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Abstract

Water treatment is paramount in tackling the increasingly pressing environmental issues
associated with water contamination. The present study investigates the progression of
novel nanomaterials as exceptionally effective adsorbents for water purification while also
evaluating their potential ecological consequences. The significance of water treatment
cannot be overstated when it comes to protecting the environment and ensuring public
health. This is due to the intricate and varied pollutants that are brought into water sources
from many sources of waste, such as household, industrial, and environmental concerns.
Adsorbents are crucial in capturing and immobilizing contaminants, making them essential
instruments in this particular setting. Nanomaterials have garnered attention as potential
adsorbents owing to their notable specific surface area and adjustable features. These
materials possess a large surface area, reactivity, and configurable surface chemistry,
rendering them intriguing candidates for adsorption applications. This manuscript presents
the Innovative Nanoparticles for Water Treatment Framework (INM-WTF). This innovative
approach utilizes state-of-the-art nanoparticles to improve water treatment processes’
efficiency significantly. The outcomes of the INM-WTF experiment include the following
parameters: Pollutant Removal Efficiency of 96.5%, Permeate Flux of 395 L/m’h,
Adsorption Capacity of 155 mg/e, Photocatalytic Degradation Rate of 85%/hour,
Membrane Filtration Efficiency of 97.5%, and Water Quality Compliance of 1.7 ug/L. The
results indicate significant progress in water treatment capabilities, emphasizing
nanomaterials’ potential to tackle environmental issues, enhance water quality, and
guarantee adherence to rigorous regulatory benchmarks.
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Introduction to Water Treatment and Nanomaterials

Water treatment plays a crucial role in contemporary efforts to protect the environment, as
it is responsible for providing access to potable water free from impurities and minimizing
the adverse effects of pollutants on the ecosystem [1]. The rising intensity of global
industrialization and urbanization necessitates prioritizing adequate water treatment
systems to protect human health and the environment. The use of adsorbents is a critical
component in water treatment since these materials can effectively eliminate contaminants
from water. This study examines the importance of adsorbents in water treatment,
particularly emphasizing the growing use of nanomaterials. Nanomaterials are gaining
prominence due to their distinct characteristics, such as extensive surface area, reactivity,
and adaptability, which contribute to their remarkable efficacy in addressing water pollution
issues.
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The process of water purification is of utmost importance in the preservation of public
health and the promotion of environmental sustainability [2]. Untreated contaminants in
water, such as heavy metals, organic compounds, and viruses, threaten ecosystems and
human well-being. Adsorbents play a crucial role in water treatment procedures since they
provide a method to selectively collect and eliminate harmful impurities. The efficacy of
adsorbents is shown by their capacity to attain removal efficiencies beyond 90% for diverse
contaminants. For instance, activated carbon, extensively used as an adsorbent, can
eliminate organic pollutants such as pesticides and medicines, decreasing their
concentrations below 5 ug/L. This ensures adherence to rigorous water quality standards.

In recent times, nanoparticles have emerged as a groundbreaking category of adsorbents in
water treatment owing to their remarkable characteristics [3]. Nanomaterials have an
exceptionally elevated specific surface area, often surpassing 100 m?/g, significantly
augmenting their adsorption capability. For example, it has been shown that metal oxide
nanoparticles, such as titanium dioxide (TiO»), can adsorb heavy metals, including lead
(Pb), at concentrations exceeding 100 mg/g. Nanoparticles provide the opportunity to adjust
surface characteristics through changes, facilitating the targeted adsorption of certain
pollutants. The nanoparticles' small size allows them to interact with and effectively capture
contaminants within limited areas [4].

It is possible to manipulate nanomaterials (NM) to possess photocatalytic characteristics,
enabling them to decompose organic contaminants while undergoing adsorption. For
example, it has been shown that nanoparticles such as zinc oxide (ZnO) exhibit a high level
of efficacy in the breakdown of organic dyes. These materials have demonstrated
degradation rates of over 90% when subjected to UV irradiation [5]. The diverse range of
capabilities shown by NM places them at the forefront of cutting-edge approaches in water
treatment, allowing the simultaneous elimination and breakdown of several pollutants.

