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A B S T R A C T   

With the tertiary oil recovery in the oilfield, the content of aging oil emulsion with high water content and 
complex components has become more prevalent, so it is crucial for aging oil to break the emulsification. In this 
paper, the experimental laws of water content are explored under the conditions of different transducer input 
powers through the ultrasonic reforming of aging oil, and the microscopic topography, particle size, components, 
etc. of oil samples before and after the irradiation of ultrasound are characterized through the microscopic 
analysis, particle size analysis and component analysis and other ways. The results show that the oil samples 
achieve the effect of demulsification and dehydration in the presence of ultrasonic cavitation effect, with a 
maximum dehydration rate of 98.24 %, and that the dehydration rate follows an “M− type” trend with the in-
crease of power. The results of microscopic and particle size analyses demonstrate that ultrasonic irradiation 
destabilizes the oil–water interfacial membrane, and causes droplets of different sizes to collide, agglomerate, 
and settle. It was also observed that the droplets of the emulsion system are more evenly distributed and the 
intervals are increased. Furthermore, we hypothesize that ultrasound may be less irreversible in demulsification 
and dehydration of aging oil.   

1. Introduction 

The exploration, development, and effective utilization of fossil fuels 
such as oil and natural gas are of great strategic significance for sus-
tainable development across the globe [1–3]. However, a major chal-
lenge in many oilfields, especially those entering intermediate and 
advanced stages of exploitation, is the rising moisture content in the 
produced fluid, which can even exceed 90 % [4,5]. To maintain the 
effective production of crude oil, numerous oilfields have employed 
chemical flooding oil recovery technology. Since the technology utilizes 
a large number of chemicals, it increases the concentration of heavy 
components, waxes, inorganic solid impurities, and metal ions in the 
crude oil, which leads to an intricate composition of the crude oil re-
covery fluid, and severe emulsification. Under the joint action of these 

substances over time, a layer of liquid-contaminated oil, known as the 
layer of oil aging, forms in the oil extraction fluid storage tanks, which is 
thickening, stable, and difficult for emulsification breaking [6,7]. 

As the aging oil continues to grow annually, and unprocessed 
discharge can cause environmental pollution and significant energy 
waste, it is a pressing issue to conduct dewatering and purification 
treatment of aging oil in oilfields [8–10]. Existing aging oil treatment 
methods, like the back blending treatment, electric field treatment, 
thermochemical dehydration, and biological emulsion breaking, have 
various drawbacks, including high demands for fresh crude oil, sus-
ceptibility to power tripping and collapse of the electric field phenom-
enon, challenges in the preparation of emulsion-breaking agent and the 
selection of strain, among others [11,12]. In contrast, the ultrasonic 
demulsification method offers a more novel, environmentally friendly 
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alternative with rapid efficacy, broad applicability, and no pollution to 
the formation. The technique could notably improve the physical 
properties of aging oil and realize the effect of dewatering when used in 
conjunction with other demulsification methods. Ultrasonic waves 
produce localized high temperatures, high pressures, shock waves, and 
micro-jets when radiating liquids, thus deriving cavitation, mechanical 
and thermal effects, which will reduce the surface tension and viscous 
force of the oil–water interface, then lead to the reduction of the stability 
of the oil–water interface, the separation of oil and water, the aggre-
gation of water droplets, and ultimately the settling of the oil–water 
interface under the effect of gravity, thereby change the form of the 
existence of emulsions [13–15]. 

Despite its efficacy, no scholarly consensus has been reached on 
whether ultrasound alone is superior in terms of its effect on 
demulsification. Paczynska utilized a combination of ultrasound and 
heat at different frequencies to demulsify dirty oils and concluded that 
ultrasound alone was more effective than other approaches [16]. In 
contrast, in their comparison of the impact of ultrasonic and microbial 
methods on the stability of W/O emulsions, Vahdanikia et al. found that 
biosurfactants could reduce the surface tension of emulsions by about 
15 %, and their demulsification effect surpassed that of ultrasonic 
method [17]. Amani et al. compared the effects of ultrasound, demul-
sifier, and centrifugation on demulsification and demonstrated that ul-
trasound was least effective in demulsification while centrifugation 
yielded the best results [18]. This view was echoed by Xu et al., who 
suggested that ultrasound alone might not be highly effective in 
demulsification [9]. 

