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ABSTRACT: Under the background of the current energy crisis and environmental pollution, the development
of green and sustainable materials has become particularly urgent. As one of the most abundant natural polymers
on earth, cellulose has attracted wide attention due to its green recycling, sustainable development, degradability,
and low cost. Therefore, cellulose and its derivatives were used as the starting point for comprehensive analysis.
First, the basic structural properties of cellulose were discussed, and then the extraction and utilization methods
of cellulose were reviewed, including Sodium Hydroxide based solvent system, N, N-Dimethylacetamide/Lithium
Chloride System, N-Methylmorpholine-N-Oxide (NMMO) system, ionic liquids (ILs) system, and deep eutectic solvent
(DES) system. Then, the functional modification techniques of cellulose are introduced, including nano-modification,
small molecule modification, and macromolecular modification. Finally, the potential applications of cellulose in
the fields of reinforcement materials, self-healing materials, radioactive cooling, nanogenerators, and biomedicine
were discussed. At the end of this paper, the challenges and future development direction of cellulose materials are
prospectively analyzed, aiming at providing guidance and inspiration for the research and application in related fields.
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1 Introduction

Nowadays, in this challenging era, environmental issues and energy crisis have increasingly become the
focus of global attention, and it is urgent for us to find new solutions to deal with these challenges. Compared
with traditional petroleum-based materials, bio-based materials have attracted much attention due to
their degradability, renewability, and environmental friendliness. Among the many bio-based materials,
cellulosic materials have attracted much attention due to their abundant sources, excellent biodegradability,
contribution to sustainable development, excellent mechanical strength, excellent biocompatibility, and
relatively low cost. These characteristics make cellulosic materials of great significance in resource recycling.

Among various biomass-derived materials, cellulose-based materials have garnered considerable atten-
tion in the scientific community. Primarily, this preference stems from two critical advantages: First,
compared with protein-based materials, cellulose is a kind of green natural polymer material with the most
abundant reserves on the earth, which makes its raw material supply sufficient. Secondly, cellulose and its
derivatives exhibit superior physical and mechanical properties relative to starch-based materials, including
exceptional tensile strength, enhanced toughness, and remarkable thermal stability [1]. In addition, cellulose
material contains active hydroxyl groups on its surface, which enables us to endow cellulose with new
functions through chemical modification (such as molecule modification and large molecule modification),
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and then develop diversified cellulose derivatives. Nanocellulose, as a refined cellulose material, has injected
new impetus to the development of cellulose materials because of its high specific surface area, excellent heat
resistance and excellent mechanical properties.

Currently, the mainstream products of cellulose materials include cellulose films, cellulose elastomers,
cellulose hydrogels, and cellulose microspheres. Through functional modification or combination with
other materials, these cellulose materials are widely used in several fields such as energy, biomedicine, and
intelligent manufacturing, promoting green transformation in these fields. This review focuses on cellulose
materials, discusses their structure and properties, summarizes the extraction and utilization methods of
cellulose, combs the ways of cellulose functionalization and modification, and summarizes its application
in different fields. Finally, the advantages and challenges of cellulosic materials are summarized, and their
future development prospects are prospected.

2 Cellulose Structure and Properties

The chemical structural formula of cellulose is (CsH;0Os5),, and its basic chemical structure is D-
Galactose. The specific structure as shown in Fig. la. The bond between the structures is formed by the
condensation reaction between the hydroxyl group on C-1 of the glucose unit and the hydroxyl group on C-4
of the adjacent glucose unit to form 1-4 glycosidic bond, that is, 3-(1—+4)-glycosidic bond to form a natural
linear polymer [2]. In general, the repeating unit of cellulose polymers is cellobiose (a dimer of glucose),
because in space two adjacent glucose units rotate 180 degrees with each other along the fiber axis in the
polymer chain.
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Figure 1: (a) Structure of cellulose. (b) Hydrogen bond network of cellulose
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Cellulose has abundant hydroxyl groups, with each glucose unit containing three hydroxyls, which are
located in carbon atoms C-2, C-3, and C-6, thus contributing to the establishment of an extensive hydrogen
bond network. The specific hydrogen bond network is shown in Fig. 1b. In the molecular chain, because the
H on O-3(oxygen at C-3) on the glucose unit forms a stable hydrogen bond (O(3)-H:----- O) with the epoxy
on another glucose or the H on O-2(oxygen at C-2) with O-6(oxygen at C-6) (O (2)-H------ O (6)), make
the structure of cellulose molecular chain rigid. As for the molecular chains, the hydrogen bonds formed
between the H on the O-3 of the glucose units and the O-6, as well as between the H on the unconventional C
and the O (O(3)-H:------ O(6)and C-H:------ 0), lead to close packing of the cellulose molecular chains, which
contributes to the development of crystallization. The specific structure and hydrogen bond interaction of
cellulose is shown in Fig. 1.

The different positions of the H atom and hydroxy -OH at the two ends of the C atom endow cellulose
with different physicochemical properties. The hydroxyl group on the chain unit of dehydrated glucose was
located at C-2, C-3, and C-6, respectively. The reaction activity was also different according to the different
structural positions. Among them, the most representative reaction is the reaction of primary and secondary
alcohols, and the adjacent primary hydroxyl group shows a typical diol structure [3]. In addition, the hydroxyl
group at the end of the cellulose chain also has different behaviors: the hydroxyl group at the C-1 end is
reducing, while the hydroxyl group at the C-4 end is oxidizing.

3 Utilization and Extraction of Cellulose

The primary source of cellulose is plants, with a smaller portion derived from microorganisms.
Compared to plant cellulose, bacterial cellulose exhibits superior mechanical properties, polymerization
rates, and crystallinity [4]. Natural plant fibers consist of multiple fiber bundles, which are adhered together
by adhesives. The main chemical components of natural plant fibers are cellulose, hemicellulose, and lignin,
along with trace amounts of waxes and lipids [5]. Cellulose, as the primary component, reinforces the
material, while hemicellulose and lignin act as fillers and binders. Although these components protect the
cell walls, they are not conducive to the utilization of cellulose materials. Additionally, within the cellulose
microfibrils, there are variations in the degree of molecular chain packing, which leads to the classification of
“crystalline regions” and “amorphous regions.” This alternating arrangement endows cellulose with unique
properties: good flexibility, high thermal stability, and excellent mechanical strength [6,7]. However, it also
makes it difficult for solvents to penetrate the crystalline regions, resulting in poor solubility of cellulose.
The degree of reaction, reaction rate, and reaction uniformity are all adversely affected. Therefore, to utilize
cellulose as a material, it must undergo treatment beforehand.

