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a b s t r a c t
Ultrasonic treatment of municipal sludge can effectively reduce the moisture content, improve 
sludge stability, and create optimal conditions for subsequent sludge disposal. Methods to opti-
mize the ultrasonic treatment of excess sludge have great practical significance. This study deter-
mined the influence of ultrasonic frequency, the axial distance between the thermal and ultrasonic 
probes, ultrasonic power, and other factors involved in cavitation experiments, The MATLAB and 
FLUENT software were used to simulate the ultrasonic sludge treatment effects under varying condi-
tions; these simulations were verified by microscopic and biochemical analyses. The results showed 
that lower frequency and higher power yielded stronger temporal and spatial effects; the optimal 
conditions were 20 kHz and 1,000 W. After 30 min of treatment, the sludge particle size was signifi-
cantly reduced, with d50 decreasing from 34.82  µm in the original sludge to 2.99  µm, and a small 
number of nanoscale particles formed. Therefore, ultrasonic treatment yields an excellent cracking 
effect on excess sludge. The results of simulation analysis and experiments can provide a reference 
to achieve effective stabilization, resource utilization, safety, and excess sludge reduction.
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1. Introduction

Although the continuous advancement in sewage treat-
ment procedures has improved the sewage collection and 
treatment rate, the subsequent generation of excess sludge 
poses a huge problem [1]. Excess sludge contains many 
harmful substances, such as chemical and biological waste, 
toxic elements, and pathogenic microbes; hence, appropriate 

sludge treatment and disposal procedures are essential for 
improving urban development [2]. Sludge should be treated 
appropriately to achieve the goal of sludge disposal based 
on subsequent stabilization, resource utilization, harm-
lessness, and sludge reduction [3].

Cracking excess sludge is an effective pretreatment 
process in sludge recycling and reduction. In recent years, 
ultrasonic pretreatment of residual sludge has received a 
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great deal of attention due to its low environmental impact, 
high energy density, mild reaction conditions, and high 
efficiency [4]. An ultrasonic wave is a sound wave ranging 
from 20  kHz to 10  MHz. When it acts on excess sludge, it 
can destroy the cell structure of microorganisms, change 
their activity, and release intracellular substances. Several 
studies have shown that the cracking effect of ultrasonics 
on the sludge is mainly based on the ultrasonic cavitation 
effect. That is, when a certain intensity of ultrasonic wave 
acts on excess sludge, a large number of cavitation bubbles 
are generated inside, which vibrate continuously under the 
action of ultrasonic wave. When the sound pressure exceeds 
the threshold, it is violently compressed, expanded, and 
then instantly cracked [5]. The cavitation effect produces 
strong shock waves and arrives at the local high tempera-
ture and high pressure that can destroy the cellular struc-
ture of microorganisms and inactivate pathogenic bacteria 
[6]. At present, many studies reported on ultrasonic sludge 
cracking techniques. Skórkowski et al. [7] evaluated the 
relationship between ultrasonic cracking effects and other 
energy parameters. Bhat and Gogate [8] studied the effect 
of cavitation effects on biological processes, and Yuan et 
al. [9] analyzed the effect of ultrasonic treatment combined 
with hydrogen peroxide on excess sludge fragmentation. 
However, there are still some weaknesses in the distribu-
tion and form of action of ultrasonic energy; therefore, 
there is an urgent need to explore the distribution patterns 
of ultrasonic treatment and the visualization of cavitation 
bubbles to optimize the conditions for ultrasonic cavitation 
effects, which may provide new solutions for wastewater  
treatment.

Based on MATLAB and FLUENT software, which were 
used to simulate the ultrasonic cavitation conditions for 
visualization and analysis, this study investigated and ana-
lyzed the ultrasonic frequency, ultrasonic power, and other 
factors to optimize the process of ultrasonic cracking of 
excess sludge and analyzed the morphology and particle 
size of the sludge before and after ultrasonic cracking. In 
addition, we aimed to build our own experimental device to 
explore the variation law of cavitation effect intensity along 
the axial direction under different conditions. We validated 
and characterized the ultrasonic cavitation effect through 

experiments, providing substantial evidence and technical 
protocols that will support future research regarding ultra-
sonic cracking for sludge disposal.

