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Enhanced oil recovery (EOR) by in situ formation of oil-in-water emulsion in heavy oil cold production
technology has received growing interest from the petroleum industry. We present an experimental
study of emulsification of model oils prepared by heavy oil and its functional group compositions
dissolved into toluene brought into contact with a surfactant solution. The effects of functional group
composition, emulsifier concentration, temperature, pH and stirring speed on the emulsification rate
of heavy oil was investigated. A second-order kinetic model characterizing the temporal variation

of conductivity during the emulsification has been established. The results show that acidic and
amphoteric fractions exhibit higher interfacial activity, larger emulsification rate constant and faster
emulsification rate. With the increase of emulsifier concentration, the emulsification rate constant
increase to the maximum value at a concentration of 0.05 mol/L before decreasing. Temperature
increase benefits the emulsification rate and the activation energy of the emulsification process is
40.28 kJ/mol. Higher pH and stirring speed indicate faster emulsification rate. The heterogeneity

of emulsions limits the accuracy of dynamic characterization of the emulsification process and the
determination method of emulsification rate has always been controversial. The conductivity method
we proposed can effectively evaluates the emulsification kinetics. This paper provides theoretical
guidance for an in-depth understanding of the mechanism and application of cold recovery technology
for heavy oil.

Keywords Conductivity, Heavy oil emulsion, The law of dynamic, Emulsification rate, Heavy oil active
component

With the rapid development of the petroleum industry in recent years, China’s light crude oil resources have
been depleting. As a result, the focus has shifted towards the development and utilization of heavy oil'. Success-
ful commercial heavy oil recovery technologies can be divided into thermal and cold recovery technologies®. At
present, chemical flooding cold oil recovery technology has attracted wide attentions due to its simple operation,
low energy consumption and low cost®”’. In this process, natural interfacial active ingredients and additional
surfactants in heavy oil, will inevitably bring about oil emulsification in water in the formation®!. Thus, the
crude oil emulsion formation and stability mechanism, controlling factors and emulsification kinetics are of
great significance to the development of heavy oil cold recovery technology'-".

Studies have been extensively conducted to investigate the effect of various factors, such as water cut, tempera-
ture, shearing intensity, pH, salt content and chemical additives, on the formation, stability and fluidity of crude
oil emulsion'®-?%, Ryoichi et al."® found that the repulsive force increased under low salinity conditions, and the
emulsion was more stable under low salinity and high pH. Hongli Chang et al.”® studied the effects of water cut,
polymer status and concentration, demulsifier type and concentration on the stability of heavy oil emulsion. Pal
et al.?’ investigated nanoemulsion droplet stability by Synergistic Effects of the Gemini Surfactant, PHPA Polymer,
and Silica Nanoparticle. Naeeni et al.*! discussed the effects of agitation speed, and oil type and volume fraction
on mixing characteristics of dilute oil in water dispersions in a stirred tank. Kundu et al.?? analysed the effects of
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temperature and electrolytes on stability of diesel oil-in-water emulsions and its destabilizing mechanisms. The
phase behavior of the emulsions under the flow condition was dynamic and the phase transition was observed
in complex underground situations*?*. Researchers®~*" found that the main factors determining the flowabil-
ity of heavy oil emulsion are temperature, reservoir permeability, water content, and the addition of emulsified
viscosity reducer and phase transition of emulsion such as the W/O emulsion to W/O/W in formation pores
medium was observed.

Due to the heterogeneity, opacity and thermodynamic instability of emulsion, No well-established dynamic
evaluation methods with good reproducibility and accuracy for emulsification process can be obtained. The
existing quantitative assessment methods are mainly based on changes of certain emulsion properties such as
turbidity®'-3, particle size**~¢, conductivity*’*?, local components of complex microemulsions*, rheological
property-particle size***, dispersed oil amounts*, reflectance®” etc. over time during emulsification. Among these
methods, some’!~% are not suitable for dark and opaque emulsions, and some** do not work for viscous, multi-
component fluids such as real crude oils. The conductivity method is adopted by us because of its simple, nonde-
structive, cost-effective, easy to implement on-line and widely applicable advantages, further because its reliability
to monitor the evolution of the number or concentration of particles in emulsions has been demonstrated*#2,

The mechanism of emulsion formation includes several sub-steps, such as droplet rupture and coalescence, the
transport of surfactants molecular to the O/W interface, emulsifier’s interfacial diffusion, interfacial adsorption
and interfacial arrangement, etc.**-*4%%_The experimental conditions and processing variables impacted on
emulsion parameters resulting in dramatic differences in the emulsification mechanisms and kinetics. Baravian
et al.*® found that emulsion formation was described by dividing into four successive steps: flow start-up, premix
formation, progressive reduction in droplet size and changes in droplet size at large enough capillary number
and constant shear rate. Sa'nchez et al.** discussed the kinetics of emulsification in terms of two stages: breakup
of droplets and transport (and adsorption) of surfactant molecules to the o/w interface. Liu et al.*é suggested the
formation of crude oil-in-water emulsions under different conditions via two stages: rapid emulsification and
emulsion maturation. Beyranvand et al.** found that the rate of emulsion formation was controlled by diffusion
induced by the osmosis imbalance condition in LSW injection.

