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The expansion of the textile industry and improvements in living standards have led to increased cotton
textile production, resulting in a rise in textile waste, with cotton accounting for 24% of total textile waste.
Effective waste management through recycling and reuse is crucial to reducing global waste production.
Nanocellulose has diverse applications in environmental, geotechnical, food packaging, and biomedical
engineering areas. As interest in nanocellulose’s unique properties grows, cotton-based textile waste
emerges as a promising source for nanocellulose development. However, there is a notable lack of com-
prehensive reviews on the extraction of nanocellulose from textile waste as a sustainable biomaterial. This
paper aims to address this gap by exploring current extraction processes, properties, and recent appli-
cations of nanocellulose derived from textile waste. We discussed (1) the potential of nanocellulose
resources from different textile wastes, (2) a comparison of the various extraction methods, (3) the
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functionalization technology and the potential application of such nanocellulose in the textile industry,
and (4) the life cycle assessment (LCA) and potential gap of the current technology. It also emphasizes
the potential reintegration of extracted nanocellulose into the textile industry to manufacture high-value
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1. Introduction

The textile industry plays a vital role in our lives, but its pro-
duction, usage, and disposal have significant environmental
implications.” The rise of fast fashion, characterized by low-
cost manufacturing, frequent consumption, and short
garment lifespans, has contributed to a substantial increase in
clothing waste generation, resulting in economic, environ-
mental, and social challenges.>® Incineration and landfilling
are widely adopted techniques for managing textile waste glob-
ally, primarily due to their cost-effective disposal methods.
However, significant quantities of greenhouse gases, toxic
chemicals, and unpleasant odors are emitted into the environ-
ment due to the anaerobic decomposition of cellulose in land-

“Institute of Sustainability for Chemicals, Energy and Environment (ISCE2), The
Agency for Science, Technology and Research (A*STAR), 2 Fusionopolis Way, Innovis,
#08-03, 138634 Singapore, Singapore. E-mail: kaid@imre.a-star.edu.sg

bInstitute of Materials Research and Engineering (IMRE), The Agency for Science,
Technology and Research (A*STAR), 2 Fusionopolis Way, Innovis, #08-03, 138634
Singapore, Singapore

“Chemical & Biomolecular Engineering, College of Design and Engineering, National
University of Singapore, 4 Engineering Drive 4, Singapore 117585, Singapore
School of Chemistry, Chemical Engineering and Biotechnology, Nanyang
Technological University, 21 Nanyang Link, Singapore 637371, Singapore

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01839g

14168 | Nanoscale, 2024, 16, 14168-14194

products, thus completing the loop and strengthening the circular economy.

fill sites and the combustion of cellulose in incinerators. This
leads to pollution of the air, land, and water in the surround-
ing areas.” As the textile industry navigates a critical juncture,
it confronts an unprecedented mandate for sustainability to
address escalating environmental crises and shifting consu-
mer trends. While prioritizing reuse as the preferred method
for managing end-of-life textiles, the advancement of recycling
technologies becomes crucial in addressing non-rewearable,
worn-out, and damaged textiles unsuitable for reuse.”®
Cellulose, the source of nanocellulose, is a polysaccharide
composed of glucose monomers linked through f-1,4-glycosi-
dic bonds, exhibiting hydrophilic hydroxyl groups and hydro-
phobic axial carbon-hydrogen (C-H) planes.”® Its dense
packing and amphiphilic nature stem from intra- and inter-
molecular hydrogen bonds, leading to highly ordered crystal-
line structures.’ The size of nanocellulose fibers typically
measures less than 100 nanometers in diameter and several
micrometers in length. Nanocellulose from cotton-based
textile waste could be classified as two main types which are
cellulose nanocrystal (CNC) and cellulose nanofibril (CNF).
Even though these types share a similar chemical composition,
they differ in morphology, particle size, crystallinity, and other
properties due to variations in the sources and extraction
methods.’® CNC, also known as cellulose nanocrystals or cell-
ulose nanowhiskers, is a type of nanocellulose with high
strength and is typically obtained from cellulose fibrils

This journal is © The Royal Society of Chemistry 2024
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through acid hydrolysis. It exhibits a short-rod-like or whisker
shape, with diameters ranging from 2 to 20 nanometers and
lengths between 100 and 500 nm.'® CNF, also referred to as
cellulose nanofibers or cellulose nanofibrils, is a form of nano-
cellulose characterized by its long, flexible, and intertwined
structure, and is extracted from cellulose fibrils through
mechanical means. It adopts elongated fibril shapes with dia-
meters ranging from 1 to 100 nm and lengths spanning from
500 to 2000 nm.

In recent studies, there has been a surge in interest towards
utilizing cotton-based textiles, which constitute a significant
portion of fabric waste, and are emerging as an especially
promising source for the extraction of nanocellulose. Cotton-
based textile waste presents a potential source of nanocellulose
given that cotton fibers consist of about 94% cellulose by
weight that would possess exceptional properties suitable for
various high-value applications."* Extracting nanocellulose
from textile materials holds immense promise in
nanotechnology.

Nanocellulose is utilized across various applications and
exhibits a myriad of strengths including impressive mechani-
cal robustness, flexibility, optical transparency, and a high
surface area volume ratio."" These characteristics render nano-
cellullose an invaluable resource for enhancing the functional
properties of textiles, such as improving tensile strength,
enhancing moisture management, and enabling the incorpor-
ation of novel functionalities. nanocellulose derived from
cotton textile waste offers a promising avenue for advancing
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low-carbon and circular development. By extracting nanocellu-
lose from cotton textile waste, we can effectively repurpose this
material, reducing the need for virgin resources and mitigating
waste disposal issues. This approach aligns with circular
economy principles by extending the lifespan of cotton fibers
and minimizing the environmental impact. By repurposing
textile waste into nanocellulose for various applications
(Fig. 1), the environmental impact of textile disposal may be
mitigated while promoting the sustainable production of
advanced materials.

This comprehensive review aims to provide an in-depth
exploration of examining, sorting, pre-treatment, and iso-
lation methods for extracting nanocellulose from textile
waste. Our discussion will include various ways involving
nanocellulose extraction, comprising mechanical disinte-
gration, chemical processing, and enzymatic methods. We
aim to highlight the merits and demerits along with recent
innovations associated with each technique. We also intend
to explore nanocellulose’s potential in textile industry appli-
cations. A crucial aspect this review will concentrate on the
combination of nanocellulose with other nanomaterials like
nanoparticles, nanoclays, and carbon nanotubes, aiming at
devising advanced hybrid materials that enhance the per-
formance  characteristics  for  specific  applications.
Furthermore, we aim to delve into the nascent domain of
smart-functional textiles where nanocellulose plays a key
role empowering the creation of wearable electronic devices,
responsive fabrics and biodegradable sensors.
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(A) World production of fibres estimated for the year 2021, comprising synthetic (blue), natural (green) and man-made cellulosic (red) fibres.

Different fibre types in specific fibre groups and their production volume in percentages are shown separately in blue, red, or green in the pie chart.
Adapted figures were produced using data from the Preferred Fiber and Materials Market Report 2022 of the Textile Exchange Organization.*? (B)
Nanocellulose extracted from cotton-based textile waste. (C) Application of nanocellulose in the textile industry.
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2. Types of cotton used in the textile
industry

Cotton holds the second position, accounting for 23% of total
fiber usage, while polyester (PET), a synthetic fiber, leads the
global fiber manufacturing market with a market share of
approximately 52%."® This disparity in cellulose availability pre-
sents opportunities for the development of man-made cellulosic
fibers (MMCF). MMCFs are regenerated cellulosic fibers (RCF)
derived from cellulose extracted from wood pulp, which is sub-
sequently chemically dissolved and extruded into staple fibers.
Viscose, acetate, cuprammonium, and Lyocell methods are
among the various types of man-made cellulosic fiber available.

2.1 Viscose rayon

The Viscose process is widely used to create regenerative cellu-
losic fibers (RCF) and is typically sourced from wood pulp
obtained from rapidly growing trees like bamboo, pine, sugar
cane, beech, and eucalyptus. Fig. 2A illustrates the schematic of
the Viscose process. This method involves immersing the pulp in
sodium hydroxide for a specific period, and then shredding and
aging it as shown in Fig. 3A. The pulp’s viscosity is affected by
the duration of aging. Following this, the pulp is mixed with
carbon disulfide (CS,) to form cellulose xanthate, which is then
dissolved in sodium hydroxide to initiate the Viscose fiber for-
mation process.'* The dissolved pulp is precipitated in acid using
wet-spinning equipment to neutralize and regenerate cellulose
simultaneously. Subsequent washing steps are used to produce
pure cellulose regenerated fiber.'"” Currently, about 70% of
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carbon disulfide can be recycled, while the remainder is con-
verted into sulfuric acid (H,SO,4) and also recovered.'® However,
the Viscose process has environmental concerns due to the high
chemical usage (e.g. NaOH), leading to the production of sodium
sulfate as a by-product.

2.2 Lyocell rayon

Lyocell is notable for its closed-loop system of production,
wherein non-derivative solvents like N-methylmorpholine-N-
oxide (NMMO) are utilized to dissolve cellulose and are then
recycled and repurposed (Fig. 2B). This approach has the
potential to streamline the production of RCF by eliminating
multiple steps (Fig. 3B).>" This technology involves direct cell-
ulose dissolution, making it a simpler process with reduced
chemical usage compared with the traditional Viscose
method. Furthermore, direct solvents are simpler to recycle as
they do not produce any byproducts, contributing to a more
environmentally sustainable method.>" Lyocell fibers demon-
strate superior characteristics such as higher tenacity
(especially in wet conditions), increased modulus, reduced
shrinkage, improved thermal stability, higher crystallinity, and
greater orientation when compared with Viscose.””
the manufacturing expenses associated with Lyocell exceed
those of Viscose because of the utilization of costly solvents
and the necessity for high temperatures to dissolve cellulose.?

However,

2.3 Cellulose acetate

While less frequently utilized, another method for fiber pro-
duction involves acquiring cellulose acetate. Cellulose acetate
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Fig. 2 Mechanism of processes involved in the textile industry. (A) Viscose fiber production, adapted from ref. 17 and 18. Copyright (2013) and
(2017) ScienceDirect, (B) NMMO-cellulose dissolution in the Lyocell process, reprinted with permission from ref. 19. Copyright (2010) American
Chemical Society, and (C) cellulose acetate preparation (adapted from ref. 20). Copyright (2019) Springer.
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Fig. 3 Schematics of fiber production. (A) Viscose process and (B) Lyocell process (adapted from ref. 20). Copyright (2019) Springer.

is produced through a process where cellulose pulp reacts with
acetic anhydride to form acetate flakes (Fig. 2C). Subsequently,
these flakes are dissolved in a solvent to form a cellulose solu-
tion.>* Cellulose dissolves in a solution containing acetic acid
and acetic anhydride, with the process occurring in the pres-
ence of a catalyst, such as sulfuric acid.

