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A study was undertaken into the emulsification and viscosity reduction processes of crude oil originating
from the Jurassic formation of the Sichuan Basin. Central to this investigation was the successful
synthesis of a carbon-based nano emulsifier named GOPH, utilizing graphene oxide as substrate and
hydrophilic alkyl glycidyl ether and polyoxyethylene ether as modifiers. The structural integrity of this
nano-emulsifier was comprehensively characterized via Fourier transform infrared spectroscopy,
scanning electron microscopy, and thermogravimetric analysis. Notably, GOPH nanofluids exhibited
a remarkable merit in decreasing the oil/water interfacial tension from 31.96 mN m~ to a low value of
9.76 mN m~! with a critical concentration of 45 ppm. Moreover, interfacial film folding experiments
revealed that GOPH nanoparticles “jammed” at the oil-water interface, forming a robust film. When
Jurassic crude oil was the oil phase, and GOPH nanofluids were introduced into the water phase, the
crude oil was successfully induced to form a low-viscosity oil-in-water (O/W) emulsion. Emulsion
droplet size and viscosity measurements demonstrated that this emulsion possessed small size
distributions with remarkable stability, achieving a viscosity reduction of up to 91.6% at a water content
of 80%. The underlying mechanism for this phenomenon mainly lies in the interaction between the
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1. Introduction

Despite the global momentum toward renewable and environ-
mentally friendly energy sources, crude oil remains pivotal in
fulfilling the world's energy demands. Crude oil is an efficient
and reliable energy resource that is indispensable for global
economic progress and social development.' Nevertheless,
crude oil produced from the Jurassic formations in Sichuan
Basin encounters distinct challenges due to its high concen-
tration of heavy fractions, such as asphaltenes and colloids,
which significantly increase the viscosity of crude oil. The high
viscosity of the crude oil results in the unfavorable mobility
between the displacing phase (water) and the displaced phase
(crude oil) causing severe viscous finger and tongue phenomena
in porous media during the water flooding process. It is clear
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of a flexible interfacial film that significantly stabilizes the O/W emulsion.

that the sweep volume of the injected water is small and a large
amount of crude oil remains underground even after extensive
water flooding process.>” To address this challenge, various
enhanced oil recovery (EOR) methods were developed, such as
thermal and chemical processes.®™ Thermal EOR, while effec-
tively extracting high-viscosity crude oil by decreasing the
viscosity of crude oil in the formation, may confront significant
challenges regarding high energy consumption and potential
environmental impacts. The viscosity reduction technology
concerning crude oil emulsification in the formation is
a promising chemical enhanced oil recovery (CEOR)
method.””** This technology stands out due to its versatility,
simplicity, and cost-effectiveness. Introducing a small amount
of emulsifier into crude oil transforms into oil-in-water emul-
sions, effectively reducing viscosity by several orders of magni-
tude. Given the challenge posed by crude oil from Jurassic
formations in the Sichuan Basin, the viscosity reduction tech-
nology through crude oil emulsification offers an attractive
solution for EOR, and the performance of emulsifier is critical.

Viscosity reduction technology through crude oil emulsifica-
tion using surfactant has emerged as a prevalent approach in
chemical oil recovery. The efficacy of surfactants is attributed to
their distinctive amphiphilic nature, which comprises both
hydrophobic and hydrophilic moieties, enabling their adsorption
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at the oil-water interface. Consequently, surfactants facilitate
formation of stable, oil-in-water (O/W) emulsions with low-
viscosity that exhibit favorable mobility through porous media,
ultimately enhancing oil recovery.*>” However, it is noteworthy
that the effective concentration of surfactant is usually dimin-
ished due to adsorption onto the rock surface.”®?® The use of
innovative materials might offer a promising path to more effi-
cient and sustainable chemical oil recovery technologies.****

