parameter, the i relaxation strength, and the it"
relaxation time, respectively, while N represents the number of relaxation modes.
The experimentally determined dynamic moduli were estimated using discrete-time

spectra, pursuing the best fit with the smallest number of parameters (parsimonious modeling
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(202)), as shown in Figure 4 and Figure 6. It was employed the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-Newtonian unconstrained search procedure,
which showed the minimum computation time compared to the Levenberg-Marquardt, and the
Davidson-Fletcher-Powell (DFP) algorithms, commonly applied in the literature (203). The search
procedure took into account the methodology suggested by (195, 202-204), including a change of
variables to scale g; and A; in the same order of magnitude: a; =Ing;; t; =In4;; and an
adjustment of the parameters N, a; and t;, considering that N might be between 1 and 2 per decade.
As depicted in Figure 4A and Figure 4B (continuous lines), the calculated number of Maxwell
modes fitted the experimental data (R? = 0.9936 in the adjusted dynamic moduli of both
samples). The modes were 9 and 7 for C1 and Cp, respectively (they are listed in the tables of
Figure 4); which agreed with the proposed methodology.

As illustrated in Figure 6, the relaxation strengths of both samples decreased to minimum
values on the logarithmic scale (terminal zone) as increasing the relaxation times, which means
that the systems tended to reach a steady-state flow. This kind of behavior is characteristic of
uncross-linked viscoelastic liquids (197). In addition, it was observed a gradual drop (transition
zone), which was related to a broad molecular weight distribution (197). As shown, the slopes
were 1.033 for C; and 1.049 for C, (slightly superior to the values commonly reported in
polymers), reasonably similar to the reported by Behzadfar and Hatzikiriakos (138) in a bitumen

(1.13).
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Figure 6

Relaxation time spectrum of C; and C; at the reference temperature, Tr, 30°C.
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2.4.2 Rheological modifications of the heavy crude oil-ferrofluid models

We performed three different rheometric tests to evaluate the effect of the inclusion of the
KBFs in the viscoelasticity and flow properties of the heavy oils at zero-magnetic field state,
considering the concentration of magnetic NPs and temperature. The results were compared to the

experimental findings reported in the literature (5, 6, 163, 164).
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2.4.2.1 Steady-state flow curves.
Figure 7 exhibits the steady shear viscosity n(y) of the heavy crude oil-ferrofluid models.
In the case of C;_,_, models (Figure 7A), this material function revealed that all the samples
presented shear-thinning flow behavior, which is common in this kind of fluids (133, 144, 198,
205). The phenomenon has been interpreted as a disruption from the equilibrium of some structural

and relaxation dynamic properties that cannot bear high shear rates (133, 144, 145, 198). On the

other hand, C,_;_, models showed a Newtonian behavior (Figure 7B), which means that the
inclusion of the KBF had a greater effect on its rheological properties, in comparison to Ci.

The inclusion of the kerosene led to a significant reduction of the viscosity of the crude
oils in the order of 99% and 98% for C1 and C, respectively. However, it is important to mention
that despite these significant reductions, at this concentration of ferrofluid, the viscosity
specifications for transportation were still not reached (250-400 cSt at 37.8°C (147)). As illustrated
in Figure 7A, in the case of Cy, there were noticeable differences in viscosity when changing the
concentration of magnetic NPs in the KBFs, beyond the diminishing reached exclusively by the
inclusion of the kerosene ( C;_x—o0)- The main modification was observed at a concentration of
0.6 wt.% of NPs (C;_x—_o.), in Which it was evidenced a decrease in viscosity of approximately
29% compared to C;_i_¢.0; demonstrating a synergy between the carrier fluid and the NPs.
Nonetheless, further increasing the concentration of NPs had the opposite effect and the value of
viscosity was observed to rise, for example, when using 5.0 wt.% of NPs (C;_x_s,), the mean
value of this property was nearly 25% higher than the reported for C;_;_q . Sample C, (Figure
7B) showed a 35% additional viscosity reduction at the critical concentration of 0.2 wt.% of NPs

(Cy—k—0.2)- According to Taborda et al., (6, 163) this non-monotonically dependence with NPs
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concentration might be related to the appearance of different kinds of interparticle interactions,
such as the formation of particle-particle and particle-oil matrix complexes. The results were
consistent with those reported in refs. (5, 6, 163, 164), in which it was proved that SiO> NPs at the
specific concentration of 1000 mg/L led to reductions between 12-45% in the viscosity of a heavy
crude oil at different temperatures. A similar tendency in equivalent orders of magnitude was
observed with Al,Ozand FesOa NPs (5, 164). The differences in the rheological effect as a function
of the concentration of NPs were attributed mainly to the surface area (Sget) and, to a lesser extent,
the NPs chemical nature. In particular, FesOs NPs are characterized by their non-porous surface,
which contributes to high initial rates of asphaltene adsorption through single-step processes (206).
Magnetite NPs are also prone to aggregation and flocculation in nonpolar carriers due to Van der
Waals attraction, leading to lower colloidal stability and available surface area for asphaltene
adsorption (5); as a consequence, the NPs used in this work were acquired with surface treated
with a polymer surfactant to avoid the occurrence of aggregates. Even with the presence of
surfactants at the surface of the NPs, the samples evidenced viscosity modifications associated
with asphaltenes adsorption, as previously stated. It is assumed that the NPs in synergy with the
carrier liquid contributed to higher Brownian forces, preventing the formation of clusters and, thus,
increasing the available surface area for adsorption. This synergistic effect was also observed by

(163, 164).
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Figure 7
Measured flow-curves of the heavy crude oil-ferrofluid models at a shear rate from 0.1 s to 100

st and constant temperature, Tci=30°C, and Tc,=25°C.
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2.4.2.2 Dynamic moduli and complex viscosity curves as a function of frequency.

As shown in Figure 8, the inclusion of the KBFs did not change the viscoelastic nature of
Cy; nevertheless, the carrier liquid, as well as the NPs reduced the magnitude of both the viscous
loss modulus (G"') and the elastic storage modulus (G') in nearly four and two orders of magnitude,
respectively. Likewise, the dynamic moduli exhibited the same tendency observed in the measured
flow-curve (Figure 7A), which is, for C;_;_o¢, the dynamic moduli experienced the highest

decrease, particularly G’ became distorted and disrupted as increasing frequency, which means
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that the inclusion of the NPs had a significant effect on this material property. According to (138,
139, 196, 201), and as it was proved in this research, asphaltenes are primarily responsible for the
elastic behavior of the heavy oils, in consequence, these results also suggest that the magnetic NPs
are highly selective in the adsorption of asphaltenes. As described in the last section, NPs act on
the aggregation mechanisms of these components, as reported by (5, 6, 163).

Furthermore, the inclusion of the KBFs in C; led to a significant decrease in G’, which
could not be detected by the tolerance of the equipment. These results (not shown here for brevity)
were consistent with the discussed in the steady-state flow curves, in which it was demonstrated
the appearance of a Newtonian behavior of C,_j_, models.

Figure 8
Dynamic moduli as a function of the frequency of C,_j_, models under a controlled strain

(linear viscoelastic region).
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2.4.2.3 Dynamic moduli and complex viscosity curves as a function of temperature

Heavy crude oils experience a transition of their flow behavior from Newtonian to non-
Newtonian viscoelastic flow as decreasing temperature, due to the disappearance of the Brownian
motion of the asphaltene micelles, as suggested and experimentally proved by (133, 139, 198).
This "transition temperature” is usually reported at around 50°C in heavy crude oils and bitumen.
Thus, Dynamic Mechanical Thermal Analysis (DMTA) tests were carried out using the model
samples to acquire additional information about the implications of the KBFs on the structural
properties. At the same time, it was possible to evaluate any alteration on the increasing rate of the
elastic storage modulus (G') with the change of temperature that could be directly related to the
adsorption mechanisms of asphaltenes over the NPs surface. On the one hand, C;_j_, samples
showed the same tendency observed in the last sections (results not shown here for brevity); this
is, C1_x—o ¢ had a differential effect, both G’ and G’ presented the lowest values in all the range of
temperature. Moreover, the samples did not experience phase transformations; the increases in the
dynamic moduli were purely related to structural changes. It was also proved that the magnetic
NPs inhibited the asphaltene agglomeration as suggested by the decreasing of G’ when changing
the concentration of NPs. This tendency showed that the adsorption capability of the NPs was
maintained, even at lower temperatures, at which interparticle attractions are promoted, and the
contribution of the viscous forces in the maltene continuous phase is higher, that is, the Brownian
motion is inhibited.

In the case of C,_,_, models, an interesting phenomenon appeared; a sol/gel transition
temperature or a "gelation temperature” was observed (crossing point between G'and G'’), which

was a function of the NPs concentration (207). As shown in Figure 9, this transition was only
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observed in the heavy crude oil-ferrofluid models. Particularly, the sample C,_j_, , presented the
lowest value in this transition point, which was consistent with the results discussed in the last
sections. About this transition point and the change in the slope of G’ in Co, it is important to
highlight that it was presented in the same temperature range of the deviation discussed in the TTS
principle. A possible explanation of this phenomenon could be associated with the fact that C»
asphaltenes might be more aliphatic and branched, showing secondary relaxation mechanisms or
hardening. When asphaltenes are adsorbed onto the surface of the NPs, the temperature
dependence of the relaxation modes of the side chains becomes dominant, and it might promote
accelerated growth of G'.
Figure 9

Dynamic moduli as a function of the temperature of C,_;_, models at an angular frequency of

10 rad/s.
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2.4.3 Magneto-rheological behavior of the heavy crude oil-ferrofluid models

One of the most relevant experimental remarks regarding the magnetoviscous
characterization was the time-dependent flow behavior of the samples, before and after the
inclusion of the KBFs in the oil matrices, which made it necessary to apply a correction procedure
that allowed the evaluation of the real effect of the magnetic field on the rheology of the samples.
As shown in Figure 10, the shear stress increased with time, evidencing the time-dependent
microstructure of the samples (208). Particularly, the resulting shear stress transient of C;_,_s
(20 wt.% of ferrofluid) exhibited an initial decrease until reaching a minimum (at around t =
116 s). After this, a short viscoelastic relaxation was observed, followed by a monotonically
increase in the shear stress under the high-shear interval (70 s?). This curious increasing
phenomenon was also maintained under low-shear rate.

To further investigate the effect of the inclusion of the ferrofluid on the time-dependent
flow behavior, the concentration of KBFs was increased to 30 and 40 wt.%. As observed in Figure
10 (aiming for more clarity, a secondary axis, with reduced scale, was added at the right of the
graph), when increasing the concentration of the ferrofluid, the shear stress was diminished by a
factor of almost four and ten, respectively; and the viscoelastic relaxation was suppressed.
Nonetheless, the gradually growing structure was maintained. These results not only suggested
that asphaltenes still have a significant influence on the diluted heavy crude oil but also supported
the well-proved stability problem associated with the dilution method with light oils (136).

According to Mezger (207), this behavior is neither dilatant nor rheopectic; instead, it is
related to a permanently remaining shear-induced structure (SIS) or shear-induced structural

change behavior, which might show anisotropic properties. It is important to mention that, to the
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best of our knowledge, this behavior has not been reported in heavy crude oils. Mukherjee et al.
(209) have evidenced similar tendencies in transient flow with ceramic suspensions. The
discussions about the explanation of the phenomenon observed in ceramic suspensions are
extensive though they are not very well defined. So far, the phenomenon has been ascribed to
volumetric dilatancy of condensed phases in highly concentrated suspensions (210); shear
banding, or shear localization (207); formation of clusters by hydrodynamic lubrication (hydro-
clusters); as well as shear-induced hydrodynamic diffusion (209, 211, 212). The pieces of evidence
of the present work and the colloidal nature of the heavy oil samples suggest that the increasing
shear stress phenomenon could be analogous to the rationales proposed in ceramic suspensions.
Mainly, the discussion of Mukherjee et al., (209) whose experimental results showed similar
tendencies, indicate that the diffusion mechanisms might be a possible physical explanation of the
phenomenon. Likewise important, Masson et al. (213) also demonstrated the link between the
segregation of asphaltenes and the presence of steric hardening of bitumen over time at room

temperature.
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Figure 10
Transient shear stress arising during a stepwise increase in the shear rate of the C1_j_50

sample, changing the concentration of the ferrofluid to 20, 30, and 40 wt% at 30°C.
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Therefore, the magnetoviscous effect was studied considering the time-dependent behavior
of the samples. For this purpose, it was used the crude oil-ferrofluid model with the most
concentrated KBF (C,,_x_s.0) in both C1 and Co, to facilitate the elucidation and analysis of the
rheological modifications in the presence of an external magnetic field.

Figure 11 illustrates the relative change of viscosity (6n = n(t) —ny ) of C;_k_z,, in the

absence (B®) and the presence (6B) of a uniform static magnetic field. As shown, in the absence of
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a magnetic field (B®), the sample exhibited an initial breakdown structure followed by a
viscoelastic relaxation, confirming the shear-dependent structural nature of the model samples. In
the presence of a logarithmic ramp of magnetic flux density (6B), as seen in Figure 11A, the
relative viscosity presented the same initial decrease, followed by a shorter viscoelastic relaxation.
Nevertheless, it is observed that the magnetic field generated a gradual increase of the viscosity at
50 and 70 s, in the range of time between 60-90 s.

To further reduce the number of variables involved in the experimental assessment and
considering the rheological complexity of the model samples, the relative viscosity of C;_x_so
was evaluated under the influence of a uniform (B) magnetic flux density of 34.45, 174.51, and
349.58 mT; where the lowest magnetic field strength value (34.45 mT) corresponds to the
transition point (global minimum) observed in the presence of 5B at 70 s. As shown in Figure
11B, the uniform magnetic field applied in these ranges of strength contributed to diminishing the
initial breakdown and relaxation process of the model samples; it was also demonstrated that the
magnetic field increased the relative viscosity and shear stress.

Accordingly, the induced magnetic effect seems to be affected by the viscous forces of the
continuous phase, the viscoelasticity, as well as the shear-dependent behavior of the C1 models.
Thus, an enhanced effect on the increased viscosity due to the presence of the magnetic field was
observed more clearly at higher shear rates, which promoted the breakdown structures in the oil
matrix.

Similar effects to those presented in Figure 11 have been reported in diluted and
concentrated ferrofluids, as well as magneto-rheological fluids. The theoretical explanation of the

magnetic phenomenon in diluted ferrofluids, given by Shliomis (59), established that the oriented
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magnetic field impedes the free rotation of particles in shearing flow, because of the
superparamagnetism exhibited by the NPs. Then, the increase in the ferrofluid viscosity is a
consequence of an additional energy dissipation generated by a difference between the local
angular velocity of the particles () and the vorticity of the fluid (2), known as rotational viscosity
(67m). Soto-Aquino and Rinaldi (214) also proved, by using Brownian dynamics simulations, that
the rotational viscosity (diluted ferrofluids) is a function of the magnetic field strength and its
orientation with respect to the vorticity of the fluid. It was observed a shear-thinning behavior
when increasing the magnetic field strength, which, according to (214), appears when the
hydrodynamic torque exceeds the maximum magnetic torque of the particles, and hence the
particles begin to rotate with the surrounding fluid. However, it is important to highlight that this
model neglects the interparticle interactions and, therefore, it is only applicable for highly diluted
ferrofluids, i.e., those following Einstein's formula for the effective viscosity.

For more realistic scenarios, that is, commercial ferrofluids (concentrated), the
magnetoviscous effect is higher in several orders of magnitude (215, 216); thus, they are not
described by the preceding theory. According to Odenbach (56), this is attributed to chain-like
clustering effects due to greater interparticle interactions; as a result, the magnetoviscous effect
presents a strong shear-rate dependence. Odenbach also highlights that this aggregation
mechanism is only valid for large particles (d> 16 nm), where the ratio between dipole-dipole
energy to thermal energy is higher than unity. Therefore, the shear-thinning behavior is explained
in terms of the increased hydrodynamic force that tends to pull the particles apart. In consequence,
larger shear rates do not produce a significant magnetoviscous effect; thus, it can be assumed that

the field-induced changes of the viscosity are mainly due to the hindrance of the free rotation of
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the large particles and permanent agglomerates in the flow. Due to the existence of these dual
phenomena (i.e., the hindrance of free rotation (59) and the formation of chain-like clusters (56)),
the theoretical approach is known as the bi-disperse model.
However, it seems necessary to highlight that the aforementioned theoretical explanations
for diluted and concentrated ferrofluids, contemplate only Newtonian carrier liquids and no other
type of particles or aggregates apart from magnetic NPs; this prevents a direct comparison with

the case presented in this investigation.
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Figure 11

A. Magnetoviscous effect (relative change of viscosity) as a function of time of C; _j_s o Sample,

applying a logarithmic ramp of magnetic flux density from 1.85 to 875.61 mT (dB-filled

symbols ) at different shear rates 10 s, 50 s%, 70 s, and considering the time-dependent

transient viscosity in the absence of magnetic flux density (B%-unfilled symbols). B. Effect of

uniform magnetic flux density (B) at a constant shear rate 70 s-1; and in the absence of magnetic

flux density (B?).
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Furthermore, the ferrofluid concentration was increased to 30 wt.% and 40 wt.% to

diminish the viscosity of the crude oil-ferrofluid models and, at the same time, increase the

NPs-heavy oil ratio (from 1.0 wt.% of NPs to 1.5 wt.% and 2.0 wt.%, respectively). This allowed

us to individually assess the synergistic implication of the increase of the volume fraction of NPs
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and the reduction of viscosity, over the magnetoviscous effect. It is observed in Figure 12 that, at
these concentrations of KBF, there were not breakdown structures that could influence the
presence of negative 67. Likewise, the magnetic field promoted the reappearance of viscoelastic
effects, as well as the increases of the relative viscosity as a function of the magnetic field strength;
this behavior is indicative of the rapid initial formation of magnetic structures (217). This tendency
was observed with both concentrations of KBF (30 and 40%), although there were not substantial
quantitative differences in the magnitude of the magnetoviscous effect. Likewise, this increasing
viscosity was several orders of magnitude smaller than those observed in commercial ferrofluids
(6n~30% (56, 217)). As it has been discussed, in this work, the NPs were suspended in a complex
rheological fluid, which is shear-dependent and time-dependent. Therefore, a direct comparison
with ferrofluids is not entirely valid. On the other hand, it was proved that the asphaltenes tend to
be adsorbed on the surface of the NPs, which could lead to a decrease in the dipole-dipole
interactions, hindering the formation of aggregates and thus reducing the magnetoviscous effect.

Additionally, it seems that the sample at a concentration of 40 wt.% of KBF (Figure 12D)
followed the tendency observed in the bi-disperse model, that is, a shear-dependence on the relative
viscosity in the presence of the magnetic field. Nevertheless, it was not possible to note significant
differences when applying higher shear rates (50 and 70 s), which also implies that, from this
point, the units interacting with the field are reduced to single-particle sizes (59).

In consequence, the deviations of the present results from the magnetoviscous effect
proposed for ferrofluids are mainly related to the role of the asphaltenes in both, the hydrodynamic
particle volume (because of adsorption) and the appearance of magnetic interparticle interactions

(reducing the magnitude of the maximum relative viscosity). However, further experiments are
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necessary to get more in-depth knowledge about the microscopic phenomena involved in the
magnetoviscous effect.
Figure 12
Comparative assessment of the effect of ferrofluid concentration in C; after applying a
logarithmic ramp of magnetic flux density from 1.85 to 875.61 mT (dB- filled symbols) at
different shear rates 10s?, 50 s, 70 s; and in the absence of magnetic flux density (B?). A.
Concentration of ferrofluid of 30 wt.% (1.5 wt.% NPs-heavy crude oil); B. Net effect of the
external magnetic field at a concentration of ferrofluid of 30wt.%; C. Concentration of ferrofluid
of 40 wt.% (2.0 wt.% NPs-heavy crude oil); D. Net effect of the external magnetic field at a

concentration of ferrofluid of 40 wt.%.
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The magnetoviscous effect was markedly differential in C,_j_s, as can be observed in
Figure 13. It is shown a clear shear-dependent magnetoviscosity, that is, when increasing shear
rate, the relative change of viscosity was reduced. In this case, there was a direct relation to the bi-
dispersed model of concentrated ferrofluids (56). Thus, the increased shear rate promotes the
breakage of the aggregates, resulting in a reduction of the relative change of viscosity.

