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ABSTRACT

Vortex cavitation may be harnessed to intensify many industrial processes. It is essential to develop
a highly efficient vortex cavitator for refractory organics degradation. In the present work, a novel
swirling vortex cavitator designed with a special structure of six vortex cavities and spiral flow
passages was optimized using computational fluid dynamics (CFD) method by the aid of Gambit
software and ANSYS fluid simulation software, and its oxytetracycline degradation characteris-
tics were investigated. The optimized vortex cavitaor was superior to the original vortex cavitator
resulting from more hydroxyl radicals generated during operation and higher oxytetracycline deg-
radation efficiencies. The degradation efficiency was 89.52% and 92.41% of about 2.0 mg/L initial
concentration of oxytetracycline in 10 L solution at 80 min by the original and optimized swirling
vortex cavitator, respectively. The optimized vortex cavitator also showed good oxytetracycline deg-
radation ability in aquaculture simulation wastewater. All the degradation processes followed the
second-order kinetics model. In the two degradation pathways, multiple by-products were gener-
ated by dealkylation, deamination, dihydroxylation and ring-opening induced by vortex cavitation

effect.
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1. Introduction

Antibiotics are widely used in the prevention and treat-
ment of infectious diseases in humans and animals. Studies
have shown that antibiotics environmental pollution and
ecotoxicological effects have become one of the major envi-
ronmental problems of the world, with the mass production
and widespread use of them [1]. Especially, more than 70%
of oxytetracycline antibiotics are excreted and released in
active form into the environment via urine and feces from
humans and animals after medication. The antibiotics
induce the emergence of drug-resistant pathogenic bacteria
in the environment and poses a threat to human health and
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ecological environment [2]. Most of these pharmaceuticals
are stable and difficult to oxidize by conventional treat-
ment processes. It is necessary to identify an effective and
feasible technology for degrading oxytetracycline in water
environments.

Hydrodynamic cavitation (HC) is a novel technique
that has extensive applications, ranging from food process-
ing, water sterilization to waste remediation [3]. Compared
with other conventional AOP (advanced oxidation pro-
cesses) wastewater treatment techniques, HC has proved
to be characterized by greater pollutants removal efficien-
cies, lower energy requirements and fewer secondary con-
tamination problems [4]. HC technology mainly includes
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the vortex cavitation technology and jet cavitation tech-
nology. The latter requires more complex equipment and
more energy due to a high initial fluid velocity at the inlet
of cavitator. Therefore, vortex cavitation technology will
show greater application prospect in the treatment of toxic
and refractory organic wastewater. However, jet cavitators
with venturi tube structure are most used for degradation of
refractory in many open literatures [5-8]. Only a few types
of vortex cavitators have designed [9-11]. Moreover, the
efficiencies of degradation of dyes, BTEX and other organic
compounds by them are not ideal [11-13]. Thus, the design
of a novel vortex cavitator and optimization the structure is
the key to improve the degradation efficiency of refractory.

In the present work, the vortex cavitator structure param-
eters were simulated and optimized on the basis of a novel
swirling vortex cavitator designed in our previous study
[14]. Then, the hydroxyl radicals generated during opera-
tion and degradation efficiencies of oxytetracycline by the
original and optimized vortex cavitator were compared.
Further, the degradation kinetics and the possible degrada-
tion pathways were investigated. The concentration level of
oxytetracycline present in the natural water bodies, WWTPs
and antibiotics wastewaters can be varying from ng/L,
pg/L to mg/L in sequence [15,16]. Thus, the initial concen-
tration of 2.0 + 0.04 mg/L selected may provide a new way
for the treatment of antibiotic wastewaters in this study.

2. Materials and methods
2.1. Oxytetracycline
Oxytetracycline (OTC), C,,H,N,O, (Shanghai Yuanye

227 724

Biotechnology Co., Ltd., China), is analytical pure 98%.

2.2. CFD simulation methods
2.2.1. Creation of 3D fluid model for vortex cavitation

Due to the software Creo’s good compatibility with
other 3D mechanical design software, the structural model
of the swirling vortex cavitator was created by using Creo
3D design software. In order to facilitate the subsequent
grid partitioning and simulation test, the file was saved in
STP format. The “entity”, “shell” and “small plane” were
selected, which could prevent effectively the loss of small
surface features in the output process of the model.

