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Abstract: Granular filters and membrane filters, two essential filtration methods in environmental
engineering, are thoroughly examined in this study. These techniques greatly aid air pollution
control problems and water and wastewater treatment. The first section of the study outlines the
basic ideas that underpin each filtration technique. The mechanical particle trapping mechanisms
of granular filters, their wide range of applications in water treatment, and design factors,
including media kinds and layers, are all examined. On the other hand, membrane filters are
closely scrutinised because of their size exclusion principles, variety of types (from microfiltration
to ultrafiltration), and vital function in industrial waste treatment and desalination processes. The
study goes into additional detail about the maintenance, clogging, and financial ramifications that
different filtering techniques must deal with. A comparison analysis provides insights into each
method's applicability for various environmental engineering applications by illuminating its
efficacy, affordability, and application specificity. The study's conclusion considers the potential
for growth and current and upcoming technical developments in the filtration industry. This study
lays the groundwork for forthcoming advancements and uses in the field of environmental
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(http://creativecommons.org/licens
es/bync-nd/4.0/) Granular filters are the first defence against pollutants in fluid streams because they

take advantage of the ease of physical separation [4]. This study breaks down the
working principles of granular filters and sheds insight into the dynamic mechanisms

2. Part 1: Granular filters
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that support their capacity to remove contaminants, including adsorption, straining, and
depth filtration [3,4]. Different media types have different benefits and drawbacks
depending on things like hydraulic properties, adsorptive capacity, and pore size
distribution [2]. This study looks closely at the many variables that affect these filters'
efficiency, such as particle size, hydraulic loading rates, and filter media choice (See

Figure 1).
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Figure 1. Granular filtration

A critical area of research is the relative effectiveness of granular filter media [5,6].
According to El-Hedok et al. [7], materials with different physical and chemical
characteristics, such as sand, anthracite, and activated carbon, are examined to see if they
suit a water treatment situation. The granular media are compared concerning filtration
performance, durability, and financial feasibility [8]. The study also discusses the
operational and design characteristics essential to granular filter functioning. The
importance of backwashing methods—which revitalise the filtering media—and the
influence of flow rates and filter bed depth on the overall performance of filtration will
be covered in the talks. These elements are crucial in evaluating the granular filtering
systems' overall effectiveness and maintenance needs.

3. Part 2: Membrane filters

The second section of this study explores the range of membrane filtration methods,
moving from the vast worlds of granular media to the microscopic accuracy of membrane
filters [9].

The differences between reverse osmosis, ultrafiltration, nanofiltration, and
microfiltration are outlined [5,6], highlighting the significance of pore size and selectivity
to their use in desalination and, in some situations, water and wastewater treatment [7].
The article explains which membrane type is best for what, from large-scale desalination
to eliminating micro-pollutants and pathogens [10]. The effectiveness of membrane filters
is significantly influenced by material science (See Figure 2).
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Figure 2: Membrane filtration

In the realm of environmental engineering, particularly within the scope of water
purification and wastewater treatment, the study of membrane filtration technologies
emerges as a pivotal area of research due to its significant role in addressing critical water
quality challenges. This exploration delves into the nuanced relationship between the
material composition of filtration membranes—spanning polymeric to ceramic
varieties—and their consequential performance outcomes, such as separation efficiency,
resistance to fouling, and overall durability. Polymeric membranes are lauded for their
adaptability and cost-effectiveness, offering tailored solutions through adjustable pore
sizes and surface properties to meet specific filtration needs, albeit with potential
vulnerabilities to chemical degradation and fouling that necessitate preemptive measures
and careful consideration of operational environments. In contrast, ceramic membranes
stand out for their exceptional durability and capacity to endure rigorous conditions,
including elevated temperatures and chemically aggressive cleaning processes, thus
presenting a compelling albeit initially more costly alternative for high-stakes
applications demanding utmost reliability and longevity. The study further intertwines
with an analytical examination of how pivotal design and operational factors —namely
feed flow rate, membrane surface area, and transmembrane pressure—affect the
filtration efficacy, underscoring the intricate balance required to optimize membrane
filtration systems for efficient contaminant removal while mitigating operational
expenses. This comprehensive inquiry into the material science underpinning membrane
technologies and the operational dynamics of filtration systems aims to illuminate the
path towards refining and advancing membrane filtration solutions, emphasizing the
strategic selection of materials and design principles to enhance the performance and
sustainability of these essential environmental engineering tools.

