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A method for degrading organic pollutants in suspension by applying laser-induced cavitation is presented.
Cavitation bubbles are produced remotely by laser beams, achieving a purpose of non-contact degradation. In
this work, laser-induced bubble dynamics in SiO, sand suspension were studied by high-speed imaging. Pulsating
characteristics of cavitaiton bubbles in the infinite domain and near a solid boundary were investigated among
various laser energies and sand concentrations. Furthermore, the extent of degradation after processing in sus-

pension and the mechanism were analyzed. Results indicate that solid particles in the liquid medium reduce the
extent of degradation. However, the extent of degradation may rebound at a proper sand concentration. In
addition, compared to several small bubbles in a bubble string (in the infinite domain), a single larger bubble
(near a solid boundary) has a much higher degradation ability.

1. Introduction

Organic water pollution has always existed with the development of
industry and scientific research, common in printing and dyeing
wastewater or laboratory wastage [1-3]. Traditional physical, chemical
and biological degradation methods [4-6] have certain limitations such
as demanding a large space to place the equipment, may lead in sec-
ondary pollution, etc. As a result, hydraulic and ultrasonic cavitation
degradation methods have been proposed in recent years. Laser-induced
cavitation bubbles pulsate after generated in the water, and the radicals
produced by laser ablation and cavitation behaviors during the pulsating
period are capable of decomposing the organic dye [7-9]. Saxena [10]
investigated the degradation of tannery waste effluent using hybrid
hydrodynamic cavitation. Patil et al. [11] using ultrasound cavitation to
degradate thiamethoxam together with intensifying additives. However,
limitations exist when using hydrodynamic or ultrasound cavitation,
such as complex device and poor controllability [12].

Cavitation was first discovered as a destructive phenomenon, while
cavitation erosion may cause huge erosion damage on hydraulic
equipment [13-15]. As a result, interdisciplinary studies are demanded
due to the complexity of the cavitation erosion origin [16]. Laser tech-
nology together with hydraulic cavitation is one of the combinations to
further study the dynamics of the cavitation bubbles. Laser-induced
cavitation can generate single bubbles or bubble strings near the focus
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points of the laser beams. As a result, studies on pulsation behaviors and
mechanism may be carried out more easily to explain the phenomenon
of cavitation. Brujan and Nguyen [17,18] investigated the effects of a
boundary on double bubbles induced by laser beams. Yang and Orthaber
[19,20] studied the functions of various solid materials during the pul-
sating period of cavitation bubbles. Most of the present researches on
cavitation degradation are focused on hydraulic and ultrasonic cavita-
tion degradation methods, while few are using laser cavitation (LC)
technology. Gu et al. [21] first proposed a novel method of laser cavi-
tation (LC) degradation, and studied the influence of laser and medium
parameters on the degradation efficiency of LC degradation method.

Suspension is a common liquid medium in the process of degrada-
tion. On the one hand, untreated sewage contains particles, on the other
hand, particles may be intentionally added in the liquid, such as solid
catalysts. In the study of degradation, cavitation is often combined with
other degradation methods to improve the degradation efficiency [22].
In these cases, catalyst particles may be introduced into the medium.
These particles not only promote the degradation, but also impact the
pulsating behaviors of cavitation bubbles. As a result, studying the effect
of particles in suspension on cavitation degradation is necessary. How-
ever, present researches on cavitation are relatively limited to clear
water conditions, only a few experiments on cavitation dynamics have
been conducted in sand suspension environment [23], and research on
cavitation degradation in suspension is rear.
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This work focused on investigating the dynamics of laser-induced
bubbles and the effect of laser cavitation degradation in sand suspen-
sion environment. SiO5 powder was selected as non-catalyst particles so
that the effect of particles on cavitation degradation can be studied
independently. A high-speed camera was used to observe and measure
the features of the single bubbles or bubble strings in sand suspension.
Pulsating characteristics of cavitation bubbles in infinite domain and
near a solid boundary were investigated, and the degradation mecha-
nism were analyzed on the basis of the results.

