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Abstract  

Chlortetracycline CTC is an organochlorine compound released from industrial pharmaceutical waste. 

This pollutant had dangerous effects in aquatic organisms and human health, since it is responsible 

for inhibition of microbial activity and growth. In this study, the elimination of CTC from water is 
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targeted. Biodegradability, based on the BOD5 / COD ratio was studied, showing the non-feasibility of 

a direct biological treatment. Cyclic voltammetry analysis on a nickel electrode revealed a significant 

electrochemical activity of CTC. An electrochemical pre-treatment was therefore carried out in a 

percolation cell using a nickel foam as a working electrode at the potential of 0.5 V /SCE. The 

operating parameters were optimized. A degradation yield of 99% was achieved for an initial 

concentration of pollutant of 50 mg L-1 and a flow rate of 5 mL min-1 in alkaline conditions. After 

electrolysis, a total dechlorination of CTC was observed. The biodegradability ratio was improved, 

from 0.13 to 0.33 after electrolysis; while the dissolved organic carbon (DOC) analysis revealed that 

the level of mineralization remained low 27%. A 21 days biological treatment with activated sludge 

was then carried out, leading to an overall mineralization yield of 78%.  

Keywords: 

Chlortetracycline, electrochemical oxidation, dechlorination, biodegradability, coupling process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

The low cost and good oral absorption of tetracycline (TC) derivatives make it the most used 

antimicrobial in veterinary medicine and agriculture with 14 % of the total antibiotic usage in 

medicine and animal husbandry [1, 2]. Chlortetracycline CTC (Fig. 1) is the most heavily consumed 

owing to its low price, broad antibiotic effect, and potential for promoting the growth of livestock [3]. 

Therefore, CTC has the most negative impact on the environment of all tetracycline derivatives [4] . 

Furthermore, this chlorinated tetracycline is a persistent compound that can be found at a relatively 
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high concentration in nature [5]. Its toxicity is hundreds of times higher than that of other veterinary 

antibiotics such as sulfamethazine [6].  

 

Fig. 1. Chemical structure of the chlortetracycline molecule  

Although pharmaceutical residues are only the subject of a watch list, the very low biodegradability 

of CTC makes it viewed as a significant environmental pollutant [7, 8]. Chlortetracycline has been 

detected in different aquatic environments, such as surface water (122.3 ng L−1) and ground water 

(86.6 ng L−1) [9]. These high levels of CTC have bad effects on ecological system and human health 

since it is responsible for inhibition of microbial activity and growth [10], phytoplankton toxicity [11], 

and inhibition of protein synthesis [12]. CTC removal from water becomes then an urgent issue.  

Biodegradation cannot be an effective remediation process to remove CTC from water, since the 

presence of chlorine atoms on the phenyl ring is a factor that favours the toxicity of aryl compounds 

[13, 14]. In that case, a pre-treatment method is necessary to increase CTC biodegradability prior to a 

biological treatment. 

Chemical and physicochemical techniques have been widely studied in order to remove tetracycline 

from water. Adsorption is one of the most effective and low cost methods. In Ahmad et al. study 

[15], commercial and modified activated carbons have been implemented showing good removal 

efficiency. Biochar, product of biomass pyrolysis, is also an efficient material for CTC adsorption; 

especially when it is coupled with flocculation process [16, 17]. However, supplementary degradation 

processes are needed for the elimination of biorecalcitrant pollutants. Advanced oxidation processes 

(AOPs) such as electro-Fenton, electrooxidation, ozonation and photo-catalysis have been applied in 

order to enhance CTC removal efficiency [18, 19, 20, 21, 22]. These processes are based on the 

generation of hydroxyl radicals (°OH), known for their high oxidation capacity but also non-selectivity 

for organic pollutants [23]. Moreover, combined processes involving photocatalysis coupled to a 

biological treatment have been considered for TC removal, showing good degradation yields and 

biodegradable by-products [24].  

