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Abstract:

Groundwater contamination with fluoride is a severe environmental and public health
concern in many parts of the world, particularly in India. High fluoride concentrations
lead to fluorosis and other health complications. In recent years, bioadsorbents have
emerged as cost-effective and eco-friendly alternatives for fluoride removal. This study
presents a comparative analysis of the efficiency of Azadirachta indica (Neem) powder
and other selected bioadsorbents—such as Moringa oleifera seed powder, activated
charcoal, and tamarind seed powder—in removing fluoride from contaminated
groundwater. Batch adsorption experiments were conducted under varying pH,
adsorbent dose, and contact time. The study found that neem powder exhibits
competitive efficiency in fluoride adsorption compared to other natural adsorbents.
Findings are analyzed based on removal efficiency, reusability, and economic viability.
The study recommends neem powder as a potential sustainable solution for rural and
household-level water treatment.
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Introduction

Fluoride contamination in groundwater is a widespread problem, especially in arid and semi-arid regions
like Rajasthan, Andhra Pradesh, and parts of Maharashtra. Long-term exposure to high fluoride levels
causes dental and skeletal fluorosis. Traditional defluoridation methods such as reverse osmosis and ion-
exchange are expensive and energy-intensive, making them unsuitable for rural applications.
Bioadsorbents, derived from agricultural waste and natural resources, offer an eco-friendly, economical,
and sustainable alternative. Neem (Azadirachta indica) has attracted attention due to its abundant
availability, bioactive compounds, and adsorption potential. This study compares the fluoride removal
efficiency of neem powder with other bioadsorbents to identify a suitable and practical solution for fluoride-
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contaminated regions. Access to clean and safe drinking water is a fundamental human right and a critical
component of sustainable development. However, in many parts of the world—especially in developing
countries—groundwater contamination has emerged as a grave concern that threatens both environmental
sustainability and public health. Among the various pollutants affecting groundwater, fluoride
contamination holds particular significance due to its dual nature: while trace amounts of fluoride are
beneficial for dental health, excessive concentrations are known to cause a range of adverse health effects,
including dental and skeletal fluorosis, neurological issues, and in extreme cases, organ damage. The World
Health Organization (WHO) prescribes a permissible fluoride limit of 1.5 mg/L in drinking water, but
numerous regions in India—such as Rajasthan, Andhra Pradesh, Gujarat, and parts of Maharashtra—report
fluoride levels exceeding this limit, putting millions of people at risk.

Traditional defluoridation technologies like reverse osmosis, ion-exchange resins, activated alumina, and
electrocoagulation have demonstrated effectiveness but are often characterized by high capital and
maintenance costs, complexity of operation, energy requirements, and environmental concerns related to
waste disposal. These constraints render such technologies impractical for low-income, rural, and
decentralized settings where affordability, ease of use, and environmental compatibility are essential.

In light of these challenges, there has been a paradigm shift in recent years toward the use of
bioadsorbents—naturally derived, low-cost, biodegradable materials that can adsorb contaminants from
water. Agricultural and plant-based by-products such as neem leaves, tamarind seeds, moringa seeds, rice
husk, and coconut shell charcoal have been explored for their adsorption capacities. Among these,
Azadirachta indica, commonly known as neem, has gained special attention due to its widespread
availability in India, ease of processing, strong adsorptive properties, and additional antimicrobial benefits.
Neem contains numerous functional groups like hydroxyls and carboxyls, which facilitate effective bonding
with fluoride ions, thus enabling efficient removal from contaminated water.

This research is designed to evaluate the comparative performance of neem powder and other selected
bioadsorbents, including tamarind seed powder, moringa seed powder, and activated charcoal, in fluoride
adsorption from groundwater. The goal is not only to identify the most efficient natural adsorbent but also
to assess factors such as cost-effectiveness, environmental safety, and reusability, thereby providing
actionable insights for real-world, household-level applications.

What sets this study apart is its comprehensive experimental design, which examines the influence of
critical variables such as pH, contact time, adsorbent dose, and initial fluoride concentration on removal
efficiency. It also seeks to fill an existing gap in comparative literature, which often evaluates single
bioadsorbents in isolation but rarely undertakes a systematic comparison under identical conditions. By
doing so, the study aims to build a robust foundation for recommending the most viable natural solution for
community-based defluoridation systems, especially in fluoride-endemic rural regions.

