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Abstract: Formation of disinfection byproducts (DBPs) in drinking water treatment (DWT) as a
result of pathogen removal has always been an issue of special attention in the preparation of safe
water. DBPs are formed by the action of oxidant-disinfectant chemicals, mainly chlorine derivatives
(chlorine, hypochlorous acid, chloramines, etc.), that react with natural organic matter (NOM), mainly
humic substances. DBPs are usually refractory to oxidation, mainly due to the presence of halogen
compounds so that advanced oxidation processes (AOPs) are a recommended option to deal with
their removal. In this work, the application of catalytic ozonation processes (with and without the
simultaneous presence of radiation), moderately recent AOPs, for the removal of humic substances
(NOM), also called DBPs precursors, and DBPs themselves is reviewed. First, a short history about
the use of disinfectants in DWT, DBPs formation discovery and alternative oxidants used is presented.
Then, sections are dedicated to conventional AOPs applied to remove DBPs and their precursors
to finalize with the description of principal research achievements found in the literature about
application of catalytic ozonation processes. In this sense, aspects such as operating conditions,
reactors used, radiation sources applied in their case, kinetics and mechanisms are reviewed.

Keywords: ozone; catalytic ozonation; photocatalytic ozonation; disinfection by-products; natural
organic matter; humic acids; drinking water; chlorination

1. Introduction

Safety of drinking water has always been a concern for humankind from at least
500 BC when natural materials were used to purify water [1]. However, it was not until the
end of the Middle Age when significant steps in the treatment of water were noticed. In fact,
the discovery of the microscope at the end of the 16th century was, years later in 1850, the
milestone to know the reason of pandemic problems associated to the use of water. With
the aid of microscopes the presence of pathogens in drinking water was discovered and the
use of disinfectants would become soon later. Specifically, in 1854 chlorine was first used in
London to remove bad odors coming from sewers. Although at that time the disinfectant
power of chlorine was not yet well known, the role of contaminated water to spread
pandemic illnesses had already been confirmed with the cholera epidemic of London [2]. In
1879 chlorine was first used as a disinfectant also for sewage and in 1903 in drinking water
treatment plants [3]. Since then, chlorine has been widely used for some other operations in
drinking water treatment such as taste and odor removal, keeping safe water distribution
systems, biofouling control, and color removal, to cite a few. For more than 70 years,
chlorine was used with great success as a water disinfectant. However, water chlorination
began to be questioned after the US National Organics Reconnaissance Survey [4] that
revealed the presence of halogenated compounds in 80 USA drinking water plants in 1975.
This survey was based on previous studies of Rook [5] and Bellar et al. [6] in 1974 sponsored
by the United States Environmental Protection Agency (USEPA) that initiated a work on the
analysis of contaminants in rivers such as the Mississippi River at New Orleans [7]. In these
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works, six main halogenated compounds were identified: Four trihalomethanes (CHCl3,
CHCl2Br, CHClBr2, and CHBr3), CCl4 and 1,2-dichloroethane [8]. Soon after, many more
halogenated compounds, both of volatile and non-volatile nature, were detected in chlorine
disinfected water and municipal wastewater secondary effluents. These compounds were
not previously present in the untreated waters. For instance, Glaze and Henderson, in
1975, [9] detected in a municipal secondary effluent 39 halogenated compounds of aromatic
and aliphatic type with one to at least four chlorine atoms in their molecules to give a total 3
to 4 mg L−1 of Cl. These halogenated compounds took the name of disinfection byproducts
(DBPs) and the concern about their possible toxic character prompt the development of
four questions and subsequent research lines: Which were the organic precursors of DBPs?
what kind of alternative disinfectants could be applied? which different groups of DBPs
were formed? and what toxicity these compounds have? A brief description about the
findings of these research lines is presented below.

2. Nature of Chlorinated DBPs Precursors

There are multiple and variable natural substances present in surface waters that
mainly come from plant degradation and animal wastes. Most of them are constituted by
macromolecules containing numerous aromatic and aliphatic structures to which other
simpler compounds, both of natural or anthropogenic origin, can be linked such as sugars,
amino acids, metals, or pesticides [10,11].

These macromolecules are called humic substances that are mainly formed by three
fractions: Humic and fulvic acids and humin [12,13]. Humin is not soluble in water and
the acid fractions can be separated after precipitation of humic acid at pH = 1. They are
mostly colored from yellow to black and of high molecular weight. Up to 90% of total
dissolved organic carbon (DOC) in surface waters is due to humic substances with fulvic
acid as the major contributing fraction with about 80%. In surface waters, DOC can reach
up to 60 mg L−1 but the usual concentration ranges from 1 to 6 mg L−1 [14]. Figure 1
shows an example of this type of macromolecules where it can be seen the presence of
polyphenol structures.
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These polyphenol structures contain nucleophilic points where electrophilic sub-
stances such as chlorine can react. These reactions are responsible of halogenated com-
pounds formation [15]. For instance, the molecule of resorcinol that can be found forming
part of some humic macromolecule reacts with chlorine as shown in Scheme 1:
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anthropogenic origin, such as pesticides, polynuclear aromatics, pharmaceutical com-
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Scheme 1. Mechanism of halogenated compounds formation from the reaction of hypochlorous acid with resorcinol in
water: (Way 1): Volatile Chloroform and dichloroethane and (way 2): Non-volatile dichloro and trichloroacetic acids.

As it is seen from Scheme 1 the electrophilic agent (chlorine or hypochlorous acid)
attacks the ortho position in the benzene molecule with respect to both hydroxyl groups.
This position is strongly activated by the hydroxyl groups becoming a nucleophilic point.
Also, chlorine reacts with simpler molecules such as ketones through the well-known
haloform reaction [16] shown in Scheme 2.
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It should be noted that there are other compounds formed during the treatment of
water when oxidants or disinfectants (chlorine, ozone, advanced oxidation processes, etc.)
are applied. Precursors of these compounds are other pollutants, most of them of anthro-
pogenic origin, such as pesticides, polynuclear aromatics, pharmaceutical compounds, and
products of personal care [17–19]. These reaction products are also called DBPs because the
reactive agent is a disinfectant. In this work, however, only DBPs coming from disinfection
of drinking waters originated in reactions of disinfectants with humic and fulvic acids or
generally called natural organic matter (NOM) are considered [20].
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3. Alternative Disinfectants to Chlorine

The first possible disinfectant agents to be applied in water treatment alternatives to
chlorine were ozone ([21]) and UV radiation. Table 1 shows the oxidation potential of main
oxidants that can be used in drinking water treatment and their relative value with respect
to that of ozone.

Table 1. Oxidation power of some oxidizing-disinfectants of drinking water 1.

Oxidant-Disinfectant Oxidation Potential, V Relative Oxidation Power 2

Ozone 2.07 1.00
Hydrogen peroxide 1.77 0.86
Potassium permanganate 1.49 0.72
Hypochlorous acid 1.49 0.72
Chlorine 1.36 0.66
Hypobromous acid 1.33 0.64
Chlorine dioxide 1.28 0.62
Monochloramine 1.16 0.56

1 At 25 ◦C, relative to hydrogen electrode. 2 Based on ozone.

It can be seen that ozone has the highest oxidizing power among these disinfectants
and its oxidation potential is 1.39, 1.52, 1.62, and 1.78 times more oxidant than hypochlorous
acid, chlorine, chlorine dioxide, and monochloramine, respectively [22]. These values are
in accordance with the CT parameter that gives a measure of the disinfectant power. CT
is the product of the disinfectant concentration and the detention time [23]. This reaction
time is that needed for the 10% of the water flow through the disinfection contactor be
in contact with the indicated disinfectant concentration. CT varies with the nature of
pathogen, disinfectant, and disinfection level to be reached. Accordingly, the lower the
concentration or the detention time the higher the disinfection power. Table 2 shows, as an
example, CT values for the four drinking water chemical oxidants to remove from water
two logs or 99% of some microorganisms. It can be seen that in all cases ozone presents
the lowest CT values with monochloramine as the weakest disinfectant [23]. Below some
comments about chlorine alternative oxidant-disinfectants are given with special emphasis
on ozonation.

Table 2. CT values of drinking water disinfectants to inactivate 99% of some pathogens 1.

Pathogen Chlorine Chlorine
Dioxide Chloramine Ozone

E. Coli 0.034–0.05 0.4–0.75 95–180 0.02
Rotavirus 0.01–0.05 0.2–2.1 3810–6480 0.006–0.05
G. Lambia Cyst 47–150 - - 0.5–0.6
G. Muris 30–630 7.2–18.5 1400 1.8–2.0

1 pH between 6 and 7 except for chloramines with pH between 8 and 9 [23]. CT values in mg L−1min.

3.1. Ozone

Ozone, similar to chlorine, was first used as bactericide at the end of the 19th century.
The first drinking water treatment plant (DWTP) using ozone as disinfectant was in the
small city of Oudshorrn in Holland in 1893. After that, ozone was applied, always for
disinfection purposes in other cities, such as Wiesbaden, Germany, in 1901, but the first im-
portant city using ozone was Nice, France, in 1906. This plant, called Bon Voyage, has been
using this oxidant-disinfectant since then [21]. Application of ozone in DWTP, however,
experienced a great boost after trihalomethanes (THMs) discovery in chlorinated drinking
water and, also, years later, from 1987, when Glaze et al. defined the advanced oxidation
processes (AOPs) after studying the combination of ozone, hydrogen peroxide and UVC
radiation to yield hydroxyl free radicals [24]. During the second part of the 20th century
most of the fundamentals of ozone chemistry in water had already been uncovered [25];
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and consequently, its possible application for water treatment [23]. Ozone can react with
DOM through two possible routes: Direct reactions on nucleophilic points or addition
reactions on unsaturated moieties (double and triple carbon bonds) that form H2O2:

O3+Nucleophilic points/–C = C– Direct reactions−−−−−−−−→ H2O2+Intermediates (1)

At high pH it predominates the indirect reaction or reaction with hydroxyl radicals
formed in ozone decomposition [26].

O3+OH− → free radicals→ HO• ⇒ HO•+Organics Indirect reactions−−−−−−−−−→ Intermediates (2)

Many ozone reactions with humic substances are of the electrophilic substitution type.
These reactions are faster than those with chlorine because the highest oxidizing power
and oxidation kinetics of/with ozone [27–29]. In Schemes 3 and 4, the Criegge mechanism,
the reaction of ozone with a double carbon bond, and an electrophilic aromatic substitution
reaction of ozone with the carbon hydrogen bond in ortho position with respect to the
hydroxyl group of a phenol molecule are, respectively, shown [30].
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The reaction of the ionic form of this oxidant with ozone constitutes the main initiation
step of hydroxyl radical formation mechanism in ozone involving advanced oxidation
processes [27]. Regarding Scheme 4, after hydroxyl substitution in the phenol molecule,
aromatic ring breaking is followed due to the cycloaddition of another ozone molecule
and, finally, other ozone addition reactions to unsaturated carboxylic acids formed lead
to low molecular weight saturated carboxylic acids. These acids, aldehydes and, in some
cases, ketones are usually the end products of ozone reactions which are not precursors of
halogenated compounds with the exception of some ketones. Then, previous utilization of
ozone to chlorination allows significant reduction of trihalomethane formation potential
(THMFP) or halogenated compounds formation potential (TOXFP). In case of high alkalin-
ity, hydroxyl radical oxidation takes place to also yield similar byproducts that direct ozone
reactions. Another advantage of ozone is its high capacity for being combined with other
agents (oxidants, catalysts, and/or radiation) to yield more hydroxyl radicals, what are
called ozone AOPs. This has implications even on THMs or TOX removal since ozone alone
is not reactive with many halogenated compounds. On the contrary, hydroxyl radicals
generated in ozone AOPs can react with THMs or TOX. However, some ozone DBPs can
also be harmful, for instance, when water contains bromide ion. In this case, bromoform
and hypobromous acid are formed and, eventually, depending on the conditions, bromate
ion, an important priority pollutant. Then, the levels of bromide in surface water needs
surveillance if ozone is used for THMFP and TOXFP control. Some considerations about
bromate control have been specifically reviewed in Section 9. Also, the ozone dose has
to be controlled because if added very low, it could increase the precursors concentration
due to partial oxidation of first TOX precursors. For instance, water samples containing
1 mg L−1 1,3-cyclohexanedione, a DBP precursor, treated with an ozone dose of 30 mg L−1

during 15 and 30 min and then diluted 100 times and chlorinated (1 mg L−1 Cl2 dose) led
to CHCl3 concentrations of 77 and 15 µg L−1, respectively, while without preozonation,
CHCl3 formation was 50 µg L−1 [31]. Ozone added at very high dose could form bro-
moform and other brominated organics such as bromohydrines [32]. In spite of its faster
kinetics through two possible routes and high disinfectant and oxidizing power application
of ozone also present another drawback: It cannot be used as residual disinfectant and
chlorine or another residual disinfectant has to be used at the end of a DWTP. In any
case, the residual disinfectant dose needed in a DWTP with a pre-ozonation step is much
lower than in a conventional process without pre-ozonation, especially when a biological
activated carbon step is placed after ozonation. For example, Langlais et al. [23] reported
that chlorine demand was reduced from 4.5 mg L−1 to 3.5 and 2.7 mg L−1 when water
from St. Rose treatment plant in Laval (Canada) was treated with rapid sand filtration,
rapid sand filtration and ozonation, and rapid sand filtration plus ozonation and biological
activated carbon, respectively. The savings in chlorine dose were in some case comparable
to the cost of ozonation [23].

3.2. Chlorine Dioxide

Chlorine dioxide started to be used in DWTP in 1944, that is, much later than chlorine
or ozone. The first application of chlorine dioxide in DWTP was for taste and odor control
in Niagara Falls, State of New York. Then, it was most commonly used for bleaching in
textile industries [21]. Depending on the way of synthesis, concentration and presence
or not of chlorine, chlorine dioxide may lead to THMs or TOX formation while reacting
with humic substances. Chlorine dioxide when used alone no THMs or TOX is formed but
accompanied by chlorine, which could be formed in its preparation method, halogenated
compounds can appear in the treated water. In a detailed studied, Rav-Acha [33] already
described the main reactions and mechanisms of chlorine dioxide with many organics
including humic substances. He concluded that since the main way of chlorine dioxide
reaction with these substances is as one electron acceptor, its reactions a more selective and
mainly yield quinones, hydroquinones and low molecular weight aldehydes and carboxylic
acids. For instance, Scheme 5 shows a proposed mechanism of reaction of chlorine dioxide
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and phenolate, also a precursor molecule of TOX [33].
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It is shown that the final products are p-benzoquinone and hypochlorous acid but some
amount of chlorite is also formed. The presence of hypochlorous acid is likely responsible
of TOX formation when precursor molecules are in excess [34]. More information about
chlorine dioxide DBPs and toxicity is given in Sections 4 and 5.

3.3. Chloramines

Chloramines are formed in the reaction of chlorine with amine in a three consecutive
steps where mono, di and trichloramine are formed:

HClO + NH3 → NH2Cl + H2O (3)

HClO + NH2Cl→ NHCl2+H2O (4)

HClO + NHCl2 → NCl3+H2O (5)

For practical cases, it is monochloramine the species used as disinfectant. The way of
chloramine formation, from addition of chlorine to amine or vice versa, already present in
water or by adding a previously prepared monochloramine solution to the water, highly
affects the appearing of chlorinated byproducts because of the free chlorine remaining in
the first two cases [35]. However, even in the case of monochloramine solution application
to water, hypochlorite (at alkaline pH) or hypochlorous acid (at acid pH) eventually will
appear in water due to monochloramine hydrolysis. Then, using monochloramine as
disinfectant always leads to chlorinated organics. Monochloramine is the less effective
disinfectant and oxidant species among the four reviewed in this work but its capability of
forming chlorinated organics is also the lowest. As a consequence, chloramines, depending
on the TOXFP of the water, can be recommended as secondary disinfectant for the control
of DBPs because their residual disinfectant property. A different question arises when
talking about nitrogen containing disinfection byproducts (NDBPs) such as haloacetamides
(HAcAm). In this case, chloramination may result in a higher formation potential of these
compounds than chlorination.

3.4. UV Disinfection

Although chemical disinfectants are used in DWTPs because of the need of a residual
disinfectant and DBPs control, the use of UV disinfection of water is highly extended
due to some advantages over chemical oxidants as reported by Song et al. [36]. These
advantages are the absence of DBPs, low health risk, easy operation and maintenance,
minimum reaction time, and high disinfection power. However, problems associated to UV
disinfection arise when treating natural waters containing humic substances. Efficiency of
disinfection highly depends on the transparency of water and the presence of colored water
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due to humics reduces the UV absorption and lower pathogen removal rates. This negative
effect could be reduced by increasing the energy dose and lowering the wavelength of
emitted radiation but at a higher cost.

3.5. Other Disinfection Processes

Literature also gives examples of water disinfection processes different from the use
of chemical oxidants or radiation though some of them are intimately related with them.
This happens, for example, with the simultaneous use of radiation and a semiconductor
catalyst, that is, photocatalytic oxidation [37]. This process has the attractive possibility
of using solar light to excite the catalyst [38,39]. In photocatalytic oxidation, an AOP
process, hydroxyl radicals generated can inactivate microorganisms, including viruses,
bacteria, spores, and protozoa. However, since hydroxyl radicals are strong oxidants, DBPs
similar to those found in ozone processes can be produced and cytotoxicity of catalyst
particles requires further studies. Other examples of disinfection processes are based on
membranes [40], hydrodynamic cavitation [41], nanoparticles such as in photocatalysis or
in membranes [42], or with magnetic materials [43]. However, more work is needed so that
these processes can be put into practice.

4. Nature of DBPs from Classical Oxidant-Disinfectants Agents Used in DWTPs

Soon after the uncover of THMs in chlorinated drinking water many works were car-
ried out to ascertain the nature of generated products not only from chlorine but also from
the application of the other alternative oxidants commented before. One of the first studies
on this matter was carried out by Coleman et al. in 1980 [44] who identified 400 compounds
from a chlorinated fulvic acid extract. Among these compounds, polynuclear chlorinated
aromatic hydrocarbons and polychlorinated biphenyls represented an important fraction.
Also, regarding DBPs of alternative oxidants, Glaze in 1986 [45] published a review on
ozonation DBPs, highlighting the formation of hydroperoxidic byproducts, unsaturated
aldehydes and hypobromous acid or even permanganate ions, the two later from the oxi-
dation of bromide and manganous ions, respectively. Regarding chlorine dioxide DBPs, at
that time, Werdehoff and Singer in 1987 [46] reported some TOX and THMs formation from
chlorine dioxide oxidation of humics. They also checked that these chlorinated organic
compounds were mainly due to residual chlorine formed accompanying the synthesis
of chlorine dioxide. They also reported the formation of chlorite ion as main inorganic
byproduct. Throughout these last three decades, a lot of work has been done on DBPs iden-
tification [32] and some reviews on this matter have been published [47]. Also, published
studies report works not only on DBPs identified from chlorination [48], but also from
chloramination [49,50], ozonation [32], and chlorine dioxide NOM oxidation [51,52]. Most
of identified DBPs come from water chlorination and mainly involve organochlorine com-
pounds but some treat the presence of brominated (Br-DBPs) and iodinated (I-DBPs) DBPs
formed from chlorine, ozone or chlorine dioxide when natural waters contain bromide or
iodide, respectively [32,53]. In these works, oxidation of bromide and iodide yields hypo-
bromous and hypoiodous acids, respectively, which in turn oxidize NOM to form Br-DBPs
and I-DBPs. Also, from the oxidation of chlorine, ozone or chlorine dioxide, bromite, and
iodite are formed that in a fast step are oxidized to bromate and iodate, respectively.

