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A B S T R A C T   

This study investigates the behavior and intracellular changes in Escherichia coli (model organism) during electro- 
oxidation with Ti/Sb–SnO2/PbO2 anode in a chlorine free electrochemical system. Preliminary studies were 
conducted to understand the effect of initial E. coli concentration and applied current density on disinfection. At 
an applied current density 30 mA cm− 2, 7 log reduction of E. coli was achieved in 75 min. The role of reactive 
oxygen species’ (ROS) in E.coli disinfection was evaluated, which confirmed hydroxyl (•OH) radical as the 
predominant ROS in electro-oxidation. Observations were carried out at cell and molecular level to understand E. 
coli inactivation mechanism. Scanning electron microscopy images confirmed oxidative damage of the cell wall 
and irreversible cell death. Intracellular and extracellular protein quantification and genetic material release 
further confirmed cell component leakage due to cell wall rupture and degradation due to •OH radical inter-
action. Change in cell membrane potential suggests the colloidal nature of E. coli cells under applied current 
density. Plasmid deoxyribonucleic acid degradation study confirmed fragmentation and degradation of released 
genetic material. Overall, effective disinfection could be achieved by electro-oxidation, which ensures effective 
inactivation and prevents regrowth of E. coli. Disinfection of real wastewater was achieved in 12 min at an 
applied current density 30 mA cm− 2. Real wastewater study further confirmed that effective disinfection is 
possible with a low cost electrode material such as Ti/Sb–SnO2/PbO2. Energy consumed during disinfection was 
determined to be 4.978 kWh m− 3 for real wastewater disinfection at applied current density 30 mA cm− 2. Cost of 
operation was estimated and stability of the electrode was studied to evaluate the feasibility of large scale 
operation. Relatively low energy and less disinfection time makes this technology suitable for field scale 
applications.   

1. Introduction 

Disinfection plays a crucial role in determining the quality of 
drinking water and treated wastewater. Conventional and large-scale 
wastewater treatment technologies such as chlorination, ultraviolet 
(UV) irradiation, ozonation and solar treatment have been employed for 
disinfection for several years now (Jin et al., 2019). However, the widely 
adopted disinfection process is the chlorination. Chlorination though 
cost-effective suffers from limitations such as formation of carcinogenic 
intermediates viz; chloro-organics and chloramines, presence of residual 

chlorine, unpleasant taste, failure to inactivate certain group of bacteria 
and inability to prevent regrowth in the absence of residual chlorine 
(Dan et al., 2013; Jin et al., 2019; C. Zhang et al., 2021). 

In recent times, advanced oxidation processes (AOP) such as electro- 
Fenton, electro-peroxi coagulation, electro-coagulation, pulsed power 
technology, photocatalysis, etc., have been widely studied for disinfec-
tion of water and wastewater (Foster et al., 2011; Kourdali et al., 2018; 
Singh et al., 2016). Electro-oxidation process (EOP) is one such AOP, 
which is a promising disinfection process and offer several advantages 
viz; ease of installation, operation and maintenance, effective 
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disinfection of wide array of bacteria, and less land requirement (Long 
et al., 2015). EOP is a heterogeneous process, where electric potential is 
applied across electrodes and •OH radicals are generated when water is 
discharged at the anode (Eq. (1)) (Cuerda-Correa et al., 2020).  

M + H2O → M (•OH) + H+ + e− (1) 

M (•OH) denotes physisorbed hydroxyl radical on the anode (M) 
surface. 

In EOP, the anode material and generated ROS determines the effi-
ciency of disinfection. Anodes can be briefly classified into active anodes 
and non-active anodes. In case of active anodes, •OH radicals generated 
strongly interact with the anode surface and becomes chemisorbed. The 
chemisorbed •OH radicals at the anode surface participate in direct 
oxidation of pollutants. Thus, the oxidation of pollutants at the surface 
of active anodes are incomplete and results in transformation of pollut-
ants. Platinum electrodes, mixed metal oxide electrodes and dimen-
sionally stable electrodes namely iridium oxide and ruthenium oxide are 
active anodes (Jiang et al., 2021; Rajasekhar et al., 2021). In case of 
non-active anodes, •OH radicals are weakly bound and are physisorbed 
at the anode surface. Physisorbed •OH radicals are readily available for 
interaction with the pollutants resulting in complete mineralization. 
Examples of non-active anodes include boron-doped diamond (BDD), 
lead oxide (PbO2) and tin oxide (SnO2) (Rajasekhar et al., 2020, 2021). 
Widely studied non-active anode for E. coli disinfection by EOP is BDD 
(Bruguera-Casamada et al., 2016; Lacasa et al., 2013; Li et al., 2010; 
Long et al., 2015; Thostenson et al., 2018) Non-active anode such as BDD 
can effectively disinfect water and wastewater. However, the cost of 
electrode fabrication is high, which makes it unsuitable for large scale 
applications (Rajasekhar et al., 2020). One of the cost effective and 
non-active is PbO2 with an oxygen over potential of 1.6– 

2.0 V/SHE (Elaissaoui et al., 2019; Martínez-Huitle et al., 2015; 
Panizza and Cerisola, 2009; Rajasekhar et al., 2020). PbO2 electrode is 
equally efficient as BDD but cost effective due to easy fabrication and has 
comparatively long service time (Xia et al., 2019). 

Electrooxidation of pollutants such as azo dyes (Acid Orange 7, Acid 
Red G), persistent organic pollutants (para-aminophenol, per-
fluorocarboxylic acid, bisphennol-A), inorganic compound (hydrazine), 
surfactants (perfluorooctanoic acid), pesticide (nitenpyram), herbicide 
(linuron), alkanes and PAHs using PbO2 electrodes are previously re-
ported (Abu Ghalwa et al., 2016; Lin et al., 2012; Rajasekhar et al., 2021; 
Weng and Yu, 2019; Xia et al., 2019; Xue et al., 2011; Yang et al., 2020; 
Yuan et al., 2019). However, papers on disinfection using PbO2 are 
limited. Furthermore, these studies have demonstrated only the ability 
of PbO2 in disinfecting E. coli, Enterococcus faecalis, total coliforms and 
fecal coliforms. S. Chen et al. (2016) studied the disinfection efficiency 

of graphite felt/PbO2 on synthetic ballast water containing E. coli, and 
Enterococcus faecalis. On the other hand, Rahmani et al. (2019) evalu-
ated the effect of operating parameters such as electrolyte concentra-
tion, applied current density, pH, electrode material (stainless 
steel/PbO2 and lead/PbO2) and total dissolved solids on disinfection 
efficiency in synthetic wastewater containing total coliform and fecal 
coliform. However, effectiveness of the EOP disinfection to prevent the 
regrowth of bacteria using PbO2 is not evaluated. 

