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ARTICLE INFO ABSTRACT
Keywords: This review evaluates selected advanced oxidation processes (AOPs) - cavitation and photo-
Emerging organic pollutants catalysis - successfully used for wastewater treatment towards degradation of Rhodamine (Rh)
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dyes. Reactor configuration and impact of process parameters and oxidants addition (hydrogen
peroxide, ozone, persulfates) on degradation effectiveness along with degradation mechanisms
are discussed. Best technologies provide 100% degradation within 10-30 min. Rhodamine B is
effectively degraded in highly acidic conditions (pH 2), while Rhodamine 6G requires basic
conditions (pH 10). The most effective oxidants were hydrogen peroxide and ozone. Ecological
Structure Activity Relationships (ECOSAR) revealed acute toxicities of the intermediates and by-
products of the Rh dye.

1. Introduction

The disposal of coloured wastewater is a significant challenge for the industry but also a risk to the surrounding ecosystem. The
presence of dyes in wastewater can be a significant contributor to environmental pollution. The pollution of freshwater resources is one
of the largest environmental effects of colors in the fashion industry. The garment business uses almost 93 billion cubic meters of water
annually, which is enough to fill 37 million Olympic swimming pools, according to the Ellen MacArthur Foundation [1]. The use of
dyes is the single largest contributor to the waste of water. As a result, dyeing processes are among the most energy and
pollution-intensive aspects of our clothing. A pair of jeans is a good illustration of this issue. A single pair of jeans requires, from the
growth of the raw cotton to the finished product, roughly 7,500 L of water [2,3]. The yarn or fabric is repeatedly dipped into large vats
of synthetic indigo dye to give the jeans their blue colour. During traditional methods of processing textiles, up to 2,000 different
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chemicals are used. Toxic substances like mercury, formaldehyde, or chlorine are used in this process [4]. The accumulation of dyes in
the water to the extent that light cannot reach the surface hinders the ability of plants to photosynthesize. This reduces the oxygen
content of the water, causing aquatic life and plants to perish [5].

The Rhodamine compounds are important family of dyes, its types are given Fig. 1. Because of Rh dyes greater chemical stability,
Rh B and Rh 6G are the members of the Rhodamine family that are utilized the most frequently in a variety of applications. According
to the Industry ARC (industry research council) report, the worldwide production of Rhodamine dyes is estimated to reach $232.5
million by 2027 during the forecast period 2022-2027. The physical and chemical properties of Rh B and Rh 6G have been given in
Supplementary Table ST1.

Rhodamine B (Rh B), also called Basic Violet 10, is a bright reddish violet color that is non-volatile and dissolves easily in water. It is
one of the most significant xanthene dyes and is utilized in the dying of cotton, bamboo, weed, and leather, as well as the preparation of
ball pen and stamp pad inks [6,7]. Rhodamine 6G (Rh 6G) is an organic, basic dye that is dark reddish purple in color. It is widely used
as a tracer to find out the characteristics of flow properties, fluorescence, and diagnostic tools in medicine and plant pathology, and is
also used to color wool, cotton, silk, and papers [8,9]. Both dyes are highly water-soluble and are used in biological stains, fireworks,
and color tracers in herbicides, which results in the chemical’s release into the surrounding environment. Even Rh B is used as an illegal
food ingredient which is added in chilli sauce and candies in a number of underdeveloped countries [10]. Both Rh dyes can induce
respiratory injury, tissue necrosis, reproductive system harm, and even cancer in aquatic creatures [11]. The discharge of Rh dye
effluents into natural ecosystems is not only harmful to aquatic life, but it can also, in many instances, cause genetic mutations in
humans [12,13]. When ingested, it is toxic, and it also irritates the skin, the eyes, and the respiratory tract [14,15]. As a result, it is
crucial to treat effluents that contain these chemicals in order to protect the ecosystem and water in general. Rh B is difficult to
biodegrade, which is one of the reasons it contributes to the ongoing pollution of the environment. In light of these concerns and
reported trends, the number of articles on the degradation of Rh dyes in Scopus also increases every year (Supplementary Figure, SF1),
which reflects that the environmental impact of Rh dyes is receiving high attention in the community.

According to Kuo and Ho (2001) [16] and Sun et al. (2007) [17], biological degradation is generally ineffective for dye pollution.
Studies based on conventional methods such as activated sludge [18], coagulation, activated charcoal [19], adsorption [15,20],
membrane filtration, etc. [21], can generally be utilized efficiently to remove colors from the effluents of industries [22-24]. In spite of
this, these methods are regarded as non-destructive because they only transfer color from liquid to solid waste except in the case of
membrane techniques, the retentate by-product is in liquid form [25]. Numerous researchers have developed and reported advanced
oxidation processes (AOPs) for the purpose of degrading organic compounds in wastewater. Some examples of these processes are
ozonation [26], Fenton reagent [27], hydrogen peroxide [28], photo-Fenton [27], photo-ozone [29], photo-hydrogen peroxide [30],
and photo-catalysts [31-36]. The focus of the present work is on the applications of alternative/emerging AOPs for the effective
treatment of wastewaters that contain Rh dyes, especially Rh B and Rh 6G. These treatment schemes are based on the employment of
ultrasonic, UV irradiation, and hydrodynamic cavitation as the primary treatment agents. A critical review based on such a wastewater
treatment scheme, which contains two commercially important Rh dyes (Rh B and Rh 6G), to our knowledge, never has been discussed
before in this work. This study is one of the few that elaborates the degradation of the most important industrial hazardous chemical
compounds in wastewater using a combination of AOPs and external oxidants. Herein, the focus is provided on photocatalysis and
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Fig. 1. Prominent chemical compounds associated with Rhodamine dye family.
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cavitation based processes that in many cases gave very effective treatment.

It is intended to describe the results in an effective manner in order to establish the general principles for treating wastewater
containing Rh dyes using advanced oxidation processes, which have lately gained greater attention from the researchers and have
several benefits. Because of this, the primary emphasis of this review is on performing an in-depth analysis of all of the operating
parameters that can have an impact on ultrasonic irradiation, ultraviolet irradiation, and hydrodynamic cavitation, with the following
goals in mind: i) to study the effect of various operating parameters based on ultrasonic and ultraviolet irradiation along with hy-
drodynamic cavitation in an efficient way; ii) to define the general outline for the operating reaction parameters based on advanced
oxidation processes via cavitational and ultraviolet irradiation techniques in order to achieve the desired level of intensification; iii) to
intensify the process of treatment more efficiently with the help of catalysts and additives. iv) to design reactors for large amounts of Rh
dye-containing wastewater in a cost-effective approach. This study gives a brief review that investigates the decomposition of the most
significant industrially hazardous chemical compounds, particularly Rh dyes family, that may be found in wastewater by utilizing a
mix of AOPs and external oxidants, in addition to the numerous different cavitational reactors that might be utilized.

2. Types of treatment
2.1. Ultrasonic cavitation

In order to produce ultrasonic cavitation, high-frequency (20 kHz-1 MHz) sound waves must be passed through the liquids [37].
When ultrasound flows through a liquid medium, it causes the continuum to go through a rarefaction and compression cycle. When
these cycles alternate, cavitation and radical production occur as a result of the release of local energy, which triggers the following
chain of reactions [38]:

00+ 2%SH" + o )
0,+)) 220~ @)
0+ H,0 0n 3
v +0,2%08" + 0 )
H +0, 2% H0; (5)

The various radicals include hydroxyl radicals (OH*), hydrogen atoms (H"), oxygen atoms (O™ ), and hydroperoxyl radicals (HO,*),
and the ’)))’ indicates ultrasonic waves. The two most common processes for the decomposition of any contaminants in the wastewater
are free radical reactions and pyrolysis. Many examples of chemical contaminants removed from wastewater using ultrasound cavi-
tation have been reported in the literature [36,39-43].

The ultrasonic probe or horn has been shown to be the most widely used ultrasonic reactor in small volumes of 50 mL-500 mL,
where the removal of chemical contaminants is done with greater efficiency [44,45]. Ultrasonic baths have been used in several in-
vestigations at higher scales of operation, but the removal of chemical contaminants is less effective [46] as compared to ultrasonic
horns. Typically, equipment with a bigger dissipation area provides greater energy efficiency at similar levels of input energy (a greater
proportion of the total supplied electrical energy is transformed into positive effects) [47]. Furthermore, the use of equipment based on
multiple frequencies/multiple transducers (devices used for converting supplied electrical energy into sound energy and producing
ultrasound with frequencies ranging from 15 kHz to 10 MHz) has been shown to be more beneficial than equipment based on a single
frequency [37,48]. Another new development with a promising future for medium-to large-scale applications are ultrasonic horns
vibrating in radial directions [49], which also have the advantage of better energy dissipation due to a larger irradiating area, but more
work is required in terms of testing this equipment for operation at high frequency and high-power dissipation [50]. To enhance the
removal efficiency of chemical contaminants from wastewater, all of these operating factors need to be optimized: the pH at which
contaminants are introduced, the concentration of contaminants, operating temperature, ultrasonic frequency, and power density.

2.2. Hydrodynamic cavitation

Another type of cavity formation that occurs when local fluid pressure decreases as fluid velocity increases due to a flow restriction
is known as hydrodynamic cavitation. When this pressure drops below its critical value, which is usually the vapor pressure of the
liquid medium at a certain operating temperature, small cavities filled with vapor form in the fluid. At this point, the cavitation bubbles
may be seen and are called cavitation inception [51]. With an increase in fluid velocity, pressure drops even further, increasing the
cavitation intensity. The cavitational consequences of hydrodynamic cavitation are influenced by the creation of many cavities and the
impact of turbulence [52,53].

Orifice, venturi (slit or circular), high-speed homogenizer, whirling jet, vortex diodes etc. can all be used as cavitating devices in
hydrodynamic cavitation set up to generate cavitation [54-58]. Fig. 2 depicts a different hydrodynamic cavitational reactor used in
various applications till the date. Hydrodynamic cavitation has a number of advantages over acoustic cavitation, including increased
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cavitational yield, improved energy economy, simplicity of operation, and the capacity to treat a larger volume of solution [59,60].

2.3. Photocatalysis

As a consequence of their ability to completely mineralize organic pollutants while operating under moderate temperature and
pressure conditions, photocatalytic or photochemical degradation technologies are becoming more and more important in the

Bypass line

P1,P2 - Pressure Gauges
V1,V2,V3 - Control Valves

Hydrodynamic cavitation

T

Feed tank

Reactor bed
containing iron
pieces,
immersed in
ice bath

Pressure
Pressure quage
guage (fnalog)
(Digital)

Plunger pump.

Blade

Qrifice

Liquid whistle reactor

_' I —— Inlet

Combined
chamber

Sidewall of
combined chamber

|
Swirling

[~ chamoer

| Holder

Injecton
e port

Sidewall of
swiring chamber
Holder

Injection port

Outiet

k\!
Outlet

A: Cutway side B: Cross section

Swirling cavitation reactor

coldwateraut ~esTjrm cold waterin
Tank
s ‘ Main line
water out ! L —
: Bypassline ‘*
] Cavitating device

High-speed homogenizer
T = tank, FM = flowmeter,
V =valve, CR = cavitation

reactor, EM = electric motor,

Ti,Pi = temperature and pressure

measurements.

Combined UV and
Hydrodynamic

cavitation reactor

Multiple-orifice plates

and venturi

Fig. 2. Depicts a different hydrodynamic cavitational reactor used in various applications.


http://mostwiedzy.pl

A\ MOST

A.V. Mohod et al. Water Resources and Industry 30 (2023) 100220
wastewater treatment industry due to their low cost and environmental sustainability [61,62], especially when solar irradiation is
used. When a photon of the right energy level interacts with the molecules of the chemical species present in a solution, either with or
without a catalyst, a free radical process is initiated. Free radical process involves creation of highly reactive species like hydroxyl
radicals. The photocatalytic process found at the surface of semiconductors, such as titanium dioxide, is an alternate method of
obtaining free radicals and does, in fact, significantly speed up their production and, thus, the rate of oxidative degradation [63,64]. As
electrons and holes are created whenever a semiconductor catalyst is exposed to UV light, as demonstrated in the reaction mechanism
[65], electron excitation from the valence band (VB) to the conduction band (CB) occurs.

TiO, +hv — ecp_ + hygy (6)
hyg +OH™— OH" @
hy +H,O(ads) » OH* + H* (8)
ecg- +0,~0;" 9)

A photocatalyst’s positive holes oxidize water to create hydroxyl radicals (OH*) that have a high oxidative capacity, which can then
react with organic compounds [66].

To perform the photocatalytic process, tiny particles of solid semiconductor distributed in the liquid phase of a reactor that is
irradiated with UV light may be used. This may be done using either mechanical or magnetic stirrers, depending on your needs. To
meet the first requirement, commercial photocatalytic items can be deposited onto the surface, although they can be easily eroded by
the running liquid. The crystalline structure of the end product and hence the catalytic activity may be difficult to regulate when using
physical or chemical vapor deposition methods to produce supported films. There are several benefits of using immobilized or sup-
ported catalytic reactors. The main aspect relates to the fact that the supported catalyst does not have to be separated from the fluid,
which eliminates the need for ultrafine particle filtration. A variety of configurations may be used, but the most essential thing is to

Table 1
Degradation process optimization parameters based on reactor configuration.

