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a b s t r a c t
Industrial organic wastewater contains heavy metal ions, which are toxic, difficult to degrade, and 
easily accumulates in the environment. Moreover, these ions easily form a high-steady-state struc-
ture with organic complexes, thus increasing the difficulty of degradation. The mechanical and 
chemical effects caused by bubble collapse can effectively decompose heavy metal complexes, but 
its specific influence law remains unclear. This study aims to determine the relationship between 
the factors affecting the collapse of free state bubble and the decomplexing effect of heavy metal 
complexes by establishing various complex models and considering the local density of each atom 
in the complex as the research object. The radial distribution function of atoms was used to char-
acterize the changes in the structure of heavy metal complexes, and the effects of bubble radius 
(R), compressive strain (ε), and temperature (T) on the decomplexing of heavy metal complexes 
were compared and analyzed. The results show that compressive strain and temperature have obvi-
ous effects in the initial stage of bubble collapse. At the same bubble radius, the compressive strain 
has the greatest influence on the effect of decomplexation, followed by the temperature influence. 
At 2,000 fs, the number of carbon atoms around the carbon atoms decreased by 40%. When the 
compressive strain is 0.001, the bubble radius is 20 Å, and the temperature is 308 K, the effect of 
decomplexation is the best. With the increase in compressive strain, the bubble radius and tem-
perature enhanced the acceleration of the collapse of the bubble and energy release for decom-
plexation treatment. The theory can provide technical guidance for engineering applications and 
is of great significance for accelerating the progress of sewage treatment technology.

Keywords:  Cavitation bubble collapses; Bubble radius; Compressive strain; Temperature; Radial 
distribution function

1. Introduction

The development of industry has provided an important 
guarantee for the improvement of social productivity and 
has increased the types and quantities of industrial waste-
water [1]. Industrial wastewater containing heavy metal ions 
accounts for a large proportion of wastewater. Generally, 
heavy metals mainly refer to toxic lead, cadmium, chromium, 
mercury, and metalloid arsenic. At present, heavy metal ions 

are mainly derived from organic industrial wastewater from 
mining, printing and dyeing, papermaking, electroplating, 
electrolysis, and paint industries. Considering that heavy 
metals are difficult to degrade, toxic, and easily accumulate 
in the environment [2,3], and if organic industrial wastewa-
ter containing heavy metal ions is directly discharged into 
nearby rivers without treatment or improper treatment, the 
ecological environment will be damaged, thus affecting the 
use value of water resources and the drinking water safety 
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of urban residents and restricting social and economic 
development.

In recent years, scholars have conducted systematic 
research on the degradation methods of heavy metal indus-
trial wastewater, including physical adsorption [4–6], chem-
ical [7], biological [8,9], and ion exchange methods [10]. 
In terms of physical methods, Karimi et al. [11] used adsorp-
tion to remove organic pollutants and heavy metal ions, 
established a mathematical model to predict the adsorption 
mechanism, and found that the adsorbent for removing 
organic pollutants and heavy metal ions in industrial waste-
water was selective [12]. In terms of chemical methods, Di 
et al. [13] used various catalysts to catalyze the reduction 
of pharmaceutical pollutants and heavy metals in water. 
Although pentavalent and trivalent arsenic were removed 
together with ibuprofen, the processing cost was very high, 
the processing difficulty was relatively large, and second-
ary pollution might be introduced, and this situation is very 
unfavorable for cost control. Feng et al. [14] found that elec-
trochemical treatment methods could be combined with ion 
exchange methods to achieve the effective removal of mixed 
pollutants of organic matter and heavy metals. Even at a 
low current density, it could be completely removed within 
4 min, but the control of the device involved is complicated 
[15]. In terms of biological method research, Ahmad et al. 
[16] found that the use of bacteria and other microorganisms 
to deal with heavy metal pollutants is effective. Although 
the method has certain economic feasibility and avoids the 
risk of introducing secondary pollution, it is selectivity for 
the degradation of pollutants and has high requirements on 
the composition of pollutants. The above methods involve 
direct treatment of heavy metal ions in industrial wastewa-
ter, and the treatment process encounters problems such as 
long cycle, low efficiency, and secondary pollution. Heavy 
metal ions in organic wastewater are difficult to degrade, 
because they easily form complex with organic compounds, 
making heavy metal ions encapsulated and forming a sta-
ble state. The use of hydrodynamic cavitation technology to 
digest heavy metal complexes is a current research hotspot 
[17–20]. The technology mainly uses extreme conditions 
such as high temperature, high pressure, strong shock 
wave, and high-speed micro-jets generated by bubble col-
lapse for the decomplexation of heavy metal complexes. 
The mild reaction conditions, low energy consumption, and 
absence of secondary pollution in the treatment process of 
this technology result in its broad application prospects.