In microorganisms, the cell wall protects the cell organelles and 
maintains cell integrity. Cell proteins, enzymes, and genetic material 
play an important role in cell metabolism and survival. Reported 
disinfection studies suggest that predominant E. coli (model organism) 
death/inactivation in an EOP is due to oxidative damage of cell mem-
brane and cell components due to ROS interaction (Giannakis et al., 
2018; Long et al., 2015). However, knowledge on how the E. coli cells 
behave during EOP disinfection, changes in cell wall potential and cell 
size, extent of cell wall damage, protein, and genetic material release 
and degradation of cell organelles are also limited. It is important to 
assess and understand the extent of damage due to EOP in E. coli in order 
to evaluate the effectiveness of disinfection. Moreover, in the recent 
times attention is being given to chloride free electrooxidation based 
disinfection methods to avoid the formation of disinfection by products 
(Bakheet et al., 2018; Bruguera-Casamada et al., 2016; Isidro et al., 
2020; Long et al., 2015). To the best of our knowledge mechanism of 
E. coli inactivation by EOP using PbO2 in a chlorine free media is not 
proposed. Since the process is energy driven, it is also important to es-
timate the cost of operation, evaluate and compare the energy efficiency 
of the process with other state of art technologies for scale up and 
operation. 

Therefore, the objectives of this study are i) to evaluate a low-cost 
PbO2 anode for effective disinfection of E. coli in a chlorine free media 
ii) to elucidate the intracellular changes that occur during disinfection, 
iii) to propose a mechanism for E. coli inactivation and iv) to determine 
the energy consumed during EOP disinfection. In this study, the effect of 
applied current density and initial E. coli concentration were studied. 
Effectiveness of disinfection was evaluated by performing regrowth 
studies. Role of different ROS in EOP disinfection process was studied 
and the predominant ROS was identified. To understand the 
morphology changes, scanning electron microscopy (SEM) analysis is 
performed. Change in intracellular adenosine triphosphate (ATP), dry 
cell weight, intracellular protein concentration, genetic material con-
centration, zeta potential, cell size, and functional group due to oxida-
tive damage were observed and recorded to understand the intracellular 
changes that occur during disinfection. Non-specific interaction of •OH 
radicals with the cells were confirmed by Fourier-transform infrared 
spectroscopy (FTIR) analysis. To evaluate the disinfection efficiency, 

Fig. 1. Illustration of the electro-oxidation experimental setup.  
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energy efficiency and feasibility of real-time application, disinfection of 
real wastewater was performed, energy consumed for disinfection was 
determined, cost of operation was estimated energy was estimated and 
compared with other disinfection technologies and stability of the 
electrode was evaluated. 

2. Materials and methods 

2.1. Electrode preparation and characterization 

Ti/Sb–SnO2/PbO2 anode used in this study was prepared in the 
laboratory with titanium plate (Sigma-Aldrich, India) as substrate. 
Initially, titanium substrate was prepared and dip coated with Sb–SnO2 
as described by (Rajasekhar et al., 2020). PbO2 was electrochemically 
deposited on both sides of the intermediate layer Sb–SnO2 (Hao et al., 
2015). For coating the PbO2 layer, the reaction was carried out in a 250 
mL electrochemical cell placed in a water bath maintained at 60 ± 5 ◦C 
at an applied current density 30 mA cm− 2. Stainless steel electrode was 
used as the cathode. Surface morphology and energy dispersive X-ray 
analysis of the synthesized electrode were performed with FEI Quanta 
FEG 200-High Resolution Scanning Electron Microscope (Fig. S1). A 
detailed study on electrode characterization is published by our research 
group (Rajasekhar et al., 2020). 

2.2. Experiment setup 

The reaction was set up with Ti/Sb–SnO2/PbO2 anode and a stainless 
cathode separated by a distance of 1 cm in a single compartment cell 
with an active surface area of 3 × 2 cm2 on each side of the electrode and 
connected to a DC power supply (Fig. 1). The reaction volume was 150 
mL with 25 mM of sodium sulfate (Na2SO4) (Merck, India) as the elec-
trolyte and stirred continuously with a magnetic stirrer at rpm 150 ± 20. 
A single colony of E. coli (model organism) was inoculated in 3 mL 
nutrient broth (Himedia, India). 3 mL culture was incubated at 37 ◦C in 
an orbital shaker for 3 h and was then transferred to 97 mL of nutrient 
broth. 100 mL was incubated overnight at 37 ◦C in an orbital shaker 
(150 rpm). 20 mL of this overnight culture was taken, centrifuged (5000 
rpm) for 5 min. The obtained pellet was re-suspended in 150 mL of 25 
mM Na2SO4 and was used for all the experiments (~107 CFU mL− 1 E. coli 
cells). To study the effect of initial cell concentration, 10 mL of the 
overnight culture was taken, and centrifuged (5000 rpm) for 5 min and 
resuspended in 150 mL of 25 mM Na2SO4. To study the effect of applied 
current density, experiments were carried out at different applied cur-
rent density 10, 20, and 30 mA cm− 2. Subsequent experiments were 
carried out at an applied current density 30 mA cm− 2 unless mentioned 
otherwise. For the plasmid degradation study, 50 mL reaction volume 
containing plasmid pPROTet of ~3 ng μL− 1 concentration in 25 mM 
Na2SO4 was used. Samples before and after degradation were subjected 
to agarose (0.8%) gel electrophoresis and the plasmid DNA was viewed 
in a gel documentation system. 

2.3. Disinfection study 

2.3.1. Colony forming units (CFU) 
Samples collected at specific time intervals during disinfection ex-

periments were serially diluted in physiological saline. 100 μL of serially 
diluted sample was inoculated in nutrient agar (Himedia, India) plates 
and incubated overnight at 37 ◦C. Colonies formed were counted with a 
colony counter. CFU mL− 1 was calculated according to Eq. (2) 

CFU /mL =
No.  of  colonies ×  Dilution  factor

Volume  inoculated
(2)  

2.3.2. ATP measurement 
ATP is a measure of cell viability (Long et al., 2015). Total and free 

ATP for samples collected at specific time intervals were measured using 

Hygiena AquaSnap™ ATP Water Test swabs in an EnSUR Eluminometer 
(Sanna et al., 2018). The values obtained are in terms of Relative Light 
Units (RLU). ATP analysis was performed as per the manufacturer’s 
instruction. 

2.3.3. Dry cell weight 
The effect of disinfection on cell mass reduction was studied. Sam-

ples collected before and after treatment at specific time intervals were 
centrifuged (5000 rpm) for 5 min. The pellet obtained was washed thrice 
with sterile distilled water and lyophilized (Bellali et al., 2020). The 
lyophilized samples were weighed to determine the dry cell weight as a 
function of time. 

2.3.4. Fourier-transform infrared spectroscopy analysis 
The effect of electrochemical disinfection on bacteria functional 

groups was studied with FTIR (Faghihzadeh et al., 2016). Samples 
collected before and after disinfection was centrifuged (5000 rpm) for 5 
min. The cell pellet obtained was washed thrice with sterile distilled 
water and lyophilized. The lyophilized cell pellets were analyzed for 
functional group changes in FTIR (PerkinElmer, USA). 

