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A B S T R A C T   

The extraction process of Tarim oil field in Xinjiang is accompanied by a large amount of oily sludge generation, 
which seriously restricts the progress of oil and gas development and causes serious pollution to the environment 
due to its large production, complex composition, and difficult treatment. Nanomaterials combined with ultra-
sound have been demonstrated to be a promising method for the disposal of hazardous oily sludge. In this paper, 
a magnetic material Nano-β-CD@Fe3O4 was prepared by hydrothermal method and surface modification 
method. Nano-β-CD@Fe3O4 can be intelligently enriched at the oil–water interface and oil-solid interface, and it 
can be stably dispersed to form nanofluid under the action of ultrasound. Nano-β-CD@Fe3O4 can cause changes 
in oil composition when it is exposed to ultrasound, resulting in the decrease of viscosity and increase of fluidity. 
The experimental results of treating oily sludge in Xinjiang Tarim showed that the best treatment effect was 
achieved when the concentration of Nano-β-CD@Fe3O4 was 0.5 %, the ultrasonic frequency was 60 Hz and the 
temperature was 60℃. This solution can reach 90.17 % oil removal efficiency within 45 min, and the secondary 
oil removal efficiency of Nano-β-CD@Fe3O4 recovered by magnetic separation could still reach 85.65 %. This 
efficient oily sludge treatment method proposed in our study provides valuable information for the development 
of oily sludge treatment technology.   

1. Introduction 

Oily sludge is a semi-solid waste generated during oil extraction, 
storage, and transportation. Typically composed of 15–50 % petroleum 
hydrocarbons, 30–85 % water and 5–46 % solid particles [11,14]. Oily 
sludge has the characteristics of large production and difficult disposal, 
it can cause serious damage to the atmosphere, water, and soil, and if not 
treated properly, it will result in secondary pollution to the environment 
[7]. It is worth mentioning that although oily sludge is a waste, it con-
tains a large amount of recyclable hydrocarbon and non-degradable 
petroleum hydrocarbon resources [26], which is a renewable energy 
source with high potential value. Therefore, if a proper treatment 
method is used to separate the oil components in the oily sludge, its 
utilization rate can be greatly improved. For this reason, scholars have 
been actively exploring how to efficiently treat oily waste to achieve the 
recovery and utilization of oil and gas resources. At this stage, the 
commonly used methods at home and abroad mainly include solvent 

extraction, mechanical centrifugation, surfactant cleaning, pyrolysis, 
ultrasonic emulsion breaking, supercritical state separation, and pro-
cessing, etc. [3,18,20,30]. However, these methods are inefficient and 
reveal drawbacks such as high energy consumption and long processing 
cycles. 

Therefore, we need to explore a new method to treat oily sludge in 
simple, low energy consumption and high effectiveness. Ultrasound is an 
elastic mechanical wave that propagates in a medium. Due to its unique 
mechanical vibration, cavitation, and thermal effects [26], in recent 
years, scholars have applied ultrasound to the treatment of oily sludge to 
improve oil fraction recovery [12]. Compared to traditional cleaning 
technologies, ultrasound can release high energy density to break down 
sludge agglomerates and further remove absorbed contaminants on 
solid particles. Xu et al. observed that flocculated oily sludge decom-
posed into small particles under ultrasonic irradiation [32]; Gao et al. 
applied ultrasound to treat oily sludge on a pilot scale and found that 
sufficient acoustic pressure amplitude was the key to overcomeing 
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adhesion in the oily sludge [9]; Luo et al. investigated the effects of 
acoustic parameters (frequency, acoustic intensity and treatment time) 
and operating conditions (water sludge ratio, pH and surfactant) on the 
recovery of oily sludge [19]). The complexity of oil-bearing sludge 
components makes it impossible to achieve satisfactory oil removal by 
ultrasound alone. Kim et al. investigated the combined ultrasound-alkali 
pretreatment of oily sludge to achieve solubilization of oil fraction [13]. 
Gao et al. found that the removal rate of oily sludge after ultrasonic 
cleaning was 82–90 % with the assistance of surfactant washing [6]. In 
most studies, scholars have introduced chemical cleaning agents, cata-
lysts, and nanomaterials to improve the treatment efficiency based on 
ultrasound. 

Recently, magnetic nanoparticles (MNP) have been widely imple-
mented in various sectors like medicine, food, electronics, oil, and gas 
owing to their distinctive properties, including nano-scale size, quantum 
effects, and massive surface area [2,24,25,28]. Taheri et al. exploited the 
synergistic interaction between magnetic nanoparticles and ultrasound 
for efficient catalysis [27]; Abdullah achieved good results in the sepa-
ration of methylene blue in water using ultrasound in combination with 
Fe3O4 [1]. The synergistic application of ultrasound and magnetic 
nanoparticles in the treatment of oily sludge is also an important 
problem that needs to be studied urgently. 

