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Abstract

At this study, electrochemical oxidation of cefaclor
antibiotic was investigated with new generation Sn/Sb/Ni-
Ti anodes. Platinized titanium was used as cathode
material. Chemical oxygen demand (COD), total organic
carbon (TOC) and cefaclor (CEF) active substance
parameters were used to evaluate the process efficiency.
Salt (KCl) addition (mg L), pH value, current density (mA
cm?) and reaction time (minute) were the factors
controlling the reactions. Kinetic evaluations were
performed during the application of electrochemical
oxidation processes to obtain pseudo-first degree kinetics.
750 mg L't KCI, pH 7 and 50 mA cm™ current density were
found as the optimum conditions at room temperature (25
°C). Thus, £ % 99 removal efficiencies were found for COD
and TOC parameters after 60 min reaction and complete
mineralization of CEF was occured in just 30 min at the
optimum conditions. Consequently, Sn/Sb/Ni-Ti anodes
were found very useful and successful for cefaclor
oxidation and mineralization. The advantages of the
processes are complete mineralization at shorter reaction
time with low current densities and there is no need to pH
arrangement.
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1. Introduction

For toxicologic properties, causing to the microorganism
resistance and contamination problems in the

environment, antibiotics should be considered as the most
dangerous pollutant types (Yonar and Kurt, 2017). Due to
interrupting biosynthesis of bacterial cell wall, bacteria
show cross-resistance to the antibiotics (Baron, 1996).
Among these antibiotic groups, cephalosporin antibiotics
belong to the B-lactam group, are present the most
commonly in the aquatic environment, which are especially
used in human and veterinary processes (Kimmerer, 2009;
Harris et al., 2012; Ribeiro et al., 2018).

In worldwide, production of cephalosporin antibiotics
increases constantly due to increasing demand in the
sanitation (Harris et al., 2012). Most of the researchers
focused on fluoroquinolone, trimethoprim, sulfonamide
and macrolide antibiotics for the occurrence and fate of
antibiotics and the removal technologies in various types of
wastewater containing antibiotics, while, just a little of
them investigated the cephalosporin antibiotics (Gros et
al., 2013; Stackelberg et al., 2004; Zhou et al., 2013; Yao et
al., 2015).

Cefaclor is a b-lactam group antibiotic belongs to the
cephalosporin, widely used for treatment of microbial
infections (pneumonia and ear, lung, skin, throat and
urinary tract infections) causing by gram-positive and
gram-negative bacteria (Joshi, 2002). Also, cefaclor is one
of the most common used antibiotics in many of the
countries worldwide for producing and prescribing. It has
been seen that, it could be detected in sewage treatment
plants (1< pg L) (Khan and Ongerth, 2002; Park, 2006). It
has a fundamental structure such as the penicillin. In Figure
1. it was stated the chemical structure of cefaclor
antibiotic.

Antibiotics reach to the aquatic environment without
adequate treatment in conventional treatment plants
(Kimmerer, 2009; Khetan and Collins, 2007). According to
the Khetan and Collins (2007), it was obtained low
degradation rates of antibiotic compounds after biological
and photochemical processes and hydrolysis of
wastewaters. For treatability of wastewaters containing
antibiotics, advanced treatment technologies are
suggested, such as advanced oxidation processes (AOPs),
modern pressure-driven membrane processes and reverse
osmosis or nanofiltration (NF/RO) (Kosutic, 2007; Kurt and
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Yonar, 2017). Among these processes advanced oxidation
processes (AOPs) are successful for providing complete
mineralization and constant energy need due to the using
of direct current. However, these processes need higher
energy compared to the electrochemical oxidation
processes which are the other types of AOPs (Christensen
et al, 2009). However, electrochemical oxidation
processes show the conversion of pollutants to the
harmless end products and need lower energy due to the
use of direct current and need less additional chemicals
(Moura et al., 2014).
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Figure 1. Chemical structure of cefaclor

The main disadvantageous of the various anodic materials
tested on electrochemial oxidation of organic pollutants
are: rapid surface fouling and contain only selectively
oxidized pollutants (Polcaro et al., 1999). PbO: (Polcaro et
al., 1999; Samet et al., 2006), SnO; (Samet et al., 2006;
Comninellis and Battisti, 1996), and BDD (Panizza and
Cerisola, 2005) anodes have shorter lifetime and higher
costs (Correa-Lozano et al., 1997). Sn/Sb/Ni-Ti anodes are
known with their stability and performance in
electrochemical processes. The most important advantage
of this anode is need lower voltage (Christensen et al.,
2009).