DBPs are classified as regulated (R-DBPs) and non-regulated (NR-DBPs) whether or
not some maximum contaminant level (MCL) has been imposed from official government
environmental organizations such as USEPA or the European Chemical Agency (ECA),
(called standard values in this case). Regulated DBPs are among the most halogen organics
identified. These are four out of ten THMs: Those containing chlorine and bromine and five
out of nine haloacetic acids (HAAs) (only with chlorine and bromine atoms): Mono, di and
trichloroacetic acids and mono and dibromoacetic acids. For total THM, USEPA, and ECA
have imposed MCL (or standard values) of 80 and 100 µg L−1, respectively, while for total
HAAs, MCL are 60 µg L−1 imposed for both official organisms. Regarding inorganic DBPs,
bromate has 10 µg L−1 and chlorite 1000 and 250 µg L−1, also from these organizations,
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USEPA and ECA, respectively. The rest of the identified DBPs are non-regulated and main
family groups are listed in Table 3 with some representative example compound. Many
of these DBPs are formed from chlorination but also from chloramination, ozonation and
chlorine dioxide application. Richardson et al. [54] in an extensive and detailed review
gives numerous examples of DBPs from the oxidation with the four mentioned disinfectants
and from sequential oxidations such as ozonation or chlorine dioxide treatment followed
by chlorination or chloramination. New DBPs are continuously being identified as Pan
et al. [55] did in 2017. These authors reported 13 new polar phenolic chlorinated and
brominated DBPs or How et al., also in 2017 [56], about organic chloramines. Literature
shows detailed explanations about the formation mechanisms of these DBPs which are out
of the scope of this work.

Table 3. Family groups of unregulated DBPs identified in water during disinfection processes,
representative compounds and average detection concentration levels (ADC) 1.

NR-DBP Family Group Representative Compound ADC, µg L−1

Halogenated compounds
THMs 4 Iodoform 0.2 2

HAAs 4 Bromochloracetic acid <1 1

Halonitromethanes chloropicrin (trichloronitromethane) 0.5 2

Haloacetonitriles dichloroacetontrile 3.08 2

Haloacetamides dichloroacetamide 1.62 2

Haloamines N-chloroaminoacetic acid 3 -
Haloaldehydes trichloroacetaldehyde 3.67 2

Haloketones trichloropropanone 3.55 2

Halofuranones
MX:
3-chloro-4-(dichloromethyl)-5-
hydroxy-2(5H)-furanone

<1.0 1

Haloquinones 2,6-Dichloro-1,4-benzoquinone <1.0 1

Iodinated DBP
(other than THM and HAACs) Iodoacetaldehyde <1.0 1

Halogencyanide Cyanogen chloride 1.54 2

Non halogenated compounds
Aldehydes Formaldehyde 3.46 2

Ketones Dimethylglyoxal <1.0 1

N-Nitrosamines N-nitrosodimethylamine 0.01 2

1 Richardson et al. [54] also shows other less important family groups. 2 From [57]. 3 From [58]. 4 Regulated DBPs.

5. Issues Related to DBPs Toxicity

As it was reported in the 1970s the reason for applying alternative disinfectants to
chlorine was the potential toxic character of THMs and other halogenated organics found
in finished chlorinated drinking water [59]. Specifically, the US National Cancer Institute in
1976 published that chloroform was carcinogenic in rodents [60]. Soon after, epidemiologi-
cal studies suggested some relation between chlorinated drinking water and the occurrence
of bladder, colon, and rectal cancer [61,62]. Since then, many studies on the evaluation
of safety and hazard of DBPs have been reported [63]. According to DeMarini [64], at
present, 20 out of 22 DBPs are rodent carcinogens, more than 100 genotoxic and 1000 water
samples have been found to be mutagenic. It has been shown that brominated DBP are
more carcinogenic than the chlorinated ones [54] and genotoxicity and cytotoxicity decrease
in the following order for halogenated DBPs: Iodinated > brominated > chlorinated [65].
Generally, every DBP evaluated is genotoxic [64]. Comparing chlorinated and ozonated
DBPs, the former are more genotoxic than the latter, at least, with Salmonella [66]. Regarding
the way of DBPs exposure, some works [67] have reported higher cancer risk with the
inhalation/dermal way than with oral intake. From inhalation or dermal way, volatile
DBPs go directly to the blood stream, bypassing the liver, and once in the bladder they
can be activated by some mutagen. From oral intake, DBPs go first to the liver where they
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could be detoxified. This is particularly important in swimming pool water and bath spa
water where, in addition, many nitrogen containing DBPs (N-DBPs) have been found likely
due to urine present in these waters. N-DBPs like nitrosamines have been found even more
cytotoxic and genotoxic than their corresponding halogenated organics [68].

6. The Role of AOPs in the Removal of Precursors and DBPs

Different AOPs have been applied to eliminate NOM or formed DBPs in a refinement
stage focused on drinking water production. AOPs are capable to completely mineralize
organic contaminants at mild operating conditions of pressure and temperature though
the balance between cost and mineralization requirements is a key issue. At moderate
conditions, partial oxidation of NOM components into more reactive compounds to form
DBPs can occur. In contrast, a very high mineralization is usually expensive and may not
be economically feasible. This section reviews some of the main issues concerning the
application of different AOPs for NOM and DBPs removal.

6.1. Elimination of Precursors or DBPs Formation Potential

Advanced oxidation processes have been studied for DBPs precursor removal due to
their oxidation ability through hydroxyl radical (HO•) fast and non-selective reactions with
organic compounds [69,70]. However, research efforts are needed in terms of improved
efficiency, development of less expensive installation and operating conditions [70].

DBP formation potential (DBPFP) represents the level of the formation of different
DBPs (or total TOX) in the worst scenario using high excess of disinfectant. This a useful
tool to assess the effectiveness of a specific treatment to remove the DBPs precursors,
mainly NOM. Since 1980 the number of publications related to AOPs applied to NOM or
surrogate removal to reduce DBPFP has progressively increased. The search presented in
Figure 2 shows the number of publications in JCR (source WOS) between 1980–2020 and
includes different combinations of the keywords: Advanced oxidation, natural organic
matter, disinfection by-products, trihalomethanes, haloacetic acids, halonitromethanes,
haloketones, haloacetamides, ozone; and their abbreviations, for drinking water treatment.
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Figure 2. Reports in AOPs and ozone-AOPs for DBPFP or NOM removal for drinking water in the last 40 years.

Matilainen and Sillanpää [71] and Sillanpää et al. [70] comprehensively reviewed
the application of AOPs for the removal of NOM in the periods between 2006–2009 and
2010–2016, respectively. This section is focused on the abatement DBPs precursors, mainly
NOM, highlighting the formation of DBPs and some key factors in the application of AOPs
for DBPFP removal without the aim of compiling all the research found. The application
of these processes to the elimination of other microcontaminants in surface water such
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as pharmaceuticals or personal care products without subsequent DBPs analyses are not
reviewed here.

6.1.1. Classic Ozonation Processes

The first study published by Glaze et al. [72] was focused on the degradation of natural
trihalomethane precursors by O3 and O3/UVC processes in raw waters with high DOC
levels. They found that secondary precursors of greater refractivity were produced by
ozonation but they could be simultaneously destroyed by UVC combined with ozone.
This was due to the formation of high concentration of hydroxyl radicals in the combined
process, less selective than ozone, favoring indirect reactions to some extent. Since then, the
works in the last two decades of the 20th century have been mainly related to classical ozone
based-AOPs, with the main aim of increasing the production of hydroxyl radicals compared
to O3 alone, O3/H2O2, O3/UVC, O3/H2O2/UVC and also the process H2O2/UVC [73].
These processes are well established and have been deeply investigated at lab scale, pilot
scale and even at full-scale [74]. In general, the oxidation changes the nature of NOM
structures into more hydrophilic compounds, being hydrophobic fractions (humic and
fulvic structures) the main responsible for THMs and trihaloacetic acid formation, whereas
the more hydrophilic ones are related to dichloroacetic acid generation and the formation
of higher concentration of brominated DBPs [75–77]. In this line, even with the highest
THMs and HAAs formation potential removal by combined O3/UV treatment, bromine-
containing DBPs present increased toxicity being the conditions between oxidant and UV
dose crucial to minimize the risks [78]. Also, the particular characteristics of the NOM play
a key role in the suitability of a specific treatment [70,79].

In addition to the classical ozonation and ozone-AOPs, homogeneous and heteroge-
neous catalytic treatments such as Fenton-related, photocatalytic oxidation or persulfate
processes, have been studied for NOM or surrogates elimination in drinking water [69–71].

6.1.2. Fenton Related Processes

Fenton reaction involves the combination of hydrogen peroxide and a metal salt
or oxide catalyst, commonly iron, to produce hydroxyl radicals responsible for NOM
oxidation and mineralization through the following main reactions:

Fe2++H2O2 → Fe3++OH−+HO• (6)

Fe3++H2O2 → Fe2++H++HO•2 (7)

The presence of radiation in photo-Fenton process accelerates the reduction of Fe3+

improving the yield of HO• generation:

Fe3++H2O hν−→ Fe2++H++HO• (8)

Murray and Parsons [80] studied the elimination of NOM through Fenton and photo-
Fenton using UVC as radiation source. They found that the three treatments at optimum
conditions reached 90% removal of DOC (DOC0 = 7.5 mg L−1), dropping THMFP from
140 to below 10 µg L−1. The economic assessment disfavored these processes compared to
conventional treatments but neither the use of a different radiation source nor the possibility
of a more restrictive regulation (not only THMs), were considered. In this line, Moncayo-
Lasso et al. [81] treated surface water by solar photo-Fenton in a CPC reactor (compound
parabolic collector) using natural sunlight. They demonstrated the performance of the
process to mineralize up to 80% of NOM (TOC0 = 7.44–7.81 and 4.12–5.02 mg L−1) from
surface water containing dissolved iron or with Fe2+ supplement at pH = 5. They found
a beneficial effect of photoactive natural components present in the natural water on the
process leading to a more efficient mineralization than using dihydroxy-benzene as a
model compound. Unfortunately, the DBPFP before and after chlorine disinfection was not
analyzed in this work either the formation of other oxidation by-products. Moncayo-Lasso
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et al. [82] also studied the photo-Fenton process using simulated solar radiation to eliminate
NOM at pH = 6.5, which introduces an advantage with respect to Fenton related treatments
usually carried out at pH near 3. They used Fe3+ at low concentration for the treatment
of surface water with TOC0 = 7.1 mg L−1, demonstrating the effectiveness of the system
for the transformation and partial mineralization of NOM previously treated with a sand
filter system. The THMFP dropped from 160 to 20 µg L−1 at the optimum conditions.
However, the transformation of NOM can lead to different DBPs precursors that have not
been considered in these works.

6.1.3. Photocatalytic Oxidation

Heterogeneous photocatalysis based in the interaction of a semiconductor, mainly
TiO2, with radiation to produce reactive oxidizing species (ROS) is a complex mechanism
that can be generally described by the following reactions:

TiO2
hν−→ h++e− (9)

h++(H 2O, OH− , Ti−OH)→ HO• (10)

e−+O2
[...]−→ HO• (11)

where organic molecules can react both in the catalyst surface with photogenerated holes
(h+) or in the liquid phase with hydroxyl radicals or other ROS.

Photocatalytic oxidation using suspended TiO2 for NOM removal has been stud-
ied by different authors. Lee and Ohgaki [83] observed an initial increase in THMFP
at short treatment times with the system TiO2/UVC and different surface waters with
DOC0 = 1.1–3.5 mg L−1. This effect has been subsequently observed by different authors
with different surface waters using TiO2/UVA [84,85]), TiO2/UVC [86] and even TiO2/solar
radiation [87]; concluding, in general, that sufficient radiation doses are needed to achieve
the desired elimination, depending on raw water characteristics, and an initial negative
impact of photocatalysis on DBPFP is expected at low UV doses.

Apart from suspended TiO2, Murray and Parsons [88] studied different supported
TiO2 demonstrating that can be effective combined with UVC for NOM removal. Later,
Murray et al. [89] studied pelletized TiO2 to adsorb NOM from different surface waters
(DOC0 = 17.0–5.4 mg L−1) at bench scale and then used UVC to regenerate the TiO2 pellets
by oxidation. They observed a reduction of DOC concentration of source water by 70% with
the subsequent THMFP reduction in a multistage process. Also Kent et al. [90] compared
the efficiency of suspended and fixed TiO2 using nanostructured thin films and UVC
with river water (DOC0 = 5.34 mg L−1). No complete DOC elimination was reached but
they obtained removals of total trihalomethane formation potential (TTHMFP) and total
haloacetic acid formation potential (THAAFP) of approximately 20% and 90%, respectively,
being fixed TiO2 configuration less effective than suspended TiO2.

6.1.4. Sulfate-Radical Processes

Sulfate radical-based AOPs are based on the generation of SO•−4 radicals from persul-
fate (PS) or peroxymonosulfate (PMS) activation by temperature, metal ions, solid catalysts,
radiation, ultrasound, etc. For NOM removal and DBPFP reduction, mainly homogeneous
metal ions or UV activation have been used:

S2O2−
8 +Mn+ → M(n+1)+SO•−4 +SO2−

4 (M = metal ion) (12)

HSO−5 +Mn+ → M(n+1)+SO•−4 +HO− (M = metal ion) (13)

S2O2−
8 +hν→ 2SO•−4 (14)

HSO−5 +hν→ SO•−4 +HO• (15)

SO•−4 +H2O→ SO2−
4 +HO•+H+ (16)
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Lu et al. [91] studied the system Co2+-PMS and reported the NOM reconfiguration
upon exposure to sulfate radicals with a great increase in the DBPFP, concretely chloroform,
trichloroacetic acid, and dichloroacetic acid. Also, the formation of reactive bromine species
through SO4

•− and Br− reaction was demonstrated.
Hua et al. [92] studied the DBP alteration from NOM and model compounds after

UV/PS treatment and subsequent chlorination. They found that the yields of THMs
and dichloroacetonitrile (DCAN) from NOM decreased by 50% and 54%, respectively,
after UV/PS followed with chlorination, whereas those of chloral hydrate (CH), 1,1,1-
trichloropropanone and trichloronitromethane (TCNM) increased by 217%, 136%, and
153%, respectively. They demonstrated the impact of different structures of the precursors
on DBP formation through different surrogates (benzoic acid, resorcinol or methylamines).
Wang et al. [93] also studied Br-DBPs during UV/PS oxidation demonstrating the potential
negative effects of Br− on sulfate radical-AOPs, which need to be considered if this tech-
nology is applied in practice. In the same line, Wang et al. [94] studied the formation of
iodinated DBPs during heat activated PS using phenol as model compound in the presence
of iodide. They concluded that I− was transformed into free iodine leading to iodinated
DBPs that can further be degraded by additional SO4

•− and transformed to iodate. All
these works highlight the crucial impact of sulfate radicals in the presence of bromide,
iodide or chloride.

6.1.5. Chlorine/UV Process

The combination of chlorine/UV has been recently studied for NOM degradation.
With radiation of sufficient energy, the photolysis of hypochlorous acid and hypochlorite
can lead to hydroxyl and chlorine radicals as follows:

HOCl � H++ClO− pKa = 7.58 (17)

HOCl + hν→ HO•+Cl• (18)

ClO−+hν→ O•−+Cl• (19)

O•−+H2O→ HO•+OH− (20)

Pisarenko et al. [95] investigated the generation of DBPs during NOM degradation
by combination of chlorine (electrochemically generated or from hypochlorite solution)
with UVC and UVA radiation. They found that Cl• and HO• radicals generated oxidized
NOM from river water (DOC0 = 2.6 mg L−1) and different surrogates (o-methoxybenzoic
acid and 4,6-dioxoheptanoic acid) increasing HAA formation but with no negative impact
on THM formation. UVC resulted in lower overall DBP formation than UVA. Also, Wang
et al. [96] studied the process at pilot scale with river water (DOC0 = 1.5–3.5 mg L−1). They
concluded that the treatment was effective and the DBPs formed were comparable to that
from H2O2/UV also tested. The main drawback was the formation of chlorate during the
treatment up to 17% of the total chlorine used. Liu et al. [97] reported the formation of
DBPs in the system chlorine-chloramine/UVC. They found that the mass ratio of HOCl
to NH2Cl played a key role in the control of DBPs formation and that the presence of
Br− increased DBPFP but it can be reduced with higher radiation doses (Br− transformed
to bromate).

6.1.6. Electrochemical AOPs

Electrochemical AOPs (EAOPs) have been mainly applied for wastewater more than
for drinking water treatment due to technical and economic aspects [98]. Trellu et al. [99]
studied the removal of humic acids from drinking water by anodic oxidation and electro-
Fenton processes. They concluded that EAOPs are promising processes for the production
of high quality organic-free water, particularly when BDD anode is used but no disinfection
by-products were analyzed. Mao et al. [100] compared conventional ozonation with
electro-peroxone (E-peroxone, E-H2O2/O3) in the removal of NOM (DOC0 = 3.2 mg L−1).
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They found that E-peroxone was less efficient at reducing chlorination DBPs. However,
the formation of bromate was significantly reduced in the combined treatment. More
research is needed in these processes and their combinations to boost the application in
real conditions.

6.1.7. Some Considerations on AOPs for DBPFP Removal

Many studies have determined that the application of AOPs operating with limited en-
ergy or chemical inputs can lead to an increase in the DBPFP as compiled Mayer et al. [101].
Therefore, intensified treatments with high enough oxidant concentration or exposure time
are required. In this scenario, the effectiveness of ozone-based AOPs for DBPFP depletion
for drinking water treatment has led to the investigation of other catalytic and photocat-
alytic ozone treatments with the aim of improving the use of ozone. These processes are
deeply reviewed in Sections 7 and 8.

6.2. DBPs Removal

Although DBPs can be controlled through removing NOM in the drinking water treat-
ment process, it is not only difficult to remove NOM completely, but DBPs are inevitably
produced when the remaining chlorine is released to rivers and reacts with NOM. Because
of variability in DBPs characteristics, complete elimination from drinking water by single
technique is impossible. A quick search in database Scopus with key words “disinfection
by-products removal AND oxidation processes” give more than two hundred entries.

6.2.1. Ozone Based Processes

Ozone-based processes, other than catalytic/photocatytic ozonation, have been used
for removing DBPs from water supplies. As it can be inferred from Table 4, N-nitrosamines
and chloroacetic acids (CAAs) are the main disinfection by-products investigated. N-
nitrosamines are highly toxic disinfection by-products formed in drinking water treatment
process. More than 80% of N-nitrosamines are carcinogenic, teratogenic and mutagenic.
USEPA has classified N-nitrosodimethylamine (NDMA) as a probable human carcino-
gen [102]. N-nitrosamines cannot be sufficiently removed during conventional water
and wastewater treatment processes and could permeate through reverse osmosis (RO)
membrane filtration in water reclamation systems. In this sense, NDMA degradation by
ozone-based AOPs has been investigated. However, these works indicated that conven-
tional ozonation had very limited effect on NDMA oxidation [102]. Zhang et al. [102]
found that, compared with UV irradiation, ozone was less effective for the abatement of
N-nitrosamines. Less than 20% of N-nitrosamines were oxidized after ozonation. However,
when 2 mg L−1 of H2O2 was added into ozonation system, the degradation efficiencies
of N-nitrosamines were significantly improved. Xu et al. [103] investigated the removal
efficiency of NDMA using UV/O3 and evaluated the ability of UV/O3 to diminish the
regeneration of NDMA after degradation. It was showed that 99% NDMA removal was
achieved both in UV and UV/O3 system, while the oxidized fraction of NDMA was only
10% at pH = 6 by ozone alone ([O3]0 = 6.6 mg L−1 (0.14 mM), [NDMA]0 = 0.1 mM). The in-
troduction of ozone during the UV process had little influence on NDMA removal, but had
a large impact on NDMA degradation products. Lee et al. [104] compared the efficiency of
conventional ozonation and the AOP (O3/H2O2) for NDMA oxidation. The degradation ef-
fectiveness of NDMA was only 13% ([NDMA]0 = 1 mM) at pH = 7 and 12 min contact time,
by 40 mM ozone alone. In contrast, 85% of NDMA was removed by the AOP (O3/H2O2,
[O3]0 = 40 mM, [O3]0/[H2O2]0 = 2) under the same reaction conditions. It appeared that
the reaction with HO• radicals dominated NDMA ozonation, and methylamine (MA)
was the primary amino product of this NDMA oxidation. In this sense, Lv et al. [105]
investigated the degradation of NDMA by ozonation. The effects of initial NDMA con-
centration (50–800 ng L−1), ozone dosage (0.02–0.2 mM), and pH (5–8) were studied in
detail in the context of NDMA degradation. The amount of removed NDMA increased as
the initial NDMA concentration rose ([O3]0 = 4.8 mg L−1, pH = 7.6). Higher ozone dosage
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([NDMA]0 = 400 ng L−1, pH = 7.6) and pH enhanced removal efficiency. Increasing pH
was favorable for NDMA oxidation ([O3]0 = 0.1 mM, [NDMA]0 = 400 ng L−1). Inhibition
of NDMA degradation was observed when a hydroxyl radical scavenger, t-butanol, was
added during the ozonation process. Hydroxyl radicals generated from ozone played a
critical role in the degradation of NDMA.

