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damine B with cavitation
technology: comparison of hydrodynamic
cavitation with ultrasonic cavitation

Yu-Fang Ye, * Ying Zhu, Na Lu, Xin Wang and Zhi Su

This paper presents the use of hydrodynamic cavitation and ultrasonic cavitation technologies for treating

rhodamine B (RhB) in simulated wastewater. Various parameters of each technology that influence the RhB

degradation rate were compared and optimized. The results showed that the optimal conditions for the

hydrodynamic cavitation determined by the single-factor method were as follows: inlet pressure,

0.4 MPa; initial concentration, 10 mg L�1; reaction temperature, 30 �C; and pH value, 3. The RhB

degradation rate was 38.7%. In addition, the optimal conditions for the ultrasonic cavitation determined

by the response surface methodology were as follows: initial RhB concentration, 10 mg L�1; ultrasonic

power, 850 W; ultrasonic time, 100 min; addition amount of H2O2, 0.6%; and pH value, 3. The RhB

degradation rate was 84.06%. We also found that the degradation of RhB by both cavitation

technologies conformed to the first-order kinetic reaction model. The rate constant of UC was 5.22 �
10�3 min�1 and that of HC was 4.35 � 10�3 min�1. The ultrasonic cavitation has a stronger cavitation

effect than hydrodynamic cavitation.
1. Introduction

Due to increasing industrialization worldwide, organic
compounds such as textile dyes, aromatic compounds, chlori-
nated hydrocarbons, and phenolic compounds are widely used
in various industries, such as textiles, plastics, and cosmetics.1,2

During their production and use, about 10–15% of organic
substances are discharged into the environment, in addition to
a large amount of organic wastewater. The composition of this
organic wastewater is complex, its structure is also very stable; thus,
it is difficult to be degraded naturally. This leads to an increase of
dye contaminant in wastewater,3 which can affect the growth of
aquatic animals and plants, and disrupt the ecological balance of
water, as the dye contaminant is carcinogenic and is toxic to
organisms. This dye-contaminated wastewater can also affect the
natural biological purication process of the environment.4,5

Therefore, the development of a large-scale, energy-saving method
that can effectively and efficiently treat organic wastewater is the
current research topic that has been receiving increasing attention.

At present, there are many traditional organic wastewater
treatment methods, which can include microbial treatment
method,6 activated carbon adsorption method,7 and membrane
extraction method.8 Although these methods play important
roles in water pollution control, they have low efficiency, cannot
completely remove pollutants, can possibly generate secondary
ring, Xinjiang Normal University, Urumqi
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pollution, and have high energy consumption; therefore, they
have a narrow application range. The cavitation process has
received a great deal of attention from researchers due to its
many advantages, such as simple process ow, mild reaction
conditions, short treatment cycle, and environmental friendli-
ness.9–11 Cavitation is described as the formation, growth, and
collapse of bubbles in liquid media.12 It can usually be divided
into ultrasonic cavitation (UC), hydrodynamic cavitation (HC),
photocavitation, and particle cavitation.13 Studies have shown
that the collapse of cavitation bubbles can generate local high
temperature and local high-pressure environment in the liquid
medium, accompanied by strong shock waves and high-speed
jets, while simultaneously release a large amount of energy.13

This energy causes the water vapor inside the cavitation bubble
to undergo a cracking reaction under high temperature and
high pressure to produce highly reactive free radicals.14 The
microjet formed by the collapse of the cavitation bubble allows
these free radicals to enter the liquid phase and mix with the
liquid, thereby oxidizing the organic pollutants into harmless
substances; and treated dye wastewater is obtained as a result.

