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ABSTRACT

Electrochemical degradation of tetracycline antibiotic and the effect of process parameters on removal
of reaction intermediates was investigated with boron-doped diamond electrodes. The parame-
ters of tetracycline concentration (200-1,000 mg/L), NaCl concentration (0-8 g/L), current density
(4-20 mA/cm?) and reaction temperature (25°C—45°C) were analyzed on tetracycline removal, chemi-
cal oxygen demand (COD) removal, intermediates removal, and energy consumption. The optimum
values of the parameters were obtained by response surface methodology such as tetracycline
concentration, 618 mg/L; NaCl concentration, 3.6 g/L; current density, 13.4 mA/cm?, and reaction
temperature, 36°C. Under optimum conditions, the removal efficiencies of tetracycline, COD, and
intermediates were obtained as 98.7%, 98.2%, and 92.5%, respectively, with 78 kWh/kg COD, energy
consumption. Electrochemical degradation rate of tetracycline antibiotic was higher in 10 min while
intermediates started to produce after 2 min. The amount of the degradation products reached
maximum in 15 min which then further oxidized and removed in high extent (297%) depending on
reaction conditions. The removal of intermediates occurred at a much lower rate than tetracycline
degradation.

Keywords: Electrochemical degradation; Boron-doped diamond; Optimization; Response surface

methodology; Tetracycline

1. Introduction

Antibiotics are biologically active chemical substances
that terminate or inhibit the growth of microorganisms
and used as chemotherapeutic agents in humans, animals
and plants for the treatment of microbial infections [1,2].
The annual consumption of antibiotics in human medicine,
veterinary and agricultural purposes has been reported as
thousands of tons worldwide [1-3].

Environmental concerns have been raised with the
detection of significant amount of antibiotics in wastewa-
ter, surface water, drinking water, ground water, municipal

* Corresponding author.

sewage, soil, and sediments due to their extensive usage
[1-5]. Antibiotics could be found in higher mg/L in hospital
effluents, lower mg/L in municipal wastewater, and ng/L in
sea, surface and groundwater [1,2]. Tetracycline antibiotics
are being used for human medicine, veterinary and agricul-
tural purposes. Most of the tetracyclines are released into
environment by urine and feces from humans and animals
after medication [4].

The accumulation of antibiotics in the ecosystems may
produce toxic effects even at low concentrations [2]. In the
presence of antibiotics and pharmaceuticals residues, the
antibiotic resistant microorganisms may develop in the
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ecosystems in a long-term period [4,5]. Tetracycline antibi-
otics possess a wide range of antimicrobial activity against
gram-positive and gram-negative bacteria that bind specifi-
cally to 30S ribosomes and appear to inhibit protein synthe-
sis by preventing access of aminoacyl tRNA to the acceptor
site on the mRNA-ribosome complex [4]. Halling-Serensen
[6] investigated the growth inhibiting effect of tetracycline
antibiotics on two species of micro algae, Microcystis aerugi-
nosa (freshwater cyanobacteria) and Selenastrum capricornu-
tum (green algae) and the toxicity values (EC,)) were found
as 0.09 and 2.2 mg/L, respectively. In the study of Xu et al. [7],
the effects of tetracycline (TCY), and its degradation prod-
ucts of anhydrotetracycline (ATC) and epitetracycline (ETC)
investigated on the growth, cell structure and algal cell oxi-
dative stress of Chlorella vulgaris. 96 h-EC, values of TCY,
ATC and ETC on algal cells were 7.73, 5.96, and 8.42 mg/L,
respectively. Furthermore, the acute toxicity of tetracycline on
aquatic organisms Daphnia magna, Danio rerio and Carassius
auratus were reported as 617.2 mg/L (48 h-EC, ), 406.0 mg/L
(96 h-LC, ) and 322.8 mg/L (96 h-LC, ), respectively.

In practice different methods have been investigated
using physical, chemical, biological and advanced oxidation
processes for the removal of antibiotics and pharmaceuti-
cals from wastewater and elimination of their toxicological
effects [2,5,8,9]. It is known that most conventional
treatment methods such as coagulation, flocculation, sedi-
mentation and filtration were unsuccessful in removal of
these compounds [1-5]. Due to the recalcitrant nature of the
effluents containing the residues of antibiotics and pharma-
ceuticals, the applications of advanced oxidation processes
(AOPs) and electrochemical processes emerge as alternative
methods [2,5].

Advanced oxidation processes (AOPs) are defined
as aqueous phase oxidation methods based on the pro-
duction and use of *OH radicals, which is a very power-
ful oxidant for the destruction of the organic pollutants
(E° =2.8V) [4,510]. *OH radicals are highly reactive spe-
cies and react strongly with organic substances [4,10].
The most common AOPs for the production of *OH rad-
icals are Fenton process, photo-assisted Fenton process,
photocatalysis using TiO, and UV radiation, combination
of ozone and hydrogen peroxide, and hydrogen perox-
ide photolysis using UV light [10]. Although AOPs are
capable in wastewater treatment, the disadvantages of
the conventional AOPs were reported as relatively high
costs, necessity of adding chemicals and complications of
using UV light such as relatively short lifetime of UV light
sources and high absorption coefficients of the water to be
treated [4,10].