Controlled partial hydrolysis of cellulose acetate is sub-
sequently carried out to eliminate sulfate and several acetate
groups, resulting in the desired product properties. The cell-
ulose solution is subsequently passed through a spinneret,
where yarns are formed by evaporating the solvent. This tech-
nique is known as the dry-spinning method.*® However, cell-
ulose acetate fibers are not widely used in the textile industry
due to their low strength, poor abrasion resistance, and
thermal retention.>®

2.4 Cuprammonium rayon

Cuprammonium rayon, also referred to as cupro, is typically
obtained from cotton linters, a residual material from the
cotton plant. The linters are dissolved into a cuprammonium
solution, which is a mixture of copper and ammonium.>®
These were then dropped into caustic soda and extruded
through a spinneret, resulting in the production of cupro
fibers. Cupro, while not as robust as some other rayon var-

This journal is © The Royal Society of Chemistry 2024

ieties, is still recognized for its durability.”” It surpasses
viscose and silk in strength, making it a preferable choice for
those seeking a resilient and sophisticated alternative to silk,
especially considering the high cost of silk. Cupro is typically
considered less sustainable due to its chemical-intensive man-
ufacturing process. While some chemical solutions can be
recycled, the final disposal is toxic and necessitates stringent
control measures.*

2.5 Blends with other polymer fibers

In the textile market, composite fabrics comprising cellulose
and other fibers like PET, silk, wool, viscose, polyamide, or
polyurethane are widely established. These blends are spun
together in a spinning process to improve moisture absor-
bency, strength, shape retention and texture compared with
individual fabrics. For instance, PET fabric is naturally hydro-
phobic and more electrostatic compared with natural fibers.>®
Conversely, cotton fabric, being hydrophilic, has better moist-
ure absorption but demonstrates poor wicking properties
between the inner and outer surfaces of the fabric, which may
not be suitable for wear during energetic activity.>® Therefore,
polyester/cotton blends are employed to counteract these limit-
ations, providing improved moisture management and
wicking capabilities.* Similarly, silk/cotton blends have been

Nanoscale, 2024, 16,14168-14194 | 14171
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investigated using Eri silk.** Their findings suggest that an
increase in silk fiber content in the yarn enhances tensile
strength and breaking elongation values. However, these
wastes are heterogeneous and comprise a blend of natural and
synthetic fiber materials, which complicates both fiber recov-
ery and disposal.** The recycling methods for these blends can
be generally classified into two categories, depending on
whether the two mixed components are separated or not.

3. Extraction of nanocellulose from
cotton-based textile waste
3.1 Physical and mechanical treatment

Physical treatment methods such as steam or autohydrolysis,
hydrothermolysis, aquasolv, uncatalyzed solvolysis, and wet
oxidation, are utilized to break down textile waste into finer
particles.’>** Physical treatment involves subjecting the textile
waste to high pressure and temperature to eliminate impuri-
ties while keeping the water in a liquid state during hydrother-
molysis.>® This process typically occurs at temperatures
ranging from 200 to 230 °C and lasts for a few minutes.
Approximately 60% of the textile material is dissolved into
small particles dispersed in water during this phase. The
objective of physical treatment is to convert the textile waste
into tiny fiber forms and eliminate dirt. However, since ligno-
cellulose particles break apart during chemical treatment,
neither physical nor mechanical treatment results in a signifi-
cant reduction in the amount of textile waste. Pérez et al. inves-
tigated the effects of the temperature (170 and 200 °C), solid
content (5% and 10% w/v), residence duration (0 and 40 min),
and reactor overpressure (30 bar) of physical pretreatment on
the enzymatic hydrolysis process.>® They evaluated pretreat-
ment efficiency by comparing the solid composition obtained
from pretreatment with that of solid samples without pretreat-
ment. Studies have shown that pretreatment influences temp-
erature and residence time, with increased time and tempera-
ture enhancing enzyme hydrolysis yields.*” Various physical
treatment studies have been conducted to optimize these pro-
cesses by adjusting the treatment time, strain, and tempera-
ture.*® It is crucial to select the appropriate treatment system
to monitor the decomposition route of substances by varying
parameters such as the temperature, pressure, and duration of
the hydrothermolysis treatment.>®

The mechanical treatment of textile waste is widely utilized
due to its simplicity and cost-effectiveness compared with
alternative methods. This process involves the mechanical pro-
cessing and shredding of textile waste, and it is applicable to
various fibers like PET, cotton, etc. However, the shredding
method frequently results in a reduced fiber length from
textile waste, directly affecting the original fiber quality and
mechanical properties. These fibers are typically blended with
virgin fibers in specific proportions to enhance the overall
quality.”® Mechanical treatment complicates the reproduction
of yarns or nanocellulose from the derived fibers. The mechan-
ical forces exerted during shredding, as well as the aging of
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fibers and the abrasion caused by detergent during washing,
decrease the degree of polymerization (DP) in cellulose. This
decreased DP adversely affects fiber length and strength,
posing challenges in the quality of nanocellulose or yarn pro-
duction.*” In a particular study, researchers highlighted that
the primary concern is the initial yarn production rather than
the level of wear in mechanically shredded textile waste.*?
Considering that the fibers obtained are shortened, it is advi-
sable to avoid ring spinning and instead opt for rotor or fric-
tion spinning. Wet mechanical equipment has been employed
to separate cotton from synthetic fibers in denim fabric. This
separated material can then be reused to create RCF and yarns
for textile production. The system utilized laboratory screens
and hydrocyclones, although some operational issues were
encountered with this method.*?

In an alternative investigation, a brief static acid treatment
lasting one minute was applied to mixed cellulose and poly-
ester fabrics.”* This treatment involved immersing the fabrics
in a 95 °C aqueous sulphuric acid (H,SO,) solution before sub-
jecting them to mechanical beating (stirring) in water at room
temperature. This procedure led to the removal of cellulose
from the blended fabrics in the form of a powder, while the
polyester was reclaimed for subsequent use in new fabric pro-
duction. The fibers obtained from this process were trans-
formed into nonwoven webs designed for insulation pur-
poses.?® For instance, a denim fabric made from a blend of
cotton and polyester underwent treatment with a 10 wt%
H,SO, solution and was heated to 90 °C. Subsequently, the
mechanical fractionation process was carried out, and the
fibers were sifted through a mesh to separate the two com-
ponents. Following these steps resulted in obtaining both poly-
ester fibers and cotton fiber powder. The recuperated cotton
was utilized for extracting cellulose nanocrystals intended for
incorporation into composites.*® Ball milling is another
method used to produce nanocellulose, which can be carried
out in either dry or wet conditions. In dry ball milling, the cell-
ulose undergoes decrystallization, while wet ball milling
involves the addition of liquid to prevent or slow down the
decrystallization. Kang et al. employed wet ball milling fol-
lowed by centrifugation, an environmentally friendly approach,
to create cellulose nanocrystals (CNCs) from three distinct cel-
lulosic sources: microcrystalline cellulose (MCC), bleached
Kraft pulp, and CF11 cellulose.*” Varying the ball milling time
from 0.6 to 16 hours, they observed a rapid increase in nano-
crystal yield from MCC and CF11 cellulose within the first
4 hours, followed by a nearly constant yield after 8 hours.
Because no chemical agents are used in this synthesis, both
the crystallinity and thermal stability of the raw cellulose and
the synthesized CNCs were discovered to be almost compar-
able. Fig. 4 shows the various types of nanocellulose synthesis
from textile waste.

3.2 Chemical treatment

3.2.1 Hydrolysis. Acid hydrolysis is a well-established
chemical technique utilized for extracting nanocellulose from
cellulosic fibers. This process commonly employs potent

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The various types of nanocellulose synthesis.

mineral acids, like H,SO, or hydrochloric acid (HCl). The
hydrolysis reaction involves the depolymerization of cellulose,
where hydronium ions (H') infiltrate the amorphous segments
of the cellulose chains, inducing a hydrolytic cleavage of glyco-
sidic bonds.*® This results in the breakdown of cellulosic
fibers into nanocellulose. Unlike synthetic polymers, this
nanocellulose cannot be reconstituted into larger cellulosic
polymeric chains.

Sulfuric acid is the most frequently used hydrolysing agent
due to its ability to initiate the esterification in cellulose invol-
ving the hydroxyl groups through anionic sulfate ions.*°
Moreover, the presence of anionic groups contributes to the
formation of a negative electrostatic layer on the surface of the
nanocellulose, facilitating their dispersion in water and
leading to the formation of stable colloid systems.'® Other
acids, including hydrobromic acid (HBr), nitric acid (HNOj3),
and phosphoric acid (Hs;PO,), have also shown successful
application in acid hydrolysis. For instance, Zhong et al. suc-
cessfully isolated nanocellulose from indigo-dyed denim fabric
and bleached cotton using acid hydrolysis combined with
high-intensity ultrasonication (HIUS). The resulting nanocellu-
lose from indigo-dyed denim had a width of 12.5 + 4.3 nm,
length of 151.7 + 52.6 nm, crystallinity of 85.6%, and yield of
37.8%. For the nanocellulose obtained from bleached cotton,
the width ranged over 11.9 + 6.7 nm, length ranged over 127.7
+ 43.8 nm, crystallinity was 86.4%, and the yield reached
39.6%.”° These findings highlight the effectiveness of acid
hydrolysis allied with HIUS in producing nanocellulose from

This journal is © The Royal Society of Chemistry 2024
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different cellulose sources. Furthermore, Pandi et al. success-
fully isolated nanocellulose from cotton waste using HIUS
paired with sulfuric acid hydrolysis. They reported the nanocel-
lulose isolated had a fiber diameter ranging over 10-50 nm
and a crystallinity index of 81.23%.”" Cao et al. produced a
CNC suspension by subjecting waste cotton fabric to H,SO,
treatment and generated a transparent composite film of
CNCs and cellulose acetate which has potential applications in
disposable packaging materials, sheet coating and binder
products.>

The presence of non-crystalline hemicellulose and lignin
components in cotton fibers typically diminishes both the
crystalline nature and mechanical strength of the resulting
CNCs. As suggested by Morais et al. it is advisable to eliminate
these non-crystalline constituents through a straightforward
alkaline hydrolysis process.”® Thambiraj and Shankaran out-
lined a CNC production method involving waste cotton, which
entailed a series of steps including alkali pre-treatment fol-
lowed by H,SO, treatment.’
effectively removed hemicellulose, lignin, and other impuri-

* In this process, H,SO, hydrolysis

ties, resulting in the production of micrometer-sized needle-
like CNCs which exhibit mechanical properties that are com-
parable to steel and aluminum, as demonstrated by Kuo
et al.”® Notably, the aspect ratio of the needle-like CNCs pro-
duced via the combined alkali and acid hydrolysis (ranging
from 14 to 40) surpassed that of CNCs obtained through acid
hydrolysis alone (with aspect ratios of 10 to 20), indicating an
enhancement in mechanical performance.