2. Material and methods

2.1. Material

Excess sludge was taken from the secondary sedi-
mentation tank of a Hefei Sewage Treatment Plant as the 
experimental sample. The main characteristic indexes were 
recorded as temperature: 15°C; pH: 7.10; moisture content: 
97%; density: 1.035 × 103 kg/m3; dissolved chemical oxygen 
demand (SCOD): 96 mg/L.

2.2. Generation of cavitation effect

The cavitation effect is the main mechanism underlying 
ultrasonic sludge cracking, and the process of its generation 
is shown in Fig. 1. Ultrasonic refers to a longitudinal wave 
that propagates in the liquid phase; the propagation direc-
tion does form two phases of compression and expansion, 
so that the liquid is in two states with positive and negative 
pressure, respectively. When the ultrasonic waves are in the 
negative expansion phase, the ultrasonic pressure amplitude 
exceeds the internal static pressure of the liquid, and the 
distance between the molecules of the liquid in the expan-
sion phase vibration is greater than the spacing that allows 
the liquid to maintain a positive pressure state, resulting in 
the integrity of the liquid structure being destroyed, form-
ing new small cavitation nuclei. In the ultrasonic expansion 
state, these cavitation nuclei and the original microbubbles 
in the liquid expand rapidly, whereas then the volume rap-
idly collapses in the compression state, resulting in local 
high temperature, high pressure, and shock waves, as well 
as the release of a large amount of energy to form new 
cavitation nuclei [10].

2.3. Characterization of cavitation effects

The basic condition for the cavitation effect of excess 
sludge by ultrasonic treatment is to have sufficient sound 
intensity; the higher the sound intensity, the stronger the 

 
Fig. 1. Ultrasonic cavitation effect generation process.
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cavitation effect. Consequently, the strength of the ultra-
sonic cavitation effect is often characterized by the mea-
surement of sound intensity. The thermal probe method 
has the characteristics of low cost and high accuracy, and 
is not affected by radiation or electromagnetic fields; thus, 
this method is used to characterize the cavitation effect of 
ultrasonic treatment.

The principle underlying the thermal probe method is 
to establish a relationship between ultrasonic intensity and 
temperature based on the law of energy conservation, and 
to characterize the intensity of the sound field indirectly 
through temperature changes [11]. It consists of an electri-
cal pair wrapped in a wave-absorbing material that absorbs 
the ultrasonic waves and converts the energy into thermal 
energy, which, in turn, is used to measure the equilibrium 
temperature difference through a temperature collector. 
The cavitation intensity at any point under different con-
ditions can be known from the variation of the equilibrium 
temperature difference.

2.4. Experimental device

The experimental self-designed cavitation intensity 
measurement device is shown in Fig. 2. The setup mainly 
comprises an ultrasonic device, a thermocouple coated with 
absorbing material, and a temperature collector. The ultra-
sonic probe is placed in the center of the cylindrical beaker, 
and the thermocouple wrapped with absorbing material is 
placed directly below the ultrasonic probe. The thermo-
couple can convert sound waves into temperature, which 
can be converted into electrical signals. By measuring the 
electrical signals, we can know the intensity of the cavita-
tion effect. The ultrasonic generator is a probe-type ultra-
sonic reactor (model: DH99-IIDN) with a power adjustment 
range of 0–1,200 W. The reaction vessel is a 500 mL cylindri-
cal glass beaker. Ultrasonic probes of 20 and 24  kHz were 
used in the experiment, and 400 mL sludge was put into a 
reaction vessel without temperature control.

The self-designed ultrasonic experimental setup is 
shown in Fig. 3, in which the ultrasonic generation device 
is the same as above, an ultrasonic variable amplitude rod 
with a frequency of 20 kHz and a probe diameter of 22 mm 

is used, and the reaction vessel is a 500 mL cylindrical glass  
beaker.

