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Abstract

This study investigates the Cephalexin antibiotic degradation by the anodic oxidation using an undivided reactor equipped
with a graphite plate as an anode electrode and stainless steel as the cathode. Different environmental parameters were
examined, such as the solution pH, antibiotic initial concentration, applied current density, solution temperature, and the
supporting electrolyte concentration (NaCl). The results demonstrated that the anodic oxidation is more efficient by increasing
the initial concentration of supporting electrolyte, applied current density, and solution temperature at the acidic media. At
NaCl concentration 1000 mg/1, the higher Cephalexin and COD removal efficiencies 82.75% and 25.98% respectively were
obtained for the simulated wastewater and the real wastewater 52.073% and 8.15% respectively. The Cephalexin removal
efficiency for simulated wastewater (at Cephalexin initial concentration 100 ppm, current density 0.5 mA/cm?, pH 6, and NaCl
0 mg/1) were examined by the growth of the Cephalexin sensitive bacteria and it was found that the inhibition zone decreased
due to the increase in the Cephalexin removal efficiency. The anodic oxidation was effective for removing the accompanying
bacteria to the real Cephalexin contaminated water, where the total dead bacteria was achieved around 103CFU/ml by

applying current density 0.5 mA/cm?.
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Introduction

The world faces an environmental crisis of water
pollution that comes from the effluents of industries,
hospitals, municipal sewage systems, agricultural
activities, and others. Water resources must be protected
to conserve both human health and current aquatic life
by treating the discharged wastewater (Ganiyu et al.,
2015), (Ganzenko et al., 2014).

Pharmaceuticals contamination in the water has
received the researchers’ attention and has been widely
documented where it has been found in rivers, lakes, and
small creeks (Oturan et al., 2013), (Babu et al., 2009).
Among pharmaceuticals types, antibiotics are widespread
in human and veterinary use to treat diseases (Oturan et
al., 2013). The antibiotics contaminants present in the
aquatic environment increases the risks of antibacterial
resistance spreading among microorganisms (Gonzalez
etal, 2011).

In the last two decades, Researchers studied many

treatment techniques for the removal of antibiotics from
wastewater (Yahiaoui et al., 2013), (Sirés and Brillas
2012), (Farhadi et al.,, 2012). Wastes of antibiotics in
water were treated by many traditional techniques which
were biological, physical, and chemical with advantages
and drawbacks that including efficiency and cost (Farhadi
et al., 2012), (Boncukcuodlu et al., 2016), (Asghar et
al., 2015). The conventional treatment methods for
wastewater are not effectively degrading the recalcitrant
organics matter, as well as the ability to produce another
toxic byproduct makes them required subsequent pollution
treatment or a combination with other technologies
(Homem and Santos 2011), (Coria et al., 2014), (Borghi
and Palma 2014), (Morsi et al., 2011), (Khezrianjoo and
Revanasiddappa 2015), (Yahiaoui et al., 2013), (Sirés
and Brillas 2012).

The constraints of the conventional treatment
processes and cost were a significant challenge for the
suitable ultimate selection (Asghar et al., 2015). The
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protection from the antibiotic’s harmful effects requires
to develop advanced remediation technology that
achieves the antibiotics’ strict discharge limit (Barhoumi
et al., 2015), (Sangeetha et al., 2015). Recently
researchers studied advanced oxidation processes (AOPs)
as emerging and alternative antibiotics treatment process,
e.g. ozonation, Fenton and photo-Fenton oxidation,
photocatalysis, and electrochemical advanced oxidation
(Daghrir and Drogui 2013), (Farhadi et al., 2012),
(Derakhshan et al., 2016), (Sirés and Brillas 2012),
(Anglada et al., 2009), (Guo et al., 2017), (Ganiyu et al.,
2015). AOPs have been employed to generate in situ
strongly oxidative hydroxyl radicals ("OH) at sufficient
concentrations which are reacting non-selectively with
the organic contaminations, according to equation (1)
(Farhadi et al., 2012), (Oturan and Aaron 2014),
(Derakhshan et al., 2016), (Oturan and Aaron 2014),
(Ganiyu 2017).