However, there is almost no study on electrochemical
oxidation of wastewaters containing antibiotics with new
generation Sn/Sb/Ni-Ti anodes in literature. They are more
advantageous in terms of cost and application than BDD
(boron doped diamond) anodes which are commonly used
for electrochemical oxidation of wastewaters. For these
reasons in this study, it was investigated electrochemical
oxidation of cefaclor antibiotic with new generation
Sn/Sb/Ni-Ti anodes (37% current efficiency) (Abbasi et al.,
2014). The effects of reaction parameters were evaluated
and kinetic evaluation and anode characterization were
performed to evaluate of the electrochemical oxidation of
CEF. There is no such studies on treatment of antibiotics
with these anodes made this study unique.

2. Materials and methods

2.1. Chemicals and synthetic wastewater preparation

For preparation of the synthetic wastewater containing
cefaclor was prepared with ultrapure water (Millipore Milli-
Q, 18MQ cm). The concentration of the CEF in synthetic
wastewater was arranged to be 50 mg L!. Cefaclor active

substance was supplied from a local pharmaceutical
warehouse (Duzce, Turkey). SnCla.5H20 (tin IV chloride
pentahydrate) and NiO (nickel Il oxide) were bought from
Alfa Aeser Company (Massachusetts, USA) and Sb.03
(Antimony Il oxide) was purchased from Merck
(Darmstadt, Germany) which were used for the coating
processes of the anode. The other chemical solutions used
during the experiments; HCl (hydrochloric acid), H2SO0a4
(sulphuric acid), C2H204 (oxalic acid) and C2HsOH (ethanol)
were purchased from Merck (Darmstadt, Germany). The
purity of all the chemicals were > 99.

2.2. Design of the electrodes and reactor

Titanium anodes (2,5 cm x 2,5 cm) and platinized titanium
cathodes (5 cm x 5 cm) were used for the electrochemical
reactions. Cathodes were purchased from NRK
Electrochem. (Cornwall, UK). For design of the Sn/Sn/Ni-Ti
anodes, titanium meshes (Dexmet, USA) were immersed
into the boiling solution with oxalic acid (C2H204, %10) to
remove the impurities. For coating process, Ti meshes were
treated using ultrasonic process for 3 times, each phase
was arranged to be 10 minutes. Then the meshes were
coated by pyrolis for 2 min, in solution having molar rate:
Sn/Sb/Ni : 500/8/1. Finally, they were incubated at 105 °C
in the etuv that preheated for 15 min. Then it was repeated
for 520 °C temperature for 15 min. The cycle of coating
process was repeated for 15 times and at the last stage,
process was repeated for 75 min (Christensen et al., 2013;
Wang et al., 2015).
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Figure 2. Configuration of electrochemical reactor

To perform the electrochemical reactions, 250 mL
borosilicate glass beakers were used. The anode and
cathode were placed inside the reactor mutually. In Figure
2 it is seen the configuration of electrochemical reactor
with electrodes (anode&cathode).

Anode material (the most important parameter affecting
the reactions, should be strong enough to ensure
polarization), reactor configuration, current efficiency, pH,
salt type and conc. affects directly electrochemical
oxidation (Cui et al., 2009). Organic molecules could be
oxidized by direct or indirect electrochemical oxidation
reactions. Low potential values are reccommended for
direct electrochemical oxidation of wastewater containing
organics (Carlos and Sergio, 2006; Simond et al., 1997). In
equation 1 it was stated the transformation of water to
oxygen before direct electrochemical oxidation reaction
occur with *OH radicals (equation 1).
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2H,0 > 02 +4H*+4e  (E°:1,23V) (1)

Occurring of "OH radicals at anode by oxidation of water
was shown in equation 2.