2.5. Ultrasonic cavitation bubble kinetic model

The purpose of studying bubble dynamics is to inves-
tigate the motion of bubbles under the action of ultrasonic 
treatment through the equation of motion of bubble walls, 
and the intensity of motion of cavitation bubbles rep-
resents the ultrasonic cavitation intensity.

The bubble dynamic was first modeled by the British 
Physicist Rayleigh in 1917, and then the scientist Plesset 
made a series of corrections based on this equation to arrive 
at the famous Rayleigh–Plesset equation [12]; the equa-
tion is as follows:
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where PB(t) is the pressure inside the microbubble; 
P t� � � is the pressure outside the microbubble; ρL is 
the density of the medium around the microbubble; 
R(t) is the microbubble radius; νL is the medium viscosity; 
S is the tension on the surface of the microbubble.

This equation assumes that the medium is a Newtonian 
fluid, homogeneous and incompressible, and that there 
is no tissue around the microbubble and other microbub-
bles influence; for a single microbubble, it is assumed that 
the microbubble is spherical and that there is only radial 
vibration when vibrating with R(t).

In recent years, most numerical simulations of cavita-
tion bubbles have been based on the Rayleigh–Plesset equa-
tion using the simulation software MATLAB for numerical 
solutions. For example, based on this equation, Yi et al. [13] 

 
Fig. 2. Diagram of ultrasonic cavitation experimental device.

 
Fig. 3. Ultrasonic experimental set-up diagram.
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analyzed the effect of liquid viscosity on the strength of 
ultrasonic cavitation using MATLAB software. They con-
cluded that the medium could enhance the cavitation and 
fragmentation effects under ultrasonic action; however, it 
also affects the ultrasonic wave conduction, causing the cavi-
tation effect to decrease.

2.6. MATLAB software simulation

MATLAB software was used to simulate different ultra-
sonic frequencies and power, and the effect on the ultrasonic 
cavitation effect was analyzed by examining the cavitation 
bubble transient radius and the amplitude of cavitation 
bubble motion. The ultrasonic frequencies used in the sim-
ulation model were 20, 24, 28, and 30 kHz, with ultrasonic 
power usage at 400, 600, 800, and 1,000  W, respectively. 
The 4–5 order Runge–Kutta algorithm was used to solve 
the nonlinear motion cavitation bubble equations, and 
MATLAB calculation algorithms and function programs 
were designed [14,15].

2.7. FLUENT software simulation

With the mature development of computational fluid 
dynamics, FLUENT software has gradually been used in 
the numerical simulation of cavitation bubbles, which is 
suitable for simulating complex fluid flows with its pow-
erful mesh support and multiple algorithms. Therefore, 
FLUENT software was used to simulate the morphological 
changes of cavitation bubbles in one cycle. The effects of dif-
ferent ultrasonic power and frequency on the morphological 
changes of cavitation bubbles were also analyzed.

The ICEM preprocessor in FLUENT software was used 
to establish the model, with set boundaries and a divided 
grid. The established model is shown in Fig. 4a. The model 
is set as a square region with a side length of L  =  0.4  mm, 

and a spherical cavitation bubble with an initial radius of 
R  = 20 µm. The boundary conditions are set as follows: JK 
is the pressure inlet, EF is the pressure outlet, and EJ and 
FK are non-slip walls. A two-dimensional structured grid 
is used to discretize the geometric structure. The grid size 
is 6.4  ×  10–13  m2, and the total number of grids is 2.5  ×  105. 
The divided grid diagram is shown in Fig. 4b.

In order to solve the change of the interface between 
the gas and liquid phases of the cavitation bubble, it is 
assumed that the interface of the cavitation bubble is a free 
surface, and the initial state of the cavitation bubble is in an 
expanded state, ignoring the action and influence of various 
forces. VOF two-phase model is adopted in the calculation 
model, in which the gas phase is an ideal gas as the main 
phase and the incompressible liquid Newtonian fluid as 
the auxiliary phase [16]. The turbulence model adopts the 
standard k–ε model. The pressure value is estimated using 
PRESTO! algorithm. PRESTO! is an implicit operator seg-
mentation algorithm that provides values for velocity and 
pressure combinations [17]. In the calculation, the first-order 
implicit and second-order upwind schemes were adopted 
in time and space, respectively.

