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Exposing waxy oils to an electric field may significantly improve their cold flowability. Our previous
study has shown that interfacial polarization, i.e., charged particle accumulation on the wax particle
surface, is the primary mechanism of the electrorheological behavior of waxy oils. However, the way that
charged particles interact with wax particles under an electric field remains unknown. In this study, we
found no viscosity and impedance change for two waxy crude oils after their exposure to a high-voltage
electric field. However, the yield stresses were reduced obviously. We thus proposed that the collision of
colloidal particles such as resins and asphaltenes with the wax particles could be an essential mechanism
that the wax particle structure was weakened. To verify this hypothesis, a series of ad hoc experiments
were carried out, i.e., by performing electrorheological tests on model waxy oils containing additives
removable under an electric field, including electrically-neutral colloidal particles (Fe3O4), charged
colloidal particles (resins), and oil-soluble electrolyte (C2;H14C004), respectively, and demonstrated that
upon application of a high-voltage electric field, charged particles in a waxy oil may move and thus
collide with wax particles, and consequently adhere to the wax particle surface. The particle collision
results in damage to the wax particle network, and the electrostatic repulsion arising from the adhesion
of the charged particle on the wax particle diminishes attraction between wax particles. This study
clarifies the process of interfacial polarization.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction due to the electrorheological effect of waxy oil, possibly with vis-

cosity reduction of up to 90% (Zhang et al., 2021). This electro-

Wax precipitation below the wax appearance temperature
(WAT) deteriorates the cold flowability of waxy oils (Shailesh and
Vikas, 2017; Guo et al., 2021), posing flow assurance challenges to
crude oil production and transportation (Zhang et al., 2013; Zhen
et al,, 2018; Huang et al., 2020). Improving the cold flowability of
crude oil is the fundamental solution to safe and economical
transportation of crude oils (Zhang, 2022).

Previous studies have demonstrated that exposing a crude oil to
a high-voltage electric field may improve the oil's cold flowability
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rheological effect can be obtained by applying an electric field along
the oil's flow direction (Tao and Xu, 2006; Tao and Tang, 2014), or
perpendicular to the oil's flow direction (Huang et al., 2021b), or
even to a quiescent liquid oil (Ma et al., 2019), with more viscosity
reduction at higher field strength and lower treatment temperature
(Ma et al., 2017). Except for the liquid oil, electric treatment may
result in weakened structural behaviors such as viscoelasticity,
yield stress, and thixotropy both for cooled waxy oil gel (Li et al.,
2019), which was previously electrically treated in its liquid state,
and for gelled waxy oils with the yield stress, storage/loss modulus,
and apparent viscosity reduced by more than 90% (Huang et al.,
2021a). After the removal of the electric field, the flowability
improvement disappears after about one day (Huang et al., 2021a;
Li et al., 2021b).
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As for the mechanism of the electrorheological behaviors,
earlier studies mainly focused on the changes in wax particle
morphology caused by the electric field and contributed the vis-
cosity reduction to the alignment of suspended particles along the
streamline (Tao and Xu, 2006; Tao and Gu, 2015), and wax particles
aggregation (Ma et al., 2017, 2019; Xie et al., 2020). Nevertheless,
these hypotheses cannot properly explain the observed phenom-
ena such as the electrorheological behaviors of gelled waxy oils
(Huang et al., 2021a), and the latter is actually untenable quanti-
tatively in consideration of the low fraction of wax particles ac-
cording to the theory of the suspension rheology (Barnes, 1996). In
the latest investigation, we demonstrated that interfacial polari-
zation is an essential mechanism of the electrorheological behav-
iors of waxy oils (Chen et al., 2021). In that study, Chen et al. (2021)
found that the impedance of waxy crude oils and model waxy oils
containing resins and asphaltenes increased significantly after
electric treatment at temperatures below the WAT. Moreover, the
impedance increment was positively related to the viscosity
reduction, indicating that some charged colloidal particles such as
resins and asphaltenes had accumulated on the surface of wax
particles upon the application of electric field, which results in a
stronger electrostatic repulsion and consequently weakened van
der Waals force between the wax particles, thus improving the cold
flowability of waxy oils. After the removal of an electric field, the
charged particles gradually diffuse back to the bulk fluid, and thus
the viscosity and impedance gradually recover. Qualitatively, by
interfacial polarization, the observed electrorheological behaviors
of waxy oils can be well explained. However, the way that charged
particles interact with wax particles under an electric field remains
unknown.

