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ABSTRACT

Electric treatment is a promising method to improve the cold flowability of waxy crude oil by taking
advantage of the electrorheological (ER) effect of the crude oil. However, the efficacy of viscosity
reduction under an electric field differs significantly among various crude oils. This paper investigates
the role of graphene nanoparticles (GNPs) in enhancing the ER effect of a waxy crude oil with less
sensitivity to the electric field. It is found that the addition of GNPs may significantly enhance the ER
effect and its durability. Quantitative results revealed that with 200 ppm GNPs, the maximum viscosity
reduction reaches 78.4% (vs. 57.1% for undoped oil) at 34 °C, and the treatment time to achieve 57.1%
viscosity reduction is shortened from 10 min to 2 min. Furthermore, GNPs reduce the energy density
threshold for maximum viscosity reduction from 1.08 J/mL to 0.96 J/mL, weaken the structure of the
gelled oil (yield stress reduction: 80.1% vs. 43.5% for undoped oil), and extend the durability of viscosity
reduction from 5 to 12 h. It is further demonstrated that both the added GNPs and charged particles in
crude oil accumulate on the surfaces of wax particles under an electric field, and the effect of GNPs’
nano-templating and the electrostatic repulsion of charged particles work together, weakening the wax
particle interactions and thereby enhancing the ER effect. The study provides an approach to the
enhancement of the cold flowability improvement efficacy by electric treatment for waxy crude oil.
© 2025 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/).

1. Introduction

measure to solve these problems (Yao et al., 2022; Ratnakar et al.,
2025), and thus the industry calls for clean and efficient technol-

Crude oil, as a vital energy resource and chemical feedstock,
will continue to play a significant role for a considerable period in
the future (Vasiljeva et al., 2022; Peng and Liang, 2023). However,
the shift toward difficult-to-handle crude oils such as waxy crude
oil has become an inevitable trend with the depletion of conven-
tional light oil resources (Malozyomov et al., 2023; Hou et al,,
2025). The poor cold flowability of waxy crude oil poses signifi-
cant flow assurance challenges in its production and pipeline
transportation (Zhang et al.,, 2013; Olajire, 2021; Kiyingi et al,,
2022). Improving the oil's cold flowability is a fundamental
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ogy (Al-Shboul et al., 2023; Xie et al., 2025; Yang et al., 2025).
Electric treatment, first proposed by Tao's team (Tao and Xu,
2006), is a promising method to improve the cold flowability of
waxy crude oils by taking advantage of the ER effect of waxy oils
(Homayuni et al., 2011; Tang et al., 2011; Jalal et al., 2022; Rudyk
et al,, 2022). By treating with a high-voltage electric field, the
oil's cold flowability may be significantly improved, with over 80%
of viscosity and yield stress reduction for some crude oils (Tao and
Tang, 2014; Jain et al., 2020), and this effect can last for more than
12 h after removal of the electric field (Xie et al., 2023a). It can be
achieved by applying a DC electric field, whether parallel or
perpendicular to the oil flow direction (Ma et al., 2017; Huang
et al.,, 2021a), or subjecting a static crude oil to a DC or alter-
nating current field (Zhang et al., 2023). However, the oil's wax
precipitation characteristics and pour point are hardly affected by
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electric treatment (Li et al, 2019). Moreover, this flowability
improvement can also achieved for gelled crude oil which was
electrically treated in a liquid state and subsequently cooled to
become a gel, and directly for gelled oil, with the structural be-
haviors weakened such as viscoelasticity, thixotropy, and yield
stress (Li et al., 2019; Huang et al., 2021b).

The efficacy of electric treatment is significantly influenced by
several external factors, including electric field strength, treatment
time, and treatment temperature (Huang et al., 2021a). Generally
speaking, higher field strength, longer treatment time, and lower
treatment temperature are more likely to result in higher efficacy
of electric treatment. The improved efficacy observed with a
stronger electric field and extended treatment time is funda-
mentally attributed to the increased energy input from the electric
field (Zhang et al., 2024).