Table 4. Works on DBPs removal by ozone-based processes.

Target DBPs Processes
Applied

Reactor and
Experimental Conditions Main Results Ref.

9 N-nitrosamines O3
O3/H2O2

1 L glass beaker with magnetic
stirring.
30 min degradation experiments;
room temperature (21 ◦C);
[N-nitrosamines] = 100 ng L−1;
[H2O2] = 2 mg L−1;
[O3] = 1.5 mg L−1

O3/H2O2 process got the
highest removal efficiency of
36.6% (NDMA)—91.4% (NDBA)
among all the investigated
methods. In comparison,
ozonation merely removed less
than 20% of N-nitrosamines
(except NDphA for 29.3%).

[102]

Chloroacetic acids
MCA
DCA

O3/H2O2
O3 (pH = 11)

Planar falling film reactor. Seven
UVA lamps (15W, 360 nm) fixed
inside the reactor.
Intensity UV light: 1 mW cm−2;
water flow rate: 1 L min−1,
volume 0.5 L; [CAA] = 1 mM;
pH 3, pure gaseous oxygen rate
of 10 L h−1, ozone gas with 130
± 5 mg L−1 ozone at a power of
30 W.

Chloroacetic acids are highly
resistant towards direct
ozonation in the darkness as
only about 2% degradation was
observed after 90 min treatment
(pH 3). However, increasing the
pH of the solution to 11 shows a
dramatic improvement in the
degradation efficiency and by
the combination of O3 with
H2O2.

[106]

NDMA in ultrapure
water and natural
water (River
Sanhaowu)

O3 (pH = 7.6)

Batch and continuous
experiments. A sealed
cylindrical reactor with a volume
of 5 L. The reactor was stirred
mildly and set in the dark at
room temperature (24 ± 1 ◦C).
Buffer solution (5 mM phosphate
and 1 mM carbonate, prepared
with ultrapure water) and pH
7.6). [O3]0 = 0.1 mM (4.8 mg
L−1), [NDMA]0 = 400 ng L−1.

Ozonation was an efficient
process for NDMA degradation.
The removal efficiency was
affected by initial NDMA
concentration; higher NDMA
dosing required higher ozone
utilization. NDMA oxidation
was favored at high ozone
dosage and high pH. NDMA
ozonation under various pH as
well as hydroxyl radical (HO•)
inhibition experiments verified
that HO• generated from ozone
dominated NDMA oxidation.

[105]

DCA in aqueous
media.

O3
O3/UVC

The photo-reactor was a cylinder
made of Teflon™ closed at both
ends with two demountable, flat,
circular windows made of
quartz. Reactor length 5.2 cm,
and the inner diameter 5.2 cm
(VRirra = 110.4 cm3). Dissolved
ozone concentrations of 1.46 to
2.1 × 10−7 mol cm−3. 15 and 40
W lamps. [DCA]o = 20, 40 and 50
ppm; pH 3.5 ± 0.1.

O3 or UVC by themselves did
not result in appreciable
decomposition of DCA.
Conversely, the O3/UV
combination can be considered a
suitable process for degrading
DCA in water. The combination
of ozone and UVC radiation
produces a significant amount of
hydrogen peroxide as an
important reaction by-product.

[107]
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Table 4. Cont.

Target DBPs Processes
Applied

Reactor and
Experimental Conditions Main Results Ref.

NDMA in distilled
water. O3/UVC

A cylindrical glass reactor with
700 mL valid sample bulk.
Low-pressure Hg lamp (8W,
emission at 253.7 nm). [NDMA]0
= 0.1 mmol L−1, pH 6.0,
irradiation 1000 W cm−2,
[O3]0 = 6.6 mg L−1.

UV irradiation and the UV/O3
combination are effective
methods for NDMA removal
from drinking water. The
introduction of ozone into the
UV process had little influence
on the effectiveness of NDMA
removal. However, it had a great
influence on the formation of
degradation products from
NDMA. As the main products,
DMA and NO2− decreased
markedly in the UV/O3 process
compared with UV irradiation.

[103]

DCA
TCA

O3
O3/UVC
O3/H2O2
O3/H2O2/UVC

A cylindrical stainless steel
column (2 L vol.). Its diameter
and height are 100 and 300 mm,
respectively. Inside the reaction
column is a quartz well
containing a UV lamp with a
diameter of 30 mm and a height
of 300 mm—a 15-W low pressure
mercury vapor lamp (254 nm).
Ozone adding (mg min−1): 0.3
± 0.06; [H2O2]o = 2.5 mg L−1;
wavelength of UV lamp (nm):
254; power input of UV lamp
(W): 15; reaction volume (L): 2;
Initial DCA and TCA
concentration (mg L−1): 2.0.

O3/UV showed to be more
suitable for the decomposition of
DCA and TCA in water among
the six methods of oxidation.
Decomposition of DCA was
easier than TCA by AOPs.

[108]

NDMA in buffered
deionized water and
natural waters.

O3
O3/H2O2

500 mL glass bottle equipped
with a dispenser.
([NDMA]0 = 1 µM, [O3]0 = 40
µM, ratio of [O3]0/[H2O2]0 = 2.
10 mM phosphate buffer.

In experiments with natural
waters, NDMA could not be
significantly oxidized during
conventional ozonation. In the
AOP O3/H2O2, ozone doses of
160–320 mM ([O3]0/[H2O2]0 =
2:1) were necessary for > 50%
NDMA oxidation depending on
the HO• scavenging rates of the
natural waters. Bromate
formation may be the limiting
factor for NDMA oxidation
during ozonation and
ozone-based AOPs in bromide
containing waters.

[104]

On the other hand, it is well known that CAAs are widely present in water treated
by chlorination processes and are resistant against ozonation in the darkness. The results
obtained by Hama Aziz [106] showed that single ozonation was an inefficient method
for the destruction of the CAAs as only about 2% degradation was observed after 90 min
treatment (pH = 3). However, increasing the pH of the solution to 11 showed a dramatic
improvement in the degradation efficiency. The fast decomposition of ozone molecule
in alkaline solution (pH > 9) to generate powerful and non-selective hydroxyl radicals
resulted in efficient degradation of organic pollutants. The addition of hydrogen peroxide
to ozonation process, also improved monochloroacetic acid (MCA) and dichloroacetic
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acid (DCA) degradation. Lovato et al. [107] studied DCA decomposition in aqueous
media employing ozone and UVC radiation. The influence of various parameters, such
as pollutant initial concentration (20–50 mg L−1), radiation photon fluency rate at the
reactor window and ozone dissolved concentration (1.46 to 2.1 × 10−7 mol cm−3) was
studied. Oozne or UVC by themselves did not result in appreciable decomposition of
DCA within the studied reaction time (180 min). Conversely, the O3/UV combination
can be considered a suitable process for degrading DCA in water. Also, the combination
of ozone and UVC radiation produces a significant amount of hydrogen peroxide as an
important reaction by-product. Finally, Wang et al. [108] studied the decomposition of
DCA and trichloroacetic acid (TCA) from water by means of single oxidants: Ozone, UV
radiation; and by the AOPs constituted by combinations of O3/UV radiation, O3/H2O2,
O3/H2O2/UV radiation. Single O3 or UV did not result in perceptible decomposition of
HAAs within the applied reaction time (30 min). O3/UV showed to be more suitable for
the decomposition of DCA and TCA in water among the methods of oxidation tested.

6.2.2. Ozone Free Processes

Regarding other than classic ozonation treatments [109], Table 5 shows the most
illustrative works dealing with advanced oxidation systems used for removal of DBPs in
water supplies in the last 25 years.

Table 5. Works on DBPs removal by ozone free processes.

Target DBPs Processes
Applied Reactor Configuration Experimental Conditions Ref.

THMs
HAAs
HANs
HKs

Heterogeneous
Fenton-like reaction +
GAC filtration.

Pilot plant that includes mixing
tank, mechanical flocculation
tank, tube settler, sand filter
column, intermediate water tank,
heterogeneous Fenton column,
active carbon column,
water-producing water tank and
automatic control device.

The design flow of single-set
process is 2 m3 h−1. Poly
aluminum chloride (PACL):
30 mg L−1; dosage of H2O2 is
0.15 mM (5 mg L−1).

[110]

MCA
DCA
TCA

UVA/TiO2;
UVA/BiOCl.

50 mL quartz reactor with a
recycling water glass jacket.
Light source a 500 W xenon
lamp (simulated sunlight,
containing 4% UV light).

T = 298 K, 40 mg BiOCl/TiO2
(P25) (1g L−1) dispersed in 40
mL model pollutant (20 mg L−1).
Reaction time: 60 min.

[111]

TCA

Advanced
oxidation/reduction
processes (AORPs):
the vacuum UV (VUV;
185 nm + 254 nm).

A tubular glass photoreactor.
Internal diameter of 25 mm and
a height of 400 mm. Working vol
of 100 mL. 5.7 W dichromatic
low-pressure mercury UV lamp
emitting UV at two distinct
wavelengths (185 and 254 nm).

50 mg L−1 TCA, pH = 7; reaction
time = 20 min.

[112]

THMs Photo-Fenton process:
UV/Fe/H2O2

Photochemical reactor equipped
with a 254 nm low-pressure
mercury UV-C lamp. Stirred
with magnetic bar.

The average fluence rate was
0.93 mW cm−2. T (25–31 ◦C).
Reaction time: 60 min. CFe(II) =
2 mg L−1. CH2O2 = 20 mg L−1.
pH = 7.2–7.4; CHCl3=163.6 µg
L−1, CH2BrCl = 145.3 µg L−1,
CHBr2Cl = 131.8 µg L−1, CHBr3
= 124.6 µg L−1.

[113]
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Table 5. Cont.

Target DBPs Processes
Applied Reactor Configuration Experimental Conditions Ref.

DCA
TCA

A combination of
Ferrate [Fe(VI)] and UV
irradiation.

Self-made photoreactor (effective
volume 0.5 L) equipped with a
cooling system and placed on a
magnetic stirrer. A 75-W
low-pressure mercury UV lamp
(λmax = 365, 310, and 254 nm,
respectively) with
0.225 mWcm−2 intensity placed
in the center of the reactor.

Experimental design: HAAs
100–1000 µg L−1; pH: 3–9; Fe (VI)
10–40 mg L−1; time 5–60 min.

[114]

4HANs
9THMs
4 HAcA
4 HAcAm
Chloropicrin
500 nmol each

Reductive electrolysis.

Norit GAC (0.4 g) placed in a
1.5 cm × 4 cm cylinder
constructed from sheet graphite
to serve as the working cathode.
It was then transferred to the
cathodic chamber of an
electrolysis cell.

A constant potential of
−1000 mV vs. SHE was applied
to the cathode, while cathodic
chamber was continuously
stirred with a Teflon-lined
magnetic stir bar.

[115]

TCA
TiO2 photocatalytic
process combined with
Fenton reagent.

Self-made cylindrical reactor
with cool water recycling cloth
and a UV light tube. The UV
light (kmax = 254 nm) 50 W low
pressure mercury lamp placed in
the center of the reactor and
equipped with a protective
quartz tube.

Irradiation intensity was about
35 Mw cm−2; TCAA aqueous
solution (150 mL) containing
TiO2. Flow rate of 40 mL min−1

of O2. [TCA] = 0.01 mmol L−1,
UV irradiation intensity= 35 mW
cm−2, [TiO2] = 1.0 g L−1, [Fe2+]
= 0.1 mmol L−1, [H2O2] =
1.8 mmol L−1, natural pH = 6.

[116]

TCA

Ferrate(VI) a
multipurpose chemical,
is used as coagulant
and oxidant.

Self-made photoreactor (effective
volume 0.5 L) equipped with a
cooling system and placed on a
magnetic stirrer.

Initial pH of solution (3–9),
ferrate (VI) dosage
(1–10 mg L−1), contact time
(5–60 min), trichloroacetic acid
(100–1000 µg L−1), and initial
turbidity (1–10 NTU).

[117]

TCA
Fenton with TiO2
photocatalytic
oxidation.

Self-made photoreactor
equipped with cool water
recycling and a UV light tube.
50 W low-pressure mercury
lamp placed in the center of the
reactor and equipped with a
protective quartz tube.

Irradiation intensity was about
35 mW cm−2. TCA aqueous
solution (150 mL, 2 mg L−1).
[TiO2] = 1.0 g L−1, [Fe2+]0 =
5.6 mg L−1, m(Fe2+):m(H2O2) =
1:10, intensity (UV) =
35 mW cm−2, flow rate (O2) =
40 mL min−1. pH = 5.8 (without
adjustment).

[118]

THMs
EPA method 551/1 UV/ZnO/H2O2

A photoreactor equipped with
4 UV lamps in the reactor
corners.

5 mL of concentrated solution
(30%) H2O2; 0.5 g of ZnO in
100 mL of drinking water
samples with constant reaction
time (1hr) and UV irradiation.

[119]

4THMs Sonophotolytic
degradation.

Rectangular shape of
stainless-steel reactor (L100,
W100, H250) and ultraviolet
lamps (4). Transducer was
located in a bottom of the
reactor.

The applied ultrasonic frequency
was 500 kHz and the electrical
powers were 0–52.55 W.
Electrical power of each lamp
was 10.5 W. 10 mg L−1 of THMs
mixture (1.5 L).

[120]
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Table 5. Cont.

Target DBPs Processes
Applied Reactor Configuration Experimental Conditions Ref.

TCA
A sequential Fe0 (zero
valent iron) and BAC
column system.

Fe0 column and a BAC column
made of glass, 30 cm in length
and 3 cm in id.

1.2 µM TCA; pH of the feed
water was approximately 6.0.
The feed was initially treated by
the Fe0 column (BET was
1.3 m2 g−1) and then the BAC
column.

[121]

17 DBPs (i.e.,
halomethanes,
haloacetonitriles,
halopropanones,
chloral hydrate,
and trichloroni-
tromethane) at low
concentration
(µg L−1)

Electrochemical
reduction using a resin
impregnated graphite
cathode.

Flow-through electrochemical
reactor consisting of two
polycarbonate frames (internal
dimensions of 20 × 5 × 1.2 cm).

The cathode potential from −700
to −900 mV vs. SHE. [122]

TCA
High-frequency
sonoelectrochemical
methods.

A sonoreactor (0.5 L of volume)
consisting of a cylindrical flask
equipped with a cooling jacket
where the electrodes (18 cm2 on
each side) were placed.

0.5 mM TCAA aqueous solution;
850 kHz ultrasonic irradiation,
titanium cathode, and a
platinized titanium anode.

[123]

MCA
DCA
TCA

Iron-based bimetallic
particles: Two kinds of
dry Pd/Fe
nanoparticles (Pd/Fe−1

and Pd/Fe−2).

A series of glass vials (60 mL).
The vials were sealed with
Teflon-lined rubber septa and
aluminium cap.

Pd content = 0.1 wt%, Pd/Fe
loading = 3 g L−1, initial
concentration of chloroacetic
acid = 20 mg L−1, and reaction
time = 180 min.

[124]

4THMs Photocatalysis with
TiO2 (slurry).

Photo-Cat Lab consists of an air
compressor for oxygenation of
the system; eight 75-watt,
low-pressure, mercury arc bulbs
in series; and a
submicron-pore-size ceramic
membrane filter that produces
TiO2-free effluent.

Batch configuration. Process
flow rate of 25 L min−1; initial
system volume of approximately
16 L. the average intensity of the
UV bulbs was approximately
7.0 Mw cm−2. 400 mg L−1 TiO2.

[86]

MCA
DCA
TCA

Photocatalytic
degradation over
various bare and
silver-deposited
Degussa P25 TiO2

particles.

A medium scale (V = 2.5 dm3)
photochemical reactor.

Irradiation performed under
anaerobic and aerobic conditions.
Flow rate of gases (air and Ar)
was 40 dm3 h−1; light source
(40 W, λmax = 350 nm), initial
concentration of TiO2 (rutile,
anatase, P25) was 1 g dm−3.
initial concentration of MCA,
DCA, and TCA was adjusted to
be 1 mM.

[125]

DCA
TCA

Electrochemical
treatment
(dehalogenation).

Packed-bed flow reactor. The
reactor was composed of two
glass compartments separated
by a cationic exchange
membrane.

Initial concentration of HAAs
10.5 mM. Flow rate: 1 mL min−1;
electrolysis potential:
−0.200–−0.400 V (vs. SCE).

[126]
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Table 5. Cont.

Target DBPs Processes
Applied Reactor Configuration Experimental Conditions Ref.

4THMs

Ultrasonic (US)
irradiation, hydrogen
peroxide (H2O2),
Fenton’s oxidation,
US/H2O2 and
US/H2O2/Fe2

200 mL conical closed glass
reactor kept in a temperature-
controlled bath

THMs solute mixture, at
10 mg L−1 for each compound,
in deionized water. Initial pH
adjusted to 3.5 by 1N H2SO4.
250–500 mg L−1 H2O2 and
20–40 mg L−1 Fe(2+).90 min
reaction.

[127]

4THMs
Iodoform (CHI3) Sonodegradation

200 mL conical closed glass
reactor kept in a temperature-
controlled bath

100 mL aqueous solution at
25 ◦C. frequency of 20 kHz;
acoustic intensity 3.75 W cm−2;
initial pH 5.4–5.8.

[128]

4 THMs
CHI3

Sonodegradation
200 mL conical closed glass
reactor kept in a temperature-
controlled bath.

Ultrasonic frequency of 20 kHz.
presence of inorganic
components. increase the
ultrasonic intensity, from 0.9 to
7.0 W cm−2. the power density,
from 0.123 to 0.368 W mL−1.

[129]

4THMs
CHI3

Ultrasonic irradiation
200-mL conical closed glass
reactor kept in a
temperature-controlled bath.

Ultrasonic irradiation 20 kHz.
Acoustic intensity 3.75 W cm−2,
and the power density 0.184 W
mL−1. initial pH 5.4–5.8
without buffer addition. Initial
conc. of THMs 10 mg L−1.

[130]

MCA
DCA
TCA

Photodegradation in
the presence of
titanium dioxide
suspensions.

Reaction vessel 350-mm long
quick fit condenser tube.
Connections to a thermostatic
water bath. Two mercury vapor
greenhouse lamps were used to
mimic sunlight radiation (λ >
400 nm).

250 cm3 of approximately 0.1
mol dm−3 solutions of the
HAAs. 0.1 g of finely powdered
titanium dioxide was added as
a photocatalyst.

[131]

MCA
DCA
TCA
MBA (bromoacetic
acid)

Iron Fe (0) particles. Batch experiments. 125 mL
serum bottles.

Aqueous HAA solution
buffered at pH 7.5 with 50 mM
deoxygenated MOPS. 0.3 g of
iron and rotated at 45 rpm.
Different Initial HAA
Concentrations: 15–405 µM.

[132]

TCA

Ultraviolet (UV)
photolysis, ultrasound
(US) sonolysis and their
combination.

Quarz reactor immersed in a
thermostathic bath. Two UV
lamps located on either side of
the sample reactor.

TCA (2.89 × 10−4 M). Vreacción
36 mL. pH 3.5; T = 30 ◦C.

[133]

HAAs:
TCA
TBA (tribromoacetic
acid)
CDBA
(chlorodibromoacetic
acid)
BDCA
(bromodichloroacetic
acid)

Reduction with
zerovalent iron (Fe0).

Batch experiments (glass serum
bottle).

0.5 g of Fe(0) in 36 mL of DI
water. Desired conc.
(100–200 µM). RT up to 94 h.
No pH buffer employed. Initial
pH values ranged 3.62 to 4.14
and final rose to 5.60 to 6.23.

[134]
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Table 5. Cont.

Target DBPs Processes
Applied Reactor Configuration Experimental Conditions Ref.

4THMs Fentons Reagent.

The reactors consisted of 54 mL
Pyrex test tubes filled to
capacity with stock THM
solution, plus Fenton’s reagent,
and sealed with septum-fitted
screw caps.

pH = 3.5 [THM]o = 37.2 µg L−1

each [H202] = 3.7 Mm; [Fe 2+] =
0.19 mM.

[135]

TCA
Photocatalysis with
TiO2 and thermal
decomposition.

Photocatalysis: The reactor
equipped with a suprasil-glass
adapter for the UV-lamp.
Reaction vessel has inlet and
outlet ports of Teflon tubes for
bubbling air and N2. The
apparatus was closed. Thermal:
A double-walled thermostated
jar of glass was used.

