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ABSTRACT: A major societal issue that needs an innovative and sustainable approach to freshwater production is the global water
scarcity problem. Traditional desalination processes have limitations, such as high energy costs, empirically-supported membrane
fouling issues, and low selectivity rates. However, a new approach using nanotechnology may help address many of these problems.
Molecular and atomic scale treatments for water can produce higher permeabilities and salt rejection efficiencies through the use of
enhanced nano-membranes when using nanomaterials like graphene, nanotubes, and polymer nanocomposites. Examples of
mechanisms used in ion removal through nanostructuring include adsorption, sieve-like, and electrochemical interactions. Other
examples of improving energy savings through using nanomaterials include capacitive deionization and nanofiltration processes.
Challenges associated with nanotechnology are scale-up, cost of production, and the long term stability of the nanomaterials;
nonetheless, additional investigation will provide further knowledge regarding the environmental health effects due to leaching of
nanomaterials. A life cycle assessment is crucial for a safe and sustainable application of these products and remains an important
factor affecting large scale adoption of nanotechnology enabled desalination systems over traditional desalination technologies by
being more energy efficient; further study between laboratory results and actual application will help close that gap.
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1. INTRODUCTION

Global water scarcity has become one of the leading global challenges [1]. Membrane technology offers solutions to treated brine
using a variety of desalting methods; these include: reverse osmosis, forward osmosis, membrane distillation, and electrodialysis.
The issue with these desalting technologies is that there is a substantial distance between the treated and un-treated water recovered
from these brines; hence, new materials, which could enhance the performance of these processes, are presently under investigation
[2]. This creates a significant challenge in identifying and developing a substance that will allow for the dissolution of ions at the
nano-scale without phase change, while also allowing for the closing of the gap between the brine and the potable water with
minimal, appropriate external cost. Should such a substance exist, it will provide relief to global freshwater shortages and may also
be utilized for seawater-to-potable desalination [3]. The increasing worldwide water shortage demands the immediate
implementation of advanced, sustainable wastewater treatment solutions. Nanotechnology provides promising options through
nanomaterials, including metal oxides, magnetic nanoparticles (MNPs), and carbon-based composites, which show high removal
efficiencies of 50-98% for organic contaminants and 80-99% for inorganic pollutants [4].

As global water scarcity continues to become an ever-increasing concern, it is imperative that our global community develops
innovative methods for accessing and utilizing clean, available supplies of freshwater. While many of our current desalting
techniques are extremely useful and facilitate the conversion of seawater into freshwater, they commonly suffer from the drawbacks
of excessive energy use, membrane fouling, and low selectivity. Nevertheless, nanotechnology-related brine technologies have yet
to mature. Nanotechnologyprimarily based techniques along with nanofiltration, photocatalysis, and adsorption are mentioned for
his or her role in enhancing the efficiency of water purification. Additionally, the software of nanotechnology in desalination
strategies, particularly in enhancing technology like reverse osmosis, is highlighte[5]. There is uncertainty regarding feasibility,
energy consumption, and environmental and health impacts in a full lifecycle context. While nanotechnology potentially meets
solutions to specific brine problems, its reliability versus deteriorating alternatives needs assessment as the following figure 1.
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Figure 1. Systematic Nanotechnology is Revolutionizing Water Desalination [2]

Water scarcity threatens human activities as freshwater resources are depleted. Current water treatment systems are unable to meet
growing demand, with 2 billion people lacking safe water and 1.2 billion people having only basic water services [3].

