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Abstract. In this study, it was aimed to evaluate direct oxidation of aqueous solution containing cefalexin antibiotic with new
generation Sn/Sh/Ni: 500/8/1 anode. The fact that there is no such a study on treatment of cefalexin with these new anode made
this study unigque. According to the operating parameters evaluation COD graphs showed clearer results compared to TOC and
CLX and thus, it was it was chosen as major parameter. Furthermore, pseudo-first degree kd values were calculated from CLX
results to show more accurate and specific results. Experimental results showed that after 60 min of electrochemical oxidation,
complete removal of COD and TOC was accomplished with 750 mg L™ KCI, at pH 7, 50 mA cm? current density and 1 cm
anode-cathode distance. Also, the stability of the Sn/Sb/Ni anode was evaluated by taking SEM and AFM images and XRD
analysis before and after of electrochemical oxidation processes. According to the results, it was not occurred too much change
on the anode surface even after 300 h of electrolysis. Thus, it was thought that the anode material was not corroded to a large
extent. Furthermore, the removal efficiencies were very high for almost all the time and conditions. According to the results of
the study, electrochemical oxidation with new generation Sn/Sb/Ni anodes for the removal of cefalexin antibiotic was found
very successful and applicable due to require less reaction time complete mineralization and doesn’t require pH adjustment step
compared to other studies in literature. In future studies, different antibiotic types should be studied with this anode and maybe
with real wastewaters to test applicability of the process in treatment of pharmaceutical wastewaters containing antibiotics, in a
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better way.
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1. Introduction

In  worldwide, pharmaceuticals (antidepressants,
analgesic, antidiabetics, antibiotics, contraceptives,
painkillers, growth regulators, drugs, tranquilizers and
impotence) are one of the most important and dangerous
problems causing to the environmental contamination and
toxicology (Aydin et al. 2018, Souza et al. 2017). Drug and
antibiotic residues have endocrine disrupting properties
having serious effects on reproductive system and thyroid
function of human and animals. These organic pollutants
are toxic, carcinogenic and may cause teratogenic effects in
infants as well as impair the reproductive function (Kurt
and Yonar 2016). Antibiotics are the most important
pollutant compounds among the other pollutants for causing
to the microorganism resistance in the environment with
having stability and endocrine disruptor properties (Tran et
al. 2016, Vergili et al. 2005). Antibiotics can not be
metabolized in the living organisms, or they are excreted as
an intermediate product depending on their chemical
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structures (Mompelat et al. 2009). They enter to the
receiving environment by treated or untreated wastewater
streams, generally. Continuous antibiotic intakes into the
environment cause unexpected adverse effects on aquatic
and land-based organisms. High concentration levels may
persist for long periods of time (Petrovi¢ et al. 2005).

In Europe, cephalosporin group is accepted as the
second most prescribed antibiotic class and among them,
cefalexin (CLX) is the most prescribed (Weist and Hogberg
2016). According to the EHI (Weist and Hdgberg 2016),
cefalexin is one of the most prescribed antibiotic and is
produced in huge quantities for human and animal treatment
in pharmaceutical industries. They are used widely in
Turkey and throughout Northern European countries for the
protection and treatment of human and environmental
health. The rate of usage of CLX in Turkey is relatively
higher than in other countries (Kurt and Yonar 2016).
Therefore, in this study it was studied with cefalexin
antibiotic.

Due to these facts, antibiotics are a major risk especially
in the aquatic environment. However, conventional
treatment methods (physical, chemical and biological) are
inefficient in terms of removal of these endocrine disrupting
compounds. Also conventional disinfection processes, such
as chlorination and UV applications, are also not effective
in controlling of resistance developing through bacteria. In
this respect, advanced treatment methods (active carbon
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adsorption, advanced oxidation, membrane processes) are
more advantageous than the other conventional methods,
due to complete mineralization capacity. However, these
advanced processes need usually high energy consumptions
and operational cost (Christensen et al. 2009). In this way,
Electrochemical oxidation processes are promising methods
because of their easy applicability and low energy
requirements (Isarain-Chavez et al. 2017, Souza et al.
2017). However, there is a lack of studies in the literature
about electrochemical oxidation of wastewaters especially
with new generation Sn/Sb/Ni-Ti anodes. Also, there is no
any investigation about electrochemical degradation of
cefalexin antibiotic with new generation Sn/Sb/Ni-Ti
anodes.

