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Abstract: The most complex components in heavy crude oils tend to form aggregates that constitute
the dispersed phase in these fluids, showing the high viscosity values that characterize them.
Water-in-oil (W/O) emulsions are affected by the presence and concentration of this phase in crude oil.
In this paper, a theoretical study based on computational chemistry was carried out to determine the
molecular interaction energies between paraffin—asphaltenes—water and four surfactant molecules to
predict their effect in W/O emulsions and the theoretical influence on the pressure drop behavior for
fluids that move through porous media. The mathematical model determined a typical behavior
of the fluid when the parameters of the system are changed (pore size, particle size, dispersed
phase fraction in the fluid, and stratified fluid) and the viscosity model determined that two of the
surfactant molecules are suitable for applications in the destabilization of W/O emulsions. Therefore,
an experimental study must be set to determine the feasibility of the methodology and mathematical
model displayed in this work.

Keywords: MMH in asphaltenes; emulsions in porous media; pressure drop; surfactant activity

1. Introduction

Asphaltenes are part of the heaviest fraction of crude oils, and due to their high chemical structure
complexity with active sites that promote strong intermolecular interactions (such as 7— stacking,
hydrogen bonding, van der Waals interactions, among others), they tend to form aggregates that
become a dispersed phase which increases the viscosity of the oil [1-3]. If these aggregates reach
a critical size, they could form a deposition of precipitates in the walls of tubes, making crude oil
transportation difficult and poorly efficient [4].

Viscosity reduction has been studied under the effect of chemicals such as surfactants or flow
enhancers. Nevertheless, the molecular mechanism of action through which viscosity decreases is not
clear [5-7]. Also, it has been observed that the action of these chemicals also affects the stabilization
of water-in-oil (W/O) and oil-in-water (O/W) emulsions [6,8]. It has been hypothesized that the
enhancer interacts with the heaviest components and reduces the dispersed phase and viscosity as
a consequence, even at relatively low concentrations of the enhancer which is one of the desirable
properties of these type of products; therefore, the emulsion formation related to the water content and
the water-asphaltene interaction has become a topic of interest [1,9].
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In the petroleum industry, heavy crude oils are often produced from reservoirs in the form of W/O
or O/W emulsions, and they are transported in reservoir rocks with a wide range of permeabilities.
Several models have been reported in the literature to describe flow mechanisms of emulsions through
porous media [10,11].

This work aimed to establish a theoretical model to describe the flow of W/O emulsions through
porous media and determine the influence of four surfactant molecule models on emulsion stability
and the final effect on pressure drop. The molecular interactions were studied under the Multiple
Minimum Hypersurfaces (MMH) method, from which the association energies are determined to show
the most probable associations that occur in the system formed by molecules of asphaltenes, paraffin,
water, and surfactant.

1.1. Mathematical Analysis of the Emulsion Flow through Porous Beds

In this work, the linking of emulsion properties with the equations to estimate the pressure
gradient through porous beds (®), involves the Carmen-Kozeny and Burke-Plumber equations in
conjunction with the analysis presented by Cheng et al. [12]. Considering a solid tube with diameter D
and length L, the following expressions are obtained:

For the laminar regime:
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For the turbulent system:
(1-¢) pm(1 =) + pad 2. 403
® =175 3 ¥ Ve, 10° < Rep ®)

p

where p;; and i, are the density and viscosity of dispersion media, p; and u, are the density and
viscosity of the dispersed phase; respectively, V is the total volume, dj, is the particle diameter, ¢ is the
dispersed phase volume fraction, and ¢ represents the porosity.

1.2. Effect of Emulsion Destruction on the Pressure Gradient

The demulsifying action produced by surfactant addition in low concentrations to the crude oil
with water content destroys the dispersed system producing phase separation. In such a way, it can be
considered that some of the solid particles are in contact with the crude oil, and some are in contact
with the water. Since the water is significantly less viscous than oil, this should bring an apparent
decrease in the cutting tension that manifests itself as a reduction in the pressure gradient.

From this behavior, it will be considered that phase separation is established in a stratified manner
and that the flow regime is laminar (a turbulent regime induces the dispersion of one phase in another).
The porous bed is visualized as channels in such a way that the empirical equations above can be
employed. Also, the viscosity considered in the model is the global viscosity obtained for stratified
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flow in a system of parallel plates, where the position of the interface is related to the composition of
the flow according to the equation:

(22- /\)oc4 —21a3 + 31a?
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and the global viscosity is determined as [13]:
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1.3. Influence of the Surfactant on Global Viscosity

Viscosity is a transport property that depends on the concentration and molecular structure of the
compounds, the molecular interactions between them, and the pressure/temperature conditions of the
system [14]. In the case of gases, the kinetic theory has been useful to predict the viscosity behavior as
a function of the thermodynamic properties; however, for liquids, it is difficult to manage the effect of
the molecular interactions whose influence is more significant due to the vibrations of the molecules in
the spatial field created by the neighboring molecules [15].

