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electrocoagulation. Response surface optimized reaction conditions were operated at
800 mg/L tetracycline concentration, 8 mA/cm? current density, 6 g/L NaCl electrolyte
and 40°C reaction temperature at 60 min reaction time. The reaction kinetics study was
carried out by nonlinear regression of the integral method with 95% confidence level on
the basis of tetracycline concentration and COD concentration. The first order reaction
rate equation was determined based on tetracycline concentration and reaction rate
constants were calculated as 0.3919 min-1, 0.2918 min-! and 0.2885 min-1for Al-Al, Al-Fe
and Fe-Fe, respectively. The second order reaction rate equation was determined based
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on COD concentration and reaction rate constants were calculated as 4.67x10-4 mg-
1Lmin-1, 4.32x104 mg1Lmin! and 4.28x104 mg1Lmin! for Al-Al, Al-Fe and Fe-Fe,
respectively. The activation energy values based on tetracycline concentration were
calculated as 3.020 kJ/mol, 0.866 k]J/mol and 0.805 kJ/mol for Al-Al, Al-Fe and Fe-Fe,
respectively. Based on COD concentration, the activation energy values were determined
as 9.413 kJ/mol, 10.085 kJ/mol and 9.825 k] /mol for Al-A], Al-Fe and Fe-Fe, respectively.

1. Introduction

Antibiotics are chemotherapeutic agents that inhibits or terminates the growth of microorganisms. They can
be grouped by their chemical structure or mechanism of action and can be divided into subgroups such as -
lactams, quinolones, tetracyclines, macrolides, sulphonamides and others [1]. Antibiotics are being widely used in
human medicine, veterinary medicine and in aquaculture to treat or prevent microbial infections. Wise [2] has
been reported the worldwide annual consumption of antibiotics between 100,000 and 200,000 tons. Antibiotics
are detected in hospital effluents, in municipal wastewater, and in sea, surface water and groundwater due to their
consumption. Since antibiotics can be found in environmental matrices they are recognized as emerging pollutants
[3]. Therefore, various processes have been investigated in order to remove the contamination arise from
antibiotic sources [1].

Electrocoagulation is an efficient method that has been used for the treatment of many types of wastewaters
[4]. Electrocoagulation involves the process of formation of coagulants by electrolytic oxidation of the sacrificial
electrode, destabilization of the contaminants, particulate suspension, breaking of emulsions and aggregation of
the destabilized phases to form flocs [5].
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In electrocoagulation, Fe2+* and Al3+ ions generate with iron or aluminum sacrificial anodes and these ions
immediately undergo spontaneous reactions to produce hydroxides and polyhydroxides [5,6]. The reactions with
Fe and Al anodes are given in Equations 1-9, respectively. FeZ* ions generated by electrochemical oxidation of Fe
anode may form monomeric ions and polymeric hydroxy complexes depending on the pH of the solution [5,6].
Fe(OH)2 precipitates remaining in equilibrium with Fe2* at pH > 5.5 up to pH 9.5 or with monomeric species such
as Fe(OH)*, Fe(OH)z and Fe(OH)s" at higher pH values [6].

Fe — Fe?* + 2e~ &3]
2H,0 + 2e~ — 20H™ + H, )
Fe?* + 20H™ - Fe(OH), (3)

In the presence of dissolved Oz gas, insoluble Fe(OH)s is generated and released protons can be directly reduced
to Hz gas at the cathode [6].

4Fe?* + 10H,0 + 0, — 4Fe(OH); + 8H* “)
8H* + 8e™ - 4H, (5)

Fe(OH)s precipitate can be in equilibrium with soluble monomeric species like Fe3*, Fe(OH)z2*, Fe(OH)22,
Fe(OH)3 and Fe(OH)+ depending on the pH range [6]. The polymeric hydroxy complexes may be Fe(H20)e3+,
Fe(H20)s(OH)?*, Fe(H20)4(OH)2*, Fez(H20)s(OH)2** and Fez2(H20)s(OH)4%* [5].

