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Abstract. This study aims to explore the potential use of electro-oxidation (EO) as a decentralized
wastewater treatment method. The simulated wastewater comprising bacterial consortium was
treated by employing mixed metal oxide (MMO). In particular, a lab-scale batch electrooxidation
reactor was used at different operating parameters including NaCl dose (n), current density (j),
and treatment time (#) in order to optimize the process using response surface methodology. The
efficiency of the treatment process was evaluated in terms of % inactivation and energy consumption
which were found to be 99.2% and 0.42 kWh/m3, respectively. Under optimal conditions, it was found
that the proposed technique’s overall operating cost was 0.189 $/m3 taking into consideration the
electrical energy consumed and cost of electrodes.
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1. Introduction
The presence of microbial populations in nearby wa-
ter bodies like ground and surface water and their

downstream effects is always a point of concern
for developing nations. The main reason includes
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the contamination through the untreated or partially
treated wastewaters from different sources. This
contamination affects the water cycle through chain
reaction, thereby contaminating the whole ecosys-
tem and affecting the human health [1]. The es-
tablished conventional treatment technologies like
membrane [2], adsorption [3] and ozonation [4] tech-
niques, along with advanced oxidation processes
like photocatalysis [5], Fenton based oxidation pro-
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cess [6], are effective in removing organic and inor-
ganic contaminants from wastewater. However, their
efficiency towards handling the microbial load and
the volume of wastewater in large treatment plants
remains a big concern [7]. There may be different
sources of the microbial population like the food in-
dustry, laboratories, and domestic households. But,
the wastewater coming from health care facilities
poses a big challenge for the conventional treatment
system for their effective removal. More specifically,
discharge from infected wards of hospitals poses a se-
rious threat to public health due to the presence of
microbes of different pathogenicity levels [8]. With
the emergence of new viral strains like COVID-19 and
the spread of infection, there is an urgent need for
a decentralized treatment system using novel tech-
nologies to avoid future water-based pandemics.

In this context, the present study reports the re-
quirement of a cost-effective decentralized wastew-
ater treatment system in terms of electrooxidation
(EO) for tackling the pathogens/microbial load as per
their origin before heading to the sewage treatment
plant (STP).

As discussed, an on-site treatment facility for the
ward-specific wastewater is needed for the hour be-
fore it mixes with the common effluent. In recent
years, the conventional methods have been replaced
by advanced technologies, which are more reliable
for eliminating many pathogenic microorganisms
from wastewater [9-12]. These technologies have
made extensive advancements in treating wastew-
ater due to their high efficiency and high oxidation
stability [13]. One of the most affordable and inter-
esting techniques for the ward-specific treatment of
wastewater is electrooxidation (EO) [14-18]. EO is a
versatile, eco-friendly, and cost-effective technique.
The EO commercial-scale feasibility depends on
the electrode material capable of generating various
chloro-oxidant species and hydroxyl radicals [19].

The efficacy of the EO process mainly depends on
the type of electrodes. Several authors have reported
the removal of microbes from human urine by us-
ing boron-doped diamond (BDD) [20]. Despite excel-
lent compatibility, performance, and high oxidation
potential [21,22], BDD is unsuitable for commercial-
scale application because of its high cost and toxic
by-products formation [21].

The application of mixed metal oxide (MMO) elec-
trode has been extensively studied in the literature.

This great interest is mainly due to it’s the low pro-
duction cost and the high electrochemical stabil-
ity that promotes the formation of reactive chlorine
species (RCS) and reactive oxygen species (ROS) at a
low current density which is essential as compared
to BDD [22-26]. The MMO anodes have shown a va-
riety of applications for the treatment of synthetic
wastewater [27], paper mill water [28], pesticides,
pharmaceuticals, dyes, phenols, and real wastewa-
ter (23,24,29,30].

In this experimental study, the novel quaternary
MMO anodes Ti/Ir/Ru/Pt have been selected for
the EO treatment of simulated wastewater contain-
ing bacteria. In order to get more active sites,
stability at high temperature and acidic solutions,
durability, resistivity, and electrochemical stability
at low current densities, this novel combination of
metal oxides were incorporated into the titanium an-
odes [31]. This study further claims the first-time use
of this ternary MMO anodes for the EO treatment of
bacteria.

The inactivation of bacteria through EO treatment
generally occurs by damaging the bacterial cells.
Firstly, the produced RCS damages the cell mem-
brane permeability, leading to enzymatic changes
in the bacterial cell. Secondly, the damage to the
cell membrane leads to the impairment of intracellu-
lar components, thereby causing the loss of deoxyri-
bonucleic acid integrity [32].

Although studies on the disinfection of bacteria in
different wastewater by EO have been reported [9,33—
35], yet there are hardly any commercial success sto-
ries. Major reason could be its approach as an end-
of-pipe treatment where handling of large volume of
wastewater makes the process unfeasible on a com-
mercial scale. Through this study EO is proposed to
be a reactive approach where it can a ward-specific
technique handling small volumes of waste water,
thus can be a viable solution. Moreover, efficiency of
any advanced technology is always more when it is
applied to low volumes. In order to validate the pro-
posed model, a simulated wastewater with bacterial
consortium was taken for EO treatment for checking
its efficacy for the inactivation of bacteria with min-
imum range of current density and electrolyte dose,
which further validates the concept for this technol-
ogy to be a decentralized treatment system.

