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A B S T R A C T

Hospital wastewater (HWW) comprises a complex matrix of organic and inorganic contaminants, pathogenic 
microorganisms, and heavy metals that pose significant environmental and public health concerns. This study 
investigates the performance of a compact and field-deployable electrochemical oxidation (EO) reactor 
comprising a Ti–TiO2/IrO2/RuO2 hollow cylinder anode in raw HWW was investigated in this work. A careful 
analysis of the physicochemical parameters of HWW showed high concentrations of total dissolved solids (4,567 
mg L− 1), total suspended solids (2,836 mg L− 1), COD (3,108 mg L− 1), and BOD (1,230 mg L− 1), The EO process 
was performed at current densities 5.8, 10.4 and 15.5 mA/cm2 and maximum COD removal (92 %) at 15.5 mA/ 
cm2 after 10h of treatment. The compact anode possessed a crack-propagated surface morphology that is 
beneficial for Cl2 evolution reaction, and flower-like scale deposits with mainly Ca and Mg phases revealed by 
XRD were observed on the cathode, and verified by HR-SEM and EDX. The EO process effectively eliminated 
both fecal and total coliforms within 60 min and significantly decreased the levels of heavy metals (Fe: 945 → 
450, Cu: 732 → 345, Zn: 650 → 140, Mn: 68 → 15 and Pb: 20 → 5.0 ppm). FT-IR and GC-MS studies showed 
significant degradation of organic compounds, which resulted in the reduction of toxic substances and the 
production of less harmful products. The treatment is enhanced by in-situ generated active chlorine species (Cl2, 
HOCl and OCl-), that oxidize and mineralize organic-matter. These findings confirm that the EO process has the 
potential for effective treatment of HWW, resulting in environmental-safe reuse of treated HWW for irrigation 
use and reduced the environmental footprint of hospitals.

1. Introduction

Hospital wastewater HWW originates from various departments 
within healthcare facilities, including surgical units, dialysis centres, 
oncology wards, orthopaedic, pediatric units, diagnostic laboratories, 
and infectious disease wards, excluding washroom areas [1]. This 
effluent exhibits a complex composition attributable to a diverse array of 
contaminants, like pharmaceutical residues, various organic 

disinfectants, chemical reagents tested in diagnostic procedures, human 
metabolites, and infectious biological materials [1,2]. Moreover, the 
presence of diverse aerobic and anaerobic pathogenic microorganisms 
further complicates the characteristics of HWW [2]. The prevalence of 
synthetic pharmaceuticals and chemical reagents from healthcare fa
cilities significantly elevates the organic pollutant load in HWW, thereby 
promoting the proliferation of antibiotic-resistant microorganisms [2]. 
Conventional sewage treatment processes generally prove insufficient in 
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effectively managing this highly contaminated effluent, often leading to 
its discharge into aquatic and terrestrial ecosystems [3]. This scenario 
exacerbates the spread of pollutants and pathogens, posing significant 
risks to both public health and environmental stability. Consequently, 
HWW has emerged as a critical reason for water pollution, highlighting 
the imperative need for the development and implementation of effec
tive mitigation strategies.

The treatment of pharmaceutical wastewater and HWW has been 
effectively tackled through a combination of physical adsorption, 
biodegradation, and advanced oxidation processes (AOPs) [4–10]. 
However, each of these methodologies has distinct advantages and 
drawbacks [10]. Physical treatment methods, which encompass 
adsorption and filtration, demonstrate high efficiency in the rapid 
removal of both organic and inorganic contaminants via specialized 
adsorbent materials [4–7]. These techniques often generate secondary 
pollutants and require further degradation processes, in addition to the 
periodic replacement of adsorbent materials [10]. Biological treatment 
strategies involve the demineralization of organic pollutants using a 
diverse array of aerobic and anaerobic microorganisms that employ 
various metabolic enzymes [5]. Notably, these biological processes 
require extended operating times to achieve significant degradation of 
organic compounds [5]. In the event of these challenges, AOPs were 
evaluated for their ability to achieve high removal efficiencies within 
reduced operational time [10–12]. This is accomplished through the 
generation of reactive oxygen species (ROS) via various catalytic acti
vation methods, electrochemical reactions, and photo-induced mecha
nisms [11,29]. Among the AOPs, electrochemical oxidation processes 
(EOs) have shown considerable effectiveness in degrading pollutants 
and eradicating pathogens in HWW by generating active chlorine spe
cies (Cl2, HClO, OCl− ) at the anode surface [13]. Selecting appropriate 
anode materials, using optimized current density, and designing effi
cient electrochemical reactors are critical factors in enhancing the effi
ciency of EO processes while reducing operational costs [13-15]. 
Previous research has demonstrated that the selection of anode mate
rials (SnO2, PbO2, Ta2O5, RuO2, IrO2, Ti4O7, and their complexes) can 
substantially influence chemical oxygen demand (COD) removal under 
optimal EO operational conditions [15–17]. Specifically, titanium (Ti) 
supports coated with metal oxides have been proven to significantly 
enhance electrocatalytic activity for chlorine and oxygen evolution re
actions, which are extensively utilized within the chlor-alkali sector due 
to their greater catalytic properties and durability [18]. Recent studies 
have highlighted the use of Ti–TiO2/IrO2/RuO2 electrodes and their 
influence on COD removal efficiency in various industrial wastewater 
treatment processes [19–21]. The substantial concentration of chloride 
ions (Cl-) present in the effluent facilitates the electrochemical genera
tion of active chlorine species via anodic oxidation. This phenomenon 
effectively enhances the degradation of various organic contaminants 
through an indirect oxidation pathway [20]. The efficiency of COD 
removal in wastewater treatment at pilot scale up is contingent upon 
several critical parameters, including current density, electrode config
uration, concentration of electroactive species, and prevailing hydro
dynamic conditions [16–20]. In particular, current density is vital for 
the optimization and scalability of EO processes [21]. The preference for 
continuous-flow reactors over batch systems is largely due to the 
enhanced mass and charge transfer of electroactive species and pollut
ants in the wastewater matrix [19–22]. Consequently, conventional 
viable wastewater treatment facilities utilize continuous-flow reactor 
configurations [13,15,22]. This highlights the demand for innovative 
design and fabrication methodologies for portable electrochemical re
actors such advancements are imperative for effectively targeting con
taminants in both industrial and domestic wastewater treatment 
applications.