AOPS OH Pollutants
(Farhadi et al., 2012).

AOPs can be implemented to degrade many organic
and inorganic compounds at room temperature and
atmospheric pressure in an easy, efficient and
environmentally friendly manner without the addition of
chemical reagents. (Oturan and Aaron 2014), (Rivera-
Utrilla et al., 2013), (Oturan and Aaron 2014), (Ganiyu
et al., 2015), (Ganiyu 2017). Furthermore, the organic
compounds including antibiotics could be mineralized by
AOPs methods at a high degree due to the converting
toxic byproducts to CO, and water, unlike the conventional
processes which produce a significant amount of polluted
sludge (Daghrir and Drogui 2013), (Feng ef al., 2013),
(Ganzenko et al., 2014), (Oturan et al., 2013).

The electrochemical advanced oxidation techniques
(such as anodic oxidation, electrocoagulation, and electro-
Fenton) have been extensively investigated (Askari et
al., 2014), (Sirés and Brillas 2012), (Ganzenko et al.,
2014), (Ganiyu et al., 2015). In the electrochemical
treatment, the combination of chemistry where in situ
generate chemical oxidant and electronic science (electron
transfer) makes it an effective treatment method that
works flexibly and cleanly (Daghrir and Drogui 2013),
(Garcia-Gomez et al., 2014), (Sarkka et al., 2015).

Among the electrochemical advanced oxidation
processes (EAOPs), the anodic oxidation was extensively
investigated at the laboratory scale (Feng et al., 2013).
Which have been able to destruct recalcitrant
contaminations powerfully from wastewater that exist at
low concentrations including pharmaceutical pollutants

co, H,0 (1)

(Gnamba et al., 2015). In anodic oxidation, the pollutants
degradation process involves the oxidation procedure by
direct and indirect mechanisms, which depends on the
anode properties and process conditions (Feng et al.,
2013), (Korbahti and Demirbiiken 2017), (Sirés and Brillas
2012), (Boncukcuodlu et al., 2016), (Carvalho et al.,
2011), (Ganzenko et al., 2014), (Rajkumar and Palanivelu
2004), (Stupar et al., 2017), (Sarkka et al., 2015). The
advanced oxidation process has been called the clean
reagent process due to the use of the electron as main
destruction reaction reagent in presence of electrolyte
without the use of chemicals or producing polluted by-
products or sludge (Morsi et al., 2011), (Carlesi Jara et
al., 2007), (Valica and Hostin 2016).

In direct oxidation, the hydroxyl anions have been
produced by an electro-oxidation reaction of water, under
either acidic, basic, or neutral conditions (Brillas et al.,
2005), (Dominguez et al., 2010), (Moura et al., 2016).
The produced anions were lost electrons and adsorbed
physically at the active anode surface (M) converting to
hydroxyl free radical where denoted by (M("OH)) and
described by equation (2) (Gonzalez et al., 2011),
(Dominguez et al., 2010), (Moura et al., 2016), (Ganiyu
2017), (Valica and Hostin 2016), (Chang et al., 2009),
(Ganzenko et al., 2014).

M+HO "’ — M(OH) + H + & 2)
(Brillas et al., 2005), (Gonzalez et al., 2011).

At the anode surface, The organic pollutants can be
activated due to electron extraction by the short live
hydroxyl radical forming organic radical which undergo
successive rapid degradation reactions resulting in water,
carbon dioxide, and inorganics ions (Chang et al., 2009),
(Babu et al., 2009), (Moura et al., 2016), (Garcia-Segura
et al., 2015), (Ganiyu 2017). So, the direct oxidation is
limited to the surface (Ganzenko et al., 2014) and could
be described by equation (3) (Chang et al., 2009), (Al-
Jawad 2018).

M(OH) +R’> —- M + CO, + H,0O + Inorganics Ions
+e 3)

The organic direct oxidation and mineralization could
be summarized in Fig. 1.