The emulsification rate is usually defined in terms of changes in the torque, conductivity, or particle size
over time*. Many studies have discussed the kinetics of sub-steps mentioned above. In these studies, kinetics
equations (usually, first-order kinetic deduction) have been constructed for the separated droplet rupture and
coalescence process®~¢. The overall emulsification kinetics is more important to the understanding of heavy oil
emulsification process in reservoir and the development of heavy oil emulsification recovery technology because
overall kinetics promised a full view to emulsification process.

To the best of our knowledge, rare studies focused on the overall emulsification kinetics quantitatively.
Mudeme et al.”” proposed fitting equation for the overall first-order kinetics of droplet size evolution in highly
concentrated emulsions. Pal et al.” found that diameter of oil droplets conforms to an exponential decay func-
tion of ultrasonication time based on the modified Hinze theory approach. Alade et al.'* presented first-order
kinetics and proposed a simple Arrhenius based rate equation to obtain the emulsification kinetic parameters
(E, and Ay) at different temperatures. Liu et al.*® put forward a second-order overall kinetics model for emulsi-
fication of heavy oil in water.

In that work, we performed emulsification of model oil prepared from mixing heavy oil and its active com-
ponents with toluene in water within agitated vessels and investigated the effects of various factors such as active
components, emulsifier concentration, temperature, pH and stirring speed on emulsification behaviors by online
water phase conductance measurement. According to varies of conductance in water phase over time during
emulsification, the emulsification rate was characterized and the kinetic equation was derived. Experimental
results were discussed qualitatively and quantitatively on the basis of physical phenomena. Such study contrib-
utes to emulsifier screening, deeper comprehension of emulsification characteristics, emulsification condition
optimization and oil displacement mechanism in chemical flooding cold production.

Experimental section

Reagents and instruments

Dodecyl dimethyl betaine (BS-12, AR, Products of Shanghai Maclin Biochemical Technology Co., Ltd), Toluene
(AR, Sinopharm Group Chemical Reagent Co., Ltd.), Crude oil was Gudao heavy oil (density 0.9282 g/mL,
viscosity 965 mPa s at 50 °C), The experimental water was secondary distilled water. The crude oil underwent
separation into functional group components through ion-exchange chromatography, with their compositions
and properties shown in Table 1.

Element content/%
Component C H S N (o] Acid value/mgKOH g™! | Relative molecular mass
Heavy oil 82.69 |11.60 |1.19 |0.47 |4.05 6.96 524
Acid fraction 82.95 936 | 121 |0.36 |6.12 |3251 749
Alkaline fraction 84.10 |11.62 |0.49 |261 |1.18 1.28 1012
Amphoteric fraction | 79.66 | 9.14 |2.31 |1.96 |6.93 |26.13 1498
Neutral fraction 85.67 |13.23 [0.21 |0.11 |0.78 3.21 403

Table 1. The composition and properties of island heavy oil and its functional group components.
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DDSJ-308F conductivity meter (Shanghai Yi Electrical Scientific Instruments Co., Ltd), JJ-1B Electric mixer (Jintan
District Xicheng Xinrui instrument factory), Thermostatic magnetic stirrer (Changzhou Danrui experimental equip-
ment Co., Ltd), BA-31 triocular projection polarizing microscope (Macaudy Industrial Group Co., Ltd).

Experimental methods

Separation of functional group components in heavy oil

The separation method of ion exchange chromatography is based on the functional groups of substances. Heavy
oils can be divided into acidic, alkaline, amphoteric and neutral fractions. The process of separation of four
components of heavy oil functional groups by ion exchange chromatography® is shown in Fig. 1.

Measurement of electrical conductivity

The heavy oil and its functional groups were separately dissolved into a toluene solution with a mass fraction of
0.05%. Dodecyl dimethyl betaine (BS-12) was prepared as a water solution with a concentration of 0.05 mol/L.
The experimental device is shown in Fig. 2. The model oil phase and water phase were combined in the internal
beaker in a volume ratio of 1:4 (oil to water). After temperature stabilization at 25 and a 30-min incubation
period, the electric mixer and conductivity meter were activated, and the oil-water phase began to mix and
emulsify to form an oil-in-water emulsion, with conductivity data measured every 20 s.

Observation of emulsion morphology

After the conductivity measurement, an appropriate amount of emulsion was taken immediately to prepare a
microscope observation slide. The polarizing microscope was then employed to observe the microscopic mor-
phology of the emulsion, and the corresponding images were recorded.

Establishment of emulsification kinetics equation

Figure 3 illustrates the schematic changes in water phase conductivity during the emulsification process. Due to
the mixing of the oil phase, the conductivity of the water phase gradually decreases. Once a uniform and stable
emulsion is formed, the conductivity will remain dynamically constant. By substituting the experimental data
into the kinetic equations of different reaction order, it is found that the characteristics of second-order reaction
kinetics are consistent, and the kinetic equations are established accordingly:

Ak — K(Ak — Aky)?. (1)

When t=0, Ax,=0. the integral of formula (1) is:

1 1
Ak—Ak; — Ak = kt. (2)
It is deduced that:
to_ 1 1
g = ah T iae 3)
(A = Ko — ke, Akt = Ko — Kt)
‘ heavy oil W
cation exchange resin
cyclohexane Methylbenzene + n-propylamine
L Neutral fraction + Acid fraction ’ L Amphoteric fraction + Alkaline fraction J
anion exchange resin anion exchange resin
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Figure 1. Flow chart of four-component separation of heavy oil functional groups.
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Figure 2. Diagram of the experimental setup for conductivity determination in an emulsification process.
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Figure 3. Schematic diagram of the change of aqueous conductivity during emulsification.

