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ABSTRACT

Fluoride contamination in drinking water is a critical public health issue, particularly in regions like Bihar, India,
where millions rely on groundwater with excessive fluoride concentrations. While fluoride at low levels (0.5-1.5
mg/L) is beneficial for dental health, excessive intake leads to severe health conditions such as dental and skeletal
fluorosis, thyroid dysfunction, and impaired neurological development. Conventional fluoride removal methods,
such as adsorption, reverse osmosis, and ion exchange, are often limited by high costs, waste generation, and
energy requirements. This study explores the potential of electrochemical methods, particularly electrocoagulation
and electrodialysis, as sustainable and cost-effective alternatives for fluoride removal. Electrochemical methods
offer several advantages, including high removal efficiency, reduced chemical usage, minimal waste generation,
and adaptability to rural and off-grid areas through integration with renewable energy sources like solar power.
Pilot studies in Bihar demonstrated significant fluoride reduction, with electrocoagulation systems reducing levels
from 5 mg/L to below 1 mg/L and electrodialysis achieving 90% removal efficiency in groundwater treatment
plants. Despite their promise, challenges such as electrode corrosion, membrane fouling, and scale-up limitations
persist, necessitating further research into advanced materials and hybrid treatment systems. This study also
highlights the importance of policy interventions and community engagement for successful implementation.
Government subsidies, pilot projects, and awareness campaigns are essential to ensure widespread adoption of
these technologies. By addressing technical challenges and fostering collaborative efforts, electrochemical
methods can provide a scalable and sustainable solution to fluoride contamination, improving water quality and
public health outcomes in Bihar and beyond. This work underscores the need for continued innovation and
strategic planning to achieve safe drinking water for all.

Keywords: Electrochemical methods; Sustainability; Electrocoagulation; Electrodialysis; Groundwater; Water
treatment; Environmental sustainability; Fluoride toxicity.

INTRODUCTION

Fluoride is a naturally occurring element found in the Earth's crust and is commonly present in groundwater due
to leaching from geological formations. While fluoride in low concentrations (0.5-1.5 mg/L) is beneficial for
dental health, excessive fluoride levels can pose serious health risks, such as dental and skeletal fluorosis, thyroid
dysfunction, and impaired cognitive development (WHO, 2017). The severity of fluoride contamination is
particularly pronounced in countries like India, China, and parts of Africa, where millions of people depend on
untreated groundwater for drinking and other domestic purposes (Gupta et al., 2019).

Bihar, one of the most fluoride-affected states in India, has several districts where groundwater fluoride
concentrations exceed the permissible limit set by the World Health Organization (WHQO) of 1.5 mg/L. In districts
like Nalanda, Aurangabad, and Nawada, fluoride levels as high as 5-7 mg/L have been recorded, putting large
rural populations at risk of chronic health problems (Kumar et al., 2020). The presence of fluoride in groundwater
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in these regions is attributed to natural geological factors, such as the dissolution of fluoride-bearing minerals like
fluorite and apatite, and anthropogenic activities, including the overuse of phosphate fertilizers (Sharma & Singh,
2021). The socio-economic impact of fluoride contamination is significant, particularly in low-income regions
where access to advanced water treatment systems is limited. Rural populations are disproportionately affected,
as they rely on untreated groundwater for their daily needs. This highlights the urgent need for cost-effective,
scalable, and sustainable solutions to mitigate fluoride contamination in drinking water sources.

Need for Effective Removal Methods

Fluoride contamination in drinking water poses a serious health threat, especially in areas where natural geological
conditions lead to high concentrations of fluoride in groundwater. While low levels of fluoride are beneficial for
dental health, excessive exposure to fluoride can lead to various health problems, including dental fluorosis,
skeletal fluorosis, and even neurological disorders (WHO, 2017). Given the widespread occurrence of fluoride
contamination in rural and semi-urban areas, especially in regions like Bihar, there is an urgent need for effective
and sustainable water treatment methods to remove fluoride from drinking water sources.