2.8. Ultrasonic crack experimental methods

•	 Placed 400  mL of sludge in a 500  mL glass beaker, the 
probe-type ultrasonic generator was fixed, and lower 
the ultrasonic probe down to 2 cm below the liquid.

•	 The ultrasonic generator was turned on at room tempera-
ture, the ultrasonic time was set from 0 to 30 min, and 
the ultrasonic power was set from 270 to 900  W, using 
a 20  kHz, 22  mm diameter variable amplitude rod for 
ultrasonic treatment of the experimental sludge.

•	 After the ultrasonic treatment, the ultrasonic probe was 
removed, the treated sludge was collected and centri-
fuged, and the supernatant, after centrifugation, was 
stored for testing. The purity of the reagents used in 
the experimental process was of analytical grade.

3. Results and discussion

This section demonstrates the cycle variation of cavi-
tation bubbles at various ultrasonic frequencies and ultra-
sonic powers, followed by cavitation experimental results 
that were used to validate the simulation effect. Finally, 
the sludge cracking effect was depicted from microscopic 
and biochemical perspectives.

3.1. MATLAB simulation analysis

The ratio of instantaneous radius to the initial radius of 
a cavitation bubble, that is, the amplitude of cavitation bub-
ble motion, was used to characterize the cavitation effect 
of the cavitation bubble. Taking time as the abscissa and 
cavitation bubble amplitude as the ordinate, the motion 
of the ultrasonic cavitation bubble was simulated by 
changing ultrasonic power and frequency.

3.1.1. Effect of ultrasonic frequency

The ultrasonic power was regulated at 1,000 W, and the 
ultrasonic frequency (20, 24, 28, and 30  kHz) was changed 

 

 

Fig. 4. Fluent models of (a) geometric model and (b) grid division 
diagram.
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to study their influence on the ultrasonic cavitation effect. 
The simulation results are shown in Fig. 5.

As seen in Fig. 5, when other factors are kept constant, 
the amplitude of the cavitation bubble changes consistently 
under four ultrasonic frequencies. With the increase of 
ultrasonic frequency, the amplitude of the cavitation bub-
ble decreases, the time to reach the maximum amplitude 
becomes longer, the cracking time becomes longer, and 
the ultrasonic cavitation effect becomes weaker. The main 
reason is that the expansion time of the ultrasonic phase 
becomes shorter with the increase of ultrasonic frequency, 
and the high-frequency ultrasonic wave decays rapidly 
when propagating in the liquid medium, thus weakening 
the ultrasonic cavitation effect [18]. Therefore, when other 
conditions are constant, using a lower-frequency ultra-
sonic wave would yield a better ultrasonic cavitation effect. 
Xuefeng [19] also found that the lower the ultrasonic fre-
quency, the earlier the cavitation bubble collapses and the 
smaller the cavitation bubble amplitude, and that the low-
est possible frequency can maximize the ultrasonic effect 
while meeting cavitation requirements. In this simulation, 
when the ultrasonic frequency is 20 kHz, the collapse period 
of the cavitation bubble is the shortest, and the motion 
amplitude of the cavitation bubble is the largest; hence, the 
best ultrasonic cavitation effect is achieved.

3.1.2. Effect of ultrasonic power

The influence of ultrasonic power (400, 600, 800 and 
1,000  W) on ultrasonic cavitation was studied by con-
trolling the ultrasonic frequency at 20 kHz. The simulation 
results are shown in Fig. 5.

