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Abstract

This review summarizes recent applications of carbon-based materials as catalysts in
the ozonation of wastewater contaminated with persistent organic pollutants. Methods
available for production of commonly used inexpensive carbonaceous materials such as
biochar and hydrochar are presented. Differences between production methods of ac-
tive carbon and biochar or hydrochar are discussed. Interestingly, biochar, in a role of
rather simple and cheap charcoal, is catalytically active and increases the rate of oxidative
degradation of nonbiodegradable aqueous contaminants such as drugs or textile dyestuffs.
This review documents that even the addition of biochar to the ozonized wastewater
increases the rate of removal of persistent organic pollutants. Cheap bio-based carbona-
ceous materials such as biochar work as adsorbent of dissolved pollutants and catalysts
for ozone-based degradation of organic compounds via the formation of reactive oxygen
species (ROS). Low-molecular-weight degradation products produced by ozonation of
pharmaceuticals and textile dyes are presented. The combination of air-based ozone gener-
ation, together with application of biochar, represents a sustainable AOP-based wastewater
treatment method.

Keywords: ozone; char; active carbon; hydroxyl radical; oxidation; dye; pharmaceutical;
wastewater

1. Introduction
Increasing contamination of aqueous resources is a global problem that needs effective

sustainable treatment methods to protect limited water sources and remediate contaminated
water. Water contamination by persistent organic pollutants—including drugs, common
ingredients of cosmetics such as UV filters, dyes, and others—is a growing environmental
concern due to their low degradability in common ecosystems and toxic effects on aquatic
biota and human health, even at negligible concentrations [1].

Due to these reasons, biological techniques supplemented by different non-destructive
physical methods such as adsorption, membrane filtration, as well as destructive chemical
reduction or oxidation processes, were studied for effective removal of persistent aquatic
pollutants [2].

Most of the above-mentioned methods have considerable limitations. Biological
methods are cost-effective and low-energy-demanding; however, their effectiveness is quite
limited. Physical methods suffer from low selectivity and production of high quantity of
by-products such as concentrates of contaminants. Mentioned chemical methods are often
expensive, sensitive to operating conditions and need the secondary treatment.
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Advanced oxidation processes (AOPs) are promising treatment techniques based on
action of highly reactive oxidation reagents, such as radicals (most commonly hydroxyl or
sulfate radicals) and singlet oxygen (1O2). These radicals are generated through different
mechanisms including photocatalysis, persulfate or Fenton reactions, non-thermal plasma,
ozone-based techniques, and their combinations [3].

AOPs achieve oxidative degradation (mineralization) of organic pollutants into harm-
less products, eliminating the need for subsequent treatment. Cost-effective production
of mentioned highly reactive oxidation reagents (hydroxyl radicals or singlet oxygen) is
crucial in AOPs [4].

One of the common oxidation processes is based on the action of reactive allotrope of
oxygen—triatomic oxygen molecule called ozone. Ozone is the unstable form of oxygen
(it is explosive and toxic) produced in ozonators using ambient air or pure oxygen. The
two main principles of ozone generation are UV light and corona discharge. Ozone gen-
eration by corona discharge is the most common method nowadays and has the greatest
advantages. The advantages of the corona discharge method are greater sustainability of
the unit, higher ozone production, and higher cost affectivity. UV light can be feasible
where production of small amounts of ozone is desired (e.g., laboratories) [5].

The oxidation potential of 2.07 volts proves that ozone is a strong oxidant. In fact,
ozone is one of the strongest oxidants available for water treatment. Ozone is rather
unstable in an aqueous solution; its half-life in water is about 20 min [6].

An advantage of ozone over other oxidizing agents is that no reduction products
remain in the treated medium that would pollute the treated water. During ozonization, the
ozone may not be completely consumed, and in that case, the product from the reduction
of excess ozone is oxygen, which is freely removed from any product.

Due to the above-mentioned reasons, over the past 50 years, the use of ozonoly-
sis for the degradation of diverse organic substances entering water systems has been
investigated—whether these substances originate from dyeing processes, the textile in-
dustry, or the washing and processing of textiles [7]; from hospitals, medicine, and the
pharmaceutical industry [8–30] (including research on the degradation of genetic material
present in wastewaters [31]); or from pollution arising from everyday human activities [32].

An ozone oxidation process is always based on the effect of direct and indirect reaction
mechanisms (see Sections 3 and 4).

The direct ozonation is a fairly selective reaction in case of organic substrates. Ozone
reacts quickly with organic matter that contains double bonds via formation of ozonides,
with activated aromatic compounds such as phenol via electrophilic ozonation and
with amines.

The indirect reaction mechanisms are based on OH-radical formation. Contrary to
those of ozone, OH-radical reactions are nonselective. Indirect reactions in an ozone
oxidation process can be very complex. In general, indirect oxidation can be practically
applied to each of oxidizable organic pollutants. Generally, nonbiodegradable organic
substances are decomposed to easier biodegradable oxidation products or even completely
mineralized in contaminated wastewater.

However, the concentration of OH-radicals produced in aqueous ozone solutions is
very low without application of appropriate catalysis. Increased formation of OH-radicals
has been observed by action of different transition metal salts.

A wide range of catalysts has also been studied, including metal oxides [9,10,33–44]
partially oxidized metallic materials [45], nanomaterials such as nZVI (nano zero-valent
iron) [46,47], and other nanomaterials [9,10,21].
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On the other hand, most transition metals are potential aquatic pollutants. It means
that application of catalysts based on transition metals could cause secondary contamina-
tion of treated wastewater [48].

In addition, the efficiency of ozonation is limited by poor ozone gas/liquid mass
transfer and low ozone utilization efficiency (typically 30–64% in bubble columns) [5].

Due to the above-mentioned reasons, a suitable additive enabling enhancement of
ozone utilization such as an adsorbent and/or catalyst should be very attractive for ozone-
based AOPs.

Interestingly, even carbonaceous materials such as active carbon or biochar were
recognized as active catalysts for conversion of ozone into OH-radicals and acceleration of
oxidative degradation [42–44,49–55].

Carbonaceous materials act as adsorbents of aqueous pollutants and have emerged
as catalysts for the formation of hydroxyl radicals by co-action of hydrogen peroxide or
ozone [56].

2. Production of Carbonaceous Materials Available as Carbon-Based Catalysts
Waste biomass, such as crop residues, sludge produced in wastewater treatment plants,

and solid part of digestate from biogas plants [57], is increasingly used as carbon sources
for the production of carbonaceous materials like biochar, hydrochar, charcoal, or active
carbon.

The production of biochar relies on a process called carbonization, in which organic
matter is exposed to high temperatures (200–900 ◦C) in the absence of oxygen and converted
into carbon-rich solids [58,59]. During this procedure, even other volatile products are also
formed, such as bio-oil and syn-gas [58]. The ratio and properties of the resulting products
are primarily determined by the feedstock and the specific carbonization conditions, which
are discussed later [59–61].

2.1. Difference Between Biochar and Activated Carbon Synthesis

The distinction between biochar and activated carbon is not strictly defined, as their
research domains frequently overlap. While both often originate from biomass carboniza-
tion, they differ in their specific processing conditions and intended utilizations. Biochar is
primarily produced for carbon sequestration or soil amendment. It is also distinct from
charcoal; although both originate from similar pyrolytic processes, charcoal is intended
for use as a solid fuel for stoves, grills, etc. [62]. Conversely, activated carbon is a high-
performance material and relatively expensive carbon-based product used primarily as an
adsorbent for the removal of contaminants from gaseous and liquid phases [63].

The utilization of these materials is also related to their energy consumption and
carbon footprint. A fundamental prerequisite for biochar utilization is that its production
minimizes energy input and achieves nearly neutral carbon footprint. In contrast, activated
carbon production is driven primarily by performance properties rather than carbon
sequestration goals; as a result, it typically exhibits a positive carbon footprint and a
significantly higher energy intensity [64,65].

