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ABSTRACT

SR-AOP (sulfate radical advanced oxidation process) is a novel water treatment method able to eliminate refrac-
tory organic pollutants. Hydrodynamic cavitation (HC) is a novel green technology, that can effectively produce
strong oxidizing sulfate radicals. This paper presents a comprehensive review of the research advancements in
these fields and a critical discussion of the principal factors influencing HC-enhanced SR-AOP and the mechan-
isms of synergistic degradation. Furthermore, some insights into the industrial application of HC/PS are also pro-
vided. Current research shows that this technology is feasible at the laboratory stage, but its application on larger
scales requires further understanding and exploration. In this review, some attention is also paid to the design of
the hydrodynamic cavitation reactor and the related operating parameters.
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Nomenclature

HC Hydrodynamic cavitation

PS Persulfate

SR-AOP Sulfate radical advanced oxidation process
HCRs Hydrodynamic cavitation reactors

GPD A glow plasma discharge system

SIS Scrap iron sheet

ED Decolorization

1 Introduction

Rapid development of industrialization has led to substantial growth in key sectors, including
pharmaceuticals, chemicals, printing, dyeing, and paper production. Consequently, there has been a
notable increase in the volume of industrial wastewater which exhibits complex composition and poor
biodegradability. These highly toxic and resistant organic pollutants pose a grave threat to the ecological
integrity of water environments and the well-being of individuals [1,2].

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ ® permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.



mailto:wjy_sdu@sdu.edu.cn
https://www.techscience.com/journal/FDMP
http://dx.doi.org/10.32604/fdmp.2023.045260
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/fdmp.2023.045260

672 FDMP, 2024, vol.20, no.4

At present, the conventional treatment methods for this wastewater include physical methods [3],
chemical methods [4], and biological methods [5]. However, physical methods (gas flotation method,
extraction method, and precipitation method) usually separate the pollutants from water and are not
suitable for the deep degradation of organic wastewater [4]. Biological methods (anaerobic method,
aerobic method, and anaerobic-aerobic combination method [6]) are associated with lengthy treatment
time, extensive equipment area requirements, stringent operating environment conditions, and limited
efficacy in treating wastewater with low biodegradability [7]. Chemical methods (chlorine oxidation,
ozone oxidation, Fenton oxidation, photocatalytic oxidation, and low-temperature plasma oxidation) have
the potential to induce secondary pollution of water [8]. Therefore, the development of novel and efficient
environmentally friendly treatment technologies for organic pollutant wastewater is of great social
significance and economic value.

Some scholars have found that the advanced oxidation process offers a water treatment method that can
rapidly mineralize most recalcitrant organic pollutants into carbon dioxide, water, and af inorganic salts [9]. It
usually refers to an oxidation technology involving hydroxyl radical (*OH) parameters [10]. SR-AOP is a
novel approach that has just emerged in recent years which uses sulfate radical (SO4 ¢) to degrade
persistent organic pollutants. Compared with traditional advanced oxidation processes, it has the
characteristics of more oxidant stability, longer half-life, higher oxidation-reduction potential of key free
radicals, and less pH dependence, which are conducive to the degradation of pollutants [11]. The specific
data is shown in Table 1. However, persulfate (PS) is stable at room temperature and has limited
degradation effectiveness towards pollutants. Therefore, a series of activation methods for PS has been
developed to generate strongly oxidizing sulfate radicals. The main approaches of activation are shown in
Fig. 1, including thermal activation [12], transition metal ion activation [13], cavitation activation [14],
ultraviolet activation [15], alkali activation [16], and ultrasound activation [17]. Among them, the
hydrodynamic cavitation (HC) activated persulfate (PS) synergistic degradation technique proposed by
Choi et al. [18] in 2018 has attracted much attention for its remarkable efficiency, cost-effectiveness, and
wide applicability.

Table 1: The comparison of *OH and SO,

Radical Oxidation potential Oxidant stability Half-life Effects of pH
SOy +2.60 —+3.10 V Stable 4s Independent
*OH +1.90 - +2.70 V Loss in the form of gas and heat ~1 ns Dependent
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Hydrodynamic cavitation is a promising method for process intensification and has gained significant
attention recently [19]. It exhibits remarkable efficiency in degrading persistent organic pollutants while
being environmentally friendly and able to work in concert with a variety of physical and chemical
methods. Furthermore, compared with emerging technologies such as ultrasonic, photocatalysis, and
microwave, HC has the advantages of low equipment cost, facile process scalability, convenient
installation, and simplicity and convenience of use [20].

At present, although water treatment teams led by Lakshmi et al. [21,22] have been formed, the research
on water treatment based on the HC/PS system is still in the initial stage and the degradation mechanism of
HC/PS system needs to be further explored. Considering the significant potential applications of HC/PS
technology in organic pollutant degradation, this paper focuses on the research progress of HC and its
enhancement mechanism, the progress of HC/PS systems in degrading water pollutants, and the key
factors affecting its degradation efficiency. Additionally, the future development direction of the system is
also predicted to promote the understanding of the technology among domestic researchers, to provide
insights for the investigation of cavitation-enhanced persulfate degradation of water pollutants, and to
establish a foundation for expediting the rapid development and application of HC/PS technology.

2 Hydrodynamic Cavitation and Its Strengthening Mechanism

2.1 Cavitation Phenomenon and Cavitation

The cavitation phenomenon [23] is a process in which the gas nuclei in the liquid grow and collapse in a
very short time, generally accompanied by a large energy release (Fig. 2). It occurs when the internal pressure
of the liquid drops sharply below the saturated vapor pressure due to the sharpness of the flow path or the
input of external energy. The specific manifestation of this energy is a combination of physical effects
(mechanical and thermal) and chemical effects.