It can be seen from Eq. (3) that the t/Ax; of the second-order emulsification reaction has a linear relationship
with . According to the change in water conductivity at different time intervals, the relationship curve of t/Ax,
against t was drawn for linear fitting. The emulsification rate constant k was determined according to the slope
and intercept.

In the formula:

Ax is the maximum electrical conductivity change, pus cm™;

Ak, is the change of conductivity at time t, ps-cm’;

k is the emulsification rate constant, ps-(cm-s);

t is the emulsification time, s;

K, is the value of initial conductivity, ps-cm'l;

k, is the value of conductivity at time t, ps-cm™;

x, is the value of electrical conductivity at emulsification equilibrium, ps-cm™.
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Results and discussion

Effect of heavy oil components on emulsification rate

Figure 4 shows the change curve of water phase conductivity over time during emulsification of different active
components of heavy oil. With the high-speed mixing of the two phases of oil and water, the emulsion is formed.
The electrical conductivity of the crude oil emulsion depends on its water content and the dispersion degree
of the water particles®. With the emulsification process, the oil phase is dispersed in the water phase, and the
conductivity of the water phase decreases. When the emulsion is stable, the water phase conductivity will remain
dynamically stable. The rate of conductivity change can quantitatively characterize the emulsification rate. Equa-
tion (3) was employed to fit the curves of conductivity changes over time during the emulsification of different
model oil and water phases. The fitting results (Fig. 5 and Table 2) showed that the correlation coefficient R? for
each fitting curve under the experimental conditions was greater than 0.994. This indicates a strong fit between
the experimental results and the assumed emulsification equation. The simulated emulsification process of the
oil phase and water phase conforms to the second-order reaction equation. The order of the emulsification rate
constant k in the simulated oil-phase emulsification process of different heavy oil components is as follows: acid
fraction > amphoteric fraction > heavy oil fraction > alkaline fraction > neutral fraction. Acidic and amphoteric
fractions can form a stable interfacial film at the oil-water interface®, inhibiting coalescences between droplets.
This supports the formation and stability of emulsions to induce a faster, emulsification rate during the stirring
process. The kinetic fitting values of A« for each model oil component are greater than the experimental values,
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Figure 4. Changes in conductivity over time during emulsification of functional group components of different
heavy oils.
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Figure 5. Kinetic fitting curves of emulsification processes of functional components of different heavy oils.
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Model oil 0.0019 0.9416 0.9976 4.01x10° 526 477 9.31
Acid fraction 0.0026 1.2540 0.9943 5.65% 107 384 354 7.81
Alkaline fraction 0.0021 1.3826 0.9947 3.68x10°° 454 412 9.25
Amphoteric fraction 0.0019 0.7516 0.9971 5.01x10°¢ 526 479 8.93
Neutral fraction 0.0019 1.1491 0.9947 3.61x10°¢ 500 456 8.80

Table 2. Kinetic fitting results of emulsification process of different heavy oil functional group components.

indicating a certain error between the two. Because of the highly conditional reaction emulsification, it is difficult
to achieve an ideal emulsification state. The Ax measured in experiments is lower than the fitting value, with a
maximum error of 9.31% (for the alkaline fraction), which is considered acceptable.

Since droplet particle size has a significant effect on the agglomeration stratification of emulsion, the particle
size of the dispersed phase of emulsion serves as a crucial index for the evaluation of the formation results of an
emulsion. The larger the droplet size, the greater the probability of collision and polymerization, which is detri-
mental to the formation of stable emulsions®’. Therefore, optimal emulsification conditions should facilitate the
generation of small and uniform droplets. It can be seen from the microscopic images of emulsions with different
functional groups of heavy oil in Fig. 6 that emulsions formed by acidic and amphoteric fractions exhibit smaller
and more uniform droplet size, coupled with faster emulsification rates. Conversely, emulsions formed by the
neutral fraction display large, uneven droplets with a tendency towards fusion and aggregation. This results in
a less stable emulsion and unfavorable emulsification results.

Effect of emulsifier concentration on emulsification rate
Equation (3) was employed to fit the water phase conductivity of emulsifiers at different concentrations. The
results are shown in Table 3 and Fig. 7. The analysis indicates that the correlation coefficients of the fitting curves
are greater than 0.991, affirming the suitability of this fitting equation for the data (Fig. 8). With an increase in
emulsifier concentration, the emulsifying rate constant the emulsifying rate constant first rose and reached its
maximum value at a concentration of 0.05 mol/L before decreasing. When the emulsifier concentration is below
0.05 mol/L, its increase causes higher adsorption of emulsifier molecules at the oil-water interface, facilitating
the mixing of oil and water phases and the emulsification process. However, at a concentration of 0.05 mol/L, the
emulsification rate constant reaches a maximum due to the saturation in interfacial facial mask adsorption®>%.
Further increase in the emulsifier concentration after 0.05 mol/L results in a decrease in the emulsification rate
constant and a slowdown in the emulsification rate.