Biochar is derived exclusively from waste biomass, such as wood shavings or agricul-
tural residues [66]. Biochar is produced via a relatively inexpensive single-step pyrolysis
process operating within a temperature range of 200–600 ◦C (or higher within specific
methods) [63]. In contrast, the feedstock for activated carbon includes either non-renewable
feedstock sources, such as coal or tar pitch, or renewable, well-defined biomass, such as
coconut shells [66]. Unlike biochar, the production of activated carbon involves a secondary
step known as activation. This process significantly enhances sorption capacity by develop-
ing porosity and increasing the specific surface area [63]. Generally, activation processes
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are categorized into two distinct approaches: physical activation and chemical activation.
In the physical activation process, the char undergoes controlled partial oxidation using
agents such as CO2 or steam at temperatures ranging from 700 ◦C to 1100 ◦C [63,67].
Alternatively, air may be employed as well, provided the process is conducted at lower
temperatures (350–550 ◦C) to prevent uncontrolled combustion [68]. This reaction facilitates
the development of new micropores and the enlargement of existing pore structures [63,67].
Chemical activation employs specific chemical agents to facilitate porosity development. It
is typically conducted at temperatures ranging from 400 ◦C to 600 ◦C. The most prevalent
activating agents include alkaline compounds (KOH, K2CO3), acids (H3PO4, H2SO4), and
transition metal salts and their combination (ZnCl2/FeCl3) using different feedstocks [69].
This activation method can be conducted via a one-step or two-step process. In the single-
step approach, the raw feedstock is impregnated with the chemical agent and heat-treated,
resulting in simultaneous carbonization and activation. Conversely, the two-step process
involves carbonizing the biomass prior to chemical impregnation and activation [70,71].

Attributable to the additional activation stage, activated carbon exhibits a vastly
superior surface area, often exceeding that of biochar by orders of magnitude [65,66,72–74].
Anderson et al. reported that steam activation dramatically increased the specific surface
area of biochar derived from mill residues, rising from 15.0 m2/g to 1283.0 m2/g. Similarly,
for forest residues, the surface area expanded from 11.8 m2/g to 575.9 m2/g. These
values correspond to increases of 85.5-fold and 48.8-fold, respectively [74]. Activated
carbon is also characterized by a higher fixed carbon content and lower ash content than
biochar [75]. Conversely, biochar retains a higher concentration of oxygen in the form of
surface functional groups, such as phenolic and carboxylic acid groups [76].

As was mentioned above, biochar lacks high surface area and chemical stability
compared with active carbon. To enhance the performance of biochar in water treatment
applications, various modification techniques are sometimes used to increase its catalytic
activity and pollutant removal efficiency [56] (see Section 4 for more details).

2.2. Biochar Feedstock

The primary feedstock for biochar production is biomass, defined as organic matter
derived from animals, plants, and microorganisms. The most fundamental classification
of biochar feedstock distinguishes between woody and non-woody biomass. Woody
biomass is typically characterized by low moisture and ash content, coupled with high bulk
density and calorific value. Conversely, non-woody biomass generally exhibits the opposite
physicochemical properties, including higher moisture levels, greater ash content, and
lower density and energy density [77]. Biomass can be also classified into four generations
based on its origin. The first generation consists of starch-rich edible crops such as corn,
potatoes, rice, and wheat. However, due to global food security concerns, utilizing these
crops for non-food applications is generally discouraged. Second-generation biomass,
often termed lignocellulosic biomass, is primarily composed of cellulose, hemicellulose,
and lignin. Examples include wood, sawdust, straw, grasses, and agricultural residues.
Due to its high abundance and cost-effectiveness compared to first-generation crops, it
is considered an ideal feedstock for biochar production. Third-generation biomass refers
to algae, which is valued for its rapid growth rates and, unlike the second generation,
its considerable protein content [73]. However, a significant limitation of this feedstock
is its high moisture content and production cost [78]. Finally, a fourth generation is
often distinguished; this category encompasses organic wastes such as fruit and vegetable
residues, nut shells, and spent coffee grounds [73,79,80].

Moisture content is a critical parameter for biochar feedstock using the above-
mentioned pyrolysis method. Biomass holds water in various forms, including free water,
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water vapor, and bound water within the pore structure [81] (see Table 1). High moisture
content is unfavorable, as it significantly increases the energy input required to reach de-
sired temperatures [82]. Consequently, the moisture content in pyrolysis feedstock should
not exceed 30% [61].

Table 1. Biochar production methods.

Biochar
Production

Method

Suitable
Feedstock
Moisture

Process
Temperature

Residence
Time Biochar Yield Lit.

Slow pyrolysis Low to medium 400–600 ◦C hours to
tens of hours 30–55% [78,83]

Intermediate
pyrolysis Low 500–650 ◦C <30 min 15–25% [80,83,84]

Fast pyrolysis Low 850–1250 ◦C 0.5–10 s 10–25% [80]
Flash pyrolysis Low 900–1200 ◦C 0.1–1 s 11–22% [78,80]

Gasification Low to medium 700–1200 ◦C Depending on the
reactor type 5–15% [85,86]

Torrefaction Low to medium 200–300 ◦C 10–60 min 65–95% [61,87]
Hydrothermal
carbonization High 180–260 ◦C

(+pressure)
hours to

tens of hours 50–80% [81,88]

Furthermore, moisture content indirectly influences char formation and aromaticity.
High moisture levels consume thermal energy during the drying phase, thereby reducing
the effective duration of pyrolysis. Conversely, lower moisture content allows for a longer
effective pyrolysis period, promoting carbonization and the development of polyaromatic
and graphite-like surface structures [82]. For biomass with high content of water, hydrother-
mal carbonization (HTC) is the preferred conversion pathway for producing carbon-rich
hydrochars, as it eliminates the need for energy-intensive pre-drying [89,90].

2.3. The Effect of Pyrolysis Conditions

Pyrolysis, the predominant method for biochar production, is defined as the thermo-
chemical decomposition of biomass in an inert or oxygen-limited atmosphere [80]. During
this process, other valued products besides biochar arise, such as syngas and bio-oil [81].
Pyrolysis is performed in the temperature range of 300–1200 ◦C, which can be adjusted to
optimize the ratio of these products [80,85]. The process of pyrolysis can be divided into
distinct stages. The first stage, known as pre-pyrolysis (up to 200 ◦C), involves the evapo-
ration of moisture and light volatiles. At moderate temperatures (200–300 ◦C), cellulose
and hemicellulose begin to decompose, although the char retains remaining volatile matter
and functional groups containing oxygen [58,82,91]. Approximately at 300 ◦C, hemicel-
lulose and the majority of cellulose have already decomposed. At medium temperatures
(300–500 ◦C), devolatilization and decomposition of biomass proceed rapidly, forming char
and permanent gases, such as carbon monoxide (CO), carbon dioxide (CO2), hydrogen
(H2), and methane (CH4) [80,87]. Lignin undergoes thermal degradation more slowly than
cellulose and requires higher temperatures, with significant conversion occurring in the
300–600 ◦C range. As temperatures rise, the biomass structure cracks, releasing volatile com-
pounds. Consequently, syngas production increases while biochar yield decreases [61,92].
The bio-oil production peaks at approximately 500 ◦C, with its yield reducing at higher
temperatures [85]. Above this threshold, the surface area and porosity significantly increase
due to the breakdown of structure and micropore development [82]. Simultaneously, the
content of fixed carbon and aromaticity rise, which results in enhanced stability [66]. Ther-
mal degradation also affects chemical composition. Oxygen-containing functional groups
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(carboxyl, hydroxyl, and carbonyl) decompose, reducing cation exchange capacity and
increasing hydrophobic character [93]. This transformation is reflected in the elemental
molar ratios: both O/C and H/C ratios decrease, indicating higher aromaticity. Biochars
with an O/C ratio below 0.2 are considered highly stable (suitable for carbon sequestration),
while those between 0.2 and 0.6 are moderately stable, and those above 0.6 are relatively
unstable [94].