 

Electrochemical oxidation of biorecalcitrant compounds has also been reported as a pre-treatment to 

improve their biodegradability prior to a biological treatment [25]. Thus, previous studies dealing 

with direct electrooxidation of tetracycline have been carried out in a homemade percolation flow-

cell involving a graphite felt electrode [26]. Results showed an almost total TC removal, and 

biodegradability has been improved for a final BOD5/COD of 0.39. Graphite felt electrodes modified 

by nickel electro-deposition have been also used for TC pre-treatment leading to the same 

conversion yield 99%. Mineralization yields remained low, but biodegradability has been well 

improved for a BOD5/COD ratio increasing from 0 to 0.45. After a biological treatment, the overall 

mineralization yield reached 69% [27].  
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Three-dimensional porous electrodes are very commonly used in electrochemical treatment of 

persistent organic pollutants, since they show high specific surface area [28]. The metallic foams are 

undoubtedly very interesting as porous electrode for their catalytic properties [29]. Thus, Nickel 

based materials have been intensively investigated and considered as good potential electrode 

materials due to their high chemical and thermal stability, ready availability, environmentally benign 

nature and relatively low cost [30]. In addition to the properties of the bulk material, nickel foam has 

a desirable three-dimensional network structure with large specific surface area and good electrical 

conductivity [31].  

The encouraging results previously obtained with TC [26], led us to study ele ctrooxidation on nickel 

to degrade the most toxic tetracycline derivative, CTC. This coupled process combining an 

electrochemical oxidation pretreatment with a biological process for CTC treatment is reported for 

the first time in this work. It was interesting to look into the chlorine atom conversion during the 

treatment to check that toxic chlorinated by-products were not formed. CTC electroactivity was first 

investigated by cyclic voltammetry analysis on nickel electrode. Its electrochemical oxidation was 

carried out in a percolation cell involving nickel foam as a working electrode, in view of 

biodegradability improvement. The biodegradability of the electrolyzed solution was then evaluated 

by a biological treatment.  

 

2. Materials and methods 

2.1. Chemicals 

7-chlortetracycline hydrochloride (≥ 75% HPLC-grade) was purchased from Sigma Aldrich (Saint-

Quentin Fallavier, France). Acetonitrile was HPLC grade from Fisher Scientific (Illkirch, France), and 

formic acid (LC-MS grade, 98%) was purchased from J.T. Baker (Deventer, Holland). All standards 

were prepared with ultra-pure water (Purelab Options- Q7/15, Elga, 18.2 MU cm-1). All other 

reagents were of analytical grade. The nickel foam was purchased from  Lizhiyuan Battery Sales 

Department, China (Ni purity: 99.9%, density: 320 ± 20 g/m3, thickness: 1 mm, diameter: 4 cm) 

 

 

 

2.2 Analysis 

2.2.1. Cyclic voltammetry analysis 

The electrochemical behaviour of chlortetracycline was studied by cyclic voltammetry analysis. Nickel 

electrode (20 mm2) was used as a working electrode in a conventional three electrode-cell with a 

platinum wire as counter electrode. The reference electrode was a saturated calomel electrode 

located near the working electrode. The electrochemical behaviour of a 20 mL CTC solution was 

examined in alkaline (NaOH 0.1 mol L-1), acidic (H2SO4 0.5 mol L-1) and neutral (Na2SO4 0.1 mol L1) 

media at ambient temperature under nitrogen atmosphere. Voltammograms were obtained by cyclic 

voltammetry (100 mV s-1) using an e-daq potenstiostat linked to an e-corder 401 converter. 
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2.2.2. UPLC  

The residual chlortetracycline concentration was determined by a UPLC (ultra-high-pressure liquid 

chromatography) system involving a Waters Acquity UPLC® H-Class gradient pump and a PDA (photo 

diode array) UV detector. The λmax was 273 nm for CTC. A C18 BEH (bridged ethylene hybrid) column, 

1.7 mm (2.1 × 50 mm) was used. A gradient elution was carried out with 0.1% formic acid in ultra-

pure water (solvent A) and acetonitrile (solvent B) as follows: 90/10% from 0 to 1 min; from 1 to 8 

min elution was linearly modified from 90/10 to 0/100%, maintained at 0/100% from 8 to 8.5 min; 

from 8.5 to 9 min elution was linearly modified from 0/100 to 90/10%, where it was maintained from 

9 to 10 min for solvents A and B, respectively. CTC signal was detected at 3.5 min retention time. 