From the microscopic images of model oil emulsions under different emulsifier concentrations in Fig. 9, it
can be seen that as the emulsifier concentration increases, the particle size of the emulsion droplets decreases,
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Figure 6. Microscopic image of emulsions of functional group components of different heavy oils.
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The second order reaction
Emulsifier concentration/(mol L-!) | Slope | Intercept |R? k/(us cm™ s—') | Fitting value of Ax/(us cm™) | Experimental value of Ax/(us cm™) | Error of Ax/%
0.025 0.0022 | 1.4168 0.9919 |3.41x10° 454 414 8.81
0.050 0.0015 | 0.3727 0.9981 |6.03x10° 666 625 6.56
0.075 0.0011 | 0.3021 0.9955 | 4.00x10° 909 865 4.84
0.100 0.0008 | 0.0008 0.9991 |3.27x10° 1250 1180 5.60

Table 3. Kinetic fitting results of emulsification process with different emulsifier concentrations.
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Figure 7. The change of conductivity over time during model oil emulsification was simulated at different
emulsifier concentrations.
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Figure 8. Kinetic fitting curves of emulsification processes with different emulsifier concentrations.

while the number of droplets increases. However, there is a point beyond which the particle size is difficult to
further reduce. When the emulsifier concentration increases after 0.05 mol/L, it tends to flocculate into vesicles
or micelles®. This will increase the solubility of excess emulsifier molecules, which is not conducive to their
adsorption at the interface, hinder the emulsification process, and reduce the rate constant.
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Figure 9. Microscopic image of model oil emulsion at different emulsifier concentrations.

Effect of temperature on emulsification rate

The change curve of water phase conductivity with time in the emulsification process of model oil at different
temperatures is shown in Fig. 10. The data of this group are fitted to Eq. (3), and the fitting results are shown in
Fig. 11 and Table 4. All the fitting curves exhibited correlation coefficients greater than 0.997 at different tempera-
tures. This suggests that the emulsification process conforms to the assumed Eq. (3) and follows a second-order
rate reaction. As can be seen from Table 4, with the increase in temperature, the emulsification rate constant also
rises. Notably, this increase is more greater at higher temperatures. The colloidal stable system with asphaltene
as the core in model oil is no longer stable at high temperature and shows signs of dispersion®. The higher the
temperature is, the more dispersed the micelles will eventually disintegrate, resulting in lower viscosity of crude
oil, increased rheology, and easier mixing with water. Under high temperatures, the solubility of the active
components (acidic and amphoteric fractions) in petroleum increases®, which will change the strength and
toughness of the oil-water interface film and accelerate the emulsification process. According to the Arrhenius
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Figure 10. The change of conductivity over time during model oil emulsification at different temperatures.
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Figure 11. Kinetic fitting curves of emulsification processes at different temperatures.

The second order reaction S el
Temperature/C Slope Intercept R? k/(us cm™'s7!) Fitting value of Ax/(us cm™) | (us cm™) Error of Ax/%
25 0.0015 0.3960 0.9980 5.68x10°° 666 624 6.31
35 0.0018 0.5409 0.9991 5.99%x 107 555 520 6.31
45 0.0017 0.4496 0.9984 6.42x107° 588 541 7.99
55 0.0017 0.0966 0.9975 2.96x107° 588 558 5.10

Table 4. Kinetic fitting results of emulsification processes at different temperatures.

formula, Ink = — £¢ + InA, the activation energy E, =40.282 kJ/mol for the model oil emulsification reaction
can be obtained by through one-dimensional linear regression method.

It can be seen from the microscopic images of model oil emulsions at different temperatures in Fig. 12 that
as the emulsification temperature increases, the droplets of model oil emulsions become smaller, exhibiting
more uniform particle size, and a narrower particle size distribution. Higher temperature proves beneficial to
the emulsion formation, with the emulsification rate increasing alongside. When emulsified for the same time,
the smaller the average particle size of the formed emulsion, the greater the propensity for a uniform and stable
model oil emulsion to form®’.

Effect of pH of water phase on emulsification rate
Alkali flooding is a common method to enhance tertiary oil recovery. The production of heavy oil is increased
by in-situ emulsification of surfactant generated by the reaction of injected alkaline solution with natural organic
acid in heavy 0il*. Therefore, the alkalinity of the water phase bears a significant correlation with the formation
of heavy oil emulsions. The curve (Fig. 13) representing the conductivity of the water phase over time under
different pH conditions was fitted to Eq. (3). The results (Fig. 14 and Table 5) showed that the correlation coef-
ficients of the experimental fitting curves were all greater than 0.997. This indicates that the fitting results are
highly satisfactory. The emulsification rate constant exhibited an increase with the rise in the pH in the water
phase. Given that heavy oil contains many acidic functional groups®, they serve as the key factors in emulsion
formation. When the pH is greater than 7, the acidic groups in the heavy oil can be activated by alkali, leading
to a saponification reaction for the formation of a surfactant that exerts a certain emulsification effect®, thereby
accelerating emulsion formation.

From the microscopic images of model oil emulsions formed under different pH conditions in Fig. 15, it can
be seen that the average particle size of the emulsion formed at pH =7 is much larger than that at pH=10, 11,
and 12. At pH =7, the emulsion mainly depends on the energy of stirring. The effect of surfactant is minimal,
with a slower emulsification rate and larger particle size of the emulsion formed within the same duration. At pH
levels of 10, 11, and 12, the surfactant formed by the reaction of the acidic component of the model oil with the
alkali exhibits a favorable emulsification effect®. This substance synergizes with the external stirring to accelerate
emulsification and yield smaller emulsion droplets. It becomes clear that the greater the pH of the water phase,
the better the emulsification effect.
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Figure 12. Microscopic image of model oil emulsion at different temperatures.
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Figure 13. Simulation of conductivity over time during model oil emulsification at different pH.

