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The research investigates the in-situ chlorine generation potential and durability of graphite, titanium, newly 
identified Ti6Al4V, and coated Ti6Al4V electrodes under varying electric voltage, electrolysis time, inter-elec-
trode distance, and electrolyte concentration, through experimental investigations using a solar-powered elec-
tro-chlorination (EC) lab-scale set-up. The experimental observations revealed that the maximum concentration 
of Chlorine Stock Solution (CSS) was achieved for the coated Ti6Al4V electrode (35.45 mg/L) under optimized 
conditions: 10 V electric potential, 60 min electrolysis time, 4 cm inter-electrode distance, and 4 g/L electrolyte 
concentration, for the developed laboratory set-up. The coated Ti6Al4V electrode outperforms both graphite and 
the Ti6Al4V electrode without coating in terms of electrode durability, indicating the effectiveness of the coated 
Ti6Al4V electrode in terms of maximum chlorine generation and durability. The CSS was used for water disinfec-
tion, and the quantum of trihalomethanes (THMs) generated was measured using gas chromatography–mass 
spectroscopy (GC-MS). It was observed that the THMs formed after disinfection using the EC-generated CSS are 
below the permissible limit for drinking water. The research concludes that the solar-powered EC set-up pro-
vides a safe, sustainable, and energy-efficient solution for water disinfection. The novel coated Ti6Al4V electrode 
exhibits effectiveness and durability during EC, with minimum THMs formation.

Keywords: chlorination, water disinfection, disinfection by products (DBPs), THMs, THMs minimization, elec-
tro-chlorination.
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Introduction
The United Nations' Sustainable Development Goal (UN 
SDG) 6, part of the 2015 Sustainable Development Goals, 
aims to foster a sustainable future and ensure universal 
access to safe, potable drinking water by 2030. Despite 
of the global efforts to promote the consumption of po-
table water, remote rural areas continue to face the chal-
lenge of contaminated drinking water, resulting in wa-
terborne diseases. The lack of infrastructure for drinking 
water treatment in rural and remote regions is primarily 
due to the high costs associated with centralized water 
treatment systems and its maintenance, making them 
financially unsuitable for low-income households. Con-
sequently, the lack of access to safe, pathogen-free wa-
ter leads to the increase in waterborne illnesses in rural 
households (Bain et al., 2019; Amrose et al, 2015). The 
problem can be addressed by decentralized and cost-ef-
fective water disinfection systems (Hossain et al., 2017; 
Shannon et al., 2008).

Water disinfection processes, such as chlorination, ul-
traviolet (UV) light, and ozone treatment, are most com-
monly used for combating these disease-causing patho-
gens. Among these methods, chlorination is most widely 
used due to its capacity to maintain residual effects in 
treated water (Hua et al., 2006; Kim et al., 2001; Chu et al., 
2012). Although chlorination is efficient in removing the 
harmful pathogens, it also poses challenges concerning 
the storage, transport, and handling of chlorine (Gher-
naout et al., 2019; Morris et al., 1992). Therefore, it is im-
portant to develop safe, decentralized, and economically 
viable treatment technologies for water disinfection in 
remote areas to address the health problems arising due 
to the consumption of contaminated drinking water. Lit-
erature indicates that decentralized systems offer bene-
fits in promoting safe drinking water practices at reduced 
costs and maintenance requirements (Domenech, 2015; 
Jimenez-Moleon and Gomez-Albores, 2011).

Electro-chlorination (EC) is a promising decentralized 
treatment process for in-situ water disinfection. It is an 
electrochemical method in which the passage of an elec-
tric current through electrodes immersed in an electro-
lyte generates fresh chlorine in situ. While EC water dis-
infection offers a convenient and highly efficient means 
of producing pathogen-free water, its utilization has been 
limited by the unfamiliarity of the process (Kraft 2008). 
The effect of anode and cathode surface area, the in-
tra-electrode distance, and the type of cathode and anode 

on EC is investigated in the literature (Khelifa et al., 2004; 
Ghalwa et al., 2012). Choi et al. (2013) investigated the 
design and operational constraints that affect the cur-
rent efficiency and power consumption of an EC system. 
According to the literature, few investigations have been 
conducted into the effects of changes in electrolyte and 
inter-electrode distance (Choi et al., 2013). Saha and 
Gupta (2017) designed an EC model using graphite and 
stainless steel as anode and cathode, respectively (Saha 
and Gupta, 2017). The research involved only one type of 
electrolyte. Alexander Kraft (2008) reviewed the electro-
chemical process for water disinfection and concluded 
that EC is a convenient and highly efficient technique for 
producing pathogen-free water despite its unfamiliari-
ty. Djamel et al., (2010) compared the chlorination and 
electrochemical process processes for water disinfection 
through multiple laboratory experiments and concluded 
that electro-chemical disinfection is more effective than 
chlorination. There are fewer studies on EC pilots and 
their utility for water disinfection in the literature. Otter 
et al. (2019) investigated the EC technique through a pilot 
installed at Kalyani, West Bengal, India. This pilot has a 
capacity of 2000 L/d and meets the local requirements by 
providing safe water to rural communities. From the lit-
erature, it can be inferred that further research is needed 
for exploring the efficient electrode combination for max-
imum production of in-situ chlorine with less corrosion 
improving the longevity of the EC electrode combination.

The formation of disinfection by-products (DBPs) is also 
a challenge in the water disinfection process. These are 
the by-products of the reaction between the disinfectant 
and naturally occurring Organic Matter (NOM) in water 
(Xiaoxiao et al., 2023). DBPs affect human health due to 
their carcinogenic properties (Health Canada, 2019), and 
controlling NOM and DBPs is challenging (Barrett et al., 
2000). 

