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Abstract: Pollution from organic molecules is a major environmental issue that needs to be addressed
because of the negative impacts of both the harmfulness of the molecule structures and the toxicity
that can spread through natural media. This is mainly due to their unavoidable partial oxidation
under exposure to air and solar radiation into diverse derivatives. Even when insoluble, the latter
can be dispersed in aqueous media through solvatation and/or complexation with soluble species.
Coagulation—flocculation, biological water treatments or adsorption on solids cannot result in a total
elimination of organic pollutants. Chemical degradation by chlorine and/or oxygen-based oxidizing
agents is not a viable approach due to incomplete mineralization into carbon dioxide and other oxides.
A more judicious strategy resides in mimicking natural oxidation under ambient conditions. Soils
and aqueous clay suspensions are known to display adsorptive and catalytic properties, and slow and
complete self-regeneration can be achieved in an optimum time frame with a much slower pollution
throughput. A deep knowledge of the behavior of aluminosilicates and of oxidizing species in soils
and aquatic media allows us to gain an understanding of their roles in natural oxidative processes.
Their individual and combined contributions will be discussed in the present critical analysis of the
reported literature.

Keywords: organic pollutants; clay minerals; soils; aquatic media; remediation; oxidative processes

1. Introduction

Synthetic organic molecules are major environmental pollutants because of their
low and slow degradability in soils and aqueous media upon exposure to oxidation-
reduction processes [1]. This unavoidably generates harmful intermediates that negatively
impact biodiversity and subsequently human health through complex physical-chemical,
biochemical and often interdependent processes. The presence of minerals in natural
media exposed to air and solar radiation should spontaneously favor the non-bacterial
oxidation of organic molecules at the expense of the other processes, even leading to total
mineralization into harmless oxides during longer exposures (Scheme 1).

Due to the lack of upstream treatments of wastewater and gas emissions with strategies
that take into account pollutant chemistry and interactions with the natural host media, all
remediation attempts so far were doomed to fail. A deep knowledge of the natural capacity
of such host media to decompose organic pollutants is an essential requirement for any
further remediation approaches, and nature-inspired approaches are probably the most
promising for such a purpose.
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Scheme 1. Factors and impacts of partial oxidative degradation of organic pollutants on biodiversity.
The arrow colors are defined by the species and/or process step marked by the same color.

For instance, the atmosphere is often polluted by oxides of carbon (COx such as CO
and COy,), sulfur (SOx) and nitrogen (NOx) along with volatile organic compounds (VOCs).
These gas pollutants are recognized as being the main causes of the greenhouse effect,
SMOG, acid rain, ozone layer depletion and other phenomena at their interfaces with other
media. The reciprocal interactions of the different parts of the environment (atmosphere,
hydrosphere and pedosphere) are mainly due to their interdependence via mass and energy
transfer (Scheme 2).
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Scheme 2. Interdependence of natural physico-chemical processes via mass and energy transfer.
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This explains why a specific pollution, for instance, in water bodies, unavoidably
results in direct negative impacts on the quality of not only the atmosphere but also of soils,
glaciers and aquatic media (oceans, seas, lakes, rivers, streams, wetlands and ground water).
For gas pollutants, this issue may be tackled by reducing the flue emissions throughput
or at least through effective gas capture technologies coupled with consecutive pollutant
conversion into energy or added-values products to reduce the effect of mass/energy
transfer to other parts of the environment.

2. Need for a Global Vision of Organic Pollution

Organic compounds are chemical species that are not necessarily included in the
metabolisms of flora and fauna; more specifically, they often originate from synthetic
procedures. They can even be alien compounds with respect to the natural cycles of purely
inorganic media, and their mere occurrence is a perturbation of the global environmental
equilibrium. Even if they are biodegradable, as is the case for most recent forms of agro-
industrial waste, their production throughput often surpasses the self-regeneration capacity
of the natural host media, leading to the accumulation of waste and pollution (Scheme 3).
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Scheme 3. Effect of excessive pollution throughput of organic molecules on natural cycles’ equilibria.
The arrow colors are defined by the species and/or process step marked by the same color.

A small environmental impact still persists even in the case of the total metabolization
of the alien organic molecules, inasmuch as increases in the perturbation of the global
environmental equilibrium and entropy are unavoidable. As long as there is no global
vision of pollution that includes both mass and energy transfers, the global thermodynamic
equilibrium remains disturbed with potential impacts on surrounding media, even if these
are barely perceptible.

Water and aquatic media also contain diverse organic pollutants which are produced
by human activities (Table 1). This includes pesticides, drugs, polycyclic aromatic hy-
drocarbons (PAHs), polychlorinated biphenyls (PCBs), organic dyestuffs [2], brominated
diphenyl ethers, polyaromatic hydrocarbons (PAH), dioxins, solvents, hydrocarbons [2-5]
and many others.
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Table 1. Physico-chemical features, toxicity and elimination rate of some common pesticides.

Organic Species Chemical Formula S(:;l;l;l}llt)y Toxicity Removal Method Elim. Rate (%) ¢ Ref.
a-Endosulfan 0.51 ) o )
CyoHgClgO3S 0522 Biodegradation in soils >90 [6-11]
B-Endosulfan 0.45
Adsorption/activated carbon * 75-83
Adsortptlor}l{ orgtan*o- 93-96
montmorillonite [6,12-17]
95
Atrazine CgH14N5Cl 30-33 0.128-40 2 Nanofiltration/membrane * e
Clay-catalyzed ozonation at
moderately acidic pH 100 [18-201
Tourmaline-catalyzed ozonation 98 [21]
Wastewater electrochemical
P, _rqb d
Bupirimate C13Hp4N4O35 22 1-50 treatment 74 (COD) [22]
Carbaryl C12HI1NO, <1% 23.9/4 days ? - - [6,23]
. Clay/ozonation in water at
Diazinon C1oHy1N, O3PS 40.0 105 moderately acidic pH 100 [18,19,24]
chhlorodlpli%ll}slqt;mhloroethane CraHoCs 01 4152 [25,26]
Diuron CoH1(CILN,O 42 28.32 [27-29]
Endrin C1o,HgCl,O 0.00025 - Photo-Fenton * - [30]
Etridiazole CsH5CI3N,0S 117 >945b Photo-degradation * 90 [31]
Fenitrothion C9oH1pNOsPS 21-38 - Fenton/wastewaters >90 [32]
. Wastewater electrochemical
Flutriafol C16H13FoN3O 130 310-67,000 ppb treatment 85 [33]
Glyphosate C3HgNOsP 12,000 6.622 - - [27,34,35]
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Table 1. Cont.
. . . Solubility .. . o/ ¢
Organic Species Chemical Formula (mg L) Toxicity Removal Method Elim. Rate (%) Ref.
Lind, CgHgCl 7.9-8.4 400 Fenton * >90 [30,36,37]
indane «HgClg .9-8. 710 (cell) @ enton ,36,3
Parathion C10H14NOsPS 20 0.9-10b Wastewater ozonation >90 [6,38-41]
Methyl-Parathion CgH19NO5PS 55 10-67 b >90
Diazinon C12H21N203PS 40.0 105 100
Malathion C10H1906PS, 145 0.085/4hb Adsorption/resin amberlyst-15 96 [42]
Lindan CgHeCl 7.9-8.4 400 Fenton * >90 [30,36,37]
ane 6166 7o 710 (cell) @ ento o0

2 Half maximal effective concentration (ECsp) as median concentration expressed in pg L~1. b Lethal dose: LDsj (median value), expressed in mg/kg for domestic and farm animals.
¢ Elimination rate by adsorption or ozonation (%). This factor does not necessarily involve total mineralization. ¢ COD: Chemical Oxygen Demand. * Removal from drinking water. The

solubility values, expressed in mg L~!, were measured in distilled water at different temperatures in the range 20-25 °C. The toxicity ranges presented in this table include different
values provided by different data sources for the same organic species.
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Depending on their solubility in water, organic pollutants present in soils could be
leached into streams, rivers and seas by runoff waters or, conversely, retained by soils
displaying high hydrophobicity. Some of these pollutants already exhibit an intrinsic
toxicity, and their partial decomposition often induces additional toxicity by producing
harmful derivatives leading to human health issues [43]. Consequently, regardless of their
occurrence in a given natural host medium, they can easily be transferred to another one,
thereby inducing an even more pronounced spread of ecotoxicity in the environment.

Other organic pollutants such as drugs, antibiotics, hormone regulators, estrogens and
others have already been found to affect human health and biodiversity [44-47]. Drugs used
in human medicine including analgesics and anti-inflammatories such as Acetaminophen,
ibuprofen, Naproxen (Anaprox), Aspirin, Diclofenac, hormone regulators (17-f3-estradiol,
estriol, estrone, testosterone, 17-a-Ethinylestradiol) and antibiotics (Chlortetracycline, Ty-
losin, Erythromycin, Sulfamethoxazole, Tetracycline, etc.) turned out to be fairly harmful
towards biodiversity even in trace amounts [48]. Among these, 17-a-ethynylestradiol
had already been reported to cause male feminization in aquatic populations [49,50], an
enhancement of bacteria immunity, and rise in resistant bacteria [51-53]. Waters could
contain other diverse organic species that may even trigger cardiovascular and neurological
disorders and diseases. In these cases, primary and secondary water treatments are not
sufficient, and should be complemented by additional steps targeting the total mineraliza-
tion of both the organic pollutants and their intermediates. Under optimal conditions, the
catalytic oxidation of organic pollutants containing nitrogen, sulfur or other hetero atoms
is expected to generate carbon dioxide (CO;y), oxides of sulfur, nitrogen and phosphorus,
sulfate and nitrate anions [2,54].

3. Conventional Techniques for Organic Pollutant Elimination

The prevention and/or remediation of soil pollution are quite difficult to achieve
and depend on the nature and concentration of the pollutants and the extent and depth
of the contaminated surface. Organic pollutants are expected to be largely retained in
soils through hydrophobic interactions with metal oxides” surfaces, particularly with silica.
When concentrated within the outermost soil layers, remediation may be achieved through
either in situ oxidative processes under prolonged exposure to air and solar radiation,
spreading micro-organism suspension or thermodegradation through combustion with
provoked surface fires. Deep soil contamination imposes a multi-step extraction—treatment
of the polluted layer. This requires temporary industrial devices for the excavation of
the earth to be treated (optional depending on the methods), a percolation process or
gas injection and leachate recovery and treatment before returning the treated soil to its
original place.

Most organic molecules are already functionalized, while others can be functionalized
by partial natural oxidation. Further pH fluctuations may promote their polarity and solu-
bility in stream waters. In this situation, the organic pollutants are leached and recovered in
drained waters to be treated. As a result, soil remediation will only be achieved via water
treatments, after connecting the drained water stream to treatment facilities. This is why
water treatments play a key role in soil remediation and why partial natural oxidation of
the organic molecules is a key step that depends on the soil type and chemical composition,
more specifically its clay content [18-20,24].

Water can be treated through physical or chemical /biochemical techniques. Conven-
tional primary and secondary water treatments often result in an incomplete elimination of
the organic pollutants [55]. In such treatments, precipitation, coagulation, flocculation, aer-
ation and biological techniques are classical steps, but they have a low efficiency in organic
pollutant removal. The treated water contains residual amounts of organic compounds that
lead to their bioaccumulation. Their unavoidable oxidation upon exposure to air and sun
radiation results in oxidized derivatives that exhibit a lower biodegradability compared
to the parent molecules [56,57] and have long-term negative impacts on biodiversity and
human health once released into nature [58]. Synthetic organic species already display an
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intrinsic toxicity when they are chemically stable, but their partial oxidation constitutes
an additional source of toxicity, by generating diverse harmful intermediates according
to their molecular structure and chemical stability. This stability was found to be directly
proportional to their oxidation levels [2,59,60]. In other words, acidic species are much more
chemically stable compared to their corresponding ketone and alcohol intermediates. This
explains the persistence of some acidic species, which are fairly refractory to conventional
oxidizing agents even under sun exposure, displaying a weak capacity to be “metabolized”
by natural host media or by micro-organisms in biological water treatments.

Organic pollutant removal through physical techniques involves no change to chemical
structures but only their separation from liquids by filtration, coagulation—flocculation,
solvent sublation and/or aeration. Nanofiltration and reverse osmosis are also physical
techniques for the elimination of micro-pollutants from stream water [61]. All these of
these methods are intended for the treatment of highly polluted waters in spite of some
major shortcomings. The latter consists mainly of a limited liquid-liquid interface or
liquid—gas transfer of the organic molecules, the potential use of organic solvents imposed
by the persistence of residual trace amounts and the production of undesired sludges
by filtration and coagulation—flocculation that must be handled as additional pollutants.
In addition, the use of coagulating agents containing aluminum or iron is often subject
to controversy, particularly when targeting drinking water [62]. Free aluminum and
iron have already been reported to favor Alzheimer’s disease [63,64] and Parkinson’s
symptoms, respectively [65]. Possible solutions in this regard involve the use of harmless
and biorecyclable aluminosilicate-based coagulating agents [62,66].

Chemical water treatments are intended to decompose the organic molecules into
less harmful /harmless derivatives or to induce structural changes for their separation
and elimination. Among these, chlorination, saponification—extraction and oxidation
processes are particularly efficient. One of the most commonly employed methods for water
disinfection is undoubtedly chlorination, which is employed against bacteria and viruses.
The use of chlorine generates non-desired disinfection by-products (DBPs), i.e., chlorinated
derivatives that display toxicity towards human health and aquatic biodiversity [67]; some
of these, such as trihalomethanes (THMSs), can lead to cancers in the digestive tract and
genito-urinary system [68]. The use of other oxidizing agents such as hydrogen peroxide,
oxygen under light radiation, ozonation and others in lieu of chlorine could be a promising
alternative, but the elimination of persisting traces of oxidized intermediates needs further
improvements. Further investigations are still in progress in many research laboratories.

Biological remediation processes appear to be green routes for water treatment. Never-
theless, the use of such methods remains limited by major drawbacks related to unavoidable
fluctuations in pH and bacterial activity and potential contaminations with other micro-
organisms and/or diverse chemicals. Large lagoon pools and significant investment costs
for preserving soil viability are additional constraints that restrict biological remediation
techniques to, at most, primary or secondary water treatment rather than for the total
removal of organic pollutants.

4. New Strategies for Thorough Remediation of Polluted Media

Notwithstanding the fact that different approaches have been undertaken to tackle
the organic pollutant issues [2], technical and economic reasons have been major obstacles
to adapting specific treatment strategies to wastewater arising from different sources. For
instance, total mineralization into CO;, water and relatively less harmful SOx and NOx
may be achieved through more or less intense oxidative remediation processes adapted
according to the chemical stability of each type of organic pollutant. Photo-oxidation
(O,/UV), Fenton process (H,O,/ Fe?*), Wet Air Oxidation (WAO) and the use of ozone
(Og3) are probably the most common methods for the elimination of organic molecules
and bacteria [69]. Nonetheless, such processes are much less effective for achieving total
mineralization of the organic pollutants as compared to their combinations designated
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as Advanced Oxidation Processes or AOP (H,O,/Fe?*, O3/UV, UV/H,0,, O3/ H,O,,
03/H;0,/UV. . ) [70].

AOPs are regarded as tertiary treatments performed at nearly ambient conditions when
severe water quality constraints are required. [71]. These processes are gaining growing
interest, but they still produce persistent traces of toxic chemical species unless performed
in the presence of effective catalysts and/or promoters and further optimized [27,72-79].
In this regard, activated AOPs such as Photo-Fenton process (HyO,/Fe?* /UV) and its
iron-free UV /H,0; variant, H,O,-assisted ozonation (O3 /H;0O;) and H,O;-assisted photo-
oxidation (UV/H0,), UV /H,0Os-assisted ozonation (UV/O3/H,0,), Electrochemical
oxidation, ultrasound-activated oxidation, Supercritical Water Oxidation (SCWO) [80,81]
and AOP-based hybrid technologies targeting synergistic effects [70] have turned out to be
even more effective processes.

The most convenient oxidative method for organic pollutant removal is undoubtedly
ozonation using mobile large-scale ozone generators, despite the energy consumption
required to generate ozone [58]. Like other AOPs, ozonation mainly acts by generating a
non-selective hydroxyl radical (¢OH) in basic media [82,83] and preponderantly molecular
ozone in acidic ones [84]. These media are by far more frequent compared to their neutral to
alkaline counterparts in nature due to the presence of transitional and heavy metal cations
along with already carboxylated organic species originating from the partial oxidation
of organic matter. Molecular ozone is often regarded as more advantageous than highly
reactive hydroxyl radicals, whose very short lifetime is a major obstacle due to the low and
slow ozone dissolution in water [85,86].