0.5 g TiO2 were suspended in
500 mL aqueous solution
containing 10 mmol (20 mM) of
trichloroacetic acid. 20 W-Hg
low pressure lamp.

[136]

As it can be seen from Table 5 among the various harmful DBPs removed from
water supplies, HAAs are the most investigated. As it is known, they are the second
most important DBPs after THMs and are highly stable and non-volatile compounds.
Trichloroacetic acid (TCA) and dichloroacetic acid (DCA), the two main fractions of HAAs,
are important because of their potential risks to human, aquatic, and plant life. Thus,
realizing the danger of chloroacetic acids, different advanced oxidation techniques or
electrochemical methods are proposed to eliminate them from water. A great deal of
effort has been devoted to HAAs removal by biological activated carbon (BAC) processes.
However, it has generally been found that while mono- and di-HAAs are relatively easily
biodegradable, tri-HAAs are recalcitrant to biodegradation [121].

The breaking of C-Cl bond can result in the degradation of chloroacetic acids. TCA
and degradation by-products can be reductively removed by zero valent iron (ZVI) or
bimetallic particles. Reduction of HAAs through dehalogenation by using zero valent iron
(Fe0) or other element-doped Fe0 (such as the bimetallic Pd/Fe, Cu/Fe and Si/Fe) have
been reported [134]. In contrast to the order of HAAs biodegradability, the susceptibility of
HAAs to Fe0 reduction normally follows the order of tri-HAAs, di-HAAs, and lastly mono-
HAAs. Di- and mono-HAAs were usually observed as the dehalogenation intermediates
or end-products [121]. However, the potential release of metal ions affects water quality,
leading to secondary pollution in long term. Electrochemical reductive dechlorination
is efficient for TCA, and the stepwise dechlorination from TCA and DCA to MCA is
achieved [126]. Because the degradation of TCA, DCA, or MCA strictly depends on current
density, electrodes are easily corroded by high current in this electrochemical process.
To increase the degradation efficiency of TCA and simultaneously protect the electrodes,
Esclapez et al. [123] have developed a hybrid sonoelectrochemical process at a low current
density and obtained satisfying dechlorination efficiency. Summarily, the break of C-
Cl bond is an efficient degradation channel for TCA in ultrasonic (and sono-photolytic
degradation [133]) or electrochemical or special reductive reagents reaction, and Cl−, DCA,
MCA and CO2 are the major by-products in aqueous solution [116].

In addition, the breakage of C-C bond can also produce the removal of chloroacetic
acids. In this sense, decomposition of mono-, di-, and trichloroacetic acid in aqueous
titania suspensions was studied by several researchers [111]. It has been concluded that
two types of reactions may be responsible for the TiO2-mediated photodegradation of
chloroacetic acids: (1) Direct reactions between the photogenerated charge carriers and
the organic molecules and (2) reactions of hydroxyl radicals or other oxygen containing
radicals with the organic molecules [125]. MCA and DCA are readily decomposed over
UV-irradiated TiO2 catalyst in aqueous media to form CO2 and HCl. On the other hand,



Catalysts 2021, 11, 521 22 of 63

using bare TiO2, TCA is degraded with a very low efficiency [111]. TCA has no C–H bond,
and such a molecule has been found to be hardly reactive in TiO2-based photocatalytic
systems. For that reason, an efficient Fenton assisted TiO2 photocatalytic hybrid process
have developed [116,118]. These works report that exists a noticeable synergetic effect
dominantly caused by the oxidation– reduction recycling reaction of Fe3+ ↔ Fe2+ between
Fenton and TiO2 photocatalytic oxidation. Also, an AOP based on combination of Ferrate
with UV illumination was investigated in terms of kinetics, by-products analysis and
application of surface methodology for degradation of CAAs [114].

On the other hand, the most significant group of DBPs formed during chlorination
is THMs. Compounds of this group: Chloroform, bromodichloromethane, chlorodibro-
momethane, and bromoform, were recognized as potential human or animal carcino-
gens [119], as detailed before. AOPs are promising techniques to efficiently and effec-
tively convert these compounds into better biodegradable or less harmful substances.
Several types of AOPs have been developed using Fenton Reagent [129], photo-Fenton pro-
cess [113], UV/ZnO nanocatalyst/H2O2 [119], photocatalysis with titanium dioxide [86],
ultrasonic degradation [127–130], and sonophotolytic process [120].

Finally, from Table 5, it can be concluded that major ozone-free processes tested for
DBPs removal have been photocatalysis and sonodegradation/sonophotolytic degrada-
tion. From an applied point of view, Gerrity et al. [86] studied different scenarios using a
pilot-scale TiO2 photocatalysis reactor. DBPs may form in clear wells prior to distribution
that could also be destroyed before the water is released into the distribution system. Since
photocatalysis will destroy a chlorine residual, the water would have to be rechlorinated
prior to discharge. The authors concluded that when focusing on photocatalytic destruction
of DBPs rather than precursors and formation potential, several problems still exist. Opti-
mization of this process should be considered in future studies to address some relatively
high energy requirements and the need of rechlorination. In general, this technology has a
number of promising aspects but should be considered on a case-by-case basis. Regarding
to the high-frequency sonoelectrochemical methods for DPBs mitigation have been applied
in a laboratory scale, Esclapez et al. [123] claim that the use of the electricity as unique
reactant and the mineralization of the trichloroacetic acids and its by-products make the
sonoelectrochemical technology a serious alternative to current technologies.

7. Elimination of DBP Precursors by Catalytic Ozonation Processes

In this section after description of some features about proposed mechanisms of
catalytic ozonation, literature about removal of DBP precursors or what is called DPBFP
is reviewed.

7.1. Catalytic Ozonation

Several strategies have been proposed to efficiently increase the generation of hy-
droxyl radicals during ozonation favoring indirect reactions. Many groups have started to
investigate a new ozone advanced oxidation process named catalytic ozonation, that is,
the simultaneous use of ozone and substances (catalysts) that activate its decomposition to
increase the formation of hydroxyl radicals and also to increase not only the removal of
pollutants from water but also the mineralization of the total organic carbon content [137].
Catalytic ozonation was starting, in fact, in the middle of 20th century, in 1949, with the
use of soluble catalysts, that is, with metal cations such as Co2+ [138]. However, this kind
of process was not feasible from health and environmental aspects since these catalysts,
as heavy metals, are contaminants. Hence, studies were oriented to the use of solid ma-
terials of different nature, what it is called heterogeneous catalytic ozonation. It has to
be highlighted; however, that also what is called homogeneous catalytic ozonation is a
heterogeneous process since gaseous ozone is transferred to the water to react. Then, the
catalytic ozonation process where the catalyst is a solid was named the heterogeneous
catalytic ozonation process. According to WOS database in the last 10 years about 400 pub-
lications have been reported in literature about heterogeneous catalytic ozonation. Three
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main families of catalyst types have mainly been used since then: Metal oxide catalysts,
carbonaceous materials and ceramic materials [139]. More recently, however, a new type of
potential catalyst has appeared: Metal based organic frameworks (MOFs) of high specific
surface area and tunable pore structure [140,141]. In addition to this number of publications
some review works [142–145] have also appeared highlighting the main aspects concerning
this process.

As a summary, it can be said that works already published deal with synthesis and
characterization of catalysts, application of the new catalyst to remove some given organics
taken as model compounds, mechanism of the process, a few of them study the kinetics
and some also give data on toxicity, activity, and stability of the catalysts. In addition to
the diversity of results obtained which is the consequence of the different methodologies,
equipment, analytical procedures, etc., applied, the most relevant fact is the high variation
in the reaction mechanism proposed which is also due to the variability of methods of
catalyst preparation, analytical techniques, etc., and the lack of knowledge about catalyst
stability, by-products formed and ecotoxicity. In fact, the mechanism of catalytic ozonation
can be due to direct reactions of ozone or to reactions of hydroxyl radicals coming from the
decomposition of ozone on the catalyst surface. Usually, it is expected that the mechanisms
of catalytic ozonation fulfilled some of the following requirements:

• Ozone adsorbed on the surface of the catalysts is decomposed into reactive species.
• Organic molecules are adsorbed on the surface of the catalysts with subsequent

ozone attacks.
• Both ozone and organic molecules are adsorbed on the catalyst surface and surface

reactions take place.

Steps of these mechanisms follow the well-known LHHW or ER mechanisms [146].
These mechanisms, as indicated above, may imply both the formation of hydroxyl rad-
icals or direct reactions between adsorbed ozone and target compounds. For instance,
Liu et al. [147] proposed the following simple mechanism for the catalytic ozonation of
nitrobenzene with a Zn/SiO2 catalyst:

ZnO/SiO2+O3 � S–HO (21)

S–HO→ Fe3O4/CoO/Al2O3+HO• (22)

HO•+pCNB � Products (23)

where it is seen that hydroxyl radicals are formed as adsorbed species, then they are release
to water bulk to oxidize the organic compound. On the contrary, Andreozzi et al. [148]
for the catalytic ozonation of oxalic acid with a manganese oxide catalyst reported the
adsorption of the target compound (oxalic acid) to form a manganese oxalate complex that
then reacts with dissolved ozone, that is, as a surface direct reaction:

Mn(III)OH+
2 +C2O2−

4 � MnC2O−4 +H2O (24)

MnC2O−4 � Mn2++CO•−2 +CO2 (25)

MnC2O−4 +O3+2H+ → 2CO2+O2+MnOH+
2 (26)

Other examples of catalytic ozonation mechanisms have been reported with hy-
droxyl radicals or ozone (adsorbed or in solution) as main oxidants. Martins and Quinta-
Ferreira [149] proposed the following LHHW mechanism for the Mn-Ce-O catalytic ozona-
tion of phenolic acids:

Mn–Ce–O + Phenolic acids(P) � P–S (27)
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O3+S � O3–S (28)

P–S + O3–S→ Products + Mn–Ce–O. (29)

Mechanism proposals are not limited to metal oxide catalysts. For example, Ikhlaq
et al. [150] studied the catalytic ozonation of some pharmaceuticals, volatile organic com-
pounds and carboxylic acids with a ZSM-5 zeolite constituted by xSiO2/yAl2O3. They
proposed a LHHW mechanism as shown in Scheme 6 where ozonation also goes through a
direct surface reaction between ozone and organic adsorbed species.
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On the opposite side, Zao et al. [151] reported a hydroxyl radical formation and
reaction when using a cordierite material (2MgO-2Al2O3-5SiO2) to catalyze the ozonation
of nitrobenzene:

Catalyst–OH + O3 → HO• (30)

HO•+NB→ Products (31)

The authors confirmed the presence of hydroxyl radicals with the Spin trapping/
EPR technique.

Many examples are also given in literature on the use of carbonaceous materials
such as activated carbon, multi-walled carbon nanotubes, xerogels, and graphene ox-
ide [152–156] where these materials were used as main catalyst or as support of metal
oxides. Again, discrepancies are observed in the mechanism proposed. Thus, some au-
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thors have reported that some functional groups of the catalyst surface can be modified
by ozone, by enhancing the specific surface area, and decreasing the total volume of the
catalyst [157]. However, some others showed that, once the modified carbon was ozonated,
its specific surface area was slightly diminished, and the total volume of the pores remained
unchanged [158]. Another important issue is the in situ regeneration of the catalyst, or the
predominance of catalytic properties and adsorption–oxidation processes in the catalytic
ozonation process [157]. Other works have indicated that ozonation reduces the catalytic
properties of activated carbon due to a decrease of basic groups and an increase in the
number of oxygenated surface functional groups such as hydroxyl and carboxylic acid
groups and nitro aromatic compounds [159].

Most of the research works have been carried out with the objective of wastewater
treatment and with different organic pollutants such as dyes, pharmaceuticals, personal
care products or model molecules such as oxalic and phenol. Regarding to DBP precursors
or NOM removal, Table 6 summarizes the main results of reports on catalytic ozonation for
drinking water highlighting those in which DBPs are analyzed.

7.1.1. Catalysts

The main catalytic materials used for NOM or humic/fulvic acids removal were metal
oxides, ceramic materials, and carbonaceous materials and the properties more frequently
analyzed were composition (by XRD, XRF, or ICP), textural properties by N2 adsorption-
desorption, pHpzc, and crystallinity by XRD. Some studies have also reported surface
composition by XPS or FTIR.

Among metal oxides, titanium dioxide, TiO2 has been used both in slurry reactors in
the form of suspended nanoparticles (mainly the commercial TiO2 P25) or supported in
different materials. The characterization of powder TiO2 P25 has been widely studied and
the main features were 50 m2 g−1 BET surface area, anatase/rutile ratio 80/20, crystallite
size 21 nm and pHpzc = 6.7 [167]. These studies [175] probed that at the conditions used, no
improvement was observed in THMFP removal from surface water compared to ozonation,
but less brominated species were formed in catalytic ozonation. On the contrary, in another
work [173], with higher catalyst loading but synthetic humic acid solution, a positive effect
in the THMFP removal of water treated by catalytic ozonation was observed. The catalyst
loading and the composition of NOM may play a key role in the process (more information
in Sections 7.1.3 and 7.1.4).

TiO2 has also been used supported onto different materials, mainly Al2O3, clays, and
zeolites. Many of these supports have also catalytic activity for ozone decomposition [143].
For the first time, Allemane et al. [187] studied TiO2/Al2O3 combined with ozone for the
degradation of fulvic acid and, at high O3 doses, the catalytic activity was demonstrated but
no DBPs were analyzed. In the same line, Volk et al. [186] observed higher mineralization
of fulvic acid using TiO2/Al2O3 than ozone alone with a decrease in the chlorine demand
of the treated water though no DBPs were detected. No characterization studies were
reported here. On the contrary, Gracia et al. [184,185] compared the catalytic activity of TiO2
supported on Al2O3, attapulgyte (a clay) and silica gel for the degradation of NOM. The
best results in terms of mineralization of precursors were obtained with the TiO2/Al2O3
catalyst whose main characteristics can be observed in Table 6, highlighting again the
importance of adsorption mainly related with the role of Al2O3, BET surface area, pHpzc of
the solid, characteristics of NOM and pH of the solution. Only the works reported by Chen
et al. [177] and Chen and Wang [170], using the same experimental set up, checked the
efficiency of TiO2/Al2O3 in the DBPs formation potential elimination from surface water,
obtaining a significant reduction up to 50% of THMFP and HAAFP in the water treated by
catalytic ozonation at the conditions tested (see Table 6).
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Table 6. Works on catalytic ozonation of DBPs precursors.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Humic acid

α-Al2O3
SBET = 45.8 m2 g−1

Pore volume 0.162 cm3 g−1

pHpzc = 4.2
Crystallite size 41.7 nm
Mn2O3
SBET = 15.6 m2 g−1

Pore volume 0.008 cm3 g−1

pHpzc = 5.9
Crystallite size 15.9 nm
XPS before and after ozonation indicates the change in
the oxidation state of Mn and Al in both materials and
the hydroxylation of the surface.

Semi-batch column reactor
H = 68 cm, d = 8 cm
V = 1 L
Ozone flow rate = 0.063 m3 h−1

CO3l = 4–8 mg L−1

Catalyst loading 0.1–0.5 g L−1

CHA = 50 mg L−1

T = 25 ◦C
pH = 5.5

Al2O3 nanocatalysts showed better performance than Mn2O3 in
HA removal using lower ozone dosage due to favorable surface
charge.
Mn2O3 decomposes O3 faster tan Al2O3.
Adsorption of HA contributes to its catalytic ozonation.
Higher adsorption capacity of Al2O3.
Some deactivation observed in 4 consecutive runs.
No post-chlorination.
No DBPs were analyzed.

[160]

Humic acid

Fe coated pumice
Prepared from natural pumice with FeCl3 impregnation.
BET, TEM, XRD, DLS, FTIR and pHpzc
XRD: α-FeOOH
Particle size 200–250 nm.
SBET = 10.56 m2 g−1

pHpzc = 7.13

Semi-batch column reactor
V = 1 L
Ozone dose 0.333 g min−1

CO3ge = 6–12 mg L−1

Catalyst loading 25–100 mg L−1

CHA = 10 mg L−1

T = 22 ◦C
pH = 3–10, 6.72

Improved efficiency of catalytic ozonation (80% DOC removal
vs. 20% ozonation).
Contributions:
*Surface adsorption 21.3%
*HO• radicals 66.2%
*Sole ozonation 12.5%
Scavenger experiments with t-BuOH and phosphate confirmed
the role of hydroxyl radicals in solution.
Iron leaching < 13 µg L−1

No post-chlorination.
No DBPs were analyzed.

[161]

Humic acid

Ce-Ti composites
Sol-gel synthesis
Ce/Ti = 0.2–1.0
Calcination at 600 ◦C
XRD showed cubic fluorite CeO2 structure.
Crystallite size decreased with Ce content, increasing
SBET (not reported).

Semi-batch column reactor (h = 500 mm;
D = 60 mm)
V = 1 L
Q = 0.5 L min−1

30 min reaction time
CO3ge = 16.91 mg L−1

Catalyst loading 0.3 g L−1

CHA = 30 mg L−1

COD = 260 mg L−1

pH = 6.91

The highest efficiency was found for Ti-Ce (1/0.8) composition
due to its high surface area and low pHpzc.
Increased the ozone efficiency by 62%.
Apparent first order rate constants for homogeneous
(0.054 g L−1 min−1) vs. heterogeneous (0.067 g L−1 min−1).
Less of 50% heterogeneous contribution.
The distribution of molecular weights tends to lower values in
catalytic ozonation.
No post-chlorination.
No DBPs were analyzed.

[162]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Humic acid

Fe coated Zeolite (ICZ)
Zeolite clinoptilolite
Synthesis by impregnation and precipitation at basic pH,
dried at 105 ◦C.
SEM and XRD analyses showed 2.132% Fe and the ICZ
morphology.
Granular activated carbon (GAC, from Merck)
Dp = 1.5 mm
SBET = 971.7 m2 g−1

Semi-batch stirred reactor
V = 2 L
1 h reaction time
CO3l = 10 mg L−1 (monitored)
Q = 2 L min−1

Catalyst loading 0.75 g L−1

CHA = 30 mg L−1

DOC = 8.52 mg L−1

pH = 6.50–11

DOC removal by ozone alone was 21.4% and increased up to
62% for ICZ-O3 and 48.1% for GAC-O3.
The efficiency of the process was also tested with different
humic acid fractions (<100 and <50 kDa).
Fe leaching was analyzed near 60 µg L−1 at the beginning of the
reaction.
Kinetics was studied and showed the efficiency of both
catalysts. Better results with ICZ in general.
No post-chlorination.
No DBPs were analyzed.

[163]

Humic acid

ZnO (Sigma Aldrich)
99.9%
Density 5,61 g cm−3

Particle size < 5 µm

Semi-batch stirred reactor
V = 2 L
Inner diameter 12 cm
Ozone dose 0.190 mg min−1

2 h reaction time
Catalyst loading = 0.25 g L−1

DOC0 = 5.86 mg L−1

pH = 5.33
Ambient temperature

The degradation of HA by catalytic ozonation was much more
effective (60% mineralization) than ozonation alone (30%).
DFT modelling showed O3 disproportionation on the ZnO
surface to form reactive oxygen species.
No post-chlorination.
No DBPs were analyzed.

[164]

NOM
River water (Harbin Mo
Panshan, Harbin,
China)

FeOOH-goethite
pHpzc = 6.8
SBET = 97 m2 g−1

Average pore size 23.2 nm
CeO2
pHpzc = 6.7
SBET = 116 m2 g−1

Average pore size 12.6 nm
MgO
pHpzc = 11.1
SBET = 105 m2 g−1

Average pore size 16.7 nm
SEM and XRD analyses to confirm structure and
morphology.

Ozonation in semi-continuous mode
T = 20 ◦C
V = 1 L
Catalyst loading 100 mg L−1

Qg = 150 mL min−1

DOC0 = 2.68 mg L−1

pH = 7.53
tert-BuOH as HO• scavenger

UV254 removal was mainly from direct ozonation.
CeO2 was the best system in UV254 removal (69%).
FeOOH (27.24%) and MgO (18.66%) better in mineralization
than O3 alone (10.7%) and O3/CeO2 (2.24%). Adsorption plays
a negative effect in mineralization.
Fractionation of DOC.
Catalytic stability was high, with very low ions leaching (up to
11 µg L−1) and SEM, XRD of used catalysts similar than for
fresh samples.
No post-chlorination.
No DBPs analysis.