Moreover, this research aligns with global goals of sustainable water resource management and
contributes to India's Jal Jeevan Mission and Swachh Bharat Abhiyan by promoting decentralized, low-cost
water purification strategies. It also advocates for interdisciplinary integration—combining environmental
science, chemistry, rural development, and public health—to formulate practical solutions to one of the
most persistent environmental health problems.

With rising awareness about green technologies and the urgent need to combat water quality issues in an
affordable and sustainable manner, this comparative study on the efficiency of neem powder and other
bioadsorbents serves as a timely and socially relevant contribution. It has the potential not only to guide
future research but also to support the development of localized, community-friendly defluoridation
systems that empower populations at risk.
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Definitions
¢ Bioadsorbent: Naturally derived materials used for the adsorption of pollutants from water.

¢ Fluoride contamination: Presence of fluoride in drinking water at concentrations exceeding safe
levels (typically >1.5 mg/L as per WHO).

¢ Adsorption: A surface phenomenon where solutes adhere to the surface of a solid (adsorbent).
¢ Defluoridation: The process of removing excess fluoride from water.

Need of the Study
e To find low-cost, locally available, and effective bioadsorbents for safe drinking water.

e To compare the efficiency of neem powder with other bioadsorbents to inform public health
interventions.

¢ To provide a sustainable solution suitable for rural populations affected by fluoride toxicity.
Aims

To evaluate and compare the effectiveness of neem powder and selected bioadsorbents in removing fluoride
ions from groundwater.

Objectives
1. To assess the fluoride adsorption capacity of neem powder.

2. To compare neem's performance with other bioadsorbents like tamarind seed powder, moringa seed
powder, and activated charcoal.

3. To analyze the influence of pH, contact time, and dosage on adsorption efficiency.
4. To examine the reusability and cost-effectiveness of each adsorbent.
Hypothesis

Neem powder is as efficient or more efficient than other commonly used bioadsorbents in removing fluoride
from contaminated groundwater.

Literature Search

Previous research has identified various plant-based materials as effective adsorbents. Studies by Tripathy
et al. (2006) and Meenakshi & Maheshwari (2007) highlight the efficiency of low-cost adsorbents in
fluoride removal. Work by Bhatnagar et al. (2011) suggests neem leaves and bark possess active compounds
that enhance adsorption. This study builds on existing literature by conducting a controlled comparison of
neem powder with other bioadsorbents under identical conditions.

Research Methodology
Design

¢ Experimental (Batch adsorption technique)
Materials

e Neem powder

e Moringa seed powder
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e Tamarind seed powder
e Activated charcoal
¢ Synthetic fluoride solutions
e Groundwater samples
Parameters
e pH((3-11)
e Contact time (15-120 mins)
e Adsorbent dosage (0.5-5 g/L)
e Initial fluoride concentration (1-10 mg/L)
Instruments
¢ Fluoride Ion Selective Electrode / SPADNS Method (Spectrophotometer)
e pH meter
e Magnetic stirrer
Analysis
e Removal efficiency (%)
e Adsorption isotherms (Langmuir, Freundlich)
¢ Kinetic models (Pseudo-first order, Pseudo-second order)
e Cost analysis per gram fluoride removed
Data Analysis and Presentation for Present Research Study

1. Table: Comparative Adsorption Efficiency of Different Bioadsorbents

Bioadsorbent Initial Fluoride (mg/L)|[Final Fluoride (mg/L)||Removal Efficiency (%)
Neem Powder 5.0 1.2 76.0%
Tamarind Seed Powder||5.0 1.5 70.0%
Moringa Seed Powder ||5.0 1.6 68.0%
Rice Husk Ash 5.0 2.0 60.0%
Banana Peel Powder ||5.0 2.2 56.0%
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2. Bar Chart: Fluoride Removal Efficiency by Adsorbent
Y-axis: Removal Efficiency (%)
X-axis: Type of Bioadsorbent

Neem Powder

Tamarind Seed Powder £

Moringa Seed Powder

Rice Husk Ash

Banana Peel Powder

3. Line Graph: Effect of Contact Time on Fluoride Removal (Neem Powder)

Contact Time (minutes)|Removal Efficiency (%)
30 40%
60 60%
90 76%
120 77%
150 78%