Pollutants (R)

O Electrolyte
—
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Anode Surface o7

Fig. 1: the direct anodic oxidation of organic matter.
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In indirect electro-oxidation, the active oxidation
species such as chlorine (Cl), chlorine dioxide (CIO,),
hypochlorite (OCI"), and hypochlorous acid (HOCI) could
be generated in situ on the anode surface by the
dissociation of chloride salts in aqueous solution like
sodium or potassium chloride which also increase the
solution electrical conductivity (Alaani et al., 2018),
(Ganiyu2017), (Al-Jawad 2018), (Ganzenko et al., 2014).

According to equation (4) (Ganzenko et al., 2014),
(Al-Jawad 2018), the presence of electrogenerated active
chlorine mixture at high concentration as oxidizing species
significantly improving the organic compounds degradation
where a sequence of oxidizing reactions of organic
pollutants occur broach the anode surface or/and in the
bulk substrate solution. (Alaani et al., 2018), (Ganiyu
2017), (Al-Jawad 2018), (Ganzenko et al., 2014),
(Rajkumar and Palanivelu 2004).

Organics + OCl> — intermediate > — CO, + H,O +
Cr 4)
(Shanthi ez al., 2011)

The indirect electro-oxidation of organic pollutants
could be briefly described by Fig. 2.

As compared with the direct oxidation the indirect
process is more efficient in organic degradation (Stupar
et al., 2017) due to the effect of reaction kinetics and
mass transfer limitations which make the direct oxidation
process very slow (Korbahti and Demirbiiken 2017).

Researchers were interested in some factors of the
organic electrooxidation process due to their significant
effect on the extent of pollutant removal, the nature of
by-products, operation cost, and reaction time and
kinetics. In this study, the effect of the environmental
parameters on the Cephalexin and COD removal
efficiencies by anodic oxidation were investigated, such
as the pH of the media, the Cephalexin initial

concentration, the concentration of the supporting
electrolyte NaCl, the temperature of the solution, and the
applied current density. Moreover, the Cephalexin removal
efficiency was indicated by sensitive bacteria. As well
by applying the optimal conditions, the Cephalexin and
the accompanied bacteria were removed from real
wastewater.

Meterials and Methods
Experimental Setup

For antibiotics anodic degradation, all anodic oxidation
experiments were conducted in a glass reactor with
dimensions 15%15x15 c¢m containing 2L of antibiotic
polluted wastewater as shown in figures 3. Graphite plate
and stainless steel (316 grad) were used as an anode
electrode and cathode respectively with dimensions
10x13x0.3 cm and 260 cm?* surface area for each and
were implemented at 2 cm from each other. Direct current
electrical power was supplied by power source (Yihua/
China) while the applied voltage and current were
measured by voltage and current multimeters (Prokit/
Thailand) respectively. The wastewater temperature has
been controlled and mixed at 300 rpm by hotplate magnetic
stirrer (Chitransh/Korea). A mercury thermometer was
used to measure the contaminated solution temperature.

Chemical Materials

The anodic oxidation experiments were carried out
to remove Cephalexin antibiotic in wastewater as real
and synthetic wastewater. To prepare the synthetic
wastewater, the antibiotics were supplied from The
General Company for Pharmaceutical Industry (SDI) and
mixed with deionized water (local). Hydrochloric acid
(HCI) and sodium hydroxide (NaOH) (Sigma-Aldrich)
were used to adjust the initial pH, meanwhile sodium
chloride (NaCl) salt was used as supporting electrolyte
and as chlorine source for indirect process. The real
wastewater that polluted by Cephalexin was supplied

Mediators
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Fig. 2: the indirect anodic oxidation of organic matter.
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from the effluent of the batch process of preparation
Cephalexin syrup.