As previously discussed, the magnitude of the magnetoviscous effect was smaller than
those observed in commercial ferrofluids, showing a maximum increase of relative viscosity in the
order of 12%, which was almost 40% of the values reported for ferrofluids (56, 217). It is important
to highlight that, to the best of our knowledge, this effect has not been reported in the literature.
Figure 13
Magnetoviscous effect (relative change of viscosity) of C,__so Sample, applying a logarithmic
ramp of magnetic flux density from 0 to 875.61 mT (9B filled symbols ) at different shear rates
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A different assessment was used in the heavy crude oil-ferrofluid models of C», considering
the observed magnetoviscous effect (Figure 13). The viscosity was measured at a constant shear
rate of 25 s, and three regions were considered (Figure 14): i) in the first region, at B = 0, the
viscosity showed the shear-induced structure (SIS) behavior; ii) in the second region, when the
magnetic field was applied, the viscosity suddenly increased in all the samples, which enabled to
reinforce the hypothesis about the fast formation of chains due to the rearrangement of the bigger
NPs (similar results in ferrofluids were proved by (218, 219)). Also, it was observed in C,_;_o..
Co_x—1.0 and C,_j_s o a viscoelastic relaxation which might have been related to the appearance
of viscoelastic effects due to the magnetic field (217). This phenomenon, to the best of our
knowledge, has not been reported in ferrofluids; however, Hosseini et al. (219) exhibited a similar
tendency using a Y'-Fe,O3 paraffin-based ferrofluid,; iii) finally, in the third region, in which no
magnetic field was applied, it was observed a sudden decrease of viscosity, evidencing that the
formation of structures was disrupted and the samples returned to their original state. The results
also proved that the magnetoviscous effect is proportional to the concentration of NPs, and that it
is possible to reach significant changes in viscosity in the presence of moderate magnetic fields

such as those observed in ferrofluids.
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Figure 14
Time dependency of the viscosity of the heavy crude oil-ferrofluids models of C,. The shear rate

was 25 s, At region | magnetic flux density B= 0, region 1l magnetic flux density B= 647.3 mT

and region Il magnetic flux density B= 0.
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2.4.4 Morphological assessment of magnetic field-induced assembly on NPs-asphaltene
complexes
To further study the induction of magnetic assemblies in the presence of a uniform
magnetic field, “synthetic” crude oil-ferrofluid models were prepared by the drop-casting method

and analyzed by SEM-EDS. Considering the compositional complexity of the heavy crude oil
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matrices, a first approach was made with a dispersion of asphaltene in toluene as the carrier fluid.
One of the advantages of toluene as carrier liquid relies on its affinity with asphaltenes and its high
boiling point, necessary to obtain well-ordered structures (193). The comparison between the
micrographs of the dispersion at zero-magnetic field and those in the presence of magnetic field
(Figure 15) revealed marked differences in the morphological features of the magnetic assemblies.
At zero-magnetic field (Figure 15A), the samples exhibited uniform spherical structural
agglomerates. One possible explanation of the presence of these agglomerates could be related to
an apparent inefficient control of the evaporation rate of toluene, which might have impeded the
formation of a monodisperse film of NPs (220); however, the spherical morphology pattern of the
NPs was evidenced. The EDS analyses confirmed the presence of asphaltenes, adsorbed onto the
surface of the NPs; the elemental microanalysis (not shown) revealed increments in the
concentration of carbon when asphaltenes were present in the model (i.e., “NPs-Toluene”
presented 6.23 wt.% of C, while the model “Asphaltene-NPs-Toluene™ showed a concentration of
22.9 wt.%.). EDS results also revealed the presence of sulfur (1.27 wt.%), which is a typical
heteroatom of the asphaltene structure (134).

On the other hand, in the presence of the in-plane magnetic field (Figure 15B), the samples
exhibited the formation of thick and straight superstructures that were aligned along the direction
of the magnetic field. The development of these ordered stacking superstructures was not affected
by the presence of asphaltenes, as observed in the images at different magnifications; they follow
highly ordered packing patterns at microscales. As shown in the magnetorheological
characterization, these results provided crucial evidence of the formation of chains oriented in the

direction of the magnetic field, as suggested by the bi-dispersed model (56). However, further
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investigation using more complex systems that can describe oil matrices more accurately is
required (221). An improved control of the solvent evaporation rate and/or the use of Cryo-TEM
(Cryogenic Transmission Electron Microscopy) are also suggested (221).
Figure 15
SEM images of magnetic field-induced assemblies of NPs-asphaltene complexes prepared by the
drop-casting method at different magnifications. A. At zero-magnetic field, and B. In the
presence of a uniform longitudinal magnetic field of 1T provided by a Halbach cylinder. The

insert represents the Halbach array with the sample illustrated with the black circle.

Halbach
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2.5 Conclusions

According to the viscoelastic characterization and the applicability of the TTS principle,
the extra-heavy crude oil C1 showed to be thermorheologically simple, i.e., it did not experience
first-order phase transitions with temperature. Although the heavy crude oil C exhibited partial
applicability of the principle, both samples showed an excellent fit to the generalized Maxwell
model in the dynamic flow field. It could be inferred that the elastic structural properties in both
samples are mainly coordinated by asphaltenic aggregates; the applicability of the TTS principle
could be linked to the complexity of the structures present in the crude oil matrix.

The synergy between the carrier liquid and the NPs of the KBFs promoted a significant
reduction of the viscosity of the crude oils, directly related to the simultaneous action of the solvent
and the asphaltene adsorption onto the NPs surface. It was demonstrated the presence of a critical
NP concentration (0.6 wt% for C1 and 0.2 wt.% for C») that promoted the maximum decrease in
viscosity and G', which was crucial evidence of the effect of the NPs in hindering the aggregation
mechanisms of asphaltenes.

It should be highlighted that the crude oil samples without NPs did not show any type of
rheological alteration under the presence of a magnetic field, contrary to those reported by other
researchers (150, 151, 156). However, in the presence of magnetic NPs and magnetic fields, both
heavy crude oil-ferrofluid models showed a magnetoviscous effect. In the case of the models of
C4, the magnetic field contributed to attenuating the initial breakdown and relaxation processes,
which was followed by an increase of the relative viscosity and shear stress; this was attributed to
the possible formation of magnetic chain-like clusters or aggregates. These assumptions were

supported by SEM-EDS analyses that showed the formation of well-aligned columnar
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microstructures in the direction of the applied magnetic field. On the other hand, the diluted
samples of C» followed the bi-dispersed model, in which a small fraction of large particles (>16
nm) form chains determining the field-dependent changes of viscosity. In both cases, a magneto-
rheological effect was demonstrated, despite the magnitude of the viscous forces and the
adsorption mechanisms that could contribute to hinder the magnetic interactions. Nevertheless,
further research is needed to evaluate the applicability of this synergistic approach that could
enable to control and to improve the rheological properties of crude oils in different stages of
transportation and production, thus, reducing the energy consumption associated with pumping.
For our next phase of research, special magnetic arrays are being proved to reduce the viscosity

and to control the rheological behavior of these fluids, as it has been studied in ferrofluids.
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3  Effect of asphaltene adsorption on the magnetic and magnetorheological properties of
heavy crude oils and Fe3O4 nanoparticles systems

3.1 Abstract
An essential understanding of the adsorptive phenomena involving nanomaterials and
asphaltenes has received considerable attention in oil recovery and production applications.
Particularly, iron oxide-based nanoparticles have emerged as advanced materials due to their
unique physicochemical properties, including thermal conductivity and superparamagnetism. On
this basis, the kinetics and adsorption isotherms of magnetite (FesOs) nanoparticles/asphaltene
systems were investigated, as well as the synergistic effect of resins acting as stabilizing colloidal
agents. The results indicated rapid asphaltene adsorption that, essentially, follows the
phenomenological external mass transfer (EMT) model. At the equilibrium, the asphaltene
adsorption was adequately described by the monolayer Langmuir model. By these findings, it was
studied for the first time the effect of the adsorbed asphaltenes on the magnetic dipolar interactions
in nanoparticles/asphaltene powder state configurations, by applying a simple analytical model
based on magnetic susceptibility and demagnetizing field concepts. It was proven accurately that
asphaltenes coated the surfaces of the nanoparticles forming layers that stimulate a steric repulsive
barrier between particles and, thus, reducing the intensity of interactions. Accordingly, a
theoretical method was validated to estimate the magnetic-size distribution parameters by
comparison with the physical distribution data obtained by Transmission Electron Microscopy
(TEM). Finally, from the magnetically modified dynamic rheological properties, it was inferred
that isotropic aggregates are naturally formed in the absence of the magnetic field, and these

morphological features were not dramatically changed after the imposition of the field, leading to
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direct extrapolation of the modeling-based procedure for powders to real colloidal configurations
applied in oil field operations.

3.2 Introduction

Oil is still considered one of the main global primary energy sources; according to the 2020
World Energy Outlook edition, until 2019, it supplied more than 31% of the global energy demand
and it is projected to remain the fuel with the largest share of the worldwide energy mix until 2045
(222). Despite the vast changes that the world is facing, in which renewable fuels retain the position
of the fastest-growing energy source, emerging markets still represent strong oil demand for
mobility, and essentially, oil will continue leading as a feedstock in the petrochemical sector with
the imminent advantage of zero combustion (222). Heavy and extra-heavy crude oils are framed
as the mainstay of the energy market due to their large availability in world reservoirs (136).
However, their well-discussed compositional complexity, that mainly promotes undesirable
asphaltene phase transitions, makes them difficult and expensive to produce, transport, and refine
(136, 223-225).

Asphaltenes have been historically considered the most problematic oil fraction in the
petroleum industry, their surface-active properties, as well as their self-association tendency, arise
from the conglomeration of several types of intermolecular interactions, including n—x stacking,
acid—base interactions (typically between oxygen and nitrogen functional groups, and to a lesser
extent, sulfur (226, 227)), hydrogen bonding, metal coordination complexes (metal porphyrins
containing mainly vanadium, nickel, and iron), hydrophobic pockets (van der Waals), and
interaction with resins (225, 228). Because of thermodynamic perturbations, asphaltenes that exist

as a distribution of nanoaggregates, tend to self-assemble to form clusters (with size between 2
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and 10 nm (133, 227)) and/or organic deposits that promote critical flow-assurance issues, such
as clogging within pipelines and high viscosity (224, 229, 230). It seems that the most polar and
metal-containing asphaltenes are directly associated with the deposition processes (225); however,
the key factor that determines whether the asphaltenes are stable in the oil matrices is still
uncertain. One of the most accepted hypotheses is related to the “stabilizing” role of resins,
attributed to their capability to serve as a continuous bridge-binding between the polarity of the
asphaltenes and the non-polarity of the saturates in the maltene continuous phase (225, 230-234).
Koots and Speight (235) quantified that around 75% of the total resins are necessary to maintain
asphaltene stabilization. Accordingly, it has been postulated that resins can contribute to the
disruption and/or deflocculation of asphaltene aggregates through adsorption mechanisms, mainly
by weak van der Waals forces (interaction enthalpies between 3-5 kJ mol™? (223, 224, 236)), and
hydrogen bonding (237). On the one hand, some researchers have proposed dispersions of
lipophilic colloids of asphaltenes surrounded by a steric stabilization layer of the adsorbed resins
(essentially, weak-self interacting resins (224)) that promotes deflocculating effects (224, 230,
234). 1t has also been discussed the formation of mixed asphaltene-resin aggregates, in which the
adsorbed resins hold the capacity to break the stacking of the aromatic sheets in the asphaltenes
(233, 236-238). For example, Leon et al. (233) observed multilayer adsorption and proposed
penetration mechanisms of resins into the microporous structure of asphaltene aggregates, which
could act synergistically to disrupt and dissolve asphaltenes. Liu etal. (230), supported the
postulates of the penetration theory and demonstrated that the efficiency in inhibiting the formation
of asphaltene aggregates depends on the chemical nature of resins; i.e., heavy resins (those

extracted by solubility in n-pentane), which are more polar and aromatic, showed enhanced
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efficiency in heptol (heptane/toluene) dilutions. However, the presence of a critical resin
concentration was observed, at which, a complete occupancy of the asphaltene periphery (A2-type
molecules with higher solubility parameter (239)) is reached and, consequently, the disaggregated
asphaltenes tend to expose the less soluble aromatic colloidal cores (Al-type (239)), promoting
the reappearance of self-association mechanisms. Derakhshani-Molayouse and McCullagh (231)
validated by molecular dynamics (MD) simulations that the most polar and heteroatom-containing
resins have the largest hindering effect on asphaltene precipitation in n-heptane.
Soorghali et al. (232) have also reported that non-native resins showed a better performance in
preventing asphaltene deposition, although no chemical analyses were contemplated. Nonetheless,
Pereira et al. (224) also stipulated that resins that strongly self-interact, exhibit high adsorption
and produce a thick and sticky adsorbed layer that promotes flocculation effects. As a conclusion
of these discussions, the big gap of ambiguity about the resin stabilization/deflocculation role is
clear. Although some of these works have demonstrated a modest inhibition effect (equivalent to
low concentrations of model amphiphiles (230, 232, 240)), the implementation of complementary
cost-effective solutions to prevent asphaltene destabilization/deposition is still needed.

Adams (225) proposed two paradigms to mitigate flow-assurance issues: asphaltene
conservation (by adding diluents, stabilizing agents; among others) and asphaltene rejection
(considering them as “waste” byproducts). From the last one, we highlight the selective adsorption
methods due to their direct link with nanoparticle technology, as well as, their non-specificity in
regards to the oil nature (225). Within this framework, several authors have harnessed the
physicochemical properties of the nanoparticles in multiple petroleum processes, mainly focused

on the reduction of heavy oil viscosity by emulsifying oil, adsorbing/dispersing asphaltenes, and/or
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catalytic oil upgrading (225, 241-243). Particularly, nanoparticles have been categorized as
selective asphaltene sorbents and dispersants with the capability of promoting structural changes

inside the oil matrices, such as reducing the asphaltene self-association and thus, decreasing

precipitation rates (206, 227, 244, 245); promoting the oxidation of asphaltenes through surface

exposure (161, 165, 167, 227, 229, 246, 247); and inhibiting the formation of complex long-range

viscoelastic structures (2, 6, 7). Nonetheless, asphaltene adsorption constitutes a very complex
process since it depends on several factors (i.e., nanoparticle surface acidity, type, size; asphaltene
origin, acid-base pairs, and aromatic backbone; water content (225, 241)). Among the well-known
functional nano-adsorbents, which are classified as mineral-based, silica, alumina, glass, carbon,
metals, metal oxides, and polymers (225, 243), growing interest has been devoted to metal oxides,
which, in addition to the large functional surface areas and selectivity, also exhibit exclusive
thermal conductivity and superparamagnetism. Regarding the last one, just a couple of works have
demonstrated the potential of magneto-controllable features of nanoparticles as an additional
mainly the recovery of heavy oil by enhanced metal-nanoparticle incorporating electromagnetic
heating (EMNIEH); however, several constraints have been argued, for example, the limited
electromagnetic heating propagation in porous media (12). Alternative approaches have also been
reported, such as the inclusion of aqueous-based ferrofluids and external uniform magnetic fields
to induce piston flow in a porous medium and, thus, to improve sweeping efficiency and oil
recovery (46). Contreras-Mateus et al. (2) also demonstrated the induction of magnetoviscous
effects in mixtures of heavy crude oils and kerosene-based ferrofluids (KBFs), similar to the

experimental observations in ferrofluids under the influence of uniform static magnetic fields (56,
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172, 173). Although these works have laid the foundations of the synergistic effect of nanoparticle
technology and magnetic fields as prominent flow assurance and recovery approaches, to the best
of our knowledge, none of them has provided a fundamental explanation and interpretation of the
possible physicochemical interacting phenomena occurring in these systems in the presence of
magnetic fields, since all of them have focused on macroscopic approaches, which has limited the
awareness of the scale performance of these technologies. Therefore, it is particularly important to
acquire a microstructural understanding of the role of asphaltenes on the induced magnetic
interparticle interactions (i.e., nanoparticles/asphaltene complexes) that enable a precise
description of these interactions and the scope of their field applicability. Against this background,
this research is focused on evaluating the effect of asphaltenes on the magnetorheological behavior
of magnetic modified heavy crude oil systems by studying the adsorption phenomena of
asphaltenes onto FezO4 nanoparticles, and by evaluating their role on the ordering and strength of
magnetic dipolar interactions in oil/nanoparticles specimens. Although adsorption kinetics and
isotherms of asphaltenes onto metals and metal oxide nanoparticles have constituted the topic of

plentiful experimental studies (142, 161, 165, 167, 227, 229, 248, 249), these works are mostly

limited to the analyses of thermophysical phenomena, encountering, in most of the cases,

Langmuir Type I isotherm for asphaltene adsorption (161, 165, 167, 227, 229, 250-253). There are

also a handful of works that have observed multilayer adsorption (142, 248, 249). Another couple
of studies have considered the effect of resins on the adsorption of asphaltenes (161, 170, 252),
concluding mainly that resins impact asphaltene adsorption by competition for sorbent adsorption
sites and/or disruption of the colloidal state of asphaltene aggregates. Nonetheless, to the best of

our knowledge, no research has evaluated the implications of asphaltene adsorption on the
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magnetic dipolar interactions in oil/nanoparticles systems, as an influencing factor on the
magnetorheological properties. Bearing in mind the stated main objective, this research was
divided into two stages: i) an assessment of the adsorption kinetics and isotherms of asphaltenes
onto FesO4 nanoparticles in synthetic systems (toluene dispersions), contemplating the potential
ambiguous effect of the presence of resins on the nanoparticles/asphaltene interactions; and, ii) a
magnetic characterization of nanoparticles/asphaltene complexes as a function of asphaltene
concentration, to elucidate their implications on the magnetorheological properties of
oil/nanoparticles systems. The results demonstrated that the adsorbed asphaltenes impact the
magnetic dipolar interactions due to the induction of steric effects. Furthermore, this hindering
effect was highly dependent on the concentration of asphaltenes; there were observed exponential
increases that had a direct repercussion on the magnetorheological effects. This fundamental
analysis could serve as the basis for the design and implementation of magnetism and nanoparticle
technology as prominent solutions in flow assurance processes.

3.3 Materials and methods

3.3.1 Materials

A Colombian heavy crude oil (hereinafter, C;) was used as the feedstock from which the
asphaltene and resin fractions were extracted. The compositional characterization of C; was carried
out by SARA fractionation analysis, following the ASTM D6560 (254), ASTM D1319 (255), and
ASTM D2549 (256) methods. The mass percent compositions and the APl gravity
(ASTM D70 (257)) are shown in Table 5. Asphaltenes (hereinafter, A;) and heavy resins
(hereinafter, hR,) were obtained by solvent extraction, following the procedure proposed by Liu

et al., (230) considering the remarkable inhibition effect of heavy resins over asphaltene
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aggregation. n-Pentane (EMSURE® grade, Merck) and toluene (EMSURE® grade, Merck) were
added in a volumetric ratio of 40: 1 (mL of n-pentane: mL of toluene) to 1 g of C;. The mixture
was subjected to reflux at 80°C for 4 h and then, left in darkness for 24 h at ambient conditions.
Finally, the sample was sonicated for 2 h at 15°C under controlled conditions (avoiding solvent
evaporation) to ensure the complete precipitation of the insoluble compounds, which were then
collected by gravity filtration using a Whatman Grade 42 paper. The filter cake was washed with
n-pentane in a Soxhlet extractor until the solvent was colorless (~24-72 h), subsequently, using
n-heptane (EMSURE® grade, Merck) and finally, toluene, to isolate hR; and A;; respectively. At
each step, the solvent was removed by evaporation in the airflow of a fume hood until the fractions
reached constant weight. For comparison purposes, another batch of asphaltenes (hereinafter, A;s)
were also isolated by following the standardized ASTM D6560 method (254).

