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Abstract: In recent years, with the goal of “carbon peaking and carbon neutralization”, the CO2

flooding technology in carbon capture, utilization, and storage (CCUs) has been paid great attention
to the oil fields. However, the CO2 flooding of crude oil may produce foams in the oil and gas
separation process. In addition, the precipitation of wax components in crude oil might enhance
the stability characteristics of these foams and lower the separator’s efficiency. Based on a crude oil
depressurization foaming device, the influence of wax crystals on the bursting of oil foam was studied
using simulated oil, and the microstructure of the wax crystal and foam liquid film was observed
using freeze-etching and microscopic observation. In addition, the gas–liquid interface model of
the wax oil was established by a molecular dynamics (MD) simulation to analyze the influence
mechanism of wax crystals on foam drainage and gas diffusion among foams in the microlayer. The
results show that the precipitation of wax crystals overall reduces the rate of defoaming and drainage
and increases the grain diameter of the foam. The formation and growth of the wax crystal-shaped
network impede the flow of liquid in the drainage channel and stabilize the foam. Moreover, it
impedes the diffusion of CO2 among foams, inhibiting the bursting of the foams. The results of the
combined experiments and MD simulation verify the accuracy and applicability of the molecular
model, which further clarifies the effect of wax crystals on foam stability and its mechanism of action
on foam film. These findings are a benchmark for the enhancement of defoaming and separation
efficiency and a theoretical framework for future study and modeling.

Keywords: crude oil foams; wax crystal; drainage; gas diffusion; molecular dynamics simulation

1. Introduction

Foam has been widely applied in many fields, including the food, cosmetics, firefight-
ing, mineral flotation, and petroleum industries [1]. The existence of foams may cause
problems in the oil and gas industry [2]. In the separation process at a gathering and
transmission station, a large amount of gas may be dissolved in the crude oil flooded
by CO2 and was released from crude oil due to depressurization, generating foams. A
large accumulation of foams causes the low efficiency of the separator. In addition, a large
number of natural surfactants, including resins, asphaltenes, and wax crystals in crude oil,
stabilizes the foams even more, potentially causing damage to downstream equipment [3].
The wax crystals are a complicated yet crucial component of these. They are composed
of straight-chain alkanes with carbon numbers ranging from 16 to 70 [4]. The dissolved
wax molecules precipitate into solid particles when the temperature and pressure change
through phase transformations. The wax crystals diffuse in the plateau border (PB) and
adsorb onto the foam films of crude oil foams, affecting the stability of the foam [2]. There-
fore, to provide a theoretical basis for the defoaming of crude oil and a guarantee of the
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efficient operation of the separator, it is necessary to deeply understand the movement
of wax crystals in foams and the intrinsic mechanism of the effect of wax crystals on the
foam characteristics.

The bubble of crude oil foam is spherical and composed of separated gas and con-
tinuous crude oil. The gas is dispersed in a network composed of liquid film, PB, and
node [5]. The bursting mechanism of foam is mainly due to drainage, coarsening, and
coalescence [6,7]. The drainage is the flow of liquid in the network formed by the film, PB,
and node under gravity and capillary forces. The foam spacing decreases until it leaves
only a layer of film, and the foams distort from spherical to polygonal. Coarsening is when
the difference in curvature radius between foams causes the pressure difference between
a large bubble and a small bubble, resulting in the gas diffusing through the liquid film.
When drainage is completed and the critical liquid holdup of foams is reached, the liquid
film of foams become thin and ruptured, leading to foam coalescence and bursting [8,9].

The wax crystals in crude oil precipitate into solid particles only at temperatures below
the wax appearance temperature (WAT). Research on the effect of wax crystals on the
decay mechanism of crude oil foam is quite limited. Shrestha and other researchers [10,11]
concluded that the wax content in crude oil determined the rheological properties and that
the precipitation of wax crystals interfered with the surface rheological properties of crude
oil, affecting foaming features. Binks et al. [12] demonstrated that wax crystals increased
the viscosity and reduced the flow of crude oil. Blázquez et al. [1] considered wax crystals
as solid particles, affecting the stability of foams.