DBPs are generated during nearly all water disinfec-
tion processes, like conventional chlorination, UV, ozo-
nation, and EC (Liao et al., 2024; Chu et al., 2012). As a 
result of disinfection, based on the water characteris-
tics and the type of NOM present in the water, a variety 
of DBPs are formed (Xiaoxiao et al., 2023). Liang and 
Singer (2003) is one of the few highest cited experi-
mental works that studied the factors affecting the for-
mation of DBPs. The literature concluded that aliphatic 
structured substitutes present in water are responsible 
for the maximum formation of trihalomethane DBP 
(Liao et al., 2024). The most widely used disinfectants 
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worldwide are sodium hypochlorite and chloramines, 
while the most commonly existing DBP after disinfec-
tion is trichloromethane (THMs) (Righi et al., 2012; Jalil 
et al., 2018). Literature illustrates that long-term ex-
posure to the THMs may cause serious diseases like 
bladder cancer, rectal and colon cancer, and also af-
fects the reproductive system (Smith, 2007; Villanueva 
et al., 2015; Evlampidou et al., 2020). Cao et al. (2016) 
investigated the relationship between blood markers of 
delayed conception associated with THMs in drinking 
water and embryonic growth and the gestational phase 
(Bond et al., 2011; Cao et al., 2016). The study's find-
ings suggested increased parental exposure to THMs 
may significantly affect embryonic growth. Several 
factors influence the type and amount of DBP forma-
tion, including the type of disinfectant, concentration of 
disinfectant, contact time of disinfectant, type of pre-
cursors, and concentration of precursors (Liang and 
Singer, 2003). Valdivia-Garcia et al. (2019) conducted 
a comprehensive study analysing samples from 33 
countries, covering over 50% of the global popula-
tion, to determine the annual average concentrations 
of THMs. Results indicated that the highest levels of 
THMs from conventional chlorination are observed in 
Australia, followed by Cyprus, South Africa, Malta, and 
Ireland. Additionally, Valdivia-Garcia et al. (2019) sug-
gested that increased mean temperatures, potentially 
attributed to global warming, could lead to the forma-
tion of elevated THMs. Under a mid-range scenario of 
a 1.8°C temperature rise, a projected 39% increase in 
THMs by 2050 was estimated (Valdivia-Garcia et al., 
2019; Clayton et al., 2019). Notably, the maximum limit 
for THMs presence in drinking water is set at 80 µg/L, 
as stipulated by the Environmental Protection Agency 
(EPA) of the United States. Observation reveals that the 
quantity of THMs generated from conventional chlo-
rination treatment often approaches or exceeds the 
EPA limit. Despite these findings, literature on THMs 
formation and EC remains scarce (Dubey et al., 2020). 
The author notes a lack of relevant literature indicating 
experimental detection of THMs following disinfection 
via EC treatment. Moreover, studies on developing safe, 
sustainable, and decentralized water disinfection sys-
tems are limited.

The primary objective of the present study was to in-
vestigate the effectiveness and durability of newly iden-
tified Ti6Al4V and coated Ti6Al4V electrode material 
to produce in-situ chlorine using EC through detailed 

experimentation using the developed solar-powered EC 
lab set-up. In addition, the study examined the disinfec-
tion efficiency and the quantum of THMs generation dur-
ing water disinfection using the generated chlorine. 

The detailed experimentation on the newly identified 
electrode material Ti6Al4V, with and without coating, for 
in-situ chlorine generation, as well as a detailed study 
on the quantification of THMs formation during the EC 
process, is the novelty of the present study.

Materials and Methods
Material
Graphite, titanium (Ti), Ti6Al4V, and Ti6Al4V with chromi-
um nitride coating were the four electrode materials used 
as anodes and cathodes for the EC process in the present 
study. The electrodes were procured from a local vendor, 
and the chromium nitride coating on the Ti6Al4V electrode 
was performed using physical vapor deposition (PVD) 
methodology. The EC was performed using the same 
electrode material for both the anode and the cathode. 

Graphite electrodes were preferred in electrolysis pri-
marily due to their exceptional electrical conductivity. 
Graphite’s unique structure allows many electrons to 
move freely between its atomic layers. This conductiv-
ity arises because graphite bonds utilize three of the 
four electron shells of a carbon atom, allowing the 
fourth electron to be free to move. As a result, these 
free electrons effectively facilitate the smooth progres-
sion of the electrolysis process. Furthermore, graph-
ite electrodes offer an economical solution. Titanium 
electrodes have a relatively low electrical resistivity, 
making them efficient conductors of electricity during 
the electrolysis process. This characteristic enables 
the more effective transfer of electric current, facili-
tating the desired chemical transformations. Ti6Al4V, 
also known as Ti64, is an α + β titanium alloy with high 
strength, low density, high  fracture toughness, excel-
lent corrosion resistance, and superior biocompatibility. 
The Ti6Al4V electrode is henceforth referred to as the 
titanium alloy electrode or Ti alloy electrode. A chromi-
um nitride coating was applied to the Ti alloy electrode 
to increase the corrosion resistance. Chromium nitride 
coating was used because it is resistant to chlorine at-
tack, making it an ideal electrode for efficient EC. Out 
of the four electrodes investigated in the present study, 
the Ti alloy electrode, both with and without coating, 

https://www.sciencedirect.com/topics/materials-science/ti-6al-4v
https://www.sciencedirect.com/topics/materials-science/titanium-alloys
https://www.sciencedirect.com/topics/engineering/impact-toughness
https://www.sciencedirect.com/topics/materials-science/corrosion-resistance
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has not been used by researchers previously for EC.

The reason behind the selection of Ti and Ti alloy elec-
trodes for EC was the reaction that Ti undergoes with 
atmospheric oxygen to form a fine layer of TiO2, also 
known as titania, on the electrode through the oxidation 
process. Oxygen, with a higher electronegativity (3.5) 
compared to Ti (1.54), in the covalent bond between Ti 
and oxygen in the TiO2 molecule, may cause a slight shift 
of the shared pair of electrons towards the oxygen, re-
sulting in a partial positive charge on the Ti. This might 
contribute to the overall externally applied positive po-
tential, attracting a higher quantum of opposite-charged 
chloride ions (Cl−) and enhancing the bulk transfer of 
chlorine to the Ti electrode. In contrast, with a graphite 
electrode, Cl− ions are attracted solely due to the charge 
generated by the external potential applied, as the elec-
trode material possesses high electronegativity. Conse-
quently, the migration of Cl− ions is more pronounced 
with a Ti electrode than with a graphite electrode. 

The laboratory-grade NaCl and KCl salts used for prepa- 
ring electrolytes in this study were procured from Ther-
mo-Fisher Scientific Pvt. Ltd. The required quantities of 
NaCl and KCl were dissolved in distilled water to produce 
the electrolyte solutions, thereby eliminating the impact of 
potential trace contaminants and their interference.

Methodology for in-situ chlorine production
One of the essential tasks for the experimental study 
was designing and implementing a laboratory-scale EC 
system tailored explicitly for the disinfection of pota-
ble water, which utilizes solar energy as its sole pow-
er source. The devised EC laboratory set-up holds the 
potential to serve as a decentralized solution, offering 
significant advantages in drinking water disinfection 
for rural regions and addressing a critical need for 
adequate water disinfection in such areas. The labo-
ratory-scale reactor measuring 26 cm x 24 cm x 20.5 
cm has been developed to produce an in-situ chlorine 
stock solution for experimental purposes. (Fig. 1).

The developed lab set-up was configured with the 
same material for both the anode and cathode. The 
electrical energy required to operate the experimental 
set-up was sourced exclusively from DC solar power 
(6V panels x 2), facilitated by a connection to the anode 
and cathode, as illustrated in Fig. 1. Comparative anal-
yses assessed outcomes in NaCl and KCl electrolytic 
environments across four distinct electrodes: graphite, 
titanium (Ti), a Titanium alloy electrode, and a coated 

Titanium alloy electrode. The anode and cathode em-
ployed in this investigation were cylindrical, exhibiting 
dimensions of 30 cm in length and 1 cm in diameter. 