In recent years, cavitation technology has been widely used
for the degradation of organic wastewater, purication of
drinking water, hydrolysis of oils, and strengthening of bio-
diesel synthesis. Thanekar et al.15 have studied the treatment of
naproxen (NAP) in wastewater with combined HC and oxidants
(HC + O3). They found that the best HC + O3 pretreatment
method can reduce chemical oxygen demand (COD) by 40%,
and the sewage that is further treated with activated HC + O3 has
reduced COD by about 89.5%. They also calculated the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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biodegradability index (BI) of untreated and HC + O3-treated
wastewater, from which they found that the biodegradation index
HC + O3-treated wastewater increased from 0.35 to 0.75; this indi-
cates that HC and ozone pretreatment can improve biological
oxidation. Zhang et al.3 have introduced the ultrasonic degradation
of rhodamine B (RhB) using vortex scattering (which is the vortex
that is generated by a high-speed stirrer) and studied the effects of
different reaction vessels, initial RhB concentrations, stirring
speeds, and ultrasonic frequencies on the RhB degradation rate.
They observed that the best conditions were as follows: reaction
vessel, three-necked ask; stirring speed, 700 rpm; initial concen-
tration, 10 mg L�1; and ultrasonic frequency, 40 kHz. From these
conditions, the RhB degradation rate reached 98% within 1 h. This
study shows that the combined use of ultrasound and mechanical
stirring can effectively degrade RhB in aqueous solutions.

In this work, we aim to compare the effects of UC and HC on
RhB degradation and to nd their optimal conditions. We
prepared simulated wastewater using RhB as the contaminant
and investigated the effects of UC and HC on the RhB degra-
dation under different conditions. We also compared the rate
constants of the two methods and determined their reaction
orders.
2. Experimental
2.1 Reagents and instruments

Rhodamine B (RhB, C28H31ClN2O3, CAS: 81-88-9, analytical
reagent (AR)) was purchased from Tianjin Fuyu Fine Chemical
Co., Ltd. (China). Hydrogen peroxide (H2O2, 30%, CAS: 7722-84-
1, AR) was purchased from Tianjin Zhiyuan Chemical Reagent
Co., Ltd. (China). Sodium hydroxide (NaOH, CAS: 1310-73-2, AR)
was purchased from Tianjin Yongsheng Fine Chemical Co., Ltd.
Fig. 1 Schematic diagram of ultrasonic cavitation device.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(China). Sulfuric acid (H2SO4, CAS: 7664-93-9 AR) was obtained
from Tianjin Third Chemical Reagent Factory (China). All
reagents were diluted with deionized water.

Instruments used in the experiments included: an ultrasonic
cell crusher (JY92-2D, Ningbo Xinzhi Biotechnology Co., Ltd.),
an electronic balance (Model AL204, Mettler Toledo Instru-
ments (Shanghai) Co., Ltd.), an ultraviolet-visible spectropho-
tometer (UV-2000, Shanghai Unico Instrument Co., Ltd.),
a venturi tube (Chongqing Kubo Electromechanical Engi-
neering Technology Co., Ltd.), and a pH meter (PHS-3C,
Shanghai INESA Scientic Instrument Co., Ltd.).
2.2 Ultrasonic cavitation process

The ultrasonic cavitation device is shown in Fig. 1. The device
consists of a controller, an ultrasonic transducer, a horn, and
a temperature indicator. Ultrasonic cavitation was produced
using a low-frequency (20 kHz) ultrasonic processor. The tip
diameter of the transducer was 40 mm, the maximum power
consumption was 1200 W, and the horn model was 420. The
horn was placed at a 3 cm depth in a RhB solution. All experi-
ments were performed in 250 mL glass beakers.
2.3 Hydrodynamic cavitation process

The hydrodynamic cavitation device is shown in Fig. 2. The
device consists of a 4 L water tank, a centrifugal pump (operated
at a speed of 2900 rpm and a power of 3.0 kW), a regulating
valve, a venturi tube, a pressure gauge, a thermocouple ther-
mometer, a ow meter, and a cold trap. The dimensions of the
Chinese muri tube are shown in Fig. 3. Circulation of the RhB
solution was driven by a gear pump until the reaction was
complete.
RSC Adv., 2021, 11, 5096–5106 | 5097
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Fig. 2 Hydraulic cavitation device.
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3. Results and discussion
3.1 Effect of various ultrasonic cavitation conditions

3.1.1 Response surface optimization. The impacts of three
factors, including ultrasonic power, ultrasonic time, and initial
RhB concentration, on the degradation rate (the response) are
shown in Table 1. The use of the Box-Behnken center combi-
nation design (in Design Expert soware) to optimize the UC
conditions is shown in Table 2.

