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tion in heterogeneous catalytic
ozonation processes

Tingting Wu *

Heterogeneous catalytic ozonation (HCO) is a promising advanced oxidation process (AOP) that can

effectively degrade recalcitrant organic pollutants. While research efforts have been mainly devoted to

the development of different catalysts to enhance the process efficiency, more studies are needed to

investigate and address the other challenge faced by AOPs, i.e. generation of harmful byproducts.

Bromate is the major inorganic byproduct of concern when ozone is involved. While most studies have

reported less bromate formation in HCO than ozonation alone, the effects of catalysts depend on their

interaction with O3 and the dominant bromate formation pathway (direct O3 oxidation vs. indirect cOH

oxidation) in the system. Production of H2O2 and cyclic redox reactions on the catalyst surface can also

reduce different Br species leading to a lower bromate yield. Generation of organic byproducts (OBPs;

e.g. aldehydes, keto-acids, carboxylic acids) in HCO depends on the reactivity of precursors (e.g.

dissolved organic matter/DOM) and OBPs with O3/cOH, interactions between DOM/OBPs and catalysts,

characteristics of DOM, and O3 dose. HCO generally increased the removal of dissolved organic carbon

(DOC) and the biodegradability of the bulk organics. HCO treatment may also decrease the formation

potential of some disinfection byproducts (DBPs) such as trihalomethanes (THMs) and haloacetic acids

(HAAs) but may increase the brominated species of the DBPs and also the formation potential of

haloacetonitrile (HAN) under certain conditions. This review discusses the current status of studies on

both organic and inorganic byproduct formation in HCO as well as transformation of bulk organics and

the effects on DBP formation in the downstream disinfection process, and further provides

recommendations for future research and development. A standardized experimental protocol and

rigorous experimental design is important to deepen our understanding and gain insights on the

byproduct formation in HCO from different studies collectively.
Environmental signicance

Heterogeneous catalytic ozonation (HCO), which does not require addition of other chemical agents and avoids the following separation step, can be an effective
advanced oxidation process (AOP) for the abatement of organic pollutants. Since AOPs are generally considered energy intensive, research on HCO has been
focusing on developing different catalysts to enhance the degradation efficiency of target pollutants. However, generation of harmful byproducts is another
challenge of AOPs and more attention in this regard is needed to facilitate practical applications of newly developed processes. This paper aims to present
a review of the up-to-date knowledge of both inorganic and organic byproduct formation in HCO and recommendations on future research.
1. Introduction

Ozone-based advanced oxidation processes (AOPs) usually
involve agents that can promote ozone decomposition to
initiate and propagate the formation of hydroxyl radical (cOH)
that is extremely reactive with organic compounds in water. One
of the most commonly used chemical agents is hydrogen
peroxide (H2O2),1–3 which, along with its storage and trans-
portation, can represent substantial cost. Hence electro-
peroxone with in situ generation of H2O2 through O2
artment, The University of Alabama in

ail: Tingting.Wu@uah.edu; Fax: +1-256-

–569
reduction at carbon cathodes was also developed.4–7 On the
other hand, transition metal ions such as Fe2+, Cu2+ can be used
as homogeneous catalysts for such a purpose but need to be
separated from treated water.8 Reactive species can also be
generated during O3 decomposition in the presence of solid
catalysts, i.e. heterogeneous catalytic ozonation (HCO), which
does not require addition of other chemical agents and avoids
the following separation step. Since conventional AOPs are
considered energy intensive, investigation of novel AOPs
including HCO oen concentrates on enhancing process effi-
ciencies for the removal of target pollutants, thus reducing the
energy consumption. However, in addition to the intensive use
of energy and chemicals, the risk of harmful by-products
formation is another concern for AOPs and calls for more
© 2023 The Author(s). Published by the Royal Society of Chemistry
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attention. It is worth emphasizing that, analogous to disinfec-
tion byproducts (DBPs) that are formed during reactions of
disinfectants with naturally occurring organic matter (NOM) or
inorganic species (e.g. halide anions) present in the water, here
the byproducts refer to the unintended products formed due to
the reaction of the co-existing species in the environmental
matrices with oxidants in AOPs, not the transformation prod-
ucts of the target compound such as emerging contaminants.