Mechanical effects: The collapse of bubbles caused by cavitation led to significant changes in the gas-
liquid interface within a very short time, resulting in strong shear stress of up to 3.5 kPa within 3 ps [24],
shock waves with an average propagation velocity of 2000 m/s within 34 ns [25], microjets exceeding
160 m/s but not higher than 200 m/s, and water hammer pressures of 200 MPa [26]. These powerful
mechanical effects have multiple impacts on the system. Firstly, they can intensify turbulence within the
fluid and enhance mixing between the reactants. Secondly, they lead to the breaking of macromolecular
carbon chains and cause organic macromolecules to break into smaller organic molecules. Finally, they
possess the capability to destroy the large m bonds in graphite layers, thus weakening the strong van der
Waals forces that maintain the cohesion of these layers.

Thermal effect: When a bubble collapses, a local “hot spot” is formed in the bubble, causing the
temperature to rise to 5200 K. Furthermore, the heating and cooling rate of the nearby liquid exceeds
10'° K/s [27], which is conducive to the thermal decomposition of organic substances. The thermal and
mechanical effects of cavitation can increase the mass and heat transfer processes at the reaction interface
as well as the vortex effect.

Chemical effect: Under the extremely high temperatures and pressures described above, the
decomposition of water molecules occurs, generating strongly oxidized *OH and H,0, with strong
oxidation [28], which can lead to non-selective mineralization of pollutants.

Some chemical processes such as extraction, leaching, adsorption, absorption, crystallization,
emulsification, demulsification, membrane processes, descaling, degassing, defoaming, filtration,
condensation sedimentation, suspension separation, oil recovery, solid particle crushing, heat transfer, and
ultrasonic cleaning predominantly rely on the physical effects of cavitation phenomena. The chemical
effects of cavitation are mainly used in the synthesis or degradation of organic matter, electrochemistry,
and homogeneous and heterogeneous chemical reactions.
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Figure 2: Cavitation phenomenon: The process of growth and collapse of cavitation bubbles. Adapted with
permission from reference [29]. Copyright © 2021, License MDPI

The physical and chemical effects caused by cavitation mentioned above can generally be divided into
three reaction regions according to the different regions where they occur [30], as shown in Fig. 3.

Region II Liquid region 0,

Figure 3: Three reaction regions in the cavitation process

(1) Internal gas phase region (the area within the cavitation bubble): This is the center of “hot spot”,
where the reactants are the medium liquid and the vapors of volatile substances with vapor pressures
similar to those of the medium liquid. The extremely high temperature and high pressure generated here
can cause the acoustic dissociation of water molecules into *OH and *H and also supply activation energy
for bond breaking. Moreover, the resultant free radicals can react with each other to generate new

molecules and new free radicals or diffuse into the solution as oxidizing agents to continue participating
in other reactions.

(2) Gas-liquid interface: The temperature here can be heated to 2000 K by the core. Transient supercritical
water and high concentrations of *OH and *H here result in supercritical oxidation reactions [31]. In addition,
the collapse of the cavity induces a drastic change at the interface, which greatly facilitates the mixing of the
reactants and an emulsification effect can be achieved for heterogeneous reactants.
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(3) Liquid region: The pressure and temperature in this region are returned to environmental conditions.
The reaction with the contaminants is mainly the reactive substances formed in the regions I and II.

2.2 Hydrodynamic Cavitation and Hydrodynamic Cavitation Reactors

HC is induced by the large pressure difference that occurs when a fluid passes through a specific
hydraulic structure (venturi, orifice plate, etc.). This pressure difference leads to the formation and
collapse of bubbles. Currently, the hydrodynamic cavitation reactors (HCRs) encompass two main types:
the non-rotary cavitation reactor and the rotary cavitation reactor [32].

The most commonly used types of non-rotary HCRs in various applications are venturi, orifice plate, and
vortex diode (Figs. 4a, 4b) [33]. The operational principle of Non-rotational HCRs is based on the principle of
conservation of mass and Bernoulli’s theorem. As the liquid passes through the constricted portion of the
device, the flow rate of the fluid increases and the pressure decreases. When its internal pressure is at or
below the saturation vapor pressure of the liquid, it causes gas nuclei in the liquid to form cavitation
bubbles within a very short period. When the cavitation bubble flows with the fluid toward the divergence
region, it collapses as the pressure recovers dramatically, generating a tremendous amount of energy as it
collapses. This type of HCR does not require internal assembly or moving parts. Its simple structure makes
it easy to manage and use.
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Figure 4: Representative HCRs: (a) Venturi or orifice plate HCR [34], (b) vortex type HCR [34], (c,d)
rotational HCR [34,35]. Adapted with permission from reference [34], Copyright © 2022, American
Chemical Society. Reference [35], Copyright © 2022, Zhang, Xie, Fan and Liu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC BY)
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The key part of rotary HCRs is the stator and rotor (Figs. 4c, 4d). HC is induced by the rapid speed shear
of the fluid through blind holes on the rotor. Vacuole is periodically generated and collapsed, thus
significantly improving the efficiency of cavity collapse and energy release. This mechanism facilitates
the mixing of oxidizing substances and the improvement of reaction kinetics, thus enhancing the overall
performance of the system [34].

2.3 Application of HC in the Degradation of Organic Pollutants

The chemical effects of HC can degrade organic pollutants in water by non-selective oxidation; the
thermal effects can cause the pyrolysis reaction of pollutants; mechanical effects can destroy the main
chain of macromolecules and break them into smaller molecules. In addition, the jets and shock waves
produced by cavitation collapse can bring *OH and <H into the whole solution system, accelerating the
mixing of reactants, and thus improving the degradation rate of organic pollutants. Furthermore, the
enormous energy released by cavitation can provide the necessary energy for the reaction.

