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ABSTRACT

This research was developed to examine the progressive degradation process of ciprofloxacin (CIP)
via reductive species generated in iodide excitation under ultraviolet light as advanced reduction
processes. The highest CIP degradation (98.46%) were achieved under optimal condition: pH =9,
CIP:iodide molar ratio = 2:1, and reaction time = 30 min. In UV/iodide process, the reaction rate con-

stant (k

), reaction rate (r

obs)’

range were 0.182-0.0351 min™, and 9.135-7.02 mg-L, respectively.

Moreover, energy consumption (E,.) was calculated using two methods of kinetics and International
Union of Pure and Applied Chemistry (IUPAC). The results indicated that when CIP concen-
tration increases from 50 to 200 mg-L~, the amount of E_ increases from 1.54 to 8.02 kWh-m™ at
kinetic model. In addition, in the IUPAC model. The energy consumption increased from 1.22 to
6.48 kWh-m=®. Gas chromatography-mass spectrometry was used to study the intermediate prod-
ucts and probable photodegradation routes of CIP in the UV/iodide process; most of the interme-
diates were calcified into simple linear molecules such as acetic acid (C,H,0,), formate (CHO;),
and formaldehyde (CH,OH), and then to CO,, H,O, NH;, and NH,. The modified Kirby-Bauer disc
diffusion test was used to investigate bacterial inhibition, the starting concentration of CIP without
treatment was lowered from 39 to 11.4 mm after 30 min of reaction time. This decrease in bacte-
rial growth inhibition and intermediate production suggests that the UV/iodide method produces
effluent with a high biodegradability. After 30 min, the UV/iodide process led to decreased chemi-
cal oxygen demand (COD) by 37.5%. Within 11 h, the COD removal efficiency reached 63.8% (130
to 47 mg-L™) when the biological reactor as post-treatment was run at an mixed liquor suspended
solids (MLSS) concentration of 1,000 mg-L. However, in case of MLSS concentration (3,000 mg-L™),
the COD removal efficiency increased to 78.4% (from 185 to 39.7 mg-L™), while, 88.16% COD

removal efficiency was obtained at an MLSS dosage of 5,000 mg-L™ (from 245 to 29 mg-L™).
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1. Introduction

The antibiotic contamination is considered as a seri-
ous threat to human and ecological environment; it has
attracted widespread attention all over the world [1,2].
About 100,000-200,000 tons of antibiotics are using in the
world every year. Given the volume of their consumption,
digestion and metabolism in the body, the remaining are
excreted in the form of their main compounds or their
metabolites (5%-90%) from the human or animal body into
the environment and consequently enter directly and indi-
rectly into surface and underground water sources [3-5]. If
not properly treated, wastewater can harm humans, aquatic
animals and all organisms, especially when contaminants
enter the food chain and directly or indirectly enter the bod-
ies of living organisms [6]. Among wastewater pollutants,
antibiotics are one of the most important causes of water
pollution and are not routinely monitored because they are
in the category of emerging pollutants (EPs) [7,8]. Thus,
many antibiotics are resistant to microorganisms in terms
of high solubility and refractory nature, which cause inef-
ficient removal in biological treatment and lead to the con-
tinuous discharge of these contaminants into the environ-
ment [9]. Ciprofloxacin (CIP) is an antibacterial agent with
an extended usage in the human, the animal husbandry
and aquaculture [10-12]. Unfortunately, as it is difficult to
degrade in the natural environment, CIP is increasingly
being detected in water bodies [13]. Some studies have
shown that ciprofloxacin (CIP) has been detected in water
environments such as urban wastewater 6.45 [14], hospital
wastewater 228 [15], and in the pharmaceutical industry
effluent with concentration of 7,900 pg-L™ [16]. Therefore,
there is an urgent need to discover an effective and appro-
priate strategy to remove the antibiotics from natural
water. Ultrasonic [17], electrolysis [18], photocatalytic [19],
adsorption [20], catalytic ozonation [21,22], UV/H,0, [23],
UV/iodide/ZnO [24], MgO-PAC [25], persulfate activated
magnetic Fe,O,/graphene oxide [26] and other methods
have been widely used to degradation of persistent organic
pollutants )POPs) and emerging contaminants (ECs) in
aqueous medium. Nowadays, the advanced reduction pro-
cesses has become a hot topic in the field of water treat-
ment and grasp much attention by many researchers due
to its high reactivity, free radical generation, non-toxicity
and non-sludge production, and use them in semi-indus-
trial and industrial scale [27]. The development of highly
efficient technologies, such as various advanced reduction
processes (ARPs) produced by the stimulation of anions
such as sulfite [28], iodide [29], carboxyl [30], to the gener-
ation of reducing species have been studied for the antibi-
otic’s degradation. Many studies have focused the emission
of electron hydrated (e} ) from iodide into the solvent and
have concluded that via the process of “charge transfer to
solvent modes (CTTS)”, it can effectively produce e, on
a femto-second time scale [31,32]. As a powerful nucleo-
philic, it has the potential to reduce the standard voltage
to -2.9 and has so far reduced the degradation of various
pollutants such as dexamethasone phosphate [29], chrome
precipitation [30], nitro-aromatic compounds (NACs) [33],
etc [34-37] was applied. The advantage of advanced reduc-
tion processes over advanced oxidation processes in this