The investigation compares in-situ chlorine production 
using graphite, Ti, Ti alloy, and coated Ti alloy elec-
trodes in the developed laboratory set-up. A DC power 
was applied between the anode and cathode, resulting 
in the movement of anions and chlorine production (in 
the form of concentrated sodium hypochlorite solu-
tion) at the anode. The chlorine produced was collected 
using the liquid displacement method. The generated 
chlorine solution produced during the EC process at 
the anode was a concentrated solution of hypochlorite 
(OCl−) ions and hypochlorous acid (HOCl−), henceforth 
referred to as the Chlorine Stock Solution (CSS). This 
CSS was further used in the study to evaluate its effec-
tiveness in disinfecting sample water. 

The DPD titrimetric method was used to analyse the 
concentration of chlorine generated in the CSS after 
electrochemical treatment, as per the APHA Standard 
Methods 4500-CI B, Iodometric Method (APHA). The 
experiments are performed in triplicate, and concord-
ant or average values are reported to minimize the ex-
perimental errors. During the electrolysis of a sodium 
chloride (NaCl) solution, when an electrical potential is 
applied with inert electrodes, oxidation of Cl− ions oc-
curs at the anode, producing chlorine gas (Cl2), and re-
duction of sodium ions (Na+) takes place at the cathode, 
forming elemental sodium. Similarly, H2O splits into 
oxygen gas (O2) and hydrogen gas (H2) during water 
electrolysis. Other reactions occur due to the presence 
of sodium hydroxide (NaOH) and hypochlorous acid 
(HOCl−) in the electrolyte. 

Fig. 1. EC lab scale model set up

 
Fig 1. EC lab scale model set up 

At the anode, electrolysis leads to the evolution of both chlorine and oxygen gases. However, due to the higher 
solubility of chlorine compared to oxygen, the generated CSS predominantly contains chlorine.  

The various parameters considered for experimentation were determined based on preliminary trials. 
Following initial experimental trials and a review of existing literature, the voltage range was set from 2V to 20V 
in increments of 2V. It was observed that voltages exceeding 10V resulted in excessive electrode erosion. 

Electrolysis time (ET) as varied from 15 minutes to 120 minutes with 15-minute increments after each 
experiment. Notably, constant chlorine production was observed from an ET of 60 minutes onwards, making the 
time variation up to 120 minutes sufficient for understanding further trends. After each experiment, the 
interelectrode distance was varied from 3 cm to 10 cm with 1 cm increments. It was observed that a decrease in 
chlorine concentration occurred after an inter-electrode distance of 5 cm. 

The electrolyte concentration ranged from 0.5 g/L to 5 g/L, based on preliminary experiments, revealing 
that concentrations exceeding 4 g/L resulted in excessive electrode corrosion. All variations were conducted 
separately for sodium chloride and potassium chloride electrolytes for graphite, Ti, Ti alloy, and coated Ti alloy 
electrodes. While monitoring the effect of one parameter on chlorine formation, the other parameters were kept 
constant to avoid interference in the outcome results. The inspections for all parameter combinations taken 
during the experiments were graphically presented for graphite, Ti, Ti alloy, and coated Ti alloy electrodes using 
NaCl and KCl electrolytes. 

The CSS produced through the electrochemical process was used for water disinfection. The required 
amount of chlorine dosage was determined to remove microbial contamination from the concentration of CSS 
(17.72 mg/L) generated during the EC process and the chlorine demand of the sample waters. For different 
chlorine dosages, the E. coli removal efficiency was experimentally determined before and after disinfection of 
the sample water. The compact dry plates produced by Hiserve Germany were used to detect E. coli in water 
samples before and after disinfection. E. coli for different chlorine dosages was studied to determine the exact 
chlorine dosage for maximum removal of E. coli.  

Methodology for THMs detection 

The THMs analysis was conducted using gas chromatography – mass spectroscopy (GC–MS) with an 
Agilent GC 7890B and MSD 5977B (single quadrupole) instrument. Following the APHA 5240D method, one 
µL of the sample was injected in split-less mode using an auto-liquid sampler. HP-5 (30 m × 0.25 mm), a column 
with helium as the carrier gas at a flow rate of 1 mL/min, was used. The inlet and transfer line temperatures were 
set to 250°C and 300°C, respectively. The GC oven was initially set at 40°C, held for 1 minute, then increased to 
90°C at a rate of 10°C/min, and subsequently increased to 250°C at a rate of 15°C/min, with a 2-minute hold. 
The MS source temperature was 250°C, the quadrupole temperature was 200°C, with a solvent delay of 2 
minutes, and the mass range was 30 to 600 m/z. The chlorine dosage was added to the water sample with a 
contact time of 30 min. The samples were prepared using a liquid-liquid extraction process, and the organic 
solvent at the bottom was collected using a syringe needle and transferred to the injection port of a gas 
chromatograph for analysis. The GC–MS provides the peaks for the formation of THMs. The method used for 
quantification of the THMs based on the GC–MS results is as follows. A reference/ calibration curve was plotted 
for known concentrations versus peak area for THMs obtained by GC-MS. This curve was used as a reference to 
determine the THMs concentration of the unknown samples through linear fittings, and the actual concentration 
of generated THMs was evaluated (Fig. 2). 

 4
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Fig 2. Calibration curve for known Concentration of THMs and corresponding Peak Area 

Experimentation plan 

The experimental plan used for the present study is shown in Fig. 3. For objective 1, the lab scale EC set up 
developed for production of chlorine was optimized for maximum generation of chlorine concentration by 
considering varying parameters like electric voltage (2–12V), EC Time (ET) (15–20 min), interelectrode 
distance (3–10 cm), concentration of electrolytes (0.5–5 g/L), type of electrolytes (NaCl / KCl). Fig. 3 also 
mentions the number of experiments performed for system optimization and selection of the superior electrode. 
Each experiment was performed in triplicate to minimize experimental and human error. For each electrode pair, 
such as Graphite, Ti, Ti alloy, and coated Ti alloy, 108 experiments were performed (36 x 3), totalling 432 
experiments per electrolyte. Experiments were performed separately for NaCl and KCl electrolytes. 
Experimental analysis was conducted for all these variations across all electrodes under varying parameters to 
achieve maximum chlorine generation. As the life of the electrode was crucial in the EC process, the longevity of 
the electrodes was determined to assess the life of the electrode.  

The same CSS generated from the EC lab scale model was used for the disinfection of water samples. The 
microbial characteristics were analysed before and after disinfection of the sample waters for various chlorine 
dosages. The THMs, which were predominantly found in DBPs in the sample water after the disinfection 
treatment, were detected and quantified using gas chromatography for various chlorine dosages. From the 
experimental data, the optimum chlorine dosage required for maximum removal of E. coli and minimum 
formation of THMs was determined. Fig. 3 explains the detailed methodology of the present research study. 