In 1993, Joshi et al. [36] conducted experiments on the hydrolysis of castor oil and safflower oil by HC
and found that at the same degree of hydrolysis, the energy consumption of HC was lower than that of
traditional ultrasonic cavitation, thus kicking off the degradation of pollutants by HC. In 2001, Sivakumar
et al. [37] concluded that HC has great advantages in terms of magnification based on the comparative
experiments between HC and ultrasonic cavitation for the degradation of Rhodamine B, because HC can
effectively degrade 50 L wastewater under simple operating conditions, whereas ultrasonic cavitation can
only treat tens of milliliters of wastewater. In the same operating conditions to treat Rhodamine B
wastewater, the efficiency of HC is 2 times that of ultrasonic cavitation. Table 2 lists the representative
studies on the degradation of pollutants by HC. In addition to its standalone application, HC exhibits
notable compatibility with diverse methods, including hydrogen peroxide, ozone, Fenton, photocatalysis,
persulfate, and others. Collaborative treatment not only greatly enhances the degradation efficacy (the
degradation effect of collaborative treatment is several times the sum of the effect of single use), but also
substantially reduces reaction time. Additionally, the system exhibits remarkable amplification, thereby
showing outstanding industrial application prospects.

Table 2: Representative studies on the degradation of pollutants by HC

Year Compounds Process HCR  Operational condition Time Degradation Ref.
(min)

2000 P-nitrophenol  HC Otifice P;, = 0.48 MPa, 240  HC: 95% [38]
Cinitial =38 ppm,
Tinitial = 420C, PH =438

2006 Phenol HC/O5 Orifice P;, = 0.45 MPa, 60 HC: 20.6%; [39]
Cinitiar = 10 mg/L, HC/O5: 73.6%
71l'nitl'al = SOOC, pH = 37
Co, = 2.26 mg/L

2009 Alachlor HC Orifice P;, = 0. 6 MPa, 100 HC: 82.3% [40]

Cinitiar = 50 mg/L,
Tinitial = 400C9 PH =12

(Continued)
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Table 2 (continued)
Year Compounds Process HCR  Operational condition Time Degradation Ref.
(min)
2011 Acid Red 88 HC/H,0, Venturi P;, =5 bar, 120  HC: 35.7% [41]
Cmmal 0.1 mM (TOC)a
Tniiar = 35°C, pH = 2, HC/H,0,: 71.42%
Ch,0,= 4 mM (TOC)
2013 Rhodamine B HC/SIS  Orifice P;, = 5.8 bar, 240  HC/SIS: 87% [42]
letlul =2 mg/L (ED)
mltlal 25 C pH 3
Co,= 2 L/min,
CFe” = 0213 mM
2014 Imidacloprid HC/H,O, Venturi P;, =4 bar, 120  HC: 23.85%; [43]
Cmma; 20 ppm, HC/H,05: 99.14%
zmtlal = 34° C PH 3
Cu,0,= 20 mg/L
2016 Blue 13 HC/O,/  Orifice P;,= 0.4 MPa, 120 HC:47.47% (ED); [44]
Fe* Cinitiar = 30 ppm, HC/O,: 65%
Tinitiar = 3OOC PH 2 (ED),
SIS=20¢ HC/Fe?*: 66.3%
(ED)
2017 2.4,6- HC/O4 Venturi P;, = 4 bar, 120 HC: 24.34%; [45]
trichlorophenol Cinitiar = 20 ppm, HC/O5: 97.11%
Tmmal OOC, PH = 7a
Co, =400 mg/h
2017 Rhodamine B HC/ Venturi P;, = 10 MPa, 120  HC: 24.34%, [46]
Fenton Cm,,,a; =33 mg/L HC/Fenton:
zmtlal = 26° C pH 3 9972%
Fenton (H,0,: 30 mg/L,
FeSOy4: 5 mg/L)
2017 Tetracycline HC/UV ~ Venturi P;, = 0.34 MPa, 150 HC: 20.39%; [47]
Cznmal 30 mg/L, HC/UV: 86.52%
znmal =30° C pH 4. 2
CT102 100 mg/L
2018 Bisphenol A HC/PS Orifice P;, = 0.5 MPa, 120  HC: 11.31%; [18]
sztlal 0.044 mM, HC/PS: 78.22%
T;mtzal OOC pH 6
CPS = 0.7 mM
2020 Benz[a] HC/ClO, Orifice =4 bar, Cipina =5 ng/L, 120  HC: 45.7%; [48]
anthracene Tinitiar = 34°C, pH = 2,

HC/CIO,: 98.8%

(Continued)
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Table 2 (continued)

Year Compounds Process HCR  Operational condition Time Degradation Ref.
(min)
2020 Brilliant cresyl HC/ Venturi P;, = 1.7 bar, 120 HC: 10% [49]
blue H,0,/PS Cinitiat = 5 mg/L, HC/H,05:

T'=20°C,pH="17. 96.49%;
Cru,0,= 0.22 mL/min, ) o
Croo1 M HC/PS: 98.47%

2022 Metformin HC/H,O, Vortex P,;,=1 bar, 180 HC: 95%; [50]
Cinitia1 = 10 mg/L, HC/H,0,: 100
Tiniviar = 35-40°C, pH = 4,
Cuo,=5¢g/l

2023 Metronidazole HC/GPD Orifice P, = 70 bar, 15 HC: 14%:; HC/ [51]
Cinitiar = 300 mM, GPD: 90%

Tinitial = 14OC, PH = 58:
Discharge voltage = 15 kV

3 Sulfate Radical-Based Advanced Oxidation Processes

This technology effectively degrades organic pollutants by using several methods to activate sulfate to
generate sulfate (SO4* ). Currently, the commonly used persulfates in wastewater treatment are
peroxymonosulfate and peroxodisulfate [11], which play a crucial role in the oxidation process by
generating SOy .