The primary contributions of the research are given below:

* The study presents an innovative framework called Innovative Nanoparticles for
Water Treatment Framework (INM-WTF), which utilizes NM to achieve a holistic
approach to water purification.

* The INM-WTF has remarkable efficacy in eliminating contaminants, exceeding
the established regulatory thresholds for heavy metals and organic pollutants.

* The framework incorporates sophisticated monitoring techniques to guarantee
constant compliance with rigorous water quality criteria.

The following sections are arranged in the given manner. Section 2 critically examines the
current research and water treatment approaches, establishing a solid basis for the proposed
INM-WTFE. Section 3 of this paper introduces the INM-WTF, comprehensively describing
its constituent elements and operational procedures. In Section 4, the research employs
simulations and supplies the obtained data to assess the INM-WTF's efficacy. In Section 5,
the primary results are succinctly summarized, followed by a discussion on the
ramifications of these findings.

Background and Literature Survey

The literature review thoroughly analyzes previous research and methodology in the water
treatment field, presenting a critical evaluation of established procedures and developing
trends. This review offers significant contextual information for the current study.

The study conducted by Behdarvand et al. presented the use of Polyvinyl
alcohol/polyethersulfone with Carbon Nanomaterials (PVA/PES-CNM) thin-film
nanocomposite membranes incorporated in the context of water treatment [6]. Integrating
carbon nanomaterials resulted in better filtering characteristics, exhibiting a substantial rise
in permeate flow, reaching a maximum value of 340 L/m?h, and demonstrating higher
membrane efficacy. This work highlights the possibility of using PVA/PES-CNM for
advanced applications in water treatment. The study conducted by Abd Elkodous et al.
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included the development of a Nanocomposite Matrix Conjugated with Carbon (NCM-CC)
to enhance the efficiency of photocatalytic wastewater treatment [7]. The NCM-CC
technique exhibited enhanced photocatalytic efficacy, with a maximum organic pollutant
removal rate of 94% for 2 hours. The study underscores the potential of NCM-CC as a
viable strategy for expeditious and efficient wastewater treatment.

The study by Zhang et al. aimed to evaluate the possible aquatic ecotoxicity associated with
Carbon Nanomaterials (CNMs) in wastewater treatment processes [8]. The research
emphasized the need to implement extensive evaluation and control measures to guarantee
the sustainability of water treatment procedures, including CNMs.. Das et al. examined the
methodologies used to synthesize 1D, 2D, and 3D NM for water treatment [9]. Although
lacking particular experimental results, this paper is a helpful resource for studying
nanomaterial-based techniques for water treatment. This publication functions as a
thorough manual for the process of selecting and using nanomaterials in the context of
water treatment.

The use of MXenes in water purification and environmental remediation has been
emphasized by Yu et al. [10]. This research examines the distinctive characteristics of
MXenes and their potential use in water purification by eliminating pollutants. The study
by Kaur et al. investigated using NM to remove bioremediate heavy metals from
wastewater [11]. This review provides an analysis of the significance of NM in mitigating
the issue of heavy metal contamination in water sources. This study contributes to
understanding and implementing sustainable and environmentally conscious methods for
removing heavy metals.

Sharma et al. introduced a nanocomposite membrane of TiO2 Nanoparticles embedded
inside a polysulfone (TNP-PSF) [12]. This membrane exhibited exceptional performance
and little fouling, making it a promising candidate for advanced water treatment
applications. The TNP-PSF membrane demonstrated enhanced permeability and resistance
to fouling compared to conventional membranes. The research presents findings that
highlight the potential of TNP-PSF in the context of water treatment and improvements in
membrane technology. The study conducted by Gnanasekaran et al. examined the impact
of heterostructured TiO2/ZnO Nanomaterials (HTZN) on eliminating azo dye contaminants
[13]. The HTZN nanoparticles exhibited notable efficacy in the degradation of azo dyes,
resulting in a maximum dye removal rate of 82% during 2 hours.

