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Abstract

Addressing IMO 2020 compliance, this study investigates marine fuel oil production from
hydrotreated residues, focusing on mitigating excessive total sediment potential (TSP)
caused by over-hydrotreatment. This study systematically investigates the impact of
blending ratios of Fluid Catalytic Cracking (FCC) slurry oil with Residue Desulfurization
(RDS) heavy oil on TSP, colloidal stability, and asphaltene structure evolution. Techniques
such as XRD, SEM, and XPS were employed to analyze the structural changes in asphaltenes
during the TSP exceeding process. The results indicate that as the FCC slurry oil blending
ratio increases, TSP in the blended oil initially rises and then decreases. The peak TSP value
of 0.41% occurs at a 10% FCC slurry oil blending ratio, primarily due to high-saturation
hydrocarbons in RDS heavy oil disrupting the colloidal stability of asphaltenes in FCC
slurry oil. When the blending ratio reaches 25%, TSP significantly decreases to 0.09%,
attributed to the solubilizing effect of high aromatic compounds in the FCC slurry oil on the
asphaltenes. The w(Asp)/w(Res) ratio mirrors the TSP trend, and the colloidal solubilizing
capacity of asphaltenes increases with the blending ratio. Asphaltenes in RDS heavy oil
exhibit a spherical structure, whereas those in FCC slurry oil show a layered structure. The
precipitated asphaltenes in the blends primarily result from the aggregation of asphaltenes
in FCC slurry oil, with heteroatoms (N, S, O) mainly originating from RDS heavy oil
asphaltenes. During the early stage of blending, TSP formation is dominated by FCC
slurry oil asphaltenes, but increasing the aromatic content in the system can significantly
reduce TSP. This work provides theoretical and technical support for optimizing marine
fuel blending processes in petrochemical enterprises.

Keywords: total sediment potential; marine fuel oil; oil blending; colloidal stability; asphal-
tene structure

1. Introduction

Driven by stringent environmental regulations from the International Maritime Orga-
nization (IMO) and the need to reduce greenhouse gas emissions, the marine fuel market
is undergoing a significant transformation [1]. The implementation of IMO 2020 sulfur
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cap regulations (limiting sulfur content to 0.5% wt.) has accelerated the shift from high-
sulfur fuel oil (HSFO) to low-sulfur alternatives [2,3]. Consequently, HSFO’s market share
plummeted from 97% in 2015 to 65% in 2023, while low-sulfur fuel oil (LSFO) surged to
32% [4-6]. Marine fuel blending technology, particularly the blending process based on
hydrogenated residue oil, has garnered increasing attention. Hydrogenated residue oil
boasts advantages such as low sulfur content, high energy density, and good compatibility
with existing marine engines. These attributes make it a significant contender in meeting
the increasingly stringent emission standards [7,8]. It is estimated that by 2025, the global
marine fuel blending market will exceed USD 12 billion, with the hydrogenated residue
oil-based blending process taking the dominant position. Therefore, the application of hy-
drogenated residual oil is of great significance for promoting the sustainable development
of the shipping industry.

Marine fuel instability during long storage periods can lead to stratification, sedimen-
tation, and particulate aggregation, causing filter clogging, engine damage, and operational
failures [9]. Factors influencing this instability include the fuel’s chemical composition,
presence of contaminants, storage conditions, and time [10,11]. The colloidal stability of
marine fuels directly governs vessel reliability, economic efficiency, and environmental
compliance. Robust stability management reduces operational risks, extends equipment
lifespan, and ensures adherence to stringent emission standards [12,13].

Extensive research has explored factors governing marine fuel stability. The type
and proportion of chemical functional groups in the fuel significantly affect its stabil-
ity [11]. The composition of marine residual fuel influences sedimentation due to incom-
patibility [14]. Ilyin et al. [15] identified correlations between fuel density, viscosity, and
resin/asphaltene concentrations, noting asphaltenes’ disproportionate influence on sulfur
distribution. Asphaltene molecular architecture dictates colloidal behavior: pyrolysis-
derived asphaltenes with short alkyl chains increase sedimentation compared to crude-
derived counterparts [16,17]. Kondrasheva et al. [18] demonstrated that ternary blends
of vacuum residue, ultra-low sulfur diesel (ULSD), and light-cycle gas oil (LCGO) could
balance sulfur reduction (via ULSD) and stability preservation (via LCGO aromatics).
Biomass-derived blending components further enhance viscosity reduction and component
compatibility [19,20], though scalability challenges persist [21].