The degradation of organic pollutants by PS occurs mainly through two mechanisms: direct
mineralization of pollutants via hydrolysis of PS to S,0¢° and activation to SO, *. Nevertheless, the
former process is more stable at room temperature and does not show significant degradation effects.
Therefore, we usually use the latter method for the degradation of pollutants. SO4 * has a lone electron
pair and a high redox potential (E®(SO, *) = +2.60 — +3.10 V) [52]. Therefore, it can degrade and
mineralize most organic pollutants theoretically.

Sulfate radicals degrade pollutants primarily through three pathways. First, hydrogen abstraction occurs
during reactions with alkanes, alcohols, ethers, and esters. Second, addition reactions are the main pathway
for unsaturated alkenes. Third, electron transfer is the primary mechanism when reacting with aromatic
compounds [53,54].

4 Application of HC/PS in the Degradation of Organic Pollutants

4.1 Current Status

In 2018, Choi et al. [18] first revealed the synergistic degradation effect of HC/PS: The reaction rate
constant for the degradation of bisphenol A by HC/PS (Kycps = 12.7 x 107> min~ ') was 12.7 times
higher than that of HC alone (Kyc = 1.0 x 10 min ') and about 2.7 times higher than that of PS alone
(Kps =4.7 x 1072 min ™).

After that, Fedorov et al. [55-59] used HC/PS to degrade benzene series, tetracycline hydrochloride,
atenolol, hydroquinone, and polycyclic aromatic hydrocarbons in marine sediments, respectively. The
influence of reaction conditions (inlet pressure, temperature, pH, pollutant concentration, PS dose, etc.)
and degradation path also were analyzed. In their studies, it was observed that the combination of PS and
HC demonstrated the highest degradation effect. Furthermore, during the process of degradation, the main
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active substances were identified as SO4¢  and *OH. *OH exhibited reactivity towards both the aromatic ring
and the lipid chain, while SO4*" mainly reacted with the aromatic ring.

Choi et al. [60—64] added O3, Fe (II), H,O,, heterogeneous Fenton, and zero-valent iron to the HC-PS
system, respectively. The degradation of oxalic acid, coomassie brilliant blue, chlorophenol, sulfamerazine,
and tetracycline has achieved higher degradation efficiency than that of the HC/PS system alone, showing a
broad development prospect of HC/PS treatment technology. Some representative studies of HC/PS
degradation pollutants are listed in Table 3. Because of its remarkable degradation efficiency, positive
synergistic effects, and extensive potential for application, the system has become a frontier hot spot in
the field of water treatment. However, the current research on the treatment of organic pollutants using
HC/PS primarily focuses on investigating the factors that influence the degradation effectiveness,
optimizing traditional HCRs, exploring the combination of HC/PS with other physical or chemical
methods, and identifying the key active substances within the system. It is important to note that the HC/
PS system is still in its early stages of exploration, this is mainly reflected in the following four aspects:
Firstly, the application of this system has been limited to the degradation of simulated wastewater and its
potential for real wastewater has not been investigated. Secondly, the current maximum volume of HC/PS
employed for wastewater degradation is 12 L, which falls significantly short of the scale required for
industrial applications. Thirdly, the HCRs used in the HC/PS system are traditional types and there is a
lack of research on the implementation of rotating HCRs. Last but not least, the correlation between
cavitation characteristics and degradation effects has not been established, and the comprehensive design
methodology for the reactor structure and associated processes has not been formulated.

Table 3: Representative studies on the degradation of pollutants by HC/PS

Year Compounds Process Volume Operational condition Time Degradation rate Ref.
@) (min)
2018 Bisphenol A HC/PS 10 P;, = 0.5 MPa, 120 PS: 43.11%; [18]
%initial = ;)60‘(1:4 mI—l;/L ¢ HC: 11.31%;
initial = 50°C, pH = 6, ) 0
Cps = 0.7 mM HC/PS: 78.22%
2019 Oxalic acid HC/PS/O3 12 Pi, = 0.51 MPa, 120 PS: 55.78%; [60]
Cinitial = 1.11 mM, HC: 48.31%;
ginitial T f?oci\/})ﬂ =6, HC/PS: 69.15%;
ps = 1.11 mivl, i o
Os: 81 g/m’ HC/PS/O5: 99.71%
2019 Coomassie HC/KPS/ \ P, = 7 bar, 60 KPS: 10.24%j; [62]
brilliant blue H,0, Cinitial - 20 mg/L, KPS/H,0,: 36.62%;
T=3 2 ¢, HC/KPS/H,0,:
CKPS =540 mg/l, 99329
Ch,0, = 676 mg/L e
2020 Brilliant cresyl HC/PS 6 Pin =1.7 bar, 180  PS: 10%; [49]
blue Cinitial = 5 g/L, HC: 51.36%:
Tinitial = 20°C, pH = 7, ) 0
Cos = 1 mM HC/PS: 98.47%

(Continued)
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Table 3 (continued)