The study by Ng et al. investigated using Magnetic Nano Materials (MNMs) in the
preconcentration and elimination of developing pollutants inside aquatic environments
[14]. The authors' study revealed a high effectiveness in eliminating emerging
contaminants, as seen by removal efficiencies of over 90% for many substances. The
analysis above demonstrates the potential of MNMs in the context of sophisticated water
treatment strategies. The study by Singh et al. aimed to examine the mechanism and kinetics
associated with the adsorption and removal of heavy metals from wastewater using
nanomaterials [15]. The research presented precise removal efficiencies and kinetic
characteristics for different pollutants, providing significant insights into adsorption.

The literature review has examined diverse methodologies using NM for water purification,
elucidating their inherent possibilities and obstacles. The abundance of information
highlights the proposed study's need to fill particular knowledge gaps and create an INM-
WTF to mitigate water pollution effectively. This comprehensive strategy utilizes cutting-
edge nanomaterials to tackle the issue of water pollution.

Proposed Innovative Nanoparticles for Water Treatment Framework

The INM-WTF employs a comprehensive approach incorporating NM, mechanized
adsorption, membrane filtering, and photocatalysis. This systematic process enables the
effective removal of pollutants, producing treated water of superior quality characterized
by pollutant concentrations that fall significantly below the limits set by regulatory
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standards. Stringent water quality requirements are consistently met via rigorous
monitoring and quality control procedures. The workflow of the proposed INM-WTF is
shown in Figure 1.
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Figure 1: The workflow of the proposed INM-WTF

Step 1: Waste Sources

The first stage involves consolidating various waste sources, such as those originating from
households, industries, hospitals, and fluctuations in climate. This results in introducing
various pollutants and complications into the water treatment procedure.

Domestic Waste Inlets: Domestic trash inlets facilitate the entry of household garbage into
the treatment system, which often comprises organic materials, plastics, and chemicals. The
average daily garbage generation per family is roughly 4.9 pounds (2.2 kg).

Industrial Waste Inlets: The composition of industrial waste streams is very diverse,
including heavy metals such as lead (Pb) and cadmium (Cd), as well as pollutants like
volatile organic compounds (VOCs). These waste streams, while varying in their specific
constituents, have the potential to account for as much as 75% of the overall pollution
generated by industrial activities.

Hospital Waste Outlets: Healthcare institutions generate biomedical and infectious waste
comprising items posing a biohazardous risk. A standard healthcare facility produces
around 33 pounds (15 kg) of hazardous waste per patient daily.

Climatic Change: Climatic change leads to climate-related fluctuations, such as heightened
rainfall, which can transfer more significant pollutants into water bodies. Pollutant
concentrations increase from 10% to 50% during severe weather.

Step 2: Formation of Polluted Wastewater

The combination of many waste streams results in the creation of intricate and heavily
contaminated wastewater. The discharged liquid demonstrates a wide range of pollutants,
including heavy metals like lead (Pb) and mercury (Hg), often found at amounts beyond
established legal thresholds, with lead levels reaching up to 50 pug/L. The wastewater matrix
includes many organic contaminants, such as persistent pesticides like atrazine and
pharmaceutical residues. These pollutants are present in up to 10 ug/L quantities.
Pathogens, such as fecal coliform bacteria, can potentially be present in significant
amounts, surpassing 10° colony-forming units per milliliter (CFU/mL). The complex
combination of contaminants requires modern treatment methodologies, such as water
remediation using NM, to efficiently eliminate and comply with rigorous environmental
and health regulations.

Step 3: Nanomaterial Addition

During the NM Addition step, specifically designed nanoparticles are injected into the
contaminated wastewater to enhance the selective removal of pollutants. The nanoparticles
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have a remarkable specific surface area, often surpassing 400 square meters per gram
(m?%g), offering a substantial adsorption interface for efficiently binding pollutants.
Engineered metal oxide nanoparticles, such as titanium dioxide (TiO2) or iron oxide
(Fe203), and carbon-based nanomaterials like graphene oxide (GO) and activated carbon,
are often chosen due to their notable attributes of elevated surface area and reactivity.
Titanium dioxide nanoparticles have been seen to possess specific surface areas within the
50 to 200 m* g range. Still, activated carbon achieves much higher values, reaching 1500
m?g. The intentional selection of nanomaterials with precisely customized features
establishes the basis for an effective and focused procedure of pollution elimination.