Ultrasound can also be combined with other modalities for the 
study of demulsification and dehydration of emulsions, and 
scholars generally agree that the combined approach generates 
better outcomes. Yi et al. carried out crude oil demulsification exper-
iments at different temperatures using ultrasound, chemical demulsifi-
cation, and a combination of both, and the results showed that the 
combined approach was most effective in demulsification and that the 
dewatering rate of the emulsion increased with ultrasonic power and 
temperature, but remained unchanged with prolonged ultrasonic 
treatment time [19]. Similarly, Romanova et al. investigated the syn-
ergistic effects of ultrasound and nano-additives on emulsion destruc-
tion. Utilizing two different types of ultrasonic generators, their 
experiments examined the impact of the mode of ultrasonic irradiation, 
power, and time. The results demonstrated that efficient separation of 
emulsion could be achieved in a short period under optimal conditions, 
with a dehydration rate of 99 %, a substantial reduction in the con-
centration of mechanical impurities and iron sulfide, and an increase in 
the content of the oil phase [20]. 

In addition, there has been disagreement among scholars 
regarding the boundaries of ultrasonic demulsification and sec-
ondary emulsification of emulsions. Researchers at the Nanjing 
University of Technology advocated for a low power density in the 
demulsification of heavy oils and suggested that ultrasonic demulsifi-
cation was inhibited at high power density and the ultrasonic irradiation 
time should not be controlled [21]. This view was supported by Yang 
et al., who observed that the first dewatering step increased and then 
decreased with rising ultrasonic power. They also noted that higher 
initial water content shortened the time required to break the emulsi-
fication, and with more profound efficacy [22]. Xu et al. also introduced 
the concept of an ultrasonic power critical value, where below this level, 
ultrasound acts as an emulsion breaker to enhance the dewatering rate 
of the emulsion with increasing power, and above this threshold, the 
separated oil and water would emulsify again [9]. Jianxin Qiao found 
that while the power of ultrasound had a minimal impact on demulsi-
fication, the effect of time was more significant. He revealed that the 
low-intensity steady-state ultrasonic cavitation increased the probability 
of water molecule channel formation by enhancing the collision rate of 
droplets to achieve the demulsification of heavy oil and that the water 
molecule channels could not be formed between droplets at high 

acoustic pressures, which resulted in the impediment of the demulsifi-
cation process [23]. Luo et al. concluded that low-frequency ultrasound 
was particularly effective for separating emulsions with high viscosity 
and high interfacial strength and that the demulsification efficiency can 
be improved by increasing energy density to produce moderate cavita-
tion [24]. In contrast, some scholars attributed the initial increase and 
subsequent decrease in the dehydration rate with growing sound in-
tensity to the cavitation threshold. They argued that after reaching the 
cavitation threshold, ultrasound starts to exert an emulsifying effect on 
the liquid [11,25,26]. Referring to the cavitation threshold as the upper 
critical sound intensity, Wang et al. also noted that ultrasonic demulsi-
fication and dewatering should be carried out without ultrasonic cavi-
tation effects and that the sound intensity should be controlled around 
the threshold [8]. 

In summary, the determination of the boundaries of demulsification 
and emulsification is of great significance to optimize the dehydration 
rate of aging oil and reveal the mechanism of aging oil dehydration and 
transformation under ultrasound. Here in this paper, we analyze the 
microscopic topography and particle size changes of oil samples under 
different conditions of ultrasonic transducer input electric power. The 
component contents of oil samples are determined by gas chromatog-
raphy and column chromatography, and a comprehensive comparison 
reveals the mechanism of the water content variations of the aging oil. 
Finally, we conclude that demulsification and emulsification may co- 
exist in the process of aging oil by ultrasonic irradiation, rather than a 
single presence. Meanwhile, we think that the cavitation effect can 
achieve demulsification and dehydration of aging oil, and therefore can 
be engineered to amplify the ultrasonic cavitation effect to enhance 
recovery of aging oil. 