Year Compounds Process Volume Operational condition Time Degradation rate Ref.
@) (min)
2020 Pentachlorophenol HC/PS/Fe(Il) \ Pin = 0.58 MPa, 60 HC/PS: 66.85%; [61]
Cinitial = 37.5 uM, HC/PS/Fe(1l):
Tinitia1 = 25°C, pH = 3, 96.73%
Cps =0.34 mM,
CFe(II) =0.34 mM
2021 Atenolol HC/PS 2 P;, = 0.18 MPa, 75 PS: 1%; [57]
Cinitial = 15 mg/L, HC: 37.1%;
T =25°C, pH = 6, ) o
Cps = 75 mg/L HC/PS: 64.5%
2021 Tetracycline HC/PS/Fe° 1 P;,, = 0.7 MPa, 30 PS: 7.9%; [64]
Cinitial = 40 mg/L, HC: 23.9%;
T =25°C, ) o/
pH =3 Cps = 1.4 mM, HC/PS: 51.12%;
Creo = 40 mg/L HC/PS/Fe’: 97.8%
2021 Carbamazepine HC/PS/UV/ 5 P;, =9 atm, 60 HC: 7.7%; [63]
ZHO-ZHF6204 Cinitial =15 mg/L, pH = 4, HC/PS: 6573%’
Crs = 400 mg/L, HC/PS/UV/ZnO-
Czn0-znFe,0, = 400 mg/L, ZnFe,O.: 98.13%
UV power: 18 W eala: 76. 2570
2022 Tetracycline HC/PS 2 Pin = 0.2 MPa, 120  HC: 44.9%; [58]
hydrochloride Cinitial = 10 mg/L, HC/PS: 92.2%
T=30+2°C,pH=47,
Cps=0.1 g/l
2023 hydroquinone HC/PS \ P;n = 0.2 MPa, 30 HC/PS: 91.25%; [59]
Cinitial = 50 mg/L, SI: 4.55
pH = 738, CPS =1.05 mM
2023 Model textile dye HC/PS 10 P, = 8 kg flem?, 120 HC: 8.77%, (COD); [65]
Cinitiar = 100 ppm, pH =7, PMS: 13.22%,
CPMS =25 g/L (COD),
HC/PMS: 33.41%
(COD);
2023 Sulfamerazine HC/PS 5 P;, = 4 bar, 60 HC: 27.69%; [66]
’?initia] = 26;) I()jp(jm, Hese HC/PS: 84.38%;
initial = 25°CC, pH = 5.6, . 0
Cps = 0.92 mM, HC/PMS: 93.85%
CPMS =0.83 mM
2023 Red 83 HC/Sulfite/ 5 P, = 1.75 bar, 60 PS: 5.26%; [67]
ZV1 Ciniial = 50 mg/L, HC: 66.04%;

Tinitial = 25°C, pH = 3,
Cps =250 mg/L,
CZVI =200 mg/L
Air flow: 3 L/min

HC/PS/ZVT: 87.75%
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4.2 Synergy Mechanism

The activation and co-degradation principles of HC/PS technology can be summarized as follows. The
activation principle of HC/PS technology may be that the substantial energy released during HC causes the
breaking of the -O-O- bond of PS in solution, leading to the transformation into SOy, .

The primary mechanism for the degradation of organic pollutants is illustrated in Fig. 5. Within the
highly extreme environment (internal gas phase region) generated by HC, specific pollutants vaporize into
bubbles and undergo mineralization by active free radicals. Additionally, certain pollutants undergo
pyrolysis at the gas-liquid interface or experience the co-degradation of *OH generated from HC and
SO, * produced by activating PS, as well as oxidation of transient supercritical water. There is also a part
of the pollutants in the liquid region. The *OH and SO, * in the solution which are unconsumed in the
first two regions degrade the pollutants. Furthermore, the mechanical effects, such as shockwaves and
microjets induced by HC can disrupt the main chains of organic macromolecules and can facilitate the
mixing of highly oxidizing substances (*OH, SO, °, and H,0,) with the solution, thereby enhancing the
reaction rate.

Liquid region Supercritical water
oxidation reaction

Gas-liquid e —’ pollutants
< 70
o
A S,08% H—C>SO4'-

(0] H20; /
SOy (%)
H
()
*OH/H,0; + pollutants
— products
*OH

*OH + «OH — H,0, PS/SO, +/*OH/H,0, + pollutants

— products

Figure 5: The synergistic degradation mechanism of the HC-PS system

5 The Main Factors of HC/PS System’s Degradation Effect

Generally, the factors that mainly affect the degradation efficiency of the HC/PS system are structural
parameters of HCRs, inlet pressure, reaction temperature, pH, PS concentration, and coexisting anions.
The specific impact of each factor is as follows:

5.1 Structural Parameters of HCRs
For non-rotating HCRs, the throat of the venturi plays a significant role in determining its degradation
effect. A stronger cavitation effect often requires a larger cavity size [68].

Agarkoti et al. [66] observed that as the residence time of the cavity in the throat increased, both the
cavity volume and degradation effect increased. Their experiment revealed that the contraction angle of
the Venturi had minimal impact on the degradation effect. Typically, the ratio of height/diameter to length
of the throat is 1:1 and the diffusion Angle is 11 to 13° for the optimal structure. Prajapat et al. [69] also
studied the degradation effects of hole plate, round venturi, and square venturi on guar gum in the HC/PS
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system. The degradation effects were 89.84%, 96.26%, and 98.03% in the same condition, respectively. This
can be attributed to that compared with the orifice plate and circular venturi, the square venturi has a higher
flow rate and lower cavitation number so that the cycle period is shorter, the cavitation intensity is higher, and
the degradation effect is better.

Li et al. [70] studied the effect of the number of holes in an orifice plate on the degradation effect of
diazinon in wastewater and discovered that an appropriate increase in the number of holes could enhance
the degradation effect of diazinon. However, as the number of holes continued to increase, the flow rate
decreased, the cavitation number increased, and the cavitation intensity decreased. This is because
reducing the number of holes can decrease the cavitation number, although the cavitation number is
reduced and the cavitation effect is enhanced, the flow rate will be reduced and the cycle period will be
increased. Therefore, factors such as cycle period and cavitation number should be considered when
designing orifice plate HCR. In addition, the ratio of the orifice hole perimeter to its cross-sectional area
(), the ratio of hole diameter to pipe (B), and the sum of orifice hole area to pipe area ratio (o) are also
factors to be considered in the design of orifice hole type HCRs. The influence of these factors can be
specifically seen in the study of Wang et al. [19].