With the deepening of research, nanotechnology has attracted
significant attention from researchers in the oil and gas industry
in recent years.” Nanoparticles, serving as the core carrier of
nanotechnology, possess numerous unique properties, including
a high specific surface area, exceptional chemical reactivity, and
an active surface.** These attributes contribute to the widespread
application of nanoparticles in the petroleum industry. In recent
years, novel types of “smart fluids” or nanofluids formulated with
nanoparticles and base fluids have emerged as prominent
candidates for use in the petroleum industry.”>*® These innova-
tive fluids are deliberately designed to enhance specific fluid
properties by adding nanoparticles, ultimately aiming to improve
oil recovery. Incorporating specific nanoparticles into the injec-
ted solution has demonstrated remarkable performance in
enhancing oil recovery compared to traditional surfactants. The
advantages of using nanoparticles are multifaceted. They can
modify the properties of fluids, such as reducing the interfacial
tension (IFT), thereby improving the mobility of trapped oil and
enhancing oil repulsion. Moreover, nanoparticles act as emulsi-
fiers to induce the formation of oil-in-water emulsions, thereby
significantly improving the mobility of crude oil.*”**

Saigal® successfully created a range of emulsion stabilizers for
xylene-in-water and cyclohexane-in-water systems by decorating
silica nanoparticles with poly(2-(dimethylamino)ethyl methacry-
late) using atom-transfer radical polymerization. Their research
revealed that the emulsifier with the most effectiveness and
stability had a grafting density of 0.077 chains per nm’. Notably,
they found that a mass concentration of just 500 ppm of these
particles was sufficient to stabilize the oil-in-water emulsions.
Khoramian®* observed an intriguing phenomenon where the
presence of graphene oxide (GO) significantly reduced the
interfacial tension between oil and water in various concentra-
tions of NaCl solutions. This reduction in interfacial tension
facilitated the formation of a more stable emulsion with crude
oil, leading to a notable 28% increase in oil recovery rates in
micro-model flooding experiments. Chen® introduced a novel
amphiphilic graphene oxide (H-GO) exhibiting exceptional
emulsification properties. Their study revealed that the Pickering
emulsions stabilized by H-GO possessed a diameter of approxi-
mately 2.66 um and demonstrated remarkable stability. More-
over, the researchers aimed to design a screening criterion that
would facilitate the identification of nanoparticles as potential
emulsifiers for heavy oils, which represents a significant advance
in this field. On the other hand, a different strategy was proposed
by synthesizing amphiphilic graphene oxide (GOA) and graphene
oxide for liquid crystal (GOC) through chemical modifications of
GO. Their comprehensive interfacial experiments and molecular
dynamics simulations revealed that GOA and GOC spontaneously
accumulate at the oil-water interface, forming robust interfacial
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films that significantly enhance crude oil recovery.*® Despite
profound potential for nanofluids to reduce crude oil viscosity
and optimize underground emulsification, there are still crucial
gaps in understanding. Specifically, there is an urgent need to
elucidate fundamental issues such as the precise role of nano-
fluids at the water/oil interface and the mechanisms underlying
their influence on oil-in-water emulsions.

Here, we report the successful preparation of a novel carbon-
based nano-emulsifier called GOPH, utilizing graphene oxide as
the core material, and augmenting its properties with hydro-
philic alkyl glycidyl ether and poloxamer modifiers. In the
functionalization of graphite oxide, alkyl glycidyl ethers exhibit
hydrophilic and hydrophobic properties stemming from their
molecular ether and alkyl groups, respectively. Concurrently,
poloxamer, a surfactant renowned for its low toxicity and high
biocompatibility, attracts significant interest in graphite oxide
modification.*” Composed of a PEO-PPO-PEO triblock copol-
ymer, poloxamer manifests unique amphiphilicity. We con-
ducted a systematic evaluation of interfacial properties to
elucidate the emulsification and viscosity reduction capabilities
of GOPH nanofluids. A comprehensive experiments encom-
passing interfacial tension measurements, emulsification
capacity assessments, emulsion droplet size distribution anal-
ysis, emulsion viscosity measurements, stability tests, and
rheological characterization were undertaken to reveal the
viscosity reduction mechanism of the crude oil induced by
GOPH nanofluids. The outcomes of these experiments offer
profound insights into how GOPH nanoparticles interact with
crude oil and water interfaces, promote the formation of oil-in-
water emulsions. The findings in this study would provide
valuable references and experimental support for crude oil
emulsification and viscosity reduction via nanotechnology.