Asphaltene aggregation is a critical factor in fuel stability, influenced by the chemical
composition and intermolecular interactions of asphaltenes [22]. Asphaltenes are complex,
polyaromatic molecules containing heteroatoms (nitrogen, sulfur, oxygen) and metals such
as nickel and vanadium [23]. The aromaticity and heteroatom content of asphaltenes play a
significant role in governing their aggregation kinetics, with high-aromaticity asphaltenes
tending to form larger aggregates [22,24]. Pinheiro et al. [25] established that aromaticity
and heteroatom content govern aggregation kinetics, with high-aromaticity asphaltenes
forming larger aggregates. The dominant aggregation mechanism involves r— stacking of
polycyclic aromatic cores [26], though hydrogen bonding and acid-base interactions con-
tribute significantly [27]. Wang et al. [28] further revealed that asphaltene nanoaggregate
sizes remain concentration-independent, suggesting self-assembly follows critical nanoag-
gregate concentration (CNAC) principles. Metal porphyrins (Ni/V) exhibit strong coupling
with asphaltenes, catalyzing aggregation via coordination bonding [29]. Ding et al. [30]
observed that metal porphyrins, particularly nickel and vanadium, exhibit strong interac-
tions with asphaltenes and can catalyze aggregation through coordination bonding. These
metal-containing compounds can act as bridging ligands, linking asphaltene molecules
together and promoting the formation of larger aggregate [31]. Efimov et al. [32] established
a UNIFAC-based model to predict sedimentation stability in VLSFO, integrating NMR and
elemental SARA data to prevent asphaltene precipitation from component incompatibility.
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Kuzmin et al. [33] demonstrated through multidimensional analysis that recycled cooking
oil as a bio-additive enhances both performance and stability of residual marine fuels.
Zvereva et al. [34] provides theoretical and experimental support for standard-compliant
VLSFO production, highlighting the critical role of component selection and stabilizer
application. Separately, Frank et al. [35] demonstrated that a resorcinarene-based macro-
cyclic dispersant effectively suppresses asphaltene deposition, even in highly precipitative
environments such as n-heptane.

Residue desulfurization (RDS) is a crucial process in petroleum refining for producing
low-sulfur fuel oil (LSFO) [36]. Residue oil, when subjected to deep hydrodesulfurization
to meet stringent sulfur regulations, can experience changes in its composition that affect
its stability [37]. However, deep hydrodesulfurization can lead to over-hydrotreatment,
which may reduce the concentration of natural stabilizers like resins and aromatics, vital for
maintaining asphaltene peptization and overall fuel stability [38]. This over-hydrotreatment
can cause stability issues when RDS heavy oil is blended with high-conversion FCC slurry
oil, mainly due to the high concentrations of unstable asphaltenes [39]. The resulting
incompatibility manifests as excessive total sediment potential (TSP), jeopardizing fuel
quality and engine safety. Despite its technical urgency, the mechanistic interplay between
FCC slurry 0il-RDS heavy oil blending ratios, asphaltene colloidal stability, and aggregation
evolution remains inadequately understood.

While most studies focus on the compatibility of high-sulfur residues with distillates,
the fundamental pairwise interaction between a low-sulfur residue (RDS heavy oil) and a
low-sulfur aromatic stabilizer (FCC slurry oil) remains less explored. This study is therefore
designed as a systematic investigation into the independent and interactive behaviors of
these two key streams. We aim to elucidate the intrinsic mechanisms governing colloidal
stability and asphaltene aggregation in this binary system. The insights gained from
this fundamental work are expected to provide a critical knowledge base for solving
the practical problem of formulating stable, compliant marine fuels from modern refinery
streams. This study investigates the effects of different FCC slurry oil blending ratios (5-25%
wt.) on the colloidal stability and asphaltene aggregation behavior of RDS-based marine
fuels. This study employs advanced characterization techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS)
to analyze the distribution characteristics, structural changes, and evolution behaviors
of asphaltenes in blended fuels. These analyses aim to elucidate the colloidal stability
and aggregation mechanisms of asphaltenes, providing critical insights into the causes
of excessive TSP. By systematically investigating the colloidal stability and structural
evolution of asphaltenes, this research offers both theoretical and technical support for
optimizing the marine fuel oil blending process. The findings have significant implications
for petrochemical enterprises seeking to enhance the stability and quality of marine fuels
while complying with stringent sulfur regulations.

2. Materials and Methods
2.1. Materials

The base oils used in this study were RDS heavy oil and FCC slurry oil. Specifically,
the feedstock originated from the vacuum residue of a fully hydrogenated refinery in China.
This vacuum residue underwent hydrotreating in a residue desulfurization unit, producing
RDS heavy oil. The RDS heavy oil was subsequently processed in an FCC unit, yielding
FCC slurry oil. The properties of these oils are summarized in Table 1. Whatman glass
microfiber filter paper (1.6 um, UK) was employed for filtration. n-Heptane (purity 99.5%)
was purchased from Aladdin as an analytical reagent, and toluene (purity 99.5%) was
obtained from Macklin.
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Table 1. Properties of feedstock and blended oil.
RDS Heavy Oil FCC Slurry Oil MDO-10 Oil MDO-10-TSP
Viscosity (50 °C) mm? /s 129.31 525.2 142 /
Density (20 °C) g/cm? 0.9215 1.092 0.938 /
Carbon Residue wt% 4.23 7.12 4.85 /
Saturates % 56.28 19.19 52.81 0.26
Aromatics % 34.51 74.59 37.61 1.56
Resins % 519 3.13 491 14.69
Asphaltenes % 4.03 2.10 4.67 83.49
S wt% 0.29 0.82 0.34 4.41
Cuung/g 5 15 6 82
Feug/g 6 11 6 401
Niug/g 4 21 7 239
Vug/g 3 16 5 342
Si / 28 / 445
Al / 21 2 325
Ca 1 3 2 51
2.2. Experimental Procedure
The experimental procedure was illustrated in Figure 1. Mixtures of RDS heavy oil and
FCC slurry oil were prepared and thermally aged to assess their total sediment potential
(TSP). The properties of these blends were detailed in Table 1. The primary precipitate
component, asphaltenes, was characterized using scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD), Polarized Light
Microscope (PLM).
—» XRD
RDS
heavy oil Blending Themal HoF > XPS
ageing filtration | Fjjter
- MDO oil » Aging oil > d
60C & 100°C & 24h looc | TR
slurry
SARA PLM SARA PLM
| TSP

Figure 1. Schematic diagram of the experimental procedure.