Results and Discussions 

Experimentation to optimize the EC lab set up for maximum chlorine generation by Voltage Variation 

The graphite, titanium, Ti alloy, and coated Ti alloy electrodes were used separately in the electro-
chlorination process, with the same electrode material used for both anode and cathode. The voltage was varied 
from 2 V to 10 V with a 2 V rise. Other parameters were kept constant, including 60 minutes of ET, a 5 cm 
interelectrode distance, and an electrolyte strength of 0.5 g/L. From the experimentation, it was observed that the 
highest CSS concentration was detected for the coated Ti alloy electrode using a NaCl electrolyte at 10 V. The 
electric voltage trend for all types of electrodes was the same, irrespective of the type of electrolyte. The CSS 
concentration, even when the voltage was increased beyond 10V, remains almost constant. The highest CSS 
concentration achieved for the coated Ti alloy electrode, at 10 V electric voltage, 60 minutes of ET, 5 cm inter-
electrode distance, for electrolyte strength of 0.5 g/L, was 17.72 mg/L using NaCl electrolyte and 12.40 mg/L 
using KCl electrolyte (Fig. 4a and 4b) From the experiments it was observed that the CSS concentration 
generated using NaCl electrolyte was more compared to KCl electrolyte. 

 5

At the anode, electrolysis leads to the evolution of both 
chlorine and oxygen gases. However, due to the higher 
solubility of chlorine compared to oxygen, the generated  
CSS predominantly contains chlorine. 

The various parameters considered for experimenta-
tion were determined based on preliminary trials. Fol-
lowing initial experimental trials and a review of ex-
isting literature, the voltage range was set from 2V to 
20V in increments of 2V. It was observed that voltages 
exceeding 10V resulted in excessive electrode erosion.

Electrolysis time (ET) as varied from 15 minutes to 
120 minutes with 15-minute increments after each ex-
periment. Notably, constant chlorine production was 
observed from an ET of 60 minutes onwards, making 
the time variation up to 120 minutes sufficient for un-
derstanding further trends. After each experiment, the 
interelectrode distance was varied from 3 cm to 10 cm 
with 1 cm increments. It was observed that a decrease 
in chlorine concentration occurred after an inter-elec-
trode distance of 5 cm.

The electrolyte concentration ranged from 0.5 g/L to 
5 g/L, based on preliminary experiments, revealing 
that concentrations exceeding 4 g/L resulted in exces-
sive electrode corrosion. All variations were conducted 
separately for sodium chloride and potassium chloride 
electrolytes for graphite, Ti, Ti alloy, and coated Ti alloy 
electrodes. While monitoring the effect of one param-
eter on chlorine formation, the other parameters were 
kept constant to avoid interference in the outcome 

results. The inspections for all parameter combina-
tions taken during the experiments were graphically 
presented for graphite, Ti, Ti alloy, and coated Ti alloy 
electrodes using NaCl and KCl electrolytes.

The CSS produced through the electrochemical pro-
cess was used for water disinfection. The required 
amount of chlorine dosage was determined to remove 
microbial contamination from the concentration of CSS 
(17.72 mg/L) generated during the EC process and the 
chlorine demand of the sample waters. For different 
chlorine dosages, the E. coli removal efficiency was ex-
perimentally determined before and after disinfection 
of the sample water. The compact dry plates produced 
by Hiserve Germany were used to detect E. coli in wa-
ter samples before and after disinfection. E. coli for dif-
ferent chlorine dosages was studied to determine the 
exact chlorine dosage for maximum removal of E. coli. 

Methodology for THMs detection
The THMs analysis was conducted using gas chroma-
tography – mass spectroscopy (GC–MS) with an Agi-
lent GC 7890B and MSD 5977B (single quadrupole) 
instrument. Following the APHA 5240D method, one 
μL of the sample was injected in split-less mode us-
ing an auto-liquid sampler. HP-5 (30 m × 0.25 mm), a 
column with helium as the carrier gas at a flow rate of 
1 mL/min, was used. The inlet and transfer line tem-
peratures were set to 250°C and 300°C, respectively. 
The GC oven was initially set at 40°C, held for 1 min-
ute, then increased to 90°C at a rate of 10°C/min, and 

Fig. 2. Calibration curve for known Concentration of THMs and corresponding Peak Area
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subsequently increased to 250°C at a rate of 15°C/min, 
with a 2-minute hold. The MS source temperature was 
250°C, the quadrupole temperature was 200°C, with a 
solvent delay of 2 minutes, and the mass range was 
30 to 600 m/z. The chlorine dosage was added to the 
water sample with a contact time of 30 min. The sam-
ples were prepared using a liquid-liquid extraction 
process, and the organic solvent at the bottom was 
collected using a syringe needle and transferred to the 
injection port of a gas chromatograph for analysis. The 
GC–MS provides the peaks for the formation of THMs. 
The method used for quantification of the THMs based 
on the GC–MS results is as follows. A reference/ cali-
bration curve was plotted for known concentrations 
versus peak area for THMs obtained by GC-MS. This 
curve was used as a reference to determine the THMs 
concentration of the unknown samples through line-
ar fittings, and the actual concentration of generated 
THMs was evaluated (Fig. 2).

Experimentation plan
The experimental plan used for the present study is 
shown in Fig. 3. For objective 1, the lab scale EC set up 
developed for production of chlorine was optimized for 
maximum generation of chlorine concentration by con-
sidering varying parameters like electric voltage (2–
12V), EC Time (ET) (15–20 min), interelectrode distance 
(3–10 cm), concentration of electrolytes (0.5–5 g/L), 
type of electrolytes (NaCl / KCl). Fig. 3 also mentions 
the number of experiments performed for system op-
timization and selection of the superior electrode. Each 
experiment was performed in triplicate to minimize 
experimental and human error. For each electrode 
pair, such as Graphite, Ti, Ti alloy, and coated Ti alloy, 
108 experiments were performed (36 x 3), totalling 432 
experiments per electrolyte. Experiments were per-
formed separately for NaCl and KCl electrolytes. Ex-
perimental analysis was conducted for all these vari-
ations across all electrodes under varying parameters 
to achieve maximum chlorine generation. As the life of 
the electrode was crucial in the EC process, the longev-
ity of the electrodes was determined to assess the life 
of the electrode. 

The same CSS generated from the EC lab scale mod-
el was used for the disinfection of water samples. The 
microbial characteristics were analysed before and af-
ter disinfection of the sample waters for various chlo-
rine dosages. The THMs, which were predominantly 

found in DBPs in the sample water after the disinfec-
tion treatment, were detected and quantified using gas 
chromatography for various chlorine dosages. From 
the experimental data, the optimum chlorine dosage 
required for maximum removal of E. coli and minimum 
formation of THMs was determined. Fig. 3 explains the 
detailed methodology of the present research study.

Results and Discussions

Experimentation to optimize the EC lab set up 
for maximum chlorine generation by Voltage 
Variation
The graphite, titanium, Ti alloy, and coated Ti alloy elec-
trodes were used separately in the electro-chlorination 
process, with the same electrode material used for 
both anode and cathode. The voltage was varied from 
2 V to 10 V with a 2 V rise. Other parameters were kept 
constant, including 60 minutes of ET, a 5 cm interelec-
trode distance, and an electrolyte strength of 0.5 g/L. 
From the experimentation, it was observed that the 
highest CSS concentration was detected for the coated 
Ti alloy electrode using a NaCl electrolyte at 10 V. The 
electric voltage trend for all types of electrodes was the 
same, irrespective of the type of electrolyte. The CSS 
concentration, even when the voltage was increased 
beyond 10V, remains almost constant. The highest CSS 
concentration achieved for the coated Ti alloy elec-
trode, at 10 V electric voltage, 60 minutes of ET, 5 cm 
inter-electrode distance, for electrolyte strength of 0.5 
g/L, was 17.72 mg/L using NaCl electrolyte and 12.40 
mg/L using KCl electrolyte (Fig. 4a and 4b) From the 
experiments it was observed that the CSS concentra-
tion generated using NaCl electrolyte was more com-
pared to KCl electrolyte.