2.2.2. Mesh

Gambit software was used to import the STP format
model file created above into Gambit file. The new entity
created by the geometry model and the original model were
computed by Boolean operation to obtain the fluid region.

2.2.3. CFD simulation models

The mixture model of multiphase flow model and real-
izeble k-¢ double-equation turbulence model were applied
during CFD simulation. Cavitation effect was taken into
account in the mass transfer process. The influence of tem-
perature and the heat transfer process in the flow was
ignored. The initial fluid state was assumed stationary.

2.2.4. Boundary conditions setting

The pressure inlet boundary condition was designated
and the total pressure of the inlet was set as 0.3 MPa. The
pressure outlet boundary condition was selected and the
backpressure of the outlet was set as 0.0 MPa. The oper-
ating pressure was set as one bar pressure (101,325 Pa).
The medium of the fluid was set as “water liquid”.

2.3. Degradation experiments
2.3.1. Cyclic degradation process by swirling vortex cavitator

The degradation experiments equipment photo of Fig. 1
shows the cyclic degradation process. It is a closed loop sys-
tem designed to pump 10 L of oxytetracycline solution
from water tank, then take it into the swirling vortex cav-
itator and discharge the treated solution back to the water
tank through the water pump. The inlet liquid pressure
of the swirling vortex cavitator can be adjusted through
regulation of the water pump outlet pressure.

2.3.2. Oxytetracycline degradation by swirling vortex
cavitator

Oxytetracycline water solution or simulated aquacul-
ture antibiotic wastewater of 10 L with an initial oxytet-
racycline concentration of 2.0 + 0.04 mg/L at pH 7.0 was
placed in the water tank. Four ice bags were placed to pre-
vent the solution temperature from rising too high due to
vortex cavitation effect. Then the water pump was started
(the inlet pressure of the pump was set to be 0.15 MPa) and
the degradation began. The ice bags were replaced at deg-
radation time 10 min. The sample of 2.0 mL oxytetracycline
solution was taken and filtered into the chromatographic
bottle with 0.22 uM filter membrane for determination the
concentration of oxytetracycline every certain time. After
the degradation, rinsed the water pump and water tank
three times with deionized water.

The simulated aquaculture antibiotic wastewater consists
of (NH,),SO, 135.0 mg/L, KH,PO, 91.0 mg/L, MgSO,.7H,0
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Fig. 1. Degradation experiments equipment photo.
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95.0 mg/L, KCI 37.0 mg/L, Glucose 469.0 mg/L, and oxy-
tetracycline 2.0 + 0.04 mg/L.

All of the experiments were performed at least in
triplicates.

2.3.3. Determination of hydroxyl radical concentration

Methylene blue method was used to determine the
concentration of hydroxyl radical produced by the vortex
cavitator [17], and the degradation steps were the same as
above of oxytetracycline degradation, except the methy-
lene blue solution instead of the oxytetracycline solution.
The calculation formula of hydroxyl radical concentration
is as follows:

_AA
O 0.07196

@

where C__, is the molar concentration of hydroxyl radical,
pumol/L. AA is absorbance difference of methylene blue in
solution before and after degradation (A__ =664 nm).

max

2.4. Analytical methods

The concentrations of oxytetracycline were analyzed by
HPLC. It was performed in a WATER 2695 HPLC instru-
ment using a Extend-C18 column (150 mm x 4.6 mm, 3.5 pm
particle size). The intermediate products analysis of degra-
dation was performed in an Agilent 1290/6470 HPLC-MS
instrument using an Agilent column (50 mm x 4.6 mm,
2.1 um particle size). The spectrometry analysis software
was Smart Dalton HR software (Guangzhou Molecular
Information Company). NIST2020, Wileyll and Elsevier
databases were used for spectral comparison.

2.5. Degradation efficiency

The degradation efficiency of oxytetracycline, X, was cal-
culated by the equation as follows:

X= % x100% )

0

where C, is the initial concentration of oxytetracycline,
mg/L. C, is the concentration of oxytetracycline after degra-
dation, mg/L.

