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Abstract: In this paper, the formation of water in oil (W/O) model solution emulsions using untreated
and oxidized asphaltenes as emulsifiers was evaluated. Emulsions were formed with deionized water
and toluene at different water/toluene ratios (1:4, 1:1, and 4:1) and concentrations of asphaltenes of
100, 500, and 1000 mg/L. Asphaltenes were oxidized at two different temperatures of 373 and
473 K for various exposure times. Untreated and oxidized asphaltenes were characterized by
thermogravimetric analyses, C, H, N, S and O elemental analyses, solvency tests in toluene, and
qualitative structural indexes from Fourier-transform infrared spectroscopy. The emulsions were
evaluated for stability, the percentage of oil in water (O/W) and W/O phases, interfacial tension (IFT),
and mean droplet diameter. The asphaltenes solubility decreased up to 93% as the temperature of
oxidation and the exposure time increased. The amount of W/O emulsion increases when asphaltene
concentration, exposure time, and oxidation temperature increase. With oxidized asphaltenes at 373
and 473 K, the formation of W/O emulsions increased by approximately 30% and 70% for a fixed
asphaltene concentration, respectively. IFT revealed that after oxidation, no carboxylic acids were
formed. A hypothetical oxidation reaction of asphaltenes to ketones and sulphoxide, and nitrogen
and alkyl chain removal is proposed.
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1. Introduction

Due to the increasing global energy demand and depletion of conventional sources of energy, the oil
and gas industry has paid particular attention to the exploration and production of heavy (HO) and
extra-heavy crude oils (EHO) [1]. The highest percentage of the world’s oil resources corresponds
to these type of crude oils that have high complexity for production, transport, and refining due to
their high viscosities, which increase dramatically with the asphaltenes content [2]. For this reason, oil
companies are seeking technological innovations to facilitate and make more profitable the production and
refining of this type of unconventional hydrocarbons. Different enhanced oil recovery (EOR) techniques
are employed to increase HO and EHO production, either cold (at reservoir temperature) or thermal
by inducing heat to the reservoir. The choice of optimal EOR method requires an analysis of fluid
properties, reservoir, and production system [1]. Cold techniques such as solvent-drive mechanisms,
chemical flooding, and miscible displacements are used to reduce the oil viscosity and improve the sweep
efficiency in the reservoir, respectively. Moreover, different thermal EOR methods are applied when cold
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techniques are not efficient and include in-situ combustion (ISC), steam drive, cyclic steam stimulation
(CSS), steam-assisted gravity drainage (SAGD), electrical heating, among others [3,4].

The principal mechanism for thermal EOR applications consists in the viscosity reduction of HO and
EHO through heat induction, as well as molecular diffusion, mass transfer, capillary forces and, in some
cases upgrading of the crude oils, mainly in ISC processes [5–7]. Although the use of in-situ combustion
may lead to increasing of the recovery factor up to 30%, the chemical reactions of the high molecular
weight and more polar hydrocarbons with the injected air may lead to the formation of very strong
emulsions, which affect the economics of the operation due to the difficulty in the emulsion management
and breaking [8–10]. The formation of W/O and O/W emulsions is one of the challenges to overcome as
large amounts of water and oil accompany the production of HO and EHO, where approximately 65%
or more of the oil produced is emulsified [11–15]. Emulsions present problems at different stages such
as production, transporting, and treatment, having a significant impact on the efficiency and economy of
an EOR process [16,17]. The presence of water as a dispersed phase in the crude oil increases drastically
the oil viscosity and also may lead to the blockage of the porous medium [18,19], which is reflected
on the surface with high-pressure drops in the flow and production lines, as well as reduction of the
production rate [20]. Emulsifying agents that contribute to the formation of emulsions are asphaltenes,
resins, organic acids, waxes, clays, among others [17,21]. However, in HO and EHO reservoirs, asphaltenes
are of particular importance due to the high content and their particular physicochemical characteristics.
Asphaltenes are polar and high molecular weight compounds in colloidal dispersion in oil, containing
heteroatoms such as N, O, and S. Their location in the molecular structure gives the asphaltenes high
polarity and an amphiphilic character, i.e., its structure has different functional groups with polar and
nonpolar selectivity [22]. In the emulsions formation, the accumulation of asphaltenes at the water-oil
interface forms a rigid film that directly influences the stability of the emulsion and prevents droplet
coalescence of the dispersed phase [23,24]. According to Rane et al. [25–28], asphaltenes form a film at the
water-oil interface where asphaltene are adsorbed and form a stable multilayer that prevents separation of
the immiscible phases. Because of their high polarity, asphaltenes can self-associate and be found at the
water-oil interface as large aggregates, influencing the stabilization of the emulsions [29]. The stability of the
emulsion is related to the concentration of the asphaltenes in the crude oil, but also its colloidal dispersion
is a critical variable to establish the stiffness or hardness of the interfacial layer and its contribution to
the stability [30]. Hence, when the emulsion is stable, low values in the compressibility of the interfacial
layer are observed since the coalescence of the drops requires compression of the W/O interface [26].
These low compressibility values in the interfacial film indicate that their viscoelastic characteristics are
a consequence of a film of asphaltenes adsorbed at the interface [31]. Different physicochemical properties
of asphaltenes such as aromaticity, a short length of side alkyl chains, reduction of branching in aliphatic
chains, an increase in the number of aromatic rings, and the presence of carbonyl groups show a clear
trend for asphaltenes to form stable emulsions [29,32]. Hence, physicochemical changes in asphaltene
structure during thermal EOR recovery processes may worsen the emulsification process [33,34]. In this
way, in the field trial for ISC that was implemented in the Quifa Field located on the eastern plains of
Colombia an emulsion problem was observed [35,36]. The field trial was planned in three stages: an initial
cold production stage, followed by a preheating stage, and finally a heat production stage. The formation
of emulsions in the field trial led to substantial operational problems, due to its stabilization during air
injection, leading to clogging of the production system and increasing the operational costs to obtain the
crude oil in sales specifications. These problems were solved after testing different chemicals applied to the
well and surface equipment [37].

