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Abstract 20 

 Electrochemical filters exhibited excellent properties of time saving and energy 21 

conservation and were widely used in water purification. In this work, an efficient 22 

method was proposed for degrading antibiotics including sulfamethoxazole (SMZ), 23 

ciprofloxacin (CIP) and amoxicillin (AMO) in both single system and mixed system 24 

by utilizing multi-walled carbon nanotubes (MWCNTs)-based electrochemical 25 

membrane. The effect of experimental parameters was investigated with respect to 26 

voltage, pH, temperature, initial pollutant concentration and sodium dodecyl benzene 27 

sulfonate (SDBS). The recycling experiments of MWCNTs-based electrochemical 28 

filter were also performed. Results revealed that the degradation efficiency could be 29 

enhanced by increasing the voltage and temperature, while it decreased with the 30 

increased initial pollutant concentration and the addition of SDBS. Degradation of 31 

SMZ and AMO was weakly affected by solution pH. However, the degradation 32 

efficiency of CIP in acidic or alkaline solution was much higher than that in neutral 33 

solution. Furthermore, the MWCNTs-based electrochemical membrane still exhibited 34 

high efficiency for antibiotic degradation after reuse of four times, which could 35 

facilitate the development of reproducible and low-cost pollutant-processing method. 36 

Noticeably, this membrane filter also presented high performance on simultaneously 37 

removing the multiple antibiotics with the efficiency order of AMO (98%) > SMZ 38 

(95%) > CIP (20%). The degradation mechanism of antibiotics by the 39 

MWCNTs-based membrane was analyzed and a clear explanation on the 40 

antibiotics-removed pathway was provided. These results indicated that the 41 

MWCNTs-based electrochemical membrane filtration may have potential to 42 

effectively treat multiple antibiotics in real wastewater. 43 

Keywords: Multi-walled carbon nanotubes, Multiple antibiotics, Reaction products, 44 

Oxidation mechanisms  45 
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1. Introduction 46 

Much effort are being made for purifying the waste water due to the massive 47 

industry-discharged inorganic/organic pollutants such as, chemicals, dyes, drugs and 48 

pesticides [1-3]. Due to the characteristics of complex structure, high strength, hard 49 

degradation, and high activity of their metabolites, antibiotic drugs released to 50 

aqueous environment inevitably cause water pollution [4, 5]. Therefore, antibiotics 51 

have put some challenges for waste water treatment, thus posing potential hazards to 52 

environment and health [6]. The types and concentrations of antibiotics in the aquatic 53 

environment are not the same for different countries and modes of use. Europe 54 

presents a north-south gradient, with usage in the north (Finland, Slovakia, etc.) 55 

significantly lower than in the south (Italy, Spain, etc.) [7]. However, there are 56 

significant east-west differences in China, with the average emission density of 57 

antibiotics in the eastern cities being 6 times that of the western cities [8]. According 58 

to reports, in 2013, the ratio of sulfonamides, quinolones and β-lactam antibiotics in 59 

Europe was 2.9%, 8.3% and 11.3%, respectively. However, their ratios in China are 60 

5%, 17% and 21%, respectively [7, 8]. Globally, the detection range of antibiotics has 61 

reached from ppm to ppt levels, even after the wastewater treatment plants (WWTPs). 62 

In Europe, including Croatia, Germany and Portugal, the concentration of 63 

sulfonamides after WWTPs was approximately 2 µg/l [7]. In Asia, quinolones and 64 

sulfonamides were found after WWTP in Beijing, with an average concentration of 5 65 

and 3 µg/L, respectively [9]. In South Korea, tetracycline and sulfonamides after 66 

WWTP are also at ppb levels [10]. However, it is well known that organisms in the 67 

environment are generally not exposed to a single compound but are exposed to a 68 

mixture of antibiotics [11]. Leung et al. reported that 89% of 113 samples of tap water 69 

in 13 Chinese cities contained 17 drugs [12] . Therefore, it is necessary and urgent to 70 

simultaneously remove multiple antibiotics and their conversion products. 71 

Traditional methods for removing antibiotics in water include coagulation, 72 

adsorption, and biological systems. They have certain limitations. A disadvantage of 73 

these conventional processes is that they do not real degrade the contaminants but 74 
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concentrate and transfer them to produce new waste that requires subsequent 75 

processing to remove the new waste [13, 14]. Hence, various new technologies have 76 

been subsequently studied to degrade antibiotics. Advanced oxidation processes based 77 

on electrochemical technology have attracted more and more attention as an 78 

alternative for traditional methods [15-17].  79 

Electrochemical oxidation refers to generating free radicals through a series of 80 

reactions in a certain container, such as solvated electron, •OH, •O2, and Cl• on the 81 

anode. These free radicals can decompose pollutants and the process is irreversible. 82 

Usually this method is also seen as a greener alternative to other approaches [18]. 83 

Several electrode materials were tested for the degradation of amoxicillin (AMO), the 84 

study showed that BDD had proven to be the best anode material at high current 85 

densities, forming a large number of hydroxyl radicals and other oxidants such as 86 

hydrogen peroxide, which contributed to the enhancement of oxidation and 87 

mineralization of AMO [19]. Recently, ceramic electrodes based on 88 

sub-stoichiometric titanium oxides, particularly Ti4O7 was systematically studied for 89 

degradation and mineralization of AMO [20]. However, the strict conditions, not 90 

enough efficiency and high operating costs due to high energy consumption were still 91 

the main drawbacks limiting the large-scale application of electrochemical processes. 92 

For example, the antibiotic amoxicillin was completely mineralized with BDD anodic 93 