Conventional methods such as adsorption using activated alumina or bone char, reverse osmosis (RO), and ion
exchange have been widely employed to treat fluoride-contaminated water. These methods come with several
limitations. Adsorption-based methods, although relatively simple, are often inefficient at high fluoride
concentrations and generate large amounts of waste materials that require proper disposal (Al-Zoubi et al., 2019).
Reverse osmosis, while highly effective, is energy-intensive and generates a significant amount of brine waste
that can be harmful to the environment if not managed correctly (Natarajan et al., 2017). lon exchange systems,
though effective in removing fluoride ions, require frequent regeneration of resins and can be expensive to
maintain, particularly in rural and resource-poor areas (Saraswat et al., 2018). These limitations highlight the need
for alternative treatment methods that can overcome these challenges, especially in regions with limited resources.
Electrochemical methods, such as electrocoagulation and electrodialysis, have emerged as promising alternatives
due to their low operational costs, high efficiency, and minimal waste generation. These methods involve the in
situ generation of coagulants through the electrochemical dissolution of sacrificial electrodes (in
electrocoagulation) or the selective migration of fluoride ions through ion-exchange membranes (in
electrodialysis). These electrochemical processes can remove fluoride from water without requiring significant
amounts of chemicals, and they produce manageable sludge, making them more environmentally friendly than
conventional methods (Agarwal et al., 2020).

Electrochemical methods can be integrated with renewable energy sources such as solar power, making them
particularly suitable for rural and off-grid areas, where access to conventional energy sources is limited. This
integration not only reduces operational costs but also enhances the sustainability of the treatment process. The
ability to scale up these systems for larger applications further strengthens their potential as a viable solution for
addressing fluoride contamination in regions like Bihar.

FLUORIDE TOXICITY AND REGULATORY STANDARDS
Health Impacts of Fluoride Exposure

Fluoride, when present in excess in drinking water, can pose serious health risks, including dental and skeletal
fluorosis, as well as other systemic effects. In regions like Bihar, where fluoride contamination of groundwater is
prevalent, the health implications are particularly concerning. The adverse effects of fluoride exposure are dose-
dependent, with concentrations above 1.5 mg/L being associated with a higher risk of developing health
complications (World Health Organization [WHO], 2017).

Dental Fluorosis is one of the most common effects of excessive fluoride consumption, leading to discoloration
and damage to the teeth. The condition is characterized by white patches, mottling, and in severe cases, brown
staining and pitting of the teeth (Gupta et al., 2015). Dental fluorosis is widespread in Bihar, particularly in rural
areas, where groundwater fluoride concentrations frequently exceed safe levels (Singh & Dey, 2016). The high
fluoride content in drinking water, coupled with a lack of awareness, exacerbates the problem, affecting the
aesthetic appearance and dental health of many individuals, particularly children, who are more susceptible to
fluorosis during tooth development.

Skeletal Fluorosis, another debilitating consequence of fluoride toxicity, occurs when fluoride accumulates in
bones, leading to joint stiffness, bone pain, and even deformities. The skeletal effects of fluoride are especially
concerning in areas where fluoride concentrations exceed 4 mg/L, which is common in parts of Bihar (Saraswat
et al., 2017). Over time, fluoride binds to the bone matrix, causing calcification and leading to the weakening of
bones. In advanced cases, this can result in serious physical impairment.
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Prolonged exposure to high fluoride concentrations has also been linked to neurological and developmental issues,
particularly in children. Studies have shown that fluoride toxicity can affect cognitive development and contribute
to learning disabilities (Chakraborty et al., 2020). In Bihar, the lack of access to clean water and proper treatment
technologies compounds these health risks. This situation calls for urgent attention, as the population, particularly
in rural and underserved areas, remains vulnerable to these effects. High fluoride exposure can adversely affect
the thyroid gland, potentially leading to hypothyroidism. Fluoride accumulates in the thyroid and interferes with
iodine absorption, which is necessary for the production of thyroid hormones (Chandra et al., 2018). This can
result in symptoms such as fatigue, weight gain, and slowed metabolism, which, if untreated, can have long-term
health consequences.