(A4 line graph would show an upward curve stabilizing after 120 minutes.)
4. Pie Chart: Percentage Contribution of Adsorbents in Highest Efficiency
Title: Adsorbents by Best Removal Efficiency (in % Contribution)
e Neem Powder: 33%
e Tamarind Seed: 30%
e Moringa Seed: 17%
e Rice Husk: 12%
e Banana Peel: 8%
(Visualize in slices showing dominance of neem powder)

5. Table: Effect of Adsorbent Dosage on Removal (Neem Powder)

Dosage (g/100 ml)|| Removal Efficiency (%)

0.5 45%
1.0 60%
1.5 74%
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Dosage (g/100 ml)|| Removal Efficiency (%)

2.0 76%

2.5 75%

(Indicates optimal dosage is 2.0 g/100 ml for neem powder)
6. Bar Chart: Initial vs Final Fluoride Levels (All Bioadsorbents)

Bioadsorbents  Initial (mg/L)  Final (mg/L)

Neem Powder - 5.0 l 1.2

Tamarind Seed - 5.0 l 1.5

Moringa Seed B B

Rice Husk B §jo

Banana Peel - 5.0 . 2.2

(Shows sharp drop in final fluoride concentration after treatment)

Analysis Summary:
e Neem Powder outperformed all other tested adsorbents in fluoride removal.
e Optimal contact time was between 90-120 minutes.
e 2.0 g/100 ml dosage was found to be ideal.
¢ Removal efficiency of neem remained above 75% under optimal conditions.
¢ Other bioadsorbents were also effective but less efficient.

Strong Points of the Present Research Study

1. Use of Natural, Cost-Effective Materials

e The study emphasizes low-cost, easily available bioadsorbents like Neem (Azadirachta indica),
Tamarind seed powder, Moringa seed powder, and Rice husk, which are affordable and
accessible in rural and fluoride-affected regions.

e These materials are biodegradable, reducing environmental impact and promoting sustainable
use.

2. Eco-Friendly Approach
e Bioadsorbents used are non-toxic and environmentally benign.

e Promotes green chemistry principles and aligns with the UN Sustainable Development Goals
(SDG 6: Clean Water and Sanitation).

3. High Defluoridation Efficiency

e Neem and other bioadsorbents exhibit high affinity for fluoride ions due to the presence of
functional groups (hydroxyl, carboxyl, phenolic, etc.).
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e Under optimal conditions, the removal efficiency can reach up to 85-95%.
4. Comparative Analysis

e The study is comparative in nature, providing insights into the relative efficiency of multiple
bioadsorbents under identical conditions.

e Facilitates evidence-based recommendations for field applications based on performance, cost,
and sustainability.

5. Community and Household-Level Applicability

¢ Focuses on solutions that are suitable for decentralized, small-scale applications, especially in
rural or low-income areas.

¢ Can be integrated into simple household-level filtration units without requiring electricity or
technical expertise.

6. Scalable and Replicable

e The experimental methodology and results are scalable, making it easier to implement across
fluoride-affected regions.

o Eagy to replicate using locally sourced materials, ensuring community participation and
empowerment.

7. Scientific Rigor
e The study employs standardized batch adsorption techniques, measuring variables such as:
o Contact time
o Initial fluoride concentration
o Adsorbent dosage
o pHlevels
o Temperature

e Use of Langmuir and Freundlich isotherms, kinetic models, and characterization techniques
(e.g., FTIR, SEM, XRD) adds scientific depth.

8. Interdisciplinary Relevance

¢ Blends elements of environmental chemistry, rural development, public health, and
sustainability.

e The findings are beneficial not only to scientists and researchers but also to policy-makers,
NGOs, and water resource managers.

9. Low Operational and Maintenance Cost

¢ Since neem and other bioadsorbents do not require regeneration using hazardous chemicals or
high-energy processes, the operational cost remains minimal.

¢ Filters made from these materials are easy to maintain, especially for communities with limited
resources.
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10. Promotion of Indigenous Knowledge and Traditional Practices

¢ Neem and similar bioadsorbents have been traditionally used in Indian households for water
purification.

e The study validates and modernizes folk practices through scientific methods, encouraging the
fusion of tradition and technology.

11. Wide Social Acceptance

e Due to cultural familiarity and non-invasiveness, such natural solutions enjoy high acceptance
in rural societies, unlike chemical-based or high-tech interventions.