2. Experimental section
2.1 Materials

The GO, purchased from Aladdin Reagent (Shanghai), with an
average size of 8000 mesh. Poloxamer and hydrophilic alkyl
glycidyl with 98% purity were obtained from Shanghai Yi En
Chemical Technology Co., Ltd and Chengdu Kelong Chemical
Reagent Co., Ltd, respectively. The crude oil used for the
experiment was from one block of PetroChina Southwest Oil &
Gas field, with a density of 0.84 g cm™> and a viscosity of 10.16
mPa s at 70 °C. The properties and SARA (saturates, aromatics,
resins, and asphaltenes) composition of the crude oil are listed
in Table 1. Here, the density was determined by the mass-
volume method, and the viscosity was also determined by
a Brookfield DVIII Pro rotational viscometer.

The formation water was filtered using a membrane to
remove mechanical impurities, and the total mineralization was
34737.8 mg L~ ". The ionic compositions of the formation water
are shown in Table 2.

2.2 Preparation of GOPH nanofluids

The GOPH, a modified carbon-based nano-emulsifier, was
successfully synthesized using graphene oxide (GO) as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition and properties of crude oil (70 °C)
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SARA (%)

Density@70 °C Viscosity@70 °C
(gem™?) (mPa s) Resins Asphaltenes Saturates Aromatics
0.84 10.16 25.1 4.8 25.6 42.1
Table 2 lon composition of formation water

Ion content (mg L)
Water sample HCO;~ cl- CO5%™ S0,2~ Cca** Mg>* Na'+ K" Total salinity
Formation water 11834 8030.1 564 1264.2 696 146.4 12203.1 34737.8

substrate. At the beginning of synthesis, 5 g of hydrophilic alkyl
glycidyl ether and 5 g of poloxamer were accurately weighed in
a glass container. This mixture was then transferred to a reactor
equipped with a stirrer, where the temperature was elevated to
80 °C, and subjected to agitation for 15 minutes to facilitate
thorough dissolution. Subsequently, following adequate stir-
ring, 0.5 g of graphene oxide was carefully introduced into this
reactor. The reactor was then positioned within a muffle and
heated to 200 °C for 2 hours. After the reaction is completed, the
system was allowed to cool to ambient temperature. The
product resulting from the reaction was purified using anhy-
drous ethanol. Finally, the blackened product underwent
further drying and grinding procedures to produce the desired
modified carbon-based nano-emulsifier, GOPH. The schematic
diagram of synthetic route for generating GOPH is depicted in
Fig. 1a. In this study, a two-step method was employed to
prepare carbon-based nanofluids, considering the individual
synthesis of carbon-based nano-emulsifiers. A precise quantity
of GOPH nanoparticles was introduced into groundwater and
agitated in a beaker to ensure homogeneity. Subsequently, the
resulting mixture underwent preliminary mixing using
a magnetic stirrer to obtain initial GOPH dispersion in the
formation water. Finally, the nanofluids were transferred to an
ultrasonic cleaner for sonication, a step that further enhanced
the dispersion and stability of the nanoparticles. Fig. 1b
provides a detailed step for the preparation of carbon-based
nanofluids.

2.3 Characterization of GOPH

A Fourier transform infrared (FTIR) spectrometer (Thermo
Scientific, USA) was employed for the analysis of functional
groups of GOPH. Thermogravimetry (TGA) was obtained by
raising the temperature from room temperature to 800 °C in
a rate of 10 °C min~" in nitrogen atmosphere. The stability of
the GOPH nanofluids samples was determined over a long
period of time at 90 °C. The morphology of GOPH was measured
using a benchtop scanning electron microscope (SEM) from
Thermo Scientific (The Netherlands). A German SDT spin-drop
IFT meter (Fig. 2a) was selected to measure the dynamic IFT
between the crude oil and the GOPH nanofluids. Before

© 2024 The Author(s). Published by the Royal Society of Chemistry

measuring the IFT, the density of the crude oil and GOPH
nanofluids needed to be analyzed. Throughout the test, the
temperature was set to 70 °C, which corresponds to the
temperature in the reservoir. A minimum of 60 min of
measurement was required until the IFT data was stable. The
wetting contact angle of the initial state of the natural rocks was
also tested using the Kriiss DSA100 pendant drop method
(Fig. 2b). These natural rock slices were placed into bottles filled
with GOPH nanofluids and the bottles were aged at 70 °C. These
core slices were taken out of the bottles to measure the three-
phase contact angles at different time of the immersion (1, 3,
5, 7, and 14 days). The DSA100 Droplet Shape Analyzer was also
used to measure the interfacial behavior of GOPH nanofluids.
Droplets containing 800 ppm of the GOPH nanofluids were
suspended in the oil phase and left to stand for about 30 min.
Subsequently, the droplet size was varied by squeezing and
sucking processes to observe the wrinkling and flexing process
of the interfacial film.