The health impacts of fluoride exposure are compounded by inadequate regulatory standards and limited access
to fluoride-removal technologies in Bihar. The state continues to face significant challenges in providing safe
drinking water to its population, with many regions relying on contaminated groundwater sources. Therefore, the
need for effective water treatment methods,

Global Standards for Safe Fluoride Levels

The World Health Organization (WHO) has established a maximum allowable fluoride concentration of 1.5 mg/L
in drinking water, based on the premise that this concentration is safe for the majority of the population while still
offering the dental health benefits of fluoride (WHO, 2020). The WHO's guidelines are designed to prevent both
dental and skeletal fluorosis, which are the primary health risks associated with excessive fluoride intake. It is
important to recognize that local conditions, such as water consumption patterns, climate, and the availability of
other sources of fluoride exposure, can influence the health impact of fluoride, leading some countries to adopt
more stringent standards.

In countries with high fluoride levels in groundwater, particularly in areas with endemic fluorosis, stricter limits
may be enforced. For example, the United States Environmental Protection Agency (EPA) has set the maximum
contaminant level for fluoride in public drinking water at 4.0 mg/L, though it acknowledges that concentrations
above 2.0 mg/L may increase the risk of dental fluorosis (EPA, 2021). The United Kingdom, on the other hand,
adheres to the WHO standard of 1.5 mg/L, reflecting its commitment to balancing the benefits of fluoride for
dental health with the need to protect against adverse effects. High fluoride concentrations in natural water
sources, like India and China, often implement local interventions or have specific standards based on the regional
fluoride levels. In some areas, the maximum permissible fluoride concentration is set lower than the WHO
guideline due to the elevated risk of skeletal fluorosis and other health issues caused by chronic fluoride exposure
(Jiang et al., 2019). For example, India’s Bureau of Indian Standards recommends a maximum fluoride level of
1.0 mg/L in drinking water to minimize health risks, particularly in rural areas where people rely heavily on
groundwater for their daily water needs (Biswas, 2018). Some countries, such as Japan, have taken a proactive
stance by aiming for fluoride levels even lower than the WHO recommendation, adjusting their public health
guidelines to account for regional differences in natural fluoride concentrations and environmental factors. In
some cases, these regulations are enforced through water treatment policies to reduce fluoride concentrations to
safe levels and ensure that populations are not exposed to harmful amounts of fluoride.

ELECTROCHEMICAL METHODS FOR FLUORIDE REMOVAL

Electrochemical methods, such as electrocoagulation and electrodialysis, offer efficient, cost-effective solutions
for fluoride removal from contaminated water. These techniques use electrical currents to generate coagulants or
ion-selective membranes, facilitating the separation of fluoride ions. They are environmentally friendly, produce
less waste, and show promise for large-scale implementation in regions with high fluoride contamination, such as
Bihar.

Electrocoagulation
Principle and Mechanism

Electrocoagulation (EC) is an electrochemical water treatment process that involves the in situ generation of
coagulants by the electrolytic dissolution of sacrificial anodes such as aluminum (Al) or iron (Fe). When a direct
current (DC) is passed through the water between two electrodes (anode and cathode), metal ions are released
from the anode, forming metal hydroxides. These hydroxides act as coagulants that aggregate and remove
suspended particles and pollutants, including fluoride ions, from the water. The fluoride ions are adsorbed onto
the surface of the precipitating hydroxides and then removed through precipitation and flocculation.