research: The presence of halogen in the structure of cyclic
materials is considered as a barrier for decomposition by
oxidation processes; breaking the carbon-halogen bond
requires very high energy, while reduction processes are
easily able to break this bond [38]. Due to their high elec-
tronegativity, halogens act as a very strong protector for the
benzene (aromatic) ring, and oxidation processes cannot
be suitable for this case due to their high resistance to this
electronegativity. They have no resistance against the elec-
tronegativity of halogen atoms and can easily be separated
by giving electrons to these atoms and attack the carbon
ring [39]. The purpose of the combination of two biological
processes and advanced reduction is the complete decom-
position and mineralization of the pollutant. Due to the fact
that iodide ion has a good performance for the advanced
reduction process and on the other hand, it does not cause
disturbance in biological processes, it makes it possible to
use two processes consecutively. The use of the advanced
reduction pretreatment process for the biological process
can help improve biological degradability and appropriate
mineralization as a completely environmentally friendly
process. Consequently, the fundamental purpose for this
paper were to (1) assessment the elimination of CIP by the
reductive species generated with iodide excitation under
UV irradiation; (2) determination the effects of various
operational parameters; (3) examine the reaction kinetic;
(4) determination the intermediate by-products; (5) bacte-
rial susceptibility test; (6) determination of improvement
the biodegradability; (7) and assessment of biological post
treatment.

2. Materials and methods
2.1. Photoreductive reactor setup

A batch photoreactor with UV lamps in different irra-
diation flux 2, 3 and 4 mW-cm™ (powers 11, 8 and 6 W) in
the range A__ =254 nm placed in a quartz sleeve (as a cov-
ering that does not absorb ultraviolet light) was used in the
present study. The quartz sleeve was placed in center of steel
chamber and CIP solutions were entered in space between
them, which is the reaction zone. Eventually all of these com-
ponents were placed in a larger chamber, cooled by water
(cooling tank). All the pilot are shaken by an orbital motion.
Fig. 1a shows a schematic of the pilot used. When the efflu-
ent of advanced UV/iodide reduction process has the neces-
sary indicators (BOD,/COD 20.4, bacterial susceptibility test
and intermediate products), it enters the aerobic biological
system for further biological treatment and mineralization
(Fig. 1b) [40]. The aerobic bioreactor was ultimately used
to chemical oxygen demand (COD) removal. Three distinct
reactors with variable concentrations of mixed liquor sus-
pended solids (MLSS) (1,000; 3,000 and 5,000 mg-L") and
aerated with the appropriate nutrients were run. The efflu-
ent was filtered using a 0.45 um filter for further analysis.

2.2. Analytical methods, identification of intermediate compounds
and photodegradation pathways

The CIP concentration was measured in the tests using
a high-performance liquid chromatography (HPLC; using a



N. Mahmoudi et al. / Desalination and Water Treatment 293 (2023) 170-181

172
~
P | Wastewater <7 > Photoreactor
ower supply
A Inlet wastewater Outlet effluent
’% UVC lamp
Quartz Sleeve .I; '!; Cooling tark
R S TR Outlet cooling tan
E,\ Cooling water
) NN T T
Inlet cooling tank
' l]["] . Orbital
\ shaker
/|

F Aeration Pump
:, Power Supply
Aiir split valve <
|
Wastewater< |||
Air stone < {-
Magnet <Fl

Fig. 1. Schematic of (a) photoreductive and (b) biological reactor.