The influence of solid particles on foams and emulsions has been widely studied
compared to wax crystals [13]. The solid particles are found to be attached to interfaces
to reduce the gas diffusion between bubbles, causing less coalescence and thus stabilized
foams [14]. Binks et al. [15] found that a large number of particles increased the viscosity
of the liquid phase in foam, resulting in a lower drainage rate. In various studies, the
shape and size of particles have played a significant role in the stabilization of foams and
emulsions. Smaller particles stabilize emulsion much more efficiently than large ones
because of their better surface coverage in the interfaces and the large particles flocculating
freely in the continuous phase. Kaptay [16] concluded that particles below 3 µm were
effectively stabilized foam. However, some researchers [17,18] found that only particles
with a certain size range are effectively stabilizing air foams, which were more affected
by particle size than emulsions. Sethumadhavan et al. [19] found that flaky crystals
generally stabilized foams because of the flat surface attached to liquid film. Furthermore,
the spherical particles stabilized the foam sheet better than sharp-edged particles that
destroyed the foam film faster. On the other hand, Madivala et al. [20] revealed that
spherical particles could not stabilize due to a low aspect ratio, which is defined as the
ratio of major to minor dimensions. In addition, many studies have clearly shown that the
unique network is critical for the stability of oil foams. Even needle-shaped particles may
aid in the stabilization of oil foams by forming a more robust network efficiently [21].

In addition to experiments, molecular dynamics (MD) simulations have been widely
used to explore the effect of wax crystals on the characteristics of crude oil. The MD
simulation method can analyze the microscopic characteristics and the mechanism of wax
crystals from the molecular level. Gan et al. [22] studied the effect of temperature, pressure,
water, and asphaltene on the wax precipitation processes with paraffin molecules simulated
by nhexacosane (C26H54) and noctatriacontane (C38H78), which found that the increase in
temperature and water decreased the wax precipitation, and the asphaltene also enhanced
the wax precipitation. Chen et al. [23] investigated the effect of a magnetic field on waxy
oil using the same paraffin molecule model. In addition, Wu et al. [24] utilized the n-alkane
of C18H38 to simulate the wax crystal, and Samieadel et al. [25] employed n-C11H24 to
simulate paraffin. In Jang’s work [26], n-C32 was used to simplify wax compound for MD
simulation. However, few researchers have paid attention to the influence of wax crystals
on the interfacial properties of crude oil foam through MD, let alone the combination of
MD simulations and experiments.
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Thus, in the experiment, the effect of wax crystals on non-aqueous foam characteristics
was studied using simulated oil without asphaltene and resin. The effect of wax crystals on
the defoaming and structural characteristics of oil-based foam was analyzed to reseal the
mechanism of influence of wax crystals on foam drainage from a microscopic perspective.
In addition, by using an MD simulation system, a model of foam film was created to
study the spatial arrangement of wax crystals on the foam liquid film and determine the
impediment to gas diffusion and the reduction in wax crystal interfacial tension. The
study of experiment and MD simulation was aimed at deepening the understanding of the
mechanism of foam bursting and provides a reference for crude oil defoaming and the safe
and efficient operation of the separator.

2. Materials and Methods
2.1. Experimental Section
2.1.1. Materials

N2 with a purity of 99.9% and CO2 with a purity of 99.99% were purchased from Beijing
Yongsheng Gas Technology Company (Beijing, China). White oil was supplied by Shenzhen
Zhongruntong Chemical Co., Ltd. (Shenzhen, China) (mass fraction purity > 99.5%). Wax was
separated from the JL crude oil, which came from the Jilin Oilfield in Jilin Province. In this
study, the two simulated oils with wax contents of 10% and 20% were composed of wax
and white oil, and a pure white oil with a wax content of 0% was used as a comparison, as
shown in Table 1.

Table 1. The compositions of the simulated oils.