In this study, we observed an interesting new phenomenon
from two waxy crude oils that yield stress was reduced but vis-
cosity remained unchanged upon the application of an electric
field. Inspired by this observation, we made a hypothesis that the
wax particle structure was collided by colloidal particles under the
electric field. We thus performed a series of ad hoc experiments
using model waxy oils, which contained additives removable under
an electric field including electrically-neutral colloidal particles
(Fe304), charged particles (resins), and oil-soluble electrolyte
(C22H14C004), respectively. Through these experiments, we
demonstrate the occurrence of collision between colloidal particles
and wax particles, which may result in damage to the wax particle
structure, and moreover, as a result of this collision the charged
particles, i.e., resins and asphaltenes may adhere to the wax particle
surface, thus diminishing attractions between wax particles
because of stronger electrostatic repulsion.

2. Phenomenon of no viscosity change but reduced yield
stress after electric treatment

2.1. Experimental section

2.1.1. Crude oils

The properties of the two studied crude oils are listed in Table 1,
and the wax precipitation curves determined by DSC are shown in
Fig. 1. To eliminate the thermal and shear history, all oil samples
were preheated to 80 °C and maintained at this temperature for 2 h,
and then naturally cooled down to room temperature and main-
tained for 48 h before tests (Xie et al., 2020).

2.1.2. Rheological measurements

A stress-controlled rheometer HAAKE MARS III equipped with
an electrorheological module was used to measure the rheological
properties of oil samples (Huang et al., 2021a, b).

Firstly, loaded the oil sample (oil A at 70 °C, oil B at 50 °C) into
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Table 1

Physical properties of the studied waxy crude oils.
Parameter Test method Value

Oil A Oil B

Density at 20 °C, kg/m3 ISO 3675-1998 895.6 884.0
Pour point, °C ASTM D5853-17 43 19
WAT, °C DSC 65 24
Wax content, wt% DSC 23.36 9.60
Resins, wt% ASTM D4124-09 14.56 19.19
Asphaltenes, wt% ASTM D4124-09 0.89 0.39

the preheated rheometer, and then cooled the sample to the elec-
tric treatment temperatures at a rate of 0.5 °C/min and held for
10 min. An electric field (0—5 kV/mm) was then applied to the
sample for 60 s. Five constant shear rates (10 s~1,20s~1, 50 57, 100
s~1150 s—!) were sequentially applied for viscosity measurement,
and the time under each shear rate was 10 min.

The structural characteristics of oil gels were tested as follows.
After the oil samples were cooled to the electric treatment tem-
peratures and maintained at that temperature for 60 min to ensure
that the gel structure is fully developed (Liu et al., 2018), an electric
field was imposed upon the oil for 60 s, of which an electric field
exposure time is enough to improve the cold flowability of waxy
oils (Huang et al., 2021a). Subsequently, the viscoelasticity, yielding
behavior, and thixotropy of oil samples was measured in situ. The
yield behaviors were investigated by dynamic stress sweep tests
and constant stress shear tests. The thixotropy were assessed by
stepwise shear rate tests (Teng and Zhang, 2013; Taraneh, 2016).
Four constant shear rates (15~ %, 2s~1, 4571, 8 s~1) were sequentially
applied to the waxy gel, the shear rate was held at 1 s~! for 120 min
and held at the other values for 30 min.

2.1.3. Impedance measurement

The impedance was measured by a frequency response analyzer
(PSM3750) with Impedance Analysis Interface (IAI) equipment,
which was connected to the rheometer HAAKE Mars IIl. The
impedance properties of oil samples in the coaxial cylinder systems
can thus be tested in situ before and after electric treatment. The
frequency range was 0.02—2000 Hz. All experiments were repeated
three times, and the relative uncertainty is less than 5%.

2.2. Electrorheological behaviors and impedance of waxy crudes

Fig. 2 shows the apparent viscosity of oil A and oil B before and
after electric treatment at 3 kV/mm for 60 s at the temperature of
3 °C below their pour point. It can be seen that the viscosities of
both oils do not change after electric treatment, which is quite
different from our previous studies and other published works (Ma
et al., 2017; Xie et al., 2020).

However, both the storage moduli and loss moduli under the
same stress amplitude reduce significantly after electric treatment,
and meanwhile, the yield stress (ry) and the critical linear stress
(1) are also decreased dramatically. For example, for oil A the yield
stress is reduced from 90.2 Pa to 56.2 Pa, showing a reduction of
37.7%, and the critical linear stress is reduced from 28.1 Pa to 11.1 Pa,
meaning a reduction of 60.4%. In addition, under the same shear
stress, the strain values of oil gel treated by the electric field are
bigger, which means the deformation degree of the electrically-
treated oil gel is larger. These results clearly demonstrate that the
structural strength is reduced by the electric treatment (Fig. 3).

Moreover, the Nyquist plots, with its x-axis and the y-axis rep-
resenting the real part and the negative imaginary part of the
impedance (Chen et al., 2019; Li et al., 2021a; Xie et al., 2022), of
both oils show no change after electric treatment, see Fig. 4,
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Shear stress, Pa

Fig. 3. Dynamic stress sweeps at 0.5 Hz for untreated and electrically-treated oil samples.
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Fig. 4. Nyquist plot of untreated and electrically-treated oil samples.

implying that the amount of charged particles in the bulk of the oil
changes little.