Name of reactor/  Parameter Specification Operating parameter Results Reference

Rhodamine

HC (Multiple Inlet Centrifugal pump (2900 rpm, 5.5 kW, 2.4-5.8 bar Decolorization of 61% at 5.8 bars [67]
orifice)/Rh B pressure Diameter of orifice 1 mm, number of (5 mg/L of the initial dye (Cv 0.27)

holes 32, thickness of plate 1 mm. concentration using a
couple of orifice plates type
(A)

HC (Circular 4 L, reciprocating pump, 1.1 kW 2.9-5.8 bar Degradation at 4.8 bar 25% using [68]
Venturi and (Circular venturi (2 mm), venturi (Cv 0.1) and 22% using
orifice)/Rh B orifice (2 mm diameter, pH orifice (Cv 0.1)) in 120 min

4.78, 10 ppm)

HC (circular/slit 6L, Piston pump (2.2 kW), Circular (2 3-11 bar Degradation of 32.06% and [69]
venturi)/Rh mm) and slit (W 3.14 mm, H1 mm, B 1 (10 ppm, pH 10.0) 29.65% at 5 bars for slit (Cv 0.07)
6G mm) and circular venturi (Cv 0.11),

resp. in 120 min

HC (circular 41, centrifugal pump (3.0 kW), venturi ~ 1-5 bar 18.5% degradation at pressure of 4  [70]
Venturi)/Rh 2 mm diameter (pH 3, 10 ppm dye concen, bar after 120 min
B 25°C)

HC/Multi-orifice 300L, Centrifugal pump (3 kW), 18 1.5-3.0 bar 76.84% degradation at 3 bar after [71]
plate/Rh B orifice holes (2 mm diameter) (0.3 g/L of CCl4, pH 3.0, 210 min

temp 13°C, 10 ppm)

HC (Circular and Cavitation Circular venturi throat radii RS-1 (0.5 150 min 58.32% for Square venturi (a-2, [51]
square number mm), RS-2 (1.0 mm), RS-3 (2 mm), 0.10 Cv),
Venturi)/Rh Square venturi (a-2),Square venturi
B (a-1),Square venturi («-3)

HC (Multiple 50 1, Centrifugal pump (2900 rpm, 5.5 30 psig Effective Plate 2 (Cv 0.2759) after [72]
orifice)/Rh B kW, Orifice plate 60 min

Plate 2 (8 holes, 2 mm dia.)

Ultrasonic/Rh B Ultrasonic 250 mL, 20 kHz, 3 cm depth of horn 600-1000 W 36.6% degradation at 800 W after [70]

power (10 ppm dye concen.) 90 min

Ultrasonic/Rh B 250 mL, 35 kHz 300W, 150, 200, 250 and 300W Maximum degradation of 98% for [73]

(20 ppm, Temp 24°C) 300W after 40 min.
Ultrasonic/Rh B Power 0.5 L, 35 kHz 0.049-0.163 W/mL Maximum degradation at 0.16 W/ [74]
density (5 ppm, Temp 25°C) mL
Ultrasonic/Rh B Frequency 250 mL, 40 kHz 300W, 25, 40, 60 and 80 kHz Maximum degradation of 98.88% [73]
(20 ppm, Temp 24°C) at 40 kHz, after 40 min.

Ultraviolet/Rh B UV light 250 mL, 11, 15 and 26W 11, 15 and 26W Maximum degradation of 99.1% at [71

power UV lamps 5 ppm, 2 pH, 15 min, 0.4 26W in 15 min

mL H202
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ensure that the whole active surface gets effectively irradiated.
3. Optimization of process parameters

Following a thorough and comprehensive review of the current literature on hydrodynamic and ultrasonic cavitation as well as
photocatalytic oxidation of Rh dyes, the most essential operational parameters that determine the overall degradation efficiency are
summarized in Table 1. Below, each aspect of optimization has been discussed.

3.1. Effect of inlet pressure (hydrodynamic cavitation)

Cavitation created by hydrodynamic cavitation is strongly dependent on the reactor’s inlet pressure. As a result, numerous re-
searchers have focused on the influence of inlet pressure on the treatment of wastewater or any other application [75-78]. Hydro-
dynamic cavitation with various cavitating devices has been shown to have an impact on Rh dye degradation by inlet pressure, as
shown in the studies described in Table 1. Accordingly, a low inlet pressure values (typically 1-3 bar) are insufficient to enhance
degradation [79]; nevertheless, a higher inlet pressure (generally 3-5 bar) can increase degradation; this depends on the type of
cavitating device and its geometry [48]. According to the inlet pressure parameter analysis, there is no evidence in the literature that
discussed Rh dyes have been completely degraded without addition of catalysts or additives. Parsa and Zonouzian (2013) [67] used a
multiple-hole orifice plate for hydrodynamic cavitation to investigate the effect of inlet pressure on the degradation of Rh B (Cen-
trifugal pump, 5.5 kW). The orifice plate with 32 holes of 1 mm diameter was used and reported with an increase in pressure from 2.4
to 5.8 bars, the percent degradation increased from 48% to 61%. In another investigation by Yi et al. (2018) [80] used a venturi tube in
the form of a ring that was arranged in three layers, with each layer consisting of six venturi tubes fixed in such a way that it rotates to
30° to convert the jet flow into swirling flow and avoid cavitation erosion on the reactor wall. During the investigation of the
degradation of Rh B by hydrodynamic cavitation, it was observed that the degradation rate increased with increasing inlet pressure up
to 4 bar and subsequently decreased with further increases to 6 bar. Similar kinds of results were also reported by Rajoriya et al. (2017)
[69] during the investigation of degradation of Rh 6G using two different venturis, namely circular (diameter 2 mm) and slit (W = 3.14
mm, H =1 mm, B =1 mm) in hydrodynamic cavitation (2.2 kW piston pump). It was also reported that a maximum of 32% decol-
orization (rate constant of 3.0 x 10~° min~') was obtained using a slit venturi (0.07 cavitation number), while 29% decolorization
(rate constant of 2.5 x 1073 min~!) was obtained using a circular venturi (0.11 cavitation number) in 120 min at an optimum inlet
pressure of 5 bar.

According to the literature, single-hole orifice plates are commonly used in hydrodynamic cavitation due to their simple design,

Single-
Orifice

Diamcter of holes

Dia <3 mm Dia =4 mm Dia <2 mm Dia =3 mm Dia <1 mm Dia =2 mm

Hlowerezl(mmns) Low High Low High Low High
o (mm') High Low High Low High Low
By Low High Low High Low High
Total perimeter of holes Low Tligh Low ITigh Low ITigh
(mm)

Orifice velocity (m/s) High Low High Low High Low
Cavitation number (Cv) Low High Low High Low High
Degradation (%) High Low High Low High Low

Fig. 3. Hierarchy relationship to understand the degradation rate using orifice plate.


http://mostwiedzy.pl

A\ MOST

A.V. Mohod et al. Water Resources and Industry 30 (2023) 100220

ease of production, and lower cost compared to venturi tubes [81,82]. For maximal pollutant degradation, a larger single-hole orifice
plate (no more than 2 mm) is recommended [37]. However, the values of o (throat perimeter/cross-sectional area) and f (throat
area/pipe cross-sectional area) are also important. The greater the value of a, the greater the intensity of turbulence and shear layer
area, whereas raising the value of p, flow area leads to a rise in cavitational events, leading to higher pollutant degradation [83]. This
decrease in cavitation number is due to a decrease in throat cross-section area, which also causes an increase in the fluid velocity in the
throat [84]. Studies have shown that employing hydrodynamic cavitation with a single-hole orifice plate can increase pollutant
degradation by 30-50%. The reason behind this can be easily understood based on the hierarchical relationship of the orifice plate as
described in Fig. 3.

As stated, the maximum cavitational activity in the reactor is determined by the optimum cavitation number; thus, many re-
searchers investigated the effect of inlet pressure as a prerequisite study by modifying the orifice plate into a multiple-hole orifice plate
to achieve higher degradation than with a single-hole orifice plate (circular as well as rectangular). According to Fig. 3, the use of
multiple-hole orifice plates can lead to higher degradation than single-hole orifice plates. To prevent release of hazardous chemicals
into environment, most researchers are exploring strategies to increase degradation using hydrodynamic cavitation without the
addition of any other chemicals [31,66,85]. The collapse pressure is affected by the (slit and circular) venturi’s flow area, diameter,
and rectangular duct. More cavitational effects were observed in rectangular and elliptical venturi [51] compared to circular venturi
because of their larger accessible perimeters.

The higher degradation of Rh dye while increasing inlet pressure in cavitating devices, increases the rate of local energy dissipation
and the intensity of turbulence [86,87]. As a result, the collapse of cavities rises, resulting in the development of cavitational intensity.
This cavitational intensity leads to accelerated dissociation of water molecules into higher amounts of hydroxyl radicals, which results
in higher degradation rates until an optimum limit is reached [88]. However, as cavitation number exceeds the optimal value (reaches
0), a large number of cavities arise, filling the whole downstream region of the cavitating device and consolidating to form a bigger
cavity [89]. As a result of the random bubble formation, cavities or vapor clouds emerge, causing splashing and vaporization of the
flow. This cavity or vapor cloud development is known as choked cavitation or super cavitation [46,90,91], and it results in cushioned
cavities with minimal collapse. As a result of the cavities’ minimal collapse, cavitational intensity is decreased, and thus smaller
amounts of hydroxyl radicals are generated, resulting in lower degradation rates at higher inlet pressures or beyond the optimal limit
[81,60,92,93]. Efficient reactor design permits enough free radicals/oxidizing species to be generated at lower operating pressures,
reducing energy consumption and operational expenses.

3.2. Effect of cavitation number (hydrodynamic cavitation)

The number of generated cavities and their cavitational intensity largely depend on the inlet pressure and cavitation number.
Hence, it is important to study the hydraulic properties of all the cavitating devices, such as orifices and venturis. The cavitation
number (C,) is generally used to characterize the cavitational intensity and degree of cavitation [94,95], and is calculated by Equation

®

C, = P2 —Dv (1a)

(1/2)p/7?

Where P5 is the fully recovered downstream pressure, Py is the vapor pressure of the liquid, p is the density of the liquid, and v is the
velocity at the constriction which can be found out by the main flow rate and orifice diameter. Shivkumar and Pandit (2002) [72], who
pointed out that the lower the cavitation number, the higher was the extent of degradation of Rh B using an orifice plate. The multiple
hole orifice plate 1 (33 holes, 1 mm diameter) showed a higher cavitation yield of 3.12 x 108 (gm of Rh B degraded/joule of energy
supplied) for a cavitation number of 0.29. The higher cavitational yield obtained was explained by the author results from a reduction
in hole size that reduces the scale of turbulence and raises the turbulent pressure fluctuation frequency, resulting in a more violent
collapse of the cavities, which intensifies the cavitational effect and enhances cavitational yield. Furthermore, it was reported that
plate 1 generates higher cavitational yields that are two times larger than those of any other plates the author has used. Rajoriya et al.
(2017) [69] also reported similar results while studying the effect of the cavitation number on the degradation of Rh 6G using slit and
circular venturi. A maximum 32% decolorization (rate constant of 3.0 X103 min~!) was obtained using a slit venturi (0.07 cavitation
number), while a 29% decolorization (rate constant of 2.5 X 1073 min~1) was obtained using a circular venturi (0.11 cavitation
number) in 120 min at an optimum inlet pressure of 5 bar. The flow rate of fluid through the main pipeline increases with an increase in
the inlet pressure of the venturi and orifices. Consequently, the fluid velocity at the orifice or venturi opening also increases, resulting
in a decrease in cavitation numbers (equation (1)) and an increase in the production of cavities, the collapse of which results in a higher
extent of degradation.

According to reviewer literature, the optimal cavitation number for degradation is in the range of 0.05-0.4. These values are typical
compared to other organic species degraded under cavitation conditions. Additionally, it should be mentioned that venturis yield
better degradation effects than orifice plates due to their ability to achieve lower cavitation numbers. Also, a too low cavitation number
(close to 0, typically below 0.05) results in super cavitation or choked cavitation. Hence, it is important to select the proper cavitation
number range and geometry of the cavitating device in order to obtain better degradation without the use of any external additives or
catalysts.
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3.3. Effect of frequency (ultrasonic cavitation)

In the case of ultrasonic cavitation, the frequency of the ultrasound is one of the most influential parameters and is essential while
treating the wastewater. One of the interesting studies examining the degradation of Rh B using various ultrasonic reactor frequencies
was conducted by Gogate et al. (2004) [96]. The frequency range employed to determine the change in dye concentration was 20
kHz-50 kHz, as well as the dual frequencies of 20 + 30, 20 + 50, 30 + 50, and the triple frequency of 20 + 30 + 50 kHz. Additionally, it
was shown that the induction period lowers as the frequency of operation increases, such as 14 min for 20 kHz, 10 min for 30 kHz, and
6 min for the 50 kHz operation. Furthermore, the dual-frequency and triple-frequency operations did not include an induction period.
The degree of degradation for the single-frequency operation over the course of the entire irradiation duration was said to be in the 20
> 30>50 kHz range. When compared to single frequency operation, the extent of degradation for dual and triple frequency operation
was found to be greater. The combined operation for the 20 + 30 kHz operation resulted in a concentration change of 0.138 g/mL,
whereas the individual operations for the 20 kHz operation and the 30 kHz operation yielded concentration changes of 0.043 g/mL and
0.1 g/mL, respectively. As a result, the combined operation’s concentration decrease is slightly less than what would result from
adding the individual operations. The other combination operations, 30 + 50, 20 + 50, and 20 + 30+50 kHz, also produced results that
were comparable to or somewhat less degraded than the results of the individual operations (when added for the overall effect).

The rarefaction phase shortens as the irradiation frequency rises, which will have two effects: First, to maintain the same level of
cavitation in the system, a higher amplitude (power) of irradiation will be required. In other words, if the same cavitational effects are
to be maintained, more power is needed at higher frequencies. For instance, ten times more power is needed to cause water to cavitate
at 400 kHz than at 20 kHz [97]. This explains why frequencies are often chosen between 20 and 40 kHz. Secondly, the generation of
cavitation in liquids reduces when the ultrasonic frequency is raised towards the megahertz range. The simplest qualitative expla-
nation is that the finite time necessary for the rarefaction cycle of the bubble occurs at a very high frequency, when the rarefaction (and
compression) cycles are getting increasingly short. Additionally, it should be noted that transducers that operate at these high fre-
quencies lack the mechanical ability to produce extremely high ultrasonic power [37].