Ozonation is also safer and more convenient than the Fenton process which also
generates eOH radicals and other reactive species at room temperature in the presence of
an Fe?* + H,O, mixture [87]. The main shortcomings of Fenton-like processes consist o the
need for (1) reagents; (2) post-process Fe?* recuperation using chelating agents with water
contamination risks; and (3) constant pH adjustments to prevent free Fe?* cation loss [88,89].
In addition, ozonation in moderately acidic media, more specifically in the presence of
aluminosilicates, is probably the closest process to those occurring in soils and aquatic
media containing clay suspensions, given the similarity in the distribution of most oxidized
intermediates and end chain oxides, but are much more accelerated [18-20,24]. So far, some
attempts to carry out the aluminosilicate-catalyzed ozonation of some organic pollutants
allowed for total mineralization without traces of short-chain derivatives [2,59,84,90].

5. Ozone-Based Remediation Processes

Ozone exhibits an intrinsically high oxidizing power and polarity due to its various
resonance states [91]. In water, ozone may act both directly via its molecular form and/or
indirectly through its radical derivatives such as hydroxyls in alkaline media. The di-
rect/indirect ozonation ratio depends on many factors, among which the pH and chemical
composition of the water play significant roles [2,4,90]. Ozone acts via a direct attack on
multiple bonds and phenolic groups of organic molecules [60,92], resulting in ketones, alde-
hydes and carboxylic acids [93-95], which completely disappear upon prolonged exposure
to ozone and under specific operating conditions [96,97].

As a dipole, molecular ozone may also behave as an electrophilic and /or nucleophilic
agent that promotes the formation of primary ozonide via 1-3 dipolar cyclo-addition to
unsaturated bonds. The ozonide, in turn, is reactive towards ozone, and readily decomposes
into carbonyl-functionalized compounds. This often occurs on aromatic and heterocyclic
moieties, resulting in ring cleavage into C=O-bearing aliphatic derivatives or ring oxidation
via a radical pathway. When acting as an electrophilic agent, ozone attacks take place
on species or moieties bearing a high electron density such as deprotonated dissociating
species like amines and phenols [98]. Conversely, the nucleophilic behavior of ozone
involves attacks on electron-donating groups such as alkyl groups. During such a complex
process, nitrogen and sulfur atoms, if any, are unavoidably oxidized. The hydroxyl radical is
known to be much less selective than molecular ozone, and is produced in media containing
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hydroxyl anions [99]. Most polluted waters that need to be treated are fairly acidic because
of the unavoidable partial oxidation of the organic pollutants, meaning that the action of
molecular ozone prevails [100].

These properties confer an increased capacity for the adsorption of ozone onto solid
surfaces and an increased capacity for the thorough mineralization of any organic com-
pounds. This often requires a sufficient process duration according to their molecular
structure and interactions with the host-polluted matrices in almost the same manner as
this occurs in natural media [18-20,24]. Ozone was found to be even more effective than
other oxidizing agents in organic pollutant removal without requiring reagents or bulky
devices [2,101]. Ozone is more than ten times more soluble in aqueous media than com-
pared molecular oxygen [102]. In different pathways according to the pH of the aqueous
media, any organic impurity in waters behaves as ozone scavenger by readily reacting with
ozone [103-107]. That is why ozone was first employed for drinking water production,
disinfection or remediation through eco-friendly processes producing clean air or water
devoid of any traces of organic substances or pathogenic bacteria [102,108-111]. Already
oxygenated or chlorinated organic intermediates require even more pronounced ozonation
due to their low oxidation capacity [2,90,92].

So far, a series of ozone-based methods have been tested for the decomposition of
various categories of organic pollutants including phthalates, organic dyes, drugs and
others. The data summarized in Table 2 provide an overview of the diverse types of solid
catalysts used for this purpose and show that the catalyst’s effectiveness and thereby the
removal yield of the organic substrate strongly depend on the operating conditions, more
particularly the reaction time, the ozone/ catalyst and ozone/substrate ratios.

Table 2. Examples of catalytic ozonation processes of some organic pollutants.

Removal (%)/Time

Substrate Catalysts/Co-Oxidants Operating Conditions * (min) ** 03/52 Ref.
. O3/ catalyst mol/
NiFe;Oy4 Wt ratio = 156.25 100/60 568.18 [112]
Mn0,95BiFe204 - 696/60 0.001 [113]
Dibutyl phthalat
PHyEphhatate FeOOH/AC [Catalyst] = 10-100 mg L~ 63/60 415 [114]
TiO, films/UV - 46-85 183.82 [115]
Activated carbon - 94 - [116]
40-100/
L Fe;(SO4)3, HyO, /Fe/UV, O3 /catalyst mol/ .
Terephthalic acid H,0,/Fe/TiOy /UV Wt ratio = 0.035-0.045 Depending on 0.625 [117]
process
Acid Red 18 Ca(OH), - 100 (TOC) ©/60 1.82 [117]
O3/ catalyst mol/ 45-75/Dependin
. 2+ 2+ a2t O3+ 3 Y P g _
Bis(2-ethylhexyl) Mn™, Co™, Fe™, Cr Wt ratio = 0.26 x 10~* on catalyst [118]
phthalate
Activated carbon - 94 - [116]
DiMe/DiEt .
phthalates Activated carbon - 94 - [116]
Fe3O4 96.4 F6304
Si0O;-Fe30, 94.8
. Ce0, /Si0,-Fe30y [Catalyst] =0.5g- L1 97.6 13.88 [119]
Dimetiyl Lay03/SiOy-FesOy 98.1
phthalate PrO11/Si0O,-Fe30y 98.4
. C.
V-ALO, ] 100/25; 46 (TOC) <; 15 [120]

75 (COD) 4
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Table 2. Cont.
o\
Substrate Catalysts/Co-Oxidants Operating Conditions * Remo(‘r/;iln()/i):Tlme 03/52 Ref.
RuO, /Al O3 /microwave [Catalyst] =10 g-L~1 100% - [121]
Ce/SBA-15 - 88.7/60 6250 [122]
UV/TiO, - 89.9 (TOC) © 4688 [123]
Dimethyl- -
phthalate UV/TiOy-y-Al,O3 - 90-100 0.005 [124]
Fe/SBA-15 - 90-100 52 [125]
Ru-Al,03/0; - 100% 172.14 [126]
0O3/UV/03/zeolite _ 1 o
7SML5 [Catalyst] =4 g-L >98% 0.25 [127]
Reactive Blue 19 Co304/Carbon aerogel 99/5 0.054 [128]
Methylene Blue Fel- MWCNt © O‘% fi‘;ilg’s:t :;)Zl/ 89 (TOC) © /125 4167 [129]
. O3/ catalyst mol/ 94.1/40; 48.1
Acid Orange II MgFe, Oy Wt ratio = 0,084 (TOC) © /160 3.0 [113]
Orange II Mo 100/20; - [114]
Basic Blue 3 Plasma treated magnetites O%tciiilzs_t 181?()) l/ 93.47/15 3.12 [115]
A O3/ catalyst mol/ >96/30; 57 (COD)
b 3 y
Basic Violet 3 Fe/AC Wt ratio = 0.062 d 790 2.57 [130]
Pyrite cinder (PyC - 17.39
Reactive Black 5 yrite cinder (PyC) _ [131]
Ce-PyC - 42.12
. O3/ catalyst mol/ 90/20; 70 (COD) 4
Acid Red B Fe-Cu Wt ratio = 0.15 /60 2.08 [132]
Remazol Black 5 Iron-Silica O‘f\//t C}:;gitomz%l/ 70 (TOC) € /90 416 [133]
Iron silicate/FeOOH - 99.8/15 0.99 [134]
p-Chloro- MnO;-based catalysts - 51.7-68.0 0.032 [117]
nitrobenzene
- 99.3/15; 51.2 —6
Zn-Cu/silicate-polymer - (TOC) € /15 2x10 [135]
Chlorob ) Fe304-Al,05 - 100/30 233.75 [113]
-Chlorobenzoic
T d Fe,O3/Zeolite MCM-41 O3/ catalyst mol/ 91.7/5; 8.6 165.23 [114]
23 Wt ratio = 1.76 (TOC) € /60 :
Sulfosalycilic acid CeO,/MnO, - 100 (TOC) € /30 0.44 [136]
Thymol Fe304-Si05-Yb,03 - 92/30 44.78 [137]
Ethylbenzene 60/60
chlorobenzene, (O3] = 25 L1 19.9/60 [138]
FeSO 3lp = <o mg 4
1-Cl-2-methyl2- e [Catalyst] = 0.08 mmol L1 90,60 39.1 %10
butene
Naphthalene 85.3/60
98.5/60; 69.8
b _ ;
Phenol Fe;04 /AC (COD) < /240 7.75 [139]
— — 1 - C
p-Nitrophenol Mn-Co-Fe oxide 95 (TOC) € /60 0.098 [140]
Fe®, MnO,, Al,O3 - 89.5 (COD) 4 /60 0.045 [141]
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Table 2. Cont.

Removal (%)/Time

Substrate Catalysts/Co-Oxidants Operating Conditions * (min) ** 03/52 Ref.
s O3/ catalyst mol/
o_ - -
Oxalic Acid Fe®-SBA-15-like silica Wt ratio = 60.7 86.6/60 93.98 [115]
FeOOH - 54/30 28.0 [116]
Sulfamethazine Ce(.1Feg9gOOH - 42.1% 0.075 [142]
Phenacetin CuFe; 0y - 95/30 min 0.00018 [143]
Acetaminophen MgO - 94% /30 min 0.0009 [144]
Wavelength 300 nm
2+ g
Fe=* /UV [Catalyst] = 0.25 mM 97/10 1.0 [145]
Ibuprofen Al,O5 - 8.6-13/30 - [146]
100/9 min; 90
-FeOOH/Al,O3 - (TOC) € /40 - [147]
CeO, / Activated carbon, - 58 {;g%;?b _
[148]
33/180; 55.9
e _ 4 -
CeO, /MWCN't (TOC) ©
Sulfamethoxazole Co%*-montmorillonite 97 (COD) 4
Ni?*-montmorillonite Fully ion-exchanged Mt. 95 (COD) 4
. . Metal(IT)-Mt [Catalyst] =:
2+ _ d f
Cu*t-montmorillonite 191 g L1 Concentration = 92 (COD) 0.21/0.30 [60]
Na*-montmorillonite 3 x 10~* M; initial, pH 2.88 85 (COD) d
Fe?*-montmorillonite 98-100 (COD) 4
Phenazone + 0 . 400
Diphenhydramine- Fe-Co/ZrO, - 60% PZ/40; 40% - [149]
DP
HCl1
Ethynyl-estradiol +
Sulfamethoxazole Co304/Al,03 - 100%/10 - [150]
+ diclofenac
Diclofenac TiO, /UV-A - 100; 80 (TOC) © - [151]
2-Ethylhexyl-trans-
4- TiO, - 20/15 - [152]
methoxycinnamate
pH=738;
Oil refining b [Catalyst] =5 gL~} d
wastewater Fe(NO3)3/AC [OsTp=10 gL 33.7(COD) ¢ /60 2.0 [153]
Flow rate = 45 L-h ™1
Omethoate
Fe(Ill)/ACP - 50/120 9.0 [154]
CsH1,NO4PS
Chloronitrobenzene Iron silicate/ FeOOH - 99.8/15 0.99 [134]
Aniline FeSO, - 84/60 39.1 x 107%  [138]
_Fe- _ d
Organic matter Mn-Fe-Cu/Al,O3 67.1 (COD) ¢/60 378.16 [155]
Fe(NO3)3/ACP - 33.7 (COD) ¢ /60 607.09 [153]

2 G: substrate or organic molecule. O3/S molar: Ozone/substrate mole ratio. ® AC: activated carbon. ¢ TOC:
total organic carbon measurements. ¢ COD: Chemical Oxygen Demand measurements. ¢ MWCNt: Multi Wallet
Carbon Nano-Tubes. 03/5 molar/time: Ozone/substrate mole ratio per minute. * O3/ catalyst Wt. ratio. ** Some
data related to the removal rate (%)/time (min) are completed by additional value of the COD or TOC elimination
rate in brackets.



Molecules 2024, 29, 5108

12 of 27

Metal oxides such as MnO, [156] and titania (TiO;) [157-160], alumina-supported
TiO, [117,123,124,161] and TiO, in combination with activated carbon [161] were found to
show appreciable catalytic activity in oxidative processes. Metal oxides’ surface properties
have already been found to play significant roles in catalytic ozonation processes [162,163].
FeOOH is particularly interesting as a catalyst in the ozonation of many organic pollutants
without necessarily resulting in high removal rates [114,134,142,147,164-169]. The catalytic
activity was mainly explained in terms of its higher capacity to generate and convert HO, ~
ions into hydroxyl and superoxide ion radicals in the vicinity of the catalyst surface.

Total mineralization of organic molecules can be achieved through ozone synergy
with other oxidizing species (hydrogen peroxide, ultraviolet radiation, catalysts and/or
promoting agents) [60]. Ozonation may also be activated with ultrasounds or microwaves,
metal oxides, clays minerals, zeolites, activated carbons and metal oxides as produced
or after suitable modifications [84,170-173]. The issue related to the low ozone solubility
in aqueous media has often been tackled by using solid surfaces that promote adsorp-
tion [2,59,60,84,90,102]. In this regard, the effective elimination of organic pollutants has
already been reported in the presence of oxides or clay minerals in aqueous media at
adequate pH levels [2,59,60,92,174-179]. Solid catalysts such as FeOOH [142,147], bare
and Co304-modified alumina [131,133,135,150,163,180-187], ceria-loaded activated car-
bon [148,188,189] and titania [151,152,190-193] display catalytic activity mainly based on
the key contributions of multiple surface interactions and adsorption.

6. Iron and Solid Catalysts” Effects on Ozone Consumption

Unless achieved with already-dissolved ozone in water, ozonation with or without
catalysts is, by itself, a heterogeneous processes even when using dissolved catalysts to
improve efficiency and ultimately lead to the total mineralization of the organic com-
pounds [194]. Even in the presence of dissolved cations such as Fe(II), Mn(II), Ni(II), Co(Il),
Cd(I), Cu(ll), Ag(I), Cr(IIl) and Zn(II), ozonation cannot be regarded as homogeneous since
this process is triggered by ozone bubbling with gas-liquid diffusion hindrance acting as a
kinetic-controlling step [195]. In addition, pH fluctuations may generate metal hydroxides
that contribute through additional liquid—solid interfaces.

Iron is particularly interesting not only for its catalytic efficiency, as reported in several
publications (Table 2), but also for its large occurrence in most natural media and lower
toxicity compared to the other metal cations investigated so far. Among iron forms, the
Fe?* cation is probably the most reactive, and can be chelated by trace amounts of oxalates
into even more reactive species [2,90,196].

Short-chain acids, aldehydes and peroxides can also generate Fe?* complexes [2,5,84,197,198].
That is why the addition of oxalic acid turned out to be effective in enhancing various
oxidative processes [60,92,169,199-201]. The free Fe?* cation displays a high catalytic
activity in oxidation processes which is even higher in its solid-supported forms. For
instance, total COD removal could be achieved through a relatively short ozonation of
sulfamethoxazole within 20 min in the presence of FeZ* montmorillonite [60]. This was
explained in terms of a synergy between the pH, Fe?* cations and the clay surface.

Supported metal cations and nanoparticles along with insoluble solid catalysts such
as metal oxides turned out to be interesting alternatives to free metal cations. They serve to
prevent the accumulation of water and promote the contribution of the adsorption or at least
the concentration of ozone in the surface’s vicinity, particularly for addressing the issue of
ozone low solubility [174,202,203]. This beneficial effect of solid catalysts is reflected by their
lowest ozone consumption combined with highest substrate removal rates, as illustrated
by the lowest-to-highest substrate molar ratios of 0.045 for Fe® particles, MnO,, Al,O3,
0.098 for Mn—Co-Fe oxide, 0.99 for iron silicate/FeOOH and 0.29 for Fe;0, /MWCNt
and NiFe,;O4. Other low O3/S ratios were also observed for Fe,(SO,)3, HyO, /Fe/U and
H,0,/Fe/TiO,/UV in the ozonation of terephthalic acid (0.625) or for Fe?*/UV in that of
ibuprofen (1.0), but the effect of the molecular structure and of the contribution of the UV
radiation must also be considered.
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Metal oxides such as alumina [120,141,146,150,164,181], MnO, [136,141,204,205],
TiO, [115,117,123,124,151,152,158,160,161,191,192], FeOOH [114,142,147,164-166] and
ZnO [206], metals like Cu, Pt, Co [207,208]) on solid supports such as TiO,, SiO,, CeO,,
Al,O3, activated carbons (AC) [209,210], mixed metal oxides [132,140,147,149,155,211],
clays and clay minerals [60,209,212], metal-modified zeolites and modified and carbon-
based materials [114,116,127,130,139,148,153,154,213-216] have become conventional solid
catalysts for AOPs. Among these, alumina is currently one of the most investigated cat-
alysts after being first regarded as ineffective [217], particularly in the degradation of
hydrocarbons [92,218]. A judicious approach towards investigating the effect of the struc-
ture of the solid catalyst resides in comparing their performances for a given organic
substrate, as illustrated by the example of dimethyl-phthalate (DMP) (Table 2). It is worth
emphasizing that catalyst effectiveness cannot be evaluated only through ozone consump-
tion, due to the effects of the physicochemical properties of the surface and textural features
of the particle bulk. For instance, Co304/Mesoporous carbon aerogels and Fe’-multi-
walled carbon nanotubes are supposedly highly porous catalysts with, however, fairly
opposite performances in ozonation processes.