Based on process conditions, pyrolysis is categorized into four main types: slow,
intermediate, fast, and flash pyrolysis. Slow pyrolysis operates at low heating rates and
temperatures ranging from 400 ◦C to 600 ◦C, with residence time extending from hours
to tens of hours [83]. Notably, this process is partially self-sustaining, as the thermal de-
composition of biopolymers is an exothermic reaction. Among all pyrolysis methods, slow
pyrolysis produces the highest char yield (30–55%). The resulting biochar is characterized
by high aromaticity and stability, making it an ideal choice for carbon sequestration [78].
Intermediate pyrolysis is designed to create a balance between solid and liquid products,
avoiding high yields of one product at the expense of the other, as is the case with other
types of pyrolysis [80]. The operating temperature of intermediate pyrolysis is typically
500–650 ◦C with a residence time up to 30 min [80,83]. The typical product distribution for
this process is approximately 40–60% bio-oil, 20–30% syngas, and 15–25% biochar [84]. The
advantage of intermediate pyrolysis is the ability to process a wide range of biomass from
various sources [61]. Fast pyrolysis is characterized by rapid heating rates and very short
residence times [72]. Fundamentally, the process aims to heat biomass to thermal cracking
temperatures while minimizing exposure time in order to suppress char formation [80].
Consequently, fast pyrolysis maximizes the yield of liquid and gaseous fractions, with
the specific output dependent on the operating temperature. To target bio-oil production,
which is the most common application, the feedstock is subjected to moderate temperatures
(450–650 ◦C) for a residence time of 0.5–10 s [95]. Conversely, when the desired product
is syngas, the operating temperatures can exceed 1000 ◦C. To facilitate rapid heat transfer,
this process requires feedstock with low moisture content (<10%) and fine particle size
(finely ground) [96]. Flash pyrolysis represents an intensified variant of fast pyrolysis, char-
acterized by extremely high heating rates and residence times shorter than 1 s. Operating
temperatures typically range from 900 ◦C to 1200 ◦C [92]. While this process maximizes
bio-oil production, it results in minimal biochar and syngas yields [80]. However, the qual-
ity and stability of the liquid product present a challenge, as undesirable polymerization
reactions, often catalyzed by fine char particulates, can lead to increased viscosity [61,80].

2.4. Biochar Produced as a By-Product of Gasification

Gasification is a thermochemical process defined by the thermal conversion of biomass
through partial oxidation [97]. The major product of this process is syngas, a mixture
consisting primarily of H2 and CO, with minor constituents including CO2, CH4, and
higher gaseous hydrocarbons [98]. In addition to syngas, the process generates several
byproducts, including char, bio-oil, tars, and ash [97,98]. Gasification generally occurs
in four stages: preheating (drying), devolatilization (pyrolysis), oxidation (combustion),
and reduction (gasification). During the preheating phase, the feedstock is subjected to
temperatures below 150 ◦C, causing moisture to evaporate as steam [99]. In the pyrolysis
phase, temperatures rise to approximately 700 ◦C, resulting in the thermal degradation of
the biopolymer structure and the release of volatile matter and liquid tar [99,100]. Within
the oxidation phase occurs partial oxidation of pyrolysis products to CO2 and H2O. Since
oxidation is an exothermic process, reaction temperatures typically reach up to 1200 ◦C [86].
During the endothermic reduction phase, combustion gases generated in the oxidation
phase react with the remaining char to yield the primary constituents of syngas (CO
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and H2) [101]. Since biochar yields from gasification are typically limited to 5–15%, this
method is generally considered inefficient for applications where biochar is the primary
target [85,91].

2.5. Torrefaction for Biochar Production

Torrefaction, often referred to as mild pyrolysis, is a low-temperature thermochemical
conversion process. It is typically conducted in the temperature range of 200–300 ◦C in
the absence of oxygen [102]. Typical residence times range from 10 to 60 min, although
some sources report durations of up to 120 min [61,103]. The torrefaction process is
typically divided into five distinct stages: heating, pre-drying, post-drying, torrefaction,
and cooling. The initial heating and pre-drying stages are primarily dedicated to moisture
removal. The post-drying phase involves the vaporization of residual moisture and initial
decomposition of biopolymers [104]. Finally, the torrefaction phase reaches the peak process
temperature, resulting in the extensive thermal degradation of the hemicellulose and a
partial decomposition of the cellulose and lignin [105]. The mass yield of the solid product
typically ranges from 65% to 95%, with the balance comprising gases and liquid volatiles.
This solid fraction consists of largely preserved lignin and cellulose, along with non-volatile
byproducts of hemicellulose decomposition [87]. While the low processing temperatures
of torrefaction limit physical pore formation, they ensure the preservation of oxygenated
functional groups that are crucial for specific adsorption pathways [102]. Based on process
conditions, different variants of a torrefaction can be distinguished, including wet, steam,
or microwave-assisted torrefaction [88].

2.6. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a thermochemical conversion technique
uniquely suited for high-moisture biomass (algae, sewage sludge, etc.). In this process,
feedstock is treated in subcritical water, yielding a solid carbonaceous product known
as hydrochar [89]. The process is conducted in an aqueous environment at temperatures
ranging from 180 ◦C to 260 ◦C and under elevated pressures (2–6 MPa) [88,90]. Under these
conditions, the physicochemical properties of water undergo significant changes, leading
to elevated concentrations of H3O+ and OH− ions. Consequently, the water acts as an
acid-base catalyst for hydrochar formation [89]. The biomass constituents (hemicellulose,
cellulose, and lignin) undergo a complex reaction network initiated by hydrolysis into
monomers and oligomers. This is followed by dehydration, fragmentation, polymerization,
and condensation, ultimately yielding hydrochar [58]. Compared to biochars produced
via pyrolysis, hydrochars exhibit inherently lower surface area and porosity, limiting their
effectiveness in physical adsorption [90]. However, oxygenated functional groups are
mostly preserved, which results in an elevated ion-exchange capacity [58].

3. Role of Carbocatalysis in Ozonation Processes
Carbocatalysis refers to the application of carbonaceous materials as metal-free cata-

lysts to facilitate chemical reactions, particularly in the field of advanced oxidation processes
(AOPs) for wastewater treatment [106]. For a long time, transition metals have been em-
ployed as an activator for oxidizing agents (peroxymono-sulfate (PMS), peroxydisulfate
(PDS), hydrogen peroxide (H2O2), or ozone) to generate highly reactive oxygen species
(ROS), such as sulfate radical (SO4

•−), hydroxyl radical (•OH), and superoxide radical
(O2

•−). While highly effective, traditional metal-based catalysis relies on various metal
elements that often act as a source of secondary pollution [107]. Consequently, research has
shifted toward metal-free, environmentally friendly alternatives, specifically carbonaceous
materials such as activated carbon and biochar (Scheme 1).
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Scheme 1. Preparation of biochar and its catalytic aplication in ozone-based oxidations.

In the field of carbocatalysis, two primary reaction mechanisms are distinguished:
radical and non-radical pathways. The radical pathway involves the catalytic genera-
tion of reactive radical species (e.g., hydroxyl or sulfate radicals) at the catalyst’s active
sites. These radicals oxidize pollutants significantly more effectively than the precursor
oxidant [106,108,109]. During the carbonization process, four intrinsic structural features
develop that function as active sites: persistent free radicals (PFRs), oxygen-containing
functional groups (OCFGs), graphitic structures, and defective structures [110]. PFRs are
typically generated during pyrolysis at approximately 400 ◦C, involving electron transfer
mechanisms from precursors such as phenols and quinones [108,111]. However, PFRs
are metastable and gradually decay upon exposure to atmospheric oxygen, with lifetimes
ranging from hours to months [54]. Functioning as electron donors, these structures
activate oxidants such as hydrogen peroxide (H2O2) or persulfate (PS), resulting in the
formation of reactive oxygen species (ROS) [50]. PFRs are classified into three groups:
oxygen-centered, carbon-centered, and oxygenated-carbon-centered radicals [54]. Oxygen-
containing functional groups (OCFGs) are also frequently generated during mild tempera-
ture pyrolysis [110]. These structures, including carboxyl, phenolic, lactone, ketonic, and
hydroxyl groups, act as active sites for electron transfer, thereby catalyzing the generation
of reactive species such as radicals or singlet oxygen from oxidants [106,107,110,112,113].
Consequently, OCFGs facilitate both radical and non-radical pathways, depending on the
specific interaction between the functional group and the oxidant [110,114]. In parallel,
structural defects, such as edge defects (zigzag or armchair configurations) and topological
defects (non-hexagonal rings), represent disruptions in electron conjugation and possess
unpaired electrons [106,111]. Therefore, these high-energy sites are prone to triggering
radical formation upon contact with an oxidant [106,113]. Conversely, ordered graphitic
structures enhance the material’s electron conductivity, functioning as a transfer medium.
This conductivity facilitates Direct Electron Transfer (DET) between the contaminant and
the oxidant, a mechanism essential for non-radical degradation pathways [106,114,115].