2.4 Preparation of emulsions

The viscosity reduction performance of crude oil induced by
GOPH nanofluids was investigated by preparing oil-in-water (O/
W) emulsions. Mixtures of crude oil and GOPH nanofluids were
prepared with different water contents and placed in a custom-
ized measuring cylinder with a total volume of 30 mL at 70 °C.
The mixture was stirred with FH-200-HS emulsifier with a shear
time of 30 min at 3500 rpm. Crude oil and formation water
(without the addition of GOPH nanoparticles) was emulsified
under the same emulsification conditions described above.

2.5 Morphology and droplet size distribution of emulsions

The morphology and droplet size distribution are important to
the evaluation of emulsions. A DMLB2 Leica microscope (Ger-
many GmbH) was used to observe the microscopic images and
distribution of the emulsion. Droplet size histograms were
analyzed using Image] software (National Institutes of Health,
USA). The average droplet size ds, was obtained using the
arithmetic mean method.

RSC Adv, 2024, 14, 31663-31674 | 31665
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Fig. 1 Schematic diagram of the synthetic route of GOPH (a) and process diagram of preparation of GOPH nanofluids (b).

2.6 Measurement of viscosity, stability and viscoelastic
properties of emulsion

The apparent viscosity of emulsions was measured using
a Brookfield DVIII Pro rotational viscometer at the reservoir
temperature of 70 °C. The stability of the emulsion was studied
at 70 °C, and the corresponding dewatering rate was recorded.
The viscoelasticity of emulsions was determined using the
pendant method of the Kriiss DSA 100 droplet shape analyzer.
The modulus of dilatancy was measured by sinusoidal variation
of the droplet area at a set amplitude and frequency. The droplet
shape analysis program was used for image analysis, and the
droplet shape was processed based on the fundamental equa-
tion of Young Laplace. The amplitude was 100%, the frequency
range was 0.1-100 Hz. All samples were repeated at least three
times to ensure reproducibility.

31666 | RSC Adv, 2024, 14, 31663-31674

3. Results and discussion
3.1 Characterization of GOPH

The thermal stability of the carbon-based nano-emulsifier
GOPH was assessed via thermogravimetric analysis conducted
under a nitrogen atmosphere. As depicted in the TG (ther-
mogravimetric, red curve) and DTG (derivative thermogravi-
metric, blue curve) curves in Fig. 3a, the pyrolysis process of
GOPH can be broadly categorized into three distinct stages. The
initial stage, from 70 °C to 120 °C, corresponds to the dry
dehydration process, where a significant weight loss is observed
primarily due to the evaporation of free and bound water. The
subsequent stage, ranging from 220 °C to 500 °C, represents the
main pyrolysis process. Here, the TG curve exhibits a steep
decline, while the DTG curve displays a pronounced peak in the
weight loss rate. This trend is attributed to the pyrolysis of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagrams of (a) interfacial tension and (b) contact angle measurement devices.

chemical bonds within GOPH, leading to alterations in its
molecular structure and influencing its thermal stability. The
final stage, extending from 500 °C to 800 °C, represents the

L
)
h

(a) 100
10
2
o
—
14
0.1 T
0

©

Fig. 3
of dry GOPH.

100 200 300 400 500 600 700 800 900
Temperature ('C)

© 2024 The Author(s). Published by the Royal Society of Chemistry

(b)

- =
s ©
£3

=
=
g 3

-

carbonization of the residue. As the temperature surpasses the
decomposition threshold, the mass of GOPH gradually
decreases with increasing temperature. This moisture loss can

c< 7 :
—— GOPH :
— GO ! > s
: «1230cm
-OH_CboH 1580cm*,
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave (cm-)

(a) TG and DTG curves of GOPH nanoparticles under nitrogen atmosphere. (b) Infrared spectra of GOPH and (c) microscopic morphology
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potentially compromise the three-dimensional structural
integrity of GOPH.