On the other hand, FesO4 nanoparticles were obtained from Sigma Aldrich for the first
stage of this study (50-100 nm, SEM), and from Ferrotec (USA) Corporation of the series EMG
1300M for the second stage (9.43 + 0.14 nm, TEM), considering that the latter have a polymeric
surfactant that enables excellent stability and dispersibility in organic carrier liquids, iron oxide
content between 60 and 80 wt. %, and saturation magnetization in the order of 50- 70 Am? /kg.
The nanoparticles were used without any further treatment.

Table 5

SARA Fractionation and API gravity of C4.

Fraction wt. %
Saturates 24.5
Aromatics 24.6

Resins 25.21
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Asphaltenes 25.0
Volatile matter (VM) 0.7
API gravity 11.46

3.3.2 Evaluation of the synthetic heavy crude oil and adsorption experiments
3.3.2.1 Preparation of the stock stable dispersions

According to the literature, most of the works have not standardized an optimum procedure
for the preparation of stable asphaltene dispersions. Additionally, in most cases, the effect of the
centripetal force in the adsorption experiments has not been analyzed; it is important to note that,
the action of this force could induce to inaccurate mass balances since a substantial fraction of the
non-adsorbed asphaltenes might precipitate when using this non-selective technique, especially at
concentrations of asphaltenes above 1mg/mL. Therefore, a standardized approach was
implemented in this work: stable stock dispersions of A;, A5, and A; — hR; (0.15 and 0.3 g of
hR; per 1 g of A;) were prepared at a concentration of 1 mg/mlL in toluene, by subjecting the
mixture to reflux at 80°C for 5 h. The stability of each dispersion was corroborated when no
precipitated material was observed after subjecting the dispersions to centrifugation at 4000 rpm
for 30 min. The volume of solvent was calibrated using a volumetric flask before and after reflux.
3.3.2.2 Batch adsorption experiments

For the batch-mode adsorption experiments, an effective mass of nanoparticles (as
proposed by (142)) was added to glass scintillation vials, followed by the slow addition of equal
and calibrated volumes of the oil fraction dispersions (4,, A;s, and A; — hR; in toluene) at the
initial concentrations ranging between 0.05 — 1 mg/mL. Next, the vials were properly sealed to

avoid solvent evaporation and sonicated until equilibrium was attained. The nanoparticles/oil
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fraction complexes were separated from the dispersions by the application of an external magnetic
field at the bottom of the vials. We highlight that this method, in an equivalent way, ensures the
selective precipitation of non-interacting nanoparticles and interacting nanoparticles/oil fraction
complexes. We also emphasize that, to the best of our knowledge, just a couple of works have
implemented this selective separation technique (167, 229, 244). The supernatants were analyzed
by UV-Vis spectrophotometry over the wavelength range of 250-900 nm, using a UV-Vis
GENESYS 10S, Thermo Scientific spectrophotometer. Depending on the oil fraction
concentration range, the dispersions were diluted until the spectra were in accordance with the
Beer-Lambert law (258).

The absorbance spectra of asphaltenes suspensions exhibit the presence of two main signals
(Figure S1A): a broad signal centered at around 288 nm, which is attributed to graphene sheets
that conform the asphaltenes (259, 260), and a peak located at 405 nm, attributed to the Soret band
of petro-porphyrins (233, 242). As seen, the intensity of both signals decreases when decreasing
the asphaltene concentration. Furthermore, a comparison of the spectra before and after the
adsorption of asphaltenes showed that the samples experienced changes in intensity (not in shape
nor position) after the precipitation of the nanoparticles/asphaltene complexes, evidencing the
presence of the same absorbing chromophores at different concentrations. The diminishing in the
intensity at 405 nm after precipitation indicates that the band of porphyrins is appropriate to
estimate the concentration of asphaltenes, as they both decrease at the same extent. In addition,
toluene absorptivity (~285 nm (261)) might interfere with the more intense signal at 288 nm, and
thus, the calibration curves were constructed at a wavelength of 405 nm. It was possible to

corroborate that the absorbance of the samples at such wavelength increases linearly as a function
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of the asphaltene concentration (Figure S1B). We also complemented these results by
demonstrating the adsorption of asphaltenes, using FTIR spectra of the magnetically precipitated
complexes (Figure S2).
Accordingly, Eq. 22 was used to determine the difference in the concentration of A,, Ay,

and A; — hRy, and thus, to calculate the equilibrium adsorbed quantities (g.4 in mg/g).

(Co— Coq)V _ (Absy — Abs,q)V

(22)
m 1000em

Geq =

where Abs, and Abs,, are the initial and equilibrium absorbance of the dispersions;

respectively. They are related to the bulk concentration of the adsorbate (C, mg/mL) by the
expression of the Beer-Lambert law, Abs = €Cl; being &, the extinction coefficient (i.e., the slope
of the linear/calibration plots), and [, the path-length (i.e., cuvette width ~1 c¢m). Likewise, V (mlL)
is the volume of the dispersion, and m (g) is the mass of nanoparticles.
3.3.2.3 Modeling adsorption Kinetics and isotherms

The Mixed-Order (MO) (Eg. 23) and the phenomenological external mass transfer (EMT)
(Eq. 24) models were used to describe the kinetic experimental data.

On the one hand, the MO model holds the great advantage of combining the pseudo-first-
order (PFO) and the pseudo-second-order (PSO) kinetic models, enabling the analysis without
exclusion of i)any stage of adsorption (initial-PFO and final-PSO); ii) any mass transfer

controlling step (external/internal diffusion and/or few active sites—PFO, and abundant active
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sites-PS0O); and, iii) arbitrary initial adsorbate concentration, C, (high C,-PFO, and low C,-PSO)

(262, 263).

dq

E = ki(Qeq - Q) + ké(Qeq - Q)z (23)

where g is the adsorbed amount of the asphaltenes at time t (min), k; (1/min) and
k; (g/mg - min) are the pseudo-first-order and pseudo-second-order rate constants of the MO
model, respectively.

On the other hand, considering that FesO4 nanoparticles are essentially nonporous (206),
and that the theoretical derivation of the MO model arises from the assumption that the initial stage
of adsorption is controlled by the availability of active sites (262), it was appropriate to consider a
phenomenological analysis of the external diffusional phenomenon, based on the morphological
features of the adsorbent (264). Accordingly, the EMT model was contemplated (Eg. 24),
recognizing that the diffusion in the surrounding film is the slowest step, and the equilibrium is

reached on the surface of the adsorbent (263, 265, 266).

dq
dt

= Kext (Ct — Cet) (24)
Where k., is the universal external mass transfer coefficient (mL/g - min), C; is the
adsorbate concentration at time t (mg/mlL), C,, (mg/mL) is the equilibrium adsorbate

concentration at the surface of the adsorbent. The equilibrium phenomenon is described by the
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adsorption isotherm model, q.; = f(C,.:). In this case, the estimated parameters of the Langmuir
model were coupled to the calculation of g, (see (263)).
In keeping with the asphaltene adsorption studies reported in the literature, most of these
studies reported adsorption behaviors that are well-described by Langmuir isotherms (161, 165,

167, 227, 229, 250-253), whose theoretical bases ascribe monolayer adsorption on homogeneous

surfaces; showing shapes similar to Type I IUPAC isotherms (225, 226). Although Adams (225)
described several factors that could impact the formation of mono-/multi-layer coverages, such as
the type and size of the adsorbent, the source and concentration of asphaltenes, sample preparation,
nature of the solvent, and sorption conditions (static or dynamic); these factors have not been
conclusive in all studies. For example, some works have shown monolayer adsorption at
asphaltene concentrations above 40000 mg/L, while others have observed transitions to
multilayer adsorption at concentrations in the order of ~2500-5000 mg/L (225). Thus, the
Langmuir (Eg. 25) and exponential Langmuir model (that includes a concentration-dependent

factor, x, Eq. 26) were used for fitting the experimental asphaltene adsorption isotherms.

KLCeq

G = TR, G (25)
KCey™

gy —ta 26

where q,, (mg/g) is the maximum adsorbed amount of adsorbate forming a monolayer
on the adsorbent surface, and K; (mL/mg) is the Langmuir equilibrium adsorption constant

related to the affinity of binding sites. Equivalently, K is the exponential Langmuir constant.
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3.3.3 Characterization of the interacting complexes

The nanoparticles and some samples from the dried bulk precipitates after magnetic
separation, were selected and analyzed by Scanning Electron Microscopy coupled with Energy
Dispersive Spectroscopy (SEM-EDS), using a high-resolution Quanta FEG 650 microscope,
operating at 15 kV and high vacuum conditions.
3.3.4 Magnetic evaluation
3.3.4.1 Preparation of the dispersions and magnetometric characterization

The procedure was based on the methodology employed in a previous work (2). In brief,
dispersions of the functionalized nanoparticles (series EMG 1300M) at a constant concentration
of 43.8 mg/mL (~5 wt.%) and A, fraction at concentrations of 0.1, 1.0, and 10 wt. % were
added to a calibrated volume of toluene. The vials were properly sealed to avoid solvent
evaporation and sonicated for 6 h, followed by orbital shaking for 15 h at 350 rpm and 25 °C.
Finally, aliquots of 1 mL of sample were collected and dried under vacuum at room temperature,
considering the sensitivity of asphaltenes to high-temperature conditions. The powder specimens
(9-15 mg) were used to carry out the isothermal magnetometry measurements, using a vibrating
sample magnetometer (VSM, VersaLab™, Quantum Design, USA). The magnetic field strength
applied (H4) was varied between —3.00 x 10* and 3.00 x 10* Oe at 25 °C.

The fN,5_, notation was used to differentiate the dried functionalized Fe;0,/A;s
powder specimens obtained from the toluene dispersions, w refers to the (4,5) asphaltene weight
fraction. For example, fN415_0.1, COrresponds to the dried powder of the model dispersion of

nanoparticles at the defined concentration (~5 wt. %), and 0.1 wt. % of asphaltenes. A standard
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sample of dried nanoparticles without asphaltenes (i.e., fN415-0) Was included for comparative
purposes.
3.3.4.2 Theoretical approach of the isothermal magnetization curve

The obtained Fe;0,/Ais (fN41s-,) POwders can be modeled as a homogeneously
distributed specimen with randomly directed easy axes for the particle moments. Considering this
spatial proximity or packed arrangement, which is simultaneously controlled by the
asphaltene-coating thickness; it is necessary to analyze the effect of the magnetic dipolar
interactions, as they could modify the response of the specimen to an applied magnetic field; in
particular, its susceptibility, relaxation time, and coercivity (267, 268). Thus, a suitable way to
analyze the magnetic properties, implies assessing and removing any possible demagnetizing-field
(DMF) effects by establishing DMF corrections (269).

Herein, it is essential to provide a fundamental contextualization of the dipolar field,

originated in the elemental magnetic moments of any uniformly magnetized specimen by an

applied magnetic field (H4), as established in Eq. 27 (267, 269, 270).

HE = HA + HP (27)

where, HEis the internal effective field in the specimen (experienced by the nanoparticles),
which has a reduced value because the contribution of the demagnetizing field (17’3), produced by
the magnetization distribution of the sample, acts in the opposite direction. In the simplest case,

the demagnetizing field can be analyzed by the approximation HP = —NEM, where NZ is the

magnetic-phase effective demagnetizing factor in the measurement direction u (due the sample
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shape, because of the dipole-dipole interactions between packed magnetic cores) and defines HP

in terms of the cores magnetization M (61, 64, 267, 271).

Against this background, we analyzed the low-field susceptibility since it is one of the

affected functions. Consequently, the extrinsic or apparent susceptibility k = lim % was related
H4-0

to the intrinsic or actual susceptibility y = F}‘igmo% (i.e., in the absence of interactions) by

applying a DMF correction, as shown in Eq. 28 (64, 267, 269).

R
1+ NE y

(28)
where NE, = ¢y NE can be expressed in terms of the demagnetizing factor of the bare
nanoparticles (i.e., considering only the magnetic cores), being ¢, the volume fraction of the
magnetic cores in the specimen, as they coexist with the surfactant (¢s,,f) and the adsorbed
asphaltenes (¢,).
3.3.5 Characterization of the functionalized nanoparticles
The functionalized nanoparticles (series EMG 1300M) were dispersed in toluene and
dropped on ultra-thin carbon grids for Transmission Electron Microscopy (TEM). The samples
were left until the toluene was completely evaporated. The images were acquired using a Hitachi

H7650 operating at 80 kV acceleration voltage.
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3.3.6 Magnetorheological evaluation
3.3.6.1 Preparation of natural heavy crude oil models

The preparation of the natural oil models was based on the methodology employed in a
previous study (2). The functionalized nanoparticles (series EMG 1300M) at a constant
concentration of 43.8mg/mL (~5.0 wt.%) and A, fraction at concentrations of 0.1, 1.0, and
10 wt. % were added to a calibrated volume (3 mL) of maltenes extracted from C; (collected
mixture of resins, aromatics and saturates after A,s separation), hereafter M;s. An additional
sample using the original oil C; (with 25 wt. % of A, see Table 5) and the nanoparticles at the
same calibrated volume and nanoparticle concentration was prepared. Subsequently, the mixtures
were immersed in an ultrasonic bath for 6 h, followed by orbital shaking for 15 h at 350 rpm and
50 °C, and finally, they were reincorporated to the ultrasonic bath for another 6 h to completely
ensure colloidal stability of the samples (192). C{™* and M7%_,, notation was used to differentiate
the “magnetically modified” C; oil and M;s maltenes; respectively. Likewise, w refers to the
asphaltene weight fraction. For example, M{%_, ;, corresponds to a mixture of M, g, nanoparticles
at the defined concentration (~5.0 wt. %), and 0.1 wt. % of asphaltenes. A standard sample of
M, s and nanoparticles without asphaltenes (i.e., M{s_,) was included for comparative purposes.
3.3.6.2 Magnetorheological characterization

The magneto-rheological measurements were conducted on a MCR 302
Physica-Anton-Paar coupled with a Magneto-Rheological Device (MRD) that induces a magnetic
flux density up to 1 Tesla (MRD170/1T). To ensure temperature homogeneity and stability of the

fluid sample between the parallel plates (which is affected by the thermal energy dissipation due
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to the current flow in the MRD), an external temperature control system (T-CS) was paired to the
device (further details are described in (2)). The following oscillatory tests were performed:

Before every test, a thermodynamic stabilization of the sample was performed for 30 min
at constant temperature and zero shear rate. Then, the time-dependent dynamic moduli (G’ and G"
against t) were analyzed at 15 °C, 10 rad /s, 1 and 10% of strain for C{"* and M{%_,,, respectively;
considering three regions: i) G' and G'* were measured during 600 s in the absence of magnetic
flux density (B = 0); ii) G’ and G'* were measured during 300 s, applying a constant magnetic
flux density of B = 0.094 T; and finally, iii) G’ and G were measured during 600 s at B = 0.
3.4 Results and discussion
3.4.1 Adsorption kinetics and isotherms
3.4.1.1 Adsorption kinetics

The adsorption of A; (at 1mg/mL) onto Fe3Os nanoparticles at a fixed-optimum
concentration (7.5 mg/mL see (142), and Figure S3) was analyzed for 80 min, as shown in Figure
16. The rate of adsorption revealed a rapid increase during the first 20 min of contact, from which,
adsorption equilibrium was reached. These observations were in good agreement with the reported

in the literature (167, 206, 229, 249). According to Nassar et al., (206) this rapid increase is

ascribed mainly to the nonporous characteristics of FesO4 nanoparticles that favor a rapid first step
or predominantly single-step of asphaltene adsorption. The above has been phenomenologically
justified by the Double Exponential Model (DEM), which describes the kinetics of adsorption in
two steps, namely, a fast and a slow step (142). Accordingly, in Fez04 nanoparticles/asphaltene
model systems, it has been demonstrated that the rate constant (k) and the adsorption coefficient

(D) of the slow step have shown negligible values; for instance, Shayan and Mirzayi (142)



119

MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.
observed that, in the rapid step of the DEM, almost 90% of adsorption onto maghemite (y-Fe203)
and hematite (a-Fe203) nanoparticles was reached in less than 1 h; they explained this rapid rate
in terms of the smaller size and, thus the larger available surface area of the nanoparticles.

The PFO and PSO models have been mainly used to describe the adsorption Kinetics in
solid/solution systems, although it seems that a theoretical interpretation in terms of the mass
transfer steps (i.e., diffusion from the bulk of the solution, across the liquid film surrounding the
sorbent particles, along the sorbate pores, or “surface reactions” (272)) is typically not provided.
Therefore, to accurately represent the experimental kinetic data and the fundamentals of the whole
adsorption process, the MO and EMT models were used. By the graphical assessment of the Kinetic
isotherm (Figure 6A) and the statistical parameters (Table 6), both models showed qualitative and
quantitative comparable fitting with the experimental data; which was the expected trend
considering the limited number of experimental points. However, directing the attention to the
corrected Akaike information criterion (AICc) parameter, the lowest value was observed with the
EMT model. In accordance with the state-of-the-art discussion, and the morphological features of
the nanoparticles (see Figure 18A), it seems logical to establish the external diffusional kinetics as
the dominant process, especially at the initial stage. Furthermore, a theoretical comparison of the
overall adsorption rate was estimated in terms of the PFO (Eq. 29), PSO (Eg. 30), and EMT (Eq.

31) driving forces, as follows:

PFO-rate = ki(qeq — q) (29)

PSO-rate = k;(qeq — q)? (30)
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EMT-rate = k,,;:(C; — C,;) (31)
As shown in Figure 16B, the external diffusion rate was higher in several orders of magnitude,
thus, it was the leading kinetic process at the initial adsorption stage, which strengthened the
previous discussion. Likewise, near the equilibrium, the PSO-rate dominated the adsorption, which
was also an expected behavior, considering that the final stage of the adsorption process is one of
the conditions that the PSO model can accurately describe (262, 263).
Table 6
Estimated parameter values of the mixed-order (MO) and the phenomenological external mass

transfer (EMT) kinetic models.

Model Parameters Model Parameters
k,' [1/min] 5.51 x 1075
ky " [g/mg- kexe [1/min] 4.70
0.052
min]
ip2 ip2
MO adjR 0.986 EMT adjR 0.972
x> 0.24 X2 0.44
SSE 4.34 SSE 8.05
AlCc* 10.66 AlCc 7.98

*AICc is the corrected Akaike information criterion.
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Figure 16
A. Adsorption kinetics at 25 °C of A1 (1 mg/mL) onto Fe3O4 nanoparticles (7.5 mg/mL) fitted to
the mixed-order (MO) model, and the phenomenological external mass transfer (EMT) model. B.
Overall adsorption rate in terms of the pseudo-first-order (PFO), pseudo-second-order (PSO),

and external mass transfer (EMT) rate contributions.
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3.4.2 Adsorption isotherms

Figure 17 exhibits the adsorption isotherms (at 25 °C) for A; and A; — hR;(0.15and 0.3 g
of hR; per 1 g of A;) onto Fe3sO4 nanoparticles. The samples followed Type | isotherm behavior,
which is typically well-described by the Langmuir model (LM) (273), and corresponds to the most

reported behavior in the literature for these systems (161, 165, 167, 227, 229, 250-253). It is worth

noting, that the samples exhibited similar behavior regardless the addition of hR;. Likewise, the
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adsorption isotherms parameters and statistical parameters are detailed in Table 7. As shown, for
the Langmuir model, the coefficient of determination (R2) and mean squared weighted deviation
(MSWD, y%red.) for the individual fraction isotherms were in all cases > 0.96 and <« 1,
respectively, which indicates that the extent of the match between the experimental results and
theoretical estimations was adequately described by the LM. Although the Exponential Langmuir
model (ELM) showed, in general, fair acceptable regression coefficients (R?, poorer with 4, and
A fractions), it is important to highlight that the adjusted model parameters were systematically
in good agreement with the LM, which makes it reasonably adequate to consider monolayer
coverage of the surface by at least asphaltene monomers, dimers, and/or trimers under this regime
of concentration (165, 227).