This study explores the optimization of the EO process for treating 
HWW, and aims to achieve substantial reductions in COD while effec
tively eliminating pathogenic bacteria. A portable electrochemical 
reactor has been developed, featuring a hollow cylindrical Ti–TiO2/ 

IrO2/RuO2 mesh electrode as the anode and a Ti mesh cathode. A key 
focus of using this reactor is to investigate the effect of current density on 
COD removal performance. In addition, the study assesses the genera
tion of active chlorine species during the EO process at various current 
densities. The level of microbial inactivation, particularly fecal co
liforms and total coliforms in wastewater, was evaluated using the Most 
Probable Number (MPN) method and total viable bacterial count 
method. The degradation products resulting from EO treatment were 
characterized using Fourier-transform infrared spectroscopy (FT-IR) and 
gas chromatography-mass spectrometry (GC-MS). The exploration also 
investigates the crystal phase characteristics and morphology of 
hardness-causing species that are electrodeposited on the cathode sur
face. The heavy metal ion removal efficiency is determined through 
atomic absorption spectroscopy (AAS). Furthermore, the recycling effi
cacy of the EO process and the stability of the electrode material are 
evaluated using X-ray diffraction (XRD). In addition, the raw HWW and 
its intermediates were evaluated for acute and chronic toxicity to 
aquatic organisms utilizing the ECOSAR tool (Ecological Structure Ac
tivity Relationships). This research provide a novel, compact, new 
miniaturized and readily adaptable to field use type of EO system using 
Ti–TiO2/IrO2/RuO2 mesh hollow cylinder shape anode for cables raw 
HWW treatment. The spherical electrodes as well are definitely better 
than the flat, but the increasing of the surface, the mass transfer and the 
efficiency of the chlorine evolution are better using the hollow cylin
drical geometry. Maximum degradation of COD was achieved (92 % 
maximum), along with microbial inactivation and decrease in heavy 
metals at the optimum current densities. Absolutely necessary, for the 
first time in the literature are the coupling of these physicochemical, 
microbiological and spectroscopic (FT-IR and GC-MS) with showed 
ecotoxicological (ECOSAR) evaluations that is needed to fully evaluate 
the performance of treatment and including assess the environmental 
safety. The technology combines state-of-the-art materials science with 
a real-world HWW remediation, and provides a possible scaleable and 
power-efficient alternative to existing EO. The focus on employing a 
hollow cylindrical Ti–TiO2/IrO2/RuO2 mesh electrode for HWW treat
ment, along with scalability considerations, holds significant potential 
for advancing the practical implementation of EO technologies in HWW 
management.

2. Materials and methods

2.1. Chemicals

Potassium Di Chromate Crystals (K2Cr2O7), Mercuric Sulphate 
Crystals (HgSO4), Concentrated Sulphuric acid (H2SO4), Silver Sulphate 
Crystals (Ag2SO4), Ferric Ammonium Sulphate Crystals ((NH4)Fe 
(SO4)2⋅12H2O), Orthophosphoric acid (H3PO4), Sodium fluoride, 
Diphenyl amine indicator ((C6H5)2NH), Ferroin indicator ([Fe 
(C12H8N2)3]SO4), Potassium Iodide Ammonium Molybdate 
((NH4)6Mo7O24⋅4H2O), Methanol solvent (CH3OH), Nitric acid (HNO3), 
Hydrochloric acid (HCL), Nutrient Agar (NA) and deionised Milli-Q- 
water were purchased from Hi-Media (Mumbai, India).

2.2. Collection of hospital wastewater

HWW was collected from a primary urban center in Vellore of Tamil 
Nadu, India. A total of 25 L of stagnant water, which had been held for 
approximately 20 days, was collected in a high-density polyethylene 
Jerrican. The samples were transported to the Microbiology and Mo
lecular Research (MMR) Laboratory at Vels University. The collected 
volume was stored refrigerated at temperatures ranging from 4 ◦C to 
8 ◦C for further analytical procedures.

2.3. Experimental set-up and the EO process

The experimental apparatus is detailed in supporting information 
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(Fig. S1). It consists of an EO reactor constructed from 8-mm thick glass. 
The base reactor was designed as a cuboid with dimensions of 6 x 6 × 11 
cm (Length x Width x Height), incorporating a central inlet with a 0.5 cm 
diameter hole. The chamber’s base was further extended to dimensions 
of 10 x 10 × 4 cm (Length x Width x Height), with a 0.5 cm diameter 
outlet located at the bottom right side. The reactor had a total volume of 
600 ml, and wastewater flow was regulated using a portable mini water 
pump. The anode and cathode materials were procured from Ti Fab 
Engineering in Chennai, Tamil Nadu. The anode is composed of a tita
nium substrate coated with a composite of triple metal oxides (Ti–TiO2/ 
IrO2/RuO2), fabricated into a hollow cylindrical electrode with a 
diamond-pattern mesh design measuring 3.5 cm in diameter and 8.5 cm 
in height. The cathode, crafted from pure Ti, featured a design analogous 
to the anode but with an increased diameter of 4.5 cm and a height of 
8.5 cm. Both electrodes were connected to a DC power supply to facil
itate the continuous operation of the reactor. Prior to initiating the EO 
process, the wastewater was thoroughly circulated through the reactor 
using the pump for 30 min to ensure adequate mixing. Each EO exper
iment was performed over 10 h at current densities of 5.8, 10.4, and 
15.5 mA/cm2. All tests were conducted under ambient temperature 
conditions. Wastewater samples were collected at regular intervals for 
Chemical Oxygen Demand (COD). In addition, key parameters, 
including total hardness, total Kjeldahl nitrogen (N-TKN), ammonia 
(NH3), nitrate (NO3), nitrite (NO2), and Biological Oxygen demand 
(BOD), were assessed at the end of each experiment.