Both inorganic and organic byproducts may be formed in
AOPs. When ozone is involved, bromate (BrO3

−), a probable
human carcinogen, can be generated through the reaction of
O3/cOHwith naturally occurring Br−, with HOBr/OBr− being the
critical intermediates.9–12 HCO has been reported to form less
bromate than that of single ozonation in most studies but
different mechanisms have been proposed.13–18 Such apparent
discrepancies may arise from several causes: (1) the different
catalysts used; (2) the different experimental conditions and
experimental design employed; (3) the multiple possible path-
ways for bromate formation. While it is possible that the
dominant mechanism is different in studies with different
catalysts, it is worth mentioning that since HCO is a highly
heterogeneous system, to understand the underlying mecha-
nism and delineate the reaction pathways is a challenging task.
The multiple species and pathways responsible for bromate
formation, along with the possible interactions among them,
certainly add more difficulties in reaching any convincing
conclusions especially when a rigorous experimental design
and comprehensive investigation is lacking. For example, very
oen the presence of catalysts accelerates O3 decomposition
and consequently cOH generation. However, this has been used
to explain completely opposite experimental observations, i.e.,
inhibition and promotion of bromate formation, because both
species (i.e. O3 and cOH) can contribute to the oxidation of
bromide to bromate.10,11,19

O3 and cOH can also react with NOM present in water, thus
decreasing the efficiency of target contaminants' removal.
When organic byproducts are concerned, attention should be
paid to the “direct byproducts” as well as the transformation
and changes of bulk organics because very likely this will affect
the formation of DBPs in the downstream disinfection process.
Ozonation may change the structure and biodegradability of
NOM.20,21 Usually the transformation products are oxygenated
compounds such as aldehydes, alcohols, ketones and carboxylic
acids.22,23 These compounds react slowly with ozone and may
accumulate as oxidation byproducts (OBPs) in the nishing
water. When catalysts are used to promote the generation of
cOH, their removal can be increased,24 but cOH can also effec-
tively oxidize the precursors leading to higher accumulation of
some OBPs.25 Furthermore, as complete mineralization usually
cannot be achieved cost-effectively, transformation products of
the organic matters may form disinfection byproducts in the
following disinfection process. Studies on the DBPs formation
by chlorination and ozonation/postchlorination treatment
indicated ozonated/postchlorinated water had lower concen-
trations of total organic halogen, trihalomethanes (THMs),
haloacetic acids (HAAs), and higher concentrations of bromate,
and aldehydes.26 However, higher DBP concentrations were
© 2023 The Author(s). Published by the Royal Society of Chemistry
reported in water pretreated with electro-peroxone than that
pretreated with ozonation because the major precursors, NOM
with high UV254 absorbance, were more efficiently removed in
ozonation.7 Since both peroxone and HCO involve agents (i.e.
H2O2 and catalysts respectively) to promote ozone decomposi-
tion, these results indicate that evaluation and optimization of
HCO should concentrate on not only abatement of the target
pollutants, but also transformation of background organic
content. Moreover, co-existence of organic and inorganic
precursors can further affect the formation of byproducts (e.g.
bromate, halogenated organics) as well as the species distri-
bution of DBPs.27,28 Although there have been some reports on
NOM transformation and subsequent DBP formation in the
literature (which are reviewed in Section 3), HCO studies have
been more focusing on developing different catalysts that can
effectively improve the process efficiency for the destruction of
recalcitrant organic pollutants.29

Hence, this tutorial review aims to discuss the current status
of studies on byproduct formation and transformation of bulk
organics in HCO processes and further provide recommenda-
tions for future research and development.
2. Formation of inorganic byproducts
in HCO

Toxic oxyanions (e.g. bromate, chlorate, and perchlorate) may
be produced during oxidation processes in the presence of
some inorganic ions especially halides. For ozone-based AOPs,
bromate is a characteristic inorganic byproduct which is regu-
lated at 10 mg L−1 in drinking water in several countries.30 Since
the bromide level in natural waters varies from ∼10 mg L−1 to
>1000 mg L−1 in fresh waters,31 formation of bromate during
water treatment is practically relevant and thus has been
studied in various oxidation processes including heterogeneous
catalytic ozonation. On the other hand, chloride is ubiquitous
in the environment and commonly exists at mg L−1 level in
natural waters, with chlorate and perchlorate being two
possible oxidation byproducts of concern. The yield and rate of
formation of these harmful oxyanions in ozonation processes
depends on the chemical conditions (e.g. pH, DOC), doses, and
most importantly, the aqueous Cl species (e.g. Cl−, HOCl/OCl−,
ClO2

− etc.).32 While reactions between chlorine (HOCl/OCl−)
and ozone via free radical pathways can lead to the formation of
chlorate in low-DOC water, the very slow rate of perchlorate
production from Cl− even at high concentrations of O3 and Cl−

implies negligible potential of perchlorate formation in water/
wastewater treatment processes involving ozone.33 This is
because O3 interacts with Cl− very slowly (k = 2.2× 10−3 M−1 S−1

at 20 °C, pH > 3) to produce OCl− for chlorate and perchlorate
generation.34 Although cOH may react with Cl− and lead to the
Cl2c