Indeed Sn/Sb/Ni-Ti anodes were first used for
electrochemical ozone generation and it was found very
successful results (Christensen et al. 2013). However, there
is no precise and quantitative analytical evidence on the
composition of Ni/Sh-SnO; anodes to establish the relation
between structure/activity correlations, thus, efforts to
understand the mechanism of ozone formation in these
materials would remain speculative for a while. However,
Parsa and Abbasi (2012) assumed the presence of Ni(lll) in
Ni/Sb-SnO, anodes without experimental evidence and a
mechanism by which Ni(lll) facilitates the adsorption of
molecular oxygen; water is then oxidized to the *OH
radicals in adjacent Sb(V) regions, which react with
adjacent adsorbed O to give *HO3 radicals rapidly oxidized
to Oz (Parsa and Abbasi 2012). The occurring of these
reactions are possible in two way: as direct electrochemical
oxidation (anodic oxidation) and indirect oxidation. Also,
the ozone formation reactions occur at anode (Eg. 1 and 2)
with cathodic reactions (Eq. 3).

0, + 6H* + 6e~ & 3H,0 E, =151V 1)

0;+2H* +2¢~ o H,0+ 0, E, =207V (2

2H* + 2e~ & H, (3)

Anodic oxidation (direct electrochemical oxidation):
direct electrochemical oxidation of aqueous solution of
organic compounds is reccommended at low potential
values before water oxidation to oxygen molecule stated in
Eq. 4.

0, +4H* + 4e~ & 2H,0 E, =1.23V @)

*OH radicals occur at anode by oxidation of water as
stated in Eqg. (5).

H,0 > OHyys + HY + €~ (5)

Egs. (1), (2) and (3) show that ozone could be produced
electrochemically with water electrolysis. Oz occurs on the
anode surface and in water by preventing the O, formation.
According to the Eq. (2) oxygen occurs at lower voltages
than ozone need (Parsa and Abbasi 2012). Occurrence of all
these electrochemical reactions are affected directly from
electrode material, configuration of the reactor, current
efficiency, pH, salt content etc. (Cui et al. 2009). Anode
material is one of the most important parameter among
these and it should be strong enough for ensuring

polarization. Several anodic materials were used by
researchers for anodic oxidations, such as; PbO,, platinum
(Pt), gold (Au), lead (Pb), SnO,, boron doped diamond
(BDD) and carbon type anodes. Although BDD anodes
showed satisfying results for antibiotic removal, they have
high capital cost and not are practical as the Sn/Sb/Ni-Ti
anodes (Wirzal et al. 2013). In contrast to BDD anodes,
Sn/Sh/Ni-Ti anodes are cost-effective. With using Sn/Sb/Ni-
Ti anodes, 37% current efficiency can be reached at room
temperature (Abbasi et al. 2014). At this respect, Sh-doped
SnO, anodes are advantageous with their cost efficiencies
and practical application. For all these reasons mentioned,
the aim of this study is to investigate the treatability of
cefalexin in wastewaters with using new generation
Sn/Sb/Ni-Ti anode. Thus, it was planned to study on
synthetic wastewater containing cefalexin antibiotic with
direct and indirect anodic oxidation by using Sn/Sb/Ni-Ti
anode.