2.2.3. Ion-exchange chromatography (IC) 

A DIONEX DX120 ion chromatography, equipped with a conductivity detector, was used to identify 

the generated inorganic ions (Cl - and NO3
-). The stationary phase was a DIONEX AS19 (4 × 250 mm) 

ion-exclusion column. The sample was eluted with potassium hydroxide at a flow rate of 1 mL min -1. 

The detection was carried out by conductivity with a self-regenerating suppressor (SRS).  

 

2.2.4. Dissolved Organic Carbon (DOC) and Total nitrogen measurements 

Dissolved organic carbon and total nitrogen were measured by means of a Schimadzu total organic 

analyzer (TOC-VCPH TOC-VCPN/ TOC-VWP). HCl (2 N) and H3PO4 (25%) were considered for CO2 and NO 

production. Organic carbon compounds were combusted and converted to CO2, which was detected 

by a non-dispersive infrared detector (NDIR). Dissolved nitrogen compounds were combusted and 

converted to NO, which was then mixed with ozone chemiluminescence for detection by a 

photomultiplier. Analyses were run in duplicate. 

2.2.5. Chemical oxygen demand (COD) measurements 

Chemical oxygen demand (COD) was measured by means of a Test Nanocolor® CSB 160 from 

Macherey-Nagel (Düren, Germany). The amount of oxygen required for the oxidation of the organic 

and mineral matter at 148°C for 2 h was quantified after oxidation with K2Cr2O7 at acidic pH and with 

heating. Analyses were duplicated. 

 

2.2.6. Biochemical oxygen demand (BOD5) measurements 

BOD5 measurements was carried out in an Oxitop IS6 (WTW, Ales, France), in order to evaluate 

biodegradability. Activated sludge was provided by a local wastewater treatment plant (Rennes 

Beaurade, Bretagne, France). The flasks were inoculated by activated sludge initially concentrated at 

0.05 g L-1. The total volume of sample was deduced from the expected BOD5 range, which was 

calculated from the equation BOD5=COD/1.46 [32]. The composition of the mineral solution was (in g 

L-1): MgSO4.7H2O, 22.5; CaCl2, 27.5; FeCl3, 0.15; NH4Cl, 2.0; and that of the phosphate solution was (g 

L-1): Na2HPO4, 6.80; KH2PO4, 2.80. Regarding the blank solution, a similar protocol was considered 

except for the sample, it was replaced by water to deduce the biological oxygen demand 

corresponding to the endogenous respiration. The control flask was prepared in the same way, but 

Acc
ep

ted
 m

an
us

cri
pt



this time the sample was replaced by a solution of easily biodegradable compounds, namely glutamic 

acid (150 mg L-1) and glucose (150 mg L-1). Before use, KOH was added to achieve neutral pH (7.0 ± 

0.2). All BOD5 measurements were duplicated. 

 

2.3. Experimental procedures 

2.3.1. Electrochemical pre-treatment  

A home-made flow cell was used for the electrochemical pre-treatment. As shown in Fig. 2, the 

continuous percolation system was composed from two cationic exchange membranes (Ionac 3470 - 

Lanxess SAS, Courbevoie, France) separating the working electrode from two interconnected 

stainless steel counter electrode compartments. The working electrode was composed of three 

juxtaposed nickel foams (0.3 cm thickness and 4 cm diameter), corresponding to a volume of 3.77 

cm3. SEM image obtained by SEM JEOL 6301F (9 kV) microscope, showed a smooth surface of the 

nickel foam (Fig. 3). The working electrode was located between two counter-electrodes in order to 

provide a good homogeneity of the potential distribution [33]. The reference electrode (SCE) was 

positioned in the middle of the foam. The potential control was performed using an e -daq 

potentiostat linked to an e-corder 401 converter (AD Instruments Pty Ltd., Castle Hill, Australia). 0.1 

mol L-1 NaOH was used as supporting electrolyte. The chlortetracycline soluti on (50 mg L-1) 

percolated the three-dimensional electrode at a constant flow rate monitored by a Gilson minipuls 2 

peristaltic pump (Middleton, WI, USA). 
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Fig. 2. Schematic diagram of the percolation cell: 1. cationic membranes; 2. saturated calomel electrode (SCE); 3. Working electrode (disc of 

nickel foam: 4 cm diameter, 0.3 cm thickness); 4. Auxiliary counter electrodes,  

 