In this paper, an intelligent magnetic material Nano-β-CD@Fe3O4 
was synthesized using a hydrothermal method and surface modification, 
which has strong magnetic properties and can be adsorbed at the oil–-
water interface. In this study, Nano-β-CD@Fe3O4 was combined with 
ultrasonic waves for oily sludge treatment in Xinjiang Tarim block to 
improve the treatment efficiency. 

2. Experimental studies 

2.1. Experimental sample 

2.1.1. Xinjiang Tarim block oil sludge 
The oily sludge was used in Xinjiang Tarim block in this experiment. 

The sample sludge has good fluidity. The physical and chemical prop-
erties of oily sludge were analyzed, as shown in Fig. 1. 

Fig. 1(a) is a three-phase mass ratio diagram. It can be seen from 
Fig. 1(a) that the oil content of the oily sludge can reach 33.25 %, and 
the recoverable components are high; the moisture content is small, 
which is 19.05 %; the solid phase accounted for 47.7 %. Fig. 1(b) shows 
the content of oil phase components. From Fig. 1(b), it can be seen that 
the relative proportion of asphaltene in the oil component is small, and 
the cross-linking between the three phases is weak. Fig. 1(c) shows the 
XRD pattern of the solid phase in the oily sludge. It can be seen that the 
solid phase of the oily sludge is mainly basic mineral component. 
Through analysis and investigation of oily sludge, mainly uses oil as the 
continuous phase and water and solid matter as the dispersed phase. 
Therefore, in order to recover the oil components and discharge the solid 
content, it is necessary to realize the stripping recovery of the oil 
components. 

2.1.2. Materials and experimental apparatus 
Materials: FeCl3⋅6H2O(number average molecular weight: 50,000, 

AR ≥99.0 %), H2NCONH2 (number average molecular weight: 50,000, 
AR ≥99.0 %), Beta-Cyclodextrin (β-CD, number average molecular 
weight: 25,000, AR ≥99.0 %), Ethylene Glycol((CH2OH)2, number 
average molecular weight: 50,000, AR ≥99.5 %), Polyethylene glycol 
(HO(CH2CH2O)n, number average molecular weight: 50,000, AR ≥99.0 
%), H2O2 (35 wt% solution in water, stabilized). 

Experimental Apparatus: Ultrasonic Cleaner (KQ3200DE), Vacuum 
Drying Oven, PTFE Reactor. Stability Analyzer (Formulaction-MLS), 
Fourier transform infrared spectroscopy (FTIR)(BRUKER, TENSORII) 
and XRD patterns (BRUKER, AXios) were used for the structural char-
acterization. The field emission environmental scanning electron mi-
croscope (SEM, Gemini SEM 300) was used for the morphological 
observations test. 

2.2. Synthesis of Nano-β-CD@Fe3O4 treatment agent 

2.2.1. Preparation stage 
First, 1.15 g of ferric chloride hexahydrate (FeCl3⋅6H2O) was dis-

solved in 30 mL of ethylene glycol (EG) and magnetically stirred to 
obtain a homogeneous orange liquid. Then 2.0 g of urea (H2NCONH2) 
and 1.0 g of polyethylene glycol 2000 were added to the orange liquid 
and magnetically stirred to make it fully dissolved and form a uniform 
solution. Third, the uniform solution obtained in the previous step was 
added to the reaction vessel and kept at 200 ◦C for 18 h, 20 h, 22 h, and 
24 h after sealing. Finally, after cooling the reaction vessel to 25 ◦C, the 
product was transferred to a beaker, washed repeatedly with deionized 
water and ethanol, and dried to obtain a black powder, which is the 
Fe3O4 precursor. Fe3O4 with different synthesis times were tested and 
analyzed by XRD diffraction analyzer and SEM microscopic analyzer. 

2.2.2. Experiment procedure 
Firstly, 0.5 g of the prepared nano Fe3O4 precursor was taken out and 

evenly dispersed in ultrasonication, then 1.5 g of β-CD was dissolved in 
100 mL of distilled water to obtain a uniform solution. Then, the pH 
value of the nano Fe3O4 solution was adjusted to 12 using a 5 % NaOH 
aqueous solution. Then, the β-CD solution was added to the nano Fe3O4 
solution. Followed by 9 mL of H2O2 which was added to the solution 
three times at an interval of 1 h. The product Nano-β-CD@Fe3O4 was 
obtained. 

Finally, the solution was placed in an ultrasonic field at 60 ◦C for 8 h. 
After the reaction, the product was magnetically separated and washed 
several times with deionized water and ethanol. The modified Nano- 
β-CD@Fe3O4 was analyzed by FTIR spectroscopy. 

2.3. The performance test of Nano-β-CD@Fe3O4 intelligent, magnetic, 
and dispersion 

The intelligent and magnetic properties of β-CD modified Fe3O4 were 
tested and studied, and the stability of Nano-β-CD@Fe3O4 dispersion 

Fig. 1. (a) Three-phase; (b) Oil phase components; (c) XRD of Solid.  
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under the action of ultrasound was tested by Stability Analyzer (For-
mulaction-MLS). 