4. Mechanisms of Impurity Removal in Granular Filters

Granular filters are essential for eliminating contaminants from liquids, especially
water. Several vital processes and elements that affect these filters' function are
responsible for their efficacy [3]. Optimising granular filtration system design and
operation for environmental engineering applications requires understanding these
processes and components.

4.1. Mechanisms of removal

The most straightforward method of granular filtering is the physical interception
of particles more significant than the spaces between the filter media's granules [3]. The
size of the particles to be removed and the granules in the filter media are the primary
determinants of this method's efficacy. Tien and Ramarao [2] state that the filter's ability
to capture particles depends on how well these sizes work together. The suspended
particles in the fluid, such as water, may either settle out of the way owing to gravity or
group into more significant clusters when the fluid passes through the filter's bed. The
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particles' agglomeration or coalescence makes it easier for the filter media's matrix to
catch the particles. According to Chen et al. [11], this component of the filtering process
is affected by the water's flow velocity through the filter and the qualities of the particles
being filtered, including their size, density, and surface features. Granular filters,
especially those that use activated carbon, can remove impurities via a process called
adsorption in addition to mechanical trapping [12]. This process draws impurities to the
filter granules' surface and extracts them from the fluid. The pollutants' characteristics,
including their molecular structure and chemical makeup, and the filter medium (such
as surface area and chemical composition), determine how effective adsorption is as a
filtering method. Coury et al. [4] emphasise this issue by pointing out the intricate
interaction between contaminant qualities and filter medium parameters in affecting
adsorption effectiveness.

The development of a schmutzdecke, or biological layer, on top of the sand in several
granular filter types—particularly slow sand filters—is an essential part of the filtering
process. According to Givehchi and Tan [13], bacteria, algae, and other organic materials
comprise this biofilm layer. It performs two functions in the filtering process: it traps tiny
particles and uses biological processes to break down organic debris. This biofilm layer
adds a biological component to the granular filtration processes, which are essentially
physical and chemical, significantly increasing the filtration's overall efficacy [14].

4.2. Factors influencing performance

The size and uniformity of the grains used in filtering are critical components.
Smaller granules are preferable because they provide a greater surface area for the
adsorption and physical trapping of pollutants, claim El-Hedok et al. [7]. Using finer
granules may result in a more significant pressure drop across the filter, which might be
a drawback to this advantage. This happens due to the denser packing of smaller
granules, which increases resistance to the water's passage through the filter. The
residence time—the amount of time that water stays in the filter —is mainly determined
by the depth of the filter bed. According to Foerter-Barth and Teipel [15], this residence
period is critical in regulating the biological activities in the filter and the mechanical
particle trapping. Since a deeper filter bed allows for longer contact times between the
water and the filter material, it often facilitates more complete filtration. The pace at
which water passes through the filter also significantly impacts the filtering efficacy.
Higher flow rates can shorten the time that water and filter material are in contact,
according to Givehchi and Tan [13]. Because there is less chance for pollutants to be
adsorbed or retained by the filter medium, this decrease in contact time may jeopardise
the effectiveness of the filtering process. Apart from these variables, maintenance is one
of the most critical aspects of the filter's long-term functioning. Backwashing regularly is
necessary to loosen and remove particles lodged in the filter medium. The continuous
efficacy of a granular filter is primarily determined by how often and thoroughly it is
backwashed. To ensure that the filter retains its effectiveness over time, Lin et al. [1] stress
the need for thorough backwashing to minimize the slow reduction in performance
caused by the buildup of trapped particles inside the filter.

5. Mechanisms of Impurity Removal in Membrane Filters

A membrane's ability to filter media largely depends on the size and uniformity of
its pore structure. The pore size mainly determines the smallest size of particles that the
membrane can successfully filter out. Finer pore diameters in membranes allow for the
capture of smaller particles, improving filtering accuracy. However, finer pores can have
drawbacks since they often need higher operating pressures to allow fluid to pass
through the membrane. This may affect system performance and running expenses
[16,17]. The membrane's material properties, which include its hydrophobicity (ability to
repel water), resistance to different kinds of chemicals, and overall mechanical strength,
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are essential factors in determining whether the membrane is appropriate for a given
filtering job and how long it will last [18]. These qualities determine the membrane's
resistance to physical wear and tear over time, its capacity to tolerate severe chemical
conditions, and how it interacts with various substances [19] (See Figure 3). Another
critical aspect affecting the pace of filtration and the process's overall efficiency is the
operating pressure used to force the fluid through the membrane. Pressure increases
often result in higher filter flow rates and faster fluid processing [6,20]. This advantage is
countered, however, by possible disadvantages, including increased risks of membrane
fouling, which occurs when accumulated particles, contaminants, and biofilms block the
membrane's pores and reduce its efficiency. Because of the more significant pressure
required to prevent fouling, the membrane's filtering capacity is reduced, but it also
results in higher energy requirements and operating expenses [5].

