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Abstract

Ozonation is widely used in wastewater treatment, but its efficiency is often limited by the
low solubility of ozone and insufficient gas–liquid mass transfer. High-gravity technology
offers an effective intensification strategy by enhancing liquid-film renewal, interfacial
contact, and micromixing under centrifugal fields. This review summarizes recent ad-
vances in high-gravity ozonation for wastewater treatment. The fundamental oxidation
pathways of ozonation, the characteristics of typical high-gravity reactors, and recent appli-
cations in both homogeneous and heterogeneous systems are discussed. Current studies
show that high-gravity ozonation can significantly improve ozone utilization, pollutant
degradation, and mineralization efficiency. It was reported that the equilibrium dissolved
ozone concentration and ozone decomposition rate constant in heterogeneous catalytic
high-gravity systems were 2.5 and 2.6 times higher than those in conventional bubbling
reactors, respectively, leading to markedly enhanced pollutant and TOC removal. These
findings highlight the potential of high-gravity ozonation for intensified wastewater treat-
ment. Despite these advances, its practical application still faces challenges related to real
wastewater adaptability, byproduct and toxicity control, reactor scale-up, catalyst stability,
economic feasibility, and energy demand. This review provides a useful reference for the
further development and engineering application of high-gravity ozonation technology.

Keywords: high-gravity technology; ozonation; wastewater treatment; process intensification;
advanced oxidation processes

1. Introduction
Clean water is fundamental to human health, social stability, and economic

development [1]. With the acceleration of urbanization and the continuous expansion
of agricultural activities, water demand has been steadily increasing, while water pollution
is becoming increasingly severe, thereby aggravating global water scarcity. It is projected
that the global urban population facing water scarcity will increase from 933 million in
2016 to 1.693–2.373 billion by 2050 [2,3]. Meanwhile, industrialization generates large vol-
umes of wastewater containing pollutants and even toxic substances. It has been reported
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that approximately 48% of global wastewater is discharged into the environment with-
out treatment, posing serious threats to the ecological environment and public health [4].
Therefore, the development of efficient wastewater treatment and water reuse technologies
has become increasingly urgent.

Existing wastewater treatment technologies mainly include physical, chemical, and
biological methods [5], while common advanced treatment processes involve membrane
separation [6,7], adsorption [8], coagulation−flocculation [9], microbial treatment [10], and
chemical oxidation [11]. However, each technology still has certain limitations in terms of
applicability, treatment efficiency, operating cost, and engineering sustainability. Advanced
oxidation processes (AOPs) can achieve efficient removal of refractory organic pollutants by
generating highly reactive radicals [12]. Among them, ozonation is one of the most widely
applied oxidation technologies in water treatment. Ozone has been extensively used for
disinfection and the degradation of toxic organic pollutants, and ozone-based processes
as well as their coupled systems have shown great potential for pollutant degradation,
mineralization, and toxicity reduction [13].

Although conventional ozonation has been widely applied in water treatment, its
practical performance is still constrained by the low aqueous solubility of ozone, insuffi-
cient gas–liquid mass transfer, non-uniform ozone distribution, and the loss of unutilized
ozone [14]. In conventional bubble-column or pneumatic bubble reactors, these drawbacks
often result in limited pollutant removal [15], low ozone utilization efficiency [16], and even
increased risks of by-product formation [17,18]. Therefore, the development of intensified
methods capable of enhancing gas–liquid mass transfer, shortening diffusion paths, and
improving ozone utilization is of great significance.

To overcome the limitations of conventional ozone reactors, such as low ozone mass
transfer efficiency and insufficient gas–liquid contact, high-gravity technology (HiGee)
has been introduced into ozonation processes for wastewater treatment. High-gravity
technology is a typical process intensification technique, commonly employing a rotating
packed bed (RPB) as the core device. By generating a high-gravity field through centrifugal
force, the fluid is subjected to a large centrifugal acceleration under rotating conditions,
thereby significantly enhancing liquid-film renewal, interfacial contact efficiency, and mi-
cromixing intensity, and enabling the synergistic intensification of mass transfer, mixing,
and chemical reactions [19]. Owing to its advantages of simple structure, compact design,
small footprint, high throughput, and excellent mass transfer performance, high-gravity
equipment has been widely applied in absorption [20], desorption [21], extraction [22,23],
crystallization [24], and nanomaterial preparation [25], and has provided a new technologi-
cal approach for intensified ozonation for water treatment. Therefore, the integration of
high-gravity technology with ozonation is considered an effective strategy for improving
ozone utilization efficiency and wastewater treatment performance.

This review summarizes recent advances in the application of high-gravity technology
to ozonation-based wastewater treatment. The review first introduces the fundamental oxi-
dation chemistry of ozonation and the intensification mechanisms enabled by high-gravity
fields. Subsequently, typical high-gravity reactor configurations, including rotating packed
bed, rotor-stator reactors and rotating zigzag beds, are discussed. Recent applications
of homogeneous and heterogeneous high-gravity ozonation systems are then reviewed,
with emphasis on ozone utilization, pollutant degradation, mineralization, and catalytic
mechanisms. Finally, the major challenges associated with real wastewater treatment,
byproduct control, reactor scale-up, catalyst stability, and the economic feasibility and en-
ergy demand of industrial application are critically discussed. This review aims to provide
a systematic reference for the further development and practical application of high-gravity
ozonation technologies.
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Previous reviews have discussed high-gravity technologies for wastewater treatment
or industrial sewage purification from broad technological perspectives, covering stripping,
electrochemical treatment, adsorption, extraction, photocatalysis, and various oxidation
processes, with ozonation treated as only one of several application routes [26,27]. In con-
trast, the present review is specifically dedicated to high-gravity ozonation for wastewater
treatment and focuses on the coupling between ozone reaction chemistry and high-gravity
process intensification. It systematically examines how high-gravity reactor configurations
and operating modes affect ozone dissolution, gas–liquid interfacial renewal, reactive-
species generation, and ozone utilization, and further summarizes recent progress in ho-
mogeneous O3-based systems, including O3/H2O2, O3/persulfate (PS), and Fe2+-assisted
processes, as well as heterogeneous catalytic systems based on carbon materials, supported
metal catalysts, and structured catalytic packings. Accordingly, this review provides a
focused synthesis of high-gravity ozonation by linking ozone reaction pathways with
reactor-based mass-transfer intensification and catalytic activation, rather than broadly
surveying multiple wastewater-treatment processes enabled by high-gravity technology.

2. Reaction Chemistry of Ozonation
Ozonation in aqueous solution mainly proceeds through two pathways: the

direct oxidation by molecular ozone and the indirect oxidation initiated by ozone
decomposition [28]. The former is mainly characterized by the selective attack of ozone
on specific functional groups in pollutants, whereas the latter achieves the non-selective
degradation of pollutants through the generation of reactive species such as ·OH, HO2·,
and HO3· [29]. In certain coupled systems, reactive radicals such as SO4·−, CO3·−, and Cl·
can also be further formed.

2.1. Direct and Indirect Oxidation Mechanisms of Ozonation

Under acidic-to-neutral conditions, direct reactions of molecular ozone with pollutants
usually dominate; under alkaline conditions, however, ozone is more readily decomposed
to generate reactive oxidative species. When the pH exceeds 5, ·OH starts to form, and
with further increases in pH, both the ozone decomposition rate and the contribution of
indirect oxidation increase significantly [30]. This process is generally considered to be a
radical chain reaction initiated by ·OH. In brief, the decomposition of ozone in water can
be represented by the following reactions:

O3 + OH− → HO2· + O2·− (1)

HO2· ↔ O2·− + H+ (2)

O3 + O2·− → O3·− + O2 (3)

O3·− + H+ → HO3· (4)

HO3· → ·OH + O2 (5)

Compared with molecular ozone, ·OH exhibits lower reaction selectivity and stronger
oxidation capacity, with an oxidation potential of approximately 2.8 V, which is higher
than that of ozone (2.07–2.08 V). Therefore, ·OH can react with a wide range of or-
ganic pollutants at rates close to the diffusion-controlled limit and plays an important
role in the removal of refractory organic compounds during ozone-based advanced
oxidation processes [31].
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2.2. Reaction Mechanisms of Typical Inorganic/Organic Constituents with O3 and Radicals

In ozonation systems, coexisting inorganic constituents can regulate the relative con-
tributions of molecular ozone oxidation and radical oxidation by promoting O3 decomposi-
tion, scavenging ·OH, or altering the distribution of secondary reactive species.