− intermediate for chlorate formation, the product (ClOH−) of
the starting reaction has a high dissociation rate constant (Cl− +
OH 4 ClOH−, kf = 4.3 × 109 M−1 S−1, kr = 6.1 × 109 M−1 S−1),35

resulting in limited chlorate production under water/
wastewater relevant conditions (e.g. many species competing
for cOH and low Cl− level). Hence, when O3-based AOPs are used
Environ. Sci.: Adv., 2023, 2, 558–569 | 559
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Fig. 1 Reaction pathways for bromate formation during ozone-based AOPs (adapted from Fischbacher et al., 2015;19 Von Gunten and Hoigne,
1994;10 von Gunten and Oliveras, 1998.11
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for the removal of recalcitrant organic pollutants in the absence
of active Cl species such as HOCl/OCl− (e.g. before disinfection),
formation of chlorate and perchlorate is unlikely a big concern.
Because of this and also because of the less regulation pressure,
chlorate/perchlorate has drawn much less attention compared
to bromate as an ozonation byproduct. To the author's knowl-
edge, there is no report on chlorate/perchlorate formation in
HCO yet. Moreover, while it can be formed during ozonation of
iodide-containing water, iodate is considered non-problematic
because it is reduced back to iodide endogenically. Therefore,
this review focuses on bromate.

2.1 Overview of bromate formation in ozone-based
processes

Bromate is a long-known byproduct of oxidative treatment of
bromide containing water and its formation has been inten-
sively studied since early 1990s. Fig. 1 shows the formation
pathways of bromate in the reaction of bromide with ozone and
hydroxyl radicals. It was originally proposed by von Gunten et al.
and later revised by Fischbacher et al., where the last reaction
between ozone and bromite was recommended to be via elec-
tron transfer instead of the previously assumed O transfer.10,11,19

The pathways/reactions which have been suggested to inuence
the bromate formation in HCO are discussed in details in the
following sections and illustrated in Fig. 2. The related studies
are summarized in Table 1.
Fig. 2 Formation and inhibition of bromate in HCO processes.

560 | Environ. Sci.: Adv., 2023, 2, 558–569
2.2 Bromate formation in HCO

While most relevant studies have reported less bromate
formation in HCO compared with ozonation alone under
similar conditions, there are a few exceptions.17,36 In general,
addition of heterogeneous catalysts may affect bromate forma-
tion due to one or several of the following reasons (Fig. 2).

2.2.1 Dissolved ozone (DO3) decomposition. As shown in
Fig. 1, bromate may be formed via both O3 and cOH reaction
pathways. The presence of solid catalysts usually promotes the
decomposition of aqueous ozone with cOH being one of the
main reactive oxygen species (ROS) frequently generated. The
combination of these facts provides possible explanations,
unfortunately, to both promotion and inhibition of bromate in
HCO. First, accelerated DO3 decomposition can suppress initial
oxidation of Br− to HOBr/OBr− by O3, resulting in less bromate
formation during HCO. This has been proposed as one of the
inhibition mechanisms by several studies.14,30,37–41 In contrast,
increased O3 decomposition and the consequent enhanced
yield of cOH have been reported to lead to higher bromate
formation.17,36 This apparent “discrepancy” may be ascribed to
the different dominant mechanism (e.g. O3 dominant or cOH
dominant) in different systems which is inuenced by the
matrix chemistry (e.g. pH, co-existing species) and operating
conditions (e.g. catalyst and O3 dose), generation of radical
species other than cOH, specic interactions between O3 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalyst, and other mechanisms that affects bromate formation
(see Sections 2.2.2 and 2.2.3). For example, while catalytic
decomposition of O3 can lead to enhanced production of cOH,
as a non-selective oxidant cOH can be competitively consumed
by co-existing organic compounds and not all involved in the
oxidation of bromide.15,36 It can also form H2O2, which may
either further react with O3 and cOH (thus inhibiting both
pathways)30 or reduce HOBr/OBr− to Br− (Section 2.2.2).14,40 On
the other hand, cOH is not always the dominant reactive species
generated in HCO. In their study of catalytic ozonation with
lattice oxygen-rich MnOOH nanorods, Huang et al. found O3

was quickly transformed to cO2
− instead of cOH. cO2

− may
reduce surface Mn(IV) to surface transient Mn(II)/Mn(III), which
can then reduce bromate and other Br-intermediate species
(HOBr/OBr−, Brc, BrOc and BrO2 in Fig. 1) to bromide.38 More-
over, Wang et al. also proposed a bromate inhibition mecha-
nism in the O3/CeO2 system where CeO2 promoted the
adsorption of O3 and O2-containing species, resulting in the
inhibition of O3 decomposition into cOH and consequent
bromate formation.17 Results reported in the literature indicate
a universal mechanism is unlikely to exist and an in-depth and
thorough investigation is needed to truly understand the
impact of less O3 exposure caused by the presence of catalysts
on bromate formation.

