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HIGHLIGHTS GRAPHICAL ABSTRACT

The ozone-based strategies for remov-
ing ARB & ARGs are classified and dis-
cussed.

Mechanism of action and repairment
phenomenon are informatively pre-
sented.

The operational parameters of ozona-
tion are characterized in detail.

The main perspectives for future plans
are provided.
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are still the most promising options to combat such crises in aqueous matrices especially wastewater. Knowing
that the extent of effectiveness and quality of disinfection is of great importance, this paper aimed to systemati-
cally review and discuss ozonation (as one of the main disinfectants with large scale application) effect on remov-
ing antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) from aqueous solutions, for which
no study has been reported. For this, a comprehensive literature survey was performed within the international
databases using appropriate keywords which yielded several studies involving different aspects and the effec-
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Keywords: tiveness extent of ozonation on ARB & ARGs. The results showed that no definite conclusion could be drawn
Water about the superiority of ozone alone or in a hybrid form. Mechanism of action was carefully evaluated and dis-
V\(éStEW%ter cussed although it is still poorly understood. Evaluation of the studies from denaturation and repairment per-
g‘;ﬁg‘?;;‘:“ spectives showed that regrowth cannot be avoided after ozonation, especially for some ARB & ARGs variants.

In addition, the comparison of the effectiveness on ARB & ARGs showed that ozonation is more effective for
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resistant bacteria than their respective genes. The degradation efficiency was found to be mainly influenced by
operational parameters of CT (i.e. ozone dose & contact time), solids, alkalinity, pH, and type of pathogens and

genes. Moreover, the correlation between ARB & ARGs removal and stressors (such as antibiotic residuals,
heavy metals, aromatic matters, microcystins, opportunistic pathogens, etc.) has been reviewed to give the opti-
mal references for further in-depth studies. The future perspectives have also been reported.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Antibiotics as a group of powerful medicines in the therapy of infec-
tious diseases have been widely used worldwide for both humans and
animals. However, most of these compounds (between 30 and 90% for
different types) are excreted as pristine forms or metabolites in urine
and feces, which in turn, leads to their continuous and intensive release
into wastewater treatment plants (WWTPs) (Foroughi et al., 2017; Liu
et al,, 2019). WWTPs, which are not designed for the effective elimina-
tion of antibiotics, provide the ideal conditions for MOs to develop and/
or acquire antibiotic resistance, owning to three pivotal items i.e. a sub-
stantial number of microorganisms (MOs); antibiotic residuals; and
enough contact time (Karkman et al., 2018; Makowska et al., 2016).
Therefore, these facilities not only are not able to remove antibiotics
and the resistance species, but they also act as hotspots and sink for
the propagation of ARB and ARGs in the environment (Kampouris
etal, 2021; Xia et al,, 2019). On the other hand, the released antibiotic
residuals can further promote the development and dissemination of
antibiotic resistance by various mechanisms. The developed ARB &
ARGs are doomed to release into the different environmental matrices
including natural and drinking water bodies (Voigt et al., 2020; Xu
et al., 2016). The development of antibiotic resistance has turned into
a serious and growing threat at all ecological aspects; influencing
human, animal, and environmental health as it now has been recog-
nized as a global public health crisis of the 21st century by The World
Health Organization (WHO) (Avila et al., 2021; Zielifiski et al., 2021).
It is estimated that if countermeasures are not adopted, antibiotic

resistance will kill 10 million people/year globally by 2050, which is
higher than those caused by cancer (Azuma and Hayashi, 2021).
Unfortunately, ARB and ARGs are not presently included in water or
wastewater treatment control parameters mainly because no admitted
regulation or standard for either antibiotic residuals or antibiotic resis-
tance (Raza et al., 2021; Zhang et al., 2020). Nonetheless, the require-
ments of the European directive 2000/60/EG focus on the
improvement of the aquatic matrices through the reduction/loss of dis-
charge of hazardous/priority substances like pesticides, heavy metals, or
nonylphenol. Since June 2018, specific antibiotics like azithromycin,
erythromycin, clarithromycin, amoxicillin, and ciprofloxacin have
been added to the “watch list of substances for union-wide monitoring
in the field of water policy” in order to improve tracking the occurrence
and spread of antimicrobial substances in water systems. Whereas
water and wastewater treatment plants (W&WWTPs) should be
redesigned so that efficient control strategies can be adopted to relieve
the propagation of antibiotic resistance in the environment from these
the calm before the storm sources (Ahmed et al., 2020; Voigt et al.,
2020). In the light of the mentioned facts, it seems that there is an immi-
nent need for a move-in approach from conventional pathogenic inacti-
vation to destroying ARB and ARGs (Umar et al., 2019). Nevertheless, in
a multi-barrier approach implemented in W&WWTPs flowchart, ter-
tiary treatment plays a critical role in minimizing the release of antibi-
otic residuals and the risk of antibiotic resistance spread into the
environment, although many aspects of them have not been fully un-
derstood (Rizzo et al., 2019). Disinfection may still offer an excellent op-
portunity to restrict the discharge of ARB and ARGs into the
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environmental matrices and therefore reduce the risk of their spreading
to/and via other pathogens (McKinney and Pruden, 2012).

