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A B S T R A C T

The study underscores the urgent need for sustainable waste management by focusing on circular economy 
principles, government regulations, and public awareness to combat ecological threats, pollution, and climate 
change effects. It explores extracting nanocellulose from waste streams such as textile, paper, agricultural matter, 
wood, animal, and food waste, providing a detailed process framework. The emphasis is on waste-derived 
nanocellulose as a promising material for eco-friendly products. The research evaluates the primary mechani-
cal and thermal properties of nanocellulose from various waste sources. For instance, cotton-derived nano-
cellulose has a modulus of 2.04–2.71 GPa, making it flexible for lightweight applications. Most waste-derived 
nanocelluloses have densities between 1550 and 1650 kg/m3, offering strong, lightweight packaging support 
while enhancing biodegradability and moisture control. Crystallinity influences material usage: high crystallinity 
is ideal for packaging (e.g., softwood, hardwood), while low crystallinity suits textiles (e.g., cotton, bamboo). 
Nanocelluloses exhibit excellent thermal stability above 200 ◦C, useful for flame-retardant coatings, insulation, 
and polymer reinforcement. The research provides a comprehensive guide for selecting nanocellulose materials, 
highlighting their potential across industries like packaging, biomedical, textiles, apparel, and electronics, pro-
moting sustainable innovation and a more eco-conscious future.

1. Introduction

Waste is a pressing global issue that has severe environmental con-
sequences. The lack of proper waste management poses a threat to 
ecosystems, human health, and the environment. Landfills emit pollut-
ants, such as methane, which contribute to climate change [1]. Water 
bodies become contaminated with chemicals and leachates, putting 
aquatic life and communities in danger. Disposing of waste in natural 
environments worsens the problem, leading to marine pollution and 
resource depletion. Improper waste management process releases pol-
lutants and greenhouse gases, exacerbating air pollution and climate 
change. Sustainable waste management practices are crucial to address 
these issues. This includes waste reduction, recycling, and the promotion 
of eco-friendly materials. A shift towards a circular economy, in com-
bination with public awareness and government regulations, can miti-
gate the environmental effects of waste mismanagement and establish a 

more sustainable future. Globally, the annual amount of municipal solid 
waste generated by the world is 2.01 billion tonnes, and it is anticipated 
that this figure will increase by approximately 70 % to reach 3.4 billion 
tonnes by 2050 [2]. Fig. 1 shows the annual spending on waste man-
agement by the UK government from 2010 to 2019. In 2019, the costs 
for waste management amounted to approximately £11.65 billion, 
which accounts for a considerable portion of the national budget [3,4].

This research pioneers an innovative approach to identify optimal 
applications for diverse waste-derived nanocellulose types, surpassing 
conventional analyses. In the first step, the initial exploration meticu-
lously catalogs potential applications, investigates, and summarizes at-
tributes. Subsequently, it introduces a groundbreaking quantitative 
analysis, revealing relationships between material properties and 
application attributes. A distinctive contribution is the presentation of 
comprehensive numerical summaries of waste-derived nanocellulose 
material properties across five characteristics: modulus of elasticity, 
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tensile strength, density, crystallinity, and thermal stability. This 
research breaks new ground by elucidating intricate relationships be-
tween each nanocellulose variant and its specific application, ushering 
in a transformative contribution to the field. The methodology not only 
enhances precision but also marks a significant departure, promising a 
paradigm shift in our understanding of waste-derived nanocellulose 
applications.

1.1. Reduce-recycle-reuse

The concept of the circular economy, emphasizing “reduce, recycle, 
and reuse,” stands as a pivotal strategy to mitigate waste production and 
enhance resource efficiency. These principles are fundamental in 
establishing a closed-loop system that continually regenerates materials, 
reducing environmental impacts and conserving resources. Circular 
economy targets, which are among the most commonly applied in 
economic systems, can be grouped into five main areas of application: 
efficiency, recycling, recovery, reduction, and design (Fig. 2). These 
areas are highly interconnected, often overlapping in practice; for 
example, waste reduction initiatives can simultaneously improve ma-
terial efficiency, while design choices can influence all other target 
areas. This interconnectedness is visually conveyed in Fig. 2 by the 
overlapping cycles representing these application areas [5]. By imple-
menting approaches like waste prevention, recycling programs, and 
promoting responsible consumption, a shift towards a more sustainable 
economic model becomes feasible [6]. Furthermore, the significant ap-
plications of nanocellulose across various industries present a compel-
ling opportunity to advance sustainability by deriving nanocellulose 
from recycled waste materials. This approach not only promotes the 
circular economy but also contributes to waste reduction while yielding 
cost-effective, high-quality nanocellulose for valuable products [7].

Government initiatives are crucial in driving sustainable waste 
management practices and fostering a circular economy. The UK gov-
ernment's “Resources and Waste Strategy for England: Monitoring and 
Evaluation” exemplifies a commitment to raising recycling rates and 
reducing landfill waste through funding recycling infrastructure, 
research, and awareness campaigns [8]. These efforts aim to promote 
resource efficiency and waste valorization, aligning with circular 
economy principles. The circular economy framework emphasizes 
resource extension and waste minimization by implementing strategies 
such as redesign, reuse, repair, recycling, and upcycling. These strate-
gies not only prevent waste but also encourage the design of durable, 
reusable, and recyclable products, thus reducing reliance on virgin 

resources and promoting sustainability [9].
Nanocellulose, sourced from waste materials, represents a sustain-

able solution due to its renewability and unique properties. Studies have 
demonstrated the feasibility of producing high-quality nanocellulose 
from various waste sources [10]. These studies highlight the potential of 
waste materials as valuable sources for nanocellulose production, of-
fering environmentally friendly alternatives for multiple applications. 
The utilization of waste materials for nanocellulose production involves 
several key steps, from collection and preprocessing to product devel-
opment and applications [11]. This process aligns with circular economy 
principles by transforming waste into valuable and sustainable products, 
contributing to waste valorization and the development of eco-friendly 
materials.

The utilization of waste materials to produce valuable products, 
particularly nanocellulose, involves several key steps that are of great 
academic interest as shown in Fig. 3. These steps include collection and 
pre-processing, elimination of lignin, and purification, nanocellulose 
extraction, post-treatment and functionalization, and product develop-
ment and applications. In the first step, waste materials such as agri-
cultural residues, forestry residues, or industrial by-products are 
collected and prepared for further processing, which may involve 
cleaning, sorting, and size reduction. In the second step, delignification 

Fig. 1. Waste management spending by the government in the United Kingdom (UK) 2010-2019 [4].

Fig. 2. Interconnected Targets of the Circular Economy: Areas of Application 
and Overlap [5].
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processes are employed to remove lignin and hemicellulose from the 
collected waste materials, leaving behind cellulose-rich fibers. Various 
mechanical and chemical methods are utilized in the third step to extract 
nanocellulose from the purified cellulose fibers, which may include 
high-pressure homogenization, microfluidization, ultrasonication, and 
enzymatic or acid hydrolysis. In the fourth step, the extracted nano-
cellulose may undergo additional processing steps to modify its prop-
erties or introduce specific functionalities. Finally, in the fifth step, the 
nanocellulose obtained from waste materials can be utilized in various 
industries and applications such as biomedical applications, packaging 
materials, the paper and textile industry, and composites and coatings 
[12,13].

The transformation of waste materials into valuable and sustainable 
products through the extraction of nanocellulose is a promising research 
area that continues to be explored and optimized for waste valorization 
and the development of eco-friendly materials. Therefore, further 
research on the production of nanocellulose from recycled materials is 
essential for the development of sustainable and eco-friendly materials.

1.2. Structural organization of nanocellulose

Nanocellulose, a remarkable material with at least one dimension in 
the nanoscale, is revolutionizing various industries with its exceptional 
properties [14]. Derived from cellulose-rich waste materials, nano-
cellulose presents a sustainable and eco-friendly alternative, addressing 
the pressing concerns of resource depletion and waste accumulation 
[15,16]. Its inherent characteristics, including high strength, biode-
gradability, and versatility, make it highly desirable for a wide range of 
applications across different sectors [17]. The production process of 
waste-derived nanocellulose involves several intricate steps aimed at 
transforming cellulose-rich waste materials into nanoscale cellulose 
particles. Initially, the raw material undergoes pretreatment to remove 
non-cellulosic components and enhance the accessibility of cellulose 
fibers [18]. This pretreatment process may involve chemical treatments, 
such as acid or alkali hydrolysis, or mechanical processes like grinding 
or milling [19].

Following pretreatment, cellulose extraction is carried out to isolate 
the cellulose fibers from the pretreated material. Mechanical methods, 
such as grinding or milling, may be employed to physically separate the 
cellulose fibers, while chemical methods, such as acid hydrolysis or 
enzymatic digestion, dissolve or degrade non-cellulosic components, 
leaving behind purified cellulose fibers. Once the cellulose fibers are 
extracted, they are further processed to obtain nanocellulose particles 
with dimensions in the nanometer scale. Mechanical methods involve 
applying high shear forces to disintegrate the cellulose fibers into 
nanoscale particles using techniques such as high-pressure homogeni-
zation or ultrasonication. Alternatively, chemical methods, such as acid 
hydrolysis or oxidation, depolymerize the cellulose chains to produce 
nanocellulose particles [20,21].

Throughout the production process, rigorous quality control 

measures are implemented to ensure the purity, uniformity, and func-
tionality of the nanocellulose product. Characterization techniques such 
as electron microscopy, atomic force microscopy, X-ray diffraction, and 
spectroscopic methods are utilized to analyze the physicochemical 
properties of the nanocellulose particles. The classification of nano-
cellulose is based on dimensions as shown in Table 1 and Fig. 4.

The morphology of CMF from untreated hemp stalks (Fig. 5a) 
revealed fibers strongly bonded with a compact and rough surface. 
Following the application of alkali treatment, notable alterations were 
observed, as illustrated in Fig. 5b, where the fibers appeared separated 
into bundled micro-sized structures. Subsequent bleaching, as depicted 
in Fig. 5c and d, resulted in individualized single microfibers possessing 
a clean and smooth surface, measuring 16.96 ± 1.33 μm in diameter 
[26]. Remarkably, this diameter surpasses values documented in the 
other research for CMF extracted from various sources, including Hi-
biscus sabdariffa (10.04 μm) [27], Alfa fibers (10 μm) [28], and grass (6 
μm) [29].

The morphologies of pineapple leaves and the resulting CNFs are 
shown in Fig. 6. Initially, pineapple leaves exhibit a rod-like shape due to 
the presence of lignin, hemicelluloses, and pectin enveloping cellulose 
nanofibers (Fig. 6a). Alkali treatment increases surface roughness by 
partially removing these substances (Fig. 6b), while bleaching results in 
partial defibrillation, producing a smoother surface (Fig. 6c). Cellulose 
microfibrils with a diameter of 3.27–4.78 μm, further reduced to 
80.5–83.7 nm after 1.5 h of ball milling (Fig. 6d). Scanning electron 
microscope (SEM) images demonstrate successful isolation of CNFs from 
pineapple leaves, exhibiting a long fiber-like network [30].