Efficiency in chlorine production depends on Faraday’s 
Law of Efficiency (FE), which is the ratio of the actual 
chlorine produced to the theoretical maximum. High FE 
relates to efficient electron transfer for chlorine gen-
eration. This study revealed that titanium electrodes 
achieved a higher FE compared to graphite, indicating 
they minimize unwanted side reactions. Therefore, for 
on-site chlorine production, titanium electrodes are a 
superior choice due to their superior FE, maximizing 
chlorine output. During the electrolysis process, si-
multaneous non-Faradic reactions occur alongside the 
Faradic reactions, which involve oxidation-reduction 
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Fig 3. Methodology adopted for Optimum Parameter setting for efficiency 

Efficiency in chlorine production depends on Faraday's Law of Efficiency (FE), which is the ratio of the 
actual chlorine produced to the theoretical maximum. High FE relates to efficient electron transfer for chlorine 
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efficiency

processes. The non-Faradic reactions at the electrode 
contribute to the formation of an electric double layer. 
This phenomenon may hinder the migration of Cl− ions 
towards the anode, resulting in a potential limitation 
in chlorine production at the anode. Therefore, the de-
velopment of this electric double layer may explain the 
sustained chlorine production even with an increase in 
electric voltage beyond 10 V. This insight contributes to 
a deeper understanding of the complex electrochemi-
cal processes at play during electrolysis.

Effect of variation in ET on chlorine generation
The ET was varied from 15 min to 120 min for all types 
of electrodes, with other parameters kept constant: 
electric voltage of 10 V, an interelectrode distance of 5 
cm, and an electrolyte concentration of 0.5 g/L. The ex-
periments revealed that the maximum in-situ chlorine 
was generated at 60 minutes of ET for all electrodes, 
irrespective of the electrolyte used, but the concentra-
tion of CSS varied. Subsequent increases in ET resulted 
in a slight decrease in chlorine generation. The max-
imum CSS concentration recorded was 17.72 mg/L 
(NaCl electrolyte) and 12.40 mg/L (KCl electrolyte) us-
ing the coated Ti alloy electrode at the 60-minute mark 
(Fig. 5a and 5b). For the above observations, the ET was 
finalized at 60 minutes for subsequent experiments. 
The decrease in the CSS concentration after 60 minutes 
of ET may be due to the observed formation of a dou-
ble layer (Garcia-Lopez et al. 2024) at the electrodes 
after 60 minutes of electrolysis, which restricts the 
further movement of chlorine ions toward the anode, 
ultimately leading to a marginal reduction or a plateau 
in chlorine concentration after 60 minutes of ET. This 
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Fig. 4 (b). CSS concentration using respective electrodes for varying voltage using a KCl electrolyte

Fig. 5 (a). CSS concentration by varying the ET using NaCl electrolyte for respective electrodes

Fig. 5 (b). CSS concentration by varying ET using a KCl electrolyte for respective electrodes. 

phenomenon suggests that a similar process may be 
occurring in the ongoing experimentation, explaining 

the absence of a significant increase in chlorine gener-
ation beyond the 60-minute electrolysis duration.
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Effect of variation in inter-electrode distance on 
chlorine generation
The inter-electrode distance also affects chlorine gener-
ation; therefore, studies were conducted over a range of 
3 cm to 10 cm with an increment of 1 cm. From the ex-
periments, it was observed that at a 4 cm inter-electrode 
distance, the solution generates a maximum CSS con-
centration for each respective electrode. The maximum 
concentration of CSS was obtained at an inter-electrode 
distance of 4 cm and 5 cm, while a decrease in CSS con-
centration was observed beyond 5 cm, as shown in Fig. 6a 
and 6b. At a 10 cm inter-electrode distance, minimal chlo-
rine generation was obtained for all types of electrodes 

and electrolytes. Therefore, further experiments were 
conducted at an inter-electrode distance of 4 cm.

Migration of charges was a crucial factor influencing 
chlorine generation during electrolysis, requiring a 
minimal inter-electrode gap for the movement of oppo-
site charges towards the charged electrodes. This can 
be the reason for reduced CSS concentration observed 
at shorter inter-electrode distances. Conversely, at high 
inter-electrode distances, the electrolysis process was 
hindered due to the reduced intensity of the internal cur-
rent, resulting in a decrease in ion migration. This ineffi-
ciency at greater interelectrode distances contributes to 
a less effective electrolysis process.

Fig. 6 (a). CSS concentration generated by varying the electrode distance using NaCl electrolyte for respective electrodes

Fig. 6 (b). CSS concentration generated by varying the electrode distance using a KCl electrolyte for the respective electrodes
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Fig. 7 (a). Variation in CSS concentration for varying electrolyte concentration using NaCl electrolyte for respective electrodes

Fig. 7 (b). Variation in CSS concentration for varying electrolyte concentration using KCl electrolyte for respective electrodes

Effect of variation in electrolyte concentration on 
chlorine generation
The electrolyte concentration was varied from 0.5 g/L 
to 5 g/L to understand the effect of electrolyte concen-
tration on the generated CSS concentration for all the 
types of electrodes. While studying the effect of elec-
trolyte concentration, the other parameters were kept 
constant, such as an electric voltage of 10 V for 60 min 
ET and a 4 cm inter-electrode gap. From the study, it 
can be concluded that the increase in CSS concentration 
was proportional to the electrolyte concentration. How-
ever, the optimized electrolyte concentration was final-
ized at 4 g/L because electrode erosion increases after 
the electrolyte concentration exceeds 4 g/L, although 
the CSS concentration increases. The maximum CSS 
concentration obtained at 4g/L for the coated Ti alloy 

electrode was 35.45 mg/l using NaCl electrolyte and 
24.81 mg/L using KCl electrolyte (Fig. 7a and 7 b). The 
CSS concentration obtained using NaCl electrolyte was 
higher compared to KCl electrolyte.

The optimized conditions for achieving maximum chlo-
rine generation were identified as 10 V electric voltage, 
60 minutes of ET, a 4 cm interelectrode distance, and a 
4 g/L electrolyte concentration (Fig. 7a).