 

 

 

 

 

 

 

 

 

Fig. 3.  SEM image of a nickel foam (thickness 0.3 cm) 

 

 

 

 

2.3.2. Biological treatment 

Cultures were performed in duplicate for 21 days at 25°C in 500 mL Erlenmeyer flasks, closed with a 

cellulose cap to guarantee oxygenation and loaded with 200 mL of magnetically stirred (200 rpm) 

non-treated chlortetracycline or chlortetracycline solutions electrolyzed for 5 hours. An initial 
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activated sludge concentration of 0.5 g L-1 was inoculated and the following minerals were used for 

all experiments (mg L-1): K2HPO4, 208; KH2PO4, 85; Na2HPO4.2H2O, 154.4; MgSO4.7H2O, 22.6; CaCl2, 

27.6; FeCl3.6H2O, 0.26; NH4Cl, 75 [34]. The pH was then fixed to 7.0 with NaOH solution (2 mmol L-1). 

Samples were taken regularly for DOC measurements and filtered on 0.45 μm Chromafil® Xtra PET – 

45/25. 

 

3. Results and discussion 

3.1. Electroactivity of CTC on Nickel Foam electrode 

 

Fig. 4. Cyclic voltammogram of 1 g L -1 CTC in 0.1 mol L-1 NaOH on a nickel electrode (S = 20 mm2), under nitrogen atmosphere and T = 298 K. 

Current-potential curves in the absence (red) and in the presence of CTC (black line). (100 mV s -1) 

 

The electrochemical behaviour of CTC on nickel electrode was studied in basic (0.1 mol L -1 NaOH) 

medium by cyclic voltammetry. According to Fig. 4, voltammograms displayed a quasi-reversible 

system at 0.4 V/SCE (0.64 V/SHE at pH 13) for 0.1 mol L-1 NaOH solution, which is in agreement with 

the study of Belkheiri et al. [27]. Since the pH was above 12, this signal can be related to the 

reversible couple nickel hydroxide/nickel oxyhydroxide (Ni(OH) 2/NiOOH). 

Ni(OH)2   NiOOH + H+ + e-             (1) 

In presence of CTC, an increase of the anodic peak was observed for the quasi-reversible system in 

alkaline medium. This increase showed the electrocatalytic effect of the nickel electrode on the 

oxidation of the target molecule. In alkaline medium, NiOOH groups were probably responsible for 

the CTC oxidation. It can be therefore concluded that in alkaline medium, an electrochemical 

oxidation on nickel foam electrode can be an efficient method for chlortetracycline pre -treatment. 

  

3.2. Electrochemical pre-treatment of CTC  

3.2.1. Effect of the oxidation potential 

50 mg L-1 of CTC solution was treated in a homemade flow cell using a nickel foam electrode in 

alkaline medium (pH 12). The electrolysis was carried out for 5 h with a constant flow rate of 5 mL 

min-1 at different potential values, chosen in the potential range corresponding to the formation of 

the NiOOH groups (Fig. 4). The studied values were chosen based on the voltammogram of Fig. 4, 

showing a significant electrochemical activity of chlortetracycline in oxidation at 0.5 V/SCE. As 

expected, a negligible CTC degradation was observed (Fig. 5) when the electrolysis was performed at 

0.3 V/SCE. More than 99% of  CTC degradation was achieved at a potential of 0.5 V/SCE. However, 

when the potential reached 0.7 V/SCE, the oxidation of the target molecule decreased to 5%, 

showing a high competition with the oxidation of water. Indeed, pH measurement after electrolysis 

showed a pH decrease from 12 (before electrolysis) to 8. Therefore, NiOOH can no more be formed 

(Eq. 1), inhibiting the catalytic effect of nickel electrode on CTC oxidation. 
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Fig. 5. Effect of the electrolysis potential on the degradation (%[CTC] removal) of CTC by the oxidative pre -treatment on a nickel foam 

electrode for 300 min of electrolysis at 5 mL min -1 and [CTC]0= 50 mg L-1. Error bars are based on duplicate measurements.  