Electrochemical processes receive considerable atten-
tion in recent years for the treatment of antibiotics and
pharmaceuticals in order to minimize and eliminate their
biocide impact [11-13]. Pollutants can be removed by direct
oxidation or indirect oxidation in electrochemical treat-
ment processes. In direct oxidation the pollutants adsorb
on the anode surface and destroy by direct electron trans-
fer to the anode, and in indirect oxidation the pollutants
degrade indirectly in the liquid bulk phase through elec-
trochemically generated mediated oxidants [4,5,14-16].
The efficiency of direct oxidation mainly depends on the
catalytic activity of electrode, whereas indirect oxidation

depends on the diffusion rate of oxidants, solution pH
and temperature [17,18]. Panizza et al. [19] reported that
the small fraction of the organics is oxidized by direct elec-
trolysis while complete mineralization is obtained with
indirect electrolysis.

In electrochemical degradation of pharmaceuticals, Pt,
boron-doped diamond (BDD), and Ti-based electrodes such
as Ti/SnO,, Ti/RuO,, Ti/IrO, Ti/RuO,IrO, were reported
recently [5,9,12,20-23]. Ti-based alloys and Pt anodes can
achieve high tetracycline removal efficiency but not suc-
cessful in complete removal of chemical oxygen demand
(COD) and total organic carbon (TOC) [9,12,20,21]. On the
other hand, BDD anode has better performances and almost
completely mineralizes tetracycline and its intermediates,
achieving high removal efficiency [8,9,20].

BDD is better than the anodes such as Pt, PbO,, TiO,,
SnO,, IrO,, glassy carbon in electrochemical oxidation with
its mechanical and chemical stability, good conductiv-
ity, inert surface, corrosion resistance, and increased min-
eralization rates in high current efficiency [24-27]. BDD
electrodes are being investigated in electrochemical oxida-
tion of organic compounds due to its superior properties
[9,15,28]. BDD surface promotes the production and the
adsorption of *OH radicals by oxidation of water molecules
[Eq. (1)]. In the presence of organic compound, ‘OH rad-
icals involve in nonselective indirect oxidation of organic
compounds (R) and their reaction intermediates (RO) may
result in complete mineralization [Egs. (2) and (3)] [15,29].

BDD+H,0 — BDD|[ "OH |+ H" +e 1)
BDD[ “OH |+R — BDD+RO+H" +e" )
BDD| *OH |+(R/RO) - BDD+CO, +H,0 ®)

The electrochemical production of *OH radicals directly
from water with an anodic reaction using BDD anode can
be defined as electrochemical advanced oxidation pro-
cess [10,30]. There is no necessary addition of chemical
substances in the production of *OH radicals using BDD
anode. Besides, this process avoids the disadvantages of
conventional AOPs and can be operated at reasonable costs
depending on the power required for the electrochemical
oxidation [10].

Indirect oxidation initiates as well with Cl, gas evolu-
tion on the anode when NaCl used as electrolyte [Eq. (4)].
NaCl is commonly used electrolyte in order to increase the
conductivity and to produce secondary oxidants for indirect
oxidation [2]. Hydrolysis and ionization reactions occur in
the solution [Egs. (5)—(8)] [15,28,31-35], and anodically gen-
erated redox reagents of HOCI/OCI" can indirectly oxidize
the organic compounds [31,33,35]. Fig. 1 demonstrates the
degradation of tetracycline antibiotic with electrochem-
ically generated *‘OH radicals using BDD electrode, and
HOCI/OCI" redox reagents produced by the electrolysis of
treated solution with NaCl supporting electrolyte. HOCI/
OCI- distribution in solution depends on the pH [32]. Brillas
and Martinez-Huitle [28] was indicated that CI; ion forms
in very low concentrations up to pH 4.0, while the species
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Fig. 1. Degradation of tetracycline antibiotic with electrochemically generated *OH radicals and HOCI/OCI redox reagents.

are Cl, until pH 3.0, and HOCI in the pH range 3-8 and
OCI- for pH > 8.0.

2C1" — Cl, +2e” 4)
Cl, +H,0 = HOCl+H" +CI 5)
HOCI = H' +0Cl- (6)
60CI" +3H,0 — 2CI0; +4Cl" +6H" +%O2 +6e” (7)
OCI” +H,0+2¢” — Cl™ +20H" ®)

In this study, the electrochemical degradation of tet-
racycline antibiotic with BDD electrodes was investi-
gated. Central composite design (CCD) was applied for
the design of experiments and the operating parameters
were optimized by response surface methodology (RSM).
The overall amount of electrochemical degradation inter-
mediates was evaluated with component mass balance in
high-performance liquid chromatography (HPLC). Reaction
intermediates were formed, then further oxidized and almost
completely removed depending on reaction conditions
even at very high tetracycline concentrations.

2. Materials and methods
2.1. Chemicals and materials

Tetracycline hydrochloride (C,,H,,N,O,Cl) (Sigma-
Aldrich, Germany), mercury sulfate (Merck, Germany),
sodium chloride (Merck, Germany), and acetonitrile (Merck,
Germany) were received in extra pure grade. Double distilled
water was produced with resistivity 18.2 MQ cm at 25°C
and TOC <5 ppb using water still (GFL-2008) and Millipore
Simplicity® UV ultrapure water system. Merck Spectroquant®
14541 COD cell tests were used for COD analysis.