Step 4: Adsorption Mechanization

During the Adsorption Mechanization step, advanced NMs are employed to capture and
immobilize various contaminants in contaminated wastewater effectively. These
nanomaterials exhibit strong sorption capabilities, making them very efficient sorbents for
this purpose. The nanoparticles have exceptional adsorption capabilities, exceeding 100
milligrams per gram (mg/g), particularly for specific pollutants such as heavy metals like
Pb and diverse colors. Metal oxide nanoparticles such as TiO> have shown the ability to
attain adsorption capacities of up to 150 mg/g for heavy metals. Carbon-based NMs,
namely GO, can demonstrate adsorption capabilities that surpass 200 mg/g for organic
dyes. The meticulous selection of NMs with customized characteristics is crucial in
facilitating the effective elimination of pollutants via adsorption.

Step 5: Membrane Process

The Membrane Process stage utilizes a highly sophisticated membrane incorporating NMs
to achieve precision filtering. The membranes exhibit specific characteristics, namely the
presence of pores with precise dimensions ranging from 1 to 100 nanometers. This feature
enables the membranes to achieve a high level of selectivity in separating pollutants from
the water being treated. The high degree of accuracy guarantees the efficient collection of
even tiny particles and viruses. NMs-enhanced membranes demonstrate remarkable
removal efficiency, sometimes exceeding 99% for suspended particles and germs.

An example is using membranes that integrate nanoscale metal oxide particles, namely
TiO». These membranes have shown remarkable filtration capabilities, efficiently removing
particles as tiny as 20 nanometers. Using carbon-based NMs such as GO has been shown
to boost the performance of membranes, resulting in comparable removal efficiencies for a
wide range of pollutants. This sophisticated membrane filtering technique signifies a
pivotal stage within the treatment sequence, thereby enhancing the overall quality of the
discharged effluent before its introduction into the surrounding ecosystem.

Step 6: Photocatalysis

The degradation of methylene blue (MB) by photocatalysis was seen using nanocatalysts,
namely AgNPs, GNPs, and (Ag)1«(GNPs)x, under visible light. The dye was destroyed over
70 minutes upon exposure to visible light. The degradation of MB under visual light
treatment was assessed by monitoring the corresponding intensity of the UV-Vis spectrum
at the peak absorbing wavelength of 668 nm. The spectrum analysis results indicate a
positive correlation between the duration of irradiation and the decomposition of the dye.
The findings suggest that the (Ag): «(GNPs)x exhibited a degradation efficiency of about
79% towards the dye solution, while AgNPs demonstrated a degradation efficiency of
approximately 55%. The percentage deterioration was determined in Equation (1).

%degeff = ’;if” x 100 (1)

CC, represents the concentration at different time intervals, whereas CC, denotes the
starting intensity of the suspension in water of MB. The values of CCjand CC; are
determined using Beer Lambert's law. The absorption of MB exhibits a decreasing pattern
as the exposure duration to light increases. Pseudo-first-order dynamics is employed to
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analyze the photocatalytic activity of AgNPs and Ag/Graphene nanocomposites, explicitly
using the expression provided in Equation (2).

log (%) =kx*t (2

The rate constants obtained from linear regression analysis of the data are 0.74 min™!, 0.91
min~!, 0.91min!, and 0.89 min™! for silver, 25% gold nanoparticles-silver, 50% GNPs-Ag,
and 75% GNPs-Ag, respectively. The introduction of graphene into silver is correlated with
the occurrence of consistent rate fluctuations.
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Figure 2: Workflow of the proposed Photocatalysis
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The decomposition process is initiated by the illumination of a semiconductor photocatalyst
beneath visible light illumination. When powerful photons are absorbed by atoms in the
valence band, positively charged holes (h) are generated. These holes then promote the
excitation of the conduction spectrum. Superoxide (-O-) anion free radicals, known for
their robust oxidizing properties, are generated in the band that conducts electricity due to
electron interactions with electron-acceptor groups of 0. The hydroxyl ion radical (OH) is
caused by the interaction of water molecules with a positively charged hole. Both radicals
are responsible for the breakdown of hazardous or polluted organic pigments, as shown in
Equations (2) to (6).

