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In this study, we developed an airlift-electrocoagulation (AL-EC) reactor to remove norfloxacin (NOR) from
water. Six parameters influencing NOR removal were investigated, and the possible removal mechanism
was proposed based on flocs characterization and intermediates analysis. The performances for treating
different antibiotics and removing NOR from 3 types of water were also evaluated. The best NOR
removal efficiency was obtained with the iron anode and aluminum cathode combination, a current
density of 2 mA cm™2, an initial pH of 7, a treatment time of 32 minutes and an air flow rate of 200
mL min~%, the supporting electrolyte type was NaCl, and the initial NOR concentration was 10 mg Lt

Flocs adsorption and electrochemical oxidation were the main ways to remove NOR from water. The

Received 22nd January 2023 - o . I .
Accepted 13th March 2023 average removal efficiency of the AL-EC reactor exceeded 60% of the different antibiotic concentrations

in artificial and real water. The highest NOR removal rate reached 93.48% with an operating cost of 0.153
DOI: 10.1035/d3ra00471f USD m~>. The present work offers a strategy for NOR removal from water with high efficiency and low
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1 Introduction

Over the past few decades, antibiotics have been widely used for
treating bacterial infections in humans and animals due to
their convenient use and remarkable curative effect. However,
only approximately 30% of antibiotics were exhausted by
humans and animals, and approximately 70% of them were
discharged into the environment in the form of metabolites
with unchanged structure. Antibiotics also pollute the water
environment through the discharge of wastewater in hospitals
and pharmaceutical factories effluents, and their concentra-
tions can reach the ug L', even mg L™" level.'? As one of the
most consumed antibiotics in the world, norfloxacin (NOR) in
aquatic ecosystems poses a huge environmental risk, including
the inhibition of animal and plant growth® and the increase of
resistant bacteria and resistance genes.* Therefore, finding an
effective technique to remove NOR from wastewater is neces-
sary. Previous studies have developed some techniques to
remove antibiotics from wastewater, including adsorption,®
coagulation,® electrochemical oxidation,”® UV irradiation® and
ultrasonic radiation.™ Although some of those techniques are
effective, some disadvantages limit their large-scale application
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in practice, such as relatively higher operating costs, extra
chemicals addition, and complex treatment conditions.

Generally, electrocoagulation (EC) technique uses metals
(iron or aluminum) as the sacrificial anode, metal ions are
released when applying current between anodes and cathodes.
These ions were hydrolyzed to form metal hydroxide and
complexes, and pollutants in the solution were removed by
adsorption, neutralization and co-precipitation.” Therefore,
the simple, efficient, low-cost EC method is ideal for treating
antibiotic-containing wastewater.

Most EC reactors used in laboratory and industrial scales
were tanks with electrodes inserted, lacking contact with coag-
ulants and pollutant particles. Thus, the mechanical mixer is
used to increase the mixing efficiency. However, the excessive
shear force caused by mechanical stirring would lead to the
irreversible break up of flocs'*> and consume extra energy. At the
same time, a type of reactor called airlift reactor has also
attracted people’s attention. It can be seen as a modified bubble
column reactor by inserting cylindrical or rectangular plates
inside the column to separate the fluid into two zones, riser and
downcomer.” Bubbles floated in the riser section, which led to
a pressure difference between the riser and downcomer
sections, forming liquid circulation.* This kind of circulation
presented lower and more homogeneous shear stress, which is
suitable for fragile flocs. Moreover, the airlift reactor is not
involved with moving parts, making it simple to construct and
operate with low power consumption. Therefore, some
researchers began to combine EC with airlift reactors as airlift-
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electrocoagulation (AL-EC) reactors and obtained good effi-
ciency in treating dye," oil,* fluorine," arsenic*® and chemical
oxygen demand (COD)" from wastewater. Another reason for
the good performance of AL-EC was the addition of air. Aeration
offered some advantages, such as reduced passivation of elec-
trodes and enhanced oxidation process. It has been reported
that aeration in the EC process can increase decolourization
and COD removal efficiency of dye wastewater* and arsenic
removal efficiency of polluted groundwater.**

To date, very few researches reported the treatment of NOR
by EC,** and the mechanism for the removal of NOR by AL-EC is
not clear yet, and further research is needed.