To effectively utilize cellulose, it typically needs to be dissolved. Therefore, breaking the tightly packed
molecular structure is required to separate the cellulose chain. In general, it is necessary to destroy its
hydrogen bond network, thus destroying its crystalline regions, and achieving the dissolution of cellulose.
Generally, cellulose can be swollen by water, acid, alkali or salt solution can be used to enter the crystallization
zone of fiber by osmosis, so that cellulose can be swelled infinitely and further dissolved. It is worth noting
that cellulose exhibits different reactions under various conditions. When exposed to a high concentration
of inorganic acid, cellulose undergoes hydrolysis to produce glucose. In contrast, when it encounters a high
concentration of caustic soda solution, it forms alkali cellulose. Furthermore, in the presence of a strong
oxidizing agent, cellulose is oxidized to produce oxidized cellulose.

Generally, the factors affecting cellulose dissolution are mainly divided into molecular weight, crys-
tallinity, and hydrophobic interaction [2]:



4 ] Renew Mater. 2025

(1) The effect of molecular weight:

Molecular weight is a key factor affecting the physical properties of polymers, and this value is
inversely proportional to the entropy of dissolution [2]. In general, cellulose is insoluble in water, whereas
its hydrolysate glucose, cellobiose (the basic unit of cellulose), and cellulose oligomers with a degree of
polymerization (DP) less than 10 all appear water-soluble. Therefore, reducing the molecular weight of
cellulose may be an effective strategy to achieve its enhanced dissolution [8-10]. The DP of cellulose
depends on the extraction process and source of cellulose. Normally, the change of DP can be affected by
adjusting reaction time, controlling temperature, changing pressure, and adding polar aprotic cosolvent [11].
In addition, in strong polar solvents (such as highly acidic or basic environments), the degradation of the
cellulose chain due to environmental influences leads to a decrease in DP, which increases its solubility. If the
product does not require high mechanical properties, reducing the molecular weight is an effective strategy
to achieve the dissolution and utilization of cellulose [12-14].

(2) The effect of crystallinity:

Since cellulose is a highly crystalline polymer, its amorphous region is easily permeated by solvents,
whereas parts of its crystalline region are difficult to dissolve, which makes it difficult for solvents to
enter cellulose. Therefore, selecting an appropriate solvent is crucial. Usually, cellulose dissolution includes
crystal removal and molecular chain unwinding [15]. If crystallization removal is the decisive step, reducing
crystallinity facilitates the dissolution of cellulose fibers. On the other hand, if the unwinding of the molecular
chain is the decisive step, then the diameter of the fiber is more important than the crystallinity [16]. Ghasemi
et al. [15] showed that both crystallization removal and chain untangling play an important role in the
dissolution process of cellulose. They pointed out that during the dissolution process of cellulose, only crystal
detachment occurred, with no chain untangling taking place. Although it can reduce the crystallinity of
cellulose, it does not dissolve well. In contrast, if there is only disentanglement and no crystal removal occurs,
only the amorphous region of cellulose dissolves. Therefore, for cellulose to dissolve fully, the solvent system
must be equipped with the ability to remove the crystallization of cellulose and untangle the molecular chains.

(3) The effects of hydrophobic effect:

Research has shown that the solubility of cellulose is related to the hydrophobic interaction [17]. It
has been found that the accumulation of cellulose tends to form crystalline structures under hydrophobic
action, and the contribution of hydrophobic interaction is about 8 times that of hydrogen bonding [18].
Medronho et al. [17,19,20] improved the solubility of cellulose in ILs and NaOH/ urea/water systems by
reducing its hydrophobic interaction. This is because, in ILs, amphiphilic cations in the system will change
the hydrophobic interaction between cellulose. In the NaOH/H, O solution system, the polarity of the solvent
system can be reduced by adding urea, and the hydrophobic effect can be weakened, to improve the solubility
of cellulose.

In addition, to make cellulose dissolve well, it is necessary to equip the corresponding solvent system.
In general, cellulose solvents can be divided into two categories: cellulose-derived solvent system and non-
derived solvent system [2]. The so-called derived solvent system refers to the chemical reaction between
the solvent and the OH group on the cellulose chain to destroy the strong interaction between the
molecular chains, especially the crystalline part of the cellulose [21]. However, the non-derived solvent system
can dissolve cellulose by breaking the strong interaction force between the OH groups of cellulose and
establishing a new interaction relationship [22]. In addition to the above two solvent systems, researchers
have also found that some metal salt hydrates can affect the interaction between cellulose chains, establishing
a new interaction between the OH group of cellulose and the cations and anions of metal salts [11], thereby
replacing the original hydrogen bond network and realizing the dissolution of cellulose.
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3.1 Extraction of Cellulose Based on NaOH Aqueous Solution by Alkali Method

The solvent system using NaOH to dissolve cellulose has developed rapidly due to its low cost and
easy recovery. Early studies found that NaOH concentration between 7% and 10% was associated with lower
temperature (<10°C), and cellulose can show good dissolution [23]. Since the solubility of cellulose is affected
by molecular weight, crystallinity, and hydrophobic interaction, only the oligosaccharides with DP less than
250 can be dissolved, and the solubility is limited to 5% in the case of high crystallinity cellulose. Therefore, to
improve the dissolution ability of cellulose in NaOH, people changed the composition of the original system
to improve the dissolution ability. However, the aqueous solution of NaOH has a major disadvantage as a
solvent. This system can only dissolve cellulose at low temperatures and within a limited concentration range
of NaOH [24]. Moreover, the solubility of cellulose in this system and the stability of the solution obtained
is low. With the development of time, people have a deeper understanding of the dissolution of cellulose
by NaOH. He et al. [25] conducted a systematic study on the dissolution performance of cellulose based on
the three parameters of NaOH concentration, temperature, and pretreatment. They found that the purity of
cellulose was higher after drying and crushing pretreatment. In addition, they found that high temperature
and high concentration of NaOH had more advantages in the dissolution and purification of cellulose than
low temperature and low concentration of NaOH solvent. This is because the high temperature and high
concentration conditions help to loosen the surface structure of cellulose, so that the solution can penetrate
its interior, dissolve impurities and achieve the purpose of purification. Moreover, they also found that the
yield of cellulose extracted at 30°C alkaline solution temperature was higher than that at 90°C alkaline
solution temperature, indicating that high temperature had a slight degradation effect on cellulose.