Fenton, but the pH requirement was strong acid [21]. Homem et al. summarized that 94 

direct oxidation efficiency depended on the catalytic activity of the electrode, the 95 

diffusion rate of the anode active compound and the current, while the indirect 96 

oxidation was strongly dependent on the diffusion rate of the oxidizing agent in the 97 

solution, the temperature and pH [22]. In the electrochemical cell amoxicillin 98 

elimination was only 80% after 240 minutes of degradation [23]. Therefore, it is an 99 

urgent need to further improve the degradation efficiency of antibiotics using new 100 

approaches. 101 

Membrane filtration technologies were efficient ways of removing water 102 

micro-pollutants [24]. There have been some studies on the removal of 103 

micro-pollutants in water by carbon nanotube membranes. Wang et al. have studied 104 
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the pre-coagulation of wastewater by filtration through carbon nanotube membranes 105 

to remove acetaminophen, triclosan, caffeine and carbendazim [25]. Hybrid carbon 106 

membrane also was studied to remove tetracycline antibiotics in water [26]. 107 

Nanocomposite membranes containing single-walled and multi-walled carbon 108 

nanotubes (SWCNTs and MWCNTs) have been reported for the filtration of triclosan, 109 

acetaminophen and ibuprofen [27]. Acid-treated carbon nanotubes and Polyvinyl 110 

chloride (PVC) polymeric ultrafiltration membranes were also reported to remove 111 

bisphenol A and norfloxacin from drinking water [28]. Although membrane filtration 112 

has been used to remove more complex contaminants, it still was dependent on initial 113 

concentration, ionic strength, pH, membrane fouling and transmembrane pressure are 114 

challenges for membrane filtration [29].  115 

Compared to conventional filtration systems, electro-catalytic membranes with 116 

higher removal efficiencies can provide the removal of the target pollutants by both 117 

adsorptive filtration and electrochemical degradation under applied voltage, thus 118 

avoiding time-consuming requirements and lowering energy consumption [30]. 119 

Carbon nanotubes (CNTs) were a new type of porous structure adsorbents with good 120 

electrical conductivity and strong interaction with contaminants [31]. There were 121 

some studies have summarized coupling of membrane filtration and advanced 122 

oxidation processes for removal of pollutants [32, 33]. CNTs-based electro-catalytic 123 

membranes with appropriate size and configuration pores possessed three times 124 

higher performance than that of conventional polymeric electro-catalytic membranes 125 

without well-defined pores [34]. In addition, CNTs-based electro-catalytic membranes 126 

exhibited stable, conductive and porous three-dimensional networks for enhanced ion 127 

and molecular transport [35]. Liu reported that main mechanism of electrochemical 128 

membrane filtration depended on mass transfer, physical adsorption and electron 129 

transfer [36]. Recently, it was reported that carbon nanotube based filters use 130 

electrochemical catalysis to degrade pollutants. The first discovered electrochemical 131 

MWCNTs filter was used as a drinking water purification technology for pathogen 132 

removal and inactivation, whereby the application potential was developed [37]. A 133 

significant removal of bisphenol A with identical performance was also reported using 134 
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both pristine and boron-doped MWNTs-based filters [38]. Results showed that 135 

oxidation reaction dominates at a higher voltage (2-3 V) and surface adsorption 136 

played an important role under a lower voltage (0-1 V) [38]. Noticeably, CNT 137 

network cathode filter was developed to remove antibiotic tetracycline. Compared 138 

with perforated Ti cathode filter, CNT network filter is performed at a lower cell 139 

voltage to achieve similar performance, thus greatly reducing energy consumption 140 

[39]. Tetracycline was also degraded using a Nano-TiO2/carbon electro-catalytic 141 

membrane. It was found that the removal efficiency for tetracycline was almost 142 

independent on pH value and tetracycline was completely removed at the 143 

concentration of 50 mg/L [40]. A conductive cellulose-based cotton electrochemical 144 

filter was documented by incorporating CNT as fillers to remove ferrocyanide, methyl 145 

orange and antibiotic tetracycline [41]. Moreover, results showed that the maximum 146 

electrooxidation flux was 0.9 mol/h/m2 for 0.2 mmol/L tetracycline [41]. In the 147 

cross-flow filtration mode combined with electrochemical oxidation, the effects of 148 

permeate flux, contaminant concentration and current density on the mineralization 149 

efficiency of various organic compounds (oxalic acid, acetaminophen, phenol) were 150 

systematically evaluated [42]. The removal mechanism of p-nitrophenol, 151 

p-methoxyphenol and p-benzoquinone on the porous Ti4O7 reaction electrochemical 152 

membrane under anodic polarization was also investigated, which indicated that •OH 153 

was mainly formed by electrochemical reaction [43]. The perusal of the literature 154 

indicated that CNT-based electrochemical membrane filtration was applied for 155 

removing only single antibiotic in wastewater. No literature was reported on the 156 

application of electrochemical CNT-based membrane filtration to remove multiple 157 

antibiotics in wastewater. 158 

In this study, an electrochemical membrane filter was fabricated using MWCNTs 159 

as anode and perforated stainless steel as cathode for simultaneous removal of 160 

multiple antibiotics including sulfamethoxazole (SMZ), ciprofloxacin (CIP) and 161 

amoxicillin (AMO). We studied on the application of electrochemical CNT-based 162 

membrane filtration to degrade antibiotics in wastewater. And we systematically 163 

studied the simultaneously removal of multiple antibiotics. Background curve and 164 
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breakthrough curves were completed to investigate electron transfer and sorption 165 

processes, respectively. Experimental factors that influence the degradation efficiency, 166 

such as voltage, pH, temperature, concentration, sodium dodecyl benzene sulfonate 167 

(SDBS), recyclability were investigated. Mixed pollution systems included binary 168 

mixture (i.e., SMZ + CIP, SMZ + AMO, CIP + AMO) and ternary mixture (i.e., SMZ 169 

+ CIP + AMO). The electrochemical mechanism and the degradation products were 170 

also investigated. 171 

2. Materials and methods 172 

2.1 Chemicals and materials 173 

Sodium chloride (purity≥99.5%，NaCl) was purchased from Tianjin Fengchuan 174 

Chemical Reagent Technologies Co. Ltd. SMZ (purity ≥ 99%，C10H11N3O3S), CIP 175 

(purity ≥ 99%, C17H18FN3O3) and AMO (purity ≥ 99%, C16H19N3O5S) were 176 

obtained from Sigma-Aldrich. Porous MWCNTs (purity ≥ 95%, d = 750 nm and l = 177 

10-20 μm) were purchased from Chengdu Organic Chemistry Co., Chinese Academy 178 

of Sciences, China. Ultrapure water (18.25 MΩ·cm, produced by Barnstead 179 

SMART2PURE system, ThermoFisher Scientific) was used throughout the whole 180 

experiments. 181 

 The MWCNTs powders were dispersed in dimethyl formamide (DMF) and probe 182 

sonicating for 15min (ultrasound time was 3s, interval time was 4s, power was 400W). 183 

