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Fluoroquinolones (FQs) are widely used antibiotics for therapeutic purposes, yet their extensive usage and unwise disposal led to antibiotic resistance as well as their
widespread across the environment and becoming a major contaminates in water bodies as the wastewater treatment plants are not capable removing of FQs completely.
Knowing the latter, the researchers endeavored to find techniques for the detection and removal of such contaminates from the disposed water from different facilities.
This review highlights some of the recently and currently developed techniques for detection and removal. It discusses also different adsorbents used to remove FQs
from wastewater. All in all, the removal of such leading contaminates from water would inhibit their spread across different environmental spheres thus promoting better

environmental health.

Introduction

Human beings and animals need pharmaceutical drugs as
an essential part of maintaining their health and well-being as
they are used for therapeutic ends. Such drugs are biologically
active as well as they can persist in the environment due to
their stability. Due to the latter, they are considered emerging
pollutants. The toxicity and reactivity of such pollutants are
mostly left untouched in terms of the permissible levels in
which they could be disposed to the environment [1]. Such an
issue induced researchers to proceed towards inventing new
solutions for the emerging problem in the environment.

Among the many drugs used to cure illnesses and
sicknesses, antibiotics are the most frequently used to combat
microbial activity within bodies. Even though these drugs are
useful for the latter purpose, they have introduced a problem
that is lurking at the bay. Nowadays, antibiotics are classified
as a dreadful threat to human beings, animals, and in short the
environment as a whole [2]. Upon the discharge of antibiotics

to the environment, usually, they are still posing activity
since this, microorganisms protect themselves by developing
resistance towards such drugs and thus the used drugs become
deactivated therefore are not capable of achieving their
ultimate aim. The previous phenomenon since it became a viral
problem, was designated a term: Multidrug Resistance (MDR)
[3]. MDR resulted in the development of uncurable or hardly
curable infections with conventional anti-biotic agents for
Gram-positive and Gram-negative bacteria [4].

Many sources are considered as an entrance of antibiotics
to the environment, yet hospital discharge or effluent is known
to be the most contributing source of such pollutants. Patients
once intake as a part of their therapeutic process, such drugs
get excreted and urinated by them and thus enter into the
aquatic system due to the improper treatment process of the
generated wastewater. The characteristics of hospital effluent
are varying parameters depending upon many factors such as
country, density of beds, healthcare facilities, wards, the used
anti-biotics... etc. [5].
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Just between the years 1930 and 1962, the world had
produced more than 20 novel classes of antibiotics. Many of
these were marketed and others were withdrawn. Classes like
Penicillins, Cephalosporins, Aminoglycosides, Tetracyclines,
Glycopeptides, and Quinolones are widely used and discharged
into the environment [6]. Quinolones are a class of antibiotics
characterized by the presence of bicyclic core as Figure 1 shows.
Antibiotics have been used extensively to treat severe infection
cases since their discovery during the early 1960s [7].

Since the discovery of nalidixic acid which is used to treat
uncomplicated urinary tract infections., scientists devoted
more efforts hoping to elevate its potential as it was observed
that it is of great potency. The discovery of 6-fluoroquinolone,
which is a nalidixic acid derivative, was the breakthrough
towards further advancements and the discovery of the
potential lies within Fluoroquinolones (FQs). Compared to
the first generation of quinolones, fluoroquinolones are much
more active as they could be used for Gram-positive and Gram-
negative pathogens along with the latter, they are also active
causative agents of tuberculosis, Mycobacterium tuberculosis.
FQs, compared to the normal quinolones contain a fluoro-
group at position R, as Figure 2 shows, which indeed enhanced
the Gram-negative activity, and since then, all the quinolones
were designed as fluoroquinolones [7].

There are many FQs’ drug designs each serving an aimed
purpose. For the inhibition of Gram-negative pathogens,
Enoxacin, Norfloxacin, and Ciprofloxacin are the leading drugs
as the addition of piperazine to the R, position increased the
activity against Gram-negative organisms. Whereas, when the
modification was done on R, by the addition of a cyclopropyl
group, the overall potency of the drug was enhanced.
Apart from the latter, extensive studies were made on the
improvement of the activity of fluoroquinolones upon the
structural modifications and all could be summarized in Figure
3. Figure 3 shows that a potent drug against Gram-positive and
Gram-negative organisms could be designed as well as upon
the aim, of different compounds could be synthesized [7].