2.3. Discussion and hypothesis of particle collision

Since the rheological test temperatures are below the crude oils’
WATSs, both wax particles and charged particles (Sedghi and Goual,
2010) (asphaltenes and resins) coexist in the oils, which is the
requirement for interfacial polarization (Chen et al.,, 2021). How-
ever, no impedance change after electric treatment means that no
more asphaltene and resin accumulation occurs on the surface of
wax particles after electric treatment. While strangely the yield
stress significantly decreases after the treatment, indicating that
the 3-D spongy-like structure formed by wax particles is partially
destroyed.

From the observation of reduced yield stress but unchanged
viscosity, we made a hypothesis that collision must have occurred
between colloidal particles of resins and asphaltenes and the wax
particles under the dielectrophoretic (DEP) force, leading to
weakened gel strength. DEP refers to the phenomenon that in a
nonuniform electric field, a net force will generate on particles in
the direction of the maximum field strength, which drives particles
to move in this direction (Liu et al., 2016). Specifically speaking for
waxy oils, the application of an electric field makes the electric field
strength around the wax particles nonuniform since the charges
inside the wax particles partially gather at the solid-liquid interface.
Meanwhile, asphaltenes and resins are charged particles in the oil
because of ionization (Sedghi and Goual, 2010), so upon the
application of an electric field, they can migrate directionally be-
tween the electrodes. When the charged particles pass right next to
wax particles with a nonuniform electric field, the charged particles
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Fig. 5. Schematic diagram of dielectrophoresis of colloidal particles under the electric
field.
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would move in the direction of the maximum electric field
strength, that is, toward wax particles as shown in Fig. 5, resulting
in their collision with wax particles. Imaginably, this collision will
partially damage the 3-D wax particle structure, resulting in
reduced yield stress of the oil gels.

3. Verification of the collision hypothesis

To verify this hypothesis, model oil with controlled composition
is used to rule out the multiple factors’ effects in the crude oil.
Colloidal particles removable in oil with wax particles under an
electric field are carefully selected and added to the model oil.
Because the most common charged particles in crude oil, i.e., resins,
may act to diminish the van der Waals attraction between wax
particles due to the electrostatic repulsion when they accumulate
on the wax particle surface, it is crucial to find another kind of
colloidal particles which does not generate electrostatic repulsion.
If our hypothesis is true, we should see yield stress reduction in this
system as a result of the collision of colloidal particles with wax
particles under an electric field, but no reduction of the equilibrium
shear viscosity would occur due to the absence of the electrostatic
repulsion.

3.1. Model oils and additives

The model waxy oil system which consisted of 80% mineral oil,
10% o-xylene, and 10% commercial waxes was used in the study.
Methods of formulating the model oil system can be found in our
previous work (Ma et al., 2019).

Electrically neutral colloidal particles of Fe304 would be polar-
ized and migrated in oil with wax particles under dielectrophoretic
forces upon the application of an electric field. The Fe304 particles
were purchased from Aladdin Industrial with an average particle
size of 10 um Fe304 particles were added to model oils at the
required concentrations and the mixture was sonicated at 50 °C for
30 min to fully disperse the particles into the oil.

Resins were used as an additive to compare the system with
Fe304. The resins were extracted from the crude oil and added at
the concentration of 100 ppm using the published methods (Dai
et al., 2019).

The oil-soluble electrolyte (C22H14C004) was selected as another
reference additive. Co;H14C004 exists in the form of ions and will
migrate under an electric field in the form of ions (Kilpatrick, 2012),
so its migration should not damage the wax particle structure. The
used solution consisted of 8% C2,H14C004 and 92% mineral oil. After
the addition of electrolyte at a dosage of 100 ppm, the model oil
was heated to 50 °C and stirred for 30 min.
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Table 2
Compositions and pour point of the studied model oils.
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Table 3
Yield stress of three model oils before and after electric treatment.

Qil sample Concentration, wt% Additives Pour point, °C Oil sample Yield stress, Pa
Wax  Mineral oil  O-xylene Untreated Electrically-treated
Model 0il 1 10 80 10 None 28 Model oil 1 104.6 104.2
Model 0il 2 10 80 10 C2H14C004 28 Model oil 2 (with C2;H14C004) 1024 102.3
Model 0il 3 10 80 10 Fe304 28 Model oil 3 (with Fe304) 110.7 79.7
Model 0il 4 10 80 10 Resins 28

—&— Model oil 1
—4A—— Model oil 2 (with C»,H,C00,)
—&— Model oil 3 (with Fe;0)

7 Model oil 4 (with resins)

Cumulative precipitated wax, wt%

0 T T

0 40

Temperature, °C

Fig. 6. Wax precipitation curves of model oils with additives.