2.4. Analytical procedure

The pH of the HWW samples was measured using a portable pH 
meter (Wellon). Conductivity measurements were obtained using a 
portable EUTECH conductivity meter (Eutech CON 450). Turbidity, total 
dissolved solids (TDS), and total suspended solids (TSS) were assessed 
using standard protocols established by the American Public Health 
Association (APHA, 2017) [23]. Chloride (Cl-) and sulphate (SO4-) ions 
were analyzed using volumetric methods (Mohr’s method) and gravi
metric methods. Total hardness, along with calcium (Ca2+) and mag
nesium ions (Mg2+) concentrations, was determined through titration 
and AAS techniques. N-TKN, NH3, NO3, and NO2 were measured 
following standard methods (APHA, 2017) [23]. BOD for both raw 
HWW and EO-treated samples was estimated using BOD bottles incu
bated at 25 ◦C for 5 days. Bacteriological parameters, including fecal 
coliforms (CFU/100 ml) and total coliforms (CFU/100 ml), were 
analyzed using the Most Probable Number (MPN) technique [24]. Active 
chlorine produced during the EO treatment was quantified using the 
iodometry method [22]. COD for both the raw HWW and EO-treated 
samples was determined by digesting the samples with potassium di
chromate, followed by quantification with a spectrophotometer (Spec
troquant®, Merck, Germany).

The raw HWW and EO-treated samples were subjected to lyophili
zation to obtain dried material. The dried samples were then incorpo
rated into KBr pellets for FT-IR analysis using a PerkinElmer Inc [25,26]. 
Subsequently, the dried samples were dispersed in methanol and filtered 
through a polytetrafluoroethylene (PTFE) syringe filter (0.22 μm). The 
identification of organic and intermediate compounds present in both 
the raw HWW and EO-treated samples was accomplished through 
GC-MS analysis (an Agilent 6890 N gas chromatograph coupled with a 
HP 5973 mass spectrometer detector) [27]. The elemental analysis of 
raw HWW was performed by X-ray fluorescence (XRF) with a Horiba 
instrument. The morphological characteristics of the anode and cathode 
materials were assessed by High Resolution-Scanning Electron Micro
scopy (HR-SEM) coupled with Energy-dispersive X-ray spectroscopy 
(EDX) using a Thermo Scientific Apreo S system. To analyze the crystal 
phase of the recovered precipitate from the Ti electrode surface after the 
EO process was performed using XRD (Bruker D8-ADVANCE unit) [28]. 
Additionally, Atomic Absorption Spectroscopy (AAS) was used to 
quantify heavy metal ions in both the raw HWW and EO-treated 

samples, following acid digestion for sample preparation [21]. The 
electrochemical energy expenditure for the EO treatment of HWW was 
determined using Equation (1) [22]. 

Energy consumption kWh m− 3 =
1
Vs

∫ t

0
VIdt (1) 

V represents the applied voltage (V), A denotes the applied current (A), t 
indicates the treatment duration (h), and Vs is the volume of the solution 
(L).

2.5. Theoretical toxicity assessment

The raw HWW and its intermediates generated through the EO 
process were assessed for their toxicity to aquatic organisms using the 
ECOSAR tool 2.2 [29]. Both acute and chronic toxicity (ChV) values for 
fish, Daphnia, and green algae were evaluated and correlated with the 
relevant classifications established by the Globally Harmonized System 
of Classification and Labelling of Chemicals (GHS).

2.6. Statistical analysis

Every experiment was conducted in triplicate (n = 3), and the mean 
± standard deviation (SD) was used to display the data. Groups were 
compared using Dunnett’s test after one-way analysis of variance 
(ANOVA) (GraphPad Prism software). At p < 0.05, statistical signifi
cance was established.

3. Results and discussion

3.1. Physicochemical characteristics of HWW

(Table 1) presents a comparative analysis of the physicochemical 
properties of raw HWW and its EO treatment. The wastewater exhibited 
brown coloration with a slight black tint and an odour, with a recorded 
pH of 7.42 ± 0.2. The turbidity was measured at 13 NTUs. Total dis
solved solids (TDS) and total suspended solids (TSS) were quantified at 
4567 ± 26.0 mg L− 1 and 2836 ± 21.0 mg L− 1, respectively, indicating a 
significant presence of organic matter and metal complexes. The HWW 
sample was characterized by a conductivity of 1691 ± 5.0 μS/cm, 
consistent with the dissolution of mineral ions. Moreover, concentra
tions of total hardness, total alkalinity, calcium (Ca), magnesium (Mg), 
and total phosphate (PO4) were determined to be 1400 ± 12.5, 680 ±
11.5, 480 ± 3.0, 160 ± 5.0, and 0.5 ± 0.0 mg L− 1, respectively, sug
gesting a propensity for scale formation within the wastewater. Chloride 
(Cl-) and sulphate (SO4

- ) ions were present at concentrations of 1800 ±
16.0 and 980 ± 13.0 mg L− 1, respectively. The presence of Cl- ions is 
notable due to their role in promoting the generation of indirect hypo
chlorite at the anode surface (Ti–TiO2/IrO2/RuO2) during the EO pro
cess, which facilitates organic degradation [18–20]. The analysis also 
revealed total Kjeldahl nitrogen, NH3, NO3, and NO2 levels of 140 ± 2.0, 
3.00 ± 0.1, 28 ± 2.5, and 0.14 ± 0.0 mg L− 1, respectively. COD and 
BOD were measured at 3108 ± 18.0 and 1230 ± 9.0 mg L− 1, indicating a 
substantial organic load in HWW. Faecal coliforms and total coliforms 
counts were presented at 50 and 30 CFU/100 ml, respectively. The 
supplementary information (Fig. S2) comprehensively details the XRF 
analysis of the raw HWW. The results indicate a predominant calcium 
(Ca) concentration of 80.40 %, accompanied by significant levels of iron 
(Fe) at 7.43 %, phosphorus (P) at 5.35 %, and sulfur (S) at 3.83 %. 
Additionally, trace elements are present in the following concentrations: 
zinc (Zn) at 0.79 %, manganese (Mn) at 0.44 %, titanium (Ti) at 0.40 %, 
lead (Pb) at 0.29 %, copper (Cu) at 0.27 %, and chromium (Cr) at 0.07 
%. The physicochemical analysis demonstrates elevated COD, BOD, and 
heavy metal levels, alongside the presence of diverse coliform bacterial 
species in the HWW. These findings highlight the persistent necessity for 
the advancement of effective electrochemical techniques designed to 
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Table 1 
Comparative analysis of the characteristics of raw HWW and after EO treatment, by the specifications outlined in IS 10500: 2012 and the World Health Organization 
(WHO) guidelines for irrigation water quality.