Mechanisms

Depending upon the concentration of quinolones,
their lethality towards bacteria varies. In recent years, the
mechanism for each was thoroughly studied and many
conclusions were drawn from the result. Quinolones are
capable of killing bacteria either rapidly or slowly. When
the concentration of quinolones is two-fold of the value of

R O O

X OH

Figure 1: Quinolone anti-biotics core structure. positions R1, R5, R6, R7, R8 and X are
the positions for modifications. X could be C or N. When X = N the core becomes
napthyridones whereas when X = C the core becomes quinolones.
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Figure 2: Fluoroquinolones’ general structure, positions R1, R2, R5, R7, and R8 are
the potential positions modification in the structure. X could be a C or N atom.
When X = N it becomes flouronapthyridones whereas when X = C the core becomes
fluoroquinolones.
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Figure 3: The relationship between the structure and activity of quinolones. Each

position could be enhanced upon the modifications illustrated. Colors are related to
the type of activity mentioned.

Minimum Inhibitory Concentration (MIC) the death of bacteria
will be brought forward in an overnight period, whereas when
the concentration of quinolones is five- to ten-fold of MIC,
death of bacteria would happen in few hours. Slow death is well
understood, yet the rapid is still under investigation [8].

Rapid death and slow death

In general, Quinolones’ bacterial lethality happens through
the inhibition of the replication pathway of their DNA. DNA,
during the stage of synthesis, opens up its double strands
allowing the transcription with the complementary base
pairing to occur. The enzymes responsible for such action in
bacteria are known as topoisomerase-II, DNA gyrase, and DNA
topoisomerase IV [7]. Once quinolones enter the scene, the
inhibition could happen in two manners depending upon the
concentration. Slow death is brought by blocking the replication
and transcription of DNA gyrase and DNA topoisomerase IV.
On the other hand, rapid death occurs when topoisomerase-
II is removed and thus the two strands are unpaired which
leads eventually to bacterial cell death through fragmentation
of chromosomes. Nevertheless, since the whole process is
reversible, any of these two approaches might end up in the
accumulation of reactive oxygen species that would result in
the quick death of the bacterial cell [8].
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Mechanism of resistance

Although FQs are effective in their anti-bacterial activity,
as a result of the mutation in targeted enzymes, namely DNA
gyrase and DNA topoisomerase IV, or by inhibited accumulation
of FQs as a result of efflux system their efficiency drops to the
minimum leading to a resistance, Figure 4 [9]. Bacterial efflux
pumps were first discovered during the 1980s specifically for
tetracycline resistance in enterobacteria and with the passage
of the years it was discovered that these pumps are capable of
exerting all types of bacterial cytotoxic compounds including
antibiotics. The excretion of antibiotics through these pumps
could be either selective or non-selective. For the selective
activity, as the name implies, the transportation of such
substrates shall be confined to a certain type of relatively toxic
substrates, whereas in the other case, pumps would be capable
of transporting a wide variety of substrates such as dyes,
disinfectants, antibacterial... etc. At physiological conditions,
efflux pumps could increase the MIC from two up to eight folds
thus contributing drastically to MDR [10]. The continual and
frequent exposure of FQs by bacteria would lead eventually to
resistance through alteration of gene expression which leads to
hyperactivity of efflux pumps [9].

Occurrence and fate, risks and issues

FQs are widely used for the treatment of infectious diseases
as they are of Gram-positive and Gram-negative activity
and thus their consumption is very high. In 2009 it was
estimated that worldwide they represented 17% of the sales
in the antibiotics market, generating 7.1 billion US dollars,
which indeed kept them in the third largest sales group in the
pharmaceutical industry. As a consequence of the enormous
consumption rate, a dreadful threat has emerged [11]. When
FQs are metabolized, they are not fully metabolized: partially,
which leads to once they are excreted in urine and feces to
disaster as they are still in active form. These metabolites find
their way to the environment as wastewater treatment plants
are not capable of removing them, at least in the meantime [1].
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Figure 4: Basic illustration of resistance to FQs by Gram-positive and Gram-negative

Bacteria.
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Such toxic metabolites are generated generally from sewage
effluents, animal waste discharge, and surface runoff. still, the
largest amounts are released from residential areas, industries,
and hospitals. Upon this discharge, FQs metabolites get spread
across the environment; in recent studies, they have been
found in soil, rivers, groundwater, and biological samples [11].
Leaching of FQs is a major concern as it would lead ultimately
to MDR as well as contamination of soil, water, and food chains
[1].