2. Materials and methods
2.1 Chemicals and other solutions

In this study, it was prepared synthetic wastewater
containing cefalexin antibiotic and the electrolytes (NaCl and
KCI) for the electrochemical oxidation processes. Cefalexin
antibiotics were provided from a local pharmacy (Duzce,
Turkey). Tin (IV) Chloride Pentahydrate (SnCls.5H,0) and
Nickel (1) oxide (NiO) were purchased from Alfa Aeser
Company (Massachusetts, USA). Sodium chloride (NaCl),
potassium chloride (KCI), antimony (lll) oxide (Sb2Os),
hydrochloric acid (HCI), formic acid (CH0,), sulphuric acid
(H2SO.), oxalic acid (C.H204) and ethanol (C;HsOH) were
supplied from Merck (Darmstadt, Germany). All of the
chemicals were at the purity of >99%. Millipore Milli-Q
(18MQ cm) ultrapure water was used for the preparation of
aqueous solution of CLX and all of the other solutions. The
concentration of the CLX in the agueous solution was 50 mg
L™ Trovo et al. (2011) used 50 mg L* amoxicillin active
substance concentration in synthetic wastewater for the
advanced oxidation with Photo-Fenton (Trovo et al. 2011).
Additionally, Goncalves et al. (2012) studied the catalytic
ozonation of 50 mg L* sulfamethoxazole in synthetic
wastewater (Goncalves et al. 2012).

2.2 Preparation of the anodes

At this study, Sb-doped SnO. anodes were prepared by
pyrolysis with pyrolysis solution containing Sn/Sb/Ni in molar
ratios of 500/8/1 according to the prescription of the University
of Hong Kong (Wang 2006). They stated that, Sb-doped SnO;
anodes are advantageous with their cost efficiencies and
practical application. For this process titanium materials were
coated by the pyrolysis solution (Wang 2006). First of all,
titanium materials were cut into size of 2.5 cm x 2.5 cm (3Ti7-
077FA material, Dexmet, USA). For the removal of impurities
over the titanium materials, they were immersed into the
boiling oxalic acid solution for a moment. At the next stage,
titanium materials were sonicated in an ultrasonic bath for 3
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times for 10 minutes (without rinse between the sonic periods).
Then dried at room temperature for further dip coating process.
Than, titanium materials were immersed into a pyrolysis
solution, of which molar rate; 500/8/1: Sn/Sh/Ni for 2 min and
dried in an oven at 105 °C temperature (preheated) for 15 min.
Then it was placed in a furnace at 520 °C for 15 min for
annealing. The coating cycle was repeated for 19 times and
final cycle, 20th was carried out for 75 min in the oven
(Christensen et al. 2013). Cathode materials were supplied (5 x
5cm platinized titanium) from NRK Electrochem (Cornwall,
UK).

2.3 Electrochemical oxidation

250 mL beakers were used for the electrochemical
processes and the electrodes (anode and cathode) were placed
inside the beakers mutually. The oxidation process was started
by direct immersion of the anode and cathode into beaker filled
with antibiotic aqueous solution. All these experiments were
made at 259C and atmospheric pressure. The current used in
electrochemical processes was provided with DC power
supply (Extech Instruments 382280). The samples were taken
periodically every 5, 30, 60 and 90 min during anodic
oxidation process to evaluate their COD, TOC and CLX
removal efficiencies.

2.4 Analytical measurements

TOC analysis were made by TOC analyser (TOC-L,
Shimadzu, Kyoto, Japan). pH values were measured by pH-
meter (Cyberscan, UK). Analytic analysis of CLX in the
aqueous solutions were made by using UPLC (Ultra
performanced liquid chromatography) with photo diode array
detector (PDA) (Thermo-scientific, Massachusetts, USA). 254
and 270 nm wavelengths were chosen for detector
measurements. UPLC column properties are Hypersil GOLD,
C-18 (50 x 2.1 mm; 1.9 um) (Thermo-scientific, USA). The
column temperature was arranged to be 35°C. Mobile phase
solution was prepared with water including 0.1 % formic acid
and methanol, [MeOH:H,0]: 40:60 (v/v)]. 0.2 mL min? flow
rate was chosen for UPLC analysis. COD measurements were
carried out according to the Standard Methods (Federation and
Association 2005). All measurements were made in triplicate.
EDS (Energy Dispersive Spectroscopy) (EDAX, USA), SEM
(Scanning electron microscope) (Philips XL 30 SFEG,
Netherlands), hpAFM (high performance atomic forced
microscopy) (NanoMagnetics, Turkey) and XRD (X-ray
powder diffraction) (Rigaku Smartlab, ABD) were used for
imaging and to perform qualitative and quantitative
characterization of the anode. The energy consumption per unit
COD removed (Ecop) was calculated according to the
formulation, stated below (Eq. 6):