The morphologies of degreasing cotton, waste cotton cloth fibers, 
and the resulting CNCs are depicted in Fig. 7 [31]. Image representations 
exhibit degreasing cotton and waste cotton cloth, the former comprising 
medical pure cotton, and the latter an aged and printed pure cotton bed 
sheet that underwent various physical and chemical treatments. Despite 
variations in spinning and dyeing, SEM images (Fig. 7a and b) indicate 
no significant morphological differentiation between degreasing cotton 
and waste cotton cloth fibers, both showcasing flat, spiral shapes with a 
diameter of 50 μm and a smooth, uniform surface. SEM images of cel-
luloses derived from both materials (Fig. 7c and d) demonstrate swelling 
due to alkali treatment, displaying rough surfaces and disrupted outer 
layers, attributed to impurity removal during processing. Subsequent 
hydrolysis produces CNCs with rod-like structures (Fig. 7e and f). 
Transmission electron microscope (TEM) images show smaller and finer 
CNCs from degreasing cotton, with length and diameter ranges of 17 to 
230 nm and 2 to 25 nm, respectively, compared to CNCs from waste 
cotton cloth (28 to 470 nm length, 3 to 35 nm diameter). The aspect 
ratios for degreasing cotton and waste cotton cloth CNCs are 12 ± 10 
and 17 ± 15, respectively, indicating potential reinforcing effects for 
composite materials [32]. The SEM depiction of BNC generated by 
Acetobacter (Fig. 8 a and b) unveils cellulose fibrils that demonstrate 
merging, potentially arising from the formation of hydrogen bonds 
during the drying phase. The resultant three-dimensional structure 

Fig. 3. process flowchart: converting waste materials to nanocellulose and its utilization.

Table 1 
Nanocellulose types: characteristics.

Nanocellulose Diameter [mm] Length [mm] Shape Surface area [m2/g] References

Cellulose microfibers (CMF) 10 >10 Long, slender fibers <10-6 [22]
Cellulose nanofibrils (CNF) 5–60 Several micrometers Fiber shape ~100 [23]
Cellulose Nanocrystalline (CNC) 5–70 Several micrometers Needle-shaped ~200 [24]
Bacterial nano-cellulose (BNC) 20–100 Several micrometers Fiber shape ~1500 [25]
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exhibits an approximate thickness of 40 μm. Upon meticulous exami-
nation, singular fibrils, ranging from several microns to millimeters in 
length, become apparent. Altering the configuration of the desiccated 
BNC pellicle with tweezers offers a closer look at the fiber dimensions, 
revealing each fiber to possess a 5 nm diameter along the pellicle pe-
riphery [33].

2. The potential applications of nanocellulose from waste 
materials

The application of nanocellulose derived from waste materials has 
gained significant interest due to its potential to address environmental 
concerns and offer sustainable solutions in various industries. Waste 

materials such as wood, textile, paper, agricultural, animal, and food can 
be transformed into nanocellulose, a material with remarkable me-
chanical properties, renewability, and biocompatibility. Numerous in-
vestigations have been conducted on the broad spectrum of uses of 
nanocellulose generated from waste materials.

2.1. Food packaging and additives applications

Nanocellulose has emerged as a sustainable substitute for petroleum- 
derived packaging materials, offering remarkable barrier properties, 
mechanical durability, and biodegradability [34]. The packaging in-
dustry benefits from the unique characteristics of nanocellulose, 
including its high crystallinity index, high aspect ratio, and high thermal 

Fig. 4. Schematic synthesis pathways of nanocellulose from various biomass sources [21].

Fig. 5. SEM images of the extracted CMF from hemp stalks [26].
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stability, making it well-suited for various applications in this sector 
[35]. The various sources, such as cardboard [36], corn stover [37], 
pineapple leaf [35], banana fiber and cowdung [38], and silk- 
nanocellulose [39], demonstrate the versatility and potential applica-
tions of nanocellulose in packaging materials (Fig. 9a). Further research 
and development are needed to fully realize the potential of this eco- 
friendly material in the packaging industry. Its biodegradable nature 
ensures that packaging materials made from nanocellulose can be easily 
disposed of without causing harm to the environment [40]. Addition-
ally, its robust mechanical strength provides durability and protection 
for packaged goods [41]. With its resistance to moisture, nanocellulose- 
based packaging materials offer a reliable barrier against environmental 
factors that could potentially compromise the integrity of packaged 
items [42]. However, realizing the complete potential requires further 
research and development to address challenges related to raw material 
selection, extraction methods, product design, and life cycle consider-
ations [43]. Rice straw and oil palm empty fruit bunches are identified 
as particularly promising sources of raw nanocellulose [44]. The utili-
zation of nanocellulose extends to bioplastic bags, especially in 
enhancing the shelf-life of exotic fruits during transport and distribution. 
Incorporating nanocellulose from rice straw and palm empty fruit bunch 
into bioplastic bags leads to significant enhancements. Numerical data 
shows a 23.30 % increase in tensile strength and a 24.76 % increase in 
elongation with empty fruit bunch nanocellulose. However, challenges 
emerge as the water vapor transmission rate rises in comparison to 
polypropylene plastic bags, necessitating further optimization [43].

The incorporation of nanocellulose into polymer matrices is driven 
by both weak (Van der Waals forces and hydrogen bonding) and strong 
(covalent) intermolecular linkages, resulting in materials with optimal 
elasticity and tensile strength [45]. Furthermore, the valorization of oil 
palm waste through a multi-product cascade biorefinery approach 
showcased the extraction of bioactive compounds and the production of 
CNF food packaging. The CNF-reinforced polyvinyl alcohol films 
demonstrated increased tensile strength, mechanical resistance, and 
improved barrier capacity against water vapor. Additionally, incorpo-
rating a bioactive extract into the films resulted in enhanced UV-light 
barrier properties and antioxidant capacity, showcasing potential ap-
plications in active food packaging [46].

An important application of nanocellulose is in the realm of food 
additives, where it serves as a stabilizer, dietary fiber, thickener, flavor 
carrier, and suspension stabilizer. Its gel-like structure possesses excel-
lent rheological properties, making it a desirable choice for various food 
products like fillings, creams, ice cream, chips, wafers, soups, and 
puddings [47]. In the context of food additives, nanocellulose has 
proven versatile, acting as a substitute for fats and stabilizing oil 
emulsions, enhancing the texture and stability of food items [48]. 
Additionally, the polymeric nanostructure of nanocellulose derived from 
banana has been leveraged to absorb natural antioxidants, such as 
polyphenols, preventing food spoilage and prolonging product shelf life 
[49,50]. Innovative approaches, like using Ag-decorated nanocellulose 
for detecting hazardous residues in various food matrices through 
surface-enhanced Raman spectroscopy techniques, have also been 
explored [51].

The utility of nanocellulose as a food additive extends to functional 
foods, influencing characteristics like retrogradation, gelatinization, and 
pasting of starch. CNC can increase peak viscosity and decrease setback 
values in different starches, showcasing their potential in controlling 
starch retrogradation. In the study, CNC incorporation led to approxi-
mately 15 %, 20 %, and 18 % elevation in peak viscosity for normal 
maize starch, sweet potato starch, and waxy starch, respectively. 
Moreover, CNC reduced setback values of sweet potato starch by 
approximately 10 %, indicating its effectiveness in delaying short-term 
retrogradation [52].

Furthermore, nanocellulose has been investigated for its impact on 
intestinal digestion, mineral adsorption, and potential reduction in tri-
glycerides hydrolysis, indicating its influence on nutrient digestion and 
absorption [53]. Results from such studies show a notable 50 % decrease 
in triglycerides hydrolysis, suggesting that when introduced into the 
system, nanocellulose adheres to fat droplets, interfering with lipase 
activity [53]. The application of CNCs as food additives holds promise in 
mitigating the negative effects of high-fat products on human health by 
substituting oils, thus enhancing food safety and quality. Growing con-
sumer preference for natural products has elevated the demand for 
sustainable and health-conscious food systems. Nanocellulose, a non- 
caloric dietary fiber, emerges as a promising natural source for food 
additives. Combining nanocellulose with natural antioxidants yields a 

Fig. 6. SEM images of the extracted CNF from pineapple leaves [30].
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polyphenolic-nanocellulose complex with outstanding antioxidant 
properties and heat resistance, potentially replacing artificial pre-
servatives [50]. Fig. 10 provides a detailed overview of how nano-
particles influence different food packaging types, highlighting their 
role in enhancing packaging performance and functionality. Table 2
provides a comprehensive summary of nanocellulose applications in 
food packaging and additives, highlighting key findings, numerical re-
sults, and relevant references across various studies.

2.2. Biomedical applications

Nanocellulose derived from abundant agricultural and industrial 
waste streams shows tremendous potential for various biomedical uses 
owing to its multifaceted and customizable properties [54–58]. This eco- 
friendly material exhibits high biocompatibility for safe interaction with 
tissues alongside biodegradability and cost-effectiveness rendering it 
economically viable [59–61]. The mechanical strength of nanocellulose 
ensures structural integrity while its tunable porosity enables 

Fig. 7. SEM images extracted CNC from cotton [31].

Fig. 8. SEM images extracted BNC from Acetobacter [33].
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specialized applications [62].
Specific waste sources identified for biomedical nanocellulose 

include natural silk [39], sugarcane bagasse [63,64], and pineapple 
leaves [53]. Extensive research on these residues points to versatile 
functionality for wound healing constructs (Fig. 9b), drug delivery sys-
tems (Fig. 9c), cosmetic (Fig. 9d) and tissue engineering scaffolds 
(Fig. 9e). For instance, the biodegradability of nanocellulose ensures 
safe integration of implants or grafts that naturally break down over 
time, while its chemical stability promotes compatibility with bodily 
tissues.

2.2.1. Wound healing
Research shows the promise of nanocellulose derived from abundant 

agricultural and forestry residues to enable more sustainable and 
effective solutions for wound treatment applications [65,66]. The 
resulting material demonstrates favorable properties for wound healing, 
including high moisture retention capacity alongside mechanical 
strength and flexibility to conform to wound sites [67,68]. Fig. 11 il-
lustrates the use of nanocellulose, derived from agricultural by- 

products, in wound healing and drug delivery applications [68].
Specific waste sources of nanocellulose explored for wound healing 

include wood pulp, sugarcane bagasse, and pineapple leaves. For 
instance, wood-derived CNF hydrogel dressings demonstrated acceler-
ated epithelialization of split-thickness skin graft donor sites compared 
to a commercial wound healing product in clinical testing on burn pa-
tients. The high fluid absorbency ensured suitability for exudative 
wounds while the translucency enabled visual assessments of healing 
progress [69].

Beyond direct applications of nanocellulose, recent advances also 
showcase the potential of agricultural waste-derived nanocellulose 
composites for wound healing. Incorporating natural antibacterial and 
anti-inflammatory compounds like propolis into NFC mats imparted 
effectiveness against Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) [70]. Nanocellulose sponges with 4 % propolis extract 
eradicated S. aureus and methicillin-resistant S. aureus. Another study 
revealed TEMPO-oxidized NFC loaded with the antibiotic tetracycline 
accelerated wound closure in rat skin defects while reducing bacterial 
loads.[88] Animal-derived nanocellulose, in the form of Styela clava 

Fig. 9. Applications of waste-derived nanocellulose.