Risky it is indeed to keep blind eyes towards this issue, thus
knowing the concentration of FQs and their metabolites in
wastewater would be the first step towards removing them and
retrieving the environment as sound as it was. In the coming
section, detection and removal techniques during recent years
shall be covered.

Detection and removal techniques

Up to this day, many attempts have been made towards the
detection and removal of FQs from wastewater. The scientific
community is marching ahead toward resolving this rather
grueling issue.

Detection

Inrecentyears, manyanalytical methodshavebeenemployed
to detect FQs in wastewater such as gas chromatography-
mass spectrometry (GC-MS), UV-visible spectroscopy, Liquid
Chromatography-Mass Spectrometry (LC-MS), High-Pressure
Liquid Chromatography (HPLC) [1], surface-enhanced Raman
spectrometry, liquid chromatography-fluorescence detector
(LC-FLD), voltammetry, chemiluminescence, colorimetry, and
spectrofluorimetry [12]. Along with these analytical methods, a
problem arises which is the difficulty in the removal of FQs from
the matrix they dwell as they present in quite trace amounts.
This issue compels the analyst to go through preconcentration
steps such as normal liquid-liquid extraction, dispersive
liquid-liquid extraction, and Dispersive Solid Phase Extraction
(DSPE) [1]. Each of these has its limitations and thus covering
the shortcomings is of great importance.

Attempting to investigate the presence of FQs in
wastewater, Zhang, et al. [11] detected a total of 29 antibiotics
in wastewater in China including FQs using HPLC-MS.
Norfloxacin, Ciprofloxacin, Enrofloxacin, Ofloxacin, and
Enoxacin were found with varying concentrations in influent
and effluent wastewater. In influent and effluent wastewater,
Ofloxacin was of the highest concentration ranging from 87.9
to 2032.3 ng/L and 1.2 to 498.8 ng/L, respectively. In the second
place, Norfloxacin was of a concentration of 1.6 to 1454.5 ng/L
in both wastewaters. This research was taken to another level,
employing removal techniques such as activated sludge, and
anoxic and oxic treatment to produce unharmful products. The
efficiency of removing the latter FQs using such techniques
ranged from 32.2% to 100%. In another study, cyclodextrin
polymer capable of absorbing FQs in trace amounts as a
preconcentration was synthesized before HPLC analysis.
Cyclodextrin is a porous polymer that is used in the DSPE
phase. In this research, fleroxacin, norfloxacin, ciprofloxacin,
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and gatifloxacin were analyzed. The Limit Of Detection (LOD)
was 2.67, 3.17, 4.75, and 5.50 ng mL", respectively with a
standard deviation of less than 4.5%. finally, the percentage of
recovery was high in the range of 96.43% - 103.3% [13].

Detection of FQs is rather a grueling issue as they present
in trace amounts and present in complex matrices therefore
it is considered time-consuming to use the conventional
ways of detection. Fluorescent Carbon Dots (CDs) provide
a decent alternative to the latter as they are of low cost and
high detection efficiency. Nitrogen Fluorescent Carbon Dots
(N-CDs) were synthesized with a 20.5% quantum yield. These
N-CDs are capable of emitting blue fluorescence radiation
when excited at 368nm and quenched when Copper ion (Cu**)
is present. The fluorescence response is recovered upon the
interaction with FQs especially Enrofloxacin which is an FQ.
Thus, the detection is based on the recovery of fluorescence
of N-CDs. When N-CDs were used a linear relationship was
obtained from 0.1 to 15 ng mL-* with LOD 0.16 pg mL™ [14]. In
another study, ciprofloxacin was the analyte using fluorescent
CDs, the results showed that such CDs are of high selectivity
and sensitivity towards ciprofloxacin with LOD 0.0002 ng
mL-'when CDs were excited at 400 nm [15]. Korah, et al. have
synthesized novel CDs by hydrothermal method starting from
Curcuma amada. These CDs get excited at 360 nm and relax to
give fluorescence at 445 nm. Not only were these CDs able to
detect FQs rather they served duel-sensing purposes; sensing
FQs as well as tetracyclines. The linear response was in the
range of 2 nmol L for FQs and LOD of 0.5 nmol L. Due to the
enormous properties of CDs, they have attracted a great deal of
attention from scientists to work them out as sensors. Bright
yellow, fluorescent CDs (Y-CDs) were synthesized in one step
through the hydrothermal process using o-phenylenediamine
and 4-aminobutyric acid as precursors. Such CDs were
capable of sensing FQs in the range of 17 - 67 nmol L [16].
determination of norfloxacin and ciprofloxacin was achieved
in combination with magnetic solid phase extraction using
sulfur-doped carbon dots (S-CDs). S-CDs were synthesized
from poly(4-styrenesulfonic acid-co-maleic acid) that are
excited at 324 nm and relaxed back at 412 nm. The obtained
LOD for ciprofloxacin was 6.7 nmol L and for norfloxacin 4.6
nmol L. The linear range was 0.02 - 1.25 pmol L and 0.02 -
1.0 pmol L for ciprofloxacin and norfloxacin respectively [12].