H20 = *OHags + H + € (2)

At indirect electrochemical oxidation reactions various
oxidant types may occur such as chlorine, hypochlorous

acid/hypochlorite, hydrogen peroxide and ozone

(Bergmann et al., 2014):
2CI" = Clx+2e” (3)
Cl+H20 - HOCI+H*+CI- (4)
HOCI - H*+OCI- (5)
CIm - Cl+e” (6)
CI™+OH - CI+OH~ (7)
OH™ - OH+e™ (8)
H20 - OH+H*+e™ (9)
2:0H - H202 (10)
H202 - 02+2H*+2e” (11)
02+0 - 03 (12)

2.3. Analytic studies

Total organic carbon (TOC) analysis of the wastewater
samples were carried out with TOC analyser (TOC-L,
Shimadzu, Japan). pH meter (Cyberscan, UK) was used for
measure of the pH values. Ultra performanced liquid
chromatography (UPLC) with photo diode array detector
(PDA) (Thermo-scientific, Massachusetts, USA) was used
for analytic analysis of cefaclor, at 254 and 270 nm
wavelengths for detector. Hypersil GOLD, C-18 (50 x 2,1
mm; 1,9 um) UPLC column (Thermo-scientific,
Massachusetts, USA) was used for the processes.
Temperature of the column was chosen as 35°C.

The mobile phase content was set as 0,1 % formic acid and
methanol; [MeOH:H20]:40:60 (v/v)] and 0,2 mL min! flow
rate was arranged at UPLC process. Chemical oxygen
demand (COD) measurements were carried out according
to the Standard Methods (APHA, 1989). All of the
measurements were carried out in triplicate.

2.4. Kinetic studies

To determine the pseudo-first-degree kinetics of the
electrochemical degradation of CEF, kinetic coefficient was
determined from the slope of the curve formed according
to the equation (13);

In (Cicer)/Cicero) : kd x t (13)

kq: Pseudo-first degree CEF removal rate constant (1 min?).

KURT

3. Results and discussion

3.1. Effect of salt type and concentration

New generation Ti doped Sn/Sb/Ni anodes are known for
high capacity of ozone generation. According to the most
of the studies, it was seen that, type and dose of electrolyte
(NaCl, KCl) affected positively the electrochemical
oxidation reactions by increasing conductivity (Comninellis
and Battisti, 1996; Abbasi et al., 2014; Christensen et al.,
2013; Wang et al., 2015). Also, when salt is added for the
process, chloride gas occurs too much thus, hypochlorid
acid, that are very good oxidants (Parsa and Abbasi, 2012;
Sasidharan and Gupta, 2016). But the addition of extra salt
may increase the cost and create risks for the environment.
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Figure 3. Effect of KCl on process parameters (I: 50 mA cm-2, pH
7), (a) COD decay (mg L1), (b) TOC decay (mg L), (c) CEF decay
(mgL?)

In salt addition processes with KCl, it was obtained that KCI
affected the process efficiencies more positively even in
lower concenrations. Thus, first of all in this study, effect of
KCI (potassium chloride) on control parameters; COD, TOC
and CEF were evaluated for 500 and 750 mg L't KCl, at pH 7
and 50 mA cm™ current density. The effect of KCl addition
on result parameters was shown in Figure 3. According to
the Figure 3, it was seen that TOC and CEF decays showed
similar trends in a very short time. However, COD reduction
was much clearer as a conventional parameter, thus, it was
considered and evaluated as a major parameter in our
study. Due to the lower voltage, it couldn’t obtain higher
efficiencies at 500 mg L1 KCl, thus the optimum dose was
found as 750 mg L providing the higher removal
efficiencies at shorter times.
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Figure 4. Pseudo-first order kinetics with KCl variation (I: 50 mA
cm2and pH 7)

According to the Figure 3, COD was consumed in just 60
minutes with 750 mg L'* KCI addition. TOC was reduced to
0,20 mg L'! just after 30 min reaction and 0,06 mg L after
90 minutes and CEF concentration was consumed in 30 min
reaction with 750 mg Lt KCI.