2.2.1. Marine Fuel Blending and TSP Method

FCC slurry oil was blended with RDS heavy oil at mass fraction gradients of 5%, 10%,
15%, ..., 50%, and the resulting blends were labeled as MDO-5, MDO-10, MDO-15, .. .,
MDO-50. Each blend was stirred at 500 rpm for 5 min in a 60 °C constant-temperature oil
bath to ensure homogeneity. Subsequently, the blended samples underwent thermal aging
in accordance with the ISO 10307-2 standard [40]: samples were statically aged for 24 h at
100 °C under prescribed conditions to simulate long-term storage conditions for marine
fuel oil.

After aging, the samples were vacuum filtered using double-layer GMF (Glass Mi-
crofiber Filter) paper in a 100 °C drying oven. The filter residue along with the filter paper
was then transferred to a 100 °C air-blast drying oven for constant-weight drying for 30
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min. Total sediment potential (TSP) for each test specimen was calculated using Equation
(1) to obtain the S value:
ms — my) — (mz — my)

5= ,
1Om1

(1)

where
S is the total sediment, expressed as percentage by mass;
my is the mass of the test portion, expressed in grams;
my is the mass of the lower filter before filtration, expressed in milligrams;
mj3 is the mass of the lower filter after filtration, expressed in milligrams;
my is the mass of the upper filter before filtration, expressed in milligrams;
ms is the mass of the upper filter after filtration, expressed in milligrams.

2.2.2. Property Analysis of Marine Fuel Oil

Density was measured according to ASTM D1298 [41] using a bitumen specific gravity
bottle under constant temperature conditions (20.0 £ 0.1 °C). Kinematic viscosity was
measured following the ASTM D445 standard [42] using a Cannon-Fenske reverse flow cap-
illary viscometer at 50 °C. Four-component analysis was carried out using an IATROSCAN
MK-6S (Tokyo, Japan), based on thin-layer chromatography (TLC). Saturates (Sat), aromat-
ics (Aro), resins (Res), and asphaltenes (Asp) were separated on chromarods using different
solvents and analyzed via hydrogen flame ionization detection. The area percentages of
each component were calculated using the area normalization method.

Asphaltene extraction was conducted based on the ASTM 6560 [43] standard. A
precipitation method using n-heptane was employed, where the oil was mixed with n-
heptane at a 1:50 (v/v) ratio, stirred at 60 °C for 30 min, and then allowed to stand for 24 h
to obtain precipitated asphaltenes. The resulting precipitate was sequentially filtered using
40 um, 1.6 um, and 0.22 um filter membranes.

2.2.3. Characterization of Asphaltenes in Marine Fuel Oil

The macroscopic morphology of asphaltenes was observed using a polarized light
microscope (Axiolab 5, Carl Zeiss, Oberkochen, Germany). The surface morphology
of the asphaltene particulates was characterized using a scanning electron microscope
(SEM, Hitachi High-Tech, Tokyo, Japan) operating at an accelerating voltage of 200 kV.
Imaging was performed in secondary electron detection mode with working distances
of 8-12 mm under high vacuum (<5 x 1073 Pa). The crystalline structure of asphaltenes
was characterized using an X-ray diffractometer (Ultima IV, Rigaku, Tokyo, Japan) with
a scanning range of 20 from 10° to 70°, a scan rate of 8°/min, and a wavelength (A) of
1.5406 A. The surface chemical states of asphaltenes were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250XI, Thermo Fisher Scientific, Waltham, MA, USA) using
high-resolution scans calibrated with Cls binding energy at 284.8 eV. Peak fitting for Cls,
O1s, S2p, and N1s was performed using Origin 2024b software.

3. Results
3.1. Effect of FCC Slurry Oil on the Properties of Base Oils
3.1.1. Influence on Viscosity, Density, CCAI, and Sulfur Content

Based on the blended oils of RDS heavy oil and FCC slurry oil, significant changes
were observed in the viscosity, density, CCAI (Calculated Carbon Aromaticity Index), and
sulfur content of the blended oils as the proportion of FCC slurry oil increased. The results
are shown in Figure 2.
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Figure 2. The effect of FCC slurry oil blending ratio on marine fuel oil properties: (a) sulfur content;
(b) CCAL (c) density; and (d) viscosity.

As the FCC slurry oil blending ratio increases, the aromaticity, sulfur content, density,
and viscosity of marine fuel oil also increase (Figure 2). While the incorporation of FCC
slurry oil can reduce the blending cost of the oil, it also raises the risk of combustion
carbon buildup, particulate emissions, and sulfur oxides (SOx) pollution due to the high
sulfur content and solid particles present in the FCC slurry. According to the International
Maritime Organization (IMO) 2020 sulfur cap regulation and ISO-8217-2024 technical
specifications [44], the requirements for ISO-F-RMG 180H marine fuel oil are as follows:
sulfur content < 0.5% (by mass), CCAI < 870, kinematic viscosity < 180 mm?/s (at 50 °C),
and density < 991.0 kg/m?3 (at 15 °C). When the FCC slurry oil blending ratio is below 30%,
the blended fuel satisfies the ISO-F-RMG 180 [44] with sulfur content (0.46 wt%), CCAI
(839), viscosity (164 mm?-s~1), and density (0.9731 g-cm’3).