Nanoscale, 2024, 16, 14168-14194 | 14173
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3.2.2 TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)
mediated oxidation. TEMPO oxidation is another chemical
method for producing nanocellulose from cellulosic fibers.
TEMPO oxidation is commonly used in conjunction with a
mechanical method to disaggregate the cellulose fibers. The
main goal of utilizing TEMPO is to reduce the energy required
for mechanical disintegration by diminishing the negative or
positive charge on the surfaces of the fibres and by improving
the colloidal suspension’s stability of the produced nanocellu-
lose. TEMPO-mediated oxidation treatment is generally carried
out in the presence of bleaching agents such as NaClO and cat-
alysts such as sodium bromide (NaBr) under alkaline con-
ditions. Despite lowering the energy consumption, this
method has several disadvantages, such as toxic reagents, low
efficiency and an inability to recover the chemicals.’® Zhong
et al. utilised TEMPO/NaBr/NaClO at pH 10-10.5 on indigo-
dyed denim and bleached cotton followed by centrifugation,
dialysis and microfluidization. They reported obtaining nano-
cellulose with a width between 9.90 + 3.8 nm, length of 162.3 +
86 nm, crystallinity index of 66.0% and yield of 78.9% from
indigo-dyed denim and nanocellulose with a width of 11.4 +
5.3 nm, length of 175.2 + 93.0 nm, crystallinity index of 71.6%
and yield of 72.6%.>°

3.2.3 Ammonium persulfate oxidation (APS). APS emerges
as an alternative chemical method to produce nanocellulose.
APS exhibits favourable characteristics, including high solubi-
lity in water and low toxicity, making it a suitable candidate
for generating H,0, and SO,>" free radicals under acidic con-
ditions and elevated temperatures. These radicals play a
crucial role in solubilizing the amorphous cellulose fraction as
well as lignin content.”” In a study conducted by Ye et al.,
nanocellulose was extracted from viscose fiber waste using the
APS oxidation method. It is reported that the size of nanocellu-
lose reduces with increased reaction time, higher temperature
and increased APS concentration.’® More recently, Culsum
et al. employed the APS oxidation method to extract nanocellu-
lose from denim waste. They reported that under optimum
conditions (15 h, 60 °C and 1.5 M APS), the produced nanocel-
lulose had diameters of 18.10 + 3.54 nm, was 76.14 + 8.56 nm
in length, and had crystallinity of 83%.%°

3.2.4 Ionic liquid. Cellulose presents challenges in terms
of dissolution, necessitating the use of ionic liquids. However,
these solvents tend to be costly and can escalate the overall
process expenses unless they are reclaimed or recycled Ionic
liquids are a class of salts characterized by their liquid state at
relatively low temperatures, typically below 100 °C. These com-
pounds consist of large organic cations paired with small in-
organic or organic anions. The unique properties of ionic
liquids enable them to establish hydrogen bonds with the
hydroxyl groups of cellulose, leading to the disruption of inter-
molecular hydrogen bonds within the cellulose structure and
subsequent dissolution of cellulose. Their popularity stems
from their capacity to dissolve cellulose while initiating
minimal degradation of the molecular chains. The solubility of
cellulose in ionic liquids is influenced by the length of the
alkyl chain. Conversely, it is important to note that the solubi-
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lity of cellulose from cotton does not consistently reduce as
the length of the alkyl chain increases.®® The RCFs occurs
upon the addition of an antisolvent, such as water or ethanol,
which induces the precipitation of nanocellulose.®***

One widely recognized solvent for cellulose is
N-methylmorpholine-N-oxide (NMMO). Notably, NMMO is
environmentally degradable®® and can function effectively
under what are considered “gentle conditions” within the
industry, including ambient pressure and temperatures below
130 °C. Consequently, the resulting dissolved cellulose could
be processed into what is termed “regenerated cellulose”,
which can be further transformed into fibers like Lyocell and
viscose, or even regenerated into nanocellulose. Jeihanipour
et al. employed NMMO as a solvent to extract cellulose from a
50/50 polyester/cotton blend with an orange color.®* It is worth
noting that they also utilized this method to dissolve regener-
ated cellulose from a 40/60 polyester/viscose blend in blue.
This extraction process was conducted at a temperature of
120 °C. To isolate the cellulose, water was introduced into the
solvent. Following the separation process, the polyesters were
purified and recovered as fibers. They successfully obtained as
much as 95% of the precipitated cellulose, which was collected
on a filter for later use. Haule et al. initially processed waste
cotton fabric by washing and breaking it down into fiber
pulp.®® This pulp was subsequently dissolved, along with
propyl gallate, in an NMMO solution to create a regenerated
cellulose solution. This solution was then used in the wet spin-
ning process to produce RCF and exhibited greater tensile
strength. This enhanced strength could be attributed to the
axial stretching of the fibers during wet spinning, leading to
crystallization and the growth of crystal grains. Nonetheless,
the drawbacks associated with dissolving cellulose using the
NMMO solvent encompass a high cost, harsh dissolution con-
ditions, poor thermal stability, and the challenging retrieval of
the solvent.

There are other ionic liquids are utilized for this purpose,
with some of the most employed ones including 1-allyl-3-
methylimidazoliumchloride (JAMIM]CI), 1-ethyl-3-ethylimida-
zolium chloride ([EMIM]CI), 1-butyl-3-methyl-imidazolium
chloride ([Bmim]|Cl), 3,3-dimethylimidazolium sulfoxide
([(MIM)2S0]Cl2), 1-(2-hydroxylethy)-3-ethylimidazolium chlor-
ide, and various others. Lv and colleagues manufactured RCFs
using a process involving dewaxing, dissolution, filtration, and
solidification of waste cotton blended fabrics.®® Following
dewaxing pre-treatment, the waste cotton blended fabrics were
dissolved in a liquid containing 1-allyl-3-methylimidazolium
chloride (JAMIM]CI). The undissolved fibers were subsequently
filtered, resulting in a cellulose//AMIM]CI solution. Finally,
this solution was poured into water, leading to the formation
of solid RCFs. The key principle behind this process is that
[AMIM]CI is soluble in water, while cellulose is not, causing
cellulose to solidify into RCFs upon contact with water.

3.2.5 Deep eutectic solvent. Deep eutectic solvents (DESs)
represents another category of substances that have been
actively investigated for their potential use in cellulose dis-
solution. These substances often exhibit similar properties to
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ionic liquids but are considered more cost-effective and envir-
onmentally sustainable. A DES is produced by the combination
of two or three components: a quaternary ammonium salt
with either a hydrogen bond donor or a metal salt.

An example of a well-known DES is derived from choline
chloride and urea in a 1:2 mole ratio, which remains in a
liquid state even at a low temperature (12 °C). Other common
mixtures would be zinc chloride with choline chloride, cobalt
(u) chloride hexahydrate with choline chloride, and zinc chlor-
ide with urea. Despite their potential as cellulose solvents,
DESs tend to exhibit lower cellulose solubility rates compared
with other solvents.®”

Chen et al. have proposed several strategies to enhance cell-
ulose solubility in DESs, such as the incorporation of strong
hydrogen acceptors like morpholine, HCOO-, Cl-, and imid-
azole.®® An alternative approach involves the use of surfactants
and ultrasonic irradiation to enhance cellulose solubility by
improving the permeability of DESs. DESs have also been
employed for dissolving, modifying, and plasticizing cellulose
from materials like cotton textiles (non-blended) and other cel-
lulosic sources.®®”® Ling and co-workers have created CNCs
from cotton fibers using DESs with different ratios of choline
chloride/oxalic acid dihydrate.”* It was found that the CNCs
produced with milder treatment exhibited lower crystallinity
and lamellar structures.

There have been methods using deep eutectic solvents
(DES) to separate cotton—polyester blends, offering a promising
solution for the efficient recovery and recycling of these textile
materials. Liu et al have introduced an environmentally
friendly method for the degradation and separation of PET
from cotton which is highly significant in utilizing waster poly-
ester/cotton blends by using betaine-based deep eutectic sol-
vents (DESs).”> The results revealed the PET fibers were
entirely degraded, yielding a purified monomer, bis(2-hydro-
xyethyl terephthalate) (BHET), with an 85% yield, which can be
repolymerized to produce PET. Moreover, 95% of the cotton
was successfully recycled while preserving its original struc-
tural integrity. Similarly, in another research study PET and
cellulose were extracted from waste polyester-cotton blended
fabrics using choline chloride (ChCl) and p-toluenesulfonic
acid (TsOH) as the treatment solvent.”® The results revealed
impressive yields of 99.20% for recycled PET (R-PET), 69.46%
for microcrystalline cellulose (MCC), and 38.91% for glucose.
Notably, the properties of R-PET remained largely unaffected.
MCC exhibited a crystallinity of 86.46%, making it a viable raw
material for NCC production. Table 1 presents the current
extraction methods for converting pure cotton and cotton
blend textile waste into nanocellulose.

3.3 Biological treatment

In recent years, there has been a focus on applying this
method to recycle blended textile waste, separating fibers
based on their composition. Typically, a cocktail of enzymes is
employed to facilitate the isolation of nanocellulose from pre-
treated cellulosic fibers. This enzymatic cocktail consists of
various enzymes, including endoglucanase, cellobiohydrolase,
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and p-glucosidase. The enzymatic process involves a sequential
action of these enzymes on the cellulose structure.
Endoglucanase primarily targets the amorphous regions of
cellulose chains, leading to the cleavage of the $-1,4-glycosidic
bonds and reducing the size of the cellulose chains.
Cellobiohydrolase acts on the ends of the cellulose molecules
to remove the crystalline regions. Finally, p-glucosidase
hydrolyses the cellulose into glucose.*>*® Hence, the careful
selection of enzymes becomes crucial to tailor the properties
of the resulting nanocellulose. Fig. 5 illustrates the various
methods used for extracting nanocellulose.