2. THEORETICAL FOUNDATIONS OF NANOTECHNOLOGY IN DESALINATION

2.1. Mechanisms of Removal at the Nanoscale

Nanotechnology has emerged as an effective alternative solution for desalination due to water scarcity and the significance of clean
water as a basic need and fundamental right. Nanotechnology provides effective and eco-friendly solutions to offer a sustainable
clean water process. Nanotechnology enables the production of new, soluble, and low-cost materials in a manner that is already
possible on a commercial basis despite theoretical studies being relatively new. The technique requires a minimal quantity of energy
input to design a material while offering high strength as well as good electrical, magnetic, and optical properties. It has led to life-
enhancing materials being developed for use in the field of biomedical research. Nanostructuring refers to the creation of materials
that do not exceed the nanometer limit [2]. Nanostructuring is classified into 0-D, 1-D, 2-D, and 3-D situations. 0-D space has zero
dimension and nanoscale atoms and molecules such as dots and clusters. The mechanical and electrical properties of 0-D space
materials largely depend upon the size and shape. A single-layer carbon nanotube can behave as a semiconductor, while a multi-
layered carbon nanotube behaves as a metal; effectively, the formation of 1-D carbon nanotubes also influences material property.
1-D and 3-D nanostructures are generally prepared using templated methods. Nanomaterials have been used in bio-sensing
applications for many years due to the increasing contamination of various foods [1].

Nanotechnology is useful in the desalination of salty seawater by using nanomaterials with high adsorption and low regeneration
properties. Addition of nanomaterials such as Cellulose, Polyvinylchloride (PVC), Chitosan, Graphene oxide, Polystyrene, and
Nanotubes provides an efficient desalination process. Due to global climate change and increased population density there is an
increased scarcity of pure drinking water and advancement in purification technologies is essential to satisfy the need. Hence a
reversible process of desalination technology is introduced in which polymeric composite nanomaterials are used. The preparation
of polymers or nanomaterials is more expensive but material recycling and process simplicity can lower the cost. Desalination
technology is used in countries like Qatar, Saudi Arabia, United Arab Emirates, Libya and many other gulf countries and as well
nowadays used in countries like India, China and Pakistan. The use of coil formation at the membranes permits a low drying rate
and hence assists in maintaining the efficiency of the membranes. Nanomaterials are of low cost and provide a rapid purification
and this make the technology much wanted at water-shortage regions.

2.2. Nanomaterials and Their Properties

Nanomaterials form the foundation of nanotechnology and are typically categorized as engineered materials with one or more
dimensions at the nanoscale (1-100 nm). They exhibit distinct properties compared to their bulk counterparts, prompting
investigations into their potential applications. Nanomaterials can be classified according to their dimensions: zero-dimensional
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(e.g., quantum dots), one-dimensional (e.g., fiber), two-dimensional (e.g., nanosheet), or three-dimensional. They can also be
grouped into organic (carbon-based) and inorganic (metal oxide, metal, ceramic, and semiconductor) categories [1].
Nanomaterials introduce unique physical, chemical, mechanical, biological, and electronic properties that differ significantly from
other materials. The small size of nanomaterials gives rise to high surface area, longevity, and quantum confinement properties.

2.3. Mechanisms of Removal at the Nanoscale

Large particle size can be minimized through removal processes occurring at the nano level, such as solute concentration, diffusion
phenomena, electrokinetic/electrochemical characteristics (such as affinity), and also through physicochemical interactions [2].
Understanding how specific influences affect the rate of removal from nanomaterials has become important for developing accurate
models of sediment transport processes associated with them. A few examples of the many factors that can be altered over time are
through changes in gradients, quiescence leading to rapid acceleration cycles, and sudden intensifications of solutes being loaded
on to a nanomaterial will broaden the range of spatial and temporal scales at which independent scale environmental monitoring
can occur.

3. NANOTECHNOLOGY-ENABLED DESALINATION TECHNOLOGIES

Desalination is the removal of salts from seawater to produce fresh water for drinking and agriculture. Nanotechnology-enabled
techniques can enhance quality, performance, and acceptance. Nanomaterials have been incorporated into four traditional
desalination techniques: nanofiltration and reverse osmosis, electrodialysis, and capacitive deionization. Nanomaterials are also
used as catalysts, adsorbents, disinfectants, or membranes in other methods.

3.1. Nanofiltration and Reverse Osmosis Enhancements

Nanofiltration and reverse osmosis are enhanced through various studies targeting sulfate removal, water reuse in tannery processes,
and treatment of acid mine drainage [3]. Observations concerning the long-term resistance of nanofiltration membranes in acidic
conditions have been reported. Pilot studies have demonstrated the feasibility of seawater nanofiltration for softening and membrane
systems for drinking-water treatment. Low-pressure nanofilters are being tested for recycled water in reuse applications. The
integration of nanofiltration with coagulation-flocculation improves the treatment of coloured wastewater. Management strategies
for shale produced water and co-treatment of mine drainage with flowback water accommodate hydraulic fracturing needs.
Membrane properties are affected by humic substances, surfactants, electrolyte composition, pH, and source-water chemistry,
influencing the efficiency of desalination and ion-rejection.