Fig. 3b presents the Fourier transform infrared (FTIR)
spectra of the GOPH surface before and after modification. A
prominent absorption peak at 3420 cm ' indicates the
stretching of hydroxyl (hydroxy-OH) and carboxyl (carboxy-
COOH) groups in GOPH. The peak around 1640 cm™ ' corre-
sponds to the stretching vibration of C-C bonds and the
vibrational mode of adsorbed water. The peak at 2870 cm ™" is
attributed to the rocking vibration of methylene (-CH,-) groups
and the bending vibration of hydroxyl (-OH) groups. The
absorption peak at 1580 cm ' is associated with the C=C
aromatic group. Additionally, firm absorption peaks at
1390 cm ™! and 1230 cm ™! are observed, which can be ascribed
to the ~OH hydroxyl group and the -C-O-C-vinyl ether moiety,
respectively. During the synthesis process, these peaks likely
originate from the reaction between hydrophilic hydroxyl
groups of alkyl glycidyl ether, poloxamer, and graphene oxide.
These findings validate the successful synthesis of GOPH.
Notably, Fig. 3c offers a visual representation of the microscopic
morphology of the dry GOPH nanoparticles, revealing its char-
acteristic of two-dimensional lamellar structure.

3.2 Interface properties of GOPH nanofluids

GOPH nanoparticles exhibit a spontaneous ability to adsorb at
the air-water interface stemming from the amphiphilic nature
of the molecule. Specifically, the hydrophilic terminus of GOPH
spontaneously extends into the aqueous phase, while the
carbonyl end of the graphene oxide remains exposed to air. As
depicted in Fig. 4a, a gradual increase in GOPH nanoparticles
concentration leads to a rapid decrease in the surface tension.
The surface tension reaches a plateau at the GOPH concentra-
tion of 45 ppm, indicating the critical concentration of GOPH.
Notably, the concentration of GOPH at this interface is relatively
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modest, and further increment in GOPH concentration yields
only marginal reduction in surface tension. Fig. 4a demon-
strates that even at low level concentrations, GOPH have
a remarkable efficacy in reducing surface tension.

GOPH nanofluids at the concentration of 50 ppm were
prepared with formation water. The dynamic interfacial tension
data between GOPH nanofluids and simulated oil (white oil,
which is mainly composed of hydrocarbon compounds such as
alkanes, cycloalkanes and a small amount of aromatic hydro-
carbons) or crude oil is presented in Fig. 4b. We noted that in
the initial state, the oil-water interfacial tension between crude
oil and formation water was 31.96 mN m ', while that was 35.68
mN m~' between simulated oil and formation water. A
substantial reduction in interfacial tension was observed upon
the addition of GOPH to these systems. Specifically, the inter-
facial tension between crude oil and formation water signifi-
cantly decreased from 31.96 mN m " to 9.76 mN m ', and the
interfacial tension between simulated oil and formation water
was also decreased to 16.18 mN m™".

Fig. 5 depicts the evolution of equilibrium interfacial
tensions between GOPH nanofluids and simulated oil or crude
oil as functions of GOPH concentration. At low GOPH concen-
tration (below 300 ppm), the introduction of GOPH significantly
influenced the reduction in interfacial tension (IFT). At the
GOPH concentration around 300 ppm, the IFT achieved the
lowest value that is 4.95 mN m™" for crude oil, and 14.86 mN
m~' for simulated oil, respectively. This phenomenon likely
arises from the lipophilic and hydrophilic moieties of GOPH,
which enable it to form a thin film at the oil-water interface,
reducing the IFT. As the concentration of GOPH increased
beyond 300 ppm, the IFT continued to display a declining trend
at a more gradual rate. Notably, the interfacial tension between
GOPH and crude oil consistently remained lower than that of
GOPH nanofluids and simulated oil. This discrepancy may stem
from the natural active components of crude oil, such as
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asphaltenes. These components could cooperate with GOPH at
the interface, further enhancing its ability to reduce the oil-
water interfacial tension.