The contour map between the response value and other
factors, and the three-dimensional response surface map can be
used to visually show the inuence of the interaction between
various factors on the RhB degradation rate. The degree of
inuence of the two interacting factors is determined by the
density of the contour lines.16

The effect of the interaction between ultrasonic power and
initial RhB concentration on RhB degradation rate is shown in
Fig. 4. As can be seen from Fig. 4(a), the ultrasonic power along
the contour line was dense, and the effect of the ultrasonic
power on the RhB degradation rate was greater than that of the
initial RhB concentration. As can be seen from Fig. 4(b), when
Fig. 3 Venturi tube size.

5098 | RSC Adv., 2021, 11, 5096–5106
the ultrasonic power was constant at a certain range, the RhB
degradation rate rst increased and then decreased with the
increase of initial RhB concentration. Similarly, when the initial
concentration was kept unchanged at a certain range, the RhB
degradation rate rst increased and then decreased with the
increase of ultrasonic power.

The effect of the interaction between ultrasonic time and
initial RhB concentration on RhB degradation rate is shown in
Fig. 5. According to Fig. 5(a), the contour line along the ultra-
sonic time was dense, and the effect of the ultrasonic time on
the RhB degradation rate was greater than that of the initial RhB
concentration. As illustrated in Fig. 5(b), when the ultrasonic
time was kept constant at a certain range, the RhB degradation
rate rst increased and then decreased with the increase of the
initial concentration. Likewise, when the initial concentration
was kept constant at a certain range but with increasing ultra-
sound time, the RhB degradation rate also increased rst and
decreased thereaer.

The effect of the interaction between ultrasonic time and
ultrasonic power on the RhB degradation rate is shown in Fig. 6.
As can be seen in Fig. 6(a), the ultrasonic time along the contour
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Response surface experimental factor level table

Level

Factor

A (initial concentration, mg L�1)
B (ultrasonic
power, W)

C (ultrasound
time, min)

1 5 600 60
2 10 800 90
3 15 1000 120
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line was dense, and the ultrasonic time had a greater impact on
the RhB degradation rate than the ultrasonic power. As can be
observed in Fig. 6(b), when the ultrasonic time was constant at
a certain range, the RhB degradation rate rst showed an
increasing trend, but later showed a decreasing trend, as the
ultrasonic power was increased. The RhB degradation rate also
showed the same trend when the constant ultrasonic power was
kept constant but the ultrasonic time was increased.
Table 2 Responsive surface design

No. A (initial concentration, mg L�1)
B (
po

1 5 60
2 5 80
3 5 80
4 5 10
5 10 80
6 10 10
7 10 10
8 10 80
9 10 80
10 10 80
11 10 60
12 10 60
13 10 80
14 15 80
15 15 10
16 15 80
17 15 60

Fig. 4 The effect of the interaction between ultrasonic power and initial
contour map.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The contour lines and three-dimensional surface graphs
were drawn, and the multiple regression analysis of the exper-
imental data was performed. The obtained polynomial regres-
sion equation of the model is as follows:

Y ¼ �263.316 + 7.490A + 0.454B + 1.449C � 2.130 � 10�3AB +

0.016AC � 2.821 � 10�4BC � 0.396A2 � 2.413 � 10�4B2 � 6.741

� 10�4C2

where Y is the degradation rate of RhB, A is the initial concen-
tration of RhB, B is the ultrasonic power, and C is the ultrasonic
time. The calculation using the model showed that the best
conditions were: initial RhB concentration, 9.17 mg L�1; ultra-
sonic power, 841.38 W; and ultrasonic time, 100.42 min. For
convenience, the experiment was operated at the following
conditions: initial concentration of RhB, 10 mg L�1; ultrasonic
power, 850 W; and ultrasonic time, 100 min.