2.4. Testing the effect of ultrasonic synergistic Nano-β-CD@Fe3O4 on the 
rheological properties of oil components in oily sludge 

The oil fraction separated from the oily sludge was taken and reacted 
with the oil fraction by ultrasound, which was combined with Nano- 
β-CD@Fe3O4 at 90 ◦C for 8 h. The viscosity change of the oil fraction 
before and after the reaction was tested by Thermo Scientific HAAKE 
Rheostress. 

2.5. Degreasing experiment 

By designing orthogonal experiments to explore the influence of 
treatment agent concentration, ultrasonic frequency, and temperature 
on oil removal efficiency, the best conditions can be optimized. The 
horizontal distribution of orthogonal experiment factors is shown in 
Table 1. 

The concentration was set in the table to 0.3 %, 0.5 %, and 1 % 
respectively. Including ultrasonic frequency which has been set to 60 
Hz, 80 Hz, and 100 Hz. Considering that environmental protection 
processing requires low energy consumption processing, the tempera-
ture was selected at 30 ◦C, 45 ◦C, and 60 ◦C. 20 mL of treatment agent 
concentration was taken to carry out a degreasing experiment on 4.5 g of 
oily sludge. Under optimal conditions, the relationship between ultra-
sonic treatment and combined ultrasonic treatment over time was 
compared. The oil removal efficiency in 45 min was explored and the 
curve to analyze the molecular dynamics of the oil removal process was 
fitted. 

3. Results and discussion 

3.1. Characterization of Nano-β-CD@Fe3O4 treatment agent 

The XRD component analysis and microscopic analysis of Fe3O4 
prepared at different holding times were performed and the results are 
shown in Fig. 2. 

Fig. 2(a) shows the XRD pattern of nano-Fe3O4 synthesized at 
different holding times at 200 ℃. In the figure, the synthesis time from 
bottom to top is 18 h, 20 h, 22 h, and 24 h respectively. Through the 

analysis of the XRD peak spectrum, it is found that the Fe3O4 synthesized 
under 20 h has good crystallinity, the crystal peak diffraction angle is 
sharp, and the diffraction peak gradually becomes flat with the increase 
of temperature. Combined with Fig. 2(b) (SEM images of nano-Fe3O4 
with different holding times), it is also found that as the synthesis time 
increases, the spherical structure gradually breaks down and becomes 
dispersed particles. The nano-Fe3O4 microspheres synthesized under 20 
h are uniform in size (all between 200 nm and 300 nm), and the struc-
ture is good. Therefore, nano-Fe3O4 microspheres synthesized under a 
hydrothermal holding time of 20 h are selected as the modified 
precursor. 

Cyclodextrin, an important class of polysaccharides with a cyclic 
oligosaccharide, is formed by the action of cyclodextrin glucosyl-
transferase on starch and belongs to the cage-type molecule family. The 
most common β-cyclodextrin consists of 7 α-d-glucopyranose units 
connected through α-(1,4) glucosidic linkers [5,21]. The structure of 
β-cyclodextrin is characterized by a dimensionally stable hydrophobic 
cavity and hydrophilic outer surface with primary hydroxyl groups lying 
on the above and the secondary hydroxyl groups below. When cyclo-
dextrins are grafted on spherical nano-Fe3O4, the new material Nano- 
β-CD@Fe3O4 can have both magnetic and amphiphilic properties, 
comparing the FTIR spectra of ferric tetroxide before and after the 
modification, as shown in Fig. 3. 

Fig. 3(a) shows the FTIR spectroscopy of Fe3O4 and Fig. 3(b) shows 
the FTIR spectroscopy of Fe3O4 after modification. By analyzing the 

Table 1 
L9 (34) orthogonal experimental formula.  

Level Factor  

A (Density/%) B (Ultrasonic frequency /Hz) C (T/℃) 

0 0.3 60 30 
1 0.5 80 45 
2 1 100 60  

Fig. 2. (a) XRD of nano-Fe3O4; (b) SEM of nano-Fe3O4.  

Fig. 3. (a)FTIR spectroscopy of Fe3O4; (b)FTIR spectroscopy of 
Nano-β-CD@Fe3O4. 
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graph, 2927 cm− 1, 1159 cm− 1,and 1029 cm− 1 are the characteristic 
absorption peaks of β-CD. It can be concluded that β-CD is successfully 
combined with nano-Fe3O4 microspheres to form a cyclodextrin coating 
shell, and the modified product is Nano-β-CD@Fe3O4. 

3.2. Performance analysis of Nano-β-CD@Fe3O4 

The performance of the prepared Nano-β-CD@Fe3O4 was investi-
gated to ensure its application in the treatment of oily sludge. 

Fig. 4(a) is an intuitive diagram of intelligent oil search. Through the 
analysis of this figure, the synthesized nano smart material can be 
adsorbed at the oil–water interface and can form a climbing film on the 
oil-solid interface. In the process of combining with oily sludge, Nano- 
β-CD@Fe3O4 will be enriched at the oil–water and oil-solid interface, 

destroying the original structure of oily sludge and achieving three- 
phase separation of oily sludge in the combined treatment with ultra-
sonic. Fig. 4(b) shows the magnetic adsorption phenomenon of Nano- 
β-CD@Fe3O4 fluid under the applied magnetic field, and the strong 
magnetic properties can realize the recycling of Nano-β-CD@Fe3O4 in 
the application process. 