The enzymatic treatment offers two distinct approaches for
recycling blended textile waste containing cellulose. Firstly, it
can be employed to separate the cellulose components, like
cellulose, from the blend containing non-cellulosic fibers such
as polyesters and other materials. Alternatively, this treatment
can be utilized to produce bio-based products by breaking
down cellulose into sugars, which can then undergo fermenta-
tion or other processes to yield bioethanol or simple glucose.
Chen et al. isolated nanocellulose from cotton pulp fibers
using cellulase hydrolysis. They investigated the effects of
cellulase concentration and reaction duration on the pro-
perties of the nanocellulose. The study revealed that at low
cellulase concentrations (10-100 pmol ml ™), ribbon-like nano-
cellulose with lengths of 250-900 nm and diameters of
30-45 nm could be obtained. With higher cellulase concen-
trations (above 100 pmol ml™"), granular nanocellulose was
observed. In addition, the duration of cellulose hydrolysis
affected the length but not the diameter of the nanocellu-
lose.** A study conducted by Gholamzad et al. (2014) shows
the ability to retrieve 98% of the PET and a substantial quan-
tity of ethanol (yielding 70%) from cellulose.®” This was
achieved by utilizing enzymatic hydrolysis after initial chemi-
cal treatment using various alkali solutions. In this investi-
gation, two different enzymes, which were glucosidase and
cellulase, were used to process the cellulose. Biological
methods are more suitable for nanocellulose extraction from
textile fibers due to their eco-friendly nature and ability to
operate under mild conditions, resulting in high-purity nano-
cellulose. However, these methods can be costly due to the
high price of enzymes and face challenges in scaling up
microbial fermentation processes, potentially leading to slower
production rates. Table 2 outlines the advantages and disad-
vantages of different nanocellulose extraction methods.

4. Utilizations of nanocellulose in the
textile industry

The rapid growth in global population has had a notable
impact on resource availability, primarily driven by the
increased in textile production, leading to potential issues of
excessive use and waste generation. Using textile waste fibers
for nanocellulose production has its pros and cons compared
with using virgin cotton. Textile waste, particularly cotton with
its high cellulose content, provides a sustainable and cost-
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effective raw material for efficient nanocellulose production,
aligning with waste management and circular economy prin-
ciples. However, the diverse nature of textile waste necessitates
thorough pre-treatment processes due to various fiber types
and contaminants, presenting environmental and economic
challenges. Additionally, cotton from secondary waste may
have reduced mechanical properties, underlining the need to
optimize nanocellulose properties by combining it with other
fibers for diverse applications. Studies focusing on nanocellu-
lose from textile waste have conducted technical assessments
to evaluate the chemomechanical properties. Despite differ-
ences in functionality between virgin and recycled nanocellu-
lose, utilizing recycled nanocellulose in the textile industry can
reduce the demand for virgin fiber production, thus mitigating
environmental impacts.

4.1. Filtration

Conventional processes involved in textile manufacturing
often result in some environmental concerns, particularly in
the areas of dyeing and heavy metal pollution.’®°> To address
these issues, researchers have turned their attention to the
potential application of nanocellulose in the textile industry,
exploring its application in the filtration processes for the
removal of dyes and heavy metals from textile wastewater.

In today’s context, the removal of dyes from textile waste-
water is a pressing concern, as the textile industry is one of the
major contributors to water pollution due to the discharge of
dye-containing effluents.”®** Traditional methods for dye
removal, such as chemical precipitation, chemical oxidation,
adsorption and coagulation, are often inefficient and costly,
and generate significant amounts of  sludge.”>"®
Nanocellulose-based filtration systems provide a promising
alternative by effectively adsorbing and removing dyes through
physical and chemical interactions,’” offering the potential for
efficient and sustainable dye removal processes.

In a recent work by Tavakolian et al., hairy nanocellulose, a
biorenewable and easily functionalized form of cellulose nano-
particles, was investigated due to its potential as an effective,
low-cost adsorbent.’® Electrosterically stabilized nanocrystal-
line cellulose (ENCC), a variant of hairy nanocellulose with a
notably high negative charge density, holds significant
promise for dye adsorption. The group focuses on ENCC'’s
efficacy in removing cationic dye methylene blue from waste-
water, revealing its remarkable removal capacity of up to
1400 mg g . This work highlights ENCC’s aptitude for dye
removal under varying conditions, investigating the impacts of
factors like ionic strength and pH. The study also reported an
innovative approach involving the integration of ENCC into
sodium alginate hydrogel beads (ALG-ENCC beads), enabling
easier application on a larger scale without the need for separ-
ate filtration steps. ENCC’s versatility extends beyond dye
removal, suggesting potential for addressing various forms of
contaminated wastewater, including positively charged contami-
nants such as heavy metals. The composite ALG-ENCC beads
exhibit a superior maximum adsorption capacity compared
with ALG-only beads, attributed to their composition of 50%
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mission from ref. 89. Copyright 2021 Elsevier.

Table 2 Advantages and disadvantages of extraction methods used for nanocellulose

Physical and mechanical method

Chemical method

Biological methods

Advantages
« Relatively simple and cost-effective method
for producing nanocellulose.

+ Can yield nanocellulose with high aspect
ratios and specific surface areas.

« Does not involve the use of chemicals,
making it environmentally friendly.

Disadvantages

- Limited in its ability to modify the chemical
properties or functional groups of
nanocellulose.

+ Requires high energy input, which can lead
to increased production costs.

« May result in mechanical damage or
reduction in crystallinity, affecting the
properties of nanocellulose.

« Limited control over surface chemistry or
functionalization compared with chemical
treatments.

alginate and 50% ENCC, presenting a handling advantage over
ENCC alone due to ease of separation by gravity, thus offering a
promising solution for scalable applications (Fig. 6A).

In another work, Amiralian et al. presented a compelling
avenue in the realm of dye removal from wastewater.'®" The

14178 | Nanoscale, 2024, 16, 14168-14194

« Can efficiently remove impurities and
modify the properties of nanocellulose.

- Allows for precise control over surface
chemistry and functionalization.

« Enables the production of various
types of nanocellulose with tailored
properties.

- Energy intensive.

« Requires careful handling and disposal
of chemicals to minimize environmental
impact.

* Requires toxic chemicals and generates
hazardous waste as reaction by-product.

« Not eco-friendly.

« Utilizes enzymes or microorganisms to break down
cellulose into nanocellulose, which can be more
environmentally sustainable.

- Offers potential for mild and specific modifications
of nanocellulose properties.

- Can be integrated into bio-refinery processes for
efficient resource utilization.

« Requires optimization of enzyme or microbial
activity for efficient nanocellulose production.

« Process may be slower compared with chemical or
mechanical methods.

» May have limitations in terms of scalability and
industrial application.

investigation focuses on synthesizing magnetic nanoparticles
through the utilization of cellulose nanofibers as templates,
resulting in nanoparticles with diameters less than 20 nm and
a uniform size distribution. These magnetic nanoparticles are
then affixed onto the nanofiber surfaces via in situ hydrolysis

This journal is © The Royal Society of Chemistry 2024
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(A) Comparison of dye uptake among ENCC alone, 1:1 ALG: ENCC beads, and ALG-only beads at different dye concentrations. Adapted

with permission from ref. 98. Copyright 2020 ACS. (B) Adsorption of DB78 dye using chitosan, nanocellulose, and CCMB-0.25:1 adsorbents.
Adapted with permission from ref. 99. Copyright 2022 MDPI. (C) Interactions of aerogels with methyl orange (MO) and copper ions (Cu?*) for heavy
metal and dye removal, including X-ray microtomography images of CNF-based aerogels after Cu(i) adsorption (scale bar: 250 pm) and kinetic
curve for Cu(i) adsorption by PDA-CNF aerogel adsorbent. Adapted with permission from ref. 100. Copyright 2019 Elsevier.

of metal precursors at room temperature. The research delves
into the impact of varying nanofiber concentrations on the
resultant magnetic nanoparticle morphology, crystallite size,
as well as thermal and magnetic attributes of the produced
membranes. These magnetic membranes, boasting a high con-
centration of magnetic nanoparticles, exhibit superpara-
magnetic behavior and impressive magnetic properties, estab-
lishing their efficacy. Remarkably, these magnetic membranes
showcased a remarkable 94.9% degradation of rhodamine B, a
prevalent hydrophilic organic dye utilized in industry, within

This journal is © The Royal Society of Chemistry 2024

just 300 minutes at room temperature. This work underscores
the successful synthesis of magnetic nanoparticles via cell-
ulose nanofibers, offering valuable insights into nanoparticle
formation and growth mechanisms.

In the context of wastewater treatment, the efficient removal
of anionic dyes from industrial effluents remains a pressing
concern due to their adverse environmental impacts and
potential health hazards. More recently, Bassyouni and team
utilised nanocellulose for anionic dye removal from textile
industrial wastewater.”® Nanocellulose was extracted from
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palm leaves, and was subsequently employed to form nanocel-
lulose/chitosan nanocomposites. The potential of chitosan,
nanocellulose, and the novel synthetic nanocellulose/chitosan
microbeads (CCMB) for the removal of direct anionic blue 78
dye was evaluated through batch experiments, encompassing
various parameters such as adsorbent concentration, mixing
time, pH, and dye initial concentration. Remarkably, the syn-
thesized CCMB demonstrated a surface area of 10.4 m* g™*
and a positive net surface charge. The adsorption tests exhibi-
ted a direct relationship between adsorbent concentration and
dye removal efficiency, with maximum removal efficiencies of
91.5% and 88.4% achieved using CCMB-0.25: 1 (Fig. 6B). The
team concluded that the nanocellulose/chitosan ratio 0.5:1
was optimal in removal efficiency. Collectively, chitosan, nano-
cellulose, and CCMB prove to be promising and efficient
adsorbents for wastewater treatment, particularly in dye
removal applications.

On the other hand, the presence of heavy metals in textile
wastewater poses a serious environmental threat. Heavy
metals, often used in dyes and textile finishes, can have
adverse effects on ecosystems and human health.'*
Conventional treatment methods for heavy metal removal,
such as precipitation, membrane filtration, or electrochemical
treatment, have limitations in terms of selectivity and
reusability.’®>'** Nanocellulose-based filtration systems show
promise in addressing these limitations by leveraging the high
surface area and adsorption capacity of nanocellulose to selec-
tively capture and remove heavy metal ions from textile
wastewater.