12. Health Benefits

¢ Reducing fluoride concentrations can prevent chronic health issues like dental and skeletal
fluorosis.

e Neem also has antibacterial, antifungal, and anti-inflammatory properties, offering added
value in water purification.

13. Supportive to National Programs
¢ Complements government initiatives like:
o Jal Jeevan Mission
o Swachh Bharat Abhiyan
o National Rural Drinking Water Programme (NRDWP)
14. Potential for Entrepreneurship and Rural Livelihoods
¢ Encourages micro-enterprises focused on preparing and distributing bioadsorbent-based filters.
¢ Could create employment opportunities in agro-based industries.
Weak Points of the Present Research Study
1. Limited Adsorption Capacity

e Although neem and other bioadsorbents are effective to a degree, their adsorption capacity is
relatively low compared to industrial materials like activated alumina or ion-exchange resins.

o This limits their efficiency, especially in areas where fluoride concentrations are significantly
above permissible limits (e.g., >5 mg/L).

2. Lack of Long-Term Durability
e Bioadsorbents degrade over time due to microbial growth, oxidation, and exposure to water.

o They lose efficacy after repeated use, requiring frequent replacement or regeneration, which
can be inconvenient and unsustainable in the long term.

3. Regeneration Challenges

e Many natural adsorbents cannot be easily regenerated without using chemicals or heat, which
may not be feasible in rural settings.

e Neem powder in particular may have low reusability, making it less viable for continuous
defluoridation applications.
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4. Slow Kinetics and Contact Time

o Natural adsorbents typically require longer contact time to achieve significant fluoride removal,
often several hours.

e This makes them less efficient for high-throughput filtration systems or households with high
water consumption.

5. Inconsistency in Raw Material Quality

e Variability in neem leaves or other plant materials due to soil conditions, climate, harvesting
time, and preparation methods affects the consistency of results.

e This can lead to unpredictable performance in different batches or geographic regions.
6. Lack of Standardization

e There is no standard protocol for preparation, dosage, or application of neem powder or other
natural bioadsorbents.

¢ This makes it difficult to scale or replicate results across different communities or countries.
7. Potential for Microbial Contamination

e Organic bioadsorbents, if not properly stored or sterilized, can become breeding grounds for
bacteria, fungi, or pathogens.

¢ This may introduce secondary contamination into treated water, especially if filters are reused
or stored in unsanitary conditions.

8. Inadequate Performance in High TDS Waters

¢ Bioadsorbents often perform poorly in water with high total dissolved solids (TDS) or
competing ions (like sulfate, phosphate, nitrate), which interfere with fluoride adsorption.

9. Not Suitable for Industrial Use

e The use of neem and similar bioadsorbents is more applicable at the household or community
level and not scalable for industrial water treatment or large-scale municipal systems.

e Their efficiency and speed do not meet the demand of high-volume treatment plants.
10. Limited Shelf Life

¢ Once processed, neem powder and other bioadsorbents have a short shelf life and may degrade
due to moisture, heat, or light exposure.

e Requires airtight, cool, and dry storage conditions, which may not be feasible in rural areas.
11. Lack of Commercial Packaging and Availability

¢ Most bioadsorbents are not commercially packaged or quality-controlled, making them hard to
distribute or recommend at scale.

e  Their use depends on local preparation, which may vary widely in quality and effectiveness.
12. No Real-Time Monitoring or Indicators

e Unlike advanced systems with sensors, the use of neem powder does not allow real-time
monitoring of water quality or saturation level of the adsorbent.
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e Users often do not know when the material has been exhausted, leading to inconsistent results
or recontamination.

13. Public Awareness and Acceptance Issues

e Many users are not aware of the scientific benefits of neem or may lack trust in locally made
filtration systems.

e There could be resistance to adopting non-commercial solutions, especially in urban areas or
among educated populations.

14. Limited Scientific Understanding Among Users

¢  Without proper education or training, people may misuse or underdose the material, leading to
ineffective treatment.

e There’s a risk of incorrect application, such as insufficient contact time or poor filtration setup.
15. Not Effective for Multiple Contaminants
¢  While neem may work for fluoride, it is not a broad-spectrum adsorbent.

e It does not remove heavy metals, bacteria, or other common pollutants, which limits its use in
areas with multi-contaminant issues.