S.No Parameters Raw HWW EO treatment Specification as per IS 10500: 2012 WHO

Acceptable limit Permissible limit

1 Appearance Sly-Turbid – – – –
2 Colour (Hazen) Brownish White Agreeable Agreeable –
3 Odour Some odour – – – –
4 pH 7.42 ± 0.20 7.0 ± 0.20 6.5–8.5 6.5–8.5 5.5–9.0
5 Turbidity (NTU) 13 ± 0.10 4.5 ± 0.10 1 5 –
6 Total dissolved solids (mg L− 1) 4567 ± 26.0 760 ± 11.4 500 2000 1500
7 Total suspended solids (mg L− 1) 2836 ± 21.0 380 ± 8.2 – – –
8 Conductivity (μS/cm) 1691 ± 5.0 1425 ± 9.8 – – –
9 Total Hardness (mg L− 1) 1400 ± 12.5 280 ± 4.8 200 600 –
10 Calcium (mg L− 1) 480 ± 3.0 72 ± 2.5 75 200 –
11 Magnesium (mg L− 1) 160 ± 5.0 38 ± 2.2 30 100 –
12 Total Alkalinity (mg L− 1) 680 ± 11.5 118 ± 6.4 200 600 –
13 Total Phosphate as PO4 (mg L− 1) 0.5 ± 0.0 0.2 ± 0.0 – – 0.1
14 Chloride (mg L− 1) 1800 ± 16.0 860 ± 15.4 250 1000 250
15 Sulphate (mg L− 1) 980 ± 13.0 520 ± 9.8 200 400 200
16 Total kjedhal nitrogen (mg L− 1) 140 ± 2.0 0.00 – – –
17 Ammonia (mg L− 1) 3.00 ± 0.1 0.4 ± 0.0 0.5 0.5 2
18 Nitrate (mg L− 1) 28 ± 2.5 4.5 ± 0.1 45 45 45
19 Nitrites (mg L− 1) 0.14 ± 0.0 0.06 ± 0.0 – – –
20 Oil and grease (mg L− 1) 50 ± 4.0 0.00 – – –
21 Chemical oxygen demand (mg L− 1) 3108 ± 18.0 220 ± 8.8 250 500 500
22 Biological oxygen demand (at 27 ◦C for 3 Days) (mg L− 1) 1230 ± 9.0 180 ± 4.6 – – 200
23 Fecal Coliforms (CFU/100 ml) 50 0.00 0 0 –
24 Total Coliforms (CFU/100 ml) 30 0.00 0 0 –

Fig. 1. (a & b) HR-SEM images of the pristine Ti–TiO2/IrO2/RuO2, and (c & d) Ti electrode.
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eliminate organic contaminants and coliform bacteria from HWW.

3.2. EO process

Electrochemical technologies present a viable alternative for 
addressing various environmental challenges associated with waste
water treatment. This study used a Ti–TiO2/IrO2/RuO2 anode mesh with 
a hollow cylindrical configuration to assess its performance in treating 
HWW. The effects of varying current densities were systematically 
analyzed to evaluate their impact on COD removal efficiency at regular 
time intervals [30]. The morphology and elemental composition of the 
pristine anode and cathode materials were examined via HR-SEM 
(Fig. 1). The anode surface exhibited a distinctive molded topology 
with pronounced surface cracking, which can be attributed to the 
thermal processing of the electrode fabrication at Ti substrate, subse
quently coated with a layer of triple metal oxides (TiO2/IrO2/RuO2). 
The crack propagation range is from 5 to 20 μm, characterized by an 
initial broad width that narrows to a sharp edge (Fig. 1a) and (Fig. 1b), 
suggesting the influence of cavitation phenomena. This specific surface 
morphology is advantageous for chlorine evolution reactions, as sup
ported by existing literature [30,31]. In addition, EDX analysis provided 
the atomic weight percentages of the constituents: titanium (Ti) at 
67.60 %, ruthenium (Ru) at 30.80 %, and iridium (Ir) at 1.59 % sup
plementary information (Fig. S3a). These atomic weight percentages of 
the electrode correlate well with the thermal fabrication method utilized 
for the Ti plating with triple metal oxides. The stability of the TiO2, 
RuO2, and IrO2 has been well established in EO applications [31]. The 
cathode displayed a flat surface profile, with emphasis on the presence 
of Ti (Fig. 1c&d). The prominent peak associated with the Ti element 
was uniquely observed in the EDX spectrum of the cathode supple
mentary information (Fig. S3 b).

This study examines the impact of applied current density on COD 
removal efficiency during the EO process of HWW using a Ti–TiO2/IrO2/ 
RuO2 mesh electrode system. The findings reveal a substantial correla
tion between variations in current density and the effectiveness of COD 
reduction throughout the EO treatment process. The COD removal ef
ficiency exhibited a progressive increase over time across all tested 
current densities of 5.8, 10.4, and 15.5 mA/cm2 (Fig. 2). Initially, there 
was a similar performance pattern across all current density configura
tions; however, significant variations in COD removal efficiencies 

emerged by the end of the treatment period (Fig. 2). Remarkably, the 
system operating at 15.5 mA/cm2 achieved the peak COD removal ef
ficiency of 92 % after 10 h, while lower efficiencies of 42 % and 74 % 
were noted at 5.8 and 10.4 mA/cm2, respectively. Thus effectiveness of 
COD removal in HWW is substantially modulated by the specified cur
rent density, which is critical for the electrochemical generation of free 
active chlorine at the electrode interface [15]. In the undivided elec
trochemical cell arrangement, chlorine is generated at the hollow cy
lindrical Ti–TiO2/IrO2/RuO2 mesh anode, while hydroxide ions (OH-) 
are generated at the Ti mesh cathode. The inter-electrode gap, main
tained between 8 and 10 mm, is vital for facilitating the electrochemical 
reactions that yield chlorine and hypochlorite [11]. These reactions are 
influenced by the pH conditions of the HWW. The active chlorine species 
diffuse the flow of HWW, facilitating the oxidation of organic pollutants 
throughout the bulk solution [10–13]. This process contributes to 
demineralization, resulting in a significant decrease in COD levels. The 
reactions occurring in the portable electrochemical reactor during the 
EO process of HWW lead to a reduction in COD, as outlined in the 
proposed mechanistic framework [15,18,21,23]. 