Overall, it can be concluded that the ultrasonic horn gives higher degradation than the ultrasonic bath, even if the operating
frequency is the same for both systems. When the energy is dissipated over a small volume, as in the case of horn, it provides more
intensive cavitation, hence producing more intensive cavitation. On the other hand, it can be noted that the application of dual or triple
frequency gives higher overall effectiveness compared to single frequency operation. However, this aspect must always be optimized in
terms of energy conception.

3.4. Effect of power density (ultrasonic cavitation)

Ultrasonic power dissipation is a key element that influences the efficiency of dye degradation as well as the energy consumption
and cost of treatment. When ultrasonic power is increased to its maximum value, the rate of degradation also increases due to an
increase in the number of cavitation bubbles and collapse intensity, resulting in a larger formation of hydroxyl radicals. Furthermore,
the turbulence caused by increasing the power density to the optimum improves the mixing intensity. The size of the created bubbles
grows as power density increases. Nevertheless, a larger bubble size leads to a less dramatic bubble collapse, resulting in a slower rate
of degradation. Furthermore, the larger quantum of cavitating bubbles scatters sound waves, resulting in less energy dissipation in the
solution. To achieve optimal dye degradation, the optimum power density is unique to the reactor configuration. Indeed, the
experimental results in the literature can be used to support the discussion. Aguilar et al. (2014) [98] studied the effect of power
density from 100 to 500 W/L on the degradation of Rh B using ultrasounds at 20 kHz. It was reported that decolorization increased
with a reduction in power densities due to the amount of energy dissipated per unit volume. Furthermore, maximum color degradation
of Rh B was obtained at 300 W/L in 200 min of reaction time. In another study, Shivkumar and Pandit (2001) [99] reported that using
the power density parameter instead of the power intensity parameter gives a clear idea of how much power is introduced into a given
volume of solution. According to available reports, at a power intensity of 4.3 W/cm?, the Rh B dye was degraded by 33% within 30
min, after that time its degradation significantly slowed down. As a result, the optimal power density at a level of 250-350 W/L ensures
effective degradation with minimized costs of energy.

3.5. Effect of reaction vessel (ultrasonic cavitation)

When applying ultrasonic cavitation, it is quite exciting to observe the reactions that take place in the vessel, especially when the
treatment is done on a scale that is between 0.1 and 1 L in volume. Based on these, Zhang et al. (2019) [100] investigated the
degradation of Rh B using four different shapes of vessels under ultrasonic irradiation at 250 mL capacity. The three-neck bottle flask,
round-bottom flask, beaker and conical flask were used with an initial concentration of Rh B of 10 ppm, 40 kHz (300W) and 500 rpm. It
was reported that the three-neck bottom flask gives 98.06%, the round-bottom flask gives 94.58%, the conical flask gives 91.75% and
the beaker gives 88.36% degradation of Rh B at 60 min of reaction time. The reason behind the maximum degradation of Rh B using a
three-neck bottom flask rather than other shapes of vessels used in the investigation was reported due to the blocking and reflection of
ultrasonic waves. Due to the flat bottoms of the conical flask and beaker, ultrasonic vibrations rapidly and inertly radiate the liquid.
Uneven container surfaces harm the ultrasonic bath’s standing wave. As a result, the sound field will be more evenly distributed. Thus,
the energy that is produced by the ultrasonic bath can be utilized very effectively. The type of reaction vessel also affects the trends and
should be taken into consideration while selecting the operating conditions.
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Table 2
Degradation process optimization parameters based on reaction variables.
Type of Process Variable Specification Operating parameter ~ Results Reference
HC (Circular Temperature 4 1, reciprocating pump, 1.1 30-40°C 65% degradation at 40°C after 120 min [68]
Venturi)/Rh kW, venturi, (4.90 bar, 10 ppm,
B 2.5 pH)
HC(Circular 4 L, centrifugal pump (3.0 16-60°C 38.5% degradation at temperature of 30°C after [70]
Venturi)/Rh kW), 3 cm depth of horn (Pressure 4 bar, pH 120 min
B 3, 10 ppm dye
concen)
HC/Multi- 300L, Centrifugal pump (3 13-40°C 83.02% degradation and 0.92 x 10-2 min-1 rate  [71]
orifice kW), 18 orifice holes (2 mm (0.3 g/L of CCl4, pH constants at temp of 22°C after 210 min
plate/Rh B diameter) 3.0,3 bar)
HC (Slit pH 201, piston pump, 2.2 kW Slit ~ 2-12 Maximum decolorization of 32.06% at pH 10. [69]
Venturi)/Rh venturi (a = 2.63) Lower decolorization at acidic pH after 120 min
6G
HC (Circular 4 1, reciprocating pump, 1.1 2.5-11 Maximum degradation of 59.3% (TOC reduction [68]
Venturi)/Rh kW, venturi 30%) at pH value of 2.5 after 120 min
B
Ultrasonic 2 L, US bath, 170W, 50 kHz 1.5-13.5 Maximum degradation at basic pH (11.5-12.5) [104]
cavitation/ (120 min, 10 ppm than acidic pH (1.5-3.5) after 180 min
Rh 6G dye concen.)
Ultrasonic/Rh B 250 mL, 20 kHz, 3 cm depth 1-7 42.03% degradation at pH of 3 after 100 min [70]
of horn (10 ppm dye concen,
800 W)
HC(Circular 4 L, centrifugal pump (3.0 1-6 38.7% degradation at pH of 3 after 120 min [70]
Venturi)/Rh kW), 3 cm depth of horn (4 bar, 10 ppm dye
B concen, 25 C)
HC/Multi- 300L, Centrifugal pump (3 2.0-4.0 96.42% degradation and 1.68 x 10-2 min-1 rate ~ [71]
orifice kW), 18 orifice holes (2 mm (0.3 g/L of CCl4, 10 constants at pH of 2.0 after 210 min
plate/Rh B diameter) ppm, 3 bar, temp
13°Q)
Ultraviolet/Rh B 100 mL, 6W of UV lamp 1,7 and 9 73% degradation at pH of 7 in 30 min [105]
(H202 loading 1.67
mM, 10 pM, Temp
25°C)
UV/Rh 6G 500 ml, five of 30 W of UV 2-10 Maximum degradation of 98% at pH of 10, 90% [106]
lamp (0.5 g/L ZnO, 25 at pH of 8, 85% at pH of 4, 90% at pH of 8, 75% at
ppm dye, 180 min) pH of 2 in presence of ZnO
US and UV/Rh B 2L, 2.5-10.5 Maximum degradation of Rh B (32%) and Rh 6G [107]
and Rh 6G US-50 kHz, 170 W, (180 min, 10 ppm) (52%) using US
UvV-11W Maximum degradation of Rh B (25%) and Rh 6G
(40%) using UV
HC (Slit Initial 6 L, piston pump, 2.2 kW Slit 10-50 ppm 32.06% decolorization of Rh6G at initial [69]
Venturi)/Rh concentration venturi (a = 2.63) concentration 10 ppm in 120 min
6G
Ultrasonic 2 L, US bath, 170W, 50 kHz 10, 20 and 50 ppm Maximum degradation 7.9% at 10 ppm after 180 [104]
cavitation/ (180 min, pH 12.5) min
Rh 6G
Ultrasonic/Rh B 250 mL, 20 kHz, 3 cm depth 5,10 and 15 ppm 36.6% Degradation at 10 ppm after 90 min [70]
of horn 800 W
Ultrasonic/Rh B 0.51L, 35 kHz, 170 W 1-10 ppm, Maximum degradation at 5 ppm in 180 min [74]
(Temp 25°C)
HC/Multi- 300L, Centrifugal pump (3 5-20 ppm 85.02% degradation at 10 ppm after 210 min [71]
orifice kW), 18 orifice holes (2 mm (0.3 g/L of CCl4, pH
plate/Rh B diameter) 3.0,6 bar, 13°C)
Ultraviolet/Rh B 100 mL, 6W of UV lamp 2.5-20 pM 96% degradation at 2.5 pM in 30 min [105]
(H202 loading 1.67
mM, Temp 25°C)
UV/Rh 6G 500 ml, five of 30 W of UV 5-200 mg/L Complete decolorization at 25 ppm after 240 min [106]
lamp (0.5 g/L ZnO, 25
ppm dye,pH 10, 180
min)
HC(circular 4 1, centrifugal pump (3.0 6-18 ppm 37.3% degradation at concentration of 10 after [70]
venturi)/Rh kW), 3 cm depth of horn (Pressure 4 bar, pH 120 min
B 3,250C)
US and UV/Rh B 21, 5-50 ppm Maximum degradation of Rh B (20%) and Rh 6G [107]
and Rh 6G US-50 kHz, 170 W, (pH 2.5,180 min) (29%) at 10 ppm using US after 180 min
UvV-11W Maximum degradation of Rh B (18%) and Rh 6G

(24%) at 10 ppm using UV after 180 min
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3.6. Effect of type of UV light

It is interesting to have an understanding of the efficacy of different types of UV lamps on the degradation of contaminants in
wastewater solutions. Aliabadi and Sagharigar (2011) [101] reported that lamps with shorter wavelengths lead to faster degradation.
The kinetic degradation rate constant was in the order of UVC (0.051 min~!) > UVA black light (0.035 min~!) > UVA black light blue
(0.026 min’l) > day light (0.016 min’1)>UV-LED (0.005 min’l). The UVC lamp was reported to show significant enhancement in the
degradation of Rh B due to the maximum illumination intensity. In another study [102], it was also reported that the complete removal
of Rh B at 250 W of UV light took 50 min, whereas 99.42% decolorization of Rh B was obtained using 80W of visible light after 90 min
in the presence of a ZIF-8/BiFeO3 catalyst of 1 g/L. Similar results were also reported by Hiremath et al. (2017) [64], stating that UV
light gives maximum degradation (70%) of Rh B as compared to visible light (40%) in the presence of TiO5 catalysts (150 mg). Bhaskar
et al. (2015) [103] also reported the maximum degradation of Rh 6G of 96.5% and COD removal of 92% at the optimal combined
loading conditions of TiO5 (3 g/L) and CuSO4 (1.5 g/L) using solar irradiation.

Thus, it can be advisable to use UVC lamps as a good source of illumination compared to other UV sources and in tropical countries,
sunlight is the best option if it is available in abundant form.

4. Optimization of process parameters

It is always beneficial to obtain the efficacy of a reaction based on optimizing the reaction variables such as initial dye concen-
tration, pH, reaction volume, temperature, stirring speed etc. After reviewing the literature on optimized parameters based on reaction
variables using cavitational reactors, and photocatalytic reactors for Rh dyes, the most significant operational factors that impact the
overall degradation efficiency of the processes are described in Table 2. Below, an analysis of the influence of the most important
factors is discussed.

4.1. Effect of temperature

The cavitation and/or photocatalysis processes both depend on the operating temperature, which has a significant impact on final
degradation effectiveness. The solution’s physical and chemical characteristics as well as the intensity of the collapse are mostly
affected by the operating temperature. Zhang et al. (2014) [108] investigated the effect of initial temperature on Rh B degradation
using hydrodynamic cavitation (multi-orifice). It was reported that the degradation of Rh B increased with an increase in the initial
temperature for the first 60 min of treatment. However, with a further increase in treatment time to 210 min, the trends of degradation
of Rh B were different. The maximum degradation of Rh B of 83.02% was obtained at 22 °C with a rate constant of 0.92 x 10~2 min™*
and the lower degradation was reported at a higher temperature of 40°C with a rate constant of 0.70 x 10~2 min~'. Similar results were
also reported by Mishra and Gogate (2010) [109] on the temperature effect on the degradation of Rh B using hydrodynamic cavitation
(venturi). It was demonstrated that with an increase in temperature from 30 to 40 °C, a corresponding increase in the extent of
degradation from 56% to 65% was observed. Chen et al. (2016) [110] investigated the effect of temperature on Rh B degradation using
ultrasonic irradiation (60 kHz) in the presence of catalyst -Bi»O3 particles (1 g/L). The author also reported that the degradation
increased from 20 °C (75%) to 40 °C (95.6%) but decreased with a further increase in temperature up to 50 °C in 90 min of reaction
time. Due to favorable kinetics, degradation should increase with temperature. The optimal temperature relies on reactor design
(jacketed or non-jacketed), hydroxyl radical reaction rate, cavitating circumstances, and Rh dyes [111-113], increasing temperature
increases the number of nuclei, cavity development, and pollution degradation to the optimum limit. Beyond the ideal temperature, a
significant number of cavities are formed, filled with more vapor, reducing the intensity of cavitation and decreasing the degrading
effectiveness of compounds. It is known that during the lowering of the surface tension of the liquid along with increased temperature,
the energy of bubble collapses decreases leading to less effective degradation [57]. Importantly, the cavitation number should be
controlled and fixed, while the temperature changes as it changes the density of the fluid. Thus, under different temperature and fixed
flow rate the cavitation number will be a bit different.

Barka et al. (2008) [114] investigated the effect of temperature on the degradation of Rh B using UV irradiation with a TiO5 coated
non-woven paper. It was reported that the rate of degradation of Rh B increased with an increase in temperature (20-40 °C). This
increase in degradation was attributed to higher adsorption capacity of the catalyst. Additionally, increased temperature leads to
higher adsorption of Rhodamine B and it also makes the reaction more competitive with lower rate of e - h + recombination [115], but
it also increases the amount of Rh B that is adsorbed on the surface of the photocatalyst. The rate of desorption of the products
generated is a limiting factor in the reaction when it is working at a low temperature since it is a slower process than the degradation on
the surface and the adsorption of the reactants.

Overall, in general, lower operating temperature values typically from 30 to 40 °C are proposed to be more effective for appli-
cations where cavitational collapse and free oxidizing radicals are the major factors responsible for degradation.