Furthermore, according to the LM adjusted parameters g,, and K;, hR, might have had an
influence on the adsorption. As shown, increasing the concentration of hR, to 15 wt. % promoted
a decrease of 6.55 + 1.75 mg/g in the maximum adsorbed amount of adsorbate (g,,), but
interestingly an increase of 2.79 + 0.72 ml/mg in the affinity of binding sites (K},). Nevertheless,
samples with 30 wt. % of hR, followed an inverse effect, i.e., an increase of 2.41 + 0.65 in q,,
and a decrease of 1.87 + 0.50 in K. If we analyze these results based on the fundamentals of the
penetration model proposed by Ledn et al. (233) and Liu et al., (230) the interactions between A,
and hR; are dependent on the regime of concentration of heavy resins. Thus, at the lower
concentration (15 wt.%) and, as discussed in (230), based on the approaches of
Pereira et al., (224) heavy resins interact preferentially with the peripheral structure of asphaltenes
(A2-type) by adsorption and penetration mechanisms, which could promote disruption of

asphaltene aggregates and the formation of smaller resin-asphaltene complexes with more exposed
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aromatic core structures (Al-type) to the surroundings. In that regard, it is expected that these
new-formed complexes exhibit stronger affinity with the sorbent binding sites (i.e., higher K,
values), considering the well-documented capability of the most polar and aromatic asphaltenes to

effectively interact and adsorb on the surface of metal-oxide nanoparticles (161, 167, 225, 274),

as well as the demonstrated fact that surface-asphaltene interactions are stronger than those of
asphaltene-asphaltene (275). In parallel, due to the possible formation of smaller
nanoparticles—A; — hR, complexes, the adsorption capacity may slightly decrease, impacting the
maximum amount of absorbed asphaltenes (g,,,). This last phenomenon was also demonstrated by
Alboudwarej et al. (252) and, indirectly, by Nassar et al. (161) According to (252), the resins are
able to reduce the extent of self-associated asphaltenes or to compete for binding sites.
Nassar et al. (161) also observed that asphaltene extracted by adding n-pentane (C5, which are
more resinous) showed slightly lower adsorption capacity in comparison with asphaltenes
extracted by using n-heptane (C7), the authors argued that such alteration could be associated with
the aromaticity and colloidal state differences of these fractions. On the other hand, the sample
with 30 wt. % of hR, showed an opposite trend. This behavior is also justified by the fact that this
concentration was reasonably near the critical concentration (~40 wt.%) reported by
Liu et al., (230) above which, hydrodynamic diameters of these complexes abruptly increase.
Hence, this excess could reduce the effectiveness of resins to disaggregate asphaltenes since the
A2-type periphery saturates, and it implies that may coexist slightly larger reaggregated complexes
with resins incorporated within the asphaltene structure, as suggested by Adams (225). This
reaggregation impacts the affinity with the sorbent and, equally, it could slightly contribute to the

saturation adsorption. Ekholm et al. (275) also demonstrated by using a quartz crystal
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microbalance with dissipation measurements (QCM-D) that the inclusion of high concentrations
of resins in heptol (50:50)/asphaltene systems impacts the adsorption of asphaltenes onto gold
surfaces since the adsorbed amount was higher than the one reached adding only virgin
asphaltenes. Likewise, they observed that the adsorbed layer in the presence of resins was less
compact than the one obtained for the system with virgin asphaltenes; in effect, both aspects were
in accordance with the LM parameters observed under the higher concentration. For further
illustration, Nassar et al. (167) reported reversed equivalencies between K; and q,,, parameters for

different molecular weight asphaltenes.

Table 7

Adsorption isotherms parameters and statistical parameters.

Fraction Model Adjusted parameters
Langmuir qm [mg/g] K, [ml/mg] R? X Rea.
(LM) 22.99 +1.52 4.40 + 0.30 0.966 414 x107°
Ay Exponential U K[ml/mg]* x R? X ped.
Langmuir
20.36 +3.43 8.26 +8.90 1.22 £ 0.42 0.939 1.19
(ELM)
qm K, R? X pea.
LM
16.44 + 0.64 7.19 £ 0.66 0.982 5.34 x 107°
Ar-(0.15)hR;
qdm K x RZ XZRed.
ELM
16.35 +1.98 7.50 £ 5.66 1.02 £ 0.25 0.941 0.72
Am K, R? X gea
LM
2540 +1.84 2.53 + 0.05 0.965 5.65 X 107°
A-(0.3)hR;
qm K X R2 XZRed.
ELM
25.43 + 6.33 2.48 +1.84 0.99 £ 0.22 0.979 0.77
qm K, R? X pea
Ass LM
22.10 £ 1.30 5.08 £ 0.48 0.972 437 x107°
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ELM

qm

K

x R?

2
X" Red.

19.31+3.03

9.11 £ 10.38

114+ 0.42 0.929

0.77

In addition, we also highlight that the A4, i.e., the asphaltenes that were extracted by the

standardized method (ASTM D6560) showed the same behavior observed for A;, the LM

parameters were in the same order of magnitude and the experimental data were nearly

superimposed, as it can be detailed in Table 7. In that regard, these results not only validated the

above observations, but also the proposed methodology for the extraction of A; and hR,, as well

as the discussed implications of heavy resins on asphaltene adsorption.

Figure 17

Adsorption isotherms at 25 °C of A. Sample A1, B. Sample A:-hR: (0.15 hRy per 1 g of Ar), and

C. Sample Ai-hR1 (0.3 hR1 per 1 g of A1) onto Fe3O4 nanoparticles (7.5 mg/mL) fitted to the

Langmuir (LM) and exponential Langmuir (ELM) models. D. Comparison of all samples fitted to

the LM.
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Although these experimental results were consistent with the conclusions extracted from
other works, the experimental demonstration of the impact on the hydrodynamic diameter by
including heavy resins that could support the discussed hypothesis was beyond the scope of this
work, thus, further investigation is required. Nevertheless, we could prove that under this regime
of concentration, the approximation of asphaltene monolayer coverage was adequate. This fact
was also reinforced by the analysis of the dried bulk precipitates after magnetic separation,
employing SEM-EDS, as discussed in the following section.
3.4.2.1 Characterization of the interacting complexes

The SEM micrographs of the FesOs nanoparticles before and after asphaltene (4;)
adsorption are shown in Figure 18. As explained before, the interacting Fe;0,/A; complexes and
bare nanoparticles correspond to the dried bulk precipitates of the stock stable dispersions (at the
maximum concentration). As shown, the nanoparticles in both cases present rather uniform and
spherelike patterns. Nevertheless, the comparison between the micrographs revealed marked
differences in the textural features of the nanoparticles surface in the absence and presence of
asphaltenes (A;). As observed in Figure 18A, the bare nanoparticles revealed smooth surfaces,
which was in accordance with the kinetics analysis and the rapid adsorption mechanisms discussed
previously. However, the nanoparticles containing the asphaltenes, exhibited a rugose thin coating
over the surface of the nanoparticles, clearly related to the formation of an asphaltene layer.
Likewise, the EDS analyses (Figure S4) confirmed the presence of the adsorbed A, ; the elemental
microanalysis revealed the presence of heteroatoms such as sulfur (0.34 wt. %) and nitrogen

(1.50 wt. %) when asphaltenes were present.
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Figure 18
SEM images of the A. Fe3O4 nanoparticles and B. Complexes of Asphaltenes (A1) and FezO4

nanoparticles after magnetic separation.

3.4.3 Magnetic evaluation

The magnetization of Fe;0,/As (i.e., fN415-,,) Samples measured as a function of H4 at
room temperature implied the analysis of the influence of the surfactant and adsorbed asphaltenes,
as they could have impacted the interparticle mean distances and, thus, the magnetic dipole-dipole
interactions. Likewise, considering that all the samples showed typical polydisperse log-normal

distribution of mostly superparamagnetic particles (see Figure 19), we explored some
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considerations to justify the analysis of the M against H“ curves with the Langevin function (270),
as detailed below.

The nanoparticles were assumed to be in thermodynamic equilibrium at any field value, as
they nearly showed a single magnetization branch with zero coercivity and remanence (see Figure
19B). Thus, the expression established by Chantrell et al. (276) for the susceptibility y was

considered appropriate (Eq. 32), see also (63). Therefore,

X =N (5p5) W +1c = 0] (3)

Where N is the total number of particles per volume, u, is the vacuum susceptibility, kg is
the Boltzmann constant, T the absolute temperature, (u?) is the expected square of the log-
normally distributed nanoparticle magnetic moment, and C is the diamagnetic contribution of the
sample holder and the organic coating materials. Note that susceptibility is defined in terms of the
Curie’s Law (i.e., magnetization of the specimen is inversely proportional to the temperature).

In the high-magnetic field zone, the Zeeman energy is much higher than the anisotropy

energy. Mathematically, uouHE > KVy; where p is the particle magnetic moment, K is the

TL'DN3
6

effective uniaxial anisotropy, Vy = is the mean volume of a magnetic core (assuming a

spherical form of diameter Dy (64). Hence, the magnetization is well described by the sum of
Langevin-like contributions from each particle moment, weighted by the log-normal distribution

function of moments f(u).
M(HE,T) ~ Nf,uL(x)f(,u)d,u+ CHE; pouHE > KV (33)

where L(x) is the Langevin model, defined as depicted in Eq. 34.
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1
L(x) = coth(x) — < (34)

E
The independent variable is defined as x = %
B
Since the Langevin description does not include anisotropy effects, it is necessary to

VN

estimate a critical magnetic field H.;. =I;—ﬂ, above which, the expression deduced by
0

Chantrell et al. (276) for magnetization in the high-magnetic field zone is valid (Eq. 35).

a
M(HE,T) = M, (1- ﬁ) + CHE (35)

kgT

where a = ,
(o

and the saturation magnetization is defined as M, = N(u). Here, (u) is the

mean magnetic moment.

Based on the first statement, related to the analysis of the influence of each coating fraction
(polymeric surfactant and asphaltenes), we implemented a solution algorithm to obtain an
approximation of the individual mass fractions (magnetic cores my, surfactant mg,,r, and
adsorbed asphaltenes m,) and their influence on the magnetic interparticle interactions. Thus, M
values between 58 and 71 emu/g (277) were considered in the model based analysis (Figure S5),
being My = 58.7 emu/g the value with the more accurate statistical parameters, as detailed

below. Accordingly, the estimation of my and mg,,,.» was possible, understanding that the mass of
the magnetic cores (my) can be deduced from my = ﬁ where g is the experimental magnetic
N

moment of the sample measured at the maximum magnetic field strength. Furthermore, mg,,,.r was

estimated from a simple mass balance (see Eg. 36) in the standard sample fN4,5_, (i.e., my = 0)

and considering that the total mass (my) for each VSM measurement was a known quantity.
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Mgyr f )

my=mpy—my (1+
A T N( mN

(36)

Note that the ratio % initially estimated from fN,,5_o, Was constant in all samples as
N
we were dealing with the same functionalized nanoparticles. Based on these balances, the

estimations of m, were in excellent agreement with the theoretical asphaltene concentration of the
stock dispersions (0,1 ,1 and 10 wt. %). Thus, the volumetric fractions ¢y, ¢s,rf and ¢, were
calculated, assuming densities of py = 5000 kg/m? (278, 279), ps, s = 880 kg/m>, p, =
1160 kg/m3 (280); according to the reported in the literature.

In that regard, the validation of the algorithm solution was based on the following
arguments: i) the estimated (u) should be in accordance with the experimental and theoretical

values reported in the literature for FesO4nanoparticles (281, 282). ii) The deduced diameter, Dy =

’ % (assuming that the nanoparticles are spherical), obtained from the magnetization expression
N

at high magnetic fields (Eqg. 35), should be in accordance with the mean diameter calculated from
the TEM distribution analysis. Nevertheless, it is important to mention that, both arguments must
have proven the inequality pouHE > KVy, to be valid. iii) The calculated volume fraction of the
surfactant and magnetic cores (¢ and ¢s,r¢) should be within the ranges reported by Ferrotec
Corporation, which are 68.4-76.7 vol. % for the magnetic cores, and 23.3-31.6 vol. % for the
surfactant (283).

On this basis, Figure 19 shows the isothermal magnetization of the fN,,5_,, Specimens,
and the adjusted (volume) magnetization curves of the magnetic cores after the mass balance

correction procedure. As discussed before, the powders behave as polydisperse systems,
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practically in thermodynamic equilibrium. As illustrated in the insert of Figure 19B, the only
difference observed was a slight augment of the slopes at low fields, when the asphaltene

concentration was increased. These differences were quantified by fitting the experimental data of

each sample with a linear function, M = KﬁA, where k is the slope of M(H4) at the origin, i.e.,

K= lim ;I—MA. The estimated values of k are depicted in Figure 20. As it was expected, there was
H4-0

a dependency with the asphaltene concentration, which was approximately equivalent to an
exponential growth factor of 0.79. For example, at the highest concentration fN4i5_10 (OF,
equivalently, ¢ = 0.091), k reached the maximum value with an increase in the order of 2.71.
Furthermore, it was demonstrated that the DMF correction (Eq. 28, continuous line in Figure 20)
showed an excellent agreement (AdjR? = 0.989) with the experimentally calculated k. The

adjusted y and NE were also within the ranges reported in the literature (271, 284).
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Figure 19

A. Isothermal magnetization cycles of fN ,, . samples, displaying mostly superparamagnetic
behavior. B. Rescaled magnetization curves of the fN ,, . magnetic cores. The insert figure
represents the low-magnetic field interval (+~2 x 10* 4/m) employed to the estimation of the

apparent susceptibly k.
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On the other hand, for the high magnetic field strengths, we assumed that the anisotropy
energy did not modify substantially the Langevin-like response of the magnetic moments, thus,
the fitting of the cycles was conducted using Eq. 35, as it is schematically represented in Figure
21. As a result, the fitting of the curves led to the parameters shown in Table 8. Hence, assuming

K =2 x10*]/m3 (267), we estimated H..; = 5.42 x 10* A/m. This estimation makes the
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implemented model reasonably justified since the ranges of HE were considerably higher than the
critical value, leading to the inequality u,uHE > KV,. Furthermore, the calculated volume
fractions and the nominal particle diameter laid within the values reported by the
manufacturer (283). Equally important, the estimation of the total magnetic moment per formula

unit (ug.) = 2.34 ug was obtained considering a cubic cell parameter a = 0.839 nm and 24 Fe

3
ions per cell (267), as well as taking the calculated V = % = 4.39 X 1072°m3. Interestingly,

(ugpe) Was in excellent agreement with the experimental values reported in the literature (281, 282,
284).

Figure 20

Calculated apparent susceptibilities k as a function of the volume fractions of the magnetic cores
¢y in the low-magnetic field zone. The continuous line corresponds to the DMF analysis Eg. 28

(64, 267, 269).
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Table 8
Calculated parameters such as mean apparent nanoparticle magnetic moment (u), total
magnetic moment per formula unit (ug.), the volume fractions of the magnetic cores and the
surfactant (¢py and ¢g,,f), the diameter of the magnetic cores (Dy), the critical magnetic field
and magnetic flux density (H ;. and B.;;), the nanoparticle magnetic moment standard

deviation (SD).

(Wluel”  (pre) [#B]Y S Sswy Dy[am]  Heye [A/m] Bepy [T] SD[pg] sb
()
1.46 x 10* 2.34 073 0.27 9.59 5.42 x 10* 0.07 1.38 x 10* 0.95

“Bohr magneton.

Figure 21
Isothermal magnetization cycles of fN ,, ., adjusted to the Eq. 32 in the high-magnetic field
zone.
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For further validation, the morphology and distribution of the nanoparticles were analyzed
by TEM, as shown in Figure 22. The nanoparticles exhibited, in general, homogenously spheroidal
shape. The obtained number-weighted diameter histogram was fitted to a log-normal distribution
function, leading to the calculation of the parameters shown in Table 9. The low standard deviation

confirmed a narrow size distribution, and the estimated mean magnetic core diameter (D, ) further

demonstrated the validity of the modeling section. As proved, the relation %was also in the same

order of magnitude of the one calculated using the Chantrell equations (Eq. 34 and 35).
Table 9
Calculated parameters obtained from the model adjustment of the obtained TEM number

weighted diameter histogram.

SD
()

9.43 439 x 10725 1.39 x 10* 0.68 1.34 x 10* 0.97

Dy [nm] Vi) [m3] (W) [ps] oy* SD[ug]

“oy is the volume standard deviation.

Figure 22
TEM images of FesO4 nanoparticles (scale bar of 20 nm). Annotations indicate the mean size

distribution and standard deviation determined from a fit to the lognormal size distribution.
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Accordingly, it was demonstrated that the strength of the magnetic dipolar interactions was
noticeably diminished by the adsorbed asphaltenes, enabling us to validate the DMF correction, as
it was previously suggested by Sanchez et al. (267) and Normile et al. (269) The decrease in the
dipolar interactions was ascribed to the induction of steric repulsive effects, as evidenced by the
increase of the apparent magnetic susceptibility (x), which was found to be proportional to the
mass concentration of asphaltenes. Furthermore, the coupling of the corrected y and the Chantrell
models under low- and high-magnetic field regimes, proved to be a convenient and efficient tool
for the analysis and description of these complex interacting magnetic systems, leading to the
accurate calculation of the nanoparticles magnetic properties. Equally important, the model-based
analysis served as a solid piece of quantitative evidence that the asphaltenes are completely
adsorbed on the surface of the nanoparticles in the form of layers. This result not only supported
the well-proven surface activity of asphaltenes but was also a useful approach to demonstrate the
potential of metal oxide nanoparticles as adsorbent agents with the imminent advantage of
magneto-controllable features.

3.4.4 Magnetorheological characterization

On the grounds of the results previously reported in (2), concerning the induction of
magnetoviscous effects (i.e., increases in the viscosity (56)) on heavy crude oils/FesOs KBFs
systems, one of the main observations related to the magnitude of these sudden viscosity increases
was their correlation with the rheological complexity of the heavy oils, i.e., those systems with
higher viscoelasticity and viscosity, produced the most negative impacts on the stimulated
magnetoviscosity. Furthermore, recognizing the well-proven leading role of asphaltenes on the

elasticity properties (2, 138, 144), we complemented the discussion initiated in (2), by studying
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the impact of the modified magnetic interparticle interactions of nanoparticles/asphaltene
complexes on the magnetorheological properties of heavy oils.
As shown in Figure 23, it was evaluated the functional dependency of the dynamic moduli
(G', G') on the asphaltene mass concentration, using the modified maltenes (M7%_,,) and crude
oil (C™), under the presence of a uniform magnetic field (region 1l, B = 0.094 T). Interestingly,
in the absence of A5 (M{%_,), the relative increase in both dynamic moduli overlapped (secondary
axis at the right of the graph, 6G'/G' = [G(s.0) — G(5=0)]/G(s=0y, @nd 6G"/G"). However,
appreciable differences were observed when variable amounts of A, were added to the carrier
fluids. As illustrated, the systems with the lower concentration of 4,5 (M{%_,., and M{%_,) reached
the maximum increase of G’ (around 20%). Nevertheless, higher concentrations of 4,5 exhibited
reduced impacts. For example, in the sample C{*, the increase in G’ was lower to the one observed
for the standard sample (M{s_,). Based on the above, it could be established that below certain
critical concentrations, asphaltenes stimulated “enhanced” positive changes +8G'/G’, which
might be interpreted as additional physical attractive forces. By way of illustration,
Wang et al (285, 286) observed weak van der Waals attractive forces when two asphaltene-coated
surfaces approach each other in heptol systems, leading to interdigitation (i.e., side chains of
asphaltene molecules penetrate the opposite asphaltene layer) and entanglement of both side of
asphaltene coats. These phenomena have also been well-recognized in other works (286-288). In
this regard, these enhanced increases are presumably the contribution of interdigitation phenomena
and magnetic dipolar interactions between the magnetic cores. Although, under the low
concentrations (0.1 and 1.0 wt. %), A, molecules are barely able to saturate the surface, which

favors interdigitation; both attractive forces could be gradually hindered if the concentration of
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A Iincreases since the aliphatic swelling side chains are more exposed, as a result of some degree
of association (285). The above can be attributed to the appearance of steric repulsions between
asphaltene aggregates when the coated-nanoparticle complexes approach each other, as established
on the basis of Alexander-de Gennes theory (see (286)), and proved in the previous section (see
Section 3.4.3).