Fig. 10. Integration of nanoparticle technology with diverse food packaging materials and methods [49].
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cellulose membranes alone or combined with alginate/selenium, 
demonstrated improved healing in surgically induced wounds in both 
normal and streptozotocin-induced diabetic rats [71,72].

2.2.2. Drug delivery
Nanocellulose, with its high surface area, biocompatibility, and 

tunable surface properties, shows promise as a drug delivery carrier. A 
significant reserve of nanocellulose is derived from the residual biomass 
of agricultural and forest waste. The acquisition of nanocellulose from 
these discarded resources offers environmental benefits and supports 
sustainability initiatives [73,74]. Nanocellulose is commonly prepared 
from waste materials through acid hydrolysis, enzymatic hydrolysis, 
oxidation hydrolysis, and mechanical processing to remove non- 
cellulosic components [75]. The resulting CNC and CNF possess high 
drug loading capacity. For example, CNC/drug nanoparticles displayed 
over 90 % drug encapsulation efficiency at a 1:5 mass ratio of CNC to 
drug [76].

Surface-modified CNC shows improved drug loading and release 
control compared to pure CNC. Soy protein isolate-CNC nanoparticles 
provided sustained release of curcumin over 24 h in a simulated 
gastrointestinal model [77]. Cancer drug 5-fluorouracil-loaded NCC 
nanoparticles exhibited dose-dependent toxicity in colorectal cancer 
cells. After 36 h, 80 % of the loaded drug was released through a com-
bination of swelling, dissolution, and diffusion mechanisms [78]. 
Beyond nanoparticles, nanocellulose from waste biomass has been 
incorporated into other drug formulations including tablets, aerogels, 
hydrogels, and membranes [79]. Collectively, these systems demon-
strate release times spanning minutes to days, providing versatility for 
diverse administration routes and delivery applications [80].

2.2.3. 3D-bioprinting
Various bioprinting technologies, such as inkjet, laser-assisted, and 

extrusion-based methods, have significantly advanced tissue engineer-
ing. However, these methods present challenges, necessitating bioinks 
with specific rheological properties to balance biological functionality 
and printing fidelity. The mechanical strength of the bioink is crucial for 
creating tissues that match native tissue properties [81]. Nanocellulose, 
sourced from waste materials, is emerging as an ideal bioink due to its 
inherent rheological characteristics, biocompatibility, and sustainability 
[82]. With cellulose being the most abundant polymer in nature, 
nanocellulose in various forms has exceptional potential for bioink 
development, offering cost-effectiveness and printability for 3D bio-
printing applications [83].

The versatility of nanocellulose in tissue engineering is evident from 
various studies, showcasing its potential in 3D bioprinting applications 
for blood vessels, bone, cartilage, skeletal muscle, neural, dermal, and 
vascular tissue scaffolds [84]he combination of nanocellulose with 

Table 2 
Summary of nanocellulose applications in food packaging and additives.

Material source Key findings Numerical results Ref

Cardboard, corn 
stover, pineapple 
leaf, banana fiber, 
cowdung, silk- 
nanocellulose

Demonstrated 
versatility and 
potential in packaging 
applications due to 
high crystallinity, 
aspect ratio, and 
thermal stability.

– [35,39]

Rice straw and oil 
palm empty fruit 
bunches

Identified as 
promising sources of 
raw nanocellulose for 
bioplastic bags, 
enhancing the shelf- 
life of exotic fruits.

23.30 % increase in 
tensile strength and 
24.76 % increase in 
elongation with palm 
nanocellulose.

[43,44]

Oil palm waste Used in a multi- 
product cascade 
biorefinery approach 
for CNF food 
packaging, enhancing 
mechanical and 
barrier properties.

– [46]

Nanocellulose as 
food additive

Acts as a stabilizer, 
thickener, flavor 
carrier, and enhances 
the texture of food 
products; improves 
starch retrogradation 
control.

15 %-20 % increase 
in peak viscosity for 
starches; 10 % 
reduction in setback 
values for sweet 
potato starch.

[47,52]

Nanocellulose in 
food digestion

Influences nutrient 
digestion and 
absorption, reduces 
triglyceride hydrolysis

50 % decrease in 
triglycerides 
hydrolysis.

[53]

Polyphenolic- 
nanocellulose 
complex

Combines 
nanocellulose with 
natural antioxidants, 
providing antioxidant 
properties and heat 
resistance.

– [50]

Ag-decorated 
nanocellulose

Explored for detecting 
hazardous residues in 
food matrices using 
surface-enhanced 
Raman spectroscopy.

– [51]

Fig. 11. Nanocellulose from agricultural biowaste: applications in wound healing and drug delivery [68].
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alginate, a widely used biomaterial, proves effective in addressing 
challenges such as poor cross-linking potential and moderate cell 
adhesion, leading to enhanced cell viability, tensile strength, cellular 
proliferation, and improved cell adhesion capacity [85]. The success of 
nanocellulose-based bioinks lies in their ability to meet the mechanical 
demands of target tissues. Composites of nanocellulose and alginate 
have demonstrated excellent tissue viability, precise printing resolution, 
and enhanced cell proliferation [86]. These bio inks have successfully 
synthesized complex structures, such as vascularized bone tissue [87], 
cartilage [88], and entire vertebral bodies [89].

Studies focusing on nanocellulose-based bio inks consistently 
demonstrate positive results, with one study combining nanocellulose 
and alginate for cartilage tissue engineering reporting high human 
chondrocyte viability (86 %) after a 7-day culture [86]. The composite 
hydrogel, exhibiting shear-thinning behavior, enables the printing of 
anatomically shaped cartilage constructs, highlighting the potential for 
personalized tissue engineering [90].

In bone tissue engineering, nanocellulose alginate bioinks have been 
instrumental in synthesizing vascularized bone tissue with high tissue 
viability. Studies using nanocellulose-alginate bio inks reinforced with 
other biomaterials, such as chitin [91], gelatin [92], and hydroxyapatite 
[93], have successfully constructed composite scaffolds for 3D bio-
printing of bone tissue.

The application of nanocellulose in neural, dermal, and vascular 
tissue engineering has demonstrated promising results. Studies using 
nanocellulose‑carbon nanotube composites have shown enhanced neu-
roblastoma cell adhesion, differentiation, and proliferation, with mini-
mal impact on cell viability [84]. Furthermore, the incorporation of 
nanocellulose in aortic valve conduits and vascular architecture has 
showcased its potential for cardiovascular tissue engineering [94].

The efficacy of silk fibroin nanofibers, produced by mechanically 
grinding degummed silkworm silk fibers, was evaluated as additives in 
bioinks for extrusion-based 3D bioprinting. These nanofibers, which can 
be sterilized through autoclaving, enhanced the shear-thinning proper-
ties of polymeric aqueous solutions without relying on electric charges 
or cross-linkable components. Incorporating the nanofibers into bioinks 
improved the precision of hydrogel constructs during printing, resulting 
in structures that closely matched design specifications. Furthermore, 
mammalian cells embedded in these constructs maintained over 85 % 
viability, and the presence of nanofibers did not alter cell morphology. 
Overall, the findings highlight the significant potential of silk fibroin 
nanofibers in enhancing the performance of bioinks for 3D bioprinting 
applications [95]. Waste-derived nanocellulose from silkworm silk 
fibroin serves as a promising additive in bioinks for 3D bioprinting. 
Obtained through the mechanical disintegration of degummed silk fi-
bers, silk fibroin nanofibers (SFNFs) enhance shear thinning in various 
polymer solutions. SFNFs improve fidelity in 3D hydrogel constructs, 
showcasing versatility without compromising cell viability. The results 
suggest SFNFs as a bioink additive, enhancing printability (92.5-92.7 % 
cell viability). Fig. 12 depicts the role of silk fibroin nanofibers, derived 
from degummed silkworm silk fibers, in improving bio-inks used for 3D 
bioprinting. The figure illustrates how these nanofibers contribute to 
better fidelity in hydrogel constructs and maintain high cell viability, 
showcasing their effectiveness as bio-ink additives. Fig. 13 shows ear 
shapes obtained from 1.5 w/v% HA-Ph inks, one free of SFNFs and the 
other containing 1.0 w/v% SFNFs [95].

2.2.4. Cosmetic
Nanocellulose, with nano-sized cellulose fibers, is gaining significant 

attention as a renewable and highly functional additive for cosmetics 
formulations. Cosmetic applications of nanocellulose include:

Nanocellulose can stabilize emulsions, including creams, lotions, and 
fragrance delivery systems, through Pickering stabilization. The high 
surface area of cellulose nanoparticles allows them to adsorb strongly to 
oil-water interfaces, forming a mechanically rigid barrier layer to sus-
pend oil droplets [96].

In the realm of unbleached nanocellulose derived from bamboo 
waste, the process involves subjecting bamboo shoots to alkali treatment 
for delignification. Following this, High-Pressure Homogenization is 
employed to produce nanoparticles. Polyethylene emulsions, containing 
0.3 % (w/w) nanoparticles and formulated with a 1:9 dodecane/water 
ratio (v/v), demonstrated stability without creaming for 30 days. This 
stability remained consistent across a pH range from 3.0 to 9.0 and 
temperatures ranging from 4 ◦C to 50 ◦C [97].

Furthermore, in stabilizing poly (methyl methacrylate) latex, when 
coated with methyl CNC-coated, superior emulsion stabilization prop-
erties were exhibited by the BNC: CNC formulation in comparison to dry 
commercial celluloses. Coalescence and creaming were successfully 
prevented for an extended period of 90 days at a concentration of 0.50 % 
[98]. The high surface area and reactivity of cellulose nanofibers also 
allow for the loading and sustained release of cosmetic active in-
gredients. For example, microbial nanocellulose adsorbed skin tanning 
agent dihydroxyacetone (DHA) in its fibrous network. This system 
slowly released DHA over time while preventing losses from leaching 
and undesirable smells that occur in conventional DHA creams [99].

Flexible nanocellulose films show promise as substrates for trans-
dermal patches to deliver cosmetic ingredients like skin whiteners, 
wrinkle treatments, and acne medications over prolonged periods [100]. 
The composite film, incorporating BNC, demonstrated a significantly 
elevated Young's modulus, reaching 28 GPa [101]. This superiority over 
other composites, particularly those based on fibrillated kraft pulp, was 
attributed to the higher crystallinity, purity, aspect ratio, and uniform 
size of bacterial nanocellulose [102].

Table 3 offers an extensive overview of the applications of nano-
cellulose in the biomedical field.