Fig. 6 presents comprehensive physical illustrations and
data from the hydrophilic rock surface tests. Notably, the
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wettability of the oil-wet core surface underwent significant
changes as the immersion time increases, a phenomenon
attributed to the complex interaction between GOPH nano-
particles and the rock surface. Initially, the contact angle of
123.2° indicates the oil-wet nature of the rock core samples.
However, after immersion in GOPH nanofluids (300 ppm), the
contact angle gradually decreased, indicating a change in rock
surface wettability. After 14 days of immersion, the contact
angle of the oil-wet rock core surface reached a minimum of
62.9°, indicating the wettability of the rock surface is changing
from the oil-wet state to a water-wet state. The capacity of GOPH
nanoparticles to regulate rock surface wettability is closely
related to their adsorption to the rock surface. Specifically, the
hydrophilic groups within GOPH nanoparticles interact with
the polar groups on the rock surface, resulting in adsorption
and subsequent changes in the chemistry properties of the rock
surface, transforming it from an oil-wet state to a water-wet
state.

To investigate the behavior of GOPH nanoparticles at the oil-
water interface, we adopted an intuitive experimental approach
to verify the self-assembly process of GOPH nanoparticles at the
interfacial oil-water film. As shown in Fig. 7, our findings show
that when droplets are not allowed to remain in the oil phase for
long periods of time, droplets maintain a smooth surface as the
droplet is deflated or aspirated (Fig. 7a and b). This phenom-
enon suggests that in such instances, GOPH nanoparticles takes
time to migrate to the oil-water interface and thereby cannot
coalesce into a robust interfacial film. A marked transformation
occurs when the droplets are immersed in the oil phase for 30
minutes. During deflation and aspiration, the oil-water inter-
face exhibits somehow wrinkled film as the droplet size fluc-
tuates, indicating the formation of GOPH film (Fig. 7c and d). It
is worth noting that this wrinkling behavior is not very notice-
able, as the size of the droplet in the experiment is much larger
compared to the previous study.'> However, this GOPH film is
rigid and viscoelasticity to support the elongated droplets.
Meanwhile, this rigid GOPH hinders the coalescence of the
droplet, thereby effectively stabilizing the oil-water system.
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0. Smm

Fig. 7 Folding of interfacial membranes: (a and b) squeezing and
sucking (no resting process), (c) sucking after resting and (d) squeezing
after resting, GOPH nanofluids concentration of 300 ppm.
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3.3 Properties of viscosity-reducing emulsions induced by
GOPH

Micrographs of three fresh emulsions were prepared by stirring
and mixing. A is a self-emulsion prepared by formation water
and crude oil at WOR = 5/5 (water to crude oil ratio). B is an
emulsion prepared by GOPH nanofluids (300 ppm) and crude
oil at WOR = 5/5. B is an emulsion prepared by GOPH nano-
fluids (300 ppm) and crude oil at WOR = 8/2.

The experimental observations, captured under a micro-
scope and presented in Fig. 8, reveal a distinctive W/O emulsion
(emulsion A), where oil is the continuous phase and water is the
dispersed phase. This emulsion exhibits a high density of
droplets, arranged tightly and compactly, with an average

Relative fiequency(®o)

Relative frequency(%o)

Relative frequency(%o)
-
n

View Article Online
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particle size of 2.94 um. This phenomenon is attributed to
natural surfactants, such as asphaltene molecules, which
facilitate the formation of W/O emulsions when mixed with
formation water. Upon introducing GOPH nanoparticles, its
pronounced surface activity prompts its adsorption to the oil-
water interface, effectively displacing some of the asphaltenes
present in the oil-water interface. This forms a complex inter-
facial film composed of GOPH nanoparticles and natural
surfactants. This transformation converts the oil emulsion from
a water-in-oil (W/O) configuration to an oil-in-water (O/W)
structure. Notably, when the WOR is 5/5, the emulsion
exhibits a low density of droplets with a significantly larger
average particle size of 21.32 um. However, with an increased

N
7]
1

d50=2.94pm

N
(=)

-
(=}
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Fig. 8 Micrographs and particle size distribution of emulsions containing different chemicals: (a) brine (WOR = 5/5); (b) 300 ppm GOPH

nanofluids (WOR = 5/5); (c) 300 ppm GOPH nanofluids (WOR = 8/2).
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water content (WOR = 8/2), the emulsion density increases, and
the particle size decreases to an average of 3.56 pm. This shift
towards a smaller particle size and more homogeneous distri-
bution of oil droplets suggests that the emulsions formed after
the addition of GOPH nanoparticles are more stable and exhibit
a superior emulsification effect. These findings indicate that
GOPH has a synergistic effect with active components such as
asphaltenes in crude oil to better promote the oil-water phase
transition and improve the emulsion stability and that GOPH
induces oil-water emulsification to form a viscosity-reducing
emulsion with small particle sizes at high water content (80%).