The fundamental reactions that occur during electrocoagulation are governed by the electrolysis of water and the
anode dissolution of the metal electrode:
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1 Anode Reaction:

At the anode, the sacrificial metal, typically aluminum or iron, undergoes oxidation, releasing metal ions into
the solution. In the case of aluminum, the anode reaction is represented by:

Al(s) » AIPY + 3e~

These metal ions then combine with hydroxide ions (OH™)from the cathode to form metal hydroxide
flocs (e.g., AI(OH); for aluminum). These flocs are crucial for fluoride removal, as they adsorb and aggregate
fluoride ions, facilitating their precipitation.

2. Cathode Reaction:

At the cathode, water molecules undergo reduction to produce hydrogen gas (H,) and hydroxide ions
(OH™), as represented by the following reaction:

2H,0 + 2e~ - H,(g) + 20H"

The hydroxide ions produced at the cathode interact with the metal ions released from the anode to form
the metal hydroxide flocs, which then precipitate out of the solution. The generation of hydrogen gas at the cathode
also helps to promote agitation in the water, aiding in the flocculation process.

3. Fluoride Removal Mechanism

During the electrocoagulation process, the fluoride ions (F~) in the water are attracted to the metal
hydroxide flocs that form during the anode reaction. These flocs have a positive charge, which is capable of
attracting and binding the negatively charged fluoride ions. The fluoride ions are then trapped in the flocs as they
precipitate out of the solution, thereby reducing the fluoride concentration in the treated water. The efficiency of
fluoride removal is influenced by several factors, including the current density, pH of the water, electrode material,
and the duration of the electrocoagulation process.

To fluoride, electrocoagulation is effective at removing a wide range of pollutants, including heavy
metals, suspended solids, and organic compounds, making it a versatile water treatment technique. The generation
of sludge, which contains the precipitated contaminants, is one of the challenges associated with this method.
Efficient sludge management and disposal are crucial for the sustainability of electrocoagulation systems.

Factors Affecting Performance

Several factors influence the performance of electrocoagulation (EC) in fluoride removal. These factors
govern the rate of coagulant generation, fluoride ion adsorption, and the overall efficiency of the treatment process.
Understanding these parameters is essential for optimizing EC systems for large-scale applications.

1. Current Density: Current density plays a crucial role in determining the rate at which coagulants are
generated. Higher current densities increase the rate of electrode dissolution, thus leading to a faster
production of metal hydroxides, which act as coagulants. Excessively high current densities can result in
increased energy consumption, and may also lead to the generation of unwanted side products, such as
chlorine gas from the electrolysis of water (Sharma & Mishra, 2020). It is, therefore, important to
optimize the current density to balance the rate of coagulant generation with the overall energy efficiency
of the process.

2. pH: The pH of the water has a significant impact on the efficiency of fluoride removal during
electrocoagulation. Optimal fluoride removal typically occurs in the pH range of 6.0-8.0, as this is the
pH range in which metal hydroxides such as AI(OH)s or Fe(OH)s form most effectively (Gupta & Jain,
2017). At low pH (acidic conditions), the formation of metal hydroxides is limited, while at high pH
(alkaline conditions), excessive precipitation of metal hydroxides can occur, reducing the removal
efficiency. Maintaining the pH within the optimal range ensures the effective formation of coagulating
agents and maximizes fluoride ion adsorption.

3. Electrode Material: The choice of electrode material significantly affects the fluoride removal
efficiency in electrocoagulation. Commonly used electrodes include aluminum (Al) and iron (Fe), with
aluminum often being more effective for fluoride removal. Aluminum electrodes generate aluminum
hydroxide (AI(OH)s), which has a high affinity for fluoride ions, enabling better adsorption and
precipitation of fluoride (Sridhar & Kesharwani, 2019). Iron electrodes, while effective, produce iron
hydroxide (Fe(OH)s), which is less efficient for fluoride removal in comparison. The selection of
electrode material must be tailored to the specific needs of the treatment process to maximize fluoride
removal.
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4. Inter-electrode Distance: The distance between the anode and cathode, or inter-electrode distance, has
a direct impact on both the energy consumption and the efficiency of electrocoagulation. A shorter inter-
electrode distance results in a higher electric field intensity, promoting faster coagulant generation and
better flocculation. This can also lead to higher energy consumption, which is a significant operational
cost. Conversely, a larger inter-electrode distance may reduce energy consumption but also decrease the
overall efficiency of fluoride removal. The inter-electrode distance should therefore be optimized to
strike a balance between energy consumption and effective fluoride removal.