The above analysis shows that dealing with the pollution 
of heavy metal complexes involves the removal of organic 
complexes on the surface, and advanced technology can deal 
with free heavy metal ions. At present, in the field of waste-
water degradation, the use of bubble collapses to degrade 
organic pollutants has aroused widespread academic inter-
est among scholars. The current research mainly focused 
on two aspects. First, the study focused on operating vari-
ables, and scholars had found that structural parameters 
of the cavitation device, initial concentration of pollutants 
[21], solution pH [22,23], operating pressure, solution tem-
perature [24], and running time [25] have important effects 
on the degradation of organic pollutants by hydrodynamic 
cavitation. Second, the study focused on the synergistic 
degradation of pollutants by hydrodynamic cavitation and 
other technologies. Specifically, it referred to the combined 
use of hydrodynamic cavitation and chemical agents [26,27], 
the combined use of hydrodynamic cavitation and catalysts 
[23,28], and the use of hydrodynamic cavitation in combina-
tion with three or more mixed processes of chemical agents, 
catalysts, coagulants, and acoustic cavitation to degrade dif-
ferent types of pollutants [29–31]. Results showed that the 
degradation efficiency was improved, indicating that these 
technologies could degrade different pollutants, and the deg-
radation was universal. However, the above research was 
conducted through macroscopic experiments. The results 
are insufficient to determine the quality of the process with 
the test results as the goal. Moreover, the mechanism of cav-
itation degradation cannot be accurately determined. Thus, 
the stability and efficiency of the degradation of pollutants 
in wastewater could not be effectively improved. With the 
development of computer technology, scholars had gradu-
ally shifted their attention to the field of microcosmic, tried to 
observe the dynamic process of the interaction between bub-
ble collapse and the pollutant wall at the nanometer scale, 
and explored the relationship between the factors affecting 
the collapse of the bubble and the degradation of pollutants 
to determine the theory of cavitation degradation. Santo and 
Berkowitz [32] studied the perforation of the lipid bilayer 
caused by nanobubbles of different sizes exposed to shock 
waves of different speeds and summarized the formation 
of pores and the damage of the bilayer. Man et al. [33] used 
ultrasound to induce the shock wave released by bubble col-
lapse to penetrate the cell membrane and form small holes 
in the membrane to evaluate the wall shear stress caused by 
bubble vibration and the mechanism of membrane pores 

Simulation domain size: 74 Å × 60 Å × 60 Å Operating temperature: 288, 298, and 308 K
Cut-off radius: 9.5 Å Thickness of the ethylenediaminetetraacetic acid wall: 5 Å
Compression strain rate: 0.0001, 0.0005, 0.001 Thickness of the Cr: 2 Å
Time step in relaxation: 1 fs Time step in simulation: 0.25 fs
Mass of the C atom: 12.01 (dimensionless)
Mass of the H atom: 1.008 (dimensionless)
Mass of the O atom: 15.9994 (dimensionless)
Mass of the N atom: 14.0067 (dimensionless)
The radii of the cavitation: 10, 12, 15, and 20 Å
Velocity of atoms: generated according to the Maxwell distribution under corresponding temperature
Distance between the cavitation and the lower wall of the ethylenediaminetetraacetic acid: 10 Å
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and explore the stable vibration molecular mechanism. Gu 
et al. [34] and Jackson et al. [35] used molecular dynamics 
simulation methods to establish two systems of nano-poly-
ethylene particles and silica particles and studied the effect 
of nanoparticles on the initiation of cavitation, but they did 
not study the collapse of bubbles. Zhou et al. [36] studied 
the collapse of bubbles caused by shock waves to produce 
high-speed micro-jets and shock waves and found that large 
shear stress triggers the shedding of molybdenum disulfide, 
and the shock wave reflected from the surface of molybde-
num disulfide enhances the spalling. Fu et al. [37] studied 
the collapse of bubbles of different diameters by using atomic 
and coarse-particle molecular dynamics simulations to cal-
culate the force acting on the membrane, revealing the rela-
tionship between impulse and bubble radius. Adhikari et al. 
[38] established two systems with and without bubbles and 
studied the mechanism of shock wave-induced nanobub-
bles to rupture to form membrane pores. Nan et al. [39] 
established a bubble model located near the cell membrane 
and found that the final shape of the bubble collapse has a 
ring structure, and the maximum volume of the cavitation 
area is related to the initial bubble size.