4.2. Effect of initial pH of the solution

Owing to significance of pH in determining the efficacy of contaminant degradation various studies reported optimization of the
degradation process along with the impact of the initial pH of the solution on the extent of degradation. Some of the key findings were
as follows: Mishra and Gogate (2010) [109] investigated the effect of pH on the degradation of Rh B dye using hydrodynamic cavi-

tation (venturi 2 mm in diameter). The range of pH was 2.5-11. A maximum degradation of 59.3% and 30% TOC removal were found
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under acidic conditions, such as pH 2.5. It was also reported that a considerably lower extent of degradation of Rh B was obtained at
alkaline and neutral pH. Ye et al. (2021) [70] investigated the degradation of Rh B using a circular venturi based cavitating device via
hydrodynamic cavitation. The range of solution pH was used from 1 to 6. It was reported that the extent of degradation of Rh B was
higher at low pH than at higher pH. The authors also reported that 38.7% degradation was obtained at a solution pH of 3 and a 19.2%
of degradation at a solution pH of 6 in 120 min of reaction time. Similar results were reported by several other papers [116-120]. The
authors reported that the generation of hydroxyl radicals and its oxidation capacity are higher when exposed to acidic conditions;
hence, the obtained degradation of Rh B was higher. In contrast, the results that were obtained showed divergent trends when the Rh
6G dye was degraded under the influence of pH. In 2013, Banerjee et al. (2013) [121] investigated the effects of the solution’s initial
pH on the decolorization of Rh 6G using ultrasonic irradiation (170 W, 50 kHz). According to the investigation, the experiments
revealed that under more acidic conditions (pH 1.5-3.5), ultrasonic decolorization rates are lower than those at higher operating pH
(pH 11.5-12.5). It was also reported that the decolorization rate increases under strong alkaline conditions, from pH 9.5 to 12.5; at pH
12.5, the maximum extent of decolorization was achieved. According to the authors, Rh 6G exists in two main forms: ionic (Rh 6G™)
and non-ionic (Rh 6G ), which can be used to explain the reported results. Due to the dye’s non-ionic nature, a greater dye quantum is
anticipated under fundamental circumstances close to the site of cavity collapse, resulting in quicker rates of degradation. The hy-
drophilic nature of the pigment could also contribute to the faster rate of degradation when exposed to extremely basic conditions (pH
10) as opposed to the hydrophobic quality in an acidic environment.

The effects of pH on photocatalytic oxidation rates are complicated, and the observed effects are typically influenced by both the
pollutant type and the semiconductor’s point of zero charge (PZC), or more particularly, the electrostatic attraction between the
surface of the catalyst and the pollutant [122]. The pollutant will adsorb most strongly near the catalyst’s PZC, which will result in the
highest degradation rates. Due to the fact that effluent containing dyes is produced in actual industrial operations at a variety of pH
levels depending on the processing parameters, it is essential to evaluate how pH affects the effectiveness of degradation. According to
Patil et al. (2015) [123], solution pH was observed to have an impact on the degradation of Rh 6G in a photocatalytic reactor. In this
experiment, a ZnO-montmorillonite nano-composite catalyst at 1 g/L was utilized, with a pH range of 2-9. When Rh 6G’s solution pH
was 3, the maximum degradation rate was 98.1%; however, as the pH changed to basic, i.e., pH 9, the degradation percentage (91.4%)
decreased as well, revealing the applicability of this catalyst in a wide pH range.

Overall, it was concluded that the effective degradation Rh B favors acidic conditions, whereas Rh 6G favors basic pH conditions
when the cavitation process is used; otherwise, acidic conditions are suitable for significant degradation of both Rh dyes.

4.3. Effect of stirring speed

Stirring speed is one of the crucial parameters in a photocatalytic batch reactor. However, in the case of an ultrasonic horn, it may
be advantageous to keep catalysts in suspension form but is not necessary to employ as ultrasound provides micro-level mixing. Zhang
et al. (2019) [100] investigated the impact of mechanical mixing speed on Rh B degradation rate using an ultrasonic bath at 40 kHz.
The Rh B degradation was studied at speeds of zero rpm to 900 rpm with a dye concentration of 10 ppm in three necked reaction
vessels. When the rotating speed was more than 300 rpm, it was claimed that the degradation rate of Rh B remained almost constant.
Therefore, the authors performed another set of experiments by changing the range of stirring speed from 500 to 1100 rpm to explore
the ideal mixing speed for degradation. Within 45 min of reaction time, the degradation of Rh B was 94.98%, 97.60%, 89.16%, and
89.82% at stirring speeds of 500, 700, 900, and 1100 rpm, respectively. It may be due to the combination of high-speed stirring and
ultrasonication that may enhance a high concentration of bubbles. Under the influence of an ultrasonic sound field, the bubble will
enlarge and compress, which can help to induce cavitation more easily and quickly. Agitation also improved mass transfer efficiency
and solution vortex. The author also suggests that fast stirring rates are not required for efficient Rh B decomposition. The effect of
stirring speed on degradation of Rh B using a photocatalytic reactor was studied by Madjene et al. (2019) [124] and it was reported
that 100% COD removal was obtained when stirring speed was 600 rpm, while 96.79% COD removal was reported when stirring speed
was 575 rpm in the presence of ZnO catalysts. The rate of degradation is significantly influenced by the stirring speed due to the
aggregation and dispersion properties of catalyst particles.

Thus, in general, the high stirring speed keeps the catalysts suspended, resulting in rapid mass transfer diffusion and improved
mixing characteristics, which results in significant degradation of Rh dyes. In the case of a sole cavitation process, the agitation is not so
important as ultrasounds or high linear velocity (HC) provide enough microcirculations or turbulence (respectively) to maintain mass
transfer at the needed level.

4.4. Effect of initial dye concentration

According to the literature, the extent of degradation depends on hydroxyl radical production and the availability of contaminants
for interaction. As a result, the effect of initial Rh dye concentration is a key optimization parameter for achieving more degradation. In
accordance with this, Ye et al. (2021) [70] investigated the effect of initial Rh B concentration using a venturi (2 mm in diameter) as a
cavitating device via hydrodynamic cavitation at a capacity of 4L. The initial Rh B concentration varied from 6 to 18 ppm with a fixed
reaction condition. It was found that with an increase in the initial dye concentration up to the optimum limit, the degradation of Rh B
increases. However, with a further increase in initial Rh B concentration, the degradation of Rh B decreases. It was reported that the
maximum degradation of Rh B of 37.3% was obtained at 10 ppm of Rh B and the minimum degradation of 16% was obtained at 6 ppm
of Rh B concentration. Similar results were also reported by Yi et al. (2018) [80], who reported an increase in the degradation rate from
0.00117 to 0.00136 min ' when the initial concentration of Rh B varied from 20 to 40 pmol L. Identical findings were also reported
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by Behnajady et al. (2007) [74] while investigating the degradation of Rh B using an ultrasonic bath of 35 kHz and output power of
170 W. The range of initial dye concentration was from 1 to 10 ppm, whereas it was reported that due to the increased concentration of
intermediates generated and the limited interfacial region, it was claimed that the decolorization rate falls with an increase in initial Rh
B concentration. The maximum degradation of Rh B was obtained at 5 ppm. The quantity of hydroxyl radicals near the surface of
collapsing bubbles is extremely high [125]. Additionally, an increase in the initial concentration leads to an increase in the degradation
of pollutants, increasing the probability of reaction between pollutants and oxidizing radicals. The quantity of hydroxyl radicals
created by cavitational events is insufficient to compete with the overall number of pollutant molecules in a high-content pollutant

Table 3
Degradation process optimization parameters based on catalytic processes.
Type of Process Variable Specification Operating parameter Results Reference
Ultrasonic cavitation/ Titanium 2 1, US bath, 170W, 50 1.5-4.5 g/L 51.2% degradation at 4.0 g/L [128]
Rh 6G dioxide kHz (pH 12.5; dye
concen.10 ppm, 180
min)
Ultrasonic cavitation 2 L, US bath, 170W, 50 1.5-4.5 g/L 51.2% (US) [128]
+ Ultraviolet kHz (pH 12.5; dye 28.9% (UV)
irradiation/Rh 6G 9 W of UV lamp concen.10 ppm, 180 63.3% (US + UV) degradation at 4 g/L
min)
Solar/Rh 6G 2 L, solar 1.5-4.5g/L 72.3% degradation at 3 g/L [103]
(pH 12.5; dye
concen.10 ppm, 180
min)
Ultraviolet/Rh B 250 mL, 26W 0.4-2.4 g/L Degradation increased from 41.06% to [7]
UV lamps (5ppm, 2pH, 15min)  75.06% for 0.4-1.6 g/L of TiO, and then
decreased
US and UV/Rh B and 21, 0.1-0.4 g/L Maximum degradation of Rh B (85%) and [107]
Rh 6G US-50 kHz, 170 W, (pH 2.5, 10 ppm, 180  Rh 6G (81%) using US
Uv-11w min) Maximum degradation of Rh B (71%) and
Rh 6G (62%) using UV
HC (square venturi) Rh  Fe>* -doped 5L, Self-priming pump 0.05:1.0 M ratio of Fe: 91.11% degradation Fe + TiO» (0.05:1.00 M [51]
B Titanium (2.2 kW) Ti ratio of Fe:TiO, at 550 °C for 3.0 h) whereas
dioxide (at 700 °C for 3.0 h 58.32% HC alone after 150 min
and at 550 °C for 5.0
h),
Ultrasonic/Rh B Aluminum 200 mL, 24 kHz, 60 ppm 8.25 x 1073 min~! for H202 +Al,03+ US; [71
oxide 1.87 x 103 min ! for H,0, +A1,03
Ultrasonic/Rh B Iron oxide 200 mL, 24 kHz, 60 ppm 2.97 x 1072 min~! for Hy0, +FeO + US; [7]
7.39 x 1073 min! for H,0, +FeO
Ultrasonic cavitation/ Copper oxide 2 L, US bath, 170W, 50 1.5-4.5 g/L 52.8% degradation at 1.5 g/L [128]
Rh 6G kHz (pH 12.5; dye
concen.10 ppm, 180
min)
Ultrasonic cavitation 2 L, US bath, 170W, 50 1.5-4.5g/L 52.8% (US) [128]
+ Ultraviolet kHz (pH 12.5; dye 26.4% (UV)
irradiation/Rh 6G 9 W of UV lamp concen.10 ppm, 180 60.8% (US + UV) degradation at 1.5 g/L
min)
Solar/Rh 6G 2 L, solar 1.5-4.5g/L 30.2% degradation at 1.5 g/L [103]
(pH 12.5; dye
concen.10 ppm, 180
min)
Solar/Rh 6G Calcium oxide 21, solar 1.5-4.5g/L 20.6% degradation at 3 g/L [103]
(pH 12.5; dye
concen.10 ppm, 180
min)
UV/Rh 6G ZnO 500 mL, five of 30 W of 0.25-2.0 g/L ZnO Maximum degradation of 95% at 0.5 g/L [106]
UV lamp (25 ppm dye,pH 5.97)  ZnO
UV/Rh 6G UV W, 300 mL pH 8.5 74.70% dye removal and 67.10% for 30 [129]
ZnO prepared by zinc Zn0 0.3 g/L ppm and 50 dye concentration in 90 min,
nitrate precipitation in respectively
urea medium
HC (Circular Venturi)/  Fenton 4 1, reciprocating pump, eSO04Hy0zintheratio  99.9% degradation of with TOC degradation ~ [68]
Rh B 1.1 kW, venturi of 1:5 of 57%.
US and UV/Rh B and 21, FeS04.7H20 loading Maximum degradation of Rh B (83%) and [107]
Rh 6G US-50 kHz, 170 W, of .1-0.4 g/L Rh 6G (82%) using US
UV-11W (H202 fixed 0.2 g/L) Maximum degradation of Rh B (67%) and
(pH 2.5, 10 ppm, 180 Rh 6G (62%) using UV
min)
Ultrasonic/Rh B Iron oxide 200 mL, 24 kHz, 60 ppm 2.97 x 1072 min~! for H,0, +FeO + US; [71
7.39 x 1073 min"! for H,0, +FeO
12
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mixture. As a result, as the initial concentration increases, the degradation rate of the Rh dye decreases. As an example, Kansal et al.
(2007) [126] found that the initial dye concentration had an impact on Rh 6G decolorization in a photocatalytic reactor. It was re-
ported that when the dye concentration was increased, the rate of photo decolorization reduced, indicating that other factor like the
catalyst dose or the time span for complete removal are also important in complete removal. It was also reported that for dye solutions
of 5 and 10 ppm, nearly 100% degradation took place within 30 and 60 min, respectively, and for dye solutions of 25 ppm, almost total
degradation occurred but the required time was 3 h. Degradation of the dye solution containing 50 ppm was 75% in 4 h, and it further
declined as dye concentration was increased. It is essential to remember that the number of moles degraded per unit of energy supplied
may or may not be lower at higher concentrations and that the adverse effects of increased power requirements for treating large
quantities of effluent must also be considered. The Langmuir-Hinshelwood model type can be used to associate the observed rates with
the pollutant’s initial concentration [98,127], but the model’s parameters will be highly dependent on the effluent’s composition as
well as other reactor operating variables for photocatalytic processes.

Summarizing, it is clear that the concentration of pollutant effectively degraded directly relates to the amount of formed radical
species. In the case of sole cavitation-based processes, effective degradation in a reasonable time of maximum 2 h takes place for up to
10 ppm concentration levels, while for photocatalytic processes this level reaches even 50 ppms. In both cases degradation of higher
doses of pollutants is possible but demands a longer treatment time. Generally, these conclusions are positive as typically, in real-world
scenarios, the concentration level of pollutants is of single ppm levels or lower, so these technologies have a high potential for routine
application.