The Effective Parameters

The experiments were carried out under many
different environmental parameters to study their effect
on the antibiotic and COD removal efficiencies and the
physical and chemical properties. Where, the
concentrations of antibiotic were indicated and measured
using the High-Performance Liquid Chromatography
(HPLC) and the COD was measured by the DR5000
COD Spectrophotometer / Lovibond. the antibiotic and
COD removal efficiencies were calculated according to
equation (5)

c, C
Removal Efficiency (%) OC 100 5)
0

Preparation of Culture Media:

For the growth test of bacteria, two culture medias
were used which are Muller Hinton agar and nutrient
agar. According to the instructions of manufacture
companies, the culture medias were prepared in the
laboratory and sterilized by the autoclave (15 1bf/ inch?)
at 121 for 15 minutes.

The Biological Indication of Antibiotic Anodic
Degradation

The extent of the anodic degradation of the antibiotics
in the wastewater was indicated by testing the growth of
gram-positive bacteria (Staphylococcus aureus which
is sensitive to the antibiotic) on Muller-Hinton media as a
sign of the degradation of antibiotics (Abd-alwahab and
Rasheed 2015).

Total Viable Bacteria Count

This measurement was conducted to count the validity

of bacteria in real pharmaceutical wastewaters before
and after degradation. The enumeration of the bacteria
was done by using indirect cell count (spread plate
method) on solid nutrient agar media.

Results and Discussion

The first group of the experiments were carried out
by using simulated contaminated water by Cephalexin to
study the effect of anodic oxidation parameters on
antibiotic removal efficiency, such as antibiotics initial
concentration, pH, wastewater temperature, NaCl
supporting electrolyte concentration, and the applied
current density. Furthermore, the removal of the antibiotics
from the simulated wastewater were indicated by the
bacteriological test at Cephalexin concentration of 100
ppm. The second group were carried out by treating a
real wastewater contaminated by the antibiotics by the
two removal processes (direct and indirect) and studying
the effect of the anodic oxidation on the combined bacteria
in the real wastewater.

The Effect of Initial pH

The results show the maximum removal efficiency
of the Cephalexin was (63%) at pH = 3, where the
experiments were conducted at 100 ppm initial Cephalexin
concentration and 130 mA/cm? applied current density,
and solution temperature 20°C (Fig. 4). While, the
maximum COD removal efficiency was (19.83%) (Table
1).

The results show that the removal of the Cephalexin
is more efficient in acidic medium than the neutral and
alkaline medium, where the neutral and alkaline medium
nearly have the same effect on antibiotic degradation
efficiency. This behavior can be attributed to the high
formation of the hydroxyl radicals in the acidic medium,
which is a strong oxidizer to the organic materials.

Thermometer

Anode Cathode

Hotplate
Magnetic 4
Stirrer £

Volt Meter

Current Meter

Power Supply

Fig. 3: Schematic of experimental setup.
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Fig. 4: the effect of pH on the removal of Cephalexin (100 ppm,
20°C, and 130 mA/cm?).
Table 1: The influence initial pH on COD removal efficiency at

Fig. 5: the effect of Cephalexin initial concentration on the
removal efficiency (20 °C and 130 mA/cm?).

Table 2: The influence of antibiotic initial concentration on
COD removal efficiencyat (20 °C, 130 mA/cm?2).

(100 ppm, 20 °C 130 mA/cm?)
joal COD (mg/)
Before After Removal (%)
3 121 97 19.83
6 119 97 1849
9 120 102 15.00

Initial Concent- COD (mg/)
ration (ppm) Before After Removal (%)
100 119 97 1849
200 244 208 14.75
300 371 328 11.59

Whereas, in the neutral and alkaline medium, it is tending
to increase the rate of oxygen disturbing the diffusion of
the antibiotic to the anode surface. These results agree
with (Garcia-Segura et al., 2015), (Sangeetha et al.,
2015).

The Effect of Antibiotics Initial Concentration

The maximum Cephalexin removal efficiency was
63% which was obtained at Cephalexin initial
concentration 100 ppm, solution temperature 20 °C, and
applied current density 130 mA/cm2 (Fig. 5). The
maximum COD removal efficiency was 18.49% (Table
2).