In summary, the microscopic studies have been con-
ducted on the use of the energy released by bubble collapse 
to achieve the degradation of pollutants, and the application 
in medicine is high. The research in this direction can pro-
vide a reference basis for the field of wastewater treatment. 
Researchers have mainly studied the collapse characteris-
tics of bubbles by considering temperature, viscosity, sur-
face tension, cavitation nucleus, and second phase particle 
size. A few systematic studies have focused on the influ-
ence of factor parameters, such as temperature, compres-
sive strain, and bubble radius on bubble collapse. When the 
system temperature changes, its viscosity, surface tension, 
and saturated vapor pressure will all change, thus directly 
affecting the difficulty of bubble collapse. The bubble col-
lapses when the pressure increases instantaneously, and 
the pressure change of the system can be characterized by 
the compressive strain. In this paper, compressive strain 
is set as the boundary condition by means of C language. 
The radius of the bubble determines whether the bubble 
can exist stably and has a great influence on the collapse 
of the bubble. The energy released by bubble collapse 
can degrade pollutants. Therefore, the system tempera-
ture, compressive strain, and bubble radius are important 
factors affecting the degradation of pollutants.

The paper creatively uses the extreme conditions gener-
ated by bubble collapse to decomplex heavy metal complexes. 
The conversion of difficult-to-handle, difficult-to-biochemi-
cal, and high-steady-state heavy metal complexes into heavy 
metal ions creates a prerequisite for the subsequent process-
ing of heavy metals. The main goal is that the mechanical and 
chemical effects caused by bubble collapse can effectively 
decompose heavy metal complexes, and the paper makes the 
specific influence law be clear. The specific goal is that the 
paper aims to determine the relationship between the fac-
tors of bubble radius, compressive strain, and temperature 
affecting the collapse of free state bubble and the decom-
plexing effect of heavy metal complexes by establishing 
various complex models. The selected research object is the 
heavy metal complex formed by ethylenediaminetetraacetic 

acid (EDTA) and chromium, and this complex has a stable 
structure and hinders the harmless treatment of chromium in 
wastewater. The choice of the appropriate force field param-
eters and the development of water molecular models and 
EDTA molecular models close to real conditions remain a 
challenge. The paper is based on molecular dynamics sim-
ulation to study the changes in the radial distribution func-
tion (RDF) of atoms in the complex molecule during the 
bubble collapse of the free state bubble to reflect the molec-
ular microstructure and aggregation distribution character-
istics, determine the relationship between bubble radius, 
compressive strain, temperature, and pollutant degrada-
tion, and provide theoretical guidance for the engineering 
application of heavy metal processing technology.

2. Models and research methods

2.1. Force field and water molecule model selection

The calculation of classical mechanics needs to be based 
on the force field, and the completeness of the force field 
determines the accuracy of the calculation. ReaxFF [40] is a 
reactive force field, and it uses the principle of bond to sim-
ulate the chemical and physical interaction of atoms and 
molecules in a complex reaction system. Therefore, ReaxFF 
can provide detailed information on the formation and rup-
ture of bonds in complex reaction systems, and the chemical 
reaction energy and energy barrier can be accurately cal-
culated. Classical molecular dynamics can simulate larger 
systems but cannot accurately describe chemical reactions. 
Molecular dynamics based on reaction force field combines 
the advantages of quantum mechanics and classical molec-
ular dynamics, and ReaxFF reaction force field was selected 
for simulation calculation. Generally, ReaxFF describes all 
energy items related to bond formation and breakage in the 
potential based on the bond level, including bond length, 
bond angle, torsion dihedral angle, over- and under-coordi-
nation correction, hydrogen bonding interaction and other 
interactions, and correction of effects such as lone pair elec-
tron energy, three-body co-rolling, and four-body conjugate. 
The modified Morse potential based on Taper correction 
was used to describe the van der Waals non-bonding inter-
action. The atomic point charge was used to describe the 
Coulomb electrostatic interaction, and the electronegativity 
balance theory was used to dynamically update the atomic 
charge at each time step.

A suitable water molecule model has an important influ-
ence on the accuracy of the simulation results. Wang et al. 
[41] optimized the parameters of the original four-point 
model TIP4P through the force balance method and pro-
posed the TIP4P-FB model. The density, thermal expansion 
coefficient, isothermal compressibility, dielectric constant, 
autocorrelation coefficient, shear viscosity, surface tension, 
and maximum theoretical density of the model was stud-
ied, and the results show that they are close to the proper-
ties of actual water. The paper selected the TIP4P-FB model 
for molecular dynamics simulation.