However, the phenomenology of the issue of emulsification after asphaltenes undergo a thermal
process such as air injection at temperatures higher than reservoir conditions is still not fully
understood. Hence, the primary objective of this work is to evaluate the effect of physicochemical
changes in asphaltene molecule after oxidation in the formation of W/O emulsions using heavy and
extra-heavy oil model solutions. Changes in the asphaltene molecule after the thermal treatment at
373 and 473 K were evaluated through elemental analyses, solvency tests, Fourier transform infrared
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spectroscopy (FTIR), and thermogravimetric analyses (TGA). The feasibility of thermally treated
asphaltenes in the formation of W/O emulsions was evaluated for asphaltenes with different exposure
time to air flow, different concentrations and different model solution to water ratios. It is expected
that this work provides a wider landscape about the effect of asphaltene in the emulsification of heavy
and extra-heavy oils during thermal EOR processes and hence a better control of the produced fluids.

2. Results and Discussion

2.1. Characterization of Asphaltenes

2.1.1. Thermogravimetric Analysis

First, the Asf12 sample was subjected to thermogravimetric analysis using a constant heating
ramp of 5 K/min from 298 to 1073 K for selecting oxidation temperatures at which the asphaltene
degradation was not too severe. As expected, the temperature at which there is a greater asphaltene
decomposition under both oxidative and inert atmospheres is around 740 K which agrees with results
obtained in previous studies [38–40]. Below 573 K, there is no significant mass loss for both evaluated
atmospheres. Hence, temperatures of 373 and 473 were selected for asphaltene thermal treatment
under isothermal conditions. Curves of mass loss and the rate of mass loss of Asf12 under dry air and
N2 injection can be found in Figure S1 of the Supporting Information.

There are two steps related to the change of the asphaltene molecule at different times of exposure
of 1, 5, and 10 h under isothermal conditions of 473 K. First, asphaltene undergoes a small mass loss
until the isothermal condition is reached, which could be due to humidity in the sample. Then, at the
working temperature, the asphaltene mass increased possibly due to the oxygen incorporation in the
asphaltene molecular structure, as well as polymerization and addition reactions during the oxidation
process [41,42]. At 473 K, chemical reactions between oxygen and asphaltene occur, altering and
modifying the functional groups in the molecule. A higher increase of mass is produced at longer
exposure time. The reaction of excess oxygen with asphaltenes could lead to the formation of different
types of functional groups that would modify chemical and physical properties like solubility, affinity,
polarity, aromaticity, among others [43]. Table 1 shows the asphaltene mass increase at 473 K for
different exposure times of 1, 5 and 10 h under an oxidizing atmosphere with a constant air flow of
100 mL/min. The highest mass increase was observed after 10 h compared to those obtained at 1 and
5 h, which indicates that by increasing the exposure time, the sample acquires more oxygen in its
structure. It should be mentioned that mass changes are a balance between added oxygen and removal
of alkyl substituent and heteroatoms such as nitrogen and sulfur. These results suggest that under
these conditions these factors nearly compensate each other. For a treatment temperature of 373 K,
no significant mass gain under isothermal conditions was observed.

Table 1. Asphaltene mass increase at 473 K for different exposure times of 1, 5 and 10 h under an
oxidizing atmosphere with a constant air flow of 100 mL/min.

Exposure Time (h) Mass Increase (%)

1 0.20
5 0.57

10 2.70

FTIR was coupled to the TGA to analyze the conversion of N to NOx as a function of time.
Figure 1 shows the behavior of the NOx functional group for oxidation of Asf12 samples at 473 K
and an exposure time of 5 h. FTIR spectra were analyzed for 1550 and 1365 cm−1 bands related
to asymmetric vibrations and symmetrical vibrations of nitroalkanes, respectively. Results show
that after the first hour of oxidation the NOx generation increases until 5 h where it reaches its
maximum conversion.
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exposed active sites of asphaltenes as carbons and heteroatoms and that the H/C ratio of asphaltenes 
also decreases because the aliphatic chains of the asphaltenes are oxidized to form compounds during 
oxidation at low temperature.  

The reduction in the H/C ratio indicates removal of aliphatic chains as well as aromaticity (ratio 
between the aromatic and aliphatic moieties) increasing. This result is due to the reduction in 
aliphatic chains regarding the number of aromatic rings in the asphaltene molecular structure [44]. 
For instance, oxidation of branched aliphatic chains to ketones could result in the simultaneous 
removal of aliphatic moieties. Conversely, the increase in the O/C ratio indicates that there is a 
significant reactivity in the asphaltenes [48]; both trends are observed for the samples that are 
subjected to a higher temperature and a longer time of exposure. Also, an increase of O/C could also 
be due to carbon reduced with side chain cleavage during N and S oxidation.  

Table 2. Elemental Analysis of untreated and thermally treated asphaltene samples under an air 
atmosphere at different temperatures of 373 and 473, and different exposure times of 1, 5, and 10 h. 

Sample 
Exposure 
Time (h) 

Parameter 
C (wt %) H (wt %) N (wt %) S (wt %) O * (wt %) H/C O/C N/C S/C 

Asf12 - 82.52 7.291 2.252 5.291 2.646 1.061 0.025 0.023 0.024 
Asf12/373 5 80.11 7.154 1.941 5.113 5.682 1.056 0.054 0.020 0.024 

Asf12/473 
1 77.83 6.038 1.932 4.956 9.244 0.931 0.082 0.021 0.024 
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* by difference. 
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Figure 1. Generation of NOx groups during oxidation of asphaltenes as a function of exposure time
and temperature of 473 K.