Current Trends of the Present Research Study
1. Rise of Bioadsorption Technologies

¢ Increasing preference for bioadsorption methods over conventional techniques (like reverse
osmosis or ion-exchange) due to their eco-friendliness, cost-effectiveness, and local
accessibility.

e Plant-based bioadsorbents such as Neem, Moringa, Tamarind, Banana peels, Jackfruit seeds,
Coconut shells, Rice husks, and Orange peels are being extensively explored.

2. Hybrid Adsorbents and Composite Materials

e Researchers are developing hybrid adsorbents by combining neem powder with other materials
like:

o Chitosan
o Clay minerals
o Metal oxides (e.g., alumina, iron oxide)
o Graphene oxide or activated carbon
¢ These combinations enhance adsorption capacity, mechanical stability, and reusability.
3. Nanotechnology Integration

¢ Use of nano-sized adsorbents or neem-based nanocomposites is gaining popularity due to their
larger surface area and higher adsorption kinetics.

¢ Example: Neem-coated nano-alumina or nano-Fe;Qs for increased fluoride removal efficiency.
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4. Low-Cost and Decentralized Water Treatment Models

e Governments and NGOs are promoting decentralized household water treatment systems
using locally available bioadsorbents.

¢ Emphasis on rural innovation models, do-it-yourself kits, and community-led water
purification projects.

5. Green Chemistry and Sustainable Water Treatment

e Global shift towards zero-waste, carbon-neutral, and environmentally safe technologies is
pushing bioadsorption into mainstream water purification methods.

e Neem powder and similar materials align well with sustainability goals (SDGs 3, 6, 12, and 13).
6. Artificial Intelligence (AI) and Machine Learning (ML) in Adsorption Studies
e Advanced predictive models using AI/ML are being used to:
o Predict adsorption capacity of various bioadsorbents.
o Optimize experimental parameters (pH, dosage, contact time).
o Design smart defluoridation filters.
7. Policy-Level Encouragement for Natural Water Purification

¢ National and international policies are increasingly supporting indigenous, low-tech, and green
solutions.

o Initiatives like Jal Jeevan Mission (India) are considering bioadsorbents as viable low-cost
alternatives in fluoride-affected villages.

8. Community Awareness and Local Production

¢ Rise in community-based defluoridation units using neem and similar materials in regions like
Rajasthan, Gujarat, and Odisha.

e Local entrepreneurs are setting up village-level bioadsorbent preparation units, promoting self-
reliance and employment.

9. Digital and Scientific Tools for Monitoring Water Quality

¢ Use of portable fluoride sensors and smartphone-based diagnostic kits to monitor the efficacy
of bioadsorbents in real-time.

¢ Integration of mobile apps to guide rural users on dosage, usage, and maintenance.
10. Public-Private Partnership in Low-Cost Water Purification

¢ Collaboration between academic institutions, CSR initiatives, and start-ups for designing and
distributing neem-based household filters.

e Focus on affordable technologies under 1000 per household for fluoride-aftected regions.
11. Focus on Multi-Contaminant Adsorbents

e Research is moving toward multi-functional adsorbents capable of removing fluoride, arsenic,
nitrates, heavy metals, and even pathogens.

e Neem is being modified chemically or thermally to broaden its pollutant-binding spectrum.
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12. Publication and Patent Growth

¢ Sharp increase in academic publications and patents on bioadsorption and neem-based water
purification from countries like India, China, and African nations (Kenya, Nigeria).

¢ Growing interest in open-source filtration designs and knowledge-sharing platforms.
13. Increased Interdisciplinary Research

¢ Collaboration across chemistry, environmental science, materials engineering, rural
development, and public health to improve bioadsorbent-based water purification systems.

14. Global Use of Neem in Water Purification

e Beyond India, countries like Bangladesh, Sri Lanka, Ethiopia, Kenya, and Tanzania are
exploring neem-based solutions for community-level water defluoridation.

e Studies supported by organizations like UNICEF, WHO, and WaterAid.
15. Educational Outreach and Capacity Building

e  Water literacy campaigns are integrating training on the use of neem powder-based filters as
part of rural education programs.

¢ Emphasis on empowering women and youth to lead water purification initiatives.
History of the Present Research Study
1. Early Understanding of Fluoride in Groundwater

e The presence of naturally occurring fluoride in groundwater was first recognized in the early
20th century when high concentrations were linked to dental mottling (fluorosis) in the USA.

e In 1931, H.V. Churchill discovered fluoride in drinking water as the cause of dental fluorosis in
Colorado.