As for the dissolution mechanism of NaOH on cellulose, it is generally believed that NaOH molecules
in aqueous solution system form sodium hydroxide hydrate at low temperature. These hydrates can dissolve
cellulose by forming a new interaction force with the hydroxyl group on the cellulose chain unit, thus
replacing the hydrogen bond between the original molecular chains [19,26]. Xiong et al. [27] pointed out
that OH™, as a strong hydrogen bond receptor, replaced the intramolecular and intermolecular hydrogen
bonds of cellulose by forming a new hydrogen bond force with the hydroxyl group in cellulose. Meanwhile
Na" ions played a role in preventing cellulose chains from being close to each other to achieve stability in
aqueous solution. The reason for the poor water solubility of cellulose at low concentration of NaOH can be
explained as that the hydrodynamic radius of sodium hydroxide hydrate is too large in the environment of
low concentration of NaOH so that the hydrate cannot penetrate the hydrogen bond network of cellulose,
thus replacing the corresponding force. When urea is added to the system, the solubility of cellulose will be
improved, due to the urea hydrate occurring in NaOH and cellulose of complex surface form clathrate self-
assembly behavior. Urea, as a hydrogen bond donor, can prevent cellulose chains from trying to get close,
thereby improving the stability of the aqueous solution [28]. Peng et al. [29] systematically summarized the
mechanism and influence of an alkaline solution system to dissolve cellulose through designed experiments.
Through polarizing microscopy, they found that as the concentration of NaOH increased, the spots gradually
decreased, because the volume of hydrate molecules formed was smaller when the concentration of NaOH
was higher. However, smaller molecules can better penetrate the internal structure of cellulose molecules
and form new hydrogen bonds with cellulose molecular chains, thus destroying the original hydrogen
bond interaction and affecting the optical properties. They then carried out a systematic analysis of the
sediment and found that the sediment decreased as the concentration of NaOH increased, and the mass of the
sediment decreased significantly at a NaOH concentration of 7%. They concluded that the hydrate network
was the smallest and most likely to penetrate the cellulose. In addition, they also analyzed the samples by
FTIR and found that the change in NaOH concentration did not affect the intrinsic structure of cellulose.
However, they found that the peak intensity of 3350 cm™!(-OH) increased when the concentration of NaOH
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increased. Combined with the previous polarizing microscope pictures, it was proved that the size of the
crystal structure of cellulose would gradually decrease during the dissolution process. This indicates that
the cellulose structure is opened. The reduction of the size means that the increase of the specific surface
area of cellulose easily exposes more hydroxyl groups, thus enhancing the strength of the tensile vibration
absorption peak of -OH. In addition, they concluded by XRD tests that when NaOH concentration was low,
the volume of the solvent hydration network was large, and difficult to penetrate the tight crystalline region.
On the contrary, these solvents are more likely to enter the loose amorphous region and form hydrogen
bonds with the cellulose molecular chains, resulting in the preferential dissolution of the amorphous region
of cellulose and an increase in the proportion of crystalline regions, thereby improving the crystallinity of
cellulose. However, as the concentration of NaOH increases, the crystalline region is dissolved, resulting in
a decrease in the crystallinity of the cellulose.

To improve the solubility of cellulose in NaOH, new variant systems have been developed, such as
adding different hydrogen bond donors and acceptors (such as urea, thiourea, zinc oxide (ZnO), and
polyethylene glycol with different molecular weights) to the original system or pretreating the raw material
before adding NaOH aqueous solution. These pretreatment techniques include mechanical pretreatment
(e.g., steam blasting and ultrasonic treatment), chemical pretreatment (e.g., ethanol and hydrochloric acid
treatment), and enzymatic pretreatment (e.g., cellulase) [30].

3.2 Extraction of Cellulose Based on N, N-Dimethylacetamide (DMAc)/Lithium Chloride (LiCl) System

Initially, Dawsey et al. [31] found that the mixed solvent system of DMAc/LiCl could dissolve cellulose.
Although the solvent system has good solubility, DMAc is physiologically toxic and does not have the
characteristics of environmental friendliness. People conducted a series of gradient experiments on this
system and found that 8%(w:v) LiCl was the most suitable and commonly used in DMAc [32]. It was also
found that the system not only has a good ability to dissolve cellulose but also can derivate cellulose. Due to
the good solubility of this system, it is often used to measure the molecular weight of cellulose in GPC.

Although this system has good solubility, there are two points to pay attention to: one is high moisture
absorption, because DMAc and LiCl components are easy to absorb moisture. Hence, the solvent solubility
will be seriously reduced in the presence of water [33]; The other is the formation of keteniminium ion,
which forms an active intermediate in a two-component solvent system under high-temperature conditions,
resulting in the induced degradation of cellulose [34].

For cellulose to exist stably in DM AGc, the following factors should be considered: the amount of LiCl, the
content of cellulose, the storage time, and the presence of water [33], among which the presence of water and
the content of LiCl are the key parameters affecting the dissolution stability of cellulose. From the mechanism,
the solvation shell of Li* absorbs the water in the system [34], which leads to the hydrolysis of DM Ac, and the
additional water also enters DMAc. This accumulation of water limits the complexation of the Li" solvated
shell with cellulose [34]. Therefore, it is necessary to dry the cellulose and solvent system before dissolving
the cellulose. For example, flame drying can be used for LiCl, and distillation and water catcher can be used
together for DMAc to keep the system dry [33].

As for the dissolution mechanism of cellulose by the DMAc/LiCl system, it is speculated that a new
interaction relationship is established between CI™ and cellulose, thus replacing the original hydrogen bond
network, as shown in Fig. 2. It has been reported that about 80% of the dipole-dipole interaction between
DMACc and cellulose is due to the Cl-cellulose interaction. In addition, due to the solvation of Li" by DMAc
molecules, a large cationic complex ([Li—(DMACc) x]) is formed, which forms new interactions with cellulose,
accounting for 10% of the total dipole interactions [35]. Sen et al. [36] added through the study that the strong
hydrogen bond formed between the hydroxyl proton and the CI™ of the salt caused the original hydrogen



] Renew Mater. 2025 7

bond to break, thus allowing cellulose to dissolve, and pointed out that the hydroxyl proton of cellulose did
not form a new interaction relationship with the carbonyl group in DMAc molecule.
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Figure 2: Diagram of hydrogen bond fracture mechanism of cellulose dissolved in LiCl/dimethylacetamide
(LiCl/DMACc) solvent system. Adapted with permission from Reference [19], Copyright © 2015, Elsevier

Ma et al. [37] found that LiCl was the most important for cellulose dissolution in the LiCl/DMAc system
through a series of characterization methods. Their analysis showed that the Li bond plays a major role in the
formation of the Li; (DMAc),Cl, complex. They found through FMO analysis that the splitting of Li*-CI~
ion pairs increases the HOMO energy level, which facilitates the insertion of the [Li (DMAc),] Cl complex
into the cellulose chain and facilitates the transfer of CI™ ion electrons to unoccupied orbitals of the cellulose
molecule. In addition, by combining the DFT calculation results with the nuclear magnetic test, they found
that when the [Li (DMAc)4] Cl complex is inserted into the cellulose dimer, it can effectively weaken the
hydrogen bond interaction and promote the separation of the two cellulose dimers. Based on these results,
they deduced that the two cellulose chains are separated at the non-reducing end by the combination of the
CI” ion and the steric hindrance of the [Li (DMAc)] * unit. The hydrogen proton is terminated by the Cl™ ion
and blocked by the steric hindrance of the tetrahedron-arranged [Li (DMAc),] * unit, effectively preventing
the hydrogen bond recombination of the two cellulose chains. Therefore, the Li bond plays an important role
in DMAc solvent.