2.4. Quantification of ROS 

•OH radicals generated at anode for different applied current density 
were quantified with Dimethyl sulfoxide (DMSO) as the trapping agent 
(Tai et al., 2004). The •OH radicals react with DMSO to form formal-
dehyde. The formaldehyde formed reacts with 2,4-Dinitrophenyl hy-
drazine (DNPH) to form DNPH-HCHO derivative. The resulting 
DNPH-HCHO derivative has an absorbance at 355 nm. Derivatized 
samples were analyzed in HPLC (Dionex Ultimate 3000, USA) with 
mobile phase acetonitrile: water (60:40) and flow rate 1 mL min− 1 in a 
C18 column. Peaks corresponding to DNPH and DNPH-HCHO were 
observed at retention time 4.76 min and 7.32 min, respectively. How-
ever, it should be noted that the •OH radicals have a short life time and 
their interaction with DMSO is often incomplete. Hence, the determined 
•OH concentration is not absolute and only relative. 

In order to understand the role of SO4
•– in disinfection, 0.03 M 

tertiary-Butyl alcohol (t-BuOH) and 0.03 M Ethanol (EtOH) were sepa-
rately added to 25 mM Na2SO4 with re-suspended cell pellets and 
disinfection experiments were performed at 30 mA cm− 2 as mentioned 
in section 2.2. t-BuOH acts as a quencher for •OH (1.6–7.7 × 108 M− 1 

s− 1) and EtOH acts as a quencher for SO4
•– (3.8–7.6 × 108 M− 1 s− 1) (L. 

Chen et al., 2018). Samples were processed as mentioned in section 2.3.1. 

2.5. Protein assay 

Proteins released during disinfection were estimated by Bradford’s 
assay with bovine serum albumin (Himedia, India) as standard (Brad-
ford, 1976). Samples were withdrawn at specific time intervals and 
centrifuged at 5000 rpm for 5 min. Proteins in cell free supernatant and 
cell pellet after disruption were quantified. The sample was mixed with 
an appropriate volume of Bradford’s reagent. The mixture was allowed 
to stand for 2 min at room temperature, and the absorbance was 
measured at 595 nm in a UV-spectrophotometer (Schimadzu, Japan). 

2.6. DNA analysis 

DNA released due to cell disruption and cytoplasm leakage during 
disinfection was confirmed by wavelength scan between 230 nm and 
350 nm. Cell-free supernatant samples before and after disinfection 
withdrawn at specific time interval was subjected to wavelength scan. 
DNA from the cell pellet was isolated using DNA mini prep kit (Qiagen, 
India). Agarose (0.8%) (Himedia, India) gel electrophoresis was per-
formed for both cell-free supernatant containing DNA and DNA isolated 
from cell pellets before and after treatment. The agarose gel was visu-
alized in a gel documentation system (Gelstan, India). 
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2.7. SEM analysis 

Morphology changes in E. coli cells during disinfection were visual-
ized under SEM. Samples before and after treatment were withdrawn 
and centrifuged at 5000 rpm for 5 min. Cell pellet obtained was washed 
thrice with sterile distilled water and re-suspended in physiological sa-
line. 50 μL of this was smeared on a coverslip and allowed to air dry. To 
facilitate conduction, samples were sputter-coated with gold and then 
observed under SEM (Quanta FEG 200, USA). 

2.8. Zeta potential and cell size measurement 

Change in cell potential, poly-dispersive index (PDI), and cell size 
due to the addition of Na2SO4 and during disinfection were studied. 
Samples at specific time interval were withdrawn to measure zeta po-
tential, and electrophoretic mobility in a Zeta analyzer (Horiba Scien-
tific Nanopartica, SZ 100) and values were estimated using 
Smoluchowski equation (Delgado et al., 2007). 

2.9. Energy requirements and cost analysis 

Energy required for disinfection of E. coli by EOP was estimated ac-
cording to Eq. (3) 

Energy  required,  Ereq  =
UcellIt

V  [(Δlog Nt
N0
]

(3)  

where, ‘Ereq’ is the energy consumed per unit volume of water dis-
infected per log E. coli reduction (kWh/m3), ‘Ucell’ is the average cell 
voltage (V), ‘I’ is the input current (A), ‘t’ represents total disinfection 
time (h), ‘V’ is the volume of water subjected to disinfection (L), Δlog Nt

N0 

is the log reduction of E. coli at time ‘t’. 
Cost analysis includes cost of electrode preparation, chemicals added 

to improve the conductivity and energy cost. Cost analysis becomes 
important to evaluate the feasibility for large adaptation of electro- 
oxidation for disinfection. The operational cost was estimated accord-
ing to Eqs. (4)–(6) 

Energy  consumed  (Wh/L)  = 
UcellIt

[(Δlog Nt
N0
]  X  Volume  (L)

(4) 

Fig. 2. Disinfection of E. coli using Ti/ 
Sb–SnO2/PbO2 anode (a) Log reduction of 
E. coli at applied current densities 10 and 20 
mA cm− 2 (b) Log reduction of E. coli 
(different initial cell concentration) at 
applied current density 30 mA cm− 2 (c) 
Disinfection of E. coli in 25 mM Na2SO4 
electrolyte in the presence of 0.03 M ethanol 
or 0.03 M tertiary-butyl alcohol (d) Hy-
droxyl radicals generated at anode at 
applied current densities 10, 20, and 30 mA 
cm− 2. Data are mean values with standard 
deviation, n = 3.   

(5)  

(6)   
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3. Results and discussion 

3.1. EOP disinfection using Ti/Sb–SnO2/PbO2 anode 

3.1.1. Effect of applied current density 
Disinfection of E. coli with initial concentration 107 CFU mL− 1 was 

carried out at applied current density 10, 20, and 30 mA cm− 2, 
respectively. Fig. 2a and b shows log reduction of E. coli at different 
applied current density as a function of time. At an applied current 
density of 30 mA cm− 2, complete disinfection (7 log reduction) was 
observed at 75 min (disinfection rate constant, kobs = 0.1048 min− 1). 
However, for applied current densities 10 and 20 mA cm− 2, at 75 min 
inactivation was 15.09% (kobs = 0.0166 min− 1) and 32.85% (kobs =

0.0422 min− 1), respectively. It is evident that disinfection occurs at a 
faster rate at high applied current density, as reported previously during 
E. coli disinfection with BDD electrode (Li et al., 2010). EOP disinfection 
is both current and viable E. coli concentration driven. In case of low 
applied current densities 10 and 20 mA cm− 2 (Fig. 2a), the rate of 
disinfection is limited by applied current density, which leads to 
reduction in inactivation efficiency and increase in treatment time 
(Martínez-Huitle et al., 2015). Incase of applied current density 30 mA 
cm− 2, initially inactivation was current driven, which resulted in 
exponential bacteria death up to 45 min (Fig. 2b). After 45 min, a lag in 
disinfection was observed, which could be due to kinetics change 
brought about by decrease in number of viable cells. Initially, the 
numbers of viable cells were more and no mass transfer limitations with 
respect to live cells. Hence, at high current density exponential cell 

death was observed. After 45 min, it could be hypothesized that the 
decrease in viable cell number resulted in mass transfer limitations due 
to shielding of live cells by high number of dead cells in the bulk 
medium. 