2.2.2 H2O2 production. H2O2 is oen added in O3 based
AOPs to promote the production of ROS. Its generation and
consequent effects on bromate formation were also investigated
in several HCO studies.14,18,37,40,42–45 In the neutral pH range,
H2O2 and HOBr reacts very slowly but HOBr/OBr− can be rapidly
reduced to Br− by HO2

− (H2O2 4HO2
− + H+).11 Moreover, since

H2O2 can accelerate O3 decomposition leading to cOH genera-
tion and the overall oxidant budget (i.e. both O3 and cOH) in the
reaction system determines the bromate formation, for a given
O3 dose there is a threshold of H2O2 concentration at which the
optimum synergistic effect of O3 and cOH with respect to
bromate formation is achieved.10 This threshold is usually close
to a H2O2/O3 molar ratio of 0.5 with the specic value deter-
mined by the chemical conditions of the system.10,42 WhenH2O2

concentration is lower than the threshold, the higher the
concentration the more bromate is formed. Therefore, in
several HCO studies where the H2O2/O3 molar ratio was much
lower than 0.5, one proposed mechanism for the inhibition of
bromate formation was that less H2O2 was generated in the
presence of solid catalysts than in ozonation alone.18,37,43 In
contrast, higher H2O2 production (H2O2/O3 molar ratio∼0.35 to
1) was detected in catalytic ozonation with reduced GO (rGO)
and heteroatom-doped graphene (N-, P-, B-, and S-doped rGO)
as the catalysts than in sole ozonation, which was considered to
contribute to bromate elimination.44,45 It should be pointed out
that the probe organic compound may also affect the prole of
bromate formation. For example, higher yield of bromate was
observed when p-chlorobenzoic acid (p-CBA) was used as the
probe than benzotriazole (BZA) under otherwise same condi-
tions,44,45 which may be partially because H2O2 can be produced
during reactions between O3 and organic compounds contain-
ing benzene rings or olenic bonds.46 In water treatment, such
effect caused bymicropollutants is unlikely to be signicant due
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Formation of organic byproducts (OBPs) and transformation
of bulk organics in HCO processes

OBPs formation � Aldehydes productionmore depends on O3

dose
� Keto-acids production usually is lower in
HCO
� Carboxylic acids production depends on O3

dose and interactions between DOM and
catalysts
� Similar TOX production in the presence of
Cl− as in ozonation; less TOX production in
the presence of Cl− and Br−a

DOM removal &
transformation

� Enhance TOC removal
� Increase biodegradability of bulk organics
� UV254 removal depends on catalysts &
DOM characteristics

Removal of DBP
precursors

� Decrease THMFP and HAAFP
� May increase BIF of THMs & HAAs
� Effects on HANEP depend onmatrices & O3

dose

a Limited studies available.
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to the trace level, and the characteristics of the bulk organics
(i.e. dissolved organic matter/DOM) should play a dominant
role in this regard, which can compete with Br− for the oxidants
and may also promote H2O2 generation.

2.2.3 Redox reactions on the catalyst surface. In heteroge-
neous catalytic ozonation processes, the catalytic activity is
oen realized through cyclic redox reactions on the surface of
catalysts facilitated by the multivalent metal present in the
catalysts (e.g. Ce, Mn, and Fe). Different intermediate bromine
species may also involve in these redox reactions, which even-
tually affects bromate formation. For example, it was reported
that Ce(III) can reduce Brc and BrOcto HOBr and Br− respectively
and form Ce(IV), while Fenton-like reactions can be catalyzed in
the presence of H2O2 by circulating reactions between Ce(III)
and Ce(IV).47,48 Hence, reduction/quenching of Brc/BrOc by Ce(III)
was proposed as one of the inhibition mechanisms for bromate
formation in several HCO studies using Ce based catalysts.18,30,36

Moreover, Chen et al. investigated pollutant degradation and
bromate inhibition by faceted CeO2 catalyzed ozonation
recently.37 CeO2(100) exhibited the overall best catalytic activity
towards pollutant removal as well as great bromate inhibition.
More cO2

− was generated in the presence of CeO2(100) and
reduced Ce(IV) to Ce(III), which can subsequently reduce various
bromine species including Brc/BrOc, HOBr/OBr−, and BrO3

−.
MnOx is another catalyst commonly used in HCO processes. Nie
et al. reported that the reduction of BrO3

− and HOBr was
responsible for the inhibition of bromate formation over MnOx/
Al2O3 with ozone, which was facilitated by the interfacial elec-
tron transfer between Mn2+/Mn3+/Mn4+.49 In the study of cata-
lytic ozonation of bromide-containing water with organic
pollutants using lattice oxygen-rich MnOOH nanorods, the
authors concluded that high-mobility surface lattice oxygen of
MnOOH and cO2

− generated during O3 decomposition can
transform Mn(IV) to the transient-reductive-state *Mn(III)/*Mn(II)
which can then reduce bromate and bromine-containing inter-
mediates to bromide via electron transfer, thus completing the
catalytic redox cycle of Mn(IV)/Mn(III)/Mn(II)/Mn(IV).38 When
iron-based catalysts (e.g. Fe–Al LDH/Al2O3, b-FeOOH/Al2O3) were
used, it was reported that BrO3

− reduction by surface Fe(II) was
responsible for the inhibition of bromate formation, where Fe(II)
was generated from the reaction between Fe(III) and HO2c

−/cO2
−.