To enhance the dissolution of cellulose in the DM Ac/LiCl system, the general treatment method is to
pretreat the raw material to activate the cellulose. By pretreatment, the structure and properties of cellulose
can be changed, so that it is more conducive to dissolution in solvents. One of the methods is the solvent
exchange method, by adding a polar solvent (such as water) to make the cellulose swell, remove the original
solvent, dry, and then adding to the DMAc/LiCl system, this method can improve the solubility of cellulose
in the solvent system. Another method is to expand in water and then freeze dry. The result of this method
is to increase the porosity, voidness, and surface area of cellulose [38]. These structures facilitate the rapid
diffusion of solvent into cellulose to achieve dissolution. Another common method is the high temperature
activated cellulose method. At high temperatures, the solvent diffuses into the fiber, and the solvent vapor
causes the fiber to expand. Although this method can process a large amount of cellulose, high temperatures
may lead to cellulose degradation [34].

Although the DMACc/LiCl system has good solubility, DMAc is physiologically toxic and not environ-
mentally friendly. In addition, the combination of DMAc and LiCl is highly toxic, corrosive, and volatile,
leading to a higher degree of health and safety-related issues. Therefore, the technology has yet to achieve
successful commercialization [39].
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3.3 Extraction of Cellulose Based on N-Methylmorpholine-N-Oxide (NMMO)

The NMMO solvent system belongs to the non-derived solvent system of cellulose solvent. Cellulose
can be directly dissolved in 13% NMMO aqueous solution at 80°C~120°C, and the cellulose concentration in
its aqueous solution can reach 23% [40]. The Lyocell process is an important process for cellulose production
in the industry, which uses an NMMO solvent system to dissolve cellulose. It does not need to be pre-treated
or derivatized in advance to dissolve well like the above solution system, so it can shorten the process route in
industrial production and improve production efficiency thanks to its unique advantages. Compared with the
viscose method for obtaining cellulose, the lyocell method is considered an environmentally friendly process
in the fiber production route because it is environmentally friendly and does not release toxic gases [41]. It
is worth noting that the maximum recovery rate of NMMO solvent in this process can reach 99% [42].

Generally, the cellulose needs to be swelled before dissolving, so the cellulose needs to be put into a
dilute solution of NMMO (60% NMMO and 20%-30% water) [43]. However, when the water content is high
(>15%), NMMO will not dissolve cellulose [41], so to achieve the dissolution of cellulose, the process needs to
use the vacuum heating evaporation method to remove water, which leads to the shortcoming of high energy
consumption of this process. In addition, the process also causes oxidation of solvents and polymers [39].

So why does NMMO dissolve cellulose? From the perspective of the dissolution mechanism, due to the
strong dipolar nature of the active NO part in NMMO, its oxygen atoms form a new hydrogen bond force
with cellulose, thus replacing the original hydrogen bond network. Finally, water-soluble cellulose-NMMO
hydrogen bonding complexes are formed [44]. The reason why cellulose is difficult to dissolve when the water
content exceeds 15% can be explained by the coordination between water and the O atom of NMMO, which
hinders the formation of the interaction between cellulose and NMMO [45]. Fig. 3 shows the corresponding
mechanism of cellulose dissolution in NMMO:

H cellulose chain

Figure 3: Possible hydrogen bond interaction between NMMO and cellulose. Adapted with permission from Refer-
ence [46], Copyright © 2010, American Chemistry Society

However, in actual production, NMMO is prone to degradation and oxidation side reactions due to
its poor thermal stability and high N-O bond energy, which will lead to degradation and color change of
the obtained cellulose products. Therefore, it is necessary to add stabilizer in the production to prevent
the impact of side reactions. N-Methylmorpholine (NMM) and morpholine are common by-products of
NMMO degradation. The main degradation mechanisms of NMMO are free radical reaction (main) and
two heterodegradation processes (including Polonowski-type reaction and autocatalytic decomposition of
NMMO catalyzed by Mannich intermediates). To prevent these side reactions, it is necessary to add the
corresponding stabilizer. For the type of free radical reaction stabilizer, it is crucial to play the role of
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free radical scavenger and stabilize the subsequent products by forming stable free radicals, to achieve the
blocking effect. For the heterodegradation reaction, the stabilizer needs to be captured after the formation
of N-(methylene)morpholinium ions to remove the degradation catalyst, or by consuming formaldehyde so
that the degradation catalyst cannot be formed [47]. Therefore, to eliminate the above three side reactions,
the optimal stabilizer must be able to well capture the three reactive substances in the system: free radicals,
formaldehyde, and N-(methylene)iminium ions.

3.4 Extraction of Cellulose Based on Ionic Liquid (ILs)

Ionic liquids are defined as molten salts that remain liquid at or below 100°C [48]. These ionic liquids
have good thermal stability and do not release toxic gases. Therefore, ILs can be used not only for the
design and synthesis of novel polymer ionic liquid-based biomaterials [49] but also for the extraction of
cellulosic materials. However, ILs are highly absorbent when dissolving cellulose, so this solvent is difficult
to recycle [50].

At present, ILs can be used to dissolve and deconstruct cellulose. The dissolution of cellulose is achieved
through the interaction of anion and cation with cellulose. In terms of mechanism study, Swatloski et al.
first proposed that the anions in ILs interact with the hydroxyl group of cellulose molecules, destroying
the original hydrogen bond network [51], and the solubility of cellulose seems to follow its alkalinity [52].
Zhao et al. found that when the anions in ILs have the following characteristics: hydrogen bond acceptor
with higher electron density (the order of interaction strength is CI"> [CH;COO]~ > [(CH;0),PO,]™ >
[SCN]™ > [PFs]7), shorter alkyl chain and no electron-withdrawing group, the dissolution capacity of ionic
liquids will increase [53].

For cation, its role after anion. Zhang et al. [54] pointed out that cations can also form hydrogen
bonds with cellulose, while Li et al. [55] believe that the van der Waals forces between cations and cellulose
contribute to the formation of hydrogen bonds. In conclusion, the type of anion (such as imidazolyl or
pyridyl) and the length of the alkyl chain have an important impact on the dissolution of cellulose by ILs [53].
Rahman et al. [56] used imidazolyl double salt ionic liquid (DSIL) to dissolve and extract cellulose. The
relevant mechanism of dissolving cellulose is shown in Fig. 4 below.

Figure 4: Mechanism diagram of cellulose dissolution by imidazole-based double salt ionic liquid (A-C). Adapted with
permission from Reference [56], Copyright © 2023 Elsevier

Although ILs have good solubility, their high-water absorption has seriously affected its application
in cellulose. This is because the presence of water competes with ILs and prevents cellulose from forming
hydrogen bonds with ILs [51]. Therefore, dehydration is required when using the ILs system to dissolve
cellulose. To make this technology widely used in the industrial production of cellulose, appropriate heating
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can be used to increase the dissolution rate [57]. However, when the method of heating is used to improve
the dissolution rate, it is inevitable to consider the influence of excessive temperature on cellulose, and
excessive heating will induce cellulose degradation [58]. Therefore, new methods are needed to improve the
dissolution rate. It has been found that the addition of aprotic cosolvent to the system can help improve the
dissolution ability of ILs. As for the dissolution mechanism, some researchers believe that the addition of
cosolvent to the system can promote the solvation of cations in ILs, thereby releasing anions, to improve the
interaction between anions and cellulose [57]. Other studies have shown that the main function of cosolvents
is to promote the better dispersion and dissolution of cellulose in solvents by changing the mass transfer
characteristics of the solution (such as ionic conductivity or viscosity) [59].

