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Abstract
Some petroleum molecules with interfacial activity play a fundamental role in stabilizing water-in-crude oil (W/O) emulsions, 
leading to significant flow assurance challenges during oil production and thus are the focus of this study. Using the wet 
silica method, three crude oils from Brazilian fields were fractionated into two fractions: one containing the interfacially 
active molecules (IM) and the other containing the non-interfacially active molecules (the so-called clean up (CU) fraction), 
which are adsorbed onto silica in this method. Nuclear Magnetic Resonance (NMR) essays of the oils provided the molecular 
parameters, such as average linear chain length, bridgehead carbons and aromatic hydrogens. The characterization of IMs, 
CUs and their parent oils by high resolution and precision mass spectrometry (FT-ICR MS) showed the influence of total acid 
number (TAN) in the percentage of  O2[H] class found, but no clear differences were found between the chemical composition 
of the IMs isolated. The IMs were rich in  O3S[H] class, presumably of natural origin. The characterization results and the 
dynamic surface tension measurements can help in the development of chemical products with high performance in the 
treatment of W/O emulsions.

Keywords Water-in-crude oil emulsions · Interfacially active molecules · ESI( ±)FT-ICR MS · NMR

Introduction

During crude oil production, a considerable amount of water 
is inevitably produced, leading to the formation of water-
in-crude oil (W/O) emulsions and, in some cases, severe 
production losses. The presence of water in crude oil will 
also reduce the quality of the crude oil itself, increase the 
operating costs due to the need to separate emulsions, lead 
to corrosion problems, and also can cause contamination 

of catalysts used in the refining process (Wong et al. 2015). 
Indeed, variations in production parameters such as tem-
perature, pressure, pH and water cut affect the partitioning 
of surfactant molecules present in the W/O system, such 
as naphthenic acids in produced water (Bertheussen et al. 
2018). The results of different studies suggest that con-
stituents of crude oil, such as resins, naphthenic acids, and 
asphaltenes, are the main components of crude oil responsi-
ble for the formation of robust interfacial films that stabilize 
W/O emulsions (Czarnecki et al. 2012; Spiecker et al. 2003; 
Mahavadi et al. 2022; Facanali et al. 2021; Tchoukov et al. 
2014; Ese and Kilpatrick 2004; Li et al. 2023). The stability 
of an emulsion mainly depends on the interaction between 
dissolved or colloidal particles in both phases, from sur-
factants, fine solids, polymers and electrolytes. Emulsions 
are stable due to the existence of small drops of the dispersed 
phase and the presence of an interfacial film that surrounds 
the drops (Ese and Kilpatrick 2004). Furthermore, there 
is clear evidence of a multi-factor synergistic emulsifica-
tion stabilization mechanism (Li et al. 2022). Despite this 
multi-factor stabilization mechanism, from a thermodynamic 
point of view, emulsions are unstable systems, since there 
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is a natural tendency for a liquid–liquid system to separate 
and reduce its interfacial energy. Effective ways to treat 
W/O emulsions demand a deep knowledge of the chemi-
cal structure of molecules responsible for stabilizing them. 
Understanding the properties of oil–water interfacial films 
as well as the molecules involved in emulsion stabilization 
provides fundamental insights into the design and synthesis 
of specialty chemical emulsifiers and demulsifiers, even for 
unconventional oil reserves (about 70% of total world oil) 
such as heavy oil, oil/tar sands and shale oil (He et al. 2015).

On the other hand, the low content (1%wt) of interfacially 
active molecules in the W/O emulsions interface (IM) 
makes it difficult to elucidate the chemical composition 
from its varied, complex matrix (Lalli et al. 2017). Thus, 
the characterization of those species includes the application 
of preliminary methods for IM isolation.

Over the years, many methods have been used for the 
isolation of fractions containing petroleum components 
with interfacial affinity, including centrifugation at different 
rotation speeds, times and temperatures, and with different 
extraction techniques, such as the heavy water method, the 
Wu method (which also involves a centrifuge step (Wu 
2003)) and sequential redissolution of asphaltenes dispersed 
in polytetrafluoroethylene granules (Schabron et al. 2010). 
All these methods have in common the fact that they are 
laborious, difficult, or impractical for the generation of 
sufficient quantities of IM (tens of milligrams) that are also 
free from petroleum compounds without interfacial activity. 
In some cases, the loss of volatiles during IM isolation is an 
additional problem, making it difficult or impossible to use 
the method on medium and light density oils.