Ecop = (Econ X1 X ©)/(V X ACOD) (6)

2.5 Kinetic evaluation

To obtain the pseudo-first degree kinetics during the
application of electrochemical oxidation of CLX, Kkinetic
coefficient was determined according to the formulation stated
below (Eq. 7):

In(C/C,) = kg Xt )

3. Results and discussion

3.1 SEM-EDS, AFM, and XRD analysis

The development of nanocomposites for the engineering
applications such as mechanical, optical, electrical and
magnetic processes is promising (Letti et al. 2017). In this
regard, electrochemical  oxidation  processes  with
nanocomposites are promising because of their easy
applicability and low energy requirements (lsarain-Chavez et
al. 2017, Souza et al. 2017). In this study it was carried out
electrochemical oxidation of antibiotics in aqueous solution
with nanocomposite novel Sn/Sb/Ni-Ti anodes.

The weight and atomic percentages and the peak intensities
in Fig. 2(a) and (b) were given in Table 1 for anode
characterization; the peaks of Sn, Ni and Sb elements were
identified by the analysis of anode materials coated by
electrodeposition of ethanolic SnCls, NiO and Sh,0s. Coating
on the materials (Ni/Sh-SnO;) was thin to enough detection of
Ti underlying. Typical SEM micrographs of the anode
intersections  (assuming thicker coating than strands)
(Christensen et al. 2013) at various magnifications (x500,
%2000 and x5000) prepared using the precursor solution were
shown in Fig. 1 for used (unclean) and unused (clean) anodes,
respectively. It was observed that the coating process of the
materials caused a cracked morphology for clean anodes as
stated in other studies (Kurt and Yonar 2016). It was thought
that it was occurred by thermal shocking which is seen
generally during cooling suddenly after taking of the anodes
from the oven. Cracked morphology is seen in thicker anode
types generally with large splits having three dimensional (3D)
view (Christensen et al. 2012). However in unclean anodes, a
smoother surface was observed that resulting from the coating
of surface area with ions passing from the solution. At used
material it was assumed that the surface of the electrode was
filled with other ions (carbon) and salts (Fes3(PO4)2(OH)2)
thought to be occurring in the solution.

Christensen et al. (2013) investigated the effect of Ni and
Sb oxide precursors and composition on ozone production in
1,0 M HCIQOq4 (Christensen et al. 2013). Typical SEM images of
the anodes (93.3, 6.0 and 0.7% Sn, Sb and Ni respectively)
were taken of the intersection (x5000 magnification) showed
cracked morphology, while the coating on strands presented a
smoother morphology assuming thinner coating than the
intersection. With EDS spectra of the anode material, the peak
with 4.52 eV may be sourced from underlying Ti, that could be
derived from the thinner catalyst coating than the strands.
Christensen et al. (2012) studied the effect of Ni/Sh-SnO,
loading on electrocatalyst and they observed with the SEM
images that the electrode was thicker and had very little pores
(assuming thicker electrode at least is porous) having typical
“cracked morphology” with deep crevices (Christensen et al.
2012). Moreover, it was observed that Ni/Sh-SnO- coating was
thin sufficiently to able to detect Ti element underlying. Zhi et
al. (2017) investigated the degradation of tetracycline
antibiotics with Ti/SnO2-Sb anode and used the sol-gel
technique to coat the anode (Zhi et al. 2017). SEM images
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Fig. 2 EDS spectra of the anodes from the intersection
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Table 1 Weight and atomic percentages and the peak intensities of EDS spectra of the anodes

Element Weight % Atomic % Net peak int. Net peak int. error
Sn 81.82 49.83 2683.22 0
. Sb 8.15 4.84 239.81 0.06
Unused anode material .
Ni 6.02 27.20 276.68 0.006
Ti 25.075 7.52 345.855 0.008
Sn 82.65 52.1 3270.5 0
. Sh 8.18 5.03 290.4 0.06
Used anode material ]
Ni 1.84 8.58 100.97 0.002
Ti 22.925 107.2 1262.15 0.02
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Fig. 3 AFM images and analyzes of intersection on surface of the unused anode
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Fig. 4 AFM images and analyzes of the intersection on surface of the used anode

revealed that the anode surface was generally solid and
smooth, although there were some cracks on the surface
ranging in size from 1-10 pum. In addition, it was concluded
that, the formation of these cracks could cause gradual
inhibition of the anode during the electrochemical process.
Qian et al. (2019) reported that the Ti substrate surface
pretreated with Ti/SnO,-Sh,O3/PbO; anode has a crusty and
irregular shape, which is predicted to occur as a result of oxalic
acid application. Thus, they stated that it would be beneficial to
add SnO,-Sh,0O3 and PbO; as interlayers and active layers in
order (Qian et al. 2019).