The abundance of specific active sites depends primarily on the pyrolysis tempera-
ture. Biochar produced at mild temperatures (<400 ◦C) is characterized by a high con-
centration of OCFGs and oxygen-centered PFRs [112,116,117]. At this stage, the carbon
matrix is predominantly amorphous and disordered [66]. As temperatures rise to a mod-
erate range (400–600 ◦C), OCFGs degrade rapidly, leaving behind areas with structural
defects [72,110,116]. Besides that, oxygen-centered PFRs gradually transform into carbon-
centered PFRs, while the total radical concentration begins to decline [112]. During this
phase, amorphous carbon starts converting into poly-aromatic domains, making defects
more abundant [66]. Biochar produced at high temperatures (>600 ◦C) exhibits a high
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degree of graphitization. At this stage, the material contains negligible OCFGs and a
significantly reduced population of carbon-centered PFRs, with structure being mostly
transformed from amorphous into graphitic [72,93,115].

4. Mechanisms of Direct Ozonation
The reaction of ozone with an unsaturated, generally non-aromatic organic framework

enables, through the oxidative action of ozone, the formation of a molozonide (Scheme 2)
and subsequently—after cleavage of the original unsaturated chain—a wide spectrum
of aldehydes, ketones, and in some cases also carboxylic acids. This type of reaction is
typically very non-selective, and the product distribution strongly depends on the nature
of the multiple bonds present in the structure, their substitution pattern, the apparatus
used, the amount of ozone that can be generated and introduced into the solution, as
well as parameters such as temperature and even pH [118]. On the other hand, non-
selectivity of ozone-based oxidation and high reactivity of ozone are broadly utilized
for non-biodegradable aqueous organic contaminants. The above-mentioned oxidation
products (aldehydes, ketones, and carboxylic acids) are often more easily biodegradable
compared with starting organic compounds.

Scheme 2. Structure of molozonide.

Harries investigated the action of ozone on aqueous solutions of various unsatu-
rated organic compounds, particularly substituted alkenes, for example oxidation of
isoeugenol—propene-substituted guaiacol—to vanillin earlier published by Schönbein,
Bathold, and Dieckhoff (Scheme 3) [119].

Scheme 3. Ozonolysis of isoeugenol to vanillin [119].

Investigations by Harries represented the first steps toward understanding the mecha-
nism of ozonization. The next breakthrough came with the work of R. Criegee [120], who
carried out the first true mechanistic studies of ozonolysis, enabled by the discovery of the
structure of ozonides [121] as 1,2,4-trioxolanes—five-membered cyclic organic peroxides
formed via ozonolysis of alkenes (Scheme 4).

Scheme 4. Formation of ozonides by ozonization of alkenes.
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Criegee and Schröder finally characterized an ozonization product that clearly con-
firmed the formation of a molozonide (1,2,3-trioxolane). Prior to these experiments,
five potential primary products of ozonolysis had been considered (Scheme 5) [120]:

 

Scheme 5. Possible primary ozonolysis products prior to the discoveries of Criegee and
Schröder [120].

Primary ozonides exhibit stability only at very low temperatures, usually far below
–78 ◦C. To rationalize the broad range of decomposition products, Criegee and Werner
proposed that the molozonide undergoes an extremely rapid fragmentation in which the
C–C and O–O bonds are cleaved, while the stronger C–O bonds remain intact. This rear-
rangement yields an aldehyde and the zwitterionic Criegee intermediate (Scheme 6) [122]:

Scheme 6. Formation of the Criegee intermediate [120].

The Criegee intermediate formed is analogous to a nitroso substituent and, like the
nitroso group, can engage in resonance stabilization (Scheme 7) [120].

Scheme 7. Zwitterionic ion stabilization through rezonation [120].

These zwitterionic species can undergo stabilization through several pathways. When
the parent alkene is tetrasubstituted at the double bond, the steric stabilization enables
dimerization of the zwitterions, yielding 1,2,4,5-tetraoxanes [123] (Scheme 8):

Scheme 8. Dimerization of Crieege intermediates formed by ozonolysis of tetrasubstituted
alkenes [123].

The chemistry of Criegee intermediates is remarkably rich and has been thoroughly
explored over the past five decades (Scheme 9). Their potential reaction pathways in-
clude the following: (a) reduction, (b) cykloaddition, (c) epoxidation, (d) reactions with
nucleophiles, (e) oxidation of thioketones to sulfur analogues of the Criegee intermediate
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through oxygen-radical transfer, and (f) isomerization of Criegee intermediates to form
hydroperoxides and cyclic ozonides [124].

Scheme 9. Selected reaction pathways of Criegee intermediates [124].

5. Role of Catalysis in AOPs Using Ozone
5.1. Ozonation of Pharmaceutical and Hospital Waste Streams

Experimental data indicate that the degradation of pharmaceutical and hospital efflu-
ents represents one of the most promising fields for the application of ozonation. Medical
and pharmaceutical facilities generate a broad spectrum of contaminants that not only are
poorly biodegradable but also can disrupt the biological treatment stages of wastewater
plants—antibiotics being the classic example [8–31] (Scheme 10). Ozonation, therefore,
emerges as a logical first-line treatment for such wastewater. Importantly, ozonation has
also proven capable of removing nanogram-per-liter levels of biologically active compounds
from waters not directly linked to pharmaceutical manufacture or hospital discharge [13].
Szabová et al. investigated the ozonation of real wastewater containing a mixture of phar-
maceuticals and related residues at concentrations ranging from several hundred ng/L
up to 1800 ng/L. Among the monitored pharmaceuticals were diclofenac, telmisartan,
sulfapyridine, metoprolol, bisoprolol, sotalol, and tramadol—over twenty compounds in
total. Using an ozone input of 50 mgO3/min, the process achieved 99% removal within ten
minutes, with a 97% decrease already observed after the first minute [13] (Table 2).

Scheme 10. Structures of several pharmaceuticals that have been studied for their susceptibility to
degradation by ozonolysis [9,125,126].
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Table 2. Removal of pharmaceuticals from wastewaters via ozonolysis. For detailed data and
methodological context, readers are referred to the study by Szabová et al. [13].

t = 0 min
ng/L

t = 1 min
ng/L

t = 10 min
ng/L

Removal Eff.
%

Telmisartan 1800 30 4.6 99.7
Diclofenac 680 <0.4 <0.2 >99.9

Fexofenadine 620 4.8 14 97.7
Irbesartan 400 13 <1.2 >99.7
Tramadol 360 <3.8 <2 >99.4
Cetirizine 260 <3 <1.6 >99.4

Metoprolol 220 <3.2 <1.8 >99.2
Sulfathiazole 160 <3.4 <2.6 >98.4
Azithromycin 150 <13 <12 >92.0

Beyond these relatively low-concentration aqueous pharmaceutical solutions, a sub-
stantial number of studies have investigated the degradation of biologically active com-
pounds in water systems where such substances are present at much higher concentrations.
This includes both pharmaceuticals themselves and substances used, for example, as
disinfectants, such as phenol [127].

The long-term research interest in the removal of these compounds has made it possible
to assess the influence of a wide range of operational parameters, including ozone dosage,
solution pH, initial contaminant concentration, and the presence of various catalysts (e.g.,
for sulfamethoxazole or the antiepileptic carbamazepine [125]). Our literature survey shows
that catalytic ozonation has been especially well studied for ciprofloxacin and its N-ethyl
derivative, as well as for the veterinary antibiotic enrofloxacin. These compounds can serve
as benchmark systems for comparing different ozonation strategies, both in controlled
model waters [9,126] and in real wastewater environments [63]. The high efficiency of
ozone in pharmaceutical removal is further underscored by successful trials conducted on
prototype wastewater treatment plant systems [128] (Table 3).

Table 3. Comparison of selected experiments with Ciprofloxacin and [9].

Conc.
[mg/L]

Ozone Dosage
[mgO3/L·min] pH Catalyst

Duration of the
Zonation Process

[min]

Removal by
A in UV

[%]
Lit.