Recent advances in nanocellulose research have showcased
its potential to serve as an innovative adsorbent in the realm
of water treatment. Notably, Li et al. reported work which uti-
lised TEMPO-oxidized cellulose nanofiber (TOCNF) heavy
metal removal.'® With rapid adsorption kinetics and remark-
able capacities, TOCNFs have proved their efficiency in the
removal of Cu(u) and Zn(u) from water sources. The selectivity
of TOCNFs, particularly in copper adsorption, underscores
their specificity and effectiveness. The elucidation of complex
adsorption mechanisms involving ion exchange, coordination,
and accumulation further establishes their potential for sus-
tainable water reclamation.

Parallel to these developments, cellulose nanofibril (CNF)
based aerogels have gained prominence as a sustainable and
efficient approach to heavy metal removal from wastewater.
Tang et al. developed CNF-based aerogels through innovative
mussel-inspired coating strategies,'®® exhibiting outstanding
adsorption capabilities, especially in the context of Cu(u) and
methyl orange (MO) contaminants (Fig. 6C). The controlled
synthesis process results in aerogels with low density, high
porosity, and robust 3D networks, setting the stage for
effective heavy metal adsorption. The high adsorption
capacities revealed by these aerogels underpin their potential
as practical solutions for sustainable wastewater treatment.
These works emphasize nanocellulose’s versatile role in
addressing multifaceted challenges within the textile industry,
ranging from heavy metal ion to dye removal.
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4.2. Dye technology

Nanocellulose offers a potential solution for enhancing the fix-
ation of reactive dyes and reducing dye discharge in textile dyeing
processes.'®!%” Nanocellulose’s large surface area and the ability
to form stable suspensions make it an ideal candidate for
efficient dye adsorption and retention.'®”'°® By integrating nano-
cellulose into the dyeing process, it has the potential to improve
dye fixation by promoting stronger interactions between the reac-
tive dyes and the fabric. Additionally, nanocellulose also acts as a
binder which helps to anchor the reactive dyes onto the fabric
and prevents their leaching during subsequent washing or sweat-
ing.'® This in turn reduces the risk of colour fading and bleed-
ing, ensuring that the fabric retains its vibrant appearance for an
extended period, and reduces dye discharge into wastewater, thus
minimizing environmental pollution.

A polyester substrate, composed entirely of 100% polyester,
was subjected to treatment using a CNC suspension derived
from remnants of viscose rayon fibers. These suspensions were
dyed using a direct dye such as Congo red BDC.'® The appli-
cation of CNCs boosted the color intensity of the polyester
fabric and enhanced its resistance to soaping. The research
illustrated that the application of CNCs on polyester fibers
resulted in an improvement in their resistance to mechanical
loading. The enhancement in physical and mechanical charac-
teristics was credited to the mechanical interlocking generated
by the presence of CNCs within the intermolecular pores of
the polyester.

Conventional dyeing processes, such as indigo dyeing for
denim fabrics, have been associated with significant water con-
sumption, utilization of toxic reducing agents, and the release
of alkali-laden effluents into wastewater. However, a novel
indigo-dyeing technology has been recently developed by Rai
and team, leveraging the high surface-to-volume ratio of nano-
cellulose.''® This innovative approach drastically reduces water
consumption by up to 25 times, eliminating the need for
harmful reducing agents and alkali, while enhancing dye fix-
ation to over 90%, surpassing the conventional dyeing
efficiency. This simplified process involves depositing a nano-
cellulose hydrogel loaded with natural indigo particles and
chitosan onto cotton denim fabric or yarn (Fig. 7A). The result-
ing nanofibrillated cellulose mesh-like coating encapsulates
the indigo particles, and chitosan acts as a cross-linker,
improving fixation and adhesion. Post-treatment with chitosan
further enhances the dyeing performance, offering superior
color strength, and maintaining fabric comfort properties.
This technology not only demonstrates the potential to revolu-
tionize denim dyeing but also presents a scalable and adapt-
able solution for various textile dyeing applications, contribut-
ing to reduced chemical usage, energy conservation, and
efficient water management in the textile industry.

By utilizing NFC hydrogels infused with reactive dyes,
Liyanapathiranage et al. presented a revolutionary dye carrier
that significantly curtails water consumption and auxiliaries,
contributing to a 6-fold reduction.'®” Cotton fabrics and NFC
hydrogels inherently contain soluble polysugars that bind with

This journal is © The Royal Society of Chemistry 2024
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(A) Cotton fabric dyed with NFC-indigo and chitosan post-treatment. The percentage shade indicates the indigo pigment weight relative to

undyed cotton textile. Adapted from ref. 110. Copyright 2021 Royal Society of Chemistry. (B) SEM images at 1500 magnification: (a) untreated
cotton fabric, (b) NFC-dye coating before washing, (c) NFC-blue dye-coated fabric after 5 wash cycles, and (d) NFC-blue dye-coated fabric with PCA
post-treatment, demonstrating coating retention after 5 wash cycles. Adapted from ref. 107. Copyright 2020 ACS Publishing. (C) Schematics on the
stabilisation of leucoindigo on nanocellulose for simplified processing and cotton printability, with radical scavenging activity compared between
natural indigo and indigo nanocellulose film. Adapted with permission from ref. 111. Copyright 2021 Elsevier.

reactive dyes, leading to water pollution and reduced dyeing
efficiency. The study unveils a post-treatment strategy involving
polycarboxylic acid (PCA) that facilitates the permanent graft-
ing of dye-labeled polysugars, forming chemical cross-links
with NFC fibers on cotton fabric (Fig. 7B). This breakthrough
enhances dye fixation by 30% and diminishes dye discharge
by 60%, all while preserving fabric attributes like stiffness and
breathability. The approach was found to be versatile, tested
across an array of reactive dyes, and governed by factors such
as temperature, NFC concentration, and the type of PCA
employed. This research highlights the potential of nanocellu-
lose-driven innovations in revolutionizing textile dyeing pro-
cesses, ushering in a more sustainable era for industry.

In a related work, Lohtander et al. focuses on the stabiliz-
ation of leucoindigo, the soluble form of natural indigo
derived from Isatis tinctoria, on a nanocellulose carrier.'"!
Typically, indigo dyeing necessitates complex conversion pro-
cesses between its soluble and insoluble forms, often involving
harsh chemicals. This work introduces an innovative approach
where the leucoindigo form is stabilized on a nanocellulose

This journal is © The Royal Society of Chemistry 2024

matrix, avoiding the need for repeated re-reduction steps and
harmful chemicals (Fig. 7C). Spectroscopic and photophysical
analyses confirmed the successful stabilization, attributing it
to the restricted oxygen diffusion within the nanocellulose
medium. Particularly noteworthy is the extended stability
achieved when using natural indigo, which is attributed to the
antioxidant properties of this natural dye. This stability-enhan-
cing nanocellulose carrier not only streamlines the dyeing
process but also amplifies the value of natural dyes through
novel functionalities. The findings offer an environmentally
friendly solution to traditional dyeing challenges, shedding
light on the promising role of nanocellulose in sustainable
textile practices.

In conclusion, nanocellulose stands as a transformative
agent in the drive for sustainable textile practices, particularly
in dye fixation and leaching prevention. As presented by recent
research work, its exceptional surface area and stabilizing pro-
perties offer a dual advantage of enhancing dye adhesion
while preventing environmental leaching. These attributes
hold the promise of revolutionizing traditional dyeing
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methods, minimizing water consumption, reducing chemical
usage, and contributing to the broader goals of eco-friendly
textile production. Despite its potential, the integration of
nanocellulose into the textile industry for enhanced dye fix-
ation and leaching prevention warrants continued exploration,
considering scalability, cost-effectiveness, and broader indus-
trial implications.

4.3 Textile coating and reinforcement of nanocellulose in
textile fibers

By exploiting its surface chemistry and nanoscale, nanocellulose
can contribute to a range of benefits such as reinforcement onto
fabrics or fibres, development of barrier coating for protection
and functionalization of textiles. nanocellulose can enhance
these materials in terms of their mechanical properties, resis-
tance, wettability, and thermal stability. This can be valuable for
the restoration and protection of textile pieces such as painted
canvases and tapestry. Precious artworks will degrade over time
due to continuous exposure to humidity and temperature.’** The
degradation results in permanent damage to the artworks and
can be identified by cracks in the fibres and depolymerisation of
cellulose at the nanoscale.""® Restoration works can be challen-
ging as choice of treatment and chemical exposure can be
complex and detrimental to the artwork.

Current conservation efforts are largely on reinforcement of
the microenvironment in the canvas rather than repair. Briefly,
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the traditional restoration method involves an adhesive layer
followed by a new canvas layer lined at the back.''* However,
as most canvases are cellulose-based, the use of water-based
adhesives can be a concern due to its moisture sensitivity and
synthetic-based films can be toxic in the long run. Structural
reinforcements are necessary to maintain and prevent further
degradation of the canvas. This can be made with the different
nanoscale cellulose, such as nanofibrils (CNF), cellulose nano-
crystals (CNC), and carboxymethylated cellulose nanofibrils
(CCNF), in the degraded canvas. Diluted suspensions of CNF,
CNC and CCNF were deposited onto the degraded canvas,
which results in a film formation, like the current conservation
methods. Amongst the three different types, CNF holds better
potential in long-term stability due to the absence of acid
groups.™ The group had also explored multi-layer treatment
with CNF and polyamidoamine-epichlorohydrin (PAAE) as a
film restoration coating.''® The PAAE plays an important role
in coupling the canvas fibres and improving the reinforcement
of CNF. The PAAE polymer is commonly used to improve the
mechanical properties of paper in wet conditions through the
increase in crosslinking and inter-fibre adhesion of cell-
ulose.'” Fig. 8A and B demonstrates the different morphology
of the canvas fibres and their corresponding mechanical pro-
perties when treated with CNF, PAAE and PAAE/CNF. The
addition of PAAE can facilitate the anchoring of CN on the
canvas but would still need further optimization due to its
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Fig. 8 (A) The schematic of canvas restoration with CNF and PAAE as an intermediary layer. (B) SEM images showing the deposition of the treatment
onto the surface of (a) untreated canvas, (b) CNF-treated canvas, (c) PAAE-treated canvas, and (d) PAAE/CNF-treated canvas, and the increase in
mechanical properties after treatment. This is reprinted from © 2022 American Chemical Society.**® (C) The integration of SNP and CNF results in a
tuneable stiffness and ductility in the canvas. (D) The corresponding SEM pictures of degraded cotton canvas (A and B) before and after treatment
with (C) silica, (D—F) CMC@SNP, and different CMC@SNP : CNF with mixtures of (G) 9:1, (H) 1:1, and (I) 1: 9 after application of two layers of each
formulation. The insets show the results of EDX analysis of silica abundance on the surface of the investigated samples. The dashed circles indicate
cracks on the surface of the fibers. These are adapted from © 2022 American Chemical Society.!'8