The effects of iron in nature are completely different from those of aluminum, copper
or other metals, being essential for the global carbon cycle, not only as a catalyst in the redox
processes but also a micronutrient for many species, particularly in marine biogeochemical
cycles [219]. Iron is paramount for the human body and animals, being the core of blood
hemoglobin in the form of an Fe?" cation complex. The latter results from a chelating effect
of five or six nitrogen atoms in a protein chain depending on the lack or capture of an
oxygen molecule. Oxygen is captured without Fe?* oxidation thanks to a protecting sterical
effect of the protein hexadentate chelating site, thereby compensating for the weak solubility
of oxygen in the blood plasma. In addition, iron deficiency is a cause of many human
health issues including anemia, while an overdose of iron may enhance risks of hepatitis,
cancer, etc. [220]. In nature and in foods, iron occurs in optimum concentrations, but the
use of iron in oxidative treatments of waters like in Fenton processes may increase the
iron contents, thereby imposing additional steps for iron removal. In ozonation processes
catalyzed by aluminosilicates and soil-inspired materials, the iron content is limited by the
cation exchange capacity (CEC). The latter has values in the same order of magnitude as
natural media such as soils and aqueous clay suspensions, allowing such processes to be
regarded as completely safe and harmless.

7. Soil-Inspired Materials for Ecofriendly Remediation

Comparatively, soils are probably a less investigated media in terms of pollution pre-
vention and the environmental remediation of organic pollutants. This is merely due to the
instinctive approaches to tackling this issue being water pollution and post-pollution treat-
ment and by assuming the efficacy of the non-demonstrated concept of self-regeneration in
sufficient time when dealing with organic compounds. This last assumption has scarcely
and barely been tackled through attempts to correlate the persistence of organic pollutants
and their ecotoxicity to the presence and type of dispersed aluminosilicates in natural host
media [18-20,24]. These attempts confirmed the key roles of not only soil self-regeneration
using bacteria but also the adsorptive and catalytic properties of cationic clay minerals in
oxidative processes, which in turn, appear to be governed by the types and distribution
of the different interactions occurring between the pollutant and aluminosilicate surface
(Scheme 4).

The clay fraction in soils and aqueous clay suspensions is probably the most important
factor in organic pollutant capture and decomposition. Many works have demonstrated that
the mere presence of clay minerals significantly improves the oxidative decomposition of a
variety of organic molecules with respect to clay-free ozonation media and that adsorption
has a marked contribution [2,20,59,60,84,92,175-178,221].
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Organic pollutants adsorb onto clay minerals through various ways involving in-
duced dipoles, electrostatic, hydrophobic-hydrophilic and /or Lewis acid—base interactions.
Adsorption via electrostatic interactions (ion-exchange) takes place only for organic pollu-
tants bearing exchangeable groups or moieties that acquire charges through protonation—
deprotonation processes, which are pH-dependent.

No ozonation mechanisms have been established so far due to the difficulty of inves-
tigating the ozonation kinetics on solid surfaces, other than some attempts to provide a
possible reaction scheme for ozone on a solid surface [2]. Scheme 4 shows that the adsorp-
tive ability of aluminosilicates significantly contributes to their catalytic properties through
the types and distribution of surface interactions with the organic pollutant.

Soils may promote not only oxidative processes at the interface with the atmosphere
or oxygenated aquatic media, but also reductive transformations in deeper oxygen-poor
layers. The presence of cations, more particularly Fe?*, was found to improve the catalytic
activity of clay minerals such as montmorillonite or of SBA-like porous silica and others
in the oxidative degradation of diverse organic pollutants such as drugs and organic
dyes [24,59,60,84,92,176,178,179,221,222]. Most of these works and others [175,177,179]
demonstrated the key role of the silica fraction in catalytic activity through its adsorptive
properties and surface charge changes due to pH fluctuations. This finding is of great
importance because it provides clear evidence that silica in soils must behave similarly and
that silica-containing soils are capable of total self-regeneration within a reasonable amount
of time in the case of slower contamination with such species. Consequently, they appear
to be interesting catalytic media for the ecofriendly degradation of organic pollutants.

Pesticides can be degraded by different soil microorganisms [223-227]. Many fungi
and bacteria are known to even mineralize some pesticides in soils [228], but care should
be taken when dealing with partial decomposition since some derivatives can be more
ecotoxic than the parent molecules. Furthermore, the incorporation of fertilizers, nutrients,
soils conditions and others for soil amendment is expected to alter the soil’s capacity
for the adsorption, migration and biodecomposition of pesticides. This is why a deep
knowledge of soil’s physical and chemical behavior and more particularly that of the
aluminosilicate fraction is an essential requirement to design an effective technique that
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allows for achieving the total natural elimination of the organic pollutant both in wet soils
and in aqueous suspensions.

Organic air pollutants have a weaker impact on soils due to their lower concentrations
compared to dissolved or dispersed organic molecules. The latter can significantly affect
the normal physico-chemistry of soils and negatively impact biodiversity with direct
and/or indirect effects on human health. Soils are directly polluted by the spread of
pesticides and contact with contaminated wastewater or aquatic media. Consequently,
soil pollution prevention and remediation are closely related to the impregnating liquids,
particularly water.

8. Aluminosilicate-Based Catalysts

Porous crystalline aluminosilicates include cationic clay minerals with expandable
2D layered structures and zeolites with 3-D rigid scaffolds of SiO4 and AlOy4™ tetrahedra
connected by oxygen atoms [229]. Unlike clay minerals whose porosity varies according
to the size of the entrapped species and hydration levels even up to total exfoliation
and delamination, the zeolites frameworks display constant microporosity with a pore
aperture close to the molecular size of monoaromatic hydrocarbons [2]. Such a porosity
allows the diffusion of only small molecules such as monoaromatic hydrocarbons and
their functionalized counterparts, e.g., phenol and p-benzoquinone [60,230]. So far, a
wide variety of porous silicas, metal silicates and aluminosilicates including clay minerals,
zeolites and their modified counterparts have been investigated in ozonation processes
targeting organic pollutants elimination from waters; some of these are illustrated in Table 3.

However, both types of aluminosilicates display similar surface acid—base proper-
ties, a hydrophilic character on negatively charged surface and a hydrophobic behav-
ior on silica-rich islands that make them suitable adsorbents for organic pollutants in
wastewater [2]. The density of their surface charges and subsequently their silica-to-
alumina ratio (S5iO,/Al,O3) determine their cation-exchange capacity (CEC), acid-base
properties, hydrophilic-hydrophobic tendencies and adsorption capacity [184,231,232].
Low SiO,/Al;O3 ratios promote a hydrophilic character and an affinity towards polar
molecules. High 5i0, / Al,O3 ratios favor hydrophobicity instead, with an increased affinity
towards non-functionalized organic molecules [232]. This was found to have a beneficial
effect on the ozonation of organic pollutants [92,175,177,179]. In addition, silica-rich zeolite
ZSM 5 was already reported to show an even higher hydrophobic character and catalytic ac-
tivity in the oxidation of small size molecules [127,230,233-239] compared to other zeolites
such as H-Beta, H-Mordenite and H-USY [240].

Table 3. Some examples of organic pollutant ozonation catalyzed by silicas and aluminosilicates.

Substrate

Catalysts/Co-Oxidants Removal (%)/Time (min) Ref.

Methylene-blue, methyl-green,
methyl-orange, methyl-thymol-blue

Acid-activated bentonite
Na*-montmorillonite 100/5 [178]
FeZ*-montmorillonite

Methylene-blue 99/.40 S fnot .total

Montmorillonite type K10 mineralization) [221]
Malachite-green 95/40's
17o-ethynylestradiol FeZ*-montmorillonite 96/1 [176]
17x-ethynylestradiol SBA-15, SBA-16, MCM._A.H MCM-48 100 [177]
mesoporous silica

Sulfamethoxazole, phenol FeZ*-montmorillonite 100/10 [60]
Orange-G Hematite/SBA-16 100/5 [92]
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Table 3. Cont.
Substrate Catalysts/Co-Oxidants Removal (%)/Time (min) Ref.
Diazinon 100/30
Diclofenac sodium Na*-montmorillonite 100/10 [24]
Bisphenol A Acid-activated bentonite 90/30 [20]
Phenol (Al-Fe)-pillared clay 100/25 [241]
Xylene 28.2/60
Tolnene Cu/Al-pillared clay 265/60 [242]
Nitrobenzene MnOy-/MCM-41 silica 88.9/10 [243]
Ce/SBA-15; SBA-15 88.7/60 [122]
Dimethyl phthalate Fe®/SBA-15-like silica 90-100 [125]
Zeolite ZSM-5 >98 [127]
Remazol Black 5 Iron-Silica 70 (TOC) 2/90 [167]
p-Chloronitrobenzene Iron silicate/FeOOH 99.8/15 [102]
p-Chlorobenzoic acid Fe, O3 /MCM-41-like silica 91.7/5; 88.6 (TOC) 2/60 [244]
Co%*-montmorillonite
FeZ*-montmorillonite 100715 1591
Oxalic Acid
Fe®-SBA-15-like silica 86.6/60 [245]

2 TOC: total organic carbon measurements.

In addition, silica islands on aluminosilicates exhibit Brdnsted acidity through their
silanol groups that undergo deprotonation at pHs higher than 5.6 [246] and Lewis basicity
via the free electron pairs of lattice oxygen atoms in their siloxy groups (=035i-O-5i03=).
Both types of acidity of aluminosilicates seem to contribute to ozone adsorption and
decomposition in water [233,247].

In the presence of alumina, silica and their combination as aluminosilicates, the pH
is a key factor that determines the adsorption of the reactant, the catalytic properties and
the desorption of the intermediates/products. On aluminosilicates, silanol’s behavior is
strongly dependent on the pH of the impregnating media in the same manner as this occurs
in natural clay-containing media. In ozonation processes catalyzed by alumina or zeolites,
the pH of a solution even appears to determine the ozone consumption [248]. This is due
to the fact that ozone acts differently at different pH values, i.e., direct and predominant
attacks on molecular ozone under acidic conditions (pH < 4) and mainly via hydroxyl
radicals beyond neutral pH [104,249]. Progressive ozone dissolution and pH fluctuations
during ozonation are expected to strongly influence the catalyst activity and its interactions
in aqueous media by modifying the prevalence of a specific action of ozone at the expense
of another one [2,59,60,84,131,146,179,250]. In addition, the pH level should also influence
most of the surface interactions of aluminosilicates in aqueous media including cation ex-
change. These interactions are known to be responsible for ozone adsorption on the surface
and for the catalytic oxidation of the organic pollutants [233,251]. The hydration grade of
zeolite seems to modulate the mobility of the exchangeable cation [252,253]. This cation
mobility appears to be an essential requirement for effective oxidation of organic pollutants,
as has already been reported for Fe2+'exchanged aluminosilicates [59,60,84,92,209].

When released on soils or in surface wastewater, organic pollutants are rapidly exposed
to oxygen, sunlight radiation and oxidizing species including microorganisms. Previous
works already demonstrated that aluminosilicates and, more specifically, clay minerals
behave as soils particles and aqueous clay suspensions that enhance the oxidizing processes
with almost similar intermediates and end chain products as those produced in natural
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media [18-20,24]. However, the use of microorganisms in remediation has always been
subject to controversy due to the need for a large surface and a large amount of water,
making it to difficult control process parameters and leading to an unavoidable impact on
the environment. Among many attempts, except a few micro-organisms such as mixed
microflora [226], fungal strains [227], B. thiooxidans and S. paucimobilis [254], the elimination
rate of some pesticides scarcely reached 50-75% after 3-20 days [224,255-257]. A judicious
design of green technology for ecofriendly remediation should adapt the most adequate
oxidizing agents to the host media (microorganisms in natural media or ozone in water
treatment facilities) and correlate the type of aluminosilicate to be used as the catalyst with
the pollutant type and concentration and pH of the wastewater to be treated [2].

9. Conclusions

In conclusion, it appears that one of the major requirements for the implementa-
tion of the so-called concept of sustainable development resides in designing zero-waste
technologies with no irreversible impact on the environment. This includes the issue of
persistent organic pollutants. Given the failure of most oxidative treatments in achieving
total mineralization of organic pollutants within a reasonable processes time and with a
reasonable energy consumption, a new strategy is now arising through a trend to design
green technologies that mimic the degradation processes occurring in nature. The use of
ozone and clay minerals recently turned out to be a judicious combination for achieving
eco-friendly oxidative processes with total depletion of all organic intermediates and trace
amounts of harmless oxides. This was justified by the fact that ozone produces mostly
similar intermediates and end-chain products regardless of the organic molecules as natu-
ral oxidative process occurring in clay-rich soils and aqueous clay suspensions. This can
only be achieved through deep knowledge of the clay catalysts’ structures and surface
interactions in correlation with the organic pollutant’s behavior in aqueous media. Advanc-
ing knowledge in this regard led to the conclusion that any aluminosilicate can display
adequate acid-base properties and hydrophilic character at specific pH levels. These two
conditions allow for the promotion of optimum adsorptive and catalytic properties for the
capture and total degradation of a given organic molecule and its derivatives at a specific
minimum time. Despite the fast and total disappearance of most organic pollutants in less
than an hour, the lack of total mineralization is the cause of the persistence of intermediates
with an unavoidable negative impact on biodiversity.

In addition, the presence of ion-exchangeable sites favors cation mobility in the vicinity
of a solid surface, which turned out to be an essential requirement for achieving effective
ozonation. Silica-rich islands on an aluminosilicate surface exhibit a beneficial organophilic
character and available electron pairs on the lattice oxygen that promote, respectively,
hydrophobic and Lewis acid-base interactions with organic molecules. Silanol can pro-
tonate or deprotonate, inducing variable negative charges that control the aggregation
or dispersion of the solid particles and subsequently the extent of the adsorption surface
according to the pH in the liquid media. The latter is also expected to determine the
acid-base properties of functionalized organic molecules and their adsorption via elec-
trostatic interactions according their pKa. Therefore, the aluminosilicate particles in soils
and aqueous suspensions should display a variety of interactions, whose distribution can
improve their adsorption and/or catalytic features in the oxidative degradation according
to the targeted organic pollutant. This appears to be a common behavior of zeolites and
clay materials, the latter offering additional advantages related to their natural availability
and expandable structure that allow the diffusion and adsorption of a wider variety of
organic substrates.

This work contributes to advancing knowledge on the behavior of organic pollutants
in clay-containing media. The acid-base properties of aluminosilicates surface play a key
role in their dispersion in aqueous/wet media and their catalytic activity in the oxidative
degradation of organic pollutants. A deep understanding of the aluminosilicate—organic
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substrate interaction allows for their persistence to be predicted according to their molecular
structure, contact time and the type of clay-containing media.

The ozone/clay catalyst combination appears to be a judicious nature-inspired ap-
proach that simulates accelerated natural oxidative degradation processes for organic
molecules. This process could even lead to total remediation, when the kinetics of these nat-
ural processes are taken into account and if the amount of catalyst and pH are correlated to
the amount and molecular structure of the organic substrate. Knowledge of the influences
of the clay structure and composition provide valuation information for understanding the
self-regeneration capacity of clay-containing natural media. The wide variety of organic
pollutants could partly justify the lack of clear strategies in green industrial technology
sharing common wastewater treatment facilities downstream. Economic reasons exclud-
ing any environmental considerations and long-term sustainable development are the
main obstacles in this regard. Clay-catalyzed ozonation still remains a viable technique
in at least some steps in water treatments notwithstanding that the implementation of
ozonation-based processes for water treatment is still facing major obstacles. The latter
reside mainly in a relatively high energy consumption for ozone production, corrosivity for
metals and unavoidable oxidation of bromide into bromate, more particularly in drinking
water. Bromate appears to be a potential source of cancer for humans according to some
tests on rats. The issues related to hypothetical complexity of ozonation devises/ozone
generator and ozone toxicity seem to be less problematic than those induced by chlorine
and other oxidizing agents including Fenton reagents.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pezeshki, S.R.; DeLaune, R.D. Soil oxidation-reduction in wetlands and its impact on plant functioning. Biology 2012, 1, 196-221.
[CrossRef] [PubMed]

2. Shahidi, D,; Roy, R.; Azzouz, A. Advances in catalytic oxidation of organic pollutants—Prospects for thorough mineralization by
natural clay catalysts. Appl. Catal. B Environ. 2015, 174, 277-292. [CrossRef]

3. Ribeiro, A.R.; Nunes, O.C.; Pereira, M.ER.; Silva, AM.T. An overview on the advanced oxidation processes applied for the
treatment of water pollutants defined in the recently launched Directive 2013/39/EU. Environ. Int. 2015, 75, 33-51. [CrossRef]
[PubMed]

4. Azzouz, A.; Mirila, D.; Nistor, 1.D.; Boudissa, F; Roy, R. (Eds.) Chapter 1: Advances in the Oxidative Degradation of Organic Pollutants:
Prospects for Catalyzed Oxidation Processes Targeting Total Mineralization; Nova Science Publishers: New York, NY, USA, 2019;
Volume 49, p. 235.