Within this background, the main objective of the
present work is to analyze the complete disinfection
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of simulated wastewater of bacterial consortium em-
ploying electrolysis using MMO anodes, paying spe-
cial attention to the durability of anodes. Anode’s
durability and stability were analyzed through char-
acterization techniques like SEM-EDS, XPS, XRD,
cyclic voltammetry. The influence of various param-
eters like current density, electrolyte concentration
(NaCl), and treatment time on bacterial inactivation
was studied through response surface methodology
(RSM). This study aimed to evaluate the efficiency of
the EO technique alone for removing bacteria from
simulated wastewater using MMO anodes through
batch mode in a laboratory-scale reactor.

2. Material and methods
2.1. Chemicals and microorganisms

Sodium sulphate with 99% purity, potassium ac-
etate (CH3CO2K), sodium hydroxide (NaOH), sul-
furic acid (H,SOy4), sodium chloride (NaCl) of an-
alytical grade, and terephthalic acid with 99% pu-
rity were purchased from Loba Chemicals Pvt. Ltd.,
India. Terephthalic acid was used to estimate the
hydroxyl radical formation in the EO process. Luria
Bertani broth was purchased from HiMedia Labora-
tories Pvt. Ltd. Mumbai, India. All the bacterial
strains in the present study, Escherichia coli (MTCC
no. 448), Bacillus subtilis (MTCC no. 441), Staphy-
lococcus aureus (MTCC no. 902), Salmonella en-
terica (MTCC no. 1165), Acinetobacter calcoacetius
(MTCC no. 1948), Serratia marcescens (MTCC no.
2645), Listeria sp. (MTCC no. 4214), Enterococcus fae-
calis (MTCC no. 6845) were obtained from IMTech,
Chandigarh, India. In this study, these eight different
bacterial strains were chosen since they commonly
found in hospital wastewater [36]. These bacteria
were analyzed separately by varying the current den-
sity and electrolyte concentration range as reported
previously [8]. All the solutions were prepared in
double-distilled water of high purity.

2.2. Sample preparation and experimental setup

EO treatment of the simulated wastewater was car-
ried out in a batch reactor. The simulated wastewa-
ter was prepared by dissolving 3.5 g of potassium ac-
etate, 400 mg of sodium sulfate, and 5 mL of glacial

acetic acid in 1 L of double-distilled water. This sim-
ulated wastewater containing inorganic salts simu-
lates the composition of human urine. The concen-
tration of sodium chloride was varied according to
the reaction. The bacterial culture from log phase
was taken. This culture was grown up to an ab-
sorbance range of 0.8-1.0 nm by inoculating 1-2 pL
of bacterial strain in Luria Broth. The concentration
of bacterial culture in the test solution was calcu-
lated in accordance with the absorbance of the bac-
terial culture. The simulated wastewater solution was
freshly prepared each time. The EO treatment of sim-
ulated wastewater was carried out in a batch mode in
a glass reactor having a working volume of 300 mL,
as shown in Figure 1. The MMO anode used in this
study was purchased from Tiaano Pvt. Ltd., Chennai,
India. The MMO anode was composed of a titanium
sheet coated with iridium, ruthenium, and platinum
oxides. The stainless-steel cathode was purchased
from a local vendor in Mohali, India. The dimen-
sion of the electrodes was (70 mm x 70 mm x 1 mm)
with a surface area of 42 cm? (10 mm inter-electrode
spacing). The DC power supply was purchased from
(GAYATRI ENGINEERS, Maharashtra, India, Model:
0-30V, 0-2 A) to maintain the current density for each
experimental run. The magnetic stirrer was used at
500-550 RPM to maintain the homogeneity of the
electrolyte concentration in the sample. All the ex-
periments were performed three times to ensure the
reproducibility of results. All the samples were col-
lected at a specific time interval of 1 min.

2.3. Analytical methods

The analytical studies of bacterial inactivation
were carried out by analyzing the bacterial sam-
ples through a UV-visible spectrophotometer at
600 nm. The inactivation of bacteria was also con-
firmed by plating the initial and final samples on
Luria agar plates and incubating them in an incuba-
tor for 24 h. The hydroxyl radical (OHe) study was
done using a fluorescence spectrophotometer (Shi-
madzu RF 6000) during the EO process. The tereph-
thalic acid (TPA) used reacts with OHe in the EO
process [37] and produces a fluorescent compound
2-hydroxy terephthalic acid (TAOH). The intensity of
this fluorescent compound was taken at an excitation
wavelength of 315 nm and an emission wavelength
of 425 nm. Total available chlorine (TAC) analysis
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Figure 1. Schemtic representation of electrooxidation setup under batch mode with mixed metal oxide

anode and stainless-steel cathode.

was done to check the amount of chlorine produced
during the EO process. TAC analysis was performed
for the untreated and treated simulated wastewa-
ter samples by APHA standard (4500-CI B) method.
The surface morphology and elemental composi-
tion of MMO anodes were executed by SEM-EDS
(JSM-6510LV, JEOL, Japan).

