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Alumina nanofluid enhances the heavy-oil upgrading process
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a b s t r a c t

Upgrading heavy crude oil remains one of the most critical and technically demanding processes in the
petroleum industry, primarily due to the inherently poor quality of the various types of crude oil and the
complexities associated with their transport and refining. This study investigates the impact of a nano-
fluid—composed of aluminum oxide nanoparticles dispersed in a kerosene solvent and stabilized with the
surfactant sodium dodecylbenzenesulfonate—on enhancing the quality of crude oil extracted from an East
Baghdad field. This nanofluid was applied using ultrasonic irradiation to ensure uniform dispersion and
stability. The results demonstrated a substantial improvement in various crude oil properties. The viscosity
was reduced significantly, from 58.15 cP to 5.58 cP, representing a 90.4% improvement. The API gravity
increased markedly, from 19.63 to 30.49. Furthermore, the heavy metal content decreased considerably,
with vanadium reduced from 109.67 ppm to 9.02 ppm (92% reduction) and the nickel content showing an
85% decrease. The sulfur content also declined sharply, from 4.422% to 0.77%, indicating an 83% improve-
ment. These findings confirm the high efficacy of nanofluid-assisted ultrasonic treatment as a promising
technique for upgrading heavy crude oil and enhancing its refining and transportation potential.

© 2025 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Crude oil has been described as one of the most important
sources of energy worldwide, and its demand is rising steadily
because most industries, facilities, and institutions rely on
petroleum-based products to generate electricity (Khamees et al.,
2025a). Crude oil market prices can change considerably due to
various factors (Coleman, 2012), the most prominent being ease of
transportation. Light crude oil typically commands a higher price
than heavy crude oil due to its lower viscosity, which allows it to
flow easily through pipelines, thereby reducing transportation
costs (Santos et al., 2014). In contrast, heavy crude oil requires
extensive treatment, including the addition of additives and the
use of extra energy to improve its flow, which typically leads to
higher operational costs (Speight, 2013). Purity and the presence of
trace metals are other significant value-determining factors of
crude oil. Oil with more contaminants and metallic elements is

less useful, and both the quality and cost-effectiveness are reduced
when their concentrations are higher (Uddin, 2017). In particular,
sulfur content is a vital quality parameter: crude oil with less than
0.5% sulfur is considered “sweet,” while oil with a higher con-
centration is referred to as “sour” (Ahmed et al., 2025; Humadi
et al., 2025).

Various standard parameters are employed to assess the qual-
ity of crude oil, including density, American Petroleum Institute
(API) gravity (Furqon et al., 2025), viscosity, and sulfur content
(Khamieva et al., 2025). In addition, the levels of heavy metal-
s—primarily nickel and vanadium—are of great interest (Khamees
et al., 2025b). Crude oil is usually classified as heavy (API <22),
medium (API 23–31), or light (API >32) based on its API gravity
(Hakimi et al., 2025). Another essential indicator of oil quality is
viscosity, with less viscous oil being easier to transport and process
and high-viscosity oil requiring more energy to pump due to
associated costs and logistical issues (Ilyin et al., 2024; Li et al.,
2024).

In addition, High levels of vanadium and nickel have a negative
impact on refinery operations due to their tendency to concentrate
on refining equipment, which often accelerates the corrosion
process, increases the need for maintenance, and may lead to
fouling in heat exchangers and pipelines (Ahmed et al., 2023a).
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Moreover, the use of crude oil with high amounts of vanadium and
nickel can lead to the formation of solid deposits in refining sys-
tems, thereby reducing operational efficiency and promoting the
need for cleaning and maintenance (Baritto et al., 2025).
Nonconformance to environmental requirements may arise due to
the presence of vanadium and nickel, which influence the quality
of final products, such as gasoline and diesel (Al-Otaibi et al., 2024;
Sellaro, 2022). Burning products with a higher vanadium and
nickel content can lead to increased air pollutant emissions,
thereby causing greater environmental damage (Vishnyakov,
2023). All of these factors necessitate additional processing
methods or high-maintenance procedures, which are largely
driven by business decisions, making the production of crude oil
with high concentrations of these minerals even more expensive
(Li et al., 2023). Overall, the vanadium and nickel content in crude
oil is essential for processing and product quality (Akhtar et al.,
2024). Heavy oils have a high concentration of sulfur, nitrogen,
oxygen, and heavy metals and are viscous and dense (Abdul-
Majeed et al., 2021; Mukhamatdinov et al., 2025). Most heavy-oil
reservoirs are difficult to produce at a commercial scale because
the oil exhibits low mobility—primarily from high viscosity—and
unfavorable flow behavior (Khamees et al., 2024a, 2024b), and
refining the resulting product into valuable substances is even
more difficult and costly (Malozyomov et al., 2023). Consequently,
heavy crude oil is usuallymore expensive than light crude in terms
of market price and demand for illuminating oils (Pirouzfar et al.,
2023). The above challenges have sparked interest in research on
developing upgrading strategies to improve the quality of heavy
crude oil (Yang et al., 2022).

High sulfur content is one of the most serious disadvantages of
heavy crude oil. Crude oil with a high sulfur content—often termed
“sour” crude—degrades the quality of refined products, such as
diesel and gasoline, resulting in a failure to meet environmental
regulations (Fayad et al., 2022; Khan et al., 2021). Other harmful
chemical effects include reactions between sulfur and other con-
stituents of crude oil, which form corrosive compounds that
stimulate wear and destroy refinery infrastructure (Salem et al.,
2023). Furthermore, the burning of sulfur-rich fuel yields sulfur
oxides (SOx), which cause widespread atmospheric pollution and
acid rain (Dai et al., 2024). These gases not only negatively affect
the health of humans and animals—especially by causing respi-
ratory conditions such as asthma (Salem et al., 2024)—but also
damage environmental conditions in soil and water bodies (Liao
et al., 2025). The sulfur level of crude oil also necessitates addi-
tional desulfurization processes, thereby increasing the
complexity of refining and raising costs (Pham et al., 2024).
Another problem with sulfur is that it presents logistical diffi-
culties during transportation and storage (Du et al., 2024).
Generally, a high sulfur content in crude oil poses a significant
challenge to the petroleum industry, necessitating suitable mea-
sures to mitigate its negative implications (Haruna et al., 2022). As
a result, interest in upgrading heavy crude oil has been substantial
among researchers and industry professionals. A major goal of
such upgrading efforts is to eliminate trace metals and break down
heavy, complex products by using special additives and specialized
technologies to reduce parameters such as density, viscosity, and
asphaltene concentration (Ahmed et al., 2023b; Ali et al., 2025).
However, alongside technical development, economic analyses
must be conducted carefully to identify cost-effective approaches
to upgrading that can achieve the desired improvements with the
least financial strain (Adeola et al., 2022).

Among the approaches attracting interest are hydrogen dona-
tion, which introduces diverse agents, and processes that accel-
erate hydrogenation capability. For example, methane and
cyclohexane have been used to facilitate the transfer of hydrogen

and crack heavy fractions (Zhao et al., 2022; Zhou et al., 2023).
Microwave technology has proven to be a powerful method of
enhancing heavy and extra-heavy crude oils, with Yatimi et al.
(2024) demonstrating that different microwave frequencies pro-
duce distinct chemical reactions. Furthermore, it has been noted
that asphaltene's ability to contain higher amounts of microwave
radiation can greatly influence its concentration in crude oil
(Kairgeldina et al., 2024). Ultimately, it is hoped that heavy crude
upgrading will focus on the selective elimination or reduction of
undesired compounds aswell as the cracking of heavy compounds,
using new technologies and functional additives now available
through catalytic or thermal methods (Varfolomeev et al., 2023),
which are typically selected based on a thorough economic eval-
uation of their cost-effectiveness (Gomaa et al., 2024; Li et al.,
2021). Notable strategies for upgrading both heavy and extra-
heavy crude oil include the use of supercritical fluids, which
have proven to be effective in breaking down asphaltenes and
significantly reducing coke formation during the course of thermal
treatments (Djimasbe et al., 2022; Sun et al., 2021). Additionally,
the concentration of asphaltenes and resin fractions can be mini-
mized when supercritical hydrogen or oxygenated fluids are used,
resulting in significant decreases in metals such as nickel and va-
nadium (Xu et al., 2024). One widely employed and effective
method for upgrading heavy crude oil is dilution, inwhich suitable
solvents are introduced to reduce viscosity, enhance flow proper-
ties, and lower metal concentrations (Türkmeno�glu et al., 2025).
Hussein et al. (2014) investigated enhancing the transport of East
Baghdad crude oil by incorporating polar solvents—such as
toluene, methanol, and xylene mixtures—as well as dispersants.
These agents facilitate the dispersion of asphaltene clusters, which
are responsible for high viscosity. Hussein et al.’s (2014) study,
which examined solvent concentrations of 4, 8, 10, and 12 wt% and
dispersant concentrations ranging from 0.5 to 1 wt% at 40 ◦C,
found that oil viscosity decreased significantly with increased
solvent concentrations, reaching a minimum of 21.78 cP at 110 ◦C
with 12 wt% toluene. Other solvent types also yielded considerable
reductions, with viscosity values of 27.51 and 28.41 cP.

In parallel with these advancements, nanotechnology has
emerged as a transformative tool for upgrading crude oil. Nano-
particles serve not only as catalysts but also as agents capable of
modifying fluid properties, such as viscosity and wettability
(Suwaid et al., 2023). Guo et al. (2018) demonstrated the use of
monodispersed cobalt and nickel nanoparticles to desulfurize
heavy oil and effectively enhance its overall quality. Similarly, Alaei
et al. (2017) employed exfoliated molybdenum disulfide nano-
particles, which exhibited superior catalytic activity compared to
traditional oil-soluble catalysts, resulting in enhanced upgrading
efficiency and optimized operational conditions. It has been
demonstrated that nano oxides of metals can reduce viscosity and
increase the saturation of hydrocarbons under certain tempera-
ture and pressure conditions, depending on the properties of the
heavy oil (De la Cruz Parejas et al., 2021). Omajali et al. (2017) used
scattered bionanoparticles in conjunction with other catalysts for
the upgrading heavy oils. Guo et al. (2018) utilized monodispersed
nickel and cobalt nanoparticles to reduce the sulfur content of
heavy crude oil, thereby improving the oil's quality. Other studies
have utilized dispersed bionanoparticles combined with other
catalysts to promote the upgrading of heavy oils.

