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Abstract 

Nanotechnology has revolutionized the textile industry by introducing innovative finishing 

techniques that enhance the durability and performance of textile materials and the 

application of nanoscale/nanoparticles/nanomaterials and processes to improve the 

properties and performance of textiles. The synergism of textile technology and 

nanotechnological advancements has propelled a paradigm shift, changed the narrative, and 

formed novel platforms for textile surface engineering at both atomically affiliated and 

molecular-metric levels, resulting in exceptional enhancements in functionalities, 

performance, and aesthetic appearance. Escalating advances in nanotechnology have 

critically influenced evolutions in the textile segment, directly impacting textile finishing. 

Prospective nanotechnological applications in textile finishes demonstrate an endless 
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melimitation in scope and varieties, from intelligent sensors to drug delivery, enhanced fire 

safety to enhanced water repellency, and to self-repairing and cleaning attributes, resulting 

in the manufacturing of durable multifunctional textiles for a host of applications. Hence, this 

paper presents emerging trends of nanotechnology in textile finishes. 
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1. Introduction 

Nanotechnology has revolutionized the textile industry by introducing innovative finishing 

techniques that enhance the durability and performance of textile materials [1]. Nanotechnology in 

textile finishing refers to the application of nanoscale/nanoparticles/nanomaterials and processes 

to improve the properties and performance of textiles, as elucidated in Figure 1, Figure 2, and Figure 

3. 

 

Figure 1 Conjugated material-oriented intelligent sportswear (a). Conjugated material-

oriented waterproofing sportswear (b). Smart sports shoes and soles are designed with 

conjugated material (c) and constructed of UV-protected PES fabric (d). 
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Figure 2 schematic mechanisms for heat transfer of the human body in the exterior 

environment and five forms of cooling textiles for individual heat management [2]. 
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Figure 3 (a) Fabrication of Janus fabrics (JCF) (b) Schematic diagram of the bright fabric 

with Janus wettability for personal moisture and thermal management [3]. 

This emerging field combines nanotechnology and textile technology to create innovative 

finishes that enhance the functionality, sustainability, and aesthetic appeal of textiles [4]. 

Figure 1a-d depicts the proposed intelligent sportswear PES material. The main sample utilized 

in this study is a polyester (PES) fabric. Nanoparticulate conjugates are finely embedded within the 

PES matrix for optimal effectiveness. The NMs have been selected based on their special features 

[4]. 

Nanocoatings can provide enhanced resistance to wear, tear, and fading. Nanocoatings and 

nanoparticles offer excellent resistance to washing and drying. Nanotechnologically, nanometric 

materials including nanoparticulates and nanocoatings are applied to textiles to embolden them 

with parameters such as stain inhibition, water hindrance, and dynamical color variation (Figure 2) 

[2]. 

One significant area of focus is the improvement of wash durability, which is critical for 

maintaining the quality and lifespan of textiles [2]. Textile materials are subjected to various physical 

and chemical stresses during washing, leading to degradation and loss of performance. Traditional 

finishing methods often rely on chemical treatments that can compromise the durability and 

sustainability of textiles. Nanotechnology offers a promising solution by incorporating nanoparticles 

and nanostructures to enhance wash durability [5]. Nanotechnology finishing employs various 

mechanisms to improve wash durability (Nano-coating, nano-encapsulation, and nano-composite). 

In nano-coating, thin layers of nanoparticles, such as silicon dioxide or titanium dioxide, are applied 

to the textile surface, creating a barrier against water and detergent penetration [3]. In nano-

encapsulation, active agents, like fabric softeners or antimicrobial agents, are encapsulated in 

nanoparticles, ensuring controlled release during washing. In contrast, in nanocomposites, 
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nanoparticles are integrated into textile fibers, enhancing mechanical strength and resistance to 

abrasion. 

In a study, graphitic carbon nitride (g-C3N4) was embedded within the hydrophilic side to 

incorporate the fabric with UV shielding protective and photodynamic antibacterial features (Figure 

3) [3]. 

This smart cellulose-oriented Janus fabric with manipulated sweat mobility speed, UV protection, 

and antibacterial features can undergo application to human moisture management during instant 

temperature variation. The pore dimension of fabric is paramount for sweat mobility (Figure 4a). 

Also, as EC and CNF are decorated on the yarn surface, the overall pore architecture of the fabric 

was generally not changed (Figure 4b-d). Simultaneously, there is increment in the fiber surface 

roughness on the hydrophilic surface (Figure 4e-g) [3]. 

 

Figure 4 SEM image of (a) CF, (b) NCF, (c) hydrophobic side of JCF, and (d) hydrophilic 

side of JCF. The fiber surface roughness on (e) NCF, (f) JCF-without C N and (g) JCF 

hydrophilic side. (h) Element mapping image and EDS spectra of JCF hydrophilic side [3]. 

The application of nanotechnology finishing techniques has several benefits for wash durability 

such as improved resistance to shrinkage where nanocoatings reduce fiber contraction, maintaining 

textile dimensions; enhanced color fastness where nanoparticles prevent dye migration, minimizing 

color fading; increased soil resistance where nano-structured surfaces reduce soil accumulation, 
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easing washing; reduced pilling where nanofibers improve fabric smoothness, minimizing pilling and 

antimicrobial properties where nanoparticles inhibit microbial growth, reducing odor and stain 

formation [6, 7]. 

Numerous studies demonstrate the effectiveness of nanotechnology finishing in enhancing wash 

durability. A study has shown that nano-coated cotton fabrics exhibited 30% less shrinkage and 25% 

improved color fastness after 20 wash cycles. Another research found that nano-encapsulated fabric 

softeners reduced fabric stiffness by 40% after 10 wash cycles. Another study demonstrated that 

nano-composite polyester fabrics exhibited 20% increased tensile strength and 15% reduced pilling 

after 50 wash cycles [8]. 

However, despite the benefits, nanotechnology finishing faces challenges such as scalability and 

cost-effectiveness whereby industrial-scale production and cost reduction are essential in 

standardization, whereby development of standardized testing methods for wash durability is 

essential. This is also paramount in environmental impact whereby assessment of the ecological 

implications of nanomaterials is imperative [9]. 

Nanotechnology finishing has significantly improved the wash durability of textile materials. By 

understanding the mechanisms and benefits of nanotechnology finishing, the textile industry can 

develop sustainable and high-performance materials. Addressing challenges and exploring future 

directions will further enhance the impact of nanotechnology on wash durability. Therefore, this 

chapter elucidates recently emerging trends in nanotextile finishes and applications. 

2. Organic Nanoparticles Used for Durable Textile Finishes 

Here are some organic nanoparticles used for durable textile finishes, along with their properties 

and applications: 

2.1 Cellulose Nanocrystals (CNCs) 

CNCs' properties include biodegradable, renewable, high strength, stiffness, and thermal stability. 

Applications include sustainable textile coatings, improved tensile strength, and thermal resistance 

[10]. In a study, CNCs isolation from sterilized waste cotton clothing was performed via alkali pulping, 

bleaching, and acid hydrolysis, as shown in Figure 5. Pulping was conducted by eliminating lignin by 

positioning sterilized waste cotton cloths in 10 wt.% sodium hydroxide (NaOH) solution at a ratio of 

1:20 whereby the mixture underwent heating at 80°C for 3 h [10]. 
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Figure 5 A schematic elucidation of CNCs from waste cotton clothes [10]. 

The surface morphological images of isolated CNCs were obtained using energy-filtered 

transmission electron microscopy (EF-TEM), as displayed in Figure 6. 

 

Figure 6 Field emission scanning electron microscope images of (a) waste cotton cloths, 

(b) pulped fiber, (c) bleached fiber, (d) isolated CNCs, and (e) an energy-filtered 

transmission electron microscopy image of CNCs. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 8/46 

2.1.1 Chitosan Nanoparticles (CNs) 

Properties of CNs include antimicrobial, antifungal, biodegradable, and non-toxic, with 

applications in antimicrobial textile finishing, wound dressing, and biomedical applications [11]. 

In a study, chitosan nanoparticles (CSNPs) were fabricated by the ionic gelation route utilizing 

chitosan (0.2 wt.%) treatment with tripolyphosphate (0.2 wt.%) ultrasonically for 45 min (Figure 7). 

FT-IR spectroscopy and TEM images were used in characterizing and validating CSNP fabrication. 

Cellulosic materials with differing concentrations of CSNPs exhibited improved antibacterial and 

coloring features [11]. 

 

Figure 7 Finishing cellulosic fabrics with chitosan nanoparticles via pad-dry-cure process 

[11]. 

Figure 8a depicts a TEM image of constructed chitosan nanoparticles using a chitosan 

concentration of 0.2 wt.% and 0.1 wt.%. TPP for 45 min at a pH value of 5.5. 

 

Figure 8 TEM image (a); histogram of the particle size distribution of synthesized 

chitosan nanoparticles (CSNPs) using a chitosan concentration of 0.2 wt.% and 0.1 wt.% 

TPP for 45 min of ultra-sonication and a pH value of 5.5 (b). 
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In acidic media, chitosan (CS) displayed cationic features due to the conversion of NH2 to NH3
+. 

CS cationic behavior enabled bacterial cell wall permeation, efficiently degrading them [12-14]. 

Furthermore, CS has a similar impact on fungi. The main CS disadvantage is that it’s more active 

against gram-positive bacteria than against gram-negative bacteria. Hence, CS nanoparticles (CSNPs) 

may be utilized in addressing this issue as their nanoarchitecture enables their penetration within 

the microbial (bacterial and fungal) cells, as presented in Figure 9. 

  

Figure 9 CS nanoparticles antibacterial mechanism [11]. 

2.1.2 Starch Nanoparticles (SNs) 

The properties of SNs include flame retardancy, biodegradability, renewability, and non-toxicity, 

and applications include sustainable textile coatings, improved tensile strength, and water 

resistance. Starch-based nanoparticles have been utilized as durable water repellent and flame-

retardant cotton fabrics [15]. 

2.1.3 Alginate Nanoparticles 

Properties of alginate nanoparticles include biodegradability, non-toxicity, and hydrophilicity. 

Applications of alginate nanoparticles include antimicrobial textile finishing, wound dressing, and 

biomedical applications [16]. 
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2.1.4 Gelatin Nanoparticles 

Properties of gelatin nanoparticles include biodegradability, non-toxicity, and hydrophilicity. 

Applications include sustainable textile coatings, improved tensile strength, and water resistance 

[17]. 

2.1.5 Silk Fibroin Nanoparticles 

Properties include biodegradability, non-toxicity, and hydrophilicity, and are applied as 

antimicrobial textile finishing, wound dressing, and biomedical applications [18]. 

2.1.6 Zein Nanoparticles 

Properties of zein nanoparticles include biodegradability, non-toxicity, and hydrophobicity. 

Applications include sustainable textile coatings, improved tensile strength, and water resistance. 

Generally, these organic nanoparticles offer a promising alternative to traditional textile finishing 

methods, providing sustainable, biodegradable, and non-toxic solutions for various textile 

applications [19]. 

2.1.7 Plant-Based Polyphenol Nanoparticles 

Applications include antimicrobial, anti-odor, and antioxidant finishes [20]. 

Essential Oil-Loaded Nanoparticles. Applications include antimicrobial, anti-odor, and insect 

repellent finishes. Essential oil-loaded nanoparticles have been applied to fabrics, demonstrating 

antimicrobial and insect repellent properties [21]. 

Newly emerging organic nanoparticles for durable textile finishes include zinc oxide phyto-

nanoparticles applied for UV protection, antimicrobial, and self-cleaning finishes. ZnO nanoparticles 

synthesized using plant extracts were applied to cotton fabrics, exhibiting enhanced UV protection 

and antimicrobial properties. Another is curcumin nanoparticles used for antimicrobial, anti-

inflammatory, and UV protection finishes. Quercetin nanoparticles are antioxidant, antimicrobial, 

and anti-odor finishes [22]. 

Chitin nanocrystals are utilized in water repellency, mechanical reinforcement, and 

biodegradability finishes. Lignin nanoparticles are used as antimicrobial, antioxidant, and UV 

protection finishes. Ginsenoside nanoparticles also include emerging organic nanoparticles used for 

antimicrobial, anti-inflammatory, and skin regeneration finishes [23]. 

Catechin nanoparticles are utilized as antioxidant, antimicrobial, and anti-odor finishes. Silymarin 

nanoparticles are antioxidant, antimicrobial, and anti-inflammatory finishes. Ferulic acid 

nanoparticles are antioxidant, antimicrobial, and anti-odor finishes. Hyaluronic acid nanoparticles 

are utilized in moisture management, skin regeneration, and wound healing finishes [24]. 

Other newly emerging organic nanomaterials for durable textile finishes are anthocyanin 

nanoparticles (antimicrobial, antioxidant, and UV protection finishes), Gellan gum nanoparticles 

(moisture management, skin regeneration, and wound healing finishes) [25]. Cinnamon essential oil 

nanoparticles are available for (antimicrobial, anti-inflammatory, and insect repellent finishes) [26]. 

Pomegranate extract nanoparticles (antioxidant, antimicrobial, and anti-odor finishes), sodium 

alginate nanoparticles (water repellency, mechanical reinforcement, and biodegradability finishes), 
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Green tea extract nanoparticles (antioxidant, antimicrobial, and anti-inflammatory finishes), 

chondroitin sulfate nanoparticles, and neem oil nanoparticles used as insect repellent, antimicrobial, 

and anti-inflammatory finishes [27-31]. Others are guar gum nanoparticles (water repellency, 

mechanical reinforcement, and biodegradability finishes), and bergamot essential oil nanoparticles 

(antimicrobial, anti-inflammatory, and insect repellent finishes) [32, 33]. 

3. Challenges of Organic Nanoparticles Usage 

Toxicity and safety concerns are challenging, as the potential toxicity of inorganic nanomaterials 

to humans and the environment is hazardous. Another is scalability and cost-effectiveness, whereby 

elevatable production costs and scalability issues for large-scale textile applications are prominent. 

Stability and durability are notable parameters. Here, maintaining nanomaterial stability and 

durability during textile processing and use is imperative. Interfacial interactions: It is essential to 

ensure strong interactions between nanomaterials and textile fibers. Finally, regulatory frameworks 

are lacking due to a lack of clear regulatory frameworks for nanomaterials in textiles, which induces 

a lack of control and inherent effects [34, 35]. 

3.1 Limitations of Organic Nanoparticles 

Limited solubility relative to inorganic nanomaterials is notable as it may have limited solubility 

in water or organic solvents. This is akin to aggregation and agglomeration as the tendency of 

nanomaterials to aggregate or agglomerate, which reduces effectiveness. 

Photo-stability is another parameter as inorganic nanomaterials may degrade or change 

properties under UV exposure. Chemical resistance is the limited chemical resistance of inorganic 

nanomaterials to acidic or alkaline environments. Recyclability is another parameter due to the 

difficulty in recycling textiles with integrated inorganic nanomaterials [36, 37]. 

3.1.1 Environmental Challenges 

Nanoparticle release into the environment during textile production or use is an issue. Water 

pollution relative to inorganic nanomaterials which may contaminate water sources during textile 

processing is an issue. Soil pollution is challenging as nanomaterials may accumulate in soil and 

affect plant growth [38, 39]. 

3.1.2 Health Challenges 

Skin irritation is challenging due to potential skin irritation or allergic reactions to inorganic 

nanomaterials. Respiratory issues are challenging as inhalation of nanoparticles may cause 

respiratory problems. Carcinogenicity is an issue due to the potential carcinogenic effects of specific 

inorganic nanomaterials [40]. 

3.1.3 Future Research Directions 

Green synthesis methods are due to the development of environmentally friendly synthesis 

methods. Biocompatibility and toxicity studies are imperative relative to the investigation of the 

biocompatibility and toxicity of inorganic nanomaterials [41]. Scalable and cost-effective 
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productions are imperative: Improving the scalability and cost-effectiveness of nanomaterial 

production. Nanomaterial functionalization relative to the enhancement of nanomaterial features 

through functionalization. Regulatory framework development relative to establishing clear 

regulatory frameworks for nanomaterials in textiles is critical. 

By addressing these challenges and limitations, researchers and industry professionals can 

develop more sustainable and effective inorganic nanomaterial-based textile finishes. 