The electronic state of the MMO anodes was ana-
lyzed by XPS (X-ray photoelectron spectroscopy (PHI
5000 Versa-Probe III, Physical Electronics)). The
potassium ion leakage test was performed by APHA:
3500 K method, which confirmed the inactivation of
bacteria in untreated and treated simulated wastew-
ater samples.

2.4. Experimental procedure

The EO treatment of the simulated wastewater con-
taining eight different bacteria was carried out un-
der galvanostatic conditions. The pH of the working
sample was adjusted accordingly by 1N HCl and 1N
NaOH. The experimental reaction was carried out at
an original pH of 4.25. The conductivity of the sim-
ulated wastewater solution was improved by adding
NaCl as a supporting electrolyte. The initial conduc-
tivity of the sample solution was around 2.5 mS. The
NaCl concentration and current density were varied
according to the experimental reaction. At specific

time intervals, 100 pL of the sample solution was
taken and was inoculated in 5 mL of Luria broth. The
samples were then incubated for 24 h in an incubator.
After 24 h, the samples were analyzed spectropho-
tometrically at a wavelength of 600 nm to measure
the absorbance of the samples for determination of
% inactivation of bacteria. After each experimental
run, the electrodes were washed by dipping them in
a 5% H»SO, solution. The complete inactivation of
the bacteria was observed within a short period of
time. Thus, the efficacy of the EO process was proved
in terms of the inactivation of bacteria.

2.5. Experimental design and analysis

Response Surface Methodology (RSM), a three-level
Box-Behnken design (BBD) based statistical tech-
nique is used to optimize the operational parameters
as well as to reduce the number of experimental runs.
In addition, it is used to analyze inter-parametric in-
teractions of the input parameters and their effects
on the responses [38]. The RSM technique works ac-
cording to the equation N = s> +s+m p» where s is the
number of factors and m,, is the replicating number
of central points [39]. The three initial input parame-
ters in this study are NaCl dose (n) (X;), current den-
sity (j) (X2), and treatment time (#) (X3) which were
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Table 1. The experimental results of BBD matrix for electrooxidation treatment of simulated wastewater

Std Run Block NaCldose Currentdensity Time % Inactivation Energy consumption
(g/L) (mA/cm?) (min) (kWh/m?)
6 1 Blockl 2.50 7.14 2.00 17.79 0.1254
12 2  Block1 1.50 11.90 16.00 99.61 1.995
15 3 Block1 1.50 7.14 9.00 96.71 0.525
16 4 Block1 1.50 7.14 9.00 96.47 0.585
4 5 Block1 2.50 11.90 9.00 1.7 1.075
17 6 Blockl 1.50 7.14 9.00 99.97 0.615
5 7 Block1 0.50 7.14 2.00 12.88 0.1518
13 8 Block1 1.50 7.14 9.00 97.75 0.57
9 Blockl 0.50 7.14 16.00 84.94 1.1172
1 10  Block1 0.50 2.38 9.00 99.42 0.14
3 11  Block1 0.50 11.90 9.00 99.82 1.25
10 12 Block1 1.50 11.90 2.00 44.29 0.2915
9 13 Block1 1.50 2.38 2.00 1.89 0.033
14 Block1 2.50 2.38 9.00 44.01 0.185
11 15 Block 1 1.50 2.38 16.00 64.22 0.3014
8 1 Block1l 2.50 7.14 16.00 98.42 1.064
14 17  Block 1 1.50 7.14 9.00 98.35 0.585

coded by three levels designated as —1 (low), 0 (cen-
ter), +1 (high) as shown in Table S1. All the statisti-
cal plots have been generated by the software Design-
Expert V-6.0.8. The experimental range for each pro-
cess parameter was determined based on a literature
survey and preliminary tests [10,40]. In this study,
there were 17 experimental runs designed by BBD
under a three-level factorial design, as shown in Ta-
ble 1. The efficacy of the EO process was determined
by analyzing the responses of % inactivation (Q;) and
energy consumption (Q2). The energy consumption
(E) in (kWhrm~3) and % inactivation was calculated
by the Equation (1) [41].

E=VxIxtlS, &
% Inactivation = (Initial conc. — Final conc.)/
Initial conc. x 100. 1)

Here, V = voltage, I = current (A), t = treatment time
(h) and S, = volume of sample in (m3).

To fit the experimental data of the input vari-
ables on the response Q, a second-order polyno-
mial equation (2) was used by considering all square
terms, linear terms, and linear by linear interaction
terms, the quadratic response model [42] can be ex-
pressed as:

4 4
Z=a0+Za,-X,-+ZaiXi2
i=1 i=1
3 4
+Z Z a,-inj+ei. 2)
i=ji=j+1

Here, Z is the response, o, «, oy;, and oy are
the constant coefficients, X;, Xj; and Xj are
the input variables, and ei is the error. The F-
test, lack of fit test, and other measures were
used for the acceptability of the chosen polyno-
mial model. In this study, two responses are in-
volved, i.e. (% inactivation and energy consump-
tion). Therefore, the multiple response process
optimization and the desirability function ap-
proach were used to optimize the input param-
eters of the EO process [43,44]. The value of the
desirability function lies between 0 and 1, indi-
cating the prudence of the response to its ideal
value [45].