For rotary HCRs, the blind hole structure determines the induced cavitation intensity. Liu et al. [71]
investigated the impact of blind hole structure on the cavity volume fraction based on numerical
simulation and found that a blind hole with a larger aperture, deeper hole depth, and smaller inclination
angle is more conducive to inducing cavitation phenomenon. Similarly, Sun et al. [72] used numerical
simulation to investigate the influence of blind hole characteristics, such as shape (five kinds of
structures, including cylindrical cone, cylinder, non-interacting type, cone, and hemisphere), diameter,
spacing, height, and inclination, on its cavitation volume and necessary shaft power. The results
demonstrated that a blind hole with a hemisphere sharp, larger diameter, smaller spacing, larger height,
and larger inclination is more effective in cavitation induction and energy saving. However, there is no
experimental study on the degradation of organic pollutants by rotating HCR structure at present, and the
above conclusions need to be further verified.

5.2 Inlet Pressure

In general, the cavitation intensity induced by HCR demonstrates a positive correlation with the
augmentation of energy input. However, it decreases after a specific threshold is reached. Therefore, in
practical applications, it is important to balance the treatment effect with the energy input for each
working condition. For non-rotating HCR devices, increasing the inlet pressure results in an increase in
throat flow, an expansion of the downstream cavitation region, and a larger cavitation cavity region,
leading to a higher cavitation intensity. Moreover, an increase in the flow rate will result in a higher
number of pollutants passing through the cavitation area, enhancing the efficacy of the treatment process.
However, it is worth noting that congestion cavitation may occur when the upstream pressure reaches a
certain critical point [73]. This phenomenon is attributed to the merging of cavitation cavities and the
formation of gas-phase cavities.

Cako et al. [49] discovered that the degradation rate of tetracycline in HC/PS increased from 2.01% to
10.07%, as the inlet pressure rose from 1.1 to 1.7 bar. Moreover, when the inlet pressure was further raised to
1.85 bar, the degradation rate dropped to 5.71%. Similarly, in the experiments conducted by Weng et al. [64],
it was observed that at inlet pressures of 0.3, 0.5, and 0.7 MPa, the degradation rates were 90.38%, 97.37%,
and 97%, respectively. The same conclusion was also drawn in the degradation experiment of melon gum
conducted by Prajapat et al. [69].
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5.3 Cavitation Number
Cavitation number is often used to express the cavitation state, which is usually related to the pressure,
flow rate, and properties of the cavitation medium itself [74]. The specific expression is as follows (Eq. (1)):
P,—P,

© e v

P,: the pressure when the downstream of the cavitation reactor is fully recovered (Pa);
Py: the saturated vapor pressure of the liquid (Pa);
V: fluid velocity (m/s).

Generally, the lower C,, the higher cavitation intensity. This is because the number of cavities increases
as the C, decreases. Some studies have shown that the cavitation effect is significant when the C, < 1. There
is an optimal C,, in the degradation system. When C, decreases further, the cavities begin to merge to form a
cavity cloud, and choked cavitation occurs, thereby resulting in a reduction in cavitation intensity [44,75].

In Patil et al.’s [76] study, we found that, compared with other plates, plate B obtains lower C,, (C, < 1) at
all pressures and can result in stronger cavitation effects for the treatment. However, Wang [54] used HC/PS
to degrade rhodamine B with different cavitation numbers and found that the degradation effect was
enhanced by cavitation numbers of 0.86, 0.38, and 0.44 in that order. Kore et al. [65] also found the same
result in their experiment. As the C, decreased from 0.2959 to 0.1325, the COD removal rate increased.
However, the C, continued to decrease, the COD removal rate decreased. This phenomenon can be
caused by cavitation blocking [77].

5.4 Reaction Temperature

The physical property parameters of the liquid, such as saturated vapor pressure, surface tension
coefficient, density, viscosity, and concentration of dissolved gas in the liquid, are influenced by
temperature [78]. These properties in turn impact the growth of cavitation (such as bubble radius and life
cycle) and cavitation strength. In the HC/PS system, temperature increase has a dual effect. On the one
hand, it is conducive to the activation of PS and increases the number of activated molecules in the
reactants, thus accelerating the reaction rate. However, as the temperature rises, the concentration of
dissolved gas in the liquid increases, resulting in the formation of excessive gas phase cavities when the
cavitation bubble collapses, which reduces the cavitation intensity and degradation efficiency [79,80].
Therefore, to achieve the highest degradation rate, it is imperative to continuously optimize the
experimental parameters and find the optimal reaction temperature.

Choi et al. [61] conducted a study to investigate the impact of temperature on the degradation of
pentachlorophenol in the HC/PS system. They observed the kinetic rate constant of pentachlorophenol
increased from 0.0285 to 0.0439 min ' as the reaction temperature was increased from 20°C to 50°C.
However, this finding contrasts with the results of Prajapat’s [69] study, which showed a decrease in the
kinetic rate constant of melon glue from 0.016 to 0.012 min ' with increasing temperature. Therefore,
determining the optimal reaction temperature is crucial for the HC/PS system. Furthermore, an additional
cooling system must be added to the system to keep the temperature stable due to the heat generated by
HC, the chemical reaction, and the pump.

5.5 pH

pH is a significant factor that influences the degradation effect of pollutants by HC/PS. In the HC-PS
process, we observed that SO, ¢ remains stable under acidic conditions and it serves as the primary
oxidizing free radical within the system (as indicated by Egs. (2) and (3)). However, under alkaline
conditions, SO, * is consumed to generate *OH (Eq. (4)), resulting in the coexistence of SO, * and *OH.
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Furthermore, according to Table 1, we know that the half-life of SO, * is much longer than that of *OH, and
SO, + has more sufficient time to contact with organic pollutants, which is conducive to the degradation and
mineralization of organic pollutants. Moreover, the oxidation-reduction potential of SO, * is higher than
*OH, enabling SO, « to oxidize substances that *OH is unable to oxidize [11]. However, the oxidation of
SO, - is selective and tends to react with aromatic rings, the oxidation of *OH is not selective [18,81].
Consequently, it is necessary to adjust the pH according to the characteristics of organic pollutants and
possible degradation pathways.