As depicted in Fig. 9a, the viscosities of the three freshly
prepared emulsions are presented. Notably, the viscosity of the
emulsion A prepared by formation water and crude oil exceeds
the viscosity of crude oil by approximately fourfold. This
significant increase is primarily attributed to the formation of
a water-in-oil (W/O) emulsion. Asphaltene, rich in -OH groups
as potent polar moieties with notable hydrogen bonding capa-
bilities, plays a pivotal role in enhancing the viscosity of these
emulsions. Additionally, the higher content of heteroatomic
compounds in asphaltene facilitates the formation of inter-
molecular hydrogen and covalent bonds, constructing reticu-
lated aggregates that further bolster the emulsion's viscosity.
However, upon the addition of GOPH nanoparticles, a signifi-
cant reduction in emulsion viscosity is observed. At the highest
WOR of 8/2, the viscosity of the emulsion approaches that of
water, reaching 1.56 mPa s. This reduction can be explained by
the increasing displacement of asphaltenes and the adsorption
of GOPH at the oil-water interface as the WOR increases. As
more GOPH is adsorbed, the viscosity further decreases.

To assess the stability of the three emulsions, we conducted
a dewatering rate test, and the outcomes are presented in
Fig. 9b. At reservoir temperature of 70 °C, the dehydration rate
of the crude oil-water self-emulsions exhibited a rapid increase,
ultimately attaining 82% after seven days. In contrast, the

( a) 70
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g
E 40 -
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2
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2
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dehydration rates of GOPH emulsions exhibited a slower
increase. Specifically, the emulsion with a WOR of 5/5 reached
a dehydration rate of 22% after seven days, suggesting the poor
stability of this oil-in-water (O/W) emulsion. Interestingly, the
emulsion with a WOR of 8/2 began to dehydrate on the second
day but exhibited a dehydration rate of only 11% after seven
days, indicating good stability in high water content. These
results indicate that, as the WOR increases, the emulsion
becomes more stable. This phenomenon is mainly attributed to
the increased adsorption of GOPH nanoparticles onto the
interfacial film, which forms a composite unit with asphaltene,
thereby constructing a flexible interfacial film that stabilizes the
O/W emulsion.

3.4 Viscoelasticity of emulsions

The expansion complex (E) reveals the interfacial resistance to
changes in the interface area, which includes a real and an
imaginary component and is defined as:

E=E +iE' (1)

where the elastic modulus E' is the real component and the
viscous modulus E” is the imaginary component. The E' is
regarded as the elastic energy stored in the interface, and E” is
regarded as the loss energy.” Fig. 10 illustrates the frequency-
dependent evolution of the viscous modulus, elastic modulus
(Fig. 10a), and phase angle (Fig. 10b) for crude oil self-
emulsified emulsions and emulsions induced by GOPH nano-
fluids over the entire frequency spectrum from 0.1 to 100 Hz.
The viscoelastic properties of the oil-water self-emulsified
emulsions reveals that both viscous and elastic modulus
exhibit an increasing trend with frequency, with a more
pronounced rise in the elastic modulus. This behavior is
attributed to the interplay between droplet flow and liquid film
deformation in the emulsion system, where the joint action of

b
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(a) Crude oil and various types of emulsion viscosity testing and (b) stability evaluation.
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Fig. 10 Interfacial expansion modulus (a) and phase angle of various types of emulsions (b).

these processes at varying frequencies leads to distinct energy
dissipation patterns, ultimately affecting the modulus values.

Additionally, the relationship between the phase angle and
viscoelasticity of emulsions was illustrated to explain the
viscoelasticity of emulsions.