14182 | Nanoscale, 2024, 16, 14168-14194 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr01839g

Open Access Article. Published on 16 July 2024. Downloaded on 8/1/2025 2:39:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

responsiveness to moisture. In a similar approach, polyelectro-
lyte-treated silica nanoparticles (SNP) were combined with
CNF as a deposition onto the canvas (Fig. 8C). As CNF and the
canvas have a similar chemical nature but not with SNP, poly-
electrolyte multilayers were prepared using poly(ethylenimine)
(PEI) and carboxymethyl cellulose (CMC) to better the inter-
actions. The alterations between the CNF and SNP content
varied the effects on the canvas whereby the increase in CNF
resulted in a ductile behaviour and the addition of SNP a
stiffer behaviour. However, both approaches can tackle the
loss of structural integrity in the canvas."'®

In recent years, hybrid efforts with CNC had also been
explored not only with cellulose canvas but also silk artifacts.
Historical silk textiles such as tapestry, clothing and décor can
degrade by hydrolysis and oxidation with exposure to the
environment or even be chemically altered from microorgan-
isms. The conservation efforts of these have been reparation
with synthetic adhesives which can be more damaging in the
long run."*®'?° Cianci et al. fabricated a composite of CNC
and self-regenerated silk fibroin (SRSF) colloidal dispersion to
increase the structural stability of aged silk fibres.'*! The
addition of SRSF/CNC increases the axial force at break and
maintains the original elongation of the degraded fibres. The
exposure of UV onto the silk fibres exposed it to oxidation and
chemical modifications that resulted in disordered domains.
The composite was able to shield this better than its individual
components and has proved to be crucial to the aging of silk
textiles against sunlight exposure.

The addition of nanocellulose to textiles can further
enhance textile properties in terms of thermal resistance and
mechanical strength. This is useful not only to canvas restor-
ation and repair but also to develop functional and enhanced
textiles for use in different industries. Cellulose nanowhiskers
(CNW) were developed and applied to polyester textiles to
evaluate their contribution to the behaviour of the material.**>
While the increase in thermal resistance is minimal, CNW was
able to enhance the colour absorbency and retainment of the
dye on polyester fabric after washing. The addition of CNW
did not alter the feel and stiffness of the fabric. The nanoscale
cellulose can also facilitate the change in surface properties of
the fabric, altering its wettability. Cheng et al. developed an
integration of an adhesive, epoxidized soybean oil (CESO), a
structure contributor, CNC and a modifier for lowering surface
energy, hexadecyltrimethoxysilane (HDTS), on to a cotton
fabric for oil/water separation.’?® The superhydrophobic and
degradable fabric can separate oil and water with 98%
efficiency, comparable to other oil/separation systems. The
fabric also demonstrates excellent resistance to alkali and acid
exposure. The superhydrophobic cotton cloth can potentially
address the need for greener alternatives in oil/water separ-
ation systems. In addition, functionalized nanocrystalline cell-
ulose (NCC) with cations can modify the surface of polyethyl-
ene terephthalate based fabric and increase its hydrophili-
city."* The surface of the NCC was quaternized by grafting gly-
cidyl tri-methyl ammonium chloride (GTMAC) and sub-
sequently applied onto the fabric using a commercial binder.

This journal is © The Royal Society of Chemistry 2024
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The resulting fabric had a significant improvement in its
hydrophilicity and durability due to the unique qualities of
NCC that consists of dense polar groups and the quaterniza-
tion that further enhances both qualities.

The NCC coating naturally improves the mechanical attri-
butes of the textile it covers by leveraging its biocompatibility
and non-toxic characteristics. This makes CNF coating a feas-
ible choice for smart textiles employed in medical devices
such as lumbar belts."*® These protective devices are crucial
for preventing and mitigating the risk of spine injuries during
intense workloads or when workers fail to take adequate care
while executing their duties. An ideal fabric should adapt to
varying conditions such as pressure, load, humidity, and temp-
erature. Samples of poly(ethylene terephthalate) were coated
with CNFs and potato starch gel. Starch was used to enhance
the adhesion of the CNF coating to the polyester substrate.
While the water-soluble property of the coating makes it inap-
propriate for protective garments because of starch solubility,
traction tests showed a notable rise in elasticity when the
textile was infused with nanocellulose and starch. Therefore,
the CNF coating offers an attractive approach to improving the
mechanical characteristics of smart fabrics, given that a suit-
able anchoring method on synthetic fibers such as PET is
established.

Zhang et al. prepared a superhydrophobic spray and
sprayed it onto different substrates to form superhydrophobic
coatings, such as paper, cotton, and polyurethane, to make
them waterproof.’*® They anchored octadecyl chains on the
surface of cellulose nanocrystals (CNCs) via the oxidation self-
polymerization of tannic acid (TA) and the Michael addition/
Schiff base reaction between polytannic acid (PTA) and octade-
cylamine (ODA) (Fig. 9A). Then the ODA-PTA@CNCs could be
well dispersed in ethanol, forming a sustainable, versatile,
convenient, rapid dry, and superhydrophobic CNC ethanol
spray. As shown in Fig. 9A, the ODA-PTA@CNC could be
sprayed on a variety of hydrophilic substrates to form superhy-
drophobic coatings, such as printing papers, airlaid papers,
polyurethane (PU) sponges, filter papers, and cotton textiles.
Moreover, as ethanol was employed as the dispersion solvent,
the superhydrophobic ODA-PTA@CNC coating could be
formed in less than 30 s after spraying, making it a facile and
promising approach for many applications. As shown in
Fig. 9A, pristine cardboard is easily wetted by water, while
ODA-PTA@CNC-coated cardboard is water-repellent. The
tensile strength of filter paper was about 22.7 MPa in the dry
state and dramatically reduced to less than 2.5 MPa after being
wetted by a drop of water. Due to water repellency, the ODA-
PTA@CNC-coated filter paper could not be wetted even after
being immersed in water for half an hour and still possessed a
similar tensile strength as the pristine filter paper in the dry
state (Fig. 9A).

To conquer the fragility of silk, Zhang et al. prepared a new
regenerated silk fibroin/carbon nanofibers (RSF)/CNF hybrid
using the dry-spinning approach through a bioinspired micro-
fluidic chip, which mimicked the shape of spider’s major
ampullate gland (Fig. 9B).">” The resulting RSF/CNF fibers
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exhibited outstanding mechanical strength (mean value: 486
MPa), exceeding that of typical natural silkworm B. mori silk
(mean value: 360 MPa)."*® Polylactic acid (PLA) and polyhy-
droxybutyrate (PHB) are biodegradable aliphatic polyesters that
are useful for various applications. However, these biopoly-
mers have some limitations related to poor mechanical, low
thermal and barrier properties. Chattopadhyay et al. applied
nanocellulose to polyester textiles by a padding technique to
study their physical and thermal properties." Incorporation
of nanocellulose (treatment with 10 g L") increased the break-
ing load (from 105.6 kgf to 110.5 kgf) and crease recovery
angle (148° to 162°) with almost no effect on the rigidity of the
material.

Coating textiles with UV-protection properties serves as a
vital measure in protecting individuals from the harmful
effects of sun exposure, thereby reducing the risk of skin
cancer. Such coatings typically incorporate a transparent layer
of materials that absorb UV light, which can be either organic
or inorganic. Effective UV protection requires strong absorp-
tion in the UV range from 290 to 360 nm, with parameters
such as the UV protection factor (UPF) and sun protection
factor (SPF) used to evaluate the efficacy of protective gar-
ments. Nanostructures and natural materials are recognized as
effective options for UV protection, with nanomaterials exhibit-
ing high activity and natural materials being safer for human
health and the environment. Combining cellulose nanocrystals
with UV-blocking additives can create an anti-UV layer, with
three types of CNC applied as a potential UV-blocking layer to
cotton fabric.'®® In this procedure, chitosan (CS) acts as both a
dispersing agent and binder for the CNCs, resulting in the for-
mation of a biodegradable and biocompatible nanocomposite
system. Cotton fabrics are submerged in solutions containing
CS/CNCs and then treated by padding, with this procedure
repeated multiple times to improve the coating effectiveness.
The treated fabrics are then dried and cured at 90 °C for
10 minutes to secure the CS/CNCs nanocomposite onto the
fabric’s surface. Tannic acid is employed as a plasticizer and
cross-linker, owing to its polyphenolic structure, which
enhances the UV protection capabilities of the coating. All
additives used in the process, including chitosan and tannic
acid, contribute to enhancing the UV protection provided by
the coating. CNFs can also serve as a stabilizing agent for
ZnONPs, commonly utilized in UV-protective clothing finishes.
Despite their effective shielding properties, ZnONPs tend to
aggregate when applied to modified cotton fabrics due to their
large surface area. However, the negative charges of hydroxyl
and carbonyl groups on the CNFs interact with the Zn through
electrostatic forces, mitigating NP aggregation.

Moreover, the structural similarity between CNFs and
cotton fabric facilitates intermolecular hydrogen interactions,
enhancing the adhesion of ZnONPs to cotton fabrics and
potentially preventing NP leaching during laundering.”*° The
evolution of self-cleaning textiles, from earlier superhydropho-
bic materials to more recent photocatalytic ones, has garnered
increasing interest. Photocatalytic activity relies on light-
induced reactions of oxidation and reduction, leading to the
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breakdown of dirt."*! TiO, is a widely used NP due to its excel-
lent photocatalytic properties, and is capable of decomposing
dye pollutants. However, NPs applied in textile finishing have
shown poor washing fastness due to the polymer coatings
used."?*'** To address this challenge, Kale et al. demonstrated
that cellulose derived from viscose could coat cotton fabric
with TiO,NPs, resulting in permanent stiffness, hydrophobi-
city, and self-cleaning properties.”**

The growing preference for medical textiles as part of a
healthy lifestyle has spurred a rapid expansion in the anti-
microbial textiles market, driving extensive research and devel-
opment efforts. Antimicrobial properties are highly sought
after, especially in times of a pandemic, to minimize wide-
spread infections. Nanocellulose have been explored for its
value-added properties in polyester fabric for sportswear. The
addition of nanocellulose provides excellent antimicrobial pro-
perties against E. coli, S. aureus, P. aeruginosa, and B. cereus,
good UV protection, and tear resistance.’*>'*® In addition,
Jebali et al. developed allicin- and lysozyme-conjugated nano-
cellulose, ACNC and LCNC, respectively, for textile appli-
cations.”®” The ACNC exhibited excellent antibacterial and
antifungal properties through damaging the surface enzymes
and proteins. Alvarado et al. conjugated porphyrin photosensi-
tizers to nanofibrillated cellulose (NFC) and cellulose sheets,
covalently, for self-disinfecting activities via photoactivation."*®
The work demonstrated the potential photoactivation of NFC
to be woven into textiles for an array of applications such as
healthcare protective equipment.