Fig. 5 shows the dispersion stability test of Nano-β-CD@Fe3O4 under 
ultrasonication. The results show that Nano-β-CD@Fe3O4 TSI values are 
smaller and have better stability to form stable nanofluid in an ultra-
sonic environment, which confirms that when Nano-β-CD@Fe3O4 and 
ultrasonication are used in conjunction, it can be dispersed and adsorbed 
on various surfaces of oily sludge for the deconstruction of oily sludge 
under the synergistic effect of ultrasonication. 

Fig. 4. (a) intelligent oil–water interface seeking of Nano-β-CD@Fe3O4; (b) Magnetic adsorption of Nano-β-CD@Fe3O4.  

Fig. 5. Effect of ultrasonic synergistic Nano-β-CD@Fe3O4 on the rheological properties of oil components in oily sludge.  

Fig. 6. (a) destructive effect of ultrasound combined with Nano-β-CD@Fe3O4 on the structure of oily sludge; (b) rheological properties of the oil phase in oily sludge 
before and after the reaction. 
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3.3. Effect of nano-β-CD@Fe3O4 synergistic sonication on the rheological 
properties of oil components 

Oily sludge is mainly a mixture composed of oil phase wrapped with 
tiny solid phase particles and a small amount of water, where gum and 
asphaltene are the main reasons for the solid cementation of the mixture 
[4,23]. The key to achieving the deconstruction and destruction of oily 
sludge is to achieve the stripping of the oil phase and water, oil phase 
and solid phase [10]. Nano-β-CD@Fe3O4 can be adsorbed at the oil–-
water interface and oil-solid interface and realize the enrichment at the 
interface, which provides powerful conditions for the cavitation of ul-
trasound [17,22]. 

Ultrasound and the usual acoustic wave propagation in the medium 
is a linear motion. The speed of motion is related to the medium, and all 
kinds of sound transmission mediums have a fixed acoustic impedance 
rate [8,34]. As the resistance of iron and oil, water is very different, 
therefore when the ultrasonic wave travels to the interface of the two 
media with a large difference in acoustic impedance, the main reflection 
occurs, the reflection of the ultrasonic wave back and forward in the 
synthesis of the ultrasonic wave, when each point of the phase difference 
remains stable, resonance occurs, and in some fixed positions super-
imposed on each other to strengthen the medium in these positions easy 
to produce cavities. [16,31]. The energy emitted during the destruction 
of the cavity can be transferred to the dirt and cause their dissociation 
and dispersion through the interaction of the media masses with the dirt 
particles [6]. 

As shown in Fig. 6(a), ultrasound combined with Nano-β-CD@Fe3O4 
can achieve the dissociation and dispersion of oily sludge and can lead to 
the dispersion of asphaltene molecules in the oil fraction, as well as the 
breakage of long chains. From the viscosity-temperature curve in Fig. 6 
(b), it can be seen that the viscosity of the oil fraction decreases, and the 
mobility is enhanced after the reaction of ultrasonic combined with 
Nano-β-CD@Fe3O4. 

Fig. 7 shows the XRD patterns of Nano-β-CD@Fe3O4 before and after 
the sludge cleaning reaction. From the figure, it is observed that the 

diffraction peak signal of Fe3O4 diminishes after the reaction, indicating 
the presence of partially dissolved Fe3O4. However, the basic crystal 
shape can be maintained, which confirms that Nano-β-CD@Fe3O4 has a 
recovery potential and is less affected by oily sludge and ultrasonication. 

3.4. Analysis of the results of ultrasonic synergistic Nano-β-CD@Fe3O4 
degreasing 

It can be seen from the trend chart in Tab.2 that when the solution 
concentration is 0.5 %, the oil removal rate is the highest. This is because 
Nano-β-CD@Fe3O4 is dispersed and enriched at the oil–water and oil- 
solid interface. Ultrasonic waves produce a large number of cavitation 
cores on the surface of Nano-β-CD@Fe3O4 and cause Nano-β-CD@Fe3O4 
to generate mechanical vibrations, making crude oil easier to be strip-
ped. When the concentration is too low, Nano-β-CD@Fe3O4 cannot be 
completely enriched at the oil-solid and oil–water interface, resulting in 
low efficiency [29]. When the concentration is too high, the Nano- 
β-CD@Fe3O4 accumulates to form micelles, which consume ultrasonic 
energy to disperse and produce resistance to the separation of oil com-
ponents. The ultrasonic frequency directly affects the cavitation 
threshold of the cleaning liquid: the higher the ultrasonic frequency, the 
higher the cavitation threshold. Therefore, the higher the energy 
required for the occurrence of the cavitation phenomenon, which makes 
it difficult for the cavitation effect to occur. Therefore, it is concluded 
that the oil removal efficiency is the highest at 60 Hz. As the oily sludge 
contains a lot of colloids and asphaltenes, when the cleaning tempera-
ture increases from 35℃ to 60℃, the viscosity of the oily sludge de-
creases. Nano-β-CD@Fe3O4 can absorb heat energy to reduce the 
adhesion of crude oil. At the same time, the movement resistance of each 
particle in the system is reduced, the movement speed is accelerated 
[15], and the crude oil and the sediment particles are separated under 
the Nano-β-CD@Fe3O4 slip. In addition, when ultrasonic waves propa-
gate in water, the sound energy density, sound velocity, and tempera-
ture have the following relationships [33]: 