In consideration of the foregoing, it could be expected that the asphaltene-coated
nanoparticles (fundamentally, below 1 mg/mlL) are subjected to attractive forces, which stimulate
the formation of aggregates, even in the absence of magnetic fields. Furthermore, it is well known
that magnetic dipolar energy increases with the nanoparticle magnetic core volume. Consistently,
it has been experimentally observed that Fe oxide magnetic cores with sizes of 10 nm or less,
dispersed in colloids, have just a very mild tendency to produce spontaneous dipolar aggregates,
mainly isotropic (289). The above suggests that under a moderate applied magnetic field, i.e., far
from the saturation field, the shape of the aggregates should not change abruptly. This statement
was made considering that moderate fields are energetically deficient to break these aggregates
and form new structures with lower dipolar energy (such as anisotropic chains oriented in the
direction of the magnetic field). From this perspective, it seems reasonable to compare the results
of the powder (Section 3.4.3) and colloidal specimens under moderate magnetic fields, as in both
cases, the effective demagnetizing factors should be quantitatively equivalent. In this regard, we
can infer that the reduced magnetic effect on the dynamic moduli is in line with the modeling-
based procedure of the magnetometry measurements. It is important to highlight that it is still
required further evidence to elucidate to which extent the demagnetizing factors of colloidal and

powder arrangements are comparable.
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Figure 23
Time dependency of the dynamic moduli (G" and G") of the magnetic modified maltenes M7s_,,
and crude oil CT* measured at 15°C, 10 rad/s, 1 and 10% of strain for Cy'and M7{s_,,;
respectively. At region I: the magnetic flux density was B = 0, region Il: B = 0.094 T, and

region Ill: B = 0.
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3.5 Conclusions

The surface activity of asphaltenes and their repercussion on the magnetorheological
properties of heavy crude oils were analyzed. The results proved that the asphaltene adsorption
follows rapid mechanisms described by the phenomenological external mass transfer (EMT)
model, obeying, predominantly, mass transfer resistance in the laminar sublayer around the

adsorbent nanoparticles. At the equilibrium, it was strengthened the well-recognized
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approximation of monolayer asphaltene coverage of the surface, which is adequately described by
the Langmuir model. Concerning the role of the heavy resins on the adsorption isotherms, this
study proposed some physical interpretations based on the grounds established in the literature,
from which, it was observed that the concentration of resins influences the asphaltene colloidal
state and their affinity with the nanoparticles binding sites, i.e., a lower concentration of heavy
resins (15 wt. %) promoted increases in the affinity towards asphaltene adsorption and decreases
in the adsorption capacity, while at the higher concentration (30 wt. %), this tendency was
reversed. By virtue of these findings, we studied the implications of the adsorbed asphaltenes on
the ordering and strength of the magnetic dipolar interactions in nanoparticles/asphaltenes powder
state configurations. It was possible to describe for the first time, the existence of a functionally
proportional dependency of the apparent magnetic susceptibility with the asphaltene
concentration, proving that this fraction was completely adsorbed in the form of layers onto the
nanoparticles surface and led to the appearance of steric repulsive effects. Furthermore, it was
argued that the coupling of the corrected intrinsic magnetic susceptibility and the Chantrell models,
were suitable for calculating the magnetic properties of the nanoparticles/asphaltenes specimens.
On the other hand, from the magnetic modified dynamic moduli, we could infer that, in the
colloidal state configuration, additional attractive interactions such as interdigitation may be
present at certain asphaltenes concentrations (< 1.0 wt. %), which could lead to the natural
formation of nanoparticles/asphaltenes isotropic aggregates in the absence of a magnetic field.
Finally, from a thermodynamic perspective, under moderate magnetic field, the morphological
features of these aggregates should not change dramatically, which could enable a direct

extrapolation of the demagnetizing factors obtained with the nanoparticles/asphaltenes powders
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and, thus, the application of the modeling-based procedure for powders to colloidal state

configurations.
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3.6 Supplementary information

Figure S1

A. Adsorption spectra of asphaltene (A1) suspensions at different concentrations, before and

after the precipitation of asphaltene/nanoparticles complexes. B. Calibration curve of

asphaltenes (A1) at a wavelength of 405 nm.
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Figure S2

FTIR spectra of the asphaltenes, nanoparticles, asphaltene/nanoparticle and

asphaltene/resin/nanoparticle complexes.
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Figure S3
A. Efficiency E = [(Cy — Ceq)/Co] - 100 and, B. Adsorption capacity g = [(Co — Coq)/m] -V as

a function of Fe3O4 nanoparticles concentration.
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Figure S4

EDS analyses of A. Asphaltenes, B. nanoparticles, and C. asphaltene/nanoparticles complexes.
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Figure S5

146

Calculated apparent susceptibilities x as a function of the volume fractions of the magnetic cores

¢y in the low-magnetic field zone, using different M values. The continuous line corresponds to

the DMF analysis.
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4 Toward understanding induced microstructural changes of magnetic modified crude
oils by applying non-linear rheology and magnetometry

4.1 Abstract
Adsorptive phenomena involving iron oxide-based superparamagnetic nanoparticles and
asphaltenes have emerged as promising technological alternatives since outstanding structural
changes inside the oil matrices are promoted (e.g., inhibiting the formation of complex long-range
viscoelasticity). It has also been proven the effect of adsorbed asphaltenes on the magnetic dipolar
interactions of dispersed iron oxide-based nanoparticles in magnetic-modified heavy oils (i.e.,
mixtures of kerosene-based ferrofluids and heavy oil), proving the formation of multiple
asphaltene layers which stimulate a steric repulsive barrier between particles. Despite the discussed
hindering phenomena, this research successfully demonstrated the applicability and effectiveness
of the sequence of physical processes (SPP) framework to provide intra-cycle structure-rheological
interpretations during the nonlinear viscoelastic characterization of a magnetic-modified heavy oil,
upon the application of an external field. The analysis proved that disordered asphaltene aggregates
are highly extended and naturally formed in the absence of the magnetic field. In contrast, in the
presence of a uniform field, using a controlled rate magneto-rheometer, the formation of
interacting structural aggregates of several hundred nanometers was observed, analogous to
ferrofluids-magnetically controlled suspensions. These results were validated through the
development of a phenomenological model that effectively captures the intricate processes
involved in the formation and reorientation of aggregates based on the experimental data acquired
from zero-field cooled (ZFC) and field-cooled (FC) magnetization curves. The analysis of these

curves revealed a distinct blocking temperature distribution at around 274 K, which was
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successfully linked to the Brownian relaxation phenomenon exhibited by nanoparticle aggregates,
based on demagnetizing field concepts. In this regard, this research provided a precise extension
of the description of the effect of magnetic fields on the microstructural organization of complex
magnetically modified fluids using non-linear rheology and magnetometry.
4.2 Introduction
Bitumen and heavy crude oils exhibit complex rheological behavior, such as viscoelasticity
and thixotropy, which encompass a combination of multiple mechanical properties due to the
intricate interplay of several thermodynamically dependent molecular structures (290-292). It has
been established that the elastic behavior emerges mainly from multifunctional network
associations; while the viscous behavior results from the movement of more mobile constituents,
mostly aromatics (292), striving to overcome inherent constraints (291). Despite the extensive and
occasionally controversial literature on intramolecular interaction descriptions, models such as the
classical (133, 293) and thermodynamic (294) colloidal, fractal (295), Yen (296) and Yen-Mullins
(297), solubilization (lyophilic) (298, 299), and micromechanical (292), all converge on
recognizing the pivotal role of asphaltene aggregates in the atypical non-Newtonian features
exhibited by these fluids. Accordingly, the study of the rheological behavior, as well as its interlink
with network structure arrangements is fundamental for optimizing extraction and transportation
processes. Dynamic oscillatory shear tests offer multiple advantages as they yield a broad spectrum
of material responses, encompassing transitions from solid to liquid states and spanning from
linear to nonlinear behavior (300). Fundamentally, they consist of subjecting the material to a
sinusoidal deformation and measuring the resulting mechanical response as a function of time or

frequency. The oscillatory shear test can be divided into linear viscoelastic (LVE) (small amplitude
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oscillatory shear, SAOS) and non-linear regimes (large amplitude oscillatory shear, LAOS); and
it can be analyzed by applying an amplitude sweep of strain (y) or stress (o) at a fixed frequency
(w), to determine the transition point at which the dynamic moduli (first-harmonic moduli) become
dependent on the strain or stress amplitude G'(w,y or o) and G"'(w,y or 0); i.e., the system
diverges from linearity (see Fig. 1 of Ref. (301)). In the LVE regime, the strain amplitude is
sufficiently small that the oscillatory stress response is sinusoidal with amplitude-independent
coefficients. In the non-linear regime, the resulting periodic stress waveform becomes distorted

and deviates from a sinusoidal wave or elliptical features in Lissajous plots (300-305).
So far, most of the investigations have been limited to studying the linear viscoelastic
(LVE) rheological properties of bitumen and heavy crude oils. Abivin et al. (144) characterized
the zero-shear viscosity and linear viscoelasticity of a set of heavy crude oils from different origins
(Asia and North, Central, and South America) over a wide range of temperatures (-50°C to 50°C),
including steady-shear experiments and SAOS tests. The main observations established that the
differences in their rheological properties, ranging from a purely viscous to a weak gel-like
behavior, depend on their compositional features, i.e., the elastic character seemed to be related to
the higher concentration of asphaltenes. However, the authors did not model their linear
viscoelasticity to describe the mechanical behavior of the heavy oils in terms of their compositional
structure. Yusoff et al., (306) on the other hand, presented an extensive literature review on the
modeling of LVE rheological properties of bituminous binders. The review begins by describing
the non-linear multivariable models in the 1950s, which were replaced by empirical algebraic
equations (also known as phenomenological or constitutive). These equations are based on a

mathematical formulation adjusted to an experimental main curve and their parameters are mostly
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without physical meaning. The progression shifted towards mechanical models that incorporate
the combination of elements such as springs (storage modulus-Hooke’s Model), dashpots (loss
modulus-Newton’s Model) and parabolic elements (creep compliance). Most of these models rely
on implementing the empirical Time-Temperature Superposition Principle (TTSP), and models
such as the Williams-Landel-Ferry and Arrhenius equations to construct master curves that
effectively describe the dynamic behavior over a wider frequency spectrum (138, 307). The main
advantage of these approaches lies in their flexibility to adjust to any experimental curve of
dynamic moduli (G’ and G'") and complex properties (195). Table 10 summarizes some of these
models with special mention of their drawbacks.
Table 10

Linear viscoelastic mechanical models used for bituminous binders and mixtures.

Constitutive Equation Drawbacks

It has a continuous spectrum, i.e., can be represented by an

infinity of Kelvin-Voigt elements in series or Maxwell elements . . .
Absence of a viscous element for simulating

in parallel. )
permanent deformation.

Huet  Model G* = Go/(1+ 0o(iwt)™* + (iwt)™™) ) o )
Not suitable to model bituminous mixtures

(@. @) where, G*is the complex modulus, h and k are the parabolic . .
at very low frequencies and/or high

creep elements such as 0 < k < h < 1, o is a dimensionless
temperatures ( limO G = O).
constant, t is the characteristic time, w is the angular @t

frequency.
Huet_Sayegh It has a continuous spectrum. Not suitable to model binders at very low
G* = (G — Go)/(1 + 0(iwt) ™ + (iw1)™) frequencies where it is equivalent to a
Model (308, ’ a a
Jim 6"~ Go parabolic element instead of a linear
308)

T=a+ bT + cT? dashpot.
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where, G, is the elastic modulus, a,b,c are regression

parameters representing the material characteristics.

Absence of a viscous element for simulating

permanent deformation.

Di Benedetto

It is a special case of the Kelvin—Voigt (GKV) mode with

elastoplastic (EPi) elements instead of elastic (Ei) elements

Suitable for bituminous binders and

and  Neifar on 0 | the linear viscoelastic (LVE) domain corresponds to mixtures in the LVE domain. but its
(DBR) Model " the GKv model (. calibration requires the parameters of the
(306, 309 < n - 2S2P1D model using an optimization in the
6" = (1/69) + ) 1/(6; + iwni()) >

310) i=1 frequency range.

where, n;(T) is a viscosity function of the temperature.

It has a continuous spectrum.

G* = Gy +(Goo — Go)/(1 + 0(iwt) ¥ + (iwr)™"
+ (iwtp)™)

252P1D where, B is a dimensionless constant.
Model (306, AstheTTSPis verified @311 Not completely suitable for polymer
308 310 o(T) = ar(T)7, modified binders (PMB) at high
T where, 7,is T at a chosen reference temperature T,.. The shift (€MPeratures.
311

factor at the temperature T, a;(T), can be given by the
William-Landel-Ferry (WLF) equation:
logar(T) = -C(T - T,)/(C; +T —T;)

C;, C, are constants.

While most of these models effectively capture the linear mechanical properties of bitumen

and heavy crude oils, they fail to accurately describe the behavior in flow assurance, since these
processes often involve significant and rapid deformations. Behzadfar and Hatzikiriakos (138)
achieved an accurate representation of the rheological properties of bitumen, employing a

combination of the Generalized Maxwell Model in the LVE regime and the separable
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Kaye-Bernstein-Kearsley-Zepas (K-BKZ) single-integral constitutive equation (shown in Eq. 37)

(195, 203, 312, 313), through stress relaxation experiments (to determine the damping function

h(y)), and start-up of and cessation of steady shear flow tests to validate the model.

t ou(lg, I, t —t'
o(t) = f {2 uls af )B(t,t’)
—00 B

(37)
ou(lg, Ilg, t —t")

— -1 ! ’
2 all, B (t,t)}dt

where, u(lg, I1g,t — t') is a time-dependent elastic energy kernel function, B is the Finger
deformation tensor, and I, I15 are the invariants of B.

Nevertheless, in this kind of experimental tests (stress relaxation experiments) is difficult
to find the exact value of the limit strain, up to which the material undergoes the transition to
non-linearity (301). Thus, it is still necessary the incorporation of sophisticated rheometric
techniques such as the above-discussed LAOS tests, to attain more precise observations in the
transition regime, as well as a complete waveform analysis; especially in the case of materials with
strong time-dependent behavior, such as bitumen and heavy crude oils (307). Considering that the
material functions are not easily interchangeable in LAOS, several authors have proposed different
approaches to understanding the nonlinearity of viscoelastic materials. Table 11 chronologically
summarizes some of the most relevant prior approaches. It is also worth noting that research about
the complete waveform during oscillatory recording is still very limited with bitumen and heavy
crude oil. Padmarekha et al. (314) studied the linear and non-linear behavior of three samples of
modified (Crum rubber-CR and Styrelf) and neat bitumen by estimating the minimum-strain (G',,)
and large-strain (G';) moduli (315) to quantify the geometrical symmetry of the Lissajous—

Bowditch curves, the results showed that the materials presented a non-linear behavior between
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30-40 °C (applying 1% and 5% strain amplitudes); moreover, a good agreement was found with
the experimental data and a frame-invariant non-linear constitutive model. Recently,
Shan et al. (307) proposed a protocol to analyze the non-linear rheological behavior of neat and
styrene-butadiene-styrene  SBS/CR composited modified bitumen (CMB) in LAOS stress
(controlled-stress tests), using Fourier-transform (FT) rheology and strain decomposition method
represented as a series of orthogonal Chebyshev polynomials (316). Matching results of the

intrinsic non-linearity value (Q, = lim0 (I3/1,(09)) /0,2, where I; is the relative intensity of the i
gp—

Fourier harmonic, and g, is the shear-stress amplitude) and the third-order elastic and viscous
Chebyshev coefficients, which quantitatively describe the mechanical behavior of the stress,
showed that bitumen exhibits predominantly stress softening and stress thinning over a wide
temperature range, but its modification produces stress stiffening at some stress and frequency
levels at higher temperatures. Wu et al. (317) studied the non-linear rheological properties of
SBS/CR CMB in LAOS stress tests as a function of CR content, although they observed stress
softening under all tested conditions, which was pointed up with the inclusion of CR.
Gulzar et al. (318, 319) employed terminally blended crumb rubber (CR-TB) modified asphalt,
demonstrating predominant shear thinning and strain softening at higher temperatures, while strain
stiffening was observed at nearly room-temperature.

Table 11

Quantitative approaches for analyzing stress waverform responses to LAOS

)

Gy =V0 Y Gnl@,y0) Sin(nat) +6"u(®,¥o) cosnot)
n=1,odd




154

MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

where, y, is the strain amplitude, G',, and G"',, are the amplitudes of the nth harmonics with frequencies

nw.
Physical Interpretations
Stress o
Fourier , " , .
decompositio Oxy = 0 xy + Oxy =7%Yo Z G n((‘): y()) sin(nwt)
transform  (FT) n=lodd
n (SD) (315, o
rheology (301, +70 Z G",(w,70) cos(nwt)
320) n=1,odd
302)
Oxy = 0' (X 0,¥0) + 0" (¥; w,¥o)
Chebyshev oo o
d ioti =% Z en((’)' YO)Tn(x) + Yo Z Vn(a" }/O)Tn(y)
escrlp lon n=1,odd n=1,odd
315 where, x = y/y, and y= y /y, are the normalized strain and strain-rate. The coefficients
e, [Pa] and v,, [Pa-s] represent elastic and viscous contributions, respectively.
oo} m
Oxy = Z vy Z G (W) sin(nwt) + G" (W) cos(nwt)
Power series (321) m=Todd n=todd

Characteristic functions (301,

322)

Oxy = 0+ 0 + 0y + 0g
where, a;, g,, g;, g are sinusoidal, rectangular, triangular, and saw tooth functions,
describing the linear response, strain softening, strain hardening, shear bands or wall slip;

respectively.

Oy = Gy + G (/@) + (0 — Gyve) = G{(y —¥e) + G¢' (/) + 0y,
The instantaneous moduli are defined as:

G{=—B,/B; = da/dy

Dynamic sequence of

G{', = _B}'//a)/Bo' = aa/a(y/w)

physical processes (SPP) (303,

305,323

where, B = [B,, B}/, Bs] represent the binormal vector of the Frenet-Serret apparatus.

An instantaneous viscosity (1;) and a single modulus (G;) have been defined
alternatively as (300):

Gi=-B,/B,
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ne = _B]'//Bcr

As shown, LAOS is a highly advantageous technique for evaluating the mechanical
relaxation mechanisms in bitumen when undergoes substantial deformations. The tests prove
particularly valuable in analyzing the structural modifications, referred to as structural yielding
(324), that arise as a function of temperature, frequency, strain/stress amplitude, and modifier
content. Building upon this precedent, this research was headed toward the exploration of
implementing LAOS tests to evaluate the rheological impacts of integrating magnetic stimulated
iron oxide nanoparticles into the crude oil matrix, specifically under conditions that closely mimic
transportation and start-up flow scenarios. We stem from two key precedents. On the one hand, in
previous research (3), we provided evidence that the inclusion of nanoparticles promotes
asphaltene surface adsorption forming multiple layers, which led to the appearance of steric
repulsions that diminished the magnetic dipolar interactions. Nevertheless, the induction of
magnetoviscous effects was proved, such as those observed in ferrofluids (2). On the other hand,
some experimental approaches conducted with commercial ferrofluids have demonstrated the
induction of direct ferrohydrodynamic pumping; i.e., sinusoidally time-varying magnetic fields
traveling axially along a cylindrical pipe length can generate a locally non-uniform rotating field
within the ferrofluid, which induces gradients in the nanoparticle rotation and, thus, radial shear
that drives the flow (75). Among the significant findings, Mao et al. (75) argued that the
mechanism behind body pumping involves the formation of dynamic short-chain structures,
fundamentally, dimers. To support this claim, the authors effectively developed a generalized
model of the magnetic susceptibility accounting for multiple nanoparticle core sizes (Eq. 38). As

mentioned before, coupling between the physical rotation of the particles and the surrounding
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liquid medium is required, but the non-interacting nanoparticles exhibited dominance of Neel
relaxation (i.e., free rotation of the magnetic moment overcoming the anisotropy barrier, while the
particle remains fixed). Thus, the alignment of the experimental findings with the proposed model
served to substantiate the phenomenon of particle aggregation in the ferrofluid, thereby inducing
Brownian relaxation mechanisms characterized by the synchronized rotation of both magnetic
moment and particle (14).