H2O2/HO2
− is a typical promoter of ozone decomposition. The dissociation of H2O2

to HO2
− can initiate the chain decomposition of ozone and promote ·OH generation,

thereby enhancing the contribution of radical oxidation in the system [32]. The decomposi-
tion pathway of O3 in the presence of H2O2 is illustrated as follows:

H2O2 ↔ HO2
− + H+ (6)

HO2
− + O3 → ·OH + O2·− + O2 (7)

HCO3
− and CO3

2− are common ·OH scavengers in ozonation systems. Both species
can react with ·OH to generate CO3·−. Compared with ·OH, the oxidation potential of the
CO3·−/CO3

2− redox couple is approximately 1.59 V, indicating that CO3·− has a lower
oxidation capacity [33]. However, it exhibits higher selectivity and greater persistence in
aqueous solution, and may therefore achieve superior performance in the degradation of
specific pollutants [34–36]. The reaction pathways of HCO3

− and CO3
2− with ·OH are

as follows:
·OH + HCO3

− → H2O + CO3·− (8)

·OH + CO3
2− → OH− + CO3·− (9)

The effect of Cl− on ozonation systems is relatively complex. Cl− can react with ·OH
to generate reactive chlorine species, such as Cl· and Cl2·−, thereby decreasing the concen-
tration of free ·OH and partially shifting the oxidation process toward pathways involving
reactive chlorine species [37]. The redox potentials of Cl· and Cl2·− are approximately
2.4 V and 2.0 V, respectively, indicating that although the presence of Cl− can suppress the
·OH-mediated pathway, the generated reactive chlorine species still possess considerable
oxidative capacity [38]. The reaction pathways of Cl− with ·OH are as follows:

Cl− + ·OH → ClOH·− (10)

ClOH·− → Cl· + OH− (11)

Cl· + Cl− → Cl2·− (12)

In contrast, SO4
2− generally acts as a background anion in conventional ozonation

systems. The reaction of SO4
2− with ·OH can generate SO4·−, which possesses a redox

potential comparable to or even higher than that of ·OH, along with higher selectivity and
a longer lifetime [39,40]. Therefore, it can still exhibit considerable reactivity toward the
oxidation of specific organic pollutants. The reaction pathway between SO4

2− and ·OH is
as follows:

SO4
2− + ·OH → OH− + SO4·− (13)

Overall, coexisting inorganic constituents play an important role in shaping ozonation
chemistry by affecting ozone decomposition, the distribution of reactive oxygen species, and
the generation of secondary radicals, thereby influencing pollutant oxidation pathways and
treatment performance. The major reaction pathways involved in high-gravity ozonation
systems are schematically illustrated in Figure 1.
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Figure 1. Schematic illustration of the main reaction pathways in high-gravity ozonation systems.

These reaction pathways are closely related to the molecular structures of target
pollutants. Pollutants containing electron-rich moieties, such as phenolic, amino, or olefinic
groups, can generally react with molecular ozone through direct oxidation, whereas less
ozone-reactive or more refractory compounds usually require radical-mediated oxidation,
especially through ·OH. In high-gravity ozonation systems, ozone-based AOPs, including
O3/H2O2, O3/persulfates, O3/Fe2+, and catalytic ozonation, have been applied to the
degradation of typical pollutants such as phenolic compounds, antibiotics, nitroaromatic
compounds, pharmaceuticals, and other refractory organics, with the reported removal
and mineralization efficiencies summarized in the following sections and tables.

3. Typical HiGee Reactors for Ozonation
High-gravity technology is a typical process intensification method that utilizes

rotation-induced high centrifugal fields to enhance transport and reaction processes. The
intensity of the high-gravity field is commonly described by the high-gravity factor β,
which is defined as follows:

β = ac/g = ω2r/g (14)

where ac is the centrifugal acceleration, ω is the angular velocity, r is the radial position,
and g is the gravitational acceleration. Depending on the rotor radius and rotational
speed, the effective centrifugal acceleration in high-gravity reactors can generally reach
tens to hundreds of times that of normal gravity. Compared with conventional gas–liquid
contactors, high-gravity reactors can significantly reduce liquid film thickness, accelerate
gas–liquid interfacial renewal, and intensify fluid turbulence and micromixing, thereby
improving gas–liquid mass transfer rates and reaction efficiency [19].

In ozonation systems, the low solubility of O3 in water and the relatively high
gas–liquid mass transfer resistance often limit its utilization efficiency; therefore, the use
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of high-gravity reactors offers clear advantages in enhancing ozone mass transfer and
promoting the generation of reactive oxygen species [26,27]. Compared with conven-
tional ozonation, high-gravity ozonation introduces additional reactor-related parameters,
such as rotational speed, high-gravity factor, packing or rotor configuration, and liquid
distribution. In recent years, with the continuous development of high-gravity technol-
ogy, researchers have developed various high-gravity reactors with different rotating
configurations [41,42]. At present, a variety of high-gravity reactors have been applied to
ozone-based water treatment processes, mainly including rotating packed beds (RPB), rotor-
stator reactors (RSR) and rotating zigzag beds (RZB). The structural characteristics and
intensification mechanisms of these typical high-gravity reactors are introduced separately
below (Figure 2).

Figure 2. Schematic diagram of the major HiGee reactor configurations used in ozonation systems:
(a) rotating packed beds; (b) rotor-stator reactors; (c) rotating zigzag beds.

3.1. Rotating Packed Bed

The RPB is one of the most representative high-gravity reactors. Its basic structure, as
shown in Figure 2a, mainly consists of a rotating packed rotor, a casing, a liquid distributor,
and gas/liquid inlets and outlets [43,44]. During operation, the liquid flows radially
outward through the packing from the inner edge to the outer edge of the rotor under
centrifugal force, while the gas typically flows from the outer edge toward the inner edge,
thereby forming a radially countercurrent gas–liquid contact pattern within the packing
layer. Compared with conventional packed towers, the RPB can significantly reduce liquid
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film thickness, accelerate gas–liquid interfacial renewal, and intensify turbulence under a
high centrifugal field, thus markedly enhancing gas–liquid mass transfer efficiency [42].
Owing to its compact structure, high mass transfer efficiency, and pronounced process
intensification performance, the RPB has become one of the most widely applied and
extensively studied reactor configurations in high-gravity technology.

In addition to the conventional RPB, several modified RPB configurations have also
been developed in recent years, such as the gas-baffled rotating packed bed (GB-RPB) [45]
and the submerged rotating packed bed (SRPB) [46]. These modified configurations
generally further enhance ozone mass transfer and reaction performance by regulating
gas–liquid flow paths, prolonging gas residence time, or strengthening liquid circulation
and interfacial renewal.

3.2. Rotor-Stator Reactor

The basic structure of the RSR is shown in Figure 2b. It typically consists of multiple
concentric rotor rings and stator rings arranged alternately along the radial direction, in
which ring assemblies with slotted or perforated structures replace the conventional pack-
ing. As a result, the RSR features an open structure, adjustable ring configuration, and ease
of assembly and disassembly [47]. After entering the RSR, the fluid continuously undergoes
rotor capture and acceleration, stator-induced collision and disturbance, and multistage
redistribution during its outward radial migration, thereby giving rise to markedly non-
uniform, multiscale flow characteristics. Meanwhile, liquid breakup occurs mainly in the
high-shear regions near the rotor rings and around the stator, exhibiting typical behaviors
such as ligament breakup into droplets and subsequent droplet fragmentation [48,49].
Owing to these structural and hydrodynamic characteristics, the RSR offers advantages
including frequent fluid renewal, high micromixing efficiency, operational flexibility, and
low susceptibility to clogging.

3.3. Rotating Zigzag Bed

The RZB is a novel rotating contactor developed based on the principle of high gravity.
Its basic structure is shown in Figure 2c, and its core section consists of coupled rotating and
stationary disks, with rotating baffles and stationary baffles arranged alternately along the
radial direction [50]. During operation, the gas and liquid flows countercurrently through
the gaps between the rotating and stationary baffles with a zigzag pathway, while the liquid
continuously undergoes dispersion, coalescence, and redistribution under the action of
centrifugal force. Compared with the conventional RPB, the RZB employs a baffle structure
instead of the traditional packing, eliminating the need for a liquid distributor and dynamic
seals, while also allowing intermediate feeding in continuous distillation processes [51].
Owing to its unique zigzag configuration, the RZB can effectively prolong the gas–liquid
contact path and residence time, and it is also convenient for constructing multistage rotor
structures. Therefore, it exhibits good engineering adaptability in mass-transfer separation
processes such as continuous distillation [52].