Therefore, this study developed an AL-EC reactor to remove
NOR from water and aims to: (1) evaluate the effect of different
operating parameters (current density, solution pH, air flow
rate, electrode combination, supporting electrolyte types, and
initial NOR concentration) on the NOR removal process; (2)
character and analyse the flocs and solutions, elucidate the
NOR removal mechanism; (3) remove NOR from real water and
treat different types of antibiotics, evaluate the treatment costs.

2 Materials and methods

2.1 Chemicals and materials

Norfloxacin (C16H13FN303, 99%), hydrochloric acid (HCl, 36%),
sodium hydroxide (NaOH, 99%), sodium chloride (NaCl, 99%),
potassium chloride (KCl, 99%), sodium sulphate (Na,SO,,
99%), Tetracycline (C,,HyuN,Og,  99%), Metronidazole
(CeHgN30, 99%) were purchased from Beijing Chemical
Reagent Factory China (Beijing, China). All chemicals used were
analytical grade. The electrodes were the A3 iron plates and
6061 aluminum plates with over 99% iron or aluminum
contents.

2.2 Airlift-electrocoaguation reactor and procedure

The schematic diagram of the AL-EC reactor used for this study
is shown in Fig. 1. The device was constructed by the acrylic
board with a size of 16 x 6 x 16.5 cm and a working volume of
1000 mL. It also included air pump, gas flowmeter, and bubble
diffuser. Three pieces of metal plate electrodes (iron or
aluminum) were vertically arranged in the cell. One anode was
placed between the two cathodes to ensure that the current and
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Fig. 1 Schematic diagram of the airlift electrocoagulation reactor.
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potential on the anode distributes uniformly. The electrode size
was 8 x 10.5 x 0.3 cm, the distance between the electrodes was
set to 1 cm, and the effective electrodes area was about 150 cm?.
The electrodes were connected in monopolar parallel mode
with a DC power supply unit (MS-155D). The electrodes were
polished with sandpaper and rinsed with 1% HCI solution and
distilled water for removing oxides film before every run.

The pH of synthetic solutions were measured by pH meter
(Sanxin WS100) and adjusted to set values by 0.1 mol L™ HCI or
NaOH diluted solution. The valve of the air flow meter was set to
the desired flow rate (when the air flow rate is set to 0 mL min %,
it is not aerated). When the steady state attained after few
minutes, the power supply was turned on at the required settings
of voltage/current. Samples were taken regularly (every 4 minutes)
from the reactor and filtered through 0.45 um micron filters
before analysis. Dissolved oxygen concentrations were measured
by multi-parameter water quality analyzer (HQ30d, HACH) with
dissolved oxygen electrode (LDO10101, HACH). Electrodes were
weighted before and after the treatment process. Sludge was
dried at in a vacuum drying oven (YLD-2000) until constant
weight and collected for further analysis.

2.3 Analysis

NOR concentration was determined at wavelength of 277 nm
with ultraviolet and visible spectrophotometer (DR6000, HACH).

The removal efficiency of NOR was calculated by the
following eqn (1):

G - G

Removal efficiency (%) = C
0

x 100 (1)
where, C, is the initial and C; is the final NOR concentration
(mg L) in solution.

The current density j (mA cm™>) was calculated according to
the following eqn (2):

j= (2)

U~

where I is the applied current (mA) and S is the effective surface
area of the anode (cm?).

During the electrocoagulation process, the amount of dis-
solved electrode (anode) can be described by Faraday's Law of
Electrolysis:

I'xtxM
w="2-"" 3
ZxF )
where W is the experimentally observed mass (g), I is the current
intensity (A), t is the electrolysis time (s), and M is the molar
mass of the metal (g mol™'), Z is the number of electrons
involved in the redox reaction (Z = 2 for iron), F is Faraday's
constant (96 485 C mol ).
The energy consumption of electrodes during the EC process
was calculated using the following eqn (4):
TxixU

S W

where T'is the electrolysis time (h), i is the applied current (mA)
and U is applied voltage (V), V; is the treated solution volume
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(m?), Cy is the initial and C is the final NOR concentration (mg
L") in solution.