Further, complexation of Fe(III) with O-containing functional
groups of organics decreased Fe(III)/Fe(II) redox potential and
enhanced surface Fe(II) generation. Therefore, bromate reduc-
tion rate depended on the organics and their transformation
products present.13,50 In their study of catalytic ozonation of
benzotriazole (BZA) in the presence of bromide, Zhang et al.
found LaFeO3 did not accelerate ROS production or BZA
degradation, but inhibited bromate generation.42 It was further
proposed that surface –OH complexed with H2O2 generated
during BZA degradation to form surface complex of [Fe–H2O2]s,
and this complexation facilitated the reduction of BrO3

− to
HOBr/OBr− by H2O2. Interestingly, another perovskite oxide,
LaCoO3, tested in the same study was found to promote the cOH
production and BZA degradation, and also inhibit bromate
formation. Production of HO2c

−/cO2
− led to more H2O2 gener-

ation, which was believed to contribute to the reduction of
© 2023 The Author(s). Published by the Royal Society of Chemistry
BrO3
− to HOBr/OBr−, while the cyclic reaction of Co3+/Co4+

facilitated O3 decomposition and accelerated the above reac-
tions.42 However, it is worth mentioning that water matrix may
affect the above-mentioned reduction pathways. In their
following study, Zhang et al. reported worse bromate reduction
during catalytic ozonation of BZA in mixed primary/secondary
effluent using LaCoO3 than in BZA solutions, due to the
consumption of H2O2 and surface –OH by effluent organic
matter (EfOM) and inorganic anions in the matrix, respec-
tively.27 While it is rational to conduct the initial mechanistic
investigation in a clean matrix, these results underline the
importance and necessity of further evaluation in environ-
mental waters.
3. Formation of organic byproducts
and transformation of bulk organics in
HCO

While AOPs including HCO oen target at recalcitrant organic
pollutants which usually exist at very low concentrations in
environmental waters, oxidation of bulk organics (e.g. DOM and
EfOM) is also unavoidable in these processes especially when
non-selective oxidants (e.g. cOH) are generated. Hence the
transformation of bulk organics and formation of organic
byproducts are also of great importance as they may affect the
treated water quality as well as the formation of DBPs in the
following disinfection process. Hence, in this review direct
formation of organic oxidation byproducts (OBPs), removal and
transformation of bulk organics, and removal of DBP precursors
will be discussed with the main ndings summarized in Table 2.
3.1 OBPs formation

Carbonyl compounds, carboxylic acids, and keto-acids have
been reported to be the main OBPs formed due to the reaction
Environ. Sci.: Adv., 2023, 2, 558–569 | 563
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between ozone and DOM.21,51–53 The addition of solid catalysts
may alter the exposure of bulk organics to O3, increase the
production of cOH, and introduce surface adsorption and
complexation, thus changing the OBPs formation.

In the study of catalytic ozonation of BZA and reduction of
toxic by-products in a primary/secondary effluent matrix with
LaCoO3, at a lower O3 dose (e.g. 1 mg L−1) the production of
total aldehydes increased with time, but was always lower in
catalytic ozonation than in ozonation, whereas at higher O3

doses (e.g. 2 mg L−1 and 5 mg L−1), total aldehydes increased
then decreased and the production was similar with or without
catalysts.27 Formation of oxalic acid, on the other hand, was
higher in catalytic ozonation with LaCoO3 than ozonation at the
O3 dose of 1 mg L−1 but lower at the O3 dose of 2 mg L−1 and
5 mg L−1.27 In catalytic ozonation of ltered river water, the
yields of aldehydes and acetone were higher in the process of
O3/a-FeOOH than that of ozonation alone because of the
enhanced production of cOH which can effectively oxidize DOM
into low molecular weight (MW) molecules such as aldehydes.
In contrast, such yields in the O3/CeO2 were close to that of
ozonation.54 In the same study, the production of keto-acids was
lower with O3/CeO2 than with O3/a-FeOOH and both catalytic
processes yielded less total keto-acids than ozonation alone
when O3 was in excess.54 Moreover, the two catalysts exhibited
different inuence on the yield of carboxyl acids, which was in
the order of O3/a-FeOOH > O3 > O3/CeO2.54 Such different
behavior was ascribed to the fact that unlike a-FeOOH
promoting cOH generation, CeO2 enhanced the O3 degradation
of low MW compounds via adsorption and surface
complexes.54,55