2.2. Model building

According to the molecular structure information of 
EDTA, MS software was used to generate the initial model 
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of EDTA molecule, as shown in Fig. 1. EDTA consists of C, 
H, O, and N with a total of 36 atoms. Then, the Packmol 
program was used to construct the initial position of the 
water molecule [42], water molecules [43] and cavities are 
distributed in the computational domain of a cube with a 
side length of 60 Å, and the X, Y and Z directions are set as 
periodic boundary conditions. The programming language 
was used to add the upper and lower layers of the complex 
with a thickness of 5 Å in the z direction of the system, and 
the wall of the complex was composed of EDTA molecules. 
Finally, the heavy metal chromium wall was constructed on 
the outer side of the upper and lower complex walls to form a 
heavy metal complex system, as shown in Fig. 2. In the heavy 
metal complex system constructed by this simulation pro-
cess, the radii of the cavity were 10, 12, 15, and 20 Å, and the 
distance between the cavity and the lower wall of the EDTA 
was 10 Å. In the model, the pH of the model is assumed 
to be neutral (pH = 7), and Cr ion is assumed to form a 
stable heavy metal complex system with the complex EDTA.

2.3. Boundary condition

In the simulation, the chemical reaction between the 
wall and the water molecule system was not considered. 
The cut-off radius (Rcut) was set to 9.5 Å, and the force field 
can be ignored when the interparticle distance exceeds the 
cutoff radius. The bond length and bond angle of TIP4P-FB 
water molecules were fixed using the SHAKE algorithm. 
During relaxation, the initialization speed of the system sat-
isfies the Maxwell–Boltzmann distribution and is randomly 
generated according to the Maxwell distribution at the 

corresponding temperature. The Newtonian integral equa-
tion of motion was solved numerically using the velocity–
Verlet algorithm. Coulomb potential (long-range force calcu-
lation) uses the particle-particle-particle-mesh method. The 
system uses a thermal bath coupling method to control the 
temperature. The actual temperature change rate is related 
to the temperature of the hot bath as expressed below.

dT
dt

T TA D A�
�
�

 (1)

where TD is thermal bath temperature, TA is the actual 
temperature, and τ is the degree of coupling between the 
thermal bath and the system, that is the relaxation time.

Based on Eq. (1), the temperature change between suc-
cessive steps can be expressed as follows:
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According to Eq. (3), the trajectory of the atom can be 
obtained, and the collapse process of the bubble can also 
be analyzed.

2.4. Research methods

When performing MD calculations are performed, the 
entire model should be relaxed. The relaxation process is 
essentially a dynamic process in which microscopic parti-
cles exchange energy in the system and finally reach a stable 
distribution. The temperature change is an essential param-
eter for measuring whether the system reaches a steady 
state for the relaxation process. The temperature fluctuates 
around a constant value when the computational domain is 
in a steady state, as shown in Fig. 3.

The bubble collapse would release a large amount of 
energy and produce mechanical, chemical, and thermal 
effects on the heavy metal complexes in the liquid. No matter 
what kind of effect was acted on the complex in the ReaxFF 
reaction field, it could be shown through this field. Finally, 
the RDF was used to characterize the degradation degree 
of pollutants, so as to reflect the effect of cavitation with-
out exploring the specific effect in the process of the bubble 
collapse. The RDF is a statistical function used to describe 
how the density of the system particles changes with the 
distance between the reference particles. During the col-
lapse of the bubble, the G(r) between atoms in the EDTA 

Fig. 1. Ethylenediaminetetraacetic acid structure diagram.

 
Fig. 2. Section of heavy metal complex model.
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molecule can reflect the microstructure and aggregation dis-
tribution characteristics. It is defined as the ratio of the local 
area density at a distance r around the reference particle 
to the average density of the system.

When performing molecular dynamics calculations, the 
entire complex system was first be relaxed with bubble radii 
of 10, 12, 15, and 20 Å. The system adopted the canonical 
ensemble, and the time step is set to 1 fs. After running for 
3,000 steps, the system reached the set temperature value 
and gradually stabilized. After the relaxation, the tempera-
ture values were 288, 298, and 308 K, and the compressive 
strains were 0.0001, 0.0005, and 0.001 to run the entire sys-
tem with 30,000 steps with a time step of 0.25 fs. The data 
parameters of all molecules in the simulation area were 
obtained every 500 or 50 steps. Finally, the obtained data 
were analyzed and summarized.

