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Abstract 1 

This study aimed at exploring the performance of the electro-Fenton (EF) process with a boron-2 

doped diamond (BDD) anode and an electrochemically exfoliated graphene-based cathode 3 

(EEGr), for removal of antibiotic ofloxacin (OFLO) from contaminated water. Compared with 4 

anodic oxidation (AO) process with BDD anode, the EF process with BDD anode (EF-BDD) 5 

could improve the decay kinetics of OFLO by 1.4–2.6 times and reduce the disposal cost by 6 

28%–41%. Removal efficiency of TOC in EF-BDD process under 4.2 mA cm-2 was better than 7 

in AO process under 8.3 mA cm-2, pointing out that the cost effectiveness of the EF process for 8 

mineralization of OFLO under low current density conditions. This advantage is due to the 9 

simultaneous formation of homogeneous (•OH) and heterogeneous (BDD(•OH)) hydroxyl 10 

radicals in the process. The synergistic factor of •OH and BDD(•OH) for mineralization of 11 

OFLO decreased with the current density rising from 4.2 (0.28) to 16.6 mA cm-2 (-0.08). Decay 12 

kinetics of OFLO in the EF-BDD and AO were more converging under higher current densities 13 

owing to the production of large amount of BDD(•OH). In the EF-BDD, a trade-off should be 14 

considered between accumulated BDD(•OH) on the surface of BDD anode and H2O2 15 

generation on the cathode. Absolute rate constant for oxidation of OFLO by •OH (kOFLO) was 16 

calculated to be 3.86 × 109 M-1 s-1. Evolution of carboxylic acids and inorganic ions as well as 17 

toxicity assessment were followed during the treatment of OFLO solutions. Results obtained 18 

proved that the EF-BDD process is outstanding for oxidative degradation of OFLO thanks to 19 

the synergistic effect of •OH and BDD(•OH). These very strong oxidants being non-selective, 20 

this result can be extended to the treatment of antibiotic organic pollutants. 21 

 22 

Keywords: Electro-Fenton, Anodic oxidation; BDD anode, Synergistic catalysis, Hydroxyl 23 

radial, Pharmaceutical wastewater 24 

  25 
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1. Introduction 26 

Antibiotics are largely used throughout the world. The majority of discharged antibiotics and 27 

their metabolites escape from being eliminated in the traditional wastewater treatment plants 28 

due to slight solubility and strong resistance to degradation by conventional biological or 29 

chemical processes [1,2]. Types of antibiotics and their incomplete transformation products 30 

were detected in multiple aquatic ecosystems and have drawn close attention from researchers 31 

and public authorities [3]. These pollutants pass through the municipal water treatment plants, 32 

since they are not designed to retain this kind of pollutants. Removal of these pollutants from 33 

aquatic environments, as eco-toxicological threats to humans and aquatic animals, has been a 34 

great challenge. In contrast to the conventional treatment processes, the electrochemical 35 

advanced oxidation processes (EAOPs) have attracted great interest for removing efficiently 36 

persistent/toxic organic pollutants from water via in situ generated oxidant free radicals [4-7]. 37 

As one of the most popular EAOPs, the electro-Fenton (EF) process have gained prominence 38 

owing to its economic feasibility and remarkable mineralization efficiency [8,9]. This 39 

promising technology has been successfully applied for complete mineralization of various 40 

refractory organic pollutants including pharmaceutical compounds [10-13]. In the EF process, 41 

homogeneous •OH radicals (E.0OH/H2O = 2.8 V/SHE) are generated electrocatalytically in the 42 

bulk solution through Fenton’s reaction [4,5,7,16]. On the other side, the anodic oxidation (AO) 43 

process provides heterogeneous •OH radicals on the surface of anodes with high O2 evolution 44 

overvoltage [17,18] . The AO processes belong to direct electrooxidation and usually involves 45 

the mass transfer limitation [19,20]. The use of an appropriate anode (M) can produce 46 

heterogeneous radicals (M(•OH)) via oxidation of water on the surface of anode (Eq. (1)) 47 

[21,22]. 48 

M + H2O  M(•OH) + H+ + e–        (1) 49 
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The contribution of M(•OH) to EF process is strongly related to the nature of anode material, 50 

as well as in the overall performance of AO [23]. Anodes characterized with high O2-evolution 51 

overpotential are regarded as “non-active” anodes, while those with low O2-evolution 52 

overpotential are of the “active anodes” type. In the first case, M(OH) are barely adsorbed on 53 

the surface (physisorption) while in the second case they are strongly adsorbed 54 

(chemisorption). Boron-doped diamond (BDD), as typical “non-active” anode, is the most 55 

potent anode for AO due to its high O2 evolution overpotential (around 2.2 V/SHE), high 56 

stability and available of physisorbed BDD(•OH) [24,25]. In contrast to the chemisorbed 57 