Ultraviolet (UV), chlorine, and ozone are considered as the routine
disinfectants in W&WWTPs as well as the most promising ones in the
removal of ARB and ARGs (Gelete et al., 2020; Manaia et al., 2018). At
present, chlorination is still one of the most common disinfection tech-
niques mainly because simplicity as well as its economical and system-
atic consumption. Besides, ozone is promisingly applied for disinfection
owing to its high biocidal efficacy over a wide antimicrobial spectrum,
in addition to decolorization, taste & odour control, and reduction of
trace organics in the treated effluent or water. UV disinfection is an im-
portant physical technology known as an effective alternative for many
waterborne pathogens with no production of detrimental disinfection
by-products (DBPs) or other chemical residuals (Shi et al., 2021). Al-
though the mentioned disinfectants have their own disadvantages, in
the face of ARB & ARGs they still considered as the best practical option.
However, their efficiency not fully understood neither quantitatively
(how much they can affect different types of ARB & ARGs) nor qualita-
tively (which mechanism and combination, or other operational param-
eters). In addition, their effectiveness on ARB and ARGs removal
sometimes can be controversial. Therefore, there is a significant re-
search and knowledge gap in this area (Ni et al., 2020). While in the
last few years a growing number of studies toward different disinfection
approaches on ARB & ARGs removal has been published or reviewed
(Hiller et al., 2019; Liu et al,, 2018; Umar et al,, 2019; Yang et al.,
2019b), to the best of the authors' knowledge no review article is avail-
able on the effect of 0zone-based strategies for ARB and ARGs removal.
For this reason, the current study aimed to systematically review the ef-
fects of ozonation on ARB & ARGs removal from aqueous solutions.

2. Material & methods

The literature collection was conducted according to the PRISMA
statement in four consecutive stages of searching, selecting, data extrac-
tion, and data synthesis and analysis.

2.1. Information sources

The main international databases including Scopus, PubMed, and
Web of Science (WoS) were comprehensively searched by using both
terminologies and MeSH terms to identify all articles regarding the
elimination of ARB and/or ARGs from water and/or wastewater media
using ozonation (alone or in combination with other techniques) be-
tween Jan 2000 and May 24, 2021. The search was conducted with no
limitation in the geographical area, the scale of experiments (i.e.
batch, bench, pilot, and real scales), and the method for analysis of bac-
teria and/or genes. Besides, only studies published in English and avail-
able in the full text were reviewed.

2.2. Search strategy

The search MESH terms were “wastewater” OR “water” OR “efflu-
ent” OR “sewage” OR “wastewater treatment plant” OR “water treat-
ment plant” AND “ozone” OR “ozonation” OR “advanced oxidation
process” OR “O3” OR “oxidation” OR “disinfection” OR “disinfectant”
AND “antibiotic resistance” along with all possible combinations.

2.3. Inclusion/exclusion criteria and data extraction

After removing duplicates, the obtained studies were reviewed and
the eligible ones were selected according to the following criteria:
(1) being an original study that examined ozonation effect on removal,
destruction, or deactivation of ARB and/or ARGs from (waste) water
matrices or their related products such as sludge or biological solids;
(2) expressing the removal efficiency (as either % or log) or designing
in a way that the removal efficiency can be obtained or calculated
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from data; and (3) published in English. The following search results
were excluded: book chapters, review articles, conference papers, let-
ters to the editor, short communications, studies written in languages
other than English, and studies that their data were not represented
quantitively or cannot be calculated. The obtained results were inde-
pendently screened and assessed for eligibility by three authors (M.F.,
V.Kh., and M.K.), first by reviewing their titles and abstracts and then
full texts regarding the mentioned inclusion and exclusion criteria.
Any disagreement was resolved by consulting the corresponding au-
thors (S.K. and Kh. N.)

24. Data extraction

The required information was extracted from the eligible articles
with regard to the essential items that had already been provided as
the study goals. The items were the type of medium or media
(i.e., water, wastewater, sludge, etc.); type of ARB and/or ARGs; type
of antibiotic studied (if any); the operational conditions such as pH,
temperature, ozone dose, etc.; the performance of applied process as
units of either removal efficiency (%) or log value; and the differences
between ozone and its modifications for the elimination of ARB and/or
ARGs. The latter was considered for the studies which applied ozonation
with other techniques (such as UV, ultrasound (US), etc.). The data was
either directly sourced from the selected articles if it was available or ex-
tracted from graphs and calculated manually.

3. Results and discussion

A total of 40 studies were distinguished to be in the defined frame-
work from 2742 firstly obtained records through database searching.
Fig. 1 shows the summary profile of the search strategy used to identify
eligible studies and the number of studies identified and selected during
each phase of the search. All 40 studies were fully reviewed and catego-
rized separately as presented detail in Tables 1 and 2 and discussed in
the following sections.

3.1. Application of ozone for ARB & ARGs removal

From the studied bacteria for degradation using ozone-based pro-
cesses (Fig. 2) special attention have been paid to E. coli, Enterococcus,
and Staphylococcus with 25%, 25%, and 15% relative fraction, respec-
tively. Since the main MOs in the activated sludge-based processes are
Zooglea, Pseudomonas, Flavobacterium, Alcaligenes, Achromobacter, Cory-
nebacterium, Comomonas, Brevibacterium, Acinetobacter, and Bacillus
(Bitton, 2011), more investigations are needed to assess the influence
of the other resistant bacteria. Moreover, the data shows that
sulfonamide- and tetracycline- resistance genes (22% and 21%, respec-
tively), have been studied more frequently than other most common
genes in wastewater (as reviewed by Pazda et al., 2019). This is wel-
comed because these two classes of antibiotics are the two first pro-
duced and consumed ones in the world (Garcia-Delgado et al., 2018).