C
ip

ro
flo

xa
ci

n

80 15 mg/L 7.45 - 10 70 [11]
80 15 mg/L 7.45 Biochar 10 92.5 [11]
10 0.4 7 - 15 ~25 [12]
10 0.4 7 MWCNT 15 67 [12]

10 0.4 7 MnOx
MWCNT 15 86 [12]

10 1.4 9.5 γ-Al2O3
(20 nm) 60 93 [9]

50 1.4 9.5 γ-Al2O3
(20 nm) 60 55.1 [9]

10 1.4 9.5 - 60 88 [9]
50 1.4 9.5 - 60 ~ 53 [9]

50 CO3 = 13.67 mg/L 10.26 Mn-CeOx
γ-Al2O3

60 99 [10]

The catalysts explored for these applications span a wide range—from activated and
doped alumina materials [9,10] to Mg(OH)2 immobilized on magnetic supports, which
greatly enhanced the ozonation efficiency toward metronidazole [21]. Biochar [11], mul-
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tiwalled carbon nanotubes (MWCNTs) [12], activated carbon and other carbon-based
materials, both undoped and doped, have also been extensively investigated [27–29].

The data in Table 3 indicate that ozonation efficiency depends strongly on the initial
contaminant concentration and, in particular, on pH. A similar behavior was observed
for a real sludge sample from a wastewater treatment plant in Istanbul, which was resus-
pended in water and adjusted to pH values between 4 and 11.5. Under acidic and mildly
acidic/neutral conditions (pH 4 and 6.5), less than 25% of ciprofloxacin was degraded after
30 min, whereas at pH 11.5 the degradation reached 98% within the same period. This
pronounced enhancement is attributed to the increased reactivity of ciprofloxacin toward
ozone and hydroxyl radicals at elevated pH [22].

Thanks to modern analytical methods, it is also possible to monitor the composition
of the mixture of decomposition products resulting from ozonolysis, as was the case,
for example, in the study by Adamek et. al, who identified decomposition products of
four antibiotics in this way [14]. Oxidation products of sulfathiazole are depicted in
Scheme 11.

 

Scheme 11. Examples of products of sulfathiazole ozonolysis [14].

5.2. Ozonation of Dyes-Containing Aqueous Solutions

More than 100,000 tons of dyes are released into aquatic systems each year through
dyeing operations [129], and the ozonation of many of these dyes has become a well-
established area within advanced oxidation research. Over the past five decades, the
degradability of a wide range of dye classes—including acidic, direct, disperse, and reactive
dyes—has been examined. Certain dyes, such as Reactive Black 5, Reactive Blue 19,
and Acid Blue 113 (Scheme 12), have received particularly extensive attention due to
their relatively rapid and straightforward degradation behavior. While this may appear
to be a limitation, it is in fact highly advantageous, because we are able to compare
different modifications of ozonation. In the last twenty years, research has expanded far
beyond simple ozonation to include homogeneous catalytic systems (for example use of
TAED—tetraacetylethylenediamine [130]) and numerous heterogeneous catalysts based
on carbon materials (activated carbon [40,50,51,131], biochar [53], carbon nanotubes [52],
and carbon-metal oxides composites [132]), as well as activated metal oxides, their doped
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variants and nanomaterials [36–39]. Additional developments include ozonation assisted
by co-oxidants, such as hydrogen peroxide, and photocatalytic processes—primarily TiO2-
based systems [133,134]. These advances now allow for a comprehensive evaluation of
how such modifications influence both the rate and efficiency of dye degradation, not only
in terms of color removal but also in reductions of Chemical Oygen Demand (COD) and
Total Organic Carbon (TOC).

 

Scheme 12. Selected textile dyes.

5.3. Ozonolysis of Acid Blue 113

This dye is a typical acid azo dye with an absorption maximum at 566 nm [42].
Due to its extensive industrial use and high relevance over the past two decades, the
degradation of this dye in wastewater has been the subject of active research employing a
broad array of methods. These include biological treatments involving microorganisms,
such as Pseudomonas [135] and Bacillus species [136], and bio-chemical hybrid processes,
such as the bio-Fenton system (in which hydrogen peroxide is generated enzymatically
in the presence of Fe2+ ions [137]) as well as photochemical and photocatalytic strategies
utilizing specialized nanomaterials [41,132]. Beyond these approaches, the research group
of P. Faria has systematically explored the ozonolysis of this dye under different reaction
conditions and with various carbonaceous catalysts, such as activated carbon, both pure [42]
and doped by various metal oxides [43,44]. The influence of activated carbon itself on
the ozonation of AB 113 was confirmed in experiments using three different types of
activated carbon: although no significant difference in color removal was observed, a
pronounced decrease in TOC occurred in all cases when compared to the control (blank)
experiment [42,44] (Table 4). In addition, different modifications of activated carbon such
as acidic and basic activated carbon have been studied [44]. The influence of cerium oxide,
activated carbon, and cerium-oxide-doped activated carbon was investigated in diluted
(50 mg/L) AB 113 solutions. Under these conditions, adsorption onto activated carbon alone
led to only minor color removal (18% after 2 h) [44]. In contrast, ozonation produced nearly
complete decolorization within minutes—exceeding 90% within the first 10 min—even
without any catalyst present [44]. The main problem of these experiments is the very slow
decrease in TOC. Use of activated carbon, as a catalyst, definitely leads towards faster TOC
removal [42–44]. Cerium oxide alone also promotes TOC reduction, albeit with a noticeable
delay, with significant effects appearing only in the second hour of ozonation. Among
the tested materials, the doped AC–CeOx catalyst exhibited the most pronounced TOC
reduction [42,43].
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Table 4. Comparison of AB113 ozonolysis using different carbon-based catalysts, with a summary
comparing the decrease in absorbance (A) at 566 nm or Chemical Oxygen Demand (COD) and Total
Organic Carbon (TOC).

Catalyst
Conc.

[mg/L] and
pH

Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.
Catalyzed Ozonation

TOC/COD or Absorbance (A) Reduction

Activated carbon
50–300
pH 7 2.15 mgO3/min

A Decrease of 20% in TOC after 60 min (uncatal.)
[42,44]

A decrease of 56% in TOC after 60 min

Activated carbon
and ceria-doped
activated carbon

50–300
pH 5.6

7.5 mgO3/min

A decrease of 48% in TOC after 120 min (uncatal.)

[42]
A decrease of 66% in TOC after 120 min

(cat. by AC only)
A decrease of 85% in TOC after 120 min

(cat. by CeOx-doped AC)

Cerium, manganese,
and cobalt oxides

supported on
activated carbon

50–300
pH 5.5 7.5 mgO3/min

A decrease of 45% in TOC after 120 min (uncatal.)

[43]

A decrease of 72% in TOC after 120 min
(cat. by AC only)

A decrease of 74% in TOC after 120 min
(cat. by MnOx-doped AC)

A decrease of 77% in TOC after 120 min
(cat. by CoOx-doped AC)

A decrease of 88% in TOC after 120 min
(cat. by CeOx-doped AC)

Activated carbon
50

pH 7 0.5 mgO3/min
A decrease of 17% in TOC after 300 min (uncatal.)

[138]
A decrease of 60% in TOC after 300 min

Additional ozonation experiments using activated carbon doped with cobalt or man-
ganese oxides likewise demonstrated an accelerated reaction compared to untreated acti-
vated carbon. Nevertheless, cerium-oxide-doped activated carbon again emerged as the
most effective catalytic material for this dye [42,43].

5.4. Ozonolysis of Reactive Black 5

Another diazo dye, this time with an absorption maximum at 598 nm, is one of the
most extensively studied textile dyes from the standpoint of available literature. Naturally,
the effects of pH, ozone dosage, and other parameters on the course and kinetics of RB5
ozonization have been thoroughly studied [139–141]. In terms of carbonaceous material-
catalyzed ozonolysis influence of powdered active carbon (PAC) [131], granulated active
carbon (GAC) [51], carbon aerogel [50], ash [54], and bonechar material [49] have been
studied. In several cases, carbonaceous materials have been doped by other catalytically
active compounds (Table 5). From the values given in the table, it is possible to observe the
direct influence of carbonaceous materials on the decomposition of ozone into hydroxyl
radical, which is a well-known fact [142]. In addition, the data in Table 5 show that the
decomposition proceeds much faster in a weakly alkaline environment. While in acidic
and neutral environments oxidation occurs mainly through direct oxidation of the dye
by ozone, in a weakly alkaline environment the decomposition of ozone into hydroxyl
radical is preferred, which is an even stronger oxidizing agent than molecular ozone (the
oxidation potential of ozone is 2.07 V while the oxidation potential of hydroxyl radical is
2.80 V). If we further raise the pH above 8 (pH ≥ 10), the recombination reaction between
hydroxyl radicals will become more pronounced and the reaction rate will decrease [49,140].
Similar to the pH effect, the effect of doping a carbonaceous material with transition metal
compounds can be observed in the case of ozonation of RB5 dye on GAC or Fe/Mn-doped
GAC. Here, the effect of doping increased the efficiency of TOC reduction by almost 20%
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under the same conditions, compared to the reaction catalyzed only by pure, undoped
GAC [51].

