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Abstract
The growing concern over water pollution and its adverse impacts on the environment and human health has sparked a demand for effective and sustainable wastewater treatment technologies. Chitosan, a naturally occurring biopolymer derived from chitin, has emerged as a promising candidate for wastewater treatment due to its biodegradability, non-toxicity, and low cost. In recent years, the development and utilization of chitosan nanoparticles (CSNPs) have gained significant attention in wastewater treatment systems, offering enhanced efficiency and versatility over traditional treatment methods. This abstract presents a comprehensive overview of the applications of chitosan nanoparticles in wastewater treatment systems. It encompasses the synthesis methods of CSNPs and discusses the factors influencing their size, morphology, and functionalization. The use of CSNPs as an adsorbent in the removal of various contaminants, including heavy metals, organic pollutants, dyes, and emerging micropollutants, is examined. Additionally, the application of CSNPs as antimicrobial agents to combat microbial pollution is explored. Furthermore, this abstract highlights the advantages of using CSNPs in wastewater treatment, such as their high surface area, tunable surface properties, and the potential for efficient separation and regeneration. The mechanism of pollutant adsorption and the effects of key parameters, such as pH, temperature, and contact time, are also elucidated. Moreover, the potential challenges and limitations associated with CSNPs, such as aggregation and scaling-up issues, are discussed, and promising strategies to address these challenges are suggested.Finally, this abstract addresses the importance of eco-toxicological studies to assess the potential impacts of CSNPs on aquatic ecosystems and human health. It emphasizes the need for comprehensive life-cycle assessments to ensure the sustainability and environmental compatibility of CSNP-based wastewater treatment technologies.In conclusion, chitosan nanoparticles hold immense promise in revolutionizing wastewater treatment systems by offering a sustainable, cost-effective, and eco-friendly alternative to conventional methods. Future research and development efforts should focus on optimizing the synthesis and application of CSNPs, understanding their potential long-term effects, and integrating them into practical wastewater treatment processes to promote global water quality and conservation efforts.
1. Introduction
1.1. Chitosan and chitosan derivatives
Chitosan and chitosan derivatives are biopolymers derived from chitin, which is the second most abundant polysaccharide in nature after cellulose. Chitin is primarily found in the exoskeletons of crustaceans (such as shrimp, crab, and lobster) and the cell walls of fungi. Chitosan is obtained by deacetylating chitin, a process that removes acetyl groups and converts chitin into a more soluble and positively charged polymer [1].
Chitosan possesses several unique properties that make it valuable for a wide range of applications in various fields, including medicine, agriculture, food industry, and wastewater treatment. Some of the notable properties of chitosan include biodegradability, biocompatibility, non-toxicity, antibacterial properties, and its ability to form films and gels. Key characteristics of chitosan and chitosan derivatives [2–8]:
· Biodegradability: Chitosan is biodegradable, which means it can be broken down by natural processes, making it an environmentally friendly material.
· Biocompatibility: Chitosan is generally well-tolerated by living organisms, including humans, making it suitable for biomedical applications such as wound healing and tissue engineering.
· Antibacterial and Antimicrobial Properties: Chitosan exhibits inherent antimicrobial activity, which makes it effective in inhibiting the growth of bacteria, fungi, and some viruses.
· Film-Forming and Gelling Properties: Chitosan can form films and gels, which find applications in food packaging, wound dressings, and controlled drug release systems.
· Chelating Agent: Chitosan possesses the ability to bind to metal ions, making it useful for heavy metal removal in wastewater treatment.
1.2. Chitosan derivatives:
In addition to chitosan, several derivatives have been synthesized by chemically modifying its structure to enhance specific properties or tailor it for particular applications. Some common chitosan derivatives include:
1.2.1. N-acylated chitosan: Acylation of chitosan can improve its solubility and film-forming properties.
1.2.2. O-carboxymethyl chitosan: This derivative has improved water solubility, making it suitable for biomedical and pharmaceutical applications.
1.2.3. Quaternized chitosan: Quaternization introduces permanent positive charges, enhancing the antimicrobial properties of chitosan.