The use of microwave technology for upgrading heavy and
extra-heavy crude oil is a new process under consideration
(Gharibshahi et al., 2022). Since the heating rate—measured over
time—can be crucial in the traditional upgrading process (García-
Duarte et al., 2024), process time is a primary consideration with
this technology. A modern method is to use ultrasound—an
advanced and effective technology in the petroleum industry—to
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refine the specifications of heavy crude oil. This technique involves
sending high-frequency sound waves through oil, which catalyzes
chemical reactions and improves the oil's physical properties
(Adamou et al., 2024). The main benefits of using ultrasound
include (1) reducing viscosity, thereby facilitating transportation
and storage processes; (2) reducing sulfur content, thereby
reducing pipes and equipment corrosion; and (3) improving
density, thereby increasing production and refining efficiency
(Dengaev et al., 2023a; Myltykbayeva et al., 2024). A traditional
and widely used method for upgrading and improving the speci-
fications of heavy crude oil involves solvents, which play a vital
role in petroleum engineering (Li et al., 2025). Solvents are used to
separate and purify the various components of crude oil, thereby
improving its physical and chemical properties (Aljamali et al.,
2021). The main benefits of using solvents include (1) improving
crude oil density, thereby increasing production and refining ef-
ficiency; (2) reducing viscosity, thereby facilitating transportation
and storage; (3) reducing sulfur content, thereby reducing pipe
and equipment corrosion; and (4) improving transparency,
thereby making oil more suitable for refining (Santos et al., 2017;
Yarmola et al., 2023). Like microwaves, nanoparticles are a mod-
ern technology that enhances the properties of heavy crude oil and
contributes to improving its quality.

They are nanomaterials used as chemical catalysts to improve
the extraction and refiningprocesses, and theirmain effects include
(1) reducing viscosity, therebyhelping improve themovementof oil
in pipes and increases extraction efficiency; (2) increasing trans-
parency by improving the properties of crude oil, therebymaking it
ready for refining; (3) increasing the efficiency of the extraction
process by improving chemical reactions; and (4) reducing envi-
ronmental pollutants resulting from extraction and refining pro-
cesses (Jia et al., 2025). Nanotechnology plays a crucial role in
enhancing the process of upgradingheavy crude oil through the use
of nanoparticles—characterized by their small size and large sur-
face area—to enhance the efficiency of the chemical reactions
employed in oil production (Hebert et al., 2025). The use of sur-
factants in theupgradingof heavycrude oil is another advanced and
effective technology for enhanced oil recovery. Surfactants enhance
thepropertiesof crudeoil by reducing its viscosityand increasing its
API gravity, thereby facilitating transportation and refining opera-
tions (El-Hoshoudy et al., 2019). They are also used to enhance re-
covery, as they increase the contact area with crude oil, thereby
increasing extraction efficiency. Although enhanced oil recovery
(EOR) has provided numerous solutions to the challenge of recov-
ering heavy and extra-heavy crude oil, the integration of nano-
technology with polymer-based EOR processes has emerged as a
key research direction in the field. Nanoparticles enhance oil re-
covery through their effects on viscosity, wettability, and asphal-
tene dispersion properties. When mixed with polymers, they form
stable, functional polymer nanofluids that increase viscoelasticity
and sweep characteristics when displacing oil. Salem et al. (2024),
who focused on increasing interaction between fluids and porous
media as well as on improved rheological behavior, indicated that
nanoparticle-enhanced polymer flooding is muchmore effective in
mobility control and oil recovery than simple polymer flooding. By
conducting an overview of the essential peculiarities of polymeric
nanofluids, focusing on factors such as the alteration of EOR per-
formance by nanoparticle size, polymer type, and concentration,
they provided additional evidence for this. They also quantitatively
evaluated and empirically linked the nanoparticle–polymer system
as an EOR setting, suggesting that the specific resolution of such a
system in each reservoir group is crucial. Together, this research
provides a broader perspective on both existing and emerging
technologies for heavy oil extraction, with polymeric nanofluid
technologies proven to be not only technically efficient but also

highly economically promising. The results indicate that
polymer–nanoparticle hybrids offer a scalable, nonthermal option
for improved oil recovery. Future studies should focus on stream-
lining their application in field conditions.

The current study investigates the process of upgrading heavy
crude oil in an oil field east of Baghdad using nanofluids (Al2O3/
kerosene) in the presence of ultrasound. This technology involves
synthesizing a stable nanofluid—created by adding alumina to
kerosene—that enhances the properties of heavy crude oil. This
study is novel in its use of nanofluids in the upgrading process.
While the use of nanoparticles, solvents, or solvents with surfac-
tants is common in upgrading processes, the preparation of a
kerosene-based nanofluid is novel and has not previously been
employed. The importance of this upgradingmethod lies in the fact
that kerosene-based nanofluids are cheaper, as the price of a liter of
kerosene is significantly lower than that of ethylene, methylene, or
other solvents commonly used for nanofluid preparation.

2. Materials and methods

2.1. Materials application

2.1.1. Feedstock
A sample of crude oil from an East Baghdad field was used for

the experiments. The solvent used to prepare the nanofluid was
kerosene. The specifications of the sample and kerosene are pre-
sented in Tables 1–3. We conducted experiments to determine the
viscosity, density, sulfur content values, and vanadium and nickel
ratios of the sample before and after the addition of the nanofluid.
The device used to calculate viscosity was the ASTM D446 visco-
meter—also known as an Ostwald viscometer—which is a tubular
U-viscometer (Fungilab, Spain). Total sulfur was determined by
energy-dispersive X-ray fluorescence in accordance with ASTM
D4294 using a PETRA 4294 sulfur analyzer (XOS, USA). Vanadium
and nickel were measured with a rotating disc electrode optical
emission spectrometer (RDE-OES; SpectrOil 120, Spectro Scienti-
fic—an AMETEK company, USA). Density and API gravity were
determined with an automatic density meter (DDM 2911 PLUS;
Rudolph Research Analytical, USA). The specifications of the
nanomaterials used in the experiments are shown in Fig.1. In these
experiments, alumina nanoparticles (Al2O3) were used.

2.1.2. Gamma-alumina
The nano-gamma-alumina used in the experiment was sup-

plied by Skyspring Nanomaterials, Inc. (USA; Average particle size

Table 1
Approximate weight percentages by carbon number range.

Component Approximate Weight Percentage (%)

C1–C4 (light gases) 1–2%
C5–C6 (light naphtha) 3–5%
C7–C11 (heavy naphtha) 7–10%
C12–C20 (kerosene and diesel) 15–20%
C21–C35 (heavy distillates) 20–25%
C36+ (residuum) 35–40%
Sulfur 3–5%
Metals (V, Ni, Fe) <0.1% (~100–150 ppm)
Water/impurities 0.5–2%

Table 2
Approximate weight percentages by carbon number range.

Fraction Approximate Percentage (%)

Saturates 20–25%
Aromatics 30–35%
Resins 20–25%
Asphaltenes 15–20%
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(APS): 50 nm). The nanoparticle element analysis using X-ray
fluorescence (XRF) is presented in Tables 4 and 5. Some of these
analyses were conducted at the IBN SINA laboratories, while other
properties were provided by the manufacturing company.

2.1.3. Surfactant
Sodium dodecylbenzenesulfonate (SDBS; CAS no. 25155-30-

0 and 98% purity; Sigma-Aldrich, St. Louis, MO, USA) was added to
the alumina nanoparticle solution to enhance the stability of the
nanoparticles’ dispersion in crude oil. Sodium dodecylbenzene
sulfonate is a chemical compound belonging to the sulfonate
group (molecular formula: C18H29NaO3S, molar mass: 348.48 g/
mol, appearance: solid, melting point: exceeds 300 ◦C [572 ◦F],
solubility: soluble in water).

2.2. Nanofluid preparation process

The process of preparing the nanofluid was as follows. First,
100 mL of kerosene was placed in a glass beaker. Then, 0.4%
(4000 ppm) of the nanoparticles (Al2O3) were weighed and added
to the solvent, followed by 0.02% (200 ppm) of the SDBS surfactant.
The components were mixed with a mixing motor for half an hour,
and the glass beaker was placed in an ultrasonic machine for an
hour (as illustrated in Fig. 2). Subsequently, the prepared nanofluid
was placed in 10 ml tubes to monitor its stability and the distri-
bution of nanoparticles within the solvent (kerosene) to ensure
that they did not clump and were deposited in the solvent. The
nanofluid was monitored, and the sample was followed 1, 2, and 3
weeks as well as 1, 2, and 3 months after preparation (as shown in

Fig.1). It was found to be very stable, as no nanoparticle deposits or
agglomerates appeared inside the solvent. Additionally, the sta-
bility and distribution of nanoparticles within the kerosene were
measured using a transmission electron microscope (TEM). This
test was performed on a nanofluid at the TEM Laboratory at
Kashan University, Iran.

2.3. Nanoparticle characterization

Several tests—X-ray diffraction (XRD), thermogravimetric
analysis (TGA), atomic force microscopy (AFM), and surface area,
pore volume, and pore size measurements—were conducted on
alumina nanoparticles in Kashan University laboratories to deter-
mine their properties in terms of size, distribution, and tempera-
ture tolerance.

2.4. Experimental setup and procedure

After completing the nanofluid preparation and ensuring its
stability, the process of upgrading heavy crude oil from the East
Baghdad field commenced. The goal of this process was to improve
the oil's specifications by reducing its viscosity and density as well
as its vanadium, nickel, and sulfur content. The upgrading process
was executed as follows. Multiple 100 ml samples of heavy crude
oil were taken (as shown in Fig. 3), and 20% by weight of the
nanofluid was added at a volumetric ratio of 1:5. The crude oil
sample with the added nanofluid was then placed in an ultrasonic
device set to a temperature of 20 ◦C. The sample was subjected to
ultrasound for durations of 15, 30, 45, and 60 min, with samples

Table 3
Specifications of the heavy oil and kerosene used in the experiments.

Test Crude Oil (from
East of Baghdad)

Solvent
(Kerosene)

Viscosity at 25 ◦C 58.15 (cSt) 1.65 (cSt)
API at 60 ◦F 19.63◦ 47.6◦

Density at 86 ◦F (g cm− 3) 0.9201 0.79
Asphalting content wt.% 6.294 0.16
Sulfur content wt.% 4.422 0.08
Water content vol% 2.7 0.036
Vanadium 109.67 ppm 0.85 ppm
Iron 0.78 ppm 0.35 ppm
Nickel 42.65 ppm 0.57 ppm
N content (wt%) 1.53 0.06
H content (wt%) 10.11 13.51
C content (wt%) 85.15 86.31

Fig. 1. Nanofluid monitoring with the naked eye over three months.

Table 4
Gamma-alumina nanoparticle analysis.

Al2O3 Ca Fe Cr Na Mn Co

99.5% 25 ppm 80 ppm 4 ppm 70 ppm 3 ppm 2 ppm

Table 5
Aluminum oxide nanopowder (gamma) properties.

Property Value

Purity 99+%
Average particle size distribution 50 nm
Color white
Specific heat capacity 880 J/(Kg.K)
Density 3890 kg/m3

Surface area 138 m2/g
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taken after each period. This process was repeated with the ul-
trasonic device set to temperatures of 40 ◦C, 60 ◦C, and 75 ◦C.
Finally, all samples were collected and prepared for viscosity,
density, vanadium, nickel content, and sulfur content analysis.