However, pseudo-first order removal rate constants (kad)
were calculated for KCl addition, to obtain clearer results.
According to the Figure 4, with ka coefficients it was
obtained that KCl affected the electrochemical reactions
considerably, due to increase of conductivity and chloride
gas formation and thus, hypochlorid acid.

However, the advantage of using KCl as a salt type is to
reduce the negative effects of NaCl on soil structure. When
NaCl is used as a salt additive, soil pore size and water
permeability is reduced due to adsorption of Na* to
negatively charged clay surfaces and it could be replaced
with other ions (Tchobanoglous and Schroeder, 1985).

3.2. Effect of pH

The effect of pH was investigated at the range of (Gros et
al., 2013; Joshi, 2002; Harris et al., 2012; Kimmerer, 2009;
Ribeiro et al., 2018; Stackelberg et al., 2004; Yao et al.,
2015; Zhou et al., 2013), on COD, TOC, and CEF decay,
which is one of the most important parameter affecting the
electrochemical oxidation reactions. Thus, the optimum pH
was obtained after the electrolyte concentration.

Figure 5 shows the effect of pH on the result parameters
for 750 mg L™t KCl addition and 50 mA cm™ current density.
According to the Figure 5 and Figure 6, pH 7 was found as
the optimum value for electrochemical oxidation of CEF,
which is the neutral pH of the wastewater. Also, it is
possible to make process more economic and easier
operationally, by working at neutral pH, due to there is no
need extra pH arrangement steps. According to the Figure
4, COD was consumed just after 60 min and TOC was
mineralized almost completely after 30 min and CEF conc.
was reached to the zero just in 5 min, at pH 7.
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3.3. Effect of current density

In electrochemical oxidation processes, current density is
another parameter, affecting the reactions significantly
having an active role in reaction kinetics (Deng and
Englehardt, 2007). At the range of 25 — 50 mA cm?, effects
of current density were evaluated for 750 mg Lt KCl
addition and pH 7.



442

TOCdecay (mgL?)
4

el
%
|
|

e
[=]

|

|

0 20 a0 60 80 100
60,0

= 50,0

o C

B8 40,0

= |

"'E" an0 | ——25 mAcm-2
=8-50 mAcm-2

T 20,0 |

w
Y 100
0,0

Y] 20

a0 60 80 100
Time (min)

Figure 7. Effect of current density on process parameters (KCl:
750 mg L', pH 7), (a) COD decay (mg L), (b) TOC decay (mg L1),
(c) CEF decay (mg L1)

Active oxidants occur increasingly in aqueous solution at
higher current density values. Thus, the removal
efficiencies increased generally with the current density
increase. Optimum current density was found as
50 mA cm?, providing the most efficient treatment process
(full mineralization was obtained at just 60 min).

Figures 7 and 8 show the effect of current density on
process parameters. According to these figures, variation
in current density values affected the reactions highly. The
COD was consumed completely in just 60 min oxidation,
TOC was reduced to 0,20 mg L in 30 min and CEF was
almost consumed completely in just 5 min at pH 7.

To identify the differences exactly, ks values were
calculated for COD decay differences on current density
values and parallel results were found with the others
(Figure 8).

4. Cost analysis

Cost analysis of the study was performed according to the
energy consumption rates during the electrochemical
oxidation process (other labor costs are not included). The
cost of the anodic oxidation process was found to be 22,75
USD/kgCOD. When compared to other conventional
treatment processes, less oxidation time and no sludge
occurance are the advantageous of this process in addition
to the cost efficiency. According to the cost analysis,
electrochemical processes with new generation Sn/Sb/Ni-
Ti anodes, showed promising results for future processes.

Energy consumption per unit COD removal; Ecop was
calculated according to the Equation 14.