The compositions and corresponding mass fraction of specific
model waxy oils are shown in Table 2. As shown in Fig. 6, the three
additives at the concentration of 100 ppm have almost no impact
on the wax precipitation of the model oils.

3.2. Yield stresses of the model oils with Fe304 and C35H14C004

The yield stress was determined using dynamic stress sweep
tests before and after electric treatment of 5 kV/mm for 60 s at
24 °C, and the results are shown in Table 3. Obviously, the electric
field has no influence on the yield stress of model oil 1 without
removable additives under the electric field, which is consistent
with our previous study (Chen et al., 2021). As is expected the
electric treatment has virtually no influence on the yield stress of
model oil 2 (with C;2H14C004), while the yield stress of model oil 3
(with Fe304) decreases from 110.7 Pa to 79.7 Pa, showing a reduc-
tion of 28%.

In addition, Fig. 7 shows the strain evolution of model oil 3 (with
100 ppm Fe304) before and after the application of an electric field
of 5 kV/mm for 60 s at 24 °C. As can be seen in Fig. 7, for untreated
gel, when the imposed stress is less than 60 Pa, the gel just exhibits
viscoelastic creep, and the structural fracture cannot be observed in
600 s. When the imposed stress reaches 60 Pa, the strain increases
rapidly after about 520 s, that is, gel structure fracture occurs. For
the electrically-treated oil gel, the yield stress is just 40 Pa, corre-
sponding to a yield stress reduction of 33%.

The above results preliminarily verify the occurrence of particle
collision under an electric field. Considering that the amount of
Fe304 may affect the effect of particle collision, we further inves-
tigated the yield stress of model oils with Fe304 concentrations
from 20 to 1000 ppm after electric treatment of 5 kV/mm for 60 s at
24 °C, with the results shown in Fig. 8. As is expected, more yield
stress reduction was observed with increased Fe3O4 concentration.
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3.3. Yield stresses of the model oils with Fes04 and resins

To further demonstrate the occurrence of particle collision un-
der the electric field, we measured yield stresses of model oil 3
(with Fe304) under the following two conditions.

Condition 1. The oil was electrically treated at 5 kV/mm for 60 s at
24 °C (4 °C below the pour point) and the yield stresses were
measured at 24 °C by dynamic stress sweep tests. The detailed
experiment procedures can be found in our previous work (Huang
et al,, 2021a).

Condition 2. The oil was electrically treated at 29 °C (1 °C above
the pour point), and the yield stresses were measured at the same
temperature as Condition 1, i.e., 24 °C. The experiment steps are as
follows. Cooled the oil from 50 °C to 29 °C and held it at 29 °C for
10 min before imposing an electric field. After the electric treat-
ment (5 kV/mm for 60 s), the oil sample was cooled down to 24 °C
and held at this temperature for 60 min. Finally, the yield stress of
the oil was determined by dynamic stress sweep tests.

The latter test was designed by considering the following fact.
The amount of precipitated wax of the studied oil is only 0.58 wt%
at 29 °C, and thus the 3-dimensional wax particle structure should
have not been formed yet. However, when the oil further cools
down to 24 °C, the precipitated wax reaches 3.35 wt% and therefore
the 3-D spongy-like structure should have been built. By comparing
the yield stresses of these two condition tests, we should be able to
further understand the effect of particle collision.

In addition, as an important part of this effort, we also measured
the yield stresses of model oil 4 (with resins) under the above two
conditions. The difference between these two additives is that the
resins have double effects of the collision and electrostatic repul-
sion arising from their adhesion on the wax particle surface after
the collision, but the Fe304 particles have only the former.

As can be seen from Table 4, the yield stress of model oil 3
treated at 29 °Cis 108.7 Pa, representing little yield stress reduction
compared with that of the untreated oil. This can be attributed to
the increased precipitated wax when the oil cools down from 29 °C
to 24 °C after the treatment. Obviously, the newly precipitated wax
particles make a great contribution to the formation of the 3-D
network after the wax crystal aggregations were damaged at
29 °C under the electric field.