2. Method 

2.1. Materials 

The experimental sample used in this paper is a kind of aging oil from 
the Daqing oilfield in China, which has a dynamic viscosity of 15.086 
mPa⋅s at 50 ◦C, and a standard density of 0.8646 g/cm3. Other related 
parameters such as wax content and four-component content are shown 
in Table 1. 

Additionally, the chemical reagents used in the experimental process 
include petroleum ether and anhydrous ethanol. Petroleum ether, a 
colorless and transparent liquid with a special odor and volatile prop-
erties, was acquired from Liaoning Quanrui Reagent Co., Ltd. with the 
implementation standard of GB/T 15894-2008 [27]. Anhydrous 
ethanol, also sourced from Liaoning Quanrui Reagent Co., Ltd., complies 
with GB/T 678-2002 standard [28], and it is a colorless, transparent 
volatile liquid with a relative molecular mass of 46.07 and a density of 
0.789–0.791 g/ml at 20 ◦C. 

2.2. Experimental process 

2.2.1. Sample preparation 
The experimental procedure is illustrated in Fig. 1. Firstly, 1.5 L 

aging oil samples were placed in 2 L beakers, which were then sealed 
and kept in a large static-sinking water bath (Changzhou Putian In-
strument Manufacturing Co., Ltd., SY-1) at 80 ◦C for more than 3 h (to 
mitigate the history effect). The aging oil samples in the beaker were 
then homogenized using a high-speed homogenizer (Kinematica AG, 
Switzerland, PT 3100 D; 11,000 r/min for 2 mins). Finally, 50 ml of the 
homogenized sample was dispensed into 50 ml beakers and placed in a 
small thermostatic water bath (Gongyi Yuhua Instrument Co., Ltd., HH- 
S2) at 40 ◦C (to ensure a consistent initial temperature of the samples 
during ultrasonic irradiation) for spare use. 

2.2.2. Ultrasonic irradiation 
The frequency of the ultrasonic transducer (Hunan Lichen 

J. Gao et al.                                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 105 (2024) 106859

3

Instrument Science and Technology Co., Ltd., LC-JY92-IIN) was about 
20 kHz. A continuous mode of action was adopted. A variable amplitude 
rod probe was inserted into the sample to a depth of 1/3. The total 
electrical power (P) to the ultrasonic transducer is 650 W, and the actual 
treatment power was 20 %P, 40 %P, 60 %P, 80 %P, and 100 %P. To 
replicate the experimental laws, the ultrasonic irradiation time was set 
to be either 5 or 10 mins. 

2.2.3. Moisture content measurement 
The water content in the sample was measured by rapid magneti-

zation distillation apparatus (Daqing Normal University, SYHS-12) ac-
cording to the distillation method (GB/T 8929-2006) [29,30]. Firstly, 
we added the rotor and the appropriate amount of petroleum ether to 
the extraction bottle, and weighed the appropriate amount of the sample 
before and after ultrasonic irradiation in the extraction bottle with an 
electronic balance (Shimadzu Enterprise Management Co., Ltd., 
UW4200H), and the mass of the sample was recorded M. The extraction 
bottle, extraction tube, and condensation tube were then connected to 
ensure tight sealing. Next, the low-temperature thermostatic reaction 
bath and rapid magnetization distillation apparatus were turned on 
respectively, with continuous monitoring and observation for proper 
functionality of each place. Finally, after the automatic shutdown of the 
instrument and cooling of all parts to room temperature, the volume of 
water in the extraction tube was read V, and the formula of water 
content inside the oil sample φ is: 

φ =
m
M

× 100% =
ρV
M

× 100%  

Where m indicates the mass of water obtained by distillation, ρ is 1 g/ 
cm3. 

The dehydration rate ϕ is calculated by the formula: 

ϕ =
φ0 − φ

φ0
× 100%  

Where φ0 shows the water content of the initial oil sample, φ describes 
the water content of the oil sample after ultrasonic irradiation. 