3. Results and discussion

3.1. Cavitation effect formation analysis of the swirling
vortex cavitator

Three-dimensional structure of parts of vortex cavita-
tor is shown in Fig. 2. It can be clearly seen the distribu-
tion and assembly fit relationship of the upper end cover,
vortex cavitation part and lower baffle plate. In order to
make the small bubbles generated in the fluid collapse as
much as possible and produce cavitation effect effectively,
six vortex cavities are designed in this swirling vortex cav-
itator. The present vortex cavitators represent improve-
ment and modifications of that of the literatures [9,10].

However, embodiments disclosed here have different
configurations and modes of operation, which have been
found to enhance the vortex effect.

The original structural sizes of vortex cavitator parts are
the diameter of vortex cavity 65 mm, the gap width 5 mm,
the diameter of spiral flow passage entrance 9 mm, and the
outlet diameter of spiral flow passage 3 mm. There are four
channels of 1 mm diameter leading to the jet cavity on each
helical flow channel, enabling it to produce more cavitation
times. Eight DN 12 bolt thread holes are distributed around
the edge of the swirling vortex cavitation part for bolt con-
nection with the upper end cover and tray. Six M8 threaded
holes are evenly distributed at the bottom of the vortex
cavitation part for connecting with the lower baffle plate.

The cavitation process is analyzed as follows: The fluid
enters and diverges the center of the vortex cavitation part
through the upper entrance of the upper end cover. Flowing
through the small gap at the central edge of the vortex cav-
itation component, the fluid will generate large inlet veloc-
ity and enter tangentially the respective vortex cavity [9].
The fluid will swirl around the vortex chamber, creating a
low-pressure region in the center of the vortex chamber [10].
The fluid then flows into the spiral channel. The cross-sec-
tional area of the spiral channel gradually decreases along the
way, resulting that the speed of the fluid gradually increases
by the hydraulic principle. According to Bernoulli equation
we know that it will produce a low-pressure area inside fluid.
The low-pressure area will make the gas originally dissolved
in the fluid overflow, forming small cavitation bubbles, which
are the key to cavitation formation. With the loss of the fluid
pressure, originally formed small cavitation bubbles will
increase inflation. When the fluid comes out from the small
orifice in the spiral channel, a dramatic increase in sectional
area, which result in high pressure to squeeze the cavitation
bubbles until they burst. At the same time, after the fluid
in the vortex cavity comes out from the small orifice in the
spiral channel, the fluid will move towards the center of the
jet cavity. Multiple streams converge in the center of the jet
cavity and can collide with each other to improve the bub-
ble burst and cavitation effect. Thereafter, the fluid will strike
the lower baffle plate strongly. It can increase the bubbles
breaking and vortex cavitation effect, which can accompany

fluid inlet

_ upper end cover
DN 12x8 — PP

bolt hole
N - vortex chamber

— tangential gap

- spiral flow
passage entrance

o
outlet of spiral flow
passage

lower baffle plate

Fig. 2. Three-dimensional structure of the swirling vortex
cavitator.
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with huge energy released in the cavitation process. At last,
the fluid motion potential energy is reduced, and flow from
the exit at the bottom of the center of the lower baffle plate.
Until this moment, the whole process of cavitation complete.

3.2. Results of meshing

The vortex cavitation flow regions were meshed by the
aid of CFD pro-processing software Gambit. In order to
capture the flow details and the cavitation area, the grids
were dense and small size in the region of severe changes
in geometry and of probable cavitation generating. The
grids were large a bit in the region of not severe changes in
the flow. In order to ensure the calculation accuracy as far
as possible, and to reduce the number of grids and save
the calculation time, the overall flow area was meshed by
non-structural grids. The wall was set boundary layer grids.
The meshing result is displayed in Fig. 3.

The total number of grids is 2,124,961. The Minimum
Orthogonal Quality is 0.45. The maximum aspect ratio is
3.6. It achieves a good quality of mesh.