Supramolecular assembly is one of the promising
techniques for detection. In a research conducted by Shi, et
al. [17] cucurbit[6]uril-based was synthesized starting with
4,4'-biphenyldisulphonic acid which showed high sensitivity
through quenching of luminescence towards two FQs, namely
levofloxacin, and gatifloxacin.

Removal

Inrecent years, the risk of keeping FQs running free through
the ecosystem was assigned and upon such assignment, the
removal of them was crucially important as many destructions
in the balance of the environment could be lost as a result.
Removal of FQs from wastewater was accomplished through
the application of many different adsorbents in past years,
such as montmorillonite, activated sludge-derived activated
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carbon, kaolinite, MOFs, modified coal fly ash, Titanium oxide
aggregates, biochar ... etc. each of which has its drawbacks and
advantages [18]. The cost and efficiency of any adsorbent are of
great concern, and they are crucial indeed to be under sight. The
latter were forcing scientists to develop green and relatively
cheap adsorbents to achieve the aim in mind. Annually, over
¢4 million tons of pomegranate are produced, and their peels
represent 60% of their total weight. This grandiose amount
could be used to synthesize rather efficient adsorbents for
antibiotics such as ciprofloxacin. In a study, pomegranate
peel’ nanostructured activated biochar was synthesized and its
capacity to absorb ciprofloxacin from wastewater was studied.
Upon the study, nanostructured activated biochar’s efficiency
was determined to be 89.94% for batch reactor and 84.74%
using packed-bed reactor. This rather outstanding capacity
was attributed to the dominant interactions, namely: hydrogen
bonding, pi-pi interaction, and electrostatic interactions [19].
The number of cycles that are to be done by an adsorbent is
tremendously important, as it will -willy-nilly- reduce or
increase the cost of the treatment regardless of the initial cost.
Regeneration of the adsorbent is considered a cost reduction
that takes the adsorbent in question to another level. Luffa
sponges and corncobs a point time of their lives are considered
as waste. This relative waste could be used to generate an
outstanding adsorbent for FQs, especially ciprofloxacin which
was done in a study conducted by El Bendary, et al. [18]. In this
study, these residuals were used to produce activated carbon.
Iron ions therein were adsorbed on the produced activated
carbon through stirring in Fe(3+) solution. After filtration, the
residuals were dried and thence used to remove ciprofloxacin
Figure 5. Upon usage, the adsorption capacity was determined
to be 476.19 and 416.67 mg g for modified corn cobs activated
carbon and modified luffa activated carbon, respectively with
five recycles.

MXenes are a class of two-dimensional structures that are
usually the result of selective etching of elements from 3A and
4A groups from the MAX phase that produces metal-nitrite/
carbide. The safeness, high chemical durability, conductivity,
and water affinity enabled MXenes to be highly applicable
in environmental processes such as water treatment [20].
Recently, 2-D Ti,C,MXenes nanosheets attached to sodium
ions were fabricated to remove ciprofloxacin from wastewater
[21]. What is special regarding this research is the usage of
these nanosheets as regenerative adsorbents through the
passage of electrical current in a process called electrochemical
regeneration. In electrochemical regeneration, the adsorbent
is brought to its initial state through the electrochemical
oxidation of the pollutants via electrical current [22]. The
latter nanosheets were capable of removing ciprofloxacin by
99.7% from wastewater with stable results for 5 consecutive
regenerated cycles [21]. Another useful class of crystals used
for environmental remediation is metal-organic frameworks
(MOFs) which are a unique microporous crystalline hybrid
organic and inorganic material that have tuneable structural
features that allow them to be used for absorption and
separation technologies. Among the used MOFs are Zeolitic
Imidazolate Frameworks (ZIF). ZIF-8 has been used to remove
FQs such as ciprofloxacin, but in a recent study, it was used
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Figure 5: A summarizing figure that shows the process of conversion of corncobs and luffa into modified activated carbon and then their usage as adsorbents to remove