2.4.1. Viscosity treatment
Viscosity is one of the most essential characteristics of crude oil

because it is considered a measure of the oil's quality. The lower
(higher) the viscosity, the higher (lower) the crude oil's value and
the easier (harder) and less (more) costly it is to transport through
pipelines. Therefore, one of the primary goals of this study was to
reduce the viscosity of heavy crude oil from an East Baghdad field,
characterized by high viscosity. After the nanofluid was added to
the crude oil and exposed to ultrasonic waves, samples were taken
at specific time intervals and temperatures, and their viscosity was
measured to determine the effect of the nanofluid. This was done
according to the ASTM D446 standard using an Ostwald viscom-
eter, which is used to measure the viscosity of a liquid with a
known density, as shown in Fig. 3. As shown in Fig. 4, this method
involves determining the time it takes for a known volume of
liquid to flow through a micro-glass tube (viscometer) under the
effect of gravity. The viscometer is placed in awater bath to control
the temperature. The time it takes for the liquid to descend
through the viscometer is multiplied by the constant of the device,
as indicated by the following law:

v = t× K

where:v: kinematic viscosity (cSt), t: Flow time (s), K: Viscometer
constant.

K1 = 0:0372

K2 = 0:0264

2.4.2. API density treatment
Calculating the API gravity of crude oil and petroleum products

is important for several reasons. The most important of these is
determining the quality of the oil, since this indicator depends on
its density relative to water. The higher the API gravity, the lighter
the oil and the higher the quality and value, as more gasoline and
light distillate are produced during refining. In the refining pro-
cess, knowing the API gravity of crude oil helps determine the
appropriate refining processes, equipment, and units to be used.

Fig. 2. Schematic illustration of the nanofluid synthesis process (Al2O3/kerosene).

Fig. 3. Schematic illustration of the upgrading process of heavy crude oil using an
Al2O3/kerosene nanofluid.

Fig. 4. Transient electron microscope image of the Al2O3/kerosene nanofluid.
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Light crude oil can be processed very easily, whereas heavy crude
oil requires more complex—and consequently, more expensi-
ve—refining techniques. During transportation and storage, the
API gravity significantly affects crude oil's flow characteristics. It is
easier and cheaper to transport and store light oil than heavy oil.
Therefore, one of the main objectives of this study was to reduce
the density of heavy crude oil and increase its API gravity value.
The density and API gravity of the crude oil samples containing
nanofluid that had been subjected to ultrasonic waves and
different temperatures at specific time intervales were measured
to determine how the nanofluid affected the API gravity. The crude
oil density and API gravity were calculated using an ASTM D 446
device, as shown in Fig. 4.

2.4.3. Vanadium and nickel treatment
Vanadium, a low-concentration element found in crude oil, can

negatively affect the quality of petroleum products and refinery
equipment. Additionally, high levels of nickel in crude oil cause
chemical corrosion and damage to oil equipment, as nickel reacts
with acidic gases such as hydrogen sulfide, leading to damage to
equipment, pipes, and oil tanks. Therefore, it is essential to find
effective ways to remove or reduce the concentration of these el-
ements. One of the main objectives of this study was to investigate
the removal or reduction of vanadium and nickel content from
crude oil from an East Baghdad field using nano-alumina. To
achieve this goal, the effect of different operating conditions on the
process of removing vanadium was studied.

2.4.4. Sulfur treatment
Crude oil contains a variety of different elements, including

sulfur, whose percentage ranges between 0.05% and 6%. Sweet
crude oil is classified as oil with a sulfur content of less than 0.5%,
while sour crude contains 1% sulfur or more. The presence of a
high sulfur content in crude oil can lead to many types of harm,
including (1) environmental pollution—sulfur oxides released into
the atmosphere during combustion are major pollutants that
negatively impact the environment; (2) equipment dam-
age—sulfur can cause damage to the equipment and machinery
used in oil operations, increasing the cost of maintenance and
repair; and (3) pipe damage—sulfur can damage oil pipelines,
affect oil flow, and increase the risk of fire. Therefore, one of the
objectives of this study was to reduce the percentage of sulfur in
heavy crude oil. Unlike light oil, the percentage of sulfur in heavy
oil is typically high, so we aimed to treat acidic heavy oil by
reducing its sulfur percentage to less than 1% to prevent the
damage it causes. Fig. 3 shows the XOS Petra 4294, the device used
to measure the percentage of sulfur in crude oil in this study.

3. Results and discussion

The process of transporting heavy crude oil from oil field to
refinery is economically and technically challenging. High density,
low API gravity, and high viscosity result in additional capital ex-
penditures for larger pipeline dimensions, insulation, and frequent
installation of pumping stations. The results obtained from this
study, which aimed to reduce the viscosity and improve the API
gravity of heavy crude oil from a field east of Baghdad, showed that
adding nanofluid at different temperatures (20 ◦C, 40 ◦C, 60 ◦C, and
75 ◦C) achieved these goals.

3.1. Nanoparticle characterization

3.1.1. Transient electron microscopy
TEM is a highly advanced technique used to explore the internal

structure of materials at the nanoscale. It operates by transmitting

a focused beam of high-energy electrons through an ultrathin
specimen to produce images with exceptional resolution that
reveal the material's morphology and internal arrangement. The
process involves four main steps: (1) electron generation—a beam
of electrons is produced using an electron source, such as a heated
filament, (2) beam focusing—magnetic lenses are used to accu-
rately direct and concentrate the electron beam, (3) sample
preparation—the specimen is placed on a thin metallic grid to
allow electrons to pass through, and (4) image capture—as elec-
trons pass through the sample, differences in density and structure
affect their trajectory, which are recorded digitally or on a phos-
phorescent screen for detailed analysis. TEM is especially valuable
in the characterization of nanoparticles due to its ability to:

• Examine nanoparticle shape and crystallinity.
• Analyze physical attributes, such as strength and structural
resilience.

• Detect defects, voids, and lattice distortions.
• Support the development of enhanced nanomaterials for in-
dustrial and medical use.

The TEM image in Fig. 4 shows that the synthesized Al2O3
nanoparticles were almost spherical, with an average particle size
of approximately 14 nm—closely aligning with the 12 nm crys-
tallite size calculated using the Debye–Scherrer equation derived
from XRD analysis. Although this particle size was slightly larger
than that reported by Nafari et al. (2020), who observed a size of
10 nm, the nanoparticles still had a large specific surface area of
181 m2/g, confirming their suitability for nanofluid preparation.
Furthermore, the image showed a uniform distribution of the
nanoparticles within the kerosene solvent, indicating excellent
dispersion stability. This suggests that issues such as aggregation
or sedimentation were minimal, allowing the nanofluid to func-
tion effectively in enhancing the properties of the heavy crude oil.

3.1.2. Thermal weighing analysis
TGA is a powerful technique employed to monitor changes in a

material's mass as a function of temperature or time in a
controlled atmosphere. A sample is subjected to a continuous
heating process within a precision-controlled furnace, and the
corresponding weight variations are recorded in real time. This
method provides critical insights into the thermal characteristics
of materials, including their thermal stability, decomposition
behavior, and moisture content, as well as the presence of volatile
components. In the context of nanomaterials, TGA serves as a vital
tool for investigating thermal responses and evaluating both the
physical and chemical stability of nanoparticles upon heating. As
depicted in Fig. 5, the alumina nanoparticles exhibited remarkable
thermal stability. The TGA curve revealed only a minimal decrease
in mass with increasing temperature. Starting from a normalized
weight of 100% at room temperature (approximately 16 ◦C), the
material retained 98% of its mass at 200 ◦C, indicating negligible
decomposition or moisture loss. Even under extreme thermal
conditions, such as heating up to 900 ◦C, the nanofluid demon-
strated a weight retention of 92%, confirming that only a small
fraction of its mass was lost. This behavior highlights the excellent
thermal resilience of alumina nanoparticles, making them highly
suitable for applications that involve elevated temperatures and
prolonged thermal exposure.

3.1.3. X-ray diffraction
XRD is a fundamental analytical technique employed to

investigate the crystallographic structure and phase composition
of solid and crystallinematerials. It operates by directing a beam of
X-rays onto a prepared sample, where the interaction between the
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incident radiation and the atomic lattice causes the electrons to
oscillate, subsequently emitting secondary electromagnetic waves.
These diffracted waves form characteristic patterns that are
measured and interpreted to reveal detailed information about the
material's internal structure. In the case of nanoparticles, XRD
plays a critical role in identifying crystal phases, estimating crys-
tallite size, and analyzing the degree of crystallinity. This structural
insight is crucial for understanding a material's mechanical
strength, hardness, and thermal stability—properties that directly
impact its performance across various industrial applications.
Specifically, in the context of heavy crude oil upgrading, XRD
analysis provides valuable data on the behavior of nanoparticle
additives and their potential to enhance process efficiency. The
diffraction pattern presented in Fig. 6 illustrates the crystalline
nature of the synthesized alumina nanoparticles, confirming their
suitability for high-performance nanofluid formulations.

3.1.4. Atomic force microscopy
AFM is a microscopic technique used to photograph and study

nano surfaces and structures with high resolution. It uses a sharp
nanoneedle that moves over the surface of the sample and mea-
sures changes in force between the needle and the surface to
determine the surface properties. AFM works as follows: (1) a
sharp nanoneedle is moved over the surface of the sample, (2)
changes in force between the needle and the surface are measured
over time, and (3) an image of the surface is generated based on
emerging forces. AFM nanoparticle examination can be used for
the following purposes: (1) studying surface structure and nano-
formations; (2) accurately measuring surface roughness; (3)

studying mechanical properties to measure hardness, elasticity,
and corrosion resistance; and (4) studying chemical reactions
between substances. Fig. 7 shows that the surface roughness of the
alumina was very low, giving it high stability when added to the
solvent; that its mechanical properties included high rigidity and
elasticity, along with good corrosion resistance; and that a small
percentage of particles in predominated, with the average particle
being tiny and large particles being rare and almost nonexistent.
This provided a strong indicator of the quality of the nanoparticles
used, as they provided a large surface area and enabled better
functionality.

3.2. Effect of the novel nanofluid on viscosity

Once the viscosity stability of the treated crude oil samples was
measured, the correlation between viscosity and exposure time at
a constant temperature was determined to evaluate the effects of
nanofluid addition and ultrasonic treatment duration. Under
isothermal conditions, viscosity decreased continuously with
increased time in the ultrasonic device, as depicted in Fig. 8(a).
This tendency suggests that extended exposure to ultrasound
promotes the distribution of nanoparticles and affects the inner
molecular structure of heavy crude, resulting in a reduction in
resistance to flow. At 20 ◦C, viscosity decreased significantly after
15 min, from 58.15 cP to 33.06 cP. This reduction continued over
time to 28.94 cP at 30 min, 23.25 cP at 45 min, and 17.57 cP at 60
min—equivalent to an overall reduction in viscosity of approxi-
mately 68%. The effect was greater at 40 ◦C, at which the viscosity
reduced significantly, to 14.89 cP, after 60 min, representing an
improvement of 71%. The improvements were even greater at high
temperatures. Viscosity decreased by 75.7% at 60 ◦C, from 28.78 cP
at 15 min to 10.13 cP at 60 min. The most significant impact
occurred at 75 ◦C, at which the reduction in viscosity was observed
to reach 5.58 cP—the lowest recorded value—at 60 min, repre-
senting a 90% reduction. This indicates that the combination of
nanofluid addition and ultrasonic exposure to enhance the vis-
cosity of the heavy crude oil was synergistic in nature and worked
effectively under various thermal conditions (Fig. 8(b)).