3. Results and discussion

3.1. Statistical analysis with BBD

The BBD of RSM developed by a statistical Design-
Expert software of 6.0.8 version (STAT-Ease Inc., Min-
neapolis, US) was used for the EO bacteria treatment.
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The results of % inactivation and energy consump-
tion were analysed by the EO experimental runs sug-
gested by the BBD design set process, as shown in
Table 1. The lack of fit tests, sequential model sum
of squares, and model summary statistics tests were
used to select the best regression models among var-
ious other models of linear, modified, mean, cubic,
2FI, and quadratic [46,47]. Among the nine transfor-
mations of RSM, the none transformation was used
for both the responses, and the cubic and quadratic
models were used to analyse % inactivation and en-
ergy consumption, respectively. The model sum-
mary statistics for % inactivation showed the cubic
model’s R? and adjusted R? values to be 0.997 and
0.9987, respectively. The cubic model here is aliased.
In the case of the quadratic model, the R? and ad-
justed R values for energy consumption were 0.9987
and 0.9971, respectively. Here, the quadratic model is
suggested.

The relationship between the responses and the
input parameters in terms of coded factors obtained
from the RSM software were expressed by the qua-
dratic model equation as shown in Equations (3)
and (4).

% Inactivation = +97.85 + 4.60 x X; +19.45 x X,
+29.41 x X3 —17.80 x X7 —18.81 X7 — 26.54 x X2
—10.68 x X7 x X5 +2.14 x X7 x X3
—1.75x X x X3—29.92 x X2 X, +8.76 x X? x X3
—42.98 x Xj x X? 3)

Energy consumption = +0.58 — 0.026 x X;
+0.49 x Xy +0.48 x X3 +0.023 x X?
+0.064 x X3 +0.016 x X5 —0.055 x X; x Xp
—6.700 x 1073 x X; x X3 +0.36 x X» x X3 @

where X;, X;, X3, are NaCl dose, current density and
treatment time respectively.

The analysis of variance (ANOVA) results is shown
in Table 2, obtained from the second-order polyno-
mial equation for both the responses for the EO treat-
ment of bacteria using MMO. The model F-values
1011.24 and 619.97 for % inactivation and energy
consumption, respectively, imply that the model is
significant. Values of “Prob > F” < 0.05 indicate that
the model terms are significant [48]. There is only
a 0.01% chance that the “Model-F values” this large
could occur due to the noise. In case of % inacti-
vation, the ANOVA results suggests that the model
terms, NaCl dose, current density, time, NaCl dose?,

current density?, time?, NaCl dose x current density,
NaCl dose x time, NaCl dose? current density, NaCl
dose? time, NaCl dose current density? are signifi-
cant terms. For energy consumption, the significant
model terms are NaCl dose, current density, time,
current densityz, NaCl dose x current density, and
current density x time. The adequate precision ra-
tio was 79.548 and 91.025 for % inactivation and en-
ergy consumption, respectively. A ratio greater than 4
indicates that the model is desirable and can be used
to navigate the design space [49].

The diagnostic plots for the actual versus pre-
dicted experimental values were analysed to eval-
uate the data points and check the mathematical
model’s accuracy. These plots indicate the relation
between the predicted and the actual experimental
values [50]. The data points for this plot are very close
to the straight diagonal line, thus suggesting a good
relationship between the actual experimental values
and the predicted data values by the mathematical
model, as shown in Figure S1 [51]. To study the ef-
fect of the operational parameters on both the re-
sponses, the 3D response surface graphs were anal-
ysed for each parameter.

3.2. Effect of process parameters

3.2.1. Effect of current density (j) on % inactivation

Current density is one of the significant process
parameters in the EO treatment from both cost-
effectiveness and mechanistic study point of view.
The generation of ROS and RCS on the electrodes [52]
and the electron transfer mechanism depend on the
current density values by following reactions (5)—
(11) [30]. The maximum inactivation efficiency at
acidic pH was due to the adsorption rate of «OH on
the surface of MMO anode was high which leads to
direct oxidation of contaminants, as at basic pH, the
adsorption rate of «OH decreases due to transforma-
tion of «OH into lower potential oxidants like H,O,
and HOze. Moreover, at acidic pH, the production
rate of high potential oxidants like HOCI, Cl,, Cl1O~
was maximum. Furthermore, the pH of the solution
during the EO process was ~4.5 [53]. The produc-
tion rate of chloro-oxidant species increases by in-
creasing the j value up to a certain limit which also
depends on the 7 value [54]. The EO treatment pro-
cess works best at low j values with MMO because
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Table 2. The table shows the ANOVA results as suggested by BBD for % inactivation and energy