The amount of sludge generated during the EC process was
evaluated by sludge produced per NOR removed as g mg
calculated using the following eqn (5):

m
S = TG = (5)
where m is the weight of dry sludge (g), V, is the treated solution
volume (L), C, is the initial and C; is the final NOR concentra-
tion (mg L") in solution.

A scanning electron micrograph-energy dispersive spectrom-
etry (SEM) and X-ray fluorescence (XRF) (FEI Quanta 650, Thermo
Fisher, U.S.A.) was used to characterize the morphology and
mineralogical composition of flocs before and after aeration. The
surface chemical functional groups of the flocs were performed
using Fourier transform infrared spectroscopy (FT-IR) (Thermo
Scientific Nicolet Summit, USA). X-ray diffraction (XRD) (D8
Advance, Bruker, Germany) was used to analyse the flocs’ crystal
structure. High-performance liquid chromatography-mass spec-
trometry (LC-MS) (Shimadzu, LCMS-9030, Japan) was used to
identify the degradation intermediates of NOR.

3 Effect of operating parameters
3.1 Effect of electrode combinations

Fig. 2(a) shows the NOR removal performance of different
electrode combinations at the same current densities (2 mA
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cm ?) at initial pH 7. It can be seen that the Fe anode and Al
cathode combination had the highest NOR removal efficiency,
reaching 93.48% after 32 minutes of treatment, while the Al
anode and Fe cathode, Al anode and Al cathode, and Fe anode
and Fe cathode combination were 82.84%, 80.31%, 70.13%,
respectively.

The specific energy consumption and sludge amount of
different electrode combinations were shown in the Fig. 2(b).
Maximum specific energy consumption was observed to be
64.65 kW h kg~ with Fe anode and Fe cathode combination
electrode combination after 40 minutes of treatment. It also
formed the most sludge, up to 0.42 g mg ™. Fig. 2(b) also shows
that all Fe anode combinations produced more sludge than
aluminium anodes. Iron is less conductive than aluminium, so
it requires a higher voltage at the same current density,* led to
Fe electrode combinations consumed more energy than Al
electrode.

According to Faraday's law, the amount of coagulant metal
dissolved is inversely proportional to the number of electrons
lost and directly proportional to the molar mass of the metal. Fe
loses fewer electrons in the reaction, and its molar mass is twice
that of aluminium. Thus, Fe electrodes formed more coagulant
to absorb pollutants and also produced more sludge. The
formation of a tight layer of Al,O; during the process limited the
dissolution of the Al anode combinations,* resulting in a low
level of removal efficiency and low sludge yield. It also observed
that denser bubbles formed on the Al cathode surface through
the Fe anode and Al cathode combination. It is reported that

70 0.50
b Specific Energy Consumption
65 Sludge Amount 1045
NN ®
4040 20
60 %
I 0.30 g
50 |- i
4025 o
2
45+ E
10.20 =
40 - q0.15
35 0.10
Al Anode Fe Anode Fe Anode Al Anode
Al Cathode Fe Cathode Al Cathode Fe Cathode
Electrode Combination
105 0.30
d Specific Energy Consumption

Electrode Consumption

ss | &ST 4025

65|
J0.15
45|
J0.10
5 0.00
0.5 1 2

Current Density (mA/cm?)

Electrode Consumption (g)

(a) Influence of different electrode combinations on NOR removal; (b) energy consumption and sludge volume of different electrode
, initial pH = 7, flow rate = 200 mL min

~1 initial NOR concentration = 10 mg L™%; (c) influence of

applied current density on NOR removal; (d) energy and electrode consumption of different current density; electrode combination, Fe anode

and Al cathode, initial pH = 7, flow rate = 200 mL min~?!

8946 | RSC Adv, 2023, 13, 8944-8954

. initial NOR concentration = 10 mg L%

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00471f

Open Access Article. Published on 17 March 2023. Downloaded on 7/19/2025 9:56:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

smaller bubbles can promote the combination of the metal flocs
and the pollutants, improving the removal efficiency.*

Therefore, considering the balance of power consumption,
NOR removal efficiency, and sludge production, Fe anode and
Al cathode were considered the best combination for further
research.