Anode: 2Cl- → Cl2(g) + 2e-                                                              (2)

Cathode: 2e- + 2H2O → 2OH- + H2                                                (3)

Overall: 2OH- + Cl2 → Cl- + OCl- + H2O                                        (4)

Organic matter + OCl- → Intermediates organic content + CO2 + Cl- +
H2O                                                                                              (5)

The COD removal efficiency results indicate that the system oper
ating at a current density of 15.5 mA/cm2 outperforms other systems 
(Fig. 2). Consequently, this current density has been selected for sub
sequent analyses, including the assessment of physiochemical charac
terization, active chlorine production, total viable bacterial counts, 
morphology and crystal phase of electro deposition of cathode, distri
bution of heavy metals and the characterization of intermediate me
tabolites, which were examined using FT-IR and GC-MS.

Table 2. The comparative physicochemical analysis of raw and EO- 
treated HWW at a current density of 15.5 mA/cm2. The analysis fo
cuses on key parameters with IS 10500: 2012 standards and the WHO 
guidelines for irrigation water quality [32]. The brown colour of raw 
HWW changed to a white hue, indicating a significant reduction in 
odour supporting information (Fig. S4). Notably, turbidity exhibited a 
two-fold decrease following EO treatment. Enhanced reduction perfor
mance was observed concerning TDS and TSS, with levels recorded at 
760 ± 11.4 mg L− 1 and 380 ± 8.2 mg L− 1, respectively. There was a 
substantial four-fold reduction in total hardness, 280 ± 8.2 mg l− 1, and 
decreases in Ca and Mg levels, noted at 72 ± 2.5 mg L− 1 and 38 ± 2.2 
mg L− 1, respectively. In addition, the treatment resulted in notably 
reduced concentrations of NH3 at 0.4 ± 0.0 mg L− 1, NO3 at 5.0 ± 0.2 mg 
L− 1, and NO2 at 0.09 ± 0.0 mg L− 1. A four-fold decrease in BOD was 
recorded (180 ± 4.6 mg L− 1) compared to that of raw HWW (Table .1). 
Fig. 3 depicts the temporal evolution of active chlorine species during 
the electrolysis process. Notably, there was a transient low concentra
tion of active chlorine species observed between 30 and 60 min. How
ever, the chlorine concentration exhibited a significant upward trend 
over time, culminating at a peak of 1240 ± 14.90 ppm (Fig. 3). This 
escalation in chlorine levels corresponded with a marked enhancement 
in COD removal efficiency (92 %), indicating a positive correlation be
tween chlorine concentration and treatment efficacy. The physico
chemical parameters indicate that this EO technology exhibits high 
efficiency in the treatment and safe disposal of HWW. Furthermore, an 
emerging area of research is the system’s effectiveness in eradicating 
pathogens and viruses from hospital effluents, which highlights its po
tential role in infection control and environmental safety [10,14]. Sup
porting information (Table S1) presents the time required to determine 
the total viable bacterial counts for the EO time duration at a current 

Fig. 2. Evaluation of the influence of varying current densities on the perfor
mance of the Ti–TiO2/IrO2/RuO2 electrode and its corresponding COD 
removal efficiency.
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density of 15.5 mA/cm2. The initial viable bacterial counts in the HWW 
were recorded at 8.4 x 108 CFU/ml. This elevation in bacterial preva
lence is attributable to the diverse range of complex microbial ecosys
tems typical of healthcare waste, which is influenced by both 
patient-derived microorganisms and the presence of antimicrobial 
agents used in clinical treatments [1,33]. The EO process effectively 
eliminated bacterial species within 30 min, although a low-level 
enrichment of bacterial colonies was noted (S1). However, following a 
60 min exposure, complete eradication of bacterial species was achieved 
(S1). Furthermore, an investigation into fecal coliforms and total co
liforms, employing the MPN method, confirmed their absence, which 
can be ascribed to the active chlorine species generated electrochemi
cally. These reactive species effectively compromised bacterial cell 
integrity within the wastewater matrix [34]. These findings emphasize 
the efficacy of the EO process in the removal of both pathogenic and 
non-pathogenic bacterial taxa from HWW, thus highlighting its sub
stantial potential as an innovative solution for the management of 
healthcare-associated waste.

3.3. HR-SEM and XRD analysis of the scale deposition on the cathode

After EO-treatment of HWW, the cathode exhibited a white, slightly 
pale deposition. This material was subsequently analyzed for its 
morphological characteristics and crystal phase using HR-SEM and XRD 
techniques (Fig. 4a). illustrates the HR-SEM imaging of the cathode, 
revealing a fine micro flower-like slime layer that encompasses the 
cathode surface. An enlarged view of this layer highlights thread-like 
structures, with size distributions ranging from 0.6 to 1.5 μm 
(Fig. 4b). The edges of these threads display sharp, nano-needle-like 
features, and they aggregate to form a micro-flower structure. The 
nucleation process responsible for scale formation on the cathode sur
face was influenced by hardness-causing species such as Ca2+and Mg2+

ions and HCO3
− [35,36]. During EO treatment, OH− ions generated at the 

cathode play a crucial role in determining the nucleation sites. These 
ions rapidly migrate into the bulk HWW and react with available Ca2+

and Mg2+ ions, thereby facilitating the growth of crystal nuclei on the 
electrode surface [36]. As crystal growth progressed, larger crystals 
eventually detached from the electrode due to the hydrogen evolution 
phenomena occurring at the cathode, along with gravitational sedi
mentation effects [37]. The EDX spectrum and elemental composition of 
the cathode are provided in (Fig. 4c) and supporting information 
(Table S2). The deposit composition was predominantly Mg (9.35 %) 
and Ca (0.86 %), with minimal amounts of P (0.41 %) and Fe (0.07 %). 
The XRD pattern proved the presence of calcite, magnesium calcite, and 
aragonite crystal phases in the materials deposited on the cathode 
(Fig. 5). These findings were supported by the physicochemical char
acterization of an HWW sample taken after EO treatment, which 
demonstrated a reduction in total hardness, and Ca and Mg contents 
(Table .1).