Similarly, in a comparative study of ozonation and FeOOH
catalyzed ozonation of different DOM fractions isolated from
ltered river water, lower yields of keto-acids were reported aer
catalytic ozonation of hydrophobic acid and neutral (HOA and
HON) and hydrophilic acid (HIA) fractions, whereas the yields
of carboxylic acids from these three fractions were higher in the
process of O3/FeOOH as compared to ozonation alone.56 In the
meantime, no signicant difference was observed for the
production of keto-acids and carboxylic acids from the hydro-
philic base (HIB) fraction in the O3 and O3/FeOOH processes.56

As for aldehydes and acetone, addition of FeOOH led to higher
yields from HIA and HIB fractions, lower yields from HON
fractions, and no effect on HOA fraction.56 Further, in a parallel
study of uorescence spectroscopic characterization of DOM
fractions aer ozonation and catalytic ozonation (FeOOH and
CeO2), it was found catalytic ozonation substantially enhanced
the formation of low aromaticity and low MW by-products from
HIA fraction and improved the destruction of highly polycyclic
aromatic structures for all DOM fractions.57

Lastly, halogenated organic byproducts may be formed
during oxidation treatment in the presence of Cl− and Br−.
Interestingly, HCO produced similar amount of total organic
halogen (TOX) as ozonation of EfOM matrix (Cl−: 121 mg L−1);
but with the addition of 0.1 mg L−1 Br−, HCO generated much
less TOX than sole ozonation.27 It was suspected that cOH may
change the EfOM structure, making it less reactive to Brc and
564 | Environ. Sci.: Adv., 2023, 2, 558–569
HOBr/OBr− and can also degrade the formed halogenated
organic byproducts.27

Production of OBPs depends on the reactivity of precursors
and OBPs with O3/cOH, interactions between DOM/OBPs and
catalysts, characteristics of DOM, and O3 dose. cOH generally
has higher oxidizing capability and is more effective in
degrading DOM into low MW compounds. For the low MW
compounds that have similar reactivity with O3 and cOH such as
aldehydes, yields of these OBPs may more depend on O3 dose
than the addition of catalysts that promotes cOH generation.
For OBPs with higher reactivity towards cOH such as keto-acids,
the production usually is lower in the presence of catalyst
especially at a sufficient O3 dose. Short-chain carboxylic acids
such as oxalic acid are considered as the “bottleneck” and main
OBPs of AOPs. Very oen accumulation of carboxylic acids is
observed in HCO, which is sometimes higher than ozonation
alone due to more effective degradation of precursors such as
keto-acids by cOH. While these OBPs are described as refectory
to both O3 and cOH in some studies, it should be noted
although much lower than those of many other organic
compounds, their reaction rate constants with cOH are still
several orders of magnitude higher than that with O3 (for
example, oxalic acid was frequently used as the model
compounds in HCO studies).58,59 Hence, eventually it might be
the high energy consumption that makes the elimination of
OBPs economically inhibitive in HCO, and integration with
other treatment processes such as bioltration may be a more
cost-effective approach to further polish the treated water
quality.28,60,61
3.2 Removal and transformation of bulk organics

Humic substances represent a major fraction of NOM in virtu-
ally all drinking water sources as well as effluent organic matter
(EfOM) from biological wastewater treatment. Hence humic
acid (HA) has been chosen as a target compound in several HCO
studies and a higher mineralization rate was reported for the
HCO processes in comparison to ozonation alone under
otherwise same conditions, owing to higher cOH generation.62–64

In particular, Tang et al. examined the acute toxicity of the
treated water by ozonation and catalytic ozonation with Cu/Ce–
Al2O3 and found that the toxicity of HCO treated water was 56%
lower than that of ozonation ascribed to the effective removal of
toxic intermediates of HA degradation (e.g. phenolic
compounds or long-chain hydrocarbon compounds). It was also
suggested that minimizing metallic ion leaching from the
catalyst was important for further reduction of the treated water
toxicity.64

Furthermore, several studies were conducted to investigate
the degradation and transformation of DOM from natural
water or wastewater in HCO processes. Compared to ozonation
alone, HCO generally led to a higher TOC/DOC removal20,56,65–67

but the ratio of assimilable organic carbon (AOC) was reported
to increase in HCO treated water especially in the hydrophilic
acid and base fractions of DOM.56,65,68 Dabuth et al. investi-
gated molecular changes of DOM aer catalytic ozonation with
TiO2 coated activated carbon (TiO2-AC) employing unknown
© 2023 The Author(s). Published by the Royal Society of Chemistry
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screening analysis with Orbitrap mass spectrometry, and re-
ported that catalytic ozonation decreased or removed more
CHO features than that of ozonation alone owing to the
generation of more reactive species (e.g. cOH and cO2