3.1.2. Influence on TSP and SARA

The stability of marine fuel oil was evaluated through standard procedures for aging,
and the total sediment in residual fuel at different blending ratios was calculated based
on Equation (1). A four-component analyzer was used to determine the variation in
components in the blended fuels at different ratios, including saturates (Sat), aromatics
(Aro), resins (Res), and asphaltenes (Asp). The results are shown in Figure 3.
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Figure 3. The effect of FCC slurry oil on the TSP and SARA of the blended fuel: (a) TSP; (b) SARA.

The experimental results show that as the proportion of FCC slurry oil increases, the
total sediment potential in the blended oils initially increases, reaching a maximum value of
0.41% at an FCC slurry oil of 10%. At this point, the TSP of the blended oil is at its highest,
indicating that the inherent stability of the asphaltene system in the blend reaches a critical
point. The high saturate content in RDS heavy oil disrupts the stable micellar structure of
the asphaltene nuclei in the FCC slurry oil, significantly accelerating the asphaltene precipi-
tation rate and leading to a peak in total precipitates. Further increasing the proportion of
FCC slurry oil results in a significant reduction in TSP. When the proportion of FCC slurry
oil reaches 25%, the TSP drops to 0.09%, meeting the standard requirement of 0.1%. This
indicates that the high aromatic content in FCC slurry oil solubilizes the asphaltenes in the
system, reducing the formation of total precipitates [45-49].

The SARA analysis data show that as the proportion of FCC slurry oil increases, the
content of saturates gradually decreases, while the content of aromatics gradually increases.
The changes in the content of resins and asphaltenes are relatively minor. FCC slurry oil has
a high residual carbon and inherent asphaltene content. When FCC slurry oil is blended
in small proportions, the total asphaltene content in the system increases. However, in
a system dominated by the saturates of RDS heavy oil, asphaltenes tend to precipitate,
which leads to an increase in the total precipitates. As the proportion of FCC slurry oil
continues to rise, the proportion of aromatics in the system increases, and the asphaltenes
are dispersed by the aromatics, thereby reducing the total precipitates.

The content of saturates and asphaltenes reflects the tendency of asphaltene association,
while the content of aromatics and resins reflects their ability to disperse asphaltenes. Resins
play a key role in preventing asphaltene deposition, and the ratio of resins to asphaltenes
indicates the colloidal stability. The colloidal stability of the blended oils at different
proportions was evaluated using the C.II value from Equation (2), along with the w
(Asp/Res), w (Sat + Aro), and w (Res + Asp) parameters. The results are shown in Figure 4.

w (Sat + Asp)

Jl=—/—F—"7—<
¢ w (Aro + Res)

(2)

The C.II value for FCC slurry oil is 0.28, while for RDS heavy oil, it is 1.38. As the
proportion of FCC slurry oil increases, the C.I.I value gradually decreases, while the w
(Asp)/w (Res) value first increases and then decreases, reaching a peak of 1.2 when the
FCC slurry oil proportion is about 10%. At this point, the peptizing effect of resins on
asphaltenes is at its lowest critical point. As the proportion of FCC slurry oil continues
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to increase, the w (Asp)/w (Res) value decreases (Figure 4a), enhancing the solubilizing
ability of resins on asphaltenes. The trend of w (Asp)/w (Res) changes is consistent with
the changes in total precipitates (Figure 3a). As the proportion of FCC slurry oil increases,
the w (Sat)/ w (Aro) value decreases, and the w (Res + Asp) value first increases and then
decreases, consistent with the changes in total precipitates (Figure 4b). When the FCC
slurry oil proportion is 10%, the w (Res + Asp) content reaches its maximum at 9.5%, and
then decreases as the FCC slurry oil proportion increases.
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Figure 4. Correlation diagrams of four-component compositions: (a) Sat/Aro value vs. Asp/Res;
(b) C.I.Ivs. w (Res + Aro).

The trend in w (Asp)/w (Res) is attributed to the formation of stable micellar struc-
tures through the interaction of polar groups in resins with asphaltenes. When the ratio
of asphaltenes to resins increases, the system is in a sub-stable state, making asphaltenes
more likely to detach from resin adsorption and aggregate. The trend in w (Res + Asp) is
influenced by the content of saturates and aromatics, reflecting the dispersion or precipita-
tion of asphaltenes in the system. RDS heavy oil contains a high proportion of saturates
and a lower proportion of aromatics, while FCC slurry oil has a high aromatic content and
potential high asphaltene content. As FCC slurry oil is added, total precipitates initially
increase because the high saturate content in RDS heavy oil precipitates asphaltenes from
FCC slurry oil, increasing total precipitates. As the proportion of FCC slurry oil increases,
the high aromatic content in FCC slurry oil solubilizes the asphaltenes, reducing total
precipitates. The changes in (Res + Asp) and Asp/Res ratios are also consistent with the
formation pattern of total precipitates [50].