[165]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Oxalic acid (OA)
Dimethyl phthalate
(DMP) and
NOM
surface water (Jingmi
Cannel,
Beijing,
China)

RuO2/ZrO2-CeO2
pHpzc = 6.0
Powder (less than 4 um) and pelletized (2 mm)
0.5 wt.% Ru
SBET = 170 m2 g−1

By XRD: Cubic CeO2, RuO2 detected.
RuO2/Al2O3
0.5–5 mm
0.1 wt.% Ru
SBET = 113–183 m2 g−1

RuO2/AC
Particle size 6–10 mesh
1–1.5 mm
0.5 wt.% Ru
AC ash content 7.8 wt.% (mainly SiO2, Al2O3 and Fe2O3)
SBET = 945.2 m2 g−1

Cylinder reactor, bubble column
D = 5 cm
L = 120 cm
V = 1 L
Semi-batch for catalytic activity:
Cat. Dosage = 2 g L−1

Ozone dosage 116 mg h−1

Qg = 400 mL min−1

Continuous operation for stability tests:
Qw = 20 mL min−1

Hydraulic time 60 min
Experiment time 48 h
Cat. Dosage = 40 g
TOC0 = 2.25–3.20 mg L−1

pH = 7.2–8.5
T = 15 ◦C
Chlorination:
pH = 7
Excess of chlorine
T = 25 ◦C, 7 days

High efficiency in catalytic ozonation for OA and DMP,
adsorption of intermediates.
NOM mineralization but high adsorption capacity is observed.
RuO2/ZrO2-CeO2 had higher stability than Ru/AC and
Ru/Al2O3.
Post-chlorination and DBPs.
HAAFPs removal improved from 38–57%.
THMFPs from 50–64% but O3 alone reacts fast with THMs
precursors.

[166]

Humic acid and NOM
Porsuk River (Turkey)

Degussa P-25 TiO2
80/20 anatase/rutile
SBET 50 m2 g−1

Crystal size 21 nm.

Semi-batch stirred reactor
V = 2 L
Inner diameter 12 cm
2 h reaction time
DOC (HA) = 5.8 mg L−1

DOC (NOM) = 3.76 mg L−1

pH = 5.5–6.0
Catalyst dose 0.25–1 g L−1

Ambient temperature
O3 dose 0.190 mg min−1

DOC removal of humic acid was highly improved by catalytic
ozonation (from 30% to 70%). The process was less effective
with NOM. Adsorption plays an important role.
By DFT modelling, HO• are supposed to be formed from
adsorbed O3 and its decomposition onto TiO2 surface in the
presence of H2O.
No post-chlorination.
No DBPs were analyzed.

[167]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Humic acid

CuO (nanopowder, Sigma-Aldrich)
SBET = 0.64 m2 g−1

Pore volume = 0.002 cm3 g−1

Monoclinic structure.

Semi-batch stirred reactor
V = 2 L
Inner diameter 12 cm
Ozone dose 0.190 mg min−1

60 min reaction time
DOC = 5.86 mg L−1

pH = 5.5–6
T = 23 ◦C
Catalyst dose 0.25 g L−1

CuO presented catalytic activity in the ozonation of humic acid,
with 80% of DOC removal in a short time. It was fond that
adsorption, desorption, oxidation and chelating reactions took
place in solution. The DFT approach proposed that HO•

radicals formed in the catalyst surface initiate the
heterogeneous catalytic ozonation reaction.
No post-chlorination.
No DBPs were analyzed.

[168]

Bromide in
UP water
Humic acid

TiO2 P25
Anatase/rutile
80/20
Nano-SnO2
Tetragonal pase
Dcrystal) 9.7 nm

Cylindrical bubble column
(d = 8 cm, h = 40 cm)
V = 2 L
Vr = 1.5 L
Br- = 0.40 mg L−1

CO3 liquid = 3.38 mg L−1

pH = 6
Ccat = 100 mg L−1

T = 26 ◦C
CHumic acid = 0–3.0 mg L−1

Analysis of the BrO3− formed by O3 and catalytic O3
The presence of both catalysts reduces the formation of BrO3−

during ozonation.
Inhibition of BrO3− formation with increasing humic acid
concentration.
No other DBPs analyzed.

[169]

NOM
surface water (Wu-Lo
River)
pCBA

Fe-Mn oxide
23.0 % Fe
8.17% Mn
68.77% O
SBET = 262.0 m2 g−1

pHpzc = 5.9
Acidic groups = 181 ueq g−1

Basic groups = 636
TiO2-αAl2O3
7.69% Ti
29.29% Al
63.02% O
SBET = 14.5 m2 g−1

pHpzc = 8.3
Acidic groups = 2074 ueq g−1

Basic groups = 0.71 ueq g−1

Fluidized bed reactor
Semi-continuous operation
D = 6 cm
L = 38 cm
Gas flow rate 100 mL min−1

Vr = 1.04 L
Reaction time 60 min
O3 concentration 2.5 mg L−1

Catalyst loading 1.25 g L−1

DOC0 = 8.22–11.26 mg L−1

pH = 8.15–8.57
THMFP = 216–266 µg L−1

HAAFP = 509–553 µg L−1

T = 20 ◦C
Chlorination:
According to SM 2350
Residual chlorine 0.2–1 mg L−1, pH 7, 48 h
contact time.

Kinetics of O3 decomposition, Rct
Fe-Mn catalyst presented high hydroxyl radical exposure.
Fe-Mn catalyst showed a best performance in O3
decomposition, DOC (30%) and UV254 (85%) removal.
Post-chlorination and DBPs analyses demonstrated that
catalytic ozonation reduced THMs (70%) and HAA9 (75%)
formation.

[170]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

NOM-surface water
polluted with DOC
from domestic and
agricultural effluents
(Wu-Lo River, Pintung,
Taiwan)

α-FeOOH goethite
Precipitation synthesis
SBET = 61.9 m2 g−1

SEM morphology micro needles.

Fluidized bed reactor
Semi-continuous operation
D = 6 cm
L = 38 cm
Gas flow rate 50 mL min−1

Vr = 1.04 L
Reaction time 60 min
O3 concentration 2.5 mg L−1

Catalyst loading 0.5–1.5 g L−1

DOC0 = 9.21 mg L-1
pH = 7.6
T = 20 ◦C
Chlorination:
According to SM 2350
Residual chlorine 0.2–1 mg L−1, pH 7, 48 h
contact time.

Higher efficiency in DOC removal by catalytic ozonation.
Post-chlorination and DBPs
No BrO3− detected, THMs and 9HAAs highly reduced by
catalytic ozonation + biofiltration.
The bromine incorporation factor of THMs and HAAs increases
with catalyst dosage.

[171]

Humic acid
Bromide Ferrate (VI)

Homogeneous ozonation
Flasks, Vr = 0.5 L
Ferrate dose 0.1–5 mg L−1

CBr- = 100–1500 µg L−1

DOC0 = 0.1–10 mg L−1

CO3 = 1.5–4 mg L−1

T = 5–40 ◦C
pH = 3–11

Ferrate (VI) reduced BrO3− during catalytic ozonation.
Humic acid content decreased bromate formation.
No post-chlorination.
No other DBPs were analyzed.

[172]

Humic substances in
phosphate buffer.

Degussa P-25 TiO2
80/20 anatase/rutile
SBET 50 m2 g−1

Catalytic ozonation/Ultrafiltration
Reactor membrane module and mixing tank.
Injection of O3 in a Y-type mixer.
Gas flow rate 50–150 mL min-1
CO3 gas = 2.5–10 mg L−1

TiO2 loading 0–5 g L−1

DOC0 = 8 mg L−1

pH = 2 (O3 decomposition)
Chlorination:
SM 2350 (residual chlorine 0.5–2 mg L−1 after
48 h, pH 7).

Reduction of THMs formed during post-chlorination after
catalytic ozonation.
Positive effect of the TiO2 loading.
Membrane permeate recovered 93% by catalytic ozonation vs.
78% in ozonation alone.

[173]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Bromide Ferrate (VI)

Homogeneous ozonation
Flasks, Vr = 0.5 L
Ferrate dose 1–5 mg L−1

CBr- = 100–1500 µg L−1

CO3 = 0–5 mg L−1

T = 5–40 ◦C
pH = 3–11

Ferrate (VI) reduced BrO3− during catalytic ozonation
No post-chlorination
No other DBPs were analyzed.

[174]

NOM from
groundwater (Banat,
Serbia)

Aeroxide P25 TiO2
80/20 anatase/rutile
SBET = 50 m2 g−1

Ozonation:
Reactor bubble glass column
D = 85 mm
V = 2 L
Vr = 1.5 L
Gas flow rate 8 L h−1

Contact time 3–25 min
O3 dosage 0.4–3.0 mg O3/mg DOC
Catalyst dose 1 mg L−1

DOC0 = 9.85 mg L−1

pH = 7.46
Chlorination:
SM 2350 (residual chlorine 0.5–2 mg L−1 after
48 h, pH 7).

Removal THMFP 48% (no improvement observed compared to
ozonation)
Removal HAAFP 44%
Less brominated species and haloacetonitrile after catalytic
ozonation.

[175]

Humic substances

Bone charcoal (BC)
Prepared at 600 ◦C for 4 h (bone from cattle and sheep).
XRD revealed calcium phosphate (hydroxyapatite form)
and amorphous carbon.
XRF: CaO 92.9%; P2O5 3%; MgO 0.6%; SiO2 0.095%; MnO
0.008%.
Boehm titration:
Surface acidic groups 0.71 meq g−1

Surface basic groups
0.33 meq g−1

SBET = 121 m2 g−1

pHpzc = 8.5

Semi-batch operation
V = 1 L
Catalyst 2 g
C HS = 15–100 mg L−1

Ozone 0.5 mg L−1 min−1

T = 15–40 ◦C
pH = 2–12

The catalyst improves the reaction rate of HS degradation by
1.43- and 1.56- fold compared to ozonation.
Kinetics and mechanism analysis.
Kinetic studies showed that the rate greatly increased in the
presence of BC. The reaction rate is related to BC dosage, HS
concentration, pH, temperature.
The presence of t-BuOH confirmed the main degradation route
by hydroxyl radicals.
Ea = 10 kJ mol−1

Diffusion controlled reaction.
No chlorination.
No DBPs were analyzed.

[176]



Catalysts 2021, 11, 521 32 of 63

Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

NOM from surface
water (Dong-Gang
River, Pingtung,
Taiwan)

TiO2/αAl2O3
No characterization studies reported

Fluidized bed reactor
Continuous operation
Gas flow rate 100 mL min−1

Water flow rate 50 mL min−1

O3 concentration 2.5 mg L−1

Catalyst loading 0–25 g
DOC0 = 2.8–4.7 mg L−1

pH = 7.82–8.15
T = 20 ◦C
Chlorination:
According to SM 2350
Residual chlorine 0.2–1 mg L−1, pH 7, 48 h
contact time.

The combined catalytic ozonation significant reduced DOC up
to 51.4% and DBPFP up to c.a. 50% (THMs and HAA6 analyses).
The amount of catalyst had a positive effect in the process.

[177]

Dimethyl phthalate
(DMP) and NOM in
surface water (Jingmi
Cannel,
China)

Ru/AC
Particle size 6–10 mesh
1–1.5 mm
0.5 wt.% Ru
AC ash content 7.8 wt.% (mainly SiO2, Al2O3 and Fe2O3)
SBET = 945.2 m2 g−1

Cylinder reactor, bubble column
D = 5 cm
L = 120 cm
V = 1 L
Semi-batch for catalytic activity:
Cat. Dosage = 2 g L−1

Ozone dosage 118 mg h−1

Q 300 mL min−1

Continuous operation for stability tests:
Qw = 20 mL min−1

Cat. Dosage = 40 g
COD0 = 2.25–3.29 mg L−1

pH = 7.2–8.5
T = 25 ◦C
Chlorination:
pH = 7
Excess of chlorine
T = 25 ◦C, 7 days

Ru/AC active in catalytic ozonation improved DMP
mineralization. Stable for 42 h with no Ru leaching and 75%
DOC removal.
In natural water, Ru/AC-O3 was better than O3 alone for DOC
removal (40% vs. 10%) and DBPFP reduction (60% vs. 40%);
THMFP and HAAFP analyzed.

[178]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

NOM (Songhua River,
Harbin, China)

FeOOH-goethite
pHpzc = 7.0
SBET = 68.4 m2 g−1

Average pore size 24 nm
Surface OH density = 0.5 mmol g−1

CeO2
pHpzc = 6.6
SBET = 117 m2 g−1

Average pore size 7.9 nm
Surface OH density = 0.4 mmol g−1

D = 0.075–0.3 mm

Ozonized water (20 mL; 10 mg O3 L−1)
VT = 40 mL
DOC = 10 mg L−1

O3/DOC = 1
10 min reaction time
pH = 7
T = 18 ◦C
Fractionation of NOM with XAD-8 and XAD-4
amberlite resins:
HOA: Hydrophobic acid
HON: Hydrophobic neutral
HIA: Hydrophilic acid
HIB: Hydrophilic base
Fluorescence analyses.

Ozonation decrease the aromaticity of humic-like structures and
increases the generation of carboxylic groups.
Catalytic ozonation improve the destruction of humic-like
structures.
Ozonation of HOA and HIA yields by-products with low
aromaticity and low molecular weight. Catalytic ozonation
enhances the formation of these by-products from HIA and
improves the destruction of highly polycyclic aromatic
structures.
No post-chlorination.
No DBPs were analyzed.

[179]

Humic and fulvic acid
in distilled
water

MnO2
No characterization studies reported.

Cylinder reactor (bubble column, semi-batch
operation, total recirculation of water)
D = 7 cm
L = 1.5 m
V = 5 L
O3 dose = 47 mg L−1 in 30 min
TOC0 = 28–38 mg L−1

pH = 8.9
T = 19 ◦C

TOC removal 79% in catalytic ozonation vs. 67% in single
ozonation.
No post-chlorination.
No DBPs were analyzed.

[180]

NOM-surface water
(Lake Lansing,
Michigan
USA)

Fe2O3
over ceramic membrane (Al2O3/ZrO2/TiO2)
Average Fe2O3 particles 4–6 nm (TEM)

Conditions of ozone-membrane system:
Water recirculation rate = 2.75 L min−1

T = 20 ◦C
O3 flow rate: 100 mL min−1

Transmembrane pressure = 0.5 bar
O3 gas concentration = 2.5 mg L−1

Ozone injection before membrane module
DOC0 = 8.6–11.6 mg L−1

pH = 7.7–8.6
Chlorination SM 2350 (residual chlorine 0.5 mg L−1

after 48 h, pH 7).

Decomposition of O3 in the membrane surface.
DOC reduced > 85%
Decrease of THMFP (90%), HAAFP (85%) and also the
concentration of aldehydes, ketones and ketoacids.

[181]
[182]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

DOC in river water
(Japan)

Powdered AC
(membrane as separator)

Ozonation:
Reactor characteristics not specified. Column
before membrane module
O3 dose = 1–2 mg L−1

AC dose 10 mg L−1

DOC0 = 2.4 mg L−1

Q water = 5.5 m3 day−1

Chlorination conditions not specified.

Combination of PAC and O3 improved the performance of the
subsequent membrane system.
DOC reduced 59%
T-THMFP reduced 75%

[183]

Humic acid solution
NOM from Ebro River
(Zaragoza, Spain)

TiO2 (anatase Probus, SBET = 8.5 m2 g−1) 2.5 wt.%
supported by adsorption on:
Attapulgyte (clay, SBET = 104 m2 g−1)
α-Al2O3 (SBET = 164 m2 g−1)
Silica gel (SBET = 362 m2 g−1)
Calcination T = 350–600 ◦C
Granular form, d = 2–4 and 4–6 mm.
TiO2/Al2O3 catalyst characterization:
SBET = 132 m2 g−1

Pore volume = 0.33 cm2 g−1

Pore size = 4.4 nm (12%); 20.56 um (88%).
Anatase phase by XRD

Glass fixed bed reactor
Semi-batch mode
Humic acid experiments:
V = 650 mL
O3 = 405 mg O3 h−1

30 min contact time
C HA = 5.34 mg TOC L−1

pH = 7.2
Catalyst loading: 2.5–10 g L−1

NOM experiments:
V = 2 L
O3 = 396.4 mg O3 h−1

Contact time 2–4 min.
Catalyst loading: 2.5 g L−1

TOC0 = 4.46 mg L−1

pH = 7.94
Stability tests (4 consecutive runs):
C Humic acid = 6.65 mg L−1 TOC
pH = 7.62
Catalyst loading = 2.5 g L−1

V = 650 mL
O3 405 mg O3 h−1

30 min contact time

TOC and UV254 removal were slightly greater in the presence
of a catalyst (60% vs. 32% in O3 for TOC). The best results were
obtained with TiO2/Al2O3 calcined at 500 ◦C with a
concentration of 2.5 g L−1 of catalyst and particle diameter
2–4 mm.
The importance of adsorption is highlighted.
Higher doses of O3 have a positive effect in catalytic ozonation.
Stability tests with the best catalyst showed a good stability
with similar TOC, UV254 and pH results after the 4 experiments.
No post-chlorination.
No DBPs were analyzed.

[184]
[185]
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Table 6. Cont.

Target
Water Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

Fulvic acid extracted
from surface water
(Cebron, France)

Commercial TiO2 over Al2O3 beads
Dbeads = 1.5–2.5 mm
No characterization provided

Ozonation:
Reactor:
Conical glass flask 1.3 L
V reaction = 1 L
Contact time = 10 min
O3 dose = 2–6.5 mg L−1

(homogeneous experiments)
CCAT = 10 g L−1

DOC0 = 2.84 mg L−1

H2O2/O3 ratio = 0.35 mg H2O2/mg O3
pH = 7
Chlorination:
Cl2 dose = 2 mg L−1

Contact time 1 h
pH = 7

Catalytic ozonation increased ozone consumption.
Higher mineralization (24%) compared with O3 and H2O2/O3
systems.
Chlorine demand was minimized in catalytic ozonation.
No DBPs were analyzed.

[186]

Model compounds:
Fulvic acid
Protein
disaccharide

Granular catalyst
TiO2/Al2O3
GAT 925 SI
D = 4 mm
For comparison:
BST: TiO2 stick compacted
APF: Granular TiO2/Clay

Tested TiO2/O3 and TiO2/O3/H2O2
Bubble column
Semi-continuous reactor with recirculation of
the aqueous solution
Total height 2 m
D = 40 mm
Porous glass to support the catalyst in the
middle
Q = 2.4–2.8 L h−1

CO3g = 60–90 mg L−1

pH = 8
TOC0 = 12 mg L−1

H2O2/O3 = 0.4 g/g
Catalyst loading 30 g L−1

Room temperature

Cumulative effect of adsorption and ozonation. At high ozone
dosage TOC abatement by catalytic ozonation is observed (80%
vs. 50% in O3).
APF was not stable under the conditions tested due to mechanic
friction.
No chlorination.
No DBPs were analyzed.

[187]
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Different iron oxides/hydroxides have been studied for catalytic ozonation mainly
bare FeOOH, Fe2O3 and Fe3O4 or supported in different materials [143]. α-FeOOH-goethite
has been used in other studies that reported SBET 60–97 m2 g−1 and pHpzc near 7. The
properties of this material for catalytic ozonation have also been deeply discussed in Bai
et al. [188]. In general, a higher efficiency in NOM mineralization was observed by catalytic
ozonation compared to ozone alone. Only Wang et al. [171] analyzed post-chlorination
DBPs in treated surface water and observed that THMs and HAAs were highly reduced by
catalytic ozonation (combined with biofiltration).

Regarding the supported Fe-catalysts, Karnik et al. [181,182] used Fe2O3 over a ceramic
membrane composed by Al2O3/ZrO2/TiO2 (no characterization reported) in the hybrid
catalytic ozonation/ultrafiltration system and studied the decomposition of ozone in the
membrane surface, obtaining a high removal of THMFP and HAAFP (higher than 85%)
from surface water at the conditions shown in Table 6. Other authors supported FeOOH
or Fe2O3 species over zeolite [163] or natural pumice [161] and observed an important
catalytic effect of these materials in the degradation of synthetic humic acid solutions but
no DBPs were analyzed in their works.