2.2. Experimental set-up and procedure

The batch system was equipped with heating/cooling
jacketed DURAN® glass electrochemical reactor (Rettberg),
programmable DC power supply (Ametek Sorensen XFR
60-46), refrigerated circulating water bath with thermostat
control (Lauda RE 620S), peristaltic pump (Cole Parmer
Masterflex® RZ-77924-60), mechanical mixer (Heidolph
RZR 2021) and thermometer. DIACHEM® boron-doped

diamond (Nb/BDD) electrode (CONDIAS) with 260 cm?
surface area were used as anode and cathode. The reaction
volume was 600 mL and mechanically stirred at 500 rpm.
Aliquots were taken from the reaction medium at regular
intervals for pH measurements, HPLC and COD analysis.

2.3. Analytical procedure

HPLC analysis were performed using Inertsil ODS-3
column (5 pm, 4.6 mm x 250 mm) in a Shimadzu Prominence
LC-20AD Liquid Chromatography. Gradient mobile phase
was acetonitrile and water (50/50) (v/v) at a flow rate of
1.5 mL/min. UV/Vis detection wavelength of tetracycline
antibiotic was at 254 nm. Column temperature was set at
40°C. Injection volume was 30 pL. The regression coeffi-
cient (R?) for the calibration curve of tetracycline antibiotic
was 0.9995. pH was measured with WTW inoLab BNC720
pH meter/conductivity meter. Merck Spectroquant® TR 420
thermoreactor and Nova 60 photometer were used for the
COD analysis. In order to prevent the interference of CI-
ions, the aliquots were pretreated with required amounts
of HgSO, before COD analysis according to COD correction
procedure [36,37].

2.4. Design of experiments

Response surface methodology is mathematical
and statistical method for design of experiments, build-
ing models, evaluating the effects of parameters, and
searching optimum conditions to predict the responses
[31,38,39]. In response surface methodology, the param-
eters (factors) are related to the responses by linear or
quadratic models [31,38,39]. CCD is a second-order
design that provide very well predictions for the design
space. In this study, CCD with 4 parameters at 5 levels
was coded between the limits of -2 and +2 for tetracy-
cline concentration (200-1,000 mg/L), current density
(4-20 mA/ecm?), NaCl concentration (0-8 g/L), and reac-
tion temperature (25°C-45°C). Experimental runs were
designed in two blocks with 16 factorial, 8 axial, 6 cen-
ter and additional 8 axial points and carried out in ran-
domized order. The adequacy of the response surface
models was analyzed by the regression coefficients of R?
and R2 . The statistical significance was checked by the
F-values, P-values, and signal/noise (s/n) ratio [31].

3. Results and discussions

The effect of tetracycline concentration (A), NaCl con-
centration (B), current density (C) and reaction temperature
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(D) were investigated on electrochemical degradation of
tetracycline antibiotic with BDD electrodes. The experimen-
tal data were processed using Design-Expert 12 to obtain
the interaction between the parameters and the responses
as given in Eq. (9).

k k k
y=By+dBx, + DB+ ZBi/xixj )
i=1 i=1

i <j=2

The main effects and significant interactions of the
independent variables on the dependent variables were
investigated using Pareto chart in two-level 24 full facto-
rial design. Pareto chart is a graphical tool used to man-
age model selection for two-level factorial designs. In
the study, Design-Expert 12 was used for the analysis of
each variable effect on the designated response. Firstly,
half-normal plot (not shown) used to select effects that
were obviously larger than the others and then Pareto
chart in Fig. 2 used to see if it belongs with error or may
be a true effect. The vertical axis shows the t-value of the
absolute effects. This dimensionless statistic scales the
effects in terms of standard deviations and computed by
dividing the numerical effect by its standard error [40,41].
Two limit lines as Bonferroni limit line and t-value limit
line also seen in Fig. 2. The highest limit is based on the
Bonferroni #-value (more conservative t-value) and the
lower limit is based on standard t-value for individual
effects tests. Selected effects that are above the Bonferroni
limit are almost certainly important and should be left
in the model. Effects that are above the t-value limit
are possibly important. Effects that below the t-value
limit can be selected to support hierarchy [40,41].

In Fig. 2, the effects from largest to smallest (left to right)
were selected until all other effects fall below the Bonferroni
limit and t-value limit. Contribution percentage of main
effects and significant interactions in Pareto analysis can
be seen in Table 1. The most important factor was tetracy-
cline concentration (A) for all dependent variables, and less
important factors were NaCl concentration (B) for tetracy-
cline removal, COD removal, mass transfer coefficient and
J/J;.. ratio; current density (C) for tetracycline removal and
COD removal; and reaction temperature (D) for average
quantification of electrochemical oxidation intermediates
and by-products (EOX) and energy consumption.

The important factors and significant interactions
above the t-value limit line were found as: tetracycline con-
centration (A), reaction temperature (D) and tetracycline
concentration x reaction temperature (AD) for tetracycline
removal; tetracycline concentration (A), NaCl concentra-
tion (B) and current density (C) for EOX; tetracycline con-
centration (A), current density (C), reaction temperature
(D) and tetracycline concentration x current density (AC)
for COD removal; tetracycline concentration (A), current
density (C) and reaction temperature (D) for mass transfer
coefficient; tetracycline concentration (A) and reaction tem-
perature (D) for J/[%_ ratio; and tetracycline concentration
(A), NaCl concentration (B), current density (C), tetracy-
cline concentration x NaCl concentration (AB), tetracycline
concentration x current density (AC) and NaCl concentra-
tion x current density (BC) for energy consumption.