3.1.1.1. Predominant ROS in EOP disinfection. Disinfection of E. coli in a 
chlorine-free media is solely due to •OH radicals generated at the Ti/ 
Sb–SnO2/PbO2 anode (Jeong et al., 2006; Li et al., 2010). Hence, •OH 
radicals were also quantified for different applied current densities 
(Fig. 2c). H2O2 generated at the cathode could also participate in 
disinfection. Jin et al. (2019) reported effective disinfection of E. coli by 
H2O2 using modified RVC cathode. However, stainless is used as cathode 
in the current study. Jin et al. (2019) also observed no generation of 
H2O2 on stainless cathode at neutral pH in Na2SO4 system. Moreover, 
studies that demonstrated production of H2O2 in an electrochemical 
system using stainless steel were surface modified and experiments were 
performed under acidic conditions (pH < 5.8) (Patra and Munichan-
draiah, 2009). Hence, it could be assumed that the participation of H2O2 
in E. coli disinfection is negligible when stainless electrode is used as 
cathode and operated under neutral and near neutral pH (8.03 ± 0.39) 
such as the current study. Moreover, two-electron oxidation of water to 
produce H2O2 is less favored (E = 1.76 V/SHE) without a catalyst than 
the four-electron oxidation of water to produce O2 (E = 1.23 V/SHE) 
(Sirés et al., 2014). 

Similarly, SO4
•– could also be generated during EOP in sulfate me-

dium, which could enhance the disinfection process (Bruguer-
a-Casamada et al., 2016). Disinfection rate was not significantly affected 
when EtOH was used to quench SO4

•– (Fig. 2c). However, in-situ gen-
eration of SO4

•– from sulfate ions during EOP cannot be ruled out. 
Studies reported effective generation of SO4

•– in alkaline conditions (pH 
> 9) in sulfate medium (L. Chen et al., 2018). In the current study, pH of 
the system was recorded as 8.03 ± 0.39. Apart from pH, concentration 

Fig. 3. (a) Change in ATP as a function of time at applied current density 30 mA cm− 2 (b) Change in dry cell weight as a function of time at applied current density 
30 mA cm− 2 (c) Protein release and degradation at applied current density 30 mA cm− 2 (d) Genetic material release during disinfection at applied current density 30 
mA cm− 2. Data are mean values with standard deviation, n = 3. 
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of sulfate ions also affect SO4
•– generation. Effective generation of SO4

•– 

in sulfate medium was observed with concentration of Na2SO4 above 
100 mM (L. Chen et al., 2018). In the current study however, the ex-
periments were carried out with 25 mM Na2SO4. This confirms that 
SO4

•– has no significant role in disinfection of E. coli in the current study. 
To further confirm the role of •OH, t-BuOH was used as quencher. As 

shown in Fig. 2c it could be seen that the E. coli inactivation was 
completely impaired due to unavailability of •OH. This observation 
confirmed that the predominant oxidant in EOP disinfection is •OH. 
Fig. 2d shows an increase in •OH radical concentration as a function of 
time for different applied current densities. A direct correlation was 
observed between increase in log reduction of E. coli and increase in •OH 
radical concentration with time. Initial lag in E. coli reduction was 
observed in the beginning of the experiment. This lag could be due to 
less •OH radicals generated initially resulting in low concentration of 
physisorbed •OH at the anode surface. Increasing the applied current 
density could also increase •OH radical concentration in the bulk media 
in the vicinity of the anode. However, at high-applied current densities 
parasitic reactions such as evolution of O2 and H2 at anode and cathode, 
respectively reduces current and process efficiency (Sirés et al., 2014). 
Apart from applied current density and viable cell number, hydrody-
namics also plays an important role in determining the efficiency of 
disinfection. In batch EOP, mass transfer limitations contributed by 
E. coli cells could be improved by proper mixing. Uniform and effective 
mixing of the bulk medium reduces concentration gradient and ensures 
homogeneity thus enabling effective interaction between •OH and E. coli 
(Martínez-Huitle et al., 2015). 

3.1.2. Effect of initial cell concentration 
Disinfection of E. coli at initial concentrations of ~103 CFU mL− 1 and 

~107 CFU mL− 1 was studied for the applied current density 30 mA 
cm− 2. Fig. 2b shows E. coli log reduction at different initial concentra-
tions. For initial E. coli concentration 103 CFU mL− 1 and 107 CFU mL− 1, 
complete disinfection was observed at 15 min and 75 min, respectively. 
Lower the initial cell concentration faster is the disinfection at high- 
applied current density. Jin et al. (2019) also reported reduction in 
disinfection time for low initial cell concentration using reticulated 
vitreous carbon (RVC) anode. This could be due to the high concentra-
tion of •OH radicals generated at a high-applied current density. Effect 

of initial cell concentration on EOP could be extrapolated from condi-
tions and theories proposed for organic pollutants. Initial E. coli cell 
concentration determines the current and disinfection efficiency of EOP. 
In general, high initial cell concentration offers low mass transfer 
resistance and high current efficiency whereas, vice versa for low initial 
cell concentration (Martínez-Huitle et al., 2015). For low initial cell 
concentration, operating at optimum applied current density and 
effective mixing should essentially reduce the mass transfer resistance 
and increase the disinfection and current efficiency of the process. 

3.1.3. Change in intracellular ATP 
Log reduction in E. coli due to disinfection could be directly corre-

lated with the free and total ATP measured in the system (Fig. 3a). ATP is 
a measure of active cells in a system (Osimani et al., 2014). Total ATP is 
the sum of intracellular ATP and free/dissolved ATP in a system (Pis-
telok et al., 2016). An increase in the trend of free ATP was observed at 
the beginning of the disinfection process. The release of intracellular 
ATP is due to cell death and degradation (Imamura et al., 2020). The 
increase in free ATP concentration is due to release of intracellular ATP 
(Mempin et al., 2013). At 30 min, total ATP was almost equal to free 
ATP, indicating absence of intracellular ATP due to rapid cell death 
during disinfection process. ATP generation could be affected by ROS 
interaction (Jin et al., 2016). Long et al. (2015) also reported a decrease 
in intracellular ATP during E. coli inactivation using BBD electrode. 
Moreover, evidence also suggest that interaction of •OH radicals with 
cell wall proteins alter the cell potential resulting in inhibition of cell 
multiplication and ATP synthesis (Bruguera-Casamada et al., 2016). 
Further reduction in ATP with time could be due to ATP degradation 
during the process. The concentration of ATP in a system is reported to 
decrease when bacteria in the system are dying (Mempin et al., 2013). 
ATP released by dead cells usually undergoes hydrolysis, which could 
result in ATP degradation (Bajerski et al., 2018). During disinfection, the 
ATP could also undergo electrolysis due to non-specific interaction of 
ROS, which resulted in extracellular ATP decrease with time. 