Jarvis et al. (2015), proposed an IM separation method 
called the wet silica method, considered by the authors as 
fast, easy to implement, efficient and applicable to light, 
medium and heavy oils, in addition to being scalable. 
The authors added IM that had been isolated by the wet 
silica method to a model system; such addition effectively 
resulted in the formation of a stable emulsion for the model 
system, validating the method. Lalli et al. (2017) added a 
standard mixture of alkylbenzenesulfonates (surfactants) to 
the oil, reaffirming the efficiency of the wet silica method 
(the IM obtained by the wet silica method was rich in such 
surfactants). Due to these characteristics, the wet silica 
method was chosen in the present work, notably because 
of its potential to generate quantities of IM greater than 
10 mg and free from significant amounts of contaminants. 
Similarly, Silva et al. (2020) applied the wet silica technique 
for IM extraction from crude oil samples of Brazilian 
fields. The authors observed a significant reduction in the 
interfacial tension values of the IM fraction in relation to 
its original oil, in a brine/organic solution model system. 
The characterization of the IM by Fourier transform infrared 
spectroscopy (FTIR) and proton nuclear magnetic resonance 

(1H NMR) revealed the polar and aromatic character of the 
IM fractions, adsorbed onto the hydrophilic surface of the 
silica particles, and the predominance of hydrocarbons in the 
fraction containing the non-adsorbed molecules. The Fourier 
transform ion cyclotron resonance mass spectrometry 
(FT-ICR-MS) data showed that most of the acid classes in 
the IM were dependent on the corresponding oil sample and 
were independent of the solvent system.

Due to the complexity and variety of different crude oils, 
much research is still necessary to identify the chemical 
structure of the IM to allow structure–property correlation 
and advances in the optimization of the petroleum production 
process. In this study, the wet silica method introduced by 
Jarvis et al. (2015) was applied to the isolation of IM from 
two medium oils (Oil 1 and Oil 2) and one heavy crude oil 
(Oil 3) from Brazilian fields to understand their role in crude 
oil emulsion stability.

Materials and methods

Materials

Crude oil samples were supplied by PETROBRAS. 
Reagent grade toluene, methanol, n-heptane, formic acid 
and ammonium hydroxide were purchased from Vetec 
Química Fina Ltd., Rio de Janeiro, Brazil. Chromium-(III) 
acetylacetonate (∼98%), arginine (≥ 98), carbon disulfide 
(≥ 99.9), and  C2Cl4 (≥ 99%); were obtained from Sigma-
Aldrich-Merck. Chloroform-D (D, 99.8%) was obtained 
from Cambridge Isotope Laboratories. NaCl and  CaCl2 were 
obtained from Sigma Aldrich, San Luis, USA. All chemicals 
were used without further purification.

Methods

Crude oil assay

The separation of the saturate, aromatic, resin and asphaltene 
fractions (SARA analysis) was carried out using a modified 
version of the thin layer chromatography-flame ionization 
detection (TLC–FID) method. In this procedure, asphaltenes 
were separated and quantified by the ASTM D6560-17 
method. Another portion of the same petroleum sample was 
separated by microdistillation into < 260 °C and > 260 °C 
fractions. Supercritical fluid chromatography using carbon 
disulfide separated the < 260 °C fraction into saturates (S1) 
and aromatics (A1). In parallel, the > 260 °C fraction was 
fractionated by TLC–FID into the heavier saturates (S2), 
aromatics (A2), and the polar compounds (P). S1 + S2 
corresponded to the saturates, A1 + A2 to the aromatics, and 
the polar compounds minus the asphaltenes corresponded 
to the resins. API gravity and density, total acid number 
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(TAN) value and water content were determined according 
to the methods ISO 12185–96, ASTM D664-18 and ASTM 
D4377-20, respectively.