The second-order response surface models were obtained
in Egs. (10)—(15), and the statistical significance checked by
the analysis of variance (ANOVA). In Egs. (10)-(15), ¥,
Yeox Yoo Yiaw Yy - and Yy are the responses of tetracycline
removal, average quantification of electrochemical oxidation
intermediates and by-products, COD removal, mass transfer
coefficient, J/J%,_, and energy consumption, respectively.

lim”

=0.038989A +2.90669B + 3.42839C + 3.68706 D + 2.68594
x107 AB+1.30859x 107 AC —1.51562x10° AD
—0.073203BC —-0.015812BD —0.054656CD —4.47610

x107° A% —0.46741B* — 0.093212C?* —0.026397 D* — 6.08649
(10)

Yrey

=-5.86340x10"* A +2.58137 x 10 B-0.039210C
—0.024684D - 6.07812x10° AB—1.92969 x10° AC
+2.00625x10° AD +1.05469 x 10~ BC +1.99375
x107*BD +1.26562x 10 CD +4.67543x107 A*
—5.45343x10°B* +1.30195x10°C?
+2.86892x 107 D* +1.00663

Yrox

(11)

=-0.011780A +12.07680B +10.36859C + 4.88335D
-3.70312x10™ AB+3.13047 x 10~ AC + 3.65625

x10™ AD +0.10586 BC —0.14269BD +0.068781CD
—5.30043x 107 A* - 0.89093B° - 0.52479C>
-0.081313D* —73.45841

Ycop

12)

Y, ¢ = 221462 107 A+0.42365B +0.43440C +0.27222D

—6.86812x 10 AB—4.88139x 107 AC +3.45693
x10° AD +4.07392 x10™° BC - 2.54603x 10 BD
-3.66265x107*CD —2.57277 x10° A* —0.037347 B
-0.015199C* - 4.00977 x 10~ D* —7.81025 (13)

Y, =-7.99301x 10° A-0.76911B—0.45166C —0.30268 D

+1.83473x10* AB—9.19212x10° AC —7.07628

x10° AD -0.010140BC +5.55310x 10 BD —1.24006

x107°CD +7.86747 x107° A% + 0.064562 B* + 0.025607C?

+5.26779x10° D?* +12.78077 (14)

Ve =—0.31664 A —49.69991B +14.39273C +2.95963D +9.43906
x10° AB-0.016018 AC +3.85625x10~* AD —0.63977 BC
+0.060437BD —0.083031CD +2.61232x10™* A% + 4.93114 B>
+0.34992C? - 0.032900D? + 141.25559 (15)

The second-order models are significant for tetracy-
cline removal, EOX, COD removal, k , and J/[}, according
to model F-values of 5.50, 4.46, 8.62, 4.70, 4.06 and 13.74,
respectively. P-values < 0.05 indicate the model terms are
significant and s/n ratio >4 is desirable for adequate preci-
sion. In Table 2, s/n ratios of 9.554, 9.604, 12.521, 8.808, 6.969
and 13.988 indicate the significance for the quadratic models
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Fig. 2. Pareto chart of the main effects and significant interactions on dependent variables (B positive effects, Bl nega-
tive effects): (A) tetracycline removal, (B) average quantification of electrochemical oxidation intermediates and by-products
(EOX), (C) COD removal, (D) mass transfer coefficient (k,), (E) J/J;  ratio, and (F) energy consumption.
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in 95% confidence interval for the design space. R* and R?
regression coefficients were satisfactorily correlated the pre-
dicted and the actual values of the responses. The contour
plots in Figs. 3, 6-10 were sketched using the quadratic mod-
els in Egs. (10)—(15).

Tetracycline removal was obtained between 87.3%-—
100.0% with standard deviation of 3.73%. In Fig. 3, com-
plete tetracycline removal was achieved in the regions
between 2.3-6.5 g/L NaCl, 35°C-43°C reaction tempera-
ture, and 4.9-12.4 mA/cm? current density. In the study,
degradation of tetracycline antibiotic resulted in tetracy-
cline abatement and COD reduction by weakly adsorbed
hydroxyl radicals at boron-doped diamond anode surface
and via generated redox reagents of HOCI/OCI" in the bulk
phase. The concentration of HOCI/OCI oxidants increases
in the reaction medium with increasing the electrolyte
concentration and current density. However, secondary
reactions of gas evolution, electrolyte decomposition, and
intermediates formation also occur in the mineralization
of organic compounds that results in removal efficiency
decrease and current efficiency loss [22]. In electrochemical
processes, current density is the most influential parame-
ter for controlling mass transfer and the reaction rate [31].
The electrochemical degradation efficiency increases by the
increase in current density, however secondary reactions
may consume the applied current at very high cell voltages
[22,42]. This may also result in significant iR drop, current
efficiency loss and removal efficiency decrease.

In direct or indirect electrochemical oxidation interme-
diates form before complete mineralization even without
NaCl [16]. In the study, while antibiotic degradation rate
was higher in the first 10 min, it was determined from HPLC
analysis that intermediates started to form in the reaction
medium after 2 min. The abatement of tetracycline anti-
biotic and the formation of intermediates during the elec-
trochemical degradation can be seen in Fig. 4. Tetracycline
peak at t = 0, and intermediates at t = 120 min is shown in
Fig. 4 (inset). In the HPLC chromatograms, the intermedi-
ate products started to appear with retention time shorter
than that of tetracycline [43,44] and no additional peaks
were observed as the electrochemical oxidation proceeds.