[Filtration unit

.
Plaée membrane Incubate for  Growth of
filter on 24-48 hours typical
appropriate colonies
nutrient medium

Filtering of water through
membrane filter

METHOD OF MEMBRANE FILTRATION

Figure 3. Membrane filtration method

Furthermore, membrane filters' performance is dynamic and subject to variations
based on changes in the surrounding environment, especially temperature and pH levels
[2,21]. These changes may affect the physical properties of the membrane itself as well as
the solubility and charge characteristics of the pollutants in the fluid. As a result, these
modifications may impact how well the filtering process works. The problem of
membrane fouling poses a severe operational difficulty [22]. Regular cleaning procedures
and pre-treatment of the fluid entering the system are crucial to reducing this [2]. These
precautions are essential for preserving the membrane's filtering effectiveness and
increasing its longevity. Instead of directly passing through the membrane surface, the
fluid flows parallel to it in crossflow filtering devices [18]. Because the fluid's lateral
movement serves to dislodge and sweep away particles that may otherwise cause
fouling, this tangential flow reduces the number of particles accumulating on the
membrane surface [23]. This method extends the membrane's helpful life and maintains
steady filtering performance over time.

6. Comparative analysis

6.1. Efficiency

Granular filters are effective in removing bigger particles from the air. However
their efficacy wanes regarding tiny particles, chemical molecules, and microbes.
According to Bappy and Ahmed [24], the fundamental physical characteristics of the
media employed in granular filters restrict their ability to capture these tiny, more elusive
pollutants. The range of particles that may be efficiently trapped depends, for example,
on the size and homogeneity of the granules. Due to the broader pore gaps between the
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granules, tiny particles, dissolved organic compounds, and microscopic organisms often
pass through whereas bigger particles are readily caught. Membrane filtration systems
are well recognised for their exceptional adaptability and significant efficacy in
eliminating many pollutants. These systems work well in removing dissolved materials,
microbes, and fine particulate particles, particularly when they use sophisticated
methods like reverse osmosis. According to Chawla [12], reverse osmosis membranes can
remove even the tiniest pollutants, such as ions and molecules, since they function at the
molecular level. The membranes utilised in these systems have very narrow holes and
unique material qualities that enable them to selectively allow water molecules to pass
while preventing almost all sorts of dissolved and suspended contaminants, which is
why they are so efficient [25,26]. The significant differences in efficacy between granular
and membrane filtration systems highlight the need to choose a suitable filtration
technology that aligns with the demands of the water treatment procedure. Granular
filters are easy to use and less expensive for bigger particles. However, sophisticated
membrane systems like reverse osmosis are essential when removing smaller particles,
bacteria, and dissolved compounds (See Table 1).

Table 1. Differences between granular and membrane filtration systems

Aspect

Granular Filters

Membrane Filtration

Systems

Effectiveness on Large
Particles

Effectiveness on Small
Particles, Chemical
Molecules, and Microbes
Physical Media

Characteristics

Pore Size

Cost Effectiveness

Suitability for Removing

Dissolved Materials

Operational Complexity

High

Low

Size and homogeneity of
granules limit trapping
smaller particles
Broader pore gaps

More cost-effective for
larger particles

Low

Simpler, easy to operate

Varies (Depends on
membrane type)

High

Very fine pores and
unique material
properties

Very narrow, molecular-
level filtration

Higher initial cost, but
effective for a wide range
of pollutants

High (especially with
reverse 0SMosis)