Shimadzu 2010HTC Instrument, England) outfitted with a
PerkinElmer C18 column, England (flow rate was 1 mL-min™)
and a spectrophotometer with a 280 nm wavelength. Distilled
water with HPLC grade (60%) and acetonitrile (40%) was
used as the mobile phase. The mineralization and degrada-
tion efficiency CIP were calculated by Egs. (1) and (2):

1P, — CIP,
CIP degradation = % (1)
CIP,
CIP mineralization = m @)

COD,
where in COD test used to evaluation of mineralization [41].
Also, gas chromatography—-mass spectrometry (GC-MS)
used to study CIP intermediates and pathways.

2.3. Kinetic model, energy and effective cost analyses

To study CIP photodegradation in solutions, pseu-
do-first-order kinetic model was applied according to
Egs. (3) and (4):

t 3)

r..=-k

obs

obsCCIP (4)

where k is the constant coefficient of reaction rate.

Electrical energy per order (E.,) figures have been
proposed according the International Union of Pure and
Applied Chemistry (IUPAC) in order to facilitate better
comparison of UV lamp-based processes. 90% of the con-
taminants in 1 m? of wastewater are destroyed by E_, [29].

IUPACE,, = _Pxtx1,000 (5)

V><60><10gci

C

By combining Egs. (3) and (5), E, obtains based on
kinetic equation [42].

Kinetic E; = ‘I;X 31’5.4
X
obs

(6)

2.4. Investigation the anions and role of reducing and
oxidizing species

In this stage, we surveyed the interaction between
inorganic water anions, such as chloride, nitrate, bicarbon-
ate, and sulfate, on ARP reactive species. Additionally, the
function of tert-butyl alcohol as a scavenger oxidizing spe-
cies and carbon disulfide and carbon tetrachloride scav-
engers were employed to determine the involvement of
reducing species [43].

2.5. Antibiotic susceptibility assay

The modified Kirby-Bauer method according to the
Clinical & Laboratory Standards Institute (CLSI) guide-
lines was used to determine the bacterial susceptibility
to antibiotic. Based on previous studies, Escherichia coli
was shown to be sensitive to fluoroquinolone antibiot-
ics, which is an indicator for evaluating the bacterial sus-
ceptibility of CIP and its intermediate products can be
used during the light degradation process (He et al. [44]
and Singh et al. [45]).

2.6. Indicators for improving biodegradability and mineralization

The COD index was utilized to calculate the miner-
alization level. Samples containing CIP were measured
for COD and biochemical oxygen demand (BOD) using
the methods 5220B and 5210B described in the standard
procedure [46].

2.7. Biological post-treatment

The settings under which the rate of degradation was
greatest were chosen as the advanced UV/iodide reduc-
tion process’ ideal conditions at this point after testing the
effectiveness of the process in the reduction of CIP antibiot-
ics. To introduce the effluent from the advanced UV/iodide
reduction process into the biological system, the BOD/
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COD ratio was computed. In order to further mineralize,
the advanced UV/iodide reduction process’ effluent entered
the aerobic biological system under ideal circumstances and
with a BOD,/COD ratio of 0.4 [47]. On a lab scale, experi-
ments were conducted sporadically (batch) in three reac-
tors with various MLSS concentrations (1,000; 3,000 and
5,000 mg-L™). After filtering the sample via 0.45 um filter,
the remaining COD was determined.

3. Results
3.1. Effect of pH on removal of CIP by UV/iodide process

Fig. 2 illustrates the impact of pH on the effectiveness of
CIP removal using the UV/iodide method in the pH range
of 3 to 11. Initial CIP concentration was 50 mg-L", and
the CIP:iodide molar ratio was 2:1. Diagrams used in the
research of pH conditions may be seen to reveal how this
pollutant decomposes at different rates that are noticeably
different. According to Fig. 2, the removal effectiveness of
CIP increased as the pH rose, the highest removal efficiency
(98.46%) was observed at pH 9, compared to 54.26% for UV
alone (without the addition of iodide). After 30 min of reac-
tion time, CIP removal efficiency reduced by 83.34%, and
at pH 11, the removal efficiency decreased in comparison
to pH 9. However, the greatest CIP removal effectiveness at
pH 3 after 30 min of reaction time was 18.8%. In addition,
at pH values of 8.5, it can cause increasing of the dispro-
portionation of I, iodine to iodide ions I" and 1O; according
to Eq. (15), more I" recycling and less production of I, and
triiodide (I;) [Egs. (11) and (12)], which produces more €,
[Egs. (1)-(3)] and reduces its consumption [Egs. (7)-(11)] [48].