For the untreated model oil 4 (with resins), the yield stress is
only 15.1 Pa at 24 °C, much lower than that of oil 3. This is the effect
of resins, as is well known that resins are called “natural pour point
depressants” (Dai et al., 2019). The yield stress of oil 4 is reduced by
99% to 0.1 Pa after being treated at 24 °C. This much better effect of
yield stress reduction is attributed to resins’ double role of collision
and electrostatic repulsion. Moreover, the yield stress at 24 °C of the
same oil treated at 29 °C is 5.1 Pa, remarkably higher than that
treated at 24 °C. This also suggests the contributions of the newly
precipitated wax particles and the electrostatic repulsion of the
resins.
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3.4. Viscosities of the model oils with Fe304 and resins

This section is intended to further investigate the effect of the
particle collision from another perspective, i.e. viscosity. The
electric treatment and rheological tests were performed at 28 °C
(pour point of the model oils), at which wax particle aggregation
should have occurred, and thus the oils are thixotropic, however,
the 3-D spongy-like network should have not formed. That is to say,
the wax crystal structure at this temperature is weak and thus
could be more sensitive to disturbance. Viscosity and its variations
should represent information about the structure of wax particles.
Therefore, it was expected that the Fe304 particle collision might
reduce the oil's viscosities in the thixotropic process, but the shear
equilibrium viscosity should not change since no electrostatic
repulsion occurs. While the model oil with resins should show
lower viscosity in the whole process including lower equilibrium
viscosity.

Fig. 9 presents the stress decay at the shear rate of 1, 2, 4, 8 5~

0il sample Yield stress at 24 °C, Pa Yield stress at 24 °C after electrically treated at 29 °C, Pa
Untreated Electrically treated
Model oil 3 (with Fe304) 110.7 79.7 108.7
Model oil 4 (with resins) 15.1 0.1 5.1
(a) 4 10 (b) 24 10
Model oil 3 (with Fe;0,) 0 0 kv/imm Model oil 4 (with resins) 0 0 kV/imm
O 5kv/imm O 5kV/mm
th
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Fig. 9. Thixotropic behaviors of model oils before and after electric treatment at 28 °C.
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for model oil 3 (with Fe304) and model oil 4 (with resins) before
and after electric treatment at 5 kV/mm for 60 s. Both two oils show
typical thixotropic viscosity decay at constant shear rates. Fig. 9(a)
shows that the electrically-treated oil 3 has much lower thixotropic
viscosities, but the equilibrium viscosities are just the same as that
of the untreated oil, with the most typical case observed at the
shear rate of 1 s~%. The much lower thixotropic viscosities of the
treated oil strongly suggest that the wax particle aggregations were
damaged by Fe304 particle collision under the electric field, while
the same equilibrium viscosities imply that Fe304 particle does not
change microscopic interactions within the oil at shear equilibrium.

Nevertheless, from Fig. 9 (b), we can see a quite big difference in
the whole shear process. This suggests the occurrence of resins’
adhesion to the wax particle surface as a result of the collision,
which results in stronger electrostatic repulsion between the wax
particles, and thus much lower equilibrium viscosity. Because the
electric treatment and subsequent rheological test were performed
at the same temperature, the co-crystallization of wax and resins
should have not occurred.

3.5. Discussion on crude oil A and B's unchanged viscosity after the
treatment

Previous studies reported both yield stress and viscosity
reduction arising from the electric treatment of crude oil gels
(Huang et al., 2021a). This can be well explained by the presently
proposed mechanism of particle collision and consequent adhesion
of charged particles on the surface of wax particles. The phenom-
enon of unchanged viscosity but reduced yield stress found in this
work is strange. Currently, we cannot give a perfect explanation
with direct evidence. It can be found that the two waxy crude oils
used in this study contain high contents of resins and asphaltenes.
Therefore, we speculate that there might have several possible
reasons for this phenomenon. One could be that the wax particles
have been fully wrapped by the charged particles before electric
treatment due to the high content of resins, which provides suffi-
cient electrostatic repulsion to prevent further adhesion of more
charged particles under an electric field. The unchanged impedance
after the application of an electric field, which means the amount of
charged particles changes little, could be evidence supporting the
conjecture. The other would be that the colloidal particles at high
concentration are self-associated to form aggregates (Alvarez-
Ramirez et al., 2006; Li et al., 2018), and thus lose the ability of
adhesion. Further investigations will be made to clarify the mech-
anism of this phenomenon.

4. Conclusions

No viscosity and impedance change but reduced yield stress was
found for two waxy crude oils after their exposure to a high-voltage
electric field. Inspired by this surprising phenomenon, it is hy-
pothesized that upon application of the electric field charged par-
ticles in the crude oil, i.e., resins and asphaltenes, would collide
with wax particles and adhere to them due to the viscous nature of
resins and asphaltenes. To verify this hypothesis, a series of ad hoc
experiments were performed by using model waxy oil with care-
fully selected colloidal particles of Fe304, as well as resins and oil-
soluble electrolyte (Cy2H14C004), respectively. For the model oil
with Fe304 particles, it is found that the electric treatment makes
the yield stress and the thixotropic viscosities at the treatment
temperature reduced remarkably, but the shear equilibrium vis-
cosity is unchanged. While for the model oil with resins, yield stress
as well as thixotropic and equilibrium viscosities are reduced as a
result of the treatment. Therefore, it is demonstrated that upon
application of a high-voltage electric field, colloidal particles such
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as charged particles and Fe304 in a waxy oil may move and thus
collide with wax particles, and as a result the charged particles
further adhere to the wax particle surface. The particle collision
partially damages the 3-dimensional wax particle structure, thus
weakening the structural strength of the wax particle network. And
in addition, the charged particle adhesion diminishes the mutual
attraction of wax particles, thereby improving the cold flowability
of waxy oils. The unchanged equilibrium viscosity of the oil system
with Fe3Qy4 is attributed to the lack of electrostatic repulsion of
Fe304 particles. For the system of C23H14C004, no particle collision
occurs since the electrolyte exists as ions in the oil. It is speculated
that the lack of viscosity reduction for the two crude oils could be
related to their high contents of resins and asphaltenes. This study
further supports the presence of interfacial polarization and makes
its process clarified.