 

 

 

 

 

3.2.2. Effect of the initial CTC concentration  

3.2.2.1. Degradation and mineralization efficiency 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Effect of the initial CTC concentration on the degradation (a), and mineralization (b) for 300 min of electrolysis at 0.5 V/SCE and 5 mL 

min-1.  Error bars are based on duplicate measurements.  

 

It is relevant to investigate the CTC degradation during the oxidation pre-treatment under different 

initial concentrations, in order to gain a better characterization of the oxidative power of the process. 

Anodic oxidation was performed in NaOH alkaline medium (pH 12) at 0.5 V/SCE for 5h. The flow rate 

was set to 5 mL min-1. After 180 min of electrolysis, the oxidation yield exceeded 99% for 50 mg L-1 

initial CTC concentration. A higher concentration of CTC (100 mg L-1) required a longer electrolysis 

time, since the degradation of chlortetracycline was only 42% after 180 min of electrolysis. After 

that, CTC concentration remained constant till the end of electrolysis. Similarly to the impact of the 

potential (cf. 2.1), pH value decreased significantly after electrolysis; from 12 (before electrolysis) to 

8 that prevents NiOOH formation and then the CTC catalytic oxidation. As displayed in Fig. 6b, CTC 

mineralized slowly. Indeed, a significant DOC decrease was only detecte d after 3h and the 

mineralization levels remained low even at the end of the runs; only 9% of the organic carbon was 

removed for a 100 mg L-1 initial CTC solution, while 27% of DOC removal was reached for a CTC 
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concentration of 50 mg L-1. To achieve a high mineralization rate, which reduces the environmental 

risks of effluent discharges [35], subsequent biological treatment seemed therefore relevant, owing 

to the significant residual organic carbon content. Indeed, organic CTC transformation products can 

be used as a carbon source by biomass [36]. 

 

 

 

3.2.2.2. CTC biodegradability study  

    

 

 

 

 

 

 

 

 

 

Fig. 7. Effect of the CTC initial concentration on BOD5/COD ratio (a) after 5 hours of the oxidative pre-treatment (b) %CTC removal, %DOC 

removal and %COD removal (b). Error bars are based on duplicate measurements.  

  

The electrochemical pre-treatment was performed in order to improve the CTC biodegradability. 

Aerobic biodegradability study was carried out to assess the relevance of a subsequent biological 

treatment with activated sludge. Therefore, BOD5 was measured before and after electrolysis.  

As expected, the untreated chlortetracycline was non-biodegradable for both 50 and 100 mg L-1 

initial concentrations with BOD5 /COD ratios equal to 0.13 and 0.07, respectively. It is important to 

note that the considered concentrations had an effect on the target molecule biodegradability. It was 

in agreement with previous findings showing that tetracycline is biodegradable up to 18 mg L -1 initial 

concentration [24]; while, beyond this value TC inhibited the bacterial growth. After electrolysis, the 

BOD5/COD ratio increased and reached 0.33 for the oxidized 50 mg L-1 CTC solution. This value was 

close to the limit of biodegradability (0.4) usually admitted [37, 38], showing that a biological 

treatment with activated sludge can be envisaged. According to Fig. 7a, by doubling the initial CTC 

concentration, the electrolyzed solution remained very difficult to biodegrade, according to the low 

BOD5/COD ratio, 0.16. Consequently, a biological treatment seemed not relevant because the 

microorganisms were unable to assimilate the by-products generated during the electrolysis of CTC 

and CTC in a still high concentration. Furthermore, COD removal yields decreased from 19.7% to 
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11.2% when increasing the initial CTC amount from 50 to 100 mg L-1 (Fig.7b). Consequently, chemical 

oxidation appeared more effective for lower initial CTC concentration. Thus, the oxidative pre-

treatment seemed more suitable for a 50 mg L-1 CTC concentration in the experimental conditions 

used in this work. 

 

 

3.2.3. Effect of the flow rate 

 

 

Fig. 8. Effect of the flow rate on the CTC removal for 300 min of electrolysis at 0.5 V/SCE  and [CTC]0= 50 mg L-1. Error bars are based on 

duplicate measurements. 