Then, the obtained MWCNTs dispersion was filtered onto a 5 um Poly tetra 184 

fluoroethylene (PTFE) membrane under vacuum condition. The MWCNTs membrane 185 

was washed with 100 mL of ethanol, 250 mL of ultrapure water to remove DMF 186 

before use, resulting in filter loading area was 706 mm2. NaCl was used as the 187 

background electrolyte (20 mM) to normalize ionic strength and conductivity, the 188 

influent concentration was 5 mg/L. 189 

2.2 MWCNTs Electrochemical Filtration Setup 190 

All filtration experiments were achieved using the improved electrochemical 191 

filtration casing as shown in Fig. 1 a and b. A porous MWCNTs network was put on a 192 

PTFE membrane (filtration area=706 mm2) and laid into the improved 193 

electrochemical filtration casing. Cathode was composed of a stainless steel network. 194 
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Anode was stainless steel network combined with porous MWCNTs network which 195 

were coated on PTFE membrane. Insulating Si-rubber O-ring with 1 cm thickness was 196 

used to seal and separate the electrodes. In order to strengthen the conductivity, the 197 

anodic stainless steel network was put onto the MWCNTs network. Typically, the 198 

influent flowed first through cathodic porous stainless steel networks, followed by 199 

anodic porous stainless steel networks, and finally an anodic MWCNTs network and 200 

PTFE membrane. 201 

2.3 Characterization 202 

The Background curve was implemented to characterize electrochemical 203 

properties. A three-electrode system was used in this study including MWCNTs 204 

working electrode, Ag/AgCl reference electrode, and a stainless steel wire counter 205 

electrode. This measurement was completed by an electrochemical workstation (CHI 206 

660D, Shanghai Chenhua Instrument Co. Ltd., China). The surface morphology of the 207 

membrane was determined by scanning electron microscopy (SEM). 208 

2.4 Breakthrough Curve Measurement 209 

In the absence of a power source, a breakthrough curve experiment was 210 

performed. The influent concentration was 5 mg/L and effluent aliquots were 211 

collected every 3 min until the effluent concentration was equal to the influent 212 

concentration. 213 

2.5 Evaluation of MWCNTs electrochemical filtration performance 214 

 In this study, three different antibiotics including SMZ, CIP and AMO were 215 

chosen to evaluate the filtration performance of MWCNTs electrochemical filtration 216 

membrane. The filtration experiments of different antibiotics were executed by a 217 

syringe filter. A syringe pumped ultrapure water at a speed of 1.5 mL/min to flush and 218 

calibrate the flow.  219 

The effect of experimental parameters including antibiotic concentrations (i.e., 5 220 

mg/L, 25 mg/L and 50 mg/L), voltages (i.e., 0 V, 1 V, 2 V and 3 V), pH values (3, 5, 7, 221 

9 and 11) and temperatures (15 ℃, 25 ℃ and 35 ℃) were investigated. The effect of 222 

SDBS with a concentration of 5 mg/L on degradation efficiency was also investigated. 223 

MWCNTs filter was washed by ethanol under vacuum condition after membrane 224 
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filtration for further use. 225 

Moreover, the mixed antibiotics solutions (i.e., binary system and ternary system) 226 

filtration experiments by MWCNTs-based electrochemical membrane filtration were 227 

also performed at 25 ℃. In the binary or ternary system, the concentration of each 228 

antibiotic was fixed at 5 mg/L. The total filtration volume was 100 mL. The effluent 229 

was collected every 5 min and analyzed by high performance liquid chromatography 230 

to confirm the target effluent concentration. 231 

2.6 Analytical methods 232 

The effluent was collected at given time intervals and its concentration was 233 

measured by an HPLC Series 1100 (Agilent, Waldbronn, Germany) equipped with a 234 

diode array detector (DAD). Noticeably, the effluent was first filtrated by 0.22 μm 235 

membrane filter with subsequent concentration analysis. The column was a C-18 236 

column (4.6 × 250 mm) at the temperature of 40 °C. The mobile phase was a mixture 237 

of acetonitrile (A) and 0.1% v/v formic acid (B) at the flow rate 1 mL/min. Gradient 238 

elution was performed using 5% A and 95% B for 8.0 min, followed by 15% A and 85% 239 

B for 12.0 min, and an equilibration time of 3 min and then back to initial value in 4 240 

min. The sample volumes for injection were all 20 μL and the wavelength of detector 241 

was 275 nm (SMZ and CIP) and 228 nm (AMO). Under these conditions, the 242 

retention times of SMZ, CIP, and AMO were 4.3, 7.9 and 24.7 min, respectively. 243 

A liquid chromatography mass spectrometry (LC–MS) (Agilent 1290/6460, 244 

Triple Quad MS, USA) was used to determine the intermediate products from SMZ, 245 

CIP and AMO degradations. For SMZ, the mobile phase was composed of acetonitrile 246 

(solvent A) and 0.1% formic acid dissolved in water (solvent B) in gradient flow. The 247 

elution program (mobile phase) for LC-MS analysis is as follows: from initial to 1 248 

min, solvent A and B was used in the ratio of 10:90 (A:B = 10:90); from 2 min to 6 249 

min, A:B = 40:60; from 7 min to 12 min, A:B = 60:40; from 13 min to 16 min, A:B = 250 