As seen in Fig. 5, when other factors are kept constant, 
the cavitation bubbles reach the maximum amplitude in the 
first cycle under four ultrasonic power conditions. With the 
increase in ultrasonic power, the motion amplitude of cav-
itation bubbles becomes larger, and the ultrasonic cavita-
tion effect becomes stronger. The main reason is that when 
the ultrasonic power increases, the tensile and compres-
sive effects of cavitation bubbles in the positive and nega-
tive pressure areas of ultrasonic become stronger, and the 
motion period becomes longer [20]. The simulation results 
show that when the ultrasonic power is 1,000 W under the 
experimental simulation conditions, the radius ratio of cav-
itation bubbles is the largest, the cavitation motion is more 
intense, and the ultrasonic effect is the best.

3.2. Fluent simulation analysis

Based on the MATLAB software simulation above, a 
better ultrasonic cavitation effect can be obtained under cer-
tain conditions using a lower ultrasonic frequency or larger 
ultrasonic power. This part aims to further simulate and 
discuss the best effect of cavitation bubble change under 
optimized conditions by FLUENT software.

3.2.1. Effect of ultrasonic power

In this simulation, the ultrasonic frequency is 20  kHz, 
and the influence of ultrasonic power (400 and 1,000 W) on 
cavitation bubble morphology is studied. The simulation 
results are shown in Fig. 6.

As can be seen from the two figures, the cavitation bubble 
remains spherical in the expansion stage and begins to sag 
in the contraction stage; the position of the cavitation bub-
ble changes relative to the initial position. This is because, 
during the process of cavitation bubble contraction, its con-
traction pressure needs to overcome the expansion pres-
sure; to achieve this, the kinetic energy of the cavitation 
bubble will increase, and its position will also change [21].

The cavitation bubble will not remain spherical all the 
time during the shrinkage process. Therefore, the deforma-
tion of the cavitation bubble can be studied by the ratio of 
the maximum area to the minimum area of the two-dimen-
sional cavitation bubble section during one period to ana-
lyze the intensity of the cavitation reaction [22]. The area 
and ratio of cavitation bubbles under different power inten-
sities are shown in Table 1.

From the simulation, it can be seen that the increase 
of ultrasonic power increases the ratio between the maxi-
mum and minimum area. Therefore, when the ultrasonic 
frequency is 20  kHz, the best value of the cavitation effect 
is achieved when the ultrasonic power is 1,000 W.

3.2.2. Effect of ultrasonic frequency

In this simulation, the ultrasonic power is 1,000 W, and 
the influence of ultrasonic frequency (20 and 24  kHz) on 
cavitation bubble morphology is studied. The simulation 
results are shown in Fig. 6. When the ultrasonic power is 
1,000 W, the cavitation bubble area and its ratio under dif-
ferent ultrasonic frequencies are shown in Table 1.

From the simulation, it can be seen that the increase in 
ultrasonic frequency caused an evident decrease in the ratio 
between the maximum and minimum area. This is due 
to the fact that at higher frequencies, the expanding phase 
of the cavitation bubble becomes shorter, and the energy 
accumulated becomes lower, yielding a smaller maximum 
area. Therefore, when the ultrasonic power is 1,000 W, and 
the ultrasonic frequency is 20  kHz, the cavitation effect is 
better achieved at this lower frequency than at 24 kHz.

The simulation results of cavitation bubble motion by 
MATLAB and FLUENT software suggest that using low 
frequency (20  kHz) and high ultrasonic power (1,000  W) 
can enhance the ultrasonic cavitation effect.

3.3. Cavitation experimental analysis

The influence of ultrasonic frequency, ultrasonic power, 
and the distance between the thermocouple and ultrasonic 
probe on the cavitation effect was explored using the self-
built ultrasonic cavitation intensity measuring device. 
Moreover, the ultrasonic cavitation experimental results 
were compared with the numerical simulation results to 
verify the accuracy of the simulation.