The ozonation process for the elimination of ARB & ARGs from water
and wastewater as well as their related media (such as sludge) have
been reported in many studies and found to be significantly effective.
The effect of ozonation on the removal of ARB & ARGs, when used as
the unique disinfectant agent, is summarized in Table 1. As can be
seen from this table, ozone can remove at least 2 log of both ARB &
ARGs in the mentioned media. The removal efficiency, however, is dif-
ferent and depends on the type of bacteria, genes, and antibiotics. For
example, for E-coli, a removal efficiency as high as 3 log, 4 log, and 5
log have been reported by Hembach et al. (2019), Pak et al. (2016),
and Stange et al. (2019), respectively. However, it was found a 100% re-
moval efficiency for Erythromycin and ethylparaben resistance E-coli.
Moreover, Enterobacteria and Enterococci have shown the highest re-
moval efficiencies of >5 log and 5 log as reported by Sousa et al.
(2017) and Stange et al. (2019), respectively. The removal efficiency
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Fig. 1. Flow diagram of the studies selection procedure based on the PRISMA.

for the latter is however different for its various species (from 1.5 log for
E. casseliflavus to 3.8 log for E. gallinarum (Hess and Gallert, 2015)). A
range of 1.17 log to 3.16 log has also been stated by Tong et al. (2017)
and Wei et al. (2020), respectively. Nonetheless, a wider range of re-
moval was found for Staphylococcus; from —78.1% (Alexander et al.,
2016) to 35% (Chu et al., 2020) and 69% (Kanaan, 2018). From the
MOs, P. aeruginosa showed the highest tolerance (Alexander et al.,
2016). Therefore, it appears that the susceptibility of ARB followed the
order of Enterobacteria > Enterococci > E-coli > Staphylococ-
cus > P. aeruginosa. According to Table 1, most of ARGs studied are
also significantly influenced by ozone treatment within the range of
0.02 - >5log. Nevertheless, there is almost no certainty about the extent
of removal even for a given gene. For example, while Sousa et al. (2017)
reported 4 log removal for sull, Su et al. (2018) reported 0.03 log removal.
This dramatic difference can be due to ozone concentration, or other op-
erational parameters, such as pH, temperature, etc. (Hiller et al., 2019).
However, it also depends on the measuring method (Rizzo et al., 2013).
Besides, for some ARGs the concentrations increased after processing
through the unit (Su et al, 2018). This can be due to regrowth or