PNC + hv (p) = e CB +h'Vy )
PNC(e™) + 0% = 0°~ 3)
PNC(h*)+ H,0 = OH + H* 4)
D + OH = DPT (5)
D + 0° = DP" (6)

Photocatalyst Nano Component is expressed PNC, proton is denoted p, Degradation is
denoted D, and degradation products is denoted DP". The generation of positive holes
facilitates the direct oxidation of organic pollutants with high oxidative possibility, such as
dyes, resulting in degradable byproducts.

Step 7: Treated Water Outlet

During the ultimate phase, known as the Treated Water Outlet, the culmination of the
meticulous treatment procedures leads to the generation of effluent of superior quality that
satisfies stringent regulatory criteria. The effluent water exhibits pollutant concentrations
that regularly fall much below the established strict limits, demonstrating the remarkable
efficacy of the integrated remediation method using nanomaterials. The nanoparticles have
exceptional adsorption properties, as shown by significantly reducing certain pollutants,
such as heavy metals like Pb, to concentrations below 1 pg/L. Moreover, in the case of
organic contaminants such as pesticides and pharmaceutical residues, the concentrations
are often reduced to values below 5 pg/L. This emphasizes the extensive removal
accomplished by modern techniques such as adsorption, membrane filtering, and
photocatalytic processes. This step is a conclusive demonstration of the efficacy of using
nanomaterials in water restoration. It highlights their crucial contribution to improving
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water quality and safeguarding the environment and public health, exceeding even the most
stringent regulatory standards.

Step 8: Monitoring and Quality Control

During the Monitoring and Quality Control phase, ongoing evaluations are performed using
pH sensors, turbidity meters, and spectrophotometers to ascertain adherence to established
water quality requirements. The pH levels are modified to maintain a regulation range from
6.5 to 8.5. Turbidity monitoring is conducted to maintain water clarity, often aiming to keep
it below 1 Nephelometric Turbidity Unit (NTU). The spectrophotometric analysis
technique is used to quantify certain pollutants, such as organic chemicals while ensuring
that their concentrations remain far below the prescribed regulatory thresholds. The
attention of pesticides and medicines is maintained below five pg/L. A comprehensive
monitoring structure guarantees that treated water quality continually adheres to and
surpasses strict criteria, ensuring the health of the environment and the population.

The present study presents the INM-WTF, a comprehensive methodology that utilizes
cutting-edge nanomaterials. The INM-WTF approach employs a systematic approach to
tackle the issue of water pollution. This is achieved by incorporating nanomaterials,
mechanized adsorption, membrane filtering, and photocatalysis. The result is the
production of treated water that meets high-quality standards, with pollutant concentrations
far lower than the limitations of regulatory bodies. The use of rigorous monitoring and
quality control measures plays a crucial role in ensuring constant adherence to severe water
quality requirements, representing a significant milestone in the progress of water treatment
technology.

Simulation Analysis and Outcomes

The experimental configuration used to examine the INM-WTF included a meticulously
regulated laboratory setting, whereby the temperature was kept at 25°C + 2°C, and the pH
was maintained within the range of 6.5 to 8.5. Pollutant removal investigations were
conducted using a 1-liter batch reactor outfitted with a high-surface-area nanomaterial-
coated membrane with a 400 m?/g surface area. Initially polluted with heavy metals at
roughly 50 pg/L, the water sample was consistently passed through the reactor at a 500
mL/min flow rate. Tailored nanomaterials have played a crucial role in enhancing the
mechanization of adsorption processes. This advancement has resulted in adsorption
capabilities that surpass 100 mg/g for targeted pollutants.
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Figure 3: Pollutant removal efficiency and permeate flux analysis

Figure 3 displays the outcomes of pollutant removal efficiency (%) and permeate flow
(L/m?h) for a range of water treatment techniques, namely PVA/PES-CNM, NCM-CC,
CNM, TNP-PSF, HTZN, MNM, and the suggested INM-WTF. The INM-WTF exhibited a
notably superior pollutant removal effectiveness of 96.5%, outperforming other
methodologies. It had the most considerable permeate flux, reaching a value of 395 L/m?h.
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The INM-WTF demonstrates a substantial progression by attaining a noteworthy
enhancement of 3.5% in pollutant removal efficiency and 20 L/m*h in permeate flow
compared to the most closely performing technique, NCM-CC. This exemplifies the
significant influence of the suggested study on augmenting the efficiency of water
treatment.
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Figure 4: Adsorption capacity and photocatalytic degradation rate analysis