4. Inorganic Nanoparticles for Durable Nanotextile Finishes 

The textile industry has witnessed significant transformations in recent years, driven by the 

increasing demand for high-performance, functional, and sustainable materials. Nanotechnology 

has emerged as a key enabler of this transformation, with inorganic nanoparticles playing a crucial 

role in nanotextile finishing [42]. Nanotextile finishing refers to treating textiles with nanoparticles 

to impart specific functional properties, such as water repellency, antimicrobial activity, and UV 

protection. There has been an increase in carbon nanomaterials (CNMs) integration within emerging 

research, especially within the textile segment, to improve performance and prospects of versatility 

in application, notably. This insight broadens the essence of embedding three notable carbon-

oriented nano-reinforcements relative to carbon nanotubes (CNTs), carbon black (CB), and 

graphene (GN)-into polyamide 6 (PA6) multifilament yarns (Figure 10) [43]. 

 

Figure 10 Extruded melt-spun multifilament yarns (a). Developed fabric samples (b) [43]. 

This investigation offers in-depth insight into the transformative effect of including CNT, CB, and 

GN within polyamide (PA6) yarns and fabrics, notably varying their mechanical, thermal, and optical 

features. Garnered results showcase that the form and the concentration of nano-reinforcement 

play a significant role in describing these material features, affecting tenacity, elongation, heat 

stability, optical features, and heat management [43]. 
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Inorganic nanoparticles, including metal oxides, silicates, and carbonates, have gained significant 

attention recently due to their unique properties and versatility. Inorganic nanoparticles have been 

widely used in nanotextile finishing achieving various functional properties. Some of the key 

applications include [44-53]. 

Water repellency as metal oxide nanoparticles, such as titanium dioxide (TiO2) and zinc oxide 

(ZnO), have been used to impart water repellency to textiles. These nanoparticles create a 

hydrophobic surface that repels water, making them ideal for applications such as waterproof 

clothing and upholstery. 

Antimicrobial activity, such as silver nanoparticles (AgNPs), has been widely used in nanotextile 

finishing to impart antimicrobial activity to textiles. AgNPs have been shown to exhibit broad-

spectrum antimicrobial activity against bacteria, viruses, and fungi, making them ideal for 

applications such as medical textiles and sportswear. 

UV Protection as zinc oxide (ZnO) nanoparticles has been used to impart UV protection to textiles. 

ZnO nanoparticles absorb UV radiation, preventing it from penetrating the fabric and causing 

damage to the skin. Thus, the highly efficient UV-resisting materials were fabricated utilizing 

polypropylene and TiO2 (PPTO) via low-cost and facile routes (Figure 11) [45]. 5 PPTO exhibited the 

highest UV-inhibiting capability (87.5%) compared to 7.5 PPTO and PPNF. Furthermore, 15 PPTO 

displayed 1.76 and 1.32 times higher protection than 7.5 PPTO and PPNF, respectively, on exposure 

to UB-B radiation. The improved activity may be ascribed to the level of TiO2 because TiO2 increased 

the product’s absorption and reflection prospects. Generally, the PPTO nonwoven fibers are applied 

to hinder harmful UV radiation (Figure 12). 

 

Figure 11 Schematic illustration of the synthesis of polypropylene/TiO2 nonwoven fiber 

[45]. 
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Figure 12 FE-SEM image of (a) PPNF, (b) 7.5 PPTO, and (c) 15 PPTO. EDS spectra of (d) 

7.5 PPTO and (e) 15 PPTO [45]. 

Flame Retardancy as inorganic nanoparticles, such as magnesium hydroxide (Mg(OH)2) and 

aluminum hydroxide (Al(OH)3), have been used to impart flame retardancy to textiles. These 

nanoparticles release water vapor when heat exposure, cooling the surrounding fabric and 

preventing ignition. Using inorganic nanoparticles in nanotextile finishing offers several benefits, 

including: Improved Performance as inorganic nanoparticles can impart specific functional 

properties to textiles, improving their performance and durability. Sustainability of inorganic 

nanoparticles can be designed to be sustainable and environmentally friendly, reducing the 

environmental impact of textile production. Cost-effectiveness as inorganic nanoparticles can be 

produced at a lower cost than traditional textile finishing agents, making them a cost-effective 

alternative. 

The use of inorganic nanoparticles in nanotextile finishing is expected to grow in the coming years, 

driven by the increasing demand for high-performance, functional, and sustainable textiles. Some 

of the prospects of inorganic nanoparticles in nanotextile finishing include: 

Development of new nanoparticles as researchers is expected to develop new inorganic 

nanoparticles with unique properties and functionalities, expanding the range of applications for 

nanotextile finishing. Scalability and commercialization as the scalability and commercialization of 

inorganic nanoparticles-based nanotextile finishing technologies are expected to improve, making 

them more widely available and affordable. Regulatory frameworks governing the use of inorganic 

nanoparticles in nanotextile finishing are expected to evolve, ensuring the safe and sustainable use 

of these technologies [12-14, 53-60]. 

In summary, inorganic nanoparticles for durable textile finishing have emerged as a key 

component of nanotextile finishing, offering a range of functional properties and benefits. As the 

demand for high-performance, functional, and sustainable textiles grows, using inorganic 

nanoparticles in nanotextile finishing is expected to play an increasingly important role. However, 
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further research is needed to fully realize the potential of inorganic nanoparticles in nanotextile 

finishing and address the challenges associated with their use as elucidated below. Tungsten oxide 

(WO3) nanoparticles are applied for UV protection, self-cleaning, and antimicrobial finishes [61]. 

Nickel Oxide (NiO) nanoparticles are used in electrical conductivity, thermal regulation, and 

antimicrobial finishes [62]. Cobalt Oxide (Co3O4) nanoparticles are used for magnetic properties, 

antimicrobial, and UV protection finishes [63]. 

Zinc Phosphate (Zn3(PO4)2) nanoparticles are applied for flame retardancy, mechanical 

reinforcement, and UV protection finishes [64]. Molybdenum Disulfide (MoS2) Nanosheets are 

applied in electrical conductivity, thermal regulation, and UV protection finishes [65]. Bismuth Oxide 

(Bi2O3) nanoparticles are applied in antimicrobial, UV protection, and self-cleaning finishes [66]. 

Silicon carbide (SiC) nanoparticles are applied in mechanical reinforcement, thermal insulation, and 

UV protection finishes [67]. Tin Oxide (SnO2) nanoparticles are applied in electrical conductivity, 

thermal regulation, and UV protection finishes [68]. Cerium Zinc Oxide (CeZnO) nanoparticles are 

applied for UV protection, antimicrobial, and self-cleaning finishes [69]. Zirconium Oxide (ZrO2) 

nanoparticles are applied in mechanical reinforcement, thermal insulation, and UV protection 

finishes [70]. Graphene oxide (GO) nanoparticles exhibit electrical conductivity, thermal stability, 

and mechanical strength and are utilized in waterproof, antimicrobial, and self-cleaning textile 

finishes [71]. 

Carbon nanotubes (CNTs) have properties of mechanical strength, thermal conductivity, and 

electrical conductivity. Application areas include durable, waterproof, and self-cleaning textile 

finishes [72]. Nanocellulose has properties of biodegradability, renewability, and high strength and 

is applied in sustainable textile coatings, improved tensile strength, and thermal resistance [73]. 

Nano-silica (SiO2) has properties of mechanical strength, thermal stability, and water resistance, and 

is applied for durable, waterproof, and self-cleaning textile finishes [74]. Nano-titanium dioxides 

(TiO2) have properties including photocatalytic, self-cleaning, and antimicrobial, and are applied in 

self-cleaning textile finishes, antimicrobial coatings, and UV protection [75]. Nano-zinc oxide (ZnO) 

has properties of antimicrobial, UV-blocking, and self-cleaning, and applied antimicrobial textile 

finishes, UV protection, and self-cleaning coatings [76]. Halloysite nanotubes (HNTs) have properties 

including mechanical strength, thermal stability, and controlled release and are applied in 

sustainable textile coatings, improved tensile strength, and thermal resistance [77]. 

5. Hybrid Synergies of Nanomaterials for Durable Textile Finishes 

Nanomaterials (NMs) are capable of prevailing as zero dimensional (0D), one dimensional (1-D), 

and two dimensional (2-D) nanoscale materials. NMs are referred to as nanoparticles (0D); nano-

rods, nanotubes, or nano-wires (1-D); nano-films, nanosheets, or nanoplatelets (2-D) (Figure 13). 
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Figure 13 Classifications of NMs. 

Hybrid synergies of nanomaterials for durable textile finishes refer to combining different 

nanomaterials to create textile finishes with enhanced performance, durability, and functionality. 

This approach leverages the unique properties of individual nanomaterials to achieve synergistic 

effects, resulting in improved textile characteristics [78]—enhanced durability, as combined 

nanomaterials can provide improved resistance to wear, wrinkles, and fading. Multi-functional 

properties as hybrid nanomaterials can offer simultaneous benefits, such as water repellency, 

antimicrobial activity, and UV protection. Improved sustainability, as some nanomaterials can 

reduce the environmental impact of textile finishing processes [79]. 

Nanocellulose adds strength, stiffness, and barrier properties. Nano-silica enhances durability, 

UV resistance, and antimicrobial activity. Nano-titanium dioxide (TiO2) offers self-cleaning, UV 

protection, and antimicrobial properties. Carbon nanotubes improve electrical conductivity, 

mechanical strength, and thermal stability. Graphene enhances electrical conductivity, mechanical 

strength, and barrier properties [33-38]. Water repellent textiles, as a combination of nano-silica 

and fluoropolymers for improved water resistance, have been investigated. Antimicrobial textiles 

are a hybridization of nano-silver and nano-copper for enhanced antimicrobial activity. UV 

protective textiles, as a combination of nano-TiO2 and nano-zinc oxide for improved UV protection, 

are notable. Conductive textiles: Integrating carbon nanotubes and graphene for electrical 

conductivity [80]. Smart textiles as hybrid nanomaterials for sensing, energy harvesting, and thermal 
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regulation have been proven [81]. Scalability and cost-effectiveness are imperative, as developing 

cost-effective methods for large-scale production is critical. Toxicity and environmental concerns 

are necessary relative to the assessment of potential risks and the development of eco-friendly 

nanomaterials. Standardization and regulation, such as establishing standards and rules for hybrid 

nanomaterial-based textiles, are critical [82-85]. 

5.1 Instances of Hybrid Synergies of Nanomaterials 

Overall, hybrid synergies of nanomaterials offer exciting opportunities for developing durable, 

high-performance textile finishes with multifunctional properties. Ongoing research and 

development are needed to overcome challenges and fully realize the potential of these innovative 

materials. Here are some specific hybrid combinations of nanomaterials for durable textile finishes, 

along with their benefits and potential applications [86-100]: 

Nano-silica/nano-titanium dioxide (TiO2) hybrid benefits include enhanced UV resistance, self-

cleaning, and antimicrobial properties. Applications include outdoor clothing, upholstery, and 

medical textiles. Nanocellulose/Graphene hybrid benefits include improved strength, stiffness, and 

electrical conductivity. Applications include Smart textiles, wearable electronics, and biomedical 

applications. Nano-silver/nano-copper hybrid benefits include enhanced antimicrobial activity 

against broad-spectrum bacteria and viruses. Application areas include medical textiles, sportswear, 

and active wear. Nano-zinc oxide/nano-TiO2 hybrid benefits include improved UV protection, self-

cleaning, and antimicrobial properties. Applications include outdoor clothing, sun-protective fabrics, 

and medical textiles. Carbon nanotube/nano-silica hybrid benefits include enhanced mechanical 

strength, electrical conductivity, and thermal stability. Applications include smart textiles, wearable 

electronics, and high-performance composites. 

Nanoclay/polyhedral oligomeric silsesquioxane (POSS) hybrid benefits include improved flame 

retardancy, thermal stability, and mechanical strength. Applications include fire-resistant textiles, 

aerospace applications, and high-temperature filtration. Graphene oxide/nano-silver hybrid 

benefits include enhanced antimicrobial activity, electrical conductivity, and sensing capabilities 

[101]. Applications include smart textiles, wearable electronics, and biomedical sensors. Nano-

TiO2/nano-cellulose hybrid benefits include improved UV protection, self-cleaning, and barrier 

properties [102]. Applications include packaging materials, paper coatings, and biomedical 

applications. Nano-silica/fluoropolymer hybrid benefits include enhanced water repellency, 

durability, and stain resistance [103]. The application includes water-repellent clothing, upholstery, 

and technical textiles. Carbon nanotube/nano-zinc oxide hybrid benefits include enhanced electrical 

conductivity, mechanical strength, and UV protection [104]. Applications include smart textiles, 

wearable electronics, and high-performance composites. 

Nanomaterial ratio and dispersion: Uniform dispersion and optimal ratio of nanomaterials. 

Interfacial interactions are imperative, whereby strong interfacial interactions between 

nanomaterials are essential. Textile substrate is compatible with textile substrate and finishing 

processes. Processing conditions as optimization of processing conditions for hybrid nanomaterial 

deposition is imperative [105-110]. 

Scalability and cost-effectiveness are critical, as developing cost-effective methods for large-scale 

production is imperative. Toxicity and environmental concerns, as the assessment of potential risks 

and the development of eco-friendly nanomaterials, are essential. Standardization and regulation, 
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as the establishment of standards and rules for hybrid nanomaterial-based textiles, are crucial. 

These hybrid combinations demonstrate the potential for developing high-performance, durable 

textile finishes with multifunctional properties. Ongoing research and development are needed to 

optimize these combinations and address challenges associated with scalability, toxicity, and 

regulation [111]. 

Despite the potential benefits of hybrid nanomaterials for durable textile finishes, there are 

several disadvantages and limitations: High Production Costs: Scalable production methods for 

hybrid nanomaterials are often expensive. Toxicity Concerns: Potential toxicity of nanomaterials, 

especially when released during wear and tear. Environmental Impact: Release of nanomaterials 

into waterways and soil during manufacturing and washing. Interfacial Interactions: Challenges in 

achieving strong interfacial interactions between nanomaterials. 

Dispersion and Aggregation: Difficulty in maintaining uniform dispersion and preventing 

aggregation. Scalability: Difficulty in scaling up hybrid nanomaterial production while maintaining 

consistency. Regulatory framework: Lack of clear regulations and standards for hybrid 

nanomaterial-based textiles. Stability and durability: Potential degradation of hybrid nanomaterials 

over time. Compatibility with textile substrates: Limited compatibility with certain textile materials. 

Washing and wear resistance: potential loss of hybrid nanomaterial functionality after washing or 

wear. Color and appearance: possible changes in color or appearance due to hybrid nanomaterial 

incorporation. Skin Irritation and allergy: potential skin irritation or allergic reactions. Limited 

understanding of long-term effects: limited knowledge of long-term effects on human health and 

the environment. Recyclability and disposal: challenges in recycling and disposing of hybrid 

nanomaterial-based textiles [112]. 

Uniform dispersion: Achieving uniform dispersion of hybrid nanomaterials. Interfacial Adhesion: 

ensuring strong interfacial adhesion between nanomaterials and textile substrate. Scalable 

deposition methods: developing scalable deposition methods. Nanomaterial functionalization: 

Functionalizing nanomaterials for improved compatibility. Testing and characterization: Developing 

standardized testing and characterization methods [113-158]. 

Toxicity and environmental impact assessment: Investigating potential risks. Scalable production 

methods: Developing cost-effective production methods. Interfacial Interaction Enhancement: 

Improving interfacial interactions. Durability and Stability Enhancement: Enhancing stability and 

durability. Regulatory Framework Development: Establishing clear regulations and standards. 

Addressing these disadvantages, limitations, and technical challenges is crucial for the successful 

development and commercialization of hybrid nanomaterial-based textiles [159]. 

5.2 Application Methods for Durable Nanotechnology Finishing 

Sol-gel processing: Creates durable nanocoatings. Electrospinning: Produces nanofibers with 

enhanced durability. Plasma treatment: Activates fabric surface for nano-coating adhesion. Layer-

by-layer deposition: Builds durable nanocoatings. Nano-coating applies nanomaterials to the fabric 

surface [160-163]. Textile materials benefiting from nanotechnology durability: Cotton: Enhanced 

durability for clothing and home textiles. Polyester: Improved resistance to abrasion and UV 

degradation. Nylon: Increased durability for outdoor and technical textiles. Wool: Enhanced 

resistance to pilling and shrinkage. Synthetic blends: Improved durability for various applications 

[164-169]. Scalability and cost-effectiveness are notable. Standardization and regulation are notable. 
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Environmental impact and sustainability are also noteworthy.The development of new 

nanomaterials is notable. Integration with existing textile manufacturing processes is imperative. 