Other metal oxides and composite materials have been tested as catalysts. Turkay
et al. [164,168] checked the effectiveness of CuO and ZnO nanoparticles with high crys-
tallinity in the degradation of humic acid and NOM from surface water studying the
possible mechanism by DFT modelling but no DBPs analyses. Wang et al. [166,178] studied
the performance of RuO2 supported onto activated carbon, Al2O3 and ZrO2-CeO2 using
oxalic acid, dimethyl phthalate as target compounds and also NOM from surface water.
They fully characterized the catalysts (see Table 6) with main differences between SBET in
AC supported catalyst. All the systems showed a high catalytic activity and improved
ozonation results. THM precursors reacted fast with ozone alone but the THMFP and
HAAFP were highly reduced in catalytic ozonation. Some aspects about the activity and
stability of these catalytic systems are commented in the next sections.

Different manganese materials also showed catalytic activity for ozonation of NOM
or humic and fulvic acids. Alsheyab and Muñoz [180] studied MnO2 and at the conditions
tested TOC removal improved from 67% in single ozonation to 79% in catalytic ozonation
(pH = 8.9). No characterization and no DBPs studies were reported. Recently, Salla
et al. [160] tested Mn2O3 as catalyst for humic acid ozonation that resulted in rapid ozone
decomposition, neither DBPs were studied. Only Chen and Wang [170] prepared a mixed
Fe-Mn oxide (8.17% Mn) with high surface area (262 m2 g−1) for NOM removal and
reduced THMs and nine HAA up to 70 and 75% respectively.

Cerium oxide have been used as support but also presented catalytic activity for the
process. Zhang et al. [179] synthetized CeO2 with pHpzc = 6.6 and high SBET = 117 m2 g−1.
The elimination of DOC from surface water was between 30–50% of different NOM frac-
tions compared to 3–6% obtained in ozonation alone. On the contrary, a similar CeO2
material was tested by Wang et al. [165] that found that their adsorption capacity exerted a
negative effect in mineralization (lower than ozonation alone). Later, Zhang and Wang [162]
synthetized different CeO2-TiO2 composites and studied the Ce/Ti ratio effect. They found
that CeO2 main phase was cubic fluorite and the positive effect of Ce content by increasing
BET surface area because of lower crystallite sizes. An optimum Ce/Ti ratio of 0.8 was
found due to the high surface area (expected) and low pHpzc that improved adsorption
properties and lead to lower molecular weight organics from humic acid degradation.
Unfortunately, no post-chlorination DBPs were analyzed.

Regarding the use of carbonaceous materials as catalysts, though they have been
widely used in catalytic ozonation of different organic pollutants, a few studies have
been found for humic acid and NOM removal with post-chlorination and DBPs analyses.
Shioyama et al. [183] combined powder activated carbon with membrane filtration for
surface water treatment, which improved the performance of the subsequent membrane
system reducing DOC up to 59% and T-THMFP up to 75%. Gümüs and Akbal [163]
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also studied the degradation of humic acid with granular activated carbon reaching 48%
compared to 21% in ozonation alone though no DBPs were analyzed.

7.1.2. Catalytic Activity, Stability, and Reusability

No straightforward conclusions can be reached about the catalytic activity of the
different catalysts checked at different operating conditions. However, some of the previous
reported studies in Table 6 compare different materials that can differ in the active phase or
the support.

Allemane et al. [187] and Gracia et al. [184,185] compared different TiO2 catalytic
systems. In their work, the relevance of the support was pointed out, being Al2O3 the best
option that increased adsorption of NOM. The latter works also studied the stability of the
TiO2/Al2O3 catalysts in four reaction cycles of NOM catalytic ozonation at the operating
conditions in Table 6. A good stability was maintained with similar TOC, UV254, and pH
results after the four experiments.

Chen and Wang [170] compared the behavior of TiO2/Al2O3 and a Fe-Mn oxide in the
degradation of NOM and DBPFP of surface water. Fe-Mn presented the best performance in
O3 decomposition, DOC, UV254, and DBPFP removals. This was attributed to the catalytic
activity of Fe and Mn species and to the highest specific surface area of this catalyst which
improved the adsorption of NOM.

Also, the series of Wang et al. [166] demonstrated the importance of the support
in RuO2 supported catalysts. RuO2/ZrO2-CeO2 resulted highly efficient compared to
Al2O3 or AC as support, although a high adsorption capacity can also mask mineralization
results. HAAFPs improved from 38–57% and THMFPs from 50–64% when comparing
catalytic ozonation and ozonation, but O3 alone reacts fast with THMs precursors. The
best performance is ascribed to the efficiency of the redox Ce4+/Ce3+ couple in the material
which enhances the catalytic activity of very well dispersed Ru species. This catalyst was
also more stable in continuous operation (only 48 h were checked with no Ru leaching).

The three works by Turkay et al. [164,167] have been performed using the same
experimental set up and with quasi-similar operating conditions but with different catalysts.
They studied the catalytic behavior of CuO, TiO2 and ZnO nanopowders, respectively.
All the materials presented an improved DOC removal (from humic acid with the same
concentration and pH) which increased from 30% for ozone alone to 80% for CuO, 70%
TiO2 and 60% ZnO. Thus, CuO seems the most active catalytic system but, in terms of
stability, although not studied, probably TiO2 is a better candidate for future works since
Zn and Cu ions are easily leachable.

On the other hand, Wang et al. [165] compared the catalytic activity of FeOOH, CeO2,
and MgO. Whereas CeO2 presented a better UV254 removal, FeOOH and MgO showed
the best DOC mineralization results. In this work, adsorption onto CeO2 seems to play a
negative effect in its catalytic performance. The stability of all the materials was checked
by ion leaching and SEM and XRD of the used catalysts with no significant changes in
morphology or structural properties.

Recently, Salla et al. [160] compared classical Al2O3 with Mn2O3 catalysts in humic
acid degradation. The favorable surface charge of Al2O3 led to a better performance in
humic acid removal, but Mn2O3 promoted a faster decomposition of O3. This last catalyst
led to higher ozone consumption. Catalytic stability was studied in four consecutive runs.
Some catalyst deactivation is observed with changes in the oxidation state of Mn and Al
and the surface hydroxylation of both catalysts was observed by XPS.

Therefore, some controversial effects are still unknown such as the role of the ad-
sorption of some NOM species (NOM fractionation) onto the catalysts surface or the
true catalytic activity of the active species in comparable conditions. In terms of stability,
long term and deep characterization would be desirable to check the real applicability of
these materials.
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7.1.3. Reactors and Variables Studied

Bubble columns or vessels were used in semi-batch mode operation, batch for liquid
phase, continuous for gas phase have been usually selected for catalytic ozonation processes.
The catalyst, depending on the particle size, has been suspended in slurry or fluidized bed
reactors, or packed in fixed bed reactors. In any case, they are three-phase reactors with
gas–liquid–solid phases in which matter transfer will play a key role. Figure 3 shows a
scheme of the typical ozonation experimental set up.
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Figure 3. Experimental set up for catalytic ozonation experiments at lab scale [171] (From Wang, Y.H.;
Chen, K.C. Removal of disinfection by-products from contaminated water using a synthetic goethite
catalyst via catalytic ozonation and a biofiltration system. Int. J. Environ. Res. Public Health 2014, 11,
9325–9344. doi.org/10.3390/ijerph110909325).

In general, the installation is composed by an air or oxygen cylinder, an ozone genera-
tor which sends the ozone gas into the reactor, in line ozone analyzers (at gas inlet and/or
gas outlet), mass flow controllers, and ozone destruction systems (KI solution, AC filter or
UV analyzers with catalytic destruction). The reactor usually comprises a glass or acrylic
column or vessel with variable volume (mainly 1–2 L) provided with a bottom diffuser
for ozone inlet which favors mass transfer, magnetic or mechanical stirring, gas inlet, and
gas outlet and sampling port. Some reactors are provided with thermostatic baths for
temperature control, and temperature or analytic probes (ozone, pH) can be included in
the reactor. Usually, the reactor is filled with the water to treat having some head space for
gas outlet. The catalyst is usually added, and a pre-adsorption or homogenization time is
spent before ozonation. Then the containing ozone stream is bubbled into the reactor and
the catalytic ozonation experiment begins.

Among the typical operating conditions studied are DOC concentration, pH, catalyst
loading, and ozone dose (Table 6). Ambient temperature was used in most of the works.
Regardless of natural surface water or synthetic humic or fulvic acid solutions, DOC values
are usually in the range 2–10 mg L−1. Mortazavi et al. [176] detected a positive effect of
DOC increasing the apparent reaction rate of catalytic ozonation as DOC increased.

It is well-known the role of pH on ozone reactions that has been usually described and
commented in the introduction section. The application of the process for drinking water
makes sense at the pH of natural waters (pH 6.0–8.5) and most of the studies are performed
at natural pH. However, the relevance of pH in the NOM and catalyst charge has been
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evaluated. In this line, Salla et al. [160] assigned the best catalytic performance of Al2O3
with higher humic acid adsorption and lower ozone dosage due to favorable negative
surface charge at the conditions studied (pH = 5.5 > pHpzc = 4.2). This also affects the
adsorption capacity of the catalysts for different NOM fractions (acidic, neutral, hydrophilic
or hydrophobic). On the other hand, Mortazavi et al. [176] in their study evaluated the
influence of pH on the catalytic ozonation performance of bone charcoal to remove humic
substances in the range of pH 2–12. They found that heterogeneous catalytic ozonation
contribution was much higher at low pH and ozonation alone contribution increases
with alkalinity due to the relative importance of indirect ozone reactions. In addition, at
pH = 8 < pHpzc = 8.5 of the catalysts, a positive catalytic effect is still observed due to
hydroxyl groups in the catalyst surface that act as Lewis acid sites for ozone decomposition.
Therefore, depending on the catalyst nature, the catalytic effect could be improved also in
alkaline solutions.

Catalyst loading is also an important parameter to optimize. The optimum dose is
highly dependent on the catalyst nature and on the particle size used. The range used in the
works reported in Table 6 for semi-batch experiments are as wide as 1 mg L−1 for TiO2 in
slurry, 10 mg L−1 for activated carbon or 30 g L−1 of TiO2/Al2O3. In continuous operation,
the space time (mass of catalyst/flow of water) ranged from 500–2000 g min L−1 [177].
In general, at sufficient ozone dose, the catalyst loading exerted a positive effect on the
degradation rate of NOM. However, experimental check is needed in any different case.

In the same line, the optimization of ozone dose will mark the economic feasibility of
the process in terms of ozone consumption/power energy required for ozone production.
In general, research works reported in Table 6 applied high ozone dose and high ozone
concentration in the gas phase with common values ca 10 mg L−1. However, ozone
concentrations used were as varied as 2–90 mg L−1. Molnar et al. [175] observed that DOC
removal did not improve at high ozone doses (0.1–3 mg O3/mg DOC) using TiO2/O3
catalytic ozonation compared to ozonation alone, but attributed this effect to the pH of
the natural water and the scavenging effect of carbonate/bicarbonate. On the contrary,
Wang et al. [173], found a positive effect in the ozone dosage in the permeated flux of their
hybrid system. However, no relevant changes were observed in TOC or UV254 removal
or THMFP.

7.1.4. Mechanisms and Kinetics for the Removal of DBPs Precursors

General mechanisms such as presented in reactions (21) to (31) have been accepted
for NOM or humic/fulvic acids degradation by catalytic ozonation depending on the
catalyst used.

In general, humic/fulvic substances are easily degraded by ozone direct reactions due
to the presence of unsaturated bonds and aromatic rings to produce other compounds less
reactive towards ozone but also with different reactivity towards subsequent chlorine treat-
ment. These other compounds, carboxylic acids, or aliphatic molecules, can be degraded
by reactive oxygen species formed by catalytic decomposition of ozone (hydroxyl radical,
ozonide radical, etc.) both in the liquid phase or near the catalyst surface/adsorbed. They
may react with organic molecules with low selectivity, thus leading to a high mineralization
of NOM.

Considering the transformation of NOM in different species prior to mineralization,
it is important to know the chlorine reactivity of the different fractions formed during
catalytic ozonation. Thus, Zhang et al. [179] observed that ozonation alone decreases the
aromaticity of humic-like structures and increases the generation of carboxylic groups.
Catalytic ozonation with FeOOH and CeO2 catalysts also improved the destruction of
humic-like structures and enhanced the destruction of the hydrophilic acid fraction destroy-
ing polycyclic aromatic structures. Unfortunately, no DBPFP was studied in this work.

Allemane et al. [187] proposed the adsorption of O3 and NOM onto TiO2/Al2O3
surface and the generation of oxidizing species in the surface. This trend has been observed
in many of the studies dealing with TiO2/Al2O3 [184,185]. With respect to the contribution
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of adsorption, direct reactions, indirect reactions during catalytic ozonation, Alver and
Kilic [161] studied the mechanism of humic acid removal by Fe coated pumice catalytic
ozonation in the presence of different scavengers (t-BuOH and phosphate). They observed
the high contribution of hydroxyl radicals in solution to the overall process. The studies
of Turkay et al. [164,167] for the degradation of humic acid are based in DFT modelling
calculations to stablish the interaction of reactants with the catalyst surface. They concluded
that HO• radicals formed in the catalyst surface initiate the heterogeneous reaction in CuO
with important contributions of adsorption-desorption and chelating [168]. For TiO2,
HO• radicals are supposed to be formed from adsorbed O3 and its decomposition onto
TiO2 surface in the presence of water molecules [167]. Finally, they proposed the O3
disproportionation over ZnO surface to form reactive oxygen species [164].

In the same line, Gümüs and Akbal [163] studied the degradation of humic acid using
GAC and Fe-coated zeolite as catalysts. For GAC they proposed a general mechanism
reported by Beltrán et al. for the degradation of diclofenac [189,190]. In this mechanism
adsorbed ozone reacts with adsorbed organic compounds to yield hydrogen peroxide
which eventually might react with adsorbed ozone to form hydroxyl radicals:

DOC1+GAC � DOC1–GAC (32)

O3+GAC � O3–GAC (33)

DOC1–GAC + O3–GAC→ DOC2+H2O2+GAC (34)

H2O2+GAC � H2O2–GAC (35)

H2O2–GAC + O3–GAC→ HO•+GAC (36)

DOC1+HO• → DOC2+HO•2 (37)

For Fe-coated zeolite (ICZ), they proposed the following mechanism:

ICZ–OH + O3 � ICZ(O3)S � ICZ–O•+HO•3 (38)

ICZ–O•+H2O→ ICZ–OH + HO• (39)

HO•3 � H++O•−3 (40)

HO•3 → HO•+O2 (41)

In this mechanism ozone is adsorbed in terminal –OH groups of the catalyst and then
reactive oxygen species are produced that eventually would react with organic compounds
(adsorbed or in the bulk liquid phase).

Then, despite the variety of catalysts and the few studies directly dealing with the
determination of the mechanisms involved in the catalytic ozonation of humic acid or
NOM, some general steps can be hypothesized:

Cat + DOC1 � Cat–DOC1 (42)

Cat + O3 � Cat–O3 → Cat–ROS→ Cat + HO• (43)

Cat + DOC1+Cat–O3 → DOC2+Cat + [H 2O2] (44)

Cat–ROS + Cat–DOC1 → DOC2+Cat (45)

DOC1+O3 → DOC2+[H 2O2] (46)

DOC1+HO• → DOC2+HO•2 (47)

DOC2+HO• → CO2+H2O (48)

where Equations (42)–(45) represent heterogeneous reactions and Equations (46)–(48) are
some of the well-known homogeneous ozone/hydroxyl radical reactions. This sequence
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will be completed by the general ozonation and HO• mechanisms in water [26,191,192].
DOC1 represents initial humic/fulvic substances that readily react with ozone or hydroxyl
radicals to form organic compounds with lower molecular weight (DOC2 accounting
for carboxylic, aldehydes, aliphatic compounds, etc.) usually refractory to direct ozone
attack that can be further mineralized by hydroxyl radicals. The reactivity of different
DOC fractions towards chlorine and their subsequent DBPFP is crucial to stablish the
need of achieving an advanced oxidation degree or a high mineralization. Therefore, the
importance of each reaction should be the objective of future works to tailor the catalytic
properties and to modify operating conditions for the degradation of NOM of specific
characteristics to reduce DBPFP. It is necessary to point out that the analysis of the latter
will be mandatory regardless of the mineralization achieved.

Regarding the kinetics of the process, only a few works dealing with kinetics beyond
calculating apparent rate constants have been carried out. Mortazavi et al. [176] proposed
the following kinetics for the degradation of humic acid using bone charcoal as catalysts.
They worked reaching ozone saturation before humic acid injection in the reaction medium
and, therefore, the system is considered homogeneous from the point of view of ozone.
The contribution of both heterogeneous reactions taking place on the catalyst surface and
homogeneous reactions by ozone and radicals in the liquid phase are represented:

− dCHA

dt
= (k HA

homo+kHA
heteroCS−OH)CHA (49)

kHA
homo= kHA

1 CO3+kHA
2 CHO• (50)

kHA
hetero= kHA

3 CO3+kHA
4 CHO• (51)

ln
CHA

CHA0
= −(k HA

homo+kHA
heteroCS−OH)t = −kt (52)

k = kHA
homo+kHA

heteroCS−OH (53)

where k represents the overall reaction rate constant and k1
HA, k2

HA, k3
HA, k4

HA, khomo
HA,

and khetero
HA represent the HA degradation rate constants corresponding to a homoge-

neous reaction with ozone, a homogeneous reaction with hydroxyl radical, a heterogeneous
reaction with ozone, a heterogeneous reaction with hydroxyl radicals, and global homoge-
neous and heterogeneous reactions, respectively; CHA, and CHA0 are the concentrations of
HA at any time and time zero; CHO and CS-HO represent the hydroxyl radical concentration
in liquid phase or in the catalyst surface and CO3 is de dissolved ozone concentration. This
study is based on UV254 nm measurements and no mineralization is considered. As can
be deduced from Equation (53), the rate of humic acid degradation resulted in apparent
first order kinetics whose apparent rate constant k was determined at different operating
conditions. With experiments at different temperature an activation energy value (Ea) of
10 kJ mol−1 was calculated.

Chen and Wang [170] studied the catalytic decomposition of ozone over Fe-Mn oxide
and TiO2/Al2O3 catalysts through simple first order kinetics approximation:

− dCO3

dt
= kdCCATALYSTCO3 (54)

CO3,t

CO3,0
= exp(−k d t) (55)

where kd is the observed pseudo first-order reaction rate constant of O3 decomposition
of the catalytic ozonation system, CO3 is the dissolved ozone concentration and t is the
reaction time. They found values of 2.8× 10−3, 9.0× 10−3 and 4.1× 10−3 s−1 for ozonation
and Fe-Mn oxide, TiO2/Al2O3 catalytic ozonation, respectively. They ascribed the low
decomposition rate found for TiO2/Al2O3 to the presence of phosphate that may be
adsorbed in the catalyst surface.



Catalysts 2021, 11, 521 42 of 63

To study the ozone exposure, hydroxyl radical exposure and the ratio between HO•

and O3 concentration, Chen and Wang [170] also applied the Rct concept from Elovitz and
von Gunten [193] using data from experiments in the presence of p-chlorobenzoic acid
(pCBA) at low concentration through the following equations:

dCpCBA

dt
= −kHO−pCBACpCBACHO• (56)

ln
CpCBAt

CpCBA0
= −kHO−pCBA

∫
CHO•dt (57)

RCT =

∫
CHO•dt∫
CO3dt

(58)

ln
CpCBAt

CpCBA0
= −kHO−pCBARCT

∫
CO3dt. (59)

In this scheme, pCBA is considered to react only with hydroxyl radicals due to the
low rate constant of its reaction with ozone. CpCBAt and CpCBA0 are the concentrations of
pCBA at any time and time zero, respectively, kOH-pCBA is the rate constant of HO-pCBA
reaction, CHO• is the concentration of hydroxyl radical and CO3 is the dissolved ozone
concentration. They found values for Rct from 3.6 × 10−8 mol HO•/mol O3 for single
ozonation up to 14 × 10−8 and 9.8−8 mol HO•/mol O3 for Fe-Mn oxide and TiO2/Al2O3
catalytic ozonation, respectively. This is indicative of the improved capacity of Fe-Mn oxide
catalyst to generate hydroxyl radicals during the process.