Effect of stirring speed on emulsification rate

Figure 16 shows the variation curve of conductivity over time during emulsification at different stirring speeds.
In general, the emulsification process does not occur spontaneously. The mixing and stirring of the oil phase and
water phase (i.e., providing mixing energy) is one of the necessary conditions for emulsion formation”. In the
stirring process, the oil phase undergoes deformation and elongation and breaks into smaller oil droplets that ulti-
mately coalesce to form an emulsion”'. The change curves of emulsion conductivity over time at different stirring
speeds were fitted to Eq. (3). The fitting results (Fig. 17, Table 6) indicate that the correlation coefficients of each
fitting curve were greater than 0.997, demonstrating that the experimental data of each group were well-fitted
to Eq. (3). When the stirring speed increased from 210 r/min to 240 r/min, the emulsification rate constant also
saw a significant rise from 5.32x 107® us/(cm s) to 1.34x 107* ps/(cm s), revealing the strong influence of different
stirring speeds on the emulsification rate constant. In this experiment, stirring serves as the only external energy
for mixing the oil phase and water phase. Different stirring speeds provide different mixing energies, which
determines the rate of the emulsification process. The high-speed stirring causes the oil droplets to deform and
stretch, and then shear and break into small particles. The increase of stirring speed and time will make the oil
droplets of emulsion smaller. And the smaller the particle size of the oil droplets is, the easier it is to get a evenly
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Figure 14. Emulsion process kinetic fitting curves at different pH.
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Table 5. Kinetic fitting results of emulsification process at different pH.

Figure 15. Microscopic images of model oil emulsions at different pH.
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Figure 16. The change of conductivity over time during the emulsification process of model oil is simulated at
different speeds.
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Figure 17. Kinetic fitting curves of emulsification processes at different speeds.

Stirring speed/ The second order reaction Fitting value of Ax/ | Experimental value

(r min™!) Slope | Intercept |R? k/(uscm™s7') | (puscm™) of Ax/(us cm™) Error of Ax/%
210 0.0020 | 0.7524 0.9970 |5.32x107° 500 468 6.40

220 0.0020 | 0.3313 0.9992 | 1.21x107° 500 471 5.80

230 0.0021 | 0.1756 0.9994 |2.51x10°° 476 463 2.73

240 0.0022 | 0.0341 0.9996 | 1.34x10™* 454 456 -0.44

Table 6. Kinetic fitting results of emulsification process at different speeds.

mixed oil-in-water emulsion. The relative error between the fitted Ax value and the experimental value is the
largest when the stirring speed is 210 r/min. At this time, the mixing energy provided by stirring is at its lowest
As a result, the relative emulsification effect is the worst, along with the smallest emulsification rate constant.
The microscopic images of model oil emulsion at different rotational speeds in Fig. 18 provide further con-
firmation that the stirring speed is the most important factor affecting the emulsification effect. As the stirring
speed increases from 210 to 240 r/min, there is a significant variation in emulsification results. At a stirring speed

Scientific Reports |

(2024) 14:8916 | https://doi.org/10.1038/s41598-024-59637-9 nature portfolio



www.nature.com/scientificreports/

220 r'min‘!

Figure 18. Microscopic image of model oil emulsion at different rotational speeds.

of 210 r/min, the emulsion exhibits a large average particle size and the droplets have irregular shapes, showing
a tendency to coalesce with each other. In contrast, at 240 r/min, the obtained emulsion features a smaller aver-
age particle size, uniform droplet sizes, and regular shapes. The emulsification result at high speed is superior
at the same time.

Conclusion

(D)

(2)()

The kinetic model of heavy oil emulsification process was established for the first time by using the
conductivity method. It was proposed that the change of water phase conductivity during emulsification
conforms to the second-order rate equation:

dAKt
dt

=k(Ak — Axy)?

The emulsification data under different experimental conditions were well-fitted, with linear corre-
lation coefficients all greater than 0.991, indicating that the change in water phase conductivity in the
emulsification process conformed to the second-order reaction equation. The conductivity method has
the advantages of simple, non-destructive, low cost, easy on-line implementation and wide application,
which provides theoretical guidance for understanding the mechanism and application of heavy oil cold
production technology.

Acidic and amphoteric fractions can form a stable interfacial film at the oil-water interface, this prevents
coalescence between droplets, and facilitates the formation and stability of the emulsion, resulting in a
faster emulsification rate during the stirring process. With an increase in emulsifier concentration, the
emulsifying rate constant the emulsifying rate constant first rose and reached its maximum value at a
concentration of 0.05 mol/L before decreasing. The emulsification rate constant continues to increase with
rising temperatures. The higher the temperature, the greater the increase in emulsification rate constant.
The activation energy for the heavy oil emulsification reaction is calculated to be E,=40.282 kJ/mol. In
the emulsification process of the oil phase and water phase, the stronger the alkalinity of the water phase,
the larger the emulsification rate constant and the emulsification rate. Different stirring speed strongly
affects the emulsification rate constant, with the faster stirring speed leading to larger emulsification rate.