However, the viscosity reduction efficacy under an electric field
differs significantly among waxy crude oils with different com-
positions, with some exhibiting weak or even no efficacy (Xie et al.,
2023a, 2023b, 2024). This fact calls for efforts to enhance the ef-
ficacy of electric treatment. To date, only a few studies have dealt
with the enhancement of the electric field efficacy for an Iraqi
crude oil, rather than waxy crude oil. Ibrahim et al. (2017) inves-
tigated the effect of nano-silica within a concentration range of
0-700 mg/L on the electric treatment efficacy of crude oil, and they
found that the effect of the nano-silica was non-monotonic, with
the optimal concentration being 100 mg/L. With an electrode
spacing of 6.11 cm, by applying a voltage of 188 V to the oil for 32 s,
the viscosity at 10 °C was reduced from 30.5 to 20.5 mm?/s,
marking a viscosity reduction of 32.8%. Under the same treatment
conditions, the viscosity of oil added 100 mg/L of nano-silica was
reduced to 12.8 mm?/s, representing an increased reduction to
58.0%. In subsequent work, Ibrahim et al. (2022) designed a gra-
phene supercapacitor by coating two parallel steel plates with 0,
25, and 50 wt% graphene nanoflakes to enhance the capacitance of
the system. They found that the treated oil using the coated
electrodes significantly increased the viscosity reduction efficacy,
and the supercapacitor's optimal graphene concentration was 36.9
wt’%.

The migration and accumulation of charged particles, i.e., resins
and asphaltenes in crude oil, are critical mechanisms behind this
viscosity-reducing effect (Chen et al., 2021). When wax molecules
crystallize and precipitate, a pronounced dielectric mismatch ari-
ses between the charged particles and the relatively insulating
wax particles (Charin et al., 2017; Chen et al., 2019). Subjected to
an electric field, charged particles migrate toward and accumulate
on the surfaces of wax particles, causing electrostatic repulsion
between them, thereby weakening interparticle attractions and
thus leading to a significant reduction in viscosity (Xie et al.,
2023c). Furthermore, Xie et al. (2023b), by preparing waxy oils
with micro-sized spherical Fe304 particles, demonstrated that the
electric field caused Fe304 particles to migrate toward and collide
with the wax particles, weakening the structural strength of gelled
oil, though the particles could not reduce the oil's viscosity as they
did not accumulate on wax surfaces. This may explain the reason
why the application of an electric field can weaken the gel struc-
ture but hardly reduce viscosity for some waxy crude oils. While
Jain et al. (2025) attributed the yield stress and viscosity reduc-
tion in gelled waxy crude oil to the Maxwell stress induced by the
electric field.

Based on the mechanism of the ER effect of waxy crude oil, we
make efforts to explore an approach to the ER effect enhancement
by adding materials. Graphene nanoparticles, renowned for their
excellent conductivity (James and Tour, 2013), may offer a prom-
ising solution to enhance the ER effect of waxy crude oils. Their
significant dielectric mismatch with insulating wax particles
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under an electric field is an advantageous property. Beyond their
conductivity, GNPs have been demonstrated to intrinsically
improve the cold flowability of waxy crude oils even in the absence
of an electric field. Crucially, GNPs' doping temperature is the
primary factor influencing the GNPs' efficacy (Kang et al., 2024).
Specifically, within the doping temperature range from the WAT to
the WDT, the GNPs’ efficacy gradually improves. Increasing the
doping temperature above the WDT does not further improve the
cold flowability. But unfortunately, the GNPs have no impact on
the cold flowability at doping temperatures below the WAT, a
behavior analogous to that of pour point depressants. The sheet-
like structure of GNPs acts as a nano-template that inhibits wax
particle aggregation by providing heterogeneous nucleation sites
and/or altering particle morphology (Heydari and Mohammadi,
2018; Kang et al.,, 2024). Additionally, under an electric field,
GNPs with a sheet-like structure may be more prone to accumu-
lation on the surface of wax particles, which may generate the
nano-templating effect to diminish the attraction among wax
particles.

There is a research gap in the method of the ER effect
enhancement of waxy crude oil by adding a certain material.
Compared to nano-SiO;, Fes04 particles, and so on, GNPs were
selected for two critical reasons: their exceptional electrical
conductivity and sheet-like structure. To bridge this gap, this
paper investigates: (1) The influence of GNPs dosage on viscosity
reduction of liquid waxy crude oil under different electric field
conditions (treatment time, energy input density, temperature);
(2) the effect of GNPs on the structural behaviors of gelled oil
previously electrically-treated in its liquid state and then cooled;
(3) the effect of GNPs on the durability of ER effect enhance-
ment; (4) the mechanism of ER effect enhancement by adding
GNPs was explored by preparing model oil and doping with
GNPs. This approach aims to establish GNPs as an efficient
enhancer for cold flowability improvement in waxy crude oils by
an electric field.