In this study, antibiotics removal efficiency is
significantly influenced by antibiotics’ initial concentration.
The antibiotic removal efficiency increases with the initial
antibiotic concentration decreasing. This behavior is
ascribed to the limited amount of hydroxyl free radical
produced by the electrooxidation process, which is
insufficient to oxidize higher concentration at the same
conditions (Yahiaoui et al., 2013), (Chen et al., 2014)
and this behavior agrees with (Dirany et al., 2012).

The Effect of Electrolyte Temperature

For Cephalexin, the maximum degradation efficiency
was obtained at 40°C. It was 74.33% which was obtained
at 100 ppm Cephalexin initial concentration and applied
current density 130 mA/cm2 (Fig. 6). As well, the
maximum COD removal efficiency for Cephalexin was

obtained at 40°C and it was 18.49% (Table 3).

The study observes that the degradation of the
antibiotic is more efficient at high temperatures, and
increases with the solution temperature increasing. As
the solution temperature increases, the viscosity decreases
and facilitates the diffusion of the antibiotic molecules to
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Fig. 6: The effect of solution temperature on the antibiotic
removal efficiency (100 ppm and 130 mA/cm?).

Table 3: The influence of solution temperature on COD removal
efficiency at (100 ppm, 130 mA/cm?).

Temperature COD (mg/)
(°C) Before After Removal (%)
20 119 97 1849
30 120 95 20.83
40 119 A 21.01




836 Rasha A. Waheeb and Yaaroub Falh Alfatlawy

90

=8=130mA/cm2
80 =
—8—260 mA/cm2 -

70

e=@==390 mA/cm2
60
50

40

Removal Efficiency %

30 60 90 120 150 180
Time (min)

Fig. 7: the effect of applied current density on the Cephalexin
removal efficiency (100 ppm and 20°C).

Table 4: The influence of applied current density on COD
removal efficiencyat (100 ppm, 20°C).

Applied Current COD (mg/l)

Before (mA/cm?) | Before After Removal (%)
05 119 97 1849
10 123 P 1951
15 124 % 2258

the anode surface and increasing the reaction rate at the
surface. It is also increasing the reaction kinetics by
increasing the reaction constant, which depends on the
reactant temperature (Yahiaoui et al., 2013), (Chen et
al.,, 2014).

90

=—@=( mg/l NaCl
80

=@=7500 mg/l NaCl

70

=@=1000 mg/l NaCl
60
50
40

30

Removal Efficiency %

30 60 90 120 150 180
Time (min)

Fig. 8: the effect of NaCl concentration on the removal
Cephalexin efficiency (100 ppm, 20°C and 130 mA/cn?).

Table 5: The influence of NaCl concentration on COD removal
efficiency at (100 ppm, 20 °C 130 mA/cm?).

NaCl Concent- COD (mg/)
ration (mg/1) Before After Removal (%)
0 119 97 1849
500 124 9% 22.58
1000 127 A 2598

5. e~
Fig. 9: The bacterial inhibition zone test for the indication of
Cephalexin antibiotic anodic degradation.

The Effect of Applied Current Density

The maximum degradation of Cephalexin was 73.7%
at higher applied current density 390 mA/cm?, 100 ppm
initial concentration for each and 20°C solution
temperature (Fig. 7). Also, at higher applied current
density, the maximum COD removal efficiency was
22.58% (Table 4).

The study shows that the increase of current density
improves the antibiotics removal efficiency due to
increasing the hydroxyl free radical production rate at
the anode surface. More amount of hydroxyl radicals
degrades more amount of antibiotics molecules and
decreasing the antibiotics removal time (Coria et al.,
2014), (Yahiaoui et al., 2013).

The Effect of the Concentration of NaCl Supporting
Electrolyte

In the indirect anodic oxidation, the maximum
antibiotic removal percent was 82.75, at Cephalexin initial
concentration 100 ppm and NaCl concentration 1000 mg/
I (Fig. 8). Meanwhile, the maximum COD removal
efficiency was 25.98% (Table 5).