3.1.3. Macroscopic Morphology of Asphaltenes in Blended Oils

Experimental data show that when the FCC slurry oil proportion reaches 10%, the TSP
reaches its maximum, indicating the worst colloidal stability of the oil at this proportion.
Based on this critical ratio, the oil sample with a 10:90 mixture of FCC slurry oil and RDS
heavy oil, labeled as MDO-10, was selected for further study. The corresponding total
precipitates were labeled as MDO-10-TSP. The morphological changes in the blended oil
before and after aging and the infrared morphology of the total precipitates were observed
using a polarized light microscope, and the formation mechanism of the precipitates was
analyzed in depth, as shown in Figure 5.
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Figure 5. Polarized Light Microscopy Analysis of MDO-10 Blended Oils and MDO-10-TSP: (a) MDO-
10 before thermal aging observed with a 5x objective lens; (b) MDO-10 before thermal aging observed
with a 50 x objective lens; (c) MDO-10 after thermal aging observed with a 5x objective lens; (d) MDO-

10 after thermal aging observed with a 50 x objective lens; (e) Macroscopic morphology of MDO-10-
TSP; (f) SARA of MDO-10-TSP.

The polarized light microscopy images in Figure 5 reveal significant morphological al-
terations of sediment within the oil phase of MDO-10 blended oils following thermal aging.
Prior to thermal treatment (Figure 5a,b), the MDO-10 blended oil exhibited no observable
precipitates. In contrast, post-aging analysis at identical magnification (Figure 5c) demon-
strates the emergence of a dense, black reticular network structure. Higher magnification
imaging (Figure 5d) further reveals that asphaltene micellar aggregates in the blended oil
form a loosely organized three-dimensional reticular architecture distributed throughout
the oil matrix, with aggregate dimensions spanning from tens to hundreds of microme-
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ters. These structural transformations suggest that thermal aging conditions disrupt the
dispersed phase through thermal energy input, consequently weakening interfacial interac-
tions with asphaltenes. This destabilization mechanism promotes asphaltene dissociation
from the dispersed phase, ultimately leading to aggregate formation [51,52]. Quantitative
analysis of total sediment content following thermal aging revealed that the MDO-10-TSP
produced a characteristic black filter cake (Figure 5e), containing 0.41 wt% sediment. Re-
markably, asphaltenes constituted 83.49% of the sediment composition in MDO-10-TSP
(Figure 5f), indicating that asphaltene aggregation represents the predominant mechanism
driving excessive sediment formation in the blended oil system.

Property characterization of the base oil, MDO-10 blended oil, and total sediment
(MDO-10-TSP) was performed, with the results summarized in Table 1.

Significant physicochemical and compositional distinctions were observed between
RDS heavy oil and FCC slurry oil. The RDS feedstock demonstrates relatively low viscosity
(129.31 mm?2-s~1), high saturate content (56.28 wt%), low carbon residue (4.23 wt%), and
low sulfur concentration (0.29 wt%). In contrast, FCC slurry oil exhibits substantially higher
viscosity (525.2 mm?-s~1), predominant aromatic fraction (74.59 wt%), elevated carbon
residue (7.12 wt%), and high sulfur content (0.82 wt%). The sediment mainly consists of
asphaltenes, accounting for up to 83.49%. SARA analysis reveals RDS heavy oil is enriched
in saturated hydrocarbons, while FCC slurry oil contains abundant aromatic hydrocarbons.
Upon initial blending of FCC slurry oil, the TSP increased due to phase incompatibility, as
the high saturate fraction in RDS heavy oil destabilized the asphaltenes in FCC slurry oil,
leading to precipitation. However, as the FCC slurry oil blending ratio increased (>10%),
this trend was reversed through a solubilization mechanism. The aromatic components
in the FCC slurry oil facilitated the dispersion of asphaltenes, thereby reducing sediment
formation. Mechanistic analysis reveals that sediment formation is governed by complex
interactions among the four SARA fractions. Specifically, the combined effect of resins and
asphaltenes (Res + Asp) and the Asp/Res ratio play a critical role in determining colloidal
stability. This suggests that effective sediment control requires a careful balance between
resin-mediated peptization and asphaltene self-association tendencies.

However, Table 1 also highlights a significant technical challenge associated with the
use of FCC slurry oil: its elevated content of metals such as nickel (Ni), vanadium (V),
iron (Fe), silicon (Si), and aluminum (Al). These metallic impurities, which become highly
concentrated in the sediment (MDO-10-TSP), originate primarily from catalyst fines and
metalloporphyrins present in the FCC feedstock. Although the aromatic components of
FCC slurry oil enhance colloidal stability, metallic species can counteract this beneficial
effect by promoting asphaltene aggregation [39], ultimately leading to excessive total
sediment potential (TSP) in the blended fuel.

3.2. Asphaltene Structure and Morphology

To investigate the impact of asphaltene structural properties on the stability of the
blended system, asphaltenes were extracted from RDS heavy oil, FCC slurry oil, and the
highest sediment MDO-10 blended oil, named RDS-A, FCC-A, and MDO-10-A respectively.
The structural and morphological changes in asphaltenes were studied to explore their
influence on system stability.