Acknowledgements

The authors acknowledge the financial support from the Na-
tional Natural Science Foundation of China (No.52174066,
No0.51534007).

References

Alvarez-Ramirez, F.,, Ramirez-Jaramillo, E., Ruiz-Morales, Y., 2006. Calculation of the
interaction potential curve between asphaltene—asphaltene, asphaltene—resin,
and resin—resin systems using density functional theory. Energy Fuel. 20 (1),
195—204. https://doi.org/10.1021/ef0501795.

Barnes, H.A., 1996. Rheology: principles, measurements and applications. Powder
Technol. 86 (3), 313. https://doi.org/10.1016/s0032-5910(96)90008-x.

Chen, C.H., Zhang, ].J., Ma, C.B,, Liang, H.Q., Qing, M.Y,, Xie, Y.W., Huang, Q., Han, S.P.,
Li, H.Y., 2019. Influence of wax precipitation on the impedance spectroscopy of
waxy oils. Energy Fuel. 33 (10), 9767—-9778. https://doi.org/10.1021/
acs.energyfuels.9b02543.

Chen, C.H., Zhang, ] J., Xie, Y.W., Huang, Q., Ding, Y.F,, Zhuang, Y., Xu, M.M., Han, S.P,,
Li, ZX, Li, HY., 2021. An investigation to the mechanism of the electro-
rheological behaviors of waxy oils. Chem. Eng. Sci. 239, 116646. https://doi.org/
10.1016/j.ces.2021.116646.

Dai, J.L, Zhang, ]J., Chen, C.H., 2019. Influence of resins on crystallization and
gelation of waxy oils. Energy Fuel. 33 (1), 185—196. https://doi.org/10.1021/
acs.energyfuels.8b03488.

Guo, L.P, Han, X,, Lei, Y., Wang, L., Yu, PF, Shi, S., 2021. Study on the thixotropy and
structural recovery characteristics of waxy crude oil emulsion. Petrol. Sci. 18 (4),
1195—-1202. https://doi.org/10.1016/J.PETSCL.2021.07.003.

Huang, H.R,, Wang, W., Peng, ZH., Li, K, Ding, Y.F,, Yu, W],, Gan, D.Y.,, Wang, CS.,
Xue, Y.H., Gong, ]., 2020. Synergistic effect of magnetic field and nanocomposite
pour point depressant on the yield stress of waxy model oil. Petrol. Sci. 17 (3),
838—848. https://doi.org/10.1007/s12182-019-00418-9.

Huang, Q., Li, H.Y., Xie, Y.W,, Ding, Y.F,, Zhuang, Y., Chen, C.H., Han, S.P, Zhang, JJ.,
2021a. Electrorheological behaviors of waxy crude oil gel. ]J. Rheol. 65 (2),
103—112. https://doi.org/10.1122/8.0000160.

Huang, Q., Li, H.Y.,, Zhuang, Y., Ding, Y.F,, Ma, C.B., Chen, C.H., Xie, Y.W.,, Liang, H.Q.,
Han, S.P, Zhang, JJ., 2021b. Reducing viscosity of waxy crude oil with electric
field perpendicular to oil's flow direction. Fuel 283, 119345. https://doi.org/
10.1016/j.fuel.2020.119345.

Kilpatrick, P.K., 2012. Water-in-crude oil emulsion stabilization: review and unan-
swered questions. Energy Fuel. 26 (7), 4017—4026. https://doi.org/10.1021/
ef3003262.

Li, H.Y., Chen, C.H., Huang, Q., Ding, Y.F, Zhuang, Y., Xie, Y.W., Xu, M.M,, Han, S.P,,
Zhang, ].J., 2021a. Effect of pour point depressants on the impedance spec-
troscopy of waxy crude oil. Energy Fuel. 35 (1), 433—443. https://doi.org/
10.1021/acs.energyfuels.0c03378.

Li, H.Y,, Li, ZX,, Xie, Y.W,, Guo, W., Huang, Q., Chen, C.H., Ma, C.B., Xu, M.M,, Han, S.P,,
Zhang, JJ., 2021b. Impacts of shear and thermal histories on the stability of
waxy crude oil flowability improvement by electric treatments. ]. Petrol. Sci.
Eng. 204, 108764. https://doi.org/10.1016/j.petrol.2021.108764.

