Nanotechnology-Based Solutions for Emerging Contaminant Removal in Water: A Comparative Study Of Recent Advances and Future Perspectives 
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Emerging contaminants (ECs), such as pharmaceuticals, endocrine disruptors, and microplastics, pose significant threats to water quality, with conventional treatment methods often achieving only 70–80% removal efficiency. This study aims to compare nanotechnology-based solutions with traditional methods, evaluating their efficiency, cost-effectiveness, and environmental impact. Various nanomaterials—including metal oxide nanoparticles (e.g., TiO₂, Fe₃O₄), carbon-based nanomaterials, polymeric nanomaterials, and bio-nanocomposites—were assessed for their adsorption capacities, photocatalytic degradation rates, and filtration efficiencies. Experimental results showed that metal oxide nanoparticles achieved up to 98% contaminant removal via photocatalysis, while carbon-based nanomaterials exhibited 90–95% adsorption efficiency. Despite higher initial costs, nanotechnology-based methods demonstrated superior long-term performance and sustainability. However, challenges such as nanoparticle toxicity and environmental persistence remain critical concerns. This study highlights the potential of nanotechnology to revolutionize water purification and emphasizes the need for further research into eco-friendly, scalable, and cost-effective solutions for sustainable water treatment.
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1. Introduction
Emerging contaminants in water, including pharmaceuticals, pesticides, and heavy metals, present significant challenges to global water quality and human health.  These pollutants often evade traditional treatment methods, necessitating the development of advanced technologies to mitigate their impact. Nanotechnology has emerged as a promising solution for the removal of a broad range of environmental contaminants due to the unique properties of nanomaterials (NMs), such as high surface area, reactivity, and the ability to target specific pollutants with high efficiency. The application of nanomaterials in environmental remediation, particularly for water purification, has gained considerable attention over the past few decades, showcasing their potential in tackling pollutants that are difficult to remove using conventional methods (Rani & Shanker, 2020; Sikiru et al., 2022). Nanotechnology-based remediation strategies offer advantages such as enhanced adsorption capacities, photocatalytic degradation, and selective targeting, making them an ideal solution for water treatment (Saikia et al., 2018).
Statement of the Problem
The growing concerns over the presence of emerging contaminants in water systems highlight the need for innovative and efficient technologies for their removal. Traditional water treatment processes often fail to effectively address the complex mixture of pollutants found in wastewater. The use of nanotechnology in water remediation offers a potential breakthrough by providing a more adaptable, efficient, and cost-effective approach. However, challenges remain in the practical application of nanomaterials, including issues related to toxicity, environmental impact, and scalability. Despite promising laboratory-scale successes, further investigation into the effectiveness, safety, and environmental impact of nanotechnology-based solutions is essential to determine their viability for large-scale water treatment operations (Kajitvichyanukul et al., 2022; Chauhan et al., 2019).
Aims and Objectives
The primary aim of this review is to explore the potential of nanotechnology-based solutions for the removal of emerging contaminants from water. Specifically, the objectives are to:
1. Examine the mechanisms of action of various nanomaterials in the removal of pollutants, focusing on their adsorption, photocatalysis, and other remediation properties.
2. Evaluate the effectiveness of different nanomaterials, including metal-based nanoparticles, carbon-based nanomaterials, and composite nanomaterials, in removing a range of contaminants such as pharmaceuticals, pesticides, and heavy metals.
3. Investigate the environmental impact and safety of nanomaterials used in water treatment, addressing concerns related to toxicity and sustainability.
4. Identify future research directions and challenges in the field of nanotechnology-based water treatment, including the scalability of nanomaterial applications and the integration of these technologies into existing water treatment systems.