3.4. Distribution of heavy metals

Heavy metal contamination in wastewater discharge from industrial, 
domestic, and healthcare sources poses a significant challenge to effec
tive treatment processes and is critical for protecting aquatic and soil 
ecosystems [38]. The presence of these contaminants can have detri
mental effects on diverse biological communities. This study in
vestigates the concentrations of heavy metals present in raw HWW and 
evaluates the reductions achieved through EO treatment, providing 
comparative insights into the effectiveness of this remediation technique 
[39]. Initial measurements indicated high concentrations of Fe, Cu, and 
Zn, recorded at 945 ± 14.0 ppm, 732 ± 12.0 ppm, and 650 ± 9.0 ppm, 
respectively. Mn and Pb were found at comparatively lower concen
trations of 68 ± 3.0 ppm and 20 ± 1.0 ppm. Following EO treatment, 
substantial reductions in heavy metal concentrations were observed: Fe 
levels decreased to 450 ± 8.0 ppm, Cu to 345 ± 10.0 ppm, Zn to 140 ±

Table 2 
Comparative analysis of the GC-MS data concerning organic contaminants in 
both raw and EO-treated HWW.

S. 
No

Retention 
Time

Compound name Raw EO- 
treated 
HWW

1 8.47 Phenol, (m/z)94 + +

2 10.48 Undecane, (m/z) 156 + +

3 11.07 Dimethylsiloxane pentamer, (m/z)370 + +

4 13.58 Cyclohexasiloxane, dodecamethyl-, (m/ 
z) 444

+ +

5 15.80 Benzoic acid, 3-methyl-2-trimethylsily
loxy-, trimethylsilyl ester, (m/z) 296

+ +

6 17.76 2,5-Dihydroxybenzoic acid, 3TMS 
derivative, (m/z) 370

– +

7 18.37 Tridecyl aldehyde, (m/z)198 + –
8 18.46 1,2-Epoxytetradecane, (m/z) 212 + –
9 18.88 Tetradecanoic acid, methyl ester, (m/z) 

242
+ +

10 19.56 Stearic acid, methyl ester, (m/z)298 + –
11 19.65 Cyclopentanetridecanoic acid, methyl 

ester, (m/z) 296
+ –

12 20.99 Undecanoic acid, 2-nonyl-, methyl 
ester, (m/z) 326

+ –

13 21.00 Methyl 2-nonylundecanoate, (m/z) 326 – +

14 21.08 Benzene propanoic acid, 3,5-bis(1,1- 
dimethylethyl)-4-hydroxy-, methyl 
ester, (m/z) 292

+ +

15 22.63 9,12-Octadecadienoic acid, methyl 
ester, (m/z) 294

+ +

16 22.69 9-Octadecenoic acid (Z)-, methyl ester, 
(m/z) 296

+ +

17 22.92 Methyl stearate, (m/z) 298 + +

18 26.07 Cholestanol, (m/z) 388 – +

19 26.19 1,2-Benzenedicarboxylic acid, decyl 
octyl ester, (m/z) 418

+ +

20 26.20 Phthalic acid, butyl undecyl ester, (m/z) 
376

– +

21 26.45 Bis (2-ethylhexyl) 1,2-benzenedicar
boxylate, (m/z) 390

– +

22 27.68 Phenol, 2,4-bis(1,1-dimethylethyl)-, 
phosphite (3:1), (m/z) 646

+ +

23 28.25 13-Docosenamide, (Z)-, (m/z) 337 + +

24 28.54 Di-3,7-dimethyl-1-octyl phthalate, (m/ 
z) 446

+ +

25 29.43 Cholesteryl benzoate, (m/z) 490 – +

Fig. 3. Measurement of active chlorine generation during the EO process at an 
applied current density of 15.5 mA/cm2.
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10.0 ppm, Mn to 15.0 ± 10.0 ppm, and Pb to 5.0 ± 0.3 ppm. The EO 
process operates through the generation of free chlorine, which facili
tates the effective disruption of organic complexes associated with 
heavy metals in HWW [21]. This disruption may facilitate the transfer of 
heavy metals to the cathode surface, where interactions occur with Ca 
and Mg oxide layers. These interactions may result in the entrapment or 

overlapping of deposited metals, thereby enhancing the removal effi
ciency of heavy metals from wastewater [21,36].

3.5. FT-IR and GC-MS study

A comparative analysis of the FT-IR spectra obtained before and after 
a 7 h EO treatment of HWW, performed at a current density of 15.5 mA/ 
cm2, reveals significant changes indicative of the electrochemical 
degradation of organic pollutants and the formation of intermediate 
organic metabolites (Fig. 6). The presence of distinct FT-IR peaks 
highlights the alterations in various organic functional groups. The FT- 
IR spectra of the HWW sample displayed a prominent band at 3457 
cm− 1, indicating the presence of hydroxyl (OH− ) functional groups. A 
less intense band at 2937 cm− 1 corresponds to the symmetric and 
antisymmetric stretching vibrations of CH2 and CH3 groups. The peak at 
1647 cm− 1 is associated with the stretching vibration of the carbonyl 
(C––O) group found in amide functional groups (Fig. 6). This suggests 
the presence of biomolecules such as urea and proteins, likely derived 
from urine or microbial activity, as well as various pharmaceutical 
compounds [40]. Additionally, the FT-IR band at 1379 cm− 1 reflects the 
symmetric bending vibrations of CH3, which highlight the presence of 
methyl groups typical of pharmaceutical substances. The peak at 1109 
cm− 1 corresponds to asymmetric stretching vibrations related to C–O 
bonds, which are relevant to urine and hardwater components in 
wastewater []. Furthermore, the FT-IR band at 998 cm− 1 indicates C––O 
stretching vibrations, and it is related to organic pollutants [41]. Finally, 
the peak at 618 cm− 1 can be attributed to metal-carboxylate functional 
groups. The FT-IR analysis of EO-treated HWW revealed significant 

Fig. 4. (a & b) HR-SEM images and (c) EDX spectrum of the Ti electrode after 7 h of EO treatment of HWW.

Fig. 5. XRD pattern of the precipitate formed on the Ti electrode surface after 
7 h of EO treatment.
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spectral modifications, particularly bands at 1545 cm− 1 and 1091 cm− 1, 
which are characteristic of amide-II and carbonyl functional groups, 
respectively. Additionally, a notable reduction was observed in the 
FT-IR peak at 1397 cm− 1, along with diminished intensities in other 
spectral peaks (Fig. 6). These changes can be attributed to the indirect 
electrochemical generation of active chlorine, which initiates various 
oxidative reactions targeting organic constituents within the wastewater 
[12,16]. Overall, the FT-IR data indicate that EO treatment effectively 
leads to the degradation and removal of multiple organic functional 
groups from the HWW.