2. Experiment
2.1. Materials
(1) Waxy crude oil

The physical properties of the waxy crude oil used in this study,
along with the test methods, are presented in Table 1, and the wax
precipitation curve is illustrated in Fig. 1.

Before the rheological measurements, the waxy crude oil un-
derwent pretreatment: the oils were heated to 80 °C in sealed
bottles and maintained for 2 h at this temperature, followed by
naturally cooling to room temperature and standing for 48 h (Xie
et al., 2025). This pretreatment aimed to eliminate the influence of
thermal and shear histories on the rheological results, ensuring
consistent baseline conditions across all experiments and guar-
anteeing the reproducibility of the data.

Table 1
Physical properties of the studied waxy crude oil.

Parameter Value Test method
Density at 20 °C, kg/m® 860.0 ISO 3675-1998
Pour point, °C 33 ASTM D5853-17
WAT, °C 46.2 DSC

Wax content, wt% 19.0 DSC

Resins, wt% 9.10 ASTM D4124-09
Asphaltenes, wt% 0.70 ASTM D4124-09
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Fig. 1. Wax precipitation curve of waxy crude oil.

(2) Graphene nanoparticles

The GNPs used in this study were prepared by a physical method
(Geng et al., 2009) and supplied by Shenzhen Suiheng Technology
Co., Ltd. It featured an average particle size of 7-12 pm, a thickness of
approximately 1 nm, and consisted of 1-3 layers with a single-layer
content of >80%. As shown in the SEM image in Fig. 2, the GNPs
exhibited a layered structure with excellent dispersion between
layers, without apparent layer-wise aggregation.

(3) Preparation of the waxy crude oils doped with GNPs

The authors' previous research demonstrated that the doping
temperature was a key factor influencing GNPs' efficacy in
improving the cold flowability of waxy crude oil (Kang et al., 2024).
When the doping temperature is below the oil's WAT, the GNPs
have little effect on the cold flowability of the oil. This study fo-
cuses on the impact of GNPs on the ER effect of waxy crude oil,
ensuring that the viscosity of the crude oil, undoped/doped with
GNPs, before being subjected to the electric field, is kept consis-
tent. Thus, a doping temperature of 45 °C was used, which is below
the oil's WAT.

The waxy crude oil doped with various dosages of GNPs (0, 20,
50,100, 200, 300, and 500 ppm) was put in a preheated ultrasonic
water bath at 45 °C and sonicated for 30 min to ensure the GNPs
were well dispersed in oil. Afterward, the oils were allowed to cool
naturally to room temperature for subsequent use.

EHT = 5.00 kV
WD= 7.4 mm

Signal A= SE2
Mag= 10.00 KX

Date :6 Nov 2023
Time :14:46:31

Fig. 2. Scanning electron microscopy of GNPs.
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2.2. Rheological measurements

In this study, the ARES-G2 controlled-strain rheometer (TA
Instruments, USA) equipped with an electrorheological module
was used for energy input tests (Section 3.1.3), while the HAAKE
MARS III controlled-stress rheometer (Thermo Fisher Scientific,
Inc., Germany) with its corresponding electrorheological module
was employed for the experiments in all other sections. The
experimental workflow is illustrated in Fig. 3.

To ensure the results’ reliability and account for potential
variability, all rheological measurements were performed three
times under identical conditions, with a relative uncertainty of less
than 5%. And a fresh sample was changed after each rheological
measurement. The reported values (e.g., viscosity reduction, yield
stress reduction, and rheological curve) represent the median of
the three measurements.

2.2.1. Viscosity measurement

The GNPs-doped oil at 45 °C was filled into a preheated
rheometer and kept isothermally for 10 min, then cooled at a rate
of 0.5 °C/min to the test temperature and maintained for 20 min to
ensure the sample is isothermal. The equilibrium viscosity at 10
s~1 was then measured and recorded as 7o. Subsequently, a DC
electric field was applied to the sample. After that, the viscosity at
10 s~ ! of the treated oil was measured, and the value at 20 min was
recorded as #g. The viscosity reduction induced by the electric field
was calculated as Ay = (5o — ng)/n0 < 100%.