The results from analysis of variance of the established
model are shown in Table 3. The F value of the model was 26.35
ultrasonic
wer, W)

C (ultrasound
time, min)

Degradation
rate, %

0 90 10.66
0 60 18.71
0 120 22.87
00 90 23.94
0 90 36.04
00 60 17.53
00 120 25.17
0 90 31.3
0 90 36.86
0 90 29.03
0 60 6.26
0 120 20.67
0 90 32.4
0 60 6.81
00 90 12.24
0 120 20.27
0 90 7.48

concentration on degradation. (a) Respond the surface cloud chart; (b)

RSC Adv., 2021, 11, 5096–5106 | 5099
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Fig. 5 The effect of the interaction of ultrasound time and initial concentration on degradation rate. (a) Respond the surface cloud chart; (b)
contour map.
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with P < 0.01, indicating that the model is highly signicant.
When the lack of t had P > 0.05, it indicates that the regression
equation ts well with the experimental results. The decision
coefficient of the model was R2 ¼ 0.9713, which indicates that
the model well-ts and can accurately predict the RhB degra-
dation rate.

The linear coefficients (A, B, C) and the quadratic coefficients
(A2, B2, C2) of the model had P < 0.05, indicating that the model
has a signicant impact on the degradation rate of RhB. By
contrast, other coefficients of the model have P > 0.05, indi-
cating that they have no signicant impact on the degradation
rate of RhB. The inuence of the three factors on the degrada-
tion rate of RhB could be ranked in the following order: ultra-
sonic time > ultrasonic power > initial RhB concentration.

3.1.2 Effect of pH on RhB degradation rate. This experi-
ment was carried out to investigate the RhB degradation rate by
the cavitation reaction at a pH range of 1 to 7. The experiment
was conducted using RhB solution at a mass concentration of
10 mg L�1 (volume ¼ 250 mL) under the following conditions:
ultrasonic frequency, 20 kHz; ultrasonic power, 850 W; and
ultrasonic time, 100 min. The result is shown in Fig. 7.
Fig. 6 The effect of the interaction of ultrasound time and ultrasound
contour map.

5100 | RSC Adv., 2021, 11, 5096–5106
As can be seen in Fig. 7, when the pH was increased from 1 to
7, the RhB degradation rate rst increased and then decreased.
At pH 3, the RhB degradation rate was highest with a value of
42.03%. This suggests that the RhB degradation by the cavita-
tion reaction is favorable under acidic conditions, which is
probable due to that acidic conditions could promote the
dissociation of water into HOc and Hc. As the pH value
increases, the surface tension of RhB solution becomes signif-
icantly increase. When the pH value is 3, the maximum surface
tension reaches 83.69 mN m�1. However, as the pH value was
increased from 4 to 7, the surface tension decreased. The largest
surface tension caused the number of cavitation bubbles
produced by cavitation to decrease, but the size of grown bubble
was increased and the energy released by the bubble collapse
was enhanced. The number of HOc released was large. However,
the excessive HOc could self-quench, affecting the degradation
rate of rhodamine B. With the increase of H+, the surface
tension decreased slightly, but the self-quenching effect of HOc
was inhibited by H+. Therefore, optimal pH value could obtain
higher rhodamine B degradation rate. According to the litera-
ture, HOc produced by the cavitation under acidic conditions
has high oxidation capacity.17
power on degradation rate. (a) Respond the surface cloud chart; (b)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Regression model analysis of variance

Variable source Sum of square df MS F P

Model 1565 9 173.84 26.35 0.0001 Signicant
A 107.9 1 107.90 16.35 0.0049
B 142.8 1 142.89 21.66 0.0023
C 196.7 1 196.71 29.81 0.0001
AB 18.15 1 18.148 2.75 0.1412
AC 21.62 1 21.622 3.28 0.1132
BC 11.46 1 11.458 1.74 0.2291
A2 412.2 1 412.20 62.47 <0.0001
B2 392.2 1 392.24 59.45 0.0001
C2 150.0 1 154.97 23.49 0.0019
Residual 46.19 7 6.598
Lack of t 3.115 3 1.038 0.10 0.9580 Not signicant
Errors 43.07 4 10.768
Sum 1611 16
R2 ¼ 0.9713, R2Adj ¼ 0.9345