Dynamic surface tension

NaCl and  CaCl2 were used to prepare four saline solutions 
with different concentrations and pHs as follows: Brine 1) 
2 g   L−1 of  CaCl2 and 50 g  L−1 of NaCl, pH 6; Brine 2) 
2 g  L−1 of  CaCl2 and 50 g  L−1 of NaCl, pH 8; Brine 3) 5 g.
L−1 of  CaCl2 and 110 g  L−1 of NaCl, pH 6; Brine 4) 5 g  L−1 
of  CaCl2 and 110 g  L−1 of NaCl, pH 8. Deionized water 
was obtained through a Thermo Scientific Nano PureTM 
purification system with a resistivity of 18.2MΩ  cm−1 at 
25 °C. The pH of the solutions was adjusted with 0.1 M 
NaOH solution. The brines were prepared to study both 
the effect of salinity and the effect of pH at the water–oil 
interface. All measurements were performed at a fixed 
temperature of 23 ± 0.1 °C. The salt content and pH of the 
brines are shown in Table 1.

The dynamic interfacial tension of water in crude oil 
was measured using the pendant drop technique (Berry 
et al. 2015) on a tensiometer (Attension Theta, BiolinSci-
entific, see Fig. 1a) to elucidate the adsorption kinetics of 

active interfacial materials at the water/oil interface. A 22 
gauge hook needle was connected to a 200 µL Hamilton 
syringe and filled with a 10 g  L−1 oil/toluene solution. The 
syringe was then fixed above a cubic, quartz cuvette filled 
with deionized water and different brines (Fig. 1b). A drop 
of oil with an approximate volume of 18 µL was generated 
through the needle, which was immersed in the aqueous 
phase while the drop remained attached to the needle. The 
interfacial tension (IFT) recording was calculated according 
to the Young–Laplace equation, and videos were recorded 
using the equipment software. Laplace's Eq. (1) relates the 
change in surface pressure separating two distinct liquids to 
molecular bonding forces. In its most general form, it can 
be expressed as:

where Δp is the change in pressure between the surfaces, γ 
is surface tension and R is the two-perpendicular radius of 
curvature. Therefore, the smaller the drop radius, the greater 
the pressure difference of its surface. The Young–Laplace 
equation also reveals that liquids with concave surfaces (i.e., 
a negative radius of curvature) have lower pressures com-
pared to flat surfaces (an infinite radius of curvature), and 
that both these types of surfaces have lower pressures than 
convex surfaces (with a positive radius of curvature).

Nuclear magnetic resonance (NMR)

Solution-state 13C NMR spectra were recorded at 9.40 T on 
an Agilent 400 NMR spectrometer, operating at 100.44 MHz, 
using a 10 mm probe. Samples were dissolved at 20 wt % 
in 0.05 M chromium (III) acetylacetonate (as the relaxation 
agent) in chloroform-D  (CDCl3). The following experimental 
conditions were used: 25.0 kHz spectral width, 10.2 μs (90°) 

(1)Δp = �(1∕R1 + 1∕R2)

Table 1  Saline solution compositions

*pH was adjusted with 0.1 M NaOH solution

Brine *pH Cations Anion

Na+ (g  L−1) Ca2+ (g  L−1) Cl− (g  L−1)

1 6 50 2 54
2 8 50 2 54
3 6 110 5 120
4 8 110 5 120

Fig. 1  a Tensiometer and b quartz cuvette
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rf pulses, 1.3 s acquisition time and 7 s pulse delay. 5000 scans 
were accumulated. The nuclear Overhauser enhancement was 
suppressed by operating the spectrometer in the “inverse-
gated” mode where the broad-band proton decoupling was 
turned on only during acquisition periods. Solution state 1H 
NMR spectra were recorded at 11.75 T on a Bruker Avance 
III 500 spectrometer, operating at 500.18 MHz, using a 5 mm 
probe. Samples were dissolved at 5 wt % in  CDCl3:C2Cl4 
(1:1 v/v). The following experimental conditions were used: 
10.0 kHz spectral width, 3.3 μs (30°) rf pulses, 2.3 s acquisition 
time, 1 s pulse delay, and 128 scans were accumulated. All 
experiments (1H and 13C) were performed at 32 °C.