2.2.2. Structural behaviors measurement

The doped oil at 45 °C was filled into a preheated rheometer
and kept isothermally for 10 min, then cooled at a rate of 0.5 °C/
min to 34 °C, i.e., 1 °C above the pour point. Subsequently, the high-
voltage generator was activated to apply a 3 kV/mm DC electric
field to the liquid oil for 10 min. Following this, the oil was further
cooled at the same rate to 3 °C below its pour point and isother-
mally held for 60 min to ensure the full formation of the gel
structure, i.e., “aging” of the structure (Huang et al., 2021b). For the
rheomalaxis tests (Lesin et al., 2011), a stepwise shear rate method
was employed, with six shear rates set at 1, 2, 4, 8, 16, and 32 s~ L.
The shear rate of 1 s~! was applied for 30 min, while the other
shear rates were applied for 20 min to obtain the equilibrium
viscosity at each shear rate. Dynamic stress sweep tests (Huang
et al., 2021b) were conducted with an oscillation frequency of
1 Hz over a stress range of 1-200 Pa, taking measurements at in-
tervals of 0.1 Pa, which can provide storage modulus, loss modulus,
and yield stress simultaneously.

3. Results and discussions

3.1. Influence of GNPs dosages and electric treatment conditions on
viscosity reduction of liquid oil

3.1.1. The dosage of GNPs

The influence of GNPs dosages from O to 500 ppm on the vis-
cosity of the electrically treated oil was investigated under the
condition of 3 kV/mm for 60 s at 34 °C. The viscosity at 10 s~ was
measured, and the corresponding viscosity reduction was calcu-
lated, which is shown in Fig. 4.

As shown in Fig. 4, the viscosity of the electrically treated oil
observably decreased with increasing GNPs dosage from O to
500 ppm. Compared to the undoped oil whose viscosity at 10 s~
was reduced from 779.9 to 620.8 mPa-s as a result of electric
treatment, corresponding to a viscosity reduction of 20.4%, the 10
s~ 1 viscosity of the oil doped with 200 ppm GNPs was reduced to
4344 mPa-s (a viscosity reduction of 44.3%) after the electric
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Fig. 3. Experimental flow chart in this study.
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Fig. 4. The 10 s~' viscosity reduction of the electrically treated oil doped with
0-500 ppm GNPs.

treatment, indicating that the viscosity reduction contribution
from GNPs was 23.9%. When the GNPs dosage was increased to
500 ppm, the viscosity further decreased to 308.1 mPa-s, achieving
aviscosity reduction of 60.5%, with GNPs contributing 40.1% to this
viscosity reduction. Due to the excellent conductivity of GNPs,
higher dosages will lead to larger currents under an electric field.
Considering factors such as economic feasibility and safety (with a
current limit of 2 mA for this equipment), the maximum dosage
used in the following study was limited to 200 ppm.

3.1.2. Electric treatment duration

The oils doped with GNPs were exposed to an electric field of
3 kV/mm for different time at 34 °C. The viscosity at 10 s~ was
measured before and after the electric treatment, and the corre-
sponding viscosity reduction was calculated, which is shown in
Fig. 5.

As can be seen in Fig. 5, the viscosity reduction gradually in-
creases with increasing treatment time and finally reaches a
maximum. After the treatment time reaches 10 min, further
extension of the treatment time has a little more effect on viscosity
reduction. In other words, the application of a 3 kV/mm electric
field for 10 min may achieve the maximum viscosity reduction of
the oil at the test temperature of 34 °C. The maximum viscosity
reduction for the undoped oil and the oil doped with 50, 100, and
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Fig. 5. The influence of electric treatment time on the viscosity reduction of the oil
doped with different GNPs dosages.

200 ppm GNPs is 57.1%, 64.7%, 68.5%, and 78.4%, respectively,
which indicates that the GNPs significantly enhance the maximum
viscosity reduction. Furthermore, the GNPs obviously shorten the
time required to achieve the same viscosity reduction, and the
more GNPs, the shorter the time to reach a viscosity reduction. For
example, the time for the undoped oil to reach a 57.1% viscosity
reduction is 10 min, while for the oil doped with 200 ppm GNPs,
the same viscosity reduction is achieved in just about 2 min. In
summary, the addition of GNPs may not only improve the viscosity
reduction and the maximum viscosity reduction induced by the
electric field but also shorten the treatment time needed to ach-
ieve the same reduction.