2.1.2. Elemental Analysis

According to the TGA results, asphaltenes for emulsion preparation were thermally treated at 373 and
473 K under air injection using a muffle. Table 2 shows the elemental analysis (C, H, N, S, and O) for each
sample of asphaltenes before and after thermal treatment. Also, Figure 2 shows trends of the H/C ratio [44],
and the degree of oxidation and reactivity of the carbon according to the O/C parameter [45] for Asf12/473
as a function of exposure time. As expected, with the increase in oxidation temperature, percentages of C, H,
and N decreases while the proportion of oxygen increases [32]. S changes were relatively low. Hosseinpour
et al. [46,47], showed that asphaltenes interact with oxygen through different reactions depending on the
oxidation temperature. They found that at temperatures below 533 K, oxidation is dominant when oxygen
is chemisorbed at the exposed active sites of asphaltenes as carbons and heteroatoms and that the H/C
ratio of asphaltenes also decreases because the aliphatic chains of the asphaltenes are oxidized to form
compounds during oxidation at low temperature.

The reduction in the H/C ratio indicates removal of aliphatic chains as well as aromaticity (ratio
between the aromatic and aliphatic moieties) increasing. This result is due to the reduction in aliphatic
chains regarding the number of aromatic rings in the asphaltene molecular structure [44]. For instance,
oxidation of branched aliphatic chains to ketones could result in the simultaneous removal of aliphatic
moieties. Conversely, the increase in the O/C ratio indicates that there is a significant reactivity in the
asphaltenes [48]; both trends are observed for the samples that are subjected to a higher temperature
and a longer time of exposure. Also, an increase of O/C could also be due to carbon reduced with side
chain cleavage during N and S oxidation.

Table 2. Elemental Analysis of untreated and thermally treated asphaltene samples under an air
atmosphere at different temperatures of 373 and 473, and different exposure times of 1, 5, and 10 h.

Sample Exposure
Time (h)

Parameter

C (wt %) H (wt %) N (wt %) S (wt %) O * (wt %) H/C O/C N/C S/C

Asf12 - 82.52 7.291 2.252 5.291 2.646 1.061 0.025 0.023 0.024

Asf12/373 5 80.11 7.154 1.941 5.113 5.682 1.056 0.054 0.020 0.024

Asf12/473
1 77.83 6.038 1.932 4.956 9.244 0.931 0.082 0.021 0.024
5 75.42 5.221 0.685 4.813 13.861 0.831 0.138 0.008 0.024

10 72.17 4.816 0.618 4.219 18.177 0.801 0.190 0.007 0.022

* by difference.
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Figure 2. Effect of exposure time on H/C and O/C parameters for Asf12/473 sample after air injection
at under isothermal conditions of 473 K for 1, 5, and 10 h.

Removal of aliphatic chains, concerted with oxygen acquisition, is consistent with the small
changes in mass experimented by sulfur (see Table 2). In the reaction in Figure 3, simple molecular
models are used to illustrate some plausible hypothetical oxidation changes suggested by the elemental
analysis and FTIR. First is the oxidation of aliphatic chains which is expected to occur to aromatic rings
to afford nitrogen elimination for NOx generation, ring contraction, and ketone formation. Oxidation
to ketones and sulphoxides is consistent with FTIR results, whereas nitrogen elimination is consistent
with the increase in the production of the NOx group. As suggested by the reaction model, oxidation
of sulfide to sulfoxide is an attractivepossibility. Here (Figure 3) the exciting removal of both nitrogen
and alkyl chains, as well as the incorporation of oxygen are underlined.
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Figure 3. The hypothetical oxidation reaction of asphaltenes illustrating the expected chemical changes
in functional groups: Oxidation to ketones and sulphoxide, and nitrogen and alkyl chain removal.

2.1.3. Solubility of Thermally Modified Asphaltene

Each asphaltene sample was dissolved in toluene at different concentrations starting from a 50,000
mg/L base solution [49,50]. Table 3 shows the solubility of the asphaltenes samples as a function of
the time of exposure to the oxidation, where changes in orders of magnitude were obtained depending
on sample and exposure time. Although solubility depends on many factors, these results are coherent
with the above elemental analysis interpretation (Table 2) regarding both alkyl removal and increase
sample polarity after oxidation.
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Table 3. Asphaltenes solubility in toluene before and after oxidation at 373 and 473 K. Solubility tests
are conducted at 298 K.

Sample Exposure Time (h) Concentration (mg/L)

Asf12 - 20,000

Asf12/373 5 15,000

Asf12/473
1 2500
5 2100
10 1500

2.1.4. FTIR Analysis of Solid Asphaltenes

The FTIR spectra were used to the calculate of percentage indexes of aromatic, aliphatic, carbonyl
groups and sulphoxides, among others (see Table S1 in the Supporting Information) [51]. For all
samples, two regions were analyzed in the corresponding spectra. These regions were related to
aromatic (700–900 cm−1 and 1400–1600 cm−1) and aliphatic (2700–3000 cm−1) compounds and allow
the calculation of various indexes in a comparable way of the different compositions of the fractions
obtained. The results obtained by FTIR can be related to previous 13C- and 1H-NMR analysis studies
whereby integration of characteristic bands of aromatic and aliphatic regions also indicate changes in
the aromatic carbons, and the number of carbons in the side chains of alkyl and aromatic rings [52,53].
The increase in oxidation time causes cracking and condensation reactions to be experienced which
contribute to an increase in aromaticity while the aliphatic carbons decrease along with the hydrogen
content [54,55]. Figure 4 shows the FTIR spectra of the Asf12 for (a) different treatment temperatures
and a fixed exposure time of 5 h and (b) different exposure times for a fixed treatment temperature
of 473 K. For the treated samples, the bands of each spectrum have an increasing transmittance after
oxidation, indicating that there are changes in the structure of the asphaltene molecule as well as the
increasing aromaticity because aromatic rings are more exposed and the aliphatic chains that surround
are less [54,56]. These increases are represented in the increase of the peaks between 700–900 cm−1 (CH
aromatic), 1400–1600 cm−1 (C-C aromatic), 1700–1725 cm−1 (O-H groups) and 2700–3000 cm−1 (alkanes
and aliphatic structures). Comparing the intensity of the strong band near 2900 and band 1700 cm−1,
a decrease in the aliphatic chains/ketone ratio is observed. Also, the sulfoxide group has a band in
the 1030–1060 cm−1 range which there is evidence in this spectrum and others. However, the band is
weak and also appears in the untreated asphaltene. It can be observed from Figure 4b that a higher
transmittance band is obtained for higher exposure time in the ranges 675–900 cm−1 corresponding
to aromatic structures (C-O), 1365–1725 cm−1 corresponding to aromatic and aliphatic structures
(C-H, C-C, and C=O), 1715 cm−1 band corresponding to the ketone group, and 2800–2900 cm−1

corresponding to aldehyde groups (RR’C=O and C-H) [33]. After oxidation at 1 and 5 h similar results
are observed, but after 10 h an increase in the transmittance of approximately 10% is obtained.