−).68

Furthermore, a few hundred CHO features were increased or
newly formed aer oxidation treatment, indicating the
formation of OBPs, whereas the number of OBPs was also
lower for O3/TiO2-AC processes than ozonation.68 Reduction of
UV254 (mainly denoting organic compounds with double
bonds or aromatic structures) seemed to depend on the
characteristics of DOM as well as catalysts. An enhanced UV254

removal was observed in catalytic ozonaton of ltered water
NOM with TiO2/Zeolite and CeO2,55,65 but a lower removal than
ozonation was reported for MgO and goethite.55 It was also
found that HCO improved the UV254 reduction for fractions of
MW >1000 Da but not much for lower-MW components of
organic matter from a ltered river water.56 A study on catalytic
ozonation (copper supported alumina) of different DOM
fractions from secondary effluent of a petrochemical waste-
water plant reported lower SUV254 reduction than ozonation
alone for both hydrophilic and hydrophobic substances but
a higher DOC removal for all fractions.67 Oen ozonation was
only effective for hydrophobic fractions and may transform
them to hydrophilic substances.20,66,67 Furthermore, interac-
tions between DOM and catalysts can also affect the oxidation
processes. Although the enhanced DOC reduction in both
HCO processes was ascribed to cOH formation, the higher
efficiency of the O3/FeOOH system than the O3/MgO was
explained by higher DOM adsorption on MgO, which may
adversely affect O3 mass transfer and access to the active sites
of the catalyst.55 However, Sun et al. suggested that O3 and
generated cOH could react with DOM adsorbed on the catalyst
surface and allow for further adsorption from the bulk solu-
tion, and a dynamic balance between oxidation and re-
adsorption was important for DOM removal in HCO
processes.67 On the other hand, degradation of DOM in CeO2

catalytic ozonation was attributed to surface complexation,
not cOH formation, resulting in a low efficiency.55
3.3 Removal of DBP precursors

Hydrophobic fractions of NOM have been reported to be the
major precursors of trihalomethanes (THMs).69,70 Since both
ozone and HCO can remove hydrophobic substances, THM
formation potential (THMFP) can be reduced in these processes
as well. For example, TiO2-catalyzed ozonation and ozonation
alone removed 80% and 45% THM precursors respectively,
during the treatment of a groundwater sample dominated by
fulvic acid fraction.20 Similar trend was also observed for TiO2-
catalyzed ozonation of river water and the higher the ozone
dose, the greater the THMFP reduction.71 Catalytic ozonation
with LaCoO3 showed better efficiency than sole ozonation on
the reduction of formation potential of two THMs, trichloro-
methane (TCM) and bromodichloromethane (BDCM), during
the treatment of a mixture of primary and secondary effluent.27

Moreover, Fe–Mn oxide, TiO2/Al2O3, and synthetic goethite (a-
FeOOH) catalyzed ozonation were also found to remove more
© 2023 The Author(s). Published by the Royal Society of Chemistry
THMs and nine haloacetic acids (HAA9) precursors than ozon-
ation alone in the treatment of ltered river water.28,61 During
the treatment of 11 ltered natural water samples sampled from
upstream to downstream along Jingmi Channel (China), Ru/AC-
O3 process was reported to reduce HAAFPmuchmore efficiently
than ozonation alone, but such enhancement was less
pronounced for THMs, probably because the reduction of
THMPF was already high in ozonation.72 In addition to reduc-
tion of DBPFP, HCO can also affect the species distribution of
DBPs. While the THMFP and HAAFP decreased, the bromine
incorporation factor (BIF) of THMs and HAAs increased with
catalyst dosage during chlorination aer HCO treatment.28 On
the other hand, in a study investigating DBP formation during
chlorination of a HCO treated Diclofenac (DCF) solution with
co-existing Br−, Chen et al. found that Fe-Cu-MCM-41/O3

pretreatment led to less bromate, THMs, and HAAs as well as Br-
DBP formation than O3 pretreatment, owing to the more
effective removal of hydrophobic and transphilic intermediates
generated from DCF degradation.40

Hydrophilic fractions of NOM have been found to be rich in
nitrogenous matters as the potential precursors of N-DBPs,73

hence oxidation processes may increase the N-DBP formation
due to the oxidation of hydrophobic fractions and consequent
increase of hydrophilic fractions. An increased haloacetonitrile
formation potential (HANFP) compared with raw water was re-
ported aer ozonation and TiO2-catalyzed ozonation treatment
of groundwater.20 Further, while TiO2/O3 produced less HANs
than O3 direct oxidation by O3 was found to bemore effective for
specic HANFP reduction compared to the radical pathway.20 In
contrast, ozonation and catalytic ozonation with LaCoO3

decreased the HANFP during the treatment of a primary/
secondary effluent mixture, where the reduction by catalytic
ozonation was higher than ozonation at lower O3 doses
(1 mg L−1 and 2 mg L−1) but lower at a higher O3 dose
(5 mg L−1).27 In addition to the different matrices (ground-
water20 vs. primary/secondary effluent27), the O3 dose may be
one important reason for the different observations. Unfortu-
nately, it is difficult to make direct comparisons as one was
reported as 3 mg O3/mg DOC20 and the other 1–5 mg L−1 O3.27