2. Experimental procedures
2.1. Experimental setup

As shown in Fig. 1, 1064 nm wavelength laser beams from the
generator (Q-switched Nd: YAG) were focused above a bottom block
(1060 aluminum alloy). SiO2 powder was added in the solution and
suspended by hand stirring with a glass bar. It seemed that the particles
would go to sink at the cell bottom in about 30 s after stopping the
stirring, while the camera work may be completed within the first 3 s.
The diameters of the powder particles were nearly 50 um. In this work,
water tanks and test tubes were selected as liquid containers. A trans-
parent water tank was considered as an ideal container for taking pho-
tographs, resulting from the flat profiles of the tank. However, the cross
section of the water tank is relatively large, and the depth of the solution
in the tank is not enough when the amount of the liquid is small. A
certain depth of the solution in the container was necessary when laser
beams were focused below the liquid surface. As a result, test tubes were
used as an alternative of water tanks in the degradation experiments.

2.2. Reagent and analysis

Reagent: Rhodamine B (RhB, C28H31N203Cl) used in this work
was analytical reagent grade, and the suspension was diluted to 20 mg/L
by tap water as a initial concentration.

Analysis: Concentration of RhB in the solution was analyzed using
UV spectrophotometer (Cary 8454 UV-Vis, Agilent). The wavelength
was set to 554 nm. The concentration of unknown sample was calculated
based on the standard calibration curve, according to the absorbance of
known samples. Repeated experiments were performed at least five
times. Mean value and standard deviation were calculated to check the
reproducibility of results.

Beam expander

Nd:YAG Laser |- |-

Water tank

High-speed camera
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3. Results and discussion
3.1. Degradation experiments and mechanism

In this section, experiments of laser cavitation degradation of RhB in
SiO4 suspension were carried out. The diameter of particles was 50 pm,
the degradation time was 60 min, and the pulse frequency of the laser
generator was set to 2 Hz.

Fig. 2 (a) shows the degradation of RhB suspension with sand con-
centration near a solid boundary. It can be observed that the degradation
decreases with sand concentration in total. However, the degradation
rebounds at a sand concentration of 0.04%. Fig. 2 (b) shows the rela-
tionship between the degradation of RhB suspension and sand concen-
tration in the infinite domain. The tendency of the curves is similar to
those near a solid boundary. The degradation rebounds at a sand con-
centration of 0.06%. When the sand concentration reaches 0.07%, the
extent of degradation under the laser energy of 100 mJ is almost 0% and
even negative. RhB molecules can not be oxidized in this case and the
negative value results from the evaporation effect. The position of the
peak on the horizontal axis (0.04% in Fig. 2 (a), 0.06% in Fig. 2 (b), and
0.025% in Fig. 6 (c-d)) depends on the sedimentation of the suspension
particles and the stirring effect.

Fig. 2 (c) shows the degradation of RhB suspension with laser energy
near a solid boundary. It can be observed that the degradation increases
with the laser energy. When the laser energy is 250 mJ, the degradation
of RhB reached 93.21% in the water and 86.9% in the suspension,
respectively. Fig. 2 (d) shows the relationship between the degradation
of RhB suspension and laser energy in the infinite domain. The degra-
dation increases with the laser energy. When the laser energy is 250 mJ,
the degradation of RhB reached 25.21% in the water and 18.50% in the
suspension, respectively. The trend of the degradation rate gets gradual
when the laser energy exceed 200 mJ. At beginning of the expansion
period, the plasma provides initial energy for the pulsation. When the
energy increases to a certain extent, the plasma absorption limit the
cavitation behaviors.

The degradation kinetics at various sand concentrations were
investigated in Fig. 3 (a). The relationship between the concentration of
RhB (C) and the degradation time (t) can be expressed by the following
equation [21]:
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Fig. 1. Schematic diagram of experimental setup.
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Fig. 2. Extent of degradation (a) under different sand concentration near a solid boundary, (b) under different sand concentration in the infinite domain, (a) under
different laser energy near a solid boundary, (b) under different laser energy in the infinite domain.
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Fig. 3. (a) Fit curve of In(C/CO0) with processing time under various sand concentrations, (b) A single fit curve when the sand concentration is 0.04%, (c) The value of

k in Equation (1) under different sand concentrations.

where Cj is the initial concentration, and k is a constant.