To reduce the cost of ionic liquids and minimize their impact on the environment, several technologies
have been proposed to recover ionic liquids from different solutions. These methods include distillation,
extraction, adsorption, membrane separation, aqueous two-phase extraction, crystallization, and external
force field separation [50]. Although some single methods can achieve good recovery of ionic liquids,
the efficiency of most methods is limited, which leads to low product purity and high cost and energy
consumption. Therefore, in terms of recycling, how to optimize the recycling process is the focus of future
research. The existing separation technology needs to be studied more deeply and comprehensively. It is also
necessary to summarize and evaluate the selection and design of the recycling process.

3.5 Extraction of Cellulose by Deep Eutectic Solvent Method (DES)

Although ionic liquids have a stable chemical system, due to various factors such as high cost and
negative environmental impacts, the new ionic liquid DES has a great advantage over ionic liquids in these
aspects [60]. DES is mainly composed of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA),
which can be prepared by mixing by simple heating [61]. DES is utilized to extract cellulose mainly based on
the DES system’s difficult solubility of cellulose [62] and the priority of lignin dissolved [63]. In this case, the
dense hydrogen bond network of DES only led to the swelling between hydrogen bonds of cellulose, keeping
the relatively complete structure of cellulose. At the same time, DES dissolves lignin, separating cellulose
from lignin and degumming the original biomass [64]. In addition to being used to extract cellulose, DES
can also be used to adjust the thermal behavior of heat-responsive polymer [65].

At present, there have been quite a lot of studies on the extraction of cellulose by DES, and most of the
studies have focused on changing the composition of DES, adopting more efficient mechanical combined
DES treatment to improve the treatment effect, and expanding the source of cellulose. In Table 1, the research
achievements in this field in recent years are listed. Surprisingly, this carboxylic acid type of DES seems to
have become the focus of current research.

Table 1: Examples of relevant DES systems for cellulose extraction

Composition of the DES  Raw materials Processing method Cellulose yield References
Choline chloride-lactic Wheat Only treated with DES 49.94%-73.60% [66]
acid straw
Choline chloride-lactic Manioc DES combined with 82.52% [67]
acid-citric acid waste mechanical processing
Choline chloride-citric Date DES combined with 89% [68]
acid palm microwave processing

(Continued)
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Table 1 (continued)

Composition of the DES Raw materials Processing method Cellulose yield References
Choline chloride-urea, Ramie Acid-base combined with  Residual colloid [69]
choline DES treatment content (3.76%)
chloride-imidazole and
Ethylamine
hydrochloride-ethylene
glycol
Benzyl Pine Only treated with DES 88.3%-91.8% [70]
trimethylammonium wood
chloride-formic acid
Benzoic acid-choline Poplar Only treated with DES 95.80% [71]
chloride tree
Choline Rose DES combined with 69.53%-21.97% [72]
chloride-ethylene petals microwave processing

glycol-toluene sulfonic
acid/ferric chloride

This is because, in all kinds of DES, carboxylic acids DES promote further hydrolysis and carboxylation
between cellulose due to the existence of active hydrogen ions [73]. Compared with other DES, carboxylate
DES can pretreat cellulose more efficiently [74]. Liu et al. [75] applied different carboxylic acids DES to
prepare CNF from pretreatment cellulose raw materials, combined with spiral extrusion and colloidal
grinding and carried out esterification modification of cellulose nanofibers (CNF) at the same time. The
results show that the combination of DES pretreatment with mechanical treatment can swell and esterify the
cellulose material to produce CNF with a width of less than 100 nm.

In addition, DES pretreatment temperature plays an important role in the esterification modification
and nano-fibrillation of cellulose. The esterification modification of cellulose prevented excessive hydrolysis
and dissolution of cellulose during DES pretreatment, ensuring a high CNF yield of 72% to 88% and
maintaining the cellulose I crystal structure. Ma et al. [76] explored a ternary DES system composed
of chloroacetic acid, urea, and choline chloride to pretreat bamboo fiber and then grind it to prepare
carboxymethylated modified cellulose nanofibers. This ternary DES pretreatment was modified while
maintaining the crystal structure of cellulose. In addition, it also has a wetting and swelling effect on the
fibers, resulting in the successful destruction of strong hydrogen bonds during mechanical treatment and the
rapid production of cellulose nanofibril. Carboxymethylation enhanced the dispersion of CNF and increased
the stability of the suspension. In addition, prolonging the duration of DES pretreatment can enhance the
fibril fabrication process and reduce fibril polymerization. The produced CMCNF exhibits a high aspect
ratio, with diameters ranging from 10 to 50 nm and lengths extending to several microns.

In addition, due to the stable physical and chemical characteristics of DES, DES has good recycling
characteristics. By separating and purifying DES after pretreatment, it can be recycled and reused many
times. Usually, the pretreated plant residue can be filtered to remove impurities such as lignin from the DES
solvent using the antisolvent method or acid gradient method. Then the reaction system was purified by
rotating evaporation [77], freeze-drying [78], electrodialysis [79], and membrane separation [80], and the
obtained DES solvent could be recycled continuously. In a word, the main separation and purification ideas
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of DES can be divided into two categories, one is to remove impurities from the solvent, and the other is to
transfer the solvent. At present, the evaluation of DES process performance is mainly based on recovery times
and pretreatment efficiency. However, it is worth noting that the pretreatment efficiency of DES decreases
with the increase in the number of recoveries because some plant fibers will be dissolved in DES during the
reaction, occupying a part of the solvent space. In addition, these impurities also affect the hydrogen bond
network of DES. As a result, its processing efficiency decreases [81].

3.6 Comparison of Solvent Systems

There are many methods to extract cellulose, and the yield of cellulose obtained by different extraction
methods will also be affected. Therefore, to make a reasonable comparison, this paper tries to unify the
raw materials and summarizes the advantages and disadvantages of five cellulose extraction methods by
comparing them. As shown in Table 2.