Al3* ions generated by electrochemical oxidation of Al anode may form monomeric species such as Al(OH)?+,
Al(OH)z* and AI(OH)s in acidic medium and Al(OH)4 in alkaline medium [5,6]. Al**ions on hydrolysis may generate
Al(H20)63+, Al(H20)s0H?2+, Al(H20)4(OH)?2* and the hydrolysis products may form many monomeric and polymeric
species such as Al(OH)?*, Al(OH)z*, Alz(OH)z**, AI(OH)4;, Ale(OH)153*, Al7(OH)17%*, Als(OH)z0**, Al1304(OH)247",
Al13(OH)34°* over a wide pH range [5,6].

Al - AB* + 3e™ (7)
3H,0 + 3¢~ - 30H™ + -H, (8)
Al + 3H,0 > AI(OH); + 2H, 9

The reactions involving chlorine ions in Equations 10-12 could also occur in the presence of NaCl supporting
electrolyte [7]:

2C1~ = Cl, + 2e” (10)
Cl, + H,0 - HOCl + CI- + H* (11)
HOCl = oCl™ + H* (12)

In electrocoagulation, the pollutants can be removed by insoluble flocs of Fe(OH)3s and Al(OH)3 by surface
complexation or electrostatic attraction [5,6]. The excess amount of aluminum and iron ions in the solution also
feasible by anodic corrosion with Cl- ions [6]. In this study, the effect of Al-Al, Al-Fe and Fe-Fe electrode
configurations was investigated on reaction kinetics in removal of tetracycline antibiotic (TCY) by
electrocoagulation in the presence of NaCl supporting electrolyte in a batch electrochemical reactor. The reaction
kinetic models were developed with the nonlinear regression of the integral method on the basis of tetracycline
concentration and COD concentration.

2. Material and Method

Tetracycline hydrochloride (Sigma-Aldrich), mercury sulfate (Merck), sodium chloride (Merck) and
acetonitrile (Merck) were received in extra pure grade. Double distilled water was produced in our laboratory.
Batch electrochemical system was equipped with jacketed electrochemical reactor, Ametek Sorensen XFR 60-46
programmable DC power supply, Lauda RE 620S refrigerated circulating water bath with thermostat control,
Heidolph RZR 2021 mechanical mixer, Heidolph PD 5206 peristaltic pump and thermometer. Aluminum and iron
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electrodes were obtained from local sources and used as anode and cathode with 120 cm? surface area. The
reaction volume was 600 mL and mechanically stirred at 500 rpm. Samples were taken from the reaction medium
atregular intervals for HPLC and chemical oxygen demand (COD) analysis. HPLC analysis were done using Inertsil
0DS-3 column (5 mm, 4.6x250 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 40 mL. Merck
Spectroquant® TR 420 thermoreactor and Nova 60 photometer were used for the COD analysis.

3. Results and Discussion

The response surface optimized reaction conditions were operated at 800 mg/L tetracycline concentration, 8
mA/cm? current density, 6 g/L NaCl electrolyte and 40°C reaction temperature at 60 min reaction time in order to
determine the reaction kinetics in removal of tetracycline antibiotic by electrocoagulation. The reaction kinetics
study was carried out by nonlinear regression of the integral method based on tetracycline concentration and COD
concentration. Nonlinear regression is the modeling of the observational data by a function which is a nonlinear
combination of the model parameters and depends on one or more independent variables. The experimental
reaction kinetics data were processed for the nonlinear models using CurveExpert Professional 2.7 software.