3.1.4. Change in dry cell weight 
Change in initial dry cell weight was observed as a function of time 

(Fig. 3b). Dry cell weight at 0 min was 539.82 ± 117.65 μg mL− 1. About 
97.2% of the initial cell weight was oxidized at the end of 90 min 

Fig. 4. DNA degradation during disinfection at applied current density 30 mA cm− 2 (a) DNA isolated from the cells at specific time intervals (b) DNA isolated from 
cell-free supernatant at specific time intervals. 
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treatment. •OH radical is known to oxidize organic carbon, nitrogen and 
other organics such as carbohydrates, mono-, di-saccharides (Barragan 
et al., 2018; Holade et al., 2018). Reduction in protein concentration 
(Fig. 3c) and genetic material degradation (Figs. 3d and 4) were also 
observed, which is in correlation with the decrease in dry cell weight 
with treatment time. Reduction in cell mass could be due to release of 
intracellular organelles due to cell rupture and rapid oxidation of pro-
teins, polysaccharides, genetic material, and other organic contents in 
E. coli cell (Singh et al., 2016). 

3.2. Protein release and degradation 

To understand protein release and degradation during disinfection, 
protein concentration in cell free supernatant and cell pellets after 
sonication were estimated. Initially, proteins were absent in the super-
natant, indicating presence of intact cell wall and no cell lysis (Fig. 3c). 

At 15 min, protein concentration in the supernatant was found to in-
crease while the concentration of intracellular protein isolated from the 
cell pellet decreased. This confirms that the increase in protein con-
centration in cell free supernatant is due to oxidative damage caused by 
•OH radicals, which resulted in cell wall damage, rupture, and protein 
release (Ghernaout et al., 2011; Zeng et al., 2019). 

Increase in protein concentration trend was observed in the super-
natant until 45 min (Fig. 3c). At 60 min, concentration of protein in the 
cell free supernatant (3.26 ± 0.13 μg mL− 1) and protein in cell pellets 
(3.38 ± 0.17 μg mL− 1) were almost equal. From there on, decrease in 
protein concentration for both cell free supernatant and cell pellet was 
observed. Singh et al. (2016) also observed decrease in both intracellular 
and extracellular protein concentration upon plasma disinfection of 
E. coli. This could be due to peptide cleavage and protein damage caused 
by •OH during electrochemical disinfection (Jin et al., 2016). Amino 
acid residues such as cysteine and methionine easily undergo electro 

Fig. 5. Morphology changes in E. coli during disinfection at applied current density 30 mA cm− 2 (a) Intact E. coli cells (before disinfection) (b–f) Morphology changes 
in E. coli at different time intervals during disinfection. 
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oxidation (Pei et al., 2015). Oxidation of specific amino acid residues 
would result in peptide cleavage. Further interaction between ROS and 
peptides during electrolysis could degrade and oxidize peptides fol-
lowed by oxidation of amino acids that results in reduction of extra-
cellular protein concentration (Pei et al., 2018). Long et al. (2015) also 
observed membrane protein damage, leakage, oxidative protein damage 
and degradation in E. coli during electrochemical inactivation using BDD 
electrode, which is consistent with the current study. 

3.3. Genetic material release, fragmentation, and degradation 

To understand the genetic material release during the treatment, UV 
spectrum scan was performed for cell-free supernatant. Fig. 3d repre-
sents the DNA spectrum of cell-free supernatant sampled at specific time 
intervals during disinfection. At 0 min, the corresponding curve was 
almost flat, indicating no genetic material in the cell-free supernatant. 
An increase in the peak height at 260 nm was observed until 45 min. 
This could be due to rapid DNA release during cell lysis and death in the 
early stage of treatment (Pillet et al., 2016). Cell wall damages caused 
due to oxidation of phospholipids and proteins of cell membrane by •OH 
affects the cell integrity. Further, oxidative cell wall damage leads to cell 
rupture and release of cell organelles such as DNA. Hence, an increase in 
supernatant DNA concentration was observed with time (Sharma et al., 
2012). A gradual decrease in the peak height after 45 min was observed, 
which could be due to the degradation of genetic material with 
increased treatment time. •OH radicals interact with nucleic acids and 
cause DNA strand breakage (Ghernaout et al., 2011). Nucleic acid 
release, concentration increase in cell-free supernatant, and fragmen-
tation could happen during the inactivation of E. coli due to ROS 
interaction (Pillet et al., 2016; Singh et al., 2016). Apart from oxidative 
strand breakage, •OH is also known to cause modification and removal 
of nucleotide bases, which leads to DNA damage and fragmentation 
(Sharma et al., 2012). Hence, a decrease in extracellular DNA concen-
tration was observed. 

Fig. 4 represents the DNA isolated before and after disinfection from 
cell pellets and cell-free supernatant, respectively. Lane 1 in Fig. 4 
represents the DNA isolated from cell pellets at 0 min. The band was 
intact, which indicates that the cells were alive with an intact cell 
membrane at the beginning of the treatment. Lane 2 corresponds to DNA 
isolated from samples collected at 15 min of disinfection. It can be seen 
that the intensity of the DNA band decreased and DNA was smeared. 
Smear is due to DNA fragmentation during the disinfection process. 
However, no band was observed in the consecutive lanes. This could be 
due to fragmentation and degradation of DNA, resulting in concentra-
tion reduction below visualization limits. Lane 10 in Fig. 4 represents the 
DNA isolated from cell-free supernatant at 0 min where no DNA band 
was observed. Further, control experiments were conducted to eliminate 
false-positive results, which confirmed that cells adapted to the elec-
trolyte and majority of cell death or lysis occurred only due to the 
interaction of •OH radical generated at the anode (Fig. S2). DNA smear 
was observed in lane 11 and lane 12, which corresponds to extracellular 
DNA isolated from the cell free supernatant of samples collected at 15 
min and 30 min, respectively. Shearing of DNA results in smear, which is 
due to interaction of •OH with DNA resulting in fragmentation (He et al., 
2019). However, an increasing trend in DNA release was observed up to 
45 min (Fig. 3d). This is because DNA fragmentation does not affect the 
absorbance at 260 nm and hence an increase in trend was observed. 
DNA analysis confirms that oxidative damage results in cell lysis, genetic 
material release and fragmentation/degradation. 