KURT

Ecop = (Ecen x I x t) / (V x ACOD) (14)

Econ: energy consumption, kWh kg™ COD,
Ecen: electrochemical cell voltage, volt,

I: current value, ampere,

t: time of electrolysis, hours,

V: cell volume, L and

ACOD: COD removal conc., start - finishing time.
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Figure 8. Pseudo-first order kinetics with current density
variation (KCI: 750 mg L, pH 7)

As it is seen in Figure 8, higher current densities increased
the power consumption, while the removal efficiencies
were increased. According to the Figure 9, a dramatic
increase in energy consumption was occured with
increasing current densities.

5. SEM-EDS analyzes

Typical SEM images of the anodes on the intersections
(assuming thicker coating have been than the strands)
(Christensen et al., 2013) were shown in Figure 10 and 11
for unused (clean) and used (unclean) anodes, respectively
at x250 magnification. A cracked morphology was
observed for the coating process for unused anodes that
could be occurred by thermal shocking which is seen
generally during the cooling process with suddenly taking
of the anodes from the oven (Parsa and Abbasi, 2012;
Shekarchizade and Amini, 2011; Montilla et al., 2004).
However for the unclean (used) anodes, a smoother
surface was observed that resulting from the coating of the
surface area with ions that passing from the solution.

Thus, this state was supported by EDS spectra (Figure 12)
and the weight and atomic percentages and peak
intensities (Figure 12). According to the results of the
analysis, it was observed that the weight and atomic
percentages and the peak intensities were changed by the
selected areas (area-1, area-2 and area-3) during the
electrochemical oxidation processes. It was seen that the
surface of the electrode was filled with other ions (carbon)
and salts (Fes(POa4)2(0OH)2) occurring in the solution,
especially for the area-2 and area-3, assuming a smoother
surface and considering the weight and atomic
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percentages and the peak intensities variation. Moreover,

the anode material was not corroded significantly and
worked efficiently.
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Figure 9. Energy consumption values (kWhkg COD-t) according to
the current densities

Figure 10. Typical SEM images (x250, bar = 100 um) and EDS
spectra of clean (unused) Sn/Sb/Ni: 500:8:1 coated Ti meshes
(anodes)

6. Conclusions

At this study, electrochemical oxidation of cefaclor
antibiotic was investigated using new generation Sn/Sb/Ni-
Ti anodes. First of all, in salt addition process, it was
obtained that KCl affected the electrochemical oxidation
process efficiencies positively even in lower concenrations.
KCl dose determination studies have shown that; due to
the lower voltage, it couldn’t obtain higher efficiencies at
500 mg L%, thus the optimum dose of KCl was found as 750
mg L providing the higher removal efficiencies at shorter
times. Also, it was seen that, KCl affected the
electrochemical reactions considerably, due to the increase
of conductivity and chloride gas formation and thus,
hypochlorid acid, according to the kinetic evaluation
results.

Figure 11. Typical SEM images (x250, bar = 100 um) and EDS
spectra of used (unclean) Sn/Sbh/Ni: 500:8:1 coated Ti meshes
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Figure 12. Weight - atomic percentages and the peak intensities
of EDS spectra of the anodes
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The pH value, one of the most important parameter
affecting the electrochemical oxidation reactions was
investigated and pH 7 was found as the optimum, which is
the neutral pH of the wastewater. Thus, it could possible to
make process cheaper and easier operationally, with
working at neutral pH and there is no need extra pH
arrangement steps.

The removal efficiencies increased generally with current
density increase, due to active oxidants occur increasingly
in aqueous solution at higher current density values.
Optimum current density was obtained to be 50 mA cm??,
providing the most efficient process. As a result of the SEM-
EDS analysis, it can be concluded that the anode material
was not significantly corroded during the processes and
worked efficiently. Consequently, Sn/Sb/Ni-Ti anodes were
found very useful and successful for cefaclor oxidation and
mineralization. The advantages of the processes with new
generation Sn/Sb/Ni-Ti anodes, complete mineralization at
shorter reaction time and there is no need to pH
arrangement.
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