Xo(De) = (#OM§¢T/3kBT)(PdVd,C +(1- Pd)Vc) (38)

where, 1, is the magnetic permeability of vacuum, M, is the domain magnetization, ¢is
the volume percentage of the solid nanoparticles within the total ferrofluid volume, kg is the
Boltzmann constant, T is the ferrofluid temperature in Kelvin, V. and V, . are the magnetic core
volume of each nanoparticle, and dimer, respectively. P; <« 1 represents the dimer core volume
fraction (over the total nanoparticle core volume), it was assumed that it does not substantially
alter the size distribution of singlets, i.e., V; . /2 is the average core volume of each particle within
a dimer.

We believe that this phenomenon may hold the potential to expand the range of
applications in crude oil transportation and start-up flow, by linking analogous principles.
However, the structural complexity of oils brings up multiple uncertainties, such as the above-
discussed magnetic interaction diminution caused by the adsorbed asphaltenes. To abord some of
these inquiries, particularly the feasibility to induce the formation and/or reorientation of magnetic
chain arrangements inside complex viscoelastic systems, we have proposed a combined approach
employing LAOS tests and magnetometry. From the former, we applied the sequence of physical

(SPP) framework, since previous studies have demonstrated that the SPP metrics provide accurate
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intra-cycle structure-rheological interpretations, including plastic deformation, elastic to viscous
transition, and stress overshoot (324). According to this approach, the presence of a magnetic field
induces the formation of short-range structures within the material, resulting in a sudden increase
in its mechanical properties. These transformative changes can be readily detected by analyzing
the information obtained from the intra-cycle transitions. From magnetometry, isothermal
magnetization loops were measured over a temperature range from 50 to 320 K, and modeled using
the generalized asymptotic fitting method of ferrosolid magnetization at high magnetic
fields (325). Additionally, zero-field cooled (ZFC) and field-cooled (FC) magnetization curves
were studied, from which a distinct blocking temperature distribution at approximately 274 K was
detected and linked to the Brownian relaxation of nanoparticle aggregates. To effectively validate
this assumption, a phenomenological model that describes the formation and reorientation of these
aggregates was proposed. Finally, these combined findings provided compelling evidence for the
formation of short-chain structures of a few hundred-nanometer sizes in viscoelastic matrices. To
the best of our knowledge, this research marks the pioneering exploration of the synergy between
rheology and magnetometry in understanding the formation and alignment of magnetic structures,
but also paves the way for investigating the induction of magnetic structures when dealing with
ferrofluids, an intricate subject that has historically posed significant technical challenges.
4.3 Materials and Methods
4.3.1 Materials

A Colombian heavy crude oil (C1) was used as a model sample. Comprehensive details of
the compositional characterization can be consulted in Contreras-Mateus et al. (3) In brief, the

SARA fractionation analysis (254-256) determined saturates, aromatics, resins, and asphaltenes
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concentrations of 24.5, 24.6, 25.21, and 25.0 wt.%, respectively. Likewise, an API gravity (257)
of 11.46 was reported.

On the other hand, the ferrofluid was formulated using toluene (EMSURE® grade, Merck)
as the carrier fluid, and functionalized hydrophobic magnetic iron oxide nanoparticles of the series
EMG1300M from Ferrotec (USA) Corporation (9.43+0.14 nm, TEM) with iron oxide content
between 60 and 80 wt.%, and saturation magnetization in the order of 58.7 emu/g (3).

4.3.2 Formulation of the magnetic modified heavy crude oil model

The sample formulation was carried out according to a previously well-established
methodology (3), as follows: the nanoparticles were dispersed (at 20 wt.%), and stabilized through
ultrasonication (for 15 min) in toluene, resulting in the formation of the ferrofluid. Subsequently,
the ferrofluid was mixed with C; sample at a mass ratio of 0.2:1; respectively. Finally, the mixture
(hereinafter, C1.5) was agitated for 15 h at 350 rpm and 50 °C, followed by an additional 6 h
ultrasonication.

4.3.3 Characterization of the non-linear rheological properties in LAOS experiments

LAOS tests were conducted on an MCR 302 Physica-Anton-Paar strain-controlled
rheometer, equipped with the RheoCompass LAOS module, and coupled with a Magneto-
Rheological Device (MRD) that induces a magnetic flux density of up to 1 Tesla (MRD170/1T).
A parallel-plate (PP) geometry with diameter D=20 mm, truncation (gap) h=0.4 mm, and
temperature T= 278.15 K was employed. The temperature stability was maintained with an
external temperature control system (T-CS) paired with the MRD (2). Additionally, adhesive-
backed, waterproof round shape sandpaper (180 grit) was attached to both the top and bottom

plates to inhibit slip at the surface; immediately after, the zero-gap calibration was completed.
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The shear-strain amplitude oscillatory sweep tests were conducted in accordance with a
standardized protocol, as follows: a thermodynamic stabilization of the sample was performed for
10 min at a constant temperature and a zero-shear rate, followed by a pre-shear consisting of
subjecting the sample to a constant shear rate of 10 s for 3 minutes; finally, a recovery stage was
included, maintaining a zero-shear rate for 30 min. The same sample was submitted to three cycles
of strain-sweep from 0.01 to 1000% at a constant oscillation frequency of 10 rad/s. Finally, the
linear and non-linear responses were saved by RheoCompass™ Software and Option Raw Data
provided by Anton Paar. A schematic representation of the protocol algorithm is shown in Figure
24,

Figure 24

Shear-strain-amplitude sweep protocol.

Sample loading

Cycle 1
B=0

Thermodynamic stabilization
t =10min
y=0

17

Pre-shear

y=10s"1 Cycle 2 Cycle3
T p=0 B=0172T
Recovery
t =30 min
y=0s""!
1
Strain sweep /
y =0.01-100%

w =10 rad/s

Each cycle involved the study of a fundamental aspect; therefore, the linear and non-linear
behavior was initially measured in the absence of the magnetic field (B=0). In the second cycle

(B=0), the analysis focused on the steric hardening (133) of bitumen, considering Lesueur's
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insights on the time-dependent growth effect of the mechanical properties, which has been
established that follows a power law and has been associated with the build-up of a stronger
asphaltenes network. Finally, the effect of a perpendicular constant magnetic field (B #0) was
evaluated.

For each test, the experimental first harmonic storage and loss dynamic moduli (G',G"")
were plotted as a function of the shear-strain amplitude. Likewise, the elastic and viscous
Lissajous-Bowditch 2D and 3D trajectories were plotted and analyzed by applying the sequence
of physical (SPP) framework. The parameters of the SPP methodology were estimated by
implementing the instant-use add-on function FrenetSerretSystem[({xy, ..., x,), t] included in
the Wolfram Language of Mathematica v. 13.2 software.

4.3.4 Physicochemical characterization
4.3.4.1 Nanoparticles

X-ray Diffraction - XRD pattern was acquired using a Bruker D8 Advance diffractometer
with DaVinci geometry, in the range of 4-70° with a 20 step of 0.020° and a sampling time of 3 s
per step. Voltage and current were set at 40 KV and 40 mA, respectively. The qualitative analysis
of the XRD pattern was carried out with the software Diffrac.EVA V.5.2.

5"Fe Mossbauer spectra at 300 K were taken in transmission geometry with a nominal 50
mCi °’Co source in the Rh matrix driven by a triangular velocity wave.

4.3.5 Magnetometric characterization

A vibrating-sample magnetometer (VSM) with the physical properties measurement

system (PPMS®, Quantum Design) was used to measure isothermal magnetization loops (M vs

H) at different temperatures (50, 180, 250, 280, 300, and 320 K) in the H range between -3-10*
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and 3-10* Oe, as well as the zero-field cooled (ZFC) and field-cooled (FC) magnetization curves
over the temperature range 5-320 K with H=100 Oe.
4.3.5.1 Theoretical approaches of the isothermal magnetization curves M vs H

Although the fundamental focus of this research lies in studying the formation and
reorientation of magnetic aggregates influenced by asphaltene adsorption; as a first approach, we
employed the generalized asymptotic fitting method of ferrosolid magnetization at high magnetic
fields proposed by Actis et al.,(325) which was derived from the partition function formalism and
the Stoner-Wohlfarth model for single domain nanoparticles and, thus, magnetic dipolar
interactions are neglected. We have chosen the ferrosolid model (instead of the ferrofluid
one(276)) since nanoparticle anisotropy effects cannot be ignored in the case of fluids with high
enough viscosity, as it happens in our case. The expressions obtained for poly-sized ferrosolids
with randomly oriented magnetic nanoparticles (FSR) in terms of the applied magnetic field are

shown in Eq. 39 and 40 for low (LF) and high (HF) magnetic fields, respectively.
LF  Misp(H) = n{u)(uoH /3kgT)((?) /() = (n(u?)/3kpT)poH (39)

MEsq (H) ~ n(u) [1 — (ks T/ )1/ 1o HD) = ((4/15) (Kepy /M5)* (1/ (o H)?) )
HF + (((4/3)(kBT/(u)) (40)

- ((16/105)(Keff/MS))) (Keff/Ms)z(l/(MoH)3)>]
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where, n is the particle density, u, the vacuum permeability, kg the Boltzmann constant,
H the magnetic field strength, T the temperature, (1) the mean magnetic moment, and (u?) the
mean square magnetic moment.

For the purposes of this investigation, we have employed the truncated expression up to
H2, which is an accurate and common approximation reported in the literature (326, 327).
4.3.5.2 Theoretical derivation of the susceptibility (x) and coercivity (Hc) of a distribution

of monodomain nanoparticles

In this research, the log-normal distribution function of the magnetic-core diameter (Dy)
polydispersity histogram of the EMG-1300M nanoparticles, as fitted by Contreras-
Mateus et al. (3) using TEM (Table 12), was integrated into the below-derived expressions.
Table 12

Parameters of the P(D;) log-normal distribution function (3).

Py(D;) = Py + (4/(aDV2m))e((-In®i/Dy)?)/20%)

Py A o Dy [nm]

4.14 +6.40 749.67 +44.97 0.23 +£0.02 9.43+0.14

Defining Py (D;) as the number distribution function, and Py (D;) as the volume distribution
function, as shown in Eq. 41 and 42.
Py(D;) = N;/Np, (41)
Py (Dy) = (NiVy)/ Vi (42)
where, N; are the number of particles with diameter D;, V; = nD; /6 the volume of a
particle with diameter D;, N,, = );; N; and V,,, = )}; N; V; are the total number and volume of

particles, respectively.
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Now, focusing on the vicinity of the magnetic coercivity field (H;), the magnetization
(Mi (H)) can be approximated to a linear expression as depicted in Eq. 43.
M;(H) = x;H + a; (43)
At H = H¢;, M; = 0, thus a; = —x;Hc;; where, He;, x;, «; are the magnetic coercivity,
susceptibility, and remanence of particles with volume V;; respectively.
In this region of interest, the magnetic moment of the nanoparticle’s distribution can be
defined as established in Eq. 44.
W, T) = ) NViM(H,T) = H ) N¥ote(T) = ) NeViHeo(TD(T)
i i i 44)
= Z(H — Hei(T))NyVixi(T)
i
On the other hand, du(H,T)/dH = V,,x(T), then, y(T) can be deduced from Eq. 44, as

illustrated in Eq. 45.

X(T) =) Py(D) () (45)
i
Furthermore, H.(T) corresponds to the condition u(H,T) = 0, thus,

0= (He(T) = Her(M)NVixe(T) = Vi > (He(T) = Hei (1) Py (D) :(T)

L

He(T) = (2 Hai(T)Py (Di)me)) / <Z P/ (DD, (T)) (46)

Eq.46 shows that the coercivity of a polydisperse nanoparticle sample can be estimated as
an average of the coercivities of each size weighed with the products of the volume probabilities

by the low-field susceptibilities.
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In the extended Stoner-Wohlfarth model at finite temperature, below the blocking
temperature Tg;, the non-interacting nanoparticles with diameter D; have a coercivity field, as

shown in Eq 47 (61, 328).

Hel(T) = He(0) [1 = (ks T/KV) (I0(texp/0))) | T < Tau (47)
where, K is the average magnetic anisotropy constant, 7., the measurement time of the
experiment, t, is a constant of the order of ~10° s for ferromagnetic and ferrimagnetic materials
(In(texp/70) = 25) taken from the Quantum Design VSM, m is an exponential factor in the range
of 1/2-3/4 (61, 329, 330), Tz = (KV;)/(kpIn(texp/70)) is the blocking temperature
corresponding to the nanoparticles of size D;. For T > Tg;, it can be assumed that H;(T) = 0,
considering that the nanoparticles of volume V; have already reached the equilibrium.

Likewise, at low-field condition, nanoparticles susceptibility can be approximated using

Eq 48.

2T =t | (Mo, D)) *V;) / Bles )]
(48)

Thus, Eq. 45 and 46 can be expressed as,

X(T) = o/ GksT)) Y (Ms(T, D) ViPy (D)

l’ (49)
He(T)

= Hc(0) [1- ((Z(MS(T, D)) ViPy (D) ((kBT/KVi)(ln(rex,,/ro)))m) / (Z(MS(T,Di))ZViPV(Di)>> (50)

We have assumed the M¢(T, D;) dependency, as shown in Eq. 51.

Mg(T,D;) = Ms_oo(T)(1 — (=2/2M)) (51)
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where, Ms_,,(T) = M3 f(T); f(T) is a normalized exponential ad-hoc function of the

experimental saturation magnetization values Ms_,,, (T) with respect to Mg_,,,(300 K), M3°0,

is the bulk saturation magnetization at 300 K, D.(T) is a size parameter that defines the curvature
of the function per each temperature, and it was calculated to accomplish the condition that the

mean value (Mg(D;)) = Ms_,(T), as established in Eq. 52.

(Ms(D)) = (Z MS(T,Di)PV(Di)> / (Z PV(Di)> ~ Moy (T) (52

4.4 Results and Discussions
4.4.1 LAOS characterization

In Figure 25, the first-harmonic dynamic moduli (G, G') of C15 sample are depicted as
functions of strain amplitude (y); as expected, the system presents the typical liquid-like behavior
of colloidal suspensions at low concentration (below the glass transition volume fraction),
exhibiting G" > G’ in the y spectrum (331, 332). Furthermore, the well-discussed steric hardening
of bitumen was validated in the second cycle. This phenomenon is characterized by a heat-
reversible hardening effect, attributed to the gradual formation of stronger asphaltene networks
over time (133). To highlight, a rotation of the Lissajous-Bowditch curves between each cycle was
also observed (Figure 26), which could be associated with the time-dependency (thixotropy) of the
sample.

In the presence of the magnetic field (B #0), on the other hand, it can be noted a more
significant increase in the moduli, particularly in G’. This observation aligns with the findings of

a previous study, which already demonstrated this effect (inset of Figure 25) (3).
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In line with the analysis approach adopted in other investigations (300, 324), we have
directed our focus towards examining the stress (o(t)) response of the material under two different
strain amplitudes (y; = 6.31% and y; = 63.1%) and angular frequency of ®=10 rad/s,
encompassing MAQOS (medium-amplitude oscillatory shear) and LAOS regimes. From the former,
Figure 26(A and B) shows nearly elliptical Lissajous curves elicited by Cis; this result was
supported by the absence of inflection points, as described by the second derivative of the
parametric function o(y), represented in Figure 27A. The Lissajous-Bowditch curves further
elucidated the influence of the magnetic field (represented by the solid black curve), as the ellipses
extend more prominently along the c-axis. By implementing the quantitative analysis of the
time-dependent SPP metrics represented by the parametric plot of wn, vs G, (Figure 28A), it is
observed that the deltoid trajectories reside in the predominantly viscous zone (above the line
w1 = G,) for the three cycles, and encompass values that closely approximate the first harmonic
(G' = 290.16,331.7,408.77 Pa and G" = 497.51,602.06,772.02 Pa; respectively). These
observations, according to Park and Rogers (324), suggest that the sample may experience subtle
intra-cycle structural-rheological transitions, which can be attributed to sequential changes
involving, disruption of soft chain structures, reinforcement of soft chain structures leading to
viscous dissipation, and weakening of slightly rigid structures contributing to viscous dissipation.
It is also worth noting that, in the B#0 cycle, the deltoid is displaced towards higher values along
both axial axes, emphasizing the potential influence of the magnetic field on the naturally formed

aggregates within the system.



167
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

Figure 25
Dynamic moduli, G" and G"' depicted by Cys, at frequency w = 10 rad/s and temperature T =
278.15 K, applying three cycles, in the absence of the magnetic field B=0 (blue), steric
hardening cycle B=0 (red), and B #0 (black). The inset shows time dependency of G' and G"'
measured at T = 288.15 K, w = 10 rad/s, y = 1%, a pulse of magnetic field (B=0.094 T)
was applied between 5-10 min, the axis on the right represents the relative changes 6G’'/G' and

6G'' /G'"; adapted from (3).
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Under LAOS regime, the Lissajous-Bowditch curves exhibit nonelliptical trajectories, as
illustrated in Figure 26(C and D). Similarly, in the presence of the magnetic field B#£0, a slight
extension of the cycle area along o-axis was evidenced. Nevertheless, an intriguing distinction

between the cycles becomes apparent when estimating the second derivative of the parametric
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function o(y). In the absence of the magnetic field, B=0, a slight alteration in concavity was
observed, indicated by the change in sign of 0%c/dy? (Figure 27B, blue and dashed red curves).
In contrast, this inflection point was absent in the B#0 cycle. These observations were substantiated
by the SPP metrics shown in Figure 28B; only in the absence of field, the deltoid curve exhibited
a transition from wn; < 0 to wn; > 0, while G;~0 (light blue and light red curves in the region
close to the origin). As stated by Park and Rogers (324), this behavior is identified as viscoplastic
deformation, which can be interpreted as a rheological manifestation of the broken network
structure with a lack of a rigid chain structure. Conversely, in the presence of the field B#£0, the
deltoid trajectory is localized on wn; > 0. It was also distinguished sequential processes involving,
i) recovery of the network structure, fundamentally, in the B=0 cycles, described as a transition
from viscoplastic to viscoelastic behavior (G: ~0 = max(G;), and wn;: min(wn;) = wn, > 0);
ii) early stage yielding with stretching and rupture of a few bonds in the three cycles, understood
as a transition from elastic to viscous behavior (G.: max(G;) = min(G,),and wny: wn, > 0 -
max(wn)), and iii) late stage yielding accompanying catastrophic network structure failure,
fundamentally, in the B=0 cycles, explained as a transition from a soft chain structure to individual
particles and small flocs (Gi: min(G;) - ~0,and wn;: max(wn) —» min(wn)) (324). We
further emphasize that the deltoid trajectories are elicited mainly in the viscous zone (above wn, =
G,) in the three cycles, suggesting that the formed structures are predominantly soft in nature, i.e.,
short-chains in terms of the rigidity theory (324, 333). These statements were reinforced with the
2D parametric space representation of wn; vs G, at 10 rad/s, displaying the amplitude sweep data
(Figure 29), as suggested by Choi et al. (300). It is observed from Figure 29 that, the deltoids

change their orientation and size when increasing the strain amplitude; likewise, the extent of the
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area occupied by the deltoids serves as a direct indication of the multiple instantaneous viscoelastic
states experienced by the material. In contrast to the average values of the SPP metrics (G’,G"’),
the expansive ranges attained by the sample offer a more distinct representation of the linear and
non-linear viscoelastic properties. For illustrative purposes, the region occupied by the deltoids in
the absence of the magnetic field has been shaded, proving that the magnetic field contributes to
the stiffness and thickening of the sample in the whole range of y spectrum.