Table 2: Comparison of five cellulose extraction methods

No. Raw material Solvent Pretreatment Yield (%) Pollution Ref.
1 Soft wood and NaOH/H,0 Steam Soft wood: 98% Liquid lye [82]
hard wood explosion (P =  Hard wood: 100%
pulps 4.9 MPa)
2 Wood pulp DMACc/LiCl Solvent 12.5% Toxic waste [83]
exchange with liquid
DMACc
3 Wood pulp ILs([Amim]Cl) None 64% Green recycles  [84]
water
4 Wood pulp 76%NMMO None 16.18% Toxic waste [85]
(NMMO/water) liquid
5 MCC NaOH/H,0 None <10% Liquid lye [86]
6 MCC DMACc/LiCl Freeze-drying ~ ~100% (under 5% Toxic waste [38]
MCC/solvent) liquid
7 MCC ILs([Amim]CI) None ~100% (under Green recycles  [87]
15%w/w for water
BMIMC)
8 MCC DES(ChCl/Oa) None 27.2% (0.5 h) Green recycles  [88]

65.2% (2.5 h)

water

The first four items are derived from wood pulp, and the last four are sourced from MCC. From
example 1, it can be seen that different materials will lead to changes in cellulose yield. Compared with 1
and 5 in Table 2, the same NaOH system has a relatively large impact on cellulose yield with or without
pretreatment. Based on the above examples, it can be roughly concluded that the ionic liquid system and
DES system have more advantages in the extraction of cellulose. The traditional NaOH system requires
material pretreatment to achieve good extraction efficiency. The dissolution capacity of the DMAc/LiCl
system is limited, which is easily affected by the content of raw materials in the system. In addition, in terms
of environmental problems, NaOH is easy to affect the environment due to the need for a large amount of
alkali solution, while DMAc/LiCl system and NMMO system have certain impacts on human health and
the environment due to toxic organic solvents. As for the ionic liquid and DES system, their solvents can
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be recycled and reused repeatedly, which has a good circular economic effect. It is worth noting that DES
solvents are generally green and low toxic solvents, which are environmentally friendly and pollution-free.

In addition, by comparing the five systems, it can be found that there are some potential obstacles in
the field of cellulose extraction, which will affect the promotion and application of cellulose materials. The
main reason for these obstacles is that the sources of raw materials are different, and the content of cellulose
contained in different raw materials will be different, which will more or less affect the extraction efficiency
of cellulose. The different structures of raw materials (such as soft and hard plants) will lead to changes in
process conditions, which will affect the cost. In addition, cellulose extracted from different plants using the
same process will have certain differences in structure, size, surface topography, and other aspects, which
will directly affect the performance of cellulose products. Therefore, it is critical to solve the batch stability
problem of cellulose or bio-based materials.

4 Modification of Cellulose and the Derivatives

Due to the presence of a large number of free active hydroxyl groups at C-2, C-3, and C-6 on the
surface cellulose structural units, strong hydrogen bonding exists between linear cellulose molecular chains.
To make cellulose can be used efficiently, people have modified its structure to expand its application range.
Since cellulose is composed of linear chains and has abundant reactive sites, it can be transformed into
many cellulose derivatives, such as cellulose acetate, carboxymethyl cellulose, hydroxypropyl methylcellu-
lose, etc., by surface modification with small or large molecular reagents. Cellulose nanofibers (CNF) and
cellulose nanocrystals (CNC) with smaller structural scales can be obtained by mechanical treatment or
chemical acid and enzyme treatment, which can meet the application of cellulose in various related fields.
The cellulose-related modification process is shown in Fig. 5
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Figure 5: Modification process of cellulose (including molecule modification and macromolecule modification)

4.1 Nano Cellulose

Regardless of the source of cellulose, only two forms of nanoscale cellulose exist after the cellulose is
dissolved and extracted. The first is a semi-crystalline type of fiber with a high aspect ratio and flexibility,
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known as cellulose nanofibers or nanofibril (CNF). The other is the rigid fibril with high crystallization and
low aspect ratio, which is obtained by destroying the amorphous region of cellulose, and is called cellulose
nanocrystalline whiskers or nanorods or nanocrystals (CNC). In general, the composition of fibrils includes
crystalline regions and amorphous regions. The fibrils and fibril bundles extracted by solvent are collectively
called CNE The crystalline part extracted from the fiber is called CNC [89].

4.1.1 Cellulose Nanofibers (CNF)

The so-called cellulose nanofibers (CNF) are materials with a semi-crystalline structure, usually with a
diameter of 1 to 100 nm and a length of approximately 500 nm or more. Generally, CNF can be obtained in
two approaches: the physical method and the chemical method.

Physical Method

The physical method generally allows CNF to be extracted longitudinally from the pretreated fibers
through mechanical shear forces. The common physical methods for extracting CNF include steam blast-
ing [90], high-pressure homogenization [91], microfluidization [92], ball milling [93], grinding [94], etc.
These processes have in common the use of strong mechanical forces, such as shear forces, to break the
hydrogen bond network and hydrolyze the glycosidic bonds in cellulose to produce CNF materials. To obtain
CNF more efficiently, chemical or biological enzyme pretreatment can be carried out before mechanical
treatment, which makes the structure of cellulose loose and reduces the hydrogen bond force, which is helpful
for further treatment to obtain CNE Liu et al. [95] combined a high-pressure homogenization method with
ultrasonic assistance to obtain CNF from potato residue. According to the experiment, the yield of CNF is
the highest (19.81%) when the ultrasonic power is 125 W for 15 min and the high-pressure homogenization
treatment is 40 MPa for 4 times. However, the shortcoming of this method is that the crystallinity of CNF
will be reduced.

Chemical Method

In the chemical treatment of cellulose to obtain CNF, the most common methods are TEMPO(2,2,6,6-
tetramethylpethidine-1-oxyradical) reagent guided oxidation, and carboxymethyl method [96]. By
modifying the surface of cellulose, this method brings charge, which helps the cellulose to undergo electro-
static repulsion and realize the expansion of the cell wall, thus promoting the generation of CNE In general,
CNF oxidized by TEMPO can be written as TOCNS for distinction. Huang et al. [97] used office waste paper
as raw material and adopted the TEMPO oxidation method to prepare CNF materials. Before preparation,
three different pretreatment methods (low acid treatment, alkali treatment, and bleaching treatment) were
used to treat raw materials to explore the influence of different pretreatment methods on the preparation of
CNE. The experimental results show that: (1) Using low acid treatment (1% sulfuric acid solution) to treat
the office wastepaper can remove part of the hemicellulose and lignin, to expose more cellulose. This process
will help to follow up the TEMPO oxidation process, making cellulose more effective in the preparation
of nanofibers (CNF). In addition, the crystallinity of CNFs (WCNF1) treated with low acid was increased,
which helped to improve the mechanical properties and tensile strength of CNFs. (2) The alkali treatment is
by using a 12% sodium hydroxide solution to deal with office wastepaper, the purpose is to further remove
impurities such as lignin and ink so that more pure cellulose. After alkali treatment, CNFs (WCNF2) showed
a relatively concentrated size distribution in particle size distribution, which helped improve the uniformity
and dispersion stability of CNF. (3) Bleaching was performed by using the DO(EP)D1 bleaching sequence
(where D represents the chlorine dioxide stage and (EP) represents the hydrogen peroxide enhanced alkali
extraction stage) to selectively remove lignin and improve the purity of cellulose. The bleaching treatment
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of CNF showed higher crystallinity, which in turn enhanced the optical properties of CNF and increased its
transmission in the visible light range.