consumption
Sources % Inactivation, (Q1) Energy consumption, (Q2)
Sum of DF Mean F-value Prob>F  Sumof DF Mean F-value Prob>F
square square square square
Model 24,143.53 12 2011.96 1011.24 <0.0001 4.38 9 0.49 619.97 <0.0001
X1 8455 1 8455 4249  0.0029 5.492x107% 1 5.492x1073 6.99  0.0333
X, 151282 1 1512.82 760.36 <0.0001 1.95 1 1.95 2484.57 <0.0001
X3 3460.38 1 3460.38 1739.23 <0.0001 1.88 1 1.88 2389.69 <0.0001
X? 1334.63 1 1334.63 670.80 <0.0001 2.215x1073 1 2.215x1073 2.82  0.1370
X2 1489.55 1 1489.55 748.67 <0.0001 0.017 1 0.017 21.65  0.0023
Xz 296550 1 2965.50 149.50 <0.0001 1.033x1073 1 1.033x1073 1.31  0.2893
X1 X 456.04 1  456.04 229.21  0.0001 0.012 1 0.012 15.40  0.0057
X1 X3 1836 1 18.36 9.23  0.0385 1.796x107™* 1 1.796x107* 0.23  0.6472
Xo X3 1229 1 12.29 6.17  0.0679 0.51 1 0.51 655.23 <0.0001
X1 X3 333.06 1 333.06 69.92 <0.0001
X3 0.000 0
X3 0.000 0
X3 0.000 0
X2 X, 1791.01 1 1791.01 900.19 <0.0001
X? X3 15348 1  153.48  77.14  0.0009
xix2 3694.56 1 3694.56 1856.94 <0.0001
X X2 0.000 0
X2 X3 0.000 0
X X2 0.000 0
X1 X, X3 0.000 0
Pure error 796 4 1.99 4.320x107% 4 1.080x1073
Cor total 24,151.49 16 4.39 16
Residual — 5.501x1073 7 7.858x107*
Lack of fit — 1.181x107% 3 3.935x107* 0.36  0.7834

of the low oxygen evolution potential, as there is no
side reaction and therefore increases the process ef-
ficiency. From Figure 2a, the effect of j and n on %
inactivation can be analyzed. With the increase in j
values from 2.38 to 11.90 mA/cm?, there is a gradual
decrease in the % inactivation of bacteria. High j
values would not effectively inactivate the bacteria
at high electrolyte (NaCl) concentration because the
effect of NaCl dose is very low which is again a signif-
icant parameter for RCS generation. Although higher
j values may lead to an increase in temperature of
the solution, even using only bacterial consortium
alone without any organic load may also result in
an increase in temperature, but the temperature in-
crease in this situation is not enough to denature

the bacterial proteins or inactivate the bacterial en-
zyme. Hence, it may be concluded that electrolyte
(NaCl) concentration plays an important role at high
and low current densities [55]. At a low j value of
2.38 mA/cm? and a minimum 7 value of 0.5 g/L, the
% inactivation is maximum at around 96% because
of low oxygen evolution potential which disfavours
other side reaction and increases the inactivation
rate. Further, with a gradual increase in n value from
0.5 to 1.50 g/L, the % inactivation remains constant.
But from 2.0 to 2.50 g/L, there is a gradual decrease
in % inactivation.

2Cl~ - Cly +2e~ (5)
Cl, +H,0 — HOCI+H" +Cl~ (6)
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HOCI — H* +0CI~ (7
H,0 — «OH+H" +e” (8)
20H — H,0, 9)
H,0, — 0y +2H" +2e” (10)
0, +¢0— O3 1)

3.2.2. Effect of NaCl dose (n) on % inactivation

The NaCl concentration in the EO process deter-
mines the efficiency and the amount of RCS formed
during the process at MMO anodes. By increasing
the n, the bacterial inactivation increases due to the
formation of hypochlorite and chloride ions which
get adsorbed on the surface of the anode either elec-
trochemically or chemically as shown by the fol-
lowing reactions (12)—(14) [56]. At an acidic pH, the
generation of HOCI oxidant species in bulk was max-
imum which dominates over other oxidant species
like Clp, ClO7, thus leading to indirect oxidation. The
production of these ions reacts with the bacterial
cell leading to its inactivation either directly on the
anode’s surface or through OHe and indirectly by
RCS generated in bulk. Therefore, the maximum effi-
ciency of this EO process is due to the synergistic ef-
fect between RCS and OHe [45]. From Figure 2b, the
effect of ¢ and n on % inactivation can be analyzed.
At lesser t values, the % inactivation is minimum
with high n. With the gradual increase in ¢ values,
the % inactivation also increases. From 2 to 9 min,
the % inactivation is minimum compared to the time
values from 9 to 16 min, where a gradual increase in
% inactivation can be observed. With rn values of 0.5
to 1.5 g, the % inactivation increases with increasing
t. Further, increase in, n values from 1.5 to 2.5 g, the
% inactivation is maximum (99.59%) from 12.50 to
16 min which may be due to the synergistic effect of
RCS and OHe radicals which propagated maximum
inactivation during the treatment process.