The FTIR spectra of each of the asphaltenes samples were used to calculate the structural properties
(see Table S1 in the Supporting Information) where each index is a function of different spectral bands.
The bands associated with aromatic components are 3050 cm−1 (ν C-H) and aromatic systems 1600 cm−1

(ν C=C y C-H) [57–59]. Also, bands for aliphatic components 720, 1460, 1350, 2872, 2962, 2953 and
2926 cm−1 (groups ν C-H, CH2, and CH3). The structural and functional indexes were calculated based
on the band’s area, which was determined by FTIR spectra deconvolution [60]. Indexes were used to
determine the structural behavior and to relate the chemical compositions of each of the asphaltenes
samples when subjected to various oxidation temperatures. The qualitative compositional indexes of the
asphaltenes samples are presented as a function of oxidation temperature and exposure time in Figures S2
and S3 in the Supporting Information, respectively. It can be observed from Figures S2 and S3 that the
indexes may vary depending on the resolution and transmittance of the selected areas corresponding
to each wavelength of each compound. There are structural changes in the asphaltenes by oxidation
processes, mainly acquiring greater aromaticity due to the increase in the Car/Har ratio and branching
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of the aliphatic chains, where the aromatic rings increase regarding the aromatic hydrogens and is in
agreement with chemical analyses results. On the other hand, aliphatic groups, sulfoxides and the length
of aliphatic chains tend to be reduced when increasing the oxidation temperatures [61,62]. Also, it is
observed that there is an increase of the ketone group and the reduction of sulfoxides with oxidation.
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Figure 4. FTIR spectra of the Asf12 sample submitted to air flow for (a) different temperatures of 373
and 473 K for a fixed exposure time of 5 h, and (b) different exposure times of 1, 5, and 10 h at a fixed
temperature of 473 K.

2.2. Emulsions

Emulsions were prepared with three model solutions with different water-toluene ratios and
variable concentrations of asphaltenes. Emulsions were characterized by average droplet diameter,
phase volume, and surface and interfacial tension.

2.2.1. Oxidation Temperature Effect

The effect of the oxidation temperature on the formation of W/O emulsions of the treated asphaltenes
at 373 and 473 K for a model solution to water ratio of 1:1 and different asphaltene concentrations of
100, 500, and 1000 mg/L is shown in Figure 5 and summarized in Table 4. It is observed that for the
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untreated asphaltenes and the asphaltenes oxidized at 373 and 473 K, the amount of W/O emulsion formed
increases as the asphaltene concentration increases, i.e., increase in concentration increases the quantity of
oil-soluble natural surfactants (NS) leading to a higher percentage of W/O phase. Moreover, oxidation
increases water affinity and reduce oil solubility thus promoting NS adsorption at the interface [23,29].
This effect can be explained due to as the relative coverage of asphaltene at the model solution—water
interface increases, the interfacial film may behave more elastic than viscous which increases the system
stiffness that has been attributed to asphaltenes cross-linking [19,63]. The emulsification mechanism is
regulated by the soluble asphaltenes that diffuse in the oil and reach the water-oil interface where they
tend to adsorb by reducing the interfacial tension. Once adsorbed in the water-oil interface, the asphaltenes
undergo a reorganization that leads to the formation of a rigid and stable elastic interfacial film [64–66].
This adsorption at the oil-water interface reduces the net energy of the system and is strongly limited by
the amount and composition of asphaltenes. On the other hand, asphaltenes have a greater tendency to
adsorb at the oil-water interface and form a stronger interfacial film at their solubility limit. Consequently,
the more polar and less soluble asphaltenes are those with a greater tendency to form stronger interfacial
films [67–69]. Also, after the stirring procedure, the droplets will coalesce until the interfacial area is small
enough for the asphaltenes present in the mixture to stabilize the interface. As the asphaltene concentration
increases, the more interfacial area can be stabilized, and the drop size will be smaller. The oxidized
asphaltenes stabilize the interface at lower concentrations suggesting that a larger proportion of these
asphaltenes adsorb at the interface.
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Figure 5. Formation of W/O emulsions as a function of the asphaltenes concentration for the different
oxidation temperatures, oxidation time of 5 h, and a model solution to water ratio of 1:1.

Table 4. Phase percentage of W/O and O/W emulsions for different asphaltene concentrations of 100,
500, and 1000 mg/L, oxidation time of 5 h, and a model solution to water ratio of 1:1 using Asf12,
Asf12/473 and Asf12/473.

Concentration (mg/L) W/O Emulsion (%) O/W Emulsion (%)

Asf12 Asf12/373 Asf12/473 Asf12 Asf12/373 Asf12/473

100 28 31 48 52 25 3
500 30 39 51 70 61 3

1000 35 48 58 65 52 2
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Also, when comparing the amount of W/O phase formed for a fixed asphaltene concentration, it is
observed that samples exposed to higher temperatures are more prone to contribute to the formation
of W/O emulsions (Table 4). For a fixed asphaltene concentration of 500 mg/L, the amount of W/O
phase is 30, 39, and 51 for the Asf12, Asf12/373, and Asf12/473 samples, respectively, indicating that
when asphaltenes are oxidized at 373 and 473 K for the same exposure time, the formation of W/O
emulsions increases by approximately 30% and 70% under the evaluated conditions. Similarly, for fixed
concentrations of 100 and 1000 mg/L, the formation of W/O emulsions shows an increase of 7% and
25%, and 37% and 66% for asphaltenes treatment temperatures of 373 and 473 K. These results indicate
that as the asphaltenes concentration increased, the suitability of W/O phase formation increases. As the
aromaticity increases, the decrease of side alkyl chains and the reduction of the alkyl chains ramification
of the asphaltenes molecule can be responsible for the emulsions stabilization [33]. Also, the decreased
solvency of treated samples, which decreases as treatment temperature increases, may lead to a higher
preference of asphaltenes for being at the model solution–water interface than in bulk [25].