3. Results and discussion

Considering that many factors affect the effect of bub-
ble collapse and degradation of pollutants, a coupling rela-
tionship exists between the factors. The paper expounds the 
previous research methods and analyzes the relationship 
among the bubble radius, compressive strain, and tempera-
ture and the characterization of pollutant degradation. By 
studying the changes in the RDF of atoms in the complex 
molecule during the bubble collapse process, the molecular 
microstructure and aggregation distribution characteristics 
and the influence of various factors on the decomplexation 
of heavy metal complex pollutants were determined.

3.1. Analysis of the effect of bubble radius on the RDF of atoms in 
complex molecules

When the cavity of each radius collapsed at a tem-
perature of 298 K and compressive strain of 0.0001, the 
RDF between the carbon–carbon atoms in EDTA molecule 
changed with time, as shown in Fig. 4. According to the peak 
values of each curve in Fig. 4, a new graph was made, as 
shown in Fig. 5.

Fig. 4 shows the RDF of carbon–carbon atoms in EDTA 
when the bubble did not collapse (t = 0 fs) and the bubble 
collapsed (t = 500, 1,000, 2,000, and 4,000 fs). When r < 1.4 Å, 
the value of G(r) is approximately 0, indicating that the 
nearest distance between carbon and carbon in the EDTA 
molecule is 0.14 nm. When r is between 1.4 and 5.8 Å, the 
value of G(r) fluctuates, indicating that the local area density 
of carbon atoms is quite different from the average density 
of the system. When r > 5.8 Å, the value of G(r) gradually 
tends to be unchanged. An obvious peak was observed on 
the whole curve, and the peak quickly declined as the dis-
tance increased until it became stable. Results show that the 
energy released by the collapse of the bubble acts on the 
carbon atoms, and it reduced the value of the RDF of the 
carbon atoms, decreased the local area density of carbon 
atoms, and decreased the number of carbon atoms around 
carbon atoms. The carbon–carbon bonds were broken, and 
the molecular structure of EDTA changed, thus playing a 
role in degradation.

As shown in Figs. 4 and 5, when r = 1.6 Å, based on the 
comparison of the G(r) peaks of different bubble radii, as the 
radius of the cavity increased, the peak value of G(r) slightly 
changed at 0 fs. Therefore, when bubble collapse does not 
occur, the distribution of atoms around the carbon is consis-
tent. With the increase of the bubble radius, the peak value of 
G(r) first increased and then decreased. As shown in Fig. 5, 
the peak value of G(r) decreased significantly at the begin-
ning with the increase of the bubble radius, indicating that 
large-radius bubbles are obvious to the initial stage of deg-
radation. Under the same bubble radius, as time changed, 
the peak value of the G(r) gradually decreased, indicating 
that the local density of carbon atoms in EDTA decreased, 
and the number of carbon atoms around the carbon atoms 
decreased. At 2,000 fs, the peak value of G(r) remarkably 
decreased, and the number of carbon atoms around the 
carbon atoms decreased by approximately 40%. This phe-
nomenon may have occurred because the bubbles of each 
radius released the maximum pressure to form a huge shock 
wave, resulting in impact shearing effect on the surface of 
the complex and causing the carbon–carbon bond in EDTA  
to break.

As shown in Fig. 6, under the same bubble radius, with 
the change of time, the peak value of the G(r) gradually 
decreased, indicating that the local density of nitrogen atoms 
in EDTA decreased. The G(r) peak value quickly decreased 
at 500 fs, and this phenomenon may be related to the molec-
ular structure of EDTA. Moreover, the nitrogen atoms in the 
molecule are not directly connected by valence bonds. When 
the pressure released by the collapse of the bubble acts on 
the EDTA molecule, the non-valent bond between nitrogen 
and nitrogen may result in deflection, and extrusion may 
not occur, and making it easier to be destroyed. Hence, the 
G(r) peak was remarkably reduced at 500 fs. At 2,000 fs, the 
number of nitrogen atoms around the nitrogen atom was 
reduced by approximately 30%. This phenomenon may be 
attributed to the bubbles of each radius that released the 
maximum pressure to form a huge shock wave, resulting 
in an impact shearing effect on the surface of the complex 
and subsequent EDTA molecular structure change.
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Fig. 4. Radial distribution function of carbon–carbon atoms in ethylenediaminetetraacetic acid with different bubble radii.
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10 12 14 16 18 20

30

40

50

60

70

80

G
(r)

m
ax

R(Å)

 0fs
 500fs
 1000fs
 2000fs
 4000fs

Fig. 6. Change of the peak value of nitrogen atom G(r) with the 
bubble radius at different times.