The nth order reaction kinetics can be expressed in Equation 13 [8,9] and by integrating with the boundary
conditions in Equation 14, the solutions of first order and second order reaction kinetics can be obtained in
Equations 15 and 16, respectively.

dC,
A _ _kCh 13
It Ch (13)

@t:() = CA:CAO

14
@ t=t = CA = CA ( )
The solution of first order reaction kinetics for n=1:

CA = CAoe_kt (15)

The solution of second order reaction kinetics for n=2:

CAo

Ch=—— 16
A7 1+ Cpokt (16)

The reaction rate constant, k, is strongly dependent on the reaction temperature and this temperature
dependence could be correlated by Arrhenius equation with the activation energy of the reaction as in Equation
17 [8,9]. The activation energy of the reaction is defined as the minimum energy that must be possessed by reacting
molecules before the reaction will occur [8].

-E
k =k eRT (17)

In Equation 17, ko is pre-exponential constant, R is gas constant as 8.314 J/(mol.K), T is absolute temperature

in K and Ea is the activation energy in J/mol. The nth order reaction rate can be obtained in Equation 18 by

substituting Equation 17 in terms of activation energy. Finally, the solutions of first order and second order
reaction kinetics can be obtained in Equations 19 and 20, respectively.

dC —Ea
d—tA =— (koeﬁ) cn (18)

The solution of first order reaction kinetics with activation energy (n=1):

. - CAoe_<koe%)t (19)

The solution of second order reaction kinetics with activation energy (n=2):
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CAo

CA=

Equations 19 and 20 were solved by nonlinear regression using CurveExpert Professional 2.7 software and the
kinetic model results with the experimental reaction Kinetics data were demonstrated in Figure 1 and Figure 2 for
tetracycline removal and COD removal by electrocoagulation with Al-Al, Al-Fe and Fe-Fe electrode configurations,
respectively. Tetracycline removal and COD removal was achieved with the insoluble flocs of Fe(OH)3 and AI(OH)s3
by surface complexation or electrostatic attraction as well as by indirect oxidation due to the formation of
HOCI/OCI- redox oxidants in the aqueous medium by Clz discharge on the anode. The initial electrochemical
degradation rate of tetracycline antibiotic was found higher than the COD removal. This result showed that the

—E,
14 Cp (koeW) t

formation of intermediates and by-products were removed at a much lower reaction rate.
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Figure 1. Tetracycline removal by electrocoagulation
with (a) Al-Al electrodes, (b) Al-Fe electrodes, (c) Fe-

Fe electrodes ([TCY]o,=800 mg/L)

1200

1000 |-

800

600

COD (mglL)

400

200

T T
® Experimental Data
(A) —— Kinetic Model (n=2)

1200

10 20 30 40 50 60
Reaction Time (min)

1000 |-

800

600

COD (mglL)

400

200

T T
® Experimental Data
B) —— Kinetic Model (n=2)

1200

10 20 30 40 50 60
Reaction Time (min)

1000 |-

800

600

COD (mg/L)

400

200

T T
® Experimental Data
(C) —— Kinetic Model (n=2)

10 20 30 40 50 60
Reaction Time (min)

Figure 2. COD removal by electrocoagulation with (a)
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The reaction order and the reaction rate constant values were found by nonlinear regression of the integral
method with 95% confidence level as outlined in Table 1. The reaction order was determined as 1 for tetracycline
removal and as 2 for COD removal. The relationships developed between the parameters were in very good
agreement according to the regression coefficients.

Table 1. Reaction order and reaction rate constant values for removal of tetracycline antibiotic by
electrocoagulation with Al-Al, Al-Fe and Fe-Fe electrode configurations

Parameter Elect.rode . Reaction order  Reaction rate constant R2
configuration
Al-Al 1 0.3919 min-1 0.9970
Tetracycline Al-Fe 1 0.2918 mint 0.9872
removal
Fe-Fe 1 0.2885 min-! 0.9764
Al-Al 2 4.67x10-* mg-1Lmin-! 0.9888
COD removal Al-Fe 2 4.32x10-* mg-1Lmin-! 0.9877
Fe-Fe 2 4.28x10-* mg-1Lmin-1 0.9665