E = Ecos? (2)

E'" = Esind (3)

where 0 is the phase angle. As frequency increases, the phase
angle values for all emulsion systems exhibit a downward trend
(Fig. 10b), indicating an enhancement in the elastic behavior of
the emulsions. This is attributed to the deformations and
orientation changes of the emulsions under external shear
forces at high-frequency oscillations, resulting in a more elastic
behavior. As for the crude oil self-emulsified emulsions, the
viscous modulus remains consistently higher than the elastic
modulus by 1 to 2 orders of magnitude in the entire frequency
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GOPH-induced formation of

range, indicating that these crude oil self-emulsified emulsions
primarily exhibit viscous characteristics.

However, the viscoelasticity tests of emulsions intervened
with GOPH indicate that viscous and elastic modulus increase
with frequency, with a more significant increase in the elastic
modulus. Notably, within a specific low-frequency range, the
viscous modulus exceeds the elastic modulus by an order of
magnitude, reflecting the viscous nature of the emulsions.
However, above this frequency threshold, the elastic modulus
surpasses the viscous modulus, indicating that these emulsions
induced by GOPH nanoparticles exhibit elastic properties.

3.5 Mechanism of GOPH-induced formation of viscosity-
reducing emulsions in crude oil

Fig. 11 delineates the underlying mechanisms behind the
GOPH-mediated formation of viscosity-reducing emulsions in
crude oil. Asphaltene intermolecular interactions, primarily
comprising dispersive, electrostatic, and hydrogen bonding

Water phase

435, GOPH

Oil phase

Oil-water interface

Mechanism of GOPH-induced formation of viscosity-reducing emulsions in crude oil.
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forces, are pivotal in augmenting crude oil viscosity by
promoting nano-aggregate formation through m-m aromatic
ring stacking. Notably, oil-water self-emulsification leads to the
formation of W/O emulsions, where asphaltene monolayers
predominantly occupy interfacial adsorption sites. Asphaltene's
abundance in -OH groups, possessing robust hydrogen
bonding capabilities, significantly elevates emulsion viscosity.
The introduction of GOPH nanoparticles disrupt this viscosity-
inducing mechanism. Specifically, GOPH synergizes with
asphaltenes to produce stable O/W emulsions, ultimately
reducing crude oil viscosity. This emulsification process is
driven by interactions between carboxyl and amide groups of
asphaltene and hydrophilic moieties of GOPH, forming an
amide-GOPH-carboxylate complex unit at the oil-water inter-
face. This complex unit replaces individual asphaltene mole-
cules at interfacial adsorption sites, resulting in a more flexible
interfacial film. Furthermore, the interfacial activity of asphal-
tene in the aqueous phase enables it to adsorb at the oil-water
interface. GOPH nanoparticles, in turn, adsorb onto these
asphaltene molecular spacers, effectively “locking” and
“anchoring” the asphaltene molecules, enhancing their stability
at the interface. This interaction between GOPH and asphal-
tene, constructs an amide-GOPH-carboxylate composite unit,
which not only significantly reduces the crude oil-water inter-
facial tension, but also facilitates the synergistic construction of
a more elastic and stable interfacial film.

4. Conclusion

A groundbreaking carbon-based nano-emulsifying agent,
GOPH, synthesized using hydrophilic alkyl glycidyl ether and
poloxamer modifiers, exhibits exceptional emulsification and
viscosity-reducing capabilities for crude oil. GOPH significantly
reduces the oil-water interfacial tension to 9.76 mN m™" at
a critical concentration of around 45 ppm. Interfacial film
folding experiments reveal that GOPH adsorbs at the oil-water
interface, forming a rigid film. A viscosity-reducing oil-in-water
emulsion is induced by incorporating a small amount (300
ppm) of GOPH into the aqueous phase of ordinary thick oil.
Leica microscopy and particle size analysis demonstrate
a substantially reduced emulsion particle size with increasing
water content. Specifically, at 80% water content, particle size
reaches 1.56 um, accompanied by a tenfold viscosity reduction
and a viscosity reduction rate of 91.6%. Notably, emulsions
exhibit superior stability with increasing water content, with the
80% water content emulsion maintaining a dehydration rate of
only 11% after seven days of ageing. Dilatational rheology
experiments confirm the viscoelastic fluid nature of the emul-
sion. The formation of this interfacial film is attributed to the
construction of amide-GOPH-carboxylate complexes through
GOPH interaction with asphaltene, which stabilizes the oil-in-
water emulsion.
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