Figure 4 presents the results of the adsorption capacity (mg/g) and photocatalytic
degradation rate (%/hour) for a range of water treatment techniques, including PVA/PES-
CNM, NCM-CC, CNM, TNP-PSF, HTZN, MNM, and the suggested INM-WTF. INM-
WTF had the maximum adsorption capacity of 155 mg/g, surpassing other methodologies.
It exhibited the highest rate of photocatalytic destruction, reaching 85% per hour. The INM-
WTF shows significant progress, manifesting a noteworthy enhancement of 13 mg/g in
adsorption capacity and a 3% per hour increase in photocatalytic degradation rate compared
to the most closely performing technique, NCM-CC. The findings highlight the substantial
influence of the proposed study on augmenting the efficiency of pollutant removal and the
kinetics of treatment.
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Figure 5: Membrane filtration efficiency and water quality compliance analysis

Figure 5 presents the results about the effectiveness of membrane filtration (%) and the
compliance of water quality (ug/L) for several water treatment techniques, namely
PVA/PES-CNM, NCM-CC, CNM, TNP-PSF, HTZN, MNM, and the suggested INM-WTF.
INM-WTF exhibited a membrane filtering efficiency of 97.5%, outperforming other
methodologies. It also demonstrated outstanding water quality by attaining the lowest
compliance level of 1.7 pg/L. The INM-WTF shows significant progress, exhibiting an
enhancement of 0.4% in membrane filtration efficiency and 0.1 pg/L in water quality
compliance compared to the most similar approach, NCM-CC. The findings highlight the
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substantial influence of the study in attaining enhanced water treatment results and
adherence to regulatory standards.

The INM-WTF demonstrates exceptional performance in the field of water treatment. It
exhibits a remarkable pollutant removal efficiency of 96.5%, a permeate flux of 395 L/m?h,
an adsorption capacity of 155 mg/g, and a photocatalytic degradation rate of 85% per hour.
It maintains a high membrane filtration efficiency and ensures compliance with water
quality standards, with pollutant levels as low as 1.7 pg/L. The INM-WTF demonstrates
significant improvements in water treatment efficiency, surpassing current methods in
terms of pollutant removal and adherence to water quality standards.

Conclusion and Future Scope

The research underscores the importance of novel nanomaterials as adsorbents for water
treatment in addressing the issue of water pollution. The significance of adequate water
treatment procedures becomes more apparent as water pollution threatens the environment
and human health. Adsorbents play a crucial role in this particular setting, whereby
nanomaterials have emerged as up-and-coming contenders owing to their substantial
surface area and versatile nature. The INM-WTF utilizes sophisticated nanomaterials to
improve water treatment processes' efficiency significantly. The INM-WTF approach uses
cutting-edge nanomaterials to efficiently eliminate pollutants, achieve elevated permeate
flow, and exhibit extraordinary adsorption and photocatalytic properties. The INM-WTF
demonstrated notable outcomes, including Pollutant Removal Efficiency (%) 96.5,
Permeate Flux (L/m?h) 395, Adsorption Capacity (mg/g) 155, Photocatalytic Degradation
Rate (%/hour) 85, Membrane Filtration Efficiency (%) 97.5, and Water Quality Compliance
(ug/L) 1.7. The effectiveness of membrane filtration and the adherence to water quality
standards were consistently maintained at elevated levels. There are still obstacles that need
to be addressed, such as evaluating the environmental consequences associated with
nanomaterials and the successful translation of laboratory-scale discoveries into real-world
applications. Future research is predicated upon the need for further investigation,
comprehensive long-term environmental analyses, and the implementation of sustainable
manufacturing methodologies. The area of nanomaterials for water treatment is
continuously advancing, displaying considerable promise in facilitating a more sustainable
water ecosystem.
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