DNA leakage, damage, fragmentation, and degradation were also 
previously reported during disinfection of E. coli with plasma (Singh 
et al., 2016), photo irradiation (Hirakawa et al., 2004), electrochemical 
oxidation (Reipa et al., 2018) and photo-electrocatalytic process (H. Sun 
et al., 2014). However, no attempt was made to understand the mech-
anism clearly. To further confirm the fragmentation, and degradation of 
extracellular/genetic material released, plasmid degradation study was 

carried out. Plasmid DNA exists in nicked, linear, supercoiled, or circular 
confirmations. Fig. S3 shows the plasmid DNA isolated from samples 
before and after electrochemical treatment. Lane 2 represents plasmid 
DNA isolated from sample at 0 min. However, at 15 min (Lane 3), no 
visible band was observed. This is due to rapid fragmentation and 
degradation of plasmid DNA during treatment. This confirms that DNA 
released due to cell lysis and death also undergoes rapid oxidation. 

3.4. Changes in E. coli morphology 

In order to understand physical alterations in the E. coli cell mem-
brane and deformities SEM analysis was for samples collected at 
different time intervals of the disinfection process at an applied current 
density 30 mA cm− 2. Fig. 5a-f confirms the changes in cell structure and 
surface morphology of E. coli cells. 

Fig. 5a shows intact rod cells with smooth surface and the average 
size of 2 μm before the disinfection process. Initially, cell wall damage 
(Fig. 5b) was observed at 15 min with cytoplasm exuding out of the cells. 
The severity of cell membrane damage increased with time due to 
increased exposure to a high concentration of •OH radicals generated at 
a high-applied current density. Irregularities in the cell membrane is due 
to micropores that are formed due to •OH radicals’ interaction with the 
cell membrane (Osimani et al., 2014). Interaction of ROS with cell 
membrane protein could result in alteration of protein structure 
resulting in irregularities in the cell membrane (Libardo et al., 2017). 
The cell wall damage however, is not uniform due to the non-specific 
interaction of •OH radicals, which is further confirmed by the FTIR 
spectrum, where no specific change in appearance or disappearance of 
the peaks corresponding to functional groups were observed (Fig. S5). 
Cell wall damage was followed by cell clumping (Fig. 5c) and cell 
shrinking (Fig. 5d). Cell clumping could be due to a slight increase in pH 
during disinfection leading to decrease in cell surface potential that fa-
vors agglomeration of cells(Fig.S4). On the other hand, and cell 
shrinking could be due to leakage of cell components. Clumped cells 
further shrank to give a wrinkled appearance (Fig. 5e) due to extensive 
cell damage and leakage of cell components (G. Sun et al., 2021; X. 
Zhang et al., 2019b). Extending disinfection time up to 90 min resulted 
in extensive oxidative cell damage (Fig. 5f). Cell debris due to rupture 
and cell wall damage was observed, indicating that cells are no longer 
viable, and the damage is irreversible. No regrowth was observed, which 
further confirms the irreversible cell death (S5). Destabilization and 
clumping of E. coli cells with applied current density are in accordance 
with the measured zeta potential and cell size (Table 1). 

3.5. Change in zeta potential and cell size 

Zeta potential analysis and cell size measurements were performed 
to understand the effect of •OH generated and changes in membrane 
potential during disinfection due to applied current density (Table 1). 
Zeta potential of E. coli cells before suspension in 25 mM Na2SO4 elec-
trolyte was − 79.2 mV, and the size was ~2 μm, which is the charac-
teristic cell size of E. coli. The net negative charge of E. coli is due to the 

Table 1 
Change in zeta potential, cell size, electrophoretic mobility and poly-dispersive 
index of E. coli during disinfection at applied current density 30 mA cm− 2  

Time 
(min) 

Z - average 
(μm) 

Zeta- 
potential 
(mV) 

Electrophoretic mobility 
(cm2V− 1s− 1) (10− 6) 

Poly- 
dispersive 
index 

0 2.71 ± 0.8 − 13.9 ± 3.8 − 108 ± 27 0.416 ± 0.11 
15 4.89 ± 0.1 − 3.7 ± 0.9 − 29 ± 8 2.6 ± 0.5 
30 >10 − 0.2 ± 0.1 − 18 ± 6 – 
45 >10 − 0.8 ± 0.2 − 6 ± 2 – 
60 >10 − 0.6 ± 0.3 − 5 ± 1 – 
75 4.8 ± 0.4 − 11.9 ± 2.6 − 92 ± 18 1.58 ± 0.2 
90 2.3 ± 0.2 − 17.4 ± 3.1 − 135 ± 5 2.263 ± 0.6  
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presence of membrane functional groups such as lipopolysaccharide, 
proteins, lipoproteins, and extracellular polymeric substance that sta-
bilizes bacterial cells in an aqueous suspension (Alves et al., 2010; 
Taylor et al., 2014). A decrease in zeta potential to − 13.9 mV was 
observed for cells suspended in 25 mM Na2SO4 electrolyte upon treat-
ment. Membrane potential of E. coli changes due to electrolyte addition 
(Taylor et al., 2014). This is mainly due to the double layer that is 
formed around E. coli cells during disinfection. E. coli cells attract pos-
itive ions in solution to achieve electroneutrality (Diaz et al., 2021). 
Positively charged Na + ions forms a primary layer around E. coli cells, 
thus neutralizing the negative charge of E. coli and altering cell mem-
brane potential. The second layer of SO4

2− surrounds the primary layer. 
The double-layer formed stabilizes bacteria in a solution. Hence, the 
bacterial membrane potential was observed to change from − 79.2 mV to 
− 13.9 mV. Reduction in zeta potential could also be due to reduction in 
cell viability and metabolic activity (Lee et al., 2018; Singh et al., 2016). 

Change in membrane potential affects the stability and integrity of 
the cell membrane that alters the membrane permeability resulting in 
leakage of intracellular components (Halder et al., 2015). During 
disinfection, the release of intracellular components could result in 
overage of the bacterial cell membrane and neutralizes the membrane 
functional groups. This causes the destabilization of bacterial colloids. 
Zeta potential approached less negative from − 13.9 mV at 30 min due to 
destabilization. Destabilization causes cell agglomeration. In addition, 
cell size was observed to increase from ~2 μm to ~10 μm during 
disinfection up to 60 min due to cell clumping. Agglomeration of E. coli 

under applied current density could be a mechanism of shielding from 
ROS during disinfection (Lee et al., 2018). 