Li, H.Y,, Wang, X.Y., Ma, C.B,, Ly, Y.D., Han, S.P,, Chen, C.H., Zhang, J.J., 2019. Effect of
electrical treatment on structural behaviors of gelled waxy crude oil. Fuel 253,
647—661. https://doi.org/10.1016/j.fuel.2019.05.001.

Li, T, Xu, ]J,, Zou, R,, Feng, H., Li, L., Wang, J.Y., Stuart, M.A.C., Guo, X.H., 2018. Resin
from Liaohe heavy oil: molecular structure, aggregation behavior, and effect on
oil viscosity. Energy Fuel. 32 (1), 306—313. https://doi.org/10.1021/
acs.energyfuels.7b03279.

Liu, H.F, Lu, Y.D., Zhang, JJ., 2018. A comprehensive investigation of the viscoelas-
ticity and time-dependent yielding transition of waxy crude oils. J. Rheol. 62 (2),
527-541. https://doi.org/10.1122/1.5002589.

Liy, L, Xie, C.C., Chen, B., Wu, ].K,, 2016. Particle interactions in three-dimensional


https://doi.org/10.1021/ef0501795
https://doi.org/10.1016/s0032-5910(96)90008-x
https://doi.org/10.1021/acs.energyfuels.9b02543
https://doi.org/10.1021/acs.energyfuels.9b02543
https://doi.org/10.1016/j.ces.2021.116646
https://doi.org/10.1016/j.ces.2021.116646
https://doi.org/10.1021/acs.energyfuels.8b03488
https://doi.org/10.1021/acs.energyfuels.8b03488
https://doi.org/10.1016/J.PETSCI.2021.07.003
https://doi.org/10.1007/s12182-019-00418-9
https://doi.org/10.1122/8.0000160
https://doi.org/10.1016/j.fuel.2020.119345
https://doi.org/10.1016/j.fuel.2020.119345
https://doi.org/10.1021/ef3003262
https://doi.org/10.1021/ef3003262
https://doi.org/10.1021/acs.energyfuels.0c03378
https://doi.org/10.1021/acs.energyfuels.0c03378
https://doi.org/10.1016/j.petrol.2021.108764
https://doi.org/10.1016/j.fuel.2019.05.001
https://doi.org/10.1021/acs.energyfuels.7b03279
https://doi.org/10.1021/acs.energyfuels.7b03279
https://doi.org/10.1122/1.5002589

Y.-W. Xie, H.-Y. Li, C.-Y. Zhang et al.

electrical field simulated by iterative dipole moment method. Mod. Phys. Lett. B
30 (16), 1650156. https://doi.org/10.1142/S0217984916501566.

Ma, CB,, Ly, Y.D,, Chen, CH.,, Feng, K, Li, ZX., Wang, X.Y., Zhang, ].J., 2017. Electrical
treatment of waxy crude oil to improve its cold flowability. Ind. Eng. Chem. Res.
56 (38), 10920—10928. https://doi.org/10.1021/acs.iecr.7b02140.

Ma, C.B., Zhang, ]J., Feng, K., Li, Z.X., Chen, C.H., Huang, Q., Ly, Y.D., 2019. Influence of
asphaltenes on the performance of electrical treatment of waxy oils. ]. Petrol.
Sci. Eng. 180, 31—40. https://doi.org/10.1016/j.petrol.2019.05.020.

Sedghi, M., Goual, L., 2010. Role of resins on asphaltene stability. Energy Fuel. 24 (4),
2275-2280. https://doi.org/10.1021/ef9009235.

Shailesh, K., Vikas, M., 2017. Emulsification of Indian heavy crude oil using a novel
surfactant for pipeline transportation. Petrol. Sci. 14 (2), 372—382. https://
doi.org/10.1007/s12182-017-0153-6.

Tao, RJ.,, Xu, X., 2006. Reducing the viscosity of crude oil by pulsed electric or
magnetic field. Energ. Fuel 20 (5), 2046—2051. https://doi.org/10.1021/
ef060072x.

Tao, RJ.,, Gu, G.Q., 2015. Suppressing turbulence and enhancing liquid suspension
flow in pipelines with electrorheology. Phy. rev. E, Statist. nonlinear, and soft
matter phy. (1), 91. https://doi.org/10.1103/PhysRevE.91.012304, 012304.

Tao, RJ., Tang, H., 2014. Reducing viscosity of paraffin base crude oil with electric
field for oil production and transportation. Fuel 118, 69—72. https://doi.org/
10.1016/j.fuel.2013.10.056.