I'+I">1, )
I'+1, > ®)
e, +1, =2 )
e, L oL+ (10)
3L, +60H™ — 51" ++10; +3H, (11)
100 _
90 { —0o—pH=3 5 N

80
70
60
50
40
30
20

CIP (RE %)

0 5 10 20 30
Time (min)

Fig. 2. Impact of pH on the UV/iodide process for ciprofloxacin
photodegradation in ideal condition.

Botlagodra et al. [49] studied an advanced reduction
process to remove bromine. They showed that alkaline
pH showed better results for the advanced reduction pro-
cess compared to acidic pH. The authors did not observe
any significant differences between pH 9 and 11. In 2021,
Milh et al. [50] investigated the degradation of CIP using
sulfite-based reduction; the authors reported that at pH 7-9,
CIP present in neutral (CIP’) and generation of hydrated
electrons (e;) in these conditions and failure to convert it
to other species with less reactivity. Also, they found that
increasing the pH from 3 to 8.5 improved degradation rate.
However, with further increase in pH, CIP degradation
decreased. They concluded that deprotonation of amino
groups in the CIP piperazine ring enhances the electron
donor property of the CIP molecule and reduces the CIP
barrier.

3.2. Impact of molar ratio on the UV/iodide process for CIP
photodegradation

The findings on the effects of various CIP:iodide molar
ratios in the UV/iodide process (taking into account CIP
concentration of 50 mg-L™, pH 9, and reaction period
0-30 min) are shown in Fig. 3. According to Fig. 3, the high-
est removal efficiency (98.46%) found at a 2:1 molar ratio
between CIP and iodide. The increase in efficiency varies
based on the kind of contamination and is greatly reliant on
whether it is proportionate to the bonds in the CIP mole-
cule or the target molecule. Fig. 3 depicts the pattern of CIP
breakdown as the iodide concentration changes. As can
be observed, the removal effectiveness is higher in the 2:1
CIP:iodide molar ratio compared to in other molar ratios.
This is because the CIP:iodide molar ratio plays an import-
ant role in the production of reducing species. However,
excessive increase can lead to iodide recombination and
various other species (I,, HOI, I;, IO;) that are much less
effective [27]. The key point is that when the iodide content
is lower than the CIP, too much iodide reacts with these
materials and is therefore not exposed to UV, resulting in
significantly reduced e production [51]. These iodide
derivatives can react with intermediate organic matter or
CIP and converted back to iodide. If the amount of iodide
is lower than that of CIP, a significant amount of it will nat-
urally be reacted with organic matter and the reaction with
photons will be reduced, resulting in less reducing species
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Fig. 3. Impact of molar ratio on the UV/iodide process for
ciprofloxacin photodegradation in ideal condition.
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such as €, [51]. Based on Beer-Lambert’s law, increasing the
anion concentration due to increased UV adsorption leads
to an increase in reactive species, and thus better decompo-
sition efficiency [52,53]. The result presented in this study
is very similar to the study conducted by Jung et al. [54].
Mabhvi et al. [29] reported the ideal DexP:KI molar ratio of
2:0.9 at pH 9 as the optimal conditions for elimination of
dexamethasone phosphate by UV/iodide method [29]. The
ideal PFOA:KI molar ratio at pH 9 was established by Park
et al. [13] when they conducted perfluoroalkyl removal
using the UV/iodide technique. Yu et al. [55] found that
by increasing the sulfite dose from 1 to 5 mM, the constant
rate of degradation of 2, 4 dichlorophenol by the UV/sul-
fite process increased significantly. While further increase of
initial sulfite concentration to 16 mM did not lead to fur-
ther increase of k. They explained that the initial increase
in sulfite concentration in terms of the greater uptake of
UV light by sulfite and the production of more reductive
species responsible for degradation led to higher removal
efficiencies with a proportional increase in k, . However,
at higher reductive species concentrations, the generated
reductive species begin to react with each other and with the
intermediates produced during the process (they now act
as scavengers), leading to the consumption of more reduc-
tive species. Hence, it inhibits a proportional increase in the
rate of destruction.