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
5:

10
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.1.3 Effect of addition amount of H2O2 on RhB degrada-
tion rate. This experiment conditions were the same as 3.1.2.
The effect of addition amounts (v/v) of H2O2 (0.15%, 0.3%,
0.45%, 0.60%, and 0.75%) on RhB degradation rate was inves-
tigated. The result is shown in Fig. 8. The RhB degradation rate
rst showed an increasing trend and then showed a decreasing
trend. When the addition amount of H2O2 was 0.6%, the RhB
degradation rate was highest with a value of 84.06%. The
decomposition of H2O2 highly active HOc aer it was added into
the UC process is as follows:

H2O2 / 2cOH (1-1)

�OHþH2O2/H2OþHO
�

2 (1-2)

HO
�

2 þ �OH/H2OþO2 (1-3)

When the addition amount of H2O2 is low, the UC promotes
the decomposition of H2O and H2O2 to produce HOc, which
Fig. 7 The effect of pH on degradation rate with ultrasonic cavitation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
strengthen the oxidative degradation of RhB. However, when
the addition amount of H2O2 is too high, a large amount of HOc
are formed, causing self-promoting effect of free radicals to
occur, which can in turn weaken the oxidative degradation of
RhB, thus reducing its degradation rate. Based on the results,
we concluded that the optimal addition amount of H2O2 is
0.6%.18
3.2 Effect of various hydrodynamic cavitation conditions

3.2.1 Effect of pH on RhB degradation rate. This experi-
ment was aimed to investigate the RhB degradation rate by
cavitation reaction. It was carried out at a pH range of 1 to 6,
a temperature of 25 �C, initial RhB concentration of 10 mg L�1,
a volume of 4 L, an inlet pressure of 0.4 MPa, and a treatment
time of 120 min.
Fig. 8 The effect of H2O2 addition on degradation rate with ultrasonic
cavitation.

RSC Adv., 2021, 11, 5096–5106 | 5101
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Fig. 9 The effect of pH on degradation rate with hydrodynamic
cavitation.

Fig. 10 The effect of inlet pressure on degradation rate with hydro-
dynamic cavitation.

Fig. 11 The effect of initial concentration on degradation rate with
hydrodynamic cavitation.
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As depicted in Fig. 9, when the pH was increased from 1 to 6,
the RhB degradation rate rst had an increasing trend and later
had a decreasing trend. The RhB degradation rate was highest
at pH 3 with a value of 38.7%. This may be due to that more
vacuoles are produced under acidic conditions19,20 that can
dissociate H2O to produce more HOc, causing higher oxidation
activity so that the degradation of RhB in wastewater is
increased.21 Patil et al.17 have reported similar conclusions from
an experiment on hydrodynamic cavitation degradation of
imidacloprid. In their study, they found that the degradation of
pollutants is best under acidic conditions because at such
conditions, the oxidation potential and the generation rate of
hydroxyl radicals are high. At pH 3.0, the degradation rate that
they observed is also highest with a value of 23.85%. Saharan
et al.20 have studied the effect of cavitation reaction on the
decolorization rate of Acid Red 88 dye at various pH values from
pH 2 to pH 11. They observed that the decolorization rate
increases with decreasing pH.

3.2.2 Inuence of inlet pressure on RhB degradation rate.
This experiment was conducted to investigate the degradation
rate of RhB by cavitation reaction at various inlet pressures from
0.1 to 0.5 MPa. The experiment was carried out at a temperature
of 25 �C, an initial RhB concentration of 10 mg L�1, a volume of
4 L, a pH value of 3, and a treatment time of 120 min.