2.2.4. Microcosmic observation 
To qualitatively analyze the effect of ultrasonic irradiation on the 

dehydration rate of aging oil, the microscopic morphology of different 
emulsions before and after ultrasonic irradiation was observed by mi-
croscopy (Shanghai Optical Instrument Factory No. 5, FRD-6C). Exper-
imental samples for microscopic observation were first prepared using 
slides and coverslips. Then the objective lens and focal length were 
adjusted to facilitate clear observation of the microscopic images of the 
samples through external control software. Finally, the distribution of 
oil and water in the emulsion was obtained comparatively by changing 
the type of light source (fluorescent or halogen light). In this case, the 
magnification of the objective lens was 40 times, and the scale of the 

Table 1 
Component content of the original oil sample.  

Name Wax Asphaltene Resin Saturated hydrocarbon Aromatic hydrocarbon Total hydrocarbon 

Content (%)  25.19  0.28  16.79  82.11  7.76  89.87  

Fig. 1. The experimental flow chart.  
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acquired images was set uniformly at 50 μm. 

2.2.5. Particle size analysis 
The microscopic images of the oil samples before and after ultrasonic 

irradiation were imported into the particle size analysis software, and 
the diameter, cumulative number, area, and other information of the 
emulsion droplets were counted by the software to obtain the particle 
size changes of the aging oil samples under different experimental 
conditions. The resulting data were further used to quantitatively 
analyze the changes of the emulsion droplets of the aging oil before and 
after ultrasonic irradiation and to reveal the mechanism of the change in 
the water content in the aging oil from the viewpoint of the change in the 
particle size. 

2.2.6. Component analysis 
Different components and hydrocarbon distribution in the aging oil 

samples before and after ultrasonic irradiation were measured to 
analyze the relationship between the change in water content and the 
change in components and hydrocarbon content in the oil samples. This 
analysis aimed to elucidate the mechanism behind the water content 
change in aging oil from the perspective of the components and hy-
drocarbon changes. The specific measurement methods were as follows: 
Following the oil and gas industry standard SY/T 5119-2008 [31,32], 
the asphaltene content of different oil samples was determined by rod 
thin layer chromatography respectively. The wax content of different oil 
samples was calculated based on the standard SY/T 0537-2008 [33,34]. 
In addition, the distribution of carbon number in the oil samples was 
measured by gas chromatography (Agilent 7890A, SY/T 5779-2008 
[35–37]). 

3. Results and discussion 

3.1. Variations in the moisture content of aging oil 

As shown in Fig. 2, (a) and (b) present the variations of water content 
and dehydration rate of oil samples in relation to the electric power 
under varying ultrasonic irradiation times. The red and blue curves 
represent the ultrasonic irradiation time of 5 and 10 mins respectively. 
The star point indicates the water content and dehydration rate of the oil 
sample subjected to 5 mins of ultrasonic irradiation at 40 %P electric 
power, which is hypothesized based on the subsequent characterization 
results. 

Overall, under different experimental conditions, the water content 
of the oil samples dropped from the initial 33.47 % to below 30 %. When 
the ultrasonic irradiation time was 5 mins, the water content of the oil 

samples showed a slight initial increase, decreased to its lowest point, 
and eventually rose again with the increment of electric power. The 
lowest water content was registered at 80 %P power, and an increase 
was observed once the power reached 100 %P. When the ultrasonic 
irradiation time was 10 mins, the water content in the oil samples 
showed a “W-type” trend in response to power changes, with the lowest 
point at 40 %P power and the highest point registered as the power 
reached 100 %P. 

Conversely, the dehydration rate of the oil samples displayed an 
“M− type” pattern under both ultrasonic irradiation time conditions. 
Overall, the dehydration rate of oil samples exceeded 20 % under 
different experimental setups. Notably, at an ultrasonic irradiation time 
of 10 mins and electric power of 40 %P, the maximum dehydration rate 
of oil samples achieved was about 98.24 %. 