Ciprofloxacin.

too to remove ofloxacin. The choice of using ZIF-8 to remove
ofloxacin was mainly due to the presence of C-NH bonds in
ZIF-8 and the presence of fluorine atom on ofloxacin that
would allow the formation of hydrogen bondings as well as the
presence of ~-COOH on ofloxacin that would coordinate with the
unsaturated divalent metal during the self-assembly of ZIF-
8. The results showed that ofloxacin was removed by ZIF-8
with maximum value of 96.3 + 1.1% when it was introduced
to 100mg L solution of the latter. The availability for reusage
was invest aged was well that showed upon four cycles
the efficiency dropped just to 80.2% [23]. Wang, et al. [24]
synthesized Cu-ZIF-8’s to remove ofloxacin from wastewater
through impregnation of Cu** in ZIF-8. The latter adsorbents
were capable of removing ofloxacin 4.2 times more than ZIF-8
alone. Unlike ZIF-8, Cu- ZIF-8 could be generated easily upon
washing with ethanol. Besides ZIFs, Materials of Institute
Lavoisier frameworks (MIL) are highly applicable as they are of
high stability, wide porosity, and large surface areas that make
them ideal for water treatment as adsorbents [25]. A novel MIL
of 53(Fe-Cu) was synthesized through a solvothermal single-
step route. The previous MILs were used in treating quite a lot
of pharmaceuticals in wastewater including ciprofloxacin. For
ciprofloxacin, the maximum adsorption capacity was obtained
to be 190.4 mg g-1, with a maximum degradation efficiency of
74.48% while using UV light and 57.88% when irradiation with
visible radiation [26].

Novelty does not have a limit and new methods are invented
daily. A combination of TiO, Graphitic Carbon Nitride (g-C,N,)
on activated carbon was prepared recently through the gel
method. The latter can degrade levofloxacin via photoelectric
activity in wastewater. The previous conclusion was drawn as
the electrode’s degrading capability was studied under different
conditions and it was found that the most suitable conditions
as 94.76% was degraded in 4 hours were when the pH is 3 with
an aeration rate of 8L min?, 8% mass ratio between g-C.N,
and TiO,, respectively and with ultrasonic 200W. the electrode
is of great potential as after 6 recycles, the degradation level
was 71.17%. which is still enormous indeed. The degraded
product was antibiotically inactive, and they were analyzed on

different bacterial colonies as well as analyzed using HPLC-MS
[27]. Ofloxacin is one of the FQs that inhibits the replication
and synthesis of bacteria’s DNA. Each FQ has its functional
groups that its bioactivity is attributed to. The presence of two
core rings which include pyridine and benzene rings that are
substituted with fluorine is the main suggested reason for the
activity of Ofloxacin, Figure 6.

The attention towards Carbon Nitride (C,N,) increased in
recent years as it has an outstanding response towards light
and is a green chemical as well, yet it has a shortcoming: the
photo-induced electrons recombine with C,N,’s holes rapidly,
which limits its applications. The latter shortcoming was
diluted by Shang, et al. [28] as a photocatalyst composite of
titanium silicon molecular sieve loaded CN, (TS—1/C3N4) was
synthesized and used to photodegrade Ofloxacin. The study
investigated the possible conditions, and 82.92% removal
efficiency was obtained under: 1.55 g L of catalyst, loading
of 58.60% of TS-1, and luminous power density of 49.38
mW cm™. In a study held in 2022, Fe/Ni@ZIF-8 composite
was synthesized and used to remove and degrade Ofloxacin
through Fenton-like oxidation. Fenton oxidation is the process
that uses H,0, that was activated by Iron salts, which could be
summarised as follows, Equation (1) [29].