1.2.4. Chitosan nanoparticles: Chitosan nanoparticles are prepared by reducing chitosan to nanoscale dimensions, which increases its surface area and makes it useful for drug delivery and wastewater treatment applications [9,10].
1.2.5. Chitosan oligosaccharides: Chitosan can be enzymatically or chemically hydrolyzed into smaller oligosaccharides, which exhibit enhanced biological activities, such as antioxidant and immunostimulatory effects [11].
These chitosan derivatives offer tailored functionalities and expanded applications compared to native chitosan. The versatility of chitosan and its derivatives has led to significant research and development efforts aimed at exploring their potential in various industries and environmental applications
1.3. Nanoparticle efficiency to remove water pollutants
Nanoparticles, including chitosan nanoparticles, have shown promising efficiency in removing pollutants from various environmental matrices. Their unique properties, such as high surface area, tunable surface chemistry, and small size, make them effective in adsorbing, degrading, or sequestering pollutants. Here are some ways in which nanoparticles can enhance pollutant removal:
1.3.1. Adsorption: Nanoparticles can adsorb pollutants onto their surfaces due to their high surface area and specific functional groups. Chitosan nanoparticles, for example, have amino and hydroxyl groups that can interact with a wide range of contaminants, including heavy metals, dyes, and organic pollutants [12–14].
1.3.2. Catalysis: Certain nanoparticles exhibit catalytic properties, allowing them to break down or transform pollutants into less harmful substances. These catalytic reactions can enhance the degradation of organic pollutants and facilitate the removal of contaminants .
1.3.3. Magnetic Separation: Magnetic nanoparticles can be functionalized to selectively adsorb pollutants and then separated from the water matrix using an external magnetic field. This technique offers an efficient and reusable method for pollutant removal.
1.3.4. Photocatalysis: Some nanoparticles, like titanium dioxide (TiO2), are photocatalysts that can degrade pollutants under UV or visible light irradiation. This photocatalytic process can be used for the degradation of organic pollutants and the removal of certain inorganic contaminants [15].
1.3.5. Ion Exchange: Nanoparticles with ion-exchange properties can effectively remove heavy metals and other ionic pollutants from water through a selective exchange process [16].
1.3.6. Nanofiltration and Membrane Technology: Nanoparticles can be incorporated into membrane materials to enhance their separation efficiency and selectivity. This technique is particularly useful for the removal of nanoparticles and other small-sized pollutants .
1.3.7. Antibacterial Properties: Some nanoparticles, such as silver nanoparticles, possess antibacterial properties that can help in reducing bacterial contamination in water and, consequently, the presence of certain pollutants[17].
It's important to note that the efficiency of nanoparticles in removing pollutants depends on several factors, including the type of nanoparticles used, the physicochemical properties of the pollutants, the concentration of pollutants, and the specific water treatment conditions. Additionally, the potential environmental impacts of using nanoparticles in large-scale applications should be carefully considered to ensure their safe and sustainable use in pollutant removal processes. Research is ongoing to optimize nanoparticle properties and develop cost-effective and environmentally friendly nanomaterials for efficient pollutant removal in water and wastewater treatment systems.
2. Different types of chitosan nanoparticles
Chitosan nanoparticles can be prepared through various methods, resulting in different types of nanoparticles with unique characteristics. Some of the common types of chitosan nanoparticles include:
2.1. Chitosan Nanoparticles (CSNPs): These are the basic chitosan nanoparticles formed by the process of nanoprecipitation or ionic gelation. They have a spherical or quasi-spherical shape and can be used for various applications, such as drug delivery, gene delivery, and pollutant removal.
2.2. Chitosan-Coated Nanoparticles: Chitosan can be used to coat the surfaces of other nanoparticles, such as metallic nanoparticles (e.g., iron oxide nanoparticles) or inorganic nanoparticles (e.g., silica nanoparticle) [18,19]. The chitosan coating imparts stability, biocompatibility, and additional functionalities to the core nanoparticles.
2.3. Chitosan-Modified Nanoparticles: Chitosan can be chemically modified to introduce specific functional groups, such as quaternary ammonium, thiol, or carboxyl groups, which can enhance its interactions with pollutants, target-specific delivery, or tailor its properties for different applications.