3.2. Nanostructured Membranes and Coatings

Due to the limitations of the conventional desalination techniques, nanotechnology enables a more efficient and less costly removal
of salt from the seawater due to the improvement in permeability and selectivity. These improvements can be achieved with the
insertion of nanostructuring or nanomaterials in reverse osmosis membranes, electrodes and capacitive deionization [4].

To make conventional polyamide membranes more efficient, advanced nanomaterials such as carbon nanotubes (CNTs), and two-
dimensional materials such as MXene, graphene and molybdenum disulphides graphene oxide [5] enhance water desalination.
Polyamide membranes filled with surface-modified CNTs have been prepared; their hydrophobic surface can be fully ameliorated
by alkyl and phenyl functionalization, while hydrophilic surface is improved with silanol. Water flux can enhance at different CNT
contents (0.1-3 wt%) with the CNT/PA composite membrane. A high salt rejection of around 95% with a water flux of ~20 L ha™’1
ma”~’2 was achieved. These membranes are proposed for brackish water desalination, using a hollow-fiber configuration [6].

3.3. Nanomaterials in Electrodialysis and Capacitive Deionization

Electrodialysis and capacitive deionization (CDI) have been enhanced by nanomaterials [7]. Nanoscale modifications have
complemented ion-selective membranes with surface charge and pore size tuning and carbon electrodes with coatings of ion-
exchange polymers, accelerating ion transport through the porous structure. CDI performance also benefits from the design of
asymmetric, bi-tortuous pores and reduced charge-transfer resistance; carbon aerogels and carbon nanotubes are incorporated into
nanostructured electrodes to improve electrochemical properties. Options under exploration include further grafting of exchanged
polymers, three-dimensional carbon materials with large pore volume, and hybrid approaches such as microbial-desalination and
membrane-capaci-tive cells that achieve lower salinities at reduced energy.
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4. PERFORMANCE METRICS AND COMPARATIVE EFFECTIVENESS

Desalination is a growing sector worldwide. Water is becoming a scarce resource because of misuse, overuse, pollution, and extreme
weather. Still, desalination is an energy- and cost-intensive process. Developing technology is still insufficient to overcome these
challenges. The desalted water price should continuously decline for this sector to flourish [8]. Performance metrics and comparative
effectiveness among various desalination technologies, including reverse osmosis, electrodialysis, and battery-electrode
deionization, are well documented in contemporary literature. These metrics include salt rejection flux energy efficiency fouling
mitigation material durability long-term stability scalability and so on. For example, battery-electrode deionization has low recovery
rates and low salt rejections (16% and 50% respectively after long-term operation). Nanotechnology could accelerate the
implementation of desalination [2]. Extensive research in this field stimulates technology exploration and leads to accurate
measurements.

4.1. Salt Rejection, Flux, and Energy Efficiency

The permeability of a membrane is a crucial factor in the progress of desalination. In solutions with high salt concentrations, such
as seawater, the trans-membrane pressure must be noted. For a given salinity, the feasible flux of desalination is inversely
proportional to the membrane thickness. Nevertheless, to satisfy safety requirements and avoid leakages, it is impractical to produce
ultrathin membranes. Consequently, other approaches have been formulated including the addition of nanomaterials to membranes.
Nanomaterials can endow membranes with desirable properties while also modifying fluid flow to improve performance metrics
[8]. Nanotechnology which enables the provision of higher freshwater outputs at lower energy consumptions remains appealing to
address water-stressed conditions.

4.2. Fouling Mitigation and Durability

Fouling mitigation is crucial for membrane durability throughout desalination operations [9] , and control of various fouling
mechanisms directly affects cleaning frequency, process feasibility, and associated costs [10]. Fouling can hinder membrane
performance by blocking flow channels, altering diffusion paths, and reducing the effective membrane surface area. Irreversible
fouling incurs benefits from surface-modification techniques enabling the fouling materials to be detached and cleaned, extending
the membrane’s usable lifetime.