3.2. The results of microstructure analysis 

Fig. 3(a)-(f) depict the microscopic morphology of different oil 
samples observed under the conditions of different ultrasonic electric 
power at an ultrasonic irradiation time of 5 mins. The images are divided 
into two columns to represent the use of halogen light and fluorescence 
microscope light sources, respectively. In the halogen light images, the 
background aligns with the halogen light color, with the black color 
indicating the oil phase, and the bright color describing the aqueous 
phase. In contrast, in the fluorescence images, the background takes on 
the color of fluorescence, with black representing the aqueous phase and 
bright color the oil phase. The images of the two light sources can be 
compared to identify the type of emulsion droplets. For example, the 
emulsion droplets framed in the white dotted rectangular box of Fig. (a- 
1) have an oil film on the outside and water on the inside, i.e., they are 
water-in-oil type. This is further confirmed by the white dotted rectan-
gular box of Fig. (a-2), where the black color in the interior signifies 
water, and the bright color on the outer edge indicates the oil phase 
[32,38,39]. 

The oil samples without ultrasonic treatment exhibit a complex in-
ternal composition, with water in the aging oil in the form of W/O 
dispersed in the continuous phase (oil). It could be seen in various types 
of emulsion droplets, such as the W/O, O/W/O, W/O/W/O, by the 
microscopic images. There are also small numbers of solid particles of 
impurities distributed in the oil phase. Water droplets in the aging oil are 
distributed in spherical and ellipsoidal forms, with particle sizes ranging 
from several microns to tens of microns. The emulsion droplets inside 
the initial oil sample are highly stable, which makes it difficult for large 
droplets to settle in the natural state, and for smaller-sized droplets, 
which are widely distributed in the emulsion, to aggregate due to strong 

Fig. 2. The results of water content and dehydration rate under different experimental conditions.  
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oil–water interface stability. This stability is a significant factor in the 
challenges associated with demulsification and dehydration. 

It is obvious from the microscopic images that the ultrasonic effect 
results in relatively fewer large-diameter droplets, a more homogeneous 
distribution, a relatively larger spacing, and a relative reduction in the 
complexity of the system after ultrasonic irradiation. There is also a 
significant difference in the distribution of droplets within the emulsion 
at different electrical powers. 

As demonstrated in Fig. 4, (a) to (f) present the microscopic topog-
raphy pictures of different oil samples obtained under varying electric 
powers with the halogen light source at an ultrasonic irradiation time of 
5 mins. 

Compared with the original oil samples, the microscopic system of 
the oil samples after 10 mins of ultrasonic irradiation became less 
complex, with fewer large-diameter droplets and larger inter-droplet 
intervals, which resulted in weaker inter-droplet interactions. The sta-
bility of the emulsions was also found to weaken due to the impact of 
intermolecular and interfacial tensions, which means that it was easier 
for emulsions to dehydrate. 

Therefore, the analysis of the microscopic images of oil samples 
before and after ultrasound can provide qualitative insights: ultrasound 
disrupted the inherent equilibrium within the aging oil, the emulsion 
droplets within the oil samples underwent a more pronounced aggre-
gation, and the large droplets settled under the effect of gravity. All this 
resulted in the reduction of the water content of the oil samples, which 
was consistent with the experimental laws obtained in Section 3.1. Be-
sides, it could be observed that the emulsion droplets in some micro-
scopic images were still in the process of aggregation/splitting. 

3.3. Variations in the average diameter of water droplet 

Figs. 5 and 6 quantitatively present the change laws of the average 
diameter of the emulsion droplets within different oil samples, at ul-
trasonic irradiation times of 5 and 10 mins, respectively. The bar graph 
illustrates the variations in average diameter with the change of the 
electric power (corresponding to the left axis), and the dotted line graph 
represents the change in the dehydration rate of the oil samples (aligned 
with the right axis). 

(a-1) Original sample-Halogen light (a-2) Original sample-Fluorescence

(b-1) 20%P-Halogen light (b-2) 20%P-Fluorescence

(c-1) 40%P-Halogen light (c-2) 40%P-Fluorescence

Fig. 3. Microscopic morphology of oil samples at 5 mins under ultrasonic irradiation.  