3.3. CFD simulation analysis of the original swirling vortex
cavitator

One of the necessary conditions for vortex cavitation
effect is the formation of low-pressure area. As long as
the low pressure is lower than the saturated vapor pres-
sure of the fluid, cavitation bubbles release. Thus, the fluid
pressure of key components of original vortex cavitator
was simulated by ANSYS software in this study. The cell
Reynolds numbers of fluid region in the vortex cavitator is
displayed in Fig. 4, and the fluid pressure distribution is
shown in Fig. 5.

Fig. 4 displays that the cell Reynolds numbers varied
in the range of 5.66 x 10 — 5.08 x 10° indicating that dras-
tic flow state changes occur in the vortex cavitator. There
are the maximum cell Reynolds numbers at the entrance
and orifice of the spiral flow passage. Generally speaking,

Fig. 3. Meshing result by the aid of Gambit software.

the fluid is turbulent with the Reynolds number of water
exceeding 2 x 10°. The flow state of most area from the vortex
chamber to the spiral flow passage outlet are turbulent.

Fig. 5 appears that low pressure areas are mainly dis-
tributed in the spiral flow passage. The minimum abso-
lute pressure of the fluid was approximately 5,465.7 Pa.
Temperature of tests was controlled under 55°C, at which
the saturated vapor pressure of pure water is 15,737 Pa.
Therefore, the produced minimum pressure value of vortex
cavitator was much lower than the saturated vapor pressure
at temperature, a certain number of vortex bubbles appeared
simultaneously. After the bubbles rushed out of the flow
channel exit, where the sectional area surged, resulting in
outside pressure of bubbles increase. The cavitation effect
forms after the bubbles collapsed due to inside and out-
side pressure difference of them.

3.4. CFD simulation optimization of the swirling vortex cavitator
structure parameters

It would cause many experiments and low efficiency
if the traditional permutation and combination method
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Fig. 4. Cell Reynolds number of fluid region.
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Fig. 5. Fluid pressure cloud diagram of the original swirling
vortex cavitator.
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is used to optimize the structure. Orthogonal experimen-
tal design is based on a design method of multi-factor and
multi-level. It is to select some representative factors for the
test from the overall tests according to the orthogonality. It
can reduce the experiments times. Therefore, the orthogo-
nal test was used to optimize the structural parameters of
swirling vortex cavitator.

The gap width, the inlet diameter of spiral flow pas-
sage, the number of holes in each vortex chamber and the
number of holes in spiral flow passage were selected as the
optimization factors. The structural parameters of swirling
vortex cavitator were simulated and optimized by orthog-
onal test method. The inlet pressure was set at 0.3 MPa.
L,(3*) orthogonal experiment was designed, and the factors
and levels are listed in Table 1.

According to the orthogonal tests, the optimal structural
combination was obtained. That is, the number of holes in
the vortex cavity is 1, the number of holes in spiral flow pas-
sage is 5, the gap width is 6 mm, and the inlet diameter of
spiral flow passage is 9 mm. It was simulated and verified
the optimal parameter combination, and the minimum abso-
lute pressure of the vortex cavitator with optimal structure
combination was 5,150.14 Pa, as shown in Fig. 6. Compared
with the 5,465.7 Pa before optimization, the minimum
absolute pressure of the optimal structure reduced. It can
expect that vortex cavitation effect will occur more easily.

3.5. Comparison of hydroxyl radical concentration generated by
the original and optimized swirling vortex cavitator

Direct hydroxyl radical (*OH) quantification is unlikely
due to their high reactivity and short life-time (circa 107 s)
[18]. Methylene blue method was used to quantify *‘OH
indirectly in this study. Methylene blue concentration was
14.97 mg/L. The *OH concentration generated by the origi-
nal and optimized swirling vortex cavitator was compared
and shown in Fig. 7. The detected ‘OH concentration by
original and optimized swirling vortex cavitator was 4.56
and 5.52 umol/L at 50 min, respectively. They were far more
than that reported by a Venturi cavitation device, which
is less than 0.3 umol/L [17]. With the increase of time, the
concentrations of *OH both increased shown from Fig. 7.
The higher concentrations indicate the vortex cavitation
effect improved after optimization.