2

2Fe” + Hy0y +2H - 26t

+2H 20
Equation 1: Overall Fenton Equation

The previous composite was able to remove Ofloxacin with
an efficiency of more than 98% under 45°C, pH = 6, 10mM of
H,0,, [Ofloxacin], = 10 mg L, with maximum adsorption of
154.55 mg g™ The stability of the synthesized composite was
reflected in the number of cycles (five cycles) in which it could
be used and still having good adsorbability. Real wastewater
samples were used as well and the removal efficiency was
above 90% [30]. The whole study is summarised in Figure 7.

Homogeneous Fenton reactions operate under a limited
range of pH as well as the recovery of iron pollutants is rather
gruelingwhichindeedistobeovercomebyusingaheterogeneous
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system. Heterogeneous Fenton reactions involve the usage of
Fe 0, nanoparticles and a source of radiations which help in
the reduction of iron ions concentrations and therefore allow
functioning in a wider range of pH. Pulsed Discharge Plasma
(PDP) is a non-thermal plasma that is used to decontaminate
aqueous pollutants through oxidation. Such a method provides
rapidity, efficiency, and production of no secondary pollutants.
Graphene-Fe O, was coupled with PDP to degrade Ofloxacin
in wastewater. The nanocomposites first were synthesized
through the hydrothermal method, comparing the degradation
capacity of PDP alone and the coupled PDP nanocomposite it
was reported that the efficiency increased from 65% to 99.9%.
the oxidized chemicals were also analyzed using LC-MS, and IC
their toxicity was reduced enormously [31].

Advanced oxidation processes (AOPs) have received
tremendous attention in the last decade in the field of
antibiotics degradation as they are of rapidity, and high
capacity for oxidation of antibiotics in aqueous media [32].
Out of the used AOPs, UV-H,0, is widely applicable due to its
high capacity in water treatment against antibiotics and its
relatively low cost. Nie, et al. [33] used the latter method to
degrade Ofloxacin in wastewater through the effect of alumina/
silica-based oxide-suspended particles. The results showed
that silica oxide suspended particles have no effect on the
degradation capacity whereas it was enhanced upon the usage

Ofloxacin

https://www.chemisgroup.us/journals/open-journal-of-analytical-and-bioanalytical-chemistry 8

of alumina oxide. Under alumina, a pH range of 3 - 5 was giving
the best removal results. The latter performance was explained
through the ability of suspended particles to provide a large
surface area and thus promote the production of -OH. Another
recently developed method for the degradation of antibiotics
in wastewater is a sono-Fenton reaction. Sono-Fenton is a
combination of ultrasound and Fenton mechanisms that would
reduce the time required for oxidation as well as make the
oxidation more selective. The reaction starts with sonolysis
which is the formation of cavitations that will eventually
collapse and emit high pressure and temperature. Such high
energy is capable of cleaving molecules through pyrolysis,
including water, and forming radicals. Equation (2) illustrates
the latter [34].

Pollutants+))) - Degraded pollutant
HO++OH+-H

Pollutants + - H > Degraded pollutant
))) = Ultrasound radiations

The previous method was used recently to degrade
Ciprofloxacin in wastewater by Gonzalez, et al. [35] as they
reported that the best degradation rate was obtained when
580 kHz frequency was used during 15 minutes at 14.2mM
of H,0, and H,0,/Fe** = 6 that degraded 60% of the available
Ciprofloxacin.

The fusion of natural minerals to enhance the environmental
situation is of outstanding benefit as these minerals are
considered low cost and high abundance. Ilmenite, which is a
natural mineral consisting of Fe, Ti 0, is highly abundant and
is known to be of high biocompatibility and friendliness to the
environment. Recent studies showed that Ilmenite can bind
to hydroxyls and form active sites which allow their usage as
adsorbents to environmental pollutants. Lui, et al. [36] prepared
an ilmenite biochar composite through the co-cracking of
corn stover and natural ilmenite so that it could be used to

Figure 6: Chemical structure of Ofloxacin.
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Figure 7: Fenton-like oxidation of Ofloxacin via hybrid MOF bimetallic Fe/Ni nanoparticles. Reproduced with permission of [30].
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remove ofloxacin from wastewater. 90% removal capacity
was obtained in the pH range of 2-10 which was the result of
hydrogen bonding (-COOH and -OH), m-7 interactions, and
pore filling mechanism.

The pyrolysis of forestry waste cedar bark is a source of
biochar that was used by Hao, et al. [37] to synthesize Fe-Co-
modified biochar. For the latter biochar, the best adsorption
capacity was at pH =7. And after five cycles the capacity
was between 75.78% - 89.31%. Figure 8 shows the different
mechanisms by which biochar is capable of adsorbing Ofloxacin.