3.1.3. Density of electric energy input

Previous studies have revealed that energy input is a crucial
factor in determining the viscosity reduction of electrically treated
crude oil (Zhang et al., 2024). However, the addition of GNPs may
enhance the conductivity of the oil and lead to a higher energy
input under the same electric treatment conditions.

To investigate the effect of inputted energy density on the
viscosity reduction before and after doping with 200 ppm GNPs, an
ARES-G2 rheometer equipped with an electrorheological module
was used. A parallel plate system with a diameter (D) of 50 mm
was employed, and the gap (h) between the plates, ranging from
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0.5 to 2.0 mm, was adjusted to change the oil volume
(V = 0.25zD%h) from 1.0 mL to 2.5 mL. The inputted energy density
(w = Ult|V) and viscosity reduction were calculated based on the
electric field parameters (voltage U, current I, and treatment time
t) and the 10 s~! viscosity before and after the treatment. The
results are shown in Fig. 6.

As observed in Fig. 6, in both cases the viscosity reduction
gradually increases and eventually reaches a maximum at this
temperature with the increase of the inputted energy density,
while the oil doped with 200 ppm GNPs shows a much better ef-
fect both on the viscosity reduction and the maximum viscosity
reduction than the undoped oil. Furthermore, the GNPs reduce the
energy density threshold required to achieve the maximum vis-
cosity reduction from 1.08 J/mL for the undoped oil to 0.96 J/mL for
the oil doped with 200 ppm GNPs.

3.14. Electric treatment temperature

At temperatures below the WAT, the strong attraction between
the precipitated wax particles is the primary cause of the poor cold
flowability of waxy crude oil. Furthermore, it has been demon-
strated that the precipitated wax amount at the electric treatment
temperature is a key factor determining the viscosity reduction
(Huang et al., 2021a).

This section focuses on the effect of GNPs on the viscosity
reduction at different electric treatment temperatures from the
pour point (33 °C) to the WAT (46.2 °C). The viscosity at 10 s~
before and after electric treatment at 3 kV/mm for 10 min was
measured, and the viscosity reduction was presented in Fig. 7. The
relationship between viscosity reduction and the precipitated wax
amount was shown in Fig. 8.

As is expected, better viscosity reduction was achieved at lower
temperatures due to the existence of more wax particles that can
interact with the charged particles, and again, the GNPs facilitate
the achievement of better viscosity reduction at all temperatures/
precipitated wax amounts. For instance, at the precipitated wax of
0.21 wt%, the viscosity reduction increases from 11.4% of the
undoped oil to 20.5% of the oil doped with 200 ppm; if the
precipitated wax increases to 2.32 wt%, the corresponding vis-
cosity reduction is 57.1% and 78.4%, respectively.

3.2. Effect of GNPs on ER behaviors of gelled oil
This section investigates the impact of GNPs on the gel struc-

ture of the oil electrically treated at its liquid state and then cooled.
The undoped/doped sample was exposed to an electric field of
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Fig. 6. Viscosity reduction vs inputted energy density of the oil undoped/doped with
200 ppm GNPs at 34 °C.
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3 kV/mm at 34 °C (1 °C above the pour point) for 10 min and then
followed by cooling to 30 °C (3 °C below the pour point).

3.2.1. Viscoelasticity and yielding behavior

Dynamic stress sweep tests were performed to investigate the
impact of GNPs on the viscoelasticity and yield stress of the gelled
oil described above. The results are shown in Fig. 9.

As can be seen in Fig. 9, the structure of the gelled oils, both
undoped and doped, is weakened, such as decreased storage
modulus, loss modulus, and yield stress. The addition of GNPs
makes this weakening effect more pronounced. As shown in
Table 2, the yield stress (zy) of the untreated oil at 30 °C is
80.9 Pa, and the 7y of the electrically-treated oils are 45.7 Pa and
16.1 Pa, respectively, for the undoped oil and the oil doped with
200 ppm GNPs. Correspondingly, the storage modulus and loss
modulus of the doped oil are also decreased significantly.

3.2.2. Rheomalaxis

The gelled waxy crude oil shows irreversible structural
behavior, i.e., rheomalaxis. The stepwise shear rate increase was
used to investigate the impact of GNPs on the structure breakdown
of the gelled oil, as shown in Fig. 10.