Moreover, O3 and LaCoO3/O3 can also reduce the precursors of
emerging DBPs, haloacetamides (HAcAms), with the LaCoO3/O3

process being more efficient.27

Lastly, it should be pointed out that the observed enhance-
ment of DBPFP removal in HCO may not all be ascribed to the
high cOH in the presence of catalysts because it has been
showed that adsorption by the catalysts (e.g. Fe–Mn oxide) can
also remove a signicant amount of precursors.61 However,
most studies did not look into the adsorption effects of catalysts
with only a few exceptions.61,72

4. Summary and perspective

While heterogeneous catalytic ozonation processes have shown
a great potential in enhancing the removal of recalcitrant
organic pollutants, formation of byproducts as well as trans-
formation of bulk organics and the consequent impacts on
DBPs formation calls for more attention. In this regard, the
Environ. Sci.: Adv., 2023, 2, 558–569 | 565
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main ndings of the relevant literature can be summarized as
follows:

� As the major inorganic byproduct of concern in ozonation
processes, bromate can be formed via both direct O3 oxidation
and indirect cOH oxidation pathways. Very oen the presence of
catalysts accelerates the O3 decomposition and increases cOH
generation, and thus bromate formation may be inhibited or
promoted depending on the dominant reaction pathway (direct
vs. indirect) in the system. The addition of catalysts can also
affect the generation of H2O2 which may reduce HOBr/OBr−.
Decomposition of O3 can also generate reactive species (e.g.
HO2c

−/cO2
−) that accelerate the redox cycle of the metal species

on the catalyst surface, during which Br species (e.g. Brc/BrOc,
HOBr/OBr−, and BrO3

−) are reduced resulting in less bromate
formation. Lastly, some catalysts (e.g. CeO2) may adsorb O3/O2-
containing species and inhibit O3 decomposition into cOH and
subsequent bromate formation.

� For organic byproducts, aldehydes yield may more depend
on O3 dose than the addition of catalysts. Keto-acids production
is usually lower in HCO than ozonation alone. Carboxylic acids
can accumulate in both ozonation and HCO processes and the
yields are inuenced by O3 dose and interactions between NOM/
OBPs and catalysts.

� HOC can increases DOC removal and biodegradability of
the bulk organics. HCO may also decrease THMFP and HAAFP,
but may increase bromine incorporation factor of THMs and
HAAs. Its effect on HANFP depends on the matrices and O3

dose.
Despite some progress has been made in understanding

byproducts formation during HCO, there are still some impor-
tant issues that need to be further investigated and addressed:

� It is encouraging that most of the studies reported an
inhibition of bromate formation in HCO. However, elucidation
of the underlying mechanism can be challenging due to the
high heterogeneity of the system and the complex interactions
between different species as well as the solid catalysts. Also
because of the multiple reaction pathways possibly involved, it
is relatively easy to formulate a hypothesis to explain the
experimental observations but difficult to conrm and validate
it. Therefore, a rigorous and comprehensive experimental
design is required to probe the mechanism (which is likely to be
system-specic due to the diversity of catalysts) and facilitate
further process enhancement and optimization. Moreover,
most of the studies reported in the literature were carried out in
synthetic solutions not environmental matrices. Although
starting with a “clean” matrix is a reasonable approach for
initial evaluation and mechanism investigation, further exam-
ination of the matrix effects is needed, especially as it has been
shown that co-existence of organic and inorganic precursors
can affect the nal byproducts formation.

� Due to the ubiquity and diversity of NOM in the environ-
mental waters, investigation on the organic byproducts'
formation and transformation of bulk organics in HCO can be
more challenging. In order to enhance our understanding and
gain insights from different studies collectively, it is important
for the research community to standardize the experimental
protocols and provide enough information so to enable
566 | Environ. Sci.: Adv., 2023, 2, 558–569
comparisons and systematic evaluation. For example, regard-
less of the addition of catalysts, O3 dose is one most inuencing
factor that determines process performance and byproducts
formation. Due to the limitation of mass transfer in most
laboratory setup, it is recommended O3 dose to be reported as
total transferred dose during the treatment not just the
concentrations in the feeding gas or aqueous phase.

� Some catalysts that promote surface complexation with
DOM instead of cOH production (e.g. CeO2) seem to perform
better in OBPs control. However, the efficiency for the removal
of recalcitrant pollutants as well as possible catalyst fouling in
long-term performance in real environmental waters may need
further evaluation. In the meantime, direct interactions with
catalysts (e.g. adsorption) can play an important role and should
be evaluated in all HCO studies to truly understand the
underlying mechanism.
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