M(•OH) on the surface of active anodes such as Pt and DSA anodes, a large amount of 58 

physically adsorbed BDD(•OH) enhance the effectiveness of the EF process, especially for the 59 

complete destruction of aliphatics [26]. In EF processes with BDD anode (EF-BDD process), 60 

the oxidative degradation of organics can be regarded as a synergistic effect of heterogeneous 61 

BDD(•OH) (formed at the surface of BDD anode) and homogeneous •OH generated in solution 62 

[27, 28]. We previously showed that BDD anode provides outstanding performances for 63 

mineralization of drug imatinib solution compared to other three anodes (DSA, Pt and Ti4O7), 64 

with complete  mineralization of imatinib solution (corresponding to 24.11 mg L−1 initial TOC) 65 

in EF-BDD process under 12.5 mA cm-2 [19]. 66 

This study focuses on the contribution of BDD(•OH) in the EF-BDD process, at different stage 67 

and under different operating conditions during the treatment of pharmaceutical wastewater. 68 

Indeed, there are very few studies devoted to this topic [25] and further research is needed to 69 

clarify the synergistic effect of BDD(•OH) on the EF-BDD process during wastewater 70 

treatment. Therefore, the oxidative degradation and mineralization of a synthetic solution of a 71 

fluoroquinolone antibiotic, the ofloxacin, largely used for the treatment of a number of bacterial 72 

infections, was studied by electro-Fenton process with BDD anode. The primary aims of the 73 

study were (i) identify the outstanding performance of BDD-EF for removal of OFLO, (ii) 74 
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evaluate relative contributions of homogeneous •OH and heterogeneous BDD(•OH) during 75 

oxidation of OFLO by EF-BDD process, (iii) explore the synergistic effect of homogeneous 76 

•OH and heterogeneous BDD(•OH) hydroxyl radicals for mineralization of OFLO in EF-BDD 77 

process, (iv) elucidate the possible pathway of OFLO degradation and (v) assess acute toxicity 78 

(LC50), developmental toxicity, bioaccumulation factor and mutagenicity by quantitative 79 

structure-activity relationship using the Toxicity Estimation Software Tool. 80 

 81 

2. Materials and methods 82 

2.1. Chemicals and reagents 83 

Carbon felt (CF) and graphite foil were purchased from Beijing Jinglong Special Carbon 84 

(Beijing, China), polytetrafluoroethylene was obtained from Shanghai Hesen Electric 85 

(Shanghai, China). Methanol, ethanol, sulfuric acid, potassium hydroxide, anhydrous sodium 86 

sulfate (Na2SO4; 99 100% purity), H2O2 (30% by weight) and iron (II) sulphate heptahydrate 87 

(99.5%) were purchased from Tianjin Kemiou Chemical Reagent (Tianjin, China). Analytical 88 

grade OFLO (C18H20FN3O4, MW: 361.1 g mol-1, CAS no: 82419-36-1, 99.9% purity, with 89 

chemical structure given in Table 2), phosphoric acid, acetonitrile, 4-hydroxybenzoin acid, 90 

tertiary butyl alcohol and benzoquinone were supplied by Aladdin Chemical Reagent 91 

(Shanghai, China). Dimethyl sulfoxide, potassium titanium (IV) oxalate, and 2,4–92 

dinitrophenylhydrazine were purchased from Beijing Puyihua Science and Technology 93 

(Beijing, China). 94 

 95 

2.2 Preparation of EEGr-CF cathodes 96 

The graphene used in this study was synthesized via electrochemical exfoliation of graphite 97 

foil (for simplification, it was noted as EEGr). The graphene-based cathode (EEGr-CF) was 98 
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prepared with EEGr, carbon black, PTFE, deionized water and ethanol as described in reference 99 

[29]. A certain amount of EEGr and carbon black powder were mixed at a mass ratio of 1:4, 100 

with PTFE, ethanol and deionized water forming a semifluid upon rapid shaking for 15 s. The 101 

milky mixture was coated on both sides of the pre-treated CF. After drying at ambient 102 

temperature; CF was placed in a tube furnace under nitrogen atmosphere and annealed at 360 103 

oC for 30 min, which was marked as EEGr-CF cathode. 104 

 105 

2.3. Degradation experiments  106 

Degradation of OFLO in EF-BDD, AO and EF-DSA processes were carried out in 250 mL 107 

single-chamber electrolytic cells. The effective surface area of BDD and DSA anodes was 4 × 108 

6 cm2, and that of the prepared EEGr-CF cathodes was 2 × 3 cm2. These electrodes were used 109 

both in EF and AO processes. The BDD anode was replaced with DSA in order to exclude the 110 

heterogeneous •OH produced in EF-DSA, because this anode generate only a few DSA(•OH). 111 

The distance between the anodes and cathodes was 2 cm. Aeration was provided to the solution 112 

at a flow rate of 0.75 L min-1 to maintain it a O2-saturated level. Aqueous solution of 0.1 mM 113 