6HOCI +3H,0 — 2CIO5 +4Cl™ + 12H* +1.50; + 6e”~

(12
3Clz(g + 6NaOH(aq) — NaClO3 + 5NaCl+3H,0  (13)
3Cl0™ — ClOz +2CI~ (14)

3.2.3. Effect of treatment time (t) on % inactivation

The treatment time is a crucial operating factor in
the EO process since it controls the reaction rate and
affects the process economy. To analyze the effect of
time and current density on % inactivation, the 3-D

graph was studied as shown in Figure 2c. At lower
values of j, with an increase in t, the % inactiva-
tion was also increasing. At the same ¢ with higher
j values, the % inactivation was minimum (~35%).
From ¢ values of 12.50 to 16 min, the % inactivation
was maximum (99.86%) and was constant for lower
j values. According to literature, an impermeable
layer is generated on the surface of the electrode
during electrolysis, leading to the inactivation of the
electrode surface. Hence, it increases the ¢ of the EO
process and decreases its efficiency [51]. However,
no such problem was observed in this study, as the
used MMO electrode links both the direct and medi-
ated oxidation process and helps prevent electrode
inactivation during electrolysis.

3.2.4. Effect of current density (j) and NaCl dose (n)
on energy consumption

Energy consumption depends on the process pa-
rameters and the type of electrode used. From Fig-
ure 3a, it can be seen that with an increase in j at
lower values of n, the energy consumption was max-
imum due to the lower solution conductivity and the
increase in voltage drop. But with an increase in » at
lower values of j, the energy consumption was con-
stant. Atlower j values from 2.38 to 4.76 mA/ cm?, the
energy consumption was maximum with an increase
inn. At higher j values with increasing n values from
0.5 to 1.0 g/L, the energy consumption was increas-
ing. Further, increasing the n from 1.50 to 2.50 g/L
decreased the energy consumption at higher j values
because of ease in flow of current through the elec-
trolytic solution.

3.2.5. Effect of current density (j) and treatment time
(t) on energy consumption

Figure 3b shows that at higher j values, the en-
ergy consumption gradually increases with ¢ values.
Such behaviour may be attributed to a decrease in
ionic concentration, leading to lower conductance
and other side reaction resulting in maximum energy
consumption. At a low j value of 2.38 mA/cm?, the
energy consumption increases with an increase in t.
This might occur as the electricity consumption is di-
rectly proportional to # [43].
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3.3. Optimization

This study optimized the process parameters such
as current density, time, and NaCl dose to get the
maximum bacterial inactivation and minimum en-
ergy consumption by using MMO anodes. The op-
timum conditions for the two responses, Q; and Qy,
were not the same. Using the desirability function
approach, the optimum conditions for Q; were se-
lected as maximum, and for Q» as a minimum. Some
constraints were applied to input process parameters

to obtain this integer, as shown in Table S2.

The optimized values of the process parameters
and the responses and the desirability values for in-
dividual and simultaneous optimization are shown
in Table S3. The optimum conditions for the process
variables were NaCl dose = 1.77 g/L, current density
= 6.34 mA/cm?, time = 10 min. At this optimized
condition, the responses Q; and Q-, as proposed by
BBD, were 99.96% and 0.58 kWh/m3, respectively,
along with a desirability value of D = 0.884. The ex-
periment was performed under these optimized con-
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Table 3. Comparative study with previous literature

Poulomi Chandra et al.

Wastewater Microbe Technique used Removal efficiency ~ Current density References
Synthetic Pseudomonas Electrooxidation  >5 log-unit reduction  33.33 mA/cm? [57]
water aeurigonosa with boron doped at 30 min
diamond (BDD)
and RuO,/IrO,
DSA
Synthetic Escherichia coli, Electrooxidation 10 CFU/mL removal 5-100 A/m? [20]
urine Pseudomonas with boron doped at 60 min for E. coli
aeurigonosa diamond (BDD) and 120 min for
P aeurigonosa
Simulated Escherichia coli Electrooxidation 3.2 log reduction at 2-8 mA/cm? [58]
wastewater with graphite 5 min
electrodes
Synthetic Klebsiella Electrooxidation 7 logreduction 5-50 A/m? [59]
urine pneumoniae with mixed metal before 120 min
oxide (MMO)
Synthetic Escherichia coli Electrooxidation = Complete 1.34 Ah/dm3 (9]
urine with BDD, IrO,, deactivation
RuOy, Pt
Simulated Escherichia coli, Electrooxidation 99.96% inactivation 6.34 mA/cm? Present
wastewater  Bacillus subtilis, with mixed metal at 10 min study
Staphylococcus oxide (MMO)
aureus, Salmonella
enterica,
Acinetobacter

calcoacetius, Serratia
marcescens, Listeria
sp., Enterococcus
faecalis

ditions to check the developed model’s efficacy. The
responses, Q; and Q- at these optimized conditions,
came out to be 99.2% and 0.42 kWh/m?3, respectively.
These values are very close to the ones predicted by
the model, as shown in Table S4. During electrolysis,
various ions like OHe, HOCI, Cl,, and ClI~ were gen-
erated, leading to direct and indirect oxidation.
Further, the OHe generated in the process helps
in direct oxidation and readily gets converted to
H,0, and HOgye, thus leading to indirect oxidation.
Further, the presence of RCS also helps in indirect
oxidation. Hence, bacterial inactivation occurs due
to direct and indirect oxidation at optimized condi-
tions. Moreover, the obtained results have been crit-
ically analyzed with the reported studies as depicted
in Table 3. The present study uses the novel compo-

sition of MMO anode (TiO,/IrO,/RuO,/PtO,) with
low current density of 6.34 mA/cm? for the complete
inactivation of bacterial consortium within a treat-
ment time of 10 min. Thus, it is concluded that the
technique is economically feasible at lower current
density and treatment time.