Using nanotechnology, textile finishing can enhance durability, performance, and functionality, 

leading to longer-lasting and higher-quality textiles [170-172]. 

Nano-based treatments can create water-repellent surfaces, reducing water absorption. 

Nanotechnology plays a significant role in achieving water repellency in textile finishing, creating 

surfaces that repel water and maintain their performance over time [173]. Nanotechnology has 

revolutionized various industries, including textiles, by introducing innovative materials and finishes 

that enhance performance and functionality. Water repellent textile finishes are crucial for multiple 

applications, such as outdoor clothing, medical, and technical textiles [174]. Nanocoatings have 

emerged as a promising solution to achieve water repellency, and this essay will discuss different 

types of nanocoatings that have contributed to this significant achievement [175]. 

Silicon-based nanocoatings, particularly silicon dioxide (SiO2) and silicones are widely used for 

water repellent textile finishes. These coatings create a hydrophobic surface, causing water to bead 

up and roll off [176]. Sol-gel processing is a standard method for depositing silicon-based 

nanocoatings onto textiles. This technique allows precise control over coating thickness and 

composition, ensuring optimal water repellency [176]. 

Fluoropolymer-based nanocoatings, such as polytetrafluoroethylene (PTFE) and polyfluoroalkyl  

methacrylate (PFMA), exhibit exceptional water repellency and durability [177]. These coatings 

create a low-surface-energy interface, making it difficult for water to penetrate the textile surface. 

Fluoropolymer-based nanocoatings are commonly applied using plasma-enhanced chemical vapor 

deposition (PECVD) or spray coating methods [178]. 

Carbon-based nanocoatings, including graphene and carbon nanotubes, have gained attention 

for their water repellent properties. Graphene, a single layer of carbon atoms, exhibits exceptional 

hydrophobicity due to its high surface roughness [179]. Carbon nanotube-based coatings also 

demonstrate water repellency, attributed to their tubular structure and low surface energy [180]. 

Ceramic-based nanocoatings, such as titanium dioxide (TiO2) and zinc oxide (ZnO), offer water 

repellency and additional benefits like UV protection and antimicrobial properties [181]. These 

coatings can be applied using sol-gel processing, electrospinning, or electrophoretic deposition. 

Hybrid nanocoatings, combining multiple materials, have shown improved water repellency and 

durability. For example, silicon-fluoropolymer hybrid coatings exhibit enhanced hydrophobicity and 

resistance to abrasion. These coatings can be tailored to specific applications by adjusting the 

composition and structure [182]. 

Nanocoatings for water repellent textile finishes offer several advantages: Improved water 

repellency and durability: enhanced stain resistance and reduced water absorption. And finally, 

there is increased UV protection and antimicrobial properties [183, 184]. Applications of water 

repellent textiles include outdoor clothing and gear, medical textiles, and technical textiles such as 

filtration and insulation materials. Sports-wear and active-wear are essentially notable [185, 186]. 

Despite significant achievements, challenges persist: Scalability and cost-effectiveness. Coating 

durability, stability, and environmental coatings, such as fluoropolymer coatings, along with other 

parameters like standardization and regulation [187, 188]. Future research should focus on 

developing eco-friendly and biodegradable nanocoatings and improving coating durability and 

stability, scaling up production processes, and exploring new materials and applications [189, 190]. 
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Summarily, nanocoatings have revolutionized water repellent textile finishes, offering enhanced 

performance and functionality. The various types of nanocoatings discussed in this essay, silicon-

based, fluoro-polymer-based, carbon-based, ceramic-based, and hybrid, demonstrate the versatility 

and potential of nanotechnology in this field [191]. As research continues to address challenges and 

explore new opportunities, nanocoatings will remain a crucial component of water repellent textile 

finishes, driving innovation and growth in the textile industry. 

6. Nanoparticle Deposition as a Nanotechnology Textile Finish 

Nanoparticle deposition is a cutting-edge technique to impart desirable properties to textiles, 

such as water repellency, self-cleaning, and antimicrobial activity. This process involves depositing 

nanoparticles onto the textile surface, creating a thin layer that alters the fabric's behavior. 

Nanoparticle deposition has emerged as a promising technique for achieving water repellency in 

textiles [192]. This approach involves depositing nanoparticles onto the fabric surface, creating a 

thin layer that repels water. Nanoparticle deposition relies on the unique properties of 

nanoparticles, which have a high surface area-to-volume ratio, allowing them to interact with the 

fabric surface and create a hydrophobic (water-repelling) effect. Common nanoparticles include 

silica, titania, and zinc oxide (ZnO) [193]. 

The deposition process typically involves sol-gel processing, electrospinning, or layer-by-layer 

assembly. Research has demonstrated the effectiveness of nanoparticle deposition in achieving 

water repellency in various textiles. For instance, a study reported that ZnO nanoparticle deposition 

on cotton fabric resulted in a significant increase in water contact angle, indicating improved water 

repellency [194]. Another study demonstrated the successful deposition of silica nanoparticles on 

polyester fabric using the sol-gel method, leading to enhanced water repellency and durability [195]. 

Nanoparticle deposition offers several advantages over traditional water repellent finishes, 

including improved durability, breathability, and environmental sustainability. 

Furthermore, this technique can be applied to various textile materials, including natural and 

synthetic fibers. Future research directions may focus on optimizing nanoparticle deposition 

methods, exploring new nanoparticle types, and investigating the scalability and commercial 

viability of this technology [196]. The first step involves synthesizing nanoparticles with specific 

properties. This can be achieved through various methods, such as sol-gel processing, hydrothermal 

synthesis, or mechanical milling. Researchers have synthesized nanoparticles like ZnO, TiO2, and 

SiO2 for textile applications [197-200]. After synthesis, nanoparticles are dispersed in a suitable 

medium, such as water or organic solvents, to create a stable suspension. This ensures uniform 

nanoparticle distribution on the textile surface. Surfactants or stabilizing agents may be added to 

prevent nanoparticles from agglomeration [201]. The textile substrate is prepared for nanoparticles 

deposition by cleaning, drying, and possibly treating with a primer or sensitizer to enhance 

nanoparticles' adhesion [202]. 

Nanoparticles are then deposited onto the textile surface using Dip coating, spray coating, 

electrospinning, and layer-by-layer assembly. These methods allow for controlled nanoparticle 

deposition, ensuring uniform coverage and desired thickness [203-205]. To ensure nanoparticles' 

adhesion and stability, the treated textile may undergo additional processing, such as heat 

treatment, UV curing, and chemical cross-linking. This step helps maintain the nanoparticles layer's 

integrity during wear and use [206, 207]. 
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6.1 Characterization and Testing 

The final step involves characterizing the nanoparticles-deposited textile to evaluate its 

properties, such as, water contact angle, self-cleaning efficiency and antimicrobial activity. These 

tests confirm the effectiveness of the nanoparticles deposition process in imparting desired 

properties to the textile. By following these steps, researchers and manufacturers can create 

nanotechnology textiles with enhanced performance and functionality [208, 209]. 

Other processes include sol-gel processing, electrospinning, which produces nanofibers with 

water-repellent properties, and plasma treatment, which activates the fabric surface for 

nanocoatings adhesion. Nanomaterials for water repellency are fluoropolymers (e.g., Teflon) 

exhibiting hydrophobic and oleophobic properties. Silicones (e.g., PDMS) exhibiting hydrophobic 

and flexible properties. Nanosilica (SiO2) demonstrates enhanced water repellency and durability. 

Another is nano-titanium dioxide (TiO2), providing UV protection and self-cleaning properties. 

Graphene (hydrophobic and flexible properties), and CNTs are additional features enhancing water 

repellency and mechanical strength [210-213]. 

Textile materials suitable for nanotechnology-oriented water repellency (Cotton: Enhanced 

water repellency for clothing and home textiles [214]. Polyester: Improved water repellency for 

outdoor and technical textiles [215]. Nylon: Increased water repellency for outdoor and technical 

textiles [216]. Wool: Enhanced water repellency for clothing and textiles. Synthetic blends: 

Improved water repellency for various applications [217]. Benefits of nanotechnology-oriented 

water repellency include improved water repellency with enhanced performance and durability). 

Reduced water absorption minimizes weight gain and maintains fabric breathability. Easy cleaning: 

water-repellent surfaces facilitate stain removal. Increased UV resistance: Protects against UV 

degradation [210-214]. Breathability: Maintains moisture vapor transmission. Applications 

(Waterproof clothing: Jackets, pants, and gloves). Another is outdoor textiles including tents, 

awnings, and umbrellas. Technical textiles are also used in medical, industrial, and agricultural 

applications. Sportswear: waterproof and breathable clothing. Upholstery: water-repellent 

furniture and car seats [215]. 

Challenges and future directions include scalability and cost-effectiveness, standardization and 

regulation, environmental impact and sustainability, development of new nanomaterials, and 

integration with existing textile manufacturing processes. Commercial products include Gore-Tex 

(waterproof and breathable membranes), nano-sphere (water-repellent textile treatment), Never-

wet (water-repellent coating technology), and stain-shield, including water-repellent and stain-

resistant treatment. Another is Teflon, a water-repellent and non-stick coating. Nanotechnology-

oriented water repellency treatments offer enhanced performance, durability, and sustainability for 

various textile applications [218]. 

6.2 Self-Cleaning 

Nanoparticles can break down dirt and stains, making textiles easier to clean. Nanotechnological 

textile finishing has a significant impact on the self-cleaning effect of textiles, enabling the creation 

of surfaces that resist stains, repel water, and reduce maintenance [219]. 
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6.2.1 Self-Cleaning Mechanisms 

Lotus-Effect: Micro- and nano-structures mimic the self-cleaning properties of the lotus leaf. 

Photocatalytic: Nanoparticles (e.g., TiO2) break down organic pollutants when exposed to light. 

Hydrophobic: Water-repellent surfaces prevent liquid penetration. Oleophobic: Oil-repellent 

surfaces prevent oil-based stains [220-222]. 

6.2.2 Nanomaterials for Self-Cleaning Textiles 

Titanium dioxide (TiO2): Photocatalytic properties. Zinc oxide (ZnO): Photocatalytic and 

antimicrobial properties. Silicon dioxide (SiO2): Hydrophobic and oleophobic properties. Carbon 

nanotubes (CNTs): Enhanced mechanical strength and self-cleaning properties. Graphene: 

Hydrophobic and conductive properties [223-225]. 

6.2.3 Benefits of Nanotechnological Self-Cleaning Textiles 

Reduced staining: Resists liquid penetration and stains. Easy cleaning: Self-cleaning surfaces 

facilitate maintenance. Water conservation: Reduces water usage for cleaning. Extended lifespan: 

Self-cleaning properties prolong the textile's lifespan. Improved hygiene: Antimicrobial properties 

reduce bacterial growth [226-228]. 

6.2.4 Applications 

The application includes outdoor textiles (tents, awnings, and umbrellas). Sportswear: Running, 

cycling, and hiking clothing. Also utilized in medical textiles including hospital uniforms, bed sheets, 

and surgical gowns. Upholstery in car seats, furniture, and public transportation. Technical textiles: 

Industrial, agricultural, and construction applications [229]. 

6.2.5 Challenges and Future Directions 

Abounding challenges include scalability and cost-effectiveness, standardization and regulation, 

environmental impact and sustainability, development of new nanomaterials, and integration with 

existing textile manufacturing processes [230]. 

6.2.6 Commercial Products 

Nano-sphere including self-cleaning textile treatment, lotus-effect such as self-cleaning coating 

technology, NeverWet: Water-repellent and self-cleaning coating. StainShield: Self-cleaning and 

stain-resistant treatment. Teflon: Non-stick and self-cleaning coating [231]. 

Nanotechnological textile finishing enables the creation of self-cleaning textiles with improved 

performance, durability, and sustainability. These innovative materials can transform various 

industries and improve daily life [232]. 

6.3 UV Protection 

Nanoparticles can absorb or reflect UV radiation, protecting skin and preventing fabric 

degradation—the effect of nanotechnology on UV protection textile finishing. Nanotechnology has 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 23/46 

revolutionized UV protection textile finishing, providing enhanced protection against harmful 

ultraviolet (UV) radiation. Nanoparticles (ZnO, SiO2, TiO2, CeO2, CNTs) absorb UV radiation, 

preventing penetration. UV Reflection: Nanoparticles reflect UV radiation, reducing fabric 

absorption. UV Scattering: Nanoparticles scatter UV radiation, reducing intensity [233-238]. 

6.3.1 Benefits of Nanotechnology-Oriented UV Protection 

The advantages of nano-based UV protection relate to improved UV protection in terms of 

minimizing UV radiation penetration. Another is enhanced durability as UV protection retains 

performance over time. Relative to breathability, nano UV protection maintains moisture vapor 

transmission, minimizing the build-up of heat and discomfort while reducing chemical usage and 

environmental impact [239]. 

6.3.2 Applications 

UV-protected clothing includes outdoor clothing: hiking, camping, and sports apparel . Active 

wear, including running, cycling, and swimming clothing. Another is work wear relative to 

construction, agriculture, and industrial uniforms. Upholstery is another relative of car seats, 

furniture, and public transportation. Further applications include technical textiles, as well as 

medical, industrial, and agricultural applications. 

6.3.3 Challenges and Future Directions 

The challenges garnered from these materials include scalability and cost-effectiveness, 

standardization and regulation, environmental impact and sustainability, and development of new 

nanomaterials. Also, the integration with existing textile manufacturing processes is a challenge for 

these materials. 

6.3.4 Commercial Products 

Commercial products include Cool Dry, which is related to UV protective fabric technology. UV 

Tech: Nanotechnology-based UV protection. 

SolarWeave: UPF 50+ rated fabric. SunProtect: UV protective textile finishing. Texollini: 

Nanotechnology-based UV protection [240-245]. 

Nanotechnology has significantly enhanced UV protection textile finishing, providing innovative 

solutions for various industries. These advancements ensure improved protection, comfort, and 

sustainability for consumers [240]. 

7. Antimicrobial Properties 

Nanomaterials can inhibit the growth of bacteria, fungi, and viruses. Nanotechnological textile 

finishing has significantly enhanced antimicrobial finishing in textiles, providing durable protection 

against microorganisms [246]. Some advantages include improved durability as nanoparticles 

provide longer-lasting antimicrobial properties than traditional finishes. Enhanced efficacy is 

another advantage as nanoparticles can target a broader range of microorganisms, including 

bacteria, viruses, and fungi. Notably, the reduced toxicity of nanoparticles can minimize the release 
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of toxic chemicals, ensuring safer textiles. Finally, it is multi-functionalization as nanoparticles can 

provide additional properties, such as UV protection, water repellency, and self-cleaning [246, 247]. 

NMs used in constructing these fabrics include silver nanoparticles (AgNPs), which are effective 

against bacteria, viruses, and fungi. Titanium dioxide (TiO2) nanoparticles are another example due 

to their photocatalytic properties, enabling self-cleaning and antimicrobial activity. Also, zinc oxide 

(ZnO) nanoparticles offer broad-spectrum antimicrobial properties. Copper nanoparticles (CuNPs) 

are also effective against bacteria and viruses [248-250]. These materials are constructed using sol-

gel processing, electrospinning, nano-coating, padding, and drying [250]. 

The advantages of these materials are notable in medical textiles as they minimize hospital-

acquired infections, active-wear, and sportswear relative to odor control and freshness. Home 

textiles are another as they reduce the growth of microorganisms on upholstery and bedding. 

Military textiles: Enhanced protection against biological agents [251]. 

7.1 Challenges and Future Directions 

Challenges include scalability, cost-effectiveness, standardization of testing methods, 

environmental impact, toxicity concerns, and developing novel nanomaterials with improved 

efficacy and safety [252]. 

Integrating nanotechnology in textile finishing has revolutionized antimicrobial treatments, 

offering enhanced performance, durability, and safety. Ongoing research aims to address challenges 

and explore new opportunities in this field. 

8. Thermal Regulation 

Nanomaterials can enhance the thermal insulation or cooling properties of fabrics [253]. 