Electrospray ionization FT‑ICR mass spectrometry (ESI( ±)
FT‑ICR MS)

The samples of crude oil and the fractions were analyzed 
by mass spectrometry using a 9.4 T Q-FT-ICR MS hybrid 
device (Solarix, Bruker Daltonics, Bremen, Germany) 
equipped with a commercially available ESI source (Bruker 
Daltonics). The dynamic operating range for ion acquisition 
in the ICR cell was configured to m/z 200–1500. All samples 
(oils, CUs and IMs) were diluted to approximately 1.5 mg/
mL in a 1:1 (v/v) toluene/methanol solution containing 
0.1% (v/v) formic acid or ammonium hydroxide for analysis 
in ESI( +) and ESI(–) modes, respectively. Each solution 
was injected by direct infusion at a flow of 5 μL/min. Each 
spectrum was acquired based on 200 scans with a time domain 
of 4 M (mega-points). Before acquisition, the device was 
externally calibrated with a solution of 0.1 mg/mL arginine 
(m/z 200–1500) in both ionization modes. The resolution 
powers were m/Δm50% = 483,000–507,000 for ESI ( +) and 
m/Δm50% = 382,000–505,000 for ESI (–) (where Δm50% is the 
total width of the peak at the midpoint of its maximum height 
at m/z 400), and the mass error was < 1 ppm. These settings 
provided the attributions for the unequivocal molecular 
formula for individually charged molecular ions. The mass 
spectra were processed using an algorithm developed 
specifically for the processing of the signals, the Composer 
software package (Adermann et al. 2016). The data from the 
spectra were calibrated, and the elemental composition was 
determined by measuring the values of m/z. The results were 
expressed in a graph of class distribution of heteroatomic 
compounds and a graph of double bond equivalents and rings 
(DBE) vs the number of carbon atoms to facilitate visualization 
and interpretation of the MS results. The level of unsaturation 
of each compound can be deduced from Eq. (2), where the 
higher the value of DBE, the greater the hydrogen deficiency 
of the compound:

(2)DBE = C − (H∕2) + (N∕2) + 1

where C, H, and N are the numbers of carbon, hydrogen, 
and nitrogen atoms present in the molecule, respectively. 
The  Mw values are provided by the Composer software pro-
cessingand obey the following formula depicted in Eq. (3):

where  Mw is the average weight molar mass obtained from 
the mass spectra,  Mi is the m/z value of peak i and  Ni is the 
peak intensity (Santos et al. 2020).

Separation of interfacial material

The IM obtained from oils 1, 2 and 3 were isolated by the 
method described by Jarvis et al. (2015), which consists 
of constructing a chromatography column in a 5 mL glass 
pipette by adding a mixture of 1 g of the sample diluted 
in heptol (1:1 v/v n-heptane/toluene) and 1 g of silica 
gel (Fisher Scientific, 70–230 mesh, type 60A) saturated 
with 66% water (pH ~ 7). The unretained compounds were 
percolated with an excess of ~ 10 mL of heptol, producing 
the clean up (CU) fraction (which contains species that 
are not part of the scope of this work) and, finally, the 
fraction of interest (IM), which was recovered by elution 
with ~ 10 mL of toluene/methanol solution (70:30% v/v). 
Both fractions were dried under  N2 gas until the analytes 
were solvent-free. No further isolation step was performed.

Results and discussion

Crude oil assay

Table 2 summarizes the crude oil characterization. Accord-
ing to the Brazilian petroleum regulatory agency “Agência 
Nacional do Petróleo, Gás Natural e Bicombustíveis”, oil 
3 with an API gravity 22.0 (see Table 2) is classified as 

(3)Mw =
∑

i

(

NiM
2
i

)

∕
∑

i

(

NiMi

)

Table 2  Characteristics of crude oils

Properties Oil 1 Oil 2 Oil 3

TAN (mg of KOH/g of oil) 1.09 0.40 1.10
Density at 20 °C (g.cm−3) 0.8992 0.8830 0.9174
ºAPI at 15.6 °C 25.1 27.9 22.0
Saturates (wt%) 58.3 59.7 49.8
Aromatics (wt%) 23.4 21.5 29.2
Resins (wt%) 18.0 18.7 19.6
Asphaltenes (wt%)  < 0.5 (0.3)  < 0.5 (0.1) 1.4
Water (vol%) 0.79 0.20 1.11
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heavy and oils 1 and 2 are medium. Oil 3 shows the highest 
asphaltene content and oils 1 and 3 have higher TAN values.