3.4. Comparative Remarks on HiGee Reactors for Ozonation

Although these HiGee reactors can all intensify gas–liquid contact, their applicability
in ozonation processes depends strongly on reactor structure and the dominant process
limitation. These structural differences affect gas–liquid interfacial renewal, transport paths,
and flow resistance, thereby leading to distinct mass-transfer performances, pressure drops,
liquid residence times, and energy demands among different HiGee reactors. In RPBs,
the rotating packing disperses liquid into thin films, rivulets, and droplets, providing a
large and continuously renewed interface for ozone transfer, but the packed zone may
also result in short liquid residence time. In RSRs, the alternating rotor and stator rings
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repeatedly shear and redistribute the liquid, resulting in rapid liquid breakup, strong
interfacial renewal, and efficient micromixing. Those hydrodynamic characteristics can
enhance the local redistribution of dissolved ozone and reactive species near the gas–
liquid interface, which is beneficial for fast ozone-based reactions. In RZBs, alternating
rotating and stationary baffles create zigzag flow paths that can increase liquid holdup and
gas-liquid contact time, but may also increase flow resistance and power demand.

To avoid overgeneralized comparison, the main intensification features, advantages,
limitations, and suitable ozonation scenarios of typical HiGee reactors are summarized
in Table 1. In general, RPBs are more suitable when ozone dissolution and gas–liquid
mass transfer are the main limitations, especially in conventional and catalytic ozonation
systems. RSRs may be preferred for fast ozone-based AOPs requiring rapid micromixing
and interfacial renewal, whereas RZBs may be considered when longer gas–liquid contact
and extended flow paths are desired. However, direct comparisons among different HiGee
reactors under identical ozonation conditions remain limited. Therefore, future reactor
selection should consider not only pollutant removal efficiency, but also ozone utilization,
pressure drop, liquid residence behavior, mass-transfer performance, fouling tendency, and
scale-up adaptability.

Table 1. Characteristics and selection criteria of typical HiGee reactors for ozonation.

Reactor
Main
Intensification
Feature

Main Advantages Main Limitations
Suitable
Scenarios in
Ozonation

Ref.

RPB

Annular packing
disperses liquid into
films, rivulets, and
droplets, enhancing
interfacial renewal
and gas–liquid
mass transfer

Mature and compact
configuration; high
mass transfer
efficiency; suitable
for catalytic packing;
widely applied in
high-gravity
ozonation

Relatively high
pressure drop;
short liquid
residence time;
possible liquid
maldistribution,
splashing,
packing fouling

General ozonation
and catalytic
ozonation systems
where ozone
dissolution and
gas–liquid mass
transfer are
limiting factor

[42,43,53,54]

RSR

Repeated liquid
redistribution,
strong shear, rapid
droplet breakup,
and excellent
micromixing
generated by
alternating rotor
and stator rings

Very short
micromixing time;
strong interfacial
renewal; reduced
packing fouling;
adjustable
rotor/stator
structure

Complex
hydrodynamics;
short liquid
residence time at
high speed; higher
energy demand
with more layers
or higher speed;
limited ozonation
studies

Fast homogeneous
ozone-based AOPs
requiring rapid
mixing and
interfacial renewal

[47–49]

RZB

Zigzag gas–liquid
flow channels
formed by rotating
and stationary
baffles, causing
repeated dispersion-
aggregation and
extended contact

Longer gas–liquid
contact path; larger
liquid holdup; good
mass transfer
performance;
convenient
multirotor
configuration

Higher pressure
drop and power
consumption than
RPB; complex
structure; limited
ozonation
validation

Ozonation systems
requiring
extended
gas–liquid contact
and improved
ozone utilization

[50–52]

4. Wastewater Treatment by HiGee Homogeneous Ozonation
In HiGee homogeneous ozonation systems for wastewater treatment, ozone reacts

with pollutants in the absence of solid catalysts. Such systems include not only ozonation
alone, but also advanced oxidation processes coupled with homogeneous oxidants such
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as H2O2, PS, and Fe2+. Compared with conventional ozonation systems, the high-gravity
field can significantly intensify gas–liquid mass transfer and improve ozone utilization
efficiency, thereby enhancing pollutant removal performance. Therefore, this type of system
not only represents the fundamental form of high-gravity ozonation, but also provides an
important basis for the subsequent development of heterogeneous catalytic and hybrid
oxidation systems.

Representative applications of HiGee homogeneous ozonation systems for wastewater
treatment are summarized in Table 2. As shown in the table, current studies have expanded
from ozonation alone to various coupled homogeneous systems involving H2O2, PMS/PDS,
and Fe2+-based reagents, demonstrating enhanced pollutant degradation, mineralization,
and, in some cases, improved biodegradability.

Table 2. Representative applications of HiGee homogeneous ozonation systems in wastewater
treatment.

Pollutant
HiGee
Ozonation
System

Key Operating
Conditions

Ozone
Utilization
Efficiency

Pollutant
Removal

COD/TOC
Removal Ref.

BR-46 wastewater RPB-O3/LDP

C0 = 300 mg/L;
VLDP = 200 mL;
O3 = 20 mg/L;
QG = 75 L/h;
QL = 15 L/h; 800 rpm

63.2% 82.6% COD 29.8% [55]

High-salinity
AR-73
wastewater

RPB-O3/LDP

C0 = 300 mg/L;
Na2SO4 = 30 g/L;
VLDP = 150 mL;
O3 = 40 mg/L;
QG = 60 L/h;
QL = 20 L/h; 800 rpm

75.7% 91.3% COD 32.4% [56]

Pesticide-laden
wastewater GB-RPB/O3

Inner baffle = 1/3 rotor
outer diameter;
outer baffle = 5/9 rotor
outer diameter;
baffle spacing = 20 mm;
QL = 60 L/h;
O3 = 20 mg/L; β = 30;
initial pH = 6

~81%
(60 min) — COD ~71%

(60 min) [45]

SMX wastewater SRPB/O3

C0 = 10–30 mg/L;
mesh numbers = 12;
N = 300–500 rpm;
QG = 300–500 L/h;
O3 = 50–150 mg/L;
t = 24 min

90.1% 94.0–96.8% — [57]

o-PDA
wastewater RSR/O3

C0 = 50 mg/L;
pH = 6.5; T = 25 ◦C;
O3 = 61.3 mg/L;
QL = 18 L/h; 1000 rpm

— 94.6% COD 61.2% [58]

AR-73
wastewater RSR-BCR/O3

C0 = 500 mg/L;
pH = 9.25; initial
COD = 380 mg/L;
O3 = 50 mg/L;
QG = 36 L/h;
QL = 12 L/h; 1000 rpm

— >97% COD > 30% [59]

Amaranth
wastewater RZB/O3

C0 = 300 mg/L;
pH = 6.5;
O3 = 30 mg/L;
QG = 60 L/h;
QL = 12 L/h; 1200 rpm

— 92.8% COD 14.6% [60]
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Table 2. Cont.

Pollutant
HiGee
Ozonation
System

Key Operating
Conditions

Ozone
Utilization
Efficiency

Pollutant
Removal

COD/TOC
Removal Ref.

E. coli-
contaminated
water

RPB/O3

Ct = 0.0008–
0.0014 min·mg·L−1;
QG = 30 L/h;
QL = 60 L/h;
800 rpm; 22 ◦C

—

E. coli log
inactivation
reached
6.8–7.3

— [61]

Nitrobenzene
wastewater RPB/O3/H2O2

C0 = 200 mg/L;
H2O2 = 5.7 mmol/L;
O3 = 50 mg/L;
QL = 125 L/h; β = 100;
pH = 10.5; QG = 75 L/h;
t = 10 min

— 76.1% — [62]

o-PDA
wastewater RSR/O3/H2O2

C0 = 60 mg/L;
H2O2 = 30 mg/L;
O3 = 51.0 mg/L;
QL = 20 L/h;
QG = 240 L/h; pH = 6.5;
T = 25 ◦C; 1000 rpm

— 94.8% COD 68.1% [63]

Tetracycline
hydrochloride
(TCH)
wastewater

RPB/O3/
PMS/LDP

C0 = 150 mg/L; pH = 7.0;
O3 = 30 mg/L;
PMS = 2.25 mmol/L;
QG = 60 L/h; QL = 25 L/h;
600 rpm; VLDP = 200 mL

75.9% 92.2% COD 19.6% [64]

Nitrobenzene
wastewater RPB/O3/PDS

C0 = 200 mg/L; pH = 10;
β = 40; PDS = 2.5 mmol/L;
O3 = 60 mg/L; QG = 75 L/h;
QL = 100 L/h; t = 30 min

— 90.59% — [65]

Chloramphenicol
wastewater SRPB/O3/PDS

C0 = 20 mg/L; pH = 10;
O3 = 30 mg/L;
PDS = 100 mg/L; 400 rpm;
t = 16 min

— 97% — [66]

Methyl orange
wastewater

RPB/O3/
PDS/Fe2+

C0 = 200 mg/L; pH = 4;
Fe2+ = 1.0 mM;
PDS = 2.0 mM; O3 = 40
mg/L; QG = 300 L/h;
QL = 15 L/h; 1000 rpm;
25 ◦C