J. Gao et al.                                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 105 (2024) 106859

6

Two graphs show that, under different ultrasonic irradiation times, 
the average diameter of droplets displayed a wavy, “M− shaped” trend 
with increasing electric power. For the initial oil sample, the average 
diameter of the droplets was 0.40 μm, and after ultrasonic irradiation, 
the average diameter of the emulsion droplets was not less than 0.4 μm, 
with the largest reaching 0.78 μm. The increase in diameter means that 
the small-diameter droplets gradually converged to form larger- 
diameter droplets under the ultrasonic irradiation and the droplets 
would then be sunk under gravitational force after reaching a certain 
size, which was one of the main factors for the reduction in water 
content. 

It was also observed that the changing rule of the average diameter of 
the droplets and the changing trend of the dehydration rate under 
different electric powers were consistent. Both had extreme values: at an 
ultrasonic irradiation time of 5 mins with 80 %P power, the dehydration 
rate of the oil samples peaked at 75.92 %, and at an ultrasonic irradia-
tion time of 10 mins with 40 %P power, the dehydration rate of the oil 
samples reached an extreme value of 98.24 %. However, when the 
power was 100 %P, the average diameter of droplets was minimized 

under both ultrasonic irradiation times, and the dehydration rate was 
also reduced, which may suggest that the higher power and longer 
irradiation time did not lead to a higher dehydration rate of oil samples. 

In addition, when comparing the variations in average diameter size 
of droplets under two ultrasonic irradiation times and the change rule of 
the dehydration rate of oil samples at the ultrasound irradiation time of 
10 mins, it was observed that the moisture content measured at the ul-
trasound irradiation time of 5 mins with 40 %P power might have been 
subject to some error (possibly due to improper operation or errors in 
the readings in using the distillation method to measure water content). 
As such, the moisture content under this condition could be an extreme 
value and the actual value of moisture content is expected to fall be-
tween the values at the same condition when the power is 20 %–80 %P. 

3.4. Component analysis 

3.4.1. Gas chromatography analysis 
The Fig. 7 demonstrate the results of gas chromatographic analysis 

under different experimental conditions. On the horizontal coordinate, 

(e-1) 80%P-Halogen light (e-2) 80%P-Fluorescence

(f-1) 100%P-Halogen light (f-2) 100%P-Fluorescence

(d-1) 60%P-Halogen light (d-2) 60%P-Fluorescence

Fig. 3. (continued). 
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“0” indicates the original oil samples without ultrasonic irradiation, 
while “1–5” and “6–10” indicate the increasing electric power levels at 
ultrasonic irradiation times of 5 and 10 mins, respectively. The colors of 
the bar graphs progress from lighter to darker, indicating the cumulative 
contents at carbon numbers <C10, C11-C20, C21-C40, and >C40, 
respectively. 

Overall, the content of carbon number <C10 decreased and the 
content of C11-C20, C21-C40, >C40 increased in the oil samples after 
ultrasonic irradiation (in the majority of the oil samples). This indicates 
that compared with pre-ultrasound samples, the oil samples experienced 
a reduction in short carbon chains and an increase in long carbon chains 
after ultrasonic irradiation, i.e., the light component decreased, while 

the heavy component increased. 
It is important to note that the experimental results in this section 

were measured appropriately one week after ultrasonic irradiation, and 
due to limited instrumentation, it was not possible to achieve complete 
synchronization. Hence, we hypothesize that shortly after ultrasonic 
irradiation, the light component content is elevated while the heavy 
component content is decreased, and that this change causes a decrease 
in the viscosity of the oil samples, thus decreasing the interfacial 
strength of the oil–water interface, and reducing the water content. After 
this critical period, the functional groups inside the oil sample will be 
reorganized, which resulted in increased carbon chains and heavy 
components. This growth enhanced dispersion between molecules, and 

Fig. 4. Microscopic morphology of oil samples at 10 mins under ultrasonic irradiation (Halogen light).  
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intermolecular forces, rendering it more difficult to break the emulsion. 
This also shows that ultrasonic demulsification may not be irreversible 
[40]. 