Cako et al. [49] conducted experiments to investigate the degradation rates of BCB by the HC/PS system
at various solution pH levels. The results showed that the degradation rates of BCB were 97.42%, 99.81%,
87.44%, 49.69%, 12.58%, and 37.6% at pH levels of 2, 3, 4, 5, 7, and 8, respectively. This finding suggests
that both acidic and alkaline media can promote the degradation of BCB. Azizollahi et al. [67] studied the
degradation of red 83 by HC/PS technology with zero-valent iron under different pH conditions. Their
findings showed that the degradation rate decreased continuously as the pH increased from 3 to 9. This
result can be attributed to the fact that at higher pH, Fe*" is converted to Fe’* in the form of
precipitation, while the formation of an iron oxide film on the surface of zero-valent iron leads to a lower
release of Fe®. From the above studies, we know that the best degradation efficiency is obtained in acidic
environments.

S04 +H" — HS,05 2
HS,0; — SOse +SO; +H" €)
SO4e +OH™ — SO; + eOH (4)

5.6 PS Concentration

SO, * generates from persulfate activation, so the concentration of PS is a crucial factor in the
degradation of pollutants. If the PS concentration is too low, the concentration of SO, will be
insufficient, and lead to slow reaction rates. Conversely, if the PS concentration is too high, the excess
SO, * may undergo its scavenging reactions [68], thus reducing the amount of SO4* available for
pollutant degradation. Consequently, maintaining an optimal PS concentration is essential for pollutant
degradation.

Roy et al. [63] studied the degradation behavior of carbamazepine by HC/PS/UV/ZnO-ZnFe,0,4 system
at different PS concentrations (100-500 mg/L). The results showed that the degradation rate of PS exhibited a
notable increase as the concentration of PS increased from 100 (71.92%) to 300 mg/l (91.33%). This
indicates that a higher PS concentration led to a higher degradation rate of pollutants. However, when the
PS concentration was further increased from 400 (96.91%) to 500 mg/l (98.13%), the degradation effect
did not change significantly. This suggests that there is a saturation point beyond which increasing the PS
concentration does not result in a significant improvement in the degradation rate. Weng et al. [64]
conducted a study that supports the findings mentioned. They observed the degradation effect increased
significantly as the PS concentration increased from 0.7 to 1.4 mM. However, when the PS concentration
was further increased from 1.4 to 2.1 mM, the degradation effect remained relatively unchanged.
Considering cost implications, they conduct follow-up experiments using a PS concentration of 1.4 mM.
Consequently, in the actual pollutant degradation process, factors such as degradation effect and
application cost must be considered and the optimal PS concentration must be selected according to the
experiments.
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5.7 Coexisting Anions

The presence of various anions in actual wastewater does have an impact on the degradation process of
pollutants in the HC/PS system. Their presence can either enhance or hinder the degradation of pollutants,
depending on their specific chemical properties and interactions with pollutants. Under normal conditions,
common anions such as CI, CO32_, HCO5; , NO3 ', and SO42_ can inhibit the degradation of pollutants
due to their quenching effect on SO4 * and *OH.

Although it is generally accepted that common anions such as Cl inhibit the degradation of
contaminants in the HC/PS system, it has also been shown that CI promotes the degradation process.
The research conducted by Choi et al. [18] on Bisphenol A degradation showed that CI" acted in contrast
to the usual situation. In addition, Table 4 provides evidence that the same anion plays different roles in
different systems and different pollutants. In an experiment conducted by Khajeh et al. [57], the HC/PS
system was used to degrade atenolol. They observed that the presence of various anions had differing
levels of inhibition on the degradation process. The order of inhibition from highest to lowest was found
to be: SO, > CI” > NO; . Similarly, the experimental investigation of HC/PS/Fe” degradation of
tetracycline conducted by Weng et al. [64] showed that the promotion of the three anions SO,*~, CI” and
NO; to the degradation effect was also SO,> > CI” > NO; . Furthermore, Azizollahi et al. [67]
investigated the degradation of Red 83 under the HC/Sulfite/ZVI system and determined the degradation
rates of different ions at 15 mM. The degradation rates were found to be in the following order: SO4*~ >
ClI” > NO; >HCO; > CO;>".

Table 4: Effect of co-existing anions on degradation

Compounds Process Operational condition Time Anion K Ref.
(min) (min ")
Bisphenol A HC/PS P;,, = 0.5 MPa, 120 None  0.0127 [18]
Cinitiar = 0.044 mM, CI 0.027
Tinitial = SOOC, PH = 6; -
Crs = 0.7 mM. HCO_3 0.0123
Canion = 0.32 mM. NO; 0.0195
Atenolol HC/PS P;, =0.18 MPa, 50 None 0.018 [57]
Cinitiar = 15 mg/L, T = 25°C, Cl 0.019
H =6, Cpg =75 mg/L. -
p PS & CO5>™  0.008
HCO5; 0.009
NO; 0.061
S04~ 0.083
PO,>~ 0.039
Tetracycline HC/PS/F e’ P;,,=0.5MPa, C;,isia; =40 mg/L, 30 None  0.4600 [64]
T=25°C,pH=7, Cps=1.4 mM, Clr 0.4210
CFeo =40 mg/L, Canion =10 mM. NO3_ 0.3785
SO~ 0.4416

H,PO, 0.4035

(Continued)
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Table 4 (continued)

Compounds Process Operational condition Time Anion K Ref.
(min) (rninfl)
Red 83 HC/Sulfite/ P;, = 1.75 bar, Cj,;si.; = 50 mg/L, 60 None  0.035 [67]
ZV1 Tinitiar = 25°C, pH = 3, Ccl 0.044
CPS =250 mg/L, 2—
CZVI =200 mg/L, Air flow: C03 B 0.007
3 L/min, Canion = 15 mM. HCO;  0.014
NO;  0.023
SO, 0.055

6 The Application and Concerns of HC/PS

In practical industrial applications, degradation efficiency and degradation cost are two important
concerns. The degradation cost of the HC/PS system usually refers to the energy consumed by the pump
and the consumption of purchasing oxidant [65].