— 88% COD 38% [67]

Indigo carmine
wastewater

RSR/O3/
PDS/Fe2+

C0 = 200 mg/L; pH = 7.3;
Fe2+ = 0.8 mmol/L;
PDS = 0.8 mmol/L;
O3 = 2.5 mg/L; G/L = 1;
600 rpm; 25 ◦C

— 96.9% — [68]

Aniline
wastewater RPB/O3/Fenton

C0 = 200 mg/L; β = 100;
pH = 5; Fe2+ = 0.8 mmol/L;
H2O2 = 2.5 mL; O3 = 36
mg/L;
QG = 60 L/h; QL = 80 L/h

85% 100% TOC 89% [69]

Coal gasification
wastewater

RPB/O3/Fenton
+ coagulation

pH = 4;
Fe2+ = 0.5 mmol/L;
H2O2 = 2.5 mmol/L;
O3 = 20 mg/L; 800 rpm;
QG = 90 L/h; QL = 15 L/h;
pH(coagulation) = 3;
poly aluminum
sulfate = 100 mg/L

— 87.5% COD 47.8% [70]
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Because the operating conditions and processes vary among different studies, Table 2
summarizes representative applications and performance indicators rather than providing
a direct quantitative comparison among different systems.

4.1. HiGee Ozonation Alone

In HiGee ozonation alone systems, pollutant removal is mainly achieved through
the combined effects of direct oxidation by molecular ozone and indirect oxidation by
reactive species generated from ozone decomposition. Previous studies have applied this
system to the treatment of various wastewaters and typical organic pollutants, and have
systematically investigated its removal performance and intensification characteristics.

Early studies mainly focused on the behavior of ozone in conventional RPB. These
investigations showed that the decomposition of aqueous ozone in an RPB could be
accelerated by increasing pH and rotational speed, suggesting that the high-gravity field
not only enhances ozone transfer from the gas phase to the liquid phase, but also affects
the relative contribution of direct ozonation and radical-mediated oxidation [71].

On this basis, one emerging intensification strategy has been the utilization of the
liquid detention phenomenon (LDP) [55,56]. This phenomenon refers to the retention
of a specified volume of liquid at the base of the RPB by regulating the outlet liquid
flow (Figure 3). When liquid is detained in the RPB, it will accumulate at the bottom
and immerse the lower part of the rotor. Some of the detained liquid will be carried
by the rotating rotor to the upper part of the rotor and cavity. Thus, both the liquid
residence time and liquid holdup in the RPB increase when the liquid is detained, leading
to improved interphase transfer effect. Hydrodynamically, liquid detention prolongs the
residence time of the liquid phase and increases the amount of liquid retained within the
reactor, thereby maintaining longer gas–liquid contact and providing more time for ozone
dissolution, interfacial transfer, and subsequent oxidation reactions. This effect is beneficial
for both direct ozone oxidation and indirect oxidation by ozone-derived reactive species.
Xu et al. [55] and Shi et al. [56] demonstrated that LDP could markedly improve pollutant
removal and ozone utilization. These results indicate that residence-time regulation is an
effective way to strengthen the performance of single-ozone HiGee systems, especially
when wastewater composition hinders efficient oxidation.

Figure 3. Schematic illustration of LDP in an RPB [64].
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Nevertheless, liquid detention reduces the available pathways for gas flow within the
RPB, thereby increasing the pressure drop. Moreover, LDP elevates the liquid load in the
RPB, which can lead to higher energy consumption for its operation. Consequently, an
optimal level of detained liquid must be maintained to balance the benefits of enhanced
oxidation against these potential drawbacks.

In addition to operation-mode regulation, structural optimization of reactors has also
become an important route for intensification. Modified configurations such as GB-RPB and
SRPB have been developed to improve gas distribution, enhance liquid circulation, prolong
effective gas residence time, and accelerate interfacial renewal. Studies showed that such
improvements could substantially enhance ozone utilization or mass-transfer efficiency,
while enabling rapid degradation of refractory pollutants such as pesticide residues and
antibiotics [45,57]. Overall, these findings suggest that internal-structure optimization
and hydrodynamic regulation have become key strategies for improving the treatment
efficiency of HiGee single-ozone systems.

Single-ozone HiGee systems have also been extended beyond the conventional RPB
to other intensified reactors, including RSR [58,59] and RZB [60]. Although these reactors
differ in structure and flow pattern, they show a consistent intensification trend, namely,
improving ozone absorption while maintaining sufficient effective reaction time. This
extension indicates that the application of single-ozone HiGee systems is gradually shifting
from a single reactor type toward a broader family of intensified gas–liquid contactors.

The application of HiGee single-ozone systems is not limited to the degradation of
organic pollutants. Previous studies have also employed RPBs as ozonation disinfection
contactors, showing that high microbial inactivation could be achieved even at relatively
low Ct values [61]. This result highlights the potential of HiGee single-ozone systems in
disinfection process.

Overall, HiGee single-ozone systems have significantly improved ozone utilization
and pollutant removal through both operation-mode regulation and reactor-configuration
optimization. However, their deep oxidation and mineralization capacity remains inher-
ently limited, because the system still relies primarily on ozone and ozone-derived reactive
species generated without additional oxidants. This limitation provides the motivation
for introducing H2O2, PMS/PDS, and Fe2+-based reagents, which are discussed in the
following sections.

4.2. Applications of the HiGee O3/H2O2 System in Water Treatment

To overcome the limitations of single-ozone systems in terms of oxidation selectivity
and deep mineralization capacity, hydrogen peroxide has been introduced to construct
the O3/H2O2 combined system. In this system, H2O2 promotes ozone decomposition and
accelerates the generation of hydroxyl radicals, thereby enhancing the non-selective oxida-
tion capacity of the process and improving the removal of refractory organic pollutants.
Under high-gravity conditions, the intensification of ozone gas–liquid mass transfer and
the acceleration of radical reactions can proceed simultaneously, which further increases
the applicability of the O3/H2O2 system in refractory wastewater treatment.

Existing studies indicate that the high-gravity O3/H2O2 homogeneous system has
considerable potential for the treatment of refractory organic wastewater. Jiao et al. [62]
demonstrated that the treatment of nitrobenzene wastewater in an RPB was strongly influ-
enced by the coupling of oxidant dosage and high-gravity intensity, confirming that process
intensification in such systems depends not only on enhanced ozone transfer but also on the
coordinated optimization of reaction conditions. Similarly, Arowo et al. [63] employed an
RSR to treat o-phenylenediamine wastewater and showed that, compared with ozonation
alone, the O3/H2O2 system could simultaneously improve pollutant degradation, ozone
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mass-transfer performance, and COD removal, while also leading to lower residual levels
of intermediate products. These results suggest that the introduction of H2O2 into HiGee
ozonation systems does not merely enhance pollutant transformation, but also promotes a
more complete oxidation pathway.

Overall, under high-gravity conditions, the O3/H2O2 system improves the degrada-
tion and mineralization of refractory organic pollutants through the synergistic enhance-
ment of ozone transfer and hydroxyl-radical generation. Nevertheless, its performance
remains strongly dependent on oxidant dosage, ozone concentration, and reactor operating
conditions. Therefore, although the O3/H2O2 system provides a relatively straightfor-
ward route for strengthening homogeneous ozonation, further enhancement through other
oxidants or Fe2+-assisted systems remains of continued interest.

4.3. Applications of the HiGee O3/Persulfate System in Water Treatment

To further enhance the oxidation capacity of ozonation systems toward refractory
organic pollutants, researchers have coupled ozone with persulfate-based oxidants to
construct O3/persulfate combined systems. Persulfate generally includes two types of
precursors, namely peroxymonosulfate (PMS) and peroxydisulfate (PDS).

In the O3/PMS system, PMS can react with ozone to generate SO4·− and ·OH through
intermediate reactive species such as SO5·− and O3·−, thereby forming a combined reaction
system involving the molecular ozone oxidation, sulfate radical oxidation, and hydroxyl
radical oxidation [72,73]. Compared with the ozone-alone system, the introduction of PMS
broadens the sources of reactive oxidative species and enhances the indirect oxidation
capacity of the system [74]. The mechanistic reactions are as follows:

HSO5
− ↔ H+ + SO5

2− (15)

SO5
2− + O3 → SO5·− + O3·− (16)

SO5·− + O3 → SO4·− + 2O2 (17)

O3·− → O·− + O2 (18)

O·− + H2O → ·OH + OH− (19)

SO4·− + OH− → SO4
2− + ·OH (20)

SO4·− + H2O → H+ + SO4
2− + ·OH (21)

Zhu et al. [64] developed a liquid-detention-enhanced RPB/O3/PMS system for the
treatment of tetracycline hydrochloride (TCH) wastewater. Their results showed that
an appropriate detained liquid volume could simultaneously enhance ozone absorption
and PMS activation by prolonging liquid-phase residence time and increasing liquid
holdup in the reactor. At a detained liquid volume of 200 mL, the ozone absorption
efficiency, TCH degradation efficiency, and COD removal efficiency reached 75.9%, 92.2%,
and 19.6%, respectively, all higher than those obtained without liquid detention. Quenching
experiments further confirmed the participation of both ·OH and SO4·− in pollutant
oxidation, indicating that liquid detention coupled with the high-gravity O3/PMS system
can effectively improve the treatment performance for antibiotic wastewater.