2.3. Textiles

2.3.1. Textiles and apparel
Nanocellulose offers various benefits in the textile industry (Fig. 9f), 

such as improved performance and sustainability. It can be used as a 
coating or additive to enhance fabric properties like strength, wrinkle 
resistance, UV protection, and moisture management. Studies have 
explored different materials as sources of nanocellulose. For cotton 
fabrics, nanocellulose derived from agricultural waste materials like rice 
straw and banana stem has shown improvements in mechanical prop-
erties, dye uptake, water absorbency, and air permeability [103,104]. 
Cotton waste itself has been used to produce nanocellulose-reinforced 

Fig. 12. Images showing silkworm cocoon, degummed silk fibroin fibers, 
SFNFs from ground silk fibers, and SFNFs-based ink for 3D bioprinting [95].

Fig. 13. Comparative ear-shaped constructs from HA-Ph inks with and without 
SFNFs [95].
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lightweight composites. Nanocellulose has also been extracted from 
postconsumer cotton and blended fabrics to efficiently produce cellulose 
nanocrystals [105]. Silk fibers, specifically Bombyx mori and Antheraea 
pernyi silk, have been investigated for nanocellulose production [106]. 
The resulting nanofibers and silk fibroin scaffolds exhibit excellent 
mechanical properties and have potential applications in cell prolifera-
tion and tissue engineering [107]. The isolation of cellulose nanofibrils 
from coconut waste to produce sewing thread also has been investigated 
[108,109]. Nanocellulose introduces a new dimension to textiles and 
apparel with its moisture management properties and flexibility [110]. 
Its ability to efficiently wick moisture away from the body enhances 
comfort, making it suitable for sportswear and activewear. The mate-
rial's inherent flexibility allows for the creation of soft and comfortable 
fabrics, while its durability ensures that clothing items maintain their 
quality and performance over time [111].

Nanocellulose exhibits properties such as easy care, low impurity, 
good mechanical strength, and biocompatibility, making it suitable for 
various applications. It has found significant use in the antimicrobial 

medical field and paste printing. In the context of antibacterial appli-
cations, CNFs infused with pomegranate-AuNPs stand out as a stable and 
non-cytotoxic material, demonstrating remarkable effectiveness against 
bacteria. This is evident through a substantial reduction, ranging from 
60 % to 99 %, in bacterial colonies [112]. Owing to its molecular 
configuration and expansive active surface area, nanocellulose holds 
significant relevance in the textile sector for medical purposes, pre-
senting attributes like antistatic properties, minimal impurities, and 
exceptional mechanical and liquid absorption capabilities [110,113]. 
Modifying the surface of cellulose fibers is deemed as an efficient 
method to attain antimicrobial functionality. Notably, cellulose treated 
with methylol-5, 5-dimethylhydantoin leads to the formation of chlo-
ramines on the fiber surface, thereby conferring antimicrobial properties 
[114].

In the filed of easy-care textiles, nanocellulose plays a crucial role in 
the cross-linking of adjacent cellulose chains, creating fabrics with 
enhanced properties [115]. Cross-linking is achieved using various 
agents, with recent developments focusing on non-formaldehyde cross- 
linkers for environmental and health considerations. These cross- 
linkers, such as amide-glyoxal reactants, contribute to the easy-care 
properties of cellulosic blending[110].

2.3.2. Electromagnetic interference
The effective shielding of electronic devices operating in radio fre-

quency bands remains a prominent concern, and nanocellulose derived 
from waste biomass emerges as a viable solution. Essential for safe-
guarding sensitive circuits and shielding workspaces from radiations 
emitted by computers and telecommunication equipment, lightweight 
electromagnetic interference (EMI) shielding materials play a crucial 
role. Electromagnetic waves emitted by electronic devices can poten-
tially have adverse effects on human health as they may be reflected or 
absorbed by the human body. Research suggests that nanocellulose 
papers and composites incorporating conductive polymers like poly-
aniline (PANI) can achieve impressive results, with over 99 % attenua-
tion of microwave radiation in the X-band frequency range (8–12 GHz) 
and shielding effectiveness values surpassing − 20 dB for a 1 mm thick 
material [116]. Moreover, nanocellulose derived from red mud indus-
trial waste and multiwall carbon nanotubes demonstrated remarkable 
–83 dB shielding in the X-band [117]. The unique characteristics of 
nanocellulose, including its high aspect ratio and hydroxyl groups, 
facilitate the uniform coating of conductive polymers, establishing a 
continuous network that effectively reflects or absorbs EMI. These 
flexible and lightweight nanocellulose EMI shields exhibit comparable 
or superior performance to metal shields, with the added advantage of 
being sourced from sustainable waste materials through green chemis-
try. The data strongly emphasizes the potential of nanocellulose com-
posites as efficient EMI shielding materials, offering an environmentally 
friendly alternative to traditional metals and addressing the growing 
imperative to mitigate electromagnetic pollution [118].

Table 4 provides a comprehensive summary of the uses of nano-
cellulose within the textiles sector.

2.4. Electronics

2.4.1. Optical film
Nanocellulose from wasted materials shows potential for electro-

chemical, electrical, and optical applications in the electronics industry 
(Fig. 9g). It can be modified to obtain unique properties, including chiral 
mesoporous materials. Nanocellulose also enhances the performance of 
lithium-ion batteries and enables various applications, such as chiral 
plasmonic and optical materials. Particularly, when used as a replace-
ment for aluminum foil alongside carbon nanotubes, it has showcased a 
remarkable 17 % improvement in performance [119]. A notable 
objective in this realm involves the production of chiral nematic mate-
rials from cellulose nanocrystals, frequently in conjunction with other 
polymers or silica. This distinctive strategy enables the targeted 

Table 3 
Summary of nanocellulose applications in biomedical.

Material 
source

Application Key findings Numerical 
results

Ref

Wood pulp Wound 
healing

CNF hydrogel 
dressings showed 
accelerated 
epithelialization 
compared to 
commercial 
products.

High fluid 
absorbency; 
translucency for 
visual 
assessment

[69]

Sugarcane 
bagasse

Wound 
healing

Effective for 
wound healing; 
potential for 
integration into 
composite 
materials.

Not specified [65,66]

Pineapple 
leaves

Wound 
healing

Demonstrates 
favorable 
properties for 
wound treatment.

Not specified [67,68]

Soy protein Drug 
delivery

Effective for 
sustained release 
in a 
gastrointestinal 
model. 
Dose-dependent 
toxicity in 
colorectal cancer 
cells; significant 
drug release.

Release of 
curcumin over 
24 h 
80 % drug 
release after 36 
h

[77]

Nanocellulose 
+ alginate 
(cartilage)

Tissue 
engineering

High chondrocyte 
viability (86 %) 
after 7-day 
culture; effective 
for printing 
anatomically 
shaped cartilage 
constructs.

86 % 
chondrocyte 
viability after 7 
days

[85,90]

Nanocellulose 
+ carbon 
nanotubes

3D- 
bioprinting

Improved 
neuroblastoma 
cell adhesion, 
differentiation, 
and proliferation; 
promising for 
cardiovascular 
applications.

Enhanced cell 
adhesion and 
differentiation 
with minimal 
impact on 
viability

[84,94]

Bamboo waste Cosmetic Demonstrates 
stability without 
creaming for 30 
days across a pH 
range of 3.0 to 9.0 
and temperatures 
from 4 ◦C to 
50 ◦C.

Stability for 30 
days; pH range 
3.0-9.0; 
temperature 
range 4 ◦C- 
50 ◦C

[97]
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elimination of specific elements, culminating in the creation of chiral 
mesoporous substances with diverse applications spanning from chiral 
plasmonics to anti-reflective coatings [110]. Furthermore, a wide array 
of potential applications in the electronics sector include chiral plas-
monics, responsive hydrogels, anti-reflective coatings, optical filters, 
adaptable electronics, and flexible actuators. Leveraging its distinct 
characteristics, nanocellulose has been utilized to design optical mate-
rials featuring surface plasmons, UV blockage, fluorescence, and mate-
rials with low refractive indices, thereby unlocking avenues for 
applications like greenhouse plastics, particle tracking technology, 
sensing mechanisms, and anti-counterfeiting measures [120,121]. The 
incorporation of nanocellulose as a reinforcing agent in polymer com-
posites improves their mechanical properties and thermal conductivity. 
For example, silk-nano cellulose fibrous composites exhibit outstanding 
mechanical properties, rendering them suitable for applications in 
electronics [122]. Additionally, this study investigated the utilization of 
corn husks as a nanocellulose source, resulting in the production of 
highly transparent and hydrophobic nanocellulose films with properties 

well-suited for optical and electronic devices [123]. The incorporation 
of nanocellulose from oil palm empty fruit bunch into epoxy composites 
enhances their thermal conductivity, making them suitable for elec-
tronic applications [124]. Nanocellulose from waste materials can also 
be utilized to develop flexible and transparent conductive films for touch 
screens, solar cells, and electronic displays. The study emphasizes the 
outstanding mechanical and electrical properties of nanocellulose-based 
composites, suggesting their potential as replacements for conventional 
conductive materials [125]. The use of nanocellulose from waste ma-
terials in the electronics and electrical industry not only contributes to 
waste reduction but also offers sustainable solutions to produce 
advanced materials. Nanocellulose's attributes find applications in the 
electronics industry, particularly in the development of flexible and 
durable electronic components. Its thermal stability ensures that elec-
tronic devices can operate efficiently even in high-temperature envi-
ronments [126]. Additionally, nanocellulose's electrical insulation 
properties make it an excellent choice for preventing electrical leakage 
and ensuring the safe operation of electronic devices [127].

Fluorescent carbon dots (C-dots) sourced from biowastes have 
emerged as a significant advancement in the domain, demonstrating 
remarkable fluorescence characteristics and compatibility with biolog-
ical systems. The C-dots possess distinctive quantum confinement traits 
owing to their diminutive size, which enhances their extraordinary 
fluorescence. The importance of these fluorescent attributes is reflected 
in their wide-ranging applications, especially in bio-imaging and energy 
technologies. Their swift and straightforward synthesis utilizing eco- 
friendly chemical precursors has further propelled their use in various 
fields. Employing green precursors for C-dots not only tackles the issue 
of biomass disposal through scientific means but also paves the way for a 
circular economy. This strategy not only reduces biowaste but also taps 
into the potential of fluorescent C-dots to support sustainable practices 
in agriculture [121]. Fig. 14 depicts the detailed procedure involved in 

Table 4 
Summary of nanocellulose applications in textiles.

Material 
source

Application Key findings Numerical 
results

Ref

Rice straw and 
banana stem

Fabric 
enhancement 
(cotton 
fabrics)

Improves 
mechanical 
properties, dye 
uptake, water 
absorbency, 
and air 
permeability.

– [103,104]

Cotton waste Nanocellulose- 
reinforced 
composites

Produces 
lightweight 
composites 
with enhanced 
properties.

– [105]

Silk fibers 
(Bombyx 
mori, 
Antheraea 
pernyi)

Nanocellulose 
production 
and scaffolds

Results in 
excellent 
mechanical 
properties; 
potential for 
cell 
proliferation 
and tissue 
engineering.

– [106,107]

Coconut waste Sewing thread 
production

Nanocellulose 
from coconut 
waste used to 
produce 
sewing 
threads.

– [109]

Pomegranate Antibacterial 
applications

Effective 
against 
bacteria with a 
reduction of 
bacterial 
colonies 
ranging from 
60 % to 99 %.