5. Azzouz, A.; Hausler, R.; El-Akhrass, M. Chapter 17—Pesticides and removal approaches. In Sorbents Materials for Controlling
Environmental Pollution; Nufiez-Delgado, A., Ed.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 435-462. [CrossRef]

6. Mnif, W.; Hassine, A.LH.; Bouaziz, A.; Bartegi, A.; Thomas, O.; Roig, B. Effect of endocrine disruptor pesticides: A review. Int. .
Environ. Res. Public Health 2011, 8, 2265-2303. [CrossRef] [PubMed]

7. Maier-Bode, H. Properties, effect, residues and analytics of the insecticide endosulfan. In Residue Reviews/Riickstands-Berichte;
Springer: Berlin/Heidelberg, Germany, 1968; pp. 1-44.

8.  Banasiak, L.J.; Van der Bruggen, B.; Schéfer, A.I. Sorption of pesticide endosulfan by electrodialysis membranes. Chem. Eng. .
2011, 166, 233-239. [CrossRef]

9. Patocka, J.; Wu, Q.; Franca, T.C.; Ramalho, T.C,; Pita, R.; Kuca, K. Clinical aspects of the poisoning by the pesticide endosulfan.
Quimica Nova 2016, 39, 987-994. [CrossRef]

10. Munkegaard, M.; Abbaspoor, M.; Cedergreen, N. Organophosphorous insecticides as herbicide synergists on the green algae
Pseudokirchneriella subcapitata and the aquatic plant Lemna minor. Ecotoxicology 2008, 17, 29-35. [CrossRef]

11. Hussain, S.; Arshad, M.; Saleem, M.; Khalid, A. Biodegradation of x-and 3-endosulfan by soil bacteria. Biodegradation 2007, 18,
731-740. [CrossRef]

12.  Karimi, H.; Rahimpour, A.; Shirzad Kebria, M.R. Pesticides removal from water using modified piperazine-based nanofiltration
(NF) membranes. Desalination Water Treat. 2016, 57, 24844-24854. [CrossRef]

13.  Solomon, K.R.; Baker, D.B.; Richards, R.P,; Dixon, K.R.; Klaine, S.J.; La Point, T.W.; Kendall, R.J.; Weisskopf, C.P.; Giddings, ].M.;
Giesy, ].P. Ecological risk assessment of atrazine in North American surface waters. Environ. Toxicol. Chem. Int. ]. 1996, 15, 31-76.
[CrossRef]

14. Zadaka, D.; Nir, S.; Radian, A.; Mishael, Y.G. Atrazine removal from water by polycation—clay composites: Effect of dissolved

organic matter and comparison to activated carbon. Water Res. 2009, 43, 677-683. [CrossRef] [PubMed]


https://doi.org/10.3390/biology1020196
https://www.ncbi.nlm.nih.gov/pubmed/24832223
https://doi.org/10.1016/j.apcatb.2015.02.042
https://doi.org/10.1016/j.envint.2014.10.027
https://www.ncbi.nlm.nih.gov/pubmed/25461413
https://doi.org/10.1016/B978-0-12-820042-1.00019-5
https://doi.org/10.3390/ijerph8062265
https://www.ncbi.nlm.nih.gov/pubmed/21776230
https://doi.org/10.1016/j.cej.2010.10.066
https://doi.org/10.5935/0100-4042.20160102
https://doi.org/10.1007/s10646-007-0173-x
https://doi.org/10.1007/s10532-007-9102-1
https://doi.org/10.1080/19443994.2016.1156580
https://doi.org/10.1002/etc.5620150105
https://doi.org/10.1016/j.watres.2008.10.050
https://www.ncbi.nlm.nih.gov/pubmed/19038414

Molecules 2024, 29, 5108 19 of 27

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.
29.
30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Popov, VH.; Cornish, P.S.; Sun, H. Vegetated biofilters: The relative importance of infiltration and adsorption in reducing loads of
water-soluble herbicides in agricultural runoff. Agric. Ecosyst. Environ. 2006, 114, 351-359. [CrossRef]

Klementova, S.; Hornychova, L.; Sorf, M.; Zemanova, J.; Kahoun, D. Toxicity of atrazine and the products of its homogeneous
photocatalytic degradation on the aquatic organisms Lemna minor and Daphnia magna. Environ. Sci. Pollut. Res. 2019, 26,
27259-27267. [CrossRef] [PubMed]

Ahmad, A,; Tan, L.; Shukor, S.A. Dimethoate and atrazine retention from aqueous solution by nanofiltration membranes. J. Hazard.
Mater. 2008, 151, 71-77. [CrossRef] [PubMed]

Benghaffour, A.; Dewez, D.; Azzouz, A. Correlation of pesticide ecotoxicity with clay mineral dispersion effect on adsorption and
ozonation—An approach through impact assessment on Lemna minor. Appl. Clay Sci. 2023, 241, 107001. [CrossRef]
Benghaffour, A.; Azzouz, A.; Dewez, D. Ecotoxicity of Diazinon and Atrazine Mixtures after Ozonation Catalyzed by Na+ and
Fe2+ Exchanged Montmorillonites on Lemna minor. Molecules 2023, 28, 6108. [CrossRef]

Foka Wembe, E.N.; Benghafour, A.; Dewez, D.; Azzouz, A. Clay-Catalyzed Ozonation of Organic Pollutants in Water and Toxicity
on Lemna minor: Effects of Molecular Structure and Interactions. Molecules 2023, 28, 222. [CrossRef]

Wang, D.; Xu, H,; Ma, J.; Lu, X,; Qj, J.; Song, S. Strong promoted catalytic ozonation of atrazine at low temperature using
tourmaline as catalyst: Influencing factors, reaction mechanisms and pathways. Chem. Eng. . 2018, 354, 113-125. [CrossRef]
Errami, M.; El Mouden, O.; Salghi, R.; Zougagh, M.; Zarrouk, A.; Hammouti, B.; Chakir, A.; Al-Deyab, S.; Bouri, M. Detoxification
of bupirimate pesticide in aqueous solutions by electrochemical oxidation. Der Pharm. Chem. 2012, 4, 297-310.

Mount, M.E.; Oehme, EW. Carbaryl: A literature review. In Residue Reviews: Residues of Pesticides and Other Contaminants in the
Total Environment; Springer Nature: Berlin/Heidelberg, Germany, 1981; pp. 1-64.

Benghaffour, A.; Foka-Wembe, E.-N.; Dami, M.; Dewez, D.; Azzouz, A. Insight in natural media remediation through ecotoxicity
correlation to clay catalyst selectivity in organic molecule ozonation. Dalton Trans. 2022, 51, 4366-4376. [CrossRef]

Babers, FH. The solubility of DDT in water determined radiometrically. . Am. Chem. Soc. 1955, 77, 4666. [CrossRef]

Saka, M. Developmental toxicity of p,p’-dichlorodiphenyltrichloroethane, 2,4,6-trinitrotoluene, their metabolites, and
benzo[a]pyrene in Xenopus laevis embryos. Environ. Toxicol. Chem. 2004, 23, 1065-1073. [CrossRef] [PubMed]

Diez, M. Biological aspects involved in the degradation of organic pollutants. J. Soil Sci. Plant Nutr. 2010, 10, 244-267. [CrossRef]
Giacomazzi, S.; Cochet, N. Environmental impact of diuron transformation: A review. Chemosphere 2004, 56, 1021-1032. [CrossRef]
Wypych, A.; Wypych, G. Databook of Biocides; Elsevier: Amsterdam, The Netherlands, 2015; p. 464.

Haag, W.R.; Yao, C.D. Rate constants for reaction of hydroxyl radicals with several drinking water contaminants. Environ. Sci.
Technol. 1992, 26, 1005-1013. [CrossRef]

Liu, C.; Qiang, Z.; Tian, F; Zhang, T. Photodegradation of etridiazole by UV radiation during drinking water treatment.
Chemosphere 2009, 76, 609-615. [CrossRef]

Barbusiriski, K.; Filipek, K. Use of Fenton’s reagent for removal of pesticides from industrial wastewater. Pol. J. Environ. Stud.
2001, 10, 207-212.

Liu, S.; Cui, T;; Xu, A.; Han, W.; Li, J.; Sun, X,; Shen, J.; Wang, L. Electrochemical treatment of flutriafol wastewater using a novel
3D macroporous PbO; filter: Operating parameters, mechanism and toxicity assessment. J. Hazard. Mater. 2018, 358, 187-197.
[CrossRef]

Sikorski, L.; Baciak, M.; Be$, A.; Adomas, B. The effects of glyphosate-based herbicide formulations on Lemna minor, a non-target
species. Aquat. Toxicol. 2019, 209, 70-80. [CrossRef]

Morillo Gonzalez, E.; Undabeytia Lopez, T.; Maqueda Porras, C.; Ramos, B.A. Glyphosate adsorption on soils of different
characteristics. Influence of copper addition. Chemosphere 2000, 40, 103-107. [CrossRef]

Saleh, EY.; Dickson, K.L.; Rodgers Jr, ].H. Fate of lindane in the aquatic environment: Rate constants of physical and chemical
processes. Environ. Toxicol. Chem. Int. ]. 1982, 1, 289-297. [CrossRef]

Croom, E.L.; Shafer, T.].; Evans, M.V.; Mundy, W.R.; Eklund, C.R.; Johnstone, A.F.; Mack, C.M.; Pegram, R.A. Improving in vitro
to in vivo extrapolation by incorporating toxicokinetic measurements: A case study of lindane-induced neurotoxicity. Toxicol.
Appl. Pharmacol. 2015, 283, 9-19. [CrossRef] [PubMed]

Larkin, D.J.; Tjeerdema, R.S. Fate and effects of diazinon. Rev. Environ. Contam. Toxicol. 2000, 166, 49-82. [PubMed]

Werner, I.; Zalom, E.G.; Oliver, M.N.; Deanovic, L.A.; Kimball, T.S.; Henderson, J.D.; Wilson, B.W.; Krueger, W.; Wallender, W.W.
Toxicity of storm-water runoff after dormant spray application in a French prune orchard, Glenn County, California, USA:
Temporal patterns and the effect of ground covers. Environ. Toxicol. Chem. Int. ]. 2004, 23, 2719-2726. [CrossRef] [PubMed]

Wu, J.; Lan, C.; Chan, G.Y.S. Organophosphorus pesticide ozonation and formation of oxon intermediates. Chemosphere 2009, 76,
1308-1314. [CrossRef]

Mahmoodi, N.M.; Arami, M.; Limaee, N.Y.; Gharanjig, K. Photocatalytic degradation of agricultural N-heterocyclic organic
pollutants using immobilized nanoparticles of titania. J. Hazard. Mater. 2007, 145, 65-71. [CrossRef]

Naushad, M.; ALOthman, Z.; Khan, M.; ALQahtani, N.; ALSohaimi, I. Equilibrium, kinetics and thermodynamic studies for
the removal of organophosphorus pesticide using Amberlyst-15 resin: Quantitative analysis by liquid chromatography—-mass
spectrometry. J. Ind. Eng. Chem. 2014, 20, 4393-4400. [CrossRef]

Mokhtari, P.; Ghaedi, M.; Dashtian, K.; Rahimi, M.R.; Purkait, M.K. Removal of methyl orange by copper sulfide nanoparticles
loaded activated carbon: Kinetic and isotherm investigation. . Mol. Lig. 2016, 219, 299-305. [CrossRef]


https://doi.org/10.1016/j.agee.2005.11.010
https://doi.org/10.1007/s11356-019-05710-0
https://www.ncbi.nlm.nih.gov/pubmed/31321724
https://doi.org/10.1016/j.jhazmat.2007.05.047
https://www.ncbi.nlm.nih.gov/pubmed/17587496
https://doi.org/10.1016/j.clay.2023.107001
https://doi.org/10.3390/molecules28166108
https://doi.org/10.3390/molecules28010222
https://doi.org/10.1016/j.cej.2018.07.032
https://doi.org/10.1039/D1DT04238F
https://doi.org/10.1021/ja01622a067
https://doi.org/10.1897/03-272
https://www.ncbi.nlm.nih.gov/pubmed/15095906
https://doi.org/10.4067/S0718-95162010000100004
https://doi.org/10.1016/j.chemosphere.2004.04.061
https://doi.org/10.1021/es00029a021
https://doi.org/10.1016/j.chemosphere.2009.04.052
https://doi.org/10.1016/j.jhazmat.2018.06.002
https://doi.org/10.1016/j.aquatox.2019.01.021
https://doi.org/10.1016/S0045-6535(99)00255-6
https://doi.org/10.1002/etc.5620010404
https://doi.org/10.1016/j.taap.2014.11.006
https://www.ncbi.nlm.nih.gov/pubmed/25529470
https://www.ncbi.nlm.nih.gov/pubmed/10868076
https://doi.org/10.1897/03-572
https://www.ncbi.nlm.nih.gov/pubmed/15559288
https://doi.org/10.1016/j.chemosphere.2009.04.060
https://doi.org/10.1016/j.jhazmat.2006.10.089
https://doi.org/10.1016/j.jiec.2014.02.006
https://doi.org/10.1016/j.molliq.2016.03.022

Molecules 2024, 29, 5108 20 of 27

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Caliman, FA.; Gavrilescu, M. Pharmaceuticals, Personal Care Products and Endocrine Disrupting Agents in the Environment—A
Review. CLEAN-Soil Air Water 2009, 37, 277-303. [CrossRef]

Tetreault, G.; Bennett, C.; Shires, K.; Knight, B.; Servos, M.; McMaster, M. Intersex and reproductive impairment of two species
wild fish exposed to multiple municipal wastewater discharges in Canada. Aquat. Toxicol. 2011, 104, 278-290. [CrossRef]
Ternes, T.A.; Stumpf, M.; Mueller, J.; Haberer, K.; Wilken, R.D.; Servos, M. Behavior and occurrence of estrogens in municipal
sewage treatment plants—I. Investigations in Germany, Canada and Brazil. Sci. Total Environ. 1999, 225, 81-90. [CrossRef]
[PubMed]

Silva, B.F.d.; Jelic, A.; Lépez-Serna, R.; Mozeto, A.A.; Petrovic, M.; Barcel6, D. Occurrence and distribution of pharmaceuticals
in surface water, suspended solids and sediments of the Ebro river basin, Spain. Chemosphere 2011, 85, 1331-1339. [CrossRef]
[PubMed]

Rose, E.; Paczolt, K.A.; Jones, A.G. The effects of synthetic estrogen exposure on premating and postmating episodes of selection
in sex-role-reversed Gulf pipefish. Evol. Appl. 2013, 6, 1160-1170. [CrossRef] [PubMed]

Kidd, K.A.; Blanchfield, P.J.; Mills, K.H.; Palace, V.P,; Evans, R.E.; Lazorchak, ].M.; Flick, R W. Collapse of a fish population after
exposure to a synthetic estrogen. Proc. Natl. Acad. Sci. USA 2007, 104, 8897-8901. [CrossRef] [PubMed]

Sharpe, R.M.; Skakkebaek, N.E. Are oestrogens involved in falling sperm counts and disorders of the male reproductive tract?
Lancet 1993, 341, 1392-1396. [CrossRef]

Reiss, R.; Mackay, N.; Habig, C.; Griffin, J. An ecological risk assessment for triclosan in lotic systems following discharge from
wastewater treatment plants in the United States. Environ. Toxicol. Chem. 2002, 21, 2483-2492. [CrossRef]

Barber, L.B.; Loyo-Rosales, J.E.; Rice, C.P.; Minarik, T.A.; Oskouie, A.K. Endocrine disrupting alkylphenolic chemicals and other
contaminants in wastewater treatment plant effluents, urban streams, and fish in the Great Lakes and Upper Mississippi River
Regions. Sci. Total Environ. 2015, 517, 195-206. [CrossRef]

Pechere, J.C. Patients” Interviews and Misuse of Antibiotics. Clin. Infect. Dis. 2001, 33 (Suppl. S3), S170-S173. [CrossRef]
Shivaraju, H. Removal of Organic Pollutants in the Municipal Sewage Water by TiO, based Heterogeneous Photocatalysis. Int. ].
Environ. Sci. 2011, 1, 911.