3.2 Effect of current density

Applied current density refers to the ratio of applied current and
electrode area. It is one of the most significant parameters
affecting the EC process, for it determined the amount of metal
dissolved in solutions and hence affected the formation of
coagulants. Fig. 2(c) revealed the NOR removal rate in the airlift-
electrocoagulation reactor with time at different current
densities (in the range of 0.5-3 mA cm™2). The results showed
that the NOR removal rate increased with the current density
when raising current density from 0.5 to 3 mA cm™ > improved
the removal efficiency from 65.08% to 98.68%.

According to Faraday's Law, more metals and hydroxyl will
be produced applying a higher current to form coagulants and
remove pollutants.”® It would also generate more H, bubbles
from the cathode that capture pollutants, improving solution
mixing and mass transfer near the electrode.”” More active
species would also generate from the anode that accelerates
chemical oxidation reaction, but some researchers noted that
would lead to an increase in by-products and higher
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environmental risks.”®*® If the applied current is too high, it
may lead to electrode passivation and increased polarization,*
leading to an increase in power consumption.*

Removal rates increased rapidly for the first 20 minutes at all
different current densities. However, the continued application
of current did not result in a more significant increase in
removal efficiency, and additional energy and electrode mate-
rials were consumed. Fig. 2(d) displays the calculated quantity
of iron electrode consumed (g) and energy consumption for 40
minutes of treatment at different current densities. It demon-
strated that specific energy consumption increased vertically
from 8.90 to 97.22 kW h kg ' when the current density
increased from 0.5 to 3 mA cm™?, and the dissolved iron elec-
trode consumed from 0.045 to 0.265 g. Considering the balance
between removal efficiency, electrode consumption, and energy
consumption, a current density of 2 mA cm * was used in
subsequent experiments.

3.3 Effect of solution pH

The solution pH is considered one of the critical parameters
affecting the performance of the EC process, mainly affecting
the speciation of coagulating agents and pollutants. The NOR
removal rates and the values of pH changes in the solution are
shown in Fig. 3. The results showed that the most favorable pH
value for NOR removal was between 7 and 8, consistent with
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air flow rate on NOR removal; (d) dissolve oxygen concentration in the process with different air flow rate; electrode combination, Fe anode and
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other researches,**** the electrocoagulation using iron anodes
performed better in neutral and slightly alkaline conditions.

At a low pH, soluble Fe** and Fe®* were dominant in the
solution.? At the same time, in acid conditions, the rate of Fe**
oxidation to Fe** was lower than that in neutral and alkaline
conditions,* forming less insoluble Fe(OH);s)/FeOOH s) coag-
ulants and therefore, NOR removal decreases. Additionally, At
PH above 8, more iron hydroxide complexes like Fe(OH), (ref.
36) and Fe(OH)s>~ (ref. 37) formed by continuously consuming
OH ", which explained why the solution pH decreased during
the initial 5 minutes treatment at pH = 10, in Fig. 3(b). But these
ions are useless to the treatment since their poor coagulation
performance. Hydroxide ions would be oxidized at the anode
and reduced anode dissolution at a high pH range, also
decreasing removal efficiency.*®

Fig. 3(b) also indicates that the solution pH during the
electrocoagulation process almost does not change when the
initial pH is between 7 and 8. This may be concluded to the
produced OH™ has completely reacted with the iron and
aluminium ions to form various complexes.** As shown in
Fig. 3(b), the pH of the solution rose rapidly within 5 minutes
under acidic conditions, that's because the electrocoagulation
reactor was capable of producing enough OH™ ions that
compensate the acid-buffer and make the solution alkaline.

Therefore, all subsequent tests were conducted under the
condition of neutral pH.

3.4 Effect of air flow rate

To evaluate the effect of the air flow rate on NOR removal effi-
ciency, the experiments were investigated by varying air flow
rate from 0 to 600 mL min ', while keeping other operation
parameters constant (pH = 7, initial NOR concentration
10 mg L', current density 2 mA cm™?). As shown in Fig. 3(c),
the highest NOR removal efficiencies were found to be 97.97%
with air flow rate of 200 mL min~*, and then 90.68% with air
flow rate of 300 mL min~', 86.15% with air flow rate of 100

mL min !