Gümüs and Akbal [163] used a second-order kinetic model for humic acid catalytic
ozonation (kinetic equations not shown) using Fe coated zeolite (ICZ) and GAC as catalysts.
They reported different rate constants for ozonation at different dissolved O3 concentra-
tions, catalyst doses, pH and molecular weight of initial DOC (<100 and <50 kDa). They
observed the high catalytic activity of ICZ vs. GAC and also demonstrated the highest
reactivity of the humic acid fraction <100 kDa with ozone, being catalytic processes much
more effective for the fraction <50 kDa.

In general, no complex mechanistic kinetics has been developed for catalytic ozonation
of NOM, being an important gap for catalytic systems optimization. In addition, taking
into account every topic of these section, NOM or humic/fulvic acids degradation has
been evaluated but there is a lack of studies covering the formation of different DBPs also
with global parameters determination such as AOX that are important to check the real
applicability of this process for drinking water treatment.

7.2. Photocatalytic Ozonation

As a difference from catalytic ozonation, so far literature only reports just one work
dealing with the combination of ozone, catalyst and light, that is, photocatalytic ozonation
(PhCatOz) to remove natural organic matter, NOM, or humics from water [194]. Pho-
tocatalytic ozonation is an emerging AOP where hydroxyl radicals may generate from
different mechanisms including adsorption and oxidation of water or hydroxyl groups on
the valence band of the catalyst, ozone decomposition, reactions of ozone and oxygen with
electrons of the conduction band of the catalyst or even reaction of ozone with possible hy-
drogen peroxide formed from superoxide ion recombination or from direct ozone-organics
reactions [27]. The basic mechanism NOM PhCatOz is as follows:

Direct ozone reactions with NOM:

O3+NOM→ O3–DBP + H2O2 (60)

Direct photolysis of NOM (usually at λ < 300 nm):

NOM hν→ UV–DBP (61)
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In these photolytic reactions, ozone and UV radiation disinfection byproducts are
formed (see Section 3). These DBPs eventually, after subsequent ozone and photolysis
reactions, are transformed in biodegradable compounds but some may have certain toxicity
(i.e., aldehydes, ketones). Bromate can be formed if bromide was initially present.

In addition to reactions (60) and (61), given the presence of aromatic ring structures
with hydroxyl substituents groups in NOM, and, hence, the presence of nucleophilic points,
ring breakings give rise to the appearance of hydrogen peroxide as has been reported
previously for the ozonation of phenol compounds.

Hydroxyl radical formation reactions via direct ozone decomposition, mainly from:

O3+HO−2 → O•−3 +HO•2 → O•−3 +O•−2 . . . .
O3−→ . . . .→ 2HO• (62)

Catalyst activation via light incidence:

Catalyst hν−→ h++e− (63)

Hydroxyl radical formation reactions via hole (h+) reduction from the valence band
and/or superoxide and ozonide ion radical formation by capturing electrons from the
conduction band:

h++H2O, OH−(adsorbed)→ HO• (64)

O3+e− → O•−3 → . . . .→ HO• (65)

O2+e− → O•−2
O3→ O•−3 +O2 → . . . .→ HO• (66)

2HO•2 → H2O2 (67)

H2O2+e− → HO•+OH−. (68)

Hydroxyl radical formation from ozone and hydrogen peroxide photolysis (at λ < 320 nm):

O3
hν,H2O−−−−→ H2O2+O2

hν−→ 2HO• (69)

and reactions of NOM with hydroxyl radicals:

NOM + HO• → Intermediates +HO•−−−→ . . . .→ CO2+H2O + Inorganic Anions (70)

In spite of being an incipient process compared to other AOP such as O3/H2O2,
O3/UVC-UVB, photocatalytic oxidation or Fenton process, PhCatOz has already been the
subject of reviews since 2005 [195]. Many works of PhCatOz deal with the removal of model
compounds such as pharmaceuticals and pesticides [196] or wastewater [197], with the use
of visible or solar light and catalysts such as TiO2, and others (ZnO, WO3, C3N4, etc.), or
TiO2 composites that allow TiO2 activation with visible light [198]. For instance, among
catalysts checked, MOFs (already quoted in Section 7.1) [199] and graphitic carbon nitride,
gC3N4 [200] has emerged to improve photocatalytic ozonation rate of pollutants. The use of
gC3N4 is particularly interesting since this material presents a very high conduction band
potential (−1.3 VNHE) that greatly improves the ozone photoelectron capture to diminish
electron-hole recombination and improve the formation of hydroxyl radicals [201]. Accord-
ing to WOS data base there are 160 works on photocatalytic ozonation so far published.
As said before, however, only the work of Yuan et al. [194] treats photocatalytic ozonation
for the removal of humics to reduce THM and TOX formation potential. Nonetheless,
treatment of humics or NOM with photocatalysis and ozone as a sequence of processes
has some antecedents due to Kerc et al. [202], Bekbolet et al. [203], and Uyguner et al. [204].
In their works, removal of humic acids is accomplished by ozonation, photocatalytic oxi-
dation and the sequential use of the two latter, that is, they used ozonation followed by
photocatalytic oxidation in separate processes, and they do not use PhCatOz as the simul-
taneous application of both processes. Degradation of humics is followed by measuring
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the absorbance of remaining water at 254 and 436 nm, corresponding to aromatics and
colored compounds, respectively. In some cases, the treated water later undergoes an
adsorption or coagulation process to improve organic matter removal. In these works, it is
observed the better efficiency of the sequential process to remove the humic matter from
water. Nonetheless, only the photocatalytic oxidation is an AOP since ozonation, in most
cases, is finished when dissolved ozone was not yet present in water. This means that
during the ozonation step humic acids were mainly removed by direct ozone reactions [27].
The work of Bekbolet et al. [203] also gives results of formation potential of THM and
some other halogen organic compounds (of chlorine and bromine) such as haloacetic acids,
halonitriles and others. The results show the better performance of the sequential oxidation
process (ozonation followed by photocatalytic oxidation) to decrease TOXFP. Coming
back to the work of Yuan et al. [194], PhCatOz is applied, in this case, to remove a humic
acid (its origin is not reported) with ozone, UVC radiation (250–260 nm with 254 nm as
main wavelength) and different TiO2 catalysts in powder or supported form. Supported
materials were ceramsite, zeolite, alumina, and activated carbon (AC), while the composite
prepared was Fe on TiO2 nanotubes (Fe-TNT). The catalyst was characterized through XRD,
SEM, TEM, EDS, XPS, and N2 adsorption and UVVis-DRS. With the latter, they observed
band gaps of 3.23 and 3.03 eV for their synthesized TNT and Fe-TNT with no influence of
the supported material, a logical consequence of its lack of action on optical properties. The
authors observed a significant increase of humic acid removal with PhCatOz when using
AC as the supported material likely due to the BET surface area, the highest among the
synthesized catalysts. They also observed after five consecutive runs with the same catalyst
that removal efficiency of humic acid decreased from 94 to 78%. They concluded with the
existence of a synergism between AC adsorption and photocatalytic ozonation. However,
no data is given about TOXFP or THMFP. However, the results, suggest the importance of
PhCatOz to improve the removal of TOX precursors.

8. Elimination of DBPs by Catalytic/Photocatalytic Ozonation Processes

As it can be seen from Table 7, as far as these authors know, there are only six works
dealing with catalytic/photocatalytic ozonation processes of DBPs of drinking water. As it
occurs with Section 6.2, chloroacetic acids (CAAs) are the most studied.
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Table 7. Works on DBPs removal by catalytic/photocatalytic ozonation processes.

Target
DBPs Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

MCA
DCA
Deionized
water

TiO2 photocatalyst coated on the
commercial product “Pilkington ActiveTM
glass” (PAGs).

Planar falling film reactor. Seven UVA lamps
(15 W, 360 nm) fixed inside the reactor.
Intensity UV light: 1 mW cm−2; water flow
rate: 1 L min−1, volume 0.5 L; [CAA] = 1 mM;
pH 3, pure gaseous oxygen rate of 10 L h−1,
ozone gas with 130 ± 5 mg L−1 ozone at a
power of 30 W.

Single ozonation was ineffective method for the
removal of chloroacetic acids. However, a
significant enhancement in the degradation and
mineralization efficiencies was observed by the
combination of ozone with photocatalysis.

[106]

DCA

FMOG: Flower-like nanocomposite (FMOG)
consisted of pure β -MnO2 (PMO) and
reduced graphene oxide nanosheets (RGO).
Atomic ratio between Mn and O element is
ca. 1:2.1.

500 mL glass conical flask.
110 min; flow rate of O3: 4.47 mmoL min−1,
T = 20 ◦C, concentration of catalyst: 50 mg L−1,
and pH = 4.4. [DCAA]0 = 100 mg L−1.

FMOG displayed higher catalytic performance
compared with ozonation, and PMO catalytic
ozonation.

[205]

DCAcN Titanium dioxide (Degussa, P-25,
anatase/rutile = 75/25%).

Bench and outdoor photocatalytic ozonation
systems consisted of the combination of CPC
and ozone reactor.
Metal halide lamps of different powers (100,
250, and 400 W); UV-solar, 300–800 nm. pH 6.5,
20 ± 1 C, TiO2 dose 0.4 g L−1, ozone dose
1 g L−1 h−1, UV intensity 33.8 W m−2. pH: 3,
6.5, and 10.

Compared to the single process, the
UV-solar/TiO2/O3 process had the highest
DCAN-removal rate. Optimal conditions: pH
neutral; 1 g L−1 TiO2 and 1.13 g L−1 h−1 ozone;
T = 20 ◦C; UV-solar intensity: 4.6–25 W m−2.

[206]

DCA

Immobilized TiO2 in the form of a
well-known commercial product called
“Pilkington ActiveTM glass” (PAG) sheet
with a contact area of 30 × 5 cm2.

A planar reactor: Polymethylmethacrylate box
(160 cm3 vol) covered by an optical window
made from the same material. Reactor
connected to an ozonation chamber (500 cm3

vol). 400 mL of dichloroacetic acid solution.
30 W lamp (300–420 nm and a maximum at
about 360 nm). T = 25 ◦C, pH = 3, [DCA]o = 1
Mm. O3 input concentration: 135 ± 5 mg L−1.

(PAG/O3/UVA) showed highly modified
oxidation properties in the decontamination of
DCA in aqueous solutions. Kinetics of first
order reactions with respect to dichloroacetic
acid were found. Higher initial concentrations
of DCA and higher temperatures increased the
initial degradation rate. More than 90% of DCA
was removed.

[207]
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Table 7. Cont.

Target
DBPs Catalyst and Main Properties Reactor and

Experimental Conditions Main Results Ref.

DCA in
simulated
water:
deionized
water with different
amounts of humic acid (HA).

Natural bentonite, composed primarily of
Ca2+-montmorillonite.

Cylindrical reactors with an inner diameter of
60 mm and a length of 500 mm. Gas flow rate
20 mL min−1; ozone gaseous concentrations of
0.90 mg L−1; 298 K; 2 L simulated water:
Deionized water containing 1 mg L−1 DCA or
different amounts of HA, pH adjusted to 6.0.;
Fe3+ dosage: 5 mg L−1.

Under the combined effects of adsorption,
ozonation and catalytic oxidation, high DCA
removal is obtained.

[208]

DCA Nanometer ZnO powder: Size 90 nm, and
surface area (11 m2 g−1).

Batch experiments. A glass flat-bottomed flask
with the inside diameter of 45 cm and the
volume of 1.2 L. T = 20 ± 1 ◦C; initial pH 6.88;
[DCA]o = 100 µg L−1; initial ozone
concentration 1.96 mg L−1; catalyst dosage
100 mg L−1.

ZnO as catalyst in water significantly improved
the ozonation removal of DCA. The
degradation efficiency of DCA increased with
the increasing pH of solution, catalyst dosage
and ozone dosage. The presence of t-BuOH had
a negative effect on catalytic ozonation of DCA.

[209]
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8.1. Catalytic Ozonation

Due to the selective oxidation property of the ozone molecule, highly structured
organic substances cannot be thoroughly mineralized in ozonation alone and low-mass
compounds like chloroacetic acids tend to be discharged. In addition, the efficiency of
the oxidation can be strongly affected by the presence of natural organic matter which
is ubiquitous in drinking or fresh water [208]. Hence, catalytic ozonation, an efficient
AOP that introduces homogeneous or heterogeneous catalyst to single ozonation, can
increase ozonation efficacy and ozone utilization degree. Especially, heterogeneous catalytic
ozonation processes have received increasing attention recently due to the potentially
higher effectiveness in the degradation and mineralization of refractory organic pollutants
and easier recovery processing [209].

8.1.1. Catalysts

Li et al. [205] studied the potential use of manganese oxide-based nanocomposite in
catalytic ozonation of DCA. Manganese oxide (MnOx) is an eco-friendly and inexpensively
used catalyst in water treatment. Among various crystal phases of MnOx, β-MnO2, not
only has the highest stability and the lowest water-solubility but can also be easily fabri-
cated in various morphologies such as nanowires, nanorods, nanotubes, and nanoflowers.
However, the catalytic performance of single-component β -MnO2 so far is unsatisfactory.
In order to enhance the catalytic property of β -MnO2, some promising methods such as
modifying β -MnO2 with noble metals or combining β -MnO2 with other oxides have been
developed. In this sense, graphene and its partial oxide counterpart-reduced graphene
oxide (RGO) have emerged as promising candidates for fabricating new materials due
to their high specific surface area, chemical stability, as well as biocompatibility. It has
been proved that composite fabricated by coupling graphene or RGO with semiconductors
can achieve a higher catalytic activity. Herein, Li et al. [205] reported a unique three-
dimensional (3D) flower-like nanocomposite (FMOG) consisted of pure β -MnO2 (PMO)
and reduced graphene oxide (RGO). Interestingly, FMOG displayed higher catalytic perfor-
mance compared with ozonation, and PMO catalytic ozonation. Gu and co-workers [208]
used bentonite and Fe3+ for dichloroacetic acid (DCA) removal from drinking water. Ben-
tonite is a 2:1 type clay mineral. Its unit layer structure consists of one Al3+ octahedral
sheet placed between two Si4+ tetrahedral sheets. It should also be noted that the addition
of hydrolysable metal ion species (iron or aluminum) can be rapidly hydrolyzed around
the surface of bentonite particles, resulting in a hydroxyl surface. In addition, the hydrozed
iron (or iron ion) possesses the ability to catalyze the transformation of O3 to hydroxyl
radicals, and hence further promote the removal of dissolved target organic compounds.
Zhai et al. in their study [209] used nanometer ZnO powder as a heterogeneous catalyst for
catalytic ozonation of dichloroacetic acid (DCA) in aqueous solution, which is non-toxic,
insoluble, and a cheaper transition metal oxide widely used in various processes.

8.1.2. Catalytic Activity, Stability, and Reusability

To demonstrate the catalytic activity of PMO and FMOG, Li et al. [205] compared these
catalysts in catalytic ozonation of DCA from drinking water sources. Ozonation alone of
DCA achieved 32.7% elimination in 60 min. When the PMO or FMOG were added into the
system, the elimination ratio of DCA increased to 39.2% and 46.8% in 60 min, respectively.
In this research, DCA was degraded completely in FMOG catalytic reaction after 110 min,
while in the same reaction conditions the residual concentration ratio of DCA was 30% and
13.3% for ozonation alone and PMO catalytic reaction. These results indicate an evident
catalytic ozonation effect of FMOG for DCA degradation. Also, reusing experiments were
carried out to estimate the stability of PMO and FMOG. The used catalyst was separated
from the solution by centrifugation. The catalytic activity of FMOG decreases gradually
in the first four runs. However, the catalytic activity of PMO decreases more obviously
compared with the one of FMOG. In the fifth run, the DCA elimination ratio of PMO
dropped to 32.5%, demonstrating a continuous downtrend; while the DCA elimination
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ratio of FMOG in the fifth run was 37.7%, which was almost the same as that of the fourth
run. SEM of FMOG after fifth catalytic ozonation showed that the flower-like nanostructure
was still distinct. These facts indicate that FMOG is a relatively robust catalyst for catalytic
ozonation of DCA in practical applications. Gu et al. [208] compared ozonation alone,
ozone/bentonite and combined addition of ozone/bentonite/Fe3+ (adsorptive ozonation)
for removing DCA from water in the presence and absence of HA. In this work, the
combination of ozone/bentonite and Fe3+, significantly promotes DCA removal achieving
a percentage of about 73% after 40 min reaction time. This improvement was due to
the ability of Fe+3 in catalyzing ozone decomposition to hydroxyl radical. Hence, in the
process of ozonation/bentonite/Fe+3, more HO• radicals are generated. ZnO as catalyst
in water significantly improved the ozonation removal of DCA compared with ozonation
alone [209]. The addition of ZnO catalyst improved the degradation efficiency of DCA
during ozonation, which caused an increase of 22.8% for DCA decomposition compared to
the case of ozonation alone after 25 min. Under the same experimental conditions, DCA
decomposition was enhanced by increasing catalyst dosage from 100 to 500 mg L−1 and
ozone dosage from 0.83 to 3.2 mg L−1. The catalytic ozonation process is more pronounced
than the ozonation process alone at pH 3.93, 6.88, and 10. With increasing the concentration
of t-BuOH from 10 to 200 mg L−1, the degradation of DCA was significantly inhibited
in the process of catalytic ozonation, indicating that the degradation of DCA by adding
nanometer ZnO powder follows a radical-type mechanism.

8.1.3. Reactors and Variables Studied

In the work of Li et al. [205] catalytic ozonation of DCA was carried out into a 500 mL
glass conical flask containing 200 mL of DCA aqueous solution (100 mg L−1) with 10 mg of
the as-prepared catalyst at room temperature under magnetic stirring. The effect of pH, the
reaction temperature and catalyst dose on the catalytic DCA elimination by using FMOG
was studied. Cylindrical reactors were used by Gu et al. [208], with an inner diameter of
60 mm and a length of 500 mm and 2 L working volume. In this work, authors study the
efficiency of ozonation alone and catalytic ozonation with bentonite on DCA removal in the
presence of different humic acid (HA) concentrations. HA was applied to test the effect of
NOM concentrations on catalytic ozonation of DCA. Zhai and co-workers [209] performed
the experiments in a laboratory batch reactor, which consisted of a glass flat-bottomed flask
with the inside diameter of 45 cm and the volume of 1.2 L. In this study, authors checked
the influencing factors on the degradation efficiency of DCA in aqueous solution by ZnO
catalytic ozonation, including catalyst dosage, ozone concentration, initial solution pH,
and tert-butyl alcohol.

8.1.4. Kinetics and Mechanisms

In all experiments carried out by Li et al. [205], ozone was supplied into the reaction
system superfluously and continuously. Therefore, the pseudo first order reaction was
employed by authors to investigate kinetics of single and catalytic ozonation, respectively,
of DCA. For the DCA ozonation process, the apparent rate constant was 0.0062 min−1. For
the catalytic ozonation of DCA process in the presence of PMO, the apparent rate constant
augmented to 0.0081 min−1. However, when using FMOG as catalyst, the apparent rate
constant increased to 0.0104 min−1. Compared with the PMO catalytic process and the
ozonation process, the apparent rate constant of FMOG catalytic process increases 28% and
68% respectively. The remarkable catalytic capacity of FMOG revealed that it can be used
as an effective catalyst for the ozonation degradation of DCA. Based on literature, RGO has
π electron donating character of the sp2-bonded carbon structure, which can make FMOG
more effective than PMO in transferring electron to ozone, and the polylaminate structure
of RGO improved the surface area of the catalyst, which provides more ozonation reaction
centers. The synergistic effect of β -MnO2 and RGO in catalytic ozonation may contribute
to the outstanding performance of FMOG. Gu et al. [208] proposed a pseudo first order
degradation model. Results showed that the rate of DCA removal with ozonation is close
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to that of the ozone/bentonite, and the rate of the adsorptive ozonation is much higher
than that of the other two processes. The presence of HA in aqueous solution lowers the
rate of the DCA degradation. In ozonation alone, when 4 mg L−1 HA was added, the rate is
lowered to about 0.006 min−1, which is only 28.6% of the rate when HA is absent. However,
in the process of adsorptive ozonation, the negative effect of HA on DCA removal is
weakened. When 4 mg L−1 HA was added, the rate constant is lowered to 0.052 min−1,
about 53% of that in the absence of HA. Zhai et al. [209] supposed that hydroxyl radicals
in solution promote the oxidation degradation of DCA. Here, fundamental study was
performed using DFT to explore the mechanism of generating hydroxyl radical on the ZnO
surface. The DFT calculation results further verified the decomposition of the adsorbed
ozone on the catalyst surface and the enhancement of generation of OH responsible for
high ZnO catalytic activity, leading to the increase of degradation efficiency of the model
pollutant DCA.