C = 331.4 + 0.16 t3-1.** 

Fig. 7. XRD of Nano-β-CD@Fe3O4 before and after the cleaning reaction.  
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E = 1/2ρω2cA23-2. 
Formulas 3–1 and 3–2, show that the sound energy density and wave 

speed of ultrasonic waves is proportional to temperature, which means 
that the higher the temperature, the faster the ultrasonic wave speed and 
the higher the sound energy density, The more ultrasonic energy Nano- 
β-CD@Fe3O4 accepts, the better it is beneficial to the treatment of oily 
sludge (see Table 2). 

Fig. 8 is a visual diagram of the orthogonal experiment after 
degreasing. In this figure, the upper layer is the oil phase, the middle 
layer is low-oily sewage, and the bottom layer is the solid phase. Ex-
periments have verified that β-CD@ Fe3O4 combined with ultrasonic can 

be used to treat oily sludge, it enables the separation of oil sludge 
components and effective oil component recovery. Through elemental 
analysis of the separated solid phase, as shown in Fig. 9, the results show 
that the solid phase component has a low heavy metal content and meets 
the emission standard. 

The best experimental conditions for treating oily sludge were 
screened out through orthogonal experiments. Under the best experi-
mental conditions, the degreasing efficiency of Nano-β-CD@Fe3O4 with 
0.5 % concentration of water and ultrasound was compared with that of 
Nano-β-CD@ Fe3O4 with ultrasound to confirm the interface effect of 
Nano-β-CD@Fe3O4. At the same time, the influence of Nano- 
β-CD@Fe3O4 on ultrasonic cavitation and mechanical vibration is also 
verified. 

As shown in Fig. 10, within 45 min, Nano-β-CD@Fe3O4 combined 
with ultrasonic treatment can reach 90.17 %, which is 40.24 % higher 
than the efficiency of water plus ultrasonic. The recovery, cleaning, and 
dispersion of Nano-β-CD@Fe3O4 are carried out by magnetic separation, 
and the efficiency of the combined ultrasonic degreasing of Nano- 
β-CD@Fe3O4 after recovery can reach 85.65 %. It is proved that Nano- 
β-CD@Fe3O4 can be recycled. 

4. Conclusion 

In this study, a microsphere material Nano-β-CD@Fe3O4 with a 
particle size of about 200 nm was synthesized by hydrothermal and 
surface modification methods using FeCl3-6H2O and β-CD as raw ma-
terials for the treatment of oily sludge. This material has strong magnetic 
properties and can be intelligently enriched at the oil–water interface 
and oil-solid interface. In the process of oily sludge cleaning in Xinjiang 
Tarim block, a treatment method using ultrasound combined with Nano- 

Table 2 
L9(34) orthogonal experimental formula.  

Level Factor  

A(Density) B(Ultrasonic frequency /Hz) C(T/℃) 

0 0.3 % 60 30 
1 0.5 % 80 45 
2 1 % 100 60  

Samples number Factor  

A B C Oil removal rate 

1 0 0 0  54.93 % 
2 0 1 1  49.53 % 
3 0 2 2  67.43 % 
4 1 0 1  59.54 % 
5 1 1 2  69.19 % 
6 1 2 0  44.96 % 
7 2 0 2  61.33 % 
8 2 1 0  41.73 % 
9 2 2 1  49.12 %  

Fig. 8. Component separation.  

Fig. 9. Elemental analysis of solid phase.  
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β-CD@Fe3O4 is proposed. Nano-β-CD@Fe3O4 can be stably dispersed 
under the action of ultrasound, and its adsorption at the oily sludge 
phase interface provides a strong condition for the cavitation of ultra-
sound and improves the energy transfer of ultrasound. The treatment 
efficiency of oily sludge can reach 90.17 % at 0.5 % β-CD@Fe3O4 con-
centration, 60 Hz, 60 ◦C optimum conditions, and Nano-β-CD@Fe3O4 
can be recovered and reused by magnetic separation, and the oil 
removal efficiency can reach 85.65 % after reuse. 