Table 1

This HPLC result indicate that the degradation products
have higher polarity than tetracycline since they elute
faster from the non-polar chromatographic column [43,44].
The intensity of tetracycline peak decreased with reaction
time, whereas the intensity of intermediates peaks increased
and reached a maximum in 15 min. Then the intensity of
the peaks decreased and the intermediate products formed
in the reaction medium were almost completely removed
with advanced electrochemical oxidation depending on the
reaction conditions. Similar results were obtained under
different operating conditions. The overall amount of the
intermediates was calculated from the areas of the peaks
formed with retention time shorter than tetracycline peak.
Comninellis and Chen [16] and Panizza and Cerisola [25]
reported that COD decreases linearly and large amounts of
intermediates form at high concentrations of organic com-
pounds or low current densities. The effect of the param-
eters on the removal of reaction intermediates can be seen
in Fig. 5. The lowest tetracycline concentration of 200 mg/L
resulted in the formation of higher amount of intermediates.
The initial formation rate of intermediates were decreased
as the tetracycline concentration increased. The amount of
intermediates increased with increasing NaCl supporting
electrolyte concentration. This behavior can be attributed
to the formation of HOCI/OCI- oxidants in the bulk phase,
which promote the formation of intermediates. In addition,
the initial formation rate of intermediates increased with
increasing NaCl concentration. The lowest amount of inter-
mediates was obtained in the absence of NaCl electrolyte.
The lowest initial formation rate was obtained at 4 mA/cm?
current density, while the highest intermediate amount was
obtained at 4 mA/cm?. Also, the removal time of the interme-
diates was prolonged at the lowest current density of 4 mA/
cm?. The removal of reaction intermediates may be con-
sidered as mass transfer-controlled reaction when current
density is greater than 4 mA/cm? due to the small change
in the initial formation rate of intermediates above 4 mA/
cm?. The amount of intermediates decreased with increas-
ing the current density. This result also supports that current
density is the most effective parameter in electrochemical
processes. While the highest amount of intermediates was

Contribution of main effects and significant interactions in Pareto analysis: (A) tetracycline removal, (B) average quantification of

electrochemical oxidation intermediates and by-products (EOX), (C) COD removal, (D) mass transfer coefficient (k ), (E) J/J;  ratio,
(F) energy consumption
Term Contribution of main effects and significant interactions (%)
(A) (B) (©) (D) (E) (F)
A-Tetracycline concentration 24.2563% 3.79754* 23.7024* 13.8289* 2.83907* 28.4733*
B-NaCl concentration 416157 2.91508* 0.345642 1.08098 1.36603 5.25006*
C-Current density 4.22597 11.6738* 33.5001* 17.1559* 0.132459 44.0993*
D-Reaction temperature 8.42224* 0.0324125 3.97222*% 2.59382* 15.4804* 0.212682
AB 0.640532*
AC 2.15434* 7.37832*
AD 10.0949*
BC 1.17702*

(*) above t-value limit
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Table 2
ANOVA results of the quadratic models

Source SS DF MS F-value P-value

Tetracycline removal
Model 389.16 14 27.80 5.50 0.0002
Residual 111.28 22 5.06
Lack of fit 111.28 17 6.55
Pure error 0.000 5 0.000

Average quantification of intermediates and by-products®
Model 0.034 14 2.453 x 1073 4.46 0.0009
Residual 0.012 22 5.497 x 10+
Lack of fit 0.012 17 6.879 x 10+ 8.62 0.0129
Pure error 3.991 x 10 5 7.982 x 10°°
COD removal©
Model 5,810.90 14 415.06 8.62 <0.0001
Residual 1,058.94 22 48.13
Lack of fit 1,057.54 17 62.21 221.62 <0.0001
Pure error 1.40 5 0.28
Mass transfer coefficient?
Model 3.52 14 0.25 4.70 0.0006
Residual 1.18 22 0.054
Lack of fit 1.14 17 0.067 8.92 0.0119
Pure error 0.038 5 7.527 x 1073
J/T;, ratio®

Model 11.15 14 0.80 4.06 0.0017
Residual 4.31 22 0.20
Lack of fit 4.29 17 0.25 53.38 0.0002
Pure error 0.024 5 4.725 x 103

Energy consumption/
Model 73,923.76 14 5,280.27 13.74 <0.0001
Residual 8,455.89 22 384.36
Lack of fit 8,418.59 17 495.21 66.38 <0.0001
Pure error 37.30 5 7.46

"R*=0.7776, Rf‘dj =0.6361, s/n = 9.554; 'R? = 0.7396, R?, = 0.5739, s/n = 9.604; ‘R* = 0.8459, Ridi =0.7478, s/n = 12.521; “R*> = 0.7493, Ridj =0.5898,
s/n=8.808; ‘R>=0.7212, Rﬁd] =0.5437, s/n = 6.969; 'R? = 6.8974, Ridj =0.8320, s/n =13.988

obtained at 25°C, the amount of intermediates decreased
and the removal efficiency increased with the increase of the
reaction temperature.

The nature and the amounts of intermediates depends
on the process conditions and the local concentration of
*OH radicals on BDD anode surface [15,16]. The oxida-
tion of tetracycline may occur at any ring and degradation
reaction include electron transfer, hydroxylation, open-
ring reactions and cleavage of the central carbon [45,46].
*‘OH radicals attack three functional groups on tetracy-
cline with relatively high electron density such as double
bonds, amine group and phenolic group resulting in the
formation of primary, secondary and tertiary intermediate
compounds which are then undergo anodic oxidation at
lower reaction rates to short-chain carboxylic acids (oxalic

acid, formic acid, carbamic acid and 2-oxo-malonic acid),
CO, and H,0O [8,21,30,43,46-48]. Electrochemical advanced
oxidation reactions produce very complicated reaction
pathways for different anode materials and different inter-
mediate compounds may be generated in different path-
ways. Therefore, further detailed investigations require for
the mechanisms of intermediates production with electro-
chemical oxidation of tetracycline [8,21,30].