Besides the TEMPO oxidation process for CNF, a deep eutectic solvent system (DES) is also available
on CNE Due to the dense hydrogen bond network of DES, the long chain of cellulose will expand,
and the hydrogen bond within the amorphous regions of cellulose will be destroyed to promote fiber
liberation [98]. This results in DES still needing mechanical treatment, such as ultrasonic crushing, high-
pressure homogenization, ball milling, extruder extrusion, etc., to further refine the cellulose after the
treatment of cellulose. Yu et al. [99] prepared CNF by treating ramie fiber (RF) with a choline chlorine-
urea (CU)DES system and ball milling technology. The CNF yield reached 94.06%, the crystallinity reached
66.51%, and the thermal stability was Tp,x = 322.6°C.

4.1.2 Cellulose Nanocrystals (CNC)

Cellulose nanocrystalline (CNC), a rod-like nanomaterial, can be extracted from lignocellulose. By
removing the amorphous areas in the CNC, the degree of crystallinity can be enhanced. In general, the
diameter of CNC is 3 to 50 nm, and the length is 50 to 500 nm. Compared with CNF, CNC has a lower
aspect ratio and a higher crystallinity. To be able to prepare CNC, it is generally necessary to remove lignin
and hemicellulose in cellulose to obtain CNC with high cellulose content. The usual pretreatment methods
mainly include physical, chemical, and biological pretreatment.

Physical Method

The first physical pretreatment method involves the use of mechanical shearing forces to disrupt the
cellulose cell walls, thereby transforming cellulose from its fibrillar state to a nano-structured form. Wet disk
milling (WDM) can refine biomass into bent microfibers through high-speed rotation, and then obtain CNC
materials through hydrolysis [100]. Another common method is the ultrasonic method, which uses high-
frequency oscillations to separate cellulose fibers. Generally, ultrasonic (>20 kHz) acting under the liquid,
using the alternating change of low pressure and high-pressure waves to achieve the generation and rupture
of small vacuum bubbles. With powerful mechanical oscillation power, high-intensity waves are generated,
which contribute to the formation, expansion, and implosion of microscopic bubbles as molecules absorb
ultrasonic energy. This treatment will produce a strong hydrodynamic shear force, which can destroy the
hydrogen bond force between cellulose molecules, thus achieving the destruction of the fiber cell wall. Under
the action of low-concentration acid, the destruction and hydrolysis of amorphous region can be realized,
to prepare CNC. Gui et al. [101] successfully produced CNC with microcrystalline cellulose as the basic
raw material under the combined action of ultrasonic and phosphotungstic acid (PTA). Compared with the
traditional sulfuric acid method, the crystallinity of the CNC prepared by this method can reach 86.93%
under the condition of 20°C, and the required acid concentration is lower (13.7%), which has little damage
to the CNC. Zianor Azrina et al. [102] used empty fruit bunch pulp (EFBP) as raw material to obtain CNC
through ultrasonic-assisted acid hydrolysis. It is worth noting that, compared with the raw empty fruit bunch
fiber (REFB), the CNC prepared from EFBP as raw material has a spherical structure, and the spherical CNC
has higher crystallinity and better thermal stability.

Chemical Method

Acid hydrolysis is generally used to prepare cellulose nanocrystals by chemical methods. In the process
of acid hydrolysis, the surface properties of CNC are also different according to the types of inorganic acids.
By hydrochloric acid hydrolysis method of CNC surface contains a small amount of negative charge, so prone
to reunite phenomenon between CNC particles [103]. However, the surface of CNC prepared by hydrolysis
with sulfuric acid will react with sulfuric acid to modify the sulfate group, thus providing a large amount of
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negative charge on the surface of CNC [104]. Due to the strong mutual repulsion between the charges, the
CNC suspension prepared by the sulfuric acid method has strong colloidal stability.

Unfortunately, the use of large amounts of acid can lead to inevitable damage to the environment.
In recent years, researchers have also tried to use DES to prepare nanocellulose. As with the preparation
of CNE, this mild treatment method cannot directly prepare CNC but requires a combination of different
mechanical or chemical treatments. Zhang et al. [88] proposed and evaluated a method for preparing CNC
by combining hydrated DES with a mechanical high-shear force method. When the processing time was
increased, the CNC output increased from 27.2% (0.5 h) to 65.2% (2.5 h). The average diameter of the CNC is
25.1-33.3 nm, and the length ranges from 281.3 to 404.2 nm. Wang et al. [105] reported the preparation of
CNC from cotton and other biomass feedstocks using DES and high-pressure homogenization (HPH). The
diameter range of the CNC is 50-100 nm and the length range is 500-800 nm. The obtained CNC remained
stable even after one month of storage. It is a good choice to use carboxylic acid DES to prepare CNC, and the
processed cellulose can directly obtain CNC without post-processing [106]. Zhu et al. [107] prepared CNC
by using purple potato peel as raw material by ultrasound-assisted maleic acid hydrolysis of cellulose. After
acid hydrolysis, the CNC retains the cellulose type I structure and carries out esterification modification on
the CNC surface.

Biological Method

Biological methods generally involve the separation of cellulose structures using cellulase. This method
mainly involves the conversion of the carbonyl group to the carboxyl group and the subsequent modification
by the sulfate group in the hydrolysis process with the acid. This helps to increase the charge density of
the CNC surface, thus achieving a stable dispersion of the CNC suspension. The combination of biological
methods with chemical methods can reduce the acid concentration required for the hydrolysis of CNC in
subsequent chemical methods. In addition, biological methods can be combined with physical methods
and chemical methods to achieve efficient preparation of CNC materials. Cui et al. [108] used wheat
microcrystalline cellulose as raw material to prepare CNC by combining ultrasonic-assisted and enzymatic
hydrolysis. Under the condition of 120 h of enzymatic hydrolysis and 10 times of ultrasonic treatment for
1 h, the maximum yield of CNC can reach 22.57%. In addition, without ultrasonic treatment, the yield of the
CNC was reduced by 6.81%. Ren et al. [109] used MCC as raw material and carried out enzymatic hydrolysis
in the way of complex enzymes to prepare spherical CNC. Spherical CNC with a particle size of 24~76 nm
can be extracted under the condition of lye (pH = 9) and centrifugation speed of 3000 rpm, and then washed
and purified three times under the condition of pH = 4 acid, pure spherical CNC materials can be obtained.
The crystal structure of the spherical CNC material is cellulose Ig type, but the degree of crystallization is low.