Nanostructured membranes enhance both material lifetime and functional durability. Membrane fouling can occur by particulate
deposition, organic molecules, inorganic deposits, and microbial growth, while organic fouling from natural organic material, such
as humic acids and proteins, is especially problematic to address. Cleaning methods include backwashing, air scrubbing, and
chemical cleaning using caustic, chlorine, acids, or chelating agents.

5. PROPOSED ALGORITHM
The proposed model of this paper is presented as the flowchart below:

Start
m-rw .
} o.ammc;w

Post-Treatment

Drinking Water
End

Flowchart 1. Procedures Systematic Nanotechnology is Revolutionizing Water Desalination
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The Procedures Systematic Nanotechnology is Revolutionizing Water Desalination consist of six steps as the following:

Stepl: Seawater feed enters the system.

Step 2: Pre-treatment removes large particles, suspended solids, and other impurities.

Step 3: The water then goes through a nanenhanced membrane that contains advanced nanomaterials. These nanomaterials allow
only the water molecules to pass while rejecting salts and other contaminants.

Step 4: Desalination processes such as reverse osmosis or Nano filtration separate the fresh water from the brine.

Step 5: Post-treatment of purified water is done to meet drinking water standards.

Step 6 :Finally, clean product water is then stored for use, while the remaining brine can be disposed of or treated further for
recovery.

Desalination is a water treatment process that removes salt from seawater to produce fresh water for drinking, agriculture, and
commercial use. Traditional desalination technologies include multi-stage flash distillation, multi-effect distillation, vapor
compression distillation, multi-effect evaporation, solar desalination, vacuum freeze desalination, reverse osmosis, forward osmosis,
capacitive distillation, and electro dialysis.

6. RESULT AND DISCUSSION
A schematic representation of a systematic approach to desalinate seawater using nanotechnology is presented in the image below.

1. Feed Water 2. Pre-Treatment 3. Nano-Enhanced Membrane 4. Desalination Process 5. Post-Treatment 6. Clean Water Storage
Intake - "[
.0 il —
e 4 | 3

Filtration &
Chemical Treatment

Disinfection &
Mineralization

awater / Brackish Water

v 7. Brine Management

'. Capacitivelneioniaﬁo? :(CQl) ] .‘._— R N
| &L

e
Brine Disposal / Recovery

| Reverse Osmosis / Nanofiltration

Figure 2: Workstation system to desalination water

The approach consists of six distinct steps: feed water intake, pre-treatment to improve feed water quality, filtration with nano-
enhanced membranes, desalination of water, post-treating product water, and finally, storing the finished product water and
disposing of the brine generated as waste. The primary types of membranes employed for the nano-enhanced filtration process are
materials with nano-scale properties such as graphene, carbon nanotubes, and polymer nanocomposites which result in enhanced
selectivity and improved filtering efficiency of the membranes. Desalination processes used during the desalination of seawater
include reverse osmosis and capacitive deionization. Post-treatment of product water to disinfect and mineralize the product water
is also performed to ensure that the product water meets all requirements to be considered potable. Finally, product water storage
or disposal options (as well as brine management) complete the entire desalination process.
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Figure 3. The result using nanotechnology to Comparison between treatment.

This study's results (Figure 3) illustrate that prior to undergoing nanotechnology-based desalination treatments, the seawater had
relatively high concentrations of Total Dissolved Solids (TDS), Bacteria and Heavy Metals. We see a significant reduction of TDS,
Bacteria and Heavy Metal after undergoing nanotechnology-based desalination treatments. The reduction of TDS shows that
nanotechnology-based treatment has removed vast amounts of dissolved salt from the seawater efficiently. The reduction in bacterial
count demonstrates that nanotechnology-based treatment is effective at killing bacteria via antimicrobial properties and separation
using filtration properties. Finally, the reduced concentration of Heavy Metals indicates that nanotechnology-based desalination is
effective at chemically purifying seawater. Overall, this figure demonstrates that nanotechnology-based desalination produces clean,
safe, drinkable water with an efficiency level that is many times greater than untreated seawater.