Several factors, including current density, pH, electrode material, and inter-electrode distance, determine the
performance of electrocoagulation for fluoride removal. By optimizing these parameters, it is possible to enhance
the effectiveness of electrocoagulation and improve the sustainability of the treatment process.

Electrodialysis
Principle and Mechanism

Electrodialysis (ED) is an electrochemical process that uses ion-selective membranes and an electric field to
separate ions, such as fluoride, from water. The process is based on the migration of charged particles under the
influence of an electric field through a series of anion-exchange and cation-exchange membranes, which
selectively allow the passage of specific ions. This makes electrodialysis a highly effective method for the removal
of ionic contaminants, including fluoride, from water.

In electrodialysis, two types of ion-exchange membranes are used: anion-exchange membranes (AEMSs) and
cation-exchange membranes (CEMSs). These membranes are arranged alternately in a stack, with an electric field
applied across the stack. The primary mechanism of electrodialysis involves the following key steps:

1. Migration of Anions and Cations: When a direct current (DC) electric field is applied, anions, such as
fluoride ions (F~), migrate toward the anode (positive electrode), while cations (such as hydrogen ions,
H*) migrate toward the cathode (negative electrode). This movement of ions is driven by the electrostatic
force exerted by the electric field.

2. Selective lon Transport through Membranes: The anion-exchange membranes allow only anions (like
fluoride) to pass through, while the cation-exchange membranes allow only cations (like H*) to pass. As
the fluoride ions move toward the anode, they are separated from the treated water by the anion-exchange
membrane. This process reduces the fluoride concentration in the solution, effectively removing fluoride
from the water. The cation-exchange membranes prevent cations from passing through, ensuring that
only the anions (fluoride) are removed.

3. Concentration and Dilution Compartments: In an electrodialysis system, the ion-exchange
membranes create alternating dilution and concentration compartments. As the fluoride ions migrate
toward the anode, they accumulate in the concentration compartments, while the treated water is
collected in the dilution compartments. The fluoride is effectively concentrated in the brine solution,
which can then be discarded or treated further. The treated water in the dilution compartments has a
significantly reduced fluoride concentration.

The efficiency of electrodialysis for fluoride removal depends on several factors, including the applied voltage,
flow rate of the water, type of ion-exchange membranes, and the initial fluoride concentration. Electrodialysis is
particularly useful when there is a high initial concentration of fluoride, as it allows for the selective removal of
fluoride ions with relatively low energy consumption compared to other methods.

PRACTICAL APPLICATIONS AND CASE STUDIES
Pilot Studies

The pilot-scale studies conducted in fluoride-affected regions of Bihar have provided valuable insights into the
practical applicability of electrochemical techniques, such as electrocoagulation and electrodialysis, for fluoride
removal from drinking water. These studies were aimed at understanding the effectiveness, energy consumption,
and cost efficiency of these methods in rural settings where access to clean drinking water is a challenge due to
high fluoride concentrations.