3.6. Comparison of oxytetracycline degradation in solution by the
original and optimized swirling vortex cavitator

Oxytetracycline degradation efficiencies in solution by
the original and optimized swirling vortex cavitator are

Table 1
Factors and levels orthogonal table

shown in Fig. 8. The degradation efficiency in solution was
85.37% and 90.29% by the original and optimized swirling
vortex cavitator at 60 min, respectively. The degradation
efficiencies of oxytetracycline are both higher than that by
jet hydrodynamic cavitation reported by Wang et al. [19].
Combined the above results that the *OH concentrations and
oxytetracycline degradation efficiencies are both increased,
it proves the optimized swirling vortex cavitator is superior

5
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Fig. 6. Fluid pressure cloud diagram of the vortex cavitator
with optimal parameter combination.
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Fig. 7. Hydroxyl radical concentrations generated by the
original and optimized swirling vortex cavitator.

Number of holes in Number of holes in Gap width (mm) Inlet diameter of spiral
each vortex chamber spiral flow passage flow passage (mm)

1 4 4 9

2 5 5 12

3 6 6 15

Note: One hole in each vortex chamber connects one spiral flow passage.
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to the original one. It also shows that the *OH concentra-
tion affects directly the degradation efficiency. The number
of *OH is proportional to the number of cavitation bubbles
collapsing. In the appropriate cavitation state, the more
cavitation bubbles are generated and collapsed, the more
energy is released, and the enhancement of cavitation effect
accordingly.

Fig. 8 also displays that the degradation is fast in 10 min,
then become slow gradually. It may due to the accumulation
of intermediate products during the degradation process.
Oxytetracycline is a macromolecular organic compound con-
taining tricarbonyl amide, phenolic diketone and dimethyl
amine groups [20]. The groups with high electron density
are vulnerable to the attack of *OH in oxidation [21]. In the
processes of cavitation degradation, the produced *OH can
react with oxytetracycline and more and more accumu-
lated by-products by cracking, hydroxylation and denitri-
fication. It means need more and more ‘OH during the
degradation, resulting in slower degradation.

3.7. Comparison of oxytetracycline degradation in aquaculture
simulation wastewater by the original and optimized swirling
vortex cavitator

In order to evaluate preliminarily the degradation effi-
ciency in actual wastewater, the oxytetracycline degradation
in aquaculture simulation wastewater by the original and
optimized swirling vortex cavitator was studied. Fig. 9 dis-
plays that the degradation efficiency in aquaculture simula-
tion wastewater was 71.15% and 76.7% by the original and
optimized swirling vortex cavitator at 60 min, respectively.
The degradation efficiencies in aquaculture simulation
wastewater were lower than that in solution. It may be due to
the interference from some reductive components in waste-
water, such as glucose, ammonium sulfate. Nevertheless,
the degradation efficiencies in aquaculture simulation
wastewater exceeded 70% in 60 min, which means the
good oxytetracycline degradation ability.

3.8. Degradation kinetics

In order to evaluate the kinetics of the cavitation degra-
dation, the classical first-order kinetics model and second-
order kinetics model usually are applied [22,23]. Compared
with the correlation coefficient of fitting first-order model
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Fig. 8. Oxytetracycline degradation in solution by the
original and optimized swirling vortex cavitator.

(R* range 0.8469-0.9297), the oxytetracycline degrada-
tion kinetics by original and optimized vortex cavitator
reacted in solution and in aquaculture simulation wastewa-
ter all follows the second-order kinetics model (R? > 0.97),
which is expressed as:

1
=kt 3
c. 3)

Ol

where C is the oxytetracycline concentration at time t, k is
the rate constant and ¢ is the degradation time.

Mean square error (MSE) is calculated by the follow
equation:

Z(Cexp —-Ca )2

N

MSE = (4)

where C,_and C_, is the oxytetracycline concentration of
measured and that of calculated by the model, respectively.
N is the number of oxytetracycline concentrations.