In order to determine the average quantification of
intermediates even without the identification of the deg-
radation products, a dimensionless quantity EOX param-
eter in Eq. 16 was used with component mass balance in
HPLC chromatograms obtained for aliquots collected at
different time intervals, which was developed in our pre-
vious studies [22,23]. EOX value was obtained by dividing
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Fig. 3. Effect of parameters on tetracycline removal: (A) effect of
tetracycline concentration and NaCl concentration (J = 12 mA/
cm?; T = 35°C), (B) effect of NaCl concentration and reaction
temperature ([TCY] = 600 mg/L; ] = 12 mA/cm?), and (C) effect
of reaction temperature and current density ([TCY] = 600 mg/L;
[NaCl] =4 g/L).
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the area of HPLC chromatogram of intermediates and by-
products at time ¢ (¢ = 120 min) by the total area of HPLC
chromatogram at initial time (¢ = 0), and then dividing the
result by the total reaction time in stirred batch electro-
chemical reactor.

t
ij(@}it
TR 0 CO

EOX value was defined between 0 and 1 (0 < EOX <1)
that shows the degree of mineralization. EOX = 0 means that
no organic compounds remained in the reaction medium
with complete mineralization, whereas EOX = 1 means
that organic compounds remained in the reaction medium
as intermediates and by-products without mineralization
[22,23]. EOX values were calculated between 0.0604-0.2566
with standard deviation of 0.0358. In Fig. 6, the lowest EOX
values were found in the regions between 390-760 mg/L tet-
racycline concentration, 34°C—42°C reaction temperature,
and 12.4-14.7 mA/cm? current density.

COD removal increased due to the increase of electrogen-
erated HOCI/OCI" oxidants with increasing NaCl concentra-
tion. Degradation efficiency also increased with increasing
current density that provided the production of *OH radi-
cals at boron-doped diamond anode and increased produc-
tion rate of HOCI/OCI™ oxidants in the bulk phase. COD
removal was obtained between 49.7%-99.2% with standard
deviation of 14.08%. In Fig. 7, complete COD removal was
obtained in the regions between 3.2-6.0 g/L NaCl, 29°C-38°C
reaction temperature, and 12.8-15.8 mA/cm? current den-
sity. In electrochemical treatment of organic compounds in
aqueous solutions, increase in current density increases the
degradation of organic compounds, COD removal, and also
energy consumption [25,26,49-51].

The mineralization reaction rate is independent of the
nature of the organic compound [16]. Therefore, mass trans-
fer coefficient could be defined by mass balance under

mass transfer control with convective diffusion (Eq. 17)
[22,34,52-54].

EOX = (16)

=k, At

—1_p &
Xoper = 1-e

17)

Mass transfer coefficients were calculated between
0.220 x 10°-1.543 x 10~ with standard deviation of 0.369 x 10
which are close or higher to those reported in the literature
for the electrochemical degradation of tetracycline on BDD
electrode [20]. In Fig. 8, the highest mass transfer coeffi-
cients were achieved in the regions between 265-715 mg/L
tetracycline concentration, 29°C—40°C reaction temperature,
and 2.8-6.6 g/L NaCl, 10.7-16.2 mA/cm? current density.
The results in these regions indicated that batch electrochem-
ical reactor with BDD electrode was operated under mass
transfer control via convective diffusion.

The limiting current density (J_) can be expressed for the
mineralization of organic compounds under hydrodynamic
conditions in electrochemical reactors [Eq. (18)] [14-16]. The
operating regimes such as current-controlled or mass trans-
fer-controlled can be defined by J/J; ratio. In current-con-
trolled processes J/[¢ <1, while in mass transfer-controlled
processes J/]° >1 [14-16].

lim
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Fig. 4. HPLC chromatogram of a sample in electrochemical
([TCY] =600 mg/L; [NaCl] =4 g/L; ] = 12 mA/cm? T = 35°C).
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Fig. 5. Effect of parameters on removal of reaction intermediates: (A) effect of tetracycline concentration ([NaCl] =4 g/L; | =12 mA/cm?
T=35°C), (B) effect of NaCl concentration ([TCY] =600 mg/L; ] =12 mA/cm? T =35°C), (C) effect of current density ([TCY] =600 mg/L;
[NaCl] =4 g/L; T=35°C), and (D) effect of reaction temperature ([TCY] = 600 mg/L; [NaCl] =4 g/L; ] = 12 mA/cm?).