CRediT authorship contribution statement 

Song Hanxuan: Conceptualization, Methodology, Writing – original 
draft. Ye Yan: Funding acquisition, Project administration. Zheng 
Weiru: Investigation, Formal analysis. Essouma Essouma Ariane 
Felicite Bibiche: Writing – review & editing. Zhang Qingwen: Writing 
– review & editing. Guo Jixiang: Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] A.D. Abdullah, E, Balouch A,, et al., Fabrication of silane-modified magnetic nano 
sorbent for enhanced ultrasonic wave driven removal of methylene blue from 
aqueous media: Isotherms, kinetics, and thermodynamic mechanistic studies, Turk. 
J. Chem. 45 (1) (2021) 181–191, https://doi.org/10.3906/kim-2007-66. 

[2] M. Anbarasu, M. Anandan, E. Chinnasamy, et al., Synthesis and characterization of 
polyethylene glycol (PEG) coated Fe3O4 nanoparticles by chemical co- 
precipitation method for biomedical applications, Spectrochim. Acta A Mol. 
Biomol. Spectrosc. 135 (2015) 536–539, https://doi.org/10.1016/j. 
saa.2014.07.059. 

[3] Q. Bao, L. Huang, J. Xiu, et al., Study on the thermal washing of oily sludge used by 
rhamnolipid/sophorolipid binary mixed bio-surfactant systems, Ecotoxicol. 
Environ. Saf. 240 (2022) 113696, https://doi.org/10.1016/j.ecoenv.2022.113696. 

[4] P. Chand, S. Dutta, S. Mukherji, Slurry phase biodegradation of heavy oily sludge 
and evidence of asphaltene biotransformation, J. Environ. Manage. 324 (2022) 
116315, https://doi.org/10.1016/j.jenvman.2022.116315. 

[5] B. Chen, T. Lin, H. You, et al., Preparation of sulfobutylether-β-cyclodextrin bonded 
Fe3O4/SiO2 core-shell nanoparticles and its application in enantioselective liquid- 
liquid extraction, Colloids Surf A Physicochem Eng Asp 652 (2022) 129861, 
https://doi.org/10.1016/j.colsurfa.2022.129861. 

[6] Y.-X. Gao, R. Ding, X. Chen, et al., Ultrasonic washing for oily sludge treatment in 
pilot scale, Ultrasonics 90 (2018), 1–4.10.1016/j.ultras.2018.05.013. 

[7] Z. Gong, C. Liu, M. Wang, et al., Experimental study on catalytic pyrolysis of oil 
sludge under mild temperature, Cience Total Environ (2020) 708, https://doi.org/ 
10.1016/j.scitotenv.2019.135039. 

[8] Z. Guan, L. Liu, X. Xu, et al., A self-powered acoustic sensor excited by ultrasonic 
wave for detecting and locating underwater ultrasonic sources, Nano Energy 104 
(2022) 107879, https://doi.org/10.1016/j.nanoen.2022.107879. 

[9] B.L. Guo, J.W. Sun, X.M. Hu, et al., Fe3O4-CoPx nanoflowers vertically grown on 
TiN nanoarrays as efficient and stable electrocatalysts for overall water splitting, 
ACS Appl. Nano Mater. 2 (1) (2019) 40, https://doi.org/10.1021/ 
acsanm.8b01579. 

[10] S.Y. Hochberg, B. Tansel, S. Laha, Materials and energy recovery from oily sludges 
removed from crude oil storage tanks (tank bottoms): A review of technologies, 
J. Environ. Manage. 305 (2022) 114428, https://doi.org/10.1016/j. 
jenvman.2022.114428. 

[11] G. Hu, J. Li, G. Zeng, Recent development in the treatment of oily sludge from 
petroleum industry: a review, J Hazard Mater 261 (2013) 470–490, https://doi. 
org/10.1016/j.jhazmat.2013.07.069. 

[12] Y. Jin, X. Zheng, X. Chu, et al., Oil recovery from oil sludge through combined 
ultrasound and thermochemical cleaning treatment, Ind. Eng. Chem. Res. 51 (27) 
(2012) 9213–9217, https://doi.org/10.1021/ie301130c. 

[13] D.H. Kim, E. Jeong, S.E. Oh, et al., Combined (alkaline plus ultrasonic) 
pretreatment effect on sewage sludge disintegration, Water Res. 44 (10) (2010) 
3093–3100, https://doi.org/10.1016/j.watres.2010.02.032. 

[14] C.H. Liu, Y. Zhang, S.S. Sun, et al., Oil recovery from tank bottom sludge using 
rhamnolipids, J. Petrol. Sci. Eng. 170 (2018) 14–20, https://doi.org/10.1016/j. 
petrol.2018.06.031. 

[15] H. Liu, Z. Li, H. Tan, et al., Experimental investigation on a novel agglomeration 
device based on charged ultrasonic spray and vortex generators for improving the 
removal of fine particles, Fuel 287 (2021) 119549, https://doi.org/10.1016/j. 
fuel.2020.119549. 

[16] H. Liu, P. Maghoul, A. Shalaby, et al., Ultrasonic characterization of frozen soils 
using a multiphase poromechanical approach, Comput. Geotech. 153 (2023) 
105068, https://doi.org/10.1016/j.compgeo.2022.105068. 