Simulated Oils Wax Content/wt% White Oil/wt%

1 0 100
2 10 90
3 20 80

2.1.2. Foam Preparation and Performance Tests

In this work, foams were generated utilizing a crude oil foam characteristic testing
device, as shown in Figure 1. The principle of the device is based on the saturated crude oil
releasing gas and generating foams after depressurization. First, the excessive CO2 and
simulated oil were injected into vessel 2© (shown in Figure 1) under 0.8 MPa to mix. Then,
200 mL simulated oil with dissolved saturated CO2 was pushed into vessel 3© (shown
in Figure 1) with 0.3 MPa under depressurization and stood for 2 h to ensure excess gas
escape. Finally, the saturated simulated oil was pushed into vessel 4© (shown in Figure 1)
after turning on the ball valve, generating abundant foams. The detailed process has
been described in previous articles [2,27]. The generating and bursting processes of the
foams were recorded with a digital camera and edited and processed to obtain batch data,
including the evolution of foam or drainage liquid volume to lifetime. ImageJ software
was employed to measure the bubble diameter of the foams [28]. The wax precipitation
characteristics were obtained by differential scanning calorimetry (DSC) to determine the
wax crystal content at different temperatures. The foam performances of simulated oils
with different wax crystal contents were compared by analyzing defoaming rate, drainage
rate, and bubble diameter.

In addition, the precipitation of wax crystals in the simulated oil was observed through
a Nikon OPTIPHOT2-POL microscope to reveal the mechanism of action of wax crystals on
foam drainage. The foam film was observed through cryo-SEM to demonstrate the spatial
distribution of wax crystals on the oil foam film.
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Figure 1. Principle of the device for testing crude oil foam characteristics.

2.2. Simulation Section
2.2.1. Model Construction

In most MD simulations for waxy crude oil studies, the oil and wax have always
been simplified using corresponding molecules. C11H24, C18H38, C26H54, C28H58, C36H74,
and C38H78 molecules have been chosen as wax crystals to simplify the oil components in
different works [22,24,29]. To determine the wax crystal model and establish the foam film
model, Figure 2 shows the process of establishing a foam film model with wax clusters.
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Figure 2. (a) The carbon number distribution of wax extracted from the JL crude oil; (b) the cluster
with a large bulk (C26H54 and C30H62) of waxy crystals; (c,d) the initial and final configuration model
of gas/liquid with CO2, wax clusters, and n-decane.

First, the carbon numbers of wax extracted from JL crude oil were found to be be-
tween C20 and C38 according to the carbon number distribution analysis [23], as shown in
Figure 2a. The C26 and C30 were selected by calculating the weighted average of carbon
numbers as simulated numbers. Therefore, the cluster of waxy crystals (the mixture of
C26H54 and C30H62) was built according to Gan’s method [22], as shown in Figure 2b.
Referencing the sandwich model structure [30–33], some wax clusters and 200 n-decane
molecules formed liquid phase with wax content of 10% or 20%, and a CO2 layer was
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added to both sides of it along the Z-axis, forming a cubic box, as shown in Figure 2c. The size
of the model with the wax content of 20% was 37.76 Å × 37.76 Å × 540 Å (X × Y × Z), with the
final configurations shown in Figure 2d. The detailed analysis of the model’s parameters is
discussed in Section 3.2 below.

2.2.2. Simulation Methods

To identify the effect of wax crystal on the characteristics of film in simulated oil foam,
MD simulations were performed in Materials Studio [31] with COMPASS force field. First,
the energies of the models were geometrically optimized using a smart algorithm to avoid
possible molecular overlap. Second, each system was annealed for 500 ps, which means
being heated from 300 K to 400 K and then cooled to 300 K for 5 cycles. After annealing, an
MD simulation lasting 4 ns was performed with a time step of 1 fs to reach equilibrium
under the NVT ensemble (keeping the atomic number N, volume V and temperature T of
the system constant) [34]. The simulation was set to a constant volume and temperature
equilibrium state, which was controlled using a Nose thermostat. In the system, the van
der Waals (vdW) interactions were treated by the atom-based summation method with a
cutoff distance of 15.5 Å, and the long-range electrostatic interactions were calculated by
the Ewald algorithm [31]. Finally, each system was analyzed using the last 1 ns data [22].

2.2.3. Parameters Analysis

To study the dissolution characteristics of wax molecules, the solubility parameter
δ is calculated from the cohesive energy densities (CED) analysis via MD. The close of
the solubility parameters of the two materials is consistent with the efficient blend. If
the D-value (∆δ) between the two materials exceeds 0.5, it is generally difficult to blend
evenly [24].