8.1 Mechanisms of Thermal Regulation 

Nanotechnology enhances thermal regulation in textiles through radiation trapping. Here, 

nanoparticles absorb and scatter radiation, reducing heat loss. Conduction blocking, as 

nanomaterials reduce thermal conduction, minimizing heat transfer. Convection enhancement as 

nanostructures improves air circulation, enhancing heat dissipation. Relative to evaporation 

management, nanomaterials regulate moisture evaporation, cooling the body. And as per phase 

change, nanoparticles store and release thermal energy while regulating temperature. NMs used in 

fabricating these materials includes carbon nanotubes (CNTs), nano-cellulose, silver nanoparticles 

(AgNPs), phase change materials (PCMs), graphene, titanium dioxide (TiO2), Zinc oxide (ZnO) and 

copper nanoparticles (CuNPs) [254-258]. Textile applications include active-wear and sportswear, 

outdoor clothing, military textiles, medical textiles, aerospace textiles, smart textiles, and protective 

clothing [259, 260]. 

8.2 Nanotechnology-Oriented Thermal Regulation Techniques 

These include nanocoating, electrospinning, sol-gel processing, padding and drying, 3D printing, 

Nanofibers, and nanocomposites [157, 180, 200, 250]. The benefits include enhanced thermal 

insulation, improved moisture management, temperature regulation, lightweight and flexible, 

breathability, quick drying, and anti-microbial properties [30, 42, 48, 56]. 
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8.3 Challenges and Future Directions 

Accruable challenges include scalability and cost-effectiveness, as well as standardization of 

testing methods. Durability and wash resistance, environmental impact and toxicity concerns, and 

integration with wearable technology [28, 35, 46, 120, 240]. Future directions are anticipated to tilt 

towards developing novel nanomaterials, Hybrid nanomaterial systems, nano-structuring and 

surface modification, multifunctional textiles, and sustainable and eco-friendly nanotechnology 

[261]. 

8.4 Notable Examples 

Notable examples include polarguard 3-D (nanotechnology-based insulation), Coolmax 

(moisture-wicking fabric), Outlast (phase-change materials), Nike's Aeroloft (nanotechnology-based 

insulation), Patagonia's Tres 3-in-1 Parka (nanotechnology-based insulation) [261-264]. Integrating 

nanotechnology in thermal regulation textile finishing has revolutionized the textile industry, 

enabling the development of high-performance textiles with advanced thermal management 

properties. 

9. Sustainability 

Nanotechnology can reduce water and chemical consumption in textile finishing processes. 

Nanotechnology has significantly impacted the sustainability of textile finishing, offering various 

benefits and challenges. Sustainability benefits, Water conservation: Nanotechnology-based 

finishing reduces water consumption. Energy efficiency: Nanomaterials enhance thermal regulation, 

reducing heating/cooling needs. Reduced chemical usage: Nanoparticles minimize chemical 

application. Improved durability: Nano-finishes extend textile lifespan, reducing waste. Enhanced 

recyclability: Nanotechnology facilitates textile recycling. NMs used for sustainable textile finishing 

include nanocellulose (biodegradable, renewable), carbon nanotubes (CNTs) (improve durability, 

reduce waste), zinc oxide (ZnO) nanoparticles (antimicrobial, UV protection), titanium dioxide (TiO2) 

sustainable nanoparticles (self-cleaning, UV protection) and silver nanoparticles (AgNPs) 

(antimicrobial, reduced chemical usage) [150, 155, 200, 205]. Nano-coating, electrospinning, sol-gel 

processing, plasma treatment, and enzyme-assisted finishing are construction strategies for these 

fabrics [211, 240, 245]. 

Reduced wastewater generation, minimized chemical release, lower carbon footprint, decreased 

energy consumption, and extended textile lifespan are environmental concerns of these materials 

[150, 160, 168]. Nanoparticle toxicity and bioaccumulation, ecological impact of nanomaterial 

production, scalability and cost-effectiveness, standardization of testing methods, and regulatory 

frameworks for nanomaterials are parameters affecting the environment. The evolution of eco-

friendly nanomaterials and hybridized nanomaterial systems is anticipated. Nano-structuring and 

surface modification, biodegradable nano-finishes, circular economy approaches. 

Commercially available forms of these fabrics include Patagonia's Nano-Tex technology (water-

repellent, breathable), Nike's flyknit (reduced waste, energy-efficient), Reebok's cotton + Corn 

(sustainable, biodegradable), H&M's Conscious Exclusive (sustainable, eco-friendly) and Stella 

McCartney's Greenpeace-approved textiles (eco-friendly, sustainable) [261-264]. 
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Nanotechnology has the potential to transform the textile industry into a more sustainable and 

environmentally friendly sector. However, addressing challenges and concerns is crucial to ensure 

a positive impact. 

9.1 Key Statistics 

Key statistics include a 20% reduction in water consumption (nanotechnology-based finishing), a 

30% reduction in energy consumption (nanomaterials), a 50% reduction in chemical usage 

(nanoparticles), and a 25% increase in textile lifespan (nano-finishes). 

Regulatory framework includes the EU's REACH regulation, the US EPA's Nanoscale Materials 

Stewardship Program, and ISO 10812 (nanotechnology-based textile finishing) [265-268]. Research 

initiatives include the EU's Horizon 2020, the US NSF's Nanoscale Science and Engineering, and the 

Textile Institute's sustainability research [269, 270]. The influence of nanotechnology on 

sustainability in textile finishing is significant, offering various benefits and challenges. Ongoing 

research and development aim to address concerns and enhance sustainability. 

Integrating nanotechnology in textile finishes has revolutionized the textile industry, enabling 

the development of advanced materials with unique properties. Nanotechnology has improved 

fabric performance, durability, and sustainability, transforming textiles into high-performance 

materials. However, despite its vast potential, nanotechnology in textile finishes faces significant 

challenges that must be addressed to ensure its continued growth and adoption. Nanotechnology 

has revolutionized various industries, including textiles, by providing innovative solutions for 

improving fabric performance, durability, and sustainability. Textile finishes, in particular, have 

benefited significantly from nanotechnology, enabling the development of advanced materials with 

unique properties. However, despite its vast potential, nanotechnology in textile finishes also poses 

significant challenges that need to be addressed. 

Nanotechnology has been successfully applied in textile finishes to achieve various functions, 

such as water repellency, UV protection, antimicrobial properties, self-cleaning, and thermal 

regulation. Nano-coatings with water-repellent properties, like nanowax and nanosilica, enhance 

fabric water resistance. Nanoparticles like zinc oxide and titanium dioxide provide UV protection 

and prevent fabric degradation. Nanoparticles like silver and copper exhibit antimicrobial activity, 

reducing odor and improving fabric hygiene. Nano-structured surfaces with self-cleaning properties 

reduce fabric maintenance. Additionally, nanoparticles like phase change materials regulate 

temperature, enhancing fabric comfort. 

Despite these benefits, several challenges hinder the widespread adoption of nanotechnology in 

textile finishes. Scalability and cost-effectiveness are significant concerns, as current production 

methods are often expensive and difficult to scale up. The potential toxicity of nanoparticles and 

their environmental impact raise concerns, and the durability and stability of nanoparticles on 

fabrics during washing or wear compromise performance. Furthermore, the lack of standardized 

regulations and testing protocols creates uncertainty, and concerns about nanoparticle safety and 

environmental impact affect consumer acceptance. 

To overcome these challenges, researchers and industry stakeholders are exploring green 

synthesis methods, nano-encapsulation, hybrid nanomaterials, life cycle assessment, 

standardization, and regulation. Green synthesis methods using natural materials and bio-inspired 

approaches aim to reduce environmental impact. Nano-encapsulation improves durability and 
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stability, while hybrid nanomaterials combine nanoparticles with traditional finishes to enhance 

performance. Conducting thorough ecological and health impact assessments ensures responsible 

development. 

Emerging trends are expected to shape the future of nanotechnology in textile finishes. 

Nanocellulose, using cellulose nanocrystals, offers sustainable and biodegradable finishes. 

Graphene-based finishes leverage graphene's exceptional properties for advanced textile 

applications. Bio-inspired nanomaterials, such as lotus-leaf-like surfaces, provide innovative 

solutions. Smart textiles integrate nanotechnology with wearable technology and sensor systems. 

Nanotechnology has transformed textile finishes, enhancing performance, durability, and 

sustainability. However, challenges related to scalability, toxicity, and regulatory frameworks must 

be addressed. Future perspectives hold promise for overcoming these challenges. A collaborative 

effort between researchers, industry stakeholders, and regulatory bodies is necessary to ensure the 

responsible development and commercialization of nanotechnology in textile finishes. 

10. Conclusion and Perspectives 

Nanotechnology has revolutionized the textile industry, particularly in the finishing process. 

Integrating nanotechnology in textile finishing has created high-performance fabrics with unique 

properties. These properties include water repellency, self-cleaning, antimicrobial activity, and 

improved thermal insulation. The application of nanotechnology in textile finishing has also led to 

the development of sustainable and eco-friendly treatments. For instance, nano-finishing 

techniques have been used to reduce the environmental impact of textile production by minimizing 

the use of water, energy, and chemicals. Varying nanomaterials have been utilized in fabricating 

differing polymeric and biopolymeric nanoarchitectures [271-323]. 

Moreover, nanotechnology has enabled the creation of innovative textiles with integrated 

sensors and actuators. These smart textiles have numerous applications in various fields, including 

medicine, sports, and the military. However, despite the benefits of nanotechnology in textile 

finishing, there are still concerns about the potential environmental and health impacts of 

nanoparticles. Therefore, further research is needed to ensure the safe and sustainable use of 

nanotechnology in textile finishing. In conclusion, integrating nanotechnology in textile finishing has 

transformed the textile industry, enabling the creation of high-performance fabrics with unique 

properties. As research advances in this field, it is expected that nanotechnology will play an 

increasingly important role in developing sustainable and innovative textile products. 

Acknowledgments 

The author acknowledges Engr. Dr. Christopher Igwe Idumah of the Department of Polymer 

Engineering, Nnamdi Azikiwe University, Awka, Nigeria. 

Author Contributions 

Engr. Dr. Ezeani O. E. and Engr. Dr. Idumah C. I. conceptualized, developed and wrote this 

manuscript while Mr. Okoye I. and Chioma Ikebudu J., supervised the project.  

  



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 28/46 

Competing Interests 

The authors report no conflicts. 

References 

1. Menon K, Lopis AD, Choudhari KS, Kulkarni B, Maradur S, Kulkarni SD. Scavenger-free solar 

photocatalytic degradation of textile dyes and antibiotics using magnetically separable bi -

junctional photocatalyst. Mater Res Bull. 2025; 181: 113074. 

2. Bhaskar S, Reddy N, Ramamurthy SS. Utility of nanoengineering for multidisciplinary 

applications. In: Nano-engineering at functional interfaces for multi-disciplinary applications. 

Amsterdam, Netherlands: Elsevier; 2025. pp. 1-17. 

3. Vicente WC, Carli LN, Brondani PB. Recent advances in the application of chitosan nanoparticles 

for the modification of textiles. Prog Org Coat. 2025; 198: 108910. 

4. Zhao X, Li M, Zhao J, Wang X. Intelligent sportswear design: Innovative applications based on 

conjugated nanomaterials. Sci Eng Compos Mater. 2024; 31: 20240032. 

5. Sadi S, Ghollasi M, Eskandari K, Darvishi E. Innovative approaches in invertase immobilization: 

Utilizing green synthesized zinc oxide nanoparticles to improve biochemical properties. Anal 

Biochem. 2025; 696: 115661. 

6. Meng X, Nan Q, Zeng Q, Zhang J, Liu S, Tan L, et al. Antibacterial and mothproofing wool fabrics 

modified by M-Arg/PHMG and ZnO. Appl Surf Sci. 2025; 680: 161341. 

7. Bai C, Yuan X, Cao Y, Hao Z, Pan L, Peng J, et al. Perdurable antimicrobial and ultraviolet-blocking 

cotton fabric by one-step eco-friendly strategy. Ind Crops Prod. 2025; 223: 120038. 

8. Wang X, Zhou X, Zhao X, Han X, Hong J. Electric field simulation, structure and properties of 

nanofiber-coated yarn prepared by multi-needle water bath electrospinning. Nanotechnology. 

2024; 36: 015302. 

9. Angelova RA, Sofronova D. Applications of mechatronics in textiles and clothing industries. In: 

Encyclopedia of information science and technology. 6th ed. Hershey, PA: IGI Global; 2025. pp. 

1-31. 

10. Onisuru OR, Onisuru O. Smart nanomaterials: Fundamentals, synthesis, and characterization. 

In: Smart nanomaterials for environmental applications. Amsterdam, Netherlands: Elsevier; 

2025. pp. 117-140. 

11. Alqallaf Z, Bukhatir H, D’Souza F, Ali A, Al-Othman A, Tawalbeh M. Nano/photoelectrochemistry 

for environmental applications. In: Electrochemistry and photo-electrochemistry of 

nanomaterials. Amsterdam, Netherlands: Elsevier; 2025. pp. 333-357. 

12. Beigzadeh Z, Kolahdouzi M, Kalantary S, Golbabaei F. A systematic review of released nano-

particles from commercial nano-textiles during use and washing. J Ind Text. 2024; 54. doi:  

10.1177/15280837241254512. 

13. Sahay SS, Sharma P, Dave V. Nanotechnology and biomaterials for hygiene and healthcare 

textiles. In: Nanotechnology based advanced medical textiles and biotextiles for healthcare. 

Boca Raton, FL: CRC Press; 2024. pp. 43-72. 

14. Sharma P, Singh D, Pant S, Dave V. Nanotechnology based advanced medical textiles and 

biotextiles for healthcare. Boca Raton, FL: CRC Press; 2024. 

15. Patti A. Green advances in wet finishing methods and nanoparticles for daily textiles. Macromol 

Rapid Commun. 2025; 46: 2400636. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 29/46 

16. Rashid A, Albargi HB, Irfan M, Qadir MB, Ahmed A, Ferri A, et al. Sonoprocesses for sustainable 

textile processing and nanofinishing: A review. Text Res J. 2024; 94: 2789-2814. 

17. Nandi S, Chowdhury IZ, Mandal S. Nanotechnology in flame retardancy of textile. In: 

Nanotechnology in textile finishing: Advancements and applications. Singapore: Springer; 2024. 

pp. 271-311. 

18. Ahmed S, Mazumdar AA, Syduzzaman M, Mahmud MS. UV protection and antimicrobial 

properties of textiles using nanotechnology. In: Nanotechnology in textile finishing: 

Advancements and applications. Singapore: Springer; 2024. pp. 191-232. 

19. Sarkara S, Kumara S, Singhb K, Mehraa D. Documentation of recent advancements in finishing 

methods and chemicals in the textile industry. J Univ Shanghai Sci Technol. 2024; 26: 188-202. 

20. Yadav M, Singh N, Khanna S, Madhu A. Nanofinishing of synthetic fibres. In: Nanotechnology in 

textile finishing: Advancements and applications. Singapore: Springer Nature Singapore; 2024. 

pp. 353-380. 

21. Hanif MA, Shin H, Chun D, Kim HG, Kwac LK, Han SW, et al. Development of highly ultraviolet-

protective polypropylene/TiO2 nonwoven fiber. J Compos Sci. 2024; 8: 86. 

22. Kumari I, Kaur S, Das R. Green nanomaterials in textile industry. In: Green synthesis of 

nanomaterials: Biological and environmental applications. New York, NY: John Wiley & Sons, 

Inc.; 2024. pp. 114-130. 

23. Idumah CI. Progress in magneto-biopolymeric bionanoarchitectures for biomedical applications. 

Int J Polym Mater Polym Biomater. 2025; 74: 790-811. 

24. Iliyasu A, Marvin J, Ewansiha JU, Chimbekujwo KI, Williams MM, Oyewole OA, et al. Healthcare 

application of chitosan-based nanoparticles incorporated with antimicrobial textile. In: 

Chitosan-based nanoparticles for biomedical applications. Thorston, UK: Woodhead Publishing; 

2025. pp. 245-262. 

25. Meena HM, Kukreti S, Jassal PS. Synthesis of a novel chitosan-TiO2 nanocomposite as an 

efficient adsorbent for the removal of methylene blue cationic dye from wastewater. J Mol 

Struct. 2025; 1319: 139420. 

26. Campostrini A, Manente S, Ghedini E, Di Michele A, Menegazzo F. Enhancing venetian 

traditional marmorino with TiO2 and ZnO for antimicrobial protection-A case study. Next Mater. 

2025; 7: 100384. 