repairment ability, the increase of detectable fraction, etc., which are dis-
cussed in Sections 3.4 and 3.7, respectively. Even in high removal efficien-
cies of ARGs, ozone may need to be injected at a very high dose as
reported by Zhuang et al. (2015) (over 177.6 mg/L), which impose a
high cost in comparison with conventional disinfection methods. There-
fore, it seems that ozone could not dramatically remove the antibiotic
resistance in wastewater effluents in already used dosages for disinfec-
tion, especially for some ARGs. The main reason is that the majority of
03 is primarily utilized by the dissolved organic matter of effluents (Ben
et al.,, 2017). Another important conclusion from the articles listed in
Table 1 is that although the optimum conditions are considered in
maintaining efficiencies, whenever two concentration of ozone are
compared, the removal efficiencies increased with increasing ozone
initial concentrations (Zheng et al., 2017). It has been already
recognized that the suspended solids, the dissolved organic matter, and
the complexity of the microbiota in an aqueous medium may influence
the efficiency of the ozonation process mainly due to the effect on the
reaction mechanism of ozone. All the effective factors are discussed in
Section 3.6.
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P~ E 3.2. Ozonation in combination with other techniques
- — s}
o 8 S g
; 8 - 3 From the above-mentioned hybrid techniques, catalytic ozonation
ki g @ ‘5 (including Os/persulfate (PS) and Osz/monopersulfate), O3/UV, and O3/
25 5 = & sand filtration or granular activated carbon (GAC) adsorption have
s I .
=< @ £ 2 been used for removal of ARB & ARGs until now (Table 2). Moreover, ap-
e g plication of Os/anaerobic digestion (AD), Os/US, O3/US+AD, O3/
SEE o"E = = autoclave, Os/chlorine, and Os/biological activated carbon filtration
L. QL .. = . .
S aS=S =z (03-BAC) has also been reported in this field (Table 2). As can be
;: 79 ; % z E :|C:> observed from Table 2, the elimination efficiency of ARB and/or ARGs in-
CEX S 3 Z § creases in hybrid processes in comparison with ozonation alone either
E - E =S § 28 T by influence on removal efficiency (Pei et al., 2016) or its related param-
92 = & § g o= é eters such as CT values in (Oh et al., 2014) study, who reported that
& % bl o ~ ¢ 83 g E adding the PS-based catalysts significantly reduces the required contact
g« 8 = = % °§ 53 g time to attain a 2-log removal, which in turn, enhances the process from
a ; 5 ? - ?’gg g a ‘é’n gf': e =g S kinetics standpoint, or denaturation in Somensi et al. (2015) study
é 83 ,;EwS - JdSog fg 2 E = S E which was significantly reduced by using ozone/US relative to ozona-
£8 = § 9’ i g - Z S g g2 S s tion alone. Nevertheless, the hybrid process has not always been re-
NPSuEBESTEER E282QE g ported effective than ozone alone. For example, Jia et al. (2020)
S lcTaox2E8T8m < | | S| . .. .
= showed that there is no significant difference between the performance
= . .
2 g of Os/chlorine relative to Os alone (p = 0.93). The effect of O3/UV seems
.2 L
u§ S = controversial; while some studies reported no significant effect relative
- E g to Os alone (Jager et al., 2018). Others discussed a significant effect of
§ ; § this hybrid process (Lee et al., 2011). This is also applicable to O3/US
G £ for which some literature reported a significant performance (X. Chen
A © . . .
So 2 et al., 2020; Somensi et al.,, 2015) and others declared an insignificant
;3 E § performance versus O3 alone (Lan et al., 2021). Despite Os/US, Lan
g3 E et al. (2021) also reported a significant improvement in removing
S g = ARGs in Os/autoclave process (Table 2). Moreover, the addition of
) % :.' g _ certain agents has been reported effective. For instance, Zheng et al.
-~ fs] .
§ - s § = (2017) reported that the mean values of the removal efficiency
g =3 i% = 3 _‘g = = '5“ increased to 91.4% when Deoxyribonuclease (DNase) was added to
S Esvs3 g <E gg the ozonation process. These controversial results in addition to
2 % disrupting the comparison of them, indicate that the findings should
524 assess according to the effective parameters as discusses in Section 3.9.
Ew @
= 8 &
U " o~
E g Lé g 3.3. Mechanism of action
v 2 g Ta
o5 20 g
% 5 § g E In an aqueous solution, the dissolved ozone is rapidly decomposed
£ S ECSE into the radicals of superoxide (*O3 ), hydroperoxyl (HO,¢), and OHe
Ew |l 93 . . .
) Sa %" & according to the following mechanism:
) o= O
o g3 & E7 .od
EQV . 248 £ 2 05 — “OH,°0, H,0;
§28 S5 8
[%) =] =) = —
g = Eg g “2 The above-mentioned radicals besides organic radicals, which gen-
z g ; g § g erated due to the reaction of hydroxide ions with ozone as well as OH
g Il . . . . .
S Eg2 g £ radicals, attack non-selectively the bacterial cell wall and oxidize mainly
) § & § § s g two groups of polyunsaturated fatty acids and amino acids from pep-
S = =S £98 ides, enzymes, or proteins, which in turn can result in leakage of cellu-
e 3 g% E3E tid teins, which in t It in leakage of cell
N = j © . . .
o A ! “E’ g3 §E =] lar constituents. The penetrated radicals into the cytoplasm also may
<3¢ ; 2 induce multiple oxidation reactions with intracellular substances. For
o 2 § o £ E’ 3 £ example, they can destroy the enzymes that contributed to the decom-
§ % ;f g § > 3 éﬂ 5 position of glucose inside the bacterium cells; protein; fatty acids; and
< & ] Y < g3 2 g even purines and pyrimidines o an , which impacts the rep-
g® 0 g 5E% 5Tw d dines of DNA and RNA, which ts th
2 <§) 2 - = % - 8z z z38s aration and transcription and then may result in cell lysis or death (Pei
£RA5E, LZEZ.° CEgSguis etal, 2019; Stange et al., 2019; Zhang et al,, 2018; Zheng et al., 2017)
ES A §$ TQ _E = éé’ 5 § Z= E § ;T >§< (Fig. 3). Although no explicitly have been distinguished between the
£8 ; EET ZSEETG E £ f: 8E ¢ ! role of direct attack to the cellular components by ozone or indirect re-
oo m . . . . . . .
ceeaETE AoEEz § g £5E96 actions with OHe, which is produced continuously simultaneous with
— - = 3 9057 s . . . .
) g 5 55885 gE auto-decomposition of ozone, and is recognized to be fairly reactive to-
&2 % g ;- i ; % ;E < ward free DNA (Dodd, 2012), the stated consecutive reactions are
z 2 % % 28 g Eo g ; highly-dose dependence (Pei et al., 2016).
- o . . . . . Ry
§ i = 5 5 5 g9 g § Microbial community type and aqueous solution metrics condition
= 2 % .§ g g E ::; E are also effective on ozone mechanism for degradation of bacteria
-g (‘% E Ec % g EaZ and/or genes. From a bacteria types point of view, ozone effectiveness
2232°° strongly depends on several parameters, including but not limited to
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growth stage, type of cell envelope, repairing ability, and the type of vi-
ability indicator employed. Interfering agents present in the aqueous

ol

g medium, such as dissolved organic matters and flocs or particles can di-

§ . minish the stability of Os or protect MOs from exposure to ozone, thus

< 5 disrupt the disinfection performance (Czekalski et al., 2016). The

= effects of these agents are discussed in the next sections. Nevertheless,
- no exact mechanism is known for ozone disinfection yet. And
= . .

s & although damage of cell membranes is assumed even before nucleoids

¢ E damage, it has been acclaimed that cell lysis might not be the

foremost inactivation mechanism. Besides, the damages induced by O3
can be repaired because of the high activity of the related cellular
enzymes. Therefore, it appears more studies are required to
understand ozone inactivation mechanisms especially for ARB and
ARGs (Hiller et al., 2019).