The formation of O/W emulsions was also evaluated (Table 4). Adsorbed asphaltenes at oil/water
interface contribute to steric repulsion between oil droplets, inhibiting the drop coalescence and
stabilizing O/W emulsion. Shi et al. [70], demonstrated that adsorbed asphaltenes at oil/water interface
could enhance the surface potential of the oil droplets. The change of the surface potential of oil droplets
with asphaltene concentration is most likely due to a change of the adsorbed amount of asphaltenes
and their adsorption state at the oil/water interface, as also indicated by the change of the oil/water
interfacial tension with increasing the asphaltene concentration in toluene. In addition, asphaltenes
significantly strengthens the repulsion between the oil droplets, preventing the drop coalescence
and enhancing the emulsion stability. Also, Andrews et al. [71], analyzed Langmuir-Blodgett films
of asphaltenes and related model compounds with sum frequency generation (SFG) vibrational
spectroscopy to determine the orientation of different funtional groups at the oil-water interfase.
Results shows that asphaltenes core adopt an orientation in parallel to the interface and the alkyl
chains perpendicular to the interface. In addition, functional O-containing groups either on the alkyl
chains or at the edges of the core play a fundamental role in molecular orientation. As explained by
Yarranton [72], for O/W emulsion the electrostatic forces arise from a balance of the ionic charges on
the surface of the oil drops that can be destabilized when in the adsorbed or diffused phase a surfactant
such as asphaltenes is found, contributing to a greater repulsion between the drops. For the W/O
emulsion, a physical barrier is created between the drops created by the adsorption of the asphaltenes
at the interface, increasing the steric forces due to work required to move these asphaltenes from that
interface [72]. For the Asf12 sample, it was observed that for an asphaltene concentration of 100 mg/L,
a 52% of the sample was observed to be an O/W emulsion, indicating a 20% of non-emulsified water
in the sample. Meanwhile, for concentrations of 500 and 1000 mg/L, the formation of O/W emulsions
corresponds to 70% and 65% of the sample, indicating that by increasing the asphaltenes concentration,
is in either W/O or O/W phase. For the oxidized samples, the formation of O/W emulsions was
lower than for the Asf12 sample. For a treatment temperature of 373 K, the percentage of O/W
emulsion observed was 25%, 61% and 52% for asphaltenes concentrations of 100, 500 and 1000 mg/L,
respectively. A 44% of non-emulsified water was obtained for 100 mg/L, and for concentrations of
500 and 1000 mg/L, all water was in the emulsion phases. It means that for both concentrations of
500 and 1000 mg/L there are only two phases corresponding to W/O and O/W emulsions. Hence,
a higher amount of O/W emulsion in 500 mg/L system is a consequence of the lower amount of W/O
phase. In the case of the Asf12/473 sample, little O/W formation was observed with percentages of
3 ± 1% for all asphaltenes concentrations evaluated, indicating that the inclusion of the oxygen to
the asphaltenes molecule inhibits the stabilization of the water—model solution interfacial film when
water is the continuous phase. The smaller drop sizes with increased oxidation temperature suggest
that the oxidation reactions are created an increased amount of surface active species, and an increase
in the amount of stabilizer will also lead to smaller droplets.
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Panels a to c in Figure 6 show the mean droplet diameter of the observed W/O and O/W
emulsions as a function of the asphaltenes concentration for the different oxidation temperatures (5 h)
and a model solution to water ratio of 1:1 for: (a) Asf12, (b) Asf12/373 and, (c) Asf12/473 samples.
It is observed that for the Asf12, Asf12/373 and Asf12/473 samples, the main droplet diameter was
always larger for the W/O system than for the O/W one. It is worth to mention that, in general,
the dispersed phase droplets have a compact distribution for the O/W emulsion, with drops of large
sizes that occupy most of the volume of the O/W phase, i.e., packing or distribution of the drops in
the whole phase is compact. For the W/O emulsion, dispersed, relatively small, and homogenous
drops can be found. For the O/W emulsions, the average droplet diameter ranged from 13 to 86 µm,
while for the W/O systems ranged from 3 to 9 µm. This result could be due to the increase in the polar
group concentration at the interface leads to the reduction of interfacial tension and the formation of
W/O emulsions [73,74].

The results are consistent with a higher concentration of NS at the interface in W/O emulsion
compared to O/W emulsion. When compared to W/O, O/W emulsions are quite sensitive to
concentration changes suggesting that for this case interfaces are far from saturation at 100 and
500 mg/L. Oxidation tends to produce smaller drop diameters indicating more stable emulsions.
When comparing the droplet diameter for the three different samples Asf12, Asf12/373 and Asf12/473
at a fixed asphaltene concentration, it can be observed that lower sizes are obtained as the temperature
of asphaltene oxidation increases. For a fixed concentration of 500 mg/L, the mean droplet diameters in
the W/O emulsions are 5.4, 4.6 and 3.9 µm for Asf12, Asf12/373 and Asf12/473 samples, respectively,
indicating a reduction of 15% and 28% that directly affects the stability of the samples and is in
agreement with the results in Figure 6.
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Figure 6. Mean droplet diameter of W/O and O/W emulsions for different asphaltene concentrations
of 100, 500, and 1000 mg/L, oxidation time of 5 h and a model solution to water ratio of 1:1 for (a) Asf12;
(b) Asf12/373 and; (c) Asf12/473 samples.