3.2.1. SEM Analysis of Asphaltenes

To characterize the particle size distribution and morphological features of asphaltenes
from distinct oil sources, a sequential filtration protocol was implemented using graded
membranes with pore sizes of 40 um, 1.6 pm, and 0.22 pm. The fractionated asphaltene
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particulates were subsequently subjected to scanning electron microscopy (SEM) analysis.
The results are shown in Figure 6.
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Figure 6. Asphaltene Fractionation and SEM Analysis: (a) Size-segregated asphaltene distribution;
(b) SEM analysis of RDS-A; (c¢) SEM analysis of FCC-A; (d) SEM analysis of MDO-10-A.

The size distribution analysis (Figure 6a) reveals distinct asphaltene characteristics
among different heavy oil samples. RDS-A demonstrates a relatively uniform asphaltene
distribution, with only 2.21% of particles exceeding 40 um, accompanied by 1.16% and 0.18%
contents in the 40-1.6 um and 1.6-0.22 pm ranges, respectively (Figure 6b). In contrast,
FCC-A exhibits a significantly higher proportion (7.07%) of larger asphaltene particles
(>40 um) with reduced medium and small size fractions. SEM characterization (Figure 6c)
identifies these FCC-A asphaltenes as lamellar-structured block aggregates, indicating
strong aggregation tendencies [39]. MDO-10-A presents an intermediate size distribution
between RDS-A and FCC-A systems. The composite microstructure, as evidenced by
SEM (Figure 6d), features spherical RDS-A-derived asphaltenes embedded within the
dominant FCC-A lamellar framework. This structural configuration, comprising 74.3%
lamellar components and 25.7% spherical inclusions, strongly suggests FCC slurry oil
asphaltenes as the primary source of MDO-10-A. The observed structural hierarchy and
interfacial interactions between different asphaltene morphologies provide critical insights
into aggregation mechanisms and colloidal stability, establishing a theoretical foundation
for predicting sediment formation and optimizing oil product stability [16,53,54].

3.2.2. XRD Analysis of Asphaltenes

X-ray diffraction (XRD) analysis systematically characterizes the crystalline structure
evolution of residual oil asphaltenes. The diffraction patterns exhibit four characteristic
peaks: y-crystalline peak, (002), (100), and (110) peaks (the latter typically undetectable due
to low crystallinity). Key structural parameters derived from XRD include y-crystalline
layer spacing (dvy), aromatic interlayer spacing (dm), aromatic sheet diameter (La), cluster
height (Lc), aromatic ring number per sheet (Ra), stacking layer number (Me), and aromatic



J. Mar. Sci. Eng. 2025, 13,1713

12 of 21

carbon units (Cau) [55-57]. Analyzing the evolution of these structural parameters can
reveal the aggregation behavior of asphaltene molecules during thermal aging and their in-
trinsic driving mechanisms. Comparative analysis of these parameters reveals fundamental
structural differences between asphaltene types (Figure 7, Table 2).
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Figure 7. Peak fitting calculations of XRD for asphaltenes: (a) RDS-A; (b) FCC-A; (c) MDO-A;
(d) Structural model of asphaltenes.

Table 2. Peak fitting calculations of XRD.

Sample dr (A) dm (A) La (A) Lc (A) Cau Ra Me fa

RDS-A 7.64 3.51 240.19 266.02 371.41 90.06 76.72 0.15
FCC-A 5.46 3.73 196.91 102.36 304.84 73.83 28.44 0.39
MDO-10-A 5.79 3.62 198.51 185.73 307.3 74.43 52.6 0.17

Structural analysis demonstrates distinct characteristics between RDS-A and FCC-A
asphaltenes. RDS-A exhibits larger dy (7.64 A) compared to FCC-A (5.46 A), while its dm
(3.51 A) approaches graphite interlayer spacing (3.35 A). This suggests compact aromatic
stacking in RDS-A, potentially influenced by intercalated naphthenic structures restricting
aromatic sheet expansion. MDO-10-A shows intermediate dy (5.79 A) and dm (3.62 A)
between the two systems.

The aromaticity index (fa) of RDS-A, FCC-A, and MDO-10-A are 0.15, 0.39, and 0.17,
respectively. This suggests that MDO-10-A has a lower aromaticity, similar to RDS-A,
whereas FCC-A forms dense layered structures through 7-7t stacking of polycyclic aro-
matic hydrocarbons (Figure 6c), resulting in high aromaticity [58]. RDS-A demonstrates
significantly larger molecular dimensions (La = 240 A, Lc =266 A, Cau = 371) than FCC-A
(La =197 A, Lc =102 A, Cau = 304), indicating more extended aromatic clusters. No-
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tably, MDO-10-A’s structural parameters closely match FCC slurry oil characteristics, while
maintaining RDS-A-like aromaticity. This dual characteristic originates from spherical
RDS-A asphaltenes (Figure 6d) embedded within FCC-A’s dominant lamellar framework,
confirming MDO-10-A’s primary derivation from FCC slurry oil asphaltenes. These find-
ings elucidate molecular-scale interaction mechanisms governing asphaltene aggregation,
providing critical insights for predicting sedimentation behavior and optimizing oil stabil-
ity [56,59].

3.2.3. XPS Analysis of Asphaltenes

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical states of
elements in the RDS-A, FCC-A, and MDO-10-A asphaltene samples, yielding spectra as
shown in Figures 8-10.

The XPS C 1s Spectrum of asphaltenes is divided into four components: C-H, C-C,
C-0-C, C-OH, C-0O, and COO- peaks [60,61]. Deconvolution of XPS C1s spectral analysis
(Appendix A Table Al) reveals distinct compositional variations among the asphaltene
samples. RDS-A exhibits a lower molar fraction of aliphatic C-H/C-C bonds (87.25%)
compared to FCC-A (92.31%), indicating reduced aromaticity (fa) in RDS-A. This structural
difference for RDS-A originates from hydrogen saturation during hydrodesulfurization,
which diminishes aromatic ring content by converting polyaromatic structures into sat-
urated hydrocarbons. In contrast, MDO-10-A exhibits transitional characteristics in its
structural parameters, with aromaticity between those of RDS-A and FCC-A. In contrast,
MDO-10-A demonstrates intermediate aromaticity, aligning with its transitional structural
characteristics observed in SEM and XRD analyses (Figure 6d and Table 2). The consis-
tent multi-correlation underscores the critical role of asphaltene molecular architecture in
governing colloidal stability within blended oil systems.
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Figure 8. XPS peak fitting for elements in RDS-A: (a) Cls spectrum; (b) N1s spectrum; (c) Ols
spectrum; (d) S2p spectrum.
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Figure 9. XPS peak fitting for elements in FCC-A: (a) Cls spectrum; (b) N1s spectrum; (c) Ols
spectrum; (d) S2p spectrum.
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Figure 10. XPS peak fitting for elements in MDO-10-A: (a) Cl1s spectrum; (b) N1s spectrum; (c) Ols
spectrum; (d) S2p spectrum.

Based on the XPS N 1s Spectral Analysis (Appendix A Table A2), there is a remarkable
nitrogen speciation homology between RDS-A and MDO-10-A systems. RDS-A exhibits
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predominant pyrrolic nitrogen (58.15%), with secondary pyridinic (26.23%) and quater-
nary nitrogen (15.62%) contributions, consistent with typical hydrodesulfurized residue
characteristics [62]. FCC-A shows undetectable nitrogen content (<0.1 at%), confirming
its catalytic cracking origin. Strikingly, MDO-10-A replicates RDS-A’s nitrogen finger-
print with predominant pyrrolic nitrogen (54.89%), establishing RDS-A as the principal
nitrogen source.

Deconvolution of the XPS Ols spectra (Appendix A Table A3) resolves three oxygen-
containing functional groups: carbonyl (C=0,), C-O single bonds (C-OH), and carboxylates
(COO™) [16]. RDS-A exhibits balanced oxygen speciation with dominant C-O bonds
(54.67%) and substantial carboxylates (40.82%), contrasting sharply with FCC-A’s over-
whelming C-O dominance (89.19%), indicative of phenolic-rich structures from catalytic
cracking. MDO-10-A replicates RDS-A’s oxygen profile with C-O single bonds (58.35%)
and carboxylates (35.57%), confirming that the oxygen in MDO-10-A primarily originates
from RDS heavy oil asphaltenes.

The sulfur-containing functional groups in XPS S2p spectral analysis (Appendix A Ta-
ble A4) can be divided into peaks representing alkyl sulfides, thiophenes, sulfoxides,
sulfones, sulfonic acids, and sulfates [62,63]. RDS-A exhibits dominant thiophenic sulfur
(68.63%) with minor alkyl sulfides (23.26%), characteristic of hydrodesulfurized residue
oils. In FCC-A, the sulfur content is also low, with no significant peak signals detected.
Remarkably, MDO-10-A replicates RDS-A’s sulfur fingerprint (thiophenes: 71.66%; alkyl
sulfides:23.01%), which are highly matching with RDS-A. This further confirms that the
sulfur in MDO-10-A primarily originates from RDS heavy oil asphaltenes.

3.3. Mechanism of Asphaltene Aggregation

Figure 11 illustrates the structural evolution and aggregation behavior of asphaltenes
during the blending process of FCC slurry oil and RDS heavy oil. FCC-A, characterized
by smaller molecular dimensions and higher aromaticity, undergoes lamellar stacking via
7i-7t interactions between condensed polyaromatic sheets, resulting in planar aggregates.
In contrast, RDS-A, with larger molecular dimensions and heteroatom-rich polar groups,
exhibits spherical aggregation driven by synergistic 7-7t and dipole—dipole interactions.

Asphaltene Structure Self-assembly Aggregation Macro Morphology

Figure 11. Aggregation behavior of different asphaltenes during FCC slurry oil blending.
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When a small amount of FCC slurry oil is blended, the high saturate content in
RDS heavy oil destabilizes the asphaltenes in the FCC slurry oil, promoting aggregation
through 7-7r interactions. Simultaneously, heteroatoms such as sulfur, nitrogen, and oxygen
significantly influence the solubility and aggregation behavior of asphaltenes by enhancing
dipole—dipole interactions and hydrogen bonding. The heteroatom content in RDS-A
contributes to the formation of a more complex and diverse aggregation structure. The
polar interactions introduced by heteroatoms mediate the embedding of spherical RDS-A
within the planar FCC-A aggregates, impacting the overall colloidal stability of the blend.

This aggregation mechanism underscores the critical role of balancing aromatic and
saturated hydrocarbons, ensuring structural compatibility of asphaltenes, and accounting
for the presence of heteroatoms, which is essential for optimizing blending strategies and
ensuring the production of stable, compliant marine fuels.

4. Conclusions

This study demonstrates that the blending ratio of FCC slurry oil plays a critical role
in the colloidal stability of low-sulfur marine fuels. Specifically, it highlights the instability
issues associated with blending excessively hydrotreated RDS heavy oil, which is produced
in the residue hydrotreating units of full-conversion refineries. Total Sediment Potential
(TSP) shows a non-monotonic response to FCC addition. Initially, TSP increases, peaking at
0.41% when the FCC ratio reaches 10%, due to destabilization of FCC-derived asphaltenes
by high-saturation hydrocarbons in RDS heavy oil. Increasing the FCC ratio to 25% reduces
TSP to 0.09%, attributed to the solubilizing effect of aromatic fractions on asphaltenes.

SARA analysis demonstrated that the w (Asp/Res) ratio and w (Asp + Res) show
consistent trends with TSP, reaching a maximum at 10% FCC incorporation, indicating
weakened peptization capacity of resins. Beyond this threshold, the enhanced aromatic
content of FCC slurry oil improved colloidal stability by suppressing asphaltene aggrega-
tion.

XRD and SEM analyses showed distinct structural differences between RDS-derived
and FCC-derived asphaltenes. FCC-A had smaller molecular dimensions and higher
aromaticity, forming planar aggregates, while RDS-A were larger and heteroatom-rich,
leading to spherical aggregation. MDO-A exhibited FCC-dominated sediment architecture,
with spherical RDS-A particles embedded in FCC-A matrices, confirming FCC asphaltenes
as the primary sediment precursors. XPS confirmed that heteroatoms (N, S, O) in MDO-A
asphaltenes were mainly derived from RDS-A.

This study delves into the compatibility between RDS heavy oil and FCC slurry oil—a
binary system critical to industrial fuel formulation yet often overlooked. Our results
reveal that marine fuel stability depends fundamentally on the balance between saturate
and aromatic components. The non-monotonic variation in TSP with FCC slurry oil ratio,
correlated with asphaltene structural changes, delivers practical guidance for optimizing
blends to minimize sedimentation. This insight facilitates the production of stable low-
sulfur marine fuels and improves operational flexibility for refineries employing deeply
hydrotreated residues.
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TSP Total sediment potential

FCC  Fluid catalytic cracking

RDS Residue desulfurization
CCAI Calculated Carbon Aromaticity Index

Appendix A

Table A1. Fitting data of XPS C 1s spectra in the asphaltenes.

Binding Atomic Ratio
Product Peak Energy/eV Carbon Form (%)
1 284.8 C-H, C-C 87.25
2 286.7 C-O-C, C—-OH, C-O 5.37
RDS-A 3 2875 C=0 2.69
4 289.1 COO- 469
1 284.8 C-H, C—C 92.31
2 286.5 C-O-C, C-OH, C-O 401
FCC-A 3 287.3 C=0 1.77
4 2884 COO- 191
1 284.8 C-H, C—C 89.14
2 286.5 C-O-C, C-OH, C-O 4.84
MDO-A 3 287.7 C=0 2.46
4 289.2 COO- 3.56

Table A2. Fitting data of XPS N 1s spectra in the asphaltenes.

Product Peak Binding Carbon Form Atomic Ratio
Energy/eV (%)
1 398.7 Pyridinic-N 30.74
RDS-A 2 399.9 Pyrrolic-N 51.42

3 402 Quaternary-N 17.84
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Table A2. Cont.

Binding Atomic Ratio

Product Peak Energy/eV Carbon Form (%)

1 Pyridinic-N
FCC-A 2 Pyrrolic-N

3 Quaternary-N

1 398.9 Pyridinic-N 26.23
MDO-A 2 400 Pyrrolic-N 58.15

3 401.1 Quaternary-N 15.63

Table A3. Fitting data of XPS O 1s spectra in the asphaltenes.

Binding Atomic Ratio
Product Peak Energy/eV Carbon Form (%)
1 531 Cc=0 451
RDS-A 2 532.3 C-O-C,C-OH, C-O 54.67
3 533.5 COO- 40.82
1 531 Cc=0 3.27
FCC-A 2 532.5 C-O-C,C-OH, C-O 89.19
3 533.8 COO- 7.53
1 531.2 Cc=0 6.09
MDO-A 2 532.5 C-O-C,C-OH, C-O 58.35
3 533.8 COO- 35.57

Table A4. Fitting data of XPS S 2p spectra in the asphaltenes.

Binding . Atomic Ratio
Product Peak Energy/eV Sulphides Form %)
1 163.4 Alkyl sulphides 23.26
2 164.4 Thiophenes 68.63
RDS-A 3 166.0 Sulphoxides 1.78
4 167.7 Sulphones 2.76
5 169.9 Sulphonic acids and 357
sulphates
1 Alkyl sulphides
2 Thiophenes
FCC-A 3 Sulphoxides
4 Sulphones
Sulphonic acids and
5
sulphates
1 163.4 Alkyl sulphides 23
2 164.4 Thiophenes 71.67
MDO-A 3 166.3 Sulphoxides 1.63
4 167.7 Sulphonic 1.27
5 169 4 Sulphonic acids and 943
sulphates
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