Data availability
Data will be provided on request from the corresponding author.

Received: 25 January 2024; Accepted: 12 April 2024
Published online: 18 April 2024

Scientific Reports |

(2024) 14:8916 |

https://doi.org/10.1038/s41598-024-59637-9 nature portfolio



www.nature.com/scientificreports/

References
1. Guo, K., Li, H. & Yu, Z. In-situ heavy and extra-heavy oil recovery: A review. Fuel 185, 886-902 (2016).
2. Xue, L., Liu, P. & Zhang, Y. Development and research status of heavy oil enhanced oil recovery. Geofluids 2022, 5015045 (2022).
3. Pal, S., Mushtaq, M., Banat, F. & Al Sumaiti, A. M. Review of surfactant-assisted chemical enhanced oil recovery for carbonate
reservoirs: Challenges and future perspectives. Pet. Sci. 15, 77-102 (2018).
4. Elwegaa, K. et al. Improving oil recovery from shale oil reservoirs using cyclic cold carbon dioxide injection—An experimental
study. Fuel 254, 115586 (2019).
5. Zhao, D. W,, Wang, J. & Gates, I. D. An evaluation of enhanced oil recovery strategies for a heavy oil reservoir after cold production
with sand. Int. J. Energy Res. 39, 1355-1365 (2015).
6. Hong, E. et al. Development of coupled biokinetic and thermal model to optimize cold-water microbial enhanced oil recovery
(MEOR) in homogenous reservoir. Sustainability 11(6), 1652 (2019).
7. Basilio, E. & Babadagli, T. Testing the injection of air with methane as a new approach to reduce the cost of cold heavy oil recovery:
An experimental analysis to determine optimal application conditions. Fuel 265, 116954 (2020).
8. Abdulredha, M. M., Siti Aslina, H. & Lugman, C. A. Overview on petroleum emulsions, formation, influence and demulsification
treatment techniques. Arab. J. Chem. 13(1), 3403-3428 (2020).
9. Chen, X., Wang, N. & Xia, S. Research progress and development trend of heavy oil emulsifying viscosity reducer: A review. Pet.
Sci. Technol. 39(15), 550-563 (2021).
10. Yujing, Du. et al. Surface-active compounds induce time-dependent and non-monotonic fluid-fluid displacement during low-
salinity water flooding. J. Colloid Interface Sci. 631, 245-259 (2023).
11. Tianhao, Wu. & Firoozabadi, A. Surfactant-enhanced spontaneous emulsification near the crude oil-water interface. Langmuir
37,4736-4743 (2021).
12. Liu, J., Sheng, J. J. & Tu, J. Effect of spontaneous emulsification on oil recovery in tight oil-wet reservoirs. Fuel 279, 118456 (2020).
13. Alade, O. S. et al. Experimental and numerical studies on production scheme to improve energy efficiency of bitumen production
through in situ oilin-water (O/W) emulsion. Energy 244, 122700 (2022).
14. Alade, O. S. et al. A novel technique for heavy oil recovery using poly vinyl alcohol (PVA) and PVA-NaOH with ethanol additive.
Fuel. 285, 119128 (2021).
15. Mandal, A., Samanta, A., Bera, A. Role of oil-water emulsion in enhanced oil recovery. In International Conference on Chemistry
and Chemical Engineering (ICCCE 2010) 190-194 (2010).
16. Pal, N. & Mandal, A. Oil recovery mechanisms of pickering nanoemulsions stabilized by surfactant-polymer-nanoparticle assem-
blies: A versatile surface energies’ approach. Fuel 276, 118138 (2020).
17. Beyranvand, M. K. & Rostami, B. Direct insight into the cause and time evaluation of spontaneous emulsification of water in crude
oil during low salinity waterflooding using microfluidic model. Energy Fuels 36, 2462-2473 (2022).
18. Ryoichi, M. et al. Oil and water interactions during low-salinity enhanced oil recovery in water-wet porous media. Energy Fuels
34, 5258-5266. https://doi.org/10.1021/acs.energyfuels.9b03753 (2020).
19. Chang, H., Saravanan, N., Cheng, Y. et al. Experimental investigation of heavy oil emulsion stability: The effect of various phys-
icochemical parameters. SPE SPE-200868-MS (2021).
20. Pal, N., Kumar, N. & Mandal, A. Stabilization of dispersed oil droplets in nanoemulsions by synergistic effects of the gemini
surfactant, PHPA polymer, and silica nanoparticle. Langmuir 35, 2655-2667 (2019).
21. Naeeni, S. K. & Pakzad, L. Experimental and numerical investigation on mixing of dilute oil in water dispersions in a stirred tank.
Chem. Eng. Res. Des. 147, 493-509 (2019).
22. Kundu, P. et al. Stability of oil-in-water macro-emulsion with anionic surfactant: Effect of electrolytes and temperature. Chem.
Eng. Sci. 102, 176-185 (2013).
23. Zhao, F. et al. Research status and analysis of stabilization mechanisms and demulsification methods of heavy oil emulsions. Energy
Sci. Eng. 8,4158-4175 (2020).
24. Liu, J. et al. Laboratory evaluation of fluidity of heavy oil emulsions in formation pores medium. ACS Omega 6, 623-632 (2021).
25. Fuwei, Yu. et al. Formation and flow behaviors of in situ emulsions in heavy oil reservoirs. Energy Fuels 33, 5961-5970 (2019).
26. Mariana, R.-H. et al. Asphaltene-induced spontaneous emulsification: Effects of interfacial co-adsorption and viscoelasticity. J.
Rheol. 64(4), 799-816 (2020).
27. Bourrel, M. & Passade-Boupat, N. Crude oil surface active species: Consequences for enhanced oil recovery and emulsion stability.
Energy Fuels 32(3), 2642-2652 (2018).
28. Pu, W. et al. Viscosity reduction of acidic heavy oil through emulsification: Effects of salinity and pH. Pet. Sci. Technol. 37(4),
402-408 (2019).
29. Goswami, R. et al. Effect of ionic strength on crude emulsification and EOR potential of micellar flood for oil recovery applications
in high saline environment. J. Pet. Sci. Eng. 170, 49-61 (2018).
30. Perazzo, A. et al. Emulsions in porous media: From single droplet behavior to applications for oil recovery. Adv. Colloid Interface
Sci. 256, 305-325 (2018).
31. Pearce, K. N. & Kinsella, J. E. Emulsifying properties of proteins: Evaluation of a turbidimetric technique. J. Agrie. Food Chem.
26(3), 716-723 (1978).
32. Rahn-Chique, K. et al. Nanoemulsion stability: Experimental evaluation of the flocculation rate from turbidity measurements.
Adv. Colloid Interface Sci. 178, 1-20 (2012).
33. Alade, O. S. et al. Rapid determination of emulsion stability using turbidity measurement incorporating artificial neural network
(ANN): Experimental validation using video/optical microscopy and kinetic modeling. ACS Omega 6, 5910-5920 (2021).
34. Boxall, J. A. et al. Measurement and calibration of droplet size distributions in water-in-oil emulsions by particle video microscope
and a focused beam reflectance method. Ind. Eng. Chem. Res. 49, 1412-1418 (2010).
35. Maaf3, S. et al. Automated drop detection using image analysis for online particle size monitoring in multiphase systems. Comput.
Chem. Eng. 45, 27-37 (2012).
36. Carter, R. M. et al. On-line measurement of particle size distribution and mass flow rate of particles in a pneumatic suspension
using combined imaging and electrostatic sensors. Flow Meas. Instrum. 16, 309-314 (2005).
37. Travis, A. L. Conductivity Feedback Control System for Slurry Blending. US 2002/0034122 A1 (2002).
38. Giustini, M. et al. Microstructure and dynamics of the water-in-oil CTAB/n-pentanol/n-hexane/water microemulsion: A spec-
troscopic and conductivity study. J. Phys. Chem. 100, 3190-3198 (1996).
39. Jain, V. & Demond, A. Conductivity reduction due to emulsification during surfactant enhanced-aquifer remediation. 2. Formation
of emulsion in situ. Environ. Sci. Technol. 36, 5434-5440 (2002).
40. Allouche, J. et al. Simultaneous conductivity and viscosity measurements as a technique to track emulsion inversion by the phase-
inversion-temperature method. Langmuir 20, 2134-2140 (2004).
41. Santos, A. F. et al. Online monitoring of the evolution of the number of particles in emulsion polymerization by conductivity
measurements. I. Model formulation. J. Appl. Polym. Sci. 90, 1213-1226 (2003).
42. Santos, A. F. et al. On-line monitoring of the evolution of number of particles in emulsion polymerization by conductivity meas-
urements. II. Model validation. J. Appl. Polym. Sci. 91, 941-952 (2004).
Scientific Reports | (2024) 14:8916 | https://doi.org/10.1038/s41598-024-59637-9 nature portfolio