In the O3/PDS system, PDS has a symmetric structure and higher stability than PMS,
and therefore generally requires stronger activation conditions. Under alkaline conditions,
ozone decomposition can be promoted, and reactive intermediates such as HO2

− and O2·−
may participate in PDS activation, subsequently leading to the formation of SO4·−. These
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reactive species then jointly participate in pollutant oxidation [75]. The corresponding
mechanistic reactions are as follows:

S2O8
2− + HO2

− → SO4
2− + SO4·− + O2·− + H+ (22)

Existing studies indicate that high-gravity homogeneous O3/PDS systems exhibit
considerable potential for the treatment of refractory organic wastewater. Qiao et al. [65]
showed that coupling ozone with peroxydisulfate in an RPB markedly enhanced nitroben-
zene removal, with the degradation efficiency exceeding 90% under optimized conditions.
Yang et al. [66] extended the O3/PDS process to chloramphenicol wastewater treatment
in a submerged RPB and reported that the degradation efficiency reached 97% within
16 min, with an apparent kinetic constant of 0.23 min−1. Taken together, these studies sug-
gest that the O3/PDS system can simultaneously enhance ozone mass transfer and promote
the generation of both ·OH and SO4·−, thereby strengthening the combined contribution
of direct ozone oxidation and indirect radical oxidation to refractory pollutant removal.
Nevertheless, its treatment performance remains strongly dependent on solution chemistry
and operating parameters, including pH, PDS dosage, ozone concentration, rotational
speed, and water-matrix conditions.

4.4. Applications of Fe2+-Assisted HiGee Ozonation System in Water Treatment

The introduction of Fe2+ significantly alters the reaction mechanism of ozonation
systems. Traditionally, the O3/Fe2+ system has often been attributed to a radical pathway
initiated by single-electron transfer, in which Fe2+ activates ozone to generate O3·−, which
is subsequently transformed into reactive species such as ·OH. The main processes are
shown as follows:

Fe2+ + O3 → Fe3+ + O3·− (23)

O3·− + H+ → ·OH + O2 (24)

However, increasing evidence suggests that the high-valent iron-oxo species Fe(IV)=O
is also a key intermediate in this system and may even play a dominant role under certain
conditions [76,77]. Its main pathway is shown as follows:

Fe2+ + O3 → FeIV
aqO2+ + O2 (25)

Overall, the reaction between Fe2+ and O3 can generate the high-valent iron-oxo
species Fe(IV)=O. Compared with ·OH, Fe(IV)=O not only exhibits high oxidation capability
and a relatively long lifetime, but also shows greater reaction selectivity. It can participate
in the oxidation of organic compounds through multiple pathways, including oxygen-
atom transfer, hydrogen-atom transfer, hydride transfer, outer-sphere electron transfer, and
electrophilic addition [78,79]. For example, the reaction pathways associated with PMS and
PDS are shown as follows:

Fe2+ + HSO5
− → FeIV

aqO2+ + SO4
2− + H+ (26)

Fe2+ + S2O8
2− + H2O → FeIV

aqO2+ + 2SO4
2− + 2H+ (27)

Meanwhile, ·OH may still be generated through competing single-electron pathways
or formed secondarily during the subsequent decay of Fe(IV)=O. Therefore, the O3/Fe2+

system should not be simply described as a process in which Fe2+ promotes ozone to
produce ·OH; rather, it should be regarded as a composite oxidation system in which
high-valent iron species and free radicals coexist.
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It should be noted that the participation of high-valent iron-oxo species such as
Fe(IV)=O in Fe2+-assisted HiGee ozonation remains difficult to verify experimentally. Pre-
vious studies have demonstrated that Feaq

IVO2+ can be generated in Fe2+/O3 systems and
can oxidize substrates through oxygen-atom-transfer pathways; however, these evidences
were mainly obtained in conventional aqueous systems or microdroplet systems rather
than in HiGee reactors. In high-gravity reactors, rapid ozone mass transfer, short liquid
residence time, intense micromixing, Fe2+/Fe3+ cycling, ·OH generation, and possible
Fe(IV)=O formation coexist, making it challenging to distinguish radical and non-radical
pathways. Therefore, Fe(IV)=O should currently be regarded as a possible reactive species
rather than a confirmed dominant oxidant in Fe2+-assisted HiGee ozonation systems. Fur-
ther studies using selective probe compounds, isotope labeling, and in situ spectroscopic
characterization are needed to clarify its contribution.

In practical applications, high-gravity Fe2+-assisted ozonation systems have expanded
from the conventional O3/Fenton process to more complex multi-oxidant systems such
as O3/PS/Fe2+, while the reactor configuration has also evolved from the classical RPB to
other intensified devices such as the RSR. Existing studies consistently show that the high-
gravity field can markedly enhance ozone transfer into the liquid phase and strengthen its
synergistic reactions with Fe2+, H2O2, or persulfate. As a result, both pollutant degradation
and mineralization can be effectively promoted in refractory organic wastewater treatment.

For dye-containing wastewater, previous studies have shown that the introduction of
Fe2+ and persulfate into high-gravity ozonation systems can produce a clear synergistic
effect beyond that of simpler oxidation routes. Representative work in RPBs and RSRs
demonstrated that the combined O3/PS/Fe2+ process outperformed either ozone alone
or Fe2+/persulfate-based oxidation, indicating that the coexistence of ozone, Fe2+, and
persulfate-derived reactive species can be effectively amplified by the favorable mass-
transfer and micromixing environment provided by high-gravity reactors [67,68]. In some
cases, the oxidation step also improved the subsequent biological treatment performance,
further highlighting the practical value of this coupled strategy.

For aromatic amine wastewater, Fe2+-assisted high-gravity ozonation has also shown
strong potential for deep oxidation [69]. In RPB-intensified O3/Fenton treatment of aniline
wastewater, rapid pollutant removal was achieved together with substantial TOC reduction,
indicating that high-gravity conditions are beneficial not only for accelerating pollutant
transformation but also for promoting subsequent mineralization. Moreover, for complex
industrial wastewater such as coal gasification wastewater, the integration of O3/Fenton in
an RPB with coagulation could simultaneously enhance COD removal, decolorization, and
biodegradability, suggesting that such systems can create more favorable conditions for
downstream treatment rather than serving only as a standalone oxidation unit [70].

Overall, Fe2+-assisted high-gravity ozonation systems have shown considerable poten-
tial for enhancing ozone mass transfer, improving oxidant utilization, promoting pollutant
mineralization, and increasing wastewater biodegradability. They therefore represent one
of the most promising homogeneous intensification routes in high-gravity ozonation for
water treatment. Nevertheless, their treatment performance is still jointly influenced by
multiple factors, including Fe2+ concentration, dose of auxiliary oxidants, pH, temperature,
and reactor operating parameters. Further optimization is therefore still required according
to the characteristics of specific wastewaters.

4.5. Comparative Remarks on HiGee Homogeneous Ozonation Systems

Taken together, HiGee homogeneous ozonation systems show a clear evolution from
ozone-alone processes to multi-oxidant systems involving H2O2, PMS/PDS, and Fe2+-based
reagents. Ozone-alone systems mainly rely on enhanced gas–liquid mass transfer and
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ozone decomposition, and are therefore suitable for improving pollutant transformation
and disinfection efficiency. However, their mineralization capacity is often limited when
treating refractory organic pollutants. The introduction of H2O2 provides a relatively
simple way to promote ·OH generation, whereas PMS/PDS-based systems further broaden
the reactive-species spectrum by involving both ·OH and SO4·−. Fe2+-assisted systems are
more complex because high-valent iron species and radical pathways may coexist, which
can enhance deep oxidation but also increases the sensitivity of the process to pH, reagent
dosage, and water-matrix composition.