5. Intensification techniques

The "process intensification" is a highly innovative concept applied to improving the productivity of chemical process plants using a
sustainable approach. Process intensification can be achieved by intensifying of mass transfer, increasing the rates of reaction by using
various catalysts (TiO2, MnOs, starch, ZnO etc.), external oxidants (H3O», air, O3, persulfate etc.) and additives (NaCl, surfactants etc.)
or by combining both catalysts and additives based on cavitation or photolysis approaches. The following sections relate to this aspect
in detail. Table 3 lists the most important operational conditions that have an impact on the processes’ total degradation efficiency.

5.1. Effect of catalysts

In this section, the effects of the catalyst and catalyst loading have been evaluated. TiO [63,130-134], MnO; [135,136], CuO
[137-139], ZnO [124,140-143], Ag nanoparticles [12], BisO3 [110,144], C3N4/ZnFe [145] etc. are some of the commonly used
photocatalysts documented in the literature for the treatment of wastewater. The catalyst concentration should be optimized, as
employing a larger dose limits the quantity of photo-energy that can be transported in the medium due to the increased turbidity.
Lab-scale studies are necessary to find the optimal value if proper data are not available in the existing literature, especially for similar
operating conditions. The type and concentration of pollutants and rate of free radical formation will have a significant impact on the
optimal value (depending upon the operating conditions of the reactor). As a result, many researchers used either different individual
catalysts or combinations of doped or immobilized catalysts or catalyst composites to increase the rate of degradation of the Rh family.

Li et al. (2020) [146] investigated the use of the photocatalyst titanium dioxide (TiO3) on the degradation of Rh B using hydro-
dynamic cavitation. The square venturi (LS) tube with a side length of 1.77 mm and a corresponding cross section area of 3.14 mm?
was used as a cavitating device. The TiO, concentration of 0.5 g/L was used for the degradation of Rh B at the 10-ppm level. An extent
of degradation of 58.3% in 150 min was obtained when hydrodynamic cavitation was used as the sole process, HC with Fe>* doped
TiO4 achieved a degradation extent of 91.1%. Chen et al. (2023) [147] reported that the degradation of ciprofloxacin using hydro-
dynamic cavitation coupled with TiO; catalysts decreased from 55.7% to 27.4% when the pH of the solution increased from 7 to 3.
According to the author, this reason was brought on by the corrosion and decomposition of catalysts in acidic environments. Addi-
tionally, the degradation was slowed down by the electrostatic attraction between the ciprofloxacin molecule and the photocatalyst
surface.

Bokhale et al. (2014) [148] studied the effect of a cupric oxide catalyst on the ultrasonic degradation of Rh 6G at a frequency of 50
kHz and a power output of 170 W. Within 3 h of the reaction, it was reported that 52.8% of Rh 6G was degraded at a catalyst loading of
4.5 g/L. Combining this process with ultraviolet light (11 W) gave a slight improvement in degradation — up to 60.8%. In another study,
nano-sized zinc oxide (ZnO) was used for the degradation of acid red B and Rh B under ultrasonic irradiation [149]. It was reported that
sole acoustic cavitation (US bath of 40 kHz and output power of 50 W) gave 8.2% degradation, while the sonocatalytic process allowed
to remove 39.1% of Rh B in 60 min of reaction time. It was also reported that maximum degradation was obtained at pH 13 with a
catalyst dose of 1.5 g/L. Also, pure TiO, photocatalysts were studied for Rh B degradation [150]. Interestingly, a 95.48% degradation
was obtained in only 40 min of treatment. It was explained that the introduction of heterogeneous surfaces results in an increase in the
number of nuclei, and that the amount of catalyst also increases the extent of interfacial cavitation. In this case, dual roles as pho-
tocatalyst and sonocatalyst can be assigned. The catalyst’s surface area is increased during the ultrasonic process by surface pitting and
fragmentation. Additionally, due to the turbulence produced by the cavitating conditions and the improved mass transfer between the
two phases, acoustic and hydrodynamic cavitation leave the catalyst’s surface clean during the treatment. Utilizing an optimal loading
is crucial because the accessible surface and energy flow are both affected by the catalyst loading, which has a negative impact on the
degradation. Based on the literature, it comes to know that there was no study reporting the reusability of metal catalysts (TiO2, CuO
etc) for the treatment of wastewater. Thus, it is important to note here that future research should also include these aspects related to
recycling and reusing the metal catalysts and finding their stability for the degradation of pollutants. It is crucial to evaluate if the
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Table 4
Degradation process optimization parameters based on additional external oxidants.
Type of Process Additional Specification Operating parameter Results Reference
external
oxidants
HC (Slit Venturi)/Rh Hydrogen 6 L, piston pump, 2.2 kW 1:10-1:50 dye: Hy0» 53.72% decolorization with 21.6 x 102 [69]
6G peroxide Slit venturi (¢ = 2.63) min~
HC (Circular 4 L, reciprocating pump, 10 mg/L to 200 mg/L Degradation of Rh B from 59.3% using [69]
Venturi)/Rh B 1.1 kW, venturi, only venturi to 99.9% in the presence of
200 mg L1 H,0, with TOC reduction of
55%.
Ultrasonic 2 L, US bath, 170W, 50 kHz 0.2-3 g/L 77.8% decolorization with 1.25 x 1072 [104]
cavitation/Rh 6G (120 min, 10 ppm dye min~! at 1 g/L of Hy0,
concen., pH 12.5)
Ultrasonic/Rh B 250 mL, 20 kHz, 3 cm depth 0.15-0.75% (v/v) 84.06% degradation at 0.6% H,0-, after [70]
of horn (10 ppm dye concen, pH 100 min
3, 800 W)
Ultraviolet/Rh B 250 mL, 26W 0.1-1 mL/L Degradation increased from 81.62% to [7]
UV lamps (5 ppm, 2 pH, 30 min) 94.46% for 0.1-0.4 mL of H,O, and then
decreased
Ultraviolet/Rh 6G 5 pM, 5 pM H202 60.1% degradation (1.9 x 10-3 min-1) [151]
UV lamp (8W) (21 °C, 10 TiO2 using UV light and 51.6% with rate
White lamp (8W) supported on Rasching constant (1.7 x 10-3 min-1) using white
rings) light
Solar/Rh 6G Salts 2L, solar 1.5-4.5 g/L 26.7% (1.5 g/L of FeSO4) 32.5% (1.5 g/of ~ [103]
(pH 12.5; dye concen.10 NapCO3) 30.7% (1.5 g/L of CuSO4)
ppm, 180 min) degradation
Ultraviolet/Rh B 100 mL, 6W of UV lamp chloride, nitrate, sulfate 69%, 49%, 28% and 44% degradation [105]
and phosphate ions (0.5 using chloride, nitrate, sulfate and
mh/mL) phosphate ions, resp.
(H202 loading 1.67 mM,
7 pH, 10 pM, Temp
25°C)
Ultrasonic/Rh B 0.5L, 35 kHz, 170 W 0.5-2.5 g/L Maximum degradation at 0.625 g/L [74]
(5 ppm, Temp 25°C)
US and UV/Rh B and 2L, 0.1-0.4 g/L Maximum degradation of Rh B (64%) and  [107]
Rh 6G US-50 kHz, 170 W, (pH 2.5,10 ppm, 180 Rh 6G (69%) using US
UV-11W min) Maximum degradation of Rh B (56%) and
Rh 6G (60%) using UV
HC (Slit Venturi)/Rh t-butanol 20 L, piston pump, 2.2 kW 1 mL/L 22% decolorization in 120 min [69]
6G Slit venturi (a = 2.63) (10 ppm initial
concentration slit
venturi)
Ultrasonic 2 L, US bath, 170W, 50 kHz 1.5-4.5 mL/L 26.0% degradation at 1.5 mL/L [128]
cavitation/Rh 6G (pH 12.5; dye concen.10
ppm)
Ultrasonic cavitation 2 L, US bath, 170W, 50 kHz 1.5-4.5 mL/L 26.0% (US) [128]
+ Ultraviolet 9 W of UV lamp (pH 12.5; dye concen.10  37.2% (UV)
irradiation/Rh ppm) 12.3% (US + UV) degradation at 1.5 mL/L
6G
Solar/Rh 6G 2 L, solar 1.5-4.5 mL/L 25.4% degradation at 1.5 mL/L [103]
(pH 12.5; dye concen.10
ppm, 180 min)
Ultrasonic methanol 2 L, US bath, 170W, 50 kHz 1.5-4.5 mL/L 23.7% degradation at 4.5 mL/L [128]
cavitation/Rh 6G (pH 12.5; dye concen.10
ppm)
Solar/Rh 6G 2 L, solar 1.5-4.5 mL/L 20.1% degradation at 1.5 mL/L [103]
(pH 12.5; dye concen.10
ppm, 180 min)
Ultrasonic cavitation 2 L, US bath, 170W, 50 kHz 1.5-4.5 mL/L 23.7% (US) [128]
+ Ultraviolet 9 W of UV lamp (pH 12.5; dye concen.10 46.9% (UV)
irradiation/Rh ppm) 34.0% (US + UV) degradation at 4.5 mL/L
6G
HC (Slit Venturi)/Rh Ozone 6 L, piston pump, 2.2 kW 1-7 g/h Complete decolorization in 10 minat3g/  [69]
6G Slit venturi (« = 2.63) slit venturi h, however, TOC reduction was 73.19%
Ultrasonic CCl4 2L, US bath, 170W, 50 kHz ~ 0.5-1 g/L 22.0% decolorization with 1.82 x 1072 [104]
cavitation/RH (120 min, 10 ppm dye min~! at 1 g/L of CCl4
6G concen., pH 12.5)
HC (Circular 4 1, reciprocating pump, 1g/L 82% degradation and 34% TOC in [68]
Venturi)/Rh B 1.1 kW, venturi (10 ppm) presence of CCl4 (59.3% degradation and
30% TOC w/o CCl4)
(continued on next page)
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Type of Process Additional Specification Operating parameter Results Reference
external
oxidants
HC/Multi-orifice 300L, Centrifugal pump (3 0.3-1.2 g/L 80.38% degradation and 0.81 x 10-2 min- [71]
plate/Rh B kW), 18 orifice holes (2 mm (pH 3.0, 10 ppm, 3 bar, 1 rate constants at 1.2 g/L CCl4 after 210
diameter) temp 13°C) min (70.78% in absence of CCl4)
UV/Rh B Potassium XPA-7 merry-go-round Natural pH, Rh B 35% degradation using UV while 85% [157]
persulfate photochemical reactor, concentration 0.2 mM degradation at 0.2 mM of K,S,0g (0.2
(K2S>08) 300W mercury lamp, mM) at 60 min.
natural pH
Ultrasonic Air 2 L, US bath, 170W, 50 kHz 31.25 cm3/s 22.8% decolorization with 2.3 x 1073 [104]
cavitation/Rh 6G (120 min, 10 ppm dye min~! with air
concen., pH 12.5)
Ultrasonic/Rh B 250 mL, 35 kHz 300W, 25, 40, 60 and 80 kHz Maximum degradation of 98.39% and [73]
(20 ppm, Temp 24°C) 95.388% with and without air after 40
min.
Ultrasonic cavitation CuO + alcohol 2L, US bath, 170W, 50 kHz ~ pH 12.5; dye concen.10 70.07% (US+1.5 g/L CuO+ 1.5 mL/L [128]
+ Ultraviolet 9 W of UV lamp ppm butanol)
irradiation/Rh 67.0% (US+1.5 g/L CuO+ 4.5 mL/L
6G methanol)
US and UV/Rh B and NaCl + TiOy 2L, NacCl of 0.1-0.4 g/L Maximum degradation of Rh B (91%) and [107]
Rh 6G US-50 kHz, 170 W, (TiO2 fixed 0.3 g/L) Rh 6G (91%) using US
UV-11W (pH 2.5, 10 ppm, 180 Maximum degradation of Rh B (56%) and
min) Rh 6G (64%) using UV
Solar/Rh 6G TiO, + CuSO4 2 L, solar 1.5-4.5 g/L 96.5% (3 g/L TiO2+1.5 g/L CuSO4) [103]

(pH 12.5; dye concen.10

89.4% (1.5 g/L CuO+1.5 g/L CuSO4)

ppm, 180 min) 79% (3 g/L CaO+1.5 g/L FeSO,4)

degradation

developed catalyst is really useful in real case scenario, where stability is expected over several treatment cycles. The sonophotoca-
talytic oxidation process can have a synergistic effect on the breakdown of Rh dyes. Due to the huge quantity of hydroxyl radicals that
are available and the increased catalytic activity at the catalyst surface in the combination approach for degradation, acoustic cavi-
tation and photocatalysis together can lead to a greater rate of degradation of Rh dyes.

An interesting advancement in the field of process intensification was proposed by Pino et al. (2020) [151] by TiOz immobilization
on Raschig rings. The degradation process of Rh 6G was aided by UV-VIS light (8 W). A 91% degradation was obtained for this
approach. In a subsequent work, a cotton fabric infused with TiO5 nanoparticles was also studied also for Rh 6G [152]. It was proven
that combining photocatalytic process with ultrasounds allowed for 60% degradation in 120 min. Importantly, it was claimed that
ultrasounds allow for effective degradation of Rh 6G, both adsorbed and remaining in the bulk solution. In another study, a ZnO
catalyst was allowed to degrade 100% of Rh 6G in 8 h using a photocatalytic (UV) process [153].

Kansal et al. (2007) [126], systematically compared several semiconductor-based catalysts in one study for Rh 6G in a photo-
catalytic process. A TiO2, SnO», ZnO, ZnS and CdS were evaluated. It was concluded, that the ZnO, and TiO», had better photocatalytic
activity comparing to other catalysts. The maximum Rh 6G degradation of 98% was obtained for 3 h at a basic pH of 10.