As observed in Fig. 10, all samples exhibit rheomalaxis similar
qualitatively, and the addition of GNPs further enhances the effect
of viscosity reduction. For the untreated oil at 30 °C, the equilib-
rium shear stress at 1 s' is 20.4 Pa, and that of the electrically-
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Fig. 9. Dynamic stress sweeps of the gelled oil undoped/doped with GNPs at 30 °C
(Electric treatment condition: 34 °C, 3 kV/mm for 10 min).

treated undoped oil is 10.2 Pa. For the oil doped with 200 ppm
GNPs and electrically-treated, the value drops to 5.8 Pa, a reduc-
tion of 71.6% compared to the untreated oil. Furthermore, GNPs
shorten the time required to reach the equilibrium shear stress.

To quantitatively analyze the impact of GNPs on structural
breakdown, the viscoplastic thixotropic model proposed by Teng
and Zhang (2013) was used (Eq. (1)), with fitting parameters
shown in Table 3.

7= Jdry + (K + 2AK)y™

a1
dt — 1+ym

(1)

[a(1 —2) — b2i™]

where 7 is shear stress, Pa; zy is static yield stress, Pa; 1 is the
structural parameter; j is shear rate, s~!; y is shear strain, %; K is
completely-unstructured consistency, Pa-s™; K + AK is the fully
structured consistency, Pa-s™; a is a rate constant for structure
buildup, s~!; b is a rate constant for structure breakdown,
Pa—™.s™"1: n; is a kinetic index; n, and m are positive dimen-
sionless material parameters.

As can be seen from Table 3, the values of the structure-related
parameters zy, AK, K, and nj, ny all demonstrate that the gel
structure weakened after electric treatment, and the addition of
GNPs further enhances the efficacy.

3.3. Effect of GNPs on the durability of cold flowability
enhancement

3.3.1. Durability of viscosity reduction

Regarding the durability of the viscosity reduction, i.e., the time
required for the oil to return to its untreated viscosity, induced by
the electric field, our previous studies have shown that the higher
the electric field strength, the better the viscosity reduction effi-
cacy, and the longer the durability of the efficacy (Xie et al., 2023a).
To assess the effect of GNPs on the durability of the viscosity
reduction, we applied a 3 kV/mm electric field for 60 s to the

Table 2
The moduli and yield stress at 30 °C of the undoped/doped gelled oil.
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Fig. 10. Shear stress decay of the undoped/doped gelled oil at 30 °C (Electric treat-
ment condition: 34 °C, 3 kV/mm for 10 min).

undoped/doped oil at 34 °C. Afterward, the electrically treated oils
were subjected to 10 s~ for 0-12 h, and the viscosity was recorded
with time elapsing, as shown in Fig. 11.

As observed in Fig. 11, the durability of the viscosity reduction
induced by the electric field of the oil doped with GNPs is signif-
icantly improved, and this improvement becomes more significant
with increasing GNPs dosage. For example, by increasing the GNPs
dosage from 0 to 200 ppm, the oil's viscosity reduction increases
from 20.4% to 44.3%, and the duration of viscosity reduction ex-
tends from 5 to 12 h, indicating that the GNPs may not only
significantly improve the viscosity reduction efficacy, but also
makes the efficacy more durable.

3.3.2. Durability of structural strength weakening

As described in Section 3.2, weaker structural strength was
observed for the oil doped with GNPs and electrically treated at its
liquid state and then cooled down to become a gel. In this section,
the oils doped with various GNPs dosages, electrically treated at
34 °C and 3 kV/mm for 10 min, were cooled down to 30 °C, and
kept standing for 60 min to ensure the full formation of the gelled
structure. The yield stress of the gelled oils was then measured
after different quiescent time (0-24 h), with the results presented
in Fig. 12.

As shown in Fig. 12, with increasing GNPs dosage, the yield
stress decreases. The yield stress of the oil gels gradually recovers
over time, but the yield stress of the doped oils remains consis-
tently lower than that of the undoped oil, indicating the slower
recovery rate induced by the GNPs. Let's look at the case of
standing for 24 h, the yield stress of the undoped oil recovered
from 45.7 to 60.1 Pa, with the yield stress reduction decreased
from 43.5% to 25.7%, while for the oil doped with 100 ppm GNPs,
the yield stress recovered from 30.1 to 40.3 Pa, and the yield stress
reduction decreased from 62.8% to 50.2%. Moreover, for the oil
doped with 200 ppm GNPs, the yield stress recovered from 16.1 to
23.6 Pa after 24 h, with the yield stress reduction decreasing from
80.1% to 70.8%. These results demonstrate that the GNPs may not