Table 5. Comparison of RB5 ozonolysis using different carbon-based catalysts, with a summary
comparing the decrease in absorbance (A) at 598 nm or Chemical Oxygen Demand (COD) and Total
Organic Carbon (TOC).

Catalyst Conc. [mg/L]
and pH Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.
Catalyzed Ozonation

TOC/COD or Absorbance Reduction (A)

- 100–500
pH 2–12 13–53 mgO3/min

After 10 min of ozonation, 25–70% decrease in
absorbance depending on ozone

rate (uncatal.)
[140]

- 5 mg/L
pH 7

16.44 or 24.66
mgO3/min

A was removed by over 99%
after 8 min (uncatal.). [141]

PAC 149 µm
Approx. 800

pH 11.26 5 mgO3/min
A was removed by over 90% after 30 min.

[131]
A was removed by over 99% after 30 min.

Bonechar-doped ash doped
with MgO/Fe(NO3)2

10–200
pH 2–10 Not mentioned

Not mentioned
[49]

A decrease in COD of 60% after 30 min

Carbon aerogel doped
by CuO

400–1600
pH 5.1

2–8 mgO3/min

A decrease in COD (pH 5.1; cRB5 = 800 g/L;
ozone dose: 4 mg/min) of 30% after 60 min

[50]
A decrease in COD (pH 5.1; cRB5 = 800 g/L;
ozone dose: 4 mg/min) of 45% after 60 min

GAC
(granulated active carbon)

200
pH 7 3.3 mgO3/min

TOC removal after 60 min: 32%
[51]

TOC removal after minutes: 57%

Fe/Mn-doped GAC
200

pH 7 3.3 mgO3/min
TOC removal after 60 min: 32%

[51]
TOC removal after 60 min: 75%

Fe-dopped dead leaf ash
50

pH 2; 7; 9 1 gO3/min
Not mentioned

[54]A was removed by 79 to 90% after 10 min,
depending on catalyst dosage.

Ozonolysis of Reactive Black 5 in the present of other catalysts has been studied includ-
ing the following: sonolysis [143], photocatalysis in the presence of a photocatalyst [144],
UV-assisted decomposition of hydrogen peroxide into hydroxyl radicals and possible com-
binations of this approach with biological degradation [145], ozonolysis in the presence
of nZVI [47], copper(II) sulfide [146], additives commonly used with these dyes such as
sodium sulfate or sodium carbonate [147–150], and catalysis using doped zeolites [34]. For
clarity, these methods are summarized in Table 6.

Table 6. Comparison of other catalysts used for RB5 ozonation.

Catalyst
Conc.

[mg/L] and
pH

Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.Catalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Sonolysis
500

pH 5.7–12 50 mgO3/min
Not mentioned

[143]
TOC removal after 60 min: 57%

Photocat.
TiO2/UV

25–200
pH 5.4 Not mentioned

TOC removal after 100 min: 50%

[144]
TOC removal just by UV irradiation in 100 min:

over 60%
TOC removal by irradiation in presence of a

catalyst in 100 min: over 90%
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Table 6. Cont.

Catalyst
Conc.

[mg/L] and
pH

Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.Catalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Photocat.
H2O2/UV

2100
pH 7 Not mentioned

Not mentioned
[145]After 560 min, over 90% of DOC-dissolved

organic carbon was removed.

Pumices/nZVI
(nano zero-valent iron)

50
pH 3–11 Not mentioned

A was removed by unmodified pumice (82%)
after 60 min at pH 9 (uncatal.). [47]

A was removed by 99.8% after 60 min at pH 9.

CuS powder
100

pH 3; 7; 10 115 mgO3/min

Approx. 75% TOC was removed after 80 min at
pH 10 (uncatal.).

[146]Approx. 90% TOC was removed after 80 min at
pH 10.

CuMn2O4-doped zeolite
30–1000

pH 3; 7.5; 10 0.75–1.5 mgO3/min
Not mentioned (uncatal.)

[34]A was removed 90% (30 mg/L; 1,5 mgO3/min)
after 30 min.

H2O2/magnetic SiO2/Fe3O4
50

pH 3–10 7.2–14.2 mgO3/min
TOC removal after 60 min (uncatal.): 30%

[147]
TOC removal after 60 min: 91%

Pyrite cinder/Ce3+ 200
pH 3–10 5.6 mgO3/min

TOC removal after 120 min (uncatal.): 42%
[148]

TOC removal after 120 min: 82%

Ag-Co oxide composite
100–1000

pH 2.2; 7; 10

30–60 L/hour
O2/O3 mixture
1–3 gO3/min

A was removed by > 90%
after 20 min (uncatal.).

[36]A was removed by > 95% after 10 min.
TOC was removed by over 95% (100 mg/L)

after 80 min.

CuMn2O4/reduced graphene
oxide-coated zeolites

30; 60; 90
pH 3; 7.5; 10 0.6–1.4 mgO3/min

A was removed by 77–84%
after 30 min (uncatal.). [37]

A was removed by 87–94% after 30 min.

Ag-Ce oxides composite
100–500

pH 2; 7; 10

30–60 L/hour
O2/O3 mixture
1–3 gO3/min

A was removed by > 90%
after 20 min (uncatal.).

[38]A was removed by > 95% after 10 min.
A 88% decrease in COD after 80 min

Mn-Ce oxide-loaded Al2O3
300

pH 3–11 2.1 mgO3/min
A 30% decrease in COD after 60 min (uncatal.)

[39]
A 60% decrease in COD after 60 min

All these studies show that although the decolorization of RB5 solutions occurs within
minutes of ozonation even without a catalyst, the real challenge lies in the removal of TOC
and COD, which—logically—proceeds more slowly. This is where catalytic ozonation be-
comes important. All catalytic ozonations listed in Tables 5 and 6 show a more pronounced
decrease in TOC or COD compared to the blank experiment, highlighting the potential
usefulness of ozonation catalysts. The optimal pH for most of these ozonizations was found
to be in the alkaline range (pH 10–11), which corresponds to the well-known behavior of
ozone decomposition in water at elevated pH [142].

From an economic point of view, the possible cost of using these carbon-based catalysts
and other catalysts is significant. Section 2 discusses the production of carbonaceous
materials from more or less waste plant materials, which can subsequently be used as
catalysts for ozonation reactions. Given that these materials are most often doped with
common transition and non-transition metals (Mg, Fe, Mn, etc.) [49,51,54], the price of
these materials is significantly lower than complicated catalysts based on more expensive
elements (such as Ce, Cu, Co, or Ag), or nanoparticles and other materials with more
complicated preparation/production on a large scale.
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Likewise, thanks to doping metals such as Fe, Mn, or Mg [49,51,54], which do not
pose such a problem in the event of release into the environment as in the case of materials
doped with copper, cobalt, or silver, i.e., elements with a generally known antimicrobial
effect which are also toxic to the aquatic environment. In the case of nanomaterials,
their toxicology is so complicated that it far exceeds the possibilities of discussion in
this publication.

Thanks to experiments by Bilińska, Zheng, and Wang, we now have a relatively good
knowledge of the ozonation process of the azo dye Reactive Black 5 (Scheme 13). This
theoretical ozonation reaction pathway is based on GC-MS/HPLC-MS measurements of
the product mixture [131,140,151].
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Scheme 13. Proposed ozonation reaction pathway of RB5 ozonation by Bilińska. The grey-colored
compound was not identified by LC-MS [140].