3.3. Impact of UV lamp radiation flux on the UV/iodide process
for CIP photodegradation

The findings of the investigation and comparison the
effects of UV lamp radiation flux on CIP removal effective-
ness in the range of 50 mg-L™ in the time range of 0-30 min

—0—4mV cm-2
3mV cm-2
2mV cm-2

CIP (RE %)
n
(=)

0 5 10 20 30
Time (min)

Fig. 4. Impact of UV lamp intensity on the UV/iodide process

for ciprofloxacin photodegradation in ideal condition.

Table 1
Pseudo-first-order kinetic model and E, data

and CIP:iodide molar ratio of 2:1 are shown in Fig. 4. By
increasing the lamp radiation flux from various irradiation
fluxes of 2, 3, and 4 mW-cm™, respectively, the degrada-
tion rate of CIP increased from 52.16%, 72.46%, and 98.46%
in 30 min.

3.4. Impact of CIP concentration, kinetics and
cost-effectiveness

According to the findings of Fig. S1, the influence of
initial CIP concentration on removal effectiveness in four
CIP concentrations of 50, 100, 150 and 200 mg-L™" are com-
pared. The results are provided in Table 1 and Fig. 5. When
the CIP concentration was increased the degradation rate
of CIP fell from 98.46% to 66.7%, respectively. According
to Table 1, at all concentrations, the rate of CIP degrada-
tion reduced as reaction time increased from 0 to 30 min.
With a rise in CIP concentration from 50 to 200 mg-L™,
the reaction rate constant (k,) and reaction rate (r),
respectively, were found to be 0.1892-0.0351 min™ and
9.46-7.02 mg-L'-min™. Additionally, the amount of energy
consumed was calculated using the kinetics and IUPAC
methods. The results show that as CIP concentration
rises from 50 to 200 mg-L™, the kinetic model’s energy
consumption increases from 1.54 to 8.02 and the IUPAC
model’s increases from 1.22 to 6.48 kWh-m™ of treatment.
According to Rasolevandi et al. [29], the amount of energy
required for the UV/iodide process to degrade dexameth-
asone phosphate increased from 1.45 to 8.95 kWh-m™
when the concentration of dexamethasone phosphate
increased from 10 to 100 mg-L™. Also, in the research of
Dolatabadi et al. [56] on the electrochemical degradation
of pesticides using Ti/SnO,-Sb,0,/PbO,/Bi electrode the

—0—50mg L-1
90
100 mg L-1
80 150 mg L-1 T
I
7 200 mg L-1 . |
Cr T
I 60 +
= A 5
g 50 T I
o
= T
o 40 Q
30
20
10
0
0 5 10 20 30
Time (min)

Fig. 5. Impact of concentration on the UV/iodide process for
ciprofloxacin photodegradation in ideal condition.

Ciprofloxacin (mg-L™) R? k. (min™) 7 (Mg L7min™) Kinetic E,, (kWh-m~) Figure-of-merit E,, (kWh-m™)
50 0.9918 0.1892 9.46 1.54 1.22
100 0.9909 0.0777 7.77 3.75 3.05
150 0.9703 0.0486 7.29 5.75 4.77
200 0.9821 0.0351 7.02 8.02 6.48
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current density was 6.0 mA-cm™ and at 60 min reaction
time the energy consumption was 5.1 kWh-m= [56].

3.5. Anions Impact on the UV/iodide process for CIP
photodegradation

The main anion found in surface and groundwa-
ter, which might come into contact with reactive species
in AORPs and lessen their reactivity. As shown in Fig. 6,
assessment demonstrates that the examined anions in the
photodegradation function of CIP in the order of 100%
(absence of any anion) in the amount of decreases 58.49%
when utilizing the ideal circumstances of UV/iodide, pH
9, and the CIP:iodide molar ratio of 2:1 (in the presence of
nitrate). Particularly, after 30 min of reaction time, the addi-
tion of nitrate, bicarbonate, chloride, and sulfate decreased
the photodegradation of CIP by 41.51%, 30.09%, 21.25%,
and 28.32%, respectively. The process’ most productive
anion in this investigation was nitrate. The acid dissocia-
tion constant (ka) of the majority of nitrates may be the pri-
mary cause of this [57]. Additionally, as shown in Eq. (12),
the presence of N atoms in the CIP molecule is oxidized
once the CIP molecule is broken down by the assault of
radicals on NO, [58]. According to the Le Chatelier prin-
ciple and the law of balance, NO, production might
decrease process effectiveness [59,60].