The results show that antibiotics removal efficiency
is highly increasing as the NaCl concentration in the
solution increases. The anodic oxidation was improved
by the presence of chloride ions in the electrolyte due to

70
=8={() mg/l NaCl

&0 =@=1000 mg/l NaCl

50

40

Removal Efficiency %

30 60 90 120 150 180
Time (min)

Fig. 10: the removal efficiency of real Cephalexin (53 ppm)
contaminated wastewater (20 °C, and 130 mA/cm?).
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Table 6: The COD removal efficiency of real wastewater.

NaCl Concent- COD (mg/)
ration (mg/l) Before After Removal (%)
0 834 766 8.15
1000 834 701 1595

Table 7: The number of bacterial total viable count.

Total Viable Count (Cellx10%®) (cfu/ml)
Before Treatment After Treatment
1.07 0.08

the production of chlorine, which oxidizes the organics
indirectly and degrades the antibiotics in the bulk of the
electrolyte (Babu et al., 2009), (Indu et al., 2014).

Bacterial Detection for The Antibiotic Anodic
Degradation

The inhibition zone test was carried out to detect the
extent of the antibiotic anodic degradation using simulated
wastewater at Cephalexin initial concentration 100 ppm,
pH (6), and current density 0.5 mA/cm?. The test reveals
that the inhibition zone decreases as the anodic
degradation time increasing (Fig. 9). This behavior
indicates that the bacteria growth has been affected by
the presence of the antibiotics in water, so the decrease
in the inhibition zone is attributed to the effectiveness of
the antibiotic degradation by anodic oxidation to the
intermediate compounds that also do not affect the
bacteria growth.

The Removal of Cephalexin from The Real
Wastewater

The real contaminated water by Cephalexin was
supplied from The General Company for Pharmaceutical
Industry (SDI) with Cephalexin concentration 53ppm and
COD 834 mg/l. For direct removal process, the results
show that the maximum antibiotics removal efficiency is
52.073% (see Fig. 10) and COD removal efficiency was
8.15% (Table 6). Whereas, for the indirect removal
process, the higher antibiotics removal efficiency was
61.87% (Fig. 10) and the COD removal efficiency was
15.95% (Table 6).

The Cephalexin removal efficiency for real
wastewater is less than the simulated as well as the COD
removal percent due to the high initial COD (there is
another degradable organic) which needs very high
production hydroxyl free radical for the anodic
degradation.

The Wastewater Sterilization by Anodic Oxidation

During the experiments of antibiotic direct oxidation,
the number of bacteria colonies (maybe the antibiotic
resistance bacteria) were counted in the real Cephalexin

contaminated water. The results show that the number
of the bacteria colonies decreases during the anodic
oxidation experiment due to non-selective oxidation by
the powerful oxidant hydroxyl free radical that may
oxidizes the bacteria cell membrane resulting in the
damage of essential cell functions and causing death
(Bensalah and Abdel-Wahab 2013), (Jeong et al., 2007).

Conclusion

The anodic degradation of the antibiotic and the COD
removal efficiency increases with increasing the solution
temperature, the supporting electrolyte concentration, and
the applied current density. Whereas, the antibiotic and
COD removal efficiencies decrease with the increase in
the initial concentration of the antibiotics and the pH
media.

The anodic oxidation is very efficient and cost-
effective as compared with the traditional processes for
antibiotic degradation. Even though the antibiotics removal
efficiency is favorable in the presence of NaCl salt and
the acidic media, it has a bad impact on the aquatic
environment due to the increase in the salinity and acidity
of water.

The results of the anodic degradation of the antibiotics
do not affect the sensitive bacteria, and therefore the
generation of new strains of antibiotic-resistant bacteria
is not permitted.

The anodic oxidation of the antibiotic is effective in
sterilizing the wastewater from the accompanying
bacteria, which may be the antibiotic-resistant bacteria.
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