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ABSTRACT

Access to clean and safe drinking water is a fundamental human necessity, yet it remains a significant
global challenge due to pollution, industrialization, and population growth. This paper examines
traditional and emerging water purification technologies, analyzing their effectiveness, limitations, and
impact on public health. Traditional methods such as boiling, chlorination, and filtration have been widely
used, but they face challenges in removing emerging contaminants. Recent innovations, including
membrane filtration, ultraviolet radiation, and advanced oxidation processes, show promise in enhancing
water quality and sustainability. However, financial constraints, technological barriers, and energy
inefficiency hinder large-scale implementation. Addressing these challenges requires continued research,
policy reforms, and investment in scalable solutions to ensure global access to clean drinking water.
Keywords: Water purification, drinking water, membrane filtration, chlorination, emerging
contaminants, public health.

INTRODUCTION
Clean drinking water is essential for personal and societal health. Advancements in water purification
technologies are eagerly sought after across the globe in hopes of better ensuring water safety. Science
and engineering have taken great strides to secure clean water since the advent of human civilization;
however, this goal becomes harder to reach as the global population expands. Every year, 1.5 billion tons
of untreated wastewater are released into global water sources, resulting in pollution and contamination.
Modern practices such as industrialization, overpopulation, and deforestation exacerbate these trends.
Contaminated water may facilitate diseases including hepatitis A, cholera, malaria, and roundworm. In
recent years, the emergence of antibiotic-resistant bacteria has become a big threat globally. Proper
treatment of water may slow the spread of antibiotic-resistant bacteria as well as reduce the load of
antibiotics in the environment. On the other hand, concern for environmental protection and
sustainability suggests the importance of clean and clear water. Water quality greatly influences the
environment; for example, high nitrogen or phosphorus content in water may lead to eutrophication.
Even a small quantity of contaminants in water may change the life of living organisms in water.
Therefore, the study and development of water purification technology is of great importance. Currently,
there are traditional water purification technologies such as adsorption, filtration, and boiling. Emerging
technologies like osmosis, ionization sterilization, and photolysis are still being studied. However, there
are challenges for both traditional and new water purification technologies. Further technological
innovation is therefore needed [1, 27].
Importance of Water Purification

Drinking water is one of the essential utilities needed for maintaining public health. It should be free from
any harmful impurities and pathogens. Around the world, sources of water bodies (like rivers, ponds, and
streams) are being contaminated with domestic and industrial waste. A large populace mostly depends
upon such sources for drinking and sanitation purposes. This is the reason among others that waterborne
diseases are widespread. Waterborne diseases are responsible for health problems and suffering
throughout the world resulting in an estimated 2.2 million deaths yearly with the highest burden in lower
income areas. Millions of people are getting sick, due to waterborne diseases, per year throughout the
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world mainly in developing and underdeveloped countries. Millions of people are affected by various
preventable waterborne diseases [ 3, 47]. Waterborne diseases have significant economic impacts alongside
health concerns. The financial burden of these diseases—stemming from medical costs and lost income—
places a heavy strain on healthcare systems and the economies of low-income countries. The
impoverished, unable to afford healthcare, face a vicious cycle exacerbated by income loss. Often, these
individuals live in areas where water sources are easily contaminated due to inadequate sanitation. Clean
water is crucial for socioeconomic development; investments in water infrastructure over the past century
in developed nations have fostered industrial growth, while poor water quality in other countries has
hindered progress. Frequent outbreaks of waterborne diseases force families to redirect resources from
essential needs to healthcare, while these diseases also impact children's education through school
absences. With increasing awareness of pollution control technologies, it's evident that industrial
pollutants contribute to unsafe drinking water, causing numerous health issues. Many countries are
enacting new legislation for water quality monitoring. Educated communities about safe drinking water
practices tend to experience fewer infections. Developed nations are raising public awareness regarding
waterborne diseases, emphasizing the need for pathogen and microorganism de-contamination to protect
vulnerable populations. This presentation will highlight technologies implemented globally for drinking
water purification, focusing on Nepal's urban and rural scenarios. Ensuring access to clean water and
effective wastewater treatment is essential for improving living standards. As contamination levels rise
with population growth, water purification becomes increasingly vital [5, 6.