3.4. Characterization of MMO anodes
3.4.1. SEM/EDS analysis

To characterize the surface morphology and ele-
mental composition of MMO anodes, SEM-EDS was
performed for both fresh and recycled anodes Fig-
ure 4a,b. The SEM images for both fresh and recycled
anodes show almost similar structural characteris-
tics even after 50 cycles, thus indicating the uniform
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Figure 4. SEM and EDS images of MMO anode showing peaks of Ti, Ru, O, Lr, Pt along with their atomic

composition (a) Fresh MMO and (b) Recycled MMO.

layer of metal oxides. The incorporation of Ir, Ru,
and Pt oxides in the titanium metal sheet has made
the electrode surface porous and smooth with slight
cracks, thus preventing the electrodes from corrosion
and increasing the stability for a more extended pe-
riod [60]. The pronounced peaks of all the three met-
als, i.e., Ir, Ru, and Pt in the recycled anode, along
with the peaks of Ti, and O, have proved the dura-
bility of electrodes even after 50 cycles. The quan-
titative analysis of the electrodes was performed by
EDS. It depicts that the atomic concentration of the
metal oxides of Ti, Ru, Ir, Pt, and O were almost
similar for both fresh and recycled anodes after 50
cycles. Such results confirm the stability of elec-
trodes after 50 experimental runs as shown in Fig-
ure 4a,b.

3.4.2. XPS analysis

The XPS spectra of both fresh and recycled anodes
Figure 5 was performed in order to analyze the metal
elements’ oxidation state and to study the molecular
information associated with electrode surface chem-
istry [61,62]. The results indicate no drastic change
in the oxidation state of the metals as well as each
metal element present after 50 cycles. As shown in
Figure 5a, in the Ti 2p spectrum, the two peaks at
458.5 eV and 464.3 eV correspond to the binding en-

ergies of Ti 2p3,, and Ti 2p, , states for both the fresh
and recycled anodes [63]. Figure 5e, shows the spec-
trum of O 1s signal at 531.47 eV, which corresponds
to a broad peak due to the formation of Ti-O bonds.
Figure 5b,c and d, shows the spectrum signal of Ir 4f,
Ru 3d, and Pt 4f for both fresh and recycled anodes.
Ptsignal spectrum is indicated at 74.2 eV. It shows the
signal of the Pt (v) oxidation state at the 4f5;» level,
which further corresponds to the formation of Pt—
Ti bonds. However, for Ru, the peak was observed
at 284.8 eV while for Ir, the peaks were observed at
61.6 eV and 63.2 eV. The signals obtained from the
Ru and Ir spectrum were linked with Ru 3ds;», and
Ir 4f7),, Ir 4f5,», respectively, indicating the formation
of hydrated metal oxides of RuO; and IrO. The stud-
ies reported in the previous literature correspond to
the results in the present study [64-66].

3.4.3. XRD analysis

The X-ray diffraction study was performed for
both fresh and recycled MMO anodes. The XRD
analysis was applied to study the crystalline structure
of the metal oxides coated on titanium sheet. Fur-
ther, prominent peaks of the metal oxides of Ti, Ru, Ir
and, Pt was observed in the recycled anode even af-
ter 50 experimental runs thus proving the metals’ in-
tactness as shown in Figure S2. The diffraction peaks
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of titanium (JCPDS card: 01-089-3073), titanium ox-
ide (JCPDS card: 01-089-8303), iridium oxide (JCPDS
card: 01-088-0288), ruthenium oxide (JCPDS card:
00-040-1290), and platinum oxide (JCPDS card: 00-
021-0613).

3.4.4. Electrochemical analysis

The cyclic voltammetry (CV) study was done in
order to characterize the electrochemical activity of
MMO anodes as shown in Figure S3. The reference
electrode was a calomel electrode with platinum as a
counter electrode with a scanning rate of 500 mV/s.
The full CV scan of the MMO anode was recorded
in the potential range of —1.0 to 0.4 V. As it can be
seen that for cycle 1 the oxidation peak was observed
at ~7 mA, but for cycles 15, 30, 45 and, 50 the ox-
idation peak was stable at ~20 mA. Thus, the sta-
bility of MMO anodes after 50 experimental runs is
proved [67-69].