3.3.1. Change of ultrasonic frequency

Using ultrasonic power of 400, 600, 800, and 1,000 W, the 
ultrasonic action time is 5 s, and the ultrasonic probe insert 
depth is 2 cm. By changing the ultrasonic frequency (20 and 
24 kHz), the variation law of the cavitation effect along the 
axial direction was investigated, and its influence on the 



N. Zhang et al. / Desalination and Water Treatment 295 (2023) 83–9488

 

 

  

Fig. 5. Variation of cavitation bubble radius ratio with time at (a–d) different ultrasonic frequencies and (e–h) different ultrasonic 
power intensities.
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ultrasonic cavitation effect was studied. The experimental 
results are shown in Fig. 7. Where the horizontal coordinate 
is the longitudinal distance of the thermocouple from the 
emitting surface, and the vertical ordinate is the equilibrium 
temperature difference (unit °C), which can represent the 
cavitation effect at each point.

As seen in Fig. 7, under constant ultrasonic power, the 
curves of different frequencies show the same trend; the tem-
perature difference at 20 kHz is greater than at 24 kHz, and 
thus the cavitation effect is stronger at 20 kHz. This shows 
that the ultrasonic frequency has a significant influence on 
the cavitation effect (the lower the frequency, the less the 
number of ultrasonic vibrations). This is because, at lower 
frequencies, a single wave must carry more energy, leading 
to the phenomenon of high sound intensity at lower frequen-
cies [23]. By plotting the two-dimensional distribution of the 
cavitation field at different ultrasonic frequencies, Guo et 
al. [24] found that as the ultrasonic frequency increases, the 
area of the efficient ultrasonic zone gradually decreases, and 
the directivity of the ultrasonic worsens. Hence, the increase 
in ultrasonic frequency is not conducive to the cavitation 
effect, which is the same as the conclusion of this paper. 
Therefore, choosing a lower ultrasonic frequency can yield 
a better ultrasonic cavitation effect when other parameters 
are constant.

3.3.2. Changes in the distance between the thermocouple and 
ultrasonic probe

With other parameters kept constant, the optimized 
ultrasonic frequency is 20  kHz, and the ultrasonic power 
intensities of 400, 600, 800, and 1,000  W are adopted. The 
influence of the axial distance between the thermal probe 
and the ultrasonic probe on the ultrasonic cavitation effect 
is studied by changing the axial distance between the ther-
mal and the ultrasonic probes. The experimental results 
are shown in Fig. 8.

As seen in Fig. 8, under different ultrasonic powers, 
the overall changing trend of images remains constant; the 
sound intensity was the largest near the ultrasonic probe 
but subsequently decreased with the increase in axial dis-
tance, gradually approaching a certain value at 1  cm away 
from the ultrasonic probe. This is because when ultrasonic 
waves are transmitted in excess sludge, a severe cavitation 
reaction occurs near the ultrasonic probe, which consumes 
most of the ultrasonic energy and attenuates ultrasonic 
energy via viscous and heat conduction absorption. In this 
experiment, at a 1 cm distance from the ultrasonic probe, the 
fluctuation of sound intensity in some areas was observed. 
Since the experiment was carried out in a glass beaker with 
limited volume, the bottom wall of the beaker and the bound-
ary between the gas and liquid phases reflect the ultrasonic 
wave, resulting in sound interference [25]. The same conclu-
sion was reached by Dong et al. [26]. They found that the 
general trend of sound intensity decreases with increasing 
axial distance at different power levels, while the smaller 
value added in sound intensity at about 1/2 of the ultrasonic 

Table 1
Variation of cavitation bubble area under different ultrasonic conditions

Ultrasonic frequency (kHz) Ultrasonic power (W) Maximum area (cm2) Minimum area (cm2) Maximum area/Minimum area

20 400 0.02546 0.00418 6.09
20 1,000 0.01987 0.00269 7.39
24 1,000 0.01552 0.00246 6.31

 

 

 

Fig. 6. The processes of cavitation bubble change at 
(a) f  =  20  kHz, P  =  400  W, (b) f  =  20  kHz, P  =  1,000  W and 
(c) f = 24 kHz, P = 1,000 W.
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length is due to the reflection of the ultrasonic waves at the 
cup wall, forming a standing wave, thus increasing the local 
sound intensity near the probe.