https://doi.org/10.1021/acs.energyfuels.9b03753

www.nature.com/scientificreports/

43.

44,

45.

46.
47.

48.
49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Herrera, D. et al. Quantification of microemulsion systems using low-field T1-weighted imaging. Magn. Reson. Imaging 83, 160-168
(2021).

Covis, R. et al. Kinetics of formation of oil-in-water emulsions using in situ rheo-optical measurements. AIChE J. 61(1), 277-284
(2015).

Sanchez, M. C. et al. Emulsification rheokinetics of nonionic surfactant-stabilized oil-in-water emulsions. Langmuir 17, 5410-5416
(2001).

Liu, J. et al. Factors and kinetics related to the formation of heavy oil-in-water emulsions. Energies 16, 5499 (2023).

Niknafs, N., Spyropoulos, E. & Norton, I. T. Development of a new reflectance technique to investigate the mechanism of emulsi-
fication. J. Food Eng. 104, 603-611 (2011).

Baravian, C. et al. Characterization of dynamical emulsification process in concentrated conditions. AIChE J. 53, 1994-2000 (2007).
Nazarzadeh, E., Anthonypillai, T. & Sajjadi, S. On the growth mechanisms of nanoemulsions. J. Colloid Interface Sci. 397, 154-162
(2013).

Beyranvand, M. K. & Rostami, B. Direct insight into the cause and time evaluation of spontaneous emulsification of water in crude
oil during low salinity waterflooding using microfluidic model. Energy Fuel 36, 2462-2473 (2022).