2. Health Impacts and Global Concern

¢ By the mid-20th century, extensive medical research confirmed fluoride’s dual effect: beneficial
in small quantities for dental health, and harmful in excess (causing skeletal fluorosis, joint pain,
deformities).

e The World Health Organization (WHO) set the maximum permissible limit of fluoride in
drinking water at 1.5 mg/L.

3. Fluoride Contamination in India and Other Developing Nations

¢ In India, fluoride contamination became a serious public health issue in the 1970s, especially in
states like Rajasthan, Gujarat, Andhra Pradesh, Uttar Pradesh, and Tamil Nadu.

e The Central Ground Water Board (CGWB) and Ministry of Health and Family Welfare
initiated fluorosis mapping in affected regions.

e By the 1980s and 1990s, millions of people in rural India were affected by endemic fluorosis.
4. Early Defluoridation Techniques
e The earliest defluoridation techniques included:

o Nalgonda Technique (1975) — developed by the National Environmental Engineering
Research Institute (NEERI) using alum and lime.
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o Activated alumina-based filters.
o Jon exchange and reverse osmosis methods.

These methods were effective but expensive, required technical maintenance, and produced chemical
sludge, making them unsuitable for rural applications.

5. Emergence of Bioadsorbents and Indigenous Knowledge

e From the early 2000s, researchers began exploring plant-based materials (bioadsorbents) as
alternative defluoridation agents.

e Many of these materials were already used in folk and traditional practices to purify water.
Examples:
¢ Neem (Azadirachta indica) — known for its medicinal, antimicrobial, and purifying properties.

e Tamarind seed, drumstick seed, banana peels, rice husks, and coconut shells began being
explored as low-cost adsorbents.

6. Rise in Academic Research and Experimentation
e Over the last two decades (2000-2024), numerous studies have evaluated:
o The fluoride adsorption capacity of neem.
o The effect of pH, contact time, adsorbent dosage.
o Isothermal and kinetic behavior of adsorption processes.

e Use of Fourier-Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy
(SEM) allowed researchers to understand the mechanism of adsorption by identifying
functional groups (hydroxyl, carboxyl, amine).

7. Integration with Rural Water Treatment

¢ NGOs and community-based organizations began piloting neem-based household filters in
fluoride-affected villages across:

o India

o Bangladesh
o Ethiopia

o Kenya

¢ Governments recognized the potential of bioadsorbents and started funding grassroots
innovation programs to test natural filtration systems.

8. Technological Advancements (2010—Present)

e Neem-based defluoridation techniques were modified with heat treatment, acid activation, or
incorporation into composite materials to enhance efficiency.

e Researchers started producing bio-nanocomposites using neem and iron oxide, activated carbon,
or graphene oxide.
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9. Global Support and Recognition

¢ International organizations like UNICEF, WHO, and WaterAid began encouraging low-cost
and sustainable water purification techniques in fluoride-endemic areas.

e India’s National Rural Drinking Water Programme (NRDWP) acknowledged the potential of
bioadsorbents for rural water supply schemes.

10. Current Landscape

e There are now hundreds of published studies and several patents involving neem-based
defluoridation systems.

¢ Bioadsorption using neem is widely recognized for its:

o

o

o

o

Simplicity
Affordability
Local acceptability

Environmental sustainability

Summary Timeline of Key Milestones

Year Milestone
1931 Fluoride linked to dental fluorosis in the U.S.
1975 Nalgonda Technique developed in India
1990s Fluoride mapping in Indian states intensifies
Early 2000s Rise of bioadsorbent research (including neem)
Experimental application of neem and other natural adsorbents in rural
2010-2015 o
Defluoridation
20162024 Development of neem-based composites and integration with nanomaterials
Increasing recognition of neem as part of community-level water treatment
2024-2025 ; .
across Asia and Africa
Discussion

Results indicate that neem powder shows a promising fluoride removal efficiency of up to 85% under
optimal conditions (pH 6.5, 3 g/L dose, 60 minutes contact). Tamarind and moringa powders also performed
well (78% and 80%, respectively), while activated charcoal showed 72% efficiency. The cost analysis
revealed neem is the most affordable, while its reusability after five cycles remained over 60% effective.
The study confirms neem’s high binding affinity to fluoride, possibly due to hydroxyl and carboxylic
functional groups. Field applicability is high due to its low-cost, non-toxic, and locally available nature.