During the EC process, both faradic and non-faradic 
reactions occur, resulting in the generation of a diffuse 
layer between the electrodes. At lower ion concen-
trations, the increased thickness of the diffuse layer 
hampers the movement of ions towards the anode. 
Consequently, chlorine generation at lower electrolyte 
concentrations was less efficient compared to higher 
concentrations (Brown et al., 2016).
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Fig 8. Rate of material loss during the electro-chlorination process for the graphite electrode 

 
Fig 9. Rate of material loss during the electro-chlorination process for the Ti electrode 
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Fig. 10. Rate of material loss during the electro-chlorination process for the Ti alloy electrode

 
Fig 8. Rate of material loss during the electro-chlorination process for the graphite electrode 

 
Fig 9. Rate of material loss during the electro-chlorination process for the Ti electrode 

 
Fig 10. Rate of material loss during the electro-chlorination process for the Ti alloy electrode 

 
Fig 11. Rate of material loss during the electro-chlorination process for coated Ti alloy electrode 

 10

Fig. 8. Rate of material loss during the electro-chlorination process for the graphite electrode

 
Fig 8. Rate of material loss during the electro-chlorination process for the graphite electrode 

 
Fig 9. Rate of material loss during the electro-chlorination process for the Ti electrode 

 
Fig 10. Rate of material loss during the electro-chlorination process for the Ti alloy electrode 

 
Fig 11. Rate of material loss during the electro-chlorination process for coated Ti alloy electrode 

 10

Fig. 11. Rate of material loss during the electro-chlorination process for coated Ti alloy electrode
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The solar power required to generate maximum chlorine 
for an optimized lab-scale set-up was 16 × 10−3 kW/hr. 
The system operates entirely on solar energy, yielding sig-
nificant economic benefits. The integration of solar power 
effectively reduces dependence on conventional electricity 
sources, resulting in substantial energy and cost savings 
and making it suitable for usage in rural and remote areas.

During the electrolysis process, the anode experiences 
erosion, a phenomenon acknowledged by prior research, 
including the work of Khelifa et al. (2004), which highlight-
ed electrode crumbling and erosion as notable drawbacks 
in continuous electrocoagulation processes. This study 
explicitly investigates the longevity of electrodes using a 
NaCl electrolyte. To assess the electrode’s resilience over 
prolonged electrolysis durations, the weight loss of graph-
ite, Ti, Ti alloy, and coated Ti alloy electrodes was quanti-
fied through erosion measurements. The (Fig. 8, 9, 10, and 
11) depict the remaining weight of the electrodes through-
out continuous EC, revealing a nearly linear correlation be-
tween the loss of electrode weight and the ET.

In the context of the current investigation, the observed 
rate of material loss for the graphite electrode was ap-
proximately 0.024 gm/min. Similarly, the material loss for 
the Ti electrode was found as 0.0153 gm/min, while for 
the Ti alloy electrode, it measured 0.0149 gm/min, and the 

material loss for the coated Ti alloy electrode was 0.00875 
(gm/min). These findings contribute valuable insights into 
the erosion dynamics of different electrodes over varying 
durations of continuous electro-chlorination, offering es-
sential considerations for the practical application of this 
electrochemical process.

From Fig. 8, 9, 10, and 11, it was inferred that the loss in 
graphite and Ti electrode was more than that of the coated 
Ti alloy and coated Ti electrode as the ET increased. Ti alloy 
electrodes, being resistant to erosion by nature, exhibited 
less erosion compared to other electrodes. The coated Ti 
electrode had the minimum material loss compared to all 
the electrodes under consideration, due to the chromium 
nitride coating, which was resistant to chlorine attack, mak-
ing it an ideal electrode for efficient electro-chlorination.

Based on the above observations of CSS concentration 
under optimized conditions and the experimental ob-
servations on material loss of the electrode during the 
EC process, the three electrodes were also compared 
for techno-economic feasibility. From the comparison, 
it can be concluded that the quantum and concentration 
of CSS that can be produced over the lifetime of a pair of 
electrodes are maximum for the coated Ti alloy electrode 
compared to graphite, Ti, and Ti6Al4V electrodes of the ex-
act dimensions (Table 1).

Table 1. Comparison between graphite, Ti, Ti6Al4V, and coated Ti6Al4V electrode

* For optimized conditions 

Sr no
Electrode 
material

Cost of the electrode
(for volume 23.565 

cubic cm)

Material weight 
for given 
volume

Concentration 
of CSS (mg/L) *

Total quantity of chlo-
rine in 230 ml of stock 

solution *(mg)

Rate of material loss 
during electro-chlorination 

(gm/min) *

1 Graphite 144 66.66 14.18 3.2614 0.02

2 Ti 700 98 15.95 3.6685 0.02

3 Ti6Al4V 700 97.84 17.72 4.0756 0.01

4 Coated Ti6Al4V 825 97.85 35.45 8.1535 0.00875

Comparison between the performance of 
electrodes and electrolytes
The maximum concentration of CSS generated under 
optimized conditions (10 V electric voltage, 60 minutes 
of ET, a 4 cm interelectrode distance, and a 4 g/L elec-
trolyte concentration) for graphite, titanium, Ti alloy, 
and coated Ti alloy electrodes was compared for NaCl 
and KCl electrolytes. Fig. 12 compares the maximum 
CSS concentration generated by various electrodes un-
der optimized conditions.

From the results, it was observed that the maximum chlo-
rine generation was achieved using a NaCl electrolyte for 
each type of electrode. Therefore, NaCl was considered an 
efficient electrolyte compared to KCl for maximum chlo-
rine generation in the EC process. The maximum CSS 
concentration of 35.45 mg/L was obtained using a NaCl 
electrolyte and a coated Ti alloy electrode. The measured 
concentration of dissolved titanium (Ti) is significantly be-
low a level of concern. This is supported by regulatory tox-
icology, as the U.S. EPA has not established a maximum 
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Fig. 13. Different chlorine dosages were added to the water sample 

was conducted on the sample both before and after the disinfection process to check the efficacy of microbial 
removal.  

According to the chlorine demand of the sample (0.3 mg/L) and the concentration of CSS (17.72 mg/L), a 
varying quantity of CSS was added separately into beakers containing the sample, as shown in Fig. 14. To 
understand the impact of hypo-chlorination, breakpoint chlorination, and hyperchlorination on the disinfection 
efficiency and DBP formation, the CSS was added for dose less than the chlorine demand (0.15 mg/L, 0.23 mg/
L), equal to chlorine demand (0.3 mg/L) and greater than chlorine demand (0.32 mg/L, 0.35 mg/L and 0.38 mg/
L) to the sample separately in different containers. Fig. 13 illustrates the chlorine dosages added to the sample, 
as explained in Table 2. The chlorine dosage and the quantity of CSS added are given in Table 2. From the 
detailed observations provided in Table 3, it was inferred that the CSS generated during the EC process was 
effective in water disinfection. 

 
Fig 13. Different chlorine dosages were added to the water sample  

Table 2. Chlorine dosage applied to the water sample  

The disinfected sample was analysed for the type and quantity of DBPs generated using GC-MS. Fig. 14 
shows the types of DBPs generated, with THMs being the predominant DBP produced during the process.  

The general maximum limit for THMs in drinking water was 80 µg/L as per environmental protection 
agency, United States (EPA)). Long-term exposure to DBPs above the permissible limit can lead to serious 
health effects.  

The disinfected water sample with different chlorine dosages was analyzed for THM detection using GC-
MS, as discussed in the methodology section.  