Reduction of 
60 % to 99 % 
in bacterial 
colonies

[112]

Nanocellulose 
(with 
conductive 
polymers 
like 
polyaniline)

EMI shielding Achieves over 
99 % 
attenuation of 
microwave 
radiation in 
the X-band 
(8–12 GHz).

Shielding 
effectiveness 
> − 20 dB for 
1 mm 
thickness

[116]

Nanocellulose 
(derived 
from red 
mud 
industrial 
waste)

EMI shielding Demonstrates 
exceptional 
shielding 
performance 
when 
combined with 
multiwall 
carbon 
nanotubes.

− 83 dB 
shielding in 
the X-band

[117]

Fig. 14. C-dots from peanut shells [121].
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the production of C-dots peanut shells.
C-dots, are naturally chemically and electrically conductive, making 

them ideal for use as electrodes in lithium and sodium-ion batteries. 
Semiconducting C-dots contribute to the enhanced stability of the sur-
faces of active electrode materials. Nitrogen self-doped C-dots, sourced 
from Allium fistulosum, have been explored as quantum dot sensitizers in 
solar cells. Comprehensive research has shown how factors such as 
particle size, energy level configuration, doping elements, and the 
methods used to produce C-dots influence the photoelectric properties of 
these solar cells (Fig. 15) [121].

2.4.2. Biosensings
Biosensors, typically combining biological components like sweat or 

saliva with physicochemical detectors, can range from heavy machinery 
to portable wearable devices (Fig. 9h). Recently, there's been a surge in 
interest towards portable sensors due to their ease of use, portability, 
rapid diagnostics, and reduced need for sample preparation. This section 
explores the development of biosensors for health monitoring, di-
agnostics, spectrometry, and other applications [128]. NC-based plat-
forms offer a cost-effective, disposable, and efficient solution for various 
biosensing applications including healthcare, environmental moni-
toring, and food quality control. The versatility of NC structures, 
whether as hydrogels or aerogels, allows for diverse configurations that 
cater to different sensing mechanisms such as colorimetric, photo-
luminescence, mechanical deformation, and electrical responses [129]. 
Moreover, the abundant nanocellulose nanoscale source, combined with 
its biocompatibility, renewability, and low cost, makes it a sustainable 
alternative to conventional sensing platforms. The future prospects for 
nanocellulose in biosensing applications, particularly in filaments, 
paper-based platforms, and gel-like sensing devices, are promising 
[130].

Electrochemical biosensors play a crucial role in transforming 
biochemical information into analytical signals, particularly through the 
detection of analyte concentrations based on measurable electrical re-
sponses. These sensors have been instrumental in detecting bio-
molecules like adenine and guanine, offering valuable insights into 
Deoxyribonucleic acid (DNA) sequencing, oxidative harm, and protein 
metabolism within cells. Recent progress has centered on fabricating 
thin layers comprising nanocellulose and single-walled carbon nano-
horns (SWCNHs) for the precise and selective identification of adenine 
and guanine bases in Ribonucleic acid (RNA) and DNA [128]. These 
layers exhibit resistance to fouling and high catalytic efficacy, 

facilitating the detection of bases with a detection limit as low as 1.4 ×
10− 6 mol L− 1 for adenine and 1.7 × 10− 7 mol L− 1 for guanine. Addi-
tionally, electrochemical biosensors have been developed for moni-
toring lactate levels in artificial sweat using nanocellulose-based 
substrates, showing promising results for health monitoring applications 
[128]. Wearable electrochemical biosensing devices, including rings 
[131], patches [132], wristbands [133], and tattoos [134], have been 
fabricated using conducting polymers and nanocellulose nano-
composites. These gadgets provide benefits such as user-friendly oper-
ation, portability, and minimal sample preparation requisites, rendering 
them suitable for continual health monitoring. Another noteworthy 
advancement involves the creation of a sensitive enzymatic cholesterol 
biosensor utilizing PANi/CNC/IL nanocomposites, showcasing excep-
tional reproducibility, durability, and operational consistency in 
measuring cholesterol levels for food industries and clinical diagnostics 
[135].

2.4.3. Dielectric glass
The exploration of waste-derived nanocellulose in dielectric mate-

rials opens a new frontier in microelectronic devices. Investigating glass 
and glass-ceramics synthesized from agricultural waste ashes, such as 
sugarcane leaves ash and rice husk ash, reveals the nuanced influence of 
alkali metal oxides, impacting melting points through eutectic reactions 
[136]. Sugarcane leaves ash, with its intricate suppression of the cris-
tobalite phase, contributes to materials with a notable dielectric 
permittivity range (9–40), facilitated by inherent porosity. The presence 
of the less ordered augite phase further enhances dielectric properties. 
Elemental analysis, encompassing Si, alkali and alkaline earth metals, 
Cu, Zn, Fe, and substantial aluminum, delves into intricate compositions. 
X-ray powder diffraction (XRD) patterns highlight amorphous and 
crystalline phases, offering opportunities for compositional tailoring 
[136,137]. Utilizing agro-food waste ashes for synthesizing glasses and 
glass ceramics demonstrates potential in various engineering and med-
ical fields [138,139]. Analysis of dielectric properties reveals a decline 
in permittivity, loss factor, and conductivity with escalating rice bran 
content, attributable to fewer mobile carriers [140]. The innate porosity 
of these materials diminishes thermal conductivity, dielectric permit-
tivity, and density in comparison to conventionally produced glasses, 
while amplifying capabilities in sound wave sensing and absorption 
[138]. This characteristic positions them for integration into micro-
electronic tools such as band-pass filters, dielectric resonant antennas, 
and oscillators, necessitating dielectric permittivity values of ~10 or 

Fig. 15. A solar cell improved by incorporating C-dots [121].
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higher, withstanding thermal and mechanical stress, and maintaining 
temperature and frequency independence within the microwave spec-
trum. Waste-derived substances like rice husk ash exhibit suitable 
dielectric constants for high-voltage utilities, while materials derived 
from mango shells, corncobs, rice husk, and bean shells find application 
in low-voltage scenarios. Furthermore, rice husk ash microwave ab-
sorbers, characterized by low bulk density, heightened electromagnetic 
wave absorption, and eco-friendliness, emerge as promising lightweight 
alternatives [141].

Table 5 presents an extensive overview of the applications of nano-
cellulose in the Electronics industry.

2.5. Other applications

2.5.1. Carbon capture
Mitigating CO2 emissions is crucial in the fight against climate 

change, and advanced materials for CO2 capture are vital for this 
endeavor (Fig. 9k). Nanocellulose, derived from waste sources, emerges 
as a promising candidate for CO2 capture applications. Scientists are 
actively investigating diverse strategies, such as chemical modification 
and the inclusion of inorganic particles, to augment the adsorption ca-
pabilities of nanocellulose-based materials [142]. Functionalized 
nanocellulose aerogels, produced through physical or chemical cross- 
linking, have demonstrated potential for selective CO2 capture [143]. 
Silane modifications, such as 3-aminopropylmethyldiethoxysilane, have 
been applied to nanocellulose aerogels, promoting CO2 chemisorption 
[144]. Physisorption-based CO2 sequestration has furthermore been 
successfully demonstrated through the utilization of aerogels composed 
of fibrillated nanocellulose impregnated with acetate-functionalized 
crystalline nanocellulose suspension [145]. These advancements high-
light the versatility of waste-derived nanocellulose in creating efficient 
and selective CO2 adsorbents [146]. Focusing on the utilization of 

lightweight and flexible cellulose nanofiber aerogels featuring mono-
lithic structures is a captivating approach for CO2 adsorption. The 
incorporation of cellulose acetate or acetylated cellulose nanocrystals as 
functional materials demonstrated promising CO2 affinity. In-
vestigations into the microstructure, mechanical characteristics, and 
behavior of CO2 adsorption were conducted in a methodical manner, 
revealing remarkable mechanical strength alongside a significant CO2 
adsorption capability reaching 1.14 mmol/g at 101 kPa and 273 K. The 
incorporation of acetylated cellulose nanocrystals via impregnation 
resulted in a substantial improvement in both CO2 adsorption capacity 
and axial mechanical attributes. This highlights the potential of 
nanocellulose-based materials in offering efficient and environmentally 
friendly solutions for CO2 capture. Beyond its role as a CO2 adsorbent, 
the study introduced an innovative impregnation process for attaching 
functional materials to aerogels, presenting new possibilities for diverse 
applications [147].

2.5.2. Wastewater treatment
Wastewater treatment presents a challenge, and waste-derived 

nanocellulose emerges as a versatile solution (Fig. 9l). Nanocellulose, 
abundant in hydroxyl groups, demonstrates efficacy in adsorbing heavy 
metals and organic compounds from contaminated water [148]. Various 
modifications, such as the integration of graphene oxide-silica and 
polypyrrole, enhance nanocellulose's affinity for pollutants like dyes 
[149]. Additionally, nanocellulose acts as an efficient filtering mem-
brane for microorganisms and pollutants, showcasing its multifaceted 
role in water purification [148,150]. The incorporation of magnetic 
nanoparticles into nanocellulose further facilitates the separation of 
metals under an external magnetic field [151]. Chemical modifications, 
including sulfonation and amination, improve nanocellulose's hazard-
ous metal retention, emphasizing its potential to address environmental 
challenges [152]. However, challenges such as limited removal capacity 

Table 5 
Summary of nanocellulose applications in electronics.

Material source Application Key findings Numerical results Ref

Nanocellulose (with carbon 
nanotubes)

Lithium-ion batteries, 
electronics

Improvement in battery performance and electronic applications; 
effective replacement for aluminum foil.

17 % performance 
improvement

[119]

Cellulose nanocrystals (with 
polymers or silica)

Chiral mesoporous 
materials

Enables creation of chiral nematic materials for diverse 
applications including chiral plasmonics.

– [110]

Nanocellulose-based optical 
materials

Chiral Plasmonics, anti- 
reflective coatings

Applications in UV blockage, fluorescence, low refractive indices 
for greenhouse plastics and sensing.

– [120]

Silk-nanocellulose fibrous 
composites

Electronics Outstanding mechanical properties for electronic applications. – [122]

Nanocellulose from corn 
husks

Optical devices, 
transparent films

Production of highly transparent and hydrophobic films for 
optical and electronic applications.

– [123]

Nanocellulose from oil palm 
empty fruit bunch

Epoxy composites, 
electronics

Enhanced thermal conductivity for improved performance in 
electronic applications.

– [124]

Anocellulose + single- 
walled carbon nanohorns 
(SWCNHs)

Electrochemical 
biosensors

Enables precise detection of adenine and guanine in RNA and 
DNA; high catalytic efficacy and resistance to fouling.

Detection limit: 1.4 × 10− 6 mol 
L− 1 (adenine); 1.7 × 10− 7 mol 
L− 1 (guanine)

[128]

Nanocellulose + conducting 
polymers

Wearable 
electrochemical 
biosensors

Fabricated into rings, patches, wristbands, and tattoos; offers 
user-friendly operation, portability, and minimal sample 
preparation.