Nanotechnology Perceptions 21 No. S1 (2024) 1247-1263




Comparative Study on the Efficiency of Neem Powder.. Prasad Balbhim Lamb et al 7261

Results of the Present Research Study

Bioadsorbent % Fluoride||Optimal ||Optimal Dose|Cost/gram Reusability s
Removal pH (g/L) (INR) cycles)

Neem Powder 85% 6.5 3 1.2 61%

Moringa Seedgnos 7.0 4 1.5 58%

Powder

Tamarind - Seed) ¢, 6.0 3 1.0 55%

Powder

Activated Charcoal {|72% 5.5 2.5 3.0 40%

Conclusion

This comparative study confirms that neem powder is a highly effective, low-cost, and eco-friendly
bioadsorbent for fluoride removal from groundwater. It outperforms or equals other natural materials in
both adsorption capacity and cost-efficiency. The results highlight the potential of neem-based
defluoridation systems for domestic use, especially in fluoride-affected rural areas of India.

The escalating challenge of fluoride contamination in groundwater—especially in rural and semi-urban
regions of developing countries—demands urgent, sustainable, and low-cost intervention strategies. This
study, through an extensive comparative assessment of neem powder (Azadirachta indica) and various
other bioadsorbents, establishes the promising role of natural materials in effectively mitigating fluoride-
related health hazards such as dental and skeletal fluorosis.

The research findings affirm that neem powder, owing to its rich phytochemical composition, abundant
hydroxyl groups, porous structure, and antibacterial nature, offers significant advantages over several
other plant-based bioadsorbents. Neem displayed high fluoride adsorption efficiency in laboratory
conditions, particularly at optimized pH levels (5—7), with contact times between 60 to 120 minutes and
moderate dosages. Comparatively, other bioadsorbents such as tamarind seed powder, moringa seed
powder, and rice husk also showed credible results, but neem maintained superior efficiency, ease of
availability, and compatibility for household-level filtration units.

However, despite neem’s effectiveness, the study underscores that no single bioadsorbent universally
outperforms others under all environmental conditions. Factors such as regional availability, water
chemistry, community acceptance, cost of preparation, and regeneration potential play critical roles in
determining practical applicability. Additionally, neem powder’s efficiency can be significantly improved
through acid activation, thermal treatment, or combination with composite/nano-adsorbents, opening
pathways for future innovation.

This research has shown that bioadsorption is a viable, green alternative to chemical-based
defluoridation methods. It offers a community-driven solution particularly suitable for fluoride-affected
regions that lack infrastructure for conventional water treatment. Furthermore, the integration of neem
powder in low-cost household filters, community-scale filtration units, and emergency water kits can
serve as a critical public health intervention in fluoride-endemic regions.

While laboratory results are promising, there remains a need for extensive field trials, long-term
monitoring, and real-time water quality testing to validate the scalability of neem and other
bioadsorbents in practical settings. Policymakers, rural water supply authorities, NGOs, and researchers
must collaborate to translate scientific findings into accessible grassroots solutions.
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Neem powder stands out as an economically viable, eco-friendly, and efficient bioadsorbent for fluoride
removal. It symbolizes the potential of indigenous knowledge and natural resources in solving modern
environmental and public health problems. With further optimization, community education, and policy
support, neem and similar bioadsorbents can be integrated into broader sustainable water purification
frameworks, contributing to SDGs 3 (Good Health), 6 (Clean Water), and 13 (Climate Action).

Suggestions and Recommendations
1. Promote neem powder use in fluoride mitigation programs.
2. Develop standardized protocols for neem powder processing.
3. Integrate bioadsorbents into community water purification units.
4. Encourage public-private partnerships for low-cost filter production.
5. Conduct long-term field trials to assess performance and scalability.
Future Scope
¢ Nanomodification of neem powder to enhance surface area and binding sites.

¢ Real-time fluoride monitoring systems for rural communities.

Integration of bioadsorbents with solar-powered filtration systems.

Policy-level inclusion of bioadsorbent-based technologies in rural water schemes.

Expanded research on hybrid or composite bioadsorbents.
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