In addition, Figs. 3 and 4 show the AFM images showing
the topographical height changes during the electrochemical
oxidation process on the anodes. It was observed that, there is a
difference between the used and unused anode plates in terms
of topographic height. While topographic height differences
tend to increase in parallel at the unused anode; some
irregularities were observed in the (a) upper section and (b)
lower section on the used anode, which is thought to be due to
the ion transfer in the solution. However, it is known that the
physicochemical properties of the anodes are directly related to
the preparation methods. Composition ratios, particle size,
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Fig. 5 XRD analysis of the intersections on surface of the anode

surface structure, specific surface area and bonding force
directly affect the anode performance (Shmychkova et al.
2019).

Fig. 5 shows the XRD results of unused and used
Sn/Sb/Ni-Ti anodes. Thus, XRD results stated in this figure
confirmed the other EDS findings. It was observed that
surface of the used anodes is filled with carbon and salts
(Fe3(PO4)2(OH)2), which are the other ion types found in
the solution.

3.2 The anode stability

The stability of the anode is very important when
electrochemical oxidation and ozone generation are used in
the acidic environment of antibiotic containing solutions at
high anodic potential. The stability of the Sn/Sb/Ni anode
was evaluated by taking SEM images before (Fig. 1a) and
after (Fig. 1b), AFM images before (Fig.3) and after
(Fig. 4) and XRD results before (Fig. 5a) and after (Fig. 5b)

NaCl and KCI electrolytes were used for electro-

oxidation reactions of cefalexin (Basiriparsa and Abbasi
2012, of electrochemical oxidation of cefalexin.
Observation and comparison of SEM and AFM images and
XRD results showed that it was not occurred too much
change on the surface of the electrode even after 300 h of
electrolysis. Thus, according to the results, it was
determined that the anode material was not corroded to a
large extent. Additionally, it was concluded that the
removal efficiencies were very high for almost all the time
and conditions.

3.3 Comparison and evaluation of NaCl and KCI
electrolyte addition

According to the researchers, salt (electrolyte)
concentration and type (NaCl, KCI) effect the electro-
chemical oxidation processes positively by increasing the
conductivity. In this regard, CI- anion is particularly
important as an inorganic ion, commonly found in aquatic
environment and wastewaters. For this reason, Christensen
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Fig. 6 Comparison the effect of NaCl and KCI addition (I: 50 mA cm2, pH 7)

et al. 2013). Chlorine gas and hypochloric acid are other
significant oxidants that are produced as a result of high
amount of salt addition (Pillai and Gupta 2016). Cl,
(chlorine) gas occurs at the surface of anode, to able to
generate hypochlorous acid (HOCI). In addition to this, it
could be possible elimination of radical (*OH) scavengers
(HCO3 and COs ions) at acidic pH values. Furthermore,
occurence of chlorine gas and hypochlorite ions effect
positively degradation of organics at alkaline conditions
(Deng and Englehardt 2007). However, addition of extra
salt may cause environmental issues and increase the cost.
In Fig. 6 (2) and (b) it is seen the comparison the effect of
NaCl and KCI addition on operating parameters (COD,
TOC and CLX) respectively.

NaCl effect on the process was evaluated between 1000
and 2500 mg L concentrations (pH 7 and 50 mA cm=
current density). According to the graph in Fig. 6 (a), CLX
degradation trend with NaCl was similar to the oxidation
with KCI electrolyte. However, it was observed differences
in COD removal and TOC mineralization rates. It was
obtained higher removal rates with KCI addition than with
the NaCl addition in shorter times and with less electrolyte
addition need.