In work of Lops et al. (2019) [154], a ZnO micro-and nanomaterial-based sonophotocatalytic method is suggested to effectively
clean polluted waters from industrial dyes. The sonodegradation of Rhodamine B (Rh B) under ultrasonic irradiation was investigated
for five types of zinc oxide (ZnO), namely micro-and nano-structures, including Desert Roses (DRs), Multipods (MPs), Microwires
(MWs), Nanoparticles (NPs), and Nanowires (NWs). It was reported that sonocatalytic performance of the DRs micro particles (2 pm)
gave best results (Rh B was completely degraded in 180 min), as it produced the most OH radicals when exposed to ultrasonic irra-
diation. It was also reported that combining ultrasounds and sunlight in the presence of DRs micro particles, has a lot of potential and
can serve as a starting point for further research into the effective removal of organic dyes from wastewater.

Mishra and Gogate [109], also studied the effect of FeSO4:H203 in a ratio of 1:5 for a 10-ppm initial concentration of Rh B using HC.
It was reported that 99.9% Rh B degradation and 57% TOC removal were obtained using a 1:5 FeSO4:H20 ratio. Akram et al. (2016)
[155] studied the degradation of Rh B using an ultrasonic bath and horn using the Fenton process. The Fenton process (FeSO4 concen.
1.79 x 1072 mol/L, Hy05 dose of 9.795 mM) was investigated at 0.2 kg/M> and 0.5 kg/M> of dye concentration using an ultrasonic
horn and bath at a pH of 3. It was reported that the US horn was more effective than the US bath. It was also reported that when using
Fenton reagent alone at a higher initial dye concentration of 0.5 kg/m®, maximum degradation of 73.68% was obtained; however,
when using ultrasound and Fenton reagent together, maximum degradation of 92.39% for bath-type and 93.85% for horn-type
sonicators was achieved. The COD removal of 30.66% and 32.91% was reported using an ultrasonic bath and horn in 15 min of re-
action time. Hou et al. (2011) [156] studied the degradation of Rh B using advanced oxidation processes based on heterogeneous zero
valent iron (ZVI) (Fe powder as catalyst) in the Fenton process. It was reported that the effect of ZVI and H,O5 at pH 4.0 provides
complete degradation of Rh B at 1.0 g/L of Fe (0) and 2.0 mM of H203 in 20 min of treatment time. The other combinations of air,
nitrogen and isopropanol were also investigated, but the degradation obtained was not more than 60%.

Rahmani et al. (2022) [27] studied photo-Fenton-PAA and Fenton-Peracetic Acid (PAA) processes for removal of the Rh B dye from
aqueous solutions. The outcomes demonstrated that Rh B removal effectiveness was enhanced by lowering pH (in 3-9 range) and dye
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concentration (in 25-500 mg/L range). Fenton’s PAA process revealed to have a Rh B removal efficiency of 99.9% during 10 min of
treatment. In comparison, this amount of dye might be eliminated in just 5 min using the photo-Fenton PAA technique. The synergistic
effect of the photo-Fenton PAA process in the presence of UV is responsible for the system’s great performance in a short period of time.
The weak O-OH bond in PAA, allows easy activation of this chemical to produce high quantities of hydroxyl radicals for effective
degradation of target contaminants. Additionally, the iron cation in solution forms a complex with Rh B, and this dye-iron complex
then interacts with PAA to increase the removal effectiveness.

In general, for effective degradation of Rh dyes, it is important to select the appropriate type of catalysts in order to improve the
effectiveness of degradation to an optimal level. The use of process intensification characteristics such as the addition of solid particles
such as TiO, CuO, and others gives either extra nuclei for cavitation phenomena or active surface sites for oxidation reaction, resulting
in net chemical and physical consequences. It can be also noted here that the complete degradation of Rh dyes is possible with the help
of TiOz and ZnO catalysts (among other catalysts) using combined treatment with cavitation as well as photocatalytic process under
the optimized condition. The combined influence of these two phenomena will be determined by the system in question; as a result,
optimization is required before operating parameters may be selected for actual operation.

5.2. Effect of external additives

Several external additives can be used to increase the degradation effectiveness in hybrid systems. In this paragraph only final
homogeneous systems were discussed (i.e., were additives are soluble in aqueous phase). The various external oxidants includes
(hydrogen peroxide, persulfates, carbon tetrachloride (now prohibited, hence it is not used further)), air, ozone, etc. Table 4 sum-
marized the various external additives used for degradation of Rh dyes using AOP based treatments. On the basis of presented data, it is
clear that the external additives play an important role in enhancing the rate of degradation as compared to catalysts.

In the case of hydrogen peroxide, the oxidation potential of hydrogen peroxide is quite high despite the fact that it is a weak acid.
Higher degradation occurs when hydrogen peroxide is subjected to cavitating conditions because it is converted to hydroxyl radicals
(2.8 eV) [158]. In addition, the dissociation of hydrogen peroxide molecules under cavitation conditions produces additional hydroxyl
radicals. Increased degradation of Rh B by addition of hydrogen peroxide has been reported by Wang et al. (2009) [159] using a
swirling jet hydrodynamic cavitation reactor. It was reported that maximum degradation of 99.1% was obtained at molar ratio of
oxidant/pollutant (rox) as 210:1. It should be noted that reported excess is out of reasonable dose, making this process non-economic.
Mishra and Gogate (2010) [109] also confirmed an increase of Rh B degradation from 59.3% to 99.9% with addition of oxidant from
(expressed as molar ratio of oxidant/pollutant (rox)) 14:1 to 275:1, with a 55% maximum TOC reduction. In a 2013 study, Banerjee
et al. (2013) [121] examined the impact of hydrogen peroxide additions on the (170W, 50 kHz)-induced degradation of Rh 6G using
ultrasonic irradiation. It was reported, that the rate of decolorization of Rh 6G enhanced up to 77.8% at rox of 1000:1, while 20% rate
of decolorization was reported with sole mechanical stirring. Hinge et al. (2016) [107] reported the combined degradation of Rh B and
Rh 6 G of 30%-61% for Rh B and 34%-65% for Rh 6G using ultrasonic irradiation, 20%-45% for Rh B and 27%-52% for Rh 6G using
ultraviolet irradiation at ratio of 139:1 to 275:1, respectively. Higher dose of HpO, caused decrease of degradation due to
self-scavenging of radical species by excess of oxidant molecules. A significant enhancement in degradation to 72% for Rh B and 75%
for Rh 6G was reported for combined treatment of US and UV irradiation as predicted. However, still such results should be named as
unsatisfactory.

However, as HyO, concentrations increased beyond an optimum limit, the extent of degradation decreased as hydrogen peroxide
acts as a scavenger at higher concentrations.

Inorganic ions are often found in industrial wastewater, and therefore it is advisable to establish the effect of these ions on the
photocatalytic degradation of dye. Considering these Bhaskar et al. (2013) [103] analyzed the effects of 1.5-4.5 g/L of FeSO4 and
CuSOy4 for sulfate ions and NapCO3 for carbonate ions using TiOs/solar irradiations. It was reported that degradation of Rh 6G
decreased while concentration of salts increased. At lowest concentration of dissolved salts (1.5 g/L) a 26-32% degradation was
obtained (comparing to 9.2% in deionized water) depending on used salt. The maximum degradation of Rh 6G of 96.5% was obtained
using optimal TiO3 (3.0 g/L) 4+ CuSO4 (1.5 g/L). Use of inorganic ions split into cations (Fe2+, Cu2+, Na?") and sulfate ions (SO?{) using
solar energy gives additional oxidation mechanisms. Under solar irradiation, sulfate ions can be converted to sulfate radicals and
hydroxyl radicals (OH®), which provide enhanced degradation of Rh 6G [26,27]. At higher concentrations, anions generally have a
scavenging effect, thereby reducing the interactions of the pollutant with generated free radicals and thereby reducing the extent of
degradation [28,29].

Mishra and Gogate (2010) [109] studied the effect of carbon tetrachloride (CCly) on the degradation of Rh B using hydrodynamic
cavitation (venturi). It was reported that around 82% degradation and 34% TOC reduction were obtained using CCly, while 59.3%
degradation and 30% TOC reduction were obtained in the absence of CCl4 The increase in the rate of Rhodamine B degradation can be
explained by the fact that carbon tetrachloride, a volatile chemical, enters the cavitation bubbles produced cavitation and undergoes a
conversion to radical species during the bubbles collapse. This phenomenon yields chlorine-containing radicals (such as *Cl or *CCl3).
Additionally, hydroxyl radicals formed by the sonolysis of water molecules opens a sequence of chain reactions that result in the
production of other oxidizing species that can react with target pollutants. This significantly accelerates the Rh B degradation. In other
study, usefulness of CCl4 was confirmed also towards methyl orange degradation under acoustic cavitation conditions. A 160 times
increased degradation was reported, resulting in 0.0635 min ! degradation rate in 60 min min [160]. A one of important drawback of
this process was relatively high concentration of CCl4 (1000 ppms) which makes this process not environmentally feasible.

Bokhale et al. (2014) [148] conducted a study in order to better understand the precise role of hydroxyl radicals in the oxidation of
Rh 6G in the presence of n-butanol and the probable scavenging activity of methanol. For ultrasonic irradiation experiments, both
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n-butanol and methanol were loaded in the 1.5-4.5 ml/L range. In the case of methanol, it was reported that with an increase in the
concentration of methanol from 1.5 mL/L to 4.5 mL/L, the extent of degradation also increased from 18.4% to 23.7%. However, in the
case of n-butanol, it was reported that the extent of degradation of Rh 6G decreased from 26.0% to 11.9%, which indicates the role of
scavenging effect in terms of n-butanol. Higher n-butanol concentrations have adverse impacts. It follows from competitive behaviour
in respect to reaction with hydroxyl radicals. The outcome demonstrates that the hydroxyl radical is crucial to the sonolytic breakdown
of Rh 6G and that a significant scavenging action has adverse implications. It’s also crucial to note that because n-butanol is less
volatile than methanol, its greater presence in the bulk results in a stronger scavenging effect on hydroxyl radicals. Overall, hydroxyl
radicals are consumed by undesirable reactions of OH* with alcohols, which reduce dye degradation. The activity of alcohols in
changing the concentration of the bubbles can also be used to explain an increase in the extent of degradation at lower concentrations
of alcohol. According to Riesz et al. (1992) [161], OH radicals can be created either within the bubble itself or at the interface between
the bubble and the water in stable cavitation bubbles. There is a possibility that the properties of cavitation bubbles and the formation
of radicals during sonication are strongly related to one another. The prolonged expansion duration of bubbles at 50 kHz improves the
chance of OH and H radical recombination [161]. This suggests that at lower ultrasonic frequencies, it will be more challenging to
transfer OH radicals to the bubble-solution interface. Alcohol can increase the number of active bubbles by adsorbing on the bubble
surface during low frequency sonication, which prevents bubble coalescence [162]. The extent of cavitational intensity increases as a
result of the increased number of active bubbles, resulting in an overall increase in the level of degradation. Additionally, it is
anticipated that methanol will contribute more to increasing the number of active bubbles because it has a greater impact on the
stability of cavitation bubbles than n-butanol, leading to higher degradation effectiveness.

In a 2013 study, Banerjee et al. (2013) [121] examined the addition of air during the ultrasonic irradiation (170W, 50 kHz)-induced
degradation of Rh 6G. Air-assisted acoustic cavitation increased the rate of decolorization by up to 22.8%. The decolorization of Rh 6 G
with ultrasonic irradiation alone was also tested, and it was found that only 9% of Rh 6G was degraded. Hence, it clearly indicates that
the introduction of air helps to enhance the degradation by providing additional nuclei to generate cavities, however in overall this
process in not effective for Rh 6G degradation. In other study AC was combined with ozone and UV light for degradation of Rh B [163].
Ultrasonic baths with frequencies of 20 kHz, 45 kHz, and 80 kHz. It was reported that the decolorization rate decreased from 97.67% to
72.8% with an increase in initial dye concentration from 50 ppm to 200 ppm. It follows from different mole ratio of oxidant to pollutant
(rox) which should be used as optimization parameter, but the authors focused only on one parameter at the time, which limited the
applicability of their conclusion. Surprisingly, it was found that the degradation effectiveness was not significantly affected by the
solution pH from 2 to 10 and maximum degradation of Rh B was 85.64%, reported at pH 2. Generally, it would be expected to find
much higher effectiveness for basic pH which is generally preferred for ozone based AOPs [57,60,164]. Importantly, it was found that
the degradation increased along with increase of ultrasounds frequency from 89.02% to 95.24% for 20 kHz and 80 kHz in 10 min,
respectively. The best process based on AC-O3-UV gave 98% degradation in 10 min treatment depending on UV lamp power (8-32W)
after 10 min, respectively. It is worth to highlight relatively low power (8W) of UV that revealed to be enough to effectively assist the
process. In same time COD removal was almost 40%. On the other hand, almost quantitative degradation obtained in 10 min makes
this process reasonable for application in real case scenario.

Huang et al. (2022) [165] investigated the degradation of Rh B assisted by hypocrellins (HYPs) (Ascomycota fungi) using a
photocatalytic AOP. It was reported that maximum degradation of Rh B of 82.4% was obtained at alkaline pH using the combined
effect of hypocrellins (0.18 mM) and H203 (0.33% w/w) within 60 min. The degradation of 20.3% and 54.9% was obtained for sole use
of H,04 or hypocrellins respectively. It was explained that the HYPs have high photocatalytic activating in the generation of reactive
oxygen species (ROS). HYPs showed excellent photochemical properties such as oxygen generated from HYPs via photocatalytic re-
actions could be captured by hydrogen peroxide, resulting in a promotion of hydroxyl radicals’ generation which are considered to be
primary ROS agent that targets the organic pollutants and responds to degradation.

When persulfates are activated by heat, light, chemicals, electrochemically, or by cavitation, sulfate radicals as well as hydroxyl
radicals are formed. Due to cavitation, additional formation of numerous oxidizing radicals, such as SO%, SO%, and HO®, are
responsible for significant degradation based on the possible synergistic effect of cavitation or UV combined with a sulfate system.
Zawadzki et al. (2021) [166] investigated the effect of persulfate (PS) in combination with UV and ozone to degrade Rh B. It was
reported that maximum degradation of Rh B was 70% in presence of PS while only 17% was reported for sole use of UV irradiation. In
another study of same author [167], it was reported that maximum of 49% and 67% of Rh B was degraded using US and UV irradiation
in presence of PS (20 mM) in 60 min, while without of oxidant only 29% reduction was observed. The combined operation of US (40
kHz) and UV under optimal PS dose, enhanced the degradation to 85%. Increase of the reaction time to 180 min enhanced the
degradation to 95%.