2.2.2. Effect of Model Solution to Water Ratio

The effect of thermally treated asphaltenes in the formation of W/O emulsions was evaluated for
a model solution to water ratio of 1:4 and 4:1. The Asf12/473 sample was selected for the evaluation
of the effect of the model solution to water ratio due to its low solubility. Figure 7 shows the (a) and
(c) the phase percentage and in (b) and (d) the mean droplet diameter for systems using Asf12 and
Asf12/473 (5 h) and for a model solution to water ratio of 4:1, respectively. It can be observed from
Figure 7 that for Asf12 sample no W/O emulsion is formed for concentrations of asphaltenes of 100
and 500 mg/L. However, a 76% of W/O emulsion is obtained when the concentration is increased to
1000 mg/L when asphaltenes are oxidized at 473 K, the emulsification process is enhanced regarding
untreated asphaltenes, obtaining percentages of W/O phase of 74 ± 1% for Asf12/473 concentrations
of 100 and 500 mg/L, and of 85% for 1000 mg/L. Also, it is observed that the feasibility of O/W
formation decreased for the oxidized sample in comparison with the untreated one, as non-emulsified
water was observed in the samples with 100 and 500 mg/L of asphaltene, corroborating the preference
for stabilizing W/O emulsions instead of O/W due to reduction in the length of side alkyl chains and
the branching in the aliphatic chains [75,76]. Also, when comparing the mean droplet diameter for
W/O emulsions prepared with Asf12 and Asf12/473 samples, a decrease is observed, corroborating
that by oxidizing the asphaltene molecule, more stable emulsions are obtained. Results suggest low
emulsion formation for both analyzed asphaltene samples. For Asf12 no significant W/O emulsion
formation is apparent at asphaltene concentrations below 1000 mg/L.

In the case of a model solution to water ratio of 1:4 no significant changes in the emulsification
behavior were observed. For both Asf12 and Asf12/473 samples and the three asphaltene
concentrations evaluated of 100, 500, and 1000 mg/L, a percentage of W/O emulsion of 20 ± 1% was
obtained. Nevertheless, the mean water droplet diameter decreased between 25% and 36% when using
Asf12/473 samples. Conversely, O/W emulsions were found to be less than 3% of the system, and the
remaining amount of water was free of emulsions.
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Figure 7. Phase percentage and mean droplet diameter of W/O and O/W emulsions for different
asphaltene concentrations of 100, 500, and 1000 mg/L, oxidation time of 5 h, and a model solution to
water ratio of 4:1 using (a,b) Asf12 and (c,d) Asf12/473.

2.2.3. Effect of Exposure Time on Oxidative Atmosphere

Asf12 were selected for the evaluation of the effect of exposure time to oxidation. Different
exposure times of 1, 5, and 10 h at 473 K were evaluated, and emulsions were prepared using a 1:1
model solution to water ratio and 1000 mg/L of asphaltenes samples. Results of the effect of the
exposure time in the formation of W/O emulsions are presented in Figure 8 for: (a, c) phase percentage
and (b, d) mean droplet diameter. As it can be observed from Figure 8, by increasing the exposure
time of asphaltenes to oxidation, there is a higher feasibility of W/O emulsions formation as well as
higher stability. This could be due to the increase aromaticity, and higher amount of ketone groups that
are included as the oxygen adds to the asphaltene molecules, giving more rigidity to the viscoelastic
film and hence, higher stability [31,77]. Also, a 40% of non-emulsified water was observed. After 5 h
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of exposure time, asphaltenes show a trend in reducing the amount of O/W formed and could be
mainly due to the reduction of N-containing functional groups and is in agreement with the results of
NOx production (Figure 1) where the oxidation of aliphatic chains occur to aromatic rings to afford
nitrogen elimination for NOx generation, ring contraction, and ketone formation [78,79]. Also, as the N
is mainly located in the asphaltenes’ polyaromatic hydrocarbon (PAH) core [32], it can be inferred that
the nitrogen substitution leads to a severe modification of the asphaltenes’ PAH and hence, a change
in the polarity of the molecule. Hence, according to the elemental analysis, the number of aromatic
rings may be increased and lead to stabilization of the emulsions.

The mean droplet diameter decreased for all exposure times evaluated decreased regarding the
untreated sample. As the exposure time increases the percentage of W/O emulsion increases a result
expected given higher polarity and lower oil solubility of Natural Surfactant (NS) stabilizing the W/O
emulsion. Note that high percentages of water were obtained in all cases suggesting low stability of
O/W emulsions and hence high coalescence tendency. This result suggests that in this case reduction of
drop diameter is not related to higher stability. It is reasonable to suggest that higher oxidation leads to
increase in water solubility of NS responsible for the O/W emulsions. In other words, their desorption
from the interface is more likely leading to coalescence.
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Figure 8. (a) Phase percentage and (b) mean droplet diameter of W/O and O/W emulsions for
Asf12/473 samples with different exposure times to oxidation of 1, 5, and 10 h. Experiments were
conducted at a fixed Asf12/473 concentration of 1000 mg/L and a model solution to water ratio of 1:1.

2.2.4. Interfacial Tension Measurements

Interfacial tensions (IFT) were measured for emulsions with Asf12 and Asf12/473 K using neutral
and alkaline water (pH ~12) to evaluate the presence of carboxylic acids on the formation of emulsions.
It is expected that the IFT is reduced drastically by the presence of carboxylic acids in the oily medium.
By ionization reactions, surface active compounds could be formed in the interfacial layer when
contacting an alkaline aqueous solution [80]. Table 5 shows the results of IFT measurements for model
solution—water systems at 298 K. Model solutions were prepared with 100, 500, and 1000 mg/L of
Asf12 and Asf12/473. The toluene-water and toluene—alkaline water IFT were 30 ± 1 mN/m in both
cases, which is in agreement with the results reported by Saien and Akbari [81].
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For both Asf12 and Asf12/473 samples, the values of IFT decreased as the asphaltene concentration
increased, corroborating that smaller droplets are because the IFT is reduced (see Figure 7). In the
case of Asf12 model solutions at 1000 mg/L, the values obtained of IFT were 22 and 9 ± 1 mN/m for
neutral and alkaline media, respectively. When the asphaltenes are submitted to the oxidation, the IFT
slightly decreases to 19 mN/m in neutral water and remains constant in alkaline water, suggesting
that the oxidation of asphaltenes under the conditions evaluated do not lead to the formation of
additional carboxylic groups, and that emulsification mechanism can be more related to the presence of
ketones [34], and the increase of the aromaticity in the asphaltenes samples. Hence, it can be said that
when the molecular structure of asphaltenes is modified by the inclusion of oxygen, the stabilization
of O/W emulsions could be more related to specific asphaltenes—asphaltenes interactions which
contribute to the strengthening of the interfacial film.