C,H;N.O,S, + HO* — NO; + products (12)

e, can react with anions according to Egs. (13)—(16)
[41,61}:
HCO; +e, — HCO; (13)
Cl' +e, +H" > HC (14)
- "2-
NO* +e, —(NO,) (15)
SOT + e, SO;” (16)
100
90 —O—Chloride
80 Nitrate
Sulfate
70 Bicarbonate T
T 60 0 1
=
g 50 T
=] I
5 40
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Fig. 6. Impact of anions on the UV/iodide process for cipro-
floxacin photodegradation in ideal condition.

3.6. Investigation of the reaction mechanism of CIP degradation
by UVViodide process

By sealing the species reducing carbon disulfide and
carbon tetrachloride, the effects of reducing agents were
investigated. As reducing species scavengers, the addition
of carbon tetrachloride and carbon disulfide inhibits pho-
todegradation efficiency by 40% and 47%, respectively, as
shown in Fig. 7. As a result, decreasing species are crucial
to the photodegradation of CIP. Tert-butyl alcohol (an oxi-
dative species scavenger) was also added to the reaction
medium to identify the potential impact of oxidizing spe-
cies, which decreased the yield by up to 4%. This implies
that photocatalytic reduction is the reaction’s mechanism.

3.7. Intermediate products and degradation pathways of CIP

In order to look into potential photovoltaic pathways of
CIP in the UV/iodide process, intermediate products and
degradation pathways of CIP UV/iodide effluent at photo-
degradation time of 30 min were analyzed using GC-MS.
The photodegradation process starts when a hydrogen
atom replaces the fluorine ring under the influence of a
reducing agent. However, it is obvious that the reducing
agent plays a crucial part in the photodegradation of CIP.
Additionally, Table 2 lists the existence of photodegrada-
tion intermediates. Fig. 8 depicts modifications made to
CIP’s structure and during its transformation into media-
tors. Fig. 8 depicts the main pathways of CIP defluorina-
tion and hydrogen fluoride acid release as the process of
photodegradation starts. In order to break down the ring
and produce the intermediates I, I, and I, CIP reacts with
reductive species like e . The remaining materials can
then be broken down by other reductive species, produc-
ing compounds devoid of the benzene ring. Then, these
compounds transform into quickly biodegradable linear
and simple organic compounds like acetic acid (I1,:C,H,0O,),
formaldehyde (I;CH,O), and formate (I,;CHO;), before
mineralizing to CO,, H,0, NH;, and NH, and being elim-
inated from the reaction medium [51]. Iodide intermediate
products have been seen in some studies, but this study
did not find any of these products [62]. The low reactiv-
ity of iodide radical species toward reductive species may
be the cause of this. Iodide ion functions as a catalyst

—o— Without Scavengers
tert-butyl alcohol

90 Carbon disulfide T

Carbon tetrachloride

CIP (RE %)
I
=]
HHHOH

0 5 10 20 30
Time (min)

Fig. 7. Impact of different inhibitors on the UV/iodide process
for ciprofloxacin photodegradation in ideal condition.
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Table 2
Summary of intermediate compounds produced in the UV/iodide process

Intermediates ~ Molecular ~ Chemical Molecular name References

symbol weight formula

L 86.14 CH, N, Piperazine (Liu et al. [63])

I 243.26 C H,NO, 1-Cyclopropyl-6-methyl-4-oxo-1,4-dihydroquinoline- No
3-carboxylic acid

L 329.40 C,H,;N.O, (E)-3-(cyclopropylamino)-2-(3-methyl-4-(piperazin-1-yl) No
benzoyl)acrylic acid

I, 88.15 CH_N, N’,N%-dimethylethane-1,2-diamine No

L 155.15 CH,NO, (E)-3-(cyclopropylamino)-2-formylacrylic acid No

I 87.17 CH_ N 2-Methylbutan-1-amine No

L 60.05 CH,0, Acetic acid (Wang et al. [64])