Y. Zhao et al. / Desalination and Water Treatment 289 (2023) 98–110104

3.2. Analysis of the effect of compressive strain on the RDF of 
atoms in complex molecules

To accurately determine the effect of compressive strain 
on the decomplexation of heavy metal complex pollutants, 
we have studied the G(r)max between carbon–carbon atoms 
in the EDTA molecule by the collapse of the bubbles of each 
radius at 298 K with compressive strains of 0.0001, 0.0005, 
and 0.001. Moreover, we compared the size of G(r)max to 
reflect the characteristics of the atomic microstructure and 
aggregation distribution at this moment. Considering the 
absence of chemical bond between the nitrogen–nitrogen 
atoms in the EDTA molecule, only the RDF G(r)max between 
nitrogen and nitrogen atoms in the EDTA molecule was 
studied at compressive strains of 0.0005 and 0.001.

The lines in Fig. 7 indicate that when the bubbles of dif-
ferent radii collapsed under different compressive strains, 
the maximum RDF between the carbon–carbon atoms 
in EDTA changes with time. Fig. 7a shows that the maxi-
mum RDF between the carbon–carbon atoms in EDTA first 
increased with time, decreases slowly and then rapidly, 
and finally remained unchanged. Therefore, the bubble 
collapsed slowly, releasing energy to make the EDTA mol-
ecule be squeezed first, and the local density between car-
bon atoms in EDTA increased. The carbon–carbon chemical 

bond breaks if it cannot withstand the squeezing force, and 
the local density between carbon–carbon atoms in EDTA 
decreases. As shown in Fig. 7b, the maximum RDF between 
carbon–carbon atoms in EDTA decreased slowly with time, 
then decreased rapidly, and finally remained unchanged. As 
shown in Fig. 7c, the maximum RDF between carbon–car-
bon atoms in EDTA decreased rapidly with time, and then 
remained unchanged. This phenomenon indicates that the 
energy released by the bubble collapse reduced the local 
density between the carbon–carbon atoms in EDTA, the 
chemical bond between carbon and carbon was broken, and 
the G(r)max between carbon–carbon atoms decreased. When 
the energy released by the bubble collapse was transformed, 
the local density of carbon atoms remained unchanged. 
Hence, the G(r)max between carbon–carbon atoms remain 
unchanged. When the compressive strain was 0.001, the 
rate of decrease of G(r)max between carbon–carbon atoms 
was much greater than when the compressive strains 
were 0.0001 and 0.0005, indicating that cavitation releases 
energy quickly at large compressive strains.

The line in Fig. 8 indicates that under different compres-
sive strains, when bubbles with different radii collapse, the 
maximum RDF between nitrogen–nitrogen atoms in EDTA 
changes with time. As shown in Fig. 8, the maximum RDF 
between nitrogen–nitrogen atoms in EDTA first decreases 
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Fig. 7. G(r)max between carbon–carbon atoms change with time under different compressive strains.
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with time, and then remains unchanged. When the compres-
sive strain is 0.001, the rate of decrease of G(r)max between 
nitrogen–nitrogen atoms is much faster than when the com-
pressive strain is 0.0005, and the final G(r)max is basically same 
at the two compressive strains. In the 0–1,000 fs stage, the 
maximum G(r) value between the nitrogen–nitrogen atoms 
at the two compressive strain rates decreased rapidly, indi-
cating that the energy released by the bubble was the largest 
during that period. The nitrogen atoms in EDTA are not con-
nected by chemical bonds. When the nitrogen atom received 
the energy released by the collapse of the bubble, it can be 
deflected, the local density of nitrogen atoms and the G(r)
max between nitrogen atoms decreased rapidly. As shown in 
Figs. 7 and 8, the large compressive strain rate affected the 
initial stage of bubble collapse, and the peak value of the 
atomic RDF decreased rapidly.

3.3. Analysis of the effect of temperature on the RDF of atoms in 
complex molecules

To determine the effect of temperature on the decom-
plexation of heavy metal complex pollutants, we studied 
the G(r)max between carbon–carbon and nitrogen–nitrogen 
atoms in EDTA molecule by the collapse of the bubbles of 
each radius at temperature values of 288, 298, and 308 K and 
compressive strain rate of 0.001. We also compared the size 
of G(r)max to determine the characteristics of the atomic micro-
structure and aggregation distribution.