In Fig. 3 (a), a fit curve of RhB concentration ratio (In(C/Cp)) is ob-
tained according to Equation (1). In logarithmic coordinates, the ratio of
RhB concentration decreases as linear, indicating that pseudo-first-order
kinetic is applicable in this case. Fig. 3 (b) shows one of the curves
(0.04% suspension) in Fig. 3 (a). The laser beams were focused on the
solid boundary, resulting in the partial shedding of the material. As a
result, the suspension environment was effected, and the scatter points
deviated from the straight line after 40 min. Fig. 3 (c) shows the curve
and the value of k in Equation (1), and the trend of the curve is similar to
which in Fig. 2 (a).

Fig. 4 (a) shows the evolution of a laser-induced shock wave and a
laser-induced bubble near a solid boundary. A shock wave (SWy) is
generated and begin to expand due to the initial pressure near the

focused point. The expansion velocity decays in liquid before the dis-
tance passed by shock wave reaches the radius of the spot (SW). Af-
terwards, the shock wave expands in a spherical shape (SW5) and the
expansion velocity of which decays faster [24,25]. The water near the
focused point is heated and pushes away the surrounding water,
resulting in the expansion of cavitation bubbles. Fig. 4 (b) shows the
mechanism and stirring action of LC degradation method. When the
plasma bursts in water near the focused point, free radicals (-OH and -H)
are produced from HyO molecules, and the first shock wave is generated.
When the cavitation bubble collapses after several pulsation, the free
radicals and second shock wave is generated [21]. The shock waves push
and disperse the particles along the direction of the radiation, promoting
the stirring action. If the laser beam is focused near the boundary, a
water jet may be produced to lash the solid surface, depending on the
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Fig. 4. Diagrammatic sketch of (a) evolution of a laser-induced shock wave and a laser-induced bubble, (b) stirring action and RhB degradation by LC, (c)

degradation area in the container.

value of parameter y (The ratio of stand-off distance H to maximum
bubble radius R). The oxidation of -OH radicals is the main factor to
impel the degradation of RhB. In addition, the RhB molecules are ther-
mally decomposed before the cavitation behaviors due to the energy of
the laser beam. When the bubble collapses, localized extreme environ-
ments can also result in the thermal decomposition of RhB molecules. In
Fig. 4 (c), differing from other degradation methods, LC can only deal

with the compounds in the local area, while RhB far away from the
focused point may not be degraded.

3.2. Impact of sand particles on cavitation behaviors and degradation
extent

As shown in Fig. 5, cavitation behaviors were studied for further
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Fig. 5. The sequence graph of the cavitation bubble near a solid boundary when the laser energy is 100 mJ (the original resolution ratio of each photo is 128%128

pixel) (a) in the tap water, (b) in 0.025% sand suspension.
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investigating the mechanism of particles impact on the degradation
extent. In Fig. 5 (a), when a laser beam is focused on the surface of the
material through the liquid medium to produce high-temperature
plasma (t = O ps). The large energy density exceeds the breakdown
threshold to form a strong light. After absorbing the energy of the
plasma, the pressure inside the bubble gets stronger than that of the
external liquid medium [26]. As a result, the bubble expand and push
the surrounding liquid to flow radially. The expansion velocity of the
bubble is relatively fast at first (t = 0-100 ps), resulting from the large
pressure difference between two sides of the bubble wall. Subsequently,
the bubble continues to expand outwards until reaching the maximum
radius. After the bubble reaching its maximum radius, the internal
pressure of the bubble gets smaller than the pressure outside the bub-
bles. As a result, the bubble begins to shrink inwards until the bubble
reaches the minimum radius. The pressure discrepancy and the inertia of
the bubble wall lead to the multiple pulsations of the bubble. At end of
the first shrinkage period, the bubbles shrink to a very small radius. The
pressure inside the bubbles is very high, resulting in a strong shock wave
to the liquid [27,28]. When t is from 375 ps to 635 ps, the bubble is in the
expansion period of the second pulsation period, and the maximum
radius of which is much smaller than that in the first pulsation period,
resulting from acoustic radiation and energy dissipated by the liquid.
Cavitation bubbles show regular hemispheres during the first pulsation.
However, the shapes of the bubbles become irregular during the second
pulsation, especially in the initial stage of the expansion (t = 420 ps).
This phenomenon is similar to which studied by Nguyen [18]. The shock
wave released after the first pulsation period causes the bubble in the
second pulsation period to deviate from the regular hemispherical shape
[29].