The first order reaction rate constants based on tetracycline concentration were calculated as 0.3919 min-,
0.2918 min'! and 0.2885 min-! for Al-Al, Al-Fe and Fe-Fe, respectively. Based on COD concentration, the second
order reaction rate constants were determined as 4.67x10-* mg-1Lmin-1, 4.32x10-* mg'Lmin! and 4.28x10-* mg-
1Lmin-! for Al-Al, Al-Fe and Fe-Fe, respectively. The second order behavior can be attributed to the existence of an
energized and unstable form for the reactant [9]. It is known that reaction rate constants drastically affect the rate
of the reactions. According to these results, the reaction rates with electrode configurations were found as Al-Al >
Al-Fe > Fe-Fe for both tetracycline removal and COD removal. It can be concluded that Al(OH)s flocs more rapidly
destabilize the pollutants in the solution than Fe(OH)s flocs. In addition, the use of hybrid configuration was
increased the reaction rate slightly than using single Fe electrodes in the electrocoagulation.

The activation energy values were obtained in Table 2 by nonlinear regression of the experimental reaction
kinetics data with 95% confidence level. The activation energy values based on tetracycline concentration were
calculated as 3.020 kJ/mol, 0.866 k]/mol and 0.805 kJ/mol for Al-Al, Al-Fe and Fe-Fe, respectively. Based on COD
concentration, the activation energy values were determined as 9.413 k] /mol, 10.085 k]/mol and 9.825 k] /mol for
Al-Al, Al-Fe and Fe-Fe, respectively. It was reported that fast reactions generally have small activation energy
values and Ea is typically less than 40 kJ/mol for diffusion-controlled homogeneous reactions [10-12]. The
activation energy values of COD removal are higher than the values of tetracycline removal confirming that COD
removal is much more difficult than tetracycline removal due to the recalcitrant nature of the degradation
products. The activation energy values with electrode configurations were found as Fe-Fe < Al-Fe < Al-Al for
tetracycline removal and Al-Al < Fe-Fe < Al-Fe for COD removal. The results indicated the requirement of Fe-Fe
electrode configuration in tetracycline removal and Al-Al electrode configuration in COD removal for the minimum
activation energy.

Table 2. Activation energy and pre-exponential constant values for removal of tetracycline antibiotic by
electrocoagulation with Al-Al, Al-Fe and Fe-Fe electrode configurations

Parameter Elec'Frode . Activation energy Pre-exponential constant R2
configuration (k] /mol)
Al-Al 3.020 1.2505 min-! 0.9970
Tetracycline Al-Fe 0.866 0.4071 min-! 0.9872
removal
Fe-Fe 0.805 0.3931 min-! 0.9764
Al-Al 9.413 0.0174 mg-1Lmin-1 0.9888
COD removal Al-Fe 10.085 0.0208 mg-'Lmin-! 0.9877
Fe-Fe 9.825 0.0187 mg-1Lmin-? 0.9665
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4. Conclusion

In this study, the effect of Al-Al, Al-Fe and Fe-Fe electrode configurations was investigated on reaction kinetics

in removal of tetracycline antibiotic by electrocoagulation in the presence of NaCl supporting electrolyte in a batch
electrochemical reactor. The reaction order was determined as 1 for tetracycline removal and as 2 for COD removal
with nonlinear regression of the integral method. According to the calculated values of the reaction rate constants,
the reaction rates with electrode configurations were found as Al-Al > Al-Fe > Fe-Fe for both tetracycline removal
and COD removal. The activation energy values with electrode configurations were determined as Fe-Fe < Al-Fe <
Al-Al for tetracycline removal and Al-Al < Fe-Fe < Al-Fe for COD removal. The results showed that Fe-Fe electrode
configuration is feasible in tetracycline removal and Al-Al electrode configuration is feasible in COD removal for
the minimum activation energy. Al(OH)s3 flocs more rapidly destabilize the pollutants in the solution than Fe(OH)3
flocs. The use of hybrid configuration was increased the reaction rate slightly than using single Fe electrodes in
the electrocoagulation.
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