, 74.67% with air flow rate of 0 mL min~"'. However,
the removal efficiency dropped to 70.66% when applying 600
mL min ! air flow rate. In addition, the colour of solutions
changed from deep green to reddish brown when air flow rate

changed from 0 mL min~" to 600 mL min '. The dissolved

80

<

= 60t

=]

5

m 40 -

g —A—KCl

Z. ——Na,SO,
20 —=—NaCl

0 4 8 12 16 20 24 28 32 36 40

Time (min)

Fig. 4

consumption; electrode combination, Fe anode and Al cathode, current density =2 mA cm

NOR =10 mg L%

8948 | RSC Adv, 2023, 13, 8944-8954
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oxygen concentration with treatment time at each aeration rate
was measured and shown in Fig. 3(d).

Properly increased air flow rate can significantly enhance
NOR removal efficiency. The air flow raising up, formed
turbulence, which improved the mixing condition of the solu-
tions, increased the collision probability between the pollutants
and flocs,* and made the pollutants captured more effectively.
Also, the turbulence reduced the passivation layer on the elec-
trodes, thereby enhancing the transport of ions between the
electrodes. Meanwhile, during the EC process, the metal-
hydroxide flocs formed at electrode surfaces,® and the
released gases accumulated at the electrode surface, increased
the electrical resistance between the electrodes,* leading to bad
performance and extra energy consumption. The air flow
increased the flow velocity to enhance hydrodynamic
scouring,*” and the effect of air bubbles and deposits was
reduced. As shown in Fig. 3(d), different air flow rate affected
the dissolved oxygen concentration in solutions, which influ-
enced the redox potential of solutions and, therefore the ratio of
Fe**/Fe** in the solutions. Higher dissolved oxygen levels helped
Fe*" oxidize rapidly to Fe*", consistent with the observation of
solution colour change. The capacity for forming hydrates is
stronger for Fe*", it further reacts with OH™ to form Fe(OH); floc
with a large surface area,”® absorbing more pollutant molecules.
At the same time, a higher air flow rate can also promote the
production of some reactive oxygen species, accelerate the
decomposition of pollutants, and improve efficiency.

The decrease of removal rate in the case of high air flow
could be attributed to excessive aeration breaking up the
formed flocs,” which pollutants absorbed in the EC process
were released to solutions. It also led to an increase in sus-
pended solids concentration. In the case of low or no air flow
rate, the limited oxidation rate of Fe*>" ions may result in bad
NOR removal efficiency.

3.5 Effect of supporting electrolyte types

The addition of supporting electrolyte in the electrocoagulation
process to increase the conductivity of the solution to reduce
ohmic drop, so as to reduce power consumption and improve
efficiency. Therefore, Na,SO4, NaCl, and KCl were used as
supporting electrolytes in the experiments to investigate the
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effect of supporting electrolyte type on the removal efficiency
and energy consumption, and results were shown in Fig. 4(a).
The quantity of adding NacCl, Na,SO,, and KCl was 0.5, 1.215,
and 0.6378 g L™ %, corresponding to 17.11 mM of ions.

It showed the performances of the electrolyte species at 2 mA
cm ™ current density, and it can be seen that the removal rate is
higher for NaCl and KCl than that for Na,SO,, achieved 97.97%,
89.56%, and 80.34%, separately. The better performance for
NaCl and KCI was attributed to the C1™ formed active chlorine
species, they can participate in the oxidation of organic
pollutants and ferrous ions.* A report showed that a high
concentration of Na,SO, would react with iron hydroxides,
decrease the amount of coagulant,*® and reduced the removal
efficiency. In addition, the conductivity of NaCl and KCIl was
higher than that of Na,SO, at the same ions intensity, and the
required voltage will be much lower,*® which explained using
Na,SO, as supporting electrolyte consumed more energy in
Fig. 4(b).

Although adding the CI™ can prompt the oxidation capacity,
the degradation by-products could be more toxic than the
parent pollutants.*”” Moreover, excessive Cl™ may accelerate the
corrosion pitting rate that leads to overconsumption of Fe*® and
Al* electrodes. We need to control the amount of electrolyte
added to the solution, which is limited to 0.5 ¢ L™" of NaCl in
this study.