27. Etshindo LA, Sousa C, Tamiasso-Martinhon P, Colaço MV, Camara AR, Rocha AS. SnO2-TiO2 

materials for photocatalytic degradation of cationic dye under UV and visible light and a 

chitosan composite film investigation. Catal Today. 2025; 444: 114995. 

28. Wei Y, Chen J, He G, Lu A, Ji S, Zhou J. Fabrication of recoverable plant polyphenol-based 

surfactants for efficient removal of uranyl ions from skin and cotton fabric. Sep Purif Technol. 

2025; 356: 129790. 

29. Pradhan L, Maiti S, Adivarekar RV. Nanotechnology in coating and finishing of textiles. In: 

Nanotechnology in textile finishing: Advancements and applications. Singapore: Springer 

Nature Singapore; 2024. pp. 165-190. 

30. Mondal M, Banerjee S, Banerjee S, Naik SN, Ali SW. Biocompatibility and toxicity of 

nanoparticles in textile finishing. In: Nanotechnology in textile finishing: Advancements and 

applications. Singapore: Springer Nature Singapore; 2024. pp. 461-486. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 30/46 

31. Liu Y, Dang A, Liu X, Wang X, Zada A, Chen J, et al. Recyclable MXene film as SERS sensor with 

high sensitivity and flexibility adjusted with ZnO quantum dots. Sens Actuators B Chem. 2025; 

422: 136685. 

32. Sun D, Ahmad M, Siddiqui MO, Iqbal K. Nanotechnology in smart textiles. In: Nanotechnology 

in textile finishing: Advancements and applications. Singapore: Springer Nature Singapore; 2024. 

pp. 441-459. 

33. Mondal MI, Rahman N, Pervez MN, Islam MK, Habib MA, Ahmed F. Nanotechnology for smart 

textiles-recent development and applications. In: Smart textiles from natural resources. 

Thorston, UK: Woodhead Publishing; 2024. pp. 143-187. 

34. Agrawal A, Singha K, Pandit P. Methods of application of nanoscale coatings to textiles. In: 

Nanoscale textile coatings for enhanced performance. Singapore: Springer Nature Singapore; 

2024. pp. 51-79. 

35. Roshdy YA, El-Shamy MN, Mohamed HA, Gaafar ZS, Hassabo AG. Self-cleaning cotton textiles 

enhanced with nanotechnology. J Text Color Polym Sci. 2025; 22: 349-354. 

36. Rahaman MT, Khan MS. Applications of green nano textile materials for environmental 

sustainability and functional performance: Past, present and future perspectives. Nano Struct 

Nano Objects. 2024; 40: 101332. 

37. Hossain MT, Shahid MA, Limon MG, Hossain I, Mahmud N. Techniques, applications, and 

challenges in textiles for a sustainable future. J Open Innov Technol Mark Complex. 2024; 10: 

100230. 

38. Shaikh TN, Patel BH. Nanotechnology in hospital clothing and odor control of medical textiles. 

In: Nanotechnology based advanced medical textiles and biotextiles for healthcare. Boca Raton, 

FL: CRC Press; 2024. pp. 177-194. 

39. Javaid S, Rehman SU, Ahmad NM. Synergistic effect of surface hydrophobicity and in-vitro 

antimicrobial activity of polymeric nano-formulation in textile finishing. Mater Sci Forum. 2024; 

1129: 37-42. 

40. Gupta V, Karthick B, Singh VB. Application of nanotechnology in the development of smart 

textiles for allied industries. In: Nanoscale textile coatings for enhanced performance. 

Singapore: Springer Nature Singapore; 2024. pp. 267-290. 

41. Yusuf M, Jayant V. Nanoscale coatings for textile self-cleaning. In: Nanoscale textile coatings for 

enhanced performance. Singapore: Springer Nature Singapore; 2024. pp. 81-103. 

42. Soloxiddinov J, Bobojanov H, Abdulazizov S. Analysis of studies on the mechanical deformation 

of textile materials: Enhancing durability and improving recovery properties. Multidiscip J Sci 

Technol. 2024; 4: 82-85. 

43. Madhu CR. Nanofinishing of nonwoven fabrics. In: Nanotechnology in textile finishing: 

Advancements and applications. Singapore: Springer Nature Singapore; 2024. pp. 381-414. 

44. Aijaz MO, Abdus Samad U, Alnaser IA, Siddiqui MI, Assaifan AK, Karim MR. PBAT/PLA-based 

electrospun nanofibrous protective clothes with superhydrophobicity, permeability, and 

thermal insulation characteristics for individuals with disabilities. Polymers. 2024; 16: 2469. 

45. Furxhi I, Perucca M, Baldi G, Dami V, Cioni A, Koivisto AJ, et al. A roadmap towards safe and 

sustainable by design nanotechnology: Titanium dioxide coated photocatalytic depolluting 

surfaces production by the ASINA know-how. Comput Struct Biotechnol J. 2024; 25: 269-280. 

46. Gokarneshan N, Mrudhulla S. Nanomaterials in functional textiles. In: Handbook of 

nanomaterials, Volume 1. Amsterdam, Netherlands: Elsevier; 2024. pp. 339-360. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 31/46 

47. Muneer M, urRehman F, Saeed M, Jamal MA, Sabir H, Azeem Z. Nanoscale textile coatings for 

enhanced performance. In: Nanoscale textile coatings for enhanced performance. Singapore: 

Springer Nature Singapore; 2024. pp. 13-30. 

48. Okoye IE, Idumah CI, Ikebudu CJ. Fire safety mechanisms of metal polymeric nanoarchitectures 

for extreme environments. Saf Extreme Environ. 2025; 7: 5. 

49. Gellermann C, Haas KH, Hagendorf C, Laux P, Luch A, Miclea PT, et al. The role of 

nanotechnology for microplastics, packaging and textiles illustrated by selected examples. 

Amsterdam, Netherlands: Elsevier; 2024. 

50. Mohammed N, Nawar SH, Etawy MS, Nassar GE, Hassabo AG. Nanotechnology and its 

applications in industry and product design. J Text Color Polym Sci. 2024; 21: 273-284. 

51. Volante EK, Volante VB, Lis MJ, Saxena S, Martí M, Moisés MP, et al. Metal-organic frameworks 

as promising textile flame retardants: Importance and application methods. Appl Sci. 2024; 14: 

8079. 

52. Ehab T, Hany N, Mosaad G. Nanotechnology applications in interior design of hospitals to 

enhance thermal comfort and decrease the infection spread for the occupants. F1000Research. 

2024; 13: 342. 

53. Mathew M, Paul RR. Nanofibers and nanotechnology in porous textiles. In: Mechanics and 

physics of porous materials. Palm Bay, FL: Apple Academic Press; 2024. pp. 237-253. 

54. Sharma V, Kumar A, Jaswal P, Porwal C, Gaur A, Vaish R. Nanophotocatalyst-infused textile 

composites for environmental remediation. In: Smart and sustainable applications of 

nanocomposites. Hershey, PA: IGI Global Scientific Publishing; 2024. pp. 130-160. 

55. Ali NF, Abd-Elsalam IS. Nanotechnology application of natural dyes on wool fibers pretreated 

with nano chitosan/neem composite to improve their dyeing properties and antimicrobial 

activity. Int J Agric Technol. 2024; 20: 925-938. 

56. Islam SU, Haji A. Advances in plasma treatment of textile surfaces. Amsterdam, Netherlands: 

Elsevier; 2024. 

57. Idumah CI. Poly (α-caprolactone)(PCL) biopolymeric bionanoarchitectures for tissue 

engineering applications. Int J Polym Mater Polym Biomater. 2025; 74: 733-762. 

58. Reda EM, Mamdouh F, Yousif AR, Ebrahim SA, Mosaad MM. An overview on palladium 

nanoparticles and their usage in textile functionalization. J Text Color Polym Sci. 2024. doi:  

10.21608/jtcps.2024.259652.1309. 

59. Zemljič LF, Čolnik M, Fakin D, Pušić T, Bračko V, Glaser TK, et al. Eco friendly functional finishes 

of polyester fabric using keratin from wool and feather wastes. Prog Org Coat. 2024; 194: 

108616. 

60. Boruah G, Phukan AR, Kalita B, Gangwar AK, Jose S. Antimicrobial and UV protection finishing 

of cotton fabric with copper nanoparticles synthesized using S.cumini leaf extract. Clean 

Technol Environ Policy. 2024. doi: 10.1007/s10098-024-02933-9. 

61. Ivanuša M, Kumer B, Petrovčič E, Štular D, Zorc M, Jerman I, et al. Eco-friendly approach to 

produce durable multifunctional cotton fibres using TiO2, ZnO and Ag NPs. Nanomaterials. 2022; 

12: 3140. 

62. Mohamed SH, Hossain MS, Mohamad Kassim MH, Ahmad MI, Omar FM, Balakrishnan V, et al. 

Recycling waste cotton cloths for the isolation of cellulose nanocrystals: A sustainable approach. 

Polymers. 2021; 13: 626. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 32/46 

63. Elabasy A, Shoaib A, Waqas M, Shi Z, Jiang M. Cellulose nanocrystals loaded with thiamethoxam: 

Fabrication, characterization, and evaluation of insecticidal activity against Phenacoccus 

Solenopsis Tinsley (Hemiptera: Pseudococcidae). Nanomaterials. 2020; 10: 788. 

64. Mosaad RM, Alhalafi MH, Emam EA, Ibrahim MA, Ibrahim H. Enhancement of antimicrobial and 

dyeing properties of cellulosic fabrics via chitosan nanoparticles. Polymers. 2022; 14: 4211. 

65. Filimon A, Serbezeanu D, Rusu D, Bargan A, Lupa L. Design of high-performance electrospun 

membranes for protective clothing applications. Membranes. 2024; 14: 244. 

66. Taurino R, Cannio M, Caporali S, Martinuzzi S, Galvanetto E, Borgioli F, et al. Design and 

characterization of based chitosan sol-gel films for textile substrates. Proceedings of the 7th 

International Conference on Materials Science & Nanotechnology; 2024 July 15-16; Vienna, 

Austria. Santa Clara, CA: Innovinc International. 

67. Ogbu JE, Idumah CI. Poly (lactic) acid (PLA) hybrid bionanoarchitectures for tissue engineering. 

Int J Polym Mater Polym Biomater. 2025; 74: 497-522. 

68. Giedraitienė A, Ružauskas M, Šiugždinienė R, Tučkutė S, Grigonis K, Milčius D. ZnO nanoparticles 

enhance the antimicrobial properties of two-sided-coated cotton textile. Nanomaterials. 2024; 

14: 1264. 

69. Madhu A, Singh N, Yadav M. Challenges and opportunities in nanotechnology for textile 

finishing. In: Nanotechnology in textile finishing: Advancements and applications. Singapore: 

Springer; 2024. pp. 487-511. 

70. Arumugam V, Góra A, Lipik V. Influence of graphene, carbon nanotubes, and carbon black 

incorporated into polyamide yarn on fabric properties. Textiles. 2024; 4: 442-458. 

71. Madhu CR. Introduction to nanotechnology in textile finishing. In: Nanotechnology in textile 

finishing: Advancements and applications. Singapore: Springer Nature Singapore; 2024. pp. 1-

21. 

72. Bairagi S, Ahmed S, Ali SW. Nanotechnology in textile finishing. Singapore: Springer; 2024. 

73. Mahmoud ZH, Kianfar E. Application of nano technology in the self-cleaning finishing of textiles: 

A review. J Text Eng Fash Tech. 2024; 6: 1-13. 

74. Singh S, Kamble Z, Neje G. Types of nanomaterials used in textile finishing. In: Nanotechnology 

in textile finishing: Advancements and applications. Singapore: Springer Nature Singapore; 2024. 

pp. 23-48. 

75. Anik HR, Tushar SI, Mahmud S, Khadem AH, Sen P, Akter M. Into the revolution of nanofusion: 

Merging high performance and aesthetics by nanomaterials in textile finishes. Adv Mater 

Interfaces. 2025; 12: 2400368. 

76. Pratibha M, Verma M, Sheoran MP, Santosh M. Advance textile finishing used in textile industry. 

Vigyan Varta. 2024; 5: 62-67. 

77. Paul S, Ghosh S. Nano-finishing of natural fibres. In: Nanotechnology in textile finishing: 

Advancements and applications. Singapore: Springer Nature Singapore; 2024. pp. 313-352. 

78. Javaid S, Saleem N, Rehman SU. Polymeric nano-emulsion in functional textile finishing. In: 

Design and applications of self-assembly aggregates-from micelles to nanoemulsions: From 

micelles to nanoemulsions. Hamburg, Germany: Books on Demand; 2024. pp. 141-161. 

79. Annapoorani SG, Saranya K. Sustainable Antimicrobial Finishes for Textiles. In: Antimicrobials in 

environment. Boca Raton, FL: CRC Press; 2024. pp. 26-41. 

80. Venant Haule L. A review on sustainability challenges of flame retardants for textiles. Res J Text 

Apparel. 2024. doi: 10.1108/rjta-05-2024-0069. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 33/46 

81. Amer SI. The effect of changes in structural compositions and nanotechnology on the functional 

properties of fabrics for protective clothing for construction workers that resist UV. Int Des J. 

2024; 14: 457-468. 

82. Periyasamy AP. Sustainable approaches in textile finishing to control microfiber releases. In: 

Microfibre pollution from textiles. Boca Raton, FL: CRC Press; 2024. pp. 390-412. 

83. Tamilvanan S, Ramadoss A. Nanomaterial coatings on textile structures for antibacterial and 

antiviral applications. In: Antibacterial and antiviral functional materials, Volume 2. Washington, 

D.C.: American Chemical Society; 2024. pp. 329-359. 

84. Toro AU, Gupta V, Shukla SK, Bansal P. Functional finishing of textile materials using silver -based 

functionalized nanoparticles: Health perspectives. In: Antiviral and antimicrobial coatings based 

on functionalized nanomaterials. Amsterdam, Netherlands: Elsevier; 2023. pp. 333-363. 

85. Khan I, Saeed K, Khan I. Nanoparticles: Properties, applications and toxicities. Arab J Chem. 2019; 

12: 908-931. 

86. Verma A, Arif R, Jadoun S. Synthesis, characterization, and application of modified textile 

nanomaterials. In: Frontiers of textile materials: Polymers, nanomaterials, enzymes, and 

advanced modification techniques. New York, NY: John Wiley & Sons, Inc.; 2020. pp. 167-187. 

87. Kumar R, Chauhan M, Sharma N, Chaudhary GR. Toxic effects of nanomaterials on environment. 

In: Environmental toxicity of nanomaterials. Boca Raton, FL: CRC Press; 2018. pp. 1-20. 

88. Mishra R, Militky J. Nanotechnology in textiles: Theory and application. Cambridge, UK: 

Woodhead Publishing; 2018. 

89. Kumar V, Dasgupta N, Ranjan S. Environmental toxicity of nanomaterials. Boca Raton, FL: CRC 

Press; 2018. 

90. Leong DT. Nanosafety issues of nanomaterials. Amsterdam, Netherlands: Elsevier; 2017. 

91. Johnston LJ, Gonzalez-Rojano N, Wilkinson KJ, Xing B. Key challenges for evaluation of the safety 

of engineered nanomaterials. NanoImpact. 2020; 18: 100219. 

92. Mirshafiee V, Osborne OJ, Sun B, Xia T. Safety concerns of industrial engineered nanomaterials. 

In: Handbook of nanomaterials for industrial applications. Amsterdam, Netherlands: Elsevier; 

2018. pp. 1063-1072. 

93. Karim ME. Functional nanomaterials: Selected occupational health and safety concerns. In: 

Handbook of functionalized nanomaterials for industrial applications. Amsterdam, Netherlands: 

Elsevier; 2020. pp. 995-1006. 

94. Dobrovolskaia MA, McNeil SE. Handbook of immunological properties of engineered 

nanomaterials. Singapore: World Scientific; 2013. 

95. Ahmad F, Abubshait SA, Abubshait HA. Untargeted metabolomics for Achilles heel of 

engineered nanomaterials’ risk assessment. Chemosphere. 2021; 262: 128058. 

96. Kawai S, Niwano M, Sato M. A risk assessment framework for self-management of poorly 

soluble low toxic nanomaterials. Heliyon. 2019; 5: e02165. 

97. Auffan M, Masion A, Mouneyrac C, de Garidel-Thoron C, Hendren CO, Thiery A, et al. 

Contribution of mesocosm testing to a single-step and exposure-driven environmental risk 

assessment of engineered nanomaterials. NanoImpact. 2019; 13: 66-69. 