The degradation of Rh 6G using a combined study of US and UV irradiation was also investigated by Banerjee et al. [121]. It was
reported that the use of combined treatment of US and UV irradiation was more significant in the presence of hydrogen peroxide. The
maximum degradation of 1.5% using UV, 8.7% using US and 20.2% combined operation of US and UV was reported, while in com-
bination with 1 g/L of Hy0,, the degradation of 70.8% was obtained. In another article a significant improvement of Rh B degradation
in the presence of nano-sized ZnO particles under ultrasonic and solar irradiation was reported [154]. A combined process allowed to
obtain 100% degradation in just 10 min of treatment time. Beside high effectiveness, the combined treatment process revealed to
ensure effective cleaning of photocatalysts surfaces, avoiding accumulation of contaminants or reaction intermediates which provide
easy re-use of catalyst.

The comparison of acoustic and hydrodynamic cavitation was also studied by Ye et al. [70] for degradation of Rh B. An ultrasonic
horn with a frequency of 20 kHz and a power of 1200 W was compared with a HC system based on a circular venturi with a 2 mm
diameter throat section. It was reported that the maximum degradation of Rh B was obtained using ultrasonic cavitation rather than
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hydrodynamic cavitation based on the individual optimum conditions. It was also reported that the maximum degradation was
comparable for both systems (42% for AC vs 39% for HC in 120 min of treatment).

Gu et al. (2020) [168] used a unique technique of laser cavitation (LC) for treating Rh B dye contaminants. A LC system consisting
of laser light of 1064 nm wavelength, 2Hz frequency, and 8 ns pulse width was created to conduct a single cavitation bubble. It was
reported, that at 150 mJ (6 mL of volume) of introduced energy, the Rh B (Initial concentration of 20 mg/L) was degraded almost
quantitatively (98.4%) after 180 min of treatment time. Rh B was degraded by LC due to thermal decomposition of molecule and
reaction with hydroxyl followed by N-de-ethylation, and chromophore group cleavage. Similar mechanism was proposed in the
literature also to other types of organic pollutants [95,169-171].

6. Degradation mechanism

The degradation mechanism of Rh dyes has been discussed based on cavitation and photocatalysis processes and is depicted in
Fig. 4.

When cavitation or UV light conditions (such as high energy densities) are sufficient, Rh dyes are degraded via an oxidation
mechanism that commences with an attack by free radicals on the dye molecule, followed by a reaction with intermediates. During the
cavitation phenomenon, Rh dyes undergo degradation mostly by N-de-ethylation process. The Rh dyes were found to be exceptionally
stable under irradiation even when there were no catalysts or external oxidants or additives present. Contrarily, when Rh dyes were
exposed to ultraviolet light in the presence of any catalysts. The majority of the N-de-ethylation processes were caused by the for-
mation of a nitrogen-centered radical during the degradation of the Rh dyes’ chromophore structure. The central carbon of Rh dye may
be attacked by photo generated active species like OH* and hole, which will degrade the dye and further degrade Rh dyes via the N-de-
ethylation process.

To measure the major by-products of the dye molecule degradation, LC-MS is mostly preferred. However, to obtain more detailed
information about the low-molecular (volatile) intermediate products, GC-MS was used. The major intermediate products name and
structure of Rh B and Rh 6G have been listed in Table 5. Similar intermediate products formation after degradation of Rh dyes using
either cavitation or photocatalysis techniques were also reported [9,69,172,173]. The N-de ethylation process, esterification,
carboxylation and dealkylation reactions were reported by various authors during the degradation of Rh dyes. For example, GC/MS
results [155] provided strong support for the microwave-enhanced photocatalytic (UV-based) cleavage of Rh B’s conjugated xanthene
and its N-de-ethylated intermediates [165]. Rh B was N-de-ethylated, and its conjugated structure was further degraded in this system.
Following the degradation of Rh B’s conjugated structure, two additional steps of degradation were based on ring-opening reaction,
resulting in the production of certain carboxylic acids molecules that eventually mineralized into water and carbon dioxide.

The N-de ethylation processes during degradation causes formation of nitrogen radical [47,49,50]. During these processes, the
main intermediates had mass to charge ratio (m/z) values from 359 to 443 followed by another possible way of carboxylation process

Rh dye + H,O ’
L 2 [ Electron |
v 4
P s—
N~ T
® et
—
[ —
Hydrodynamic = Organic - CO-
cavitation Ac?usflc Pollutant | H,0-C0;
cavitation
C“""‘mﬂ ' Cavnatmn
Effect
‘ Positive hole
A) Cavitation degradation mechanism B) Photocatalysis degradation mechanism

Fig. 4. Degradation mechanism of Rh dyes using cavitation and photocatalysis.
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Table 5
Major formed intermediate products name and structure of Rh B and Rh 6G after degradation [11,84,170,171].

m/z value Name of intermediates Structure of intermediates

Molecular peak

(443)
Rhodamine B Rhodamine 6G
(415) (Z)-N-(6-amino-9-(2-(ethoxycarbonyl) phenyl)-2,7-dimethyl-3H-xanthen-3-ylidene)- P
ethanaminium |\7\C00£l
. e =
H | s
SNTNF oSN,
(401) (Z)-N-(6-amino-9-(2-(ethoxycarbonyl) phenyl)- 2-methyl-3H-xanthen-3-ylidene) e
ethanaminium S UCOOEt
H,.\'-\'I/\;\/o\/;)‘\-ﬁﬁ
(387) 6-Amino-9-(2-(ethoxycarbonyl)phenyl)- 2,7-dimethyl-3H-xanthen-3-iminium P
S COOEt
\IA/%/
HN— g~ S ~=NH,
(386) (E)-N-(9-(2-(ethoxycarbonyl) phenyl)- 7-methyl-3H-xanthen-3-ylidene)- ethanaminium ©\
COOEt
(373) Ethyl 2-(6-amino-2,7-dimethyl-3H-xanthen-9-yl) benzoate
(372) 9-(2-(ethoxycarbonyl) phenyl)- 2,7-dimethyl-3Hxanthen-3-iminium
N
(¢}
(359) Ethyl 2-(6-amino-2-methyl-3H-xanthen-9-yl) benzoate O
COOEt
B
H,N 0
(358) Ethyl 2-(2,7-dimethyl-3H-xanthen-9-yl) benzoate ‘ N
7 COOEt
™
0
(300) 1,7-dimethyl1-9-phenyl-3H-xanthen-3-iminium JJ /\j"o'“l’/r" _:r-lg_—}!;
ch./ - -\f'- o -"CH;
R
i
o
(344) Ethyl 2-(7-methyl-3H-xanthen-9-yl) benzoate f SN
7 COOKt
R
ZN0
(312) (Z)-6-(carboxyamino)-3-(ethyliminio)-2,7-dimethyl-3H-xanthen-9-ylium HO CHy

MO0 e NH

e

» = -
e — ._Oty e CH:\

(continued on next page)
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Table 5 (continued)
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m/z value Name of intermediates Structure of intermediates
(298) (Z)-6-(carboxyamino)-3-dimethyl-3-(methyliminio)-3H-xanthen-9-ylium
(286) 6-amino-1,7-dimethyl-9-phenyl-3H-xanthen-2-ylium

(284) 6-(carboxyamino)-3-iminio-2,7-dimethyl-3H-xanthen-9-ylium

(272) 1,7-dimethyl1-9-phenyl-3H-xanthen

(258) 6-Amino-9-phenylcyclopenta [b] chromenylium

(155) 2-cyno-2propanoic acid

(146) Adipic acid

(132) 2-Hydroxypentanedioic acid

(122) Benzoic acid

(232) 8-Phenyl-3H-dicyclopenta [b, e] pyran-2,6-diylium

(90) Oxalic acid

where the intermediates of m/z value of 282 to 254 were appeared. After this, the dealkylation process was taken place where these
formed intermediates are further oxidized into benzoic acid, phthalic acid, adipic acid, glutaric acid (m/z values from 90 to 122) etc.
and then further mineralized into carbon dioxide, water, nitrous oxide and ammonia. Intermediate chemicals generated during the
degradation of Rh B dye in the presence of conventional irradiation sources are consistent with those described in the published

literature [174].

Overall, the reported data suggest that radicals generated during cavitation or other AOPs react with the Rh dye or another organic
chemical to produce a wide variety of intermediates. According to reported data it can be stated that Rh dyes can undergo a complete
mineralization, with no hazardous by-products being formed.
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Table 6
Evaluating acute and chronic toxicities of CBZ and its DPs (in the units of mg/L") towards Fish, Daphnia, and Green Algae.
Compound Fish (LCso) Daphnia (LCso) Green Algae (ECsp) Fish (ChV) Daphnia (ChV) Green Algae (ChV)
i 0.037 0.031 0.128 0.006 0.010 0.084
0.143 0.115 0.359 0.021 0.029 0.204
0.363 0.535 0.224 0.006 0.018 0.141
m/z = 401
0.703 0.385 0.566 0.010 0.151 0.378
m/z = 387
0.127 0.102 0.323 0.019 0.026 0.184
0.637 0.310 0.463 0.008 0.125 0.318
% m/z = 373
Ny 0.164 0.130 0.390 0.024 0.032 0.216
V\V@” m/z = 372
u,,\"\f‘\(,/\
[// o 0.899 0.883 0.190 0.015 0.303 0.698
_ L myz = 359
u,x—'\_fku ~
N 0.036 0.030 0.120 0.006 0.009 0.077
[ 0% m/z = 358
Ao OS]
W 0.260 0.200 0.529 0.036 0.046 0.274
0.107 0.086 0.275 0.016 0.022 0.158
0.743 0.986 0.808 0.022 0.066 0.390
0.990 1.267 1.309 0.035 0.108 0.575
0.560 0.348 0.501 0.008 0.132 0.326
2.04 14.21 14.34 0.065 3.14 5.46
0.147 0.116 0.334 0.021 0.028 0.181
1.086 2.750 3.221 0.025 0.764 1.528
736.394 10608.0 116.10 511.771 4353.366 12.390
0 46871.04 22596.1 8557.15 3777.32 1397.58 1556.61
W, o N
NS ey /2 =146
L
oH o 170000 53899.4 16921.4 8936.9 2938.4 2782.4
y L m/z=132
&7 SN o
o 1300.7 730.0 518.3 125.4 68.9 132.2
H—' “ton m/z =122
) 0.105 0.084 0.249 0.015 0.021 0.137
T m/z = 232
‘]i 168000 67473.3 12070.3 10917.6 2519.06 1460.6
o T M/Z =90

]

@ Estimating acute toxicities in line of European Union criteria (defined in Annex VI of the Directive 67/548/EEC), i.e., LCso > 100 or ECso > 100 is
Not harmful, 10< LCsp < 100 or 10< ECso < 100 is Harmful, 1< LCso < 10 or 1< ECso < 10 is Toxic, and LCso < 1 or ECsg < 1 is Very toxic and
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chronic toxicities were evaluated as per Chinese hazardous compounds evaluation standards (HJ/T154-2004), i.e., ChV>10 is Not harmful, 1< ChV
<10 is Harmful, 0.1< ChV <1 is Toxic, and ChV<0.1 is Very toxic.

It is crucial to assess the toxicity of the Rh dye’s family by-products produced during their degradation. In order to assess the acute
toxicity of each by-product that is produced after the degradation in relation to standard organisms, an Ecological Structure Activity
Relationships (ECOSAR) study for the Rh dye family was conducted in this evaluation in accordance with European Union guidelines.
The details of the assessed acute and chronic toxicities of CBS and its DP value in mg/L for fish, daphnia, and green algae are provided
in Table 6. According to Table 6, the majority of the by-products created after Rh dye degradation are highly hazardous. It was
particularly observed for by-products having molecular mass in the range of 232-443. The intermediates having lower molecular mass
revealed to have much lower toxicity. It follows from their less complex structure and lower number of peripherial functional groups
making them more inert towards test organisms. Furthermore, it was found that green algae were the most sensitive indicator for
analyzed by-products. Most frequently, the less severe acute and chronic toxicity was observed for lowers molecular mass by-products
(90-155 g/mol range). It confirms the need of effective mineralization of primary pollutants to provide really treated effluent.

To the best of our knowledge, this work is the first attempt to comprehensively analyse toxicological effects of the Rh dye family
and their degradation by-products using standard organisms. This should serve as motivation for future research on how organisms
behave when exposed to Rh dyes. The results of the toxicological assessment serve as a warning about the toxicity of the Rh dye family
and the ineffectiveness of the suggested treatment for reducing these effects.