0Oil sample G, G reduction, G, G’ reduction, 5,° Ty 7y reduction,
Pa % Pa % Pa %

Untreated 23860 / 2310 / 5.5 80.9 /

Electrically-treated 12325 48.3 1212 47.5 7.4 45.7 43.5

200 ppm GNPs + electrically-treated 689 97.1 198 91.4 9.2 16.1 80.1
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Table 3
Fitted parameters of Eq. (1) at 30 °C.
0Oil sample Ty, AK, K, ni, nz, a, b, m,
Pa Pa.s™ Pa.s™ - - st Pa—m.sm-1 -
Untreated 65.67 23.26 0.91 0.64 0.42 0.0656 0.0435 0.48
Electrically-treated 29.00 10.91 0.32 0.72 0.57 0.0521 0.0809 0.58
200 ppm GNPs + electrically-treated 9.22 4.98 0.18 0.82 0.68 0.0478 0.0921 0.70

900
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800 A
700 A
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Fig. 11. Viscosity of the electrically treated oils doped with different GNPs dosages
sheared at 10 s,
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Fig. 12. Yield stress of the electrically treated oils with different GNPs dosages at
different quiescent time.

Before electric treatment

Charged particles dispersing
in the liquid phase

Subjected to electric field

Charged particle migration and accumulation
on the wax particles surfaces

only further weaken the structure of the gelled oil but also make
this effect more durable.

In summary, the addition of GNPs significantly enhances the
ER effect of waxy crude oil, with improved viscosity reduction for
liquid oil and structural strength weakening for oil gels formed
after subsequent cooling, and enhanced durability of these
effects.

3.4. Mechanism exploration of GNPs’ enhancement on the ER effect
of waxy crude oil

Previous studies have revealed that the migration, accumula-
tion, and diffusion of charged particles (such as resins and
asphaltenes) on wax particles was the essential mechanism of the
ER effect of waxy crude oil (Chen et al., 2021; Xie et al., 2023c). The
charged particles accumulated on the surface of wax particles
generate electrostatic repulsion and weaken the interactions be-
tween them, thus improving the flowability of the oil. The
microscopic process is illustrated in Fig. 13.

The following are the two possible reasons for the GNPs’
enhancement on the ER effect of waxy crude oil. First, the added
GNPs and the charged particles in crude oil might interact with the
wax particles under the electric field, respectively. The combined
effect of GNPs and charged particles enhances the ER effect. Sec-
ond, the GNPs might facilitate the interaction of charged particles
with the wax particles, thereby enhancing the ER effect.

To explore the real mechanism, a waxy model oil was prepared
with 200 ppm GNPs, 90% mineral oil, and 10% commercial waxes.
The WAT of the model oil is 33.2 °C, and its pour point is 27 °C. A
high-voltage electric field (0-5 kV/mm) was applied for 90 s at
28 °C, where the amount of precipitated wax is 2.1 wt%. The
equilibrium viscosity at 10 s~! before and after electric treatment
was measured, as shown in Fig. 14.

As can be seen in Fig. 14, the waxy model oil containing
200 ppm GNPs shows a significant viscosity reduction induced by
the electric field. The equilibrium viscosity at 10 s~! and 28 °C
decreases from 289.8 to 57.1 mPa-s, resulting in a viscosity
reduction of 80.3%. This suggests that even in the absence of

After electric treatment

Wax particle

. Charged particle

= Moving direction

Charged particle diffusion
back into the liquid phase

Fig. 13. Schematic diagram of the ER effect mechanism of waxy crude oil.
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Fig. 14. Equilibrium viscosity at 10 s~ and viscosity reduction of electrically-treated
model oil doped with 200 ppm GNPs.

charged particles like resins or asphaltenes, the waxy oil con-
taining GNPs can still exhibit a quite significant ER effect.

The microscopic images of GNPs and wax particles in the model
oil, before and after the treatment (5 kV/mm, 90 s), were taken
using a cross-polarized microscope OPTIPHOT2-POL equipped
with a PE60 thermal stage by following the procedures in our
previous research (Huang et al., 2021a), and the results are shown

Without treatment
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in Fig. 15, from which one may see the bright wax crystals and the
black sheet-like structures of GNPs.