Tcholakova, S., Denkov, N. Kinetics of drop breakage and drop-drop coalescence during emulsification in turbulent flow. In
Proceedings of the Second International Conference “Advanced Functional Materials”, Nessebar, Bulgaria, 3-6 September 2014.
Gupta, A., Narsimhan, V., Hatton, T. A. & Doyle, P. S. Kinetics of the change in droplet size during nanoemulsion formation.
Langmuir 32, 11551-11559 (2016).

Seekkuarachchi, I. N., Tanaka, K. & Kumazawa, H. Formation and charaterization of submicrometer oil-in-water (O/W) emul-
sions, using high-energy emulsification. Ind. Eng. Chem. Res. 45, 372-390 (2006).

Covis, R. et al. Kinetics of formation of polysaccharide-covered micrometric oildroplets under mechanical agitation. Colloids Surf.
A Physicochem. Eng. Asp. 466, 92-99 (2015).

Mabille, C. et al. Monodisperse fragmentation in emulsions: Mechanisms and kinetics. Europhys. Lett. 5, 708-714 (2003).

Covis, R. et al. Kinetics of formation of polysaccharide-covered micrometric oil droplets under mechanical agitation. Colloids
Surf. A Physicochem. Eng. Asp. 466, 92-99 (2015).

Mudeme, S., Masalova, I. & Haldenwang, R. Kinetics of emulsification and rheological properties of highly concentrated explosive
emulsions. Chem. Eng. Process. 49, 468-475 (2010).

Gharb, K. et al. Toward separation and characterization of asphaltene acid and base fractions. Energy Fuel 35(18), 14610-14617
(2021).

Fadaee, M.M., Tabrizi, EF. Toward a better understanding of the emulsion polymerization of butadiene. I. Continuous conductivity
measurements. J. Appl. Polym. Sci. 134(36) (2017).

Zhu, H. et al. Effect of naphthenic acid and metal ions on emulsification of heavy oil. Energy Fuels 36(5), 2561-2571 (2022).
Niu, H. et al. Multiscale combined techniques for evaluating emulsion stability: A critical review. Adv. Colloid Interface Sci. 311(5),
102813 (2022).

Effects of Different Heavy Crude Oil Fractions on the Stability of Oil-in-Water Emulsion——TIII. Effects of pH on the interfacial
properties of heavy crude functional fractions and water system. Pet. Sci. 2005(02), 103-106+111 (2005).

Chandra, M. S., Zhenghe, X. & Jacob, H. M. Interfacial films adsorbed from bitumen in toluene solution at a toluene—water inter-
face: A langmuir and langmuir—blodgett film approach. Energy Fuels 22(3), 1784-1791 (2008).

Dong, M., Liu, Q. & Li, A. Displacement mechanisms of enhanced heavy oil recovery by alkaline flooding in a micromodel. Par-
ticuology 10(3), 298-305 (2012).

Téth, G. L, Selvég, J. & Kvamme, B. Phenomenological continuum theory of asphaltene-stabilized oil/water emulsions. Energy
Fuels 31(2), 1218-1225. https://doi.org/10.1021/acs.energyfuels.6b02430 (2017).

Bing, Q., Fulin, Q. & Caifu, L. Preparation and field application of a novel micro-emulsion as heavy oil displacement agent. China
Pet. Process. Petrochem. Technol. 22(03), 19-27 (2020).

Xu, B. et al. Influence of water content and temperature on stability of W/O crude oil emulsion. Pet. Sci. Technol. 31(10), 1099-1108
(2013).

Guo, J. et al. The effect of alkali on crude oil/water interfacial properties and the stability of crude oil emulsions. Colloids Surf. A
Physicochem. Eng. Asp. 273(1), 213-218 (2006).

Zhao, X. et al. In situ micro-emulsification during surfactant enhanced oil recovery: A microfluidic study. J. Colloid Interface Sci.
620, 465-477 (2022).

Goodarzi, F. & Zendehboudi, S. A comprehensive review on emulsions and emulsion stability in chemical and energy industries.
Can. J. Chem. Eng. 97(1), 281-309 (2018).

Sun, G. et al. Co-adsorption behavior of aggregated asphaltenes and silica nanoparticles at oil/water interface and its effect on
emulsion stability. Pet. Sci. 19(04), 1793-1802 (2022).

Acknowledgements
The work is supported by the National Key Research and Development Plan Project (2018YFA0702400).

Author contributions

Conceptualization, J.L. and C.S.; methodology, J.L. and C.S.; formal analysis, Q.Z. and P.Y.; data management,
Z.L.; writing—original draft, Y.L. and X.T.; project administration, Z.L. and P.Y,; funding acquisition, P.Y. and
Z.L. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:8916 | https://doi.org/10.1038/s41598-024-59637-9 nature portfolio


https://doi.org/10.1021/acs.energyfuels.6b02430
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:8916 | https://doi.org/10.1038/s41598-024-59637-9 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Study on the kinetics of formation process of emulsion of heavy oil and its functional group components
	Experimental section
	Reagents and instruments
	Experimental methods
	Separation of functional group components in heavy oil
	Measurement of electrical conductivity
	Observation of emulsion morphology

	Establishment of emulsification kinetics equation

	Results and discussion
	Effect of heavy oil components on emulsification rate
	Effect of emulsifier concentration on emulsification rate
	Effect of temperature on emulsification rate
	Effect of pH of water phase on emulsification rate
	Effect of stirring speed on emulsification rate

	Conclusion
	References
	Acknowledgements