7. Energy efficiency and cost analysis for hydrodynamic cavitation reactors

After understanding the dependency of optimized parameters and intensified techniques for the efficient degradation of Rh dyes, it
is important to evaluate the technical and economic feasibility of any process at an industrial scale of operation. Cost and energy
efficiency are among the decisive factors that pave the way for up-gradation of any process. The comprehensive details of important
data related to cost and degradation have been reported in Table 7. The pump, ultrasonic transducers, and UV lamp are the major
components, whereas the cavitating device, piping, electrical connections, and reactor body are the minor components in hydrody-
namic cavitation, ultrasonic irradiation, and ultraviolet irradiation, respectively. The major components of all three treatment tech-
niques play a decisive role in the treatment cost. In addition to that, the effect of operating parameters such as treatment time, volume
of reaction, temperature, stirring speed, and volume of reaction plays an important role in deciding the economic feasibility of the
process. For instance, the inlet pressure, ultrasonic frequency, and power of the ultraviolet lamp of respective treatment techniques and
their treatment time directly affect the cost of the treatment. Thus, it can be said that the cost of the treatment is more sensitive to the
treatment time rather than the other operating process parameters based on the reactor (inlet pressure, ultrasonic frequency, etc.).
Choice of component also plays an important role in the overall cost and efficiency of process. For instance, in one of the recent studies
by Roy and Moholkar [119], while using a positive displacement pump of 1.1 kW power rating, it was reported that the optimum inlet
pressure was 3 when a slit venturi was used, whereas the optimum inlet pressure was 5 bar when a circular venturi and orifice plate
were used. Hence, it can be clearly established here that the slit venturi gives significant degradation at lower operating conditions as
compared to the required operating conditions of the circular venturi and orifice plate. Even though the fabrication of the venturi is
more complicated and costlier than the orifice plate, the slit venturi is still preferred for the degradation purpose due to its lower
pressure drop. Consequently, more cavities are generated and collapsed, which reduces the treatment time and, hence, the operating
costs will be lower with the use of slit venturi. Das and Gogate reported that the treatment cost required for 29% degradation of Rh dyes
using slit venturi [69] was US$13.7/m3, which is quite lower than the circular venturi [68] (US$ 32.2/m? for 23% degradation) and
orifice plate [68] (US$ 36/m? for 20% degradation). This energy efficiency can be calculated in terms of cavitational yield, which can
be defined as the observed extent of degradation of the pollutant per unit of energy supplied to the system [113]. In their investigation,
Gu et al. [168] reported that the cavitational yield was found to be higher in the case of laser cavitation as compared to hydrodynamic
cavitation. It was also reported that when the degradation of Rh B was in the range of 70.8%-98.4%, then the cavitational yield was in
the range of 3.64 x 107> to 7.87 x 10~° which is quite larger than the hydrodynamic cavitation (cavitational yield of 1.50 x 107 to
6.59 x 107> for 15%-87%) and acoustic cavitation (cavitational yield of 1.56 x 107° to 2.97 x 107° for 45%-88%). This increased
cavitational yield was reported due to the higher Rh B degradation and lower power dissipation per unit volume. Thus, overall, it can
be easily established here that hydrodynamic cavitation is more energy efficient than acoustic cavitation. Furthermore, using additives
and catalysts in combination with other AOPs techniques (cavitation or ultraviolet irradiation) can reduce operating costs by pro-
ducing a synergistic effect that increases oxidant formation while decreasing treatment time [175,176].

8. Design of reactors and recommendations for future work

When employing a cavitation reactor to improve Rh dye degradation, it’s critical to increase the cavitational yield, which measures
how much degradation occurs per unit of introduced energy. The collapse intensity, which in turn depends on the cavity life, size, and
collapse time, determines the cavitational yield. The type of cavitating device, inlet pressure, and other parameters all influence these
variables. Following a thorough review of the current literature, we’ve compiled a list of design and scaling-up strategy suggestions.

One of the most important factors in determining the maximum rhodamine degradation is the type of cavitating device used (orifice
or venturi). Flow geometry, the size of the constriction, and the size of the pipe all influence the choice of cavitating devices like orifice
and venturi. The cavitation number can be decreased, which raises the cavitational intensity, with the right flow shape and pipe size. It
should be noted that using an orifice rather than a venturi may be more advantageous since it allows for the achievement of maximal
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Table 7
Detailed data of degradation of Rh dyes using various methods.
Method Device Pressure Initial Concen. (ppm) Final concen (ppm) Volume Time % Degradation Power density Cavitational Ref
(Bar) L) (min) J/L) Yield (mg/J)
HC/Rh B Venturi 6 5 1.25 4 120 25 1.98 x 10° 6.31 x 1077 [68]
HC/Rh B Orifice 6 5 1.25 4 120 20 1.98 x 10° 5.05 x 1077 [68]
o HC/Rh B Orifice 4 3 0.441 50 169 14.7 6.08 x 10° 7.24 x 1077 [177]
@« HC/Rh B Swirling 4 3 0.747 50 169 24.9 1.62 x 10° 4,60 x 107° [177]
HC/Rh 6G Slit venturi 7 10 3.206 6 120 32.06 2.64 x 10° 1.21 x 10°° [69]
HC/Rh 6G Slit venturi 7 10 2.965 6 120 29.65 2.64 x 10° 1.12 x 107 [69]
HC/Rh B Circular venturi 4 10 3.87 4 120 38.7 5.40 x 10° 7.16 x 1077 [70]
US/Rh B us - 10 3.66 0.25 90 36.6 1.72 x 107 2.11 x 1077 [70]1
US/Rh 6G 170W, 50 kHz - 10 2.9 2 180 29 9.18 x 10° 3.15 x 107° [107]
Laser cavitation 2Hz - 20 14.16 6 180 70.8 1.80 x 10° 7.87 x 107° [168]
Laser cavitation 2Hz - 20 19.68 6 180 98.4 5.40 x 10° 3.64 x 107° Gu et al. [168]

A\ MOST

I 32 POYOW A’V

0ZZ001 (£20Z) 0€ ABSNpUJ pub $2.4n059Y LIDM


http://mostwiedzy.pl

A\ MOST

A.V. Mohod et al. Water Resources and Industry 30 (2023) 100220

intensity, which improves treatment effectiveness — especially for complicated effluents — by allowing for more intensity. It may be
claimed that when comparing the circular and slit venturi, the slit venturi is preferable because it results in increased cavitational
activity. It is vital to note that the best cavitation number is often between 0.15 and 0.2, which is based on the correct selection of the
geometries and finely the defined cavitation number is obtained by proper linear velocity of the fluid through the constriction
regulated by volumetric flowrate or diameter of the constriction. Various orifice plate designs that might be used in hydrodynamic
cavitation are depicted on Fig. 5.

Studying the cavitational intensity when two half holes with lower diameters and the same or different sizes in the orifice plate are
combined is fascinating. In case IV (Fig. 5), where plates have various layouts of smaller and larger diameter holes, better results are
obtained. Higher turbulence is produced by holes with a smaller diameter, while higher cavitational intensities are produced by holes
with a bigger shear layer area.

There have been a few fascinating designs of hydrodynamic cavitational-based reactors documented by various researchers. Xu
et al.(2010) [178], reported air-bubble cavitation using small glass balls. In this technique, the authors created a 1 L lab-scale
equipment filled with 3.0 mm-3.5 mm glass marbles. The reactor is a 10-cm-diameter, 30-cm-tall cylindrical tank. The batch
reactor was pumped from the bottom with air. During the process, original air bubbles were split up by little glass balls, resulting in
many small bubbles. In order to lower surface tension and energy, two or more little air bubbles quickly unite to produce a larger one.
When the inner wall tension between two bubbles reaches a maximum limit, it bursts and collapses rapidly, as in cavitation. Using this
innovative cavitation approach, methyl orange dye was degraded by 37.82% at optimized reaction conditions. Other dyes were
degraded by 60.73%, 64.52%, 71.75%, and 76% using the same procedure and operating conditions: Rhodamine B, Congo Red, Azo
Fuchsin, and Acid Red B. Mahale et al. (2016) [179] also reported that the maximum degradation of 73.1% with 36.6% COD removal
of patent blue V under optimized conditions (pH 7.2, initial concentration of 20 ppm, air flow rate of 4.5 mL/min, pH of 6). Further
improvement was reported with addition of catalysts (83.4%, 60.5% COD removal) for 0.6 g/L of TiO, and additives (97.0%, 68.1%
COD removal) for 0.3 g/L of Fenton reagent [180]. Badve et al. (2014) [181] revealed another significant novel high-speed ho-
mogenizer design that includes a stator and rotor through which cavitation was produced. An electric motor, a stator, and a rotor make
up the reactor. A stator and a rotor are separated by a small annular gap. Both the rotor and the stator have grooves, each of which has a
particular geometry and serves as a barrier to maintain high pressure outside the cavitation zone [182]. According to reports, it was
possible to reduce COD by 49%, while the addition of 5 g/L of hydrogen peroxide gave 89% COD reduction. In addition, Patil et al.
(2021) [183] reported employing a combined air and vortex diode to achieve a vortex-based cavitating device in hydrodynamic
cavitation with a maximal TOC reduction of 74% for octanol (200 ppm). There are no studies reported yet for the degradation of
rhodamine dye using above mentioned cavitating reactors hence, it is recommended to utilize the above reactors for the effective
degradation of rhodamine dyes.

The combination of solar light or UV with hydrodynamic cavitation should give good synergism for Rh dyes removal, as such
systems proved to be effective for other types of organic pollutants [31]. Up till now, there is no published works on this aspect. In
order to combine photocatalysts with solar energy, it is advised to alter the hydrodynamic cavitation reactor’s feed tank. The feed tank
can be slanted or adjusted to allow direct solar light to enter, or solar plates can be placed on top of the feed tank to induce hydro-
dynamic cavitation. Another inexpensive way to improve the process is the solar pumps.

There are two ways to operate an ultrasonic reactor on a large scale: combining numerous small ultrasonic reactors sequentially or
building a single large reactor [96]. It may be concluded that tubular or hexagonal ultrasonic reactors are recommended for large-scale
and continuous operation due to many transducers (placed on the reactor walls) and variable frequency operation so that total costs
can be minimized while achieving the required intensities [96]. A consistent and essential cavitational activity in the reactor can be
achieved using theoretical models for reactor design optimization.

While designing a photocatalytic reactor at a large-scale operation, there are many factors that need to be considered such as the
selection of light source, reactor shape, intensity distribution, and also the kind and loading of the photocatalyst etc, and hence, the
designing of a photoreactor is a lengthy process. The investigators reported a variety of photocatalytic reactor designs, including
parabolic troughs, flat plates, and falling film photoreactors [63,184]. Bhatkhande et al. (2003) [185] explored scale-up aspects for
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Fig. 5. Various possible designs for orifice plate.

Case I: Two half-holes that are connected and have the same size smaller diameters; Case II: Two half-holes with smaller diameters that are joined
together, with one little and the other large; Case-III: A combination of more than two half-holes with smaller diameters and the same size and
diverse arrangements; Case IV: A combination of more than two half-holes with smaller diameters and the same size and diverse arrangements.
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nitrobenzene degradation, concluding that the rate of nitrobenzene degradation decreased from 15.5 to 1.5 mg/(L.min) as reactor
volume increased from 0.25 to 2L. The main issue relates to limited penetration intensity of the light into the solution for larger-volume
reactors. Though the reactors can be obtained effective degradation of dyes in the presence of various photocatalysts, the costs
associated with their manufacturing are crucial [186]. Still, the scale-up of photocatalytic reactors necessitates a more in-depth
investigation.

With an objective of developing efficient technology for large-scale operation for the effective removal of Rh dyes from wastewater,
the following areas of concern needs to be addressed:

a) It is preferable to treat wastewater containing Rh dyes at a lower concentration rather than with a higher concentration. Intended
dilution of effluents prior to treatment may be impractical owing to the enormous volumes involved. As a result, efforts should be
made to develop a technology that can disintegrate high-concentration Rh dyes in wastewater.

b) In photocatalytic treatment, it is recommended to utilize solar energy instead of UV light to reduce treatment costs. It’s also
intriguing to see how solar energy is used in the feed tank of the hydrodynamic cavitation reactor with the appropriate modifi-
cation. The feed tank may be of the tilting or sliding type to allow for the direct penetration of solar light; alternatively, solar plates
may be used on the top of the feed tank in order to achieve hydrodynamic cavitation.

9. Conclusions

The current study focused on various aspects of Rh dye degradation using hydrodynamic cavitation, ultrasonic cavitation and
photocatalysis. Furthermore, it has been revealed that a number of operating parameters, including pH, temperature, the initial
concentration of the pollutant affects the efficiency of degradation. On the basis of reviewed material, some crucial observations can be
formed:

1. Significant degradation of Rh dyes can be obtained under hydrodynamic cavitation in the order of slit venturi > circular venturi >
multiple-hole orifice plate > single-hole orifice plate (not more than 2 mm diameter of the constriction). In this case effective
cavitation condition are obtained at inlet pressure values of 3-5 bars, providing cavitation number between 0.05 and 0,4.

2. In case of acoustic cavitation, frequency of 20-40 kHz at power density in the range of 100-200 W/dm?) revealed to provide
optimum performance.

3. According to available literature, Rh dyes are present in industrial effluents on 1-100 (mg/L) ppm level. Optimal process conditions
for effective treatment demand low initial dye concentration of 5-10 ppm, average temperature between 30 and 40°C, average
stirring speed (500-700 rpm).

4. Importantly, treatment conditions must be adjusted depending on pollutant treated in respect to pH. In case Rh B pH should be 2-4,
while for Rh 6G it should be 9-13. However, for UV assisted processes, the acidic pH favours higher degradation for both dyes.

5. To intensify the degradation process, various catalysts (TiO2, MnO», CuO, ZnO, etc.), external oxidants external oxidants (H2O», air,
Os, persulfate etc.) and additives (NaCl, surfactants etc.) revealed to significanlty increase the effectivenss.

6. Combined techniques such as photocatalysis in conjunction with hydrodynamic cavitation or other cavitating reactors such as
vortex-diode, high-speed homogenizer and cavity-bubble induced oxidation also holds great promise for Rh dye degrading effi-
ciency and scalability.

7. Laser cavitation solely gives higher degradation than the other cavitating types. However, more studies should be performed for
this technique to fully evaluate its practical value.

8. Photo Fenton-Peracetic Acid (PAA) is one of the options for achieving total degradation of Rh dyes, along with hydrogen peroxide
and HC + Ozone. Overall, the efficacy of advanced oxidational processes based cavitational and ultraviolet irradiation reactors can
be clearly established for the removal of harmful and toxic Rh dyes in terms of economic feasibility and significant degradation.

9. Photo-Fenton-PAA and Fenton-Peracetic Acid (PAA) process was found to be the most efficient for complete degradation of Rh dyes
in a short time (5-10 min).
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