OFLO containing 0.05 M Na2SO4 as electrolyte was adjusted to pH 3. During the degradation 114 

tests, liquid samples were withdrawn periodically, filtered with 0.45 μm PTFE membrane 115 

filters, and immediately mixed with methanol to scavenge the reactive species and terminate 116 

the oxidation reactions. All of the experiments were operated with deionized water at ambient 117 

temperature. 118 

 119 

2.4. Analytical procedures and calculation methods 120 

Concentration of OFLO was measured with a Thermo Fisher Scientific U3000 high 121 

performance liquid chromatograph (MA, USA) equipped with a C18 column (3 mm  100 mm, 122 

3 μm) and with a diode array detector. Analysis was carried out under following conditions: 123 
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mobile phase: HPLC-grade acetonitrile/phosphoric acid/water (15:1:84 in volume); flow rate 124 

of 0.25 mL min-1; column oven temperature at 30 oC and wavelength of 288 nm. OFLO 125 

transformation products (OTPs) generated during the degradation process were identified with 126 

an Agilent 7890 A/5975 C gas chromatograph-mass spectrometer (CA, USA) interfaced with 127 

a HP-5 MS capillary column (30 m  0.25 mm, 0.25 μm). 128 

The degradation efficiency of a target pollutant was calculated by the following equation: 129 

R% = (C0 – Ct) / C0 × 100         (1) 130 

The pseudo-first-order rate constant (kapp) for oxidative degradation of OFLO was determined 131 

by using Eq. (2):  132 

Ln (Ct / C0) = – k × t          (2) 133 

where C0 and Ct were concentrations of the target pollutant at the beginning of electrolysis and 134 

at time t, respectively. 135 

The total organic carbon (TOC) removal efficiency was calculated according to TOC decay 136 

measurement as follow: 137 

TOC(%) = (Δ(TOC)exp / TOC0) × 100 138 

Total organic carbon (TOC) of OFLO (0.1 mM solution corresponding to an initial TOC of 139 

21.6 mg L-1) was measured with an Analytik jena multi N/C 3100 TOC analyzer (Jena, 140 

Germany). The concentration of H2O2 was measured by potassium titanium (IV) oxalate 141 

method using an UV759 UV-Vis spectrophotometer (Shanghai, China). Carboxylic acids 142 

generated during the mineralization of OFLO were identified with an Agilent 1260 HPLC (CA, 143 

USA) equipped with a Carbomix H-NP10 column (6.0 μm, 7.8 × 300 mm) at wavelength of 144 

210 nm. Mobile phase and flow rate were H2SO4 (0.25 mM) and 0.6 mL min-1. Inorganic ions 145 

generated during EF process were monitored with a Dionex ICS-900 ion chromatograph (CA, 146 
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USA). Ofloxacin transformation products (OTPs) were detected with HPLC and GC-MS (Text 147 

S1-1). Acute toxicity (LC50), developmental toxicity, bioaccumulation factor were evaluated 148 

by quantitative structure-activity relationship using Toxicity Estimation Software Tool.  149 

The relative contributions of homogeneous •OH and heterogeneous BDD(•OH) for TOC 150 

removal were calculated according to the Eq. (2) and (3): 151 

R% (•OH) = 100 (TOCEF-BDD - TOCAO) / TOCEF-BDD      (2) 152 

R% (BDD(•OH)) = 100 (TOCAO) / TOCEF-BDD       (3) 153 

where TOCEF-BDD and TOCAO were TOC decay values obtained in the EF-BDD and AO 154 

processes, respectively.  155 

The mineralization current efficiency (MCE) and energy consumption (EC) of OFLO solution 156 

were calculated according to following equations: 157 

MCE % = 100 n F Vs Δ(TOC)exp / 4.32 ×107 m I t      (4) 158 

C18H20FN3O4 + 32H2O  18CO2 + F– + 3NH4
+ +72H+ + 74 e–    (5) 159 

EC (kWh (gTOC)-1) = U I t / Vs Δ(TOC)exp       (6) 160 

where n is the number of electron (which was taken as 74 assuming that the majority of N atom 161 

contained in OFLO molecule was released as NH4
+ in eq. (5)) consumed per mol of OFLO in 162 

the electrochemical mineralization reaction. F is the Faraday constant (96485 C mol-1), 163 

(TOC)exp means the TOC decay at t time, 4.32×107 represents a conversion factor to 164 

homogenize units (3600 s h-1 × 12000 mg of C mol-1). U, I, t are the average cell voltage (V), 165 

the current applied (A) and the electrolysis time (h), respectively. 166 

Synergistic factor (SF) was calculated to confirm the synergistic effects of homogeneous •OH 167 

and heterogeneous BDD(•OH) for oxidation of organics.   168 

SF = [kEF-BDD – (kEF-DSA + kAO)] / (kEF-DSA + kAO)     (7) 169 



 9

where kEF-BDD, kEF-DSA and kAO were kinetic constants of OFLO oxidation in EF-BDD, EF-DSA 170 

and AO processes, respectively.  171 

 172 

3. Results and discussion 173 

3.1. Comparative oxidation of OFLO by EF process  174 

In EF process, degradation of organics is carried out by homogeneous •OH through Fenton 175 

reaction (Eq. (2)) for which the Fenton’s reagent (H2O2 + Fe2+) is electrochemically generated 176 

in the treated solution (Eqs. (8) and (9)): 177 

H2O2 + Fe2+  Fe3+ + OH– + •OH        (8) 178 

O2 + 2H+ + 2e–  H2O2          (9) 179 

Fe3+ + e–  Fe2+           (10) 180 

To evaluate the comparative efficiency of different EAOPs (EF-BDD, AO and EF-DSA), 181 

oxidative degradation 0.1 mM OFLO was studied under current density of 8.3 mA cm-2. First, 182 

preliminary experiments were performed to determine the better concentration of catalyst 183 