Fig. 5 (b) shows a sequence diagram of bubbles near a solid boundary
in suspension with a laser energy of 100 mJ and a sand concentration of
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0.025%. The expansion and shrinkage of the bubbles near a solid
boundary in suspension are also due to the pressure difference at both
sides of the bubble walls. Under a same energy, the maximum bubble
diameter and the pulsation period in the water are larger than those in
suspension. This phenomenon indicates that part of the laser energy is
transferred as internal and kinetic energy of the sand particles.

Fig. 6 shows the curves of bubbles’ pulsating features with sand
concentration under different laser energy near a solid boundary in
suspension. In Fig. 6 (a), Cavitation bubbles are treated as regular
hemispheres, and the vertical length is considered as the radius of the
bubbles.

Fig. 6 (c) shows the relationship between the sand concentration and
the bubble radius. The value of the bubble radius decreases with sand
concentration under the same laser energies. When the sand concen-
tration increases to 0.025%, the maximum bubble radius rebound and
produce a peak. Fig. 6 (d) show the curves of the maximum bubble
volume. The change trend is consistent with the change of the pulsation
period in Fig. 6 (c). The changing amplitude of the maximum volume is
larger than that of the maximum radius, resulting from the calculation
formula of sphere volume. The pulsation of the bubbles are weakened
due to the add of the sand particles. Particles absorb part of the laser
energy, however, more nuclei is led into the water. As a result, cavitation
may be promoted within a certain sand concentration range.

In addition in Fig. 6 (b), the maximum radius of the bubble increases
with the laser energy. However, the increase rate of the bubble radius is
different in various ranges of laser energy. The maximum bubble radius
increases rapidly and then is retarded, resulting from the plasma ab-
sorption effect.

Fig. 7 shows the mechanism of bubble pulsation in suspension and
the mechanism of LC degradation method. In the suspension, particles
may produce more gas nuclei, and affect the generation and
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Fig. 6. (a) Measurement method of the bubble near a soild boundary, (b) the relationship between laser energy and maximum radius, (c) curves of maximum radius
under different sand concentrations, (d) curves of maximum volume under different sand concentrations.
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Fig. 7. (a) Negative effects of particles on cavitation behaviors, (b) Positive effects of particles on cavitation behaviors.

development of cavitation bubbles [30-31]. However, excessive particle
concentration in suspension may directly affect and destroy the liquid
environment where cavitation occurs. A appropriate concentration of
particles may improve the effect of hydraulic cavitation [32]. Compared
with other cavitation methods, laser-induced cavitation has an addi-
tional feature. Due to the limitation of the optical path, the laser beam
can only generate laser cavitation through a fixed optical path. Particles
along the optical path may affect the propagation of laser beams,
resulting in a smaller initial expansion velocity, as shown in Fig. 7 (a).