3.4.5. Hydroxyl radical test

In order to see the efficacy of the EO process,
EO has been performed under optimized conditions
to confirm the production of OHe at MMO. Experi-
ments were performed in absence and in presence
of NaCl in an aqueous solution containing 0.5 mM
TPA in 1M NaOH. Figure S4s confirmed that the pro-
duction of OHe was maximum at 2 min, and with
increasing time, the generation of OHe decreased
when NaCl was added to the solution. However,
from Figure S4, it was concluded that the genera-
tion of OHe at an acidic pH of 3.8 was maximum
for 10 min. With increasing time, the generation of
OHe was increased when no NaCl was added to the
solution. This concludes that at an acidic pH, the
rate of OHe adsorption is high on MMO anodes lead-
ing to the direct oxidation of the compound. To ver-
ify the synergistic effect of RCS and OHe, an experi-
ment was performed to measure the % inactivation
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Figure 6. Plot of mineralization at an optimized condition of (current density = 6.34 mA/cm?, NaCl
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no loss in the inactivation efficiency of electrodes.

rate Figure S5. Here, the absorbance of the sam-
ple solution having bacterial consortium with NaCl
and TPA (scavenger of OHe) was measured at 600 nm
in order to observe the effect on the % inactivation
rate. No significant elimination of bacterial consor-
tium was observed when the sample solution was
treated with only current and TPA. In contrast, ~95%
and ~98% inactivation was observed when the bac-
terial consortium was treated with NaCl and both
NaCl and TPA respectively. Thus, it is concluded
that the inactivation rate depends mainly on the RCS
generation.

3.5. Durability study

The durability and the stability of MMO anodes have
been studied in order to check the economic cost and
the practical feasibility of the EO process on a com-
mercial scale. In particular, the durability of the elec-
trodes has been evaluated in terms of the number of
recycles and the inactivation efficiency of bacteria, as
shown in Figure 6¢c. The electrodes were thoroughly

used for 50 cycles without any significant loss of the
metal oxides. Conditions for 50 cycles were accord-
ing to the experimental runs as suggested in Table 1.
The high activeness of the MMO anodes was due to
the minimum amount of NaCl concentration used at
lower current density values. Due to the presence of
IrO, in the MMO anodes, it can be used for a max-
imum of 5 years. These MMO anodes can produce
a magnificent amount of RCS and ROS due to TiO,,
IrO;, and Pt, leading to direct and indirect oxida-
tion [70]. The durability of MMO after 50 cycles was
further confirmed through SEM-EDS, and XPS analy-
sis, as discussed in Section 3.4.

3.6. TAC analysis (total available chlorine)

To check the quality of the untreated and treated sim-
ulated wastewater, analytical test such as TAC was
performed under optimized conditions. From Fig-
ure 6a, it was observed that the TAC level increased
during the EO treatment of simulated wastewater af-
ter a treatment time of 10 min. The TAC is a mixture
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of reactive intermediates comprising chloramines
such as (NH,Cl) and free chlorine (Cl,, HOCI) [71].
Thus, it is concluded that the RCS produced dur-
ing electrolysis using MMO anode is responsible for
the inactivation of bacteria present in the simulated
wastewater.

3.7. Bacterial cell damage checked by potassium
ion leakage test

The outer membrane of the bacterial cell serves an
essential function of barrier to the permeability of the
intracellular substances. The bacterial cell damage
was due to RCS, which damages the cell wall and the
outer membrane of bacteria produced during the EO
treatment of simulated wastewater. Thus, It leads to
nd increased permeability and leakage of intracellu-
lar substances like K* from the cell [11]. The leakage
of K* ions from the damaged bacterial cell was stud-
ied for 10 min. The K* ion concentration increased
from 1.63 ppm to 1.78 ppm Figure 6b. The K* ion was
released entirely from the inactivated bacterial cell
after a treatment of 10 min. Thus, it is concluded that
the membrane permeability of bacterial cells was dis-
rupted during the EO process.

3.8. Operating cost analysis

To commercialize the EO treatment technology at
large scale, it is mandatory to estimate the total cost
of the treatment process, which should be economi-
cally feasible. Hence, the electrical energy consumed
and the cost of the electrodes have been considered
for the economic evaluation of the treatment pro-
cess. The total operating cost for the inactivation
of bacteria in simulated wastewater was determined
to be 0.189 $/m3 (Table S5). Such value indicates
that the EO process by MMO is economically fea-
sible. Few researchers have reported the operating
cost analysis for the treatment of different wastewa-
ters [71-74]. Further, the operating cost can be mini-
mized during the scale-up studies by modifying the
design of the electrolytic reactor and the operating
conditions.

4. Conclusion

The EO treatment of bacteria using titanium-
based MMO was performed. The optimized pro-
cess parameters from BBD were found to be NaCl

dose = 1.77 g/L, current density = 6.34 mA/cm?, time
= 10 min for obtaining the maximum degradation. At
these optimized conditions, the values of responses
Q; and Q. were 99.2% and 0.42 kWh/m?3, respectively,
and a combined desirability D = 0.884. The bacterial
inactivation was found to be maximum because of
both direct and indirect oxidation involvement due
to the formation of strong oxidants, OHe and RCS
like HOCI, Cl,, and CI™. Further, TAC proved the in-
activation of bacteria in simulated wastewater after a
treatment time of 10 min. The characterization stud-
ies like SEM-EDS and XPS proved the stability and
durability of MMO anodes for bacterial inactivation
even after 50 cycles. The potassium ion leakage test
further confirmed the bacterial damage. The present
study indicates the efficiency of MMO anodes for
further research analysis towards eco-sanitation and
opens up a new approach for the on-site treatment
of wastewater.
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