3.4. Denaturation or repairment?

Disinfection efficiency is not identical to destroying the integrity of
DNA molecules (known as denaturation) and any inactivation of the
genes in a disinfection process can be reversible, and the genome can
be repaired by several mechanisms when the disinfection stress is re-
lieved (Pei et al., 2019). Therefore, it is of great importance to carry re-
grow ability and its extent in this pivotal process (Moreira et al.,
2016). Unfortunately, repairment cannot also be ignored after disinfec-
tion with Os, as it has been proved that living cells may still present in
the treated media even after an extended time of reactions (lakovides
et al., 2019). About ozonation, some studies showed repairment for
some bacteria/genes and not for others. For example, (Zheng et al.,
2017) declared that though after storage total heterotrophic and
bacteria resistant to ciprofloxacin, gentamicin, and meropenem as
well as the genes of 16S rRNA and intl1 returned to values close to the
preliminary levels, this didn't occur for ARGs of blaTEM, gnrS, and sul
even after three days storing of the treated aqueous solution.
Moreover, DNase I processing trials showed that it produced a large
number of free DNA containing ARGs after the inactivation of bacteria.
(Sousa et al., 2017) reported a removal efficiency of 2 log for cultivable
fungi, 16S rRNA, and intl1 genes; ~3-4 log for total heterotrophs,
enterobacteria, and enterococci; and close or below the detection limits
for ARGs, over a time of 30 min. However, most of the mentioned pop-
ulations, 16S rRNA, and intl1 genes, along with ARGs (except gnrS) re-
turned to the preliminary levels after three days, indicating a
transitory inactivation. However, owning higher microbial diversity
and more complicated interaction, real wastewater might experience
more intense conditions from a regrowth point of view. Indeed, in the
stored real medium, the abundance of total heterotrophs, enterobacteria,
and fungi was found to be as same or above as the pre-ozonation levels.
In agreement with the culture-dependent data, the genes of 16S rRNA
and blaTEM almost returned to their initial values and intl1 and sull to
about 1 log-unit below pre-ozonation levels after storage, suggesting
that the process left viable cells which can regrow after relieving the
stress (Sousa et al., 2017). Nevertheless, some literatures reported no
repairment for the studied bacteria/genes. For example, Moreira et al.
(2016) observed no evidence of regrowth of the host, as inferred from
the absence of an increase in the relative abundance of the respective
ARGs after the 3-days storage of treated aqueous medium at room tem-
perature. Nevertheless, both culture-based techniques (dependent & in-
dependent) proved that part of the MOs or genes are viable and able to
repair or regrow, whose potential risk is still needed to be assessed.

3 log to limit of
quantification

multi-resistance gene

Staphylococci: ~4.5 log
Filtration + GAC

E. coli: ~3.5 log
Enterococci: ~3.6 log
Staphylococci: ~4.7 log

- 03+ Sand

>99%

Enterococci &
Enterobacteria
ciprofloxacin
(4 mg/L),
gentamicin
(16 mg/L)
meropenem
(4 mg/L)

0.3 m gravel support layer
and a 2.2 m charcoal layer
filter contained 0.6 m sand

and 2.2 m GAC
Scale: laboratory
continuous mode

interval 5 h) contained
Dose: 50 g/Nm>

- 03+ Sand

Filtration + GAC

The combined sand/GAC
Flow rate: 15 Nem®/min

3.5. Antibiotic resistant bacteria or resistance genes; this is a problem!

It is well-identified that the multiple obstacles employed in W &
WWTPs, especially with the bitter end of disinfection, result in mortality
of 90-99% of the MOs, which in turn can cause releasing a huge amount
of dead and broken MOs as well as extracellular DNA (eDNA) into the
environment receiving the discharged effluents (Sivalingam et al.,

and surface

water
¢ The stated differences between the methods applied. For comparison 0 implies on no disinfection and 1, 2, 3, and 4 imply on the first, second, third, and fourth applied methods at the first columns, respectively.

b Scales are as batch, bench, pilot, and full scales. From the place of performing are as laboratory or full (in the place) scales.

Urban wastewater
-Photocatalytic
(05 + UV + TiO,)

ozonation

Abbreviations: - CT: concentration x time, WWTP: wastewater treatment plant, MWTP: Municipal wastewater treatment plant, MOs: microorganisms, HWW: Hospital wastewater, US: ultrasound, AD: anaerobic digestion, PWS: pharmaceutical

waste sludge, and MWS: Municipal waste sludge, GAC: Granulated Activated Charcoal.

LOD: limit of detection; LOQ: limit of quantification; N.A.: not applicable.
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mE. Coli

W Enterococcus
Staphylococcus

B Enterobacteria

B Pseudomonas
Acinetobacter

M other

B sulfonamide
Beta Lactamase

B Macrolide

B Vancomycin

W Tetracycline

B Quinolone

B multi drug

Fig. 2. The frequency of studied a) ARB and b) ARGs classes removal using ozonation-based processes.

2020). In fact, inactivation of MOs during disinfection may not assur-
ance removal of intracellular ARGs even where 4 log removal of ARB
was achieved (Sharma et al., 2016). Unfortunately, cell-free ARGs in
WWTPs' effluents is known as an important contamination type of
ARGs (Zhang et al., 2018). Therefore, removing these orphaned genes
is of great importance and a turning point in disinfection.