As can be observed in Fig. 15, GNPs and wax particles undergo
extensive accumulation, and the wax particles become larger after
the electric treatment. These two effects may be attributed to the
improvement of the cold flowability of waxy model oil containing
GNPs.

There is a significant dielectric mismatch, i.e., the high con-
ductivity of GNPs (s-cnps > 10° S/cm) vs. insulating wax (6-wax <
1071 Sjcm), between the dispersed GNPs and wax particles
dispersed in the liquid phase at temperatures below the WAT of
the waxy oil. Charges within the conductive GNPs migrate readily,
while charges in the insulating wax and oil phases are less mobile;
the differential charge mobility creates induced dipole moments at
the GNPs-wax and GNPs-oil interfaces. According to the
Maxwell-Wagner dynamic polarization theory (Parthasarathy
and Klingenberg, 1996; Zhang et al., 2023) and the interfacial po-
larization mechanism (Chen et al., 2021) of the ER effect of waxy
oil, GNPs accumulate on the surface of wax particles upon expo-
sure to a high-voltage electric field. The accumulation of neutral
GNPs is driven by dielectrophoretic force due to interfacial
polarization.

However, unlike the charged particles (resins and asphaltenes)
in crude oil, the GNPs, electrically neutral particles (Latil and
Henrard, 2006; Tani et al., 2012), cannot generate electrostatic
repulsion among them. Instead, the GNPs weaken the interactions

Electric treatment

Fig. 15. Micrographs of waxy model oil containing 200 ppm GNPs at 28 °C.

Subjected to electric field

Electric field removed

Wax particle
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Subjected to electric field, the added GNPs and charged particles in crude oil accumulate on the surfaces of wax particles, the effect of GNPs’ nano-templating
and the electrostatic repulsion of charged particles work together, weakening the wax particle interactions and thereby enhancing the ER effect.

Fig. 16. Schematic diagram of the mechanism for enhanced ER effect of waxy crude oil with GNPs.
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between the wax particles surrounded by them via the nano-
templating effect (Liu et al.,, 2013; Heydari and Mohammadi,
2018; He et al., 2022), leading to a significant viscosity reduction.

In summary, for a waxy crude oil added with GNPs, both the
GNPs and the charged particles in crude oil could migrate toward
and accumulate on the surface of wax particles under the electric
field. The combined effects of the nano-templating effect of the
GNPs and the electrostatic repulsion from the charged particles
work together, resulting in weakened interactions between the
wax particles and thereby enhanced cold flowability improve-
ment. The microscopic process is illustrated in Fig. 16.

4. Conclusions

This study first demonstrated that GNPs as efficient enhancers
for the ER effect in waxy crude oil. We establish a dual-mechanism
framework where the nano-templating effect of the GNPs together
with the electrostatic repulsion from the charged particles (e.g.,
resins and/or asphaltenes) to weaken interactions between the
wax particles, achieving unprecedented viscosity reduction
(78.4%), extended durability (from 5 to 12 h), and reduced energy
thresholds (0.96 J/mL). This approach overcomes the intrinsic
limitations of conventional electric treatment for less sensitive
crude oils. The main conclusions are as follows.

(1) For the viscosity reduction, the addition of the GNPs shows
significant efficacy and extends the duration of this efficacy.
Specifically, compared to the undoped oil, the oil doped with
GNPs shows less time of electric field exposure required to
achieve a certain viscosity reduction, higher viscosity
reduction at the same energy input, increased maximum
viscosity reduction, and reduced energy input to achieve the
maximum viscosity reduction.

(2) For the effect of weakening the structural strength of gelled
oil, which was electrically treated at its liquid state and then
cooled down to become a gel, the addition of the GNPs
makes the viscoelasticity, rheomalaxis, and yield stress
further reduced compared to the undoped oil. And again, the
GNPs significantly extend the durability of the effect.

(3) The mechanism of the GNPs' effect on the enhancement of
the ER effect of waxy crude oil can be attributed to the
doubled effect of GNPs and charged particles. The nano-
templating effect of GNPs and the electrostatic repulsion
of charged particles work together, weakening the in-
teractions between wax particles and thus improving the
oil's cold flowability.

This technology holds significant potential for flow assurance of
waxy crude oil, including reducing energy consumption for pipe-
line transportation and mitigating restart risks after shutdowns.
The ultra-low GNPs dosage (200 ppm) ensures cost-effectiveness.
This strategy offers a sustainable pathway for crude transportation
safety.
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