8.2. Photocatalytic Ozonation

So far only three works on photocatalytic ozonation of DBPs already formed have
been published (see Table 7). As happens in catalytic ozonation works, chloroacetic acids
are the chlorine disinfection by-products most studied.

8.2.1. Catalysts and Radiation Use

Degradation of DCA in aqueous solutions using photocatalytic ozonation has been
investigated by Hama Aziz [106] and Mehrjouei et al. [207] (see Table 7). The photocat-
alyst used in both works was titanium dioxide immobilized in the commercial product
“Pilkington ActiveTM glass” (PAGs). The great superhydrophilicity of TiO2 photocatalyst
provided a homogeneous and stable falling liquid film along the glass sheets. In both works,
the application of irradiation with wavelengths in the region of UVA instead of shorter
wavelengths promotes the idea of moving towards the use of natural solar light. Hence,
radiation use for the photocatalytic experiments was in a range of wavelengths between
300 nm and 420 nm and a maximum at about 360 nm. On the other hand, Shin et al. [206]
studied the removal of dichloroacetonitrile (DCAcN) with solar PhCatOz and P25 TiO2 as
catalyst (slurry mode). The authors use both UVA-visible lamps of different intensity and
solar light as radiation source as an energy-saving and environmental-friendly process.

8.2.2. Catalytic Activity, Stability, and Reusability

Hama Aziz [106] found that the combination of ozonation with photocatalysis (TiO2
on the surface of PAGs irradiated by the UVA) had shown a significant synergistic effect
on DCA degradation due to the production of highly reactive hydroxyl radicals either by
the direct photolysis of ozone with UVA or by interaction of ozone with the conduction
band electrons on the illuminated TiO2. At the same time, a dramatic increase in the
mineralization level was achieved. Thus, comparing the degradation efficiencies of DCA
by the photocatalytic ozonation (UVA/TiO2/O3) and photocatalytic decomposition of
H2O2 (UVA/TiO2/H2O2) processes in terms of the observed rate constants (the degra-
dation of chloroacetic acids was described by pseudo first-order kinetics) indicates that
the photocatalytic ozonation provides remarkably higher degradation efficiency than the
photocatalytic-H2O2 [106]. Similar results were found by Mehrjouei et al. [207] where
photocatalytic ozonation treatment by means of Pilkington ActiveTM glass as a commer-
cial product irradiated by UVA light and combined with ozone (PAG/O3/UVA) showed
highly modified oxidation properties in the decontamination of DCA in aqueous solutions
compared to both photocatalytic oxidation and ozonation separately. Also, photocatalytic
ozonation exhibited high potential in the mineralization of DCA. It was observed that more
than 90% of DCA decomposed during the oxidation period was mineralized to carbon
dioxide molecules and chloride anions. In Mehrjouei study [207], the degradation of DCA
by photocatalytic ozonation in heterogeneous system showed good agreement with the
kinetics of first order reactions. However, at initial concentrations of DCA both higher and
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lower than 1 mM, the initial degradation rates were found to be slightly different. In the
case of DCAN degradation [206], compared to the single process, the UV-solar/TiO2/O3
process had the highest DCAN-removal rate. This was due to additional HO• production
by the reaction of ozone with the electrons of the conduction band in the catalyst. The
UV-solar/TiO2/O3 system showed an enhanced DCAcN-removal rate, and the synergetic
index calculated according to equation (71) for a single process was 3.8:

SI =
kSun/O3/Cat

kSun/Cat+kO3
(71)

where k values are the apparent pseudo first order rate constants of PhCatOz, solar photo-
catalysis and ozone processes, respectively.

Works quoted in Table 7 have also studied the photocatalyst stability and activity by
conducting cycles of photocatalytic ozonation runs of fresh compound aqueous solutions
with the same photocatalyst.

8.2.3. Reactors, Radiation Source, and Variables Studied

A planar falling film reactor was used by Hama Haziz [106] for the photocatalytic
experiments. The reactor consists of two photoactive self-cleaning Pilkington Active™
glass (PAGs) sheets, each with a 68 × 29 cm surface area, connected by a frame of PVC.
The falling liquid film was established on the inner side of the PAGs. Seven UVA lamps
(each with 15W energy consumption and the maximum wavelength at 360 nm) were fixed
inside the reactor and used for UVA irradiation. The incident light intensity of the UV light
was 1 Mw/cm2, and no significant aging effect was found during the experiments. The
optimization of water flow rate to generate a stable and homogeneous falling film along the
PAG sheets was tested being 1 Lmin−1. The planar reactor used by Mehrjouei et al. [207]
was a polymethylmethacrylate box with an internal volume of 160 cm3 covered by an
optical window made from the same material in order to let the irradiation of UVA light
pass through and reach the photocatalytic surface of a Pilkington ActiveTM glass sheet with
a contact area of 30.5 cm2, which was embedded and fixed inside the reactor. For all runs, a
volume of 400 mL of DCAA solution was injected through the bottom inlet of the reactor
to form a 3 mm liquid layer over the semiconductor surface, and it left the reactor through
the top outlet point. The UVA-light source employed in this study was a 30 W lamp with a
range of wavelengths between 300 nm and 420 nm and a maximum at about 360 nm. The
incident light intensity of this source, as in the case of Hama Haziz [106] was ca. 1 MW/cm2.
In [207] influence of initial concentration and temperature on the degradation rate of DCAA
and the ozone consumption level during the oxidation process were investigated. Higher
initial concentrations of DCAA and higher temperatures increased the initial degradation
rate and, the level of ozone consumption during the photocatalytic ozonation treatment.

Shin et al. [206] for the photocatalytic experiments (bench and outdoor) used the
combination of CPC and ozone reactor. CPC contained three quartz tubes (length: 40 cm,
diameter: 3 cm, thickness: 1.5 mm) and three stainless modules with reflectors made
of polished aluminum. A cylindrical ozone reactor with a cooling system was made of
stainless steel (length: 110 cm, diameter: 10.5 cm, and total volume: 9.5 L). For the bench
system, UV radiations were obtained from three metal halide lamps of different powers
(100, 250, and 400 W), which were placed 60 cm above the CPC reactor at the top of
the chamber as artificial solar light. Figure 4 represents the experimental set up used in
this work.
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The UV intensity in the sunlight wavelength range was measured using a spectrora-
diometer. The irradiation wavelengths of the metal halide lamps (designated as UVsolar,
300–800 nm) and solar light (>300 nm) were similar in terms of the light spectrum. In
this research, the major operating parameters such as pH, catalyst (i.e., TiO2) and ozone
doses, temperature, and UV intensity were investigated in the removal of DCAN by pho-
tocatalytic ozonation. Shin et al. [206] found that the optimal pH for DCAN removal
by UV-solar/TiO2/O3 was neutral because of the maximum interaction between TiO2
and DCAN. According to the results of TiO2 and ozone-dose tests, 1 g L−1 TiO2 and
1.13 g L−1 h−1 ozone in photocatalytic ozonation were optimal to afford the highest rate
constant. From the temperature variation trials, the highest rate constant (0.033 min−1)
was obtained at 20 ◦C. Temperature simultaneously affected several parameters such as
DCAcN adsorption and particle-size change of TiO2, as well as the decomposition and
dissolution rates of ozone. Nevertheless, temperatures higher than 20 ◦C negatively in-
fluenced the DCAcN-removal kinetics. In the assays regarding the UV-solar intensity, the
kinetic rate constants increased linearly when the UV-solar intensity increased in the range
4.6–25 Wm−2; however, the increasing trend of rate constants were gradually reduced
above 25 Wm−2. The test results of the outdoor system indicated that the solar/TiO2/O3
process showed complete removal with rates that are two orders greater than those obtained
with solar/TiO2.

To conclude this section, DBPs elimination by catalytic/photocatalytic ozonation has
been demonstrated to proceed by indirect or radical ozonation pathways more than direct
ozonation. However, the limited studies carried out mainly with DCA, TCA, and DCAN as
model DBPs at high concentrations, many of them in ultrapure water opens some questions
about the effect of a real water matrix, the optimization of the catalytic systems to improve
the degradation, the use of solar radiation or LEDs, long-term behavior of the catalytic
systems, etc. that opens the research possibilities in this field. In addition, the economical
assessment of these processes to remove DBPs compared to the elimination efficiency of
DBPs precursors needs to be balanced to choose a treatment strategy.

9. The Case of Bromate in Ozonation Processes

An additional survey deserves bromate formation/inhibition during ozonation pro-
cesses when bromide ions are present in surface water. Bromate ion (BrO3− ) is a well-known
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DBP with a maximum allowed level of 10 µg L−1 by many regulations (USEPA, WHO,
ECA, etc.) suspected to be a carcinogenic agent. Yang et al. [210] recently reviewed the
formation of bromate in chemical oxidation and its control strategies.

Fischbacher et al. [211] reported a multistep mechanism of bromate formation during
ozonation in the presence of bromide in which HO• radicals are formed and also contribute
to bromate formation according to Scheme 7.

Catalysts 2021, 11, x FOR PEER REVIEW 50 of 62 
 

 

constant. From the temperature variation trials, the highest rate constant (0.033 min−1) 
was obtained at 20 °C. Temperature simultaneously affected several parameters such as 
DCAcN adsorption and particle-size change of TiO2, as well as the decomposition and 
dissolution rates of ozone. Nevertheless, temperatures higher than 20 °C negatively in-
fluenced the DCAcN-removal kinetics. In the assays regarding the UV-solar intensity, the 
kinetic rate constants increased linearly when the UV-solar intensity increased in the 
range 4.6–25 Wm−2; however, the increasing trend of rate constants were gradually re-
duced above 25 Wm−2. The test results of the outdoor system indicated that the so-
lar/TiO2/O3 process showed complete removal with rates that are two orders greater than 
those obtained with solar/TiO2. 

To conclude this section, DBPs elimination by catalytic/photocatalytic ozonation has 
been demonstrated to proceed by indirect or radical ozonation pathways more than di-
rect ozonation. However, the limited studies carried out mainly with DCA, TCA, and 
DCAN as model DBPs at high concentrations, many of them in ultrapure water opens 
some questions about the effect of a real water matrix, the optimization of the catalytic 
systems to improve the degradation, the use of solar radiation or LEDs, long-term be-
havior of the catalytic systems, etc. that opens the research possibilities in this field. In 
addition, the economical assessment of these processes to remove DBPs compared to the 
elimination efficiency of DBPs precursors needs to be balanced to choose a treatment 
strategy. 

9. The Case of Bromate in Ozonation Processes 
An additional survey deserves bromate formation/inhibition during ozonation 

processes when bromide ions are present in surface water. Bromate ion (BrO3-) is a 
well-known DBP with a maximum allowed level of 10 μg L−1 by many regulations 
(USEPA, WHO, ECA, etc.) suspected to be a carcinogenic agent. Yang et al. [210] recently 
reviewed the formation of bromate in chemical oxidation and its control strategies. 

Fischbacher et al. [211] reported a multistep mechanism of bromate formation dur-
ing ozonation in the presence of bromide in which HO· radicals are formed and also 
contribute to bromate formation according to Scheme 7. 

 
Scheme 7. New reaction pathway of the ozonation of bromide in water [211], (Reprinted with 
permission from Fischbacher, A.; Löppenberg, K.; von Sonntag, C.; Schmidt, T.C. A new reaction 
pathway for bromite to bromate in the ozonation of bromide. Environ. Sci. Technol. 2015, 49, 
11714–11720, Copyright (2015) American Chemical Society). 

Different strategies for the inhibition of bromate formation during ozonation have 
been extensively studied such as pH depression, ammonia addition, Cl2-ammonia addi-
tion, H2O2 addition or optimization of reactor configuration. The main effects of these can 
be found in Yang et al. [210] and references herein. However, during catalyt-
ic/photocatalytic ozonation, the presence of the catalyst can bring new benefits for bro-
mate control. Thus, Han et al. [172,174] in their works of catalytic ozonation using ferrate 

Scheme 7. New reaction pathway of the ozonation of bromide in water [211], (Reprinted with permission from Fischbacher,
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Different strategies for the inhibition of bromate formation during ozonation have
been extensively studied such as pH depression, ammonia addition, Cl2-ammonia addition,
H2O2 addition or optimization of reactor configuration. The main effects of these can be
found in Yang et al. [210] and references herein. However, during catalytic/photocatalytic
ozonation, the presence of the catalyst can bring new benefits for bromate control. Thus,
Han et al. [172,174] in their works of catalytic ozonation using ferrate (VI) as catalyst (see
conditions in Table 6) demonstrated that low doses of ferrate up to 5 mg L−1 can lead to the
reduction or flocculation of BrO3− or HBrO/BrO- by the produced intermediates Fe(III),
Fe(II), H2O2, and Fe(III) hydroxydes. Humic acid content decreased bromate formation
and also high ambient temperature had a positive effect.

Wu et al. [169] studied the inhibition of nano TiO2 and SnO2 on bromate formation
during catalytic ozonation of humic acid and observed that the presence of both catalysts
reduced the formation of BrO3− and also a positive effect of increasing humic acid concen-
tration. They hypothesized that the minimization using TiO2 was due to the decomposition
of ozone into HO• which rapidly generated H2O2. This hypothesis agrees with the effect
of humic acid as HO• and O3 scavenger. This effect has also been observed in other studies
with different metal oxides although in ultrapure water or with other organic pollutants.

Regarding photocatalytic ozonation, Parrino et al. [212] studied the formation or
reduction of bromate by photocatalysis, ozonation and photocatalytic ozonation using TiO2
as catalyst and UVA radiation. They observed that the sole photocatalysis did not produce
bromate ions and in the case of its presence, it was able to reduce bromate to bromide ions.
On the contrary, in the combined process, bromate ions were not produced when organics
still present. They proposed that photo-generated electrons reduced adsorbed bromate to
bromide over the catalyst surface.

Thus, the possibility of controlling bromate by tailoring the catalyst has relevance for
real application of catalytic/photocatalytic ozonation in drinking water treatment.

10. Concluding Remarks and Future Challenges

Main conclusions of this work are:
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DBPs, specifically THMs, were discovered more than 40 years ago but, still, there
is much research on their nature, since many recent papers deal with the founding of
new DBPs. Already in 1980 about 400 DBPs were identified in chlorinated fulvic acids.
At present, only a few DBPs are regulated with a maximum level concentration (MCL):
Total THMs, total HAAs, bromate and chlorite. Nonregulated DBPs form different family
groups: Halogenated compounds, ketones, aldehydes, and nitrosamines to quote the most
representatives with the first ones as the most abundant formed in DWT. The halogenated
compounds, (mainly chlorinated but also brominated and iodinated compounds) consti-
tuted by far the main family of DBPs from WTP. Today, many of these compounds have
been classified as rodent carcinogens, genotoxic, and mutagenic. This reveals the impor-
tance in the development of new analytical methods to quantify also nonregulated DBPs or
surrogate parameters to fulfil future regulation in order to produce healthy drinking water.

Both DBPs precursors and DBPs have been treated with different oxidation processes
where AOPs are the most representative. Because of the double way of ozone reactions in
water, ozone has attracted the interest of many researchers. NOM and bromide ion are the
main DBPs precursors treated with AOPs. In the last year, about 40 and 20 works were
published on this matter with AOPs and ozone processes, as oxidants, respectively. On the
whole, precursors react fast with ozone due to the presence of aromatic rings with hydroxyl
substituents groups in humic and fulvic acid macromolecules. However, regarding DPBs
removal classical ozone AOPs, such as O3/UVC or O3/H2O2, have been applied in a few
cases to mainly remove a few HAAs (dichloroacetic and trichloracetic acids) and some
N-nitrosamines. On the contrary, much more work has been done with ozone free processes
such as Fenton, UVC/H2O2, and photocatalytic oxidation during the last 25 years. In these
works, HAAs are the main DBPs studied. In general, these processes due to the formation
of hydroxyl radicals reduce DBP concentrations but high oxidant doses are needed.

Most of the works dealing with catalytic and photocatalytic ozonation are lab-scale
studies about catalyst properties, catalytic activity and optimization of operating conditions
but much less work has been done to go in deep in the stability and reutilization of the
catalysts in long term experiments. These studies are crucial to take a step forward to
pilot scale studies with the best catalytic systems mainly for DBPFP removal. In addition,
the use of natural radiation or environmentally friendly LEDs should be prioritized in
photocatalytic ozonation studies towards sustainable processes. However, comprehensive
economic and environmental assessments are also required to balance the benefits of
precursors or DBPs removal from drinking water in order to draw the best strategy from
economic, environmental and health priorities.
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Nomenclature

AC Activated carbon
AOPs Advanced oxidation processes
AORPs Advanced oxidation/reduction processes
AOX Adsorbable organic halides
BAC Biological activated carbon
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BC Before Christ
BDCA Bromodichloroacetic acid
BET Brunauer, Emmet, and Teller (referred to isotherm and surface area)
Br-DBPs Brominated disinfection by-products
Ci Concentration of i
CAAs Chloroacetic acids
Cat Catalyst
CDBA Chlorodibromoacetic acid
CH Chloral hydrate
CPC Compound parabolic collector
CT Parameter used in disinfection with C concentration of chlorine, T contact time
D Diameter (particle size or reactor diameter)
DBPFP Disinfection by-products formation potential
DBPs Disinfection by-products
DCA Dichloroacetic acid
DCAN Dichloroacetonitrile
DFT Density functional theory
DLS Dynamic light scattering
DMP Dimethyl phthalate
DOC Dissolved organic carbon
DWT Drinking water treatment
DWTP Drinking water treatment plant
EAOPs Electrochemical advanced oxidation processes
ECA European Chemical Agency
EDS Dispersive X-Ray spectroscopy
EPA Environmental Protection Agency
E-peroxone Electro-peroxone
EPR Electron paramagnetic resonance
ER Eley-Rideal mechanism
FMOG Flower-like nanocomposite
FTIR Fourier transformed infrared spectroscopy
GAC Granular activated carbon
HA Humic acid
HAAs Haloacetic acids
HAcAm Haloacetamides
HANs Haloacetonitriles
HIA Hydrophilic acid
HIB Hydrophilic base
HKs Haloketones
HOA Hydrophobic acid
HON Hydrophobic neutral
HS Humic substances
ICP Inductively coupled plasma
ICZ Iron coated zeolite
I-DBPs Iodinated disinfection by-products
JCR Journal Citation Report
k Kinetic constant
L Length
LED Light emitting diodes
LHHW Langmuir–Hinshelwood–Hougen–Watson mechanism
MBA Bromoacetic acid
MCA Monochloroacetic acid
MCL Maximum concentration level
MOFs Metal organic frameworks
NB Nitrobencene
N-DBPs Nitrogen containing disinfection by-products
NDBA N-nitrosodibuthylamine
NDMA N-nitrosodimethylamine
NOM Natural organic matter
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NR-DBPs Non-regulated disinfection by-products
NTU Nephelometric turbidity unit
OA Oxalic acid
PACL Poly-aluminium chloride
PAG Pilkington ActiveTM glass
pCBA p-Chlorobenzoic acid
PMO Pure manganese oxide
PMS Peroxymonosulfate
PS Persulfate
PZC Potential of zero charge
Q Volumetric flow
Rct Ratio of the hydroxyl radicals to the ozone exposure during ozone processes
R-DBPs Regulated disinfection by-products
RGO Reduced graphene oxide
RO Reverse osmosis
ROS Reactive oxidizing species
SCE Saturated calomel electrode
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
TBA Tribromoacetic acid
TCA Trichloroacetic acid
TCNM Trichloronitromethane
THAAs Total haloacetic acids
THAAFP Total haloacetic acids formation potential
THMs Trihalomethanes
THMFP Trihalomethane formation potential
TNT Titanate nanotubes
TOC Total organic carbon
TOX Total organic halogen
TOXFP Total organic halogen formation potential
TTHMFP Total trihalomethane formation potential
WHO World Health Organization
USEPA United States Environmental Protection Agency
USA United States of America
UV Ultraviolet radiation
UVA Ultraviolet A radiation
UVC Ultraviolet C radiation
UV-Vis-DRS Ultraviolet-visible diffuse reflectance spectroscopy
UV254 Referred to absorbance at 254 nm
V Volume
WOS Web of Science
X Halogen
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence
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