As explained in the ozone disinfection mechanism (Section 3.6), O3
likely inactivates ARB cells by damaging their own envelope well before
reaching to ARGs. Hence, it can be expected that ARGs deactivation face
delays behind ARB inactivation, though even after which ARGs may re-
main active and able to repair themselves as discussed before (Dodd,
2012). In fact, even when significant removal of bacteria is achieved, the
results cannot be applicable for their respective genes. For example,
Zheng et al. (2017) reported that a great number of free DNA after the ap-
propriate inactivation of MOs by Os disinfection. In addition, Alexander
et al. (2016), Czekalski et al. (2016), and Xu et al. (2016) showed a
limited ARGs removal in ozonated wastewater and water, respectively.

3.6. Operational parameters

Several parameters are suspected to be effective in a process and the
actual performance in the reduction of ARB and/or ARGs depends on the

18

operational situations, such as (waste)water characteristics, O3 dose,
and reaction time (Ben et al., 2017; Luczkiewicz et al., 2011). The
former include pH, alkalinity, organic carbon content as either total or
dissolved, bicarbonate and carbonate concentrations, and particles (as
total suspended solids (TSS) and turbidity) (Association, 2011).
Besides, effects of humic acids (Pak et al., 2016) and the presence of
flocs in an aqueous medium (Czekalski et al., 2016) especially in low
concentrations are also important (Yang et al., 2019a). Ozone dose
and contact time can be adapted to increase elimination effects on
bacteria carrying ARGs (Jager et al., 2018). When dealing with
microbes, the importance of the type of bacteria and type of genes are
added in the mentioned list (Czekalski et al., 2016; Wang and Zhuan,
2020).

3.6.1. Ozone dose & contact time: the concept of CT

For an effective deactivation of ARB and/or ARGs a minimum dose is
needed. In fact, above a given level, ozone can destroy the proteins and
intensify the permeability of cell walls, resulting in its deep penetration
into the cytoplasm and destroying ARGs. It is well known that 90% of the
ARB and ARGs can be eliminated by a 3 mg/L ozone concentration (Hu
et al., 2019). However, the ozone-dose effect is controversial, while
some researchers declared that increasing ozone dose improve the
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Fig. 3. The general ozone mechanism of action for removal of MOs.

removal efficiency (Zhuang et al., 2015), others argue that the ability to
eliminate ARGs was not dramatically improved by increasing the ozone
dose (Zheng et al., 2017). This is attributed to ozone's strong oxidizing
ability which results in its reaction with a variety of cell material and re-
duces the opportunity to target DNA or ARGs (Zheng et al., 2017). This
can also be due to accelerated self-decomposition of ozone at a high
concentration (Macauley et al, 2006). The first group, however,
acclaimed from the appreciable reactivity of double-stranded DNA
(dsDNA) toward Os, that the deactivation of ARGs could be enhanced
by an order of 1-2 at ozone dose and contact time (CT) ranges employed
in water disinfection (i.e. 0.1-1 mg/L.min at 25 °C) compared to very
low O3 CTs needed to achieve MOs inactivation (Dodd, 2012).
Nonetheless, since the existence of orphaned genes in aquatic
matrices might intensify the public health risk as they can transform
via horizontal gene transfer (HGT) mechanism special attention need
to be paid to the irreversible removal of ARGs (Tan et al., 2019). As
such, there are a few reports on the effect of O3 on ARGs and their
recovery after treatment.

For addressing these controversial results, more attention needs to
be paid to both ozone dose and contact time. Some studies reported
that from two main parameters of ozone dose and contact time, it is op-
erationally possible and even better to maneuver more on the latter in-
stead of increasing ozone dose which imposes lateral side effects such as
the generation of the carcinogenic by-product as bromate or nitrosa-
mines (Hiller et al., 2019). For example, (Iakovides et al., 2019) showed
that with increasing the retention time to 40 min at a low ozone concen-
tration (i.e. 0.25 gOs/g dissolved organic carbon, DOC) the ARGs
reduction was the same as that of applying the higher concentration
(i.e. 0.75 g03/gDOC). These findings suggested that a proper reaction
time would result in the desired disintegration values of the examined
ARGs, even with low O3 concentrations. These can be attributed to the
opportunity for interaction between O3 and OHe with the naked DNA
after the destruction of the bacteria cell surface (or the opportunity for
05 and OHe to interact with the naked DNA after the destruction of
the bacteria cell surface) (Iakovides et al., 2019). It should be noted
that the concept of CT is in turn highly affected by the specific aqueous
solution ingredients such as DOC, suspended solids (SS), residual nitrite
concentrations, and particulate matter as they can cause a rapid
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consumption of Oz and failed performance, which will be discussed in
the following sections (Hiller et al., 2019). Another important
consideration is that the practical application of CT concept is still
challenging because it is currently used for disinfection of routine MOs
and not for antibiotic resistant species in the (waste)water treatment
procedures (Pak et al., 2016).