Moving forward from canvas restoration, the Bordes
research group had also explored the use of CNF coatings to
facilitate inkjet printing for E-textiles (Fig. 10A)."** The plasti-
cized and conductive silver nanoparticle CNF coatings provide
flexibility and customized elements but are limited by washing
cycles. However, this shows a promising direction for sustain-
able electronic materials. In addition, nanocellulose was also
applied to jute fabrics as the material easily develops bacterial
growth and catches fire. To improve the properties of jute
fabrics for the textile industry, various jute-based composites
were developed. Phosphorylated nanocellulose (P-NC) and
chitosan (CS) were developed as a jute biocomposite for anti-
microbial and thermal stability."*° The combination of CS and
P-NC on the jute fibers exhibited the highest antimicrobial
properties with the inhibition zone diameter of 18 mm
whereas pristine jute shows no activity against bacteria.
Furthermore, nanocellulose was also explored with viscose
yarn to improve the antimicrobial properties as well. The sus-
pension was sprayed evenly onto viscose fibre. Kokol et al
functionalized CNF with hexamethylenediamine (HMDA) and
spray coated it onto viscose for excellent antimicrobial pro-
perties with minimal skin irritation (Fig. 10B)."*!

While CNF or CNC coating has been thoroughly researched
for cotton fabric, there is limited literature discussing nanocel-
lulose coating on fabrics with different compositions or
characteristics. When CNF is present in low concentrations
(<1%, w/w), the viscosity of the hydrogel becomes insufficient,
resulting in diffusion across the fiber surface. Thus, suspen-
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(A) a—e, the images of CNF on cotton fabrics for better inkjet printing for conductive properties. This image is adapted from © 2017

American Chemical Society.**® (B) The skin irritation test on rabbit skin of (A) (3 wt%) CNF-HMD, (B) negative control and (C) positive control and the
zone of inhibition of the viscose yarn and the treated viscose yarn. The images were taken from © 2021 Springer Nature.X*! (C) The SEM images of
the nanocellulose coating and its peel strength for adhesion onto textiles, adapted from ©® 2020 Molecules.'*? (D) Images of 100% cotton woven
fabric before and after five accelerated laundry cycle washing coloured with NFC dyes (a) blue, (b) black, (c) red, and (d) yellow. The image was

adapted from © 2022 American Chemical Society.®”

sions with high viscosity are required to achieve a substantial
and uniform nanocellulose coating layer, enabling the
expression of all the film-forming properties. Additionally,
ozone plasma treatment can enhance the adhesion of nanocel-
lulose to synthetic fibers by promoting the formation of hydro-
gen linkages with the fibers.'*> Saremi et al. performed an
extensive investigation into the adhesion and water swelling re-
sistance of CNF and CNC thin film coatings applied onto cell-
ulose/cellophane (CL), cotton, poly(ethylene terephthalate),
and nylon 6,6 (PA6,6)"** (Fig. 10C). The researchers examined
different adhesion techniques to understand the main mecha-
nisms behind stabilizing coatings. In order to improve the
network of nanocellulose and the bonding with the films and
textiles, they introduced a cationic polyelectrolyte called poly
(ethyleneimine) (PEI) to facilitate hydrogen bonding. It was
expected that strong hydrogen bonds would form between the
amino groups of PEI and the hydroxyl, amide, and ester
groups present in the nanocellulose and textile materials. This
was compared with the effects of a copolymer of glycidyl meth-
acrylate (GMA) and oligo(ethylene glycol) methacrylate
(OEGMA) (P(GMA-OEGMA)), which enhances the hydrogen
bonding network and cross-links the fibers. Additionally, a
commonly used cellulose cross-linker, a polycarboxylic acid
(PCA) agent, was also evaluated. Tests were conducted, both in
wet and dry conditions, on nanocellulose coatings applied to
polymer films. The findings revealed that nanocellulose exhibi-
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ted the highest adhesion on the nylon, cellulose, and cello-
phane surfaces, while poly(ethylene terephthalate) surfaces
showed the lowest adhesion. The stability of the coatings was
improved by incorporating PEI and the reactive copolymer
P(GMA-OEGMA), which facilitated the formation of a cross-
linked network. The addition of P(GMA-OEGMA) led to the
highest adhesion and stability of the coating. Alternatively, the
coating can be strengthened by cross-linking nanocellulose
with polycarboxylic acids. Overall, CNC coatings demonstrate
superior adhesion to all substrates compared with CNF
coatings.

Liyanapathiranage et al. developed a nano-dye carrier
technology by conjugating the dye pigments onto NCF and
cotton fibres with polycarboxylic acids (PCA).'®” The resulting
dyes exhibit good colour retention of at least 90% to laundry
washing cycles for different pigments (Fig. 10D). The use of
nanocellulose demonstrates potential alternatives to the exist-
ing methods used in industry, be it for dye processing or res-
toration efforts. By the virtue of their small size and high
surface area to volume ratio, very little amounts are required
for the application.

4.4 Smart textiles

In the dynamic realm of smart textiles, the integration of nano-
cellulose holds transformative potential, particularly in the
domain of flexible electronics. Nanocellulose’s remarkable

This journal is © The Royal Society of Chemistry 2024
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combination of mechanical flexibility and
biocompatibility"**™*® lays the foundation for embedding elec-
tronic components directly into textiles. Such applications
encompass flexible electronics, such as wearable sensors and
even health-monitoring garments that can track vital
signs.1477150

A recent work by Gao et al. showed the utilisation of nano-
cellulose in the fabrication of flexible perovskite solar cells
(PSCs), which offers a sustainable solution to the growing
demand for wearable electronics.'" Addressing the drawbacks
of non-biodegradable polymer substrates commonly used in
flexible PSCs, the development of transparent nanocellulose
paper (NCP) coated with acrylic resin as a substrate presents a
green and biodegradable alternative. This innovation not only
enhances the overall environmental footprint of flexible elec-
tronics but also ensures easy disposability. In this work, NCP-
based flexible PSCs demonstrated promising results, with a
power conversion efficiency (PCE) of 4.25% and remarkable
stability even after 50 instances of bending. Furthermore, this
concept extends beyond PSCs, as the NCP-based substrates
exhibit compatibility with other electronic systems, suggesting
a broader scope for next-generation green flexible electronics.

Within the domain of flexible electronics, the integration of
conductive hydrogels also presents an innovative avenue for
multifunctional and adaptable materials. A recent break-
through by Han et al. successfully developed a versatile electro-
conductive hydrogel (ECH) through the incorporation of
PANI@CNF (polyaniline-cellulose nanofiber) nanocomplexes
into a borax-crosslinked polyvinyl alcohol (PVA) hydrogel
matrix."*® This work capitalizes on the synergistic properties of
PANI's conductivity and CNFs’ structural templating.
PANI@CNF nanocomplexes were prepared through in situ
polymerization of anilines on CNFs, which are then uniformly
dispersed into the PVA gel system, yielding PANI@CNF-PVA
composite ECHs. The resulting hydrogel exhibits exceptional
mechanical properties, with increased compression stress and
storage moduli compared with pure PVA gel. The entangle-
ments between PVA chains, PANI@CNF complexes, and borate
ions create a stable 3D network structure. This hydrogel also
showcases intriguing biocompatibility, pH sensitivity, thermo-
reversibility, and rapid self-healing within 15 seconds.
Remarkably, the hydrogel-based electrode demonstrates sub-
stantial conductivity and specific capacitance, as well as
impressive capacitance retention even after 3000 cycles.
Overall, this innovative integration of conductive nanocom-
plexes and a biodegradable hydrogel matrix opens up exciting
possibilities for the development of flexible, self-healing, and
implantable electronic devices, illustrating the potential
impact of nanocellulose in the realm of smart textiles.

The advent of nanocellulose-based smart textiles also opens
doors to innovative solutions like monitoring masks. By incor-
porating nanocellulose into mask materials, it promises an
environmental solution for aerosol filtration, addressing con-
cerns related to protection against infectious diseases and
environmental impact while providing biodegradability, renew-
ability, high surface area, and functionalization potential.'>?

This journal is © The Royal Society of Chemistry 2024
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The integration of nanocellulose marks a pivotal advancement
in the domain of smart textiles, particularly in the context of
monitoring masks and air filtration. The challenges posed by
elevated air humidity on air purification filters are effectively
mitigated through ingenious strategies. For instance, Liu et al.
have recently pioneered the creation of super-hydrophobic
filters by employing a hydrophobic modification process utiliz-
ing methyltrimethoxysilane (MTMS) and CNFs."*® This inno-
vation bolsters the filters’ resistance to performance degra-
dation induced by humidity, rendering them well-suited for
deployment in high humidity environments. Remarkably, the
resulting air filters exhibit exceptional filtration efficiency for
particulate matter (PM), achieving levels as high as 99.75% for
PM1.0 and PM2.5. Coupled with low filtration resistance and a
high-quality factor, this breakthrough promises transformative
implications for diverse applications ranging from indoor air
purification to masks, vehicles, and industrial exhaust
systems, revolutionizing the landscape of air filtration within
the ambit of smart textiles.

In a similar pursuit of smart textiles to enhance monitoring
masks and advance aerosol filtration efficiency, Ukkola et al.
harnessed the potential of nanostructured and porous foams
derived from crosslinked CNF, sourced sustainably through
deep eutectic solvent pretreatment and mechanical grind-
ing."®® The resulting nanofoams exhibit exceptional porosity
and specific surface area, translating into a remarkable fil-
tration performance. Impressively, nanofoams with varied den-
sities showcase filtration efficiencies exceeding 96%, with a
standout performance surpassing 99.5% for particles sized
between 26 to 360 nm. This technology not only underscores
environmental responsibility by employing biodegradable
materials for filter fabrication but also promises broader appli-
cations in indoor air purification and beyond. Through such
strides, nanocellulose resonates as a catalyst in propelling the
smart textiles domain forward, ushering in solutions that are
both efficient and ecologically conscious.