Agglomeration or cell clumping is evident from SEM image analysis 
(Fig. 5c–e). Severe damage and deformities caused by •OH radical alter 
the cell membrane potential. As a result of charge neutralization and 
increase in cell size, electrophoretic mobility of the cells was observed to 
decrease (become less negative) from − 108*10− 6 to − 5*10− 6 cm2 

V− 1s− 1. As the cell membrane charge is neutralized, bacteria cells 
aggregate together losing electrophoretic mobility in the solution, which 
is in accordance with the zeta potential values (Table 1). Electrophoretic 
mobility of neutral particles is virtually zero (Stalcup, 2006). At 90 min, 
a decrease in cell size, negative increase in zeta potential and electro-
phoretic mobility was observed. The zeta potential of dead E. coli cells 
were observed to be around − 20 mV (Kłodzińska et al., 2010). This 
could be due to cell debris resulting from oxidation of cell membrane 
and cell components by highly active radical species. SEM analysis at 90 
min confirms irreversible damage and cell death (Fig. 5f). Change in the 
poly-dispersive index was observed due to heterogeneity in bacterial cell 
size as a result of zeta potential change and agglomeration of cells during 
electro-oxidation (Singh et al., 2016) (Table 1). 

3.6. Proposed E. coli inactivation mechanism 

Several EOP disinfection studies have been reported (Bruguer-
a-Casamada et al., 2016; Lacasa et al., 2013; Li et al., 2010; Long et al., 
2015; Thostenson et al., 2018). However, inactivation mechanism is not 

Fig. 6. Proposed E. coli inactivation mechanism during electro-oxidation process.  
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clearly understood. Fig. 6 represents the proposed E. coli inactivation 
mechanism in Ti/Sb–SnO2/PbO2 and Na2SO4 electrolyte system. The 
mechanism is described based on SEM images (Fig. 5 a-f), changes in dry 
cell weight (Fig. 3b), protein release and degradation (Fig. 3c), DNA 
release, fragmentation and degradation (Figs. 3d and 4, S4), zeta po-
tential, and cell size measurement (Table 1). 

The addition of electrolyte to cell (− 79.2 mV) decreases negative 
charge (− 13.9 mV) of the cell altering the cell membrane potential. 
However, cell size (~2 μm) remains the same. When cells in the elec-
trolyte are subjected to disinfection, i) Cell wall is oxidatively damaged 
resulting in cell inactivation ii) Cell membrane potential negatively 
decreases (− 3.7 mV) resulting in cell size increase (~4.89 μm) due to 
cell clumping. iii) Cell wall damage results in leakage of intracellular 
organelles. iv) Further electrolysis results in cell shrinking, a negative 
decrease of cell membrane potential (− 0.2 mV), and cell clumping/ 
agglomeration (>10 μm size). v) Since •OH radicals are not specific in 
interaction, released cell organelles such as proteins, genetic material, 
and plasmid DNA also undergo damage, oxidative fragmentation, and 
degradation. vi) Further disinfection causes cell deformation, de- 
agglomeration of cells resulting in cell size reduction (~4.8–2.3 μm). 
Since the cells are dispersed, cell membrane potential negatively in-
creases (− 17.4 mV). vii) Prolonged disinfection results in irreversible 
cell damage and death. 

3.7. Disinfection of real wastewater 

To evaluate the disinfection efficiency, experiments were conducted 
with secondary effluent collected from IIT Madras sewage treatment 
plant, Chennai, TN, India. Table 2 presents the wastewater character-
istics before and after disinfection. 150 mL of E. coli cells suspended in 
the electrolyte was replaced with wastewater for this part of the study. 
The conductivity of effluent was 1.153 ± 0.005 μS cm− 1. Hence, 25 mM 
of Na2SO4 was added to provide sufficient conductivity for electrolytic 
disinfection. The disinfection experiment was conducted at an applied 

current density 30 mA cm− 2. 
3.5 log reduction was achieved in 12 min, which is comparable with 

disinfection efficiency of synthetic wastewater containing 103 CFU mL− 1 

initial E. coli concentration (Fig. 2b). Zero ATP after disinfection in-
dicates no live cell in the system. 76.36% of COD removal was achieved 
in 12 min. Total chloride in the wastewater was 304.91 ± 1.41 mg L− 1. 
Enhanced disinfection of wastewater despite high COD compared to 
synthetic wastewater could be due to the presence of co-oxidants 
generated due to oxidation of chloride and sulfate ions in wastewater. 
Presence of ions such as ammonia nitrogen and phosphates in high 
concentration could reduce the disinfection efficiency due to scavenging 
of ROS generated and utilization of ROS for undesired reactions such as 
solubilization of phosphates and oxidation of ammonia nitrogen (Raja-
sekhar et al., 2020). However, the observed concentration of ammonia 
nitrogen and phosphates in this study are low (Table 2). Moreover, the 
reactivity of •OH radical towards ammonia nitrogen and phosphates is 
rather slow (Deng and Ezyske, 2011; Gray et al., 2020). Hence, the 
presence and effect of ammonia nitrogen and phosphates on disinfection 
efficiency could be considered negligible. Further, structural changes in 
bacteria during disinfection were observed in wastewater samples. SEM 
images of the observed changes in bacteria confirmed cell damage, 
disruption and death (Fig. S6). Moreover, from synthetic and actual 
wastewater sample it could be confirmed that effective electrochemical 
disinfection of wastewater could be achieved in a short time using 
Ti/Sb–SnO2/PbO2 anode. 

3.8. Energy requirements and cost analysis 

Fig. 7a represents the energy required for disinfection of synthetic 
wastewater at applied current densities 10, 20 and 30 mA cm− 2. Energy 
consumed in 1.25 h for 7 log reduction of E. coli was 17.228 kWh m− 3 for 
applied current density 30 mA cm− 2. Whereas, the energy consumed at 
applied current density 20 mA cm− 2 was 6.3 kWh m− 3, which achieved 
only for 2 log reduction of E. coli in 1.25 h. Similarly, the energy 
consumed for applied current density 10 mA cm− 2 was 3.8 kWh m− 3, 
which resulted in only 1.2 log reduction of E. coli in 1.25 h. Fig. 7b 
represents the energy consumed for disinfection of synthetic and sec-
ondary treated real wastewater at applied current density 30 mA cm− 2. 
It could be seen that 3 log reduction of E. coli present in synthetic 
wastewater consumed 6.511 kWh m− 3 of energy in 0.25 h. Whereas, the 
energy consumed in 0.2 h for 3.5 log reduction of bacteria in secondary 
treated wastewater was 4.978 kWh m− 3. 

At low applied current density the energy consumed was low for 
equivalent disinfection time. However, the disinfection efficiency was 
only 15.09% (10 mA cm− 2) and 32.85% (20 mA cm− 2) compared to 
~99.9% removal at applied current density 30 mA cm− 2. Energy 

Table 2 
Wastewater characteristics before and after disinfection.  