Taraneh, J.B., 2016. Experimental study and a proposed new approach for ther-
modynamic modeling of wax precipitation in crude oil using a PC-SAFT model.
Petrol. Sci. 13 (1), 155—166. https://doi.org/10.1007/s12182-015-0071-4.

1254

Petroleum Science 20 (2023) 1247—1254

Teng, HX., Zhang, ].J., 2013. Modeling the viscoelasto-plastic behavior of waxy
crude. Petrol. Sci. 10 (3), 395—401. https://doi.org/10.1007/s12182-013-0287-0.

Xie, YW, Li, H.Y, Ding, Y.F, Zhang, C.Y., Huang, Q., Chen, C.H., Han, S.P, Zhang, JJ.,
2022. The effect of resins concentration and polarity on the viscosity and
impedance of electrically-treated waxy oils. J. Petrol. Sci. Eng. 212, 110359.
https://doi.org/10.1016/j.petrol.2022.110359.

Xie, Y.W., Zhang, ]JJ., Ma, CB., Chen, C.H., Huang, Q. Li, ZX., Ding, Y.F, Li, HY,
Han, S.P, 2020. Combined treatment of electrical and ethylene-vinyl acetate
copolymer (EVA) to improve the cold flowability of waxy crude oils. Fuel 267,
117161. https://doi.org/10.1016/j.fuel.2020.117161.

Zhang, J.J., 2022. Research and application of rheology and pipeline transportation
technologies of high-pour-point and viscous crude oils: retrospect and pros-
pect. Oil Gas Storage Transp. 41 (6), 682—693. https://doi.org/10.6047/
j.issn.1000-8241.2022.06.010 in Chinese.

Zhang, JJ., Li, HY, Huang, Q. Xie, YW, Chen, C.H., Ma, C.B., Zhang, C.Y., 2021.
Progress of research on electric field treatment technology for modification of
crude oil. Oil Gas Storage Transp. 40 (11), 1201-1209. https://doi.org/10.6047/
j.issn.1000-8241.2021.11.001 in Chinese.

Zhang, JJ., Yu, B, Li, H.Y,, Huang, Q.Y., 2013. Advances in rheology and flow assur-
ance studies of waxy crude. Petrol. Sci. 10 (4), 538—547. https://doi.org/10.1007/
s12182-013-0305-2.

Zhen, H.L,, Hikmat, S.A.S., Norida, R., Ronald, N., Kyuro, S., 2018. Effect of surfactants
and their blend with silica nanoparticles on wax deposition in a Malaysian
crude oil. Petrol. Sci. 15 (3), 577—590. https://doi.org/10.1007/s12182-018-0241-
2.


https://doi.org/10.1142/S0217984916501566
https://doi.org/10.1021/acs.iecr.7b02140
https://doi.org/10.1016/j.petrol.2019.05.020
https://doi.org/10.1021/ef9009235
https://doi.org/10.1007/s12182-017-0153-6
https://doi.org/10.1007/s12182-017-0153-6
https://doi.org/10.1021/ef060072x
https://doi.org/10.1021/ef060072x
https://doi.org/10.1103/PhysRevE.91.012304
https://doi.org/10.1016/j.fuel.2013.10.056
https://doi.org/10.1016/j.fuel.2013.10.056
https://doi.org/10.1007/s12182-015-0071-4
https://doi.org/10.1007/s12182-013-0287-0
https://doi.org/10.1016/j.petrol.2022.110359
https://doi.org/10.1016/j.fuel.2020.117161
https://doi.org/10.6047/j.issn.1000-8241.2022.06.010
https://doi.org/10.6047/j.issn.1000-8241.2022.06.010
https://doi.org/10.6047/j.issn.1000-8241.2021.11.001
https://doi.org/10.6047/j.issn.1000-8241.2021.11.001
https://doi.org/10.1007/s12182-013-0305-2
https://doi.org/10.1007/s12182-013-0305-2
https://doi.org/10.1007/s12182-018-0241-2
https://doi.org/10.1007/s12182-018-0241-2

	A further investigation to mechanism of the electrorheological effect of waxy oils: Behaviors of charged particles under el ...
	1. Introduction
	2. Phenomenon of no viscosity change but reduced yield stress after electric treatment
	2.1. Experimental section
	2.1.1. Crude oils
	2.1.2. Rheological measurements
	2.1.3. Impedance measurement

	2.2. Electrorheological behaviors and impedance of waxy crudes
	2.3. Discussion and hypothesis of particle collision

	3. Verification of the collision hypothesis
	3.1. Model oils and additives
	3.2. Yield stresses of the model oils with Fe3O4 and C22H14CoO4
	3.3. Yield stresses of the model oils with Fe3O4 and resins
	3.4. Viscosities of the model oils with Fe3O4 and resins
	3.5. Discussion on crude oil A and B's unchanged viscosity after the treatment

	4. Conclusions
	Acknowledgements
	References