Bismuth tungstate Bi,WO, has good photocatalytic
properties under the range of visible radiation, yet not the best
[38]. To enhance its photocatalytic activity, Wang, et al. [39]
coupled the latter with biochar and Fe,O,. During the study, it
was reported that under 30 minutes frame of time, complete
degradation of ofloxacin and ciprofloxacin happened which
was attributed to the production of radical -O,".

Nanoparticles are other adsorbents that are suggested to
be of great use to remove pharmaceuticals from wastewater.
Among the recent nanoparticles used are Zinc Oxide and
graphene oxide nanoparticles (ZnONPs, GONPs), the latter were
used to remove Levofloxacin from wastewater. Levofloxacin is
another FQ that can seep into the aquatic system and cause
severe threats such as antibiotic-resistant bacteria and
mutagenicity. The synthesized nanoparticles were used as
adsorbents as well as photocatalysts to degrade the adsorbed
antibiotic. The study was done against various parameters
such as pH, UV radiation, the concentration -of antibiotics and
nanoparticles- etc. the main findings were that the highest
removal rate was when both nanoparticles, namely: ZnONPs/
GONPs, were used which gives a chance for the researchers
to go through deep study of the optimum conditions needed
to remove other FQs from real samples [40]. Moringa Olifera
contains a significant quantity of polyphenols, terpenoids,
and flavonoids which act as stabilizing and capping agents
during the synthesis of nanoparticles. The latter was used to
synthesize magnetite nanoparticles through green synthesis,
namely F,0, - gINPs. After synthesis and characterization, the
previous nanoparticles were used to remove Levofloxacin from
wastewater. The mechanism of removal was investigated, and
it was suggested from the data that it is chemisorption. The
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Figure 8: An illustrative diagram of the adsorption removal mechanism of Ofloxacin

by Fe—Co-modified biochar.
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capacity of removal was outstanding as it was close to 86.15%
with a maximum absorption of 22.47 mg g [41].

Photodegradation is significant, yet it has its drawbacks,
such as the toxicity of the catalyst used which indeed is
a grueling matter. Thus, green methods are much more
preferable. Recently, Sun & Zheng, 2022 [42], used a rather
green method to eliminate the presence of such pollutants in
the environment: biodegradation. Biodegradation is the most
useful among the other methods in the removal of FQs, the
author says; as the products out of such method shall be not
biotoxic, not polluting to the environment, not corrosive,
and of long effectiveness. Along with the latter, it requires
low capital. In their research, wastewater was allowed to run
across a Vertical Flow Constructed Wetland (VFCW) which
consists of two main parts. The first part was a substrate layer
that is capable of removing pollutants through the presence
of pollution-resistant, flood-resistant, and plants full of roots,
and the other was a layer to support the system. In this method,
wastewater containing FQs is introduced to the system and FQs
are trapped as a result by plants. Once they are trapped, they
undergo a biodegradation process either aerobic or anaerobic.
In this study, the flow rate across the VFCW was varied and it
was suggested that in both cases -high and low flow rates- the
efficiency of removal was high: > 95% and 80% respectively.
Finally, it was suggested too that the microorganisms
responsible for such biodegradation are Flavobacterium,
Microbacterium, and Dechloromonas. It was found too, using
the same removal technique that Devosia, Pseudorhodoferax,
Cellvibrio, Bosea, Caulobacter, Acinetobacter, Zoogloea, Arcobacter,
Dechloromonas,  Flavobacterium, Nakamurella, Chloroplast,
Clostridiumsensustricto1, Pelosinus, UTCFX1 and Hypnocyclicus
microorganisms are essential to removal of FQs from VFCW
and the high efficiency of such method is attributed to their
presence [43]. In another method, activated carbon-decorated
polyacrylonitrile nanofibers were employed as adsorbents
for selected FQs, namely ciprofloxacin, danofloxacin, and
enrofloxacin. The synthesized nanofibers were able to adsorb
FQs with LOD of 0.05, 0.11, 0.20, and 0.53, 1.21, 2.17 mg L [1].