3.6 Effect of initial concentration

Different initial concentrations of NOR from 10 to 100 mg L™
were selected for the experiment, and the current density was 2
mA cm 2. As shown in Fig. 5, the ratio of sludge produced to
NOR removed increased from 0.28 to 0.42 g mg™". Higher initial
concentration results in greater NOR removal. However, the
residual NOR concentration increased from 0.20 to 2.53 mg L ™"
when NOR concentration was increased from 10 to 100 mg L™".
Residual NOR cannot be removed further and remains at a high
concentration.

It was due to the same amount of iron hydroxide complexes
were generated at the same treatment time and current density,
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Fig. 5 Influence of different initial concentration on NOR removal;
electrode combination, Fe anode and Al cathode, current density = 2
mA cm™2, initial pH = 7, air flow rate = 200 mL min~™.
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the coagulants formed at high NOR concentration were insuf-
ficient to adsorb all of the NOR molecules of the solution.
Another explanation for removal efficiency decreasing is prob-
ably due to the metal hydroxide flocs that trap pollutants
molecules lack active sites.*® For solutions with high initial
pollutants concentrations, could achieve better removal effi-
ciencies by diluting solutions.®

4 Mechanism of NOR removal in AL-
EC reactor
4.1 Characterization of flocs

Flocs generated from the process under the aeration and non-
aeration condition using an AL-EC reactor were characterized
by SEM-XRF, FTIR, and XRD.

The morphological characteristics and its elements content
are presented in Fig. 6. The morphologies of the flocs under 500
00x and 1 000 00x magnification are shown in Fig. 6(a)-(d) with
the consistency of regular particles. As shown in Fig. 6(a) and
(b), the flocs formed under aeration conditions had a rough and
porous surface, loose structure, and large surface area, which is
beneficial to the adsorption of NOR. Under the non-aeration
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Fig. 6 SEM and XRF analysis of flocs generated from EC treatment by
AL-EC reactor in aerated and non-aerated condition for NOR removal.
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condition, the floc surface was relatively flat and lacked
a porous and loose structure (Fig. 6 (c) and (d)).

The XRF (Fig. 6(e)) revealed the component elements and
content in the flocs, the main constituent elements were O, Fe,
Al, C. The flocs produced under aeration had a higher O content
and lower Fe content, with 90.50% and 4.31% compared to
83.80% and 8.90%, it indicated that aeration enhanced the
oxidation of flocs and produced more iron oxides. At the same
time, the contents of Al in aerated and non-aerated flocs were
3.46% and 5.29%, respectively. This can be explained that the
chloride ions added in the solution caused pitting corrosion of
the electrode, and part of the Al in the cathode was also dis-
solved in the solution, according to the previous research
results.’” Iron and aluminium ions formed a series of mono or
multi-core metal hydroxyl complexes in the reactor and
removed NOR.

As seen in Fig. 7(a), the peak shapes of FTIR for aerated and
non-aerated flocs were very similar, with five characteristic
peaks. The strong and wide absorption bands near 3437 cm™"
are attributed to the stretching vibration of -OH and water
molecules,” indicating the existence of hydroxide and water
molecules in the flocs. The characteristic peak at 560 cm ™"
corresponds to Fe-O bond,** and it can be inferred that both
aerated and non-aerated flocs contain iron oxide compounds.
From 1300 to 1670 cm ™, both flocs and NOR showed resemble
peak shapes, peaks appeared at 1633, 1489, 1382 cm ™, corre-
sponding to the characteristic peaks of C=0, aromatic C=C
bond* and -COO~ group,’® respectively. It indicated the
formation of interaction between NOR's functional groups and

——NOR
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3437 —— AL-EC+Aeration
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flocs. From the FTIR results, it can be inferred that during in EC
process formed flocs composed of iron hydroxide, and bonded
to the NOR's functional groups on the surface. The NOR was
mainly removed through complexation and physical adsorp-
tion, then precipitated together with flocs.