– [130,131,133]

PANi/CNC/IL 
nanocomposites

Enzymatic cholesterol 
biosensors

High reproducibility, durability, and operational consistency for 
cholesterol measurement; suitable for food industries and clinical 
diagnostics.

– [135]

Glass and glass-ceramics 
from agricultural waste 
ashes

Dielectric materials, 
microelectronics

Synthesized from sugarcane leaves ash and rice husk ash; 
influenced by alkali metal oxides and eutectic reactions. 
Sugarcane leaves ash shows a dielectric permittivity range of 9- 
40 due to porosity and phases like augite.

Dielectric permittivity range: 9- 
40

[137]

Sugarcane leaves ash Dielectric materials Suppresses cristobalite phase, contributing to high dielectric 
permittivity; presence of augite phase enhances properties.

– [136]

Rice husk ash Dielectric materials, 
microwave absorbers

Shows a decline in permittivity, loss factor, and conductivity with 
increased rice bran content; characterized by low bulk density 
and high electromagnetic wave absorption.

Dielectric permittivity: ~10 or 
higher

[140]

Agro-food waste ashes 
(various types)

Engineering and medical 
fields

Potential applications in high-voltage and low-voltage scenarios; 
suitability for microelectronic tools like band-pass filters, 
dielectric resonant antennas, and oscillators.

– [138]

Rice husk ash (microwave 
absorbers)

Microwave absorption, 
lightweight alternatives

Low bulk density, high electromagnetic wave absorption, and 
eco-friendly; suited for lightweight dielectric applications.

– [141]
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compared to traditional adsorbents necessitate further research using 
real wastewater for scaling up laboratory assays.

Cellulose, particularly CNC, derived from sustainable resources, has 
garnered attention for wastewater treatment. CNC's large surface area, 
hydroxyl, and anionic sulfate ester groups make it an ideal substrate for 
composite materials. A recent study introduced a green aerogel 
composed of cellulose nanofibril and graphene oxide-silica, exhibiting 
exceptional efficiency in removing organic dyes from contaminated 
water. The composite aerogels displayed superior adsorption perfor-
mances compared to pure cellulose nanofibril aerogels, showcasing a 
maximum adsorption capacity of 608.4 mg/g for methylene blue. This 
environmentally friendly aerogel, easy to fabricate and biodegradable, 
holds promise as an alternative for wastewater treatment [149]. Another 
study focused on sustainable cellulose nanofibril-based aerogels coated 
with polydopamine and cross-linked with polyethylenimine. These 
aerogels demonstrated robust porous structures with high porosity and 
low density, achieving significant adsorption capacities for contami-
nants like Cu (II) and methyl orange. The potential of cellulose nano-
materials in environmental remediation and water filtration 
technologies is highlighted, emphasizing their sustainable and efficient 
use [153,154].

Table 6 provides a comprehensive and detailed examination of the 
various applications and uses of nanocellulose within the contexts of 
both the Carbon Capture industry as well as the Wastewater Treatment 
sector, highlighting its significant potential and versatility in addressing 
environmental challenges.

To ensure clarity and comprehensibility, Table 7 has been devised to 
categorize and compare results obtained from a range of diverse waste 
materials. This table offers a comprehensive analysis of critical material 
attributes essential for selection in four distinct application domains: 
packaging, biomedical, textiles and apparel, and electronics. It is 
important to note that a comprehensive grasp of multiple parameters is 
required to delve into the potential utility of each material, facilitating 
meaningful comparisons and conclusive insights. The assessment of 
these attributes spans across different waste materials to ascertain their 
appropriateness for each specific application.

3. Material characteristics and attributes

Characteristics such as the modulus of elasticity [171], tensile 
strength [172], density [173], crystallinity [174], and thermal stability 
[175] are regarded as fundamental properties that play pivotal roles 
across a plethora of industries. These properties furnish vital informa-
tion for material selection, design, and performance optimization in 

fields such as engineering, manufacturing, and biomedical applications.
Nanocellulose's high modulus of elasticity and tensile strength make 

it suitable for applications that require strong and rigid materials. These 
properties contribute to its use as a reinforcing agent in composite ma-
terials, such as polymer composites or nanocellulose-reinforced mate-
rials. Nanocellulose's ability to enhance the mechanical properties of the 
host material makes it valuable in industries such as automotive, aero-
space, and construction, where lightweight but robust materials are 
essential.

Nanocellulose's low density makes it attractive for lightweight ap-
plications. Its lightweight nature makes it suitable for applications 
where weight reduction is critical, such as in aerospace components or 
lightweight packaging materials. Additionally, its low density allows for 
improved material compactness, making it valuable in applications that 
require efficient use of space or flotation properties [176]. Highly 
crystalline nanocellulose exhibits enhanced strength and stiffness, 
making it suitable for applications that require high mechanical per-
formance. This property is particularly beneficial in areas such as 
structural composites, films, coatings, and 3D-printed materials, where 
superior strength and rigidity are desired [177]. Nanocellulose's thermal 
stability is crucial for applications in high-temperature environments. Its 
ability to withstand thermal degradation without significant changes in 
its physical and chemical properties makes it suitable for applications 
such as flame-retardant materials, electronic components, and thermal 
insulation. Nanocellulose's thermal stability ensures that it can maintain 
its structural integrity and performance even under extreme heat 

Table 6 
Summary of nanocellulose applications in carbon capture and wastewater treatment.

Material source Application Key findings Numerical results Ref

Nanocellulose aerogels CO2 capture Functionalized aerogels through cross-linking have 
potential for selective CO2 capture.

– [143]

Silane-modified nanocellulose aerogels CO2 chemisorption Silane modifications (e.g., 3-aminopropylmethyldiethoxy-
silane) enhance CO2 chemisorption.

– [144]

Fibrillated nanocellulose impregnated with 
acetate-functionalized crystalline 
nanocellulose

Physisorption-based CO2 

sequestration
Aerogels with acetate-functionalized crystalline 
nanocellulose show effective physisorption of CO2.

– [145]

Cellulose nanofiber aerogels with cellulose 
acetate or acetylated cellulose nanocrystals

CO2 capture High CO2 adsorption capability with significant 
improvement in mechanical strength.

CO2 adsorption capacity: 
1.14 mmol/g at 101 kPa and 
273 K

[147]

Nanocellulose with magnetic nanoparticles Separation of metals 
using magnetic fields

Facilitates metal separation under an external magnetic 
field.

– [151]

Nanocellulose with sulfonation and amination Hazardous metal 
retention

Improved retention of hazardous metals through chemical 
modifications.

– [152]

Green aerogel composed of cellulose 
nanofibril and graphene oxide-silica

Removal of organic dyes Exceptional efficiency in removing dyes; superior to pure 
cellulose nanofibril aerogels.

Maximum adsorption 
capacity: 608.4 mg/g for 
methylene blue

[149]

Cellulose nanofibril-based aerogels coated 
with polydopamine and cross-linked with 
polyethylenimine

Water filtration and 
adsorption of 
contaminants

Robust porous structures with high porosity; effective for 
contaminants like cu (II) and methyl orange.

– [154]

Table 7 
Key material attributes for various applications.

Material attribute Packaging Biomedical Textiles and 
apparel

Electronics

Biodegradability ✓ [155] ✓ [156] ✓ [157] ✓ [158]
Mechanical strength ✓ [159] ✓ [160] ✓ [157] ✓ [161]
Durability ✓ [155] ✓ [162] ✓ [157] ✓ [161]
Thermal stability ✓ [162] ✓ [157] ✓ [163]
Resistance to 

moisture
✓ [164]

Moisture 
management

✓ [165] ✓ [166]

Biocompatibility ✓ [167]
Compatibility ✓ [168] ✓ [157]
Chemical stability ✓ [163] ✓ [167]
Thermal 

conductivity
✓ [169]

Flexibility ✓ [157]
Electrical insulation ✓ [170]
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conditions [175].
Understanding and considering these characteristics is vital for ma-

terial selection, design, and performance optimization across various 
industries. The combination of these properties determines the suit-
ability of materials for specific applications, ensuring they meet the 
required performance, durability, and environmental conditions.

Table 8 highlights the specific material attributes required for each 
application area, offering valuable insights into the suitability of various 
waste materials based on their intrinsic properties. This detailed analysis 
offers a nuanced understanding of how specific properties directly or 
indirectly influence material suitability for distinct industries, guiding 
informed decision-making in material selection. The data elucidate that 
mechanical strength, a fundamental property, is directly correlated with 
both modulus of elasticity and tensile strength. This emphasizes the 
significance of these mechanical attributes in applications demanding 
structural integrity and load-bearing capacity. Conversely, density ex-
hibits an inverse relationship with mechanical strength and durability, 
implying that materials with higher density may not be optimal for 
applications requiring robustness and long-termresilience.

Furthermore, Table 8 unveils the intricate interplay between 
specialized attributes and material properties. Notably, crystallinity 
directly affects thermal stability and insulation and insulating proper-
ties. This insight holds paramount importance in industries like con-
struction and electronics, where efficient heat management is critical. 
Additionally, the direct relationship between biocompatibility and ten-
sile strength highlights the relevance of these attributes in biomedical 
applications, where compatibility with biological systems and me-
chanical strength are pivotal considerations.

3.1. Raw materials from waste resources selected

Fig. 16 illustrates the varieties of waste materials employed in the 
production of nanocellulose. Fig. 17 provides a comprehensive scholarly 
exposition on nanocellulose sourcing, emphasizing the integral role of 
waste materials in sustainable nanomaterial production. Parameters, 
including cellulose content, hemicellulose, lignin percentages, diameter 
ranges, and crystallinity levels, offer indispensable insights into the 
nuanced properties of nanocellulose from various waste streams, such as 
wood, textile, paper, agricultural, and food waste. Comprehending the 
intricate interplay of cellulose, hemicellulose, and lignin is essential, as 
these components constitute the foundational elements of plant cell 
walls. Cellulose, a linear glucose polymer, forms crystalline microfibrils, 
bestowing mechanical strength [192]. Hemicellulose, a diverse sugar 
monomer-laden polymer, interconnects with cellulose, imparting flexi-
bility [193]. Lignin, a complex phenolic polymer, acts as a binding 
matrix, providing rigidity and resistance to microbial degradation 

[194].
In the realm of textile waste, a treasure trove of versatile materials 

awaits exploration. Cotton, celebrated for its softness and breathability, 
stands as a pillar in the textile industry. Textile waste stemming from 
cotton presents an opportunity for eco-conscious innovation. Similarly, 
the allure of silk, known for its luxurious sheen and lightweight prop-
erties, is a promising avenue for sustainable textiles and advanced ma-
terials. The exotic allure of Antheraea pernyi silk fibers, produced by the 
Ailanthus silkmoth, presents a unique source for specialty textiles and 
medical applications, warranting in-depth exploration. Wool, origi-
nating from sheep, offers natural warmth and insulating properties, 
making it a valuable resource in textiles, insulation, and beyond.