Despite the promising performance reported in these studies, several limitations
should be noted. First, most investigations were conducted using simulated wastewater
containing single target pollutants, and the adaptability of these systems to real wastew-
ater remains insufficiently verified. Second, the relative contributions of ozone transfer,
radical generation, and direct molecular ozone oxidation are often not quantitatively dis-
tinguished. Third, performance evaluation has mainly focused on pollutant removal,
COD/TOC reduction, or ozone utilization, whereas byproduct evolution, toxicity variation,
and process stability have received comparatively less attention. Therefore, future studies
should establish more comprehensive evaluation frameworks by combining kinetic analy-
sis, reactive-species identification, ozone-utilization assessment, byproduct identification,
toxicity testing, and process-stability evaluation under realistic water-matrix conditions.

5. Wastewater Treatment by HiGee Heterogeneous Ozonation
Heterogeneous catalytic ozonation systems represent an important extension of high-

gravity ozonation for wastewater treatment. Compared with homogeneous systems, they
promote ozone activation and the generation of reactive species at the interface through
solid catalysts, and thus offer several advantages, including high catalytic activity, broad
applicability, easy separation and recovery, and a lower risk of secondary pollution. Under
high-gravity conditions, where mass transfer and micromixing are intensified, the inter-
action between ozone and the catalyst surface can be further amplified, thereby enabling
more efficient degradation and mineralization of pollutants.

Representative applications of high-gravity heterogeneous catalytic ozonation systems
in water treatment are summarized in Table 3 The catalysts mainly include activated-
carbon-based catalysts, metal-based-supported catalysts, and monolithic catalysts. These
systems have demonstrated considerable potential for enhancing pollutant degradation,
mineralization, and, in some cases, the simultaneous removal of multiple contaminants.

Table 3. Representative applications of HiGee heterogeneous catalytic ozonation systems in wastewa-
ter treatment.

Pollutant HiGee Ozonation
System Key Operating Conditions Pollutant

Removal
COD/TOC
Removal Ref.

Phenol wastewater RPB/O3/activated
carbon(AC)

Phenol = 100 mg/L;
AC = 25 g/L; β = 40;
O3,in = 90 mg/L;
QG = 60 L/h; QL = 80 L/h;
pH = 11; T = 25 ◦C

100% (10 min) TOC 91%
(40 min) [80]

Nitrobenzene (NB)
wastewater

RPB/O3/
Mn-Fe/ZSM-5

NB = 100 mg/L; β = 20;
O3 = 25 mg/L;
C0,TOC = 70 mg/L;
QL = 60 L/h; QG = 60 L/h;
pH = 6

99.99%
(40 min)

TOC 72%
(40 min) [81]

https://doi.org/10.3390/pr14142291

https://doi.org/10.3390/pr14142291


Processes 2026, 14, 2291 17 of 28

Table 3. Cont.

Pollutant HiGee Ozonation
System Key Operating Conditions Pollutant

Removal
COD/TOC
Removal Ref.

Formaldehyde
wastewater

RPB/O3/H2O2/
MgO/γ-Al2O3

Formaldehyde =
2200 mg/L;
catalyst = 3MgO/γ-Al2O3;
pH = 14; β = 40;
H2O2 = 15 mL/L;
O3 = 0.14 g/L;
QL = 90 L/h; QG = 100 L/h

99.85%
(60 min)

TOC 97.37%
(60 min) [82]

Phenol wastewater
RPB/O3/
Mn-CoOX/
γ-Al2O3

Phenol = 100 mg/L;
β = 104; O3 = 80 mg/L;
QL = 80 L/h; QG = 60 L/h;
pH = 6

100%
(60 min)

TOC 95.01%
(45 min) [83]

High-salt phenol
wastewater

RPB/O3/
Co-Mn/γ-Al2O3

Phenol = 100 mg/L;
NaCl = 10 g/L; β = 40;
QL = 80 L/h;
O3 = 70 mg/L; pH = 6

98.40%
(9 min)

TOC 90.02%
(80 min) [84]

Composite
wastewater
containing phenol
and Cr(VI)

RPB/O3/
Fe-Mn/AC

Phenol = 100 mg/L;
Cr(VI) = 30 mg/L; catalyst
dosage = 10 g/L; β = 40;
QL = 5.13 m/h;
O3 = 50 mg/L;
QG = 60 L/h; pH = 6;
T = 25 ◦C

Cr(VI) 98.9%
phenol: 100%

TOC 98.5%
(60 min) [85]

SMX wastewater RPB/O3/
Ce-Co/CH

SMX = 100 mg/L; β = 30;
QL = 100 L/h;
O3 = 35 mg/L; pH = 6

100% (7 min) TOC 68.6%
(60 min) [86]

Because catalyst dosage, ozone concentration, and reactor operation parameters were
different across studies, Table 3 presents the typical operating conditions and treatment
performance as reported in the literature.

5.1. Activated Carbon and Carbon-Based Catalysts

Activated carbon-catalyzed ozonation is generally considered to arise from the syner-
gistic effects of surface adsorption, electron transfer, and the generation of reactive oxygen
species. Previous studies have shown that activated carbon can significantly promote ozone
decomposition, and its catalytic activity is closely related to its surface chemical properties
and pore structure characteristics [87]. In general, activated carbons with larger specific
surface areas, more developed microporous structures, and stronger surface basicity are
more favorable for ozone activation. The catalytic mechanism is commonly attributed to
the enrichment of ozone on the activated carbon surface, followed by electron transfer
through surface electron-donating sites or specific functional groups, which leads to the
formation of reactive species such as O2·−, HO2·, and ·OH and thereby promotes the
oxidative degradation of organic pollutants. Meanwhile, activated carbon can also enhance
interfacial contact between ozone and pollutants through its adsorption capacity [88].

Activated carbon, as a representative carbon-based catalyst, has shown promising
potential in high-gravity heterogeneous ozonation systems for wastewater treatment. In
phenolic wastewater treatment, using activated carbon simultaneously as the catalyst and
packing material in a RPB enabled rapid pollutant degradation and markedly enhanced
mineralization compared with conventional ozonation systems [80]. This improvement
reflects the synergistic effect between high-gravity-enhanced ozone mass transfer and
activated-carbon-catalyzed ozone decomposition. Mechanistic analyses further indicated
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that both direct ozone oxidation and indirect oxidation by reactive species such as ·OH and
O2·− participated in the reaction.

These results suggest that activated carbon can function as both a catalytic and struc-
tural component in high-gravity reactors, thereby effectively strengthening ozone utiliza-
tion and the oxidative removal of refractory organic pollutants.

5.2. Supported Metal-Based Catalysts

Supported metal-based catalysts are among the most extensively investigated catalytic
materials in high-gravity heterogeneous ozonation systems because of their tunable com-
positions, adjustable active sites, and relatively good structural stability. Metals or metal
oxides such as Fe, Mn, Co, Cu, and Mg are commonly dispersed on supports including
γ-Al2O3, ZSM-5, and activated carbon, forming active interfaces rich in surface hydroxyl
groups, Lewis acid sites, oxygen vacancies, and multivalent redox couples. These active
sites can promote ozone adsorption, interfacial electron transfer, and catalytic decom-
position, thereby enhancing the generation of reactive oxygen species such as ·OH and
O2·− [89,90]. Meanwhile, the introduction of supports not only improves the dispersion
and structural stability of active metal species, but also enhances the transport of ozone
and pollutants to the catalytic interface and their interfacial contact efficiency [91]. Un-
der high-gravity conditions, intensified gas–liquid-solid contact can further amplify these
catalytic processes and thus improve the degradation and mineralization of refractory
organic pollutants.

For example, Fe-Mn-Cu/γ-Al2O3 significantly enhanced both the overall ozone de-
composition rate constant and the volumetric mass transfer coefficient in comparison with
a conventional bubbling reactor [92], while Mn-Fe/ZSM-5 further demonstrated efficient
nitrobenzene removal and mineralization, with quenching experiments confirming the
dominant role of ·OH in the reaction process [81].

Among these materials, γ-Al2O3-supported metal catalysts have shown particularly
strong versatility in the degradation and mineralization of refractory organics under high-
gravity conditions. When coupled with the O3/H2O2 process, MgO/γ-Al2O3 achieved
nearly complete formaldehyde removal together with high TOC reduction and good
cyclic stability, indicating that supported catalysts can improve both oxidation efficiency
and catalyst reusability [82]. Likewise, Mn-CoOx/γ-Al2O3 exhibited excellent catalytic
performance in phenol wastewater treatment, enabling rapid pollutant degradation and
substantial mineralization [83]. Mechanistic analyses further showed that ·OH was the
key reactive species, while oxygen vacancies, surface oxygen species, and bimetallic redox
cycling contributed to the enhanced activation and decomposition of ozone.