More complex, requires
careful management

6.2. Flexibility

Adapt well to water quality variations and tolerate increased turbidity without

experiencing appreciable performance loss. They are appropriate for various water
treatment settings due to their resilience [27]. highly regulated environments are
necessary for optimum functioning. When there is excessive turbidity, they are more
likely to foul, which may drastically shorten their lifetime and effectiveness [28]. They
have lower energy consumption but could generate more waste, particularly while
backwashing. The kind of material used affects how environmentally sustainable these
filters are [1]. They usually use more energy since they require pressurisation. They
produce less physical waste, nevertheless. Two important environmental factors are
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membrane lifetime and disposal [29]. Ideal for extensive applications that target the
elimination of oversized particles. They are perfect for the first phases of intricate filtering
systems due to their energy efficiency [30]. Better suited for applications needing very
pure water, including manufacturing potable water or the pharmaceutical industry. They
are essential for successfully eliminating dissolved pollutants [31] (See Table 2).

Table 2. Distinct features, advantages, and limitations of granular and membrane filtration systems

Aspect Granular Filters Membrane Filtration Systems
Adaptability to Water ~ High (tolerate variations Lower (prone to fouling with
Quality Variations well) excessive turbidity)
Tolerance to Increased High (resilient to turbidity Lower (fouling may reduce
Turbidity without significant lifetime and effectiveness)
performance loss)
Energy Consumption = Lower Higher (due to pressurisation)
Waste Generation Higher (especially during Lower physical waste
backwashing)
Environmental Depends on material used Influenced by membrane
Sustainability lifetime and disposal
Operational Less regulated Highly regulated
Environment environments environments for optimum
function
Application Ideal for removing Suited for producing very
Suitability oversized particles, first pure water, removing
stages of filtration dissolved pollutants

7. Current Research and Development

In the realm of granular filters, current research endeavors are directed towards the
enhancement of filter media to improve both the flow rate and contaminant removal
efficiency. Innovations such as tailored sand or biochar are at the forefront of this
research, offering promising avenues to enhance filtration capabilities significantly [32].
Moreover, there is a growing emphasis on developing more efficient backwashing
procedures. These procedures aim not only to conserve water but also to reduce energy
consumption, reflecting a broader commitment to sustainability within the field of
environmental engineering [6]. Furthermore, the exploration of locally sourced,
environmentally friendly filter media is gaining traction. This research is driven by the
dual goals of reducing the environmental footprint of filtration processes and leveraging
local resources to improve the overall sustainability of water treatment solutions [14]. On
the membrane filtration front, the focus of current research is on extending the
operational lifespan of membranes and enhancing their resistance to fouling. This
involves the investigation into novel materials and the application of innovative surface
treatments designed to mitigate the effects of fouling, thereby ensuring more stable and
efficient membrane performance over time [6]. Additionally, there is a concerted effort to
integrate energy recovery technologies within membrane filtration systems, particularly
in energy-intensive processes like reverse osmosis. Such initiatives aim to optimize
operating conditions, thereby reducing the energy footprint of membrane-based water
treatment solutions [21]. The pursuit of environmental sustainability plays a pivotal role
in the development of membrane filtration technologies. Research in this area focuses on
the creation of ecologically friendly membrane materials and the development of
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effective strategies for the recycling or safe disposal of membranes at the end of their
operational life. These efforts are indicative of a broader trend towards sustainable
practices within the field, seeking to minimize the environmental impact of water
treatment processes while maintaining, or even enhancing, their efficacy [28]. Together,
these research directions highlight the dynamic nature of the field of environmental
engineering, where innovation and sustainability intersect to address the complex
challenges of water treatment (See Table 3).

Table 3. Current research gaps in both granular and membrane filtration systems

Research Area Research Gaps Key Sources
Enhancement of Filter =~ Need for higher flow rate and [32]
Media improved contaminant removal

efficiency.
Efficient Backwashing Conservation of water and reductionin  [6]
Procedures energy consumption during

backwashing.
Environmentally Utilization of locally sourced, [14]

Friendly Filter Media  sustainable filter media.

Extending Membrane Increasing the operational lifespan and  [21]

Lifespan & Fouling reducing fouling impacts on

Resistance membranes.

Integration of Energy =~ Optimizing operating conditions to [28]
Recovery reduce energy consumption in

Technologies processes like reverse osmosis.

Development of Eco-  Creating sustainable membrane [21]
friendly Membrane materials and effective end-of-life

Materials disposal or recycling methods.