Sufficiently large particles may provide more nuclei and affect the
macroscopic properties of the liquid (viscosity, etc.) [31]. According to
the theory of Sutherland [33], when the particle diameter is larger than
2 um, the possibility of collision will be greatly increased. Su’s [31]
study takes 10-100 pm as the value of particle diameter to investigate
the interaction between particle size and ultrasonic cavitation erosion.
The diameters of the sand particles in this study are about 50 pm, which
is a appropriate value to affect the cavitation behaviors. The sand par-
ticles can only collide with bubbles in this area. Bubble pulsation may be
enhanced at a proper concentration, as shown in Fig. 7 (b). However, as

Single
bubble

the concentration of sand particles increases, the probability of collision
between the bubbles and sand particles also increases. As a result, the
probability of sand collision increases and the bubble pulsation is
weakened. It can be concluded that solid particles with proper concen-
tration can promote laser cavitation and cause a rebound in the descent
curve [34].

Fig. 8 (a) shows the dynamic snapshots of cavitation bubbles in the
water, and the laser energy is set to 100 mJ. Bubble strings are generated
when the laser energy exceeds the breakdown threshold of the liquid,
and the pulsating features of the largest bubbles in the strings were
recorded in this study. The expansion and shrinkage processes of the
largest bubble last for about 80 us each. From the pulsation pattern of
the bubble string, a trend can be observed that several close small
bubbles may eventually mix into a small amount of larger bubbles.

Fig. 8 (b) shows the pulsation sequence diagram in sand suspension
with a laser energy of 100 mJ and a sand concentration of 0.025%. The
number, size and pulsation period of the bubbles in suspension get
reduced, compared to the cavitation bubbles in the water. Particles
absorb part of the laser energy, impeding the formation of the bubbles.

Fig. 8. The sequence graph of the cavitation bubble in the water when the laser energy is 100 mJ (the original resolution ratio of each photo is 256*256 pixel) (a) in

the tap water, (b) in 0.025% sand suspension.
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In addition, single bubbles were observed in Fig. 8 (b). Single laser-
induced bubbles are generated more easily in deionized water, or in
the case of small laser energy. However in this study, a larger sand
concentration consumes the laser energy, making it difficult to produce
bubble strings in the non-focus area, or can only produce very small
bubbles. As a result, single bubbles can be observed.

Fig. 9 (a) shows the curves of bubbles’ pulsating features with sand
concentration under different laser energy in the infinite domain in
suspension. A bubble string contains several bubbles after generated in
the infinite domain and the bubbles in the string may not keep regularly
spherical, resulting from the intensive compression between the bub-
bles. As a result, the outline of the bubble string was sketched and the
volume was calculated according to the body of revolution.

In Fig. 9 (c-d), the maximum bubble diameter in the water is much
larger than that in suspension. When the sand concentration is 0.025%,
the maximum diameter of the bubbles is slightly larger than that in
0.02% suspension. As the sand concentration continues to increase to
0.03%, the maximum diameter of the bubbles decreases. The changing
amplitude of the maximum volume is larger than that of the maximum
radius (especially in the the water), resulting from the bubble number in
a string.

Fig. 9 (b) shows the relationship between the number of bubbles and
the concentration of sand particles under different laser energy in
infinite domain of the suspension. Considering that discrepancy of the
pulsation period may exist among the bubbles in a string, the value of
the bubble number is measured when the largest bubble expands to the
maximum diameter. The tendency of the bubble number under a laser
energy of 150 mJ is similar to that of the bubble diameter in Fig. 9 (c).
When the laser energy is 100 mJ, the number of the bubbles in the string
decreases to 0.8 (sand concentration is 0.025%), and finally the value
turns to 0 (sand concentration is 0.03%). The values under the laser
energy of 100 mJ are too small to form the regular curve. When the laser

(a)

175}
\ —=—100mJ
—e— 150mJ

g .
E \ —a—200mJ
S150F e
5] \
| b
E \:\k_,
Suap ST
E P
§ .\l\ \A
E W~ °

1.00 | '\

0.00 0.01 0.02 0.03 0.04

Sand concentration /%

Ultrasonics Sonochemistry 76 (2021) 105632

energy is 200 mJ, the center distances between the adjacent bubbles in
the string are too small. The bubbles squeeze with together and achieve
a relatively stable structure, resulting in a gradual curve.