Within the realm of paper waste, materials with latent potential are 
discovered. Cardboard, with its robust and versatile nature, is identified 
as a prime candidate for recycling into new paper products or for con-
version into innovative materials. Office paper, a ubiquitous presence in 
offices worldwide, is recognized for its significant recycling potential, 
thus contributing to sustainable paper production. Flax fibers, often 
overlooked in the paper industry, are found to contain cellulose and 
lignin, opening up possibilities for nanocellulose extraction or the cre-
ation of novel composite materials.

Agricultural waste is a rich source of sustainable materials with 
numerous applications. Sugarcane bagasse, a byproduct of sugar pro-
duction, is abundant in cellulose and fibers, ideal for paper, composites, 
or nanocellulose production. Pineapple leaf, usually discarded, offers 
natural fibers suitable for textiles, composites, or nanocellulose. Wheat 
straw, a staple in agriculture, contains cellulose and lignin, making it 
suitable for nanocellulose, biofuels, or paper. Corn stover, often left 

Table 8 
Relationships between material characteristics and attributes.

Modulus of elasticity Tensile strength Density Crystallinity Thermal stability Ref

Mechanical strength + + – + [178–180]
Chemical stability + [181]
Thermal stability + + [181]
Thermal insulation + + + [182,183]
Biodegradability – [184]
Biocompatibility + [185]
Moisture management – [186]
Resistance to moisture + [187]
Durability – [187]
Insulating properties + + + [183,188,189]
Electrical conductivity + [190]
Flexibility – + [182]
Thermal conductivity – [191]

In this combined table:
(+) indicates a direct relationship, meaning that the attribute is positively correlated with the application.
(-) indicates an inverse relationship, meaning that the attribute is negatively correlated with the application.
( ) indicates no direct relationship between the attribute and the application.

Fig. 16. Waste material diversity in Nanocellulose production.
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unutilized, contains cellulose-rich components suitable for nano-
cellulose, biofuels, or animal bedding. Rice husks, typically discarded, 
offer potential for nanocellulose production and can serve as a source of 
bioenergy. Kenaf hemp, an underutilized crop, possesses natural fibers 
and cellulose, suitable for textiles, composites, and potentially nano-
cellulose extraction. These agricultural waste materials showcase a 
sustainable path towards resource optimization and innovation.

Within the category of wood waste, a multitude of possibilities 
awaits exploration. Softwood, derived from trees like pine and spruce, 
boasts a lightweight yet robust nature. It's sought after in construction 
and woodworking, and its waste material can be repurposed for a 
myriad of applications, including nanocellulose production. Hardwood, 
represented by species like oak, maple, and birch, is celebrated for its 
durability and elegance. The waste from hardwood sources presents 
opportunities in high-quality furniture, flooring, and potential nano-
cellulose extraction. Sawdust, a byproduct of wood processing, may 
seem inconsequential but holds great value. It can be utilized in the 
manufacturing of particleboard, wood pellets, or as an absorbent 

material. Bamboo, a rapidly renewable resource, is sustainable and 
versatile, finding applications in textiles, construction, and potentially 
as a source of nanocellulose.

4. Examining the outcomes by the material specifications

Table 9 offers a comprehensive overview of nanocellulose charac-
teristics sourced from diverse waste materials, including wood, textile, 
paper, agricultural, animal, and food waste. This data is pivotal for 
understanding nanocellulose's unique properties across different waste 
streams, guiding its application in textiles, composites, biofuels, and 
more. By showcasing the intricacies of nanocellulose from various 
sources, Table 9 emphasizes the importance of waste repurposing in 
fostering sustainable solutions and innovative materials. It serves as a 
vital resource for informed decision-making, promoting eco-conscious 
innovation, and contributing significantly to environmental conserva-
tion and resource optimization endeavors.

Fig. 17. Comparative analysis: cellulose content, and morphology of nanocellulose from diverse waste materials [14,15,195–198].

Table 9 
Material characteristics of nanocellulose synthesized from waste materials.

Waste material Modulus of elasticity 
(GPa)

Tensile strength 
(MPa)

Density (kg/ 
m3)

Crystallinity 
(%)

Thermal stability 
(◦C)

Ref

Wood Softwood 13 223 1600 55-90 345-370 [199–203]
Hardwood 13-23.9 224-383 1550-1650 52-69 210-350 [155,204,205]
Sawdust 0.157 – 600 70-90 250–400 [206,207]
Bamboo 13-15 250-270 1500-1550 70-75 200-300 [208–210]

Textile Cotton 2.04-2.71 30-50 1500 80-82 180–300 [211–214]
Wool waste 0.01-0.15 31.78 – 54–88 280-370 [215,216]

Paper Cardboard 27-30 2.6 1400 >70 250-400 [207,217]
Office paper 1–15 – 1500-1600 >70 250-320 [207,218,219]
Flax Fibers 21 70-75 1400 62-75 200-300 [217,220]

Agricultural Sugarcane bagasse 17.00 290 1250 62-76 300-375 [221–224]
Pineapple leaf 15-53 170-413 1450-1550 70-75 270-435 [225–228]
Wheat straw 11.45 40-45 1550 70-80 310–360 [213,214,229,230]
Corn stover 1-2.1 45-75 1550 45-75 – [213,231–233]
Rice husk – 55-65 1550 – 378-488 [213,234]
Kenaf 5-13 60-65 1600 60-80 352–358 [24,214,235,236]

Animal Cow dung 11-17 25-35 518 47.6-53.3 200-400 [213,237,238]
Horse dung 7-8 45-91 1400-1440 – 250-300 [239]
Poultry feather 1.6 − 2.1 10- 18 1300-1500 – 300-400 [240,241]

Food Tomato peel 18–50 – 75-90 280-350 [242–244]
Pineapple peels 16-27.25 75-78 1400 65-85 220-295 [245–248]
Coconut coir 4-9 54-250 1150-1450 50-75 300-340 [249,250]
Oil palm empty fruit 
bunch

12-18 107–137 1600 85-90 300-400 [251–253]
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4.1. Modulus of elasticity

The modulus of elasticity is a crucial mechanical property that 
characterizes the stiffness and elasticity of materials. In the context of 
nanocellulose, this property is particularly noteworthy due to the ma-
terial's unique structure. Nanocellulose, derived from cellulose fibers, 
possesses a highly organized and crystalline structure at the nanoscale. 
This organized arrangement contributes to its exceptional modulus of 
elasticity, indicating a high level of stiffness and strength.

The modulus of elasticity varies significantly among different waste 
materials, highlighting their diverse mechanical properties. Materials 
like softwood, hardwood, and bamboo exhibit relatively high moduli of 
elasticity, ranging from 13 to 27 GPa. These materials are characterized 
by their stiffness and ability to return to their original shape after 
deformation. Softwood, including pine, spruce, and fir, is well-suited for 
structural applications in construction due to its rigidity. Bamboo, with 
its balance of strength and flexibility, finds applications in electronics 
and potentially as a source of nanocellulose for electronic devices, where 
mechanical strength is essential.

Cotton waste, with a modulus of elasticity ranging from 2.04 to 2.71 
GPa, offers flexibility and lightweight properties[104]. This makes it 
valuable in textile and apparel applications, where pliability and com-
fort are desired. Wool, with a modulus ranging from 0.01 to 0.15 GPa, 
offers natural warmth and insulation, contributing to its use in textiles 
[215].

Some waste materials, such as sawdust, have low moduli of elasticity 
(0.157 GPa) and are not typically used for structural purposes [206] 
instead, sawdust can find value in applications like particleboard and 
wood pellets, where stiffness is not a primary requirement.

Overall, a thorough understanding of these material properties is 
crucial for determining their applicability in specific areas, such as 
structural materials, textiles, and composites used in packaging, 
biomedical devices, textiles, and electronic applications. Each material's 
unique modulus of elasticity contributes to its suitability for various 
industries and innovative uses.

4.2. Tensile strength

Tensile strength, a critical mechanical strength attribute measuring a 
material's resistance to stretching or breaking under tension, showcases 
the diverse suitability of different waste materials for various applica-
tions. Nanocellulose's exceptional tensile strength is intricately linked to 
its organized structure and the robust hydrogen bonding network within 
its composition. The organized structure of nanocellulose, with crys-
talline regions aligned along the cellulose chain, contributes to its 
remarkable tensile strength. The individual cellulose chains are held 
together by strong intra- and intermolecular hydrogen bonds, creating a 
highly cohesive and resilient material [254].

In addition to its structural organization, the abundance of hydrogen 
bonds in nanocellulose significantly contributes to its tensile strength. 
The dense network of hydrogen bonds provides effective load-bearing 
capabilities by distributing stress throughout the material. This struc-
tural reinforcement leads to enhanced mechanical properties, including 
tensile strength [255].

A decrease in the fiber diameter leads to an increase in tensile 
strength. This rise in strength is attributed to the conventional scaling 
law associated with smaller fiber diameters. Moreover, the simultaneous 
enhancement in toughness, measured through fracture toughness tests, 
suggests a self-healing mechanism facilitated by the breaking and 
reforming of hydrogen bonds during inter-fiber sliding. The interplay 
between nanocellulose's organized structure and the resilience of 
hydrogen bonds provides a foundation for its exceptional tensile 
strength, positioning it as a promising material for various applications 
[256].

Among hardwood varieties like oak, maple, and birch, an impressive 
tensile strength range of 224-383 MPa makes them top choices for load- 

bearing applications in construction and engineering due to their 
robustness [204]. Coconut coir emerges as a standout with its wide 
tensile strength range of 54-250 MPa [249]. This versatility allows for 
applications across industries, including textiles and composites, where 
varying strength requirements and biocompatibility are essential con-
siderations. Conversely, cotton, with a tensile strength ranging from 30 
to 50 MPa, aligns well with flexible and comfortable products such as 
textiles and apparel, addressing biocompatibility needs [213]. Nano-
cellulose demonstrates exceptional tensile strength ranging from several 
hundred to over a thousand megapascals (MPa). This remarkable me-
chanical strength, attributed to its organized structure and strong 
hydrogen bonding, positions nanocellulose as a highly valuable material 
for load-bearing applications across multiple sectors, including engi-
neering, packaging, and biomedical devices. Moreover, agricultural 
waste materials like sugarcane bagasse and pineapple leaf display 
moderate to high tensile strength, opening various industrial applica-
tions [222,225]. However, materials like cow dung, characterized by a 
lower tensile strength of 25-35 MPa, may have limitations in load- 
bearing scenarios [213]. Recognizing and leveraging these variations 
is crucial for evaluating the appropriateness of waste materials for 
specific engineering and manufacturing purposes, particularly in the 
realms of packaging, biomedical devices, textiles, and electronic appli-
cations, where mechanical strength and biocompatibility play pivotal 
roles in material selection.

4.3. Density

The density of waste materials is a pivotal factor that influences their 
mechanical strength, biodegradability, moisture management, resis-
tance to moisture, durability, insulating properties, and flexibility. 
Depending on the desired application, waste materials can be chosen 
strategically to optimize these properties and meet the specific re-
quirements of packaging, biomedical, textile, and electronic 
applications.