[17] J. Liu, H. Ghanizadeh, X. Li, et al., Facile synthesis of coreshell Fe3O4@mSiO2(Hb) 
and its application for organic wastewater treatment, Environ. Res. (2022), 203 
111796.10.1016/j.envres.2021.111796. 

[18] Z. Lu, W. Liu, M. Bao, et al., Oil recovery from polymer-containing oil sludge in 
oilfield by thermochemical cleaning treatment, Colloids Surf A Physicochem Eng 
Asp (2021) 611, https://doi.org/10.1016/j.colsurfa.2020.125887. 

[19] X. Luo, H. Gong, Z. He, et al., Research on mechanism and characteristics of oil 
recovery from oily sludge in ultrasonic fields, J. Hazard. Mater. 399 (2020), 
https://doi.org/10.1016/j.jhazmat.2020.123137. 

[20] D. Meroni, R. Djellabi, M. Ashokkumar, et al., Sonoprocessing: from concepts to 
large-scale reactors, Chem Rev 122 (3) (2022) 3219–3258, https://doi.org/ 
10.1021/acs.chemrev.1c00438. 

[21] Mukhopadhyay K, Naskar A, Ghosh UC, et al. One-pot synthesis of β-cyclodextrin 
amended mesoporous cerium(IV) incorporated ferric oxide surface towards the 
evaluation of fluoride removal efficiency from contaminated water for point of use, 
J Hazard Mater 2020; 384;121235. 10.1016/j.jhazmat.2019.121235. 

[22] N. Naini, H. Sid Kalal, M.R. Almasian, et al., Phosphine-functionalized Fe3O4/ 
SiO2/composites as efficient magnetic nanoadsorbents for the removal of 
palladium ions from aqueous solution: Kinetic, thermodynamic and isotherm 
studies, Mater. Chem. Phys. 287 (2022) 126242, https://doi.org/10.1016/j. 
matchemphys.2022.126242. 

[23] C. Quan, G. Zhang, L. Xu, et al., Improvement of the pyrolysis products of oily 
sludge: Catalysts and catalytic process, J. Energy Inst. 104 (2022) 67–79, https:// 
doi.org/10.1016/j.joei.2022.07.004. 

[24] Shabestari Khiabani S, Farshbaf M, Akbarzadeh A, et al. Magnetic nanoparticles: 
preparation methods, applications in cancer diagnosis and cancer therapy, Artif 
Cells Nanomed Biotechnol. 2017; 45 (1): 6-17.10.3109/21691401.2016.1167704. 

[25] L. Sun, L. Zhan, Y. Shi, et al., Microemulsion synthesis and electromagnetic wave 
absorption properties of monodispersed Fe3O4/polyaniline core-shell 
nanocomposites, Synth. Met. 187 (2014) 102–107, https://doi.org/10.1016/j. 
synthmet.2013.11.007. 

[26] Z. Sun, F. Xia, Z. Lou, et al., Innovative process for total petroleum hydrocarbons 
reduction on oil refinery sludge through microbubble ozonation, J. Clean. Prod. 
256 (2020) 120337, https://doi.org/10.1016/j.jclepro.2020.120337. 

[27] Taheri-Ledari R, Rahimi J, Maleki A. Synergistic catalytic effect between 
ultrasound waves and pyrimidine-2,4-diamine-functionalized magnetic 
nanoparticles: Applied for synthesis of 1,4-dihydropyridine pharmaceutical 
derivatives, Ultrasonics Sonochemistry. 2019; 59 10.1016/j. 
ultsonch.2019.104737. 

[28] D.V. Wagle, A.J. Rondinone, J.D. Woodward, et al., Polyol synthesis of magnetite 
nanocrystals in a thermostable ionic liquid, Cryst. Growth Des. 17 (4) (2017) 
1558–1567, https://doi.org/10.1021/acs.cgd.6b01511. 

[29] Z. Wang, S. Gu, L. Zhou, Research on the static experiment of super heavy crude oil 
demulsification and dehydration using ultrasonic wave and audible sound wave at 
high temperatures, Ultrason. Sonochem. 40 (2018) 1014–1020, https://doi.org/ 
10.1016/j.ultsonch.2017.08.037. 

[30] Z. Wang, Z. Wang, J. Sun, et al., Investigation of oxygen-enriched atmosphere 
combustion of oily sludge: Performance, mechanism, emission of the S/N- 
containing compound, and residue characteristics, J. Clean. Prod. 378 (2022) 
134233, https://doi.org/10.1016/j.jclepro.2022.134233. 

[31] R. Xu, P. Dong, Y. Xu, et al., An embedded ultrasonic sensor for monitoring 
acoustic emissions in laboratory earthquake experiments, Measurement 202 
(2022) 111800, https://doi.org/10.1016/j.measurement.2022.111800. 

Fig. 10. Oil removal efficiency curve.  