The lines in Fig. 9 indicate that at different tempera-
tures, when bubbles with different radii collapse, the maxi-
mum RDF between carbon–carbon atoms in EDTA changes 
with time. By comparison, the maximum RDF between 
carbon–carbon atoms in EDTA decreased rapidly at 250 fs. 
Therefore, the energy released by the bubble was the largest 
at 0–250 fs, and the maximum value of the RDF of carbon–
carbon atoms in the complex molecule no longer changed 
after the energy release was over. At 288 and 298 K, the rate 
of decrease of G(r)max between carbon–carbon atoms at 250 fs 
is much smaller than that at 308 K, and the final G(r)max was 
basically same at the two compressive strains. Therefore, at 
308 K, the bubble collapses and releases energy faster than 
it does at 288 K. This finding indicates that the velocity 

of energy released by bubble collapse increases with the 
increase of temperature. By studying the variation of G(r)
max between carbon–carbon atoms with time, the influence of 
temperature on its collapse is more obvious when the initial 
volume of the bubble is small, and this phenomenon also 
just verify the findings of Zhang et al. [44].

The lines in Fig. 10 indicate that when the bubbles of 
different radii collapse at different temperatures, the max-
imum RDF between nitrogen–nitrogen atoms in EDTA 
changes with time. Moreover, Fig. 10 indicates that the 
maximum RDF between nitrogen–nitrogen atoms in EDTA 
decreases rapidly at 250 fs, and to the value tends to remain 
unchanged. Therefore, the energy released by the bubble is 
the largest within 0–250 fs, and the maximum value of the 
RDF of nitrogen–nitrogen atoms in the complex molecule no 
longer changes after the energy release is over. At 288 K, the 
rate of decrease of G(r)max between nitrogen–nitrogen atoms 
at 250 fs is much smaller than that at 308 K, and the final G(r)
max is basically same at the two compressive strains. Figs. 9 
and 10 show that the increase of temperature is conducive 
to the rapid release of energy when the bubble collapses. 
This phenomenon has an obvious influence on the initial 
stage of bubble collapse, and the peak value of the RDF of 
atoms decreased rapidly, but did not affect the amount 
of energy released.

3.4. Normalization

The paper normalizes the obtained data to compare the 
effects of different compressive strains and bubble radii on 
the G(r)max between carbon–carbon atoms and nitrogen–
nitrogen atoms in the EDTA complex. The carbon–carbon 
and nitrogen–nitrogen atoms of the G(r)max at each compres-
sive strain and bubble radius at 0 fs were used as refence and 
recorded as G(r)max0. The normalization formula w = [G(r)
max – G(r)max0]/G(r)max0 = ΔG(r)/G(r) was used to calculate the 
rate of change of G(r)max of carbon–carbon and nitrogen–
nitrogen atoms at different moments for each compressive 
strain and bubble radius.

Figs. 11 and 12 show that when the bubble radius is 
large, the G(r)max value between nitrogen–nitrogen and car-
bon–carbon atoms in EDTA has a larger change, that is, the 
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Fig. 8. G(r)max between nitrogen–nitrogen atoms change with time under different compressive strains.
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compressive strain has a more obvious effect on the bubble 
with a larger radius. The compressive strain has an effect 
on the energy release time of the bubble, and the greater 
the compressive strain, the faster the energy is released by 
the bubble. The local density between carbon–carbon atoms 

decreases when the local density of nitrogen atoms decreases 
rapidly. When the energy is fully released by the collapse of 
the bubble, the local density of carbon–carbon and nitrogen–
nitrogen atom remains unchanged. The above figure directly 
indicates the relationships in Figs. 7 and 8. The chemical 
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Fig. 9. G(r)max between carbon–carbon atoms change with time at different temperatures.
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bond between carbon and carbon in the EDTA molecule 
breaks upon exceeding a certain deformation. Therefore, 
the local density between carbon atoms decreases slowly, 
and then decreases rapidly, and when the energy from the 
bubble collapse is fully released, the local density of car-
bon atoms remains basically unchanged. Hence, the G(r)
max between the carbon atoms tends to remain unchanged. 
The nitrogen atoms in EDTA are not connected by chemical 
bonds. When the nitrogen atom receives the energy released 
by the collapse of the bubble, it is more easily destroyed, and 
the local density of the nitrogen atom decreases rapidly.