(Fe2+), since it affects the generation of homogeneous •OH in the solution [30, 31]. For this, the 184 

solution pH was set to 3 as this value is well-known to be suitable for EF process [5, 7, 12, 16, 185 

26, 35]. The complete degradation of 0.1 mM OFLO reached in 60, 50, 25 and 20 min for 186 

catalyst concentration of 0.05, 0.1, 0.2 and 0.3 mM Fe2+, respectively (Fig. 1). The apparent 187 

rate constants (kapp) was 0.07 and 0.09 min-1 with 0.05 and 0.1 mM Fe2+, and fluctuated little 188 

with 0.2 (0.15 min-1) and 0.3 mM (0.17 min-1) Fe2+ for OFLO removal in EF process. However, 189 

the concentration of 0.2 mM Fe2+ was chosen as the proper concentration of catalyst for the 190 

following EF experiments. Low concentration of Fe2+ will guarantee the continuous reaction 191 

via reduction of Fe3+ (Eq. (10)) generated in Fenton reaction [32,33] and avoids the wasting of 192 

generated •OH through the reaction given in Eq. (11) which is favored at high Fe2+ 193 



 10

concentrations. Besides, Fe2+ can also be regenerated through other chemical reactions in the 194 

solution with slower kinetics (Eqs. (12) and (13)).  195 

Fe2+ + •OH  Fe3+ + OH–         (11) 196 

Fe3+ + H2O2  Fe2+ + HO2
•+ H+        (12) 197 

Fe3+ + HO2
•  Fe2+ + O2+ H+         (13) 198 
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 199 
Fig. 1: Effect of concentration of catalyst Fe2+ on oxidation of OFLO by EF-BDD process and 200 

corresponding apparent rate constants. Conditions: Current density: 8.33 mA cm-2, [Na2SO4]: 201 

50 mM, pH: 3. 202 

 203 

The comparative oxidation efficiencies of different systems are given in Fig. 2. The oxidative 204 

degradation efficiency of OFLO was 100%, 90% and 76% in EF-BDD, AO and EF-DSA 205 

systems under current density of 8.3 mA cm-2, upon electrolysis time of 40 min, respectively 206 

(Fig. 2(a)). In the EF-BDD process, OFLO could be completely disappeared at 30 min of 207 

electrolysis due to large amounts of BDD(•OH) generated on surface of anode (Eq. (1)) and 208 

homogeneous •OH generated in solution (Eq. (7)). The solution TOC was also completely 209 

removed upon electrolysis time of 6 h, which was much higher than that in the EF-DSA (53%) 210 

(Fig. 2(b)). The considerable performance of TOC removal in AO (87%) process was due to 211 

remarkable BDD(•OH) generated on surface of BDD anode. The mineralization current 212 
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efficiency (MCE) values (Eq. (4)) increased to peak values at early stages (1 h) of electrolysis 213 

in three systems (Fig. 2(c)), which can be attributed to quick degradation/mineralization of 214 

OFLO and intermediates by •OH. Afterwards, the MCE decreased gradually with formation of 215 

recalcitrant by-products hardly oxidizable such as short chain carboxylic acids in solution and 216 

decrease in organic matter concentration. The values of energy consumption (Eq. (5)) for 217 

removal of TOC increased with treatment time and reached to 0.8, 0.9 and 1.1 kWh (g TOC)-1 218 

in EF-BDD, AO and EF-DSA systems under 8.3 mA cm-2, respectively (Fig. 2(d)). These 219 

results point out that EF-BDD is an outstanding process for oxidative degradation and 220 

mineralization of organic pollutants thanks to simultaneous production homogeneous •OH and 221 

heterogeneous BDD(•OH).  222 
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 223 

Fig. 2: (a) Oxidation of OFLO; (b) TOC removal efficiency; (c) Mineralization current efficiency 224 

and (d) Energy consumption in EF-BDD, AO and EF-DSA systems. Conditions: Current 225 

density: 8.3 mA cm-2, [Fe2+]: 0.2 mM, [Na2SO4]: 50 mM, pH: 3. 226 
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 227 

3.2. Effect of current densities on electrocatalytic activity of EF-BDD process  228 

The formation of homogeneous •OH in solution and heterogeneous BDD(•OH) on the surface 229 

of BDD anode are strongly related to applied current which monitor the formation of hydroxyl 230 

radicals through Eqs. (1), (7) and (8) [4,34]. The effect of current on degradation kinetics of 231 