The effect of nanofluid addition on crude oil flow behavior is
depicted in Fig. 9(a), with constant ultrasonic exposure times
applied at various temperatures. When the exposure time was
15 min, the viscosity decreased slightly to 33.06 cP (notably, but as
expected) with an increase in temperature, compared to its value
of 58.18 cP at 20 ◦C. As the temperature increased to 40 ◦C, the
viscosity dropped further to 30.66 cP, and it decreased to 28.78 cP
at 60 ◦C. At 75 ◦C, the lowest value was recorded, of 24.13 cP. These
findings indicate that an increase in temperature contributed to a
reduction in viscosity. When the ultrasonic exposure time further
increased to 30 min, an additional reduction in viscosity was
observed, and at 20 ◦C, it fell to 28.94 cP, as opposed to 30.06 cP at
15 min. At temperatures of 40 ◦C and 60 ◦C, the values reduced to
24.68 cP and 21.39 cP, respectively. The most significant decrease
occurred at 75 ◦C, at which the viscosity was recorded at 17.46 cP.
Following this trend, the subsequent exposure times were
extended, with the final interval of 60 min and a temperature of
75 ◦C recording the lowest viscosity of 5.58 cP. The viscosity
improvement percentages are shown in Fig. 9(b); at 75 ◦C, they
were 58.5%, 70%, 79.5%, and 90.4% after 15 min, 30 min, 45 min,
and 60 min, respectively. These results underscore the synergistic
effect between thermal energy and ultrasound-induced nanofluid
dispersion in breaking intermolecular cohesive forces, resulting in
the enhanced flowability of heavy crude oil. When the liquid was
heated, the molecules gained greater kinetic energy, which
reduced the forces of attraction between them and, thus, the
resistance of the liquid to flow decreased. The effect of
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Fig. 6. X-ray diffraction of alumina (Al2O3).
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temperature on viscosity can be expressed using the Arrhenius
equation (Punith et al., 2021):

μ = A exp
(

�E
R T

)

where μ refers to viscosity, A is a constant depending on the ma-
terial, E is the activation energy of viscosity, R is the general gas
constant, and T is the absolute temperature in Kelvin.

Ultrasound reduces viscosity by sending high-frequency sound
waves (20 kHz or more) through liquid and breaking the bonds
between molecules. This sound energy reduces the attractive
forces between molecules, thereby decreasing the liquid's resis-
tance to flow (Salman et al., 2013). In liquids, ultrasound also re-
sults in the formation of microbubbles, which quickly collapse and
release energy, thereby reducing viscosity (Peleg, 2018), and
improving homogeneity, as it helps distribute molecules evenly

Fig. 7. Atomic force microscopy (AFM) analysis of alumina (Al2O3).
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(Messaâdi et al., 2015). This reduces the agglomeration of particles
and leads to a decrease in overall viscosity (Mozie, 2017; Shahid
et al., 2022).

The crude oil sample exhibited a viscosity of 58.15 cP prior to
any treatment. Based on prior experiments conducted in this
study, the optimal test conditions were identified as 75 ◦C and
60 min, under which the most substantial changes in viscosity
occurred. Therefore, the present comparison between Al2O3
nanofluid and kerosene focuses on these specific conditions. Un-
der these optimized conditions, the Al2O3 nanofluid significantly
reduced the viscosity to 5.58 cP, achieving a 90.4% decrease. In
contrast, kerosene alone lowered the viscosity to 33.98 cP, corre-
sponding to a 41.6% decrease. This substantial difference clearly
demonstrates the superior capability of the nanofluid inmodifying
the rheological behavior of heavy crude oil. This improved per-
formance can be attributed to enhanced molecular-level in-
teractions and dispersion facilitated by the nanoparticles. These
findings reinforce the potential of Al2O3 nanofluids as advanced
agents for viscosity reduction and crude oil upgrading compared
to traditional diluents, such as kerosene. Fig. 10 shows the effects
of both the nanofluid (Al2O3/kerosene) and kerosene on viscosity,
along with a comparison between them.

3.3. Effect of the novel nanofluid on API gravity

After obtaining the API gravity values of the tested samples, the
relationshipbetweenAPI gravity and timewas plotted at a constant
temperature to determine the effect of adding the Al2O3/kerosene
nanofluid to crude oil and the impact of sample residence time in
the ultrasound device on API values. The relationship between API

gravity and temperature was determined by fixing the sample
residence time in the ultrasound device. This is clear in Figs. 11 and
12. Fig. 11 shows that the API gravity increased with an increase in
the sample residence time in the ultrasounddevice after adding the
nanofluid at a constant temperature. Therefore, the longer the time,
the higher the API value. The figure also shows that the maximum
API gravity value at 20 ◦C occurred when the time was equal to
60 min, with an API value of 29.23, and that the API improvement
percentage at this temperaturewas 49%. This percentage increased
at 40 ◦C and reached 51% at 60 min. At 60 ◦C, the API gravity
improvement percentage was 53% at 60 min. The maximum API
gravity value obtained was 30.49 at 60 min and 75 ◦C. The most
significant improvementwas observed at 75 ◦C,with avalue of 55%,
as shown in Fig. 11(a) and (b).

Fig. 12 illustrates the relationship between API gravity and
temperature under varying sonication durations. It is evident that
therewas a direct correlation between the increase in temperature
and the corresponding rise in API gravity value. Specifically, Fig. 12
(a) demonstrates that at 20 ◦C, the API gravity value was 26.56,
increasing to 26.87 at 40 ◦C and reaching 28.02 at 60 ◦C. Likewise,
Fig. 12(b) confirms that for all sonication times, the API gravity
values at 40 ◦C consistently exceeded those recorded at 20 ◦C. For
instance, at a sonication time of 15 min, the API gravity value at
40 ◦C was 26.87, compared to 26.56 at 20 ◦C; at 30 min, the values
were 27.77 and 27.65, respectively. A further temperature increase
to 75 ◦C resulted in a more pronounced API gravity improvement;
at 15 min, the API gravity value reached 28.02, rising to 29.14 at
30 min, 30.13 at 45 min, and peaking at 30.49 after 60 min of
sonication. These results demonstrate that elevated temperatures
not only reduce the viscosity of heavy crude oil but also enhance
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its fluidity—primarily by promoting the breakdown of high mo-
lecular weight components and facilitating more effortless flow
(Chakma, 2023; Dukhin et al., 2017; Li et al., 2010; Zhao et al.,
2021). This thermal enhancement may also induce partial ther-
mal cracking at certain thresholds, contributing to the fragmen-
tation of heavier compounds into lighter fractions, thereby
increasing API gravity. Additionally, the role of nanofluids becomes
increasingly evident at elevated temperatures. Nanoparticles
function as catalytic agents that assist in decomposing heavy
molecular structures while simultaneously adsorbing metallic
impurities, such as nickel and vanadium, thereby enriching the oil
with lighter components and improving its overall API gravity
rating. Moreover, the integration of ultrasonic technology further
amplifies this upgrading process. Ultrasonic waves generate
intense mechanical agitation and cavitation phenomena within
the fluid matrix, producing localized high-energy microenviron-
ments. These conditions facilitate the rupture of molecular bonds
in heavy hydrocarbons, converting them into lower-molecular-
weight species (Peleg, 2018). Ultrasound enhances the dispersion
of nanoparticles throughout the crude matrix, thereby increasing
their catalytic efficiency in reducing viscosity and degrading heavy
fractions. It is also effective in targeting and degrading compounds
containing sulfur, nickel, and vanadium, leading to improved crude
oil quality and elevated API values.

The crude oil examined in this study initially exhibited an API
gravity of 19.63, which categorized it as heavy crude. Following
treatment with two upgrading agents—alumina-based nanofluid
and kerosene—a consistent improvement in API gravity was
observed over four treatment durations (15, 30, 45, and 60 min). A
comparative evaluation revealed that while both agents positively
influenced the oil's density profile, the nanofluid demonstrated

markedly superior performance across all time intervals. At
15 min, the API gravity increased to 28.02 with the nanofluid
compared to 22.73 with kerosene. This initial enhancement re-
flects the rapid interaction between alumina nanoparticles and
heavy crude components. As treatment continued, the gap
widened: at 30 min, the values were 28.84 for the nanofluid and
23.26 for kerosene, and by 45 min, they were 29.73 versus 24.74,
respectively. After 60 min, the nanofluid-treated sample achieved
30.49, while the kerosene treatment resulted in a more modest
25.61. Importantly, the experimental results revealed that the
optimal condition for API gravity enhancement was achieved at a
treatment temperature of 75 ◦C. Under these thermal conditions,
the interaction between the oil matrix and the additive—partic-
ularly in the nanofluid system—was significantly intensified,
facilitating better dispersion and molecular interaction and ulti-
mately resulting in a more substantial reduction in density. This
increase of over 10 API gravity units from the original value not
only reclassified the crude oil from heavy to borderline medium
grade in the case of the nanofluid but also underscores the effec-
tiveness of nanotechnology-based additives when applied under
optimized thermal conditions. In contrast, kerosene, although
effective to a lesser extent, demonstrated a limited capacity for
deep upgrading under similar circumstances. Fig. 13 illustrates the
effect of both the nanofluid (Al2O3/kerosene) on viscosity and the
effect of kerosene on API gravity, along with a comparison be-
tween them.