GC-MS analysis was employed to assess the alterations in the organic 
constituents of HWW before and after treatment with the Ti–TiO2/IrO2/ 
RuO2 anode electrocatalytic system, operated at a current density of 
15.5 mA/cm2, as supporting information in (Fig. S5). (Table 2) sum
marizes the organic compounds identified in both raw and electro
chemically oxidized HWW. The primary constituents of raw HWW 
included Methyl stearate (m/z 298), Stearic acid methyl ester (m/z 298), 
Undecanoic acid, 2-nonyl-, methyl ester (m/z 326), (Z)-13-Docosena
mide (m/z 337), Di-3,7-dimethyl-1-octyl phthalate (m/z 446), and 
Cholesteryl benzoate (m/z 490). Methyl stearate and stearic acid methyl 
ester function as non-ionic surfactants, thereby enhancing the solubility 
of various compounds by disrupting aggregates and facilitating protein 
unfolding [42]. Docosenamide is noteworthy for its potential applica
tions as an antimicrobial agent, anticancer compound, and bioactive 
fluid regulator [43]. Cholesteryl benzoate finds use in hair coloring and 
various household products. Additional lower intensity of organic con
stituents include Phenol (m/z 94), Benzene propanoic acid, 3,5-bis(1, 
1-dimethylethyl)-4-hydroxy-, methyl ester (m/z 292), a 2,5-Dihydroxy
benzoic acid derivative (m/z 370), 1,2-Benzene dicarboxylic acid, decyl 

octyl ester (m/z 418), Di-3,7-dimethyl-1-octyl phthalate (m/z 446), and 
Phenol, 2,4-bis(1,1-dimethylethyl)-, and phosphite (3:1) (m/z 646). The 
presence of phenolic compounds is significant due to their roles as dis
infectants and antiseptics, while benzene propanoic acid serves as a food 
preservative and is utilized in pharmaceutical formulations [44]. The 
GC-MS analysis revealed the presence of key compounds such as phe
nols, esters, non-ionic surfactants, and amides, which are relevant to the 
chemical agents employed in hospitals and healthcare facilities. None
theless, there is a lack of evidence indicating the commercial use of 
pharmaceuticals or other drug formulations within HWW. The GC-MS 
chromatogram demonstrated a noticeable decrease in the overall in
tensity of organic compounds following EO treatment, indicating a 
reduction in the organic contents of the raw HWW sample (Table 2). 
Besides, various organic compounds have been subjected to investiga
tion through oxidation processes facilitated by active chlorine produc
tion in an electrochemical reactor. This approach encompasses multiple 
oxidation stages, significantly contributing to the demineralization 
process of wastewater [30]. Furthermore, the GC-MS spectra revealed 
the absence of certain organic moiety peaks (Tridecyl aldehyde, (m/z) 
198, 1,2-Epoxytetradecane, (m/z) 212 and cholesteryl benzoate, (m/z) 
490) and accompanied by the appearance of new peaks (2,5-Dihy
droxybenzoic acid, 3 TMS derivative, (m/z) 370 and Cholestanol, (m/z) 
388), which points to significant alterations in the organic compound 
profile throughout the treatment process (Table 2). Further studies are 
necessary on electrochemically treated HWW to evaluate its toxicity 
assessments using seed germination assays and plant growth parame
ters. These studies could provide valuable insights for evaluating the 
suitability of treated HWW for irrigation purposes and its implications 
for the integrity of soil ecosystems.

3.6. XRD pattern of before and after EO-treated HWW

This research investigates the reusability and material stability of the 
Ti–TiO2/IrO2/RuO2 mesh electrode across four consecutive operational 
cycles, with an emphasis on its electrochemical performance as assessed 
by the levels of COD removal rates (Fig. 7a). The electrochemical 
treatment of HWW was executed at a current density of 15.5 mA/cm2 

under optimized conditions, achieving a COD removal efficiency of 92 % 
over after 10 h during the initial three cycles. Notably, a slight decline in 
COD removal efficiency to 91 % was recorded in the fourth cycle, 
indicating minor degradation in electrode performance. Material sta
bility was evaluated using XRD analysis, revealing no significant alter
ations in the crystal phases of the electrode (TiO2, RuO2, and IrO2) after 
four treatment cycles, thereby affirming its material integrity (Fig. 7b). 
Moreover, the findings suggest that effective COD at moderate pH levels 
and lower current densities is beneficial for sustaining EO performance 
during wastewater treatment. Previous studies have emphasized the 
synergistic effects of TiO2, RuO2, and IrO2 on the Ti substrate, which 
enhanced electro stability and durability during chlorine evolution re
actions [16,18]. The Ti substrates, comprised of a triple metal oxide with 
diverse electrode configurations, show promise for applications within 
the chlor-alkali sector, as well as for both industrial and domestic 
wastewater treatment.

3.7. Toxicity assessments

The toxicity values are systematically presented in the supplemen
tary information (Table S3). The analysis indicated a notable reduction 
in the toxicity levels of the majority of compounds present in HWW 
following the EO treatment. GC-MS data highlighted a significant 
decrease in ester derivatives within the HWW after EO treatment, 
correlating with lowered toxicity levels in the effluent (Table .2). Spe
cifically, the elevated acute toxicity (LC50, EC50) and ChV for com
pounds such as phenol 2,4-bis(1,1-dimethylethyl)-phosphite were 
substantially mitigated by the EO process. The ECOSAR tool utilizes 
theoretical and computational models to assess the water solubility 

Fig. 6. FT-IR spectra comparison between raw HWW and EO-treated HWW.
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parameters of various compounds, thereby enhancing toxicity evalua
tions. Nonetheless, the toxicity profile of HWW is complicated by the 
diverse interplay between water-insoluble and soluble surfactants and 
organic compounds, as well as their interactions with other contami
nants, including heavy metals [2,3]. The characteristics of EO inter
mediate products also exhibit variability compared to their parent 
compounds. Consequently, future research focuses on an in-depth 
analysis of fish toxicity levels in both raw HWW and EO-treated 

effluent to elucidate the underlying mechanisms of toxicity and 
improve assessments.