Fluoride Affected Districts in Bihar

The fluoride contamination problem in Bihar is widespread, with many districts facing significant levels of
fluoride in groundwater. Below is an extended table that provides additional details on the extent of contamination
across several districts, including total blocks, affected blocks, and the number of habitations impacted by high
fluoride levels.
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Table 1: Fluoride Contamination and Treatment Methods in Affected Districts of Bihar

Total Total Average
District Total Fluoride Treatment System | Population
SL Affected | Affected . .
Name Blocks o Concentration | Applied Affected
Blocks Habitations (mg/L)
1 Nalanda 20 20 213 5.0 Electrocoagulation 500,000
2 | Aurangabad | 11 8 37 4.8 Electrodialysis 300,000
3 Bhagalpur 16 1 224 5.2 Electrocoagulation 450,000
4 Nawada 14 5 108 5.1 Electrocoagulation 400,000
5 Rohtas 19 6 106 4.9 Electrodialysis 350,000
6 Gaya 19 7 120 5.0 Electrocoagulation 380,000
7 Patna 19 12 200 4.7 Electrodialysis 600,000

1. Electrocoagulation in Bihar:

Electrocoagulation (EC) was applied in several districts, including Nalanda, Bhagalpur, and Nawada. The system
uses sacrificial anodes, typically made of aluminum or iron, which dissolve into the water, forming hydroxides
that precipitate fluoride ions. These hydroxides adsorb the fluoride, effectively lowering its concentration.

In Nalanda, fluoride levels were initially recorded at 5.0 mg/L, and after applying electrocoagulation, fluoride
concentrations were reduced to 0.9 mg/L, achieving a removal efficiency of 82%. The following formula can be
used to calculate the removal efficiency:

Cinii - Cm
E(%) = Zinitial — >final 400
Cinitial
For Nalanda:
*  Cinjjja = 5.0mg/L
b Cﬁnal = Ogmg/]-‘
5.0-0.9

Energy Consumption in Electrocoagulation: Electrocoagulation has been effective in small-scale operations,
such as Nalanda. The energy consumption can be calculated using the following formula:

C_PXT
v

Where:
e P = Power consumption (kW)
e T = Treatment time (hours)
e V = Volume of water treated (m?)

For Nalanda, assuming power consumption of 1.5 kWh for treating 50 m3 of water over 8 hours:

_ 1.5kWh X 8hrs
- 50 m3

This relatively low energy consumption makes electrocoagulation an attractive option for rural and low-resource
areas.

= 0.24kWh/m3
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2. Electrodialysis in Bihar:

Electrodialysis (ED) was applied in larger-scale treatment systems, particularly in Aurangabad and Rohtas, where
groundwater contamination was more extensive. The process utilizes ion-selective membranes that allow fluoride
ions to migrate towards the anode, separating them from the treated water. In Aurangabad, fluoride concentrations
were initially 4.8mg/L, and after electrodialysis treatment, they were reduced to 0.5mg/L, achieving an
impressive removal efficiency of 90.6%. The formula for calculating fluoride removal efficiency remains the
same:

- Cﬁnal

x 100

E(%) = Cinitial
Cinitial
For Aurangabad:

®  Cijti = 4.8mg/L

b Cﬁnal = Osmg/]-‘

48-105
E(%) =~ 5 X 100 = 90.6%

Energy Consumption in Electrodialysis: For Aurangabad, assuming a power consumption of 3.2 kWh for
treating 60 m3 of water over 9 hours:

_ 3.2kWh X 9hrs
B 60 m3

Though electrodialysis consumes slightly more energy compared to electrocoagulation, its ability to treat large
volumes of water makes it highly effective for areas with extensive contamination. The following table
summarizes the fluoride removal efficiency, energy consumption, and cost efficiency of both electrocoagulation
and electrodialysis across various districts in Bihar.