Dynamic surface tension

The interfacial tension results for oils in the presence of 
deionized water and saline solutions prepared from each of 
the three oils are shown in Fig. 2.

Figure  2 shows the results of IFT measured by the 
pendant drop method as a function of time for oils 1, 2 and 3 
in deionized water and different saline solutions. Analyzing 
the influence of increasing pH on this property, it is apparent 
that for the less concentrated saline solutions (1 and 2), 
there was no significant change. On the other hand, for the 
more concentrated saline solutions (3 and 4), there was a 
significant change, with a remarkable decrease of IFT for 
saline solution 4 at pH 8.

Lashkarbolook and Ayatollahi (2018a, b) reported that 
the IFT is maximum when the pH is close to neutral, i.e., the 
IFT is reduced when the pH is either decreased or increased. 
It can be seen in Fig. 2a that the oil phase in contact with 

deionized water (DI), which has a pH close to neutral, 
showed a higher IFT compared to the other experimental 
conditions (brines 1, 2, 3 and 4). Looking at the behavior of 
IFT vs. time for brine 1 (lower pH, 6), one initially notices 
the highest IFT in the first 5000 s, eventually reaching an 
IFT close to 22 mN  m−1, similar to brine 2 (upper pH, 8). 
However, the difference in IFT became more pronounced 
between brines 3 and 4, which are more concentrated; brine 
3 (lower pH, i.e. pH 6) initially obtained a higher IFT in the 
first 500 s and thereafter remained practically constant with 
an IFT around 19 mN  m−1, in contrast to brine 4 (pH 8), 
which reached lower IFT values, ranging between 15 and 
13 mN  m−1 and remained constant in the first 500 s. This 
demonstrates that the influence of the concentration of salts 
in the system is crucial to reduce interfacial tension, which 
is further aided for oil 1 by increasing the pH.

Figure 2b, c show the IFT per drop plots versus time for 
oil 2 and oil 3, respectively, submitted to DI and different 
saline solutions. The oil phase in contact with deionized 
water presented higher IFT values in relation to the other 
experimental conditions (brines 1, 2, 3 and 4), as expected. 
However, when comparing the oil/DI behavior of the three 
oils, it was observed that the IFT values are higher for oil 
3 (Fig. 2c), which has a greater concentration of resins and 
asphaltenes because it is more active at the oil/DI interface 
due to its hydrophilic behavior.

In general, by looking at each brine individually, it is 
possible to note that the variation of the IFT in relation to 
each oil was small. Only for brine 3 (which has a higher salt 

Fig. 2  Interfacial tension evolution with time for the different oils in 
the presence of deionized water and saline solutions (see Table 1)

Table 3  1H and 13C NMR assignments (molar %)

*Symbols according to reference (Chinelatto Jr et al. 2018)

*Symbol Oil 1 Oil 2 Oil 3

Hdar 2.3 2.0 2.9
Hmar 2.3 1.7 2.6
Har 4.6 3.8 5.5
Holf  < 0.1  < 0.1  < 0.1
Halfa 8.6 7.5 10.6
Hβ-1 14.1 12.8 14.8
Hβ-2 43.3 48.0 40.8
Hγ 29.2 27.8 28.1
Hsat 95.3 96.1 94.4
Car-alk 6.2 4.8 7.4
Car-H 8.3 6.9 9.7
Car-b (Car-ar + Car-ar–

ar + Car-Me)
4.1 3.7 5.1

Car tot 19.6 16.7 23.4
Csat 80.4 83.3 76.6
Cmet-term 4.1 4.8 3.7
Cmet-bran 8.4 7.0 8.5
Average linear chain 

length (in carbon atoms)
12 14 11
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concentration and a pH of 6) subjected to oil 2 and oil 3, was 
there an increase in the IFT. The literature reports that IFT 
values decrease with increasing TAN (Lashkarbolook and 
Ayatollahi 2018a, Lashkarbolook and Ayatollahi 2018b), 
which may explain the significant increase in IFT for oil 2, 
which has a higher content of saturates (59.7%), lower resin 
and asphaltene content (18.7 and < 0.5% m/m respectively) 
and lower acidity (~ 0.4 mg KOH  g−1). Lashkarbolook and 
Ayatollahi (2018a and 2018b) explain that the presence of 
amphoteric materials (resins and asphaltenes) can cause a 
reduction in IFT values and that this reduction may be accen-
tuated with increasing pH, as it favors the dissociation of 

asphaltenes. Thus, brine 3 subjected to oil 1 (TAN ~ 1.1 mg 
KOH  g−1) had an increase in IFT in relation to oil 3, with 
the same acidity, but with a higher content of resins and 
asphaltenes.