 

The flow rate is an influential parameter in the flow electrochemical cell. CTC oxidation was first 

studied for 5 mL min-1. The target molecule was totally removed after 100 min of electrolysis. 

Electrolysis was also examined at a lower flow rate in order to see if the kinetics of the oxidation 

reaction can be improved. According to Fig. 8, the oxidation rate decreased and only 76% of 

elimination was achieved after 100 min of electrolysis at 3 mL min-1. When the flow rate was higher, 

the mass transport of compounds to the electrode surface probably increased, leading to a more 

effective CTC oxidation. After 100 min of electrolysis, a pH decrease (7.6) appeared to be responsible 

for the plateau displayed in Fig. 8 for 3 and 5 mL min -1 flow rates. Thus, the formation of NiOOH 

groups at the electrode surface was inhibited and the oxidation of water became favored. The 

oxidation reaction was consequently stopped for 3 and 5 mL min -1 flow rates. These results showed 

that the reaction was not limited by the kinetics of the reaction occurring at the surface of the nickel 

foam. Interestingly, even if 24% of CTC remained in solution for the lower flow rate, the BOD 5 on 

COD ratio was significantly improved if compared to the non-treated CTC (Table 1). Indeed, the final 

CTC concentration was 12 mg L-1, namely below the inhibitory level shown for TC, 18 mg L-1 [24]. 

Table1 

[CTC], COD, and BOD5/COD determination after 300 min of CTC electrolysis on a nickel foam electrode. 

Flow rate (mL min-1) [CTC] (mg L-1) COD (mg O2 L-1) BOD5 (mg O2 L-1) BOD5/COD 
3 12±0.02 66±2 18±3 0.27±0.01 
5 0±0.25 61±4 20±3 0.33±0.01 
Non-electrolyzed solution 50±0.03 76±2 10±2 0.13±0.01 

 

3.3. Evolution of the generated inorganic ions 
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Fig. 9. Time-course of the concentrations of Cl -, NO3
- and TN during 5 hours of CTC pre-treatment. Experimental conditions: [CTC] 0= 50 mg 

L-1, T= 298 K, E = 0.5 V/SCE, 5 mL min-1 flow rate. The inset represents the targeted heteroatoms on the CTC chemical structure. Error bars 

are based on duplicate measurements. 

 

 

According to Fig. 1, chlortetracycline CTC presents three heteroatoms in its chemical structure, 2 

nitrogens and 1 chlorine atoms. The removal  of the C-Cl and C-N bonds during the electrolysis was 

checked. The qualitative and quantitative monitoring of free Cl−, NO2
− and NO3

− were carried out by 

ion-exchange chromatography (IC). The oxidation of CTC on nickel foam electrode released free Cl − 

and NO3
− in the solution, while nitrite ions were not detected. Fig. 9 shows that the chloride 

concentration progressively increased during the 5 hours of electrolysis until reaching 7.36±0.01 mg 

L-1, corresponding to 99.4 % of the chloride ions expected for a total conversion. The high abundance 

of Cl− evidenced that CTC underwent a dechlorination process and that chloride ions were not 

oxidized into chlorine in the conditions of the electrolysis [39]. It is important to note that only few 

CTC treatment methods lead to its total dechlorination, such as ozonation and thermal 

decomposition [18, 40]. Gaseous compounds of nitrogen (NOx and N2) were not released since the 

total amount of nitrogen TN remained constant (3±0.1 mg L-1) throughout the electrochemical pre-

treatment. 2.80±0.01 mg L-1 of NO3
− were accumulated after electrolysis, corresponding to a quasi-

total conversion of the nitrogen content. Since the DOC value decreased (Fig. 6b), it can be concluded 

that the carbon skeleton was also partially degraded and that the main formed by-products 

contained only carbon and oxygen atoms. 

 

3.4. Biological treatment 

 

Fig. 10. Biosorption study of the non-pretreated CTC (50 mg L -1) on activated sludge (0.5 g L -1). Error bars are based on duplicate 

measurements. 