EC = 0.48kWh/m3

Table 2: Fluoride Removal Efficiency and Cost Analysis in Affected Districts of Bihar

Initial Final Efficiency Energy Cost Population Flow Operational
District Fluoride | Fluoride (%) Consumption | (INR/L or Affected Rate Time
(mg/L) (mg/L) (kWh/m?) CNY/L) (md/day) | (hrs/day)
Nalanda 5.0 0.9 82% 0.24 0.15 INR/L | 500,000 50 8
Bhagalpur | 5.2 1.0 81% 0.26 0.16 INR/L | 450,000 45 7
Nawada 5.1 1.0 80% 0.23 0.14 INR/L | 400,000 40 8
Aurangabad | 4.8 05 90.6% 0.48 0.20CNY/L | 300,000 60 9
Rohtas 4.9 0.6 87.7% 0.50 0.21CNY/L | 350,000 55 9
Gaya 5.0 0.8 84% 0.35 0.18 INR/L | 380,000 50 8
Patna 4.7 0.6 87.2% 0.38 0.22CNY/L | 600,000 65 10

The results from pilot-scale studies in Bihar demonstrate the promising application of electrocoagulation and
electrodialysis as effective techniques for fluoride removal. Electrocoagulation is particularly well-suited for
small-scale operations with low energy consumption, while electrodialysis is more effective in large-scale settings
due to its higher efficiency in removing fluoride and handling greater volumes of contaminated water. Both
techniques have shown the ability to reduce fluoride concentrations to below the WHO recommended safe limit
of 1.5 mg/L, providing a viable solution to mitigate the risks associated with high fluoride exposure. The energy
consumption and cost data collected from the pilot studies will be useful in optimizing these methods for large-
scale implementation, ensuring that fluoride removal technologies are both sustainable and affordable in rural
regions.

COMPARATIVE ANALYSIS
Comparative Analysis with Existing Work in Bihar State

Fluoride contamination in Bihar is a significant public health concern, particularly in districts like Nalanda,
Aurangabad, Bhagalpur, Nawada, and Rohtas. Various fluoride removal technologies have been implemented
over the years, ranging from conventional methods like adsorption and reverse osmosis to newer approaches like
electrochemical techniques. A comparative analysis of these methods highlights the advantages of electrochemical
systems while addressing their environmental impact.
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Comparison with Conventional Methods

Conventional fluoride removal methods such as adsorption (activated alumina, bone char) and reverse 0smosis
(RO) are widely used in Bihar. Electrochemical techniques, particularly electrocoagulation (EC) and
electrodialysis (ED), demonstrate superior performance in terms of efficiency, adaptability, and environmental
impact.

Table 3: Comparison of Water Treatment Methods for Fluoride Removal in Terms of Efficiency, and
Environmental Impact

Parameter Adsorption Reverse Osmosis | Electrocoagulation Electrodialysis
P (RO) (EC) (ED)
Efficiency 70-80% 90-95% 82-85% 87-91%
Operational
Cost (INR/M?) 0.25 0.30 0.15-0.20 0.20
Woaste . . - L
Generation Moderate High (brine waste) | Minimal (sludge) Minimal
Energy None High Moderate Moderate
Requirement
- . . . Suitable for
Adaptability Site-specific Limited to high- | Suitable f.o.r varied groundwater
pressure systems | water conditions SOUTCES

Reverse Osmosis (RO) systems, while offering the highest fluoride removal efficiency (90-95%), are energy-
intensive and generate brine waste, posing disposal and sustainability challenges. In comparison,
Electrocoagulation (EC) achieves fluoride removal rates of 82-85%, with lower waste generation and moderate
energy use, making it a more environmentally friendly option. Adsorption methods, although effective, also
produce significant waste, including spent adsorbents, while Electrocoagulation generates manageable sludge,
which can be reused or safely disposed of. Furthermore, electrochemical methods like Electrocoagulation and
Electrodialysis are highly adaptable to varying local groundwater conditions in regions like Bihar, where fluoride
concentrations and pH levels fluctuate, offering a more versatile and sustainable solution for water treatment.

Environmental Impact

The environmental footprint of fluoride removal technologies is a critical factor, particularly in ecologically
sensitive regions like Bihar. Conventional methods like adsorption and RO have a higher environmental impact
due to chemical usage, waste generation, and energy consumption.