The crystal structures of the two flocs are shown in Fig. 7(b).
Both flocs showed broad peaks but no significant sharp char-
acteristic diffraction peaks, it is indicated that flocs were
amorphous structures. The formation of nano-sized metal
particles and the high hydration of metal hydroxide floc can
explain the poor crystallization.>” In both aerated and non-
aerated conditions, flocs eventually converted into magnetite
(Fe30,4), which can be formed by the following reactions (eqn (6)
and (7)):*%*

3Fe(OH)s(s) + H" + e~ — Fe;04(s) + SH,0 (6)
3Fe(OH)x(s) — FesOu(s) + Ha(g) + 2H;0() 7)

Those iron hydroxides with richer hydroxyl function groups
and larger specific surface areas formed in the EC process,
which achieved the ability to absorb pollutants.

4.2 Possible degradation pathways of NOR

Under the condition of aeration and the existence of chlorine
electrolyte, active substances such as ClO" and ‘OH can be
produced, which can occur oxidation reactions with NOR and
form some intermediates. The degradation intermediates in the
treatment process were identified using the LC-MS. As seen in
Fig S1,1 different peaks appeared as the reaction progressed,
indicating intermediate formation. Based on the literature
review and comparative analysis of mass-charge ratio (m/z),
eight intermediate products were determined, as shown in
Table S1.t

In general, NOR could be degraded through the substitution,
hydroxylation, decarboxylation, and oxidation of the amino
group of the piperazine ring in the following pathways (Fig. 8).
Piperazine ring was first oxidized to open the ring,* lost the —
C,H,- group, and formed the intermittent product M1 (m/z =
294). Then in pathway I, it underwent decarboxylation and
transformed to M2 (m/z = 248), M2 lost ethyl group® and
further oxidized to M3 (m/z = 220). In the Pathway II, M1 can be
first converted into M4 (m/z = 251) and then further into M5 (m/
z = 236) by losing amino group.®> Hydroxyl groups can also
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Fig.7 FTIR and XRD analysis of flocs generated from EC treatment by
AL-EC reactor in aerated and non-aerated condition for NOR removal.
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substitute the amino groups in the benzene ring of M4 to form
M7 (m/z = 252), and M7 was further oxidized from M8 (m/z =
268). In addition, in pathway III, M4 can also generate from M6
(m/z = 236), which was formed by M1 and lost a C,H;N group.’
As the oxidation process continues, those intermediates can be
further degraded to low molecular weight compounds.

4.3 Removal mechanism of NOR

Based on the above experiment investigation and analysis, the
removal mechanism of NOR by AL-EC with iron and aluminium
electrode were proposed and shown in Fig. 9.

4.3.1 Electrochemical oxidation. Dissolved oxygen and
chlorine-containing electrolyte generated active oxidation
species (ROS) with current applied. These active components
oxidized NOR and formed smaller molecular weight interme-
diates. Some of the intermediates can be captured by the flocs.

4.3.2 Flocs adsorption. The dissolution of anode metal and
the pitting corrosion of cathode metal by chloride ions lead to
the release of metal ions into the solution, and formed metal
(hydro)oxides flocs with larger surface area. These metal oxides
flocs (Al(OH)z;, Fe(OH),, Fe(OH);, Fe30,4) can absorb NOR and
its' intermediate and then aggregate to form precipitates.
Meanwhile, the hydrogen bubbles produced by the cathode and
the tiny bubbles of aeration also contribute to removing the
precipitates.
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5 Application and cost evaluation

5.1 Efficiency of AL-EC reactor for different antibiotics and
removal NOR in different types of water

In order to evaluate the performance of the AL-EC reactor in
practical application, the treatment of different kinds of anti-
biotics and the influence of different water types on NOR
removal were studied, as shown in Fig. 10.

Antibiotics such as Tetracycline (TC)**** and Metronidazole
(MNZ)** were reported can be removed in other electro-
coagulation systems by oxidation and adsorption process.
Therefore, TC and MNZ were chosen as model pollutants and
evaluated their removal efficiency. As shown in Fig. 9(a), all
three antibiotics achieved a removal efficiency of over 80%. The
highest was NOR, followed by TC and MNZ, which were 85.27%
and 82.47%, separately. The above results showed that using
the AL-EC reactor to remove varieties of antibiotics from
wastewater can exhibit good performance.