80:20 and from 17 min to 20 min, A:B = 10:90, respectively. For CIP, the mobile 251 

phase composition was acetonitrile (A) and water containing 0.1% formic acid (B) at 252 

a flow rate of 0.25 mL/min. the mobile phase composition (A/B) started at 10/90 (v/v) 253 

with a linear increase to 90/10 (v/v) in 7 min, where it was held for 4 min. Then the 254 
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gradient was returned to 10/90 (v/v) and kept for 5 min to allow for equilibration. For 255 

AMO, the mobile phase consisted of a mixture of solution A (0.1% formic acid in 256 

water) and solution B (0.1% formic acid in acetonitrile) with an initial composition of 257 

90% solution A and 10% solution B. The mobile phase composition changed linearly 258 

from 10% solution B to 40% at 10.0 min, then solution B was re-equilibrated to 259 

starting conditions in 0.5 min and maintained for 1.5 min. 260 

The mass spectrometer ionization source was operated in positive mode. The 261 

capillary and fragmentation voltages were 4000 and 100 V, respectively, the nebulizer 262 

pressure was 40 psi, and the temperature was 350 °C. The triple quadrupole mass 263 

spectrometer acquired data in multiple reactions monitoring mode. 264 

3. Results and discussion 265 

3.1 Electrochemical Filter Design and Characterization 266 

The schematic of the MWCNTs-based electrochemical filter was presented in Fig. 267 

1a and b. MWCNTs filter was operated anodically and was electrically connected via 268 

a perforated stainless steel wire. Another perforated stainless wire was connected to 269 

the DC power supply and was operated as the cathode. An insulating silicone rubber 270 

O-ring was used to separate the electrodes, and another insulating silicone rubber 271 

O-ring was used to densify this setup [44]. Fig. 1c presents the section of the 272 

MWCNTs membrane, which was about 20 μm thick and exhibited stacked layers 273 

structure with an effective filtration area of 706 mm2.  274 

Current - Voltage (I - V) curves for sodium chloride electrolyte solutions can be 275 

found in Fig. 2 the change curves of the transient current with applied voltage and 276 

current in NaCl solution with different concentrations at a flow rate of 1.5 mL/min 277 

were drawn. At the same concentration, the current increased with increasing voltage. 278 

At all voltage conditions, as the concentration increased, the current also increased. 279 

When NaCl was added, the current increased linearly with the potential above 2.0 V. 280 

This is related to the one-electron oxidation of chlorine: Cl- + e- → Cl• [44] (E° = 2.4 281 

V). The NaCl concentration at 20 mmol/L was selected in the whole experiments. 282 

3.2 Removal efficiencies of antibiotics using different methods 283 
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Both MWCNTs-based adsorptive filtration and electrochemical degradation can 284 

remove antibiotics. Fig. 3 compares the breakthrough plots for the removal of SMZ 285 

(Fig. 3a), CIP (Fig. 3b), and AMO (Fig. 3c). The three kinds of antibiotics used three 286 

different methods including MWCNTs-based adsorptive filtration, electrochemical 287 

degradation without MWCNTs membrane and MWCNTs-based electrochemical 288 

membrane filtration. For SMZ, the adsorptive filtration efficiency was only 20% after 289 

60 min, and electrochemical degradation efficiency was achieved at 75% after 60 min, 290 

while MWCNTs-based electrochemical membrane filtration efficiency reached 90% 291 

after 60 min. At time < 12 min, the efficiency of MWCNTs-based electrochemical 292 

membrane filtration was lower to the adsorptive filtration, suggesting that an 293 

electrostatic desorption occurred. Fig. 3b shows three kinds of removal efficiency for 294 

CIP. The adsorptive filtration efficiency was only 3% after 60 min, and 295 

electrochemical degradation efficiency was achieved at 60% after 60 min, while 296 

MWCNTs-based electrochemical membrane filtration efficiency reached 76% after 60 297 

min. At time < 18 min, the efficiency of MWCNTs-based electrochemical membrane 298 

filtration was lower than the adsorptive filtration. At time < 28 min, the efficiency of 299 

MWCNTs-based electrochemical membrane filtration was lower than electrochemical 300 

degradation, indicating that electrostatic desorption occurred when the voltage was 301 

applied. The results indicated that the absorption ability was suppressed when electric 302 

field was applied in a short time. Fig. 3c shows the adsorptive filtration efficiency for 303 

AMO was only 13% after 60 min, and electrochemical degradation efficiency was 304 

achieved at 94% after 60 min, while MWCNTs-based electrochemical membrane 305 

filtration efficiency reached 98% after 60 min. 306 

The physical sorption and the electrolysis were two major applied forces in the 307 

experiments, and the latter usually played a leading role [45]. When both physical 308 

sorption and the electrolysis simultaneously worked, the degradation efficiency of 309 

antibiotics was the best. 310 

Fig. 4a shows the adsorption breakthrough curve, Ceff/Cin versus T, in the absence 311 

of electricity for three kinds of antibiotics. In all cases, the concentration of the 312 

antibiotics in the effluent was below the limitation of detection prior to breakthrough, 313 
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indicating that all antibiotic molecules collided with the surface of the MWCNTs as 314 

they passed through the filter, causing them to be absorbed. The rapid adsorption can 315 

be attributed to its relatively strong van der Waals, π−π, and cation−π interactions 316 

with the sp2-conjugated MWCNTs [39]. Results showed that AMO was removed 317 

more quickly than SMZ and CIP. It also showed that the adsorption rate for AMO was 318 

higher than SMZ and CIP, and it was also much more exhausted than others. The 319 

absorption capacities for AMO, SMZ and CIP were 6.47, 5.52 and 1.49 mg/g, 320 

respectively. Due to the thin film properties of the filter, the total removal capacity of 321 

the MWCNTs filter was relatively low compared to other membrane filtration 322 

(displayed in Table S1). As shown in Fig. 4b, AMO was the easiest to be electrolyzed, 323 

followed by SMZ and CIP. Noticeably, the removal efficiency for CIP was higher than 324 

SMZ at the time less than 30 min, nevertheless, the removal efficiency for CIP was 325 

lower than SMZ at the time more than 30 min owing to the different structures. 326 