As can be seen in Fig. 10, when the inlet pressure was
increased from 0.1 to 0.5 MPa, the RhB degradation rate rst
increased and then decreased. The results show that the
supercavitation phenomenon occurs under the optimal pres-
sure, and the bubbles grow fully in the downstream of the
contraction of venturi tube. When the downstream pressure
gradually recovers, the vaporized vacuoles collapse, generating
jets and HOc. When the operating pressure is higher than the
appropriate pressure, a large number of cavitation bubbles will
ll the downstream of venturi tube, and high-speed jet will be
generated at the exit position. Cavitation collapse will be
affected, and HOc released will be reduced. The cavitation is
5102 | RSC Adv., 2021, 11, 5096–5106
then accumulated in the downstream area of the venturi and
form cavitation clouds;22 as a result, the collapse of the cavita-
tion bubble is relaxed, causing the degree of cavitation to
decrease. Jawale et al.23 have reported similar observations in
their cavitation experiment on degradation of potassium thio-
cyanate. In their work, they found that when the pressure is
0.4 MPa, the degradation rate reaches the maximum value,
which is 18.5%; but when the pressure continues to increase,
the degradation rate starts to decrease. Bagal et al.24 have also
studied the degradation of 2,4-dinitrophenol at inlet pressures
of 0.3–0.6 MPa, and they found that the inlet pressure that can
best degrade 2,4-dinitrophenol is 0.4 MPa.

3.2.3 Effect of initial concentration on RhB degradation
rate. This experiment was performed to investigate the effect of
cavitation reaction on RhB degradation rate at initial RhB
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The effect of different processing methods on the rate
constant.
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concentrations from 6 to 18 mg L�1. The experiment was con-
ducted at a temperature of 25 �C, an inlet pressure of 0.4 MPa,
a volume of 4 L, a pH value of 3, and a treatment time of
120 min. According to the results (Fig. 11), with the increase of
the initial RhB concentration, the RhB degradation rate rst
increased and then decreased. The RhB degradation rate was
highest with a value of 37.3% when the initial RhB concentration
was 10 mg L�1. When the initial RhB concentration was greater
than 10 mg L�1, the RhB degradation rate gradually decreased.
The reasonwhy the degradation of RhB slowed down at high initial
RhB concentrations maybe because of that the cavitation may
occur at the cavity-solution interface and in the non-volatile
compounds,25 rather than in the inside of the cavity. In general,
when the initial concentration is high, there should be many
molecules around the cavity; but due to the small area of the gas–
liquid interface, themolecules around the cavitymay not be able to
react with free radicals and are therefore degraded.26 For this
reason, we observed that as the initial concentration increased, the
RhB degradation rate gradually decreased. Rajoriya et al.27 have
observed the same trend in an experiment on degradation of
rhodamine 6G by HC. Patil et al.17,28 have also observed that the
degradation rate of imidacloprid and methyl parathion decreases
with the increase of their initial concentrations.

3.2.4 Effect of nal reaction temperature on RhB degra-
dation rate. This experiment was carried out to investigate the
effect of the cavitation reaction temperature on the RhB
degradation rate. The temperature was varied from 16–60 �C,
while other conditions were kept constant as follows: volume,
4 L; initial RhB concentration, 10 mg L�1; pH value, 3; and
treatment time, 120 min.

According to the results illustrated in Fig. 12, as the
temperature increased, the RhB degradation rate rst increased
and then decreased. The RhB degradation rate was highest with
a value of 38.5% when the reaction temperature was 30 �C. The
reason for this maybe that at high temperatures, the number of
cavitation bubbles increases, and the liquid vapor pressure and
Fig. 12 The effect of temperature on degradation rate with hydro-
dynamic cavitation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the vapor content in the cavitation bubbles also increase.
However, when the temperature is too high, the water vapor can ll
up the cavitation bubbles, generating the implosion phenomenon,
resulting in the decrease in cavitation efficiency. When the temper-
ature was lower than 30 �C, the RhB degradation rate increased with
the increase of temperature, which is due to the increase of the
number of cavitation bubbles. When the temperature was higher
than 30 �C, the RhB degradation rate was decreased due to low
cavitation efficiency. A similar conclusion has also been reported by
Barik et al.29 from a study on the degradation of p-chloro-o-amino-
phenol. In their report, they described that the degradation rate of
4C2AP increases with the increase of temperature until reaching the
optimal temperature, which is 35 �C; and at this temperature, the
degradation rate is 24.6%. However, the degradation rate decreases
when the temperature further increases. Braeutigam et al.30 have
studied the degradation of benzene and reported similar trend. Their
results also showed that the optimal temperatures were 35 �C. A
study usingHAC technology to degrade organicmicro-pollutants has
also reported the optimal temperature of lower than 35 �C. This
study also described that when the temperature exceeds 35 �C, the
content of generated hydroxyl radicals decreases.31
3.3 Kinetic studies