All in all, nanocellulose-based smart textiles hold potential

innovative filtration solutions, including monitoring
masks. By integrating nanocellulose into masks, it addresses
disease protection and environmental concerns, while offering
biodegradability, renewability, and functional versatility.
Strategies like super-hydrophobic filters and nanofoams from
crosslinked cellulose nanofibers showcase nanocellulose’s
efficiency. Challenges remain in optimizing production, scal-
ability, and adaptability. However, nanocellulose’s role in
driving efficient and eco-conscious solutions in smart textiles
remains promising.

Furthermore, the incorporation of nanocellulose into
textile-based motion sensors brings about a paradigm shift in
wearable technology. Nanocellulose’s flexibility and light-
weight properties'>® are ideally suited for creating sensors that
can monitor body movements, gestures, and postures, which
provides diverse real-world uses of nanocellulose-based
materials in tracking humans."® For example, nanocellulose-
based carbon aerogels offer a multifunctional platform for the
development of human body monitoring sensors. Liu et al.

for
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achieved this through the intricate interplay of hydrogen
bonding, electrostatic interaction, and n-n interaction, result-
ing in conductive carbon aerogels containing cellulose nano-
fibrils (CNF), carbon nanotubes (CNT), and reduced graphene
oxide (RGO)."” These aerogels, crafted via bidirectional freez-
ing and subsequent annealing, exhibit exceptional mechanical
attributes, including ultralow density and superhydrophilicity.
The developed superelastic aerogels, doubling as strain
sensors, display good linear sensitivity and accurate human
bio-signal capture. This work showed the potential of nanocel-
lulose-based carbon aerogels in advancing wearable elec-
tronics, electronic skin, and human motion monitoring,
offering a promising pathway for the integration of sustainable
materials into the evolving landscape of smart textiles.

In a similar work, nanocellulose-based carbon aerogels
were also used as a solution for human body monitoring
sensors. In this study, Lai et al. characterized the developed
aerogels by their remarkable compressibility and resilience."*®
By harnessing CNFs, a 3D lamellar structure was crafted,
enabling efficient stress distribution and resistance to damage
under high compression. The resulting aerogel demonstrates
shape recovery and fatigue resistance, enduring extreme com-

View Article Online
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pression strains and cycles. Bolstered by its stable architecture
and high conductivity, the aerogel exhibits rapid response and
sensitivity across a wide pressure range. This work showcases
the immense potential of nanocellulose-based carbon aerogels
in fabricating 3D tactile sensors, capable of capturing an array
of human motion signals. With their versatility, resilience, and
sensitivity, these aerogels pave the way for transformative
applications in pressure sensors, electromagnetic shielding,
and electrochemical energy storage within the realm of smart
textiles.

In sum, nanocellulose is revolutionizing textiles into
dynamic, interactive platforms, merging seamlessly with flex-
ible electronics, monitoring masks, and human motion
sensors. This integration introduces unprecedented function-
ality and responsiveness to wearable technology. From embed-
ding electronic components to crafting superelastic, conduc-
tive carbon aerogels, nanocellulose expands the scope of tex-
tiles. However, challenges such as scalability and adaptability
remain, underscoring the need for further research. Despite
limitations, the era of nanocellulose-driven smart textiles is
upon us, offering a gateway to sustainable, innovative appli-
cations across various industries.
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4.5 Renewable bio-based leather

Leather-based material is widely used in textile industry for
its durability, aesthetic appeal, and a luxurious feel. Raising
animals to obtain leather products can have a significant
environmental impact including land use, greenhouse gas
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Furthermore, leather production such as the tanning
process, which preserves the leather, can also involve the
use of chemicals that can be harmful to the environment if
not properly managed. Also, genuine leathers are costly and
require regular maintenance to keep them in good con-
dition. Importantly, when it comes to wearable applications
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synthetic materials and can be a disadvantage in appli-
cations where weight is a critical factor.

Nanocellulose, a versatile and sustainable material which
can be extracted from textile waste, is inevitably a best candi-
date for leather substitutes in footwear for the uppers of shoes
and insoles because of its excellent mechanical strength and
light weight properties. This can result in durable yet comfor-
table footwear. For example, nanocellulose was added in shoes
manufactured by the ASICS company (Japan) in 2018 for
enhanced mechanical properties.”> The mechanical strength
and durability of their new material reinforced by modified
CNF are reported to be enhanced while keeping the light
weight for application in the midsole. Nanocellulose was also
added in footwear products for light weight function due to its
low density property.®°

In another example, silicone-based inks containing cell-
ulose nanocrystals (CNCs) and/or carbon black fillers are used
for 3D printing digital manufacturing of a fully customized
smart insole with embedded piezoresistive sensors.'®!
Functionalization of CNCs with methyltrimethoxysilane
(MTMS) improves their surface compatibility with silicone,
thereby aiding in the blending process with the silicone-based
elastomer (Fig. 11a). Through integration of the modified
CNCs into a silicone matrix, Briand et al. adjusted both the
rheological properties of the inks and the mechanical pro-
perties of the printed material following curing (Fig. 11b).
When compared with those of pure silicone, the composite
comprising CNCs and silicon exhibits 2-times higher strength
and 5-times higher stiffness (Fig. 11c). Apart from modifying
the ink formulation, the mechanical properties of the printed
components can be readily adjusted by varying the density of
print lines within grid-like structures (Fig. 11d). The compres-
sive stiffness of the grid was elevated from 3 to approximately
8 MPa by increasing the fill factor from 25 to 100% (Fig. 11e).

Besides increasing the mechanical strength of materials as
a reinforcing agent, nanocellulose contains surface hydroxyl
groups which allow modification and improved interactions
with many materials. For instance, Mekonnen et al. showed
the effect of CNC as a bifunctional material, crosslinking
enhancer and reinforcing agent on the curing enhancement
and reinforcement of acrylonitrile-butadiene rubber (NBR)
latex films (Fig. 12)."°> CNC helped to improve the dispersion
and suspension of zinc oxide (ZnO) in the latex (Fig. 12a). ZnO
is an activator of the rubber chains so that sulfur can be
anchored, and crosslinking initiated. Higher suspension of
ZnO leads to more activated rubber sites, resulting in higher
sulfur consumption during the partial interparticle cross-
linking of the rubber, finally forming a higher strength
material. The presence of nitrile groups on the NBR chains
promotes the interactions between the CNC and the NBR
chains through hydrogen bonds between the hydroxyl groups
of the CNC and the nitrile moieties on the NBR chains,
improving the dispersion of CNC in the NBR. With further
incorporation of CNC to the NBR, the tensile strength was
improved by 96 and 166% for films containing 1 and 3 phr
(parts per hundred rubber) CNC, respectively, as compared

14190 | Nanoscale, 2024, 16, 14168-14194

View Article Online

Nanoscale

with 0 phr (Fig. 12b). For the tear strength, there were no sig-
nificant changes until the CNC concentration reached 3 phr,
achieving an improvement of 333% (Fig. 12¢ and d). In
another work, they prepared dipped film samples on glass
slides (Fig. 12e) and confirmed the multifold increases in
tensile strengths and moduli in comparison with the base
rubber matrix.'®

5. Challenges and perspectives

This review explores the advancements in extracting, modify-
ing, and utilizing nanocellulose from textile waste, emphasiz-
ing its critical role in various emerging applications within the
textile industry. The potential for surface functionalization
through hydroxyl group chemistry significantly enhances its
application scope. While substantial research has focused on
extracting nanocellulose from cotton-based textile waste,
scaling this process to an industrial level suitable for global
adoption presents considerable challenges. Intelligent classifi-
cation of waste cotton using infrared spectroscopy combined
with stoichiometry or multivariate statistical methods is
effective but can be costly and time-consuming. Therefore, a
more practical approach involves utilizing waste cotton based
on demand rather than selection.

Currently, dyed waste cotton is often pretreated with bleach-
ing, which is both environmentally harmful and expensive.
Developing strategies for directly utilizing colored waste cotton is
crucial. For example, extracting colored cellulose from dyed waste
cotton and re-spinning it into colored rRCFs could eliminate the
need for decolorization or dyeing, thereby reducing recycling
costs. Future research on nanocellulose from textile waste should
focus on high-value products, such as smart wearables, bio-
medical applications, and construction materials. Smart wearable
electrode materials can be created by combining extracted nano-
cellulose with conductive materials like carbon nanotubes, gra-
phene, silver nanowires, MoS,, and MXene. Advanced production
technologies and processing methods, such as electrostatic spin-
ning, wet spinning, melt spinning, 3D printing, hot pressing,
freezing, and carbonization, can yield products with enhanced
properties and added value. Additionally, integrating hydro-
phobic agents and materials with flame retardant, fluorescence,
and antibacterial properties into the nanocellulose solution
extracted from waste cotton can produce functional fibers or
membranes through spinning or 3D printing.

The review also addresses chemical and enzymatic treat-
ments, which are efficient in fiber separation but have econ-
omic and environmental drawbacks, impacting recycling
efficiency. Mechanical fractionation can reduce fiber pro-
perties, limiting their potential for upcycling. Overcoming
these challenges requires optimizing processes, reducing
environmental impacts, and developing new methods for pro-
ducing high-quality nanocellulose from textile waste. Investing
in advanced recycling technologies that can recover fibers,
including nanocellulose, from end-of-life textiles can help
close the loop in textile production and reduce the need for

This journal is © The Royal Society of Chemistry 2024
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virgin resources. Several initiatives and projects have focused
on separating cotton textile waste to address scalability and
cost challenges in achieving circularity. Noteworthy projects
include Tyton’s, which regenerates cellulose from cotton tex-
tiles and converts PET into TPA and EG using subcritical water
to break down textile waste. The resulting cellulose pulp can
be processed into new textiles or nanocellulose. The “Green
Machine” technology by Isko©, developed in collaboration
with HKRITA and the H&M Foundation, uses ultra-efficient
hydrothermal treatment to break down cotton into cellulose
powders or potential nanocellulose and separate polyester
from blended waste textiles, focusing on minimizing resource
usage and environmental impact.'®® These initiatives inspire
further research towards achieving a closed-loop system and
expanding sustainable practices within the textile recycling
sector, potentially leading to the production of nanocellulose
for various applications in the textile industry.
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