3.4. Effect of the novel nanofluid on vanadium and nickel content

After obtaining the vanadium and nickel content values in the
examined samples, the relationship between these metals and the
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time variable at a constant temperature was plotted to determine
the effect of nanofluid addition and sample time in the ultrasonic
device on the vanadium and nickel content in crude oil. Fig. 13
shows that the vanadium content in crude oil decreased over time
as the sample remained in the ultrasonic device following the
addition of the nanofluid at a constant temperature. Fig. 14(a) and
(b) show that the vanadium content in crude oil at 20 ◦C was
63.84 at 15 min, 56.57 at 30 min, and 45.86 at 45 min. The lowest
value was 39.6 ppm, which was at 60 min. Fig. 14(a) shows that at
40 ◦C, the vanadium content was 56.61 ppm at 15 min, 41.98 ppm
at 30 min, and 33.68 ppm at 45 min and that its lowest value was
27.3 ppm at 60 min. Fig. 14(a) shows that the vanadium content
was inversely proportional to the time the sample stayed in the
ultrasonic device (at a constant temperature). Fig. 14 also shows
that the lowest vanadium content was obtained when the tem-
perature was increased to 75 ◦C and the time was extended to
60 min, resulting in a value of 9.02 ppm. From Fig. 14(b), it is clear
that the vanadium improvement percentages At a temperature of
20 ◦C, vanadium removal was 42% at 15 min, 48% at 30 min, 58% at
45 min, and reached its maximum of 64% at 60 min. When the
temperature increased to 40 ◦C, the vanadium improvement per-
centages rose from 48% at 15 min to 62% at 30 min and then to 69%
at 45 min; the highest percentage was 75% at 60 min. Thus, the
vanadium improvement rate increasedwith both temperature and
sample residence time in the ultrasonic device, with the most
significant improvement rate of 92% achieved at 75 ◦C and a
residence time of 60 min. Temperature affects the concentration
and behavior of vanadium; as the temperature increases, the sol-
ubility of organic and mineral compounds containing vanadium
increases, leading to a more homogeneous distribution of vana-
dium in the liquid phase of crude oil (Sagdeev et al., 2020). High
temperatures can lead to the decomposition of complex organic

compounds that contain vanadium, which may alter its chemical
form and increase its propensity to precipitate or react with other
materials in the oil (Zhu et al., 2021). Heat helps release vanadium
from its organic compounds, facilitating its separation using
nanofluids (Shokrlu et al., 2014). As for the effect of increasing the
sample residence time in the ultrasonic device, ultrasound is used
in the treatment of crude oil to improve its properties and reduce
its impurities, including lowering the percentage of vanadium by
breaking the bonds between vanadium and organic compounds.
Ultrasound waves cause strong mechanical vibrations within
crude oil, which helps break the bonds between vanadium and the
organic compounds that carry it and facilitates its subsequent
separation using nanofluids. Ultrasound also creates microscopic
bubbles within the liquid, which collapse rapidly and produce a
high level of energy, breaking down complex vanadium-bearing
compounds, making it easier to extract from the oil. Ultrasound
can also trigger chemical reactions that convert vanadium into
inorganic compounds that can be easily precipitated or separated.
When ultrasound is used as part of physical or chemical process-
ing, such as solvent extraction or nanofluidization, it can accelerate
the removal of vanadium from crude oil (Peleg, 2018).

Fig. 15(a) and (b) show the temporal and thermal evolution of
nickel concentration in heavy crude oil subjected to ultrasonic
treatment in the presence of nanofluids. At 20 ◦C, there was a
progressive decline in nickel content as the sonication duration
increased. Beginning at 20.23 ppm after 15 min, the concentration
dropped to 18.67 ppm at 30 min and 15.87 ppm at 45 min, and it
reached a minimum of 13.12 ppm at 60 min. This trend confirms
the inverse relationship between sonication time and nickel con-
tent at a constant temperature. The effect of temperature elevation
became apparent when examining the results at 40 ◦C. At 15 min,
the nickel content decreased to 15.74 ppm and to 13.55 ppm at
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30 min, and it continued to 11.36 ppm at 60 min. The most sig-
nificant reduction in nickel was recorded at 75 ◦C and 60 min, at
which the content had dropped to 6.58 ppm, indicating the com-
bined role of temperature and sonication in promoting metal
removal. Fig. 15(b) quantifies the improvement rates in nickel
removal. At 20 ◦C, the enhancement rose from 53% at 15 min to
56%, 63%, and 69% at 30, 45, and 60 min, respectively. In contrast,
increasing the temperature to 40 ◦C for 15 min boosted the
improvement to 63%, underscoring the influence of temperature
onmetal separation efficiency. The highest recorded enhancement
was 85% at 75 ◦C and 60 min, reinforcing the synergistic effect of
thermal and ultrasonic conditions. Thermally, elevated tempera-
tures enhance the solubility and release of nickel from complex
organic matrices within crude oil. This occurs due to the thermal
decomposition of nickel–organic compounds, facilitating their
separation into the liquid phase. Moreover, nanofluids provide
catalytic surfaces for nickel interaction; temperature elevation
promotes these surface reactions, potentially leading to nickel
adsorption or transformation into more separable species
(Dengaev et al., 2023b). In the presence of nanocatalysts, higher
temperatures may enhance hydrogenation reactions, converting
nickel from organically bound forms into more accessible inor-
ganic states (Alhalili, 2023). Ultrasound further amplifies this
separation process through multiple mechanisms. First, it facili-
tates the cleavage of bonds between nickel and hydrocarbon
chains, releasing the metal into the surrounding medium
(Bhupathi et al., 2023; Langeslay et al., 2018). Second, cavitation
phenomena generated by ultrasonic waves induce the formation
and collapse ofmicrobubbles, creating localized energy surges that
break down heavy compounds and free nickel atoms for subse-
quent interactions with nanoparticles. In addition, ultrasound
significantly improves nanoparticle dispersion, maximizing con-
tact between the active surface of nanomaterials and dissolved

nickel species, thereby enhancing removal efficiency (Chen et al.,
2005). Finally, ultrasound may trigger chemical transformations
between nickel and nanofluid components, converting nickel into
metastable compounds that are more readily separated from the
crude matrix (Otumudia et al., 2022).

Fig. 16(a) illustrates the relationship between vanadium con-
tent in crude oil and temperature after the addition of nanofluids,
with the stabilization time of the sample in the ultrasonic device
held constant. The relationship between temperature and vana-
dium content was inverse, as, at a time constant of 15 min, the
vanadium content at a temperature of 20 ◦C was 63.84 ppm and
decreased as the temperature increased. At 40 ◦C, the vanadium
concentration was 56.61 ppm, and it continued to decline to
52.94 ppm at 60 ◦C, then to 45.86 ppm at 75 ◦C.When the timewas
changed to 30 min, the vanadium content was 56.57 ppm at 20 ◦C
and decreased to 41.98 ppm at 40 ◦C and to 34.64 ppm at 60 ◦C. At
75 ◦C, the vanadium content was 29.17 ppm. Thus, it continued to
decline as the temperature increased, reaching its lowest value at
75 ◦C and 60 min, at 10.18 ppm. Fig. 16(b) confirms that the va-
nadium improvement rate increased as the temperature increased,
as, at a time constant of 15 min, the improvement rates were 42%
at 20 ◦C and 48% at 40 ◦C, and they increased to 52% at 60 ◦C and
58% at 75 ◦C. Fig. 16(b) shows that the relationship between
temperature and the vanadium improvement rate was direct; as
the temperature increased, the vanadium improvement rate also
increased. The best vanadium improvement rate was achieved at
75 ◦C and 60 min, with an improvement of 91%.

Fig. 17 illustrates the relationship between nickel content and
temperature, with the stabilization time of the sample in the ul-
trasonic device held constant. The figure shows that the relation-
ship was reversed: The higher the temperature, the lower the
value of the nickel content in the sample. Fig. 17(a) shows that at
15 min, the nickel content was 20.23 ppm at 20 ◦C, 15.74 ppm at
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40 ◦C, and 14.12 ppm at 60 ◦C. At 75 ◦C, the nickel content was
12.92 ppm. Fig. 17(b) shows that the nickel content at 40 ◦C was
lower than at 20 ◦C for all times. At 15 min, it was 15.74 ppm at
40 ◦C and 20.23 ppm at 20 ◦C, while at 30 min, it was 13.55 ppm at
40 ◦C and 18.67 ppm at 20 ◦C. Therefore, the higher the temper-
ature, the lower the nickel content. The figure also shows that the
value of the nickel content at 75 ◦C had the lowest magnitude. At
75 ◦C, the concentration was 12.92 ppm at 15 min, 11.57 ppm at
30min, and 10.18 ppm at 45min; the lowest value of 6.58 ppmwas
recorded at 60 min.

3.4.1. Comparison of the effects of alumina nanofluid and kerosene
on vanadium content

The untreated crude oil used in this study had a vanadium
content of 109.67 ppm—a level considered critically high due to its
adverse impact on refining catalysts and equipment. Two distinct
upgrading agents—alumina-based nanofluid and kerosene—were
applied under controlled thermal conditions to evaluate their ef-
ficacy in reducing vanadium concentrations over various treat-
ment durations. At 15 min, the nanofluid reduced the vanadium
level to 45.86 ppm, while kerosene achieved a more modest
reduction to 75.20 ppm. As treatment time increased, the nano-
fluid consistently outperformed kerosene; at 30 min, it lowered
the content to 29.17 ppm, compared to 61.38 ppm with kerosene,
and at 45 min, the values were 13.56 ppm and 45.86 ppm,
respectively. After 60 min, the nanofluid achieved a minimum
vanadium concentration of 9.02 ppm, while kerosene reached
35.98 ppm. These values correspond to a 91.77% reduction in va-
nadium content using the nanofluid, compared to a 67.21%
reduction achieved with kerosene. This sharp contrast confirms
the superior extraction and immobilization capacity of the

nanofluid, likely due to the high surface area and active adsorption
characteristics of the alumina nanoparticles. Moreover, experi-
mental evidence indicates that the optimal condition for vana-
dium removal was attained at 75 ◦C after 60 min of treatment,
under which the nanofluid's performance peaked. These findings
underscore the potential of nanotechnology-based approaches to
significantly improve crude oil quality, particularly in reducing
toxic metal content, thereby making the feedstock more suitable
for environmentally responsible refining processes. Fig. 18 illus-
trates the effects of the nanofluid (Al2O3/kerosene) on viscosity
and of kerosene on vanadium, along with a comparison.

3.4.2. Comparison between the effects of alumina nanofluid and
kerosene on nickel content

The untreated crude oil sample had a nickel concentration of
42.65 ppm—a level that poses serious challenges during refining
due to its detrimental impact on catalysts and the production of
harmful emissions during combustion. To mitigate this, two
upgrading agents—alumina-based nanofluid and kerosene—were
evaluated across different treatment durations (15, 30, 45, and
60 min) and under controlled thermal conditions. At the 15-min
interval, kerosene reduced the nickel content to 38.00 ppm,
while the nanofluid achieved a significantly better reduction to
12.92 ppm. This early distinction highlights the nanofluid's rapid
interaction and higher affinity toward nickel ions. As treatment
time progressed, the nanofluid consistently outperformed kero-
sene; at 30 min, the nickel concentration dropped to 11.57 ppm
with the nanofluid compared to 34.27 ppm with kerosene; at
45 min, the values were 10.18 ppm and 29.18 ppm, respectively.
Ultimately, at 60 min, the nanofluid achieved a minimum nickel
content of 6.58 ppm, while kerosene reached 22.50 ppm. These
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final values correspond to a reduction of approximately 84.57% in
nickel content with the nanofluid, compared to a 47.25% reduction
achieved with kerosene. This disparity highlights the effectiveness
of alumina nanoparticles in adsorbing or deactivating nickel
compounds, likely due to their high surface reactivity and ability to
interact with trace metal species at the molecular level. Further-
more, based on the experimental outcomes, the optimal condi-
tions for nickel reduction were observed to be 75 ◦C and 60 min of
treatment, at which the combined influence of thermal activation
and nanoparticle dispersion was maximized. The significant
decline from 42.65 ppm to 6.58 ppm demonstrates the promising
role of nanofluid-assisted upgrading techniques in producing
cleaner crude oil, with lower heavy metal content and enhanced
suitability for downstream refining operations. Fig. 19 illustrates
the effects of the nanofluid (Al2O3/kerosene) on viscosity and
kerosene on nickel, along with a comparison.