Fluid movement is only possible when molecules go over the activation energy AGy (J/mol), which
depends on the molecular interactions in the system. From this basic statement, Eyring [16] proposed
a relationship between viscosity and temperature for non-Newtonian liquids:

©)

Nh ( AGQ)
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where N is the Avogadro number, & is the Plank constant, and V is the molar volume which can be
assumed to be constant in a given temperature range.

The physico-chemical mechanism associated with the viscosity reduction of crude oil emulsions is
not fully understood. For some surfactants, the experimental data shows that these kinds of chemicals
increment the stability of the asphaltene dispersed phase in such a way that reduces the asphaltene
fraction in the form of aggregates [17]. On the other hand, a suitable surfactant can lead to the
destabilization of the dispersed phase formed by water, which results in a complete phase separation
and the origin of a biphasic fluid that promotes a significant reduction in frictional pressure drop losses
in the system.

Therefore, the molecular interaction energies that produce stabilization/destabilization of the
dispersed phase can be considered proportional to the activation energy, and therefore, determining
such interactions is fundamental in the study of fluid behavior.

2. Materials and Methods

Study of Molecular Interactions Using the MMH Methodology

The Multiple Minimum Hypersurfaces (MMH) approach allows us to study the collective effects of
the molecular environment by combining the quantum and mechanical procedures for the calculation
of the molecular aggregate energies with statistical thermodynamics for the determination of the
thermodynamic properties of association of polyatomic systems [18]. This methodology explores the
potential energy surface to find the molecular arrangements, with their respective geometries and
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energies, that group the most important significant states for the calculation of the thermodynamic
properties of the complete system [19].

In the MMH procedure, a set of random ordering of the different molecules under study is
generated and rearranged until the minimum value of the internal energy is obtained. These
minima are considered as a canonical representative set of the macroscopic state (closed system at
constant temperature and pressure) according to a typical Boltzmann distribution. Through this
methodology, a random conformational search is performed, from which the essential conformations
that can be established between the molecules forming the aggregate under study are analyzed. The
subsequent optimization of the cells is performed by mechano-quantum calculation methods, for
which a semi-empirical Hamiltonian is used.

The reference state for the calculations is assumed to be a set of the same number of non-interacting
molecules, which implies a process of isothermal association from a molecular point of view. Degrees of
freedom (translational, vibrational and rotational) are considered identical in the individual molecules,
and the molecular aggregates for each cell are of the same type as the molecular aggregate created, so
the sum of their total energies serves as the reference value in the massive scale. Consequently, the
energy of the cell concerning the new reference scale A¢;, is:

Aé‘l’ = Ei_gref (10)

gref = Zei (11)

1

where:

In statistical terms, and setting the non-associated molecules as a reference, the following equations
are used to analyze the association energies in the system:

u= Z giEasoc; (12)
Sasoc = —kZ g;In(q;) (13)
Aasoc = —kRT In(g;) (14)

where U, Easoc, Sasoc, and Aasoc are the internal energy, the association energy, entropy, and Helmholtz
free energy; respectively, k is an integration constant, T is temperature and R is the gas constant. g is
the molecular partition function that represents the sum of the corresponding states extended to the
total system states and is represented by:

o(=PEj) 1

q; = T o) P=7x (15)

The analyzed cases in this study correspond to the molecular associations of four different
surfactant molecules and the paraffin and asphaltene content in crude oil. For each of the molecular
associations, the most favorable conformations were considered through the application of the
GAUSSIANO9 software with the B3LYP method. A statistical analysis of the results was performed
to determine the optimal conformation (minimum energy) which was optimized using the program
MOPAC2016. Figure 1 shows the molecular models for paraffin and asphaltene single molecules, and
the surfactant used in the interaction study.
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Figure 1. Initial structures considered.