According to Fig. 4c, after an hour of MWCNTs-based electrochemical membrane 327 

filtration, AMO was almost completely degraded, followed by SMZ (90%) and CIP 328 

(76%). Compared to other electrochemical membrane filtration, it also showed 329 

excellent degradation efficiencies (displayed in Table S2).  330 

3.3 Effects of cell voltage 331 

The degradation efficiencies of SMZ, AMO and CIP at four different applied 332 

voltages (i.e., 0, 1, 2 and 3 V) using MWCNTs-based electrochemical membrane 333 

filtration were investigated (displayed in Fig. 5). Results showed that the steady-state 334 

effluent concentrations were achieved after 30 min, 50 min and 15 min for SMZ, CIP 335 

and AMO, respectively. Moreover, the removal efficiencies increased with the 336 

increasing voltage for all the antibiotics, which indicated that a stronger electric field 337 

resulted in more efficient degradation. Fig. 5a shows the results of electrochemical 338 

filtration of SMZ. It was noted that SMZ degradation efficiency at 1 V was nearly 339 

identical to that at 0 V, indicating that the voltage was too low to activate the 340 

production of reactive species on the surface of the MWCNTs anode. The removal 341 

efficiencies were 70% and 90% at 2 and 3V, respectively. The absence of SMZ 342 

breakthrough at 2 and 3V suggested that the main SMZ loss mechanism was 343 
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oxidation. Fig. 5b shows the influence voltages on CIP removal efficiency. Results 344 

showed that the removal efficiency at 1V was similar to that at 0V, and the removal 345 

efficiency at 2V was similar to that at 3V. Fig. 5c shows that the application of 1V 346 

results in a slight decay in AMO breakthrough as compared to 0V conditions. The 347 

removal efficiencies for AMO were >82% and >98% at 2 and 3 V, respectively. The 348 

results were similar to SMZ and CIP electrochemical filtration results. Compared to 349 

the application of 0 V, the slight improvement observed at 1 V was attributed to 350 

electrostatic attraction thus enhancing mass transfer by migration from bulk to surface 351 

[46]. However, compared to the application of 1V, an obvious degradation was taking 352 

place at both 2 and 3 V. As the voltage increased, the number of generated electrons 353 

increased, the content of free radicals increased, and the removal rate of contaminants 354 

increased [39]. There is a conjugation effect and van der Waals force between 355 

antibiotics and MWCNTs, and the adsorption force is stronger. When the voltage is 356 

applied, the degradation rate of these antibiotics were greatly increased [47].  357 

Overall, rapid removal of antibiotics in aqueous solution occurs when the 358 

charging voltage exceeded 2 V, and removal was inefficient when the voltage was 359 

decreased to 1 V. For MWCNTs-based electrochemical membrane filtration, 360 

antibiotics remaining in the solution followed pseudo-first-order decay during the 361 

experiment (Eq. (1)). 362 

0

ln t

app

c
k t

c

 
  

 
                                                     (1) 363 

It was consistent with study of Zheng et al [49]. Apparent rate constants for 364 

antibiotics removal (𝑘𝑎𝑝𝑝) as a function of voltage applied are shown in Table 1. A 365 

higher voltage led to a higher of the value of 𝑘𝑎𝑝𝑝. When the voltage was 3 V, the 366 

degradation velocity of these antibiotics was AMO (0.061 s-1) > SMZ (0.035 s-1) > 367 

CIP (0.023 s-1). 𝑘𝑎𝑝𝑝 at 0 V and 1 V were the same order of magnitude, 𝑘𝑎𝑝𝑝 at 2 V 368 

and 3 V were the same order of magnitude. For example, 𝑘𝑎𝑝𝑝 at 2 V and 3 V were 369 

10 times of the 0 V and 1 V. 370 

3.4 Different concentrations of antibiotics 371 

The WWTPs concentration was far above at ppb level, even reaching ppm level. 372 
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Therefore, three different concentrations (5 mg/L, 25 mg/L and 50 mg/L) of 373 

antibiotics were tested to investigate the degradation performance. Fig. 6 illustrates 374 

the removal efficiency of these antibiotics at different initial concentrations. It was 375 

observed that the removal efficiency of SMZ, CIP and AMO decreased from 90%, 75% 376 

and 99% to 51%, 43% and 16%, respectively, with the initial concentration of 377 

antibiotics increased from 5 mg/L to 50 mg/L. It is due to the fact that the same 378 

filtration volume and operating conditions of the electro-catalytic membrane, the 379 

amount of • OH generation should be constant. Therefore, at higher initial 380 

concentrations, the limited and constant •OH does not destroy much more antibiotic 381 

and its intermediates [48]. Hence, this appliance could adapt to pollution with low 382 

concentration and achieved high degradation efficiency. It could potentially be applied 383 

in practical antibiotic wastewater treatment. 384 

3.5 Effects of pH and temperature 385 

The pH and temperature are factors that affect the electrochemical degradation of 386 

the membrane. Raising the temperature can decrease the solution viscosity and 387 

increase the mass transport rate from solution to the membrane surface, which will 388 

promote to generate more electrons and free radical, thus, much more •OH will be 389 

produced to degrade antibiotics as well as it intermediates. The pH is considered an 390 

important factor since it mostly affects the speciation of the pollutants and the redox 391 

potential of the generated oxidant.  392 

In order to elucidate whether these antibiotics can be effectively degraded in a 393 

wide pH range, electrochemical membrane filtration degradation of these antibiotics 394 

was conducted under five pH conditions (i.e., pH = 3, 5, 7, 9 and 11). As shown in Fig. 395 

7, removal efficiencies for SMZ and AMO were almost independent on pH values. 396 

SMZ and AMO removal efficiencies were high and remain almost constant. However, 397 

electrochemical membrane filtration degradation of CIP was strongly pH-dependent. 398 