3.5. Effect of the novel nanofluid on sulfur content

After determining the sulfur content of the analyzed samples,
the relationship between sulfur content and exposure time—while
maintaining a constant temperature—was investigated to assess
the influence of nanofluid addition and the duration of sonication
on sulfur reduction in crude oil. As illustrated in Fig. 20(a) and (b),
the sulfur content decreased progressively with extended expo-
sure to ultrasonic treatment following the introduction of the
nanofluid. Notably, at a fixed temperature of 20 ◦C, the sulfur
content reached its minimum value of 2.04% after 60 min of
treatment, corresponding to an improvement of approximately
54%. This reduction became more pronounced at higher temper-
atures, reaching 78% at 40 ◦C and peaking at 81.4% at 60 ◦C. These
results underscore the synergistic effect of temperature and

sonication time in enhancing sulfur removal efficiency in the
presence of nanofluids. The best sulfur content improvement in
crude oil was achieved at a temperature of 75 ◦C, with an 83%
reduction, and the sample's survival time in the ultrasonic device
was 60 min. Fig. 20(b) shows that the lowest sulfur content, at
0.77%, was achieved by adding the alumina nanofluid at a tem-
perature of 75 ◦C and with a reaction time of 60 min. This value
could be reduced to 0.5% or less by increasing the proportion of
nanofluid added to the crude oil sample since the sulfur content in
crude oil was reduced from 4.422% to 0.77% when 18% of the
nanofluid was added to the crude oil sample. Fig. 21(a) and (b)
illustrate the relationship between sulfur content and temperature
when the sample survival time was fixed in the ultrasound device.
The goal of showing this relationship was to observe the effect of
temperature increase on sulfur content. This relationship turned
out to be reversed: the higher the temperature, the lower the
sulfur content in crude oil after the addition of liquid nano-
alumina. Nanoparticles are used in fluids to enhance oil recovery
and enhance the removal of impurities. Nanoparticles, such as iron
oxide (Fe3O4), titanium dioxide (TiO2), and aluminum oxide
(Al2O3), can catalyze chemical reactions that break down complex
sulfur compounds (Rostami et al., 2020; Sakthipandi et al., 2024).
These materials enhance the interactions between desulfurization
agents and crude oil, increasing the efficiency of organic sulfur
removal (Razzaq et al., 2025). An increase in temperature accel-
erates the chemical reactions responsible for breaking down sulfur
compounds (Costa et al., 2020) while reducing the viscosity of
heavy crude oil, making it easier to separate sulfur compounds (De
et al., 2025). Ultrasound helps break down heavy crude oil mole-
cules and stimulate chemical reactions (Sah et al., 2025). This
creates cavitation, which results in the formation of tiny bubbles
that collapse rapidly, resulting in high local temperatures and
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pressures that help break down the chemical bonds in sulfur
compounds (Saleh, 2022). When ultrasound is used in conjunction
with catalysts and nanomaterials, desulfurization efficiency is
enhanced, particularly when combinedwith thermal and chemical
processes (Haruna et al., 2022; Katasonova et al., 2021).

The initial sulfur content of the crude oil in this study was
4.42 wt%—a value considered critically high and environmentally
unfavorable, particularly in the context of fuel standards and
refining efficiency. To address this, the sulfur removal performance
of alumina-based nanofluid and kerosene was evaluated over
various treatment times (15, 30, 45, and 60 min) under thermal
conditions optimized at 75 ◦C. At the 15-min mark, the nanofluid
reduced the sulfur content to 1.34%, while kerosene achieved a less
pronounced reduction to 3.85%. With an increase in treatment
duration, both agents maintained lower sulfur levels, yet the
nanofluid consistently outperformed kerosene. At 30 min, the
sulfur content dropped to 0.95% with the nanofluid, compared to
2.94% with kerosene, and at 45 min, the values reached 0.83% and
2.51%, respectively. Finally, at the 60-min interval, the nanofluid
treatment reduced the sulfur content to 0.77%, compared to 1.99%
achieved using kerosene. These final values reflect a remarkable
sulfur reduction of approximately 82.57% with the nanofluid,
compared to the 54.98% achieved by kerosene. The significantly
greater efficiency of the nanofluid may be attributed to the high
surface area and adsorptive affinity of the alumina nanoparticles,
which likely interacted with sulfur-bearing compounds through
both physical adsorption and potential catalytic effects. Further-
more, the data confirmed that the optimal condition for sulfur
removal was achieved at 75 ◦C after 60 min, at which the nano-
fluid's performance reached its peak. The substantial reduction

from 4.42% to 0.77% highlights the potential of nanoparticle-
assisted desulfurization as a viable method for improving crude
oil quality that aligns with increasingly stringent environmental
standards. Fig. 22 illustrates the effects of the nanofluid (Al2O3/
kerosene) on viscosity and kerosene on nickel, along with a
comparison.

3.6. General comparison between the Al2O3 nanofluid and kerosene
in enhancing heavy crude oil properties

Table 6 presents a general comparison of the effects of the
alumina nanofluid and kerosene on improving the properties of
heavy crude oil. The table clearly shows that the impact of alumina
nanofluid was significantly greater than that of kerosene in
improving all properties.

3.7. Mechanism and kinetics of the Al2O3 nanofluid in upgrading
heavy crude oil

Nanofluids—that is, liquids containing nanoparticles sus-
pended in a solvent—are used to improve the flow properties of
heavy crude oil and break down complex hydrocarbon com-
pounds. The main mechanisms of this process include catalytic
cracking. Nanoparticles, such as metal oxides (Al2O3, NiO, CoO,
Fe2O3), act as catalysts to break down long hydrocarbon chains
into smaller, lighter fractions (Hamidi et al., 2021). These reactions
occur at increased temperatures and reduce viscosity and improve
the quality of crude oil (Siddique et al., 2025). Nanofluids enhance
heat transfer, which contributes to the upgrading process. Heavy
crude oil contains high levels of asphaltenes and waxes, which
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clump and block pipes (Boshagh et al., 2022). Nanoparticles help
break down these materials and prevent their deposition, which
keeps the oil flowing smoothly (Albayrak et al., 2022). Nano-
particles reduce the activation energy required for chemical re-
actions to occur, thereby accelerating catalytic processes. The
efficiency of nanofluids depends on the extent of dispersion and
distribution of nanoparticles within the crude oil (Khalaf et al.,
2024). The larger the surface area of the particles and the
smaller their size, the higher the reaction rate due to increased
contact between the particles and the hydrocarbons (Dhokale,
2019). The sustainability of the catalytic activity of nanoparticles
can impact the reaction's efficiency. Some particles may agglom-
erate or lose their activity over time (Maity et al., 2010), and their
stability can be enhanced by using encapsulating materials, such
as polymers or surfactants, to maintain their effectiveness (Al-

Shargabi et al., 2022). The process of improving heavy crude oil
plays a major and vital role in enhancing the quality of heavy oil,
making it more valuable and widely used. There are several rea-
sons why the process of improving crude oil is important,
including increasing its economic value by converting heavy oil-
—rich in minerals and unwanted elements—into desirable crude
oil. In addition, the improvement process leads to a reduction in
pollution. Since heavy oil contains a high level of sulfur, improving
it helps reduce the pollution caused by the sulfur and by harmful
metals. Improving heavy oil also enhances the efficiency of com-
bustion and refining processes, thereby reducing energy con-
sumption and increasing productivity. This study focused on the
process of upgrading crude oil from an East Baghdad field, which
was classified as heavy oil. As shown in Fig. 23, the process
involved improving both the viscosity and density of the crude oil

Table 6
Comparison of alumina nanofluid and kerosene in improving the properties of heavy crude oil.

Time (min.) API Viscosity Vanadium Nickel Sulfur

Al2O3 Nanofluid Kerosene Al2O3 Nanofluid Kerosene Al2O3 Nanofluid Kerosene Al2O3 Nanofluid kerosene Al2O3 Nanofluid Kerosene

15 28.02 22.73 24.13 39.18 45.86 75.2 12.92 38 1.34 3.85
30 28.84 23.26 17.46 38.92 29.17 61.38 11.57 34.27 0.95 2.94
45 29.73 24.74 11.9 36.85 13.56 45.86 10.18 29.18 0.83 2.51
60 30.49 25.61 5.58 33.98 9.02 35.98 6.58 22.5 0.77 1.99
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while also reducing its percentage of vanadium, nickel, and sulfur.
The viscosity decreased when the sample dwell time in the ul-
trasonic device increased at a constant temperature, while the API
gravity values rose with increased time. The proportion of vana-
dium, nickel, and sulfur in oil from eastern Baghdad gradually
decreased with an increase in time. With the presence of nano-
particles in crude oil, when the temperature increases, the prop-
erties of heavy crude oil change in that its viscosity decreases and
fluidity improves. High temperatures lead to the breakdown of
heavy molecules, reducing viscosity and improving the flow rate,
which facilitates the transportation process. At certain tempera-
tures, partial thermal cracking may occur, leading to the decom-
position of heavy compounds into lighter components, thereby
increasing the API value. The nanoparticles present in the nano-
fluid act as catalysts that help break down heavy compounds and
absorb certain metal impurities, such as nickel and vanadium,
thereby increasing the percentage of light compounds and
improving API values (Khan et al., 2022). Ultrasound contributes to
improving the API value of heavy crude oil in the presence of
nanofluids by enhancing the quality of heavy oil, including the
breakdown of heavy compounds into lighter ones. It causes strong
mechanical vibrations within the fluid, which help break down
large molecules into smaller and lighter ones (Hill et al., 2019);
creates microscopic bubbles that collapse rapidly, generating
enough energy to break the bonds between heavy molecules and
convert them into lighter compounds; and helps improve the
distribution of nanoparticles within crude oil, increasing their ef-
ficiency in breaking down heavy compounds and reducing vis-
cosity (Al-Moubaraki et al., 2021). Ultrasound can also help break
down compounds containing nickel, vanadium, and sulfur,
improving the quality of crude oil (Vrignaud et al., 2011). Each of
these factors enhances API gravity.