These experiments were carried out in synthetic wastewater
that dissolved antibiotics in deionized water. Compared to
deionized water, groundwater, and river water consists of some
extra ions such as chloride and carbonates that may compete
with antibiotic molecules in solution, which decreases the
removal efficiency. As seen in Fig. 9(b), when the solutions were
replaced from deionized water with groundwater and river
water, the removal efficiency of NOR dropped from 97.97% to
85.64% and 71.66%. Besides the adsorption competition during
the NOR removal process, the lower efficiency may be due to the
complexity of river water. But in the EC process, sufficient iron
hydroxides were formed to absorb the contaminants and still
remained above 70% removal efficiency.

The results above proved the high removal efficiency of the
AL-EC reactor for different antibiotics and removal the NOR in
different types of water, which means it had universality and
adaptability in practical application.

5.2 Evaluation of operating cost of AL-EC

The operation cost of the water treatment process is one of the
important factors to be considered in practical applications, so
it is necessary to evaluate the operating cost.

The operation cost is composed of three parts, the electric
energy consumption of aeration and electrocoagulation, the

80 -
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(a) Removal of different antibiotics by AL-EC reactor and (b) influence of different water type on NOR removal; electrode combination,

Fe anode and Al cathode, current density = 2 mA cm™2, initial pH = 7, air flow rate = 200 mL min~%, initial NOR = TC = MNZ = 10 mg L%,
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Table 1 Compared the operating costs for treating antibiotics wastewater with present and other studies
Current density Electricity consumption

Anode types Pollutant types (mA ecm™?) (kW h m ™) Operation cost® (USD m™?) References
Fe Metronidazole 6 0.516 \ 65

Al Diclofenac 1.8 6.91 1.57 66
Stainless steel Levofloxacin; ciprofloxacin 20 3.211 0.613 67

Fe Tetracycline 4 0.110 0.177 68

Fe Norfloxacin 2 0.388 0.153 This study

“ Operation cost includes electrical energy consumption and the cost of dissolved Fe anode.

material consumption of electrode, which was calculated by the
following equation:

Operation COSt($) = a(EEC + Eaeration) + b Clectrodes

I x U X P X Vieration IxtxM

—axtx Vo + b x X F

(8)

where a is the average industrial electricity price in 2022
Chinese market (0.104 USD kW h™"), ¢ is the treatment time (s),
Veen is the treated solution volume (m?), I is the applied current
(A) and U is applied voltage (V), P is the power consumption of
aeration (about 0.67 kW h m™), V,eration iS the volume of
aeration (m?). b is the local price of metal calculated by iron
plate (0.634 USD kg™ '), M is the molar mass of the metal (g
mol™ "), Z is the number of electrons involved in the redox
reaction (Z = 2 for iron), F is Faraday's constant (96485 C
mol ). In general, the cost evaluation was carried out accord-
ing to the optimal conditions: current density 2 mA cm ™2, initial
pH 7, treatment time 32 minutes and air flow rate of 200
mL min~" (Table 1).

6 Conclusions

In summary, the AL-EC reactor showed great potential for NOR
removal from water, with low cost and high efficiency. The
following optimal operating parameters were identified: iron
anode and aluminum cathode combination, the current density
of 2 mA cm ™2, initial pH of 7, treatment time of 32 minutes and
an air flow rate of 200 mL min ™, supporting electrolyte type was
NaCl, initial NOR concentration of 10 mg L™ ". The flocs were
characterized using SEM, XRF, FT-IR, and XRD. Intermediate of
NOR degradation was identified by LC-MS and proposed
a possible degradation pathway during the electrocoagulation
process. The results revealed that NOR removal mechanism was
mainly due to electrochemical oxidation and floc adsorption.
Using the optimal operating condition of the AL-EC reactor to
treat the real water and different types of antibiotics, it was
found that the minimum removal rate was over 60%, indicating
its universality and adaptability. The operation cost under the
optimum conditions was estimated at 0.153 USD m™°>. This
study shows that electrocoagulation combining airlift tech-
nology was an effective and cost-saving method for removing
NOR or other antibiotic complexes from water. We hope that, by
further optimizing the reactor design and operating parame-
ters, the AL-EC technology can be applied for large-scale treat-
ment of antibiotics or other organic wastewater.
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