Supported metal-based catalysts have also shown strong adaptability under more
complex water-quality conditions. It was found that Co-Mn/γ-Al2O3 maintained relatively
high degradation and mineralization performance in high-salinity phenol wastewater, and
salt accumulation on the catalyst surface and within its pores was an important factor
affecting catalytic performance under saline conditions [84]. In addition, Fe-Mn/AC has
been extended to high-gravity coupled catalytic ozonation-adsorption systems for the si-
multaneous removal of phenol and Cr(VI), demonstrating a clear synergistic effect between
organic pollutant oxidation and heavy-metal removal [85]. Moreover, mechanistic stud-
ies on Fe-MnOx/AC further showed that high-gravity conditions can markedly enhance
both the self-decomposition and catalytic decomposition of ozone, while increasing the
contribution of ·OH relative to conventional bubbling reactors [93].

Overall, the advantages of supported metal-based catalysts in high-gravity ozonation
systems lie not only in their abundant active sites and tunable catalytic performance, but
also in their pronounced synergy with high-gravity-enhanced mass transfer, interfacial
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renewal, and micromixing, thereby enabling more efficient degradation and mineralization
of refractory organic pollutants in wastewater.

5.3. Monolithic and Structured Catalysts

Previous studies have shown that the intensification effect of monolithic and struc-
tured catalysts in heterogeneous ozonation systems arises primarily not from pollutant
adsorption, but from the promotion of ozone activation on their regularly structured sur-
faces. Representative monolithic catalysts, such as ceramic honeycomb (CH) and cordierite
monoliths, can facilitate ozone decomposition through surface hydroxyl sites and enhance
the generation of reactive species such as ·OH, thereby improving pollutant degradation
and mineralization [94]. Further studies have indicated that metal loading can strengthen
ozone activation by increasing the density of surface hydroxyl groups, introducing ac-
tive phases, and regulating surface acid-base properties. In particular, when the solution
pH is close to the catalyst the pH at the point of zero charge (pHPZc), surface hydroxyl
groups are generally more favorable for participating in ozone decomposition and radical
initiation [95,96]. Therefore, the advantages of monolithic and structured catalysts lie
not only in providing a stable structured reaction interface but also in their ability to
continuously enhance ozone activation through surface-site regulation.

In recent years, monolithic and structured catalysts have attracted increasing atten-
tion in high-gravity heterogeneous ozonation systems. Compared with conventional
granular catalyst packings, these materials offer advantages such as lower pressure drop,
improved structural stability, and greater potential for scale-up in RPB. A representative
study employed a Ce-Co/CH monolithic catalyst as the functional packing in an RPB for the
treatment of sulfamethoxazole (SMX)-containing wastewater [86]. The results showed that
Ce-Co oxides could be uniformly loaded onto the ceramic foam support without destroying
its original mesoporous structure, while the coupling of RPB and Ce-Co/CH markedly
enhanced both ozone mass transfer and catalytic decomposition. As a result, complete SMX
removal was achieved within a short reaction time, accompanied by substantially improved
mineralization compared with the conventional bubbling reactor. Mechanistic analyses
further indicated that ·OH and oxygen vacancies were the main reactive species and active
sites in the system, whereas the redox cycling between Co2+/Co3+ and Ce3+/Ce4+ as well as
the synergistic interaction between Ce and Co were favorable for sustained ozone activation
and pollutant mineralization.

However, the long-term operational stability of monolithic and structured catalysts in
high-gravity reactors still deserves careful consideration, especially for practical wastewater
treatment. Although monoliths intrinsically offer low initial flow resistance because of
their open-channel structure and high open frontal area, their hydraulic performance
remains sensitive to flow distribution and channel geometry [97]. Under real wastewater
conditions, suspended solids, natural organic matter, inorganic salts, and other coexisting
components may gradually deposit on catalyst surfaces or within the structured channels,
leading to active-site coverage, channel blockage, and deterioration of gas–liquid-solid
contact efficiency. From the perspective of catalyst deactivation, such fouling is a common
mechanical cause of activity loss, and a progressive increase in pressure drop may also
occur during prolonged operation [98]. Therefore, beyond short-term pollutant removal
performance, future studies should place greater emphasis on long-term stability, fouling
resistance, pressure-drop evolution, and practical regeneration strategies, such as hydraulic
washing, chemical cleaning, thermal treatment, and catalyst reloading, particularly for
scale-up and continuous operation under realistic wastewater conditions.

Overall, monolithic and structured catalysts possess important structural and catalytic
advantages that make them promising as functional packing in high-gravity reactors.
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Their stable structured interfaces and surface-active sites can effectively enhance ozone
activation and pollutant degradation, but issues related to long-term stability, fouling
resistance, pressure-drop evolution, and regeneration still require further investigation for
practical application.

5.4. Comparative Remarks on HiGee Heterogeneous Catalytic Ozonation Systems

Overall, HiGee heterogeneous catalytic ozonation systems integrate the mass-transfer
intensification of high-gravity reactors with interfacial ozone activation on solid catalysts.
Compared with homogeneous systems, their major advantages lie in catalyst recoverability,
interfacial reaction regulation, and the possibility of constructing multifunctional catalytic
packings. Carbon-based catalysts, especially activated carbon, can simultaneously provide
adsorption sites and promote ozone decomposition, making them suitable for enhancing
pollutant enrichment and oxidative degradation. Supported metal-based catalysts offer
more tunable active sites, such as surface hydroxyl groups, oxygen vacancies, Lewis acid
sites, and multivalent redox couples, and thus generally exhibit stronger catalytic activity
toward refractory organic pollutants. In contrast, monolithic and structured catalysts are
particularly attractive for high-gravity reactors because they can serve as both catalytic in-
terfaces and structured packing materials, potentially reducing catalyst loss and improving
reactor operability.

Nevertheless, the current development of HiGee heterogeneous catalytic ozonation is
still at an early stage. Many studies emphasize initial catalytic activity and pollutant re-
moval, whereas long-term stability, metal leaching, catalyst fouling, regeneration behavior,
and pressure-drop changes during continuous operation are less investigated. In addition,
the roles of adsorption, catalytic ozone decomposition, radical generation, and non-radical
oxidation pathways are sometimes difficult to distinguish, especially in complex wastew-
ater matrices. Future research should therefore focus on the rational design of catalysts
that are not only highly active but also mechanically stable, regenerable, and compatible
with high-gravity hydrodynamics. Particular attention should be paid to structured cat-
alytic packings, long-term continuous operation, catalyst deactivation mechanisms, and
the coupling of catalytic performance with reactor-scale mass-transfer behavior.

6. Challenges and Outlook
Although high-gravity ozonation technology has demonstrated clear advantages in

enhancing ozone mass transfer and improving pollutant degradation and mineralization, its
transition from laboratory research to engineering application still faces several important
challenges. Most existing studies have been conducted using simulated wastewater and
laboratory-scale reactors, and systematic understanding remains insufficient regarding
its adaptability to real wastewater, byproduct formation and toxicity evolution, scale-up
behavior of reactors, and the long-term stability and regenerability of catalysts. In addition,
the economic feasibility and energy demand of high-gravity ozonation for industrial-scale
application remain largely unexplored. Therefore, based on the current research progress,
it is necessary to further identify the key limitations of high-gravity ozonation systems and
propose future research directions toward practical wastewater treatment applications.

6.1. Challenges

Insufficient adaptability to real wastewater remains an important challenge for the
engineering application of high-gravity ozonation technology. Existing studies have largely
been conducted using simulated wastewater or single-target pollutant systems, which
cannot adequately reflect the actual reaction behavior under the complex coexisting-
component conditions of real wastewater. Recent reviews have pointed out that inorganic
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ions and organic constituents in real wastewater can markedly influence the catalytic
ozonation process through reactive-species scavenging, competitive reactions, and occupa-
tion of active sites, thereby reducing pollutant removal efficiency and increasing system
complexity [99]. For example, Wang et al. [100] reported that, during Bisphenol A (BPA)
ozonation in an RPB, Cl− had little effect on BPA degradation, HCO3

− promoted BPA
removal by increasing solution alkalinity, whereas fulvic acid inhibited BPA degradation
due to ozone competition and pH variation. This indicates that wastewater matrix com-
ponents may not only suppress ozonation, but also alter pollutant speciation, oxidant
competition, and the relative contribution of direct ozone oxidation and radical-mediated
pathways. Therefore, systematically evaluating the mass transfer behavior, reactive-species
evolution, and pollutant transformation patterns of high-gravity ozonation systems under
real wastewater conditions remains a key issue that needs to be addressed in this field.