° = 4Fk,COD,

lim

(18)

J/T;... values were obtained between 0.58-3.14 with stan-
dard deviation of 0.68 in Fig. 9. Many intermediates form

in the electrolysis under current control according to the
electrolysis under mass transfer control [14-16]. Therefore,
the parameters were optimized in this study for mass trans-
fer-controlled regime in order to reduce the amount of
intermediates.
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Fig. 6. Effect of parameters on average quantification of elec-
trochemical oxidation intermediates and by-products (EOX):
(A) effect of tetracycline concentration and NaCl concentra-
tion (J = 12 mA/cm? T = 35°C), (B) effect of NaCl concentra-
tion and reaction temperature ([TCY] = 600 mg/L; | = 12 mA/
cm?), and (C) effect of reaction temperature and current density
([TCY] =600 mg/L; [NaCl] =4 g/L).
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Fig. 7. Effect of parameters on COD removal: (A) effect of tetra-
cycline concentration and NaCl concentration (J = 12 mA/cm?;
T = 35°C), (B) effect of NaCl concentration and reaction tem-
perature ([TCY] = 600 mg/L; | = 12 mA/cm?), and (C) effect of
reaction temperature and current density ([TCY] = 600 mg/L;
[NaCl] =4 g/L).
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Fig. 8. Effect of parameters on mass transfer coefficient (k, ):
(A) effect of tetracycline concentration and NaCl concentra-
tion (J = 12 mA/cm? T = 35°C), (B) effect of NaCl concentra-
tion and reaction temperature ([TCY] = 600 mg/L; ] = 12 mA/
cm?), and (C) effect of reaction temperature and current density
([TCY] = 600 mg/L; [NaCl] = 4 g/L).
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¢, ratio: (A) effect of
tetracycline concentration and NaCl concentration (J = 12 mA/
cm?, T = 35°C), (B) effect of NaCl concentration and reaction
temperature ([TCY] = 600 mg/L; ] = 12 mA/cm?), and (C) effect
of reaction temperature and current density ([TCY] = 600 mg/L;
[NaCl] =4 g/L).

Fig. 9. Effect of parameters on J/J"
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In order to optimize the electrochemical process for
energy efficient, the energy consumption values were cal-
culated between 37.35-244.20 kWh/kg COD, with standard
deviation of 47.74 kWh/kg COD, using Eq. (19).

iV At

EC= ——"
(CoD, -COD, )V,

19)

Energy consumption was decreased with increasing
NaCl concentration and tetracycline concentration while
decreasing the current density in Fig. 10. The reaction
temperature was not effective on energy consumption. In
Fig. 10, energy consumption smaller than 95 kWh/kg COD,
were obtained at all reaction temperatures in the regions
between 1.6-7.9 g/L NaCl concentration, >430 mg/L tetracy-
cline concentration, and <14.9 mA/cm? current density.

One of the main objectives of this study was to deter-
mine the optimum values of the parameters for process
efficiency maximization with minimum energy consump-
tion. In our study, the optimization criteria were applied
so that tetracycline removal and COD removal would be
maximized whereas EOX and energy consumption would
be minimized as outlined in Table 3. Based on the objective
of the optimization phase, the importance of COD removal
and energy consumption was set as “++++” (more critical)
and others were left as “+++” (medium critical) with lower
weight and upper weight of “1”. In optimization module
of Design-Expert software, importance ranges from + to
+++++ that specifies the relative importance of one goal vs.
another. Weight values range from 0.10 to 10, whereas low
weight (0.10) allow more solutions, and high weight (10)
cause the optimization to seek a solution close to or beyond
the stated goal [55].

In this concept, the optimum values of the parameters
were obtained as tetracycline concentration, 618 mg/L;
NaCl concentration, 3.6 g/L; current density, 13.4 mA/cm?
and reaction temperature, 36°C. The optimum values of this
study were found similar as in our previous studies for the
electrochemical degradation of ampicillin and sulfadiazine
antibiotics using BDD electrodes [22,23]. This behavior
could be attributed to the mass transfer limitations, reac-
tion rate, and reaction kinetics on the electrochemical
degradation of pharmaceutical residues via production of
*OH radicals at boron-doped diamond anode and genera-
tion of HOCI/OCI- oxidants in the bulk phase. In Fig. 11,
the shaded region indicates the process efficiency for mass
transfer-controlled process with tetracycline removal
>99%, COD removal >90%, energy consumption <95 kWh/
kg COD, and pH values 6.0-7.5.

In Table 4, the experimental results of the run at optimum
conditions were compared with the values obtained from
response surface models for model validation. The rela-
tive error values indicated that the relationships obtained
between the parameters and the responses were in very
good agreement for the electrochemical degradation of
tetracycline antibiotic with BDD electrodes. The removal
efficiencies of tetracycline, COD, and intermediates at opti-
mum conditions can be seen in Fig. 12. The amount of the
reaction intermediates reached a maximum in 20 min and
then further oxidized in 120 min. In Fig. 12, the removal
efficiencies of tetracycline, COD, and intermediates were

(A)
]
ary
=
3 4
3]
=z
2
]
200 400 600 800 1000
Tetracycline (mg/L)
(B)
Q
2
-
Q)
&
5
<
£
-

25 30 35 40 45
T (oC)

Fig. 10. Effect of parameters on energy consumption: (A) effect
of tetracycline concentration and NaCl concentration (J =12 mA/
cm? T = 35°C), (B) effect of NaCl concentration and reaction
temperature ([TCY] = 600 mg/L; ] = 12 mA/cm?), and (C) effect
of reaction temperature and current density ([TCY] = 600 mg/L;
[NaCl] =4 g/L).
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Table 3
Optimization criteria applied for the electrochemical degradation of tetracycline antibiotic with BDD electrodes

Parameter Goal Lower limit ~ Upper limit  Lower weight =~ Upper weight =~ Importance

Tetracycline concentration (mg/L)  in range 200 1,000 1 1 +H++

NaCl concentration (g/L) in range 0 8 1 1 +H

Current density (mA/cm?) in range 4 20 1 1 +H+

Reaction temperature (°C) in range 25 45 1 1 +++

Tetracycline removal (%) maximize 90 100 1 1 +++

EOX minimize  0.0000 0.2566 1 1 +H

COD removal (%) maximize 80 100 1 1 -

Energy consumption (kWh/ .