It should be mentioned that preliminary studies of interfacial tension, at the toluene-sample
/aqueous sodium hydroxide interface, show no notable change when asphaltene solutions were
compared with oxidized samples. This indicates that under the above conditions, no significant
quantities of carboxylic acids were formed.

Table 5. Interfacial tensions for model solution—water systems at 298 K. Model solutions were prepared
with Asf12 and Asf12/473.

Oily Medium Aqueous Medium Asphaltene Concentration (mg/L) Interfacial Tension ± 1 mN/m

Asf12 model solution
Water

100 28
500 26

1000 22

Alkaline water 1000 9

Asf12/473 model solution Water
100 25
500 23

1000 19

Alkaline water 1000 10

3. Materials and Methods

3.1. Materials

The asphaltenes were extracted with n-heptane (99%, Sigma-Aldrich, St. Louis, MO, USA), from
a Colombian heavy oil of 12 ◦API gravity, with asphaltene content of 18 wt %. Toluene (99.5%,
Merck KGaA, Darmstadt, Hesse, Germany) was used for solvency tests of thermally treated asphaltenes
and the preparation of oil model solutions. Deionized water was employed for emulsions preparation
(pH ~7). Potassium Bromide (KBr, PIKE Technologies, Inc., Boston, MA, USA) was used for FTIR
measurements. Dry air (Linde, Medellín, ANT., Colombia) was used for both asphaltenes oxidation
in TGA and muffle. Nitrogen (N2, Linde, Medellín, ANT., Colombia) was used for evaluation of mass
changes in asphaltene by TGA.

3.2. Asphaltene Isolation and Air Exposure

The asphaltenes were isolated from the crude oil following a standard procedure [82,83]. First,
an excess of n-heptane was added to the crude oil in a 40:1 ratio. The mixture is sonicated for
2 h at 298 K and then stirred at 300 rpm for 20 h. Then, the solution is centrifuged at 4500 rpm
for 30 min using a 306 Hermle Universal Centrifuge (Labnet International Inc., Edison, NJ, USA).
The filtrate is washed several times with n-heptane until the effluent absorbance was the same than
that of pure n-heptane. Absorbance measurements were performed with a GENESYS 10S UV-Vis
spectrophotometer (Thermo Scientific, Waltham, MA, USA). Finally, the asphaltenes obtained are
homogenized in a mortar. For emulsion preparation, the asphaltenes were thermally treated at
373 and 473 K using a muffle (Industrias Terrígeno, Medellín, ANT., Colombia) with a constant air
flow of 100 cm3/min with heating ramps of 5 K/min and different exposure times of 1, 5 and 10 h.
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Treatment temperatures were selected from thermogravimetric analyzer according to Section 2.1.1
above. Asphaltenes in this study are named according to the treatment temperature. For instance,
asphaltenes extracted from the 12 ◦API gravity crude oil are named Asf12, and asphaltenes thermally
treated under an air flow at 373 and 473 K are named Asf12/373 and Asf12/473, respectively.

3.3. Asphaltene Characterization

3.3.1. Elemental Analyses

Elemental analysis for each of the asphaltenes samples was performed by the ASTM D 5291
standard [84] using an elemental analyzer (Perkin-Elmer, Waltham, MA, USA), from which the
percentage is determined by the weight of C, H, N and S for each sample. The oxygen in the samples
was determined by difference.

3.3.2. Solubility Tests

The solubility tests were performed with toluene at room conditions for each asphaltene sample
before and after thermal treatment. Toluene was selected according to its excellent solvency with
asphaltenes due to its aromatic hydrocarbon nature [49,50]. For these tests, the initial asphaltenes
concentration is fixed at 5 wt %. For each case, the supernatant is removed after a process of
stirring, sonication and centrifugation. Subsequently, the solvent is evaporated, and the obtained
asphaltenes are dried and quantified. All the tests were performed at room temperature (298 K) and
atmospheric pressure.

3.3.3. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were performed to determine the temperatures for asphaltene
treatment without losing a significant mass of the sample. In each run, the mass of the samples used was
less than 5 mg to avoid any diffusion effect for this case. TGA for Asf12 sample was performed under
air and N2 atmospheres from 373 to 1073 K at a heating rate of 20 K/min to determine the oxidation
temperatures. Asphaltenes samples were evaluated under air atmosphere for 5 h and isothermal
conditions at defined temperatures of 373 and 473 K. Finally, Asf12 sample was subjected to different
exposure times (1, 5 and 10 h), also under isothermal conditions of 473 K. All runs were performed
at a constant flow of 100 mL/min in a Q50 Thermogravimetric Analyzer (TGA, TA Instruments, Inc.,
New Castle, DE, USA). A Fourier transform infrared (FTIR) spectrophotometer (IRAffinity, Shimadzu,
Nakagyo-ku, Kyoto, Japan) was coupled with the TGA to follow the NOx subproducts (analyzed at
1550 cm−1 and 1365 cm−1) of asphaltene thermal treatment, which operates at a resolution of 2 cm−1

with 16 scans per minute in the range of 4000 to 400 cm−1. All experiments were performed in triplicate
for confirming the reproducibility.