4. Conclusion

In this study, a nanofluid was prepared by adding aluminum
oxide (Al2O3) and surfactants to kerosene. After ensuring the sta-
bility and distribution of nanoparticles over 3 months of moni-
toring and a TEM examination, the process of upgrading heavy oil
from an East Baghdad field was carried out using a sound wave
device. Heavy oil samples were exposed to sound waves for 15, 30,
45, and 60 min in the ultrasonic device at temperatures of 20 ◦C,
40 ◦C, 60 ◦C, and 75 ◦C. This process was carried out after 18% of the
nanofluid was added to the crude oil samples. Experimental re-
sults showed that the nanofluid prepared from 100 ml of kerosene
was supplemented with 0.4 g of alumina (aluminum oxide) and
0.04 g of surfactant (10% byweight of alumina). After preparing the
samples at the specified temperatures and placing them in the
ultrasonic device for 15, 30, 45, and 60 min, viscosity measure-
ments showed that the percentage of viscosity improvement using
the alumina nanofluid was 90.4% at 60min and 75 ◦C. The viscosity
values were 58.15 cm before the nanofluid enhancement process
and 5.58 cm after the improvement process. Meanwhile, the API
gravity values were 19.63 before the nanofluid addition process
and 30.49 after it. Regarding vanadium content, the amount was
109.67 ppm—which was high—before the addition of the nano-
fluid. After the addition of the nanofluid and the use of the ultra-
sonic device, the percentage of vanadium—9.02 ppm—was
considered low for crude oil, with an improvement rate of 92%. The
nickel improvement rate was 85%, with the amount of nickel
decreasing from 42.65 ppm to 6.58 ppm after adding nanofluid
and performing the upgrading process. Regarding sulfur, the per-
centage of sulfur before treatment was 4.422%, which was very
high and would cause multiple problems. However, after treat-
ment with the nanofluid and the ultrasonic device, the percentage

of sulfur decreased to 0.77%, resulting in an 83% improvement. This
percentage could be increased to 90% if 30% of the nanofluid were
added to the crude oil. The results obtained from this study show
the significant impact of nanofluids on upgrading heavy crude oil
to improve its specifications, thereby meeting consumer aspira-
tions, increasing demand, and ultimately enhancing market value.
This study contributes to the literature on two fronts. First, the use
of new technology in the upgrading process—specifically, the
addition of nanofluids—leads to a significant improvement in the
properties of crude oil from the field east of Baghdad. Second, the
cost of the upgrading process is low compared to commonly used
solvents, such as ethylene, methylene, hexane, heptane, or
naphtha, as the price of kerosene is significantly lower than that of
these solvents.
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Nomenclature

EOR Enhanced oil recovery
T Temperature
μ Kinematic viscosity
cP Centipoise
API American Petroleum Institute
Gamma-alumina Nano-aluminum oxide
Al2O3 Aluminum oxide
Min Minute
SDBS Sodium dodecyl benzene sulfonate
ppm Parts per million
◦C Degree Celsius
TEM Transient electron microscope
TGA Thermal weighing analysis
XRD X-ray diffraction
AFM Atomic force microscopy
Al2O3/kerosene Alumina nanofluid base kerosene
E Activation energy of viscosity
A Constant depends on the material

References

Abdul-Majeed, G.H., Al-Dunainawi, Y., Soto-Cortes, G., Al-Sudani, J.A., 2021. Neural
network model to predict slug frequency of low-viscosity two-phase flow. SPE
J. 26 (3), 1290–1301. https://doi.org/10.2118/204228-PA.

Adamou, P., Harkou, E., Villa, A., Constantinou, A., Dimitratos, N., 2024. Ultrasonic
reactor set-ups and applications: a review. Ultrason. Sonochem., 106925
https://doi.org/10.1016/j.ultsonch.2024.106925.

L.A. Khamees, G.H. Abdul-Majeed and A.A. Alhaleem Petroleum Research 11 (2026) 451–470

467



Adeola, A.O., Akingboye, A.S., Ore, O.T., Oluwajana, O.A., Adewole, A.H., Olawade, D.
B., Ogunyele, A.C., 2022. Crude oil exploration in Africa: socio-economic im-
plications, environmental impacts, and mitigation strategies. Environment
Systems and Decisions 42 (1), 26–50. https://doi.org/10.1007/s10669-021-
09827-x.

Ahmed, B.S., Hamasalih, L.O., Karim, A.S.R., 2025. Desulfurization of light and heavy
gas oil from crudes of Kurdistan region-Iraq by oxidation and solvent extraction.
J. Sulfur Chem. 1–21. https://doi.org/10.1080/17415993.2025.2454326.

Ahmed, M.A., Abdul-Majeed, G.H., Alhuraishawy, A.K., 2023a. An integrated review
on asphaltene: definition, chemical composition, properties, and methods for
determining onset precipitation. SPE Prod. Oper. 38 (2), 215–242. https://doi.
org/10.2118/212310-PA.

Ahmed, M.A., Abdul-Majeed, G.H., Alhuraishawy, A.K., 2023b. Asphaltene precip-
itation investigation using a screening techniques for crude oil sample from
the Nahr-Umr formation/Halfaya oil field. Iraqi J. Chem. Petrol. Eng. 24 (1),
41–50. https://doi.org/10.31699/IJCPE.2023.1.6.

Akhtar, M.S., Ali, S., Zaman, W., 2024. Recent advancements in catalysts for pe-
troleum refining. Catalysts 14 (12), 841. https://doi.org/10.3390/catal14120841.

Alaei, M., Bazmi, M., Rashidi, A., Rahimi, A., 2017. Heavy crude oil upgrading using
homogenous nanocatalyst. J. Petrol. Sci. Eng. 158, 47–55. https://doi.org/
10.1016/j.petrol.2017.08.031.

Albayrak, A.T., Tavman, A., 2022. Sono-oxidative desulfurization of fuels using
heterogeneous and homogeneous catalysts: a comprehensive review. Ultrason.
Sonochem. 83, 105845. https://doi.org/10.1021/acs.energyfuels.2c03218.

Alhalili, Z., 2023. Metal oxides nanoparticles: general structural description,
chemical, physical, and biological synthesis methods, role in pesticides and
heavy metal removal through wastewater treatment. Molecules 28 (7), 3086.
https://doi.org/10.3390/molecules28073086.

Ali, A.A., Abdul-Majeed, G.H., 2025. Modeling asphaltene precipitation-part II:
comparative study for asphaltene precipitation curve prediction methods.
J. Eng. 31 (1), 38–53. https://doi.org/10.31026/j.eng.2025.01.03.

Aljamali, N.M., Salih, N.S., 2021. Review on chemical separation of crude oil and
analysis of its components. J. Petrol. Eng. Technol. 11 (2), 35–49. https://doi.
org/10.1007/BF02543490.

Al-Moubaraki, A.H., Obot, I.B., 2021. Corrosion challenges in petroleum refinery
operations: sources, mechanisms, mitigation, and future outlook. J. Saudi
Chem. Soc. 25 (12), 101370. https://doi.org/10.1016/j.jscs.2021.101370.

Al-Otaibi, A.M., Al-Shamary, T.A., Bouresli, R.,Marafi,A., 2024.Heavyoil atmospheric
residue: HDS performance and life test using ARDS catalysts system. Chem. Eng.
Res. Des. 204, 536–543. https://doi.org/10.1016/j.cherd.2024.03.021.

Al-Shargabi, M., Davoodi, S., Wood, D.A., Ali, M., Rukavishnikov, V.S., Minaev, K.M.,
2022. Petroleum Science. https://doi.org/10.1016/j.petsci.2022.10.005.

Baritto, M., Oni, A.O., Kumar, A., 2025. Vanadium recovery from oil sands petcoke
fly ash: a comprehensive techno-economic assessment. Waste Manag. 194,
249–257. https://doi.org/10.1016/j.wasman.2025.01.018.

Bhupathi, S., Wang, S., Ke, Y., Long, Y., 2023. Recent progress in vanadium dioxide:
the multi-stimuli responsive material and its applications. Mater. Sci. Eng. R
Rep. 155, 100747. https://doi.org/10.1016/j.mser.2023.100747.

Boshagh, F., Rahmani, M., Zhu, W., 2022. Recent advances and challenges in
developing technological methods assisting oxidative desulfurization of liquid
fuels: a review. Energy Fuel. 36 (21), 12961–12985. https://doi.org/10.1021/acs.
energyfuels.2c03218.

Chakma, S., 2023. Ultrasound Technology for Fuel Processing. Bentham Science
Publishers, Singapore. https://doi.org/10.2174/97898150498481230101.

Chen, B., Dingerdissen, U., Krauter, J.G.E., Rotgerink, H.L., M€obus, K., Ostgard, D.J.,
Trauthwein, H., 2005. New developments in hydrogenation catalysis particu-
larly in synthesis of fine and intermediate chemicals. Appl. Catal. Gen. 280 (1),
17–46. https://doi.org/10.1016/j.apcata.2004.08.025.

Coleman, L., 2012. Explaining crude oil prices using fundamental measures. Energy
Policy 40, 318–324. https://doi.org/10.1016/j.enpol.2011.10.012.

Costa, J.M., de Almeida Neto, A.F., 2020. Ultrasound-assisted electrodeposition and
synthesis of alloys and composite materials: a review. Ultrason. Sonochem. 68,
105193. https://doi.org/10.1016/j.ultsonch.2020.105193.

Dai, G., Zhang, J., ur Rahman, Z., Zhang, Y., Zhang, Y., Vujanovi�c, M., Wang, X., 2024.
Multi-pollutant formation and control in pressurized oxy-combustion: SOx,
NOx, particulate matter, and mercury. Engineering. https://doi.org/10.1016/j.
eng.2024.03.005. .

De la Cruz Parejas, R., Moura, F.J., de Avillez, R.R., de Souza Mendes, P.R., 2021.
Effects of Al2O3-NiO, TiO2 and (Mg, Ni) O particles on the viscosity of heavy oil
during aquathermolysis. Colloids Surf. A Physicochem. Eng. Asp. 625, 126863.
https://doi.org/10.1016/j.colsurfa.2021.126863. .

De Silva, M., Cao, G., Tam,M.K., 2025. Nanomaterials for the removal and detection of
heavymetals: a review. Environ. Sci. Nano. https://doi.org/10.1039/D4EN01041H.

Dengaev, A.V., Kayumov, A.A., Getalov, A.A., Aliev, F.A., Baimukhametov, G.F.,
Sargin, B.V., Vakhin, A.V., 2023a. Chemical viscosity reduction of heavy oil by
multi-frequency ultrasonic waves with the main harmonics of 20–60 kHz.
Fluids 8 (4), 136. https://doi.org/10.3390/fluids8040136.

Dengaev, A.V., Khelkhal, M.A., Getalov, A.A., Baimukhametov, G.F., Kayumov, A.A.,
Vakhin, A.V., Gafurov, M.R., 2023b. Innovations in oil processing: chemical
transformation of oil components through ultrasound assistance. Fluids 8 (4),
108. https://doi.org/10.3390/fluids8040108.

Dhokale, R., 2019. Nanomaterials: Effective Tool for Chemical Transformations.
Lulu.com.

Djimasbe, R., Ilyasov, I.R., Kwofie, M., Khelkhal, M.A., Emelianov, D.A., Al-
Muntaser, A.A., Varfolomeev, M.A., 2022. Direct hydrogen production from

extra-heavy crude oil under supercritical water conditions using a catalytic
(Ni-Co/Al2O3) upgrading process. Catalysts 12 (10), 1183. https://doi.org/
10.3390/catal12101183.

Du, Z., Dai, Z., Yang, Z., Zhan, C., Chen, W., Cao, M., Soltanian, M.R., 2024. Exploring
hydrogen geologic storage in China for future energy: opportunities and
challenges. Renew. Sustain. Energy Rev. 196, 114366. https://doi.org/10.1016/j.
rser.2024.114366.