The diffusion coefficient D of gas was obtained indirectly from the mean square
displacement (MSD) [33,34], which can be described as D = (dMSD/dt)/6.

3. Results and Discussion
3.1. The Effect of Wax Crystals on the Simulated Oil Foam
3.1.1. The Evolution of Defoaming and Drainage

Wax in crude oil crystallizes at temperatures below WAT, which is correlated with
the wax content. Thus, the wax crystal content and viscosity of the simulated oils at
temperatures near the WAT were measured, as shown in Figure 3. Because the viscosity of
pure molten wax is lower than that of white oil, the viscosity of waxy simulated oil mixed
with wax and white oil is lower than that of pure white oil at temperatures above the WAT.
With a decrease in temperature, the viscosity of the simulated oils increased. The viscosity
of the simulated oil with 0% wax content increased slowly. The higher wax content of waxy
simulated oils correlated with a higher WAT temperature with a considerable influence of
the precipitated wax crystal on viscosity.
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Based on the above-simulated oil properties, the relationship between the defoaming
and drainage characteristics of the simulated oil foam and wax crystals was analyzed.
The experiments were conducted with depressurization of 0.3–0 MPa (gauge pressure) at
different temperatures. As shown in Figure 4, the curves demonstrate the evolution of the
overall defoaming and drainage rates of the simulated oils with temperature.
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rate with wax contents of 10% and 0%; (d) drainage rate with wax contents of 20% and 0%) (error
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Both the defoaming and drainage rates decreased with decreasing temperature for all
simulated oils. For pure white oil, the defoaming and drainage rates decreased slightly with
decreasing temperature because of the viscosity increase. However, for waxy simulated
oils, both the defoaming and drainage rates increased slightly as the temperature was
lower than WAT and then decreased faster than that of pure white oil with a continuous
decrease in temperature. The inflection point of the defoaming rate of the two simulated
oils corresponds to the wax crystal content of about 0.2%. This is because the precipitation
of wax crystals affects the characteristics of defoaming and drainage of the oil foam [2,27].
The wax crystal precipitated from the simulated oil decreased the stability of the foam
liquid film when the temperature was lower than WAT, which accelerated the burst and
drainage of the simulated oil foam. As the temperature decreased further, the wax crystal
content increased, and a network of wax crystals formed, which impeded the drainage
in the foam drainage channel and the diffusion of gas through liquid films of foam, as
well as the rapid increase in the viscosity of the simulated oils, leading to a decrease in the
defoaming and drainage rates.

3.1.2. Microscopic Structure of Wax Crystals

To further analyze the effect mechanism of wax crystals on the burst characteristics
of crude oil foam, the evolution of the distribution of wax crystals with temperature was
observed using an OPTIPHOT2-POL microscope. Figure 5 shows the distribution and flow
characteristics of the wax crystals at different temperatures.
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As shown in Figure 5a–d, the wax crystals continuously precipitated and aggregated
with decreasing temperature (×200). Some small wax crystal particles formed and flowed
with drainage when the temperature decreased to 39 ◦C, and needle-like wax crystals were
observed at the same temperature with the microscope (×400), as shown in Figure 5g,
which indicates that needle-like wax crystals flow with drainage in the drainage channel,
as described in Figure 5e. With decreasing temperature, the wax crystals grow large and
form a network to reduce the drainage area, as shown in Figure 5b,c. As the temperature
further decreases, the network expands to almost the entire area, leaving only a few of the
flow channels until stable network foaming occurs, as shown in Figure 5d. Figure 5f shows
the wax crystal network arrangement in the drainage channel.

Combined with the experimental analysis, research on the microscopic structure of
the wax crystals further verified the mechanism of wax crystals on the defoaming and
drainage characteristics of the simulated oil. Although an increasing viscosity improves
foam stability, the needle-like wax crystals that precipitate from the simulated oil with a
wax crystal content of 0.2% can destroy the stability of the foam liquid film at a temperature
lower than WAT. In addition, the generation of a network with the wax crystal aggregation
can reduce the drainage area, slow the drainage in the foam drainage channel and impede
the diffusion of gas through liquid films of foam, leading to a decrease in the defoaming
and drainage rates.