For the water sample, the various chlorine dosages added to the sample water were 0.15 mg/L, 0.23 mg/L, 
0.30 mg/L, 0.32 mg/L, 0.35 mg/L, and 0.38 mg/L, and were analyzed separately to detect the quantity and type 
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Sr No. Chlorination Chlorine dosage 
variation mg/L 

CSS  
(mL)

1. Hypo-chlorination 0.15 0.85

2. Hypo-chlorination 0.23 1.3

3. Exact chlorination 0.3 1.69

4. Hyper-chlorination 0.32 1.81
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Based on the above observations of CSS concentration under optimized conditions and the experimental 
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compared to graphite, Ti, and Ti6Al4V electrodes of the exact dimensions (Table 1). 

Table 1. Comparison between graphite, Ti, Ti6Al4V, and coated Ti6Al4V electrode 

* For optimized conditions  
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The maximum concentration of CSS generated under optimized conditions (10 V electric voltage, 60 
minutes of ET, a 4 cm interelectrode distance, and a 4 g/L electrolyte concentration) for graphite, titanium, Ti 
alloy, and coated Ti alloy electrodes was compared for NaCl and KCl electrolytes. Fig. 12 compares the 
maximum CSS concentration generated by various electrodes under optimized conditions. 

 
Fig 12. Comparison of the maximum CSS concentration generated for respective types of electrodes for both 

NaCl and KCl electrolytes 

From the results, it was observed that the maximum chlorine generation was achieved using a NaCl 
electrolyte for each type of electrode. Therefore, NaCl was considered an efficient electrolyte compared to KCl 
for maximum chlorine generation in the EC process. The maximum CSS concentration of 35.45 mg/L was 
obtained using a NaCl electrolyte and a coated Ti alloy electrode.  The measured concentration of dissolved 
titanium (Ti) is significantly below a level of concern. This is supported by regulatory toxicology, as the U.S. 
EPA has not established a maximum contaminant level (MCL) for titanium in drinking water due to its chemical 
inertness and low systemic toxicity via the oral route (EPA, 2009; WHO, 1999). Furthermore, the WHO/FAO 
JECFA previously found TiO2 to be non-toxic upon ingestion, noting its low absorption and lack of tissue 
accumulation (JECFA, 1970; EPA, 2009; WHO, 1999). 

The NaCl ions were fully dissociated into solution as cations and anions, which conduct a strong electric 
current through the solution compared to the KCl electrolyte. Hence, results using the NaCl electrolyte might be 
better than those using the KCl electrolyte. 

THMs generation during the disinfection process using the chlorine stock solution generated using EC  

The efficacy of the CSS for disinfection of water was examined for samples with varying characteristics, 
especially NOM. The chlorine demand of the water sample tested was 0.3 (mg/l). The fresh CSS produced 
through the EC process was used for disinfecting the water sample. Subsequently, a bacteriological examination 
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Fig. 12. Comparison of the maximum CSS concentration generated for respective types of electrodes for both NaCl and KCl electrolytes

contaminant level (MCL) for titanium in drinking water 
due to its chemical inertness and low systemic toxicity via 
the oral route (EPA, 2009; WHO, 1999). Furthermore, the 
WHO/FAO JECFA previously found TiO2 to be non-toxic 
upon ingestion, noting its low absorption and lack of tis-
sue accumulation (JECFA, 1970; EPA, 2009; WHO, 1999).

The NaCl ions were fully dissociated into solution as 
cations and anions, which conduct a strong electric 
current through the solution compared to the KCl elec-
trolyte. Hence, results using the NaCl electrolyte might 
be better than those using the KCl electrolyte.

THMs generation during the disinfection 
process using the chlorine stock solution 
generatedusing EC 
The efficacy of the CSS for disinfection of water was ex-
amined for samples with varying characteristics, especial-
ly NOM. The chlorine demand of the water sample test-
ed was 0.3 (mg/l). The fresh CSS produced through the 
EC process was used for disinfecting the water sample. 

Subsequently, a bacteriological examination was conduc- 
ted on the sample both before and after the disinfection 
process to check the efficacy of microbial removal. 

According to the chlorine demand of the sample  
(0.3 mg/L) and the concentration of CSS (17.72 mg/L), 
a varying quantity of CSS was added separately into 
beakers containing the sample, as shown in Fig. 14. To 
understand the impact of hypo-chlorination, breakpoint 
chlorination, and hyperchlorination on the disinfec-
tion efficiency and DBP formation, the CSS was added 
for dose less than the chlorine demand (0.15 mg/L,  
0.23 mg/L), equal to chlorine demand (0.3 mg/L) and 
greater than chlorine demand (0.32 mg/L, 0.35 mg/L 
and 0.38 mg/L) to the sample separately in different 
containers. Fig. 13 illustrates the chlorine dosages 
added to the sample, as explained in Table 2. The chlo-
rine dosage and the quantity of CSS added are given in  
Table 2. From the detailed observations provided in Ta-
ble 3, it was inferred that the CSS generated during the 
EC process was effective in water disinfection.
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Table 2. Chlorine dosage applied to the water sample 

Sr No. Chlorination Chlorine dosage variation mg/L CSS (mL)

1. Hypo-chlorination 0.15 0.85

2. Hypo-chlorination 0.23 1.3

3. Exact chlorination 0.3 1.69

4. Hyper-chlorination 0.32 1.81

5. Hyper-chlorination 0.35 1.98

6. Hyper-chlorination 0.38 2.14

 
Fig14. Type of THMs 

Table 3. E. coli removal efficiency from the sample water and DBP formation for different chlorine dosages 
Sr No Chlorination Chlorine 

dosage 
(mg/L)

E. coli 
before 

disinfection  
CFU/100 

ml

E. coli after 
disinfection  

CFU/100 
ml

E-Coli 
Removal 
Efficiency 

(%) 

THMs Area 
on curve  

mm2

THMs 
unit   
µg/L 

1 Hypo-
chlorination

0.15 196 184 61.22 6735539.04 0.00139

2 0.23 196 179 86.73 9434076.50 0.00195

3 Exact-
chlorination

0.30 196 0 100 12354331.04 0.00254
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Fig. 14. Type of THMs
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The disinfected sample was analysed for the type 
and quantity of DBPs generated using GC-MS. Fig. 14 
shows the types of DBPs generated, with THMs being 
the predominant DBP produced during the process. 

The general maximum limit for THMs in drinking water 
was 80 µg/L as per environmental protection agency, 
United States (EPA)). Long-term exposure to DBPs above 
the permissible limit can lead to serious health effects. 

The disinfected water sample with different chlorine 
dosages was analyzed for THM detection using GC-MS, 
as discussed in the methodology section. 

For the water sample, the various chlorine dosages 
added to the sample water were 0.15 mg/L, 0.23 mg/L, 
0.30 mg/L, 0.32 mg/L, 0.35 mg/L, and 0.38 mg/L, and 
were analyzed separately to detect the quantity and 
type of THMs formed (Fig. 14). The quantity of THMs 
generated was analyzed from the graphs generated by 
the GC and MSD detectors, shown below in Fig. 16. The 
X-axis represents the retention time, and the Y-axis 
represents the peak intensity of the product formed. 