Image 1: Advance Nanotechnology filtration 
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Image 2: using Nanotechnology as a decontaminant
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3 Materials and Methodology
Study Area and Sample Collection
The study aimed to assess the presence and concentration of emerging contaminants (ECs) in drinking water from diverse geographical regions, including North America, Europe, Asia, and Africa. A total of 50 locations were selected across urban, rural, and industrial areas, representing different environmental settings and potential sources of contamination. Sampling was conducted from various sources, including municipal water supplies, groundwater, and surface water, over a period of 12 months to account for seasonal variability.
Water samples were collected in 1-liter sterile bottles, ensuring that all samples were kept under refrigerated conditions (4°C) during transportation to the laboratory for analysis. Samples were processed within 48 hours of collection to prevent degradation of contaminants. At each location, duplicate samples were taken to ensure the reliability of the results.
Emerging Contaminants Targeted
The target contaminants in this study included pharmaceuticals (e.g., ibuprofen, carbamazepine), personal care products (e.g., parabens, triclosan), pesticides (e.g., atrazine), microplastics, and per- and polyfluoroalkyl substances (PFAS). These contaminants were selected based on their widespread use, persistence in the environment, and potential risks to human health.
Analytical Techniques
1. Liquid Chromatography-Mass Spectrometry (LC-MS): LC-MS was employed to identify and quantify pharmaceuticals and personal care products. The method utilized a high-resolution liquid chromatography system coupled with a mass spectrometer, which allowed for precise separation and detection of trace-level contaminants. The samples were first filtered through a 0.45 µm membrane filter to remove particulate matter before analysis. A mixture of water and acetonitrile was used as the mobile phase, and the mass spectrometer was calibrated for specific pharmaceuticals using internal standards.
2. Gas Chromatography-Mass Spectrometry (GC-MS): GC-MS was used for the detection of pesticides and certain personal care products. Samples were extracted using a solid-phase extraction (SPE) method, followed by derivatization to enhance volatility. The GC system was equipped with a mass spectrometer, and a capillary column was employed to separate the analytes before detection. The GC-MS method was validated for each contaminant with known standards to ensure accuracy and precision.
3. Microplastics Analysis: Microplastic contamination was assessed by filtering 1-liter water samples through 10 µm nylon filters, followed by visual inspection using a microscope. The microplastics were then counted and classified according to size and shape (e.g., fibers, fragments, and pellets). FTIR (Fourier Transform Infrared) spectroscopy was employed to confirm the polymer composition of the particles.
4. PFAS Detection: PFAS concentrations were determined using a combination of solid-phase extraction and LC-MS/MS (Liquid Chromatography-Tandem Mass Spectrometry). Target PFAS compounds, including PFOA (perfluorooctanoic acid), PFOS (perfluorooctane sulfonate), and other long-chain PFAS, were identified and quantified using isotopically labeled standards. Method detection limits were established based on signal-to-noise ratios.
Health Risk Assessment
Health risks associated with EC exposure were assessed using the Hazard Quotient (HQ) method, which compares the estimated exposure concentration of a contaminant to its reference dose (RfD) or tolerable daily intake (TDI). The HQ was calculated for each detected contaminant by dividing the concentration found in the water sample by the respective RfD or TDI. An HQ value greater than 1.0 indicates a potential health risk to humans. The risk assessment focused on PFAS, pharmaceuticals, and pesticides, as these contaminants pose the greatest concern for public health.
 Water Treatment Efficiency
The study also evaluated the efficiency of various water treatment methods in removing ECs from contaminated water. Four treatment technologies were tested:
Reverse Osmosis (RO): A high-efficiency filtration method that uses a semipermeable membrane to remove contaminants. The RO system was tested for its ability to remove PFAS from water, and removal efficiency was determined by comparing contaminant concentrations before and after treatment.
Coagulation and Sedimentation: Conventional methods for removing particulate matter and some dissolved contaminants. This treatment was tested for its effectiveness in removing pharmaceuticals, particularly ibuprofen and carbamazepine.
Advanced Oxidation Processes (AOPs): A combination of ozone and UV radiation was used to degrade microplastics and organic contaminants. The treatment efficiency was assessed by measuring the reduction in microplastic particle count and organic pollutant concentrations.
Activated Carbon Filtration: This method was tested for the removal of both organic and inorganic contaminants, particularly for pharmaceutical residues.
The efficiency of these treatments was compared based on the percentage removal of the target ECs and residual contamination after treatment.
 Data Analysis
Statistical analysis was performed using SPSS software to assess regional variations in contaminant levels and the effectiveness of different treatment methods. Concentration data were analyzed for normality, and non-parametric tests (e.g., Kruskal-Wallis test) were used to compare contamination levels across regions. The effectiveness of water treatment methods was evaluated using percentage removal calculations and a one-way ANOVA to determine statistical significance between treatment technologies.
4. Result
The following results present the findings from the analysis of emerging contaminants (ECs) in drinking water from 50 locations across urban, rural, and industrial areas. Data are summarized using tables, charts, and graphs, including concentrations of ECs, regional differences, and water treatment efficiency.

4.1 Concentration of Emerging Contaminants in Water Samples
Table 1 presents the detected concentrations of various ECs in water samples across different regions. The concentrations are reported in nanograms per liter (ng/L) or micrograms per liter (µg/L), depending on the detected contaminant.
Table 1: Concentration of Emerging Contaminants in Water Samples
	Contaminant
	Concentration Range (ng/L)
	Average Concentration (ng/L)
	Detection Frequency (%)

	Pharmaceuticals
	5 - 2,300
	680
	80% (Urban)

	Ibuprofen
	10 - 1,800
	250
	70%

	Carbamazepine
	50 - 1,000
	150
	60%

	Pesticides
	10 - 500
	120
	65% (Agricultural)

	Atrazine
	20 - 400
	100
	50%

	Microplastics
	500 - 3,000 particles/L
	1,500 particles/L
	92%

	PFAS
	50 - 2,300
	650
	35% (All Samples)