3.1.3. Bubble Diameter of the Simulated Oil Foam

Liquid drainage and gas diffusion are the most important mechanisms of foam burst.
The stable foam is bound up with a slow drainage rate and gas diffusion between the
bubbles, which are affected by wax crystals. To analyze the bubble diameter distribution of
the simulated oil foam and the effect of wax crystals on it, the average bubble diameters
of the simulated oil with a wax content of 10% during the defoaming process at different
temperatures were measured, as shown in Figure 6.
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The average bubble diameters of the simulated oils were all approximately 0.31 mm
at the beginning of the defoaming process, and the average bubble diameter gradually
increased at the late stage. Under different temperatures, the maximum average bubble
diameter at the end stage increased with decreasing temperature. However, the maximum
average bubble diameter at 39 ◦C was similar to that at 43 ◦C without obvious enlargement,
both of which were 0.4 mm. It indicates that the needle-like wax crystals destroyed the foam
film and led to foam bursting before reaching the maximum bubble diameter. Moreover, the
maximum average bubble diameter at 29 ◦C was similar to that at 32 ◦C, both of which were
approximately 0.53 mm, which is because of the impediment of the wax crystal network
on gas diffusion from smaller to larger bubbles. The wax crystal network slows the rate of
drainage and gas diffusion, thus allowing the foam to last longer.

3.2. The Effect of Wax Crystals on the Foam Film According to the MD Simulation

An MD simulation was employed to further analyze the effect of wax crystals on the
characteristics of the oil foam to verify the accuracy of the above experimental results. The
established MD model was adopted to simulate the distribution of wax clusters, CO2, and
n-decane molecules at temperatures of 303.15 K, 308.15 K, 313.15 K, 318.15 K, and 323.15 K.

3.2.1. The Distribution of Wax Crystals

First, the dissolution characteristics of wax molecules at different temperatures were
analyzed to verify the mutual insolubility between wax and n-decane, which demonstrated
the wax crystal presented in the oil phase. Hence, the solubility parameters of wax and
n-decane were calculated, and then, the D-value between them was determined, as shown
in Figure 7.

This indicates that the D-values of solubility parameters between wax and n-decane in
both models with the wax contents of 10% and 20% decreased with increasing temperature.
All of them were above 0.5 (J/cm3)0.5, while the double increase in wax content cannot
correspond to the double increase of D-values of solubility parameters in both models. As
for the model with a wax content of 10%, the D-values of solubility parameters at 323.15 K
are very close to 0.5. This phenomenon is similar to the dissolution and precipitation of
wax crystals, and the critical value of 0.5 (J/cm3)0.5 corresponds to the WAT of wax crystals.
The graphic demonstrates that the wax and n-decane were insolubility under experimental
temperatures. For the model with a wax content of 10%, the WAT of it is close to 323.15 K
and inconsistent with that of the experimental simulated oil with wax content of 10%,
which is considered to be the result of simplification of the wax and oil molecules. Overall,
the insolubility between wax and n-decane verifies the precipitation of wax crystals in the
experiment and ensures the authenticity and accuracy of subsequent calculations.
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In addition, the distribution of wax crystals is demonstrated by the density field of
wax molecules, which reflects the aggregation of wax crystals in oils. Taking the model
with a wax content of 20% as an example, Figure 8 shows the density field of wax crystals
at different temperatures. The color from blue, green to red indicates the increase in density
in turn, among which the blue means the density is close to 0.
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As shown in Figure 8a, the distribution area of the density field of wax crystals is
almost green, which demonstrates that the wax crystals were distributed evenly in the oil
phase. However, the density field of wax crystals in Figure 8b appears in two dark red
areas, indicating the aggregation of wax crystals with the decrease in temperature, which
is similar to the aforementioned experimental phenomenon, verifying the accuracy of the
models and simulation methods further.

The analysis of the D-values of solubility parameters and density field of models is to
verify that the precipitation and aggregation of wax crystal in MD simulation are similar to
that in experiment and provide theoretical support for the subsequent study of the effect of
wax crystal on CO2 diffusion.