Traditional Water Purification Methods
Conventional water purification methods have evolved over centuries, primarily utilizing sedimentation
and filtration. Sedimentation allows impurities to settle but often yields inadequate results. Filtration,
using sand, gravel, or cloth, effectively cleans turbid water. Heating methods like boiling are also used,
though boiling has limitations in sterilization and does not remove chemical impurities, affecting taste
and color. Traditional methods are low-cost and accessible, enhancing the effectiveness and sustainability
of water interventions. Culturally acceptable technologies suited to local lifestyles are prioritized, and
their evolution has been significant across regions. While primarily serving as stepping stones to modern
technologies, traditional methods provide immediate protection but struggle against microbial threats
and emerging micro-pollutants. Acceptance by local populations is crucial, and the effectiveness of
purification varies due to cultural diversity. Adapting traditional practices to modern conditions often
yields superior outcomes, such as cloth filters removing Giardia cysts more effectively than standard
ceramic filters. Encouraging traditional methods can coexist with modern solutions, and integrating both
approaches can be beneficial. Understanding traditional practices may inspire new technologies to address
persistent contaminants [ 7, 87].

Boiling and Chlorination

Many traditional water purification techniques are still in use. Among many, two are widely known and
being used globally: boiling and chlorination. Pathogens, iron, turbidity, unpleasant taste, odours and
various harmful elements are removed when water is boiled. It ensures that the water is safe from a
microbiological point of view. Boiling also ensures pathogen-free water and thereby microbial safety of
water. Its simplicity and 100% efficacy make boiling the global standard in many communities. Boiling
water for a long time can reduce the level of iron content, which will make the water less turbid and also
taste improved. In case of a fabric-based model, the water purifies through a cotton fabric towel using
solar energy and in the case of transparent plastic bottles, the UV rays from the solar energy water
purifies. The bottled water was also purified through heating under the sunlight by placing on a rack
made up of iron. Depending upon the climate condition of the location, purified water is stored in a
transparent plastic bottle and consumed [9, 107. Chlorination acts rapidly against all the bacteria and
harvesting virus, which are major identified pathogens of waterborne diseases. Chlorination can be
utilized for the mass treatment of drinking water. The most beneficial aspect of chlorination is the
residual effect after treatment, and it diffuses slowly in water. Any sort of contamination due to not
maintaining a proper hygienic condition may be pretreated with residual chlorine. Generally, about
0.8mg/L Free Residual Chlorine (FRC) is maintained in the water source for continuous disinfection. The
water source is always located with contamination/harborage points, so continuous manual
contamination cannot eliminate entirely. But to ensure the microbial safety of water, about 60% of the
contamination through the collection point can be pre-disinfected. Excessive use of chlorine might make
the water harmful from the drinking point of view. Chlorination byproduct (CBP) is the byproduct of the
chemical reaction between the Chlorine (Cl2) and the organic matter of the water source. So, while
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disinfecting water at the community level, the health impact of people should consider, thus affecting
surroundings and other living beings should ensure [11, 127].

Emerging Technologies
Clean and safe access to drinking water is pivotal for human health and well-being as corrupted water
sources could lead to numerous diseases and chronic health impacts. In the past, the main threats to
drinking water quality were from biological sources such as waterborne diseases and pathogenic
microbial contaminants. However, rapid industrialization and urbanization have produced a complex
mixture of harmful chemicals and biological entities that conventional water treatment methods are
unable to efficiently treat, known as emerging pollutants. Over the past few years, the major global
advancements in the water purification sector have been in the innovation and development of new
technologies with a special focus on those that are sustainable and energy-efficient. Some of the most
studied and efficient emerging technologies for the disinfection and purification of water are based on
membrane technology together with other processes such as the application of ultraviolet (UV) radiation
and advanced oxidation processes (AOPs). In particular, membrane filtration has become the leading
technology in the water treatment sector due to its capacity to physically remove different colloids,
particulates, and even microorganisms from contaminated water sources. There are a wide range of
membrane filtration systems that depend on their structure, pore size, pressure gradient, and the
operational mechanisms that the system works with. Due to the flexibility and variety of membrane
system designs, they have application potential in different sectors such as food, drug, waste, and of
course water. The ability and efficiency of the membrane system to remove contaminants depend on the
physio-chemical differences of the pure and contaminated water sources on both sides of the membrane.
Out of all water treatment processes, membrane filtration is the most versatile technology with
potentially vast application options worldwide. Having in mind this, there is a concerted interest to study
the possible application of membrane filtration in a variety of settings. Even though membrane filtration
is a well-described technology, the drinking water purification sector still faces significant challenges
related to the design and scalability of the system, and as such there is a growing new research interest in
this area. Concern is especially raised on the effectiveness and efficiency of the filter membranes which are
directly related to particle fouling or concentration-polarization. With these difficulties in mind, a future
research trend would be the integration of membrane filtration with other technologies such as UV-
radiation and AOPs, which could lead to the production of high-quality drinking water. Nevertheless,
there are substantive existing challenges regarding the application of these innovative technologies in the
drinking water purification sector as most of them are not energy-efficient and suffer from effective large-
scale upscaling due to cost-effectiveness. Shaping a smart and sustainable method would include a
modular and portable system having an integrated treatment method which also assures, after treatment,
the sustainable management of the waste product [13, 147.