OFLO is shown in Fig. (3). The complete oxidative degradation of 0.1 mM OFLO requires 60, 232 

50, 30 and 10 min electrolysis time for 2.1, 4.2, 8.3 and 16.6 mA cm-2 current densities (Fig. 233 

3(a)). These results are in agreement with Fig. (1), highlighting the increase in kapp values of 234 

OFLO oxidative degradation along with higher current densities (Fig. 4). When the current 235 

density increased to16.6 mA cm-2, the kapp value (0.46 min-1) of OFLO oxidation was more 236 

than three time that at 8.3 mA cm-2 (0.15 min-1). High current densities have the advantage of 237 

generating BDD(•OH), while being detrimental to production of H2O2 on cathode due to side 238 

reactions. The generation of H2O2 increased with current densities from 2.1 to 8.3 mA cm-2, 239 

while further increased current density (from 8.3 to 16.6 mA cm-2) led to a drop of H2O2 240 

accumulation ((Fig. 3(b)). The generation of H2O2 reached to 180 mg L-1 under 8.3 mA cm-2, 241 

upon electrolysis time of 100 min, except for those have been activated by •OH. The average 242 

rates of H2O2 accumulation were 4.1, 5.8, 6.7 and 5.4 mg h-1 cm-2 under current densities of 243 

2.1, 4.2, 8.3 and 16.6 mA cm-2, respectively. It can be expected that the accumulation of H2O2 244 

would suffer a predominant reduction when the current densities were higher than 16.6 mA 245 

cm-2. This can be explained with the competing reactions occurred at high current densities 246 

[35,36].  247 

H2O2 + 2H+ + 2e–  2H2O         (14) 248 

2H+ + 2e–  H2           (15) 249 

H2O2  O2 + 2H+ + 2e–          (16) 250 
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Fig. 3 Effect of current densities on: (a) Decay kinetics of OFLO in EF-BDD process and (b) 252 

Yield of H2O2 generation on the cathode. 253 
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 255 

Fig. 4 Effect of current densities on the apparent rate constants for oxidation of OFLO. 256 

Operating conditions: [Fe2+]: 0.2 mM, [Na2SO4]: 50 mM, pH: 3. 257 

 258 

3.3. Synergistic effects of •OH and BDD(•OH) on oxidation of OFLO 259 

Effect of current densities on the apparent rate constants for oxidative removal of OFLO in EF-260 

BDD, AO and EF-DSA processes are presented in Fig. 5. The kapp values in EF-BDD (0.23 261 
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min-1), AO (0.16 min-1) and EF-DSA (0.09 min-1) processes were greatest under 16.6 mA cm-262 

2, which were much higher than those obtained under 4.2 (0.09, 0.04 and 0.03 min-1) and 8.3 263 

(0.15, 0.08 and 0.05 min-1) mA cm-2, respectively) (Fig. 6). The values of the synergistic factor 264 

(SF) were determined for oxidation of OFLO under different current densities. 265 
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Fig. 5 Effect of current densities on the apparent rate constants for oxidative removal of 267 

OFLO in EF-BDD, AO and EF-DSA processes. Operating conditions: [Fe2+]: 0.2 mM, [Na2SO4]: 268 

50 mM, pH: 3. 269 

Interestingly, the value of SF was 0.28 under current density of 4.2 mA cm-2, and gradually 270 

decreased to 0.15 (8.3 mA cm-2) and -0.08 (16.6 mA cm-2), respectively. The results 271 

demonstrate the synergistic effects between homogeneous •OH and heterogeneous BDD(•OH) 272 

in EF-BDD under 4.2 and 8.3 mA cm-2. The simultaneous generation of H2O2 on cathode and 273 

BDD(•OH) on the surface of anode contribute to the enhanced removal efficiencies of OFLO 274 

[25]. The SF value less than zero demonstrates no synergistic effects exist between •OH and 275 

BDD(•OH) in EF-BDD under 16.6 mA cm-2. This can be explained by the fact that the rates of  276 

decay kinetics of OFLO in EF-BDD and AO were more convergent under 16.6 mA cm-2 with 277 

great amount of BDD(•OH) generated and dominated the degradation process. 278 

As can be seen in Fig. 7, TOC removal efficiency is high during early stage of electrolysis (in 279 

first 2 h), afterwards, it becomes slower due to the diminution of organic matter in the solution 280 

and formation of refractory products, such as short-chain carboxylic acids [37-39]. The TOC 281 

removal efficiencies were 100%, 92.4% and 69% under 16.6, 8.3 and 4.2 mA cm-2 in EF-BDD 282 
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processes, upon mineralization time of 240 min. These results were much higher than those 283 

obtained in AO (92%, 60.3% and 45%) and EF-DSA (61%, 40.2% and 26%) processes (Fig. 284 