The formation of byproducts and the associated toxicity risk remain important chal-
lenges that cannot be overlooked in the further development of high-gravity ozonation
technology for wastewater treatment. Existing studies have shown that, while ozonation
intensification can enhance pollutant degradation and mineralization, it may also induce
the formation of various intermediates, some of which may exhibit even higher toxicity
than the parent compounds. Taking SMX ozonation as an example, although the intensified
ozonation process significantly improves removal performance, some of the generated
hydroxylated intermediates display higher toxicity, indicating that high removal efficiency
does not necessarily correspond to low environmental risk [101]. More importantly, sys-
tematic monitoring of typical regulated or highly concerned ozonation byproducts, such
as bromate and N-nitrosodimethylamine (NDMA), remains largely insufficient in current
high-gravity ozonation studies. Under complex water-quality conditions, especially in
the presence of bromide or nitrogen-containing precursors, ozonation may lead to the
formation of bromate, NDMA, or brominated organic byproducts, thereby increasing po-
tential cytotoxicity and genotoxicity [102]. These findings suggest that future research
on high-gravity ozonation systems should not be limited to the evaluation of pollutant
removal and mineralization performance, but should also place greater emphasis on the
systematic identification and control of key intermediate evolution, byproduct formation
patterns, and toxicity variation.

Uncertainties in treatment performance after reactor scale-up and in the associated
scale-up rules also remain issues that deserve attention as high-gravity ozonation moves
toward engineering application. Existing studies have shown that, during scale-up, high-
gravity reactors may undergo changes in liquid distribution, local flow behavior, mass
transfer efficiency, and radial utilization [103,104]. However, current investigations have
focused mainly on the hydrodynamic and mass transfer characteristics of high-gravity
reactors themselves, whereas direct scale-up studies for ozonation-based wastewater treat-
ment remain relatively limited. Since the performance of high-gravity ozonation systems
is strongly dependent on gas–liquid mass transfer, interfacial renewal, and local flow fea-
tures, there is still a lack of systematic understanding of whether high ozone utilization
efficiency and pollutant removal performance can be maintained after scale-up. Therefore,
the scale-up behavior and scale effects of reactors for high-gravity ozonation wastewater
treatment require further investigation.

Long-term catalyst stability and regenerability remain important issues that cannot be
neglected as high-gravity catalytic ozonation systems move toward engineering application.
Although some catalysts are able to maintain relatively good activity during short-term
cycling tests, deactivation may still occur under prolonged operation due to active-site
coverage, surface deposition, pore blockage, and structural changes, thereby impairing
ozone activation and pollutant removal performance. In complex wastewater systems,
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coexisting salts, organic matter, and suspended impurities may further aggravate catalyst
surface fouling and performance deterioration. Therefore, beyond the initial catalytic
activity investigation, future studies should place greater emphasis on the systematic
evaluation of catalyst lifetime, deactivation mechanisms, and regeneration strategies.

Economic and energy considerations remain insufficiently explored in the field of
high-gravity ozonation. At present, most studies are still conducted at the laboratory scale
and mainly focus on ozone mass transfer, pollutant degradation, ozone utilization, and
mineralization efficiency, whereas industrial applications and systematic techno-economic
evaluations are rarely reported. Therefore, it is still difficult to draw a clear conclusion on
whether high-gravity ozonation is economically superior to conventional ozonation or other
advanced oxidation processes. Future studies should pay more attention to the key factors
affecting economic feasibility and energy demand, including ozone generation, rotor power
consumption, liquid circulation, gas supply, pressure drop, reactor fabrication, catalyst cost
and lifetime, maintenance requirements, and scale-up reliability. Standardized indicators
such as specific ozone consumption, electrical energy per order, energy consumption per
unit COD or TOC removal, and life-cycle cost should also be reported to support more
reliable economic comparisons.

6.2. Outlook

In the future, the development of high-gravity ozonation technology for wastewater
treatment should shift from performance verification under laboratory conditions toward
systematic investigations oriented to engineering application. On the one hand, deeper
understanding is needed under real wastewater conditions with respect to efficient ozone
utilization, treatment performance, byproduct evolution, and toxicity risk control. On the
other hand, targeted studies should be carried out focusing on catalytic material design,
catalyst stability as well as reactor configuration optimization and scale-up behavior. In
addition, the economic feasibility and energy demand of high-gravity ozonation should be
systematically evaluated by considering ozone generation, rotor power consumption, liquid
circulation, gas supply, pressure drop, catalyst lifetime, and maintenance requirements.

Meanwhile, the integration of experimental studies, mechanistic analysis, and reactor
modeling will be important for the further development of high-gravity ozonation. Com-
putational fluid dynamics and multiphase modeling can be used to clarify local gas–liquid
flow behavior, liquid distribution, interfacial renewal, mass transfer, and reaction-zone
characteristics in high-gravity reactors. In addition, data-driven methods, such as response-
surface methodology and machine-learning models, may support the prediction and
optimization of treatment performance under complex operating conditions. In the longer
term, the combination of validated mechanistic models, online monitoring of key operating
variables, and data-driven prediction may provide a basis for digital-twin-assisted reactor
optimization and intelligent process control. However, these approaches remain insuffi-
ciently developed for high-gravity ozonation and require further validation using reliable
hydrodynamic, mass-transfer, and real-wastewater treatment data.

7. Conclusions
High-gravity ozonation has emerged as a promising intensification technology for

water treatment by effectively overcoming the mass transfer limitations of conventional
ozonation. Through the introduction of a high-gravity field, ozone dissolution, gas–liquid
interfacial renewal, liquid-film thinning, and micromixing can be significantly intensified,
thereby improving ozone utilization and promoting the generation and utilization of
reactive oxidative species. On this basis, various high-gravity reactors, represented by RPB,
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RSR and RZB have been developed and applied in wastewater treatment, demonstrating
distinct advantages in process intensification and equipment compactness.

From the perspective of application systems, both homogeneous and heterogeneous
high-gravity ozonation processes have shown considerable potential. In homogeneous sys-
tems, single-ozone processes, their coupled systems constructed with H2O2, PMS/PDS, and
Fe2+, as well as process-intensification strategies such as liquid detention, can all achieve
efficient pollutant degradation and mineralization through the synergistic enhancement
of ozone mass transfer and reactive-species generation, and in some cases improve the
biodegradability of wastewater. In heterogeneous systems, activated carbon, supported
metal-based catalysts, and monolithic/structured catalysts have further expanded the
application scope of high-gravity ozonation by strengthening interfacial ozone activation
and enhancing the removal of refractory pollutants. Among these systems, immobilized
heterogeneous systems based on structured or monolithic catalysts appear particularly
promising for engineering application, because they can integrate catalytic ozone activation,
intensified gas–liquid mass transfer, and catalyst immobilization within the same reactor.

Although these advances demonstrate the technical potential of high-gravity ozona-
tion, its transition from laboratory research to practical application still faces several lim-
itations. Most existing studies have been conducted using simulated wastewater and
laboratory-scale reactors, and systematic understanding remains insufficient regarding real
wastewater adaptability, byproduct formation and toxicity evolution, reactor scale-up be-
havior, and the long-term stability and regenerability of catalysts. The absence of long-term,
continuous validation of high-gravity ozonation systems under real wastewater conditions
represents the most critical barrier to their industrial adoption. In addition, the economic
feasibility and energy demand of high-gravity ozonation remain largely unexplored, es-
pecially considering rotor power consumption, pressure drop, ozone generation, reactor
fabrication, catalyst lifetime, and maintenance requirements. Future studies should move
beyond laboratory-scale performance verification and focus more on long-term continuous
operation under real wastewater conditions, reactor optimization, catalytic material design,
process integration, and techno-economic assessment. With continued progress in these
areas, high-gravity ozonation is expected to play an increasingly important role in the
efficient treatment of refractory wastewater and the development of compact intensified
water treatment technologies.
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Abbreviations
The following abbreviations are used in this manuscript:

AC activated carbon
AOPs advanced oxidation processes
AR-73 Acid Red 73
BCR bubble column reactor
BPA Bisphenol A
BR-46 Basic Red 46
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CH ceramic honeycomb
COD chemical oxygen demand
GB-RPB gas-baffled rotating packed bed
HiGee high-gravity technology
LDP liquid detention phenomenon
NB Nitrobenzene
NDMA N-nitrosodimethylamine
o-PDA o-phenylenediamine

PDS peroxydisulfate
PMS peroxymonosulfate
PS persulfate
RPB rotating packed bed
RSR rotor-stator reactor
RZB rotating zigzag bed
SMX sulfamethoxazole
SRPB submerged rotating packed bed
TCH tetracycline hydrochloride
TOC total organic carbon
ZSM-5 Zeolite Socony Mobil-5
Symbols
β high-gravity factor
ac centrifugal acceleration
g gravitational acceleration
ω angular velocity
r radial position

C0 initial concentration
Ct Concentration–time value
pHPZC pH at the point of zero charge
QG gas flow rate
QL liquid flow rate
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