Fig. 10 shows the second-order kinetics fitted curves
by the original and optimized swirling vortex cavitator in
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Fig. 9. Oxytetracycline degradation in aquaculture simula-
tion wastewater by the original and optimized swirling vortex
cavitator.
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Fig. 10. Second-order kinetics fitted curves by the original and
optimized swirling vortex cavitator reacted in solution and in
aquaculture simulation wastewater.
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Table 2

Second-order kinetics simulation results and parameters by the original and optimized swirling vortex cavitator reacted in

solution and in aquaculture simulation wastewater

Conditions Equation k (min?) R? MSE
Original vortex cavitator reacted in solution 1/C =0.0485¢ + 0.4689 0.0485 0.9877 0.061
Optimized vortex cavitator reacted in solution 1/C =0.0724¢t + 0.4325 0.0724 0.9925 0.021
Original vortex cavitator reacted in aquaculture simulation wastewater 1/C=0.0178t+0.6227  0.0178 09511  0.077
Optimized vortex cavitator reacted in aquaculture simulation wastewater ~ 1/C = 0.0246¢ + 0.623 0.0246 0.9456  0.094

solution and in aquaculture simulation wastewater. Table 2
lists second-order kinetics simulation fitted curve equations
and parameters. MSE were all less than 0.1, indicating a
high correlation between experiment and model values. The
kinetics rate constants (k) values were 0.0178-0.0724 min™,
and those of vortex cavitator reacted in solution were larger
than in wastewater. It indicates that the degradations in
solution are faster than in aquaculture simulation waste-
water, and the degradation by optimized vortex cavitator
reacted in solution is the fasted.

3.9. Degradation pathways

In the process of vortex cavitation, huge energies and
large amounts of *OH are produced, which can react with
oxytetracycline by cracking, oxidation reaction etc. To find
out the possible degradation pathways, the intermediate
products of oxytetracycline in optimized vortex cavitator
were determined by HPLC-MS Spectrometry. Some new
peaks appeared in the degradation intermediates, such as
mfz = 443, 416, 398, 415, 358, and 323. The possible degrada-
tion pathways of oxytetracycline were proposed in Fig. 11.

In the pathway I, the byproduct OP, (m/z = 416) was
identified as the deamination and decarbonylation of orig-
inal OTC under large energy generated by vortex cavita-
tion effect [24]. The OP, (m/z = 358) was formed from OP,
via dealkylation, deamination and dehydroxylation [25].
Abenzene ring broken and dihydroxylation occurred in the
products OP, to obtain an intermediate of OP, (m/z = 279)
[26]. In the pathway II, the transformation by-product OP,
(m/z = 443) was generated from the original OTC due to
the dehydration process [27]. OP, (m/z = 398) is the prod-
uct of deamination and decarbonylation of OP,. At the
same time, the dealkylation of OP, forms an intermediate
with OP; (m/z = 415) [28]. OP, (m/z = 323) was detected by
series of reactions like benzene ring broken, dealkylation
and deamination by OP; and OP, [29]. In both pathways,
OP, and OP, was continuously decomposed to aromatic
compounds OP, (m/z = 165) and OP, (m/z = 143) [26]. With
increasing reaction time, through oxidative decomposition
and ring-opening reactions, the OP; and OP, were finally
decomposed into H,O and CO,.

8

4. Conclusions

The CFD simulation method can be applied in the
optimization of the vortex cavitator. The optimized struc-
ture parameters are as follows: one hole in the vortex cav-
ity, 5 holes in spiral flow passage, 6 mm of the gap width,
and 9 mm of the inlet diameter of spiral flow passage.

The designed swirling vortex cavitator can produce
vortex cavitation effect. The optimized swirling vortex cav-
itator and its oxytetracycline degradation ability is superior
to the original swirling vortex cavitator. The detected *OH
concentration by the original and optimized swirling vor-
tex cavitator was 4.56 and 5.52 umol/L at 50 min, respec-
tively. The maximum degradation efficiency in solution was
89.52% and 92.41% by the original and optimized swirling
vortex cavitator, respectively. The degradation efficiency in
aquaculture simulation wastewater was 79.80% and 85.20%
at 80 min by the original and optimized swirling vortex
cavitator, respectively. All the oxytetracycline degradation
kinetics follow the second-order kinetics model.

The two degradation pathways could describe pro-
cess of oxytetracycline degradation. Multiple by-products
were generated by dealkylation, deamination, dihydroxyl-
ation and ring-opening induced by vortex cavitation effect.
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