7(a)-7(c)). The performance of TOC removal in EF-BDD process under 4.2 mA cm-2 was better 285 

than in AO process under 8.3 mA cm-2, demonstrating the cost effectiveness of the EF process 286 

for mineralization of OFLO under low current densities [25]. This advantage is due to the 287 

simultaneous formation of homogeneous (•OH) and heterogeneous (BDD(•OH)) hydroxyl 288 

radicals in the EF process.  289 
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 291 

Fig. 6 Synergistic factor (SF) of •OH and BDD(•OH) in EF-BDD and pseudo-first-order rate 292 

constant for OFLO removal under 4.2, 8.3 and 16.6 mA cm-2. Conditions: [Fe2+]: 0.2 mM (EF-293 

BDD and EF-DSA), [Na2SO4]: 50 mM, pH: 3. 294 

 295 

The values of EC increased with the rising current densities. Under current density of 4.2 mA 296 

cm-2, the value of EC in AO (0.6 kWh (gTOC)-1), EF-DSA (0.7 kWh (gTOC)-1) and EF-BDD 297 

(0.5 kWh (gTOC)-1) processes was almost similar (Fig. 7(d)). In contrast, the value of EC in 298 

EF-DSA (4.5 kWh (gTOC)-1) was more than two times in EF-BDD (2.1 kWh m-3) under 16.6 299 

mA cm-2, demonstrating the cost effectiveness of BDD anodes for organics removal under high 300 
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current densities. It seems that the contribution of homogeneous •OH is not significant at high 301 

current densities since oxidation efficiencies in two processes presented few differences at 16.6 302 

mA cm-2 (Fig. 7(c)). However, the value of EC in AO (1.3 and 3.6 kWh (gTOC)-1) was much 303 

higher than in EF-BDD (0.93 and 2.1 kWh (gTOC)-1) under 8.3 and 16.6 mA cm-2. Energy 304 

consumption for OFLO removal from wastewater could be reduced by 28%–41% in EF-BDD 305 

compared to AO process. Therefore, a balance need to be found between removal efficiencies 306 

and cost of disposal with BDD anode. 307 
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Fig. 7 (a-c) Removal efficiency of TOC and (d) values of EC for OFLO removal in EF-BDD, AO 309 

and EF-DSA processes under 4.2, 8.3 and 16.6 mA cm-2. Conditions: [Fe2+]: 0.2 mM (EF-BDD 310 

and EF-DSA, [Na2SO4]: 50 mM, pH: 3. 311 

 312 
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To test the efficacy of the processes under examinations for the treatment of real wastewater, 313 

mineralization of a second wastewater effluent (SWE) collected from Guangzhou Liede 314 

sewage treatment plant (Table 1), was examined (Fig. 8). The TOC removal efficiencies were 315 

72%, 64% and 37% for EF-BDD, AO and EF-DSA processes under 16.6 mA cm-2, 316 

respectively, upon 480-min treatment time. Compared with the outstanding mineralization 317 

performance of synthetic OFLO solution (Fig. 7c), TOC removal efficiency was diminished 318 

for treatment of SWE. The decrease in mineralization efficiency during the treatment of SWE 319 

can be explained by (i) the presence of natural organic matter in SWE which could scavenge 320 

hydroxyl radicals that reduce the amount of •OH available for oxidation of OFLO and (ii) 321 

consumption of •OH in reactions with inorganic ions such as Cl– and HCO3
– present in SWE, 322 

with generation of less reactive radicals such as ClOH•– and CO3
•– [23], [40]. 323 

Table 1. Quality parameters of secondary wastewater effluent. 324 

pH COD TOC Cl– HCO3
– CO3

2– Na+ 

6.4 158 mg L-1 10.2 mg L-1 227 mg L-

1 

129 mg L-1 2.3 mg L-1 28.5 mg L-1 

 325 
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 326 

Fig. 8 Removal efficiencies of TOC in SWE with EF-BDD, AO and EF-DSA processes under 16.6 327 

mA cm-2. Operating conditions: [Fe2+]: 0.2 mM, [Na2SO4]: 50 mM, pH: 3. 328 

 329 

The relative contribution of homogeneous •OH under 4.2 (54%) and 8.3 (57%) mA cm-2 was 330 

higher than BDD(•OH) upon electrocatalysis time of 1 h  (Fig. 9). Subsequently, the 331 

contribution of •OH to the mineralization gradually slowed down and mineralization rate of 332 

OFLO is dominated by BDD(•OH) after electrocatalysis time of 4 h. This result can be 333 

explained by two reasons: (i) formation of a large amount of BDD(•OH) on the BDD anode, 334 

especially under high current densities and (ii) acceleration of electrons transfer rate leading to 335 

the mineralization of carboxylic acids [41], which are resistant to oxidation by •OH. When the 336 

current density increased to 16.6 mA cm-2, the relative contributions of BDD(•OH) reached to 337 

72%, 85%, 92% and 100% upon electrocatalysis time of 1, 2, 4 and 6 h, respectively. These 338 

results proved again that high current densities are advantageous to BDD(•OH) production in 339 

EF-BDD process. These results were consistent to the similar TOC removal efficiencies in EF-340 