In the case of a possible process of dye decomposition, it can be seen from the
analyses performed that the most susceptible groups for oxidation by ozone/hydroxyl
radical are sulfo groups and groups derived from sulfonic acid (R-SO2-R). These re-
actions are summarized in Schemes 13 and 14 and especially Scheme 15, where par-
tial reactions of oxidation by ozone under catalysis by carbonaceous materials are
presented [131,140,152–154].
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Scheme 14. RB19 ozonation degradation pathway by Lovato, based on GC-MS measurement. The
grey compounds have not been identified by GC-MS [154].

 

Scheme 15. Reactivity of different substrates towards O3 in the presence of carbonaceous materials.

5.5. Ozonolysis of Reactive Blue 19

This anthraquinone dye, with an absorption maximum at 592 nm, has been studied
using a variety of degradation approaches, including photocatalytic [152] and biological
processes (achieving up to 90% removal within 24 h [153]). Although the biological removal
data appear encouraging, the method proves ineffective at higher dye concentrations: above
400 mg/L the decolorization slows considerably, and at 1 g/L virtually, no decolorization
occurs [153]).

Consequently, ozonation—particularly in combination with catalysts—remains an
attractive strategy for the degradation of this dye. Simple ozonation alone can achieve
a 100% reduction in absorbance at 592 nm within 10 min [154]. Moreover, experiments
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indicate improved degradation under alkaline conditions (showing roughly a 5% enhance-
ment at pH 10 compared to at pH 6.5), a finding corroborated by other RB19 ozonation
studies [139,155]. Under these conditions, COD decreased by 55% after 90 min, and TOC
fell by 17% (COD0 = 784 mg O2/L, TOC0 = 229 mg/L) [155].

Among ozonation modifications for RB19, sonolysis stands out: at a dye concentration
of 30 mg/L, the application of 120 W/L ultrasound produced nearly a 1.5-fold acceleration
in decolorization rate relative to the control [156].

Another example is the enhancement achieved using calcium peroxide, where dye
solutions ranging from 5 to 300 mg/L exhibited significantly higher degradation efficiencies
than with ozonation alone [157].

True catalytic ozonation is achieved using carbon aerogel or its Co3O4-doped analogue.
In this system, not only was 95% decolorization achieved within 5 min for wastewater taken
directly from dye baths (including Na2CO3 and other additives), but an 80% decrease in
COD was observed after only 30 min—approximately 30% higher than in the non-catalyzed
ozonation of the same wastewater [40] (Table 7).

Table 7. Methods used for ozonolysis of RB19, with a summary comparing the decrease in absorbance
(A) at 592 nm or Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC).

Catalyst Conc. [mg/L] and pH Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.
Catalyzed Ozonation

TOC/COD or Absorbance (A) Reduction

-
111–466
pH 3–10 56–91 mgO3/min

A 52% TOC removal after 120 min at an
O3 dose of 56 mgO3/min (uncatal.)

[154]
A 66% TOC removal after 120 min at an

O3 dose of 71 mgO3/min (uncatal.)
An 86% TOC removal after 120 min at an

O3 dose of 91 mgO3/min (uncatal.)

- 100–800
pH 7 4.4 mgO3/min A 17% TOC removal after 90 min of

ozonation (800 mg/L) (uncatal.) [155]

Sonolysis 30–100 mg/L
pH 5.5; 11

4.6–9.4 mgO3/L

A decrease of 88% in A (100 mg/L,
ozone concentration: 9.4 mg/L) after

13 min (uncatal.)
[156]

A decrease of 99% in A (100 mg/L, ozone
concentration: 9.4 mg/L, 120 W/L

ultrasound) after 13 min

Carbon aerogel
Exact concentration

not mentioned.
pH > 10

2.5 mgO3/min

An approx. 50% decrease in COD after
30 min (uncatal.)

[40]An approx. 65% decrease in COD after
30 min

Co3O4 doped carbon aerogel
Exact concentration

not mentioned
pH > 10

2.5 mgO3/min

An approx. 50% decrease in COD after
30 min (uncatal.)

[40]An approx. 80% decrease in COD after
30 min

Calcium peroxide cat.
(0–0.1 g CaO2)

5–300
pH 3–11 1 gO3/min

Not mentioned (uncatal.)
[157]A removal of 85.6% of COD after 50 min

at pH = 3

Homocatalysis by TAED
(tetraacetyl-

ethylenediamine)

100
pH 4–10 0.5–8.5 mgO3/min

A 64% decrease in A (uncatal.)
[130]A 90% decrease in A

(0.025 g/L TAED)

Thanks to Lovato et al. who used GC-MS to analyze the product mixture, we now have
a fairly good understanding of the composition of the RB19 ozonolysis product mixture,
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and thanks to changes in this composition over time, we can estimate the likely ozonation
pathways [154] (Scheme 14).

5.6. Ozonolysis of Reactive Red 198

The azo dye RR198 exhibits an absorption maximum at 518 nm. Although ozonation
has been studied, it is not the predominant method for degrading RR198; photocatalytic
processes involving TiO2 [133] and its doped derivatives [158], graphene oxide [159],
and various biodegradation routes [160,161] are more frequently reported. UV-assisted
ozonation further demonstrated the synergistic interaction between UV irradiation and
ozone [162].

Within ozonation research, the influence of pH and ozone dosage has been examined
for solutions at 100, 250, and 500 mg/L, which underwent decolorization after 10, 25, and
60 min, respectively, depending on the starting concentration. For a 250 mg/L solution at
pH 10, a 60% reduction in COD was achieved within one hour [163].

Only two articles were found describing the ozonation of RR198 catalyzed by carbon-
based materials [52,53]. In the first study, MWCNTs (multiwalled carbon nanotubes) were
employed in a photocatalytic ozonation system. It was shown that MWCNTs on their
own exhibit no catalytic activity in the absence of UV irradiation; however, under UV-
assisted photocatalysis, MWCNTs significantly accelerated the decline in absorbance of the
ozonized solution. The study also examined the influence of common dyeing additives
such as Na2CO3 and NaHCO3, both of which clearly inhibited the ozonation rate [52]. In
the second study, biochar produced from pistachio shells at 500 ◦C was used as a catalyst.
Using a biochar dosage of 2 g/L and an RR198 concentration of 100 mg/L, the material
exhibited strong catalytic activity: after 10 min of ozonation, absorbance decreased by 65%
at pH 3 and by 84% at pH 10, whereas non-catalyzed ozonation achieved less than a 20%
reduction in the same period. A comparison was also made with commercially available
activated carbon. In this head-to-head comparison, the prepared biochar outperformed
activated carbon by a wide margin, achieving more than 95% degradation of RR198, while
activated carbon reached only about 40% after one hour of ozonation [53] (Table 8).

Table 8. Catalysts used for ozonolysis of RR198.

Catalyst
Conc. [mg/L]

and pH Ozone Dose

Uncatalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

Lit.Catalyzed Ozonation
TOC/COD or Absorbance (A) Reduction

-
66–200

Dye mixture
pH 3.6–10.4

80 mgO3/min
A 53% COD removal after 30 min (200 mg/L, pH 9) (uncatal.)

[164]A 55% COD removal after 30 min (100 mg/L, pH 9) (uncatal.)
A 67% COD removal after 30 min (100 mg/L, pH 5) (uncatal.)

Activated carbon
or biochar

100
pH 10 1.5 mgO3/min

An approx. 20% A removal after 60 min (uncatal.)

[53]
An approx. 40% A removal after 60 min of ozonation with activated carbon

An over 90% A removal after 60 min of ozonation with biochar
A 71% TOC removal after 60 min of ozonation with biochar

Multiwalled
carbon nanotubes

(MWCNTs)

50–200
pH 3–7 2.5 mgO3/min

An approx. 80% A removal after 12 min without a catalyst
[52]An over 95% A removal after 12 min of ozonation with MWCNTs—faster

mineralization

UV
50–300

pH 5 < pH < 9 40 mgO3/min
An approx. 53% decrease in TOC after 60 min (50 mg/L) (uncatal.)

[162]
An approx. 76% decrease in TOC after 60 min (50 mg/L, UV)

MgO nanocrystals 100–500
pH 2–12 3.33 mgO3/min

An approx. 30% decrease in COD after 20 min (200 mg/L, pH 8) (uncatal.)
[53]

An approx. 60% decrease in COD after 20 min (200 mg/L, pH 8)

TiO2/UV
100–200

pH 4; 7; 10 1.83 mgO3/min
An approx. 40% A removal after 60 min without a catalyst (uncatal.)