Finally, it is observed that the stress waveform transitioned from a weakly sharp “saw-
tooth” shape to a rounded-end rectangular shape, due to the influence of the magnetic field. Hyun
etal. (301, 334) previously presented a comprehensive analysis of the type and spatial distribution
of structures formed in complex fluids, focusing on the stress waveform characteristics. By way
of illustration, the authors proved that a 4 wt.% aqueous solution of Xanthan gum forming a
disordered and extended weakly gel-like structure, described a saw tooth shape of stress; while a
hard gel formed by a poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO-
PPO-PEO) 20 wt.% solution, characterized by a close-packed arrangement of micelles, displayed
stress waveforms with rectangular profiles. Against this background, the results provide
compelling evidence that the magnetic field influences the size and spatial orientation of the
isotropic natural-formed aggregates. Accordingly, these formed field-aligned anisometric short-
chain structures actively oppose the flow, leading to a sudden increase in the mechanical
properties, a phenomenon that has been previously proven by in-situ small-angle scattering
techniques using small-angle X-ray scattering (SAXS) and small-angle neutron radiation (SANS)
(335-337). It is also noteworthy to highlight that, a few works have studied the non-linear

rheological properties using magneto-rheological fluids (338-341), although in this case, the
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particles are micron-sized and the structures formed can be column-like (even, branched intricate
network (341)) with hundreds of orders of magnitude larger. Some of them have established that
the intracycle elastic nonlinearity seems to be more affected by the magnetic field (338, 340).
Furthermore, a few investigations employing magneto/electro rheological (MR/ER) suspensions,
have also observed a transition of the elastic Lissajous-Bowditch curves from ellipse to rounded-
end rectangular-like form, due to the effect of higher magnetic/electric fields (340-342). The
physical explanation of the shape suggests a viscoplastic behavior of the suspension. As the strain
gradually increases, the stress levels remain stable until the structure reaches its yield point.
However, upon reversing the direction of strain, the stress is rapidly released (341, 343).

While it is reasonable to expect that the magnetic structures formed in our system should
reach a size of a few hundred nanometers, and although a direct comparison to MR fluids should
not be feasible; we highlight that some additional physical-attractive phenomena, such as
interdigitation of the adsorbed asphaltenes, may contribute to the formation of even larger size
aggregates (3). However, further investigation is required. Finally, it seems important to mention
that, to the best of our knowledge, the utilization of LAOS techniques and the SPP approach with

nano-magnetic suspensions (or ferrofluids) has not been reported in the existing literature.
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Figure 26

A. Elastic Lissajous-Bowditch (e L-B) curve, and B. Viscous Lissajous-Bowditch (v L-B) in

MAOS regime (y = 6.31%). C. e L-B curve, and D. v L-B curve in LAOS regime (y = 63.1%).

Three cycles were applied on C15, in the absence of magnetic field B=0 (blue), steric hardening

cycle B=0 (red dashed), and under a magnetic field B =0.172 T (black).
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Figure 27
2
Parametric plot of Z—y: vs ¥ in A. MAOS, and B. LAOS regimes. Three cycles were applied on Cy-

5, in the absence of magnetic field B=0 (blue), steric hardening cycle B=0 (red dashed), and B

=0.172 T (black).
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Figure 28
Two-dimensional visualization of viscoelastic SPP metrics, represented by the parametric plot of

(wn,) vs (G¢) in A. MAQOS, and B. LAOS regimes. Three cycles were applied on Cu.s, in the

absence of magnetic field B=0 (blue), steric hardening cycle B=0 (red dashed), and B =0.172 T

(black).
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Figure 29
Enhanced strain amplitude sweep in the parametric space (wmn;) vs (G;) at 10 rad/s, A. In the
absence of the magnetic field B=0 (cycle 1), and B. in the presence of the magnetic field B

=0.172 T. (red dots represent the first harmonic dynamic moduli)
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4.4.2 Physicochemical characterization
Figure 30
Nanoparticles XRD patterns.
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The analysis of the XRD pattern confirmed the presence of magnetite with cubic cell (space
group Fd-3m) as the only phase in the nanoparticles, corresponding to the PDF 01-071-6337. As
it is noted in Figure 30, the pattern is composed of broad peaks, which is consistent with
nanometric samples. Furthermore, the crystallite size was estimated by using the Scherrer equation
(Eq. 53) (344).

_ KA
B *cosH

(53)

where, L is the crystallite size, K is a shape factor, taken in this work as 0.9, A is the X-ray
wavelength in nm (i.e., 0.15406 nm), {3 is the line broadening at half the maximum intensity (Full
Width Half Maximum-FWHM) at the corresponding diffraction angle 6. Estimations of the
crystallite size were made using the signals located at 26 = 30.2, 35.6, 75.2, and 62.9°, and the
obtained values are exhibited in Table 13.

Correspondingly, the average crystallite size was found to be 8.6 £ 0.4 nm. This result
agrees with the particle size estimated by Contreras Mateus et al. (3) from TEM and suggests that
each nanoparticle is composed of a single magnetite crystal.

Table 13

Parameters for crystallite size calculations using the Scherrer equation.

Peak hkl 20 position FWHM Crystallite size
indices ° Radians Radians nm

220 30.23+0.0120  (5.276+0.0021) -10* 0.0179+0.0005 8.002+0.2220
311 35.61+0.0039  (6.214+0.0007) -10* 0.0177+0.0002 8.245+0.0758
511 57.25+0.0165  (9.992+0.0029) -10* 0.0175+0.0007 9.044+0.3526
440 62.86+0.0134  (10.97+0.0023) -10* 0.0182+0.0006 8.933+0.2724

Average 8.6+0.44
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Figure 31
Maossbauer effect spectrum. The inset represents an approximate correlation between
sub-spectra and nanoparticle sizes. To obtain this correlation, Néel relaxation times were
calculated at 300 K using values of o, Keft, and V presented in this work. Relaxation times have

been tentatively assigned to the sub-spectra within the frame of H.H Wickman results.(345)
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The nanoparticles powder was mildly grounded to facilitate absorber preparation. Then, 39
mg of the ground powder was uniformly distributed in a sample holder of 2 cm inner diameter,
producing an absorber of mass thickness t’=0.012 g/cm?. The number of Mdssbauer isotope nuclei
per mass unit was estimated from magnetite density and crystal structure data, as 1.75x10%° g%,

and the effective thickness was calculated as t = 3.9.
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The Mdssbauer spectrum spans from about -10 mm/s to 10 mm/s and presents evidence for
strong magnetic relaxation. The effect of atomic moment relaxation is a fast fluctuation of the
hyperfine field at the probe sites and gives rise to the rather smooth spread of the resonant
absorption. Consequently, the maximum absorption relative to the spectrum background is about
0.023. Hence, saturation effects can be disregarded, even when effective thickness does not match
the condition t << 1.

The three sub-spectra drawn in different colors are an attempt to interpret the result in terms
of the nanoparticle size distribution. The blue sub-spectrum accounts for 20.3 % of the spectral
area and presents the sextet structure of a rather well-defined magnetic hyperfine interaction, with
a mean magnetic hyperfine field value Bns = 43.2(2) T, and isomer shift § = 0.33(3) mm/s. The
orange one shows a much stronger relaxation effect. Individual sextet lines are so much broadened
that they cannot be distinguished from each other, although the left and right parts of the sextet
still can be guessed. It corresponds to mean hyperfine parameters Bns = 23(2) T and § = 0.32(1)
mm/s. The green one presents the strongest relaxation. The model used corresponds to a magnetic
interaction with Bns = 4.2(3) T and § = 0.34(1) mm/s. Following H.H. Wickman (345), these
sub-spectra correspond to Néel relaxation times between 10° and 10® s. Hyperfine fields are
gradually reduced with respect to the values of 45.8 — 49.9 found at RT in magnetite/maghemite
(as relaxation time decreases) due to the increasing averaging of opposite values.

The mean isomer shift of the whole spectrum obtained averaging the isomer shift of the
three contributions with their spectral areas is 6,, = 0.33(1) mm/s, indicating that almost all Fe

ions are in a +3-charge state. Fock et al. (346) have provided an expression to determine the degree
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of magnetite-like character of a magnetic spinel Fe oxide, from its §,, value. In our case, this
criterion indicates that the nanoparticles are 96% maghemite-like.

Based on the observed differences between X-Ray and Mdssbauer analyses, the literature
recognizes the complexity and ambiguity in distinguishing magnetite (F3O4) and maghemite (y-
Fe203) using X-ray crystallography (346, 347). Even in its fully oxidized state, maghemite can
exhibit a range of structures, with the most common being the cubic Fd-3m space group, which is
also shared by magnetite. In this structure, vacancies are randomly distributed. Additionally,
maghemite may adopt the cubic P4132 space group, where vacancies are partially ordered, or the
tetragonal P432:2 space group, with fully ordered vacancies. The close resemblance between the
Fd-3m and P4132 structures poses challenges in accurately differentiating the phases based solely
on crystallographic characteristics (346, 348). Kim et al. (347) proposed a quantitative
complementary method for assessing the presence of a magnetite-maghemite mixture. Their
approach involves peaks deconvolution, focusing particularly on the (440) and (511) high-angle
peaks, which enables the identification of characteristic doublets indicative of the presence of both
phases in the mixture. Applying the method, the presence of a single peak at 57.25 + 0.016° was
observed in (511), closely aligning with the value defined by the authors as the maghemite peak
(57.3°). Accordingly, the absence of the characteristic (210) and (211) peaks of the maghemite in
Figure 30 is not a sufficient criterion for phase identification. The above validates the
deconvolution method, and, essentially, Mdssbauer spectroscopy as one of the most reliable

quantitative data.
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4.4.3 Magnetometric characterization
4.4.3.1 Isothermal magnetization curves

The asymptotic LF (Eq. 39) and HF (Eqg. 40) expressions of the FSR model were fitted to
the anhysteretic magnetization curves of C1.s sample at different temperatures. These anhysteretic
curves were constructed applying the procedure proposed by Allia et al. (349), to facilitate the
analysis. For the temperature range between 180 — 320 K, the measured magnetization and
anhysteretic curves are virtually identical. However, at 50 K, the magnetization loop exhibited a
small coercivity of 1600 A/m, which justified the analysis of the anhysteretic curve by the
equilibrium models as the FSR.

We also defined the ranges of magnetic field for these expressions, verifying that the ratio

of ((4/15)(Keff/MS)z(1/(,uOH)2))/((kBT/(u))(l/uOH)) should lie in values that provide
relevant information on the parameters accompanying H? term (i.e., Kerr). As shown in Eq. 54

(325).

HoH > (4/15) (Keps/Ms)” ((1)/ksT) = poHy (54)
The H; estimated values remain between 98-147 kA-m™ at the studied temperatures. On
the other hand, this expression is a good approximation of the actual magnetization curve at high
enough fields, thus, as a compromise, the HF expression was fitted at H >390| kA -m™.
By way of illustration, Figure 32 and Figure 33 depict the LF and HF fitted curves at 300
K, as well as the adjusted parameters, which correspond to the average of both magnetization

branches.
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Figure 32

Experimental values and low-field (LF) fitting of the FSR model.
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Figure 33
Experimental values and high-field (HF) fitting of the FSR model (up to H?). The blue and red

curves of the right are the zoom of the fitted HF interval.
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Figure 34 summarizes the complete set of the estimated parameters as a function of the
temperature; whose range of values, fundamentally for Mg, x, H¢, (1) (Figure 34 B,C,D,F), aligns
closely with those reported in the existing literature (279, 350, 351). We have implemented the
notation of k for the apparent (measured) susceptibility. A second sample at a lower nanoparticle
concentration (C11, 0.8 wt.%) was included for comparative purposes (filled plot markers), as
expected, the mean nanoparticle magnetic moment was higher with Ci1, (Ucorr), Which is
compelling evidence of the formation of aggregates under the influence of the magnetic field as
the nanoparticles concentration increases; as previously established by Kechrakos and Trohidou
(352) and theoretically proved by other authors (349, 353). According to the conclusions drawn
by Allia et al., (349) the magnetization curve for an assembly of interacting moments can still be
represented by a distribution of equilibrium functions (i.e., Langevin functions when anisotropy
can be disregarded), with the proviso that the estimated susceptibility, and particle magnetic
moment and size are lower than the actual values. Indeed, the model for magnetic dipolar
interactions (ISP) formulated by Allia et al. is founded on the assumption of an apparent moment
(ug) and particle density (n,) in the fitted M(H) function, as depicted in Eq. 55 and 56, which
justifies the functional dependence of n (Figure 34E) on temperature. For example, for
monodisperse nanoparticles,

M = nuL(a,) (55)
o = (1/(1+(T*/T)))s ng = (L + (T*/T))n (56)

L(a) = cotha — (1/a) is the Langevin function, where o = pouH/kgT for a

superparamagnetic assembly of identical and non-interacting moments of magnitude p. In the ISP

formulation, on the other hand, the argument of the Langevin function is modified by an apparent
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temperature, defined as T, = T + T*, where T is related to the dipolar energy ep. Thus, a, =
po UH /kg(T + T*). Allia’s model was later improved by the MFISP one, which introduces the
concept of an effective demagnetizing tensor to explain the effects of the interparticle dipolar
interactions (267).
Figure 34
Set of estimated parameters of the FSR model (Eqg. 39 and 40) for Ci.1and C1-5 (empty plot
markers) samples.(325) A. The ratio of the effective anisotropic constant and the saturation
magnetization (K.ss/Ms), B. the saturation magnetization of the magnetic-core phase (My), C.
Ferromagnetic susceptibility of the magnetic-core phase (k), D. The coercivity field (H), E. The
number of particles per volume unit in the sample. (n), and F. The corrected magnetic moment
was calculated by approximating the particle density by its value at 320 K, at which the effect of

interactions is the lowest, i.e., (fcorr(T)) = (usample(T))/n(320).
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4.4.3.2 Susceptibility (x) and coercivity (Hc)

Now, the estimated parameters of the FSR model were fitted to the deduced theoretical
expressions of the susceptibility (x(T)) and coercivity (Hc(T)), as outline in Eqg. 49 and 50,
respectively. Likewise, the values of My at each temperature for the Ferrotec particles, estimated
in agreement with the value of Mg = 58.7 emu - g~ at 300 K found by Contreras-Mateus et al.
(3), were fitted to an exponential ad-hoc function (Figure 35), assuming Mg_,, = 400 kA - m™1! at
300 K (354, 355), as established in Eq. 51. This approach led to the inclusion of a continuous
expression of Mg (D;, T) appropriate for the analysis of x(T) and H¢(T). As shown in Figure 36,
the models suitably describe the functional dependence of x and H on temperature. We highlight
that, the k value estimated at 50 K was excluded of the model, considering that the sample is not
in equilibrium. Nunes et al. (356) obtained an equivalent expression of y and H in terms of the
distribution of blocking temperatures (f (TB)), although they considered the coexistence of both
the blocked and superparamagnetic nanoparticles, which implied a modification in the H.(T)
equation that reflected the linear superposition of both contributions (see Fig 1 of Ref. (356));
however, after some mathematical contrivances in Eq. 50, the equivalence with Nunes expression

can be easily demonstrated.


https://doi.org/10.1103/PhysRevB.70.014419
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Figure 35
A. Evolution of Ms_,, (T). B. Fitted function of D.(T). The plot markers are the estimated
values based on Eqg. 52. C. Normalized saturation magnetization f(T) for C1.s sample. The plot

markers are the estimated values from Eq. 40 (Up to H™).
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Figure 36
A. Magnetic susceptibility (x) for C1.5 sample, obtained from Eq. 39. The line corresponds to the
deduced theoretical expression (Eq. 49). B. Magnetic coercivity (H.) for C1.s sample, obtained

from Eq.39. The line corresponds to the deduced theoretical expression (Eg. 50).
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4.4.3.3 Zero-field cooled (ZFC) and field-cooled (FC) magnetization curves

The ZFC-FC routine was performed in accordance with the classical protocol, but it
incorporated an initial procedure to correct potential remanent field errors, a common occurrence
in Quantum Design instruments (357). This correction involved setting a nominal negative
magnetic field that effectively nullified the magnetic moment in the sample at room temperature
(RT). From this state, the sample was cooled to the lowest temperature (5K), then heated up to 320
K under the application of a constant magnetic field (100 Oe), to finally cooled it again in the
presence of the field. ZFC and FC moments were measured while warming the sample up. On the
other hand, as we are dealing with a poly-size sample, reasonably well described by a log-normal
distribution, we have implemented the approach proposed by Micha et al. (358, 359), consisting
of calculating the temperature derivative of the difference between ZFC and FC curves

(0(uzpc — Upc)/OT), to estimate the blocking temperature distribution (Tg). The Tg is defined as



185

MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.
the transition region to thermodynamic equilibrium, when the thermal energy is related to the
anisotropy barrier by KeffV~ln(rexp/ro)kBT, being 7.,, the experimental time window, and z,
the inverse of the attempt frequency for the particle’s moment to overcome the anisotropy barrier.

Figure 37 depicts the ZFC-FC magnetization derivative, d(Mzgc — Mgc)/0T, alongside
the corresponding ZFC-FC experimental curve as an inset. As discussed, the curves are
characteristic of nanoparticles and reveal a broad blocking region in the T spectrum, attributed to
the polydispersity of the sample. Likewise, an unusual phenomenon characterized by the presence
of a second local maximum (~274 K) was observed before reaching the irreversibility temperature
(Tir ~300 K). A detailed discussion is presented below.

The blocking temperature distribution corresponding to the first peak (Tg1) has been
appropriately fitted with a log-normal distribution function, yielding a mean value, (Tg,) =
40.12 K, and a standard deviation, oz; = 50.07 K. Furthermore, we made a comparison between
the particles volumes distribution obtained by TEM data and d(Myp; — Mg:)/0T curve, by
employing the relations applied in Ref. (359, 360), as follows.

Tg = (KV)/(kB ln(Texp/To)) (57)

where, ln(rexp/ro) ~ 25.(358, 359)

By implementing an optimization methodology towards non-linear least squares
adjustment of TEM and 0(Myp; — Mg.:)/0T data, we determined the effective value of K =
15044.7 ] -m~3, which is reasonably close to that reported for magnetite nanoparticles at
temperatures around 40 K (267, 361), validating the implemented Micha adjustment approach

(refer to Figure S6, supplementary information).
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This Tga distribution can be attributed to the Néel relaxation mechanism, particularly when
considering the fusion temperature of toluene (178.15 K) and the glass transition temperature of
C1 (215.88 K) estimated by DSC, which imply that the sample at this temperature range
predominantly exhibits solid-like behavior. Equally important to mention is that the nanoparticles
present a significantly lower Néel relaxation time (tyee)) cOmpared to the Brownian relaxation
time (tg, Figure S7) within the studied temperature domain, where tz was estimated using an
extrapolation of the sample viscosity values obtained experimentally at higher temperatures. As a
result, the condition that tye; IS approximately equal to the time window of the experiment is
satisfied, i.e., Tyge;~Texp~100 s. The above argument is consistent with the Mdssbauer spectrum
measured at RT, which proved the presence of magnetic hyperfine interactions strongly affected
by magnetic relaxation phenomena. This conclusion is supported by the calculated
Tyneer (B00K)~108s, approximately matching the time window of Mdssbauer spectrometry using
the 14.4 keV transition of °'Fe.

On the other hand, we attributed the second Tg2 distribution to the Brownian relaxation
mechanism on the nanoparticle aggregates, considering that at this temperature the viscosity (1)
of the modified crude oil decreases sufficiently so that the Brown relaxation time of the aggregates,
8 = (3nV)/(kgT), is comparable to the time window of the experiment (Texp), Where VAisthe
hydrodynamic volume of the aggregates. On the other hand, it has been established that the more
suitable orientation of the nanoparticle easy axes or aggregates (lower demagnetizing factor) with
the magnetic field leads to a further increase in magnetization for the same applied field strength.
Based on that, during cooling and in the absence of the magnetic field, it is expected that the

aggregates will remain fixed with random orientations, leading to an average aggregate
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demagnetizing factor, associated with the aggregates shape (s), of (N54.) = 1/3. Upon heating
and in the presence of the magnetic field, after reaching the condition 7§ = Texp fOr €ach
volumetric aggregate, they will align with the field and their average demagnetizing factor will
have a lower value, (N5a.) < 1/3. This will decrease the demagnetizing field (H?), which results
in a higher effective field (HE), leading to an increase in the magnetic moment of the sample

(which will asymptotically approach ).