BDD and AO processes under 16.6 mA cm-2 (Fig. 7), where the mineralization of OFLO was 341 

dominated by BDD(•OH). 342 
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Fig. 9 Relative contributions of homogeneous •OH and heterogeneous BDD(•OH) under 4.2, 344 

8.3 and 16.6 mA cm-2 upon electrolysis time of (a) 1 h, (b) 2 h, (c) 4 h and (d) 6 h in EF-BDD 345 

processes. Operating conditions: [Fe2+]: 0.2 mM, [Na2SO4]: 50 mM, pH: 3. 346 

 347 

3.4. Determination of absolute rate constant of oxidation of OFLO by •OH 348 

The absolute (second order) rate constant of oxidation of OFLO by •OH (kOFLO) was determined 349 

by competition kinetic method which is based on the competition for •OH between a substrate 350 

and a standard competitor for which the rate constant for its oxidation by •OH is known. Here, 351 

para-hydroxybenzonic acid (4-HBA) is taken as standard competitor because the rate constant 352 

of its oxidation by •OH is well-known as 2.19 × 109 M-1s-1.  353 
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 354 
Fig. 10 (a) Decay kinetics and (b) Apparent rate constants of OFLO and 4-HBA in EF-BDD 355 

under current density of 2.1 mA cm-2. Conditions: [Fe2+]: 0.2 mM, [Na2SO4]: 50 mM, pH: 3. 356 

 357 

The second order rate constant for oxidation of OFLO by •OH is then determined using Eq. 358 

(17) [12,42]. 359 

ln ቀ
[୓୊୐୓]బ

[୓୊୐୓]౪
ቁ = 

௞ೀಷಽೀ

௞రషಹಳಲ
 × ln ቀ

[ସିୌ୆୅]బ

[ସିୌ୆୅]౪
ቁ       (17) 360 

The rate constant for OFLO oxidation by OH can be determined from the slope of the linear 361 

plot of ln ([OFLO]0/[OFLO]t) = f (ln ([4-HBA]0/[4-HBA]t).  362 

Electrolysis were carried out under low current (2.1 mA cm-2) and short time (30 min) to avoid 363 

the interference of the intermediate formed, using same concentration (0.1 mM) of OFLO and 364 

4-HBA. Competitive degradation kinetics and determination of kOFLO are presented in Figs. 10 365 

and 11. The apparent rate constant for oxidative degradation of OFLO with •OH (0.08 min-1) 366 

was two-fold of the one between 4-HBA and •OH (0.04 min-1) and kOFLO was calculated to be 367 

3.86 × 109 M-1s-1 (Fig. 11). 368 
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Fig. 11 Determination of the absolute (second order) rate constant of oxidation of OFLO by 370 

•OH (kOFLO) using 4-HBA as standard competitor under current of 2.1 mA cm-2. 371 

 372 

3.5. Formation and evolution of short-chain carboxylic acids and inorganic ions in EF-373 

BDD process 374 

During the mineralization of 0.1 mM OFLO solution by EF-BDD process, six short-chain 375 

carboxylic acids were identified and followed upon electrolysis time of 8 h (Fig. 12(a)). Acetic, 376 

formic, oxamic and oxalic acids appeared at retention time of 9.2, 12.9, 14.2, and 15.7 min, 377 

respectively, during their analysis by ion-exclusion chromatography. Maleic and fumaric acids 378 

were detected in trace level. The concentration of carboxylic acids quickly reached peak values 379 

at the early stage of electrocatalysis time (120 min) and gradually decreased with further 380 

electrolysis time. Oxalic acid attained the highest concentration (0.33 mM) after 1 h of 381 

electrolysis. Oxalic and oxamic acids, which are resistant to the attack by •OH radicals [25], 382 

reached 0.16 and 0.01 mM upon electrocatalysis time of 4 h. After electrocatalysis time of 4 h, 383 

heterogeneous BDD(•OH) dominated the mineralization of short-chain organic acids (ultimate 384 

by-products) before mineralization to CO2 and H2O via direct electro-transfer oxidation 385 

reactions on the surface of BDD anode since the rate constant of carboxylic acids with 386 
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homogeneous •OH is pretty low [25]. These results are in agreement with the TOC decay values 387 

obtained in EF-BDD process (Fig. 7) and relative contributions of BDD(•OH) in Fig. 9.  388 
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 389 

Fig. 12 Time-course of identified carboxylic acids (a) and inorganic ions (b) generated during 390 

mineralization of 0.10 mM OFLO solution by EF-BDD process. Conditions: [Fe2+]: 0.2 mM, 391 

current density: 16.6 mA cm-2, [Na2SO4]: 50 mM, pH: 3. 392 

 393 

The target pollutant OFLO molecule contains N and F atoms, which can be released into 394 

solution as NH4
+, NO2

–, NO3
– and F–. The concentrations of NH4

+ and NO3
– increased with 395 

electrocatalysis time and gradually reached to plateaus, with cumulative concentration of 0.2 396 

mM NH4
+ and 0.07 mM NO3

– (Fig. 12(b)). The continuous increase in NH4
+ concentration is 397 

due to cathodic reduction of formed NO3
– to NH4 [19]. NO2

– was not detected in this study 398 

since no NO2
– generated during the mineralization process or the concentration of accumulated 399 