2.4. Crosslinked Chitosan Nanoparticles: Chitosan nanoparticles can be crosslinked using various crosslinking agents to improve their stability and control the release of loaded substances [20,21]  (e.g., drugs or antimicrobial agents). Crosslinked chitosan nanoparticles find applications in drug delivery and wound healing.
2.5. Chitosan-Metal Nanoparticle Composites: Chitosan can act as a stabilizing agent for metallic nanoparticles, such as copper, silver or gold nanoparticles, resulting in chitosan-metal nanoparticle composites [22]. These composites may have combined properties, such as antimicrobial activity and catalytic capabilities.
2.6. Chitosan-Grafted Nanoparticles: Chitosan can be grafted onto the surface of other nanoparticles, such as carbon nanotubes or graphene oxide, to improve their dispersibility and biocompatibility [23]. These chitosan-grafted nanoparticles have potential applications in drug delivery and tissue engineering.
2.7. Chitosan-Magnetic Nanoparticles: Chitosan can be combined with magnetic nanoparticles, such as iron oxide nanoparticles, to form chitosan-magnetic nanoparticle composites [24]. These composites can be easily separated from the solution using an external magnetic field, making them useful in wastewater treatment and drug delivery [25] .
Each type of chitosan nanoparticle has specific advantages and applications, depending on its properties and preparation method. The choice of chitosan nanoparticle type will depend on the intended application and the desired functionalities required for the particular use case. Researchers continue to explore novel synthesis methods and modifications to optimize chitosan nanoparticles for various biomedical, environmental, and industrial applications.
3. Applications
Chitosan-coated nanoparticles refer to nanoparticles that have been coated or surface-modified with chitosan, a natural biopolymer derived from chitin. Chitosan coating imparts unique properties to the nanoparticles and expands their potential applications in various fields. The process of chitosan coating involves adsorbing or chemically attaching chitosan molecules onto the surface of the nanoparticles. Here are some key features and applications of chitosan-coated nanoparticles:
· Stability and Biocompatibility: Chitosan is biocompatible and biodegradable, making it suitable for biomedical applications. Coating nanoparticles with chitosan enhances their stability, reducing aggregation and preventing undesirable interactions with surrounding biological systems.
· Drug Delivery: Chitosan-coated nanoparticles have been extensively studied for drug delivery applications. The chitosan coating provides a protective layer around the nanoparticles, allowing for controlled release of drugs and targeted delivery to specific sites in the body. Chitosan's positive charge also facilitates interactions with negatively charged cell membranes, improving cellular uptake of the nanoparticles [10].
· Gene Delivery: Chitosan-coated nanoparticles are investigated as carriers for gene delivery in gene therapy. The cationic nature of chitosan allows it to form complexes with negatively charged DNA or RNA, protecting the genetic material from degradation and aiding in cellular uptake.
· Imaging and Diagnostic Applications: Chitosan-coated nanoparticles can be functionalized with imaging agents, such as fluorescent dyes or contrast agents, for use in bioimaging and diagnostics [26]. The chitosan coating provides a stable platform for attaching these imaging agents, enabling targeted and sensitive detection of specific tissues or diseases.
· Environmental Applications: Chitosan-coated nanoparticles have been explored for environmental applications, including water purification and pollutant removal. The chitosan coating enhances the adsorption capacity of the nanoparticles for contaminants, such as heavy metals and organic pollutants, making them effective in wastewater treatment [14,27–29]
· Food and Agriculture: Chitosan-coated nanoparticles are being studied for applications in food preservation and agricultural practices. They can be used as nanoencapsulation systems for bioactive compounds, improving their stability and bioavailability. Chitosan-coated nanoparticles may also have antimicrobial properties, making them suitable for food packaging or crop protection [30,31].
· Biomedical Implants: Chitosan-coated nanoparticles can be incorporated into biomedical implants to improve their biocompatibility and reduce the risk of inflammation or rejection. The chitosan coating helps create a favorable environment for tissue regeneration around the implant [32].
Overall, chitosan-coated nanoparticles hold immense potential in various fields due to their biocompatibility, stability, and versatile surface chemistry. Ongoing research aims to optimize their properties and develop innovative applications, promoting advancements in medicine, environmental protection, and agriculture.
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