To compare the influence of temperature, compressive 
strain, and cavity radius on the primary and secondary rela-
tionship of the decomplexation, the data of temperature and 
bubble radius obtained from the study were normalized. 
The carbon–carbon and nitrogen–nitrogen atoms of the G(r)
max at each temperature and bubble radius at 0 fs were used 
as the reference and recorded as G(r)max0. The normaliza-
tion formula w = [G(r)max – G(r)max0]/G(r)max0 = ΔG(r)/G(r) was 
used to calculate the change rate of G(r)max of carbon–car-
bon and nitrogen–nitrogen atoms at different moments for 
each temperature and bubble radius.

Figs. 13 and 14 show that when the bubble collapses, 
the temperature has an obvious effect on the bubble with a 
smaller radius, and as the temperature increases, the growth 
rate of G(r)max between nitrogen–nitrogen and carbon–carbon 
atom increases in EDTA. Under the same bubble radius, the 
final value of the w between nitrogen–nitrogen and carbon–
carbon atoms are the same under the action of two tempera-
tures. Temperature affects the time for nitrogen and carbon 
atoms in EDTA to reach the final state, and the higher the 
temperature, the faster the bubble releases energy. Therefore, 
the local density between carbon and nitrogen atoms 
decreases rapidly, and when the energy from the collapse 
of the bubble is fully released, the local density of carbon 
and nitrogen atoms remains unchanged. The above figure 
directly shows the relationships in Figs. 9 and 10.

Figs. 11–14 show that temperature, compressive strain, 
and bubble radius affect the decomplexation effect of heavy 
metal complexes. Based on the value of the change rate 
of the atomic RDF(w), the analysis and comparison show 
that, under the same bubble radius, the compressive strain 
has the greatest influence, followed by temperature. The 
size of the bubble radius directly determines whether the 
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Fig. 11. Change rate of G(r)max between carbon atoms changes with time under different compressive strains.
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stability of the bubble. Only in this condition can we dis-
cuss the collapse of bubbles, which is key influential factor. 
Finally, the study found a coupling relationship between 
the three factors.

4. Conclusions

By establishing a complex model containing bubbles, 
molecular dynamics simulation methods were used to pro-
cess the model, and the results show the influence of com-
pressive strain and bubble radius on the decomplexation 
characteristics of heavy metal complexes when the bubble 
collapses, and the conclusions of the study are summarized 
as follows: When the compressive strain, bubble radius and 
temperature increases, the time for the bubble collapse is 
shortened. The compressive strain has a more obvious influ-
ence when the initial volume of the bubble is large. When 
the compressive strain is small, the maximum RDF between 
carbon–carbon atoms in EDTA first increases with time, and 
the bubble collapses slowly by releasing energy to make 
the local density between carbon atoms in EDTA become 
larger. The influence of temperature on its collapse is more 

obvious when the initial volume of the bubble is small. 
Under the same bubble radius, compressive strain has the 
greatest influence, followed by temperature. When the com-
pressive strain is 0.001, the bubble radius is 20 Å, and the 
system temperature is 308 K, the heavy metal complex has 
the best effect of decomplexation.

Results that when the bubble collapses, the initial bubble 
radius, compressive strain, and temperature have an effect 
on the decomplexation of heavy metal complexes. Results 
show that the collapse of the bubble causes the local den-
sity of carbon and nitrogen atoms in the EDTA molecule to 
decrease, and they change the molecular structure and play 
a degrading effect. However, at present, how to accurately 
choose the force field, the system of the medium, and the 
model material and construct the gas core close to the real 
water is essential. In addition, the paper elaborates previous 
method and ignores the scale effect of water molecules, and 
it has certain limitations. Most of the existing studies have 
conducted qualitative analysis on the characteristics that 
affect the collapse of the bubble. Many challenges remain 
in the quantitative study of the influencing factors of bub-
ble collapse. This research provides theoretical guidance 
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Fig. 13. Change rate of G(r)max between carbon atoms changes with time at different temperatures.

0 500 1000 1500 2000
0.0

0.4

0.5

0.6

0.7

0.8

�
G

(r)
/G

(r)

t(fs)

 R10
 R12
 R15
 R20

0 500 1000 1500 2000
0.0

0.4

0.5

0.6

0.7

0.8

�
G

(r)
/G

(r)

t(fs)

 R10
 R12
 R15
 R20

(a)    (b)   

Fig. 14. Change rate of G(r)max between nitrogen atoms changes with time at different temperatures.



109Y. Zhao et al. / Desalination and Water Treatment 289 (2023) 98–110

for revealing the mechanism of cavitation degradation and 
cavitation degradation experiments. For the study of the 
critical size of bubbles, the team will have a special dis-
cussion in the follow-up scientific research.
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