3.3.3. Change ultrasonic power

By keeping other parameters constant and using the 
optimized ultrasonic frequency at 20  kHz, the axial varia-
tion law of the cavitation effect is investigated by changing 
ultrasonic power, and its influence on ultrasonic cavita-
tion is also studied. The experimental results are shown in  
Fig. 9.

As seen in Fig. 9, when the ultrasonic frequency is kept 
at 20 kHz, there is a positive correlation between the power 
and the cavitation effect, and the sound intensity gradu-
ally increases with the increase of ultrasonic power, which 
is consistent with the numerical simulation results of ultra-
sonic cavitation bubbles. Therefore, a better understanding 
of the relationship between the cavitation effect and each 
influencing factor will assist in designing and developing a 
potential ultrasonic sludge sonochemical reactor.
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Fig. 8. Curves of cavitation intensity vs. ultrasonic power at 
20 kHz at various distances.

 
Fig. 7. Variation curves of sound field intensity along the axial direction of the probe at (a) 20  kHz, 24  kHz, 400  W, (b) 20  kHz, 
24 kHz, 600 W, (c) 20 kHz, 24 kHz, 800 W and (d) 20 kHz, 24 kHz, 400 W.
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3.4. Ultrasonic experimental analysis

Combined with the above analysis, the best effect was 
identified when the ultrasonic frequency was 20  kHz. In 
this part, the microscopic changes of sludge, SCOD content, 
protein content, polysaccharide value, and total suspended 
solids (TSS) content in the supernatant after ultrasonic treat-
ment of excess sludge are assessed to analyze the effect of 
ultrasonic treatment on sludge cracking.

3.4.1. Sludge morphology analysis

Scanning electron microscopy (SEM) images before 
and after ultrasonic cracking of excess sludge are shown in 
Fig. 10. Fig. 10a shows an SEM image of excess sludge before 
ultrasonic treatment and Fig. 10b of excess sludge after ultra-
sonic treatment with ultrasonic power of 1,000 W for 15 min. 
Before treatment, the surface of the original excess sludge 
appears compact and smooth, exhibiting good integrity and 
forming layered structures. However, after ultrasonic treat-
ment, the surface structure of excess sludge appears rough, 
loses its integrity, and transforms into a layered-block struc-
ture stacked together. The appearance of this structure is 
mainly attributable to the microbial micelles and microbial 
cell wall structure in sludge being destroyed, dispersed, 
and stacked into many flocculent structures. This leads to 
reduced microbial activity that is beneficial to stabilizing 
and reducing sludge.

3.4.2. Analysis of sludge particle size

The frequency distribution curves of the particle size of 
the sludge samples before and after ultrasonic treatment are 
shown in Fig. 11. As can be seen from Fig. 11a, the particle 
size of the original sludge was mainly distributed between 
10 and 100 µm, d50 = 34.82 µm as measured by the laser par-
ticle sizer. After ultrasonic treatment at 20 kHz with 1,000 W 
and a treatment time of 30 min, as can be seen from Fig. 11b, 
the particle size of the sludge was mainly in the range of 
1–10  µm, with d50  =  2.99  µm, and some of the sludge par-
ticles smaller than 1  µm, reaching the nanometer scale. 
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Fig. 9. Curves of cavitation intensity along the axial direction 
of the probe at 20 kHz at various power intensities.

  
Fig. 10. Scanning electron microscopy images of the morphology of (a) original sludge and (b) ultrasonic sludge.



N. Zhang et al. / Desalination and Water Treatment 295 (2023) 83–9492

These nanoparticles adsorb onto microbial cells, rendering 
them inactive and creating a concentration gradient that 
spreads, resulting in a more stable sludge.

The results show that, after ultrasonic treatment, the 
mycolloids in the excess sludge were broken up by ultra-
sonic treatment and lost their original water-locking prop-
erties, resulting in increased dewatering of the excess 
sludge and making it more stable, thus achieving sludge  
reduction.