(Table S4) Supplementary information provides a comparative 
analysis of the EO performance of the hollow cylindrical anode relative 
to other Ti-substrate electrodes coated with metal oxides used in HWW 
treatment. This study focuses on the use of a hollow cylindrical Ti–TiO2/ 
IrO2/RuO2 mesh electrode for the treatment of HWW. The mesh design 
enhances the electroactive catalytic surface area, which facilitates better 
interaction with Cl- ions present in HWW, thus improving the production 
of active chlorine species [45]. The experimental setup includes a 
portable continuous flow reactor that promotes efficient mass transfer 
during electrochemical reactions, leading to a notable increase in po
tential oxidants that can react with the bulk HWW. This configuration is 
advantageous for scaling up treatment capacity without the need to 
revamp the entire system. The past research explored the electro
chemical degradation mechanisms of individual antibiotics as well as 
their mixtures in HWW, offering critical insights for the optimization of 
EO parameters [10–13]. It was found that employing optimal concen
trations of NaCl in the treatment of wastewater significantly enhances 
the electro-oxidative degradation of organic contaminants, facilitated by 
an indirect chlorine-mediated process [13]. Characterization of the 
HWW revealed Cl- ions concentrations of 1800 ± 16.0 mg L− 1, which 
were effectively leveraged to generate active chlorine at the mesh anode 
(Ti–TiO2/IrO2/RuO2) during the electrolysis process. This generated 
active chlorine is pivotal for the hetero-oxidation of organic pollutants, 
leading to significantly improved COD removal rates (92 %). Addition
ally, the FT-IR and GC-MS analyses reveal that the oxidation of organic 
pollutants occurs in multiple stages, significantly enhancing the 
demineralization process of the wastewater (Table .2). This process also 
potentially assists in the removal of heavy metals bound within the 
organic matrix. The total hardness observed in the HWW was signifi
cantly elevated (1400 ± 12.5 mg L− 1), and the application of EO 
treatment resulted in a marked reduction in total hardness levels (280 ±
4.8 mg L− 1). This reduction is likely attributable to the precipitation of 
hardness-related constituents (calcite, magnesium calcite, and arago
nite) at the cathode [36]. In addition, this process could facilitate the 
entrapment of heavy metals within these precipitated forms. Chlorine is 
well-recognized for its efficacy as a disinfectant in the treatment of 
drinking water [34]. Recent advancements in electro chlorination 
technologies have gained prominence due to their capacity to effectively 
inactivate pathogenic microorganisms in HWW [46]. This is achieved 
through oxidative mechanisms that disrupt the structural integrity of 
pathogen cell walls, leading to rapid inactivation [47].

Furthermore, the treatment effectively eliminated total coliforms, 
fecal coliforms, and other microbial contaminants within 1 h of the EO 
process supporting information (Table S1). The physicochemical pa
rameters of the EO-treated HWW were significantly below the discharge 
thresholds outlined in IS 10500: 2012, as well as the WHO guidelines for 
irrigation water quality [32]. The implementation of hollow cylindrical 
mesh electrodes in portable electrochemical reactors offers a viable and 
advanced approach in addressing the issues associated with the intricate 
residues of pharmaceuticals and chemical reagents, as well as the 
presence of pathogenic microorganisms in hospital effluents. This 
portable electrochemical reactor design with Ti–TiO2/IrO2/RuO2 mesh 
electrode enhances the efficiency of electrochemical processes and en
ables more effective degradation and removal of contaminants, making 
it an effective solution for treating HWW.

3.8. Operational expenses

This investigation assesses the economic viability of a portable 
electrochemical reactor designed for HWW treatment. The reactor can 
be constructed using cost-effective materials, predominantly standard 
glass, accompanied by a mini water pump and silicone tubing, resulting 
in an economical design. The estimated costs for Ti–TiO2/IrO2/RuO2 
and Ti mesh electrode were 14.01 and 9.34 USD, respectively. These 

Fig. 7. a) Recycle performance of COD removal by Ti–TiO2/IrO2/RuO2 mesh 
electrode, b) XRD pattern of before and after EO- treated HWW.
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electrodes are renowned for their robust durability and high efficiency 
in EO processes [18]. The energy consumption associated with the EO 
treatment is directly influenced by the concentration of organic pollut
ants present in the wastewater. Preliminary estimates indicate that the 
cost of treating 1000 L of HWW using the EO method with the 
Ti–TiO2/IrO2/RuO2 mesh electrode is approximately USD 30.10. 
Notably, the cost of electrodes significantly dominated electricity con
sumption in the overall expense of the electrochemical reactor fabrica
tion for EO treatment. Furthermore, this study provides a 
comprehensive cost analysis aimed at incorporating these portable re
actors into cluster-level wastewater treatment systems. The proposal 
also includes pilot-scale deployments at hospitals and healthcare facil
ities, facilitating the generation of discharge-quality effluent suitable for 
irrigation applications.

4. Conclusion

The pilot-scale implementation of the EO process has effectively 
tackled critical challenges in treating HWW, achieving significant re
ductions in COD, BOD, and total hardness through the utilization of a 
Ti–TiO2/IrO2/RuO2 mesh anode. The study investigated various current 
densities (5.8, 10.4, and 15.5 mA/cm2), resulting in COD removal effi
ciencies of 42 %, 74 %, and 92 %, respectively. This substantial decrease 
in COD can be attributed to the enhanced generation of active chlorine 
species, which peaked at 1240 ± 14.0 ppm during the EO process. 
Importantly, fecal, total coliforms and various bacterial populations 
were effectively eradicated within a 60-min treatment. FT-IR and GC-MS 
analyses confirmed that electro chlorination significantly facilitated the 
breakdown of organic pollutants in HWW, leading to the formation of 
several intermediate organic metabolites. A four-fold reduction in total 
hardness was accomplished through the integration of a hollow cylin
drical titanium mesh cathode during the EO process. HR-SEM and XRD 
analyses evidenced the formation of a slime layer on the electrode sur
face, alongside the development of micro-flower clusters comprising 
calcite, magnesium calcite, and aragonite crystal phases. Additionally, 
AAS provided conclusive proof of effective heavy metal removal from 
industrial wastewater utilizing the EO method. The durability and 
reusability of the Ti–TiO2/IrO2/RuO2 mesh electrode were confirmed 
across four consecutive operational cycles, underscoring the robust 
performance of both the EO process and the electrode material. These 
findings underscore the reliability and efficacy of the pilot-scale elec
trochemical reactor as a promising technology for treating hazardous 
wastewater, ultimately enhancing water quality for agricultural 
irrigation.
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