98. Oomen AG, Steinhäuser KG, Bleeker EA, van Broekhuizen F, Sips A, Dekkers S, et al. Risk 

assessment frameworks for nanomaterials: Scope, link to regulations, applicability, and outline 

for future directions in view of needed increase in efficiency. NanoImpact. 2018; 9: 1-13. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 34/46 

99. Schulte PA, Kuempel ED, Drew NM. Characterizing risk assessments for the development of 

occupational exposure limits for engineered nanomaterials. Regul Toxicol Pharmacol. 2018; 95: 

207-219. 

100. Jiang Q, Reddy N. Nanofunctional finishes for textile applications. In: Nano-engineering at 

functional interfaces for multi-disciplinary applications. Amsterdam, Netherlands: Elsevier; 

2025. pp. 511-539. 

101. McKenzie LC, Hutchison JE. Green nanoscience. Chim Oggi. 2004; 22: 30-33. 

102. Hutchison JE. Greener nanoscience: A proactive approach to advancing applications and 

reducing implications of nanotechnology. ACS Nano. 2008; 2: 395-402. 

103. Bamoharram FF. Role of polyoxometalates as green compounds in recent developments of 

nanoscience. Synth React Inorg Met Org Nano Met Chem. 2011; 41: 893-922. 

104. Karst D, Yang Y. Potential advantages and risks of nanotechnology for textiles. AATCC Rev. 2006; 

6: 44-48. 

105. Jatoi AS, Khan FS, Mazari SA, Mubarak NM, Abro R, Ahmed J, et al. Current applications of smart 

nanotextiles and future trends. In: Nanosensors and nanodevices for smart multifunctional 

textiles. Amsterdam, Netherlands: Elsevier; 2021. pp. 343-365. 

106. Darwesh OM, Ali SS, Matter IA, Elsamahy T. Nanotextiles waste management: Controlling of 

release and remediation of wastes. In: Nanosensors and nanodevices for smart multifunctional 

textiles. Amsterdam, Netherlands: Elsevier; 2021. pp. 267-286. 

107. Schoden F. Ecological and sustainable smart nanotextile. In: Nanosensors and nanodevices for 

smart multifunctional textiles. Amsterdam, Netherlands: Elsevier; 2021. pp. 287-320. 

108. Yilmaz ND. Introduction to smart nanotextiles. In: Smart textiles: Wearable nanotechnology. 

New York, NY: John Wiley & Sons, Inc.; 2018. pp. 1-37. 

109. Ehrmann A, Tri PN, Nguyen TA. Nanosensors and nanodevices for smart multifunctional textiles. 

Amsterdam, Netherlands: Elsevier; 2020. 

110. Abdullaeva Z, Abdullaeva Z. Nanomaterials for clothing and textile products. In: Nanomaterials 

in daily life: Compounds, synthesis, processing and commercialization. Cham: Springer; 2017. 

pp. 111-132. 

111. Riaz S, Ashraf M, Hussain T, Hussain MT, Younus A. Fabrication of robust multifaceted textiles 

by application of functionalized TiO2 nanoparticles. Colloids Surf A Physicochem Eng Asp. 2019; 

581: 123799. 

112. Almeida L, Ramos D. Health and safety concerns of textiles with nanomaterials. IOP Conf Ser 

Mater Sci Eng. 2017; 254: 102002. 

113. Brown P, Stevens K. Nanofibers and nanotechnology in textiles. Amsterdam, Netherlands: 

Elsevier; 2007. 

114. Radetić M. Functionalization of textile materials with silver nanoparticles. J Mater Sci. 2013; 48: 

95-107. 

115. Ibrahim NA. Nanomaterials for antibacterial textiles. In: Nanotechnology in diagnosis, 

treatment and prophylaxis of infectious diseases. New York, NY: Academic Press; 2015. pp. 191-

216. 

116. Sundarrajan S, Chandrasekaran AR, Ramakrishna S. An update on nanomaterials‐based textiles 

for protection and decontamination. J Am Ceram Soc. 2010; 93: 3955-3975. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 35/46 

117. Afzali A, Maghsoodlou S, Ciocoiu M, Maamir S. Engineering nanotextiles: Design of textile 

products. In: Nanostructured polymer blends and composites in textiles. Palm Bay, FL: Apple 

Academic Press; 2016. pp. 1-40. 

118. Sharon M. Smart nanofabrics for defense. In: Nanotechnology in the defense industry: 

Advances, innovation, and practical applications. Beverly, MA: Scrivener Publishing LLC.; 2019. 

pp. 235-273. 

119. El-Naggar ME, Shaarawy S, Hebeish AA. Multifunctional properties of cotton fabrics coated with 

in situ synthesis of zinc oxide nanoparticles capped with date seed extract. Carbohydr Polym. 

2018; 181: 307-316. 

120. Xue CH, Wu Y, Guo XJ, Liu BY, Wang HD, Jia ST. Superhydrophobic, flame-retardant and 

conductive cotton fabrics via layer-by-layer assembly of carbon nanotubes for flexible sensing 

electronics. Cellulose. 2020; 27: 3455-3468. 

121. Gadkari RR, Ali SW, Joshi M, Rajendran S, Das A, Alagirusamy R. Leveraging antibacterial efficacy 

of silver loaded chitosan nanoparticles on layer-by-layer self-assembled coated cotton fabric. 

Int J Biol Macromol. 2020; 162: 548-560. 

122. Elsayed EM, Attia NF, Alshehri LA. Innovative flame retardant and antibacterial fabrics coating 

based on inorganic nanotubes. ChemistrySelect. 2020; 5: 2961-2965. 

123. Mejía ML, Zapata J, Cuesta DP, Ortiz IC, Botero LE, Galeano BJ, et al. Properties of antibacterial 

nano textile for use in hospital environments. Rev Ing Biomed. 2017; 11: 13-19. 

124. Jadoun S, Verma A, Arif R. Modification of textiles via nanomaterials and their applications. In: 

Frontiers of textile materials: Polymers, nanomaterials, enzymes, and advanced modification 

techniques. Beverly, MA: Scrivener Publishing LLC.; 2020. pp. 135-152. 

125. Gokarneshan N, Chandrasekar PT, Suvitha L. Advances in nanotextile finishes-An approach 

towards sustainability. In: Textiles and clothing sustainability: Nanotextiles and sustainability. 

Singapore: Springer; 2017. pp. 1-56. 

126. Perera S, Bhushan B, Bandara R, Rajapakse G, Rajapakse S, Bandara C. Morphological, 

antimicrobial, durability, and physical properties of untreated and treated textiles using silver -

nanoparticles. Colloids Surf A Physicochem Eng Asp. 2013; 436: 975-989. 

127. Ferraris S, Perero S, Miola M, Verne E, Rosiello A, Ferrazzo V, et al. Chemical, mechanical and 

antibacterial properties of silver nanocluster/silica composite coated textiles for safety systems 

and aerospace applications. Appl Surf Sci. 2014; 317: 131-139. 

128. Bashari A, Shakeri M, Shirvan AR, Najafabadi SA. Functional finishing of textiles via 

nanomaterials. In: Nanomaterials in the wet processing of textiles. Beverly, MA: Scrivener 

Publishing LLC.; 2018. pp. 1-70. 

129. Riaz S, Ashraf M, Hussain T, Hussain MT, Rehman A, Javid A, et al. Functional finishing and 

coloration of textiles with nanomaterials. Color Technol. 2018; 134: 327-346. 

130. Faccini M, Vaquero C, Amantia DJ. Development of protective clothing against nanoparticle 

based on electrospun nanofibers. J Nanomater. 2012; 2012: 892894. 

131. Lund A, van der Velden NM, Persson NK, Hamedi MM, Müller C. Electrically conducting fibres 

for e-textiles: An open playground for conjugated polymers and carbon nanomaterials. Mater 

Sci Eng R Rep. 2018; 126: 1-29. 

132. Silva IO, Ladchumananandasivam R, Nascimento JH, Silva KK, Oliveira FR, Souto AP, et al. 

Multifunctional chitosan/gold nanoparticles coatings for biomedical textiles. Nanomaterials. 

2019; 9: 1064. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 36/46 

133. Shabbir M, Kaushik M. Engineered nanomaterials: Scope in today’s textile industry. In: 

Handbook of nanomaterials for manufacturing applications. Amsterdam, Netherlands: Elsevier; 

2020. pp. 249-263. 

134. Islam SU, Butola BS. Nanomaterials in the wet processing of textiles. New York, NY: John Wiley 

& Sons, Inc.; 2018. 

135. Singh M, Vajpayee M, Ledwani L. Eco-friendly surface modification and nanofinishing of textile 

polymers to enhance functionalisation. In: Nanotechnology for energy and environmental 

engineering. Cham: Springer; 2020. pp. 529-559. 

136. Yetisen AK, Qu H, Manbachi A, Butt H, Dokmeci MR, Hinestroza JP, et al. Nanotechnology in 

textiles. ACS Nano. 2016; 10: 3042-3068. 

137. Joshi M, Adak B. Nanotechnology-based textiles: A solution for the emerging automotive sector. 

In: Rubber nanocomposites and nanotextiles. Berlin, Germany: De Gruyter; 2019. pp. 207-266. 

138. Haji A, Mousavi Shoushtari A, Mazaheri F, Tabatabaeyan SE. RSM optimized self-cleaning nano-

finishing on polyester/wool fabric pretreated with oxygen plasma. J Text Inst. 2016; 107: 985-

994. 

139. Ghosh G, Sidpara A, Bandyopadhyay PP. High efficiency chemical assisted nanofinishing of 

HVOF sprayed WC-Co coating. Surf Coat Technol. 2018; 334: 204-214. 

140. Osman E. Nanofinished medical textiles and their potential impact to health and environment. 

In: Nanoparticles and their biomedical applications. Singapore: Springer; 2020. pp. 127-145. 

141. Gokarneshan N, Velumani K. Significant trends in nano finishes for improvement of functional 

properties of fabrics. In: Handbook of renewable materials for coloration and finishing. Beverly, 

MA: Scrivener Publishing LLC.; 2018. pp. 387-434. 

142. Ghosh S, Smith T, Rana S, Goswami P. Nanofinishing of textiles for sportswear. Dublin, Ireland: 

World Textile Information Network; 2020. 

143. Nguyen-Tri P, Nguyen TA, Carriere P, Ngo Xuan C. Nanocomposite coatings: Preparation, 

characterization, properties, and applications. Int J Corros. 2018; 2018: 4749501. 

144. Joshi M, Khanna R, Shekhar R, Jha K. Chitosan nanocoating on cotton textile substrate using 

layer‐by‐layer self‐assembly technique. J Appl Polym Sci. 2011; 119: 2793-2799. 

145. Smole MS, Stakne K, Bele M, Jamnik J, Hribernik S, Ribitsch V. Nanocoatings for textile. 

Proceedings of the 3rd International Textile Clothing & Design Conference; 2006 October 08-

11; Dubrovnik, Croatia. Zagreb, Croatia: Organising Committee ITC&DC. 

146. Peng L, Chen W, Su B, Yu A, Jiang X. CsxWO3 nanosheet-coated cotton fabric with multiple 

functions: UV/NIR shielding and full-spectrum-responsive self-cleaning. Appl Surf Sci. 2019; 475: 

325-333. 

147. Temesgen AG, Turşucular ÖF, Eren R, Ulcay Y. Novel applications of nanotechnology in 

modification of textile fabrics properties and apparel. Int J Adv Multidiscip Res. 2018; 5: 49-58. 

148. Almetwally AA, El-Sakhawy M, Elshakankery MH, Kasem MH. Technology of nano-fibers: 

Production techniques and properties-critical review. J Text Assoc. 2017; 78: 5-14. 

149. Nayak R, Khandual A. Nanotextiles and recent developments. In: Fibres to smart textiles. Boca 

Raton, FL: CRC Press; 2019. pp. 345-380. 

150. Naeem MA, Alfred M, Saba H, Siddiqui Q, Naveed T, Shahbaz U, et al. A preliminary study on 

the preparation of seamless tubular bacterial cellulose-electrospun nanofibers-based 

nanocomposite fabrics. J Compos Mater. 2019; 53: 3715-3724. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 37/46 

151. Qi K, Zhou Y, Ou K, Dai Y, You X, Wang H, et al. Weavable and stretchable piezoresistive carbon 

nanotubes-embedded nanofiber sensing yarns for highly sensitive and multimodal wearable 

textile sensor. Carbon. 2020; 170: 464-476. 

152. Tebyetekerwa M, Xu Z, Yang S, Ramakrishna S. Electrospun nanofibers-based face masks. Adv 

Fiber Mater. 2020; 2: 161-166. 

153. Montazer M, Harifi T. Conductive nanofinishes for textiles. In: Nanofinishing textile materials. 

Amsterdam, Netherlands: Elsevier; 2018. pp. 241-263. 

154. Attia NF, Morsy MS. Facile synthesis of novel nanocomposite as antibacterial and flame 

retardant material for textile fabrics. Mater Chem Phys. 2016; 180: 364-372. 

155. Göcek İ. Functionalization of textile materials with nanoclay incorporation for improved 

characteristics. Politek Derg. 2019; 22: 509-522. 

156. Dogan O, Dag R. Application of nano coating (SiO2) on textile products. J Chem Chem Eng. 2017; 

11: 82-85. 

157. Verbič A, Gorjanc M, Simončič B. Zinc oxide for functional textile coatings: Recent advances. 

Coatings. 2019; 9: 550. 

158. Abbas M, Iftikhar H, Malik MH, Nazir A. Surface coatings of TiO2 nanoparticles onto the designed 

fabrics for enhanced self-cleaning properties. Coatings. 2018; 8: 35. 

159. Xu Q, Xie L, Diao H, Li F, Zhang Y, Fu F, et al. Antibacterial cotton fabric with enhanced durability 

prepared using silver nanoparticles and carboxymethyl chitosan. Carbohydr Polym. 2017; 177: 

187-193. 

160. Vigneshwaran N, Arputharaj A. Functional finishing of cotton textiles using nanomaterials. In: 

Advances in functional finishing of textiles. Singapore: Springer; 2020. pp. 43-56. 

161. Erdem N, Cireli AA, Erdogan UH. Flame retardancy behaviors and structural properties of 

polypropylene/nano‐SiO2 composite textile filaments. J Appl Polym Sci. 2009; 111: 2085-2091. 

162. Idumah CI, Nwuzor IC, Ezeani EO, Nwogu CN, Ugwu SC, Okpechi VU, et al. Immobilisation of 

biomolecules in natural fibre polymeric nanobiocomposites for biomedical applications. Boca 

Raton, FL: CRC Press; 2025. 

163. Shariatinia Z, Javeri N, Shekarriz S. Flame retardant cotton fibers produced using novel 

synthesized halogen-free phosphoramide nanoparticles. Carbohydr Polym. 2015; 118: 183-198. 

164. Kundu CK, Song L, Hu Y. Nanoparticles based coatings for multifunctional polyamide 66 textiles 

with improved flame retardancy and hydrophilicity. J Taiwan Inst Chem Eng. 2020; 112: 15-19. 

165. Rivero PJ, Urrutia A, Goicoechea J, Arregui FJ. Nanomaterials for functional textiles and fibers. 

Nanoscale Res Lett. 2015; 10: 501. 

166. Ortelli S, Malucelli G, Blosi M, Zanoni I, Costa AL. NanoTiO2@DNA complex: A novel eco, durable, 

fire retardant design strategy for cotton textiles. J Colloid Interface Sci. 2019; 546: 174-183. 

167. Ortelli S, Malucelli G, Cuttica F, Blosi M, Zanoni I, Costa AL. Coatings made of proteins adsorbed 

on TiO2 nanoparticles: A new flame retardant approach for cotton fabrics. Cellulose. 2018; 25: 

2755-2765. 

168. Carosio F, Alongi J, Frache A, Malucelli G, Camino G. Textile flame retardancy through surface-

assembled nanoarchitectures. In: Fire and polymers VI: New advances in flame retardant 

chemistry and science. Washington, D.C.: American Chemical Society; 2012. pp. 327-341. 

169. Saleemi S, Naveed T, Riaz T, Memon H, Awan JA, Siyal MI, et al. Surface functionalization of 

cotton and PC fabrics using SiO2 and ZnO nanoparticles for durable flame retardant properties. 