Dukhin, A.S., Goetz, P.J., 2017. Characterization of Liquids, Dispersions, Emulsions,
and Porous Materials Using Ultrasound. Elsevier.

El-Hoshoudy, A.N., Gomaa, S., Hassan, A., Attia, A.M., 2019. Effects of alkaline/
polymer/nanofluids on oil recovery at harsh reservoir conditions. Petrol. Coal
61 (6). ISSN 1337-7027.

Fayad, M.A., Chaichan, M.T., Dhahad, H.A., Al-Amiery, A.A., Wan Isahak, W.N.R.,
2022. Reducing the effect of high sulfur content in diesel fuel on NOx emis-
sions and PM characteristics using a PPCI mode engine and gasoline–diesel
blends. ACS Omega 7 (42), 37328–37339. https://doi.org/10.1021/acsomega.
2c03878.

Furqon, Z., Anggoro, D.D., Sutanto, H., 2025. Physical characterization of used
lubricating oil as fuel production feedstock. In: E3S Web of Conferences, 605,
03050. https://doi.org/10.1051/e3sconf/202560503050.

García-Duarte, H.A., Ruiz-Ca~nas, M.C., Quintero, H., Medina, O.E., Lopera, S.H.,
Cort�es, F.B., Franco, C.A., 2024. Development of nanofluid-based solvent as a
hybrid technology for in-situ heavy oil upgrading during cyclic steam stimu-
lation applications. ACS Omega 9 (39), 40511–40521. https://doi.org/10.1021/
acsomega.4c03517.

Gharibshahi, R., Omidkhah, M., Jafari, A., Mehrooz, N., 2022. Parametric optimi-
zation of in-situ heavy oil upgrading using simultaneous microwave radiation
and magnetic nanohybrids via Taguchi approach. Fuel 325, 124717. https://doi.
org/10.1016/j.fuel.2022.124717.

Gomaa, S., Salem, K.G., El-hoshoudy, A.N., 2024. Enhanced heavy and extra heavy
oil recovery: current status and new trends. Petroleum 10 (3), 399–410. https://
doi.org/10.1016/j.petlm.2023.10.001.

Guo, K., Hansen, V.F., Li, H., Yu, Z., 2018. Monodispersed nickel and cobalt nano-
particles in desulfurization of thiophene for in-situ upgrading of heavy crude
oil. Fuel 211, 697–703. https://doi.org/10.1016/j.fuel.2017.09.097.

Hakimi, M.H., Suwaid, M.A., Saeed, S.A., Al-Muntaser, A.A., Varfolomeev, M.A.,
Khamieva, A.N., Tahhan, F., 2025. Geochemical characteristics of oils from the
Orenburg field in the SE volga-ural basin, Russia: implications for the molec-
ular structure of a marine type II kerogen. J. Petrol. Geol. 48 (1), 58–81. https://
doi.org/10.1111/jpg.12877.

Hamidi, H., Haddad, A.S., Otumudia, E.W., Rafati, R., Mohammadian, E.,
Azdarpour, A., Tanujaya, E., 2021. Recent applications of ultrasonic waves in
improved oil recovery: a review of techniques and results. Ultrasonics 110,
106288. https://doi.org/10.1016/j.ultras.2020.106288.

Haruna, A., Merican, Z.M.A., Musa, S.G., Abubakar, S., 2022. Sulfur removal tech-
nologies from fuel oil for safe and sustainable environment. Fuel 329, 125370.
https://doi.org/10.1016/j.fuel.2022.125370.

Hebert, D., Salas-Ortiz, Y., Nelson, J., Ovalles, C., Lopez-Linares, F., Rogel, E., Zito, P.,
2025. Characterization of nanoparticles used as precipitant agents for in situ
upgrading of heavy crude oils via single particle inductively coupled plasma
mass spectrometry (spICP-MS). Fuel 381, 133452. https://doi.org/10.1016/j.
fuel.2024.133452.

Hill, D., Attia, H., Barron, A.R., Alexander, S., 2019. Size and morphology dependent
surface wetting based on hydrocarbon functionalized nanoparticles. J. Colloid
Interface Sci. 543, 328–334. https://doi.org/10.1016/j.jcis.2019.02.058.

Humadi, J.I., Mohammed, A.E., Khamees, L.A., Jafar, S.A., Abdulqader, M.A., 2025. Oil
upgradingviadesulfurizationprocessusinganewcompositenano-alkaline-iron
oxide over titanium oxide catalysts. Energy Environ., 0958305X251344235
https://doi.org/10.1177/0958305X25134423.

Hussein, H.Q., Mohammad, S.A.W., 2014. Viscosity reduction of Sharqi Baghdad
heavy crude oil using different polar hydrocarbons, oxygenated solvents. Iraqi
J. Chem. Petrol. Eng. 15 (2), 39–48.

Ilyin, S.O., Yadykova, A.Y., 2024. Eco-friendly bitumen binders from heavy crude oil
and a relaxation approach to predicting their resistance to rutting and cracking.
J. Clean. Prod. 434, 139942. https://doi.org/10.1016/j.jclepro.2023.139942.

Jia, H., Kang, Y., 2025. A comprehensive review on application and perspectives of
nanomaterials in enhanced oil recovery. Energy Fuel. https://doi.org/10.1021/
acs.energyfuels.4c04848.

Kairgeldina, L.K., Sarsenbekuly, B., 2024. Alternative methods of thermal oil re-
covery: a review. Kazakhstan J. Oil Gas Indust. 6 (1), 50–63. https://doi.org/
10.54859/kjogi108692.

Katasonova, O.N., Savonina, E.Y., Maryutina, T.A., 2021. Extraction methods for
removing sulfurand its compounds fromcrudeoil andpetroleumproducts. Russ.
J. Appl. Chem. 94 (4), 411–436. https://doi.org/10.1134/S1070427221040017.

Khalaf, E.M., Mohammadi, M.J., Sulistiyani, S., Ramírez-Coronel, A.A., Kiani, F.,
Jalil, A.T., Derikondi, M., 2024. Effects of sulfur dioxide inhalation on human
health: a review. Rev. Environ. Health 39 (2), 331–337. https://doi.org/10.1515/
reveh-2022-0237.

Khamees, L., Abdulrazzaq, F.N., 2024. Evaluation uncertainty in the volume of oil in
place in Mishrif reservoir. J. Chem. Petrol. Eng. 58 (2), 243–254. https://doi.org/
10.22059/jchpe.2024.373776.1491.

Khamees, L.A., Nabeel Abdulrazzaq, F., Humadi, J., 2024. Predicting reservoir or non-
reservoir formations by calculating permeability and porosity in an Iraqi oil field.
J. Chem.Petrol. Eng. 58 (1),115–129. https://doi.org/10.22059/jchpe.2024.367201.
1459.

L.A. Khamees, G.H. Abdul-Majeed and A.A. Alhaleem Petroleum Research 11 (2026) 451–470

468



Khamees, L.A., Abdul-Majeed, G.H., Alhaleem, A.A., 2025a. A review of improving
the heavy crude oil transportation process using additives. J. Chem. Petrol. Eng.
https://doi.org/10.22059/jchpe.2025.390285.1596.

Khamees, L.A., Alhaleem, A.A., Abdul-Majeed, G.H., 2025b. Ultrasonic-assisted fast
upgrading of heavy crude oil using novel nanofluids. S. Afr. J. Chem. Eng.
https://doi.org/10.1016/j.sajce.2025.06.001.

Khamieva, A.N., Suwaid, M.A., Al-Muntaser, A.A., Varfolomeev, M.A., Al-Qaili, A.M.,
Mukhamatdinov, I.I., Simakov, Y.O., 2025. Thermal conversion of high-sulfur crude
oil: optimizing Fe-Based catalyst concentration for viscosity reduction and upgrad-
ing efficiency. Energy Fuel. https://doi.org/10.1021/acs.energyfuels.4c04833.

Khan, S.H., Amani, S., Amani, M., 2021. Alternative and potential uses for the sulfur
byproducts produced from oil and gas fields. Int. J. Org Chem. 11 (1), 14–23.
https://doi.org/10.4236/ijoc.2021.111002.

Khan, Y., Sadia, H., Ali Shah, S.Z., Khan, M.N., Shah, A.A., Ullah, N., Khan, M.I., 2022.
Classification, synthetic, and characterization approaches to nanoparticles, and
their applications in various fields of nanotechnology: a review. Catalysts 12
(11), 1386. https://doi.org/10.3390/catal12111386.

Langeslay, R.R., Kaphan, D.M.,Marshall, C.L., Stair, P.C., Sattelberger, A.P., Delferro,M.,
2018. Catalytic applications of vanadium: amechanistic perspective. Chem. Rev.
119 (4), 2128–2191. https://doi.org/10.1021/acs.chemrev.8b00245.

Li, B., Liu, Y., Li, B., Zhang, J., Wang, J., Chai, Y., Li, Z., 2025. Study on enhancing heavy
oil recovery through catalytic hydrothermal cracking using a dual in-situ
strategy. Colloids Surf. A Physicochem. Eng. Asp., 136275 https://doi.org/
10.1016/j.colsurfa.2025.136275.

Li, N., Dilanchiev, A., Mustafa, G., 2023. From oil and mineral extraction to
renewable energy: analyzing the efficiency of green technology innovation in
the transformation of the oil and gas sector in the extractive industry. Resour.
Policy 86, 104080. https://doi.org/10.1016/j.resourpol.2023.104080.

Li, Q., Wang, X., Li, D., Ge, H., Han, X., Xue, E., 2024. Catanionic surfactant systems
for emulsifying and viscosity reduction of shale oil. Energies 17 (22). https://
doi.org/10.3390/en17225780.

Li, Y., Wang, Z., Hu, Z., Xu, B., Li, Y., Pu, W., Zhao, J., 2021. A review of in situ
upgrading technology for heavy crude oil. Petroleum 7 (2), 117–122. https://
doi.org/10.1016/j.petlm.2020.09.004.

Li, Y., Xu, J., Li, D., 2010. Molecular dynamics simulation of nanoscale liquid flows.
Microfluid. Nanofluidics 9, 1011–1031. https://doi.org/10.1007/s10404-010-
0612-5.

Liao, J., Ren, X., Zhong, J., Hei, Z., Abdo, A.I., Wei, H., Zhang, J., 2025. The negative
effects of simulated acid rain on maize physiology, grain quality and yield in a
field trial. Atmos. Pollut. Res. 16 (2), 102382. https://doi.org/10.1016/j.
apr.2024.102382.

Maity, S.K., Ancheyta, J., Marroquín, G., 2010. Catalytic aquathermolysis used for
viscosity reduction of heavy crude oils: a review. Energy Fuel. 24 (5),
2809–2816. https://doi.org/10.1021/ef100230k.

Malozyomov, B.V., Martyushev, N.V., Kukartsev, V.V., Tynchenko, V.S.,
Bukhtoyarov, V.V., Wu, X., Kukartsev, V.A., 2023. Overview of methods for
enhanced oil recovery from conventional and unconventional reservoirs. En-
ergies 16 (13), 4907. https://doi.org/10.3390/en16134907.
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