3.4.3. Biochemical analysis

The excess sludge contains a large number of microor-
ganisms, bacteria, and other organic substances. Ultrasonic 
cracking will cause the microbial cells in the excess sludge 
to crack, resulting in the outflow of organic substances from 
the cytoplasm. Thus, the effect of ultrasonic cracking on 
the excess sludge can be characterized by the SCOD value, 
protein content, polysaccharide content, and TSS reduction 
rate in the supernatant. Fig. 12 shows the value variation 
in SCOD, protein content, polysaccharide content, and TSS 
reduction rate over time in different conditions of ultra-
sonic powers. As shown in Fig. 12, all values increase with 
increased time and ultrasonic power.

When the ultrasonic power is 270 W, the curves change 
slowly over time. After 30  min of sonication, the SCOD 
increased from 96 to 522  mg/L, the protein dissolution 
increased from 33.20 to 98.43 mg/L, the polysaccharide dis-
solution increased from 6.89 to 53.83  mg/L, and the TSS 
reduction rate increased from 8.7% to 34.9%, indicating that 
the ultrasonic cannot effectively destroy the cell structure in 
the excess sludge under this condition.

When the ultrasonic power is 450 and 630 W, the growth 
trend of each curve is roughly the same, and the difference in 
index content is not significant; however, the result is mar-
ginally better at 630 W than it is at 450 W. After 30 min of son-
ication, the SCOD increased from 96 to 2,285 and 2,660 mg/L, 
the protein dissolution from 64.07 and 83.60  mg/L to 
145.13 and 150.73  mg/L, the polysaccharide dissolution 
from 19.52 and 38.08  mg/L to 84.26 and 115.98  mg/L, and 
the TSS reduction from 10.7% and 12.1% to 35.4% and 48%.

When the ultrasonic power is 900 W, both the index con-
tent and growth rate are clearly enhanced. After 30 min of 
sonication, the SCOD increased from 96 to 4,070 mg/L, the 
protein dissolution increased from 112.26 to 258.52  mg/L, 
the polysaccharide dissolution increased from 49.95 to 
186.87  mg/L, and the TSS reduction rate increased from 
13.6% to 54.2%. It is mainly because the cell wall, cytoplasm, 
and cell membrane of microorganisms in the sludge are 
broken by ultrasonic waves at high power for a long time, 
leading to a larger increase in the content of each index. 
From the above index analysis, it is clear that ultrasonic 
cracking of excess sludge does have a good effect.

3.5. Ultrasonic sludge resource utilization analysis

Based on changes in the levels of indicators in the sludge 
supernatant, ultrasonic treatment of sludge can be divided 
into three stages: floc disruption, cell wall disruption, and 
cytoplasmic efflux. The release of organic matter from the 
sludge by ultrasonic can benefit subsequent research on 
sludge resources. For example, the organic matter concen-
trate released from the sludge can be used as organic fertil-
izer for green plants, and the protein concentration of the 

 

Fig. 11. Particle–size distribution curves of (a) original sludge and (b) ultrasonic sludge.
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supernatant can be processed into protein products such 
as protein foam fire extinguishers. In addition, the par-
ticle size of the remaining sludge is significantly smaller 
after ultrasonication, and the colloids and microorganisms 
are broken down by ultrasonication, greatly reducing the 
water retention and biological activity of the sludge and 
increasing its stability, which is beneficial for the subsequent 
resource utilization of the sludge in the agricultural and 
construction industries.

4. Conclusion

According to the numerical simulation results, it can be 
seen that a better ultrasonic cavitation effect can be obtained 
by using a lower ultrasonic frequency and larger ultrasonic 
power. Moreover, the cavitation experimental results are 
consistent with the numerical simulation. Through micro-
scopic particle size and biochemical analysis, it can be seen 
that ultrasonic waves do have a better effect on sludge frag-
mentation, the microbial micelle and cell wall structure in 
the sludge are destroyed, and sludge dewatering and sta-
bility are improved. Therefore, numerical simulations can 
be integrated with experiments to understand the ultrasonic 

wave propagation law in excess sludge and to realize the 
resourcefulness and stabilization of the excess sludge.
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