3.4.2. Asphaltene and wax content analysis 
Fig. 8 displays the variations in asphaltene and wax content within 

the oil samples under the conditions of different powers and irradiation 
times. The horizontal axis, marked “0–10”, follows the same notation as 
in the previous subsection. The red and blue bars indicate the variations 
in asphaltene and wax content in different oil samples, respectively. 

The figure reveals that the asphaltene content in the original oil 
sample was about 0.28 %, and after ultrasonic irradiation, it underwent 
an upward trend, with the highest reaching 0.59 %. This increase is 
consistent with the law of the heightened content of the heavy compo-
nent discussed in the part 3.4.1. The content and complex structure of 
asphaltene was an important factor for the viscosity of aging oil and the 
surface tension of the oil–water interface. An increase in asphaltene 
content tends to boost the stability of the emulsion, making demulsifi-
cation and dehydration more challenging. This finding further raises 
questions regarding the irreversibility of ultrasound irradiation [40]. 

Pre-irradiation, the content of waxes in the oil samples was 25.19 %, 
and a reduction in wax content was spotted after ultrasonic irradiation 

in the majority of cases. This decrease has implications for the rheo-
logical properties of the emulsion, thereby affecting the stability of the 
emulsion in turn. 

3.5. Mechanism analysis 

One of the primary factors that contribute to the stability and diffi-
culty in breaking aging oil emulsions is the stability of the oil–water 
interfacial membrane [41]. This membrane, a major barrier to droplet 
aggregation, has a large interfacial tension that reinforces the stability of 
the emulsion. The presence of asphaltenes, gums, waxes, and solid im-
purities further complicates the components and structure of emulsions, 
and high concentrations of cycloalkanes in macromolecules, such as 
asphaltenes and gums, result in high viscosity and frictional resistance, 
preventing the collision and aggregation of droplets and subsequently 
slowing down their sinking rate [42–44]. Asphaltenes can form a strong 
visco-elastic network at the oil–water interface, which serves as effective 
stabilizers for emulsions [45–47]. In addition, the presence of a small 
amount of colloid not only increases the solubility of asphaltene but also 
enhances their regular distribution at the interface, thus improving 
emulsion stability. The solid particles can be adsorbed on the interfacial 
membrane between oil and water to form a spatial barrier, thus mini-
mizing the interactions between the interfaces and contributing to the 
enhancement of the stability of the emulsion [48]. 

The key to breaking the emulsification of aging oil is to reduce the 
interfacial tension of the oil–water interfacial membrane and destabilize 
the membrane so that the droplets can collide and agglomerate. Small 
droplets then gradually coalesce into large droplets, and settle, leading 
to achieve demulsification and dehydration [11]. 

Ultrasound generates intense cavitation, mechanical, and thermal 
effects in aging oil [49]. The three effects are a major factor for changes 
in the components, structure, and water content of aging oil. 

Some researchers argued that ultrasonic demulsification should be 
conducted when the acoustic pressure is below the cavitation threshold, 
and that exceeding it could lead to secondary emulsification of the 
emulsion [8,9,11,25,26]. However, our findings in this study suggest 
otherwise. The experiments in this paper, conducted under the condi-
tion of the cavitation effect, demonstrated that the water content in the 
oil samples under each condition was lower than that in the original oil 
samples. Based on the experimental law of the “M− type” dehydration 
rate obtained in this paper and the analysis of the microscopic topog-
raphy, the authors speculate that the demulsification and emulsification 
of the emulsion induced by ultrasound are not entirely separated, i.e., 
the two effects may exist simultaneously. This co-existence could be 
influenced by a cumulative effect of the size of acoustic energy and the 
ultrasonic duration: when the cumulative effect favors demulsification 
over emulsification, an increase in the dehydration rate of the emulsion 
is observed, and conversely, when the cumulative effect leans towards 
emulsification, a decrease in the dehydration rate of the emulsion is 
registered. 