3.3.4. FTIR of Solid Asphaltenes

For Fourier transform infrared (FTIR) analysis [85], KBr was mixed with each sample of
asphaltenes in a 30:1 weight ratio [86]. For samples detection, a KCl cell with a 0.25 mm spacing was
used and placed in the FTIR at room temperature. The obtained FTIR spectra were analyzed using
the OriginPro 2016 software (OriginLab Corporation, Northampton, MA, USA) and different indexes
were calculated to provide qualitative information on asphaltenes molecules. Each measurement was
performed in triplicate to ensure reproducibility of the measurements. All indexes were calculated
based on areas related to specific bands from valley to valley and applying a deconvolution technique to
avoid overlapping [51,87,88]. For example, the calculated area from the band at 1600 cm−1 is denoted
as A1600. Brief descriptions of the calculated indexes are presented in Table S1 of the Supporting
Information Document.
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3.4. Preparation of Emulsions

Emulsions were prepared with model solutions of untreated (without oxidation) and thermally
treated asphaltene samples at 373 and 473 K with concentrations of 100, 500 and 1000 mg/L in toluene.
Preparations were performed using three different model solutions to water volume ratios of 1:4, 1:1,
and 4:1. For this, first, the asphaltenes were dissolved in toluene and constantly stirred at 300 rpm
for 24 h. The complete solubility of asphaltenes was verified using an optical microscope Moticam 5
(Motic Instruments Inc., Carlsbad, CA, USA). After, deionized water was added, and the mixture was
stirred at 14,000 rpm for 15 min at room temperature (298 K) using a Single-Spindle Mixer HMD200
Series (Hamilton Beach, Picton, ON, Canada) equipped-with a solid agitator, a 0.95 L stainless steel
cup and a propeller impeller.

3.5. Emulsions Characterization

The characteristics of the emulsions were evaluated by phase identification, drop size of the
dispersed phase, and interfacial tension measurements. Each phase of the system was quantified in
volume to observe the effect of the asphaltene thermal treatment on the formation of W/O and/or
O/W emulsions, as well as their stability. Phase volume was determined using 100 mL graduated
test cylinders hermetically isolated at 298 K and atmospheric pressure. The volume of each phase
was monitored, and measurements were conducted after 24 h when the system was found to be
stable. For each phase, drop sizes were obtained using a rotating phase BA310 Trinocular microscope
with Moticam 5 (Motic Instruments Inc., Carlsbad, CA, USA). The methodology used to obtain the
drops mean size of dispersed phase depended on the number of drops and the mapped region.
The method used to determine the population size consists of first fixing the drops population for each
sample, setting the level of confidence (95%), calculating the confidence interval, and then calculating
the population size. The average size of the drops of the dispersed phase was calculated by using
a statistical software MiniTab17 (Minitab Inc., State College, PA, USA) and the size obtained for each
drop was measured using a morphometric software tpsDig 2.17 (SUNY, Stony Brook, NY, USA) [89].
Also, the measurements of interfacial tension (IFT) of the emulsions were carried out using a digital
tensiometer (KRÜSS GmbH K20, Hamburg, Germany), using a Du Noüy ring [90] composed of
platinum-iridium that is suspended from a force sensor. The instrument is first calibrated with a base
fluid (water ~72 mN/m), and after each measurement, the ring is subjected to a temperature of 473 K
for 5 min to remove impurities. For the IFT measurements, the oil and the brine systems where
equilibrated for 24 h. Surface tension measurement of toluene solutions of asphaltenes and a stirred
mixture of solid asphaltene in water were measured to discard possible surface active impurities.

4. Conclusions

The effect of physicochemical changes in asphaltenes molecule after oxidation at 373 K and 473 K
in the formation of water in model solutions emulsions was investigated. Compositional and structural
changes in asphaltenes molecules after oxidation at 373 and 473 K were determined by elemental
analyses, FTIR, solvency tests, and TGA. By increasing the temperature and exposure time to oxidation,
the aliphatic compounds, H/C ratio, sulfoxides groups, aliphatic chain lengths and ramifications
are reduced. Conversely, the aromaticity and aromatic rings/aliphatic hydrogens ratio increased.
The decrease in the N/C ratio suggests nitrogen oxidation and conversion to NOx.

The formation of W/O emulsions is favored by the presence of functional groups which determine
the orientation and adsorption of asphaltenes at the interface. Further, the interfacial film is reinforced,
which lead to the inhibition of the droplets coalescence. In all cases evaluated, W/O emulsions were
more stable for oxidized samples than for the untreated ones. The increase in the oxidation temperature
helps to stabilize the W/O emulsions and inhibit the formation of O/W emulsions. Increasing the
concentration of asphaltenes in the W/O system leads to lower droplet size, i.e., more stable emulsions
are obtained. It was obtained that the stabilization of emulsions after asphaltene undergo oxidation is



Energies 2018, 11, 722 17 of 21

improved by higher temperatures and higher exposure times to oxidation. Also, IFT measurements
revealed that no carboxylic acids are formed in the oxidation process and is discarded as the main
emulsification mechanism. Possible transformations product of the oxidation process are of special
interest due to the nitrogen removal prevails among them. Future works should include the effect of
the resins transformation in the emulsification process and how they change the rheological behavior
of the emulsifier system.

This work pays particular attention to thermal processes for EOR operations and could lead to
the design of technologies to inhibit this problem in field applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/4/722/s1,
Figure S1: Thermogravimetric analysis of asphaltene decomposition under oxidative and inert atmospheres;
Table S1: Indexes defined transmittance bands FTIR for structural characterization of n-C7 asphaltenes; Figure S2:
Qualitative compositional indexes of oxidized asphaltenes at different temperatures (Asf12, Asf12/373 and
Asf12/473) from FTIR spectra: (a) Aromaticity Index, (b) Aliphatic index, (c) Branching of aliphatic chains,
(d) Carbonyl groups, (e) Sulfoxide groups, (f) Length of aliphatic chains, (g) CH2/CH3 ratio and (h) Aar/Aal
ratio; Figure S3: Qualitative structural indexes of asphaltenes (Asf12/473) oxidized at different exposure times:
(a) aromaticity index, (b) aliphatic index, (c) branching of aliphatic chains, (d) Carbonyl groups, (e) Sulfoxides
groups, (f) Length of aliphatic chains, (g) CH2/CH3 ratio and (h) Aar/Aal ratio.
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