Effect of KCI concentration (mg L) on operating
parameters were evaluated for 500 and 750 mg L values, at
pH 7 and 50 mA cm2 current density. However, up to 500
mg L concentration, electrochemical oxidation efficiency
couldn’t be detected for the reason of lower voltage and
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current, while more than 750 mg L' KCI conc. was not
chosen to study to avoid extra cost.

COD graphs were clearer compared to other operating
parameter (TOC and CLX) results and thus, COD was
chosen as major parameter to evaluate study results.
According to the graphs in Fig. 6 (d) the best efficiencies
were obtained for 750 mg L KCI addition after 60 min
reaction (COD was almost completed) with the conditions
of I: 50 mA cm?, at pH 7. Optimum salt type and conc. was
found as 750 mg L KCI for electrochemical oxidation of
CLX with Sn/Sh/Ni: 500/8/1 anode. To obtain the reaction
kinetics for CLX degradation, pseudo-first degree (kd)
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Fig. 8 Effect of pH (750 mg/L KCI, I: 50 mA/cm?)

values were calculated to show more clearer results and
verify of other analysis results. According to the kinetic
evaluation it was seen that KCI addition affected the
electrochemical oxidation reactions significantly, due to the
increase of conductivity and occurring of chloride gas thus,
hypochloric acid (Pillai and Gupta 2016). Thus, it was
decided to study with KCI for further analysis.

3.4 The effect of distance between anode and
cathode

The optimum anode-cathode distance was obtained as 1
cm at the optimum conditions, due to obtain higher removal
efficiencies (Fig. 7). Wang et al. (2018) evaluated tetracycline
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Fig. 9 Effect of current density (KCI conc.: 750 mg L™
and pH 7)

(TC) degradation with Ti/TisO; anode and they saw that TC
degradation efficiency had a negative correlation with the
the anode-cathode distance. The kg values significantly
decreased from (8.9+0.1)x1072 to (6.2 + 0.04)x 1072
min~! with the increase of anode-cathode distance from 5 to
25 mm, while the ti2 values increased from 5.6 to 13.0 min
(Wang et al. 2018). In the studies of Lin et al. (2013)
similar results were observed in anodic oxidation of
perfluorooctanoic acid and sulfamethoxazole. At shorter
electrode distance, faster CLX electrochemical oxidation
could be explained with more efficient electrolysis with
shorter diffusion distance between the anode-cathode (Lin
et al. 2013). However, very small electrode distances may
cause operational difficulties in terms of potential for short
circuits between the anode and cathode.

3.5 Initial pH

In this study, it was investigated the effect of pH values
at the range of [3-10] on COD, TOC, and CLX decays. pH
is one of the most important parameter affecting the
electrochemical processes. Fig. 8 shows the effect of pH
and according to the graphs in Fig. 8 COD was consumed
completely just after 60 min at pH 7 with 750 mg L KCI
and 50 mA c¢cm current density. pH 7 was found as the
optimum, due to have the highest removal efficiencies.
Degradation rates were obtained more clearly for pH
parameter than the other operating parameters.

Yonar et al. (2019) investigated electrochemical color
removal from organized industrial district (OID) wastewater
with Sn/Sb/Ni: (500/8/0.5) anode (Yonar et al. 2019). The
affect of pH on COD and color removal was evaluated
between 3-9 values (with no addition of NaCl, at 50 mA cm”
2 current density). COD and color removal efficiencies were
higher at acidic conditions rather than the basic conditions.
Better COD and color removal efficiencies could be
obtained at acidic pH values, but neutral pH at 8.2 was
chosen as the optimum pH value to avoid extra operational
cost.