The removal efficiency under acidic or alkaline environment was higher than that 399 

under neutral environment. The reason may be that target contaminant (i.e., SMZ, CIP 400 

and AMO) in the solution had different forms at different pH value (see Fig. 8), thus 401 

affecting the degradation mechanism of the pollutants [49, 50]. For SMZ, when pH <  402 
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pKa1, the target contaminant was protonated and the molecule was positively charged, 403 

which prevented the unshared pair electrons delocalizing from N atom to aromatic 404 

ring and reduced their reactivity to electrophilic free radicals. When pH > pKa2, -NH 405 

sulfonamide group deprotonated could reduce electron withdrawing effect on the 406 

aniline group, which enhanced its ability to radical oxidative activity [51]. It is well 407 

known that •OH was an electron-deficient group belonging to an electrophile that 408 

attacked a negatively charged molecule [51]. Eq. (2) and (3) shows that superoxide 409 

anions (O2•
-) would be favorably stable at a neutral to alkaline pH, the removal 410 

efficiency increased with a higher pH. While at an acidic pH, the formation of 411 

hydrogen peroxide (H2O2) would be favored [38]. Notably, when the pH of the 412 

solution decreased, the oxidation efficiency on the electrode surface decreased, and 413 

thereby enhanced the oxidation capacity of the system. In addition, low pH values 414 

also enhanced the effect of Cl- on the removal efficiency of target pollutants, despite 415 

the low concentration of Cl- in wastewater. When the pH value was 3, the main active 416 

chlorine substance was Cl2. From pH 3 to 8, the dominant species was HClO. Because 417 

HClO (E° = 1.49 V/SHE) and Cl2 (E° =1.36 V/SHE) showed higher oxidation 418 

reduction potential than ClO- (E° =0.89 V/SHE), there was no doubt that the reaction 419 

in acidic solution can also be performed [52]. Therefore, whether it is acidic, neutral 420 

or basic, the removal efficiency can get to a decent state.  421 

2O2•
-+H2O↔HO2•+OH- (2)                       

2O2•
-+2H2O→2OH-+ H2O2+O2 (3) 

Temperature is associated with effluent treatment performance. In general, the 422 

removal efficiency increased with the increase of environment temperature, which 423 

was due to the increase in the adsorption and oxidation load [36]. As illustrated in the 424 

Fig. 9, increasing temperature could accelerate the degradation of contaminates. For 425 

example, SMZ removal efficiency was 77%, 90%, 96% at the temperature of 15 ℃, 426 

25 ℃, 35 ℃, respectively. Increasing the temperature could reduce the viscosity of 427 

the solution, thus increasing the mass transfer rate of the solution to the membrane 428 

surface, and generating more electrons and holes [40]. Therefore, more •OH would 429 

be produced to degrade antibiotics and their intermediates. The effect of temperature 430 
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on degradation efficiencies for these antibiotics was in the order SMZ > CIP > AMO. 431 

3.6 Effects of SDBS 432 

SDBS, a typical representative of anionic surfactant, was widely used to increase 433 

the dispersity and stability of MWCNTs, and was selected as a model dissolved 434 

natural organic matter due to the prevalence of substances in surface water and 435 

wastewater effluent [53]. In our experiments, electrochemical membrane filtration 436 

process was conducted with the SDBS concentration of 5 mg/L. Results showed that 437 

antibiotics degradation in the presence of 5 mg/L SDBS was 7%, 8% and 1% lower 438 

than that without SDBS for SMZ, CIP and AMO, respectively (shown in Fig. 10). 439 

Among the targeted pollutants including AMO, SMZ and CIP, SDBS has the most 440 

significant effect on the degradation of CIP while it exhibited the weakest effect on 441 

AMO. This could be due to the specific molecular structure of SDBS. On the one 442 

hand, the strong π-π electron-donor-acceptor interaction between the benzene ring of 443 

SDBS molecule and the MWCNTs could compete for the absorption sites. On the 444 

other hand, the hydrophobic tail (12-carbon alkyl chain) of SDBS may be bound to 445 

the surface of MWCNTs through hydrophobic attraction. Song et al pointed out that 446 

the adsorption capacity of sediment for SDBS was enhanced as a result of the 447 

incorporation of MWCNTs [54]. So there may be a competitive relationship between 448 

SDBS and these antibiotics. 449 

3.7 Reusability of membrane 450 

Antibiotics may accumulate in the channels of the MWCNTs during degradation 451 

process, thus causing severe membrane fouling. MWCNTs-based electrochemical 452 

filter membrane fouling was monitored by conducting four cycles of degradation 453 

experiments to examine the reusability of the filter membrane. All cycles were carried 454 

out with the same conditions (20 mM NaCl, 1.5 mL/min, 60 min). As shown in Fig. 455 

11, the degradation efficiencies gradually decreased for all the three kinds of 456 

antibiotics after each cycle of reuse. Noticeably, the removal efficiency was only 65%, 457 

60% and 90% at the 4th cycle for SMZ, CIP and AMO, respectively, which exhibited 458 

72%, 79% and 92% degradation performance for SMZ, CIP and AMO, respectively, 459 

when compared to the first cycle. Among them, AMO had the highest degradation 460 
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efficiency. The loss of degradation efficiency was probably attributed to the high 461 

molar mass products formed during SMZ and CIP oxidation as described later, which 462 

could accumulate and jam the membrane access and bring about higher mass transfer 463 

resistance [24]. The degradation ability of these antibiotics was: AMO>SMZ>CIP. 464 

This result indicated that the MWCNTs membrane had excellent reusability for 465 

electrochemical degradation, and this membrane has potential for practical 466 

applications. 467 

3.8 Effects of simultaneous removal of SMZ, CIP, and AMO 468 

Under the optimal parameter conditions in electric filtration, the removal of 469 

mixed contamination experiments was conducted to determine the combined removal 470 

effects. As illustrated in Fig. 12, this group of experiments was divided into four 471 

categories. In Fig. 12a, binary mixtures of SMZ and AMO were decomposed 472 

simultaneously, AMO was nearly completely removed, and SMZ was only removed 473 

60% within 60 min. SMZ and CIP were also degraded simultaneously (shown in Fig.e 474 

12b,). Results showed that both SMZ and CIP were nearly completely removed within 475 