The models in Figure 1 for paraffin and asphaltene were taken as reference from previous work
presented by Suarez et al. in which the interaction with asphaltene from Mexican crude oil was studied
under the effect of a viscosity bio-reducer [13,20,21]. Molecules A, B, C, and D in Figure 1 are gallic
acid ethoxylated derivatives designed to have different polarities by adding tri-ethoxylated chains as
ether/ester derivatives, and are the next novel materials: A = gallic acid with three ethoxylated chains
(ether), B = gallic acid with one ethoxylated chain (ester) and three hexyl chains, C = gallic acid with
one ethoxylated chain (ester), and D = gallic acid with four ethoxylated chains (ester/ether). This work
arises as a preliminary analysis to determine the effect of the model proposed on emulsion properties.
The associations studied by MMH methodology were as follows, where o« = molecule A, B, C or D:

e  «-Asphaltene

o  o-Paraffin

e «-3H,O

e  «n-Asphaltene—Paraffin

e  o-Asphaltene-Paraffin-3H,O

3. Results: Theoretical Predictions

The results from the MMH analysis are shown in Table 1. According to the results, for an ideal
crude oil with paraffin and asphaltenes in a water-free system whose structures match the models
used for the calculations, molecule C is more effective to reduce viscosity. In the presence of water, the
viscosity is even lower; therefore, model C is the most effective to act as surfactant. Similar behavior is
expected for molecule B. If water is significantly less viscous than the paraffin—asphaltene mixture, the
predicted results fit the expected due to experimental observations that show that the addition of a
lower viscosity component results in a viscosity reduction of the mixture [22]. Figures 2 and 3 show
the optimal conformations that represent the results in Table 1.
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Table 1. Values of the molecular interaction energies determined using the Multiple Minimum
Hypersurfaces (MMH) methodology.

Interaction

Energy (eV) in a Water-Free System Energy (eV) with 3H,O

Total internal energy values obtained for optimal conformation cell (minima)

Asphaltene-Paraffin-Molecule A —23,496.4 -24,464.6
Asphaltene-Paraffin-Molecule B —23,367.3 —24,335.3
Asphaltene-Paraffin-Molecule C -20,669.3 -21,637.4
Asphaltene-Paraffin-Molecule D —24,685.4 —25,653.5
Internal energy (Easoc)
Asphaltene-Paraffin-Molecule A -202.6 -108.2
Asphaltene-Paraffin-Molecule B -136.8 -75.9
Asphaltene-Paraffin-Molecule C -146.1 -76.2
Asphaltene-Paraffin-Molecule D -181.4 -98.9
Entropy (Sasoc)
Asphaltene—Paraffin-Molecule A 7.6 12.7
Asphaltene-Paraffin-Molecule B 9.5 19.7
Asphaltene-Paraffin-Molecule C 14.6 26.1
Asphaltene—Paraffin-Molecule D 12.7 17.0
Helmbholtz free energy (Aasoc)

Asphaltene—Paraffin-Molecule A -204.8 -112.0
Asphaltene-Paraffin-Molecule B -139.7 —81.8
Asphaltene-Paraffin-Molecule C -150.5 —84.0
Asphaltene-Paraffin-Molecule D -185.2 -103.9
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Figure 2. Free-water conglomerate interactions.
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Figure 3. Interaction of conglomerates and three water molecules.

For the considerations established previously (Equation (9)), the activation energy related to fluid
movement is proportional to the internal energy obtained through MMH methodology. Figure 4 shows
the predicted qualitative behaviors of viscosity for the molecular interactions studied.

u 224
21+
20T
191
18 1
16 T
15 ELR_“__X_JDO;
14 £ I ——

Figure 4. Qualitative behavior of viscosity for the paraffin—asphaltene-surfactant mixture predicted by
the Eyring equation. u is the relationship between the predicted viscosity and a viscosity reference
value at a given temperature (u = p/u at 298,15 K).

These results are only valid if there is a complete mixture of the system. However, in real systems,
water and asphaltene molecules confer colloidal properties to crude oil that result in an additional
increment of viscosity. Water and asphaltenes are polar molecules that, when immersed in a non-polar
media (paraffin), tend to form aggregates. This behavior eventually evolves into the formation of a
dispersed phase. Such dispersed particles distort the flow pattern which manifests in higher viscosity,
and finally, the fluid exhibits a non-Newtonian behavior (at low temperatures) [23,24]. If experimental
data demonstrate that a surfactant molecule reduces viscosity, then it can be employed as a flow
enhancer in extraction and transport processes in the crude oil industry.



Processes 2019, 7, 620 8of12

In order to analyze the predictions of the mathematical analysis developed in Sections 1.1 and 1.2,
we will consider a crude oil with a certain water content in such a way that it is considered a W/O
emulsion, and the physical properties of both fluids are shown in Table 2. The crude oil properties data
were obtained from the characterization of Mexican crude oils and are presented as average values for
wells in northern Mexico [25-27].

Table 2. Properties of the emulsion components.

Phase Density (kg/m®) Viscosity (Pa-s)
Crude oil (dispersion medium) 980 8
Water (dispersed phase) 1000 0.001

The objective is to predict the influence of water content on the mixture and the characteristics
of pore-filling on the behavior of the pressure gradient for the velocity of the fluid. In this sense, the
attributes of the porous media considered are the porosity and the average particle size.