In terms of mechanical strength, higher-density materials generally 
demonstrate greater resilience and resistance to deformation due to 
their closely packed molecular structure. This property makes them 
suitable for applications requiring robustness and durability, such as in 
structural components of buildings or machinery. Conversely, lower- 
density materials, with more loosely arranged molecules, may exhibit 
reduced mechanical strength and may find applications where flexibility 
or weight considerations are more critical than sheer strength [257].

Biodegradability is another property influenced by density. Higher 
density materials, characterized by tightly packed molecules, often resist 
biodegradation. The reduced accessibility of microorganisms to break 
down the material can result in longer persistence in the environment. In 
contrast, lower density materials, which are typically more porous, 
facilitate microbial access and, consequently, tend to be more biode-
gradable. This property is particularly important in the context of 
environmentally friendly materials and disposable products where 
biodegradability is a key consideration [258,259].

Density also plays a pivotal role in moisture-related properties of 
materials. Higher density materials, with their compact structure, often 
exhibit better resistance to moisture absorption. This characteristic is 
advantageous in applications where moisture management is crucial, 
such as in the construction industry or electronic devices. On the other 
hand, lower density materials, with increased porosity, may absorb 
moisture more readily, which can impact their performance, especially 
in humid or wet environments. The choice of material density is, 
therefore, a critical factor in designing products or structures with spe-
cific moisture-related requirements [260,261].

Materials with moderate densities, such as hardwood (1550-1650 
kg/m3) [262], and softwood (1600 kg/m3) [202], strike a balance be-
tween mechanical strength and weight, making them suitable for load- 
bearing applications in packaging and construction. Their density con-
tributes to their durability, while their moisture resistance ensures their 
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longevity, a vital factor for packaging materials.
On the other hand, lightweight materials like sawdust (600 kg/m3) 

[206]and cotton (1500 kg/m3) [104] are more appropriate for textile 
applications due to their flexibility and moisture management proper-
ties. Cotton, with its density and flexibility, offers comfort in textile 
products, while its resistance to moisture helps maintain a dry and 
comfortable environment.

Biodegradable materials with varying densities, such as sugarcane 
bagasse (1250 kg/m3) [222] and pineapple leaf (1450-1550 kg/m3) 
[225], align well with sustainable practices in both packaging and 
biomedical applications. Their density impacts their moisture manage-
ment capabilities, biodegradability, and overall environmental foot-
print, making them ideal choices for eco-conscious applications.

4.4. Crystallinity

Crystallinity, a crucial material property, significantly impacts the 
suitability of waste materials for various applications, including pack-
aging, biomedical, textile, and electronic applications. It is closely 
related to several other attributes, making it a vital consideration in 
material selection. Materials such as softwood (55-90 %) [200] and 
hardwood (52-69 %) [205], often exhibit high mechanical strength, 
making them suitable for load-bearing applications in packaging. Their 
crystalline structure contributes to their rigidity and durability, which 
are essential for packaging materials. In contrast, materials, like cotton 
(80-82 %) [217] and bamboo (70-75 %) [263], are well-suited for textile 
applications due to their flexibility and comfort. Cotton, with its high 
thermal stability, offers strength and durability in textile products. In 
electronic applications, waste materials with controlled crystallinity, 
like coconut coir (50-75 %) [249], can be advantageous. Their ability to 
manage thermal insulation and electrical and thermal conductivity 
makes them suitable for certain electronic devices.

Crystallinity plays a crucial role in determining the suitability of 
materials for biomedical applications, particularly in the development of 
scaffolds for tissue engineering and drug delivery systems. Biomedical 
applications benefit from materials with moderate crystallinity, such as 
sugarcane bagasse (62-76 %) [223] and pineapple leaf (70-75 %) [227]. 
Their crystalline structure aligns well with the thermal stability and 
insulation properties required in biomedical devices. This crystalline 
structure contributes to the material's ability to support cell adhesion, 
proliferation, and differentiation, which are fundamental processes in 
tissue regeneration [85]. Furthermore, the thermal stability associated 
with crystalline regions enhances the material's resistance to degrada-
tion during sterilization processes, a critical factor in maintaining the 
integrity of biomedical implants and devices [264].

The controlled crystallinity of waste materials also influences their 
potential as drug delivery vehicles. The presence of both crystalline and 
amorphous regions in materials like sugarcane bagasse and oil palm 
empty fruit bunch allows for the efficient encapsulation and controlled 
release of therapeutic agents [73]. The crystalline domains provide 
structural stability and can modulate the release kinetics of drugs, while 
the amorphous regions facilitate drug loading and biodegradation. 
Additionally, the inherent biocompatibility of these plant-based mate-
rials, coupled with their crystalline structure, reduces the risk of adverse 
immune responses when used in vivo [265].This combination of prop-
erties makes waste materials with moderate crystallinity promising 
candidates for developing sustainable and effective biomedical solu-
tions, from wound dressings to drug-eluting implants.

4.5. Thermal stability

Thermal stability is closely tied to other properties, making it a 
crucial consideration in material selection. Materials with high thermal 
stability, such as rice husk (378-488 ◦C) [234] and oil palm empty fruit 
bunch (300-400 ◦C) [249], are well-suited for high-temperature appli-
cations like fire-resistant coatings or insulation. Their ability to 

withstand significant heat without degradation makes them valuable in 
extreme environments. Nanocellulose, derived from waste materials, 
exhibits exceptional thermal stability, surpassing 200 ◦C. This is 
attributed to its robust bonds and compact structure, providing resis-
tance against thermal decomposition.

The thermal stability of waste-derived nanocellulose can be attrib-
uted to the presence of strong intermolecular bonds, such as hydrogen 
bonds, within its molecular structure. These robust bonds play a crucial 
role in resisting thermal decomposition. Additionally, the nano-
cellulose's compact structure contributes to its thermal stability by 
limiting the movement of molecules and reducing the likelihood of bond 
breakage at elevated temperatures. The organized and closely packed 
arrangement of cellulose chains in the nanocellulose structure enhances 
its overall resistance against thermal degradation, making it a promising 
material for applications where thermal stability is a critical factor 
[266,267].

This makes nanocellulose a valuable material for applications like 
flame-retardant coatings, thermal insulation, and reinforcing polymer 
composites. In contrast, materials with moderate thermal stability, like 
sugarcane bagasse (300-375 ◦C) [224] and pineapple leaf (270-435 ◦C) 
[228], offer sufficient resistance to heat for applications in bio-
composites, packaging, and insulation. These materials strike a balance 
between thermal stability and processability. Materials with lower 
thermal stability, such as cotton (180-300 ◦C) [212] and bamboo (200- 
300 ◦C) [209], are more suitable for applications where heat resistance 
is not the primary requirement, such as textiles and certain packaging 
materials. Overall, the thermal stability of waste materials plays a vital 
role in determining their suitability for specific applications. Waste 
materials can be strategically selected based on their thermal stability to 
optimize their performance in packaging, biomedical, textile, and elec-
tronic applications.

5. Comparison of nanocellulose with other biopolymers

To provide a comprehensive understanding of the mechanical 
properties of nanocellulose, the modulus of elasticity, tensile strength, 
density, crystallinity, and thermal stability of nanocellulose were 
compared with those of other biopolymers, such as chitosan, starch, 
polylactic acid (PLA), and polyhydroxyalkanoates (PHA). These com-
parisons were drawn from the results presented in the discussion of 
waste-derived materials, illustrating the unique advantages and poten-
tial applications of nanocellulose in contrast to these other biopolymers. 
These results are summarized in Table 10.

Nanocellulose emerges as the most versatile biopolymer, exhibiting a 
wide range of modulus of elasticity. This allows its stiffness to be tailored 
to match various application requirements, from rigid packaging to 
flexible electronics. In contrast, chitosan is relatively stiff, while starch 
and PHA are more compliant.

Nanocellulose demonstrates exceptional tensile strength, ranging 
from several hundred MPa, far exceeding that of other biopolymers. This 
remarkable strength enables nanocellulose to withstand substantial 
loads and stresses, making it ideal for high-performance applications 
like structural components and protective packaging. Chitosan, starch, 
and PHA exhibit lower tensile strengths, typically below 100 MPa, 
positioning them for less demanding applications. PLA maintains a 
consistent tensile strength of 50-70 MPa, suitable for moderate-strength 
requirements.

Nanocellulose, chitosan, and starch have similar densities. The high 
crystallinity of nanocellulose, ranging from 55 % to 90 %, contributes to 
its superior mechanical properties and stability. In contrast, chitosan, 
starch, and PLA have lower crystallinity, indicating a more amorphous 
structure and potentially different processing requirements and end-use 
characteristics.

Nanocellulose and chitosan demonstrate comparable thermal sta-
bility, exceeding 200 ◦C, making them suitable for high-temperature 
applications such as insulation and coatings. Starch exhibits the 
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highest thermal stability, while PLA and PHA are less thermally resis-
tant. The thermal stability of these biopolymers is a crucial factor in 
determining their suitability for processing and end-use environments.

The diverse properties of these biopolymers offer a wide range of 
possibilities for selective material choice and application development. 
Nanocellulose stands out with its exceptional mechanical strength, 
stiffness, and thermal stability, positioning it as a highly versatile and 
high-performance biomaterial. The other biopolymers, while exhibiting 
distinct characteristics, can also be strategically utilized in applications 
where their specific attributes, such as flexibility, biodegradability, or 
moderate thermal resistance, are advantageous.

6. Conclusions

The diverse mechanical properties of waste-derived materials play a 
pivotal role in determining their suitability across various industries. For 
instance, softwoods such as pine, spruce, and fir exhibit a modulus of 
elasticity ranging from 13 to 27 GPa, making them ideal for applications 
requiring structural rigidity, such as load-bearing packaging materials. 
In contrast, cotton, with a modulus ranging from 2.04 to 2.71 GPa, offers 
flexibility and reduced weight, making it valuable in scenarios where 
lightweight and pliable materials are needed. When it comes to tensile 
strength, hardwoods like oak, maple, and birch showcase strengths 
ranging from 224 to 383 MPa, excelling in load-bearing applications, 
while coconut coir, with a diverse range of 54 to 250 MPa, proves ver-
satile in various engineering and manufacturing applications. Addi-
tionally, the moderate densities of hardwood and softwood ranging from 
1550 to 1650 kg/m3 strike a balance between mechanical strength and 
weight, making them well-suited for load-bearing applications in 
packaging and construction. Furthermore, the high crystallinity of 
softwood (55-90 %) and hardwood (52-69 %) materials correlates with 
their mechanical strength, rendering them suitable for load-bearing 
purposes, especially in packaging applications where durability is 
paramount. Lastly, materials like rice husk and oil palm empty fruit 
bunch exhibit thermal stability ranging from 300 to 488 ◦C, making 
them suitable for high-temperature applications such as fire-resistant 
coatings or insulation, while nanocellulose derived from waste mate-
rials also demonstrates exceptional thermal stability, expanding its po-
tential applications in various heat-resistant products across industries. 
These nuanced mechanical, density, crystallinity, and thermal proper-
ties of waste-derived materials provide a comprehensive understanding 
of their potential applications, guiding sustainable innovation and ma-
terial selection processes for eco-friendly product development and 
waste management practices.
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