Membrane Filtration

Membrane technologies have progressed as one of the more outstanding fronts among up-and-coming
water treatment strategies. Membrane filtration has gained immense appeal and has vast potential in
drinking water purification due to its accuracy and wherewithal to eliminate numerous impurities from
water. Membrane-based treatment processes can efficiently eliminate bacteria, viruses, suspended solids,
and sediments, which are conventionally hard to eliminate through other disinfection processes, yet
membrane technology has proven to be fortuitous of achieving the goal [15, 167]. Membrane technologies
propose a more robust array of defence, acting as a shield against any noxious substances passing
through. The efficiency of membrane technologies is analogous to the defensive emanation of a castled
city in times of a siege. The size-exclusion properties of membrane processes have assumed a cardinal
responsibility in pathogen removal efficiency. Membrane filtration technologies copacetically target the
particles and sullage, significantly inhibiting the bacterial remultiplication due to higher membrane
permeability. The membranes designed for microbial removal have a very impermeable pore size. The
development of the purposed biogeotechnologies has burgeoned on two fronts. The first front
incorporates the innovative fabrication of the engendered devices and materials. The second front
integrates the pliant operational protocols for the efficacious utilization of the purposed bioprocesses and
biofilters [17, 187. Drinking water resources have systematically been threatened by numerous pollutants
entering the aquatic environment. In contrast to water quality, the availability of freshwater resources is
dwindling; thus, a significant amount of polluted water cannot practically be utilized.
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Challenges in Water Purification
Water purification is a process that removes most types of contaminants and pollutants by using a variety
of methods to produce clean drinking water. The degree of purification depends on the quality of the
contaminated supply, the chosen technology, and the water standards. The development of
nanotechnology revolutionized the water treatment industry and made it possible to provide clean
drinking water at a reasonable cost to the general public worldwide [19, 207. Nonetheless, water
purification system designers are facing multifaceted challenges in technology, consumer confidence, and
the types of contaminants men be exposed to. Drinking water quality varies widely and filters and
treatment methods depend on contaminant types consumers are exposed to. Although there are treatment
systems and methods available to remove a wide variety of contaminant types from water supplies,
willingness to pay and the best filtration and treatment methods depend widely on consumer perviousities
and behavior. Ground and surface water treatment processes predominantly adopt bench-top or
industrialized methods such as activated alumina, activated carbon, and reverse osmosis to remove metals,
pesticides, nitrate, and various toxic organics. Furthermore, consumer-end point-of-use (POU) treatment
methods such as mechanical gravitational or pump-driven water filters, reverse osmosis units, distillation
stills, and custom-made technologies are commonly used to address specific contaminant issues [21, 227].
The lack of a comprehensive understanding of water quality and the variance in the aspects of water
supply sources are significant constraints in the design of water treatment systems for many elements and
microconstituents. Several challenges are encountered in many regions of the world. Human population
increase combined with global industrial growth has led to serious problems related to water prominence.
There are wide variations in the types of contaminants in various water supplies around the world.
However, there are concerns about emerging contaminants (ECs), also known as micropollutants or
pharmaceuticals. ECs are chemically and toxicologically diverse and are conventionally defined as
synthetic or naturally occurring chemicals not commonly monitored in the aquatic environment. ECs are
best characterized as a large and diverse array of chemical pollutants that are difficult to control due to
the limitations of the conventional drinking water treatment processes designed by regulatory agencies.
Public awareness, social prosecutions, and the economics of implementing advanced treatment
technologies have been widely discussed in scientific literature on ECs. Treatment costs have been a key
factor in evaluating the implementation of new treatment systems for mitigation of EC contamination.
The widespread occurrence of ECs in water supplies has raised public concerns regarding health
exposure, water waste quality, and the potential investments required to mitigate overall contamination
levels [23, 247].
Contaminant Removal Efficiency