Another important observation was that the systems 
with smaller amounts of salt needed less time for interfacial 
film formation relative to a system containing higher saline 
concentrations (Verruto et  al. 2009). This was seen by 
comparing the behavior of the curves of oil 1 for brines 
at the same pH and different salt concentrations (Fig. 2); 
comparing brine 1 with brine 3 (both at pH 6 and with lower 
and higher salt concentrations, respectively). It is noted 
that brine 1 (lower salinity) shows higher IFT values. The 

(a) Oil 1
Mw = 363 Da

(b) CU 1
Mw = 490 Da

(c) IM 1
Mw = 320 Da

(d) Oil 2
Mw = 539 Da

(e) CU 2
Mw = 514 Da

(f) IM 2
Mw = 312 Da

(g) Oil 3
Mw = 373 Da

(h) CU 3
Mw = 496 Da

(i) IM 3
Mw = 316 Da

Fig. 3  ESI(-)FT-ICR MS spectra of crude oils 1–3 and their CUs and 
IMs

Fig. 4  Class distribution obtained from ESI(-)FT-ICR MS data for 
crude oils 1–3 and their CUs and IMs
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same phenomenon was observed between brines 2 and 4 
(both at pH 8 and with lower and higher salt concentrations, 
respectively). For oil 2 and oil 3, this behavior was repeated 
only between brines 2 and 4. In this context, the literature 
reports that the presence of electrolytes causes significant 
changes in the dynamics of interfacial film formation 
(Verruto et al. 2009). However, the reduction in the kinetics 
of interfacial film formation in salt-containing systems is 
the result of three interconnected mechanisms that depend 
on the chemical nature of asphaltenes: (1) attraction between 
the electrolytes present in the aqueous phase and the 
asphaltenes; (2) increased concentration of asphaltenes in the 
interfacial film, resulting from the electrostatic interactions 
between these and the electrolytes and (3) the formation 
of a film with low consolidation capacity composed of 
continuously adsorbed asphaltenes (Verruto et al. 2009). In 
this way, the chemical nature of the asphaltenes present in 
oil 2 and oil 3 may account for the non-repetition of this 
behavior between brines 1 and 3.

NMR characterization

The molar percentage of H and C species obtained by 1H 
and 13C NMR spectra for the oils are shown in Table 3. The 
NMR spectra can be analyzed by carefully observing the 
aliphatic and aromatic regions according to the literature 
(Hasan et al. 1983; Jennings et al. 1993). Oil 3, with the 
highest asphaltene, resin and aromatic content, shows the 
highest number of aromatic hydrogens linked to carbons in 

monoaromatic rings (Hmar) and polyaromatic rings (Hdar), 
in agreement with its lower API gravity.

Oil 3 has the highest degree of bridgehead carbons 
(Car-b), as expected by its higher degree of aromatics and 
asphaltenes (see Table 2). In the aliphatic region of the 1H 
NMR spectra, Hβ-2 is higher than Hβ-1 for all samples. 
This is an indication that paraffinic hydrogens in long alkyl 
chains attached to aromatic rings are higher than naphthenic 
hydrogens and paraffinic hydrogens in short alkyl chains 
attached to aromatic rings. The average linear chain length 
(in carbon atoms) in Table 3 indicates that oil 2 is more 
paraffinic.

ESI( ±)FT‑ICR MS characterization

Figure 3 shows the ESI(-)FT-ICR mass spectra for oils 1 
to 3, and their CUs and IMs. It is apparent that the spe-
cies found in the MI samples showed lower  Mw values than 
their respective CU. All FT-ICR mass spectra—referring to 
samples of interfacial materials (Fig. 3c, f, i)—present an 
important reduction in the m/z range (from 200–350 for IM 
1, IM 2 and IM 3) and  Mw, (IM 1 [320 Da], IM 2 [312 Da] 
and IM 3 [316 Da]), in relation to their respective oils of ori-
gin: Oil 1 (Fig. 3a, m/z 200–700 and 363 Da), Oil 2 (Fig. 3d, 
m/z 200–900 and 539 Da) and Oil 3 (Fig. 3g, m/z 200–600 
and 373 Da).