8. Emerging Trends and Future Prospects

A significant development in filtering technology is using advanced materials with
higher adsorptive properties. These sophisticated materials are designed to capture and
eliminate pollutants more effectively because of their larger surface area and improved
adsorption-friendly chemical composition. The creation and use of these materials may
significantly increase filtration systems' capacity to capture a greater variety of
contaminants, particularly those that are more difficult to eliminate using conventional
media. Operational management has advanced with the addition of sophisticated
monitoring systems to filter configurations. These intelligent systems are designed to
provide real-time information on how well the filtering process is working. Fitted with
sensors and data analytics, they monitor several variables, including pressure, flow rate,
and pollutant concentrations. Real-time monitoring guarantees optimum performance
and early maintenance need identification by enabling quick identification and reaction
to any problems. To preserve effectiveness and increase the filtration system's lifetime, it
also permits the modification of operating parameters. There is an increasing tendency
to develop hybrid filtration systems in the future. Granular media is intended to be used
with other treatment methods in these systems, offering a comprehensive approach to
water treatment. Hybrid systems use many technologies for treatment to improve overall
efficacy and efficiency. Granular filtration, for instance, may be used in conjunction with
membrane technology or biological treatment procedures to handle a broader range of
pollutants and enhance water quality. This strategy uses each method's advantages while
mitigating its drawbacks, thus providing a more complete and effective solution for
water treatment and filtration requirements.

The creation of nano-enhanced membranes is one area where nanotechnology is
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becoming increasingly important in improving filtration technologies. These membranes
are designed at the nanoscale to have better characteristics, such as a significant decrease
in fouling and increased selectivity. The capacity of membranes to selectively filter out
certain pollutants while maintaining high flow rates may be significantly enhanced by
adding nanoparticles to the membrane matrix or coating them with nanomaterials. This
is primarily because of the unique surface characteristics and larger surface area that
nanomaterials provide, which help to enhance the interaction and collection of
contaminants more effectively. Furthermore, the membranes may acquire anti-fouling
characteristics from the nanoscale changes, which would lessen the likelihood of pore
obstruction and increase membrane longevity. The development of biodegradable
membranes is eagerly anticipated. These membranes seek to alleviate the environmental
issues related to the disposal of traditional membranes. After their valuable lives,
biodegradable membranes would spontaneously decompose, minimising waste and its
adverse environmental effects. This field's research aims to create membrane materials
made of biodegradable, renewable polymers that maintain filtering effectiveness while
maintaining environmental sustainability. Integrating membrane processes with
renewable energy sources is a promising area of progress. This integration aims to tackle
one of the main issues with membrane technology: its excessive energy consumption.
The total environmental impact of membrane filtration operations may be significantly
decreased using renewable energy sources like solar, wind, or hydroelectric power. This
method increases the sustainability of the filtering process and its viability in isolated or
off-grid locations where conventional energy sources are costly or complex. This field's
continuing research and development aims to provide affordable, ecologically friendly,
and energy-efficient filtration systems. These filtration technologies are anticipated to
keep developing due to the growing need for more environmentally friendly, productive,
and potent air and water treatment options. The emphasis will probably continue
optimising efficacy while reducing the ecological footprint, with granular and membrane
filters adjusting to fulfil these evolving requirements.

9. Conclusion

Granular and membrane filters —two essential filtering techniques in environmental
engineering —are thoroughly examined in this study. These methods are crucial for
addressing the problems associated with air pollution management and water and
wastewater treatment. The research first creates a good comprehension of each method's
underlying ideas. It explores granular filters, their mechanical particle-trapping
processes, design elements including stacking and media kinds, and their many uses in
water treatment situations. Conversely, the research investigates membrane filters via
the prism of size exclusion principles, examining their wide range from microfiltration to
ultrafiltration and their crucial function in specialised processes like treating industrial
waste and desalination. An essential component of this research is a detailed examination
of the operational difficulties of various filtering techniques, including clogging
problems, maintenance needs, and financial ramifications. The study provides insight
into the efficacy, affordability, and specificity of using each filtering process via a
comparative examination. This study is critical in determining their suitability for
different environmental engineering scenarios. In closing, the study considers future
directions and possible developments in filtration technology. The research being
presented not only emphasises how important granular and membrane filtration is to the
state of environmental engineering today but also establishes the foundation for further
study and advancement in this area. It emphasises how these technologies must
constantly innovate and adapt to meet changing environmental concerns and how
important they are to uphold efficient and sustainable environmental management
methods.
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