One key focus of water technologies is their effectiveness in removing various contaminants. This paper
evaluates the efficiency of water purification systems on contaminant removal, defines related metrics, and
discusses standards for assessment. Current technologies face challenges, particularly with emergent and
recalcitrant pollutants, such as heavy metals and pesticides. Analyzing technology performance on
specific contaminants guides the development of effective treatment processes essential for public health
in municipal and domestic settings. Optimizing operational parameters like pressure and temperature is
crucial for improving removal rates and cost-efficiency. This review aims to assist manufacturers in
designing high-quality drinking water systems. Toxic contaminants, due to their solubility, pose
significant health risks, thus becoming a focal point in water treatment research. Case studies illustrate
how removal technologies target toxic elements for domestic use. It is essential to monitor removal
systems for blockages and check rare components to ensure effective technological processes. Given the
diversity of water sources and contaminants, continuously developing new drinking water production
methods remains a critical challenge. Hydrochars, with their high organic compound adsorption, are
promising for integration with membrane processes for pollutant removal. The paper also discusses
potential hybrid biochar-membrane materials. Alongside emerging pollutants, assessments of heavy
metals are underway to determine the efficacy of existing treatment technologies. Membrane extraction
with inductively coupled plasma mass spectrometry is being utilized to validate testing methods. Stricter
regulations in water treatment call for better monitoring and purification methods, especially as water
quality declines. With projections that two-thirds of the global population may face water shortages by
2025, addressing catastrophic water-related diseases becomes paramount. Future advancements in
technology could significantly enhance purification methods. As water-related issues escalate, substantial
financial investments are needed to ensure safe drinking water and eliminate dangerous pollutants. The
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water treatment sector requires societal attention and funding. If drinking water safety is compromised,

finding viable solutions for clean drinking water becomes the priority [25, 267].

Future Directions
Water, a vital natural resource, plays a crucial role in the life and survival of living organisms, including
humans. It is vital for numerous processes, in particular metabolic processes, that take place within the
body. Water is also imperative for the transportation of essential nutrients in and out of cells to keep cells
alive. The properties of water play a key role in sustaining life. Water also represents a survival need
when it comes to cleanliness. Various bodies have set standards for appropriate residential water
standards to ensnare that water is clean and fit for drinking in order to guarantee public health and safety.

Water purification technologies play a pivotal role in ensuring that drinking water is of good quality.

Although a number of filtration technologies are available to lessen impurities in water and make it safer

for consumption, a number of issues still exist when it comes to rendering them operative, particularly in

the household setting. Some intrinsic limitations necessitate a knack for distilling a large amount of water
to catch the essential nutrients and minerals, as well as needing a number of components, making them
large, heavy, and cumbersome. Additionally, the water passing through the mechanism should be always
monitored and regulated by an outside source, 24/7, in order to ensure that the levels of pollutants in
local natural water are within safe limitations [27, 287. In the last few decades, different types of water
filtration methods have been devised. Among these, membrane ultrafiltration, membrane filtration using
various permeable boundaries, and porous substrate separation have been considered the most potent.

Locally obtained water can be checked for contaminants using some recent techniques. On the other hand,

advanced chemicals such as Bromate and trihalomethane can be screened from water samples using a

prototype compliant with those of the National Environmental Research Council [29, 307.

CONCLUSION

Water purification remains a critical issue due to increasing contamination and the need for safe drinking

water worldwide. Traditional methods provide cost-effective solutions but have limitations in removing

complex pollutants. Emerging technologies, such as membrane filtration and advanced oxidation
processes, offer higher efficiency but face scalability and cost challenges. To ensure global water security,
further research and investment are necessary to develop sustainable and energy-efficient purification
methods. Public awareness, policy support, and technological advancements will be essential in mitigating
waterborne diseases and improving overall water quality for future generations.
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