S. Hanxuan et al.                                                                                                                                                                                                                               

https://doi.org/10.3906/kim-2007-66
https://doi.org/10.1016/j.saa.2014.07.059
https://doi.org/10.1016/j.saa.2014.07.059
https://doi.org/10.1016/j.ecoenv.2022.113696
https://doi.org/10.1016/j.jenvman.2022.116315
https://doi.org/10.1016/j.colsurfa.2022.129861
http://refhub.elsevier.com/S1350-4177(22)00352-2/h0035
http://refhub.elsevier.com/S1350-4177(22)00352-2/h0035
https://doi.org/10.1016/j.scitotenv.2019.135039
https://doi.org/10.1016/j.scitotenv.2019.135039
https://doi.org/10.1016/j.nanoen.2022.107879
https://doi.org/10.1021/acsanm.8b01579
https://doi.org/10.1021/acsanm.8b01579
https://doi.org/10.1016/j.jenvman.2022.114428
https://doi.org/10.1016/j.jenvman.2022.114428
https://doi.org/10.1016/j.jhazmat.2013.07.069
https://doi.org/10.1016/j.jhazmat.2013.07.069
https://doi.org/10.1021/ie301130c
https://doi.org/10.1016/j.watres.2010.02.032
https://doi.org/10.1016/j.petrol.2018.06.031
https://doi.org/10.1016/j.petrol.2018.06.031
https://doi.org/10.1016/j.fuel.2020.119549
https://doi.org/10.1016/j.fuel.2020.119549
https://doi.org/10.1016/j.compgeo.2022.105068
http://refhub.elsevier.com/S1350-4177(22)00352-2/h0090
http://refhub.elsevier.com/S1350-4177(22)00352-2/h0090
http://refhub.elsevier.com/S1350-4177(22)00352-2/h0090
https://doi.org/10.1016/j.colsurfa.2020.125887
https://doi.org/10.1016/j.jhazmat.2020.123137
https://doi.org/10.1021/acs.chemrev.1c00438
https://doi.org/10.1021/acs.chemrev.1c00438
https://doi.org/10.1016/j.matchemphys.2022.126242
https://doi.org/10.1016/j.matchemphys.2022.126242
https://doi.org/10.1016/j.joei.2022.07.004
https://doi.org/10.1016/j.joei.2022.07.004
https://doi.org/10.1016/j.synthmet.2013.11.007
https://doi.org/10.1016/j.synthmet.2013.11.007
https://doi.org/10.1016/j.jclepro.2020.120337
https://doi.org/10.1021/acs.cgd.6b01511
https://doi.org/10.1016/j.ultsonch.2017.08.037
https://doi.org/10.1016/j.ultsonch.2017.08.037
https://doi.org/10.1016/j.jclepro.2022.134233
https://doi.org/10.1016/j.measurement.2022.111800


Ultrasonics Sonochemistry 92 (2023) 106256

8

[32] X. Xu, D. Cao, J. Liu, et al., Research on ultrasound-assisted demulsification/ 
dehydration for crude oil, Ultrason. Sonochem. 57 (2019) 185–192, https://doi. 
org/10.1016/j.ultsonch.2019.05.024. 

[33] F. Zaoui, F.Z. Sebba, M. Liras, et al., Ultrasonic preparation of a new composite 
poly(GMA)@Ru/TiO2@Fe3O4: Application in the catalytic reduction of organic 

pollutants, Mater. Chem. Phys. 260 (2021) 124146, https://doi.org/10.1016/j. 
matchemphys.2020.124146. 

[34] G. Zhang, C. Wu, J. Gao, Ultrasonic line source and its coupling with the tool 
induced heat generation and material flow in friction stir welding, J. Mater. Res. 
Technol.. 21 (2022) 502–518, https://doi.org/10.1016/j.jmrt.2022.09.053. 

S. Hanxuan et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.ultsonch.2019.05.024
https://doi.org/10.1016/j.ultsonch.2019.05.024
https://doi.org/10.1016/j.matchemphys.2020.124146
https://doi.org/10.1016/j.matchemphys.2020.124146
https://doi.org/10.1016/j.jmrt.2022.09.053

	Synthesis of nano-β-CD@Fe3O4 magnetic material and its application in ultrasonic treatment of oily sludge
	1 Introduction
	2 Experimental studies
	2.1 Experimental sample
	2.1.1 Xinjiang Tarim block oil sludge
	2.1.2 Materials and experimental apparatus

	2.2 Synthesis of Nano-β-CD@Fe3O4 treatment agent
	2.2.1 Preparation stage
	2.2.2 Experiment procedure

	2.3 The performance test of Nano-β-CD@Fe3O4 intelligent, magnetic, and dispersion
	2.4 Testing the effect of ultrasonic synergistic Nano-β-CD@Fe3O4 on the rheological properties of oil components in oily sludge
	2.5 Degreasing experiment

	3 Results and discussion
	3.1 Characterization of Nano-β-CD@Fe3O4 treatment agent
	3.2 Performance analysis of Nano-β-CD@Fe3O4
	3.3 Effect of nano-β-CD@Fe3O4 synergistic sonication on the rheological properties of oil components
	3.4 Analysis of the results of ultrasonic synergistic Nano-β-CD@Fe3O4 degreasing

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