7. 48. 1 1
kg COD removed) minimize 37.3 348.8 =+
pH in range 6.50 7.50 1 1 +H
Cell voltage (mean) (V) in range 25 30.0 1 1 +H+

Table 4

Comparative results of the run at optimum conditions for the electrochemical degradation of tetracycline antibiotic with BDD
electrodes ([TCY] =618 mg/L; | = 13.4 mA/cm? [NaCl] = 3.6 g/L; T = 36°C; ¢ = 120 min)

Parameter Experimental result RSM model Error (+%)
Tetracycline removal (%) 98.7 99.6 0.9
EOX 0.1464 0.1307 10.7
COD removal (%) 98.2 99.1 0.9
k, (m/s) 1.286 x 10° 1.214 x 10° 5.6
I >1 (mass transfer-controlled) >1 (mass transfer-controlled) -
Energy consumption (kWh/kg COD removed) 78.0 83.8 7.4
pH 7.9 7.5 5.1
Cell voltage (mean) (V) 5.8 6.1 52
8 obtained as 98.7%, 98.2%, and 92.5%, respectively, with
78 kWh/kg COD, energy consumption. The remaining recal-
citrant intermediates could be more resistant to degradation
and their very low concentrations may hinder mass transfer
6 for further oxidation.
- 4. Conclusion
g 4 Electrochemical degradation of tetracycline antibiotic
g with BDD electrodes and the effect of parameters on
removal of reaction intermediates was investigated in a
batch system. The experimental data were evaluated using
2| response surface methodology. The relationships obtained
between the parameters and the responses were in very
good agreement according to ANOVA results. The follow-
ing conclusions were drawn based on the findings of this
0 ‘ ‘ ‘ study:
200 400 600 800 1000

Tetracycline (mg/L)

Fig. 11. Optimum operating region for the highest electrochem-
ical degradation efficiency of tetracycline antibiotic with BDD
electrodes for tetracycline removal >99%; COD removal >90%;
J/le.. > 1; 6.0 < pH < 7.5; energy consumption <95 kWh/kg COD
removed (J = 13.4 mA/cm? T =36°C; t = 120 min).

* Depending on operating conditions; tetracycline removal
and COD removal were obtained between 87.3%-100.0%
and 49.7%-99.2%, respectively.

* In order to determine the average quantification of inter-
mediates even without the identification of the degrada-
tion products, EOX parameter was used with component
mass balance in HPLC chromatograms. Intermediates
formed with the degradation of tetracycline antibiotic,
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Fig. 12. Removal efficiencies of tetracycline, COD, and intermedi-
ates at optimum conditions for the electrochemical degradation
of tetracycline antibiotic with BDD electrodes ([TCY] =618 mg/L;
J=13.4 mA/cm? [NaCl] =3.6 g/L; T = 36°C; t = 120 min).

then further oxidized and removed in high extent (297%)
depending on reaction conditions.

® Electrochemical process was optimized for the oper-
ation in mass transfer-controlled region (J/J; > 1).
Optimum values of the parameters were determined as
[TCY] = 618 mg/L, [NaCl] =3.6 g/L, ] = 13.4 mA/cm? and
T =36°C for mass transfer-controlled process.

* Removal efficiencies of tetracycline, COD, and interme-
diates were obtained as 98.7%, 98.2%, and 92.5%, respec-
tively, with 78 kWh/kg COD, energy consumption at
optimum conditions.

The results of this study indicated the suitability of
electrochemical method in the treatment of tetracycline
antibiotic that could be found in water and wastewater.
The electrochemical reactor equipped with BDD elec-
trode could be operated efficiently as an oxidation and
a detoxification stage in the treatment of antibiotics and
pharmaceutical residues.
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Symbols and abbreviations

A, — Electrode area, m?

ANOVA  — Analysis of variance

BDD — Boron-doped diamond

G, — Total area of HPLC chromatogram at initial
time (t =0)

C(®) — Area of HPLC chromatogram of intermedi-
ates and by-products at time ¢

CCD — Central composite design

COD — Chemical oxygen demand, mg/L

COD — Initial chemical oxygen demand, mg/L

CODi — COD removed
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DF — Degrees of freedom

EC — Energy consumption, kWh/kg COD,

EOX — Average quantification of electrochemical

oxidation intermediates and by-products

F — Faraday constant, 96,485 C/mol

] — Current density, mA/cm?

[ — Initial limiting current density, mA/cm?

k — Number of parameters

k, — Mass transfer coefficient, m/s

MS — Mean square

R? — Regression coefficient

R, — Adjusted regression coefficient

RSM — Response surface methodology

SS — Sum of squares

t — Reaction time, min

T — Reaction temperature, °C

TCY — Tetracycline

v, — Cell voltage (mean), V

Ve — Electrolyte volume or reaction volume, mL

X, X — Parameters (factors) (A, B, C and D in the

text)

Xoper — Fractional COD conversion in stirred batch

electrochemical reactor

y — Predicted value of the model (response)

Greek

By B, B,y Bi/. — Constant, linear, quadratic, and interaction

coefficients in the model

n — Response

At — Reaction time, min

Tq — Total reaction time in stirred batch electro-

chemical reactor, min
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