Parameter Initial Final Removal (%) 

COD (mg L− 1) 88 ± 11.3 20.8 ± 6.78 76.36 
Bacterial count (log CFU mL− 1) 3.47 ± 0.03 0 ~99.99 
ATP (RLU) 392 ± 9.89 0 100 
Chlorides (mg L− 1) 304.91 ± 1.41 213.86 ± 3.92 29.86 
Phosphate (mg L− 1) 3.8 ± 1.2 3.4 ± 0.6 10.52 
Ammonia Nitrogen (mg L− 1) 7.86 ± 1.72 5.23 ± 1.8 33.46 
pH 7.3 ± 0.04 8.25 ± 0.10 – 
Conductivity (mS cm− 1) 4.58 ± 0.028 4.655 ± 0.092 –  

Fig. 7. (a) Energy required for disinfection of synthetic wastewater at applied current densities 10, 20 and 30 mA cm− 2 (b) Energy required for disinfection of 
synthetic wastewater (SWW) and real wastewater (RWW) at applied current density 30 mA cm− 2. 
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consumed for real wastewater disinfection was ~1.3 times lower than 
the energy consumed for synthetic wastewater disinfection. This could 
be due to the presence of co-ions and co-oxidants in the real wastewater, 
which enhances the current and disinfection efficiency of the process 
(Jasper et al., 2017; Thostenson et al., 2018). The energy consumed per 
unit volume of water disinfected per log E. coli reduction by different 
electrochemical advanced oxidation processes (EAOP) as reported by 
(Kourdali et al., 2018) was ~13 kWh m− 3, ~5 kWh m− 3, and ~1 kWh 
m− 3 for ~1.5, ~2.5 and ~7.5 log reduction of E. coli by 
electro-coagulation, reduction of E. coli by electro-peroxi-coagulation 
and electro-Fenton, respectively (Kourdali et al., 2018). Comparing 
the energy consumed by different EAOP disinfection techniques for 7.5 
log reduction of E. coli, electro-fenton seems to be less energy consuming 
followed by EOP (current study), electro-peroxi-coagulation and 
electro-coagulation. The major disadvantages of electro-fenton process 
are addition of catalyst, recovery of catalyst and generation of iron 
sludge (M. Zhang et al., 2019a). EOP on the other hand, requires no 
addition of catalyst and no sludge is generated. 

Total cost of operation is the sum of energy cost and chemical cost. 
The cost of operation for ~3.4 log reduction of E. coli in synthetic sample 
was 2900₹ and for ~3.5 log reduction of E. coli in real wastewater was 
2800₹ for applied current density 30 mA cm− 2. Whereas, for 7 log 
reduction the cost of operation was 1400₹. The total cost of operation 
has a good correlation with initial E. coli concentration and chemical 
added at optimized operating conditions of volume and applied current 
density (Tripathy et al., 2020). Cost of disinfecting a real wastewater is 
relatively less compared to that of the synthetic wastewater, which can 
be correlated to the presence of co-ions. Presence of co-ions increases the 
energy efficiency of the process thus decreasing the cost of operation. If 
the wastewater has enough conductivity addition of chemical can be 
completely avoided and total cost of operation will be reduced by 1300₹ 
- 2800₹. For 8 MLD treatment plant, the total cost of EOP disinfection is 
about 1.3 million ₹ per annum assuming that the wastewater has enough 
conductivity. 

3.9. Electrode stability and role of lead ions in disinfection 

Two control experiments were performed to check i) whether the 
PbO2 electrode is toxic to bacteria (Control experiment-1) and ii) 
whether the Pb2+ ions are released into the solution during electrolysis 
(Control experiment-2). In control experiment-1, experimental condi-
tions viz; volume-150 mL, rpm- 150 ± 20, Na2SO4 – 25 mM, pH- 8.02 ±
0.27, and initial cell concentration- ~108 CFU mL− 1 were maintained 
but the current was not applied across the electrodes. The samples 
collected for 180 min at regular intervals were plated on agar plates and 
CFU mL− 1 was determined. No significant change was observed in the 
CFU mL− 1 with time. The results of control experiments (Fig. S2) can be 
found in the supplementary information. The sample collected at 180 
min was also subjected to ICP-OES analysis to the quantify Pb ions 
released into the solution. However, Pb ion concentration in the treated 
solution was below the detection limit. The results indicate that the Pb 
ions are not released into solution. Moreover, PbO2 crystals are insoluble 
in water and it is less likely for Pb ions to directly contribute to electro- 
oxidation process. In other words, it is evident that bacteria even when it 
comes in contact with PbO2 anode at the interface of the electrode- 
electrolyte are not killed, which implicates that PbO2 is not toxic to 
the bacteria. 

In control experiment-2, experimental conditions viz; volume-150 
mL, rpm- 150 ± 20, Na2SO4 – 25 mM, pH- 8.02 ± 0.27 were main-
tained and current densities 10,20, 30 mA cm− 2 were applied across the 
electrodes. The samples collected at the end of the 7 days were subjected 
to ICP-OES analysis and the results are provided in Table 3. The con-
centration of Pb ions were found to be decreasing with increasing 
applied current density. Decrease in PbO2 ion concentration with 
increasing current density could also be due to the fact that PbO2 was 
electrodeposited at 30 mA cm− 2. It is also reported that the stability of 
the PbO2 anode prepared and operated at applied current density 30 mA 
cm− 2 has more structural stability, since PbO2 is anodically deposited 
and operated as anode (Velichenko et al., 2002). Samples collected from 
disinfection experiments conducted at applied current density 30 mA 
cm− 2 with synthetic and real wastewater at 90 min and 15 min, 
respectively were also subjected to ICP-OES analysis. However, no Pb 
ions were detected in either of the samples. Only a small amount of Pb is 
detected in the samples of the control experiments, which is very much 
less than the Indian standard for drinking water (10 μg L− 1)(IS-10500, 
2012; WHO, 2017). The results suggest that PbO2 electrodes are stable 
and suitable for effective disinfection real wastewater. 

4. Conclusion 

This study demonstrates enhanced and effective electrochemical 
disinfection with Ti/Sb–SnO2/PbO2 and Na2SO4 electrolyte system. An 
attempt was made to explore and understand the mechanism E. coli 
inactivation during EOP disinfection. •OH radical is highly reactive due 
to its high oxidation potential; hence high disinfection efficiency could 
be achieved when EOP is employed. The study confirms cell death, 
irreversible damage, and degradation of cell organelles proving effective 
disinfection. Effective disinfection eliminates the possibility of regrowth 
in distribution system, which is important when treated wastewater is 
reused or discharged into natural water bodies. Energy required is also 
comparatively low than the other EAOP processes. Moreover, EOP is 
simple; neither requires addition of catalyst nor generates sludge after 
treatment. High disinfection efficiency, and less/no requirement of 
chemical addition makes this treatment a better wastewater treatment 
option. Expensive BDD electrode could be replaced with the low cost Ti/ 
Sb–SnO2/PbO2 electrode for water and wastewater treatment without 
compromising the disinfection efficiency. Future studies could be 
attempted i) to explore the application of other low-cost electrodes for 
disinfection, ii) to understand the effect of pH, electrolyte concentration, 
and other operating parameters, and iii) to reduce energy consumption. 
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