1 We designated the shape demagnetizing factor (N54) to the one determined solely by the specimen shape,
in this case, by the average aggregate shape. This is the demagnetizing factor that must be used to estimate the internal
demagnetizing field H, = Ns4-M,, where M, is the magnetization of the aggregate calculated as its magnetic
moment divided by its volume. The effective demagnetizing factor (Ng ) is the factor that must be used when Hy, is
calculated as H, = Ng¢r+ M, where M is the magnetization of the magnetic part of the aggregate, i.e., the one given
by the quotient of the aggregate moment and the volume of the particles contained in the aggregate. The values given

so far correspond to NS4,
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Figure 37
Log-normal fit of (M zgc — Mgc¢) /AT at 40.12 K (continuous black line), and Lorentz fit of the
second peak of (M zpc — Mgc)/0T at 273.96 K (continuous magenta line). Inset corresponds

to the ZFC and FC experimental curves.
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To validate the above assumptions, we first focused on determining whether the sole
activation of the Brownian mechanism in non-aggregated nanoparticles is a decisive factor in
inducing a change in the susceptibility. Carrey et al. (63) estimated the reduced magnetization
curves (M/Ms) of anisotropic systems at thermal equilibrium with the easy axes randomly
oriented in space for various values of a dimensionless parameter associated with the anisotropy
energy (o = KV /kgT) as a function of another dimensionless parameter associated with the

Zeeman energy (¢ = uoM,VH/kgT), see Fig. 2B of Ref. (63). Assuming for our sample,


https://doi.org/10.1063/1.3551582
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2x10*<K<3x10*]-m™3,D=10nm, T = 250K, Mg = 311145 A-m™1, H = 100 Oe;
therefore, 3.03 < ¢ < 4.55and & = 0.47, and evaluating in the M /Ms curves of Carrey et al, it
is concluded that the susceptibility of the blocked nanoparticles remains nearly indistinguishable
from that predicted by the Langevin model. As a result, the conclusion drawn from this observation
is that the activation of the Brownian mechanism in non-aggregated nanoparticles does not
significantly influence their susceptibility. Consequently, this effect cannot be ascribed to the
unblocking phenomenon observed at Tg2. Furthermore, as proved in DSC experiments, the sample
does not experience any phase change in the studied temperature range (Figure S8). The above, in
turn, supports the hypothesis that the Brownian unblocking observed is attributed to nanoparticle
aggregates.
The following is a detailed description and modeling of the Tg2 unblocking phenomenon
of aggregates. In the first place, the appropriate expressions for the susceptibility of ZFC and FC

are established, as shown in Eq. 58 and 59.

Kkzrc(T) = (1 = HKNP(T) + [(FORG(T) + (f — B kg ()]

(58)
kec(T) = (1= NPT + (Hxg(T)
(59)
Additionally, k,z-(T) can also be expressed as,
Kzrc(T) = (1 = HNP(T) + (fHr(T)
(60)

Where, k4 (T) are the values of the aggregate susceptibility while it is getting oriented, i.e.,

while it transitions from its random value x4 (T) to its oriented one x4 (T); N is the total number
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of nanoparticles in the sample, kN? is the susceptibility of non-aggregated nanoparticles, f is the
fraction of nanoparticles in aggregates, fR = (Paccum(T)) /N is the fraction of nanoparticles that
have already reoriented, thus, P,...n 1S the accumulated number of nanoparticles in aggregates
that have already reoriented at temperature T during the ZFC measurement.
If a general shape is assumed for the aggregates, for instance, assuming a prolate spheroidal
model with the same relations between the spheroid’s main axis a, b, the values x4 (T) and x4 (T)
are independent from the size of the aggregate.
When P, ...m = 0, then,
Kzrc(T) = (L= KNP (T) + frg (T) (61)
When P,.cm = fN, then,
kzrc(T) = (1 — PP (T) + fr§(T) = ke (T) (62)
It is worth now introducing the value k;z-(T), which is the extrapolation of k. before
the unblocking, towards higher temperatures,
Kzrc(T) = (1= FHKNP(T) + frg (T) (63)
Figure 38A depict the ZFC-FC measured magnetic moments (Uzgc, Hrc), as well as the
linear (pgc, nzrc(T)) and non-linear (uzgrc(T)) ad-hoc functions used to fit these data (continuous
lines) to subsequently estimate the susceptibility curves (Figure 38B), kzrc(T), kzpc(T), kKpc(T).
An assumption was made, regarding the moment of the non-interacting nanoparticles (uNF(T)),

which is expected to be higher than the aggregate state, as established by Allia et al. (349).
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Figure 38
The ZFC-FC magnetic moment curves; the red dashed line is an assumption of the behavior of
the magnetic moment of non-interacting magnetic nanoparticles, which is expected to be higher

than the aggregated state. B. The ZFC-FC susceptibilities were estimated at H= 100 Oe.

0.000012,
0.000011 . 18; 8 NP
0.000010 - f 16

T 9.x10°® e

&._. 8.x10_6\\\

~ \ ..... UzEc
7.x10°¢ — L Tteel

.
HzFc+ s s seeatal
FC -ll,‘_._'r.

-6 -7 .
6.x10 - 87 __626333x107 -,
HzFe 220181107 T - s (-271.868) . * 00000131501 .

5.x107% =2 0.999997 8
200 220 240 260 280 300 320 200 220 240 260 280 300 320

TIK] TIK]
The change of the magnetic moment by unit of increasing temperature, that the sample
experiences during the progressive unblocking of the aggregates can be described as,
dAu(T)/dT = HVEP (V) lkpc(T) — Kzpc(T)](dVE'/dT) (64)
dAu(T)/dT = HVEP' (Vi) [Krc(T) — kzpc(T)] (65)
Where P(V2)d V4 is the number of unblocked aggregates with volumes between V£ and
V4 + dVZ, and, as established in Eq. 66, P'(T)dT is defined as the number of unblocked
aggregates in the temperature interval dT.
P'(T)dT = P(VA(T))(dVZ/dT)dT (66)
The aggregate blocking volume is defined by means of the Brown expression,
VAT = kpTery/ Bn(T)) (67)
Using the experimental data for n(T) (Figure S9), 0(uzrc — Urc)/0T, H = 100 Oe,

Texp = 100 s, and (k¢ (T) — kzzc(T))), it is expected to recover P'(T), as shown in Eq. 68.
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P'(T) = [3n(T)(dAu(T)/dT))/[HkpTTexp (iepc(T) = Kzpc ()] (68)
Figure 39B illustrates the numerical values of P’ (T) estimated from the measured n(T) and

0(Uzpc — Mpc)/0T curves. As shown in Figure 39A (see also Figure 37), the
0(Uzrc — Mpc)/0T data has been appropriately fitted with an ad hoc function (i.e. a Lorentz

distribution function), yielding a mean value, (Tg,) = 274 K, and a standard deviation, og, =

22.19K.

Figure 39

A. The d(uzrc — mrc) /0T curve fitted to a Lorentz distribution function. B. The number of

unblocked aggregates per temperature unit P'(T) estimated with Eq. 66, the blue dashed line

corresponds to the approximation using the experimental data.
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Furthermore, when considering the magnetic diameter estimated by TEM,(3) Dy = 9.43 -

10~ m, as well as the magnetic core volume, V, = mD3 /6, and incorporating the contribution of

the surfactant and asphaltenes, which can be approximated (3), § = i/6VN/(0.54 (rD3/6)) —1;

the volume of a particle can be estimated as,

V= (n(Dy(1+6))°)/6 ~ 81310725 m? (69)



193
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.
Based on Eqg. 67 and 69, the total number of particles in an aggregate unblocked at
temperature T is expressed as,
Nite(T) = V()Y (70)
In the same way, the number of particles in the total of aggregates which unblock at
temperature T is stated as,
Piip(T) = P'(T) Paccum (T) (71)
Accordingly, Figure 40 illustrates the calculated Nip(T), Pp(T), as well as the
accumulated number of nanoparticles in the total unblocking aggregates as a function of T,
Poiccum(T). As shown, the accumulated sum is approximately 1.02-10'%4. Now, from the
isothermal magnetization loops, we calculated 2.96 - 104, as the total number of nanoparticles in

the sample (Figure 34E). Thus f = 0.34, i.e., 34% is the fraction of nanoparticles in aggregates.
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Figure 40

A. The total number of particles per unit volume of an aggregate as a function of T. B. The

number of particles in the aggregates unblocked at temperature T. C. the accumulated number of

nanoparticles in the total unblocking aggregates as a function of T.
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Following this, it is attempted to analyze the result obtained for P’(T) considering the

following relation, obtained from Eq. 62 and 63.

kpc(T) — Kzpc(T) ::f[Kg(Tj —'Kﬁ(Tj] (72)

The objective is to attain conclusions regarding x4 (T), x4 (T), and f. From this, we will

have a glimpse on the aggregates shape and/or their degree of reorientation.
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Additional considerations should be made:

The maximum value of x/ takes place for very anisotropic aggregates, with an aspect
relation a/b — oo, in which case, k5 — y, the nanoparticle intrinsic susceptibility, which is
defined as, x = po(uy?)/(3(V,)ksT).

If the nanoparticle aggregates are compact, when they are randomly oriented (i.e., at the
beginning of the ZFC curve), they will exhibit a mean demagnetizing factor in the order of 1/3. In
general, it is assumed the effective demagnetizing factor as NE = ¢4 - N4, where ¢pVP4 and
N4 are the volumetric concentration of nanoparticles in the aggregate and the demagnetizing factor
of the aggregates, respectively.

Even if the aggregates are compact, the presence of the polymeric and asphaltene layers
onto the nanoparticle surfaces contributes ~23.3-31.6% of the volume of an aggregate, which

implies that the mean volume fraction of the nanoparticles in the aggregate should be ¢pNP4 =
(DN/Dp)3~0.54; where D, is the total diameter of the particle, considering the surfactant and the
asphaltenes; a value of 11.6 nm was assumed. Hence, the effective demagnetizing factor of the
randomly oriented aggregates should be, N5 = (1/3)¢""4~0.18,as longas, 0 < NJ* < N5
Now, if the aggregates are isotropic, N> = N2, If the aspect relation a/b — oo (k4 — y~kNP),
then, NS4 — 0.

From the expression,

K=x/(1+NFy) (73)
It can be deduced,

Nj4 = N34 — (1/kf — 1/k8) = 0.18 — [kpc(T) — k" 25 (D/f (74)



196

MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

In Eq. 39, the total variation experienced by the susceptibilities of the aggregates is used.
Therefore, it is possible to have an idea on how the effective demagnetizing factor of the aggregates
NE4 changes as the aggregates get oriented, by using the susceptibility k4 (T) expressed in Eq.
25.

NEA = NEA — (1/Kf — 1/K4) (75)

In this case,

kA(T) = kzrc(T)/f — k" (M)A = )/ f (76)

With the complete set of equations, and taking the approximations of kzpc(T), kzrc(T),
kpc(T), kNP (T) (Figure 38B), k2, k& and 15 can be estimated as depicted in Figure 41.
Figure 41
Magnetic susceptibility of nanoparticles in the aggregates while getting oriented (x4), in
reoriented (unblocked, x3), and randomly oriented (blocked, x4) aggregates.
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Finally, Figure 42 illustrates the evolution of the effective demagnetizing factor of the
aggregates NEA as they get oriented (Eq. 40). The depicted results support the assumptions made
in the development of the model, demonstrating that the effective demagnetizing factor effectively
evolves towards values lower than 1/3; i.e.,(N5&c) < 1/3.

Figure 42
Evolution of the effective demagnetizing factor of the aggregates N£4 (Eq. 40), The dashed blue

line did not consider the polymeric and asphaltene layers.
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Based on the functional dependence of N4, the mean value of the eccentricity (£) can be
estimated from the theoretical expression of the demagnetizing factor of a prolate spheroid (61),

as follows,
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1 1. /1+¢
*vo NEA(TYAT) | . .
where, (NE4) ~ (IZ“(‘;OO_MO) ) is an approximate expression of the mean value of N4,
_a ., _ _ [p?-1
p—b,b—c<a,andf— —

According to Eq. 77, the eccentricity ¢ =~ 0.94. Now, estimating the volume of the

aggregates, V4 ~ 0.8V (T)$%, it is possible to obtain the evolution of the major and minor axes
of the aggregates (a, b), as illustrated in Figure 43. Based on the above, the model proved the
formation of aggregates with a mean size in the order of ~530 nm.

Figure 43

A. Evolution of the volume of the aggregates. B. Major and minor axes (a,b).

3.x10° A ] 8.x10°7} B
2.5x107"19"
T 2.x1071 g 6.x107}
- -19 [ ] ry
‘(> 1.5x10 © 4'x10—7,
1x10 7
5.x1020" 3 2x1070 T .
240 250 260 270 280 290 300 240 250 260 270 280 290 300
Temperature [K] Temperature [K]

888 Assuming a filling factor of 0.8.



199
MAGNETORHEOLOGY OF HEAVY OIL-FERROFLUID MIXTURES.

4.5 Conclusions
The nonlinear magnetorheological properties and induced intra-cycle structural transitions
of a mixture of heavy crude oil and ferrofluid (C1.5) have been studied and modeled using the
sequence of physical (SPP) framework. The results demonstrated a sudden and considerable
increase in the mechanical properties upon magnetic field application, accompanied by changes in
the intra-cycle processes, particularly at high strain amplitudes (LAOS), such as the absence of
viscoplastic deformation attributed to a rheological manifestation of a broken network structure
with a lack of rigid chain structure. Additionally, the stress waveform experienced a distinctive
transition from a weakly sharp "saw-tooth™ shape to a rounded-end rectangular shape, which has
been associated with the formation of magnetic structures in magnetorheological fluids. We
applied complementary magnetometry techniques, such as isothermal magnetization curves,
which were successfully modeled using the generalized asymptotic fitting method of ferrosolid
magnetization at high magnetic fields. Likewise, the ZFC-FC magnetization protocols were
studied and revealed a distinctive blocking temperature distribution at nearly 274 K, within the
temperature range studied in LAOS experiments. This distribution was associated with the
Brownian relaxation of nanoparticle aggregates of several hundred nanometers reoriented in the
direction of the magnetic field as a function of temperature. To support our findings, we proposed
a phenomenological model based on the estimation of effective demagnetizing factors of the
formed and reoriented aggregates, using parameters derived from the isothermal magnetization
curves and well-supported information from existing literature, thereby ensuring rigor in the

results.
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The combination of LAOS and magnetometry led to effectively demonstrate that
aggregates of magnetic nanoparticles occur spontaneously in heavy crude oils modified by the
addition of a ferrofluid, and these aggregates are anisotropic and align preferentially parallel to an
applied magnetic field. Indeed, the above also comprises a technically complex phenomenon to
study in ferrofluids. Finally, it is important to note that our proposed model solely describes the
reorientation of aggregates, and further research is required to understand their arrangements and

potential structure growth due to dipolar magnetic interactions, as a function of the magnetic field.
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4.6 Supplementary information
Figure S6
Fitted log-normal distribution as a function of the size d(M;z — Mg¢)/0D) from ZFC-FC
magnetization curves (Red), and log-normal distribution function obtained from TEM (Blue).
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Figure S7
Brownian and Néel relaxation times as a function of the temperature. Assuming a nominal
diameter of the magnetic core equal to 10 nm, a hydrodynamic diameter of 20 nm, effective

anisotropy constant K=2-10%J-m?3, 7=10"°.
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4.6.1.1 Magnetic modified heavy crude oil (Ci-5)
Differential Scanning Calorimetry-DSC, the differential thermogram was acquired using a
DSC Discovery, TA Instruments, Inc. (USA). The samples were subjected to heating loops in the
range of -40 °C to 40 °C, at a heating rate of 3 °C /min, and under nitrogen purge gas of 50 ml/min.
Figure S8

DSC curves for C1.s, under dynamic nitrogen atmosphere (50 ml min™1), at a heating rate of 3 °C
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Figure S9

Fitted viscosity function of C1.s. The blue points are the experimental values measured as a

function of the temperature.
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General remarks and ongoing research

It seems important to begin by emphasizing that this Doctoral thesis has effectively
undertaken the ambitious foundational objectives it initially aimed to address. Despite the
numerous challenges, uncertainties, and complexities presented by heavy crude oils and
ferrofluids, a comprehensive investigation into the effects of external magnetic fields on these
mixtures has been successfully accomplished. The envisioned hierarchical framework was
designed to study the magnetically triggered rheological and structural phenomena, encompassing
scales from macroscopic to microscopic. Mindful of the vast array of potential outcomes within
these systems, our endeavors have led to a comprehensive understanding of a fraction of the
numerous probabilities within this intricate universe. Therefore, we succinctly outline the key
insights demonstrated within the scope of this thesis:

- The appearance of magnetoviscous effects is a plausible occurrence in rheologically
complex matrices.

- The establishment of a model elucidating the functional correlation between the
apparent magnetic susceptibility and asphaltene concentration has revealed that these
fractions are adsorbed onto nanoparticle surfaces forming layers, consequently
stimulating steric repulsion phenomena. On this basis, magnetometry represents a
reliable technique to evaluate asphaltene adsorption on magnetic nanoparticles.

- In the colloidal state configuration, additional attractive interactions such as
interdigitation may be present at certain asphaltenes concentrations (< 1.0 wt.%), which
could lead to the natural formation of nanoparticles/asphaltene isotropic aggregates in

the absence of a magnetic field.
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- The synergy of rheological large amplitude oscillatory (LAOS) tests and magnetometry
represents a remarkable alternative approach to demonstrate the formation and
alignment of magnetic structural arrangements under the action of an external magnetic
field.

- The adsorbed asphaltenes promote the spontaneous formation of aggregates, whose
orientation could be manipulated by external magnetic fields to induce favorable flow
properties of heavy crude oils.

Building upon this foundation, the ongoing research should pivot towards application-
oriented approaches. This could entail experimental data to support pipeline flow scenarios,
thereby paving the way to assess the feasibility of integrating magnetic-based technologies within
the context of the petroleum industry. As an ultimate phase, this thesis was geared towards the
design of a flowline system aimed at studying the effect of alternative magnetic field
configurations (longitudinal linear increasing and oscillating) with the potential of enhancing the
flow properties of mixtures of heavy crude oils and ferrofluids, as observed in magnetorheological
fluids by the induction of Kelvin-body forces and “negative viscosity” effects. A concise
description of the equipment and a selection of preliminary results are presented:

A flow line system was designed to investigate the alterations in the volumetric flow of a
ferrofluid and a ferrofluid emulsion when subjected to non-uniform magnetic fields linearly
increasing in the axial direction. As model matrices, a ferrofluid composed of magnetic oxide
nanoparticles dispersed in kerosene at a concentration of 0.87 vol.% was employed, as well as an
emulsion formulated by combining the ferrofluid with a solution of hexadecylpyridinium chloride

monohydrate in a 1:1 volumetric ratio, with the latter present at a concentration of 2.5 w/v% in
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deionized water. The experimental setup operates on the basis of a constant-pressure piston driving
system, coupled with a programmable logic controller (PLC) that monitors and modifies the output
flow rate of a positive displacement pump that injects ethanol to one of the isolated chambers of
the piston, due to the input signal produced by a pressure transducer located in this chamber.
Likewise, a solenoid winding array, comprising six coils of varying diameters connected in series,
was mounted around a section of the flow pipeline; generating static or oscillating linear increasing
magnetic fields in the axial direction (Figure 44). The effect of the magnetic field strength and
frequency, as well as the operating pressure, were evaluated, showing that, under some specific
conditions, significant fluid accelerations (up to ~30%) were reached due to the action of the
magnetic field. The highest acceleration with the ferrofluid was observed under an oscillating field,
applying an alternating current (AC) of 0.117 A and a frequency of 400 Hz, and AC of 0.061 A
and 800 Hz of frequency for the ferrofluid emulsion (Figure 45). The observed phenomena were
attributed to the induction of “negative” viscosity effects and Kelvin-type magnetic body forces,
due to the influence of an increasing oscillating magnetic field. Additionally, the experiment
revealed that the ferrofluid exhibited a deceleration tendency towards the end, possibly because of
the formation of nanoparticle aggregates that obstructed the flow path.
Finally, it is highlighted that this flowline design has successfully shown to be a suitable

setting for future research in this field.
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Figure 44

Schematic representation of the coupled magnetic device.

Figure 45
Selective results of the flow of a ferrofluid and a ferrofluid emulsion in a laboratory-scale

flowline system, under the effect of alternating linearly increasing magnetic fields.
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