On other hand, there was an increase in m/z intervals in 
the FT-ICR mass spectra of samples from the clean up steps; 
CU 1 (Fig. 3b) and CU 3 (Fig. 3h), both had m/z values 
between 200 and 800, and the m/z of CU 2 was between 200 

Fig. 5  DBE versus carbon number (#C) of the  O2 and  O3 classes present in the IM
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and 900 (Fig. 3e), in relation to the mass spectra of their 
respective oils of origin. This outcome occurred because 
ESI preferentially ionizes polar species with higher pKb and 
lower  Mw values (Barros et al. 2017).

To aid interpretation of the results, histograms of the 
relative percentages of the classes of compounds present in 
oils 1, 2 and 3, and their respective CUs and IMs identified 
by ESI(-)FT-ICR MS were produced (Fig. 4). The neutral 
N class found in ESI(-)FT-ICR mass spectra, are abundant 
in the three oil samples and their respective CU fractions, 

while acidic  O2[H] and mixed  O3S[H] are the more abundant 
classes in the IMs (Fig. 4).

Unsurprisingly, the  O2[H] class, presumably due to the 
presence of carboxylic acids, was the most abundant class 
in oils 1 and 3, with higher TAN values (see Fig. 4 and 
Table  2). However, some non-interfacially active class 
 O2[H] remained in the CUs. Although oil 2 had the low-
est TAN value, its IM had a more abundant class  O2[H] 
than in the parent oil. The most abundant  O3S[H] species 
in IMs have a continuum distribution from  C14 to  C24 with 
DBE ranging from 1 to 5. The most abundant structures are 
 [C17H28O3S-H]−1,  [C18H30O3S-H]−1 and  [C19H32O3S-H]−1 
(DBE = 4 in all cases), suggestive of surfactants naturally 

Fig. 6  Magnification of ESI(-)FT-ICR mass spectra of IMs 1–3 in the 
m/z 200–400 region highlighting the detection of  O3S[H],  O2[H], and 
 O4[H] classes

 

 

 

(c) IM 1 
        Mw = 646 Da 

(b) CU 1 
        Mw = 500 Da 

(a) Oil 1 
        Mw = 598 Da 

(f) IM 2 
        Mw = 655 Da 

(e) CU 2 
        Mw = 640 Da 

(d) Oil 2 
        Mw = 717 Da 

(i) IM 3 
        Mw = 598 Da 

(h) CU 3 
        Mw = 579 Da 

(g) Oil 3 
        Mw = 674 Da 

Fig. 7  ESI( +)FT-ICR MS spectra of crude oils 1–3 and their CUs 
and IMs
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present in petroleum, likely thiophenic carboxylic acids 
(see Fig. 5). Anthropogenic chemical products such as sur-
factants artificially added to crude oils to alter wetting char-
acteristics do not span such a wide range of carbon-number 
and DBE at the same time (Chegenizadeh et al. 2017). For 
instance, linear alkylbenzene sulfonates are the most com-
mon surfactants used commercially and domestically in the 
detergent industry and have a discrete DBE of 4 (Stanford 
et al. 2007). Due to  O3S[H] class amphiphilic behavior, these 
species can be adsorbed and orient themselves spontane-
ously and interfere with the behavior of the W/O interface 
(Lalli et al. 2017). Nonetheless, Wu et al. (2022), in their 
analysis of MS/MS spectra from ESI(-) Orbitrap MS data 
of  [C18H30O3S-H]−1 detected in the IM from Daqing oil, 
observed no obvious fragment losses of  H2O and  CO2, or 

 O3S[H]−1 in the MS spectrum. The authors suggested that 
the  O3S[H] class in the IM from the Daqing crude oil was 
predominantly alkylbenzene sulfonates, which are artifi-
cially synthesized chemicals added during the large-scale 
enhanced oil recovery process implemented in this oilfield.