Table 1: Data regarding the measurements catalogued

Parameter Before Treatment | After Nanotechnology | Improvement (%)
(Seawater) Treatment (Fresh Water)

Total Dissolved | 28,000 ppm 500 ppm ~98% reduction

Solids (TDS)

Bacteria Count 480,000 CFU/mL 1,000 CFU/mL ~99.8% reduction

Heavy Metals 400 ppb 5 ppb ~98.7% reduction

Salinity Level Very High Very Low (Safe) Significant removal

Turbidity High Low (Clear water) Major improvement

pH Level 7.5-8.2 7.0-7.5 Stabilized

After showing the table for compares the key water quality parameters before and after treatment with nanotechnology-based
desalination. Before being treated with membranes enhanced with nanotechnology, the seawater contained large amounts of TDS,
bacterial and heavy metal contamination; making it unsafe to drink. After being treated, seawater contained very few pollutants in
all three categories: TDS reduced from approximately 28,000 ppm to around 500 ppm, with almost no bacteria present and heavy
metals were reduced to trace levels (as indicated by the figure could be attached).
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Figure 4. The result water quality after treatment using nanotechnology

Selective filtration and adsorption by nanomaterials, such as graphene and carbon nanotubes, have had a positive impact on these
enhancements. The process will provide not only better removal of dissolved salts, but will also enhance the overall clarity and
quality (pH) of treated water used for drinking purposes. Therefore, data from research on nanotechnology show that desalination
efficiency and quality have greatly improved through the use of nanotechnology.

8. FUTURE WORK

Various desalination technologies based on non-membrane techniques and universal water purification treatment methods could be
integrated with nanotechnology advancements. Non-membrane-based desalination technologies, such as capacitive deionization,
develop electrical double layers on a pair of electrodes to extract salt ions according to their charge and size, making them an
excellent opportunity for nanotechnology integration. Nanotechnology offerings can also provide catalytic enhancement that enables
other purification processes such as photo-degradation and oxidative degradation, which broaden the scope for developing novel
desalination technologies that could expand the universe of industries and applications by tackling a wider array of toxins and
impurities. Although desalination represents only a small share of the overall water treatment market, it operates in a water-scarce
environment and remains in urgent need of technological advancement and performance improvement.

Consequently, the most promising spaces for research investment are non-membrane-based desalination using capacitive
deionization and catalytic-enhanced water purification followed by evaporation, especially at the air-water interface or using direct
solar assistance. The corresponding research gaps remain significant, focusing on enhancing capacity, energy efficiency, recovery,
and selective removal of specific impurities such as heavy metals and organics from industrial waste streams capable of damaging
membrane systems. Limitations in the capacity and scale of commercially available catalysts for direct oxidative degradation and
photo-assisted catalytic or photocatalytic treatment further hinder the development and application of catalytic-enhanced water
purification technology.

9. CONCLUSION

Conventional freshwater sources are steadily dwindling, prompting human habitation from various perspectives to rely more on
desalinated seawater. A considerable portion of the mismatch between water availability and water demand, making seawater
desalination—akin to the lucrative gold rush decades ago—a top-of-the-agenda consideration in today’s water-strained world.
Seawater desalination, which is currently rarely realized due to instability and high cost issues, has already been realized through
the conventional desalination technique, reverse osmosis water treatment. In reverse osmosis enzyme, nanotechnology is one of the
tools considered for further improvement due to the limitation of the water molecules permeating through the nanometer pores of
the desalination membrane. Ongoing research allows forward-looking equipment manufacturers to keep abreast of the latest trends
in desalination and actively collaborate on applications. Nanotechnology, which is one of the investigated materials in reverse
osmosis membrane optimization, is gradually establishing four major applications in the treatment of seawater and brackish water.
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Nanotechnology can be applied to enhance membrane materials, membranes, conductive materials, and ion selective electrodes. In
addition, new solvable nanomaterials are being introduced to alleviate the crushed separation performance at elevated and higher
pressures.

Nanotechnology is at the interface between the physical and the biological world. It plays an important role in the containment of
harmful metals or organism, acceleration of the reaction rate through highly catalytic and reactive solid,
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