[165]
An approx. 52% A removal after 60 min without a catalyst

The above-mentioned ozonation processes (Scheme 15) documented effect of different
carbon-based catalysts in comparison with other catalytic systems. However, carbon-based
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materials are characterized by the relatively low price, sorption ability for persistent organic
contaminants, and catalytic effect in ozonation processes.

Although all these reactions play a role in the decomposition of dyes (Schemes 13 and 14)
and also drugs (see Scheme 11—decomposition of sulfathiazole), it is more than obvious
that the functional groups most easily reacting with ozone and hydroxyl radical are sulfonic
acids and functional groups derived from them, which usually decompose into alcohols,
while the rest of the sulfo group can then be oxidized to inorganic sulfates. Other pos-
sibilities are the oxidation of amines to nitro compounds, followed by their subsequent
oxidation to alcohols/phenols with the simultaneous release of nitrogen oxides. Azo
bonds also undergo oxidation to form nitro compounds, which are further oxidized to the
aforementioned phenols [14,140,154].

6. Conclusions
This review would like to denote possible utilization of simply industrially available

materials such as active carbon or biochar for degradation of persistent pollutants in
contaminated aqueous solutions.

This paper describes the methods and applications of carbonaceous catalysts for ozone-
based advanced oxidation processes. The catalytic effects of different types of carbonaceous
materials such as active carbon and biochar were compared in ozonation of drugs and
textile dyestuffs.

Although the application of biochar for ozonation processes show great potential as
catalysts for oxidative removal of persistent contaminants from wastewater, its application
on an industrial scale still faces several techno-economic and environmental challenges.

One of the main challenges is the wide variability in biochar properties, depending on
the biomass type and pyrolysis conditions. These factors could lead to non-uniformity in
catalytic performance. Consistency and reproducibility of the carbonaceous material are
important issues in its industrial application.

In addition, most studies are still at the laboratory level, so the scale-up of biochar
production processes and catalytic applications in real ozone-based water treatment systems
have not been tested practically.

Another issue is the long-term catalytic efficiency of applied biochar. The gradual
surface oxidation of applied biochar generally could influence the catalytic performance of
these materials causing significant changes in specific surface area.

From an economic point of view, the average price of active carbon is US $20/kg [166].
Biochar seems to be an interesting carbon-based catalyst since biochar is derived

from inexpensive biomass waste (approximately US $0.025/kg for rice husk [167]. On
the other hand, necessary pyrolytic (or even modification) processes could significantly
increase the production costs of biochar. Still, the price of biochar (ca. US $5–10/kg) even
after modification is much lower than the price of carbon materials commonly used in
industry [167].

The strength of this review is its predominant focus on environmentally benign car-
bonaceous catalysts such as active carbon or biochar, providing a broad perspective on
their practical potential and limitations in ozonation processes [168] or even in ozonation
processes combined with subsequent biological treatment [169,170]

However, a limitation of this article lies in the variability of experimental conditions
across the studies discussed, which can complicate direct comparisons of ozonation effi-
ciencies and operational performance.

Nonetheless, this review serves as a valuable reference for researchers seeking sustain-
able solutions for effective oxidative treatment of drug- or dye-contaminated wastewaters.
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2. Paździor, K.; Bilińska, L.; Ledakowicz, S. A Review of the Existing and Emerging Technologies in the Combination of AOPs and

Biological Processes in Industrial Textile Wastewater Treatment. Chem. Eng. J. 2019, 376, 120597. [CrossRef]
3. Ahmed, H.R.; Ealias, A.M.; George, G. Advanced Oxidation Processes for the Removal of Antidepressants from Wastewater: A

Comprehensive Review. RSC Adv. 2025, 15, 48639–48665. [CrossRef]
4. Alrefaey, K.A.; Sallam, N.A.; ElZayat, E.M.; Youssef, A.F.A.; Fahim, I.S.; Hosney, H.; Lens, P.N.L. A Comprehensive Review of

Techniques for Removal of Antibiotics from Wastewater. Environ. Sci. Water Res. Technol. 2025, 11, 2782–2809. [CrossRef]
5. Yang, X.; Zhang, T.; Liu, Z.; Zhang, R.; Chen, C.; Li, Z.; Demeestere, K.; Van Hulle, S.W.H. Intensification of Ozone Gas/Liquid

Mass Transfer and Ozonation Efficiency: A Critical Review. Water Res. 2026, 288, 124719. [CrossRef]
6. Buffle, M.-O.; Schumacher, J.; Salhi, E.; Jekel, M.; von Gunten, U. Measurement of the Initial Phase of Ozone Decomposition

in Water and Wastewater by Means of a Continuous Quench-Flow System: Application to Disinfection and Pharmaceutical
Oxidation. Water Res. 2006, 40, 1884–1894. [CrossRef]

7. Nemr, A.E.; Hassaan, M.A.; Madkour, F.F. HPLC-MS/MS Mechanistic Study of Direct Yellow 12 Dye Degradation Using
Ultraviolet Assisted Ozone Process. J. Water Environ. Nanotechnol. 2018, 3, 1–11. [CrossRef]

8. Wang, J.; Chen, H. Catalytic ozonation for water and wastewater treatment: Recent advances and perspective. Sci. Total Environ.
2020, 704, 135249. [CrossRef]

9. Nemati Sani, O.; Navaei fezabady, A.A.; Yazdani, M.; Taghavi, M. Catalytic Ozonation of Ciprofloxacin Using γ-Al2O3 Nanoparti-
cles in Synthetic and Real Wastewaters. J. Water Process Eng. 2019, 32, 100894. [CrossRef]

10. Liu, H.; Gao, Y.; Wang, J.; Pan, J.; Gao, B.; Yue, Q. Catalytic Ozonation Performance and Mechanism of Mn-CeOx@γ-Al2O3/O3 in
the Treatment of Sulfate-Containing Hypersaline Antibiotic Wastewater. Sci. Total Environ. 2022, 807, 150867. [CrossRef]

11. Noman, M.; Yu, G.; Tsegaye Awugichew, D.; Li, X. Synthesis of Surficial-Modified Green Biochar Catalyst Generated by Biogas
Residue Biochar and Potential Application for Catalytic Ozonation Degradation of Ciprofloxacin. Environ. Res. 2024, 257, 119314.
[CrossRef]

12. Sui, M.; Xing, S.; Sheng, L.; Huang, S.; Guo, H. Heterogeneous Catalytic Ozonation of Ciprofloxacin in Water with Carbon
Nanotube Supported Manganese Oxides as Catalyst. J. Hazard. Mater. 2012, 227–228, 227–236. [CrossRef] [PubMed]

13. Szabová, P.; Hencelová, K.; Sameliaková, Z.; Marcová, T.; Staňová, A.V.; Grabicová, K.; Bodík, I. Ozonation: Effective Way for
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126. Akmehmet Balcıoğlu, I.; Ötker, M. Treatment of Pharmaceutical Wastewater Containing Antibiotics by O3 and O3/H2O2 Processes.
Chemosphere 2003, 50, 85–95. [CrossRef]

127. Ratnawati, R.; Enjarlis, E.; Husnil, Y.A.; Christwardana, M.; Slamet, S. Degradation of Phenol in Pharmaceutical Wastewater
Using TiO2/Pumice and O3/Active Carbon. Bull. Chem. React. Eng. Catal. 2019, 15, 146–154. [CrossRef]

128. Patel, S.; Agarwal, R.; Majumder, S.K.; Das, P.; Ghosh, P. Kinetics of Ozonation and Mass Transfer of Pharmaceuticals Degraded
by Ozone Fine Bubbles in a Plant Prototype. Heat Mass Transf. 2019, 56, 385–397. [CrossRef]

129. Selvam, K.; Swaminathan, K.; Chae, K. Microbial Decolorization of Azo Dyes and Dye Industry Effluent by Fomes Lividus. World
J. Microbiol. Biotechnol. 2003, 19, 591–593. [CrossRef]

130. Mao, Y.; Guan, Y.; Luo, D.; Zheng, Q.; Feng, X.; Wang, X. Investigation of a Homogeneous Activating Ozonation Method in the
Rinsing Procedure of Cotton Fabric Dyed with Reactive Dye. Color. Technol. 2011, 127, 256–267. [CrossRef]
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