Coatings. 2020; 10: 124. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 38/46 

170. Islam SU, Butola BS. Advances in functional and protective textiles. Cambridge, UK: Woodhead 

Publishing; 2020. 

171. Sharma V, Basak S, Rishabh K, Umaria H, Ali SW. Synthesis of zinc carbonate nanoneedles, a 

potential flame retardant for cotton textiles. Cellulose. 2018; 25: 6191-6205. 

172. Norouzi M, Zare Y, Kiany P. Nanoparticles as effective flame retardants for natural and synthetic 

textile polymers: Application, mechanism, and optimization. Polym Rev. 2015; 55: 531-560. 

173. Yazhini KB, Prabu HG. Study on flame-retardant and UV-protection properties of cotton fabric 

functionalized with ppy-ZnO-CNT nanocomposite. RSC Adv. 2015; 5: 49062-49069. 

174. Fanglong Z, Qun X, Qianqian F, Rangtong L, Kejing LI. Influence of nano-silica on flame resistance 

behavior of intumescent flame retardant cellulosic textiles: Remarkable synergistic effect? Surf 

Coat Technol. 2016; 294: 90-94. 

175. Dhineshbabu NR, Bose S. UV resistant and fire retardant properties in fabrics coated with 

polymer based nanocomposites derived from sustainable and natural resources for protective 

clothing application. Compos B Eng. 2019; 172: 555-563. 

176. Kathirvelu S, D’souza L, Dhurai B. UV protection finishing of textiles using ZnO nanoparticles. 

Indian J Fibre Text Res. 2009; 34: 267-273. 

177. Becheri A, Dürr M, Lo Nostro P, Baglioni P. Synthesis and characterization of zinc oxide 

nanoparticles: Application to textiles as UV-absorbers. J Nanopart Res. 2008; 10: 679-689. 

178. Fouda A, Saad EL, Salem SS, Shaheen TI. In-vitro cytotoxicity, antibacterial, and UV protection 

properties of the biosynthesized zinc oxide nanoparticles for medical textile applications. 

Microb Pathog. 2018; 125: 252-261. 

179. Tsuzuki T, Wang X. Nanoparticle coatings for UV protective textiles. Res J Text Apparel. 2010; 

14: 9-20. 

180. Farouk A, Textor T, Schollmeyer E, Tarbuk A, Grancacic AM. Sol-gel-derived inorganic-organic 

hybrid polymers filled with ZnO nanoparticles as an ultraviolet protection finish for textiles. 

AUTEX Res J. 2010; 10: 58-63. 

181. Radetić M. Functionalization of textile materials with TiO2 nanoparticles. J Photochem 

Photobiol C. 2013; 16: 62-76. 

182. Attia NF, Moussa M, Sheta AM, Taha R, Gamal H. Synthesis of effective multifunctional textile 

based on silica nanoparticles. Prog Org Coat. 2017; 106: 41-49. 

183. Attia NF, Moussa M, Sheta AM, Taha R, Gamal H. Effect of different nanoparticles based coating 

on the performance of textile properties. Prog Org Coat. 2017; 104: 72-80. 

184. Lee S. Developing UV-protective textiles based on electrospun zinc oxide nanocomposite fibers. 

Fibers Polym. 2009; 10: 295-301. 

185. Dhineshbabu NR, Bose S. Smart textiles coated with eco-friendly UV-blocking nanoparticles 

derived from natural resources. ACS Omega. 2018; 3: 7454-7465. 

186. Noorian SA, Hemmatinejad N, Navarro JA. Ligand modified cellulose fabrics as support of zinc 

oxide nanoparticles for UV protection and antimicrobial activities. Int J Biol Macromol. 2020; 

154: 1215-1226. 

187. Ahmed HB, El-Hawary NS, Emam HE. Self-assembled AuNPs for ingrain pigmentation of silk 

fabrics with antibacterial potency. Int J Biol Macromol. 2017; 105: 720-729. 

188. Bu Y, Zhang S, Cai Y, Yang Y, Ma S, Huang J, et al. Fabrication of durable antibacterial and 

superhydrophobic textiles via in situ synthesis of silver nanoparticle on tannic acid-coated 

viscose textiles. Cellulose. 2019; 26: 2109-2122. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 39/46 

189. Hebeish A, El-Naggar ME, Fouda MM, Ramadan MA, Al-Deyab SS, El-Rafie MH. Highly effective 

antibacterial textiles containing green synthesized silver nanoparticles. Carbohydr Polym. 2011; 

86: 936-940. 

190. Xue CH, Chen J, Yin W, Jia ST, Ma JZ. Superhydrophobic conductive textiles with antibacterial 

property by coating fibers with silver nanoparticles. Appl Surf Sci. 2012; 258: 2468-2472. 

191. Zhang F, Wu X, Chen Y, Lin H. Application of silver nanoparticles to cotton fabric as an 

antibacterial textile finish. Fibers Polym. 2009; 10: 496-501. 

192. Budama L, Çakır BA, Topel Ö , Hoda N. A new strategy for producing antibacterial textile surfaces 

using silver nanoparticles. Chem Eng J. 2013; 228: 489-495. 

193. Liu H, Lv M, Deng B, Li J, Yu M, Huang Q, et al. Laundering durable antibacterial cotton fabrics 

grafted with pomegranate-shaped polymer wrapped in silver nanoparticle aggregations. Sci 

Rep. 2014; 4: 5920. 

194. Perelshtein I, Applerot G, Perkas N, Guibert G, Mikhailov S, Gedanken A. Sonochemical coating 

of silver nanoparticles on textile fabrics (nylon, polyester and cotton) and their antibacterial 

activity. Nanotechnology. 2008; 19: 245705. 

195. Zhang G, Liu Y, Gao X, Chen Y. Synthesis of silver nanoparticles and antibacterial property of silk 

fabrics treated by silver nanoparticles. Nanoscale Res Lett. 2014; 9: 216. 

196. Attia NF, Elashery SE, Oh H. Nanomaterials-based antibacterial textiles. In: Nanosensors and 

nanodevices for smart multifunctional textiles. Amsterdam, Netherlands: Elsevier; 2021. pp. 

135-147. 

197. Ullah N, Yasin S, Abro Z, Liu L, Wei Q. Mechanically robust and antimicrobial cotton fibers loaded 

with silver nanoparticles: Synthesized via Chinese holly plant leaves. Int J Text Sci. 2014; 3: 1-5. 

198. Ouadil B, Amadine O, Essamlali Y, Cherkaoui O, Zahouily M. A new route for the preparation of 

hydrophobic and antibacterial textiles fabrics using Ag-loaded graphene nanocomposite. 

Colloids Surf A Physicochem Eng Asp. 2019; 579: 123713. 

199. Dizaj SM, Lotfipour F, Barzegar-Jalali M, Zarrintan MH, Adibkia K. Antimicrobial activity of the 

metals and metal oxide nanoparticles. Mater Sci Eng C. 2014; 44: 278-284. 

200. Wu Y, Yang Y, Zhang Z, Wang Z, Zhao Y, Sun L. Fabrication of cotton fabrics with durable 

antibacterial activities finishing by Ag nanoparticles. Text Res J. 2019; 89: 867-880. 

201. Toh HS, Faure RL, Mohd Amin LB, Hay CY, George S. A light-assisted in situ embedment of silver 

nanoparticles to prepare functionalized fabrics. Nanotechnol Sci Appl. 2017; 10: 147-162. 

202. El-Naggar ME, Shaheen TI, Zaghloul S, El-Rafie MH, Hebeish A. Antibacterial activities and UV 

protection of the in situ synthesized titanium oxide nanoparticles on cotton fabrics. Ind Eng 

Chem Res. 2016; 55: 2661-2668. 

203. Jia L, Huang X, Liang HE, Tao Q. Enhanced hydrophilic and antibacterial efficiencies by the 

synergetic effect TiO2 nanofiber and graphene oxide in cellulose acetate nanofibers. Int J Biol 

Macromol. 2019; 132: 1039-1043. 

204. Asif AK, Hasan MZ. Application of nanotechnology in modern textiles: A review. Int J Curr Eng 

Technol. 2018; 8: 227-231. 

205. Katiyar P, Mishra S, Srivastava A, Prasad NE. Preparation of TiO2-SiO2 hybrid nanosols coated 

flame-retardant polyester fabric possessing dual contradictory characteristics of 

superhydrophobicity and self cleaning ability. J Nanosci Nanotechnol. 2020; 20: 1780-1789. 

206. Talebi S, Montazer M. Denim fabric with flame retardant, hydrophilic and self-cleaning 

properties conferring by in-situ synthesis of silica nanoparticles. Cellulose. 2020; 27: 6643-6661. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 40/46 

207. Das I, De G. Zirconia based superhydrophobic coatings on cotton fabrics exhibiting excellent 

durability for versatile use. Sci Rep. 2015; 5: 18503. 

208. Joshi M, Bhattacharyya A, Agarwal N, Parmar S. Nanostructured coatings for super hydrophobic 

textiles. Bull Mater Sci. 2012; 35: 933-938. 

209. Wang R, Wang X, Xin JH. Advanced visible-light-driven self-cleaning cotton by Au/TiO2/SiO2 

photocatalysts. ACS Appl Mater Interfaces. 2010; 2: 82-85. 

210. Hebeish AA, Abdelhady MM, Youssef AM. TiO2 nanowire and TiO2 nanowire doped Ag-PVP 

nanocomposite for antimicrobial and self-cleaning cotton textile. Carbohydr Polym. 2013; 91: 

549-559. 

211. Karimi L, Yazdanshenas ME, Khajavi R, Rashidi A, Mirjalili M. Using graphene/TiO2 

nanocomposite as a new route for preparation of electroconductive, self-cleaning, antibacterial 

and antifungal cotton fabric without toxicity. Cellulose. 2014; 21: 3813-3827. 

212. Landi Jr S, Carneiro J, Soares OS, Pereira MF, Gomes AC, Ribeiro A, et al. Photocatalytic 

performance of N-doped TiO2nano-SiO2-HY nanocomposites immobilized over cotton fabrics. J 

Mater Res Technol. 2019; 8: 1933-1943. 

213. Xu B, Ding J, Feng L, Ding Y, Ge F, Cai Z. Self-cleaning cotton fabrics via combination of 

photocatalytic TiO2 and superhydrophobic SiO2. Surf Coat Technol. 2015; 262: 70-76. 

214. Idumah CI. Polymer MXenes nanoarchitectures and their applications. Boca Raton, FL: CRC 

Press; 2025. 

215. Joshi M, Adak B. Comprehensive nanoscience and nanotechnology. 2nd ed. Advances in 

nanotechnology based functional, smart and intelligent textiles: A review. Amsterdam, 

Netherlands: Elsevier; 2019. 

216. Priyadarshinirajkumar A, Raja NV. Innovative herbal nanofinishing on cotton fabric. Int J Fiber 

Text Res. 2015; 5: 44. 

217. Tripathi R, Narayan A, Bramhecha I, Sheikh J. Development of multifunctional linen fabric using 

chitosan film as a template for immobilization of in-situ generated CeO2 nanoparticles. Int J Biol 

Macromol. 2019; 121: 1154-1159. 

218. Hezavehi E, Shahidi S, Zolgharnein P. Effect of dyeing on wrinkle properties of cotton cross-

linked by butane tetracarboxylic acid (BTCA) in presence of titanium dioxide (TiO2) 

nanoparticles. Autex Res J. 2015; 15: 104-111. 

219. Memon H, Wang H, Yasin S, Halepoto A. Influence of incorporating silver nanoparticles in 

protease treatment on fiber friction, antistatic, and antibacterial properties of wool fibers. J 

Chem. 2018; 2018: 4845687. 

220. Zhang F, Yang J. Preparation of nano-ZnO and its application to the textile on antistatic finishing. 

Int J Chem. 2009; 1: 18-22. 

221. Hassan MM. Enhanced colour, hydrophobicity, UV radiation absorption and antistatic 

properties of wool fabric multi-functionalised with silver nanoparticles. Colloids Surf A 

Physicochem Eng Asp. 2019; 581: 123819. 

222. Hossain M, Biswas AK, Parvez S, Bain S. Advanced functionalization of textiles by nanofinishing: 

A review. Proceedings of the International Conference on Mechanical, Industrial and Materials 

Engineering; 2013 November 1-3; RUET, Rajshahi, Bangladesh. RUET, Rajshahi, Bangladesh: 

Faculty of Mechanical Engineering. 

223. Yadav A, Prasad V, Kathe AA, Raj S, Yadav D, Sundaramoorthy C, et al. Functional finishing in 

cotton fabrics using zinc oxide nanoparticles. Bull Mater Sci. 2006; 29: 641-645. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 41/46 

224. Harifi T, Montazer M. Application of nanotechnology in sports clothing and flooring for 

enhanced sport activities, performance, efficiency and comfort: A review. J Ind Text. 2017; 46: 

1147-1169. 

225. Shalaby MN, Saad MM. Advanced material engineering and nanotechnology for improving 

sports performance and equipment. Int J Psychosoc Rehabil. 2020; 24: 2314-2322. 

226. Yu L. A study on decomposition of nanoparticle finished textiles. Int J Nanosci Nanoeng. 2018; 

4: 80-82. 

227. Kausar A. Textile nanocomposite of polymer/carbon nanotube. Am J Nanosci Nanotechnol Res. 

2018; 6: 28-35. 

228. Rovira J, Domingo JL. Human health risks due to exposure to inorganic and organic chemicals 

from textiles: A review. Environ Res. 2019; 168: 62-69. 

229. Montazer M, Harifi T. Nanofinishing of textile materials. Cambridge, UK: Woodhead Publishing; 

2018. 

230. Köhler AR, Som C. Risk preventative innovation strategies for emerging technologies the cases 

of nano-textiles and smart textiles. Technovation. 2014; 34: 420-430. 

231. Geranio L, Heuberger M, Nowack B. The behavior of silver nanotextiles during washing. Environ 

Sci Technol. 2009; 43: 8113-8118. 

232. Idumah CI. Polymeric magnetic nanocomposites and their applications. Boca Raton, FL: CRC 

Press; 2025. 

233. Lorenz C, Windler L, von Goetz N, Lehmann RP, Schuppler M, Hungerbühler K, et al. 

Characterization of silver release from commercially available functional (nano) textiles. 

Chemosphere. 2012; 89: 817-824. 

234. Rather LJ, Zhou Q, Ganie SA, Li Q. Environmental profile of nano-finished textile materials: 

Implications on public health, risk assessment, and public perception. In: Advances in functional 

finishing of textiles. Singapore: Springer; 2020. pp. 57-83. 

235. Wagener S, Dommershausen N, Jungnickel H, Laux P, Mitrano D, Nowack B, et al. Textile 

functionalization and its effects on the release of silver nanoparticles into artificial sweat. 

Environ Sci Technol. 2016; 50: 5927-5934. 

236. Spielman-Sun E, Zaikova T, Dankovich T, Yun J, Ryan M, Hutchison JE, et al. Effect of silver 

concentration and chemical transformations on release and antibacterial efficacy in silver -

containing textiles. NanoImpact. 2018; 11: 51-57. 

237. Stefaniak AB, Duling MG, Lawrence RB, Thomas TA, LeBouf RF, Wade EE, et al. Dermal exposure 

potential from textiles that contain silver nanoparticles. Int J Occup Environ Health. 2014; 20: 

220-234. 

238. Balakumaran MD, Ramachandran R, Jagadeeswari S, Kalaichelvan PT. In vitro biological 

properties and characterization of nanosilver coated cotton fabrics-An application for 

antimicrobial textile finishing. Int Biodeterior Biodegrad. 2016; 107: 48-55. 

239. Milošević M, Radoičić M, Šaponjić Z, Nunney T, Deeks C, Lazić V, et al. In situ photoreduction of 

Ag+-ions by TiO2 nanoparticles deposited on cotton and cotton/PET fabrics. Cellulose. 2014; 21: 

3781-3795. 

240. Ezika AC, Kupolati WK, Sadiku ER, Idumah CI. Emerging advances in Terahertz shielding 

technologies of polymer nanocomposites. Polym Plast Technol Mater. 2025: 1-20. 

241. Cucurachi S, Rocha CF. Life-cycle assessment of engineered nanomaterials. In: Nanotechnology 

in eco-efficient construction. Thorston, UK: Woodhead Publishing; 2019. pp. 815-846. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 42/46 

242. Patnaik A, Patnaik S. Fibres to smart textiles: Advances in manufacturing, technologies, and 

applications. Boca Raton, FL: CRC Press; 2019. 