3.2.2. The Impediment of Wax Crystals on CO2

To study the influence mechanism of wax crystals on gas diffusion between bubbles,
the CO2 diffusivity in the models was calculated to explore the impediment of wax crystals
on CO2. As shown in Figure 9, the evolution of the CO2 diffusion coefficient of models
with wax contents of 10% and 20% was calculated, and the values of the CO2 diffusion
coefficient of extra models without wax molecules were added.
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Figure 9. (a) The evolution of the CO2 diffusion coefficient with temperature; (b) the diagram of
CO2 diffusion.

As shown in Figure 9a, the CO2 diffusion coefficient increased with increasing tem-
perature for all models, which demonstrates how the high temperature can improve the
diffusion of CO2. However, the CO2 diffusion coefficient decreased with increasing wax
content at the same temperature, and a greater increase is consistent with lower temper-
atures. For the same model, the change rate of the CO2 diffusion coefficient decreased
with the decrease in temperature. The descent rate of the CO2 diffusion coefficient of the
model with wax content of 10% is faster at 323.15 K than that at a lower temperature,
which is because the 323.15 K is close to WAT. It demonstrates that the newly emerged
insolubility of wax crystal has a greater influence on CO2 diffusion with the decrease in
temperature. As shown in Figure 9b, the aggregation of wax crystals impedes the CO2
diffusion channel, which explains how the microscopic mechanism of wax crystals affects
the defoaming process.

Meanwhile, the concentration distribution of CO2 modeling with a wax content of
20%, which represents the ratio of the density of CO2 in a certain thickness range to their
density in the system [31], was analyzed and is shown in Figure 10.
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Obviously, the CO2 molecules were less distributed in the oil phase (red frame) at
303.15 K and mostly dispersed at the interface between the CO2 and oil. At 323.15 K,
the CO2 relative concentration was both high in the oil phase and at the interface, which
means that the CO2 molecules more easily enter the oil phase and pass through it. The
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analysis illustrates that with decreasing temperature, the insolubility and aggregation of
wax crystals impede the diffusion of CO2 across the film layer further, verifying the effect
of wax crystals on foam stability at the molecular level and clarifying the theory of wax
crystal particles stabilizing foam films.

4. Conclusions

The wax crystals in crude oil are one of the most critical factors that affect the stability
of the foam. To understand the influence mechanism and law of wax crystals on the
crude oil foam characteristics, lay a theoretical foundation for the research of crude oil
defoaming, and provide reliable theoretical support for the safe operation of CO2 flooding
crude oil gathering and transportation system, the influence of wax crystal concentration
and structure on the foam characteristics of simulated waxy oil was explored using a CO2
containing crude oil depressurization foaming device. Microscopic observations were used
to analyze the micromechanism of wax crystals that affects foam stability. In addition, the
effect of wax crystal on CO2 diffusion through liquid film was studied using MD simulation.
The following are the main findings:

• Both the defoaming and drainage rates increase slightly as the temperature is lower
than WAT and then decrease faster than that of pure white oil with a continuous
decrease in temperature. The defoaming and drainage rates of waxy oil foam have an
obvious inflection point with a wax crystal content of 0.2%.

• With the precipitation of wax crystals, the needle-like wax crystals can destroy the
stability of the simulated oil foam, and the network formed by wax crystal aggregation
can reduce the drainage area, slow the drainage flow in the foam drainage channel
and impede the diffusion of gas through liquid films of foam, leading to a decrease in
the defoaming and drainage rates.

• The needle-like wax crystal destroyed the foam film and led to foam bursting before
reaching the maximum bubble diameter, while the wax crystal network impeded the
increase in bubble diameter by slowing down the rate of drainage and gas diffusion.

• It is clear from the molecular level that with the decrease in temperature, the insolubil-
ity between wax crystal and oil molecules and the wax crystal aggregation increased,
hindering the diffusion of CO2 through liquid film and slowing down the coalescence
between bubbles using MD simulation.

However, the shape and size of wax crystals are controlled by the cooling rate, shear
rate, shear time, and crystallization mode. Future research will continue to analyze the
change law of wax crystal structures and clarify the effect of different crystal structures on
foam stability to provide theoretical support for the foam stability mechanism and colloid
interface chemical system. It can also serve as a guide for defoaming agent selection and
separator efficiency improvement.
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