60 min. Nevertheless, the effluent concentrations of CIP and AMO binary solution 476 

were both remained 12% after 60 min (displayed in Fig. 12c). Ternary systems were 477 

also investigated in which SMZ, CIP and AMO were simultaneously added to the 478 

apparats (shown in Fig. 12d). Results showed that SMZ and AMO could be removed 479 

thoroughly, while CIP was only removed 20%. In the experiments, SMZ, CIP and 480 

AMO can be simultaneously removed at different degree. It was supposed that 481 

degradation of AMO was the most simple owing to its structure, the next was SMZ, 482 

the most difficult to be removed was CIP. Different molecular configuration led to 483 

different electrochemical filtration behaviors. From the perspective of chemical 484 

structure, AMO lactam ring was easily affected by external chemical environment, 485 

such as acid, alkali, heat, nucleophile attack, which was prone to degradation by 486 

opening loop [55]. In addition, multiple chiral centers and unsaturated double bonds 487 

made AMO were prone to isomerization [56]. Moreover, some chemical structures of 488 

the side chains were also prone to degradation or isomerization [7]. Considering the 489 

different molecular structures, the discrepancy in the degradation between SMZ and 490 
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CIP can be explained. Since SMZ was comprised of benzene and isoxazole ring with 491 

chain linkage whereas CIP had piperazine and quinolone ring connected by short 492 

connection, the electron density of SMZ was expected to be lower than CIP [57]. In 493 

this system, •OH played a more important role in SMZ and CIP oxidation. A 494 

theoretical calculation indicated that the N-S bond, C-N bond, C-S bond, and the C-C 495 

bond (benzene ring) in SMZ molecule, were easily broken by the attack of •OH [58], 496 

while another calculation shows that the reaction site of •OH attack CIP was C-F 497 

bond, C-N bond and C-C bond (benzene ring) [59]. Thus, compared to SMZ, CIP 498 

degradation by MWCNTs-based electrochemical membrane filtration was found to be 499 

less efficient. 500 

3.9 Identification of transformation by-products 501 

There are 11 intermediates had been detected through LC-MS analysis during 502 

SMZ degradation by electrochemical membrane filtration. All intermediates 503 

compounds identified were given in Table 2a and proposed a possible oxidation 504 

mechanism. The main reaction pathways were summarized in Fig. 13a.  505 

 The first pathway was the oxidation of amino groups of benzene ring and the 506 

formation of the nitro-derivative of SMZ. Compound C1 yielded an m/z ratio of 284. 507 

There was a large body of literature that indicated that the amino group was oxidized 508 

to nitro [60-62]. Then the opening of the isoxazole ring was assessed by identifying 509 

compound C2. Afterwards, the loss of one carbonyl group generated the intermediate 510 

C3 at the m/z of 246. It was obvious that the mass spectrum C3 increased significantly 511 

at 40 minutes and decreased at 60 minutes, indicating that it was a characteristic 512 

intermediate product. Due to the strong electron-withdrawing effect of the nitro group, 513 

the nitro group was conjugated to the benzene ring, then the link between the benzene 514 

ring and the sulfur disconnected, so compound C4 was gained. The second pathway 515 

involved the attack of the hydroxyl radical on the isoxazole ring and then the 516 

substitution of the amino group by a hydroxyl group in the benzene ring, which was at 517 

the m/z of 271 (C5), which was in line with the previous reports [63]. Then owing to 518 

the attack of •OH radicals to the double bond on the isoxazole ring, the 519 

dihydroxylated compound C6 was formed. This intermediate was the same as C3, 520 
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with a maximum yield of 40 minutes and a decrease of 60 minutes, suggesting that the 521 

pathway was reliable. The opening of the isoxazole ring and taking out one molecule 522 

of carbonyl was figured out by recognizing compound C7. Ultimately, compound C8 523 

was formed at the m/z of 140. The third pathway was that, the sulfonamide S-N bond 524 

of SMZ was readily cleaved by the attack of oxidizing species, leading to the 525 

formation of C9. As to the formation of C10 at the m/z of 118 was due to the attack of 526 

•OH radicals, and the formation of C11 at the m/z of 179, similar intermediates had 527 

also been identified in photocatalytic degradation reported by Ioannidou et al [60].  528 

Judging from the identified by-products, the following reaction pathways for CIP 529 

degradation were proposed (shown in Fig. 13b). There were 12 intermediates that had 530 

been detected through LC-MS analysis during CIP degradation by our methods. All 531 

intermediates compounds identified were given in Table 2b and a possible oxidation 532 

mechanism was proposed. 533 

Degradation was mainly due to two reasons. On one hand, oxidation of 534 

quinolones occurred thus leading to defluorination and hydroxyl substitution reactions. 535 

On the other hand, the reaction at the piperazinyl ring was taken place [64]. The 536 

similar degradation mechanism was also proposed by some studies using either 537 

electrochemical oxidation or activated-persulfate degradation [65-67]. In our work, 538 

both mechanisms described above were put forward simultaneously. Reaction at the 539 

stepwise oxidative degradation of the piperazinyl side chain was found 10 kinds of 540 

compounds. The oxidation of the piperazinyl leaded to ring opening, generating the 541 

di-aldehyde derivative m/z 362 C4. Then, the degradation was continued in two ways. 542 

The loss of one formaldehyde group of the piperazinyl group after oxidation to obtain 543 

two isomers C5, and the other was defluorination on the quinolone group to obtain C6.  544 

Then the piperazinyl group gradually removed the formaldehyde group to obtain C7 545 

and C8, respectively, followed by the loss of formaldehyde from amine side chain to 546 

obtain C9. The secondary pathway was the self-sensitized oxidation of quinolone ring, 547 

followed by decarbonization and N-dealkylation on piperazine ring, and product C1 548 

was obtained. The third pathway appeared to take place via the addition of two 549 

oxygen atom that produced the dihydroxy derivative of piperazinyl ring (C2), and 550 