243. Mitrano DM, Limpiteeprakan P, Babel S, Nowack B. Durability of nano-enhanced textiles 

through the life cycle: Releases from landfilling after washing. Environ Sci Nano. 2016; 3: 375-

387. 

244. Som C, Wick P, Krug H, Nowack B. Environmental and health effects of nanomaterials in 

nanotextiles and façade coatings. Environ Int. 2011; 37: 1131-1142. 

245. Temizel-Sekeryan S, Hicks AL. Global environmental impacts of silver nanoparticle production 

methods supported by life cycle assessment. Resour Conserv Recycl. 2020; 156: 104676. 

246. Piontek FM, Müller M. Literature reviews: Life cycle assessment in the context of product-

service systems and the textile industry. Procedia CIRP. 2018; 69: 758-763. 

247. Sahu SC, Hayes AW. Toxicity of nanomaterials found in human environment: A literature review. 

Toxicol Res Appl. 2017; 1. doi: 10.1177/2397847317726352. 

248. Alanezi AM. Impact of pollution generated by the textile industry on health and environment. J 

Univ Stud Incl Res. 2018; 2: 160-176. 

249. Murphy F, Tchetchik A, Furxhi I. Reduction of health care-associated infections (HAIs) with 

antimicrobial inorganic nanoparticles incorporated in medical textiles: An economic 

assessment. Nanomaterials. 2020; 10: 999. 

250. Yu L. An overview on the fate of fast fashion and nanoparticle treated textiles. Res J Nanosci 

Eng. 2018; 2: 30-33. 

251. Abdelrahman MS, Nassar SH, Mashaly H, Mahmoud S, Maamoun D, El-Sakhawy M, et al. Studies 

of polylactic acid and metal oxide nanoparticles-based composites for multifunctional textile 

prints. Coatings. 2020; 10: 58. 

252. Song G, Mandal S, Rossi R. Development of high performance thermal protective clothing. In: 

Thermal protective clothing for firefighters. Cambridge, UK: Woodhead Publishing; 2017. pp. 

27-55. 

253. Idumah CI, Okoye IE, Ikebudu CJ. Emerging advances in 3-D & 4-D printing of polymeric 

nanoarchitectures & multifacet applications. Recent Prog Mater. 2025; 7: 005. 

254. Rosace G, Trovato V, Colleoni C, Caldara M, Re V, Brucale M, et al. Structural and morphological 

characterizations of MWCNTs hybrid coating onto cotton fabric as potential humidity and 

temperature wearable sensor. Sens Actuators B Chem. 2017; 252: 428-439. 

255. Krucińska I, Skrzetuska E, Urbaniak-Domagała W. Prototypes of carbon nanotube-based textile 

sensors manufactured by the screen printing method. Fibres Text East Eur. 2012; 20: 79-83. 

256. Grancarić AM, Jerković I, Koncar V, Cochrane C, Kelly FM, Soulat D, et al. Conductive polymers 

for smart textile applications. J Ind Text. 2018; 48: 612-642. 

257. Karim N, Afroj S, Leech D, Abdelkader AM. Flexible and wearable graphene-based e-textiles. In: 

Oxide electronics. New York, NY: John Wiley & Sons, Inc.; 2021. pp. 21-49. 

258. Wang Y, Weng GJ. Electrical conductivity of carbon nanotube-and graphene-based 

nanocomposites. In: Micromechanics and nanomechanics of composite solids. Cham: Springer 

International Publishing; 2017. pp. 123-156. 

259. Abbas A, Zhao Y, Zhou J, Wang X, Lin T. Improving thermal conductivity of cotton fabrics using 

composite coatings containing graphene, multiwall carbon nanotube or boron nitride fine 

particles. Fibers Polym. 2013; 14: 1641-1649. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 43/46 

260. Mondal S, Hu JL. A novel approach to excellent UV protecting cotton fabric with functionalized 

MWNT containing water vapor permeable PU coating. J Appl Polym Sci. 2007; 103: 3370-3376. 

261. Shahidi S, Moazzenchi B. Carbon nanotube and its applications in textile industry-A review. J 

Text Inst. 2018; 109: 1653-1666. 

262. Rahman MJ, Mieno T. Conductive cotton textile from safely functionalized carbon nanotubes. J 

Nanomater. 2015; 2015: 978484. 

263. Liu Y, Tang J, Wang R, Lu H, Li L, Kong Y, et al. Artificial lotus leaf structures from assembling 

carbon nanotubes and their applications in hydrophobic textiles. J Mater Chem. 2007; 17: 1071-

1078. 

264. Liu Y, Wang X, Qi K, Xin JH. Functionalization of cotton with carbon nanotubes. J Mater Chem. 

2008; 18: 3454-3460. 

265. Li G, Wang H, Zheng H, Bai R. A facile approach for the fabrication of highly stable 

superhydrophobic cotton fabric with multi-walled carbon nanotubes-Azide polymer 

composites. Langmuir. 2010; 26: 7529-7534. 

266. Mahmoudifard M, Safi M. Novel study of carbon nanotubes as UV absorbers for the 

modification of cotton fabric. J Text Inst. 2012; 103: 893-899. 

267. Kokol V, Vivod V, Peršin Z, Kamppuri T, Dobnik-Dubrovski P. Screen-printing of microfibrillated 

cellulose for an improved moisture management, strength and abrasion resistant properties of 

flame-resistant fabrics. Cellulose. 2021; 28: 6663-6678. 

268. El-Shafei AM, Adel AM, Ibrahim AA, Al-Shemy MT. Dual functional jute fabric biocomposite with 

chitosan and phosphorylated nano-cellulose (antimicrobial and thermal stability). Int J Biol 

Macromol. 2019; 124: 733-741. 

269. Thomas B, Raj MC, Joy J, Moores A, Drisko GL, Sanchez C. Nanocellulose, a versatile green 

platform: From biosources to materials and their applications. Chem Rev. 2018; 118: 11575-

11625. 

270. Fabrics TW. Determination of mass per unit length and mass per Unit Area. Geneva, Switzerland: 

International Standardization Organization; 1977. 

271. Idumah CI, Odera RS, Ezeani EO. Exploring polymeric nanotextile devices: Progress and outlook. 

Int J Cloth Sci Technol. 2024; 36: 961-1003. 

272. Idumah CI. Emerging advancements in hybrid molybdenum disulfide polymeric 

nanoarchitectures and multifunctional applications. Polym Plast Technol Mater. 2024; 63: 

2521-2548. 

273. Ogbu JE, Idumah CI. Metal organic frameworks (MOFs)@conducting polymeric 

nanoarchitectures for electrochemical energy storage applications. Polym Plast Technol Mater. 

2024; 63: 939-974. 

274. Idumah CI. Phosphorene polymeric nanocomposites for biomedical applications: A review. Int 

J Polym Mater Polym Biomater. 2024; 73: 292-309. 

275. Idumah CI. Recently emerging advancements in polymeric nanogel nanoarchitectures for drug 

delivery applications. Int J Polym Mater Polym Biomater. 2024; 73: 104-116. 

276. Idumah CI. Global status of nanotechnology policies in the packaging sector. In: Postharvest 

nanotechnology for fresh horticultural produce. Boca Raton, FL: CRC Press; 2023. pp. 368-395. 

277. Idumah CI. Emerging advancements in MXene polysaccharide bionanoarchitectures and 

biomedical applications. Int J Polym Mater Polym Biomater. 2023; 72: 1375-1396. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 44/46 

278. Idumah CI. Recently emerging advancements in polymeric cryogel nanostructures and 

biomedical applications. Int J Polym Mater Polym Biomater. 2023; 72: 1307-1327. 

279. Idumah C. Recent advancements in flame retardancy of polymer nanocomposites. Routledge 

Resources Online: Polymers, polymeric materials, and polymer technology, Routledge. 

Encyclopedia of polymers, polymeric materials, and polymer technology. London, UK: 

Routledge; 2024. 

280. Idumah C. Bioactive glass polymer nanocomposite architectures for biomedical applications. 

Resources Online: Polymers, polymeric materials, and polymer technology, Routledge. 

Encyclopedia of polymers, polymeric materials, and polymer technology. London, UK: 

Routledge; 2024. 

281. Idumah C. Recent advancements in polymer aerogel nanocomposite architectures and 

applications. Resources Online: Polymers, polymeric materials, and polymer technology, 

Routledge. Encyclopedia of polymers, polymeric materials, and polymer technology. London, 

UK: Routledge; 2024. 

282. Idumah C. Current trends in natural fibers polymer biocomposites, hybrid nano-biocomposites 

and applications. Resources Online: Polymers, polymeric materials, and polymer technology, 

Routledge. Encyclopedia of polymers, polymeric materials, and polymer technology. London, 

UK: Routledge; 2024. 

283. Idumah C. Recent advancements in polymeric magnetic nanocomposites and applications. 

Resources Online: Polymers, polymeric materials, and polymer technology, Routledge. 

Encyclopedia of polymers, polymeric materials, and polymer technology. London, UK: 

Routledge; 2024. 

284. Idumah C. Recently emerging trends in additive manufacturing of PLA nanocomposites 

applications. Resources Online: Polymers, polymeric materials, and polymer technology, 

Routledge. Encyclopedia of polymers, polymeric materials, and polymer technology. London, 

UK: Routledge; 2024. 

285. Idumah CI. Recent advancements in fire retardant mechanisms of carbon nanotubes, graphene, 

and fullerene polymeric nanoarchitectures. J Anal Appl Pyrolysis. 2023; 174: 106113. 

286. Idumah CI. Emerging advances in thermal conductivity of polymeric nanoarchitectures. Polym 

Plast Technol Mater. 2023; 62: 1878-1911. 

287. Idumah CI. Molybdenum disulfide polymeric nanoarchitectures and applications: A review. 

Polym Eng Sci. 2023; 63: 2700-2718. 

288. Idumah CI. Influence of interfacial engineering on properties of polymeric nanoarchitectures. 

Polym Plast Technol Mater. 2023; 62: 1844-1877. 

289. Idumah CI. Phosphorene polymeric nanocomposites for electrochemical energy storage 

applications. J Energy Storage. 2023; 69: 107940. 

290. Idumah CI, Odera RS, Ezeani EO, Low JH, Tanjung FA, Damiri F, et al. Construction, 

characterization, properties and multifunctional applications of stimuli -responsive shape 

memory polymeric nanoarchitectures: A review. Polym Plast Technol Mater. 2023; 62: 1247-

1272. 

291. Idumah CI. Design, fabrication, characterization and properties of metallic and conductive 

smart polymeric textiles for multifunctional applications. Nano Struct Nano Objects. 2023; 35: 

100982. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 45/46 

292. Idumah CI. Thermal expansivity of polymer nanocomposites and applications. Polym Plast 

Technol Mater. 2023; 62: 1178-1203. 

293. Idumah CI. Borophene polymeric nanoarchitecture and applications: A review. Polym Plast 

Technol Mater. 2023; 62: 1560-1575. 

294. Idumah CI. Novel advancements in xerogel polymeric nanoarchitectures and multifunctional 

applications. J Porous Mater. 2023; 30: 1597-1615. 

295. Idumah CI. Retracted article: Design, development, and drug delivery applications of graphene 

polymeric nanocomposites and bionanocomposites. Emergent Mater. 2023; 6: 777-807. 

296. Idumah CI. Recently emerging trends in flame retardancy of phosphorene polymeric 

nanocomposites and applications. J Anal Appl Pyrolysis. 2023; 169: 105855. 

297. Idumah CI. Recent advancements in electromagnetic interference shielding of polymer and 

mxene nanocomposites. Polym Plast Technol Mater. 2023; 62: 19-53. 

298. Idumah CI, Ezeani OE, Okonkwo UC, Nwuzor IC, Odera SR. Novel trends in MXene/conducting 

polymeric hybrid nanoclusters. J Cluster Sci. 2023; 34: 45-76. 

299. Idumah CI. Emerging advancements in xerogel polymeric bionanoarchitectures and 

applications. JCIS Open. 2023; 9: 100073. 

300. Idumah CI. Emerging advancements in flame retardancy of polypropylene nanocomposites. J 

Thermoplast Compos Mater. 2022; 35: 2665-2704. 

301. Idumah CI. A review on polyaniline and graphene nanocomposites for supercapacitors. Polym 

Plast Technol Mater. 2022; 61: 1187-1907. 

302. Idumah CI. Recently emerging advancements in thermal conductivity and flame retardancy of 

MXene polymeric nanoarchitectures. Polym Plast Technol Mater. 2023; 62: 510-546. 

303. Idumah CI, Nwuzor IC, Odera SR, Timothy UJ, Ngenegbo U, Tanjung FA. Recent advances in 

polymeric hydrogel nanoarchitectures for drug delivery applications. Int J Polym Mater Polym 

Biomater. 2024; 73: 1-32. 

304. Idumah CI, Ezika AC, Enwerem UE. A review on biomolecular immobilization of polymeric textile 

biocomposites, bionanocomposites, and nano-biocomposites. J Text Inst. 2022; 113: 2016-2032. 

305. Idumah CI. MXene polymeric nanoarchitectures mechanical, deformation, and failure 

mechanism: A review. Polym Plast Technol Mater. 2023; 62: 443-466. 

306. Idumah CI. On MXene conducting polymer nanocomposites micro-supercapacitors and 

applications. 2022. doi: 10.21203/rs.3.rs-1871184/v1. 

307. Idumah CI. Influence of morphology and architecture on properties and applications of MXene 

polymeric nanocomposites. J Thermoplast Compos Mater. 2023; 36: 4124-4161. 

308. Idumah CI. Characterization and fabrication of xerogel polymeric nanocomposites and 

multifunctional applications. 2022. doi: 10.21203/rs.3.rs-1961392/v1. 

309. Idumah CI. Influence of surfaces and interfaces on MXene and MXene hybrid polymeric 

nanoarchitectures, properties, and applications. J Mater Sci. 2022; 57: 14579-14619. 

310. Idumah CI. Recently emerging trends in magnetic polymer hydrogel nanoarchitectures. Polym 

Plast Technol Mater. 2022; 61: 1039-1070. 

311. Idumah CI. Emerging trends in poly (lactic-co-glycolic) acid bionanoarchitectures and 

applications. Clean Mater. 2022; 5: 100102. 

312. Idumah CI. Recent trends in MXene polymeric hydrogel bionanoarchitectures and applications. 

Clean Mater. 2022; 5: 100103. 



Recent Progress in Materials 2025; 7(2), doi:10.21926/rpm.2502009 
 

Page 46/46 

313. Idumah CI. Recent advancements in conducting polymer bionanocomposites and hydrogels for 

biomedical applications. Int J Polym Mater Polym Biomater. 2022; 71: 513-530. 

314. Idumah CI. Influence of nanotechnology in polymeric textiles, applications, and fight against 

COVID-19. J Text Inst. 2021; 112: 2056-2076. 

315. Idumah CI. Novel trends in polymer aerogel nanocomposites. Polym Plast Technol Mater. 2021; 

60: 1519-1531. 

316. Idumah CI. Progress in polymer nanocomposites for bone regeneration and engineering. Polym 

Polym Compos. 2021; 29: 509-527.  

317. Idumah CI. Novel trends in self-healable polymer nanocomposites. J Thermoplast Compos 

Mater. 2021; 34: 834-858. 

318. Idumah CI. Novel trends in magnetic polymeric nanoarchitectures. Polym Plast Technol Mater. 

2021; 60: 830-848. 

319. Idumah CI. Recent advancements in self-healing polymers, polymer blends, and 

nanocomposites. Polym Polym Compos. 2021; 29: 246-258. 

320. Idumah CI. Novel trends in conductive polymeric nanocomposites, and bionanocomposites. 

Synth Met. 2021; 273: 116674. 

321. Idumah CI. Novel advancements in green and sustainable polymeric nanocomposites coatings. 

Curr Res Green Sustain Chem. 2021; 4: 100173. 

322. Idumah CI, Obele CM, Enwerem UE. On interfacial and surface behavior of polymeric MXenes 

nanoarchitectures and applications. Curr Res Green Sustain Chem. 2021; 4: 100104. 

323. Idumah CI. Recent advancements in thermolysis of plastic solid wastes to liquid fuel. J Therm 

Anal Calorim. 2021; 147: 3495-3508. 