3.6.2. Solids in forms of SS and natural organic matter (NOM)

Apart from the shielding of MOs, solids can scavenge various types of
radicals generated by ozonation. In fact, it seems that SS is first
disintegrated into at first high- and then low-molecular-weight com-
pounds when exposed with O3 which results in decreasing its
disinfection efficiency (Pak et al., 2016). The presence of NOM in
water bodies is always problematic for every operational or process
units in water and wastewater treatment, especially in disinfection.
Once ozone is used as a disinfectant, its main part is preferentially con-
sumed by NOM present in lagoon samples especially at low ozone doses
(Macauley et al., 2006). However, when it is applied as an oxidant (e.g.
pre-oxidation with ozone unit) it can positively reduce NOM as
reflected by the values of COD and DOC (Hu et al.,, 2019). Nevertheless,
some studies have reported a positive effect of humic acid (HA) in the
removal of ARB and/or ARGs. For example, Pak et al. (2016) observed
a higher elimination in antibiotic resistance at higher HA concentra-
tions. In fact, O3 disintegration can be started by substances that are
able to induce the formation of a superoxide anion (O3 ), hydroxide
ions, peroxides, ferrous iron, or humic substances. The latter is also
identified as promoters, by which O3 can be regenerated from OHe.
Therefore, humic substances can integrate with O3 and initiate the
formation of OHe, and therefore, improve the oxidative effect of the
process. The presence of flocs and biofilms are also reported that can
decrease the stability of O or shield MOs from its exposure (Czekalski
etal, 2016).

3.6.3. Alkalinity

Apart from NOM, the presence of alkalinity may inhibit chain reac-
tions responsible for the generation of OHe radical from ozone decom-
position (Deng, 2020). Carbonate and bicarbonate (HCO3 and COs3,
respectively), are the main alkalinity agents which react with OHe and
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then increase the ozone lifetime, thereby they slow down the chain
reaction mechanism. Besides, the radical-scavenging activity of the
COs3 species enhances at higher pH values, as carbonate has more
scavenging ability in comparison with bicarbonate. Therefore, the
more rapid velocity of the hydroxide-originated initiation reaction at
higher pH values would be decreased in parallel when alkalinity is
high. Since hydroxyl radicals which are known as one of the strongest
chemical oxidants (E%; = 1.78), its production is operationally pivotal
and its quenching agents should be regarded before generalization of
the results from experiments to real scale application (Association,
2011). Nevertheless, in alkaline aqueous solutions, this phenomenon
leads to retaining an ozone residual for longer periods which is
important from a disinfection point of view.

3.64.pH

pH is regarded as a main effective parameter on ozone efficiency for
removing ARB & ARGs by several studies. The effect of pH on the disin-
fection performance of O3 is multifaceted. It is recognized that O3
decomposition rate rises when the concentration of OHe increases
(Eq. (6)) which then react with O3 molecules and results in producing
OH- (Eq. (7)).

03 + OH™ — HO; +0, (6)

03 +HO; — °OH+0°;, + 0, (7)

Since in the above-mentioned reactions, OHe produces which have a
stronger oxidation potential (2.86 V) than 05 (2.07 V), the influence of
pH on MOs inactivation is a trade-off status; raised pH reduces the O3
concentration but generates more radical species. Therefore, the net
influence of pH is not fully understood or accepted (Pak et al., 2016).
Besides, as mentioned before, the effect of other confounders (such as
alkalinity agents) on ozone performance can be influenced by pH. In
the United States Environmental Protection Agency (USEPA) CT tables,
the efficacy of O3 residuals is viewed independently from pH. Because
the influence of pH on O3 capability for MOs inactivation seems to be
predominantly related to changing the stability of its residual, though
further investigations are needed (Association, 2011). Therefore, it
seems that more studies are required to explain pH effectiveness on
the removal of ARB & ARGs by ozonation.

3.6.5. Microbial types or their respective genes

Depending on the ARB species or these related ARGs, different ex-
tents of resistance is imagined in confronting oxidative stress such as
ozone (Alexander et al., 2016). It is reported that antibiotic resistant
bacteria (such as E. coli and staphylococci) survived better than the sen-
sitive strains after ozone treatment. Moreover, the reduced abundance
of antibiotic resistant enterococci after treatment may be explained by
a different Os sensitivity for the species: Enterococcus faecium and
Enterococcus faecalis reported to be more sensitive than other
Enterococcus-species (Liiddeke et al., 2015). The extent of resistance
strongly depends on several parameters, including but not limited to
growth stage, type of cell envelope, repairing ability, and the type of
viability-indicator method employed (e.g., culture-based against
others), abatement, and intracellular ARGs disruption (Czekalski et al.,
2016). The latter can also be attained by considering higher ozone
doses (Czekalski et al., 2016). Investigation of the cell membrane per-
meability with 1-N-phenylnaphthylamine (NPN) showed increased up-
take of NPN after ozonation in E. coli strains, indicating that the structure
of the outer membrane is important for permeability relative to ozone
(Patil et al., 2011). Moreover, it is supposed that the microbial cells ex-
perience the lowest and highest inactivation rates at the stationary
and exponential growth phases, respectively. The results, however,
can not be generalized but indicates different inactivation rates during
various stages of growth (Cherchi and Gu, 2011). The diversity in resis-
tance is more highlighted for genes (Paulus et al., 2019). For example, it
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becomes obvious that ozone affected the abundances of vanA and
blaVIM quite differently relative to the ermB resistance gene
(Alexander et al., 2016). This can be attributed to potential transfers of
these highly abundant genes induced by oxidative stress. Besides, the
species-specific quantification discovered different levels of susceptibil-
ities from high (enterococci) to low (P. aeruginosa), representing differ-
ent mechanisms for coping with the resistance.