4.2 Molecular Modification
Hydrophilic modification:
4.2.1 Carboxylate Cellulose

2,2,6,6-tetramethylpethidine-1-oxyradical (TEMPO) is a good agent for promoting the separation of
nanocelluloses, which selectively introduces carboxyl groups at the glucose unit C-6. In this process, an
additional catalyst (NaBr), and an initial oxidizer (NaClO) are generally added at a PH of 9 to 11. In addition
to the carboxylation modification of cellulose by the TEMPO oxidation method, the carboxylation treatment
of cellulose can also be realized by using a periodate-sodium chlorite system to oxidize cellulose, and the
conversion of cellulose secondary alcohol to carboxyl group can be realized [110]. Liimatainen et al. [110]
used a periodate-sodium chlorite system to oxidize cellulose. In this process, secondary alcohol was first
oxidized to the aldehyde group by periodate and then oxidized to the carboxyl group by sodium chlorite,
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and the oxidation process is shown in Fig. 6. The degree of nano fibrillation of hardwood cellulosic pulp was
enhanced by applying a periodate-chlorite system for region-selective oxidation, coupled with mechanical
homogenization treatment.
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Figure 6: Oxidation of cellulose with periodate and chlorite. Adapted with permission from References [110],
Copyright © 2012 American Chemistry Society

Zhou et al. [111] prepared carboxylate cellulose nanocrystals (CNCs-COOH) using potassium perman-
ganate and oxalic acid as oxidant and reducing agent, respectively, with the reaction temperature of 50°C and
the concentration of sulfuric acid of Iwt% from paper pulp. Compared with Tempo oxidation, the amount of
oxidant is greatly reduced, and the yield can reach 68.0%. Ammonium persulfate (APS) can also carboxylate
cellulose materials, but the yield of this method is low in industry. Therefore, Liu et al. [112] improved
the APS method. In this paper, a method was proposed to optimize the preparation process of cellulose
carboxylate nanocrystals by APS using the activation of N, N, N’, N’-tetramethylethylenediamine (TMEDA)
and ultrasonic assistance. The yield of carboxylate cellulose nanocrystals prepared by this method can reach
62.5%, and the crystallinity of carboxylate cellulose nanocrystals prepared by this method is high (93%), and
the content of carboxylic acid groups is also high (1.45 mmol/g).

4.2.2 Sulfonated Cellulose

The sulfonation reaction is one of the methods to attach negative groups to the surface of cellulose.
The sulfonation reagent is combined with the hydroxyl group on the surface of cellulose to achieve surface
sulfonation modification. Thiangtham et al. [113] first oxidized MCC with sodium periodate to obtain
dialdehyde cellulose, and then sulfonated dialdehyde cellulose with K,S,0s to prepare sulfonated cellulose
(SC). Through the experimental characterization test, it was found that when the content of the sulfonic acid
group was 528~689 pmol/g, the water solubility of SC was improved, and the transmittance of SC could
reach 80% in the wavelength range of 400~800 nm. Mayer et al. [114] to create sodium 4-((4,6-dichloro-1,3,5-
triazin-2-yl)amino)benzenesulfonate (SDTAB). The reagent was mixed with sodium sulfate and the target
cellulose for 30 min, and then sodium carbonate was added for one hour. Finally, the cellulose with the
sulfonic acid group was prepared by rotating under the shaker for 30 min at a speed of 80 revolutions per
minute, which established the basis for subsequent conductive modification through interface interaction
between ionic bonds and conductive polymers. After extracting MCC from bagasse, Kanbua et al. [115]
carried out sulfonation modification of cellulose by gamma-ray and potassium sulfite successively. The
increase of y radiation will increase the oxidation degree of cellulose. The prepared sulfonated cellulose
(SC) can be used as filler to fill the polyether block amide/polyethylene glycol diacrylate (PEBAX/PEGDA)
polymer matrix, thereby improving the electrolyte affinity and thermal stability of the composite film.

4.2.3 Etherified Cellulose

Etherified cellulose is prepared by homogeneous reaction with alkyl reagents such as epoxides and
alkyl halides under alkaline conditions [116]. At present, ether cellulose such as methylcellulose (MC),
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carboxymethyl cellulose (CMC), hydroxyethyl cellulose (HEC), hydroxypropyl methylcellulose (HPC), and
carboxyethyl cellulose (CEC) have been developed.

Etherified cellulose can be classified as single ether and mixed ether according to the substitution
situation. The single ether can be subdivided into alkyl ether (such as ethyl cellulose, propyl cellulose, etc.),
hydroxyalkyl ether (such as hydroxymethyl cellulose, hydroxyethyl cellulose, etc.), and carboxyalkyl ether
(such as carboxymethyl cellulose, carboxyethyl cellulose, etc.) three large pieces.

In addition, it can be divided into four categories according to the types of substituted ionic groups: non-
ionic cellulose ethers, anionic cellulose ethers, cationic cellulose ethers, and amphoteric cellulose ethers (that
is, both cationic and anionic groups). Among them, cellulose ether with quaternary ammonium cationic
group has good flocculation and decolorization efficiency and has been widely used. Aguado et al. [117]
prepared water-soluble cationic cellulose derivatives (WSCC) by cationizing cellulose with (3-chloro-2-
hydroxypropyl) trimethyl ammonium chloride. This material is usually used as a dynamic coating material
for capillary, which can effectively inhibit the adsorption of basic protein on the tube wall and improve the
separation efficiency of basic protein. Matsumoto et al. [118] introduced amyl ether on the side chain of ethyl
cellulose (EC). The degree of substitution of amyl ether is affected by the concentration of solvent and base
in the process. The EC modified by side chain etherification can be dissolved in methacrylic acid (MAA),
and liquid crystal with cholesteric photonic crystal structure (CLC) can be prepared.

In addition, under alkaline conditions, due to the different positions of the three hydroxyl groups of
cellulose in the glucose group, they are affected by the neighboring substituents and the spatial obstruction.
The dissociation degree of the three hydroxyl groups is C-2 > C-3 > C-6. Therefore, when etherification is
carried out under alkaline conditions, the reaction order is that the hydroxyl group on C-2 is the first reaction,
followed by C-3, and finally C-6, while esterification under acidic conditions is the opposite.

Hydrophobic modification:

4.2.4 Esterified Cellulose

Esterification of hydroxyl groups on cellulose chains with acids, acyl halides, and anhydrides is used
to make esters, including aliphatic and aromatic [119]. Generally, this type of cellulose can be divided into
inorganic and organic acid esters. The so-called inorganic acid ester refers to the product obtained by
esterification of the hydroxyl group in the cellulose molecular chain with the inorganic acid. Among them,
cellulose nitrate and cellulose sulfate are widely used. By adjusting the proportion of the mixture of sulfuric
acid and nitric acid cellulose nitrate processing.

Among the inorganic ester types, cellulose nitrate esters can be divided into fire cotton and gum cotton
based on the amount of nitrogen content. Because of its high nitrogen content, fire cotton is usually used to
make smokeless gunpowder, while rubber cotton is low in nitrogen content and is usually used in artificial
leather, etc. As for sulfate, because of its low price and degradable, it is widely used as a drilling fluid treatment
agent in the petrochemical field. In the field of industrial coatings, it can be used as a thickening agent in the
preparation process.

In organic acid esters, the preparation idea is to generate the hydroxyl group in the cellulose molecular
chain by reacting with organic acids, acyl halides, or acid anhydrides, mