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ABSTRACT: Emulsion represents a major challenge in the petroleum industry due to
its stabilization promoted by polar fractions. In this study, interfacial material (IM)
residues were isolated from a naturally emulsified crude oil using a centrifugation-based
methodology under different times and temperature conditions. The recovered
interfacial materials were characterized by negative-ion electrospray Fourier transform
ion cyclotron resonance mass spectrometry (ESI(—) FT-ICR MS). Results showed that

longer centrifugation times and higher temperatures reduced the abundance of nitrogen

species while enriching oxygenated classes, particularly naphthenic acids and mixed \

p

heteroatomic species. Highly aromatic compounds migrated into NO,[H] and NO;[H]
classes, whereas both linear and aromatic naphthenic acids, O,[H] class, became more
prominent. Van Krevelen diagrams confirmed the increase in aromaticity of the IMR
compared with the original emulsion. These findings highlight the role of centrifugation
parameters in modulating the composition of IM and provide new insights into the
molecular species responsible for emulsion stability.

1. INTRODUCTION

In the oil industry, there are several challenges related to the
extraction, production, transportation, processing, and reﬁning
of oil. These include the formation of stable water-in-oil (W/
O) emulsions, which directly affect crude oil flow and
processing.' > An emulsion is a colloidal dispersion between
two immiscible liquids, where one liquid is dispersed as a
droplet inside the other liquid (continuous phase)."* In the
case of W/O emulsions, the water droplets, usually from the
formation or secondary recovery water, are dispersed in the oil
phase, called the continuous phase. There are also so-called
inverse emulsions, which are of the O/W type, where oil
droplets are dispersed in water."" These emulsions are
thermodynamically unstable dispersions whose variation in
Gibbs free energy implies a spontaneous process for separating
the phases.” However, the presence of stabilizing species, such
as emulsifiers, can provide greater stability for these
dispersions."”” In oil emulsions, the main natural emulsifiers
are asphaltenes, resins, naphthenic acids, and waxes, which
promote an increase in emulsion stability through the
formation of interfacial films, which form the interfacial
material (IM).'~>>™ Polar species, such as asphaltenes and
resins, play a fundamental role in reducing interfacial tension
(IFT), while solid species, such as fine particles or wax crystals,
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promote an increase in the structural strength of the interfacial
film."#*'>'"" A lower interfacial tension promotes greater
stability for the suspended droplets, while a greater structural
resistance of the interface makes it more difficult for the
interfacial film to break and consequently coalesce, as
coalescence is one of the main mechanisms responsible for
destabilizing emulsions. When it occurs, it leads to the
formation of larger droplets, eventually resulting in the
separation of the phases.”'” In this way, phase separation of
W/O emulsions is particularly difficult when these species are
present in the interfacial film, which demonstrates the
importance of studying the chemical constitution of the
material acting at the interface, i, the IM.

For the indirect study of the IM in W/O emulsions, different
methods are generally used to investigate the interface using
rheology techniques to determine the viscosity and interfacial
viscoelasticity by dynamic stress.'>'* However, to fully
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elucidate the species that act at the interface, it is appropriate
to specifically explore the species adsorbed on water droplets,
especially in compositional terms. Therefore, methodologies
for the extraction and isolation of IM are of great importance
for a better understanding of the chemical identity of the
species that mainly act in the stabilization of emulsions.
Different methodologies for IM isolation have been reported in
the literature. These include the use of heavy water (D,0) to
form a moist cake with water and IM,"° the use of wet silica,
which consists of using a column of silica with controlled
humidity to adsorb the interfacially active species,'® and the
centrifugation method using the Dean—Stark technique.'” The
latter methodology, developed in 2014 by Pereira et al,'’
consists of centrifuging the emulsions to ideally generate two
phases: The oily supernatant (top) and the unresolved phase
(residue that has become sedimented). The sedimented
residue has a high aqueous phase content, and consequently,
an abundance is enriched in interfacially active species.
Therefore, after extracting this residue and removing the
water, it provides the main species present at the interface of
the water droplets.'®™*'

Among the studies that evaluated the interfacially active
species, the work carried out by Jarvis et al. (2015)"° used the
wet silica method, applied to Arabian heavy crude, Gulf of
Mexico, Athabasca bitumen, and the negative-ion mode
electrospray Fourier transform ion cyclotron resonance mass
spectrometry (ESI(—) FT-ICR MS) technique. The authors
reported that the predominant classes at the interface are
oxygenated (such as O,) and mixed classes containing oxygen
and sulfur atoms (O,S,, where x = 1—5 and y = 1-2).

Lalli et al. (2017)** applied the wet silica method to a
sample of Athabasca bitumen and a heavy crude oil to
investigate the presence of functional isomers in the IM of W/
O emulsions. The samples were analyzed using ion mobility
mass spectrometry (IM-MS) combined with collision-induced
dissociation after ion mobility (CID MS). Lalli et al. (2017)**
characterized IM with a time-offlight (TOF) MS analyzer,
evidencing multiple isomeric species of the O3S, class for both
samples. The authors used the high accuracy of the FT-ICR
MS technique, and their results corroborate the data obtained
by TOF MS. In addition, natural O3S, groups were
predominantly detected in the IM of the emulsion of the
Athabasca bitumen sample. They can correspond to linear
alkylbenzenesulfonate (LAS) surfactants, which are used in
petroleum operations. The eficiency of the wet silica method
for isolating and characterizing interfacially active species was
systematically investigated using ESI(—) FT-ICR MS in other
studies.””** The method proved to be highly effective in the
selective extraction of both synthetic and natural surfactant
species present in petroleum sulfonate extracts. Analysis by FT-
ICR MS allowed for the identification of the O3S and O5S + X
classes (where X can be sulfur, oxygen, or nitrogen),
confirming their structural characteristics and surfactant
nature. Investigation of the relationship between the structure
of surface-active species and interfacial tension revealed a
significant dependence between interfacial tension, emulsion
stability, and the molecular weight of the interfacial material
(IM). The analysis showed that O;S + X sulfonates interact
with the aqueous phase, corroborating their surface-active
activity, while organic acids did not show significant surface
activity.23’24

Wau et al. (2022)™ applied the wet silica method to crude oil
samples from three locations in China to obtain IM and used

the Orbitrap MS technique combined with CID to identify the
IM functional groups. The authors found predominantly the
O, (attributed to dicarboxylic acids and their salts), O3S,
(sulfonates), O,S; (sulfonates or sulfates), and N,O,
(amphipathic molecules with carboxylic and pyridyl functional
groups) classes.

The IM obtained by the wet silica method can be
characterized using other analytical techniques, such as infrared
spectroscopy (FTIR), liquid chromatography coupled to mass
spectrometry (LC-MS), and high-resolution mass spectrome-
try by inductively coupled plasma gel permeation chromatog-
raphy (GPC ICP HR MS).”’

In this context, Norrman and coauthors (2020)** isolated
the IM, using the method of Jarvis et al. (2015) with
adaptations, and characterized it using FTIR and LC-MS
techniques. The authors confirmed the presence of mixed
polarities compounds: the most polar include naphthenic acids,
the least polar are nitrogen-containing aromatic bases (such as
pyridines, quinolines, pyrroles, indoles, indolines, and
carbazoles), as well as compounds with polarities between
those of acids and bases (such as phenols, pyrans, benzopyrans,
naphthopyrans, benzonaphthopyrans, dibenzopyrans, dinaph-
thopyrans, and compounds containing nitrogen and oxygen
atoms).

Ligiero et al. (2017)*” used the GPC ICP HR MS technique
to analyze the size distributions of IM molecules from four oils
isolated using the wet silica method. Successive extractions
were carried out, which concentrated larger and more insoluble
compounds containing sulfur (S), vanadium (V), and nickel
(Ni). For the compounds containing Ni and V at the W/O
interface, the same profiles were identified for the four samples
containing high M,, molecules. The sulfur compounds showed
unique profiles for each oil. The authors therefore concluded
that there is a correlation between S-containing aggregates and
the stability of the crude oil emulsion. They also concluded
that high M,, compounds could stabilize these emulsions, and/
or medium and low M,, compounds could help destabilize W/
O emulsions.

The method of Pereira et al. (2014)'” combined
centrifugation and distillation with Dean—Stark glassware to
separate the IM (emulsion phase extracts). The composition of
the IM was obtained by ESI(—) FT-ICR MS and was
correlated with the stability of the emulsions. The authors
identified the N;[H] class (presence of the benzo- and
dibenzocarbazole series with a DBE of 12 and 1S5 and m/z
200—360 and other nitrogen compounds, m/z > 300) as the
most abundant in the crude oil samples and the emulsion
phase extracts. The IMs also showed the O[H] class (phenols)
and acidic components, such as the O,, the O,, the O,S, and
the NO, classes (N;0; and N,0,). They therefore concluded
that compounds with surface activity would have at least one
oxygen atom. They associated the high relative abundance of
the O, and O, classes with greater emulsion stability and
viscosity. And they reported that the high value of the O,/0O,
ratio results in the formation of waxy gel emulsions.

Therefore, it has been shown that a suitable extraction
method combined with a compositional analysis of the IM
generates a satisfactory understanding of the identity of the
important interfacial species in an oil emulsion. In this sense,
the use of the ESI(—) FT-ICR MS is ideal for understanding
which molecules and groups are present and active in the
chemical composition of the IM.”" =’
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Figure 1. Diagram of the fractions obtained by optimizing the centrifugation time and temperature using the Dean—Stark method.

According to the literature, the wet silica method has been
widely explored for the extraction and chemical identification
of IM, while the heavy water method has high complexity, low
yield, and limited reproducibility and is less widely used.”’
Thus, the centrifugation methodology is satisfactorily appli-
cable,'” allowing the isolation of active compounds, which are
responsible for stabilizing the emulsion. The separation of the
oily, aqueous, and emulsion phases facilitates the concentration
of stabilizing components, such as naphthenic acids,
asphaltenes, and n-paraffins, which are essential for the
accurate analysis of these components. Dean—Stark distillation
using xylene contributes to the efficient removal of water from
the emulsion phase, increasing the concentration of polar
compounds and preventing these species from being over-
looked during analysis.

Although still rarely applied, the methodology'” has been
optimized to provide a more detailed understanding of the
composition of interfacial materials, allowing significant
advances in the analysis of their characteristics. The main
innovation of this work consists of evaluating the influence of
time (from 15 to 240 min) and temperature (from 20 to 60
°C) during centrifugation at a rotation speed of 9500 rpm.
This adjustment aims to improve the efficiency of phase
separation, as well as allow the concentration of interfacial
compounds, favoring the migration of polar compounds, and
providing a more precise analysis of IM. The centrifugation
method, by promoting the concentration of species in a single
phase (EPR), followed by the selective removal of water and
solids, is better able to preserve the representativeness of
interfacial species. This includes not only the species that are
directly adsorbed at the interface of the water droplets but also

18775

those located in external adsorption layers, which play an
important role in the stability of the emulsion. With this
optimization, it is hoped to improve understanding of the
mechanisms governing the formation and stabilization of
emulsions, as well as identifying critical compounds such as
naphthenic acids, asphaltenes, and other polar compounds
present at the interface. ESI(—) FT-ICR MS analysis detailed
the characterization of the compounds present, providing
information on their composition and molecular structure.

2. EXPERIMENTAL SECTION

2.1. Sample. This study used a sample of crude oil emulsion
supplied by the Leopoldo Américo Miguez de Mello Research,
Development and Innovation Centre (CENPES/Petrobras - Rio de
Janeiro, RJ, Brazil), previously characterized and used in the
literature.* *'3> The oil was characterized at the Petroleum
Characterization and Processing Laboratory (LCP), located at the
Petroleum Chemistry Competence Center (NCQP-LABPETRO), a
supplementary body to the Exact Sciences Center of the Federal
University of Espirito Santo (UFES).

The crude oil samples were analyzed on a Thermo Fisher Scientific
Trace 1610 chromatograph. Following the methodology adapted from
Coutinho et al,** for crude oil analysis by GC-FID, split injection
(split ratio, 1:20) of 1 uL using a HP-SMS capillary silica column
(Agilent Technologies, Palo Alto, CA) and 5% phenyl—95%
methylsiloxane (30 m, 0.25 mm id.,, 0.25 ym df) was thrown, with
helium (99.99% purity) as the carrier gas at 1.0 mL/min. The GC
oven temperature program was 40 to 320 °C at 6 °C/min and held at
310 °C for 10 min. The injector temperature was 310 °C, and the
detector temperature was 350 °C.

2.2. Reagents. Reagents such as toluene were purchased from
Sigma-Aldrich 99.9%, (St. Louis, MO), xylene (Neon, P.A/ACS), and
methanol (MeOH, 99.9%) was acquired from Vetec Fine Chemicals,
Inc. (Rio de Janeiro, Brazil), and sodium trifluoroacetate (98%,

https://doi.org/10.1021/acs.energyfuels.5c03699
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NaTFA) and ammonium hydroxide (28%, NH,OH) were purchased
from Sigma-Aldrich Chemicals (St. Louis, MO). All reagents used in
the analyses were used as received without any further purification.

2.3. Extraction of Interfacial Material. The extraction of
interfacial material (IM) followed a procedure adapted from Pereira et
al.'” In summary, the emulsified oil was centrifuged at 9,500 rpm to
promote phase separation into a resolved supernatant phase (EPS)
and an unresolved residual phase (EPR). The EPS was carefully
collected by pipetting the upper layer to avoid contamination, and its
clarity was visually inspected to ensure the absence of residual oil
droplets. When turbidity was detected, the fraction was recentrifuged
until a clear phase was obtained. Both the EPS and EPR were
subsequently processed by Dean—Stark distillation, followed by a
second centrifugation to remove salts. Solvent evaporation produced
interfacial material from the EPS (IMS) and EPR (IMR) (Figure 1).
The influence of centrifugation parameters was evaluated by varying
the time (1S to 240 min at 60 °C) and temperature (20 to 60 °C for
120 min), maintaining a constant rotation speed of 9500 rpm.

2.4. ESI(—) FT-ICR MS. Samples were analyzed using a Solarix 7T
FT-ICR MS instrument (Bruker Daltonics, Bremen, Germany), which
was equipped with an electrospray ionization source that operated in
negative-ion mode. Solutions of 0.5 mg/mL in a toluene/methanol
mixture (1:1 v/v) containing 0.1% ammonium hydroxide were
infused directly at a rate of 4 #L/min over an m/z range of 120—2000.
External calibration using NaTFA yielded a resolving power of 8.5—
8.8 X 10° at m/z 400 and a mass accuracy of less than 1 ppm. This
enabled the reliable assignment of molecular formulas for singly
charged ions. Source and acquisition parameters are detailed in the
Supporting Information. The spectra were recalibrated using
homologous alkylated compounds in Data Analysis 4.0 (Bruker),
and the molecular formula assignments were performed with
Composer software (Sierra Analytics) following established petroleo-
mics protocols, " #6450

The mass spectra were processed using an algorithm specifically
developed for signal processing in the Composer software (Sierra
Analytics, Modesto, CA).>" The graphs were generated using the
Thanus software, developed at LaCEM-UFG.**> The elemental
composition was determined from the m/z values obtained from
the mass spectra. The results were represented in distribution plots to
facilitate analysis, including heteroatom compound class distributions,
double bond equivalent (DBE) profiles by relative abundance for
selected classes, carbon number distributions by relative intensity,
DBE versus carbon number plots, and Van Krevelen diagrams. These
visualization tools enable a comprehensive overview of molecular
features and facilitate the interpretation of MS results. The DBE
values, which indicate the degree of unsaturation and hydrogen
deficiency of each compound, were determined following well-
established approaches in the literature.” >® The average molecular
weight (M,,) of the detected species was calculated by the Composer
software based on the relative contribution of individual ion peaks, as
commonly applied in petroleomics and complex mixture analysis.”>*’

3. RESULTS AND DISCUSSION

3.1. Physical and Chemical Properties of Oil. Table 1
summarizes the physical and chemical properties of the crude
oil. Analysis of the crude oil emulsion revealed a high BS&W
content of 54.4% v/v, confirming the predominance of a W/O
(water-in-oil) profile. The presence of high levels of water and
solids is consistent with the formation of highly stable
interfacial films that are difficult to break under conventional
separation conditions. Following dehydration, the residual
water content fell below 0.5% v/v, meeting standard
specifications. The dehydrated oil had an API gravity of 25.6,
classifying it as an intermediate to light crude oil. Furthermore,
the low total acid number (TAN < 0.5 mg KOH g™') indicates
that it is nonacidic. Together, these parameters provide a
physicochemical characterization and can be associated with
the molecular information obtained by FT-ICR MS. This

Table 1. Physicochemical Characterization of Emulsified Oil

properties crude oil emulsion methods
BSW (%. v (v)™%) 544 (0.1) ASTM D4007°
nonemulsified water or free 0.0 gravitational
water (%. v (v)™!) separation'’
sediments (%. v (v)7!) 0.40 (0.05) ASTM D4007**
water content in oil after 0.206 (0.0247) Dehydration"’

ASTM D4377%*
ASTM D5002*
ASTM D1250°¢
ASTM D7042%

dehydration (%. v (v)™")
density at 20 °C (g cm)™®
API degree (°API)
dynamic viscosity 40 °C
(mPa-s)

0.9000 (0.0002)
25.6 (1)

34.949 (0.060)

kinematic viscosity 40 °C 39.443 (0.065) ASTM D7042%
(mm? s)~!

point of maximum fluidity (°C) 9 (3)

total acid number (TAN) 0.389 (0.001)
(mg KOH g)™!

ASTM D5853%
ASTM D664*°

total salinity index (TSI) 3500 (78) ASTM D6470%
(mg NaCl kg)™* 1,45,000 (7426)“
pH in oil dehydration water at 6.39 (0.24) pHmetry
25 °C
pH in oil wash water at 25 °C 6.5 (0.21) pHmetry
surface tension (mN m)~! 27.00 (0.70) pendant drop
interfacial tension (mN m™) vs  6.74 (0.70) pendant drop

deionized water

interfacial tension (mN m™) vs  4.26 (0.12)
formation water

pendant drop

droplet size distribution 4.3 (04) optical microscopy
(DSD) (um)
saturated (S) (% m m)~* 42.29 (0.16) modified ASTM
D2549**
aromatics (A) (% m m)™" 24.98 (0.13) modified ASTM
D2549*#
polars (P) (resins + asphaltenes)  32.72 (0.05) modified ASTM
(% m m)~! D2549**%

“Salt in the dehydration water.

highlights that despite its relatively light and nonacidic nature,
the emulsion exhibits significant stability.

Figure S1 presents detailed information on the composition
using GC-FID profiles, providing a semiquantitative analysis.
Bands corresponding to compounds with n-alkane carbon
atoms ranging from n-C, to n-C;, were observed in emulsified
crude oil, highlighting compounds in the range of n-C; to n-
Cyp- The n-C;; and n-Cig have adjacent peaks known as
pristane/C,, and phytane/C;g (n-C,,/Pr and n-C,3/Ph) that
help in the identification of the other n-paraffins. These
isoprenoid compounds are recognized for their resistance to
biodegradation.***

3.2. Study of the Influence of Centrifugation Time.
3.2.1. Number of Assigned Compounds (ACs) and
Distribution of M,, vs Centrifugation Time. Analysis of the
EPS (Figure S2j—p) and EPR (Figure S2c—i) fractions
revealed the limitations of direct emulsion characterization,
as the high aqueous and salt content caused ionic suppression
in ESI(—) and loss of Gaussian spectral profiles after prolonged
centrifugation (f > 60 min). To overcome these effects,
interfacial material fractions (IMR and IMS) were isolated,
producing more resolved mass spectra with reduced matrix
interferences. IMR fractions (Figure 2c—h) showed an increase
in the number of assigned compounds with the centrifugation
time, while EPS exhibited the opposite trend. These results
indicate a progressive transfer and enrichment of interfacially
active species into the oil—water phases, while M,, remained
essentially constant.
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Figure 2. ESI(—) FT-ICR MS for the samples of (a) crude oil emulsion; (b) crude oil; and (c—h) IM of residue (IMR). The expansions show the
experimental mass values, mass error (in ppm), and the molecular formula of species from the NO,[H] and N[H] classes identified in the m/z

range between 360.10 and 360.24.

Importantly, the IMR behavior confirms that centrifugation
is not only a preparatory step but also a selective approach that
enhances the detection of polar heteroatomic species
associated with emulsion stability. This assertion is consistent
with previous reports showing that interfacial isolates are
chemically distinct from crude oil and enriched in oxygenated
and sulfur-containing compounds,”’ containing a number of
acidic species that contribute to emulsion stability,”® and that
functional isomers play a decisive role in interfacial activity.””
Furthermore, the potential of these enriched fractions to act as
natural demulsifiers has recently been recognized.28 Thus, the
present work aims to use centrifugation and understand how
time and temperature parameters provide insight into how
amphiphilic species migrate and accumulate at the oil—water
interface, advancing the chemical understanding of emulsion
stabilization beyond conventional mass analyses.

Figure 3 presents the distribution of M,, values for the major
heteroatomic classes (N,[H], O,[H], O,[H], N,0,[H],
N,0,[H], and N;O;[H]) as a function of centrifugation
time. In the EPS fractions (Figure 3), a progressive decrease in
M, was observed, particularly for O,[H] and N;0,[H],
suggesting that lighter and more polar molecules preferentially
migrate from the continuous oil phase toward the interfacial
region. In contrast, the EPR fractions (Figure 3) showed nearly

18777

constant M,, values, an effect attributed to ion suppression
caused by the high aqueous and saline content. Once salts and
interferents were removed, the IMR fractions (Figure 3)
revealed a systematic enrichment in higher M, species,
particularly for the O,[H] and N,O;[H] classes, while
N,[H] and O,[H] remained relatively unaffected. This
selective enrichment demonstrates that centrifugation facili-
tates the transfer of acidic and mixed nitrogen oxygen species
(0,[H], N,;0,[H], and N;05[H]) into the interfacial material,
reinforcing their role in emulsion stability.

A notable trend was observed for the O,[H] class
(naphthenic acids, NAs). At short centrifugation times (t =
1S min), low M, NAs (<450 Da) dominated all fractions,
consistent with their high polarity and known interfacial
activity. Their strong presence in IMR highlights their
preferential association with the interfacial layer, corroborating
previous study that identified NAs as key contributors to
emulsion stabilization.> Moreover, the detection of N;O,[H]
compounds exclusively in the IMR and IMS fractions but not
in EPR or EPS suggests a lower migration rate of these species
and a stronger affinity for the dehydrated interfacial layer. This
may reflect a substitution mechanism in which more active
amphiphile compounds displace weaker ones at the droplet
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Figure 4. Class distribution by relative abundance of crude oil emulsion samples and their fractions: (a) EPR, (b) EPS, (c) IMR, and (d) IMS as a

function of centrifugation time obtained from ESI(—) FT-ICR MS data.

interface, as proposed for NAs competing with asphaltenes in

previous reports.

Interestingly, the absence of N;O,[H] species in IMR at
short centrifugation times, despite their presence in crude and

emulsified oils, suggests either a loss during Dean—Stark
extraction or solubilization into the aqueous phase. This
indicates that specific oxygenated nitrogen compounds may
partition away from the interfacial layer, depending on their
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polarity and ionizable functional groups. Collectively, these
findings demonstrate that centrifugation not only separates
phases but also provides a dynamic framework to monitor how
amphiphilic species migrate, concentrate, and stabilize the
water—oil interface, offering molecular-level evidence for
mechanisms long hypothesized in emulsion stability.

3.2.2. Abundance of Classes vs Centrifugation Time.
Figure 4 presents the relative abundance of heteroatom classes
assigned from the ESI(—) FT-ICR MS data of the crude oil
emulsion and its fractions. Nitrogen-containing species
(N,[H]) dominated all samples, confirming their widespread
presence also at the oil—water interface. Oxygenated classes
displayed distinct behaviors: O,[H] compounds were partic-
ularly enriched in IMR, while O;[H] species were more
prominent in EPS and IMS. The competition between O,[H]
and O,[H] in EPR fractions suggests dynamic partitioning,
with naphthenic acids (O,[H]) progressively migrating toward
the IMR fraction. This observation provides evidence that low
molecular weight naphthenic acids exert a direct effect on
interfacial tension, while high molecular weight species
stabilize emulsions through secondary mechanisms.” In
contrast, the weaker polarity and nonionic nature of the
O,[H] species likely reduce their affinity for the aqueous
phase, favoring their persistence in EPS and IMS. Overall,
these results highlight that centrifugation-based isolation not
only separates phases but also discriminates between molecular
classes according to their interfacial activity, providing
mechanistic insight into how nitrogen- and oxygen-containing

species contribute to emulsion stability, in addition to
considering the oil as a whole.

The heteroatom class distributions highlight the selective
enrichment of amphiphilic species at the oil—water interface
under centrifugation. The EPR fractions contained mixed
nitrogen, oxygen, and sulfur species (N,O;[H], N,O;[H],
N;0,S,[H]) not detected in the crude oil or emulsion,
indicating the formation or preferential retention of these
classes in the unresolved emulsion residue. A slight decrease in
the level of O,[H] with time in EPR suggests progressive
transfer of NAs toward the interfacial layer. In contrast, IMR
fractions exhibited a marked enrichment of polar and mixed
classes (N,O,[H], N;0,[H], and O,[H]) and the appearance
of new heteroatomic groups (O;[H], N;O;[H], and O5S,[H]),
while EPS and IMS fractions showed a corresponding
reduction. This compositional shift confirms the migration of
oxygenated and nitrogen oxygen species to the interface,
consistent with their higher polarity and interfacial activity.
Interestingly, the persistence and increasing abundance of the
N,[H] class in EPS and IMS with centrifugation time indicate
that these species remain largely bulk-associated and play a
minor role in interfacial stabilization compared with oxy-
genated and mixed heteroatomic compounds. Overall, these
trends demonstrate that centrifugation selectively drives the
accumulation of interfacially active classes into IMR, providing
molecular-level evidence of their role in emulsion stability.

3.2.3. DBE vs Centrifugation Time. Figure 5 shows that the
DBE distributions of the major heteroatom classes provide

https://doi.org/10.1021/acs.energyfuels.5c03699
Energy Fuels 2025, 39, 18773—18790


https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03699?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03699?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03699?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c03699?fig=fig5&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c03699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Interfacial Material of residue

NO Class
(a) Em Crude oil emulsion

. Crude Oil
36.0 Q B MR - 15 min

. IMR - 180 min

=

3 IMR - 30 min
Faro ’ oH IMR - 60 min
5 | N B IMR - 90 min
2 18.0 H N MR - 120 min
H DBE = 10

3

o«

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
DBE

NO, Class
(C) aso; o = Crude oil emulsion
, Crude Oil

F36.0 ‘ . MR - 15 min

Y IMR - 30 min
S270 O N IMR - 60 min

3 H = IMR - 90 min
<180 Ho™ "o . MR - 120 min

£ DBE=10 == IMR - 180 min

€ 9.0

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
DBE

NO; Class .
IMR - 30 min

IMR - 60 min
B IMR - 90 min
B MR - 120 min
. (MR - 180 min

N W
N [
° °
= ©
o
(=]
zz
2

-
»
°

Relative Abundance (%)

4
°

4
°

5 6 7 8 9 10 1" 12 13 14 15 16 17 18
DBE

Interfacial Material of supernatant

(b) 45.0 R NO Class W Crude oil emulsion
. Crude Oil
F360 O . MS - 15 min
s O IMS - 30 min
§270 0 IMS - 60 min
5 Q = IMS - 90 min
2 180 . oM . MS - 120 min
£ |u = IMS - 180 min
K} 00 DBE=18 . IMS - 240 min

e
e

4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
DBE

(d)

4.0 R Noz Class Bl Crude oil emulsion
, Crude Oil
F36.0 ‘ . (MS - 15 min
g IMS - 30 min
§27.0 O N IMS - 60 min
_§ H mm IMS - 90 min
<180{ HOTO = (MS - 120 min
£ DBE = 10 = IMS - 180 min
s "
& 9.0 = IMS - 240 min
0.0° 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
DBE
45.0 NO, Class
(f) W Crude oil emulsion
R OH §
% 36.0 Crude Oil
% 36.
- N . IMS - 15 min
g H IMS - 30 min
2 2701 4o So IMS - 60 min
2 DBE =7 = IMS - 90 min
¢ 18.0 VS - 120 min
k] = IMS - 180 min
& 9.0 = (MS - 240 min
0.0l ll b la

5 6 7 8 9 10 11 12 13 14 15 16 17
DBE
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and the IMR and IMS fractions.

molecular evidence of selective enrichment of aromatic and
oxygenated compounds at the oil—water interface.

In both IMR and IMS, N;[H] species were dominated by
benzocarbazoles (DBE 12) and dibenzocarbazoles (DBE
15),°*7°" indicating that highly aromatic nitrogen compounds
are preferentially concentrated in the interfacial material. The
O,[H] class, corresponding to naphthenic acids (DBE 1—11),
exhibited two distinct trends: linear carboxylic acids (DBE = 1)
were most abundant at short centrifugation times, suggesting
rapid migration to the interface, while polyaromatic acids
(DBE > 5) accumulated more gradually, reflecting their slower
transfer and stronger interfacial association.”” In IMS, the
relative abundance of low-DBE acids was reduced, reinforcing
that these compounds preferentially partition into the IMR.

Phenolic-like O,[H] s.pecies60 were detected over a broad
DBE range (4—16), with enrichment at DBE = 4—6 in IMR,
consistent with the accumulation of hydroxylated aromatics at
the interface. Notably, nonphenolic species (DBE = 1-3),
absent from crude oil and emulsion spectra, appeared
exclusively in IMR and IMS and increased with centrifugation
time. Their presence indicates that centrifugation enhances the
detection of amphiphilic compounds otherwise suppressed by
matrix effects in the mass spectrometry analysis. Collectively,
these results confirm that centrifugation selectively concen-
trates aromatic N compounds, naphthenic acids, and phenolic
species at the emulsion interface, demonstrating their key role
in lowering the interfacial tension and strengthening the
interfacial films.

Figure 6 analysis of N;O,[H], N,O,[H], and N,O;[H]
classes (DBE ranges of 5—24, 5—19, and 6—17, respectively)
revealed clear differences in their interfacial behavior.

In IMR, both N;O,[H] and N,;O;[H] species were
progressively enriched at high DBE values (>11-12),
consistent with the accumulation of highly aromatic and
heteroatom-rich compounds at the interface, while N,O,[H]
remained relatively constant. In contrast, the O,[H] species,
which include low M,, carboxylic acids, migrated more rapidly
due to their polarity and mobility, whereas the more
unsaturated and aromatic N;O,[H] and N,O;[H] classes
exhibited stronger adsorption at the interface. This behavior is
consistent with the well-established role of acidic and
polyaromatic compounds in emulsion stabilization, where
ionic groups promote strong interactions with water droplets
and heavier, polyunsaturated molecules contribute to colloidal
aggregation, similar to asphaltenes and resins. Notably, the
N,0;[H] class (DBE ~ 10) contains both acidic and phenolic
functionalities, suggesting that these multifunctional species act
synergistically to reduce interfacial tension and reinforce
interfacial films. Collectively, these findings confirm that both
low M,, acids and high DBE heteroatomic species cooperate in
stabilizing emulsions: the former by lowering interfacial
tension and the latter by enhancing the rigidity of the
interfacial layer.***

3.2.4. Number of Carbons (#C) vs Centrifugation Time.
Figure 7 shows the carbon number distributions (#C) of the
O,[H] species that provide additional evidence for the
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selective enrichment of NAs at the oil—water interface. Linear abundance at C;4—Cg consistent with the prevalence of
acids (DBE = 1) dominated both IMR and IMS, spanning medium-chain carboxylic acids at the interface. Monocyclic
wide #C ranges (Cy—Cyq_s4) but showing a maximum relative acids (DBE = 2) exhibited similar maxima at C,4—C;g, which

18781 https://doi.org/10.1021/acs.energyfuels.5c03699
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correspond to fatty acids such as palmitic and stearic acid,
reported as possible contaminants in petroleum systems.
Nevertheless, the persistence of these species across both IMR
and IMS fractions, with increasing relative abundance of Ci4

61

18782

compounds at early centrifugation times (15—30 min),
suggests that amphiphilic carboxylic acids are rapidly mobilized
toward the interfacial layer. This behavior highlights the dual
role of O,[H] species: lower-carbon, linear acids migrate
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quickly and contribute to interfacial tension reduction, while
cyclic and higher-carbon members accumulate more slowly,
potentially reinforcing interfacial stability.

3.2.5. DBE vs #C Ratio as a Function of Centrifugation
Time. The DBE is vs. #C graph for O,[H] class compares the
crude oil emulsion and crude oil samples with the IMR
samples as a function of centrifugation time, Figure 8. Table S2
of the Supporting Information shows the range of #C and DBE
observed.

The comparison of IMR fractions across centrifugation
times (15 and 240 min) demonstrates that extended separation
increases the chemical diversity of interfacial naphthenic acids,
with the #C range expanding from Cy—C,; to Cy—Csg and
DBE values from 0—8 to 0—18. At intermediate times (30—
180 min), the most abundant species remained concentrated at
Cis—C,s with DBE = 1, consistent with saturated fatty acids,
such as palmitic and stearic acids. The progressive enrichment
of higher-carbon, low-DBE species at longer centrifugation
times suggests a preferential migration of saturated carboxylic
acids toward the interfacial layer, reinforcing their role as
dominant contributors to interfacial activity. This behavior
corroborates previous reports that identified saturated fatty
acids, phenols, carbazoles, and indoles as interfacial compo-
nents in petroleum and related organic matrices.®>”%*
Furthermore, O,[H] acids with a DBE of 1 were consistently
enriched in IMR, confirming their strong partitioning from
maltene and asphaltene fractions to the interface. For species
with DBE < 10, our data suggest the presence of up to nine
conjugated monocyclic rings,’'~®* indicating that more
complex aromatic structures coexist with low M, acids to
stabilize the interface. Collectively, these results demonstrate
that centrifugation does not merely concentrate pre-existing
acids but dynamically modulates the enrichment of both
saturated and aromatic O,[H] species, providing mechanistic
evidence of their role in interfacial film formation.

18783

Figure 9 shows the DBE distribution for the O,[H] class. It
reveals an enrichment of phenolic-like species (DBEs 4—5) in
IMR samples from 15 to 180 min. This suggests that polar
functionalities, such as alcohols and phenols, progressively
migrate to the interface. However, alcohols are poorly ionized
under ESI(—) conditions.”’ After 30 min, additional low-
abundance compounds with DBE < 4 were detected, which
may correspond to aldehydes, ethers, and ketones. This
indicates that longer centrifugation times favor a broader
diversity of oxygenated functionalities. The N;O,[H] class
(Figure 10) showed an increase in both the DBE and carbon
number ranges with longer centrifugation times. This
reinforces the selective accumulation of highly aromatic and
polar mixed N/O species at the interface. These observations
are consistent with the enhanced chemical diversity in the
interfacial material. However, we acknowledge that using only
ESI(—) mode may underestimate neutral oxygenates, such as
aldehydes and ketones, which are more efficiently detected by
APPI(+) or derivatized ESI(+) approaches.65 Although APPI
is more effective at ionizing neutral oxygenates (e.g., aldehydes
and ketones) that are under-represented in ESI, both
techniques consistently show an enrichment of O,[H] acids
and mixed N/O classes in the interfacial fractions. This
agreement indicates that the observed compositional trends are
not side effects of the ionization factor but reflect unique
interfacial processes.

Unlike the O,[H] class, which displayed relatively narrow
distributions (Table S2), the N,;O,[H] class (Figure 10)
exhibited broader ranges (#C = 12—40, DBE = 5-15),
indicating the selective migration of more aromatic and polar
molecules to the emulsion interface. A similar pattern was
observed for the N;O5[H] class (Figure SS), with distributions
extending from #C = 20—42 and DBE = 5—12, especially with
longer centrifugation times (60—120 min). The broadening of
the #C and DBE ranges with centrifugation reflects the
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progressive enrichment of multifunctional nitrogen—oxygen
species that likely interact strongly with the interfacial film
through a combination of polarity, aromaticity, and hydrogen-
bonding capacity.

These results emphasize that prolonged centrifugation not
only concentrates classical amphiphilic acids but also increases
the chemical diversity of the interfacial material by mobilizing
highly aromatic heteroatomic compounds. This diversity is to
be expected since the composition of interfacial films is
inherently heterogeneous and varies with droplet surface area,
adsorption kinetics, the availability of amphiphiles, and the
solubility of individual species in the surrounding medium.”"**
Together, this evidence highlights molecular-level information
that centrifugation captures the dynamic and heterogeneous
nature of interfacial material formation, which extends beyond
the static compositional profiles obtained from mass
spectrometry analyses.

3.2.6. Van Krevelen Diagram vs Centrifugation Time. Van
Krevelen’s analysis of N,O,[H] species®®®” further highlights
the selective enrichment of mixed nitrogen—oxygen com-
pounds at the emulsion interface. Figure 11 presents the IMR
fraction. Note that the N;O,[H] class was absent after 15 min
but increased steadily thereafter. The N;O;[H] species
emerged after 30 min. These trends are consistent with the
DBE vs #C plots and indicate the progressive migration and
accumulation of multifunctional heteroatomic species in the
interfacial residue. In contrast, IMS (Figure 12) and mass
fractions retained higher relative abundances of N,O,[H]
species during the early stages of centrifugation (15—60 min),
suggesting that these compounds initially partition into the
dispersed aqueous phase before concentrating at the interfacial
layer. Together, these results show that centrifugation captures
the dynamic partitioning of the nitrogen and oxygen classes.

3.3. Study of the Influence of Centrifugation Temper-
ature. 3.3.1. Influence of Centrifugation Temperature on AC

and M,,. Figure 13 shows how the centrifugation temperature
significantly affects the accumulation of interfacial material in
the IMR fractions. As the temperature increased, so did the
number of assigned compounds (ACs) in the IMR fraction.
The highest number of ACs was observed at 60 °C (3706),
and the lowest number was observed at 20 °C (1179). This
trend underscores the importance of temperature in facilitating
the migration of interfacially active species into the unresolved
phase. Compounds that were previously suppressed in the EPR
fraction only became detectable after water was removed. The
temperature-dependent increase in AC in the IMR fraction is
consistent with the findings of earlier studies suggesting that
higher temperatures reduce emulsion viscosity, thereby
promoting the migration of suspended species to the interfacial
phase.®~7°

Conversely, a significant reduction in AC was observed in
the EPR fractions at higher temperatures (EPR 20 °C: 2,691;
EPR 60 °C: 1,875), likely due to the ion suppression effect
discussed in Section 3.2. Removing water and salts from the
EPR and EPS phases at higher temperatures improves the
ionization efficiency, enhancing the detection of polar and
amphiphilic species in the IMR and IMS fractions. This
temperature-driven dynamic illustrates how centrifugation
separates phases and modulates the partitioning of interfacial
species.

3.3.2. Abundance of Classes vs Centrifugation Temper-
ature. The influence of the centrifugation temperature on the
chemical profile of the interfacial material revealed distinct
behaviors across the fractions. IMS showed relatively little
variation in the number of assigned compounds, whereas IMR
displayed a consistent increase and reached higher AC values
than the crude oil, emulsified oil, and emulsified crude oil. For
EPR, increasing the temperature reduced M,, values across all
classes, reflecting ion suppression and the loss of polar
compounds to the aqueous/saline phase. Conversely, the
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Figure 13. Mass spectra of the (a) crude oil emulsion and (b) crude oil and its (c—g) IMR as a function of centrifugation temperature acquired by

ESI(—) FT-ICR MS.

IMR exhibited higher M,, values with increasing temperature,
particularly for the corresponding regions O,[H], N,O,[H],
and N,;O,[H]. This indicates that elevated temperatures
facilitate the migration of heavier, more polar amphiphiles to
the interfacial layer.

Figure S9 shows that the class distributions confirmed that
N,[H] dominated all samples, followed by those of O,[H] and
O,[H], consistent with the time-dependent study. However,
temperature exerted a stronger influence on O,[H] (naph-
thenic acids), which increased steadily in both EPR and IMR.
This suggests that these acids preferentially partition into the
unresolved phase at higher temperatures. Conversely, other
heteroatomic classes (e.g, N;O;[H], O;[H], and N;S,[H])
appeared in the IMR but did not increase in relative abundance
with temperature. This highlights that temperature enhances
the migration of simpler oxygenated acids rather than complex
mixed species. Overall, these results demonstrate that, while
temperature modulates the mobility of naphthenic acids and
certain polar compounds during centrifugation, its effect on
highly aromatic or multifunctional species is less pronounced.

3.3.3. DBEs vs Temperature Influence. Figure S11 of the
Supporting Information shows that the DBE distributions
confirm that the enrichment of oxygenated and mixed

heteroatomic species at the oil/water interface is selectively
modulated by centrifugation parameters. For most classes
(N,[H], O,[H], and O,[H]), the DBE profiles remained
constant. However, for O;[H], DBE species (1—3) emerged in
IMR and IMS. This is consistent with the migration of
aldehydes, ketones, and ether derivatives to the interfacial
material. Within the O,[H] class, both DBE naphthenic acids
(1-2) and higher-DBE (12—14) naphthenic acids were
enriched in IMR and IMS. This reinforces their dual role as
rapidly migrating acids that lower interfacial tension and as
more aromatic acids that contribute to film rigidity.

Mixed nitrogen oxygen classes (Figure S12) exhibited
similar trends under time and temperature variations.
N,0,[H] species with DBEs of 12—19 increased systematically
in IMR as the temperature of the centrifugation increased,
while N;O;[H] compounds were detected only at 60 °C,
spanning DBE values from 6 to 17. These results demonstrate
that, similar to longer centrifugation times, elevated temper-
atures promote the migration and accumulation of strongly
polar, aromatic, multifunctional species at the interface. The
consistency between time- and temperature-dependent experi-
ments highlights that centrifugation selectively enriches
oxygenated and N/O-containing amphiphile compounds in
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Table 2. Trend in Relative Abundance of Classes as a Function of Increasing Centrifugation Time and Temperature for EPR,

EPS, IMR, and IMS Fractions”

classes
factors samples N;[H] N,[H] O,[H] O,[H] O;[H] N,0,[H] N,0,[H] N,0;[H] N,0,[H] N,;S[H] N,S,[H] N;0,S[H] 0;8,[H]

time EPR XX + - + nsd + - nsd + nsd XX XX nsd
EPS + - - - nsd - - nsd XX — XX nsd nsd
IMR XX - XX + + XX + + + nsd XX - +
IMS + - + + nsd - + + + + XX nsd nsd

temperature EPR - — XX + nsd XX + nsd - nsd nsd XX nsd
EPS XX XX XX + nsd XX XX nsd nsd XX XX nsd nsd
IMR - + - + - + + + XX nsd XX - XX
IMS XX XX XX XX nsd - + + XX XX XX nsd nsd

“+: tends to increase; —: tends to decrease; nsd: no significant detection; xx: no defined trend.

the interfacial material. This provides insight into the
molecular basis of emulsion stability.

3.3.4. #C vs Temperature Influence. Temperature also
modulated the partitioning of naphthenic acids (Figure S13)
into the interfacial fractions. Linear (DBE = 1) and cyclic
(DBE = 2) NAs, which are dominated by C;; and Cq
compounds, were consistently enriched in the IMR and IMS,
indicating the rapid migration of medium-chain carboxylic
acids to the interface. Although some of these species may
correspond to fatty acid contaminants,®”’" their persistence
under all conditions suggests that amphiphilic carboxylates
play a key role in interfacial activity. In addition to NAs, the
N,05[H] class with DBE ~ 15 also exhibited temperature-
dependent migration. The #C broadened from C;y—Cj; at 20
°C to Cy—C,, at 60 °C. This expansion reflects the increased
mobility of N/O-containing multifunctional aromatic species
at elevated temperatures and reinforces the idea that
temperature facilitates the enrichment of simple acids and
complex heteroatomic compounds in interfacial material. They
thus demonstrate that centrifugation at higher temperatures
not only increases the abundance of interfacially active species
but also expands their chemical diversity, thus strengthening
the molecular basis for emulsion stability.

3.3.5. DBE and #C vs Centrifuge Temperature for Class O,
[H]. The effect of the centrifugation temperature on DBE vs.
#C (Figure S16) reveals a broader chemical diversity of the
interfacial material at elevated temperatures. For the O,[H]
species, the IMR fractions exhibited a progressive widening of
the #C value compared to the crude and emulsified oils. The
maximum was centered on C,—C;, (DBE = 1), which
indicates an enhanced detection of naphthenic acids at higher
temperatures. Similar behavior was observed for the N,;O,[H]
and O,[H] classes. The range of detected compounds
expanded significantly at 60 °C (up to DBE = 20 and Cg,—
Cso), suggesting that higher temperatures promote the
migration of more aromatic and polar amphiphiles into the
interfacial phase. In contrast, N;O;[H] species were detected
only under high-temperature conditions, which is consistent
with their stronger adsorption and lower mobility at the
interface.

The intensity of the N;O,[H] species increased markedly in
the IMR at 60 °C. The IMS fractions exhibited greater
aromaticity with increasing temperature, as reflected by lower
H/C ratios.

3.3.6. Van Krevelen Diagram vs Centrifuge Temperature
for Class NXOy[H]. Figures S20 and S21 of the Supporting
Information show that Van Krevelen analysis confirmed that
increasing the temperature of centrifugation enhances the

migration of mixed nitrogen oxygen species to the interfacial
layer. In the IMR, N,O,[H] compounds became progressively
more abundant at higher temperatures, indicating that these
polar amphiphiles migrate faster at elevated temperatures. In
IMS, higher aromaticity was observed at 60 °C, as reflected by
lower H/C ratios. This is consistent with the preferential
enrichment of aromatic, oxygenated, and nitrogen—oxygen
species at the interface.

Table 2 shows that the classes most sensitive to
centrifugation parameters were N;[H], N,[H], O,[H],
0,[H], O;[H], N,0,[H], N;0,[H], N;05[H], and
N,O,[H]. In contrast, sulfur-containing species such as
N;S,[H], N,S,[H], and O5S,[H] showed no consistent
response. Notably, the abundance of N;O,S,[H] decreased
with increasing time and temperature, contrary to previous
reports which described sulfoxide-containing classes (e.g., O,S)
as key contributors to emulsion stability due to their ability to
form hydrogen bonds and interact with asphaltenes to produce
stable interfacial films.””’>”® The crude oil evaluated here
showed only a limited representation of such sulfoxide classes
yet still formed stable emulsions. This suggests that other
heteroatom classes, particularly oxygenated species and mixed
N/O species, can compensate for the absence of sulfoxides.
This highlights the complex and system-specific nature of
interfacial stabilization. The lack of sulfoxide diversity may be
attributed to the crude oil's different oxidation state and
geological origin compared to that of the crude oils
investigated in earlier studies, which directly examined isolated
asphaltenes.”””*

The behavior of heteroatom classes under centrifugation
emphasizes the distinct contributions of nitrogen- and oxygen-
containing species to interfacial stability. N,[H] compounds
increased in EPS and IMS over time but decreased in EPR and
IMR at higher temperatures. This suggests that they have weak
polarity and limited affinity for the interface compared to
oxygenated acids.”**”’*> Conversely, the abundance of the
N,[H] class increased in EPR and IMR over time and at higher
temperatures, consistent with greater structural complexity and
hydrogen-bonding capacity enhancing their interfacial activity.

For the oxygenated classes, the O;[H] (phenolic-like
species) class showed limited variation, indicating secondary
interfacial activity. Their ability to form hydrogen bonds and
m—m stacking interactions may contribute to film rigidity;
however, this association appears to be weakened at elevated
temperatures due to reduced steric hindrance from wax-like
components.’” The O,[H] class (naphthenic and carboxylic
acids) exhibited an opposite trend, becoming clearly enriched
as time and temperature increased. In this class, low M,, acids
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dominate initial adsorption, while larger, more complex acids
integrate into the interfacial film and confer viscoelastic and
gel-like properties.'”°*7>”* O, species displayed intermediate
behavior, increasing with time but decreasing at higher
temperatures, consistent with fragile adsorption.

Mixed N,O,[H] classes also accumulated in IMR over time
and at higher temperatures, albeit with slower kinetics than
O,[H], which supports the preferential migration of small
acids. Notably, sulfoxide-containing classes (e.§., 0,S), which
are often reported to be critical for stability,””’*’> were absent
in this oil; yet emulsions remained highly stable for months.
This suggests that interfacial stabilization depends on the
system, with oxygenated species being consistently important
but expressed through different functional groups (e.g., fatty
acids, naphthenic acids, diacids, asphaltene- or resin-bound

. 1\ 17,74,76-78
acids).'”"®

4. CONCLUSIONS AND PERSPECTIVES

This study used ESI(—) FT-ICR MS to provide molecular-
level evidence of the influence of centrifugation parameters on
the composition of the interfacial material in crude oil
emulsions. Rather than being a static extract, it was
demonstrated that IM is a dynamic fraction whose
composition evolves over time and at different temperatures.
This process involves the selective enrichment of naphthenic
acids, phenolic compounds, and mixed nitrogen—oxygen
species at the oil—water interface. Low-DBE carboxylic acids
migrated rapidly, thereby lowering the interfacial tension;
meanwhile, higher-DBE and more aromatic species accumu-
lated more gradually to reinforce the interfacial film. These
results highlight the distinct kinetic and thermodynamic
contributions to interfacial stabilization, demonstrating that
multiple chemical pathways can sustain emulsion stability even
in the absence of sulfoxide classes that are traditionally
considered essential.

By clarifying the roles of specific heteroatomic classes in
interfacial enrichment, this work advances our mechanistic
understanding of emulsion stability, providing a framework for
evaluating how crude oil composition and processing
conditions govern the formation of persistent emulsions.
Such insights could inform the development of improved
water—oil separation strategies and guide the design of more
effective demulsification technologies, with direct implications
for oil production and processing efficiency.
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