Upon the treatment with two different methods (UC and HC), the
concentration of L was measured at different treatment times, and
the kinetics of RhB degradation by cavitation reaction was analyzed.
The rst-order dynamics model was established as follows:

ln(C0/C) ¼ Kt (1-4)
Table 4 Two different processing methods rate constant k

Approach K (min�1) R2

Ultrasonic cavitation 5.22 � 10�3 0.99650
Hydraulic cavitation 4.35 � 10�3 0.99856

RSC Adv., 2021, 11, 5096–5106 | 5103
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Table 5 Energy utilization of ultrasonic cavitation at different power

Power (W) 600 800 850 1000
Energy utilized (kJ m�3) 3.6 � 106 9.6 � 106 1.1628 � 107 1.8 � 107
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where C0 is the initial concentration, C is the concentration at
time t, and K is the rate constant. The ln(C0/C) was plotted
against time t for up to 120 min, as shown in Fig. 13. Based on
the plot, the R2 values of the two treatment methods were above
0.99, and the data well tted with the rst-order kinetic reaction
model. The rate constant K for the two different treatment
methods is shown in Table 4. The rate constant K of UC was
greater than that of HC, suggesting that UC has a stronger
cavitation effect than HC; however, HC can more easily be
scaled up to the industrial level compared to UC.32–34
3.4 The energy utilization calculation

The energy utilization calculation refers to Patil and Pandit.35

3.4.1 Energy utilization of ultrasonic cavitation at different
power. Electric energy input in horn for 100 min ¼ actual power

of horn � irradiation time � % amplitude (3.4.1)

¼850 J s�1 � 100 min � 60 s � 0.57 ¼ 2 907 000 J (3.4.1)

¼2907 kJ (3.4.1)

Processed volume ¼ 250 mL ¼ 250 � 10�6 m3 (3.4.1)

Energy utilized ¼ electric energy input in horn for 100 min per

processed volume (3.4.1)

¼2907 kJ/250 � 10�6 m3 (3.4.1)

¼1.1628 � 107 kJ m�3 (3.4.1)

The rest of the calculation process was as above, and the results
were shown in Table 5. With the increase of power, the energy
utilization was gradually increased. Considering the change of
energy saving and degradation rate, 850 W is selected as the
appropriate power for this experiment. The utilization of
hydraulic cavitation energy is lower than that of ultrasonic
cavitation energy under suitable conditions.

3.4.2 Energy utilization of hydrodynamic cavitation. Elec-

tric energy input by pump in 2 h (3.4.2)
5104 | RSC Adv., 2021, 11, 5096–5106
¼3 KW ¼ 3000 J s�1 � 2 h � 3600 s (3.4.2)

¼21 600 000 J (3.4.2)

¼21 600 kJ (3.4.2)

Process volume ¼ 4 L ¼ 4 � 10 m�3 (3.4.2)

Energy utilized ¼ electric energy input by pump in 2 h per process

volume (3.4.2)

¼21 600 000 J/4 � 10 m�3 (3.4.2)

¼5.4 � 105 kJ m�3 (3.4.2)

4. Conclusion

In summary, we employed single factor method and response
surface design method to investigate the inuence of UC and
HC on the degradation rate of RhB in simulated wastewater.
The results showed that both UC and HC could effectively
degrade RhB in simulated wastewater. Under the optimal UC
conditions for the degradation of RhB, the degradation rate was
84.06%. And the optimal HC conditions, the degradation rate
was 38.7%. The degradation reaction by both methods followed
the rst-order kinetic model. The rate constant of UC was 5.22
� 10�3 min�1 and that of HC was 4.35 � 10�3 min�1. The rate
constant of UC is higher than that of HC. The energy utilization
of UC also is higher than the HC for solution per unit volume.
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