 

 

 

Fig. 11. Time-courses of DOC/DOC0 during activated sludge culture on chlortetracycline (50 mg L -1) non-electrolyzed, and after oxidation 

through the percolation cell at a flow rate of 5 mL min-1 at 0.5 V/SCE in 0.1 mol L-1 NaOH. Error bars are based on duplicate measurements  
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The microbial biomass could be an adsorbent of organic compounds [41]. Therefore, possible 

absorption of CTC on activated sludge was studied. 0.5 g L-1 activated sludge was washed in the same 

conditions as the biological treatment and injected in 100 mL medium. The flasks were stirred at 250 

rpm at 25°C. For 2 hours, samples were taken and filtered (0.45 μm pore size) in order to perform 
DOC measurements. The experiments were duplicated to ensure the reproducibility of the results. As 

displayed in Fig. 10, DOC removal reached 25% in the first two hours. CTC adsorption on the bacterial 

biomass was therefore significant, as previously observed for TC [27, 42]. These results are also in 

agreement with previous studies, since CTC biosorption on activated sludge have been concluded as 

a thermodynamically favorable process [43].  

Prior to biological treatment, 50 mg L-1 CTC was electrolyzed in basic medium during 300 min at 0.5 

V/SCE with a flow rate of 5 mL min-1. After CTC oxidative pre-treatment, a total removal of the target 

molecule was reached and biodegradability was improved (BOD5/COD=0.33). An activated sludge 

culture may be then promisingly considered.  

Concerning the untreated chlortetracycline, DOC values decreased during the first 2 hours of 

activated sludge culture, which is in agreement with the previous biosorption study results. As shown 

in Fig. 11, DOC removal remained constant (around 30%) until the 9th day and slightly increased from 

33 to 42.2 mg L-1 between the 9th and 13th day respectively, most likely due to CTC desorption 

process. After that, dissolved organic carbon removal remained low and constant (21%) until the 21st 

day. These results confirmed that activated sludge culture was ineffective for non-treated CTC 

mineralization. The decrease of DOC was mainly due to the biosorption of the target molecule on the 

microorganisms during the first hours of culture. The non-biodegradability of CTC was therefore 

confirmed. 

On the other hand, in the presence of the pre-treated CTC solution, experimental results showed 

that DOC values decreased during the first 2 days, reaching 18% of DOC removal. The decrease can 

be most likely related to the biosorption of the by-products and to the biodegradation of the more 

readily biodegradable ones [44]. These values remained constant during the next 9 days and then 

continuously decreased until the 21st day. The period between the 2nd and 9th days corresponded to 

an acclimatization step of the microorganisms to the residual by-products and the assimilation of 

intracellular material released by the autolyzed cells [45]. These results fitted with recent research in 

which a similar period of acclimatization was observed [44]. After that, the DOC removal 

continuously decreased until the last day of treatment (day 21). It can be concluded that 

microorganisms activity did not seem to be limited by the presence of inhibitor by-products. 

Therefore, a longer biological treatment is expected to still  improve the mineralization yield. 

Interestingly, 70% of mineralization was reached at the end of the biological treatment. From this, 

the combined process led to 78% global mineralization efficiency for 50 mg L-1 CTC solution, with 28% 

corresponded to the oxidative pretreatment and 70% of the remaining by-products to the biological 

treatment.  

 

• Conclusions 
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Since the non-biodegradability of CTC was confirmed with a value of 0.13 as an initial BOD5/COD 

ratio, a combined process involving an electrochemical pre-treatment, expected to improve 

biodegradability, prior to biological treatment was highly recommended. The feasibility of CTC 

oxidation on nickel foam electrode was confirmed. In alkaline medium, an electrochemical oxidation 

on nickel foam electrode was concluded to be an efficient method for chlortetracycline pre-

treatment. The oxidation yield exceeded 99% for a 50 mg L-1 initial CTC concentration, 0.5 V/SCE 

potential and 5 mL min-1 flow rate. Interestingly, the mild conditions used for electrooxidation did 

not lead to the formation of chlorine and so to toxic chlorinated by-products. Total dechlorination 

and denitrogenation were achieved making the solution less toxic for the microorganisms. Indeed, 

the BOD5 on COD ratio was significantly improved for only 27% of DOC removal. A subsequent 

biological treatment became then relevant; it led to 70% of mineralization after 21 days of activated 

sludge culture. Consequently, the combined process led to 78% global mineralization efficiency for 

50 mg L-1 CTC solution. 
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