The schematic diagram of the mechanism of demulsification under 
ultrasonic irradiation is shown in Fig. 9. The ultrasonic cavitation effect, 
generated during ultrasonic irradiation, produces localized high tem-
perature, high pressure, shock wave, and micro-jet within the liquid 
[50,51]. This enormous energy will significantly damage the interfacial 
membrane of the emulsion droplets suspended in the aging oil. The 
existence of thermal effects will reduce the viscosity of the emulsion, 
which in turn weakens the interfacial strength of the oil–water interfa-
cial membrane, and causes the membrane to rupture. In addition, the 
mechanical effect and the presence of acoustic energy flow [52] can 
produce violent oscillations in the emulsion system, resulting in varying 
relative vibration speeds for different droplets, and thereby promoting 
the collision of water droplets and agglomeration. According to Stokes’ 
formula [53], when the volume of agglomerated droplets reaches a 
certain value, they settle under the influence of gravity, thus reducing 
the water content of the emulsion. However, the increase of electric 

Fig. 5. Variations in the mean diameter of emulsion droplets at different 
powers during 5 mins of ultrasonic irradiation. 

Fig. 6. Variations in the mean diameter of emulsion droplets at different 
powers during 10 mins of ultrasonic irradiation. 
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power and acoustic energy affects the stability of the oil–water interface, 
and thus causes different intensities of demulsification and emulsifica-
tion effects in oil samples varies, resulting in “M− type” changes in the 
water content of the oil samples. 

It was also found that the content of heavy components in the oil 
samples increased after some time under ultrasonic irradiation, which 
means that the viscosity of the emulsion increased after the water con-
tent was reduced, and the increase in adhesion will enhance the stability 
of the oil–water interface. Moreover, the figures of microscopic 
morphology showed that the size of the emulsion droplets decreased, 
and the intervals increased post-ultrasonic irradiation, which may 
indicate enhanced stability of the emulsion despite reduced water con-
tent of the emulsion after the ultrasonic irradiation. This illustrates that 

the effects of ultrasound action are not irreversible. 

4. Conclusion and prospect 

The exact mechanisms of ultrasonic aging oil demulsification and 
reforming remain elusive. To uncover its underlying mechanisms, the 
research employed microscopic topography analysis, particle size anal-
ysis, component analysis, and other methods to characterize the water 
content, microscopic topography, particle size, components, etc. of the 
aging oil before and after ultrasonic irradiation. The key conclusions are 
as follows: 

(1) The cavitation effect can also be achieved for the decrease of 
water content. The demulsification and emulsification may be carried 
out at the same time under ultrasonic irradiation. (2) At ultrasonic 
irradiation times of 5 or 10 mins, the dehydration rate of the oil samples 
displays an “M− type” trend with rising ultrasonic electric power, indi-
cating that both low and high levels of electric power are not effective 
for the dewatering of the oil samples. (3) The ultrasonic irradiation can 
produce intense cavitation, mechanical, and thermal effects. The com-
bination of the three effects can change the internal structure of the 
aging oil and disrupt the stability of the oil–water interfacial membrane, 
resulting in the collision and agglomeration of water droplets. Conse-
quently, the droplets and intervals become larger, and ultimately settle, 
thus lowering the water content in the emulsion. 

Looking ahead, future research should investigate the roles of 
demulsification and emulsification on the dehydration rate during ul-
trasonic irradiation of aging oil through optical and chemical means. In 
addition, employing the cavitation noise method to examine the rela-
tionship between cavitation intensity and the emulsification and dehy-
dration of aging oil, and incorporating theories of vacuolar dynamics 
and acoustic free radicals in research will be significant in understand-
ing the acoustic mechanisms in ultrasonic demulsification and reform-
ing of aging oil. 

Fig. 7. The analysis results of gas chromatographic under different ultrasonic electric power and irradiation time.  

Fig. 8. Variation of asphaltene and wax content under different ultrasonic 
electric power and irradiation time. 
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