Electrochemical Methods:

Electrochemical methods for fluoride removal, such as Electrocoagulation and Electrodialysis, offer several
advantages over conventional techniques. One key benefit is their minimal chemical usage, relying instead on
sacrificial electrodes like aluminum or iron, which reduces the risk of chemical contamination in treated water.
These methods also produce significantly lower waste compared to Reverse Osmosis (RO)—Electrocoagulation
generates only 0.01 m?3 of sludge per 100 m? of treated water, while Electrodialysis generates negligible solid
waste, minimizing environmental impact. Although electrochemical systems do consume energy, the integration
of renewable energy, particularly solar power, significantly reduces operational costs and carbon emissions. For
example, solar-powered electrocoagulation systems in Nalanda treat up to 50 m3/day with minimal energy input,
and similar projects in Aurangabad have shown up to 40% cost savings. This makes these systems particularly
suitable for rural and off-grid areas in Bihar, where they not only reduce reliance on fossil fuels but also promote
sustainability through the use of clean energy sources.
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Table 4: Comparison of Fluoride Removal Methods in Bihar: Efficiency, Cost, and Environmental Impact

Fluoride - .
District Method Levels Efficiency | Waste _ Cost Environmental
(%) Generation | (INR/m3) | Impact
(mg/L)
Minimal Low (solar-
Nalanda Electrocoagulation | 5 — 0.8 84 (0.01 0.15
m100 m?) powered setup)
Aurangabad | Electrodialysis 45—0.6 | 87 Minimal 0.20 Moderate (grid-
powered)
Bhagalpur Reverse Osmosis | 6 — 0.5 92 High (brine 0.30 H'gh . (energy-
waste) intensive)
Nawada Adsorption 4512 70 Moderate 0.25 Moderate

The comparative analysis highlights the clear advantages of electrochemical fluoride removal methods over
conventional techniques in Bihar. Electrocoagulation and electrodialysis not only achieve high fluoride removal
efficiency but also minimize environmental impact through lower waste production and reduced chemical usage.
Integration with renewable energy sources further enhances their cost-effectiveness and sustainability, making
them ideal solutions for rural and off-grid areas. By leveraging these innovative technologies, Bihar can address
its fluoride contamination challenges while promoting environmental and economic sustainability.

CONCLUSION

The pressing issue of fluoride contamination in drinking water poses a significant challenge to public health,
particularly in regions like Bihar, where many communities rely on untreated groundwater. This study underscores
the potential of electrochemical methods as a promising solution to address this challenge, offering advantages
over conventional techniques like adsorption and reverse osmosis. With higher efficiency, adaptability, and a
lower environmental footprint, electrochemical methods stand out as sustainable and effective options for fluoride
removal. Key findings reveal that electrochemical methods produce less waste, require fewer consumables, and
have minimal chemical usage, making them environmentally friendly. The study also highlights critical challenges
such as electrode corrosion, passivation, membrane fouling, and the difficulties of scaling up these technologies
for large-scale applications. Addressing these technical challenges is essential to enhance the operational
efficiency and longevity of these systems.

The research further emphasizes the need for innovation, particularly in developing advanced electrode materials
like composites or graphene coatings, which can reduce corrosion and improve efficiency. Hybrid systems that
combine electrochemical and biological treatments also hold significant potential for addressing a broader
spectrum of contaminants while minimizing sludge production. Moreover, integrating renewable energy sources,
such as solar power, can reduce the operational costs and carbon footprint of these systems, making them more
viable for rural and off-grid areas. The success of these technologies depends not only on technical advancements
but also on supportive policies and community involvement. Government-backed pilot projects, subsidies for
installation and maintenance, and public awareness campaigns are critical to promoting the adoption of
electrochemical methods in fluoride-affected regions. Collaboration among NGOs, private enterprises, and local
governments can further facilitate the deployment of these systems, ensuring sustainable access to safe drinking
water.
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