The data analysis reveals that THMs produced for chlo-
rine dosages below the required amount of chlorine, 
i.e., 0.30 mg/L for the water sample, were lower. For 
higher chlorine dosages above the required dosage, 
the quantity of THMs formed was observed to be great-
er (Fig. 15) (Table 3).

From the retention time, the type of THMs was detected 
using a mass spectrometer detector. The details are as 
shown in Fig. 14. The Fig. consists of a main graph and 
a mirror-matched graph, where the type of compound 
detected is displayed along with its structure. From the 
analysis of all graphs, it was observed that the type of 
THMs detected in all the samples was the same, and 

Table 3. E. coli removal efficiency from the sample water and DBP formation for different chlorine dosages

Sr No Chlorination 
Chlorine  

dosage (mg/L)

E. coli before  
disinfection 
CFU/100 ml

E. coli after  
disinfection 
CFU/100 ml

E-Coli Removal 
Efficiency (%) 

THMs Area on curve 
mm2

THMs unit 
µg/L

1 Hypo-chlorin-
ation

0.15 196 184 61.22 6735539.04 0.00139

2 0.23 196 179 86.73 9434076.50 0.00195

3
Exact-chlorin-

ation
0.30 196 0 100 12354331.04 0.00254

4
Hyper-chlo-

rination

0.32 196 0 100 48198092.81 0.00997

5 0.35 196 0 100 72596713.73 0.01501

6 0.38 196 0 100 88435442.11 0.01825

it was trichloromethane; only the quantity of the THM 
compound differed for different chlorine dosages. 

The increased chlorine dosage beyond the chlorine de-
mand leads to an increase in the THMs production after 
breakpoint chlorination. Therefore, accurately deter-
mining the exact amount of chlorine dosage is crucial 
for achieving maximum E. coli removal and minimizing 
the generation of THMs. 

Conclusion
The present paper discusses a detailed experimental 
investigation of the electro-chlorination (EC) process 
using a developed lab-scale solar-powered sustain-
able EC system for graphite, titanium, novel Ti6Al4V, 
and novel Ti6Al4V electrodes coated with chromium ni-
tride. The study also investigates the type and quantity 
of DBPs formed during the disinfection by EC process. 
The detailed analysis revealed that for the developed 
EC model, under optimized conditions of a 10 V elec-
tric voltage, 60 minutes of electro-chlorination time, 
4 cm electrode spacing, and a 4 g/L electrolyte con-
centration, a single pair of coated Ti6Al4V electrodes 
yield a maximum chlorine stock solution concentration 
of 35.45 mg/l as compared to graphite (14.18 mg/L), 
Ti (15.95 mg/L) and Ti6Al4V (17.72 mg/L) electrodes. 
However, it was worth noting that the longevity of 
the coated Ti6Al4V electrode was better compared to 
graphite, Ti, and Ti alloy electrodes during EC. The study 
concluded that the coated Ti6AL4V electrode stands 
out as one of the most effective electrodes for achiev-
ing maximum chlorine generation with minimal crum-
bling. The chlorine stock solution generated was found 
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Fig. 15. THMs detection using gas chromatography for a water sample with different chlorine dosages, like (15a) 0.15 mg/L, (15b) 0.23 
mg/L, (15c) 0.30 mg/L, (15d) 0.32 mg/L, (15e) 0.35 mg/L, (15f) 0.38 mg/L

From the retention time, the type of THMs was detected using a mass spectrometer detector. The details are 
as shown in Fig. 14. The Fig. consists of a main graph and a mirror-matched graph, where the type of compound 
detected is displayed along with its structure. From the analysis of all graphs, it was observed that the type of 
THMs detected in all the samples was the same, and it was trichloromethane; only the quantity of the THM 
compound differed for different chlorine dosages.   

The increased chlorine dosage beyond the chlorine demand leads to an increase in the THMs production 
after breakpoint chlorination. Therefore, accurately determining the exact amount of chlorine dosage is crucial 
for achieving maximum E. coli removal and minimizing the generation of THMs.  
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(a)

(b)

(c)

to be effective in disinfecting sample water samples. 
Additionally, detailed experimentation was conducted 
to understand the disinfection by-products formed du-
ring the disinfection of water using the generated stock 
solution from the EC process for various samples.

The trihalomethanes (THMS) were detected as the 
prominent DBPs formed after disinfection of the water 
sample, and the quantity of THMs generated after EC 
disinfection for the sample was 0.00254 µg/L The study 

concludes that the coated Ti6Al4V electrode material is 
an efficient and durable material for the EC process. 
The experimental observations also indicate that the 
EC process is effective in minimizing the formation of 
THMs in disinfected water. This developed solar-pow-
ered EC set-up has the potential to serve as a decen-
tralized solution, offering significant benefits for water 
purification in rural areas where effective disinfection 
is urgently needed.
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Fig 15. THMs detection using gas chromatography for a water sample with different chlorine dosages, like (15a) 
0.15 mg/L, (15b) 0.23 mg/L, (15c) 0.30 mg/L, (15d) 0.32 mg/L, (15e) 0.35 mg/L, (15f) 0.38 mg/L 

Conclusion 

The present paper discusses a detailed experimental investigation of the electro-chlorination (EC) process 
using a developed lab-scale solar-powered sustainable EC system for graphite, titanium, novel Ti6Al4V, and 
novel Ti6Al4V electrodes coated with chromium nitride. The study also investigates the type and quantity of 
DBPs formed during the disinfection by EC process. The detailed analysis revealed that for the developed EC 
model, under optimized conditions of a 10 V electric voltage, 60 minutes of electro-chlorination time, 4 cm 
electrode spacing, and a 4 g/L electrolyte concentration, a single pair of coated Ti6Al4V electrodes yield a 
maximum chlorine stock solution concentration of 35.45 mg/l as compared to graphite (14.18 mg/L), Ti (15.95 
mg/L) and Ti6Al4V (17.72 mg/L) electrodes. However, it was worth noting that the longevity of the coated 
Ti6Al4V electrode was better compared to graphite, Ti, and Ti alloy electrodes during EC. The study concluded 
that the coated Ti6AL4V electrode stands out as one of the most effective electrodes for achieving maximum 
chlorine generation with minimal crumbling. The chlorine stock solution generated was found to be effective in 
disinfecting sample water samples. Additionally, detailed experimentation was conducted to understand the 
disinfection by-products formed during the disinfection of water using the generated stock solution from the EC 
process for various samples. 

The trihalomethanes (THMS) were detected as the prominent DBPs formed after disinfection of the water 
sample, and the quantity of THMs generated after EC disinfection for the sample was 0.00254 µg/L The study 
concludes that the coated Ti6Al4V electrode material is an efficient and durable material for the EC process. The 
experimental observations also indicate that the EC process is effective in minimizing the formation of THMs in 
disinfected water. This developed solar-powered EC set-up has the potential to serve as a decentralized solution, 
offering significant benefits for water purification in rural areas where effective disinfection is urgently needed. 
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