I 30.03 CH,O Formaldehyde (Kamath et al. [65],

Sarkhosh et al. [38])
L, 45.02 CHO, Formate No

O

N N

Ciprofloxacin

N
HN/IN 2

piperazine o) [e) (@] (@]
“hemica la: C, 5 .
Chemical Formula: C,H; N, . (E)-3-(cyclopropylamine)-2-(3-methyl-4-
Molecular Weight: 86.14 1-cyclopropy hyl-4-0xo-1,4-dihydroq 3-carboxylic acid -
5 2 (piperazin-1-yl)benzoylacrylic acid
m/z: 86.08 Chemical Formula: C;,H;;NO; P oy
Molecular Weight: 243.26 Chemical Formula: C1l13;N;03
Molecular Weight: 329.40
5 I
H 8 OH
N o NH 2 ) I7
N1 A2.dimethylethane-1,2-diamine H . o] @) G
. 2. — .
Chemical Formula: C4H, 5N, ¢ i aevel . s fomlacrviic acid o “‘F“]VI “““11 :{“I"I‘LN
Molceular Weight: 88.15 \ o (E)-3-(cyclopropylamino)-2- fwrm» acrylic aci hemical Formula: CsH, 5 OH
) . Chemical Formula: C;HoNO; Molecular Weight: 87.17 o s
acetic aci
Molecular Weight: 155.15
Cleelar et Chemical Formula: C,H,0,
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Fig. 8. Possible reaction pathway and intermediate compounds produced in photodegradation of ciprofloxacin in the UV/
iodide ARP.
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like ferrate(VI), but it is more successful at producing
reducing species [66].

3.8. Susceptibility of bacteria and antibiotic activity

Samples were taken at various periods to test the bac-
terial susceptibility of the CIP UV/iodide process treatment
effluent (0-30 min). Escherichia coli sensitivity to CIP and
intermediate were evaluated using the modified Kirby—
Bauer disc diffusion test technique, which was used to study
antibiotic-induced bacterial inhibition. According to Fig. 9
from this investigation, bacterial inhibition decreased from
39 mm in the initial concentration of CIP without treatment
to 11.4 mm after 30 min of reaction time, demonstrating that
the treated effluent was not harmful to bacteria. The initial
inhibitory zone for 10 mg-L" CIP in a research looking at
the removal of CIP by Bi,WO, nanoparticles under visible
light conditions was 19, and after 30 min the reaction time
reached 8 [67]. Additionally, the drug activity of an unre-
fined solution containing 50 mg-L™ of chloramphenicol was
assessed at various times during the study of chloramphen-
icol removal by UV/TiO, process. After 30 min of reaction
time, the initial antibiotic activity was reduced by 40%, and
after 90 min of treatment, the inhibition zone was reduced
by 100% [68]. In addition, Bouyarmane et al. [69] surveyed
the degradation of OFL and CIP using TiO,/hydroxyapatite
nanocomposite under UV light. The authors reported that
antibiotic-induced bacterial inhibition for CIP and OFL expe-
rienced a reducing trend and were 34 and 26 mm, respec-
tively. Moreover, no Escherichia coli were detected in the
effluents [69]. In another study, Mohan and Balakrishnan
[70] reported that antibiotic-induced bacterial inhibition for
Escherichia coli experience a decreasing trend in aquatic solu-
tion containing CIP after treatment with ozonation (reaction
time = 25 min); antibiotic-induced bacterial inhibition was
23 mm at the start of reaction and this decreased to 6 mm.
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3.9. Biological post-treatment