NO2
– formed is under the detection limit. About 90% of the nitrogen initially present in OFLO 400 

solution (0.3 mM) is detected as NH4
+ and NO3

–, and 10% lost in N can be explained by the 401 

probable formation of gaseous nitrogen compounds (N2, NOx, N2O5) [43]. As well, the 402 

concentration of accumulated F– increased rapidly during electrolysis time of 120 min, 403 

afterwards kept constant with little fluctuation. The mass balance for F is quasi-complete since 404 

the amount of F present in initial OFLO molecule (0.1 mM) was released as F– into the treated 405 

solution. 406 
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 407 

3.6. Toxicity assessment of OFLO and intermediates in EF-BDD process 408 

Generally, some intermediates formed during AOPs treatment would be more toxic than the 409 

initial organic pollutants, leading to types of environmental problems [44,45]. The 410 

transformation products (OTPs) identified during oxidation of OFLO, using HPLC and GC-411 

MS analyses were presented in Table 2. Two cyclic compounds (OTP5 and OTP6) were 412 

detected in addition of four main short chain carboxylic acids. In EF-BDD process, 413 

defluorination reaction occurred at the first stage of electrooxidation as shown in Fig. 12b. 414 

Meanwhile, piperazinyl ring was attacked by •OH/BDD(•OH) causing dealkylation. Short-415 

chain carboxylic acids generated through progressive oxidative cleavage of aromatic rings and 416 

further oxidation of aliphatics structures. Values of LC50, developmental toxicity and 417 

bioaccumulation factor of OTPs were calculated by quantitative structure activity relationship  418 

predication using Toxicity Estimation Software Tool (T.E.S.T.) software [46]. Acute toxicity 419 

expressed in LC50 value of OTP1, OTP2, OTP3 and OTP4 was 60.8, 11.8, 18.1 and 85 times 420 

that of OFLO (17 mg L-1), respectively, and these OTPs were considered as “not harmful” (Fig. 421 

13(a)). The developmental toxicity of OFLO (1.03) was higher than that of OTP1,  422 

Table 2. OFLO transformation products (OTPs) generated in EF-BDD process. 423 

Compound Molecular mass (g mol-1) Molecular structure Retention time (min) 

OFLO 361.1  27.2 

OTP 1 (Acetic) 60  9.2 

OTP 2 (Fumaric) 116  14.2 

OTP 3 (Oxamic) 89  15.5 
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OTP 4 (Oxalic) 90  15.7 

OTP 5 360  22 

OTP 6 326  25 

 424 

OTP2, OTP3 and OTP6 was considered “developmental toxicant” (Fig. 13(b)). Values of 425 

developmental toxicity proved that OTP4 and OTP5 were “developmental non-toxicant”. The 426 

bioaccumulation factor of OTPs (OTP1 (0.6), OTP2 (0.53), OTP3 (0.12), OTP4 (0.17), OTP5 427 

(0.67) and OTP6 (0.57) decreased more than 80% compared with that of OFLO (3.53) (Fig. 428 

13(c)). In short, the toxicity of OTPs was assessed as much lower than that of OFLO.  429 
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Fig. 13 Determination of acute toxicity (a); developmental toxicity (b) and bioaccumulation 431 

factor (c) of OFLO and OFLO transformation products (OTPs). Numbers 1 to 6 represent 432 

OTP1 to OTP6, respectively. 433 

4. Conclusions 434 

The present study explored the reactivity and mechanism of EF-BDD process for removal of 435 

the antibiotic ofloxacin from water. High current densities were found to be beneficial to 436 

generation of BDD(•OH) because of more converging decay kinetics rates of OFLO in EF-437 

BDD and AO processes. EF-BDD process was more efficient in removing solution TOC 438 

compared to AO process due to the simultaneous formation of homogeneous (•OH) and 439 
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heterogeneous (BDD(•OH)) hydroxyl radicals in the former one. For example, TOC removal 440 

efficiency of EF-BDD process under 4.2 mA cm-2 was better than that of AO process under 8.3 441 

mA cm-2. In EF-BDD process, the synergistic factor of •OH and BDD(•OH) decreased with 442 

current density rising from 4.2 (0.28) to 16.6 (-0.08) mA cm-2. The value of EC in EF-DSA 443 

(4.5 kWh (gTOC)-1) was more than two times of that in EF-BDD (2.1 kWh m-3) under 16.6 444 

mA cm-2. Evolution of carboxylic acids, inorganic ions (NH4
+, NO3

– and F–) and toxicity 445 

assessment in treated solution prove the complete mineralization of OFLO in EF-BDD process. 446 

This study show that EF-BDD process could provide great potential to treatment of antibiotics 447 

wastewater, and a balance need to be found between removal efficiencies and energy 448 

consumption with BDD anode.  449 
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