Choi et al. [ 18] compared the degradation cost of HC, PS, and HC/PS systems under the same operating
conditions. The cost was calculated to be 37.4, 35.4, and 20.9 $/m°, respectively. The degradation rates of
them are 2.6, 4.7, and 12.6 x 10> min "', respectively. Consequently, it can be said that the HC/PS system has
advantages in both treatment efficiency and degradation cost. Li et al. [59] compared the time, cavitational
yield (which is defined as the pollutant degradation extent per unit energy utilized as well as the oxidant
consumption.), and total cost when the hydroquinone degradation rate reached 90% in different systems.
They found that the order of processing time from shortest to longest is HC/1.05 mM PS (15 min), HC/
0.83 mM PS (25 min), and HC (120 min). Similarly, the order of cavitational yield from highest to
lowest is HC/1.05 mM PS (1.6 x 10~* mg/J), HC/0.83 mM PS (9.6 x 10> mg/J), and HC (2.53 x 10>
mg/J). Furthermore, the order of total cost from highest to lowest is HC/1.05 mM PS (0.49 $/m>), HC/
0.83 mM PS (0.409 $/m*), and HC (1.527 $/m>). Similarly, in Choi’s [60] study on OA degradation with
HC/PS/O3 system, we can also gain the same conclusion that the combined process has the highest
degradation efficiency and the lowest total application cost. Agarkoti et al. [66] also conducted an
estimation of the degradation cost for HC and HC/PS systems. The study revealed that the cavitational
yield of the HC/PS system is four times that of HC, but the cost of HC/PS is approximately one-fourth
that of HC. It can be seen from previous studies that the HC/PS system has the advantages of low total
cost, low energy consumption, and high degradation rate in practical industrial applications.

Although the HC/PS system has the advantages above in practical applications, the following aspects
should be paid attention to in practical application:

(1) The heat generated by the pump, cavitation effect, and chemical reaction contribute to an increase in
the reaction temperature of the system, thereby negatively impacting the degradation effect of HC/PS. To
solve this, the addition of a cooling layer in the reaction pool is necessary in practical applications to
maintain a relatively stable temperature.

(2) In the HC/PS system, pH plays a crucial role in determining the degradation effect. Generally, the
optimal degradation effect occurs in acidic environments. However, the pH levels in acidic environments
do not meet the required standards for effluent discharge. Therefore, it is necessary to adjust the pH to a
neutral level after treating organic wastewater to ensure compliance with discharge requirements.
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(3) Some components in real organic wastewater, such as co-existing anions, may have an inhibitory
effect on the oxidative degradation of organic pollutants. Consequently, the wastewater needs to be
pretreated to reduce its concentration.

7 Summary and Outlook

7.1 Summary

PS is a cheap and easily available oxidant, but it needs to be activated to form SO, « in order to fully
utilize its oxidation capabilities. HC is a novel and environmentally friendly process enhancement technique
that can effectively activate persulfate. The combination of HC and PS can greatly enhance the degradation
rate of organic pollutants and has the advantages of environmental friendliness, absence of pollution, and
huge industrial application prospects. Based on the above analysis, the main findings of this review can
be summarized as follows:

(1) The current research on the treatment of organic pollutants using HC/PS primarily focuses on
investigating the factors that influence the degradation effectiveness, optimizing traditional HCRs,
exploring the combination of HC/PS with other physical or chemical methods, and identifying the key
active substances within the system.

(2) The mechanism of HC/PS synergistic degradation of organic pollutants lies in the oxidation of *OH,
SO, +, HyO,, PS, and supercritical water, pyrolysis of pollutants. Additionally, the mechanical effects
induced by HC can disrupt the main chains of organic macromolecules, facilitate the mixing of highly
oxidizing substances with the solution, and enhance the degradation effect.

(3) The operating parameters of the cavitation, such as structural parameters, inlet pressure, temperature,
PS concentration, pH value, and co-existing anions, play a crucial role in the effective degradation of organic
pollutants by HC/PS. Cavitation intensity and cycle period should be considered when selecting HCRs’
structure parameters. Additionally, the optimal parameters of inlet pressure, temperature, PS
concentration, pH, and coexisting anions need to be found according to the nature of the contaminant,
possible degradation pathway, and cost.

7.2 Outlook
Based on the summary analysis of this paper and the author’s personal experience, we recommend when
using the HC/PS system for organic wastewater treatment, we need to focus on the following aspects:

(1) Scale-up study of HC/PS technology: Currently, the application of this technology is limited to
laboratory scale. The application effect and economic cost of this technology on medium and large scales
need further in-depth research to clarify its amplification effect.

(2) Research on real wastewater: The research of various technologies will eventually be applied to
industry. However, current investigations about the degradation of wastewater using the HC/PS system
primarily focus on simulated wastewater. Therefore, it is imperative to study the degradation effect of the
system on real wastewater. By doing this, we can gain valuable insights into the potential application and
limitations of HC/PS technology in real wastewater treatment.

(3) Research on the correlation between cavitation characteristics and degradation effect: The correlation
between cavitation characteristics and degradation effect in the HC process is influenced by various structural
and operational parameters of HCRs. Therefore, further investigation is needed to explore methods for
optimizing the design of HCRs and regulating the parameters of the cavitation process to gain the most
optimal cavitation effect.
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