Figure 5 shows the effect of the volume fraction of the dispersed phase (¢) on the behavior of the
pressure gradient concerning the average velocity for a porosity ¢ = 0.4, where the pressure gradient
increases with the volume fraction of the dispersed phase. This result is expected as the emulsion
viscosity increases with the concentration of the dispersed phase [28]. On the other hand, the pressure
gradient is extremely high, because it has been considered as a bed filled with sand particles of average
diameter equal to 1 mm. Hence, the surface area of the solid in which the fluid is in contact with is
very high, with a consequent increase in the cut tension on the surface of the particles.

Pa/m 25.10+ o°
oOo
o 7
Oo F
o o -
2x10 T+ 0°° -
o -
o
o
o
Ooo N
7 ] ”
1.5x10 K5
o°
00~
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7 7
1x107 4 o0%
0%~
OO/
K37
6 o/
5x10°+ R
o¥
¥
0 T S e s e S
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0 0,010
m/s

Figure 5. Emulsion composition effect with porosity ¢ = 0.4, particle diameter d, = 0.001 m, and
dispersed phase volume fraction ¢ = 0.01 (solid line), 0.1 (dashed line), and 0.2 (dotted line).

Figure 6 shows the effect of the particle size where now the bed has been considered to stone-filled
with the stones having an average diameter of 1 cm, 2 cm, and 3 cm. It is observed that, at the same
fluid velocity profile, the pressure gradient decreases considerably when the particle size increases,
with a consequent decrease of both the surface area of the solid and the cutting tension on the surface.
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Figure 6. Particle size effect with ¢ = 0.4, dy = 0.1 m, and ¢ = 0.01 (solid line), 0.02 (dashed line), 0.03

(dotted line).

Figure 7 shows the effect of the bed porosity (¢) on the pressure gradient, where it is predicted
that an increase in porosity decreases the pressure gradient for the same velocity profile.

s
Pa/m 3 05 +
~
7~
s ~
2x10° - o
-~ o
- 0°°
~ 0©
- 00°
- o©
0©
)
0©
00
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)
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~ 00°
~ 00
~00°
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0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0010

m/s
Figure 7. Bed porosity effect with d, = 0.01 m, ¢ = 0.1, and ¢ = 0.38 (solid line), 0.4 (dashed line), 0.42
(dotted line).

Finally, Figure 8 shows the effect of the phase separation on the pressure gradient, where it is
predicted that the use of a demulsifying agent entails a significant decrease in the pressure gradient for
a specified velocity.



Processes 2019, 7, 620 10 of 12

Pa/m -
7
" st 7/
2x10 P
7
7
7

5 7~

1.5x10°+ e
7
7
7
7
1x10° + s
7
7
>
>

" 7

5x10°+ e
7
7
7
7
0 i : : . ! } ; ; ; |
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0009 0.010
g})m/s

Figure 8. Phase stratification effect. Emulsion (dashed line) and phase separation (solid line) with dj, =
0.01m, ¢ =0.1,and € = 0.4.

4. Conclusions

This paper presents the preliminary analysis of the surfactant action of four model molecules on
W/O emulsions through the determination of the molecular interactions using the MMH methodology
for a paraffin—asphaltene-water surfactant. It was found that the minimum interaction energies that
determine the main molecular associations can be taken as the activation energies involved in the study
of the behavior of the pressure drop when a dispersed system (e.g., W/O emulsions) flows through
porous media.

A mathematical model was developed for the prediction of pressure drop losses for different
properties of the system: pore size, particle size, dispersed phase fraction in the fluid, and stratified
fluid. From this study, the following aspects are concluded:

1.  The model predicts that for an emulsion flowing through a porous bed, the pressure gradient
increases with the volume fraction of the dispersed phase, even when the dispersed phase
corresponds to a less viscous fluid (which is the expected behavior for these kinds of systems).

2. The pressure gradient increases when the bed porosity increases, and the particle size decreases.

3. If the dispersed phase is less viscous, the destruction of the dispersed system by injecting a
demulsifier causes a stratification of the flow that decreases the cut tension in the solid surface,
significantly reducing the pressure gradient.

4. The results of the study of the molecular interactions applied to the Eyring viscosity model
determined that surfactant molecules B and C are suitable for the application of the destabilization
of W/O emulsions.

From these theoretical approaches, future work is going to exhibit complete crude oil
characterization, W/O emulsion properties, and the synthesis and characterization of these surfactants
along with the experimental data for the discussion of the semiempirical molecular interactions found.
Future work will also present a mathematical model for the prediction of the pressure drop for fluids
through porous media in which the effect of the surfactant on W/O emulsions is directly outlined.
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