Ac
ce
pt
ed
 M
S



then with another hydroxyl radical addition to the parent molecule get C3. The fourth 551 

pathway was the intermediate product, C10, resulted from hydroxyl radical attacking 552 

at the fluorine atom, followed by the hydroxylation resulting in the formation of C11 553 

and C12, successively. 554 

 Analysis by LC-MS allowed the detection and identification of 7 intermediates 555 

during AMO degradation. All intermediates compounds identified were given in Table 556 

2c and a possible oxidation mechanism was proposed. The main reactions pathways 557 

were summarized in Fig. 13c. 558 

 Degradation was mainly owing to three kinds of reasons. The first was due to the 559 

fracture of the β-lactam ring, the second was due to the oxidation of sulfur atom, and 560 

the third was cracked at the aromatic [68-70]. In our research, the first pathway began 561 

with the attack of oxidants (e.g., HO•, Cl•) on sulfur atom of AMO, resulting in the 562 

formation and hydroxylation of the sulfoxide derivatives (C1) and successively 563 

forming complex compound (C2). Another pathway was initialized by the destruction 564 

of the four-membered β-lactam ring, thus yielding the penicilloic acid (C3), which 565 

contained a free carboxylic acid group. Decarboxylation of the free carboxylic acid 566 

occurred and generated the intermediate C4. The third degradation pathway was 567 

formed by the cleavage of AMO molecules on peptide bonds closer to the aromatic 568 

ring to form p- hydroxybenzoic acid (C5) and a dicyclolactam product C6. Then C6 569 

was degraded into an open-chain structure (C7).  570 

3.10 The electrochemical filtration mechanism 571 

The organic electrochemical filtration reaction mechanism followed a multi-step 572 

process: firstly, deposition and adsorption of antibiotics onto the electrode surface (Ep. 573 

(4)). Secondly, antibiotics degraded and molecular transformed. The electrochemical 574 

filter degradation of antibiotics may occur through two primary mechanisms, the 575 

direct oxidation of antibiotics in contact with MWCNTs anode, and the indirect 576 

oxidation of antibiotics through anodic production of some aqueous oxidants (e.g., 577 

HO•, Cl• ) [18, 32, 33, 36, 37, 71]. These antibiotics degradation mechanisms were 578 

shown in Fig. 14. Direct oxidation was the oxidation of antibiotics adhered to the 579 

MWCNTs electrochemical filter, which was an electron process (Ep. (5)). Indirect 580 
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oxidation possessed two steps. The first step produced some solvated radicals on the 581 

anode (Ep. (6)). The second step was that antibiotics were oxidized by the produced 582 

oxidants step by step (Ep. (7)). According to the previous research, when anodic 583 

potential < 0.8 V, direct oxidation played the main role in the system, once the anodic 584 

potential was increased to > 0.95 V, the effluent concentration began to decrease with 585 

increasing potential indicating that indirect and direct oxidation occurred 586 

simultaneously [39]. Thirdly, the degradation product exfoliated. In addition, the 587 

degradation of antibiotics partly might be caused by electrocoagulation due to the 588 

dissolution of the porous stainless steel. 589 

In order to determine the effect of the indirect pathway on the electrochemical 590 

oxidation of antibiotics on MWCNTs electrode, the relevant experiments were 591 

conducted by adding appropriate radical scavengers. Tertiary butanol (TBA) with 592 

concentration of 5 mM was used as the HO• radicals scavenger and 5 mM 593 

benzoquinone (BQ) was used as O2•
- radicals scavenger. As shown in Fig. 15, SMZ 594 

removal efficiency decreased 37.6% by adding TBA while it decreased 10.3% by 595 

adding BQ, CIP removal efficiency decreased 25.1% by adding TBA while it 596 

decreased 7.5% by adding BQ, AMO removal efficiency decreased 12.3% by adding 597 

TBA while it decreased 5.2% by adding BQ, which meaned that the HO• radicals 598 

accounted for the primary role of indirect electrochemical oxidation for antibiotics 599 

degradation and the effect of O2•
- radial just played subsidiary role. 600 

4. Conclusions 601 

In this work, three kinds of antibiotics including SMZ, CIP and AMO were 602 

simultaneously removed in binary and ternary systems using electrochemical filter. 603 

The main conclusions were as follows: 1) MWCNTs-based electrochemical 604 

membrane filtration comprised of a composite conductive electrochemical filter 605 

Antibiotics + MWCNTs → Antibiotics • • • MWCNTs (4) 

Antibiotics • • • MWCNTs + e- → Degradation products (5) 

MWCNTs + Ox- (H2O, Cl-) → MWCNTs+ Ox• (HO•, O2•
- Cl•) (6) 

Antibiotics + Ox• (HO•, O2•
- Cl•) → Degradation products (7) 
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membrane anode and a stainless steel network cathode. 2) After 60 min of 606 

electrochemical filtration process, in single system, degradation of SMZ, CIP and 607 

AMO was 90%, 76% and 98%, respectively. In both binary and ternary systems, 608 

degradation efficiencies were in the order of AMO > SMZ > CIP. 3) Degradation 609 

efficiency was enhanced by increasing the voltage and temperature, while it decreased 610 

with the increased initial concentration and the addition of SDBS. The degradation 611 

efficiencies of SMZ and AMO were independent on solution pH. However, the 612 

degradation efficiency of CIP was higher in acidic or alkaline than that in neutral 613 

solution. It still exhibited good antibiotics degradation efficiency after four time 614 

cycles reuse. 4) Hydroxylation, cleavage of sulfonamide S-N bond and oxidation of 615 

aniline moiety were found to be the major pathways, which was responsible for SMZ 616 

degradation. The oxidation of quinolone ring and the reaction at the piperazinyl ring 617 

were the major pathways of CIP. The fracture of the β-lactam ring, the oxidation of 618 

sulfur atom and the crack at the aromatic were the reasons of AMO degradation. 5) 619 

Both direct oxidation and indirect oxidation affected the degradation of antibiotics. In 620 

summary, MWCNTs-based electrochemical membrane filtration was successful in 621 

degrading multiple antibiotics and this study offers a promising technology to lessen 622 

the hazardous effects of multiple antibiotics in nature. 623 
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