FQs are considered as Endocrine-Disrupting Chemicals
(EDCs). EDCs are exogenous chemicals that alter the function
of the endocrine systems thus leading to severe health
problems in an organism or its progeny [44]. During the last
couple of years, many methods were proposed to degrade
ECDs including FQs. Among the latter, Chlorella vulgaris (C.
vulgaris) was considered among the pioneers as it has a high
capacity to absorb and degrade the typical EDCs in an aqueous
medium [45]). In research, six different microalgae, namely:
Chlamydomonas mexicana, Chlamydomonas pitschmannii, C.
vulgaris, Ourococcus multisports, Micractinium dresser, Tribonema
adequate were used to degrade levofloxacin in water in which
its presence in the aqua sphere might lead to development of
bacterial resistant through the delivery of drug to non-targeted
species. The results showed that C. vulgaris was of the highest
degradation rate as in 11 days more than 80% of levofloxacin
was degraded. The previous results were attributed to C.
vulgaris’s’ capability to bioaccumulate and then subsequently
degrade intracellularly through the salinization of water Figure
9 [45]. Researchers were held then upon these microalgae to
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Figure 9: C. Vulgaris’ ability to degrade Levofloxacin through the salinization of water. reprinted with permission of Xiong, et al. [45].

behold where their limitations lay. Wu, et al. [46] studied the
latter and concluded that the presence of microplastics such
as Polystyrene microplastics inhibits the growth of C. vulgaris
and thus their potential application as removal agents of
FQs would be in vain. From the previous research it is worth
attention that upon the presence of microplastics in water,
this method would be non-functional, and therefore, previous
determination of the content of water composition against
microplastics would be truly helpful before going ahead using
this treatment method.

The usage of electrochemical techniques to remediate
wastewater from antibiotics is of great importance. Among the
recently developed techniques is Electrocoagulation (EC). EC is
an electrochemical process that generates coagulant species by
oxidation of materials that stick upon the anode selectively by
the application of a specific current. Iron and aluminum are
the most applied electrodes in this technique due to their wide
availability, non-toxicity, and high valence that allows for the
efficient removal of various pollutants [47]. Up to 2017, there
was no application of EC to remove FQs from wastewater,
Ahmadzadeh, et al. [48] were the leaders in this application.
During the study, the conditions required to obtain the best
efficiency were investigated and it was reported to be at pH 7.78
with 1cm as an inter-electrode distance, allowing 20 minutes
to be reaction time, density of current 12.5 mA.cm and dose
of electrolyte of 0.07 M NaCl with the initial concentration of
Ciprofloxacin 32.5 mg L to obtain 88.57% removal efficiency.
In 2022, EC was applied for the first time to remove ofloxacin
from wastewater. The aluminum electrode was successfully
capable of removing ofloxacin by 70% within 40 minutes and
the maximum removal capacity was reached in 105 minutes
which was 78%. Such efficiency was explained by the surface

complexation that involves the functional groups located at
the electrode’s surface namely, triple bond aluminium-OH
and the deprotonation and protonation of ofloxacin (ofloxacin-
and ofloxacin’s zwitterion) [49]. The application of EC in the
removal of FQs was developed since its first application and
recently, hydrogen was produced out of the degradation of FQs
using EC coupled with photocatalysis. A complete reactor was
designed by Muttaqin, et al. [50] in which the anode was acrylic
equipped with aluminum and the cathode was plates of 316
stainless steel. The used photocatalyst was Fe-doped titania
nanotube arrays. Using a 250-W mercury lamp as the light
source, the degradation process took place, and hydrogen gas
was produced as well as a result of H* reduction on the cathode.

Conclusion and recommendations

In conclusion, FQs are a grave threat to the ecosystem
that must be dealt with properly. In recent years, scientists
recognized the latter issue and thus they drove new methods
to circumvent the problem. Different methods and techniques
were developed during the past few years, each of which has its
advantages and disadvantages. The detection of FQs was best
upon using CDs as they are of low cost and efficient detection
through their fluorescent recovery when interacting with FQs.
The removal of FQs is of great benefit to the environment as a
whole, 2-D Ti,C,MXenes nanosheets attached to sodium ions
achieved the best removal rate which is 99.7% for ciprofloxacin,
yet the other listed materials were of varying efficiencies.
recommended to have advanced wastewater treatment plants
that are using the methods highlighted priori, yet industrial
scale techniques are not reported which could be considered as
a shortcoming in the literature, and thus it is recommended as
well to study the behavior of the methods mentioned above to
have real-applications in the future.
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