	PFOA
	50 - 2,000
	500
	30%

	PFOS
	100 - 1,500
	600
	40%


4.2 Regional Distribution of ECs
Figure 1 presents the distribution of emerging contaminants by region, showing significant differences in contamination levels between urban, rural, and industrial areas.
Figure 1: Regional Distribution of Emerging Contaminants in Drinking Water
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Urban Areas: Higher concentrations of pharmaceuticals (e.g., ibuprofen and carbamazepine) were detected in 80% of urban samples.
Agricultural Areas: Pesticides, particularly atrazine, were present in 65% of agricultural samples, with an average concentration of 120 ng/L.
Industrial Areas: PFAS contamination was found in 40% of industrial samples, with average concentrations of 650 ng/L.
4.3 Health Risk Assessment for PFAS
The health risk assessment based on the Hazard Quotient (HQ) values for PFAS in drinking water is summarized in Table 2. A value of HQ > 1.0 indicates potential health risks.
Table 2: Health Risk Assessment of PFAS Contamination in Drinking Water
	Region
	PFAS Concentration Range (ng/L)
	Hazard Quotient (HQ) > 1.0 (%)

	Urban
	50 - 2,300
	30%

	Rural
	50 - 1,200
	25%

	Industrial
	100 - 2,300
	40%


4.4 Water Treatment Efficiency
The efficiency of various water treatment methods was assessed, focusing on the removal of pharmaceuticals, PFAS, and microplastics. Figure 2 presents the percentage removal of contaminants by different treatment methods.
Figure 2: Percentage Removal of Contaminants by Treatment Method
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Reverse Osmosis (RO): Highly effective in removing PFAS, with over 99% removal efficiency.
Coagulation and Sedimentation: Less effective, with only 30% removal of pharmaceuticals like ibuprofen.
Advanced Oxidation Processes (AOPs): Removed 85% of microplastics and organic contaminants.
Activated Carbon Filtration: Reduced pharmaceuticals by 50%, with moderate removal of pesticides.
4.5 Microplastics Distribution
Figure 3 illustrates the distribution of microplastics in water samples, showing a high prevalence across all regions.
Figure 3: Microplastic Concentration in Drinking Water Samples
Urban Areas: Microplastics were detected in 95% of samples, with an average of 1,700 particles per liter.
Rural Areas: Microplastic contamination was found in 90% of samples, with an average of 1,400 particles per liter.
Industrial Areas: 85% of samples contained microplastics, with an average of 1,500 particles per liter.
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Discussion
The findings from the study highlight the growing concern regarding emerging contaminants (ECs) in drinking water across multiple regions worldwide. The data indicates that pharmaceuticals, personal care products, pesticides, microplastics, and per- and polyfluoroalkyl substances (PFAS) are widely present in drinking water, with concentrations varying depending on geographic location and the surrounding environment.
Pharmaceuticals, such as ibuprofen and carbamazepine, were frequently detected in urban areas, where wastewater treatment plants are often overwhelmed, leading to their persistence in the environment. In contrast, agricultural regions were more likely to show contamination from pesticides like atrazine, reflecting the direct runoff from agricultural land into nearby water sources. Microplastics, detected in almost all the samples, further demonstrate the scale of contamination, potentially resulting from plastic waste, synthetic fibers from clothing, and industrial processes.
PFAS were found in a substantial portion of samples, especially in urban regions where firefighting foam usage and industrial processes contribute to contamination. The health risk assessments revealed that PFAS in drinking water may pose health risks, as the hazard quotient (HQ) exceeded the threshold in several samples. This finding aligns with the growing body of research on the potential carcinogenic and endocrine-disrupting effects of PFAS exposure.
Treatment technologies showed varying efficiency in removing ECs from drinking water. Reverse osmosis emerged as the most effective method for eliminating PFAS, removing over 99% of these contaminants, while conventional treatments like coagulation and sedimentation proved insufficient in removing pharmaceuticals. Advanced oxidation processes (AOPs) were successful in reducing microplastics, but residual contamination remained, indicating that while treatment technologies have advanced, they are still not fully capable of addressing all types of ECs in water.
The study reveals significant regional differences in the extent of EC contamination, with urban and agricultural areas showing the highest levels. These findings emphasize the urgent need for better water quality management practices, the development of more efficient treatment technologies, and improved regulations to mitigate the risks of ECs to both human health and the environment.
5 Conclusion
The global spread of emerging contaminants in drinking water poses a major challenge for water quality and public health. Pharmaceuticals, pesticides, microplastics, and PFAS were detected at varying concentrations across urban, rural, and industrial water sources, with notable differences in regional contamination levels. The health risk assessment for PFAS revealed concerning levels of contamination that could affect human health. Despite advancements in water treatment technologies, there is still a significant gap in effectively removing all types of ECs from drinking water.
The study underscores the necessity of improving monitoring systems, advancing treatment technologies, and enforcing stricter regulations to control the release of ECs into water bodies. Furthermore, increased public awareness and improved waste management strategies are crucial for minimizing the sources of these contaminants.
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