Fig. 10 (a-b) shows the relationship between the maximum volume of
bubbles and the extent of degradation when the bubbles/strings are
generated near a solid boundary or in the infinite domain, separately.
The volume of the bubble string is the sum of all the bubbles in the
string. The degradation extent increases with the maximum volume of
the cavitation bubbles. This phenomenon is applicable to the bubbles
generated in different areas (near a solid boundary or in the infinite
domain). Differences exist between the bubbles near a solid boundary
and in the infinite domain. The degradation extent near a solid boundary
is much larger than that in the infinite domain, resulting from the bubble
shape, the pulsating forms and the bubble volume. The volume of the
bubble near a solid boundary (19.39-289.27 mm?) is much larger than
the total volume of the bubbles in the infinite domain (0-15.10 mm3),
which is the major factor of the differences.

Cavitation pulsation is a process of continuous energy dissipation,
while each pulsation may dissipate a portion of energy until the bubble
finally collapses. In order to explore the potential energy of the cavita-
tion bubble during the pulsation process, a specific equation is quoted
[35]:

Eg = g”Pmenax 2)

Where: is the static pressure in the liquid, and Ry,ax is the maximum
radius of the bubble.

The values of degradation extent indicate that a single larger bubble
near a solid boundary has a much higher degradation ability than
several small bubbles in a bubble string in the infinite domain. The total
volume of bubbles in a string is smaller than a single bubble, resulting in
the disparity of bubble energy, according to Equation (2).
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Fig. 9. (a) Measurement method of the bubble in the infinite domain, (b) the relationship between bubble numbers and sand concentration, (c) curves of maximum
radius under different sand concentrations, (d) curves of maximum volume under different sand concentrations.
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Fig. 10. The relationship between the maximum volume of bubbles and the extent of degradation (a) near a solid boundary, (b) in the infinite domain, (c) the

combination of the two cases, together with the fit curve.

In Fig. 10 (c), the global fit curve (combination of the two cases)
indicates that the extent of degradation increases fast when the
maximum bubble volume is small, and then get retarded as the
maximum bubble volume increases. The bubble shape and the pulsating
forms are also the influencing factors of the degradation extent. As a
result, the global fit curve and the fit curve near a boundary are not
completely consistent. Only qualitatively results can be observed from
the fit curve, especially when the volume is similar in the two cases
(15.10 mm? in the infinite domain and 19.39 mm? near a boundary).

Most of the final degradation extent in recent research is between 60
and 100%, and some of the advanced methods have higher degradation
extent (more than 90%) [36-38]. The optimal degradation extent in this
work is 93.21%. Qualitatively, laser-induced degradation method has
unique advantages and limitations.

Laser-induced degradation method can degrade the solution
remotely and non-contact, which is safer and can reduce the influence of
the solution on the devices. In addition, the modular design of laser-
based unit system is easier to realize in industrial application. Howev-
er, as a relatively new research, this study only degrades small amount of
solution. Further research and optimization are needed to increase the
industrial application value.

4. Conclusion

In this paper, high-speed imaging is used to study the dynamics of
laser-induced cavitation bubbles and the effects of laser cavitation (LC)
degradation method. Various laser energies and sand concentrations
were selected to investigate the pulsation characteristics of cavitaiton
bubbles in the infinite domain (bubble strings) and near a solid
boundary (single bubbles). The results show that when the laser energy
exceeds the liquid breakdown threshold, a spherical bubble string will
be formed in infinite domain, and a hemispherical bubble will be formed
near the boundary. The intensity of bubble pulsation (size, pulsating
period and number of the bubbles) and extent of degradation have
similar trend. The extent of degradation is promoted by a larger laser
energy. However, the values tend to balance due to the plasma ab-
sorption when the laser energy exceeds a certain value. Particles in the
liquid medium reduce the extent of degradation. However, the extent of
degradation may rebound at a proper sand concentration. The rebound
peak is located at a sand concentration of 0.025% in the ideal case, while
higher concentrations are required in practice. Compared to several

small bubbles in a bubble string (in the infinite domain), a single larger
bubble (near a solid boundary) has a much higher degradation ability.
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