3.7. Other important considerations

3.7.1. Other confounders in performance evaluation

Apart from the above-discussed effective parameters on ozone per-
formance for removing ARB & ARGs, the reported removal efficiencies
for ozone may not be realistic even for the controlled, optimized condi-
tions of experiments. This is mainly because of the culture-based ARB
detection method as well as ARGs transformation. During ozonation, a
number of reactive oxygen species including H,0, can be generated
which causes bacteria to be in the status of “viable but non-
culturable”, therefore, they may not be distinguished by culture-based
procedures despite their existence and the ability for transferring their
respective ARGs (Pak et al., 2016). The application of culture-
independent procedures is essential for the fact that most of MOs in
aqueous solutions are not cultivable, and also the advanced treatment
alternatives could increase the fraction of non-cultivable populations,
(Moreira et al., 2016).

Apart from the mentioned considerations, the outcomes obtained by
the reviewed studies (Tables 1 and 2) may be still hard to be judged and
compared. Because in addition to the lack and/or heterogeneity of the
scientific information (for instance different target micro contaminants,
experimental situations, etc.), the results have not been homogenized
for performance unit expression; while some studies have been re-
ported removal as the only absolute abundance, others normalized the
data to the quantity of 16S rRNA gene (i.e. relative abundance) and re-
main as both of them. These make it difficult to accurately evaluate
the ozonation efficiency.

3.7.2. Side effects

Another consideration in using ozone as a disinfectant agent for the
removal of ARB & ARGs is its adverse side effects. For instance, the po-
tential mutation of nucleoids after ozone contact and toxic transforma-
tion products (such as bromate and nitrosamines) are of great
importance. Although addressing some strategies such as biological fil-
tration with a medium of sand or activated carbon after disinfection
with ozone is found to be beneficial, they bear the risk of microbial re-
growth of ARGs (Jager et al., 2018). Increasing the formation potential
(FP) of trihalomethanes (THMSs) and haloacetic acids (HAAs) especially
in low concentrations of ozone (0.5 mg/L) has also been reported by Li
et al. (2018) who attributed this to the increased content of reactive or-
ganic compounds. At the higher ozone dose (i.e. 2.5 mg/L) THMSFP was
smaller mainly due to its effective performance in oxidizing the reactive
organic compounds. However, when ozonation is integrated with bio-
logical activated carbon filtration, the FP of the mentioned by-
products is reduced even more than when BAC is used alone. The au-
thors acclaimed that although ozone enhances the contents of THMsFP
and HAASFP, it also increases the biodegradability of the maternal or-
ganic compounds; thus, contributing to their removal in the subsequent
treatment by BAC filtration.

4. Conclusions and perspectives

The current study comprehensively reviewed the literature pub-
lished on the removal of ARB & ARGs from aqueous environments
using ozone-based disinfection processes. Although the results of the
assessed studies were relatively scarce and not fully consistent, it
seems that ozonation can be considered as a potential option in remov-
ing ARB & ARGs. However, there is still a significant knowledge
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deficiency so that the results cannot be generalized and used in real
scale treatment systems. In fact, a comprehensive investigation of the
process is required for being able to have confident results for scaling
up the results. As discussed, the application of ozone for ARB & ARGs suf-
fers from several major operation and process obstacles for upscaling
which are summarized as follow:

First of all, the best process needs to be recognized (ozone alone or in
combination with other techniques, for the latter option the question
that may arise is which technique?). Afterwards, for the results that
the scale-up is allowed, the following considerations should be
regarded: the role of operation/process parameters including ozone
dose and reaction time (CT value), pH, alkalinity, etc., and secondary
parameters such as the presence of SS & NOM, antibiotic residual
(not only related but also unrelated antibiotics), and other ARB,
ARGs and stressors should be fully understood and optimized for dif-
ferent types of water or wastewater media. Moreover, the type of MOs
containing the resistance and their detection methods should be con-
sidered.

Repairment after treatment is a crucial challenge that should be kept
in mind for scaling up the process.

If determined that higher doses of ozone than normal values are
needed to achieve enough deactivation or for preventing repairment,
the challenges of by-products, in particular, bromate must carefully be
considered.

After optimizing for the critical factors, biological safety and toxicity
assessment should be passed and the process must give acceptable
mineralization.

All the findings of optimization experiments should be tested and
passed for real water or wastewater matrices in which numerous
agents exist and can influence the ozone-based process and their
roles are neither fully understood nor even investigated. For instance,
the suggested CT values in the reviewed studies might not be practi-
cally attainable to avoid ARB to spread and plasmid which still is
able to transfer to microorganisms.

The results reported until now are mainly on the given or a narrow
collection of ARB and/or ARGs. Evaluation of a method for the perfor-
mance on removing ARB and/or ARGs as well as multidrug resistance
genes (MRGs) must be included a collective different bacteria and
genes.

The results of any new study should be based on culture-independent
methods because ozonation could increase the fraction of non-
cultivable populations, in addition to that the most of the MOs in
aqueous solutions are not cultivable.

The ozonation-based processes should be defined somehow to give
appropriate removal of both ARB and ARGs along with MRGs. Because
the orphaned genes will be problematic.

» Techno-economic analyses of the process are of great importance.

A deeper understanding of the ozonation mechanism would help to
explain the findings and to improve the process performance.

All in all, this systematic review presents a comprehensive study of
ARB & ARGs removal using ozonation-based strategies in W&WWTPs,
which include a large body of information to be used in any future study.
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