Figure 7 displays the ESI( +)FT-ICR MS spectra of three 
crude oils. The profiles for crude oils 2 and 3 were quite 
similar, with maxima at m/z 717 and 674 Da, respectively. 
Crude oil 1 showed a maximum at 598 Da. The CU extracted 
compounds had lower molecular weight values.

The presence of the  O2[H] class in the composition of 
these IMs confirms the participation of carboxylic acids 
in the stabilization of W/O for the studied oils. The class 
distribution obtained by ESI( +)FT-ICR MS (Fig. 8) reveals 
that the N[H] class was the most abundant in all the oils and 

Fig. 8  Class distribution obtained from ESI( +)FT-ICR MS data for crude oils 1–3, their CUs and IMs (left panels) and their respective expan-
sions (right panels)
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its fractions, having pyridine as the basic structure forming 
its components. This profile of N[H] class predominance 
when applying ESI( +)FT-ICR MS is commonly observed 
in studies of crude oil due to the more efficient ionization of 
the pyridine compounds versus the other classes, resulting 
from the greater basicity of these compounds in solution. 
Only subtle differences were observed in the compositions 
of the crude oils and their fractions (Pereira et al. 2014).

To facilitate the interpretation of the compositional 
trends, three-dimensional plots of DBE (y-axis) versus 
carbon number (x-axis), with the relative abundance 
represented by a color scale for the N[H] class are 
presented in Fig. 9. Therefore, in the DBE versus CN plot 
for a particular heteroatom class, compounds that belong 
to the same homologous series have equal DBE (rings and 
double-bonds), but different CN  (CH2 units). Data from 
ESI( +)FT-ICR MS (see Fig. 9) demonstrates a continuum 
distribution from  C15 to  C70 carbon atoms (maximum around 
 C40) with DBE from 7 to 15 (maximum around 9) for the 
three IMs, which suggests the presence of aromatic rings.

Collectively, the results highlight the existence of poly-
functional, interfacially active molecules capable of inter-
acting in the W/O interface through several intermolecular 
forces, including hydrogen bonding between nitrogen and 
oxygen-containing functionalities, π-stacking of aromatic 
cores, acid/base interactions between carboxylic acids and 
pyridine rings, and London dispersion forces between ali-
phatic moieties. This demonstrates that the ESI( ±)FT-ICR 

MS (Figs. 3, 4, 5, 6, 7, 8, 9) provided additional and detailed 
information that was not observed in the SARA analysis of 
crude oils (Table 2) or the NMR data for the oils (Table 3).

Conclusions

The chemical characterization of IMs isolated from three 
different crude oils by the wet silica method revealed 
their polar, aromatic and higher molecular weight 
hydrocarbon compositions. These molecules are adsorbed 
onto the hydrophilic surface of the silica particles. The 
CU fractions, containing the particles that were not 
adsorbed on the silica particles, had a predominantly 
lower molecular weight hydrocarbon composition. Based 
on the wet silica method, the sulfonate  O3S[H] classes, 
presumably of endogenous origin, and  O2[H] have a 
surface-active character because they are retained over 
aqueous media. The N[H] class is abundant in the three 
crude oils and their CUs and IMs, probably due to the more 
efficient ionization of the pyridine compounds versus the 
other chemicals species. The IMs contain an abundance 
of molecules crowded with heteroatoms showing at least 
one pair of non-bonding valence shell electrons (i.e., N, 
O and S) suggesting that hydrogen bonding is pivotal in 
stabilizing the W/O emulsions, as previously reported 
in the literature (Ma et al. 2021). Other intermolecular 
forces, such as acid/base interactions between carboxylic 

Fig. 9  Graphs of DBE vs carbon number for class N[H] plotted with data from ESI( +)FT-ICR MS for crude oils 1–3 and their IMs
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acids and nitrogen bases, may play an important role in 
emulsion stabilization as these two classes were detected 
in the isolated IMs.

The characterization described in the present work may 
provide key information for developing new methods for 
the treatment of W/O emulsions, reducing or mitigating 
flow assurance issues.

We intend to carry out further studies under different 
conditions to evaluate the IFT of the IM and CU fractions 
isolated and characterized in the present work to better 
understand the multi-factor synergistic emulsification 
stabilization mechanism.
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