3.6 Current Density Variation

Current density is another significant parameter affects
the electrochemical degradation processes that has an active
role in reaction Kinetics (Deng and Englehardt 2007).
Organic compounds are oxidized on anodic surface at lower
current density values generally while, the oxidation
process occurs in the solution at higher currents. Thus,
current density value range was chosen between 10 — 50
mA cm-2 for direct (anodic) electrooxidation, in this study
(KCI conc.: 750 mg L, pH 7). In almost all of the
electrochemical processes, chloride ions concentration is
found mainly depending on the current density (it remains
constant or decreases beyond the degradation rate) (Giraldo
et al. 2015). Optimum current density was determined as 50
mA cm-2having the highest removal efficiencies in shorter
time (60 min). At higher current densities active oxidants
occur increasingly in aqueous solution thus, the removal
efficiencies increased generally. Fig. 9 shows the effect of
current density on reaction control parameters (COD, TOC
and CLX decay) and it can be seen from that, current
density variation affected the reaction efficiencies highly
(750 mg L1 KCl and pH 7).

Giraldo et al. (2015) applied anodic oxidation for the
removal of oxacillin (OXA) with Ti/lrO, anode and it was
obtained that, current density was the main variable
effecting the OXA degradation (Giraldo et al. 2015).
Current density increases increased the degradation rates
highly and the best current density value was found as
30,25 mA cm2 for degradation of OXA with 0,225 mol L™
NaCl. Yonar et al. (2019) studied electrochemical oxidation
of colored industrial wastewater with Sn/Sh/Ni anode
(500/8/0.5) and current density parameter was observed as
the most significant parameter (Yonar et al. 2019). The
lowest energy consumption was seen between 10-25 mA
cm2 of current density, while the highest energy consumption
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Fig. 10 Energy consumption rates according to the applied current density values

was 100 mA cm of current density. The optimum current
density was found as 50 mA cm.

Although higher current density values increase the
removal efficiencies, they increase power consumption. A
dramatic increase in energy consumption could be seen by
with the current density increase in Fig. 10.

4. Conclusions

In this study, it was investigated the electrochemical
oxidation of cefalexin by using new generation Sn/Sb/Ni-Ti
anodes. It was obtained that, 750 mg L-* KCI was found as
the optimum salt type and concentration for the electro-
chemical oxidation of CLX. pH parameter was found as the
clearest parameter in the other operating parameters and pH
7 was found as the optimum. Thus, it could be possible to
save costs by working at natural pH of the solution and it is
easier and practical way to operate process. Current density
variation affected reaction efficiencies highly. Optimum
current density was found as 50 mA cm2 due to obtain the
highest removal efficiencies in shorter time (60 min). Also,
the observation and comparison of SEM and AFM images
and XRD results showed that the anode material was not
not corroded too much even after 300 h of electro-oxidation
and the removal efficiencies were very high for almost all
the time and conditions. According to the results of this
study, electrochemical oxidation with new generation
Sn/Sb/Ni-Ti anodes for CLX antibiotic removal was found
very successful and applicable due to require less reaction
time, less energy requirement (due to using direct current),
complete mineralization, and doesn’t require extra pH
adjustment steps. For further studies in future, different
antibiotic types should be studied with this anode and also
with real wastewaters containing antibiotics without adding
extra electrolyte assuming they contain ions (Na*, K*, CI
etc.) naturally and without pH adjustment step to test
applicability of the process, in a better way. Thus, the
studies should concentrate on anode stability with current

density and energy consumption, mostly to develop more
stabil anode working with lower current and energy need.
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CLX cephalexin

CoD chemical oxygen demand, mg L™
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¢ reaction time (mg L)
Co initial CLX concentration (mg L)
NaCl sodium chloride, mg L
KCI potassium chloride, mg L
Sn/Sb/Ni-Ti Tin/Antimony/Nickel-Titanium
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ultraviole
PbO. lead dioxide
BDD boron doped diamond
NiO nickel (I1) oxide
Sh,03 antimony (I11) oxide
C2HsOH ethanol
HCI, hydrochloric acid
CH203, formic acid
C2H20;,, oxalic acid
H2S04, sulphuric acid
UPLC ultra performanced liquid chromatography
SEM scanning electron microscope
EDS energy dispersive spectroscopy
OID organized industrial district
OXA oxacillin
*OH hydroxyl radical
cm Anode-cathode distance
mA cm™ Current density
PDA photo diode array detector
\ cell volume, L
I current value, amperes
Ecop energy consumption, kWh kg COD
cop STt of COD o et
K pseudo-first degrei CI_.)_(1 removal constant,
min

reaction time (min)
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