According to Fig. S2, the mineralization reached 37.5%
after 30 min and the BOD,/COD ratio was at 0.45. Contrarily,
UV/iodide effluent includes a sizable number of metabolites
with significant concentrations of biodegradable compo-
nents. Because experts have said that biodegradation is a
suggested strategy for mineralizing biodegradable organic
compounds, a bioreactor may also assist in the mineraliza-
tion of all intermediate products [24,51]. Shoorangiz et al.
[71] reported that BOD,/COD index of solution containing
ciprofloxacin increased to 0.42 after 20 min reaction time
with electro-Fenton process. Geng et al. [72] reported that
photocatalytic oxidation improved the BOD,/COD index of
aquatic solution containing ciprofloxacin from 0.043 to 0.403
after 30 min of reaction time. Four factors were taken into
consideration when choosing the effluent from CIP degra-
dation by the UV/iodide method: (1) intermediate gener-
ated, (2) destruction rate, (3) bacterial susceptibility test, and
(4) BOD,/COD ratio. Because of the total decomposition of
organic matter brought on by CIP degradation, biological
treatment was applied to further decrease COD. The bio-
logical reactor received the photoreduction effluent, which
reduced the COD from 96 to 60 mg-L™. A variety of MLSS
were utilized in biological reactors. When bioreactor oper-
ated with MLSS 1000 the COD removal efficiency reached
63.8% (130 to 47 mg-L™) within 11 h, as shown in Fig. 10.
However, when the concentration of MLSS increased to
3,000 mg-L™ (from 185 to 39.7 mg-L™), the COD removal effi-
ciency increased to 78.4%, and at 5,000 mg-L7, it increased
to 88.16% (from 245 to 29 mg-L™). Although relatively eco-
nomical, biological reactors cannot break down organic
material that is resistant to or not biodegradable. On the
other hand, full mineralization of organic molecules in pho-
tocatalytic reactors is not economically feasible due to their
high energy consumption. Since all metabolites have been

Fig. 9. Result of bacterial susceptibility test and antibiotic activity.
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Fig. 10. Evaluation of chemical oxygen demand in biological
post-treatment.

mineralized, continued usage of photocatalytic reactors and
bioreactors has been shown to be both efficient and cost-ef-
fective. In other words, by quickly decomposing the inter-
mediates created by the photocatalytic process, microbes
enable the final effluent to be released into the environment
by mineralizing their channels [73]. Sheikhmohammadi
et al. [74] observed trichlorophenol COD reduction effi-
ciencies up to 68.66%, 79.22%, and 86.9% in a 12-h bio-
logical reaction with 1,000; 3,000 and 5,000, respectively.
Sarkhosh et al. [73] investigated the biological degradation
of bisphenol removal, in order to further mineralize the
final compounds produced in the photodegradation pro-
cess. The results obtained from the biological process with
at a fixed MLSS concentration equal to 3,500 mg-L™ and
different COD concentrations of 100, 200 and 300 mg-L™
led to complete degradation of COD after 5, 9 and 14 h.

4. Conclusions

Numerous health issues caused by organic solvent
resistant matter to biodegradation have forced commu-
nities to utilize cutting-edge techniques to address them.
Additionally, the utilization of nanoparticle-based technol-
ogies (such as adsorption or advanced oxidation) would
result in the production of a secondary pollutant, therefore
worries regarding their existence cannot be disregarded.
The purpose of this study is to investigate the effectiveness
of the advanced UV/iodide regeneration process in improv-
ing the biological degradability of wastewater containing
the antibiotic ofloxacin and the mineralization of most of
the compounds produced in the photodegradation pro-
cess in a biological reactor in order to reach the effluent
standards. The kinetics of the reaction was investigated
by the pseudo-first-order model method, and the reac-
tion constant and reaction rate decreased with increasing
concentration. The energy consumption was calculated
by kinetic and IUPAC methods, which shows that in both
models, the amount of energy consumption increased with
increasing concentration. The effect of the main water
anions on the performance of the UV/iodide process was
investigated and the most negative effect on the process
was found for nitrate, bicarbonate, sulfate and chloride.
Reactive species were investigated using scavengers, and
reducing species (hydrated electrons, hydrogen radicals)

played an key roles in the photodegradation of pollutants.
By examining the intermediate compounds identified,
it was found that the cyclic compounds have been trans-
formed into linear and simple organic and rapidly biode-
gradable compounds. Kirby-Bauer method was used to
identify bacterial susceptibility of the UV/iodide process
effluent and the results show a great decrease in the bac-
terial susceptibility of the treated effluent. The ratio of
(BOD,)/(COD) was obtained to 0.45 after the reaction time
of 30 min, indicating the appropriate biodegradability of
the effluent. The effluent of UV/iodide advanced reduction
process entered to the biological reactor and 88%.16 was
mineralized after 11 h of biological reaction time. As a con-
sequence of this work, it is now possible to treat wastewa-
ter containing refractory organic materials, such as CIP, in
an effective and ecologically beneficial manner by using a
biological process that comes after the ARP procedure.
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