Richardson, S.D. Environmental Mass Spectrometry: Emerging Contaminants and Current Issues. Anal. Chem. 2011, 84, 747-778.
[CrossRef]

Joss, A.; Zabczynski, S.; Gobel, A.; Hoffmann, B.; Loffler, D.; McArdell, C.S.; Ternes, T.A.; Thomsen, A.; Siegrist, H. Biological
degradation of pharmaceuticals in municipal wastewater treatment: Proposing a classification scheme. Water Res. 2006, 40,
1686-1696. [CrossRef] [PubMed]

Klavarioti, M.; Mantzavinos, D.; Kassinos, D. Removal of residual pharmaceuticals from aqueous systems by advanced oxidation
processes. Environ. Int. 2009, 35, 402—417. [CrossRef] [PubMed]

Geissen, V.; Mol, H.; Klumpp, E.; Umlauf, G.; Nadal, M.; van der Ploeg, M.; van de Zee, S.E.A.T.M.; Ritsema, C.J. Emerging
pollutants in the environment: A challenge for water resource management. Int. Soil Water Conserv. Res. 2015, 3, 57-65. [CrossRef]
Shahidi, D.; Roy, R.; Azzouz, A. Total removal of oxalic acid via synergistic parameter interaction in montmorillonite catalyzed
ozonation. J. Environ. Chem. Eng. 2014, 2, 20-30. [CrossRef]

Shahidi, D.; Moheb, A.; Abbas, R.; Larouk, S.; Roy, R.; Azzouz, A. Total mineralization of sulfamethoxazole and aromatic
pollutants through Fe2+-montmorillonite catalyzed ozonation. |. Hazard. Mater. 2015, 298, 338-350. [CrossRef]

Snyder, S.A.; Adham, S.; Redding, A.M.; Cannon, ES.; DeCarolis, J.; Oppenheimer, J.; Wert, E.C.; Yoon, Y. Role of membranes and
activated carbon in the removal of endocrine disruptors and pharmaceuticals. Desalination 2007, 202, 156-181. [CrossRef]
Niquette, P.; Monette, F; Azzouz, A.; Hausler, R. Impacts of Substituting Aluminum-Based Coagulants in Drinking Water
Treatment. Water Qual. Res. ]. Can. 2004, 39, 303-310. [CrossRef]

Yumoto, S.; Kakimi, S.; Ohsaki, A.; Ishikawa, A. Demonstration of aluminum in amyloid fibers in the cores of senile plaques in
the brains of patients with Alzheimer’s disease. J. Inorg. Biochem. 2009, 103, 1579-1584. [CrossRef]

Buraud, F. Alumina contre aluminium et maladie d’Alzheimer: Alumina versus aluminium and Alzheimer’s disease. Rev.
D’homéopathie 2011, 2, 12-16. [CrossRef]

Rhodes, S.L.; Ritz, B. Genetics of iron regulation and the possible role of iron in Parkinson’s disease. Neurobiol. Dis. 2008, 32,
183-195. [CrossRef]

Assaad, E.; Azzouz, A.; Nistor, D.; Ursu, A.V,; Sajin, T.; Miron, D.N.; Monette, F,; Niquette, P; Hausler, R. Metal removal through
synergic coagulation—flocculation using an optimized chitosan-montmorillonite system. Appl. Clay Sci. 2007, 37, 258-274.
[CrossRef]

Pinkston, K.E.; Sedlak, D.L. Transformation of aromatic ether-and amine-containing pharmaceuticals during chlorine disinfection.
Environ. Sci. Technol. 2004, 38, 4019-4025. [CrossRef] [PubMed]

Richardson, S.D.; Plewa, M.]J.; Wagner, E.D.; Schoeny, R.; DeMarini, D.M. Occurrence, genotoxicity, and carcinogenicity of
regulated and emerging disinfection by-products in drinking water: A review and roadmap for research. Mutat. Res./Rev. Mutat.
Res. 2007, 636, 178-242. [CrossRef] [PubMed]

Pablos, C.; Marugan, J.; van Grieken, R.; Serrano, E. Emerging micropollutant oxidation during disinfection processes using
UV-C, UV-C/H,0,, UV-A/TiO, and UV-A/TiO, /H,O,. Water Res. 2013, 47, 1237-1245. [CrossRef] [PubMed]

Dewil, R.; Mantzavinos, D.; Poulios, I.; Rodrigo, M.A. New perspectives for Advanced Oxidation Processes. |. Environ. Manag.
2017, 195, 93-99. [CrossRef]


https://doi.org/10.1002/clen.200900038
https://doi.org/10.1016/j.aquatox.2011.05.008
https://doi.org/10.1016/S0048-9697(98)00334-9
https://www.ncbi.nlm.nih.gov/pubmed/10028705
https://doi.org/10.1016/j.chemosphere.2011.07.051
https://www.ncbi.nlm.nih.gov/pubmed/21880345
https://doi.org/10.1111/eva.12093
https://www.ncbi.nlm.nih.gov/pubmed/24478798
https://doi.org/10.1073/pnas.0609568104
https://www.ncbi.nlm.nih.gov/pubmed/17517636
https://doi.org/10.1016/0140-6736(93)90953-E
https://doi.org/10.1002/etc.5620211130
https://doi.org/10.1016/j.scitotenv.2015.02.035
https://doi.org/10.1086/321844
https://doi.org/10.1021/ac202903d
https://doi.org/10.1016/j.watres.2006.02.014
https://www.ncbi.nlm.nih.gov/pubmed/16620900
https://doi.org/10.1016/j.envint.2008.07.009
https://www.ncbi.nlm.nih.gov/pubmed/18760478
https://doi.org/10.1016/j.iswcr.2015.03.002
https://doi.org/10.1016/j.jece.2013.11.020
https://doi.org/10.1016/j.jhazmat.2015.05.029
https://doi.org/10.1016/j.desal.2005.12.052
https://doi.org/10.2166/wqrj.2004.041
https://doi.org/10.1016/j.jinorgbio.2009.07.023
https://doi.org/10.1016/S1878-9730(11)70055-X
https://doi.org/10.1016/j.nbd.2008.07.001
https://doi.org/10.1016/j.clay.2007.02.007
https://doi.org/10.1021/es035368l
https://www.ncbi.nlm.nih.gov/pubmed/15298214
https://doi.org/10.1016/j.mrrev.2007.09.001
https://www.ncbi.nlm.nih.gov/pubmed/17980649
https://doi.org/10.1016/j.watres.2012.11.041
https://www.ncbi.nlm.nih.gov/pubmed/23276426
https://doi.org/10.1016/j.jenvman.2017.04.010

Molecules 2024, 29, 5108 21 of 27

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Glaze, W.H,; Kang, J.-W.; Chapin, D.H. The Chemistry of Water Treatment Processes Involving Ozone, Hydrogen Peroxide and
Ultraviolet Radiation. Ozone Sci. Eng. 1987, 9, 335-352. [CrossRef]

Ren, L.; Li, G.; Han, Y.C,; Jiang, D.H.; Huang, H.-C. Degradation of oxalic acid by Coniothyrium minitans and its effects on
production and activity of 3-1, 3-glucanase of this mycoparasite. Biol. Control 2007, 43, 1-11. [CrossRef]

Feng, L.; van Hullebusch, E.D.; Rodrigo, M.A ; Esposito, G.; Oturan, M.A. Removal of residual anti-inflammatory and analgesic
pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes. A review. Chem. Eng. J. 2013, 228,
944-964. [CrossRef]

Gogate, PR; Pandit, A.B. A review of imperative technologies for wastewater treatment I: Oxidation technologies at ambient
conditions. Adv. Environ. Res. 2004, 8, 501-551. [CrossRef]

Gogate, PR.; Pandit, A.B. A review of imperative technologies for wastewater treatment II: Hybrid methods. Adv. Environ. Res.
2004, 8, 553-597. [CrossRef]

Ikehata, K.; Gamal El-Din, M. Aqueous Pesticide Degradation by Ozonation and Ozone-Based Advanced Oxidation Processes: A
Review (Part II). Ozone Sci. Eng. 2005, 27, 173-202. [CrossRef]

Joseph, C.G.; Li Puma, G.; Bono, A.; Krishnaiah, D. Sonophotocatalysis in advanced oxidation process: A short review. Ultrason.
Sonochem. 2009, 16, 583-589. [CrossRef] [PubMed]

Serpone, N.; Horikoshi, S.; Emeline, A.V. Microwaves in advanced oxidation processes for environmental applications. A brief
review. . Photochem. Photobiol. C Photochem. Rev. 2010, 11, 114-131. [CrossRef]

Nidheesh, P.V.; Gandhimathi, R. Trends in electro-Fenton process for water and wastewater treatment: An overview. Desalination
2012, 299, 1-15. [CrossRef]

Lopez, A.; Pagano, M.; Volpe, A.; Claudio Di Pinto, A. Fenton’s pre-treatment of mature landfill leachate. Chemosphere 2004, 54,
1005-1010. [CrossRef] [PubMed]

Jelonek, P.; Neczaj, E. The use of Advanced Oxidation Processes (AOP) for the treatment of landfill leachate. InzZynieria Ochr. Sr.
2012, 15, 203-217.

Stasinakis, A. Use of selected advanced oxidation processes (AOPs) for wastewater treatment—A mini review. Glob. NEST ]. 2008,
10, 376-385.

Gottschalk, C.; Libra, J.; Saupe, A. Ozonation of Water and Waste Water: A Practical Guide to Understand Ozone and Its Application;
Wiley-VCH: Weinheim, Germany, 2000.

Azzouz, A.; Kotbi, A.; Niquette, P; Sajin, T.; Ursu, A.V.; Rami, A.; Monette, F.,; Hausler, R. Ozonation of oxalic acid catalyzed by
ion-exchanged montmorillonite in moderately acidic media. React. Kinet. Mech. Catal. 2010, 99, 289-302. [CrossRef]

Iurascu, B.; Siminiceanu, I.; Vione, D.; Vicente, M.; Gil, A. Phenol degradation in water through a heterogeneous photo-Fenton
process catalyzed by Fe-treated laponite. Water Res. 2009, 43, 1313-1322. [CrossRef]

Pang, Y.L.; Abdullah, A.Z.; Bhatia, S. Review on sonochemical methods in the presence of catalysts and chemical additives for
treatment of organic pollutants in wastewater. Desalination 2011, 277, 1-14. [CrossRef]

Rivas, EJ.; Beltran, E]J.; Frades, ].; Buxeda, P. Oxidation of p-hydroxybenzoic acid by Fenton’s reagent. Water Res. 2001, 35, 387-396.
[CrossRef]

Kuznetsova, E.V.; Savinov, E.N.; Vostrikova, L.A.; Parmon, V.N. Heterogeneous catalysis in the Fenton-type system FeZSM-
5/H,0O,. Appl. Catal. B Environ. 2004, 51, 165-170. [CrossRef]

Nguyen, T.D.; Phan, N.H.; Do, M.H.; Ngo, K.T. Magnetic Fe,MOy4 (M: Fe, Mn) activated carbons: Fabrication, characterization
and heterogeneous Fenton oxidation of methyl orange. J. Hazard. Mater. 2011, 185, 653—661. [CrossRef] [PubMed]

Azzouz, A. Advances in Oxidative Oxidation of Oxalic Acid in Aqueous media. In Advances in Reserach Chemistry; Taylor, J.C.,
Ed.; Nova-Science Publishers: New York, NY, USA, 2012; Volume 14.

Am Water Works Res, F.; Langlais, B.; Reckhow, D.A.; Brink, D.R. Ozone in Water Treatment: Application and Engineering; CRC
Press: Boca Raton, FL, USA, 1991.

Larouk, S.; Ouargli, R.; Shahidi, D.; Olhund, L.; Shiao, T.C.; Chergui, N.; Sehili, T.; Roy, R.; Azzouz, A. Catalytic ozonation of
Orange-G through highly interactive contributions of hematite and SBA-16—To better understand azo-dye oxidation in nature.
Chemosphere 2017, 168, 1648-1657. [CrossRef] [PubMed]

Beltran, F. Ozone Reaction Kinetics for Water and Wastewater Systems; Lewis Publishers: Boca Raton, FL, USA, 2004.

Glaze, W.H. Reaction products of ozone: A review. Environ. Health Perspect. 1986, 69, 151. [CrossRef] [PubMed]

Rubin, M.B. The History of Ozone. Part III. Helv. Chim. Acta 2003, 86, 930-940. [CrossRef]

Amor, C.; Marchao, L.; Lucas, M.S.; Peres, J.A. Application of Advanced Oxidation Processes for the Treatment of Recalcitrant
Agro-Industrial Wastewater: A Review. Water 2019, 11, 205. [CrossRef]

Javeed, T.; Nawaz, R.; Al-Hussain, S.A,; Irfan, A.; Irshad, M.A.; Ahmad, S.; Zaki, M.E.A. Application of Advanced Oxidation
Processes for the Treatment of Color and Chemical Oxygen Demand of Pulp and Paper Wastewater. Water 2023, 15, 1347.
[CrossRef]

Lim, S.; Shi, J.L.; von Gunten, U.; McCurry, D.L. Ozonation of organic compounds in water and wastewater: A critical review.
Water Res. 2022, 213, 118053. [CrossRef]

Baghal Asghari, F.; Dehghani, M.H.; Dehghanzadeh, R.; Farajzadeh, D.; Shanehbandi, D.; Mahvi, A.H.; Yaghmaeian, K.; Rajabi, A.
Performance evaluation of ozonation for removal of antibiotic-resistant Escherichia coli and Pseudomonas aeruginosa and genes
from hospital wastewater. Sci. Rep. 2021, 11, 24519. [CrossRef]


https://doi.org/10.1080/01919518708552148
https://doi.org/10.1016/j.biocontrol.2007.06.006
https://doi.org/10.1016/j.cej.2013.05.061
https://doi.org/10.1016/S1093-0191(03)00032-7
https://doi.org/10.1016/S1093-0191(03)00031-5
https://doi.org/10.1080/01919510590945732
https://doi.org/10.1016/j.ultsonch.2009.02.002
https://www.ncbi.nlm.nih.gov/pubmed/19282232
https://doi.org/10.1016/j.jphotochemrev.2010.07.003
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1016/j.chemosphere.2003.09.015
https://www.ncbi.nlm.nih.gov/pubmed/14637358
https://doi.org/10.1007/s11144-010-0147-5
https://doi.org/10.1016/j.watres.2008.12.032
https://doi.org/10.1016/j.desal.2011.04.049
https://doi.org/10.1016/S0043-1354(00)00285-2
https://doi.org/10.1016/j.apcatb.2004.03.002
https://doi.org/10.1016/j.jhazmat.2010.09.068
https://www.ncbi.nlm.nih.gov/pubmed/20952129
https://doi.org/10.1016/j.chemosphere.2016.11.120
https://www.ncbi.nlm.nih.gov/pubmed/27939664
https://doi.org/10.1289/ehp.8669151
https://www.ncbi.nlm.nih.gov/pubmed/3545802
https://doi.org/10.1002/hlca.200390111
https://doi.org/10.3390/w11020205
https://doi.org/10.3390/w15071347
https://doi.org/10.1016/j.watres.2022.118053
https://doi.org/10.1038/s41598-021-04254-z

Molecules 2024, 29, 5108 22 of 27

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Poddar, K.; Sarkar, A. 17—Emerging treatment strategies of pharmaceutical pollutants: Reactive physiochemical and innocuous
biological approaches. In Removal of Toxic Pollutants Through Microbiological and Tertiary Treatment; Shah, M.P., Ed.; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 431-451. [CrossRef]

Munter, R. Advanced oxidation processes—current status and prospects. Proc. Est. Acad. Sci. Chem 2001, 50, 59-80. [CrossRef]
Tegge, G. Ullmann’s Encyclopedia of Industrial Chemistry. Fifth, Completely Revised Edition. Volumes B2 and B3. Unit
Operations I and II. VCH Verlagsgesellschaft mbH, Weinheim /Basel/Cambridge/New York 1988. ISBN 3-527-20132-7 (Weinheim
...) Pp., 0-89573-537-7 (Cambridge ...) Pp. Executive Editor: Wolfgang Gerhartz. Editors: Barbara Elvers, Michael Ravenscroft,
James F. Rounsaville, and Gail Schulz. Each Volume 634 pages, with numerous Figures and Tables. Hardcover, each DM 490,—.
Starch-Stirke 1991, 43, 79. [CrossRef]

Staehelin, J.; Hoigne, ]J. Decomposition of ozone in water: Rate of initiation by hydroxide ions and hydrogen peroxide. Environ.
Sci. Technol. 1982, 16, 676—681. [CrossRef]

Hoigné, J.; Bader, H. Rate constants of reactions of ozone with organic and inorganic compounds in water—I: Non-dissociating
organic compounds. Water Res. 1983, 17, 173-183. [CrossRef]

Skoumal, M.; Cabot, P-L.; Centellas, F; Arias, C.; Rodriguez, R.M.; Garrido, J.A.; Brillas, E. Mineralization of paracetamol by
ozonation catalyzed with Fe?*, Cu>* and UVA light. Appl. Catal. B Environ. 2006, 66, 228-240. [CrossRef]

Bianchi, C.L.; Pirola, C.; Ragaini, V.; Selli, E. Mechanism and efficiency of atrazine degradation under combined oxidation
processes. Appl. Catal. B Environ. 2006, 64, 131-138. [CrossRef]

Riebel, A.H.; Erickson, R.E.; Abshire, C.J.; Bailey, P.S. Ozonation of carbon-nitrogen double bonds. I. Nucleophilic attack of ozone.
J. Am. Chem. Soc. 1960, 82, 1801-1807. [CrossRef]

Camel, V.; Bermond, A. The use of ozone and associated oxidation processes in drinking water treatment. Water Res. 1998, 32,
3208-3222. [CrossRef]

von Gunten, U. Ozonation of drinking water: Part II. Disinfection and by-product formation in presence of bromide, iodide or
chlorine. Water Res. 2003, 37, 1469-1487. [CrossRef]

Jekel, M.; Gottschalk, C.; Libra, J.; Saupe, A. Full-Scale Applications. In Ozonation of Water and Waste Water: A Practical Guide to
Understanding Ozone and Its Applications; John Wiley & Sons: Hoboken, NJ, USA, 2000; pp. 21-36.

Hoigné, J.; Bader, H. Rate constants of reactions of ozone with organic and inorganic compounds in water—II: Dissociating
organic compounds. Water Res. 1983, 17, 185-194. [CrossRef]

Ren, Y;; Dong, Q.; Feng, J.; Ma, J.; Wen, Q.; Zhang, M. Magnetic porous ferrospinel NiFe;O4: A novel ozonation catalyst with
strong catalytic property for degradation of di-n-butyl phthalate and convenient separation from water. J. Colloid Interface Sci.
2012, 382, 90-96. [CrossRef] [PubMed]

Ren, Y,; Chen, Y.; Zeng, T.; Feng, J.; Ma, ].; Mitch, W.A. Influence of Bi-doping on Mn1—xBixFe, Oy catalytic ozonation of di-n-butyl
phthalate. Chem. Eng. J. 2016, 283, 622-630. [CrossRef]

Huang, Y.; Cui, C.; Zhang, D.; Li, L.; Pan, D. Heterogeneous catalytic ozonation of dibutyl phthalate in aqueous solution in the
presence of iron-loaded activated carbon. Chemosphere 2015, 119, 295-301. [CrossRef] [PubMed]

Li, L.; Zhu, W,; Chen, L.; Zhang, P.; Chen, Z. Photocatalytic ozonation of dibutyl phthalate over TiO, film. J. Photochem. Photobiol.
A Chem. 2005, 175, 172-177. [CrossRef]

Li, L.; Zhu, W,; Zhang, P.; Zhang, Q.; Zhang, Z. AC/O3-BAC processes for removing refractory and hazardous pollutants in raw
water. |. Hazard. Mater. 2006, 135, 129-133. [CrossRef]

Thiruvenkatachari, R.; Kwon, T.O.; Jun, ].C.; Balaji, S.; Matheswaran, M.; Moon, L.S. Application of several advanced oxidation
processes for the destruction of terephthalic acid (TPA). |. Hazard. Mater. 2007, 142, 308-314. [CrossRef]

Hammad Khan, M.; Jung, J.Y. Ozonation catalyzed by homogeneous and heterogeneous catalysts for degradation of DEHP in
aqueous phase. Chemosphere 2008, 72, 690-696. [CrossRef]

Wang, J.; Lou, Y.; Xu, C.; Song, S.; Liu, W. Magnetic lanthanide oxide catalysts: An application and comparison in the heteroge-
neous catalytic ozonation of diethyl phthalate in aqueous solution. Sep. Purif. Technol. 2016, 159, 57-67. [CrossRef]

Vittenet, J.; Aboussaoud, W.; Mendret, J.; Pic, J.-S.; Debellefontaine, H.; Lesage, N.; Faucher, K.; Manero, M.-H.; Thibault-
Starzyk, F,; Leclerc, H.; et al. Catalytic ozonation with y-Al,O3 to enhance the degradation of refractory organics in water. Appl.
Catal. A Gen. 2015, 504, 519-532. [CrossRef]

Wang, J.; Cheng, J.; Wang, C.; Yang, S.; Zhu, W. Catalytic ozonation of dimethyl phthalate with RuO,/Al,O; catalysts prepared
by microwave irradiation. Catal. Commun. 2013, 41, 1-5. [CrossRef]

Yan, H.; Lu, P; Pan, Z.; Wang, X.; Zhang, Q.; Li, L. Ce/SBA-15 as a heterogeneous ozonation catalyst for efficient mineralization
of dimethyl phthalate. . Mol. Catal. A Chem. 2013, 377, 57-64. [CrossRef]

Jing, Y.; Li, L.; Zhang, Q.; Lu, P; Liu, P; Li, X. Photocatalytic ozonation of dimethyl phthalate with TiO, prepared by a
hydrothermal method. J. Hazard. Mater. 2011, 189, 40-47. [CrossRef] [PubMed]

Chen, Y.-H.; Hsieh, D.-C.; Shang, N.-C. Efficient mineralization of dimethyl phthalate by catalytic ozonation using TiO, / Al,O3
catalyst. J. Hazard. Mater. 2011, 192, 1017-1025. [CrossRef] [PubMed]

Huang, R; Yan, H; Li, L.; Deng, D.; Shu, Y.; Zhang, Q. Catalytic activity of Fe/SBA-15 for ozonation of dimethyl phthalate in
aqueous solution. Appl. Catal. B Environ. 2011, 106, 264-271. [CrossRef]

Zhou, Y.; Zhu, W,; Liu, F; Wang, J.; Yang, S. Catalytic activity of Ru/Al,O3 for ozonation of dimethyl phthalate in aqueous
solution. Chemosphere 2007, 66, 145-150. [CrossRef]


https://doi.org/10.1016/B978-0-12-821014-7.00017-4
https://doi.org/10.3176/chem.2001.2.01
https://doi.org/10.1002/star.19910430213
https://doi.org/10.1021/es00104a009
https://doi.org/10.1016/0043-1354(83)90098-2
https://doi.org/10.1016/j.apcatb.2006.03.016
https://doi.org/10.1016/j.apcatb.2005.11.009
https://doi.org/10.1021/ja01492a062
https://doi.org/10.1016/S0043-1354(98)00130-4
https://doi.org/10.1016/S0043-1354(02)00458-X
https://doi.org/10.1016/0043-1354(83)90099-4
https://doi.org/10.1016/j.jcis.2012.05.053
https://www.ncbi.nlm.nih.gov/pubmed/22749387
https://doi.org/10.1016/j.cej.2015.08.012
https://doi.org/10.1016/j.chemosphere.2014.06.060
https://www.ncbi.nlm.nih.gov/pubmed/25036944
https://doi.org/10.1016/j.jphotochem.2005.01.020
https://doi.org/10.1016/j.jhazmat.2005.11.045
https://doi.org/10.1016/j.jhazmat.2006.08.023
https://doi.org/10.1016/j.chemosphere.2008.02.037
https://doi.org/10.1016/j.seppur.2015.12.031
https://doi.org/10.1016/j.apcata.2014.10.037
https://doi.org/10.1016/j.catcom.2013.06.030
https://doi.org/10.1016/j.molcata.2013.04.032
https://doi.org/10.1016/j.jhazmat.2011.01.132
https://www.ncbi.nlm.nih.gov/pubmed/21376460
https://doi.org/10.1016/j.jhazmat.2011.06.005
https://www.ncbi.nlm.nih.gov/pubmed/21724322
https://doi.org/10.1016/j.apcatb.2011.05.041
https://doi.org/10.1016/j.chemosphere.2006.04.087

Molecules 2024, 29, 5108 23 of 27

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Chen, Y.-H.; Shang, N.-C.; Hsieh, D.-C. Decomposition of dimethyl phthalate in an aqueous solution by ozonation with high
silica zeolites and UV radiation. J. Hazard. Mater. 2008, 157, 260-268. [CrossRef]

Hu, E.; Shang, S.; Tao, X.-m.; Jiang, S.; Chiu, K.-1. Regeneration and reuse of highly polluting textile dyeing effluents through
catalytic ozonation with carbon aerogel catalysts. J. Clean. Prod. 2016, 137, 1055-1065. [CrossRef]

Zhang, S.; Wang, D.; Quan, X.; Zhou, L.; Zhang, X. Multi-walled carbon nanotubes immobilized on zero-valent iron plates
(Fe0-CNTs) for catalytic ozonation of methylene blue as model compound in a bubbling reactor. Sep. Purif. Technol. 2013, 116,
351-359. [CrossRef]

Wu, J; Gao, H.; Yao, S.; Chen, L.; Gao, Y.; Zhang, H. Degradation of Crystal Violet by catalytic ozonation using Fe/activated
carbon catalyst. Sep. Purif. Technol. 2015, 147, 179-185. [CrossRef]

Guzman-Perez, C.A.; Soltan, ].; Robertson, J. Catalytic ozonation of 2,4-dichlorophenoxyacetic acid using alumina in the presence
of a radical scavenger. J. Environ. Sci. Health B 2012, 47, 544-552. [CrossRef]

Liu, X.; Zhou, Z.; Jing, G.; Fang, J. Catalytic ozonation of Acid Red B in aqueous solution over a Fe—-Cu-O catalyst. Sep. Purif.
Technol. 2013, 115, 129-135. [CrossRef]

Beltran, F; Rivas, J.; Montero-de-Espinosa, R. A TiO, /Al,O3 catalyst to improve the ozonation of oxalic acid in water. Appl. Catal.
B-Environ. 2004, 47, 101-109. [CrossRef]

Sui, M.; Sheng, L.; Lu, K.; Tian, F. FeOOH catalytic ozonation of oxalic acid and the effect of phosphate binding on its catalytic
activity. Appl. Catal. B-Environ.-Environ 2010, 96, 94-100. [CrossRef]

Cooper, C.; Burch, R. An investigation of catalytic ozonation for the oxidation of halocarbons in drinking water preparation.
Water Res. 1999, 33, 3695-3700. [CrossRef]

Ma, J.; Graham, N.J.D. Degradation of atrazine by manganese-catalysed ozonation—Influence of radical scavengers. Water Res.
2000, 34, 3822-3828. [CrossRef]

Wang, L.; Liu, A.; Zhang, Z.; Zhao, B.; Xia, Y.; Tan, Y. Catalytic ozonation of thymol in reverse osmosis concentrate with core/shell
Fe304@Si0,@Yb, 03 catalyst: Parameter optimization and degradation pathway. Chin. J. Chem. Eng. 2017, 25, 665-670. [CrossRef]
Wu, C.; Zhou, Y.; Wang, Y.; Guo, M. Innovative combination of Fe2*-BAF and ozonation for enhancing phosphorus and organic
micropollutants removal treating petrochemical secondary effluent. J. Hazard. Mater. 2017, 323 Part B, 654—662. [CrossRef]
Shahamat, Y.D.; Farzadkia, M.; Nasseri, S.; Mahvi, A.H.; Gholami, M.; Esrafili, A. Magnetic heterogeneous catalytic ozonation: A
new removal method for phenol in industrial wastewater. |. Environ. Health Sci. Eng. 2014, 12, 50. [CrossRef]

Ma, Z.; Zhu, L,; Lu, X,; Xing, S.; Wu, Y.; Gao, Y. Catalytic ozonation of p-nitrophenol over mesoporous Mn—Co-Fe oxide. Sep.
Purif. Technol. 2014, 133, 357-364. [CrossRef]

Xiong, Z.; Lai, B.; Yuan, Y.; Cao, J.; Yang, P.; Zhou, Y. Degradation of p-nitrophenol (PNP) in aqueous solution by a micro-size
Fel /0 process (mFe%/03): Optimization, kinetic, performance and mechanism. Chem. Eng. J. 2016, 302, 137-145. [CrossRef]
Bai, Z.; Yang, Q.; Wang, J. Catalytic ozonation of sulfamethazine antibiotics using Ceg 1Feg 9gOOH: Catalyst preparation and
performance. Chemosphere 2016, 161, 174-180. [CrossRef] [PubMed]

Qi, E; Chu, W.; Xu, B. Comparison of phenacetin degradation in aqueous solutions by catalytic ozonation with CuFe;Oy4 and its
precursor: Surface properties, intermediates and reaction mechanisms. Chem. Eng. J. 2016, 284, 28-36. [CrossRef]
Mashayekh-Salehi, A.; Moussavi, G.; Yaghmaeian, K. Preparation, characterization and catalytic activity of a novel mesoporous
nanocrystalline MgO nanoparticle for ozonation of acetaminophen as an emerging water contaminant. Chem. Eng. J. 2017, 310
Pt 1,157-169. [CrossRef]

Gong, H.; Chu, W,; Lam, S.H.; Lin, A.Y.-C. Ibuprofen degradation and toxicity evolution during Fe2* /Oxone/UV process.
Chemosphere 2017, 167, 415-421. [CrossRef] [PubMed]

Ikhlag, A.; Brown, D.R.; Kasprzyk-Hordern, B. Catalytic ozonation for the removal of organic contaminants in water on alumina.
Appl. Catal. B Environ. 2015, 165, 408-418. [CrossRef]

Yang, L.; Hu, C; Nie, Y.; Qu, J. Surface acidity and reactivity of 3-FeOOH/Al,O3 for pharmaceuticals degradation with ozone: In
situ ATR-FTIR studies. Appl. Catal. B Environ. 2010, 97, 340-346. [CrossRef]

Gongalves, A.G.; Orfao, J.J.M.; Pereira, M.ER. Ceria dispersed on carbon materials for the catalytic ozonation of sulfamethoxazole.
J. Environ. Chem. Eng. 2013, 1, 260-269. [CrossRef]

Nie, Y.; Xing, S.; Hu, C.; Qu, ]. Efficient Removal of Toxic Pollutants Over Fe-Co/ZrO, Bimetallic Catalyst with Ozone. Catal. Lett.
2012, 142, 1026-1032. [CrossRef]

Pocostales, P,; Alvarez, P; Beltran, F. Catalytic ozonation promoted by alumina-based catalysts for the removal of some
pharmaceutical compounds from water. Chem. Eng. J. 2011, 168, 1289-1295. [CrossRef]

Garcia-Araya, J.F,; Beltran, EJ.; Aguinaco, A. Diclofenac removal from water by ozone and photolytic TiO, catalysed processes.
J. Chem. Technol. Biotechnol. 2010, 85, 798-804. [CrossRef]

Santiago-Morales, J.; Gomez, M.].; Herrera-Lopez, S.; Fernandez-Alba, A.R.; Garcia-Calvo, E.; Rosal, R. Energy efficiency for the
removal of non-polar pollutants during ultraviolet irradiation, visible light photocatalysis and ozonation of a wastewater effluent.
Water Res. 2013, 47, 5546-5556. [CrossRef]

Chen, C.; Chen, H; Guo, X.; Guo, S.; Yan, G. Advanced ozone treatment of heavy oil refining wastewater by activated carbon
supported iron oxide. J. Ind. Eng. Chem. 2014, 20, 2782-2791. [CrossRef]

Qiang, Z.; Ling, W.; Tian, F. Kinetics and mechanism for omethoate degradation by catalytic ozonation with Fe(IIl)-loaded
activated carbon in water. Chemosphere 2013, 90, 1966-1972. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jhazmat.2007.12.091
https://doi.org/10.1016/j.jclepro.2016.07.194
https://doi.org/10.1016/j.seppur.2013.05.053
https://doi.org/10.1016/j.seppur.2015.04.022
https://doi.org/10.1080/03601234.2012.665675
https://doi.org/10.1016/j.seppur.2013.05.005
https://doi.org/10.1016/j.apcatb.2003.07.007
https://doi.org/10.1016/j.apcatb.2010.02.005
https://doi.org/10.1016/S0043-1354(99)00091-3
https://doi.org/10.1016/S0043-1354(00)00130-5
https://doi.org/10.1016/j.cjche.2016.10.017
https://doi.org/10.1016/j.jhazmat.2016.10.029
https://doi.org/10.1186/2052-336X-12-50
https://doi.org/10.1016/j.seppur.2014.07.011
https://doi.org/10.1016/j.cej.2016.05.052
https://doi.org/10.1016/j.chemosphere.2016.07.012
https://www.ncbi.nlm.nih.gov/pubmed/27424060
https://doi.org/10.1016/j.cej.2015.07.095
https://doi.org/10.1016/j.cej.2016.10.096
https://doi.org/10.1016/j.chemosphere.2016.10.027
https://www.ncbi.nlm.nih.gov/pubmed/27750164
https://doi.org/10.1016/j.apcatb.2014.10.010
https://doi.org/10.1016/j.apcatb.2010.04.014
https://doi.org/10.1016/j.jece.2013.05.009
https://doi.org/10.1007/s10562-012-0849-6
https://doi.org/10.1016/j.cej.2011.02.042
https://doi.org/10.1002/jctb.2363
https://doi.org/10.1016/j.watres.2013.06.030
https://doi.org/10.1016/j.jiec.2013.11.007
https://doi.org/10.1016/j.chemosphere.2012.10.059
https://www.ncbi.nlm.nih.gov/pubmed/23177714

Molecules 2024, 29, 5108 24 of 27

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Chen, C.; Yoza, B.; Wang, Y.; Wang, P; Li, Q.; Guo, S.; Yan, G. Catalytic ozonation of petroleum refinery wastewater utilizing
Mn-Fe-Cu/Al,Oj catalyst. Environ. Sci. Pollut. Res. Int. 2015, 22, 5552-5562. [CrossRef] [PubMed]

Andreozzi, R.; Caprio, V.; Insola, A.; Marotta, R.; Tufano, V. The ozonation of pyruvic acid in aqueous solutions catalyzed by
suspended and dissolved manganese. Water Res. 1998, 32, 1492-1496. [CrossRef]

Colombo, A.; Cappelletti, G.; Ardizzone, S.; Biraghi, I.; Bianchi, C.L.; Meroni, D.; Pirola, C.; Spadavecchia, F. Bisphenol A
endocrine disruptor complete degradation using TiO, photocatalysis with ozone. Environ. Chem. Lett. 2012, 10, 55-60. [CrossRef]
Beltran, EJ.; Rivas, FJ.; Montero-de-Espinosa, R. Catalytic ozonation of oxalic acid in an aqueous TiO, slurry reactor. Appl. Catal.
B Environ. 2002, 39, 221-231. [CrossRef]

Yang, Y.; Ma, J.; Qin, Q.; Zhai, X. Degradation of nitrobenzene by nano-TiO, catalyzed ozonation. J. Mol. Catal. A Chem. 2007, 267,
41-48. [CrossRef]

Jiménez, M.; Ignacio Maldonado, M.; Rodriguez, E.M.; Hernandez-Ramirez, A.; Saggioro, E.; Carra, I.; Sanchez Pérez, J.A.
Supported TiO, solar photocatalysis at semi-pilot scale: Degradation of pesticides found in citrus processing industry wastewater,
reactivity and influence of photogenerated species. J. Chem. Technol. Biotechnol. 2015, 90, 149-157. [CrossRef]

Li, L.; Zhu, W.; Zhang, P.; Zhang, Q.; Zhang, Z. TiO, /UV/O3-BAC processes for removing refractory and hazardous pollutants in
raw water. |. Hazard. Mater. 2006, 128, 145-149. [CrossRef]

Lopez-Vigil, M.S.; Orta de Velasquez, M.T.; Ramirez Zamora, R.M. Influence of the number of regeneration cycles on the removal
of ammoniacal nitrogen with zeolite clinoptilolite. Water Sci. Technol. Water Supply 2006, 6, 1-8. [CrossRef]

Qi, F; Chen, Z; Xu, B.; Shen, J.; Ma, J.; Joll, C.; Heitz, A. Influence of surface texture and acid-base properties on ozone
decomposition catalyzed by aluminum (hydroxyl) oxides. Appl. Catal. B Environ. 2008, 84, 684-690. [CrossRef]
Kasprzyk-Hordern, B.; Raczyk-Stanistawiak, U.; Swietlik, J.; Nawrocki, J. Catalytic ozonation of natural organic matter on
alumina. Appl. Catal. B Environ. 2006, 62, 345-358. [CrossRef]

Zhang, T.; Ma, ]. Catalytic ozonation of trace nitrobenzene in water with synthetic goethite. J. Mol. Catal. A Chem. 2008, 279, 82-89.
[CrossRef]

Liu, Y.; Wang, S.; Gong, W.; Chen, Z.; Liu, H.; Bu, Y.; Zhang, Y. Heterogeneous catalytic ozonation of p-chloronitrobenzene (pCNB)
in water with iron silicate doped hydroxylation iron as catalyst. Catal. Commun. 2017, 89, 81-85. [CrossRef]

Park, J.-S.; Choi, H.; Ahn, K.-H.; Kang, ].-W. Removal mechanism of natural organic matter and organic acid by ozone in the
presence of goethite. Ozone Sci. Eng. 2004, 26, 141-151. [CrossRef]

Park, H.; Kim, J.; Jung, H.; Seo, ]J.; Choi, H. Iron Oxide Nanoparticle-Impregnated Alumina for Catalytic Ozonation of para-
Chlorobenzoic Acid in Aqueous Solution. Water Air Soil Pollut. 2014, 225, 1975. [CrossRef]

Beltran, EJ.; Rivas, EJ.; Montero-de-Espinosa, R. Iron type catalysts for the ozonation of oxalic acid in water. Water Res. 2005, 39,
3553-3564. [CrossRef]

Jans, U.; Hoigné, J. Activated Carbon and Carbon Black Catalyzed Transformation of Aqueous Ozone into OH-Radicals. Ozone
Sci. Eng. 1998, 20, 67-90. [CrossRef]

Qi, F; Xu, B.; Chen, Z.; Feng, L.; Zhang, L.; Sun, D. Catalytic ozonation of 2-isopropyl-3-methoxypyrazine in water by y-AIOOH
and y-Al,O3: Comparison of removal efficiency and mechanism. Chem. Eng. J. 2013, 219, 527-536. [CrossRef]

Zaror, C.A. Enhanced oxidation of toxic effluents using simultaneous ozonation and activated carbon treatment. J. Chem. Technol.
Biotechnol. 1997, 70, 21-28. [CrossRef]

Inchaurrondo, N.S.; Font, J. Clay, Zeolite and Oxide Minerals: Natural Catalytic Materials for the Ozonation of Organic Pollutants.
Molecules 2022, 27, 2151. [CrossRef] [PubMed]

Nawrocki, J.; Kasprzyk-Hordern, B. The efficiency and mechanisms of catalytic ozonation. Appl. Catal. B Environ. 2010, 99, 27-42.
[CrossRef]

Boudissa, F.; Arus, V.-A.; Foka-Wembe, E.-N.; Zekkari, M.; Ouargli-Saker, R.; Dewez, D.; Roy, R.; Azzouz, A. Role of Silica on
Clay-Catalyzed Ozonation for Total Mineralization of Bisphenol-A. Molecules 2023, 28, 3825. [CrossRef]

Boudissa, F.; Zekkari, M.; Arus, V.-A.; Ouargli-Saker, R.; Nabil, B.; Roy, R.; Azzouz, A. Clay-catalyzed ozonation of endocrine-
disrupting compounds in solvent-free media—To better understand soil catalytic capacity. Dalton Trans. 2020, 49, 16693-16706.
[CrossRef]

Zekkari, M.; Ouargli-Saker, R.; Boudissa, F.; Lachachi, A.K.; El Houda Sekkal, K.N.; Tayeb, R.; Boukoussa, B.; Azzouz, A.
Silica-catalyzed ozonation of 17« -ethinyl-estradiol in aqueous media-to better understand the role of silica in soils. Chemosphere
2022, 298, 134312. [CrossRef]

Boudissa, F; Mirila, D.; Arus, V.A.; Terkmani, T.; Semaan, S.; Proulx, M.; Nistor, 1.D.; Roy, R.; Azzouz, A. Acid-treated clay
catalysts for organic dye ozonation—Thorough mineralization through optimum catalyst basicity and hydrophilic character.
J. Hazard. Mater. 2019, 364, 356-366. [CrossRef]

Ouargli, R.; Larouk, S.; Terrab, I.; Hamacha, R.; Benharrats, N.; Bengheddach, A.; Azzouz, A. Intrinsic Activity of SBA-like Silica
in the Catalytic Ozonation of Organic Pollutants. Ozone Sci. Eng. 2016, 38, 48-61. [CrossRef]

Tong, S.; Shi, R.; Zhang, H.; Ma, C. Catalytic performance of Fe304-CoO/Al,Oj3 catalyst in ozonation of 2-(2,4-dichlorophenoxy)
propionic acid, nitrobenzene and oxalic acid in water. J. Environ. Sci. 2010, 22, 1623-1628. [CrossRef]

Ernst, M.; Lurot, E; Schrotter, ].-C. Catalytic ozonation of refractory organic model compounds in aqueous solution by aluminum
oxide. Appl. Catal. B Environ. 2004, 47, 15-25. [CrossRef]


https://doi.org/10.1007/s11356-015-4136-0
https://www.ncbi.nlm.nih.gov/pubmed/25649390
https://doi.org/10.1016/S0043-1354(97)00367-9
https://doi.org/10.1007/s10311-011-0328-0
https://doi.org/10.1016/S0926-3373(02)00102-9
https://doi.org/10.1016/j.molcata.2006.09.010
https://doi.org/10.1002/jctb.4299
https://doi.org/10.1016/j.jhazmat.2005.07.050
https://doi.org/10.2166/ws.2006.703
https://doi.org/10.1016/j.apcatb.2008.05.027
https://doi.org/10.1016/j.apcatb.2005.09.002
https://doi.org/10.1016/j.molcata.2007.09.030
https://doi.org/10.1016/j.catcom.2016.10.022
https://doi.org/10.1080/01919510490439285
https://doi.org/10.1007/s11270-014-1975-0
https://doi.org/10.1016/j.watres.2005.06.018
https://doi.org/10.1080/01919519808547291
https://doi.org/10.1016/j.cej.2013.01.035
https://doi.org/10.1002/(SICI)1097-4660(199709)70:1%3C21::AID-JCTB706%3E3.0.CO;2-3
https://doi.org/10.3390/molecules27072151
https://www.ncbi.nlm.nih.gov/pubmed/35408550
https://doi.org/10.1016/j.apcatb.2010.06.033
https://doi.org/10.3390/molecules28093825
https://doi.org/10.1039/D0DT02776F
https://doi.org/10.1016/j.chemosphere.2022.134312
https://doi.org/10.1016/j.jhazmat.2018.09.070
https://doi.org/10.1080/01919512.2015.1074855
https://doi.org/10.1016/S1001-0742(09)60298-9
https://doi.org/10.1016/S0926-3373(03)00290-X

Molecules 2024, 29, 5108 25 of 27

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Lin, J.; Kawai, A.; Nakajima, T. Effective catalysts for decomposition of aqueous ozone. Appl. Catal. B Environ. 2002, 39, 157-165.
[CrossRef]

Jentys, A.; Warecka, G.; Derewinski, M.; Lercher, ].A. Adsorption of water on ZSM 5 zeolites. J. Phys. Chem. 1989, 93, 4837-4843.
[CrossRef]

Olson, D.H.; Haag, W.O.; Borghard, W.S. Use of water as a probe of zeolitic properties: Interaction of water with HZSM-5.
Microporous Mesoporous Mater. 2000, 35-36, 435—446. [CrossRef]

Stumm, W. Chemistry of the Solid-Water Interface: Processes at the Mineral-Water and Particle-Water Interface in Natural Systems; John
Wiley & Son Inc.: Hoboken, NJ, USA, 1992.

Weingarten, R.; Tompsett, G.A.; Conner, W.C.; Huber, G.W. Design of solid acid catalysts for aqueous-phase dehydration of
carbohydrates: The role of Lewis and Bronsted acid sites. J. Catal. 2011, 279, 174-182. [CrossRef]

Kasprzyk-Hordern, B. Chemistry of alumina, reactions in aqueous solution and its application in water treatment. Adv. Colloid
Interface Sci. 2004, 110, 19-48. [CrossRef]

Gongalves, A.G.; Orfao, J.J.; Pereira, M.ER. Ozonation of erythromycin over carbon materials and ceria dispersed on carbon
materials. Chem. Eng. J. 2014, 250, 366-376. [CrossRef]

Gongalves, A.G.; Orfao, ].J.; Pereira, M.ER. Ozonation of bezafibrate over ceria and ceria supported on carbon materials. Environ.
Technol. 2015, 36, 776-785. [CrossRef]

Rosal, R.; Rodriguez, A.; Gonzalo, M.; Garcia-Calvo, E. Catalytic ozonation of naproxen and carbamazepine on titanium dioxide.
Appl. Catal. B Environ. 2008, 84, 48-57. [CrossRef]

Moreira, N.EF,; Orge, C.A.; Ribeiro, A.R.; Faria, J.L.; Nunes, O.C.; Pereira, M.ER.; Silva, AM.T. Fast mineralization and
detoxification of amoxicillin and diclofenac by photocatalytic ozonation and application to an urban wastewater. Water Res. 2015,
87,87-96. [CrossRef]

Moreira, N.EFE,; Sousa, ].M.; Macedo, G.; Ribeiro, A.R.; Barreiros, L.; Pedrosa, M.; Faria, J.L.; Pereira, M.ER.; Castro-Silva, S.;
Segundo, M.A; et al. Photocatalytic ozonation of urban wastewater and surface water using immobilized TiO, with LEDs:
Micropollutants, antibiotic resistance genes and estrogenic activity. Water Res. 2016, 94, 10-22. [CrossRef]

Rosal, R.; Gonzalo, M.S.; Rodriguez, A.; Garcia-Calvo, E. Ozonation of clofibric acid catalyzed by titanium dioxide. J. Hazard.
Mater. 2009, 169, 411-418. [CrossRef] [PubMed]

Kasprzyk-Hordern, B.; Andrzejewski, P.; Dabrowska, A.; Czaczyk, K.; Nawrocki, ]. MTBE, DIPE, ETBE and TAME degradation in
water using perfluorinated phases as catalysts for ozonation process. Appl. Catal. B Environ. 2004, 51, 51-66. [CrossRef]
Kasprzyk-Hordern, B.; Zidtek, M.; Nawrocki, J. Catalytic ozonation and methods of enhancing molecular ozone reactions in
water treatment. Appl. Catal. B Environ. 2003, 46, 639-669. [CrossRef]

Canton, C.; Esplugas, S.; Casado, J. Mineralization of phenol in aqueous solution by ozonation using iron or copper salts and
light. Appl. Catal. B Environ. 2003, 43, 139-149. [CrossRef]

Piera, E.; Calpe, ].C,; Brillas, E.; Domenech, X.; Peral, J. 2, 4-Dichlorophenoxyacetic acid degradation by catalyzed ozonation:
TiO, /UVA /O3 and Fe (II)/UVA /O3 systems. Appl. Catal. B Environ. 2000, 27, 169-177. [CrossRef]

Gracia, R.; Aragiies, J.; Ovelleiro, J. Study of the catalytic ozonation of humic substances in water and their ozonation byproducts.
Ozone Sci. Eng. 1996, 18, 195-208. [CrossRef]

Seraghni, N.; Ghoul, I.; Lemmize, I.; Reguig, A.; Debbache, N.; Sehili, T. Use of oxalic acid as inducer in photocatalytic oxidation
of cresol red in aqueous solution under natural and artificial light. Environ. Technol. 2017, 39, 2908-2915. [CrossRef]

Ou, X,; Zhang, F.; Wang, C.; Unna, W. Degradation of Orange G Induced by Fe(IlI)-Oxalate Complex in Irradiated Solution. Asian
J. Chem. 2012, 24, 3314-3318.

Seraghni, N.; Dekkiche, B.A.; Belattar, S.; Debbache, N.; Sehili, T. Role of Fe(III) and Oxalic Acid in the photo-Fenton System for
3-Methylphenol Degradation in Aqueous Solution under Natural and Artificial Light. Int. . Chem. React. Eng. 2018, 16, 20170211.
[CrossRef]

Ma, J.; Sui, M.-H.; Chen, Z.-L.; Wang, L.-N. Degradation of refractory organic pollutants by catalytic ozonation—Activated carbon
and Mn-loaded activated carbon as catalysts. Ozone Sci. Eng. 2004, 26, 3-10. [CrossRef]

Zhao, L.; Ma, ].; Sun, Z.-Z. Oxidation products and pathway of ceramic honeycomb-catalyzed ozonation for the degradation of
nitrobenzene in aqueous solution. Appl. Catal. B Environ. 2008, 79, 244-253. [CrossRef]

Cheng, X.; Liang, H.; Qu, F; Ding, A.; Chang, H.; Liu, B.; Tang, X.; Wu, D.; Li, G. Fabrication of Mn oxide incorporated ceramic
membranes for membrane fouling control and enhanced catalytic ozonation of p-chloronitrobenzene. Chem. Eng. . 2017, 308,
1010-1020. [CrossRef]

Xing, S.; Lu, X; Liu, J.; Zhu, L.; Ma, Z.; Wu, Y. Catalytic ozonation of sulfosalicylic acid over manganese oxide supported on
mesoporous ceria. Chemosphere 2016, 144, 7-12. [CrossRef] [PubMed]

Jung, H.; Choi, H. Catalytic decomposition of ozone and para-Chlorobenzoic acid (pCBA) in the presence of nanosized ZnO.
Appl. Catal. B Environ. 2006, 66, 288-294. [CrossRef]

Alvarez, P; Beltran, F.; Pocostales, J.; Masa, F. Preparation and structural characterization of Co/Al,Oj3 catalysts for the ozonation
of pyruvic acid. Appl. Catal. B Environ. 2007, 72, 322-330. [CrossRef]

Gruttadauria, M.; Liotta, L.; Di Carlo, G.; Pantaleo, G.; Deganello, G.; Meo, P.L.; Aprile, C.; Noto, R. Oxidative degradation
properties of Co-based catalysts in the presence of ozone. Appl. Catal. B Environ. 2007, 75, 281-289. [CrossRef]


https://doi.org/10.1016/S0926-3373(02)00081-4
https://doi.org/10.1021/j100349a032
https://doi.org/10.1016/S1387-1811(99)00240-1
https://doi.org/10.1016/j.jcat.2011.01.013
https://doi.org/10.1016/j.cis.2004.02.002
https://doi.org/10.1016/j.cej.2014.04.012
https://doi.org/10.1080/09593330.2014.961563
https://doi.org/10.1016/j.apcatb.2008.03.003
https://doi.org/10.1016/j.watres.2015.08.059
https://doi.org/10.1016/j.watres.2016.02.003
https://doi.org/10.1016/j.jhazmat.2009.03.111
https://www.ncbi.nlm.nih.gov/pubmed/19395159
https://doi.org/10.1016/j.apcatb.2004.02.004
https://doi.org/10.1016/S0926-3373(03)00326-6
https://doi.org/10.1016/S0926-3373(02)00276-X
https://doi.org/10.1016/S0926-3373(00)00149-1
https://doi.org/10.1080/01919519608547326
https://doi.org/10.1080/09593330.2017.1369580
https://doi.org/10.1515/ijcre-2017-0211
https://doi.org/10.1080/01919510490426027
https://doi.org/10.1016/j.apcatb.2007.10.026
https://doi.org/10.1016/j.cej.2016.09.127
https://doi.org/10.1016/j.chemosphere.2015.08.044
https://www.ncbi.nlm.nih.gov/pubmed/26344143
https://doi.org/10.1016/j.apcatb.2006.03.009
https://doi.org/10.1016/j.apcatb.2006.11.009
https://doi.org/10.1016/j.apcatb.2007.04.024

Molecules 2024, 29, 5108 26 of 27

209.

210.

211.

212.

213.

214.

215.

216.

217.
218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Liotta, L.; Gruttadauria, M.; Di Carlo, G.; Perrini, G.; Librando, V. Heterogeneous catalytic degradation of phenolic substrates:
Catalysts activity. J. Hazard. Mater. 2009, 162, 588-606. [CrossRef]

Shiraga, M.; Kawabata, T.; Li, D.; Shishido, T.; Komaguchi, K.; Sano, T.; Takehira, K. Memory effect-enhanced catalytic ozonation
of aqueous phenol and oxalic acid over supported Cu catalysts derived from hydrotalcite. Appl. Clay Sci. 2006, 33, 247-259.
[CrossRef]

Udrea, I.; Bradu, C. Ozonation of substituted phenols in aqueous solutions over CuO-Al,Os catalyst. Ozone Sci. Eng. 2003, 25,
335-343. [CrossRef]

Wu, C.-H.; Kuo, C.-Y.; Chang, C.-L. Decolorization of CI Reactive Red 2 by catalytic ozonation processes. J. Hazard. Mater. 2008,
153, 1052-1058. [CrossRef]

Park, H.-S.; Hwang, T.-M.; Kang, ].-W.; Choi, H.; Oh, H.-]. Characterization of raw water for the ozone application measuring
ozone consumption rate. Water Res. 2001, 35, 2607-2614. [CrossRef] [PubMed]

Faria, P; Orfdo, J.; Pereira, M. Activated carbon catalytic ozonation of oxamic and oxalic acids. Appl. Catal. B Environ. 2008, 79,
237-243. [CrossRef]

Sanchez-Polo, M.; Rivera-Utrilla, ]. Ozonation of naphthalenetrisulphonic acid in the presence of activated carbons prepared
from petroleum coke. Appl. Catal. B Environ. 2006, 67, 113-120. [CrossRef]

Lu, X.; Zhang, Q.; Yang, W.; Li, X.; Zeng, L.; Li, L. Catalytic ozonation of 2,4-dichlorophenoxyacetic acid over novel Fe-Ni/AC.
RSC Adv. 2015, 5, 10537-10545. [CrossRef]

Oyama, S.T. Chemical and catalytic properties of ozone. Catal. Rev. 2000, 42, 279-322. [CrossRef]

Kasprzyk, B.; Nawrocki, J. Preliminary results on ozonation enhancement by a perfluorinated bonded alumina phase. Ozone Sci.
Eng. 2002, 24, 63-68. [CrossRef]

Tagliabue, A.; Bowie, A.R.; Boyd, PW.; Buck, K.N.; Johnson, K.S.; Saito, M. A. The integral role of iron in ocean biogeochemistry.
Nature 2017, 543, 51-59. [CrossRef]

Carter, R.C.; Jacobson, J.L.; Burden, M.].; Armony-Sivan, R.; Dodge, N.C.; Angelilli, M.L.; Lozoff, B.; Jacobson, S.W. Iron deficiency
anemia and cognitive function in infancy. Pediatrics 2010, 126, e427-e434. [CrossRef]

Mirild, D.-C.; Boudissa, F.; Beltrao-Nufies, A.-P; Platon, N.; Didi, M.-A_; Nistor, I.-D.; Roy, R.; Azzouz, A. Organic Dye Ozonation
Catalyzed by Chemically Modified Montmorillonite K10- Role of Surface Basicity and Hydrophilic Character. Ozone Sci. Eng.
2020, 42, 517-530. [CrossRef]

El Baktaoui, M.; Hadj-Abdelkader, N.E.H.; Benghaffour, A.; Arus, V.-A.; Bennani-Daouadji, N.; Belkhadem, F.; Roy, R.; Azzouz, A.
Clay-Catalyzed Ozonation of Hydrotalcite-Extracted Lactic Acid Potential Application for Preventing Milk Fermentation
Inhibition. Molecules 2022, 27, 6502. [CrossRef]

Eizuka, T.; Ito, A.; Chida, T. Degradation of ipconazole by microorganisms isolated from paddy soil. J. Pestic. Sci. 2003, 28,
200-207. [CrossRef]

Singh, S.B.; Lal, S.P,; Pant, S.; Kulshrestha, G. Degradation of atrazine by an acclimatized soil fungal isolate. ]. Environ. Sci. Health
2008, 43, 27-33. [CrossRef] [PubMed]

Racke, K.; Coats, J.; Titus, K. Degradation of chlorpyrifos and its hydrolysis product, 3,5,6-trichloro-2-pyridinol, in soil. J. Environ.
Sci. Health Part B 1988, 23, 527-539. [CrossRef]

Mohan, S.V; Sirisha, K.; Rao, N.C.; Sarma, P.; Reddy, S.J. Degradation of chlorpyrifos contaminated soil by bioslurry reactor
operated in sequencing batch mode: Bioprocess monitoring. J. Hazard. Mater. 2004, 116, 39-48. [CrossRef] [PubMed]

Yu, Y.L.; Fang, H.; Wang, X.; Wu, X.M.; Shan, M.; Yu, ].Q. Characterization of a fungal strain capable of degrading chlorpyrifos
and its use in detoxification of the insecticide on vegetables. Biodegradation 2006, 17, 487-494. [CrossRef]

Bricefio, G.; Palma, G.; Durdn, N. Influence of organic amendment on the biodegradation and movement of pesticides. Crit. Rev.
Environ. Sci. Technol. 2007, 37, 233-271. [CrossRef]

Satterfield, C.N. Heterogeneous Catalysis in Industrial Practice; Mc Graw Hill Pub.: New York, NY, 1991; ISBN 13: 9780070548862.
Davis, M.E. New vistas in zeolite and molecular sieve catalysis. Acc. Chem. Res. 1993, 26, 111-115. [CrossRef]

Fisher, K.; Huddersman, K. Separation of nucleosides and nucleotides using cation-exchanged zeolites. N. J. Chem. 2002, 26,
1698-1701. [CrossRef]

Ivanov, A.; Graham, G.; Shelef, M. Adsorption of hydrocarbons by ZSM-5 zeolites with different SiO, /Al, O3 ratios: A combined
FTIR and gravimetric study. Appl. Catal. B Environ. 1999, 21, 243-258. [CrossRef]

Fujita, H.; Izumi, J.; Sagehashi, M.; Fujii, T.; Sakoda, A. Adsorption and decomposition of water-dissolved ozone on high silica
zeolites. Water Res. 2004, 38, 159-165. [CrossRef]

Amin, N.A.S,; Akhtar, J.; Rai, H. Screening of combined zeolite-ozone system for phenol and COD removal. Chem. Eng. J. 2010,
158, 520-527. [CrossRef]

Pullabhotla, V.R.; Southway, C.; Jonnalagadda, S. Oxidation of n-hexadecane with uranyl loaded /anchored microporous zeolites
and ozone. Catal. Commun. 2008, 9, 1902-1912. [CrossRef]

Fu, M.; Wang, J.; Heijman, B.; van der Hoek, J.P. Removal of organic micropollutants by well-tailored granular zeolites and
subsequent ozone-based regeneration. |. Water Process Eng. 2021, 44, 102403. [CrossRef]

Jiang, N.; Shang, R.; Heijman, S.G.J.; Rietveld, L.C. High-silica zeolites for adsorption of organic micro-pollutants in water
treatment: A review. Water Res. 2018, 144, 145-161. [CrossRef]


https://doi.org/10.1016/j.jhazmat.2008.05.115
https://doi.org/10.1016/j.clay.2006.05.005
https://doi.org/10.1080/01919510390481658
https://doi.org/10.1016/j.jhazmat.2007.09.058
https://doi.org/10.1016/S0043-1354(00)00564-9
https://www.ncbi.nlm.nih.gov/pubmed/11456158
https://doi.org/10.1016/j.apcatb.2007.10.021
https://doi.org/10.1016/j.apcatb.2006.04.011
https://doi.org/10.1039/C4RA11610K
https://doi.org/10.1081/CR-100100263
https://doi.org/10.1080/01919510208901596
https://doi.org/10.1038/nature21058
https://doi.org/10.1542/peds.2009-2097
https://doi.org/10.1080/01919512.2020.1727727
https://doi.org/10.3390/molecules27196502
https://doi.org/10.1584/jpestics.28.200
https://doi.org/10.1080/03601230701735227
https://www.ncbi.nlm.nih.gov/pubmed/18161570
https://doi.org/10.1080/03601238809372624
https://doi.org/10.1016/j.jhazmat.2004.05.037
https://www.ncbi.nlm.nih.gov/pubmed/15561361
https://doi.org/10.1007/s10532-005-9020-z
https://doi.org/10.1080/10643380600987406
https://doi.org/10.1021/ar00027a006
https://doi.org/10.1039/b202369e
https://doi.org/10.1016/S0926-3373(99)00021-1
https://doi.org/10.1016/S0043-1354(03)00382-8
https://doi.org/10.1016/j.cej.2010.01.042
https://doi.org/10.1016/j.catcom.2008.03.014
https://doi.org/10.1016/j.jwpe.2021.102403
https://doi.org/10.1016/j.watres.2018.07.017

Molecules 2024, 29, 5108 27 of 27

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.
253.

254.

255.

256.

257.

Jiang, N.; Shang, R.; Heijman, S.G.].; Rietveld, L.C. Adsorption of triclosan, trichlorophenol and phenol by high-silica zeolites:
Adsorption efficiencies and mechanisms. Sep. Purif. Technol. 2020, 235, 116152. [CrossRef]

Xu, Y,; Wang, Q.; Yoza, B.A; Li, Q.X,; Kou, Y,; Tang, Y.; Ye, H.; Li, Y.; Chen, C. Catalytic Ozonation of Recalcitrant Organic
Chemicals in Water Using Vanadium Oxides Loaded ZSM-5 Zeolites. Front. Chem. 2019, 7, 384. [CrossRef]

Mota, A.L.; Chiavone-Filho, O.; da Silva, S.S.; Foletto, E.L.; Moraes, J.E.; Nascimento, C.A. Application of artificial neural network
for modeling of phenol mineralization by photo-Fenton process using a multi-lamp reactor. Water Sci. Technol. 2014, 69, 768-774.
[CrossRef]

Barrault, J.; Bouchoule, C.; Tatibouét, ].-M.; Abdellaoui, M.; Majesté, A.; Louloudi, I.; Papayannakos, N.; Gangas, N. Catalytic
wet peroxide oxidation over mixed (Al-Fe) pillared clays. In Studies in Surface Science and Catalysis; Elsevier: Amsterdam, The
Netherlands, 2000; Volume 130, pp. 749-754.

Bahranowski, K.; Gasior, M.; Kielski, A.; Podobiriski, J.; Serwicka, E.; Vartikian, L.; Wodnicka, K. Copper-doped alumina-pillared
montmorillonites as catalysts for oxidation of toluene and xylenes with hydrogen peroxide. Clay Miner. 1999, 34, 79-87. [CrossRef]
Sui, M,; Liu, J.; Sheng, L. Mesoporous material supported manganese oxides (MnOx/MCM-41) catalytic ozonation of nitrobenzene
in water. Appl. Catal. B Environ. 2011, 106, 195-203. [CrossRef]

Huang, R; Lan, B.; Chen, Z.; Yan, H.; Zhang, Q.; bing, j.; Li, L. Catalytic ozonation of p-chlorobenzoic acid over MCM-41 and Fe
loaded MCM-41. Chem. Eng. J. 2012, 180, 19-24. [CrossRef]

Yan, H.; Chen, W,; Liao, G.; Li, X.; Ma, S.; Li, L. Activity assessment of direct synthesized Fe-SBA-15 for catalytic ozonation of
oxalic acid. Sep. Purif. Technol. 2016, 159, 1-6. [CrossRef]

Sulpizi, M.; Gaigeot, M.-P.; Sprik, M. The Silica-Water Interface: How the Silanols Determine the Surface Acidity and Modulate
the Water Properties. . Chem. Theory Comput. 2012, 8, 1037-1047. [CrossRef] [PubMed]

Valdés, H.; Farfan, V.J.; Manoli, ].A.; Zaror, C.A. Catalytic ozone aqueous decomposition promoted by natural zeolite and volcanic
sand. J. Hazard. Mater. 2009, 165, 915-922. [CrossRef] [PubMed]

Valdés, H.; Tardén, R.F,; Zaror, C.A. Methylene blue removal from contaminated waters using heterogeneous catalytic ozonation
promoted by natural zeolite: Mechanism and kinetic approach. Environ. Technol. 2012, 33, 1895-1903. [CrossRef] [PubMed]

von Gunten, U. Ozonation of drinking water: Part I. Oxidation kinetics and product formation. Water Res. 2003, 37, 1443-1467.
[CrossRef]

Nawrocki, J.; Fijotek, L. Effect of aluminium oxide contaminants on the process of ozone decomposition in water. Appl. Catal. B
Environ. 2013, 142-143, 533-537. [CrossRef]

Fujita, H.; Izumi, J.; Sagehashi, M.; Fujii, T.; Sakoda, A. Decomposition of trichloroethene on ozone-adsorbed high silica zeolites.
Water Res. 2004, 38, 166—172. [CrossRef]

Ward, J. Molecular Sieve Catalysts in Applied Industrial Catalysis; Academic Press: New York, NY, USA, 1984; Volume 3.

Sherman, J.D. Synthetic zeolites and other microporous oxide molecular sieves. Proc. Natl. Acad. Sci. USA 1999, 96, 3471-3478.
[CrossRef]

Pesce, S.F.; Wunderlin, D.A. Biodegradation of lindane by a native bacterial consortium isolated from contaminated river sediment.
Int. Biodeterior. Biodegrad. 2004, 54, 255-260. [CrossRef]

Mercadier, C.; Vega, D.; Bastide, J. Iprodione degradation by isolated soil microorganisms. FEMS Microbiol. Ecol. 1997, 23, 207-215.
[CrossRef]

Jauregui, J.; Valderrama, B.; Albores, A.; Vazquez-Dubhalt, R. Microsomal transformation of organophosphorus pesticides by
white rot fungi. Biodegradation 2003, 14, 397-406. [CrossRef] [PubMed]

del Pilar Castillo, M.; Andersson, A.; Ander, P; Stenstrom, J.; Torstensson, L. Establishment of the white rot fungus Phanerochaete
chrysosporium on unsterile straw in solid substrate fermentation systems intended for degradation of pesticides. World ].
Microbiol. Biotechnol. 2001, 17, 627-633. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.seppur.2019.116152
https://doi.org/10.3389/fchem.2019.00384
https://doi.org/10.2166/wst.2013.731
https://doi.org/10.1180/000985599546091
https://doi.org/10.1016/j.apcatb.2011.05.025
https://doi.org/10.1016/j.cej.2011.10.086
https://doi.org/10.1016/j.seppur.2015.12.055
https://doi.org/10.1021/ct2007154
https://www.ncbi.nlm.nih.gov/pubmed/26593364
https://doi.org/10.1016/j.jhazmat.2008.10.093
https://www.ncbi.nlm.nih.gov/pubmed/19058912
https://doi.org/10.1080/09593330.2011.650222
https://www.ncbi.nlm.nih.gov/pubmed/23240182
https://doi.org/10.1016/S0043-1354(02)00457-8
https://doi.org/10.1016/j.apcatb.2013.05.069
https://doi.org/10.1016/S0043-1354(03)00392-0
https://doi.org/10.1073/pnas.96.7.3471
https://doi.org/10.1016/j.ibiod.2004.02.003
https://doi.org/10.1111/j.1574-6941.1997.tb00403.x
https://doi.org/10.1023/A:1027316610450
https://www.ncbi.nlm.nih.gov/pubmed/14669870
https://doi.org/10.1023/A:1012420422111

	Introduction 
	Need for a Global Vision of Organic Pollution 
	Conventional Techniques for Organic Pollutant Elimination 
	New Strategies for Thorough Remediation of Polluted Media 
	Ozone-Based Remediation Processes 
	Iron and Solid Catalysts’ Effects on Ozone Consumption 
	Soil-Inspired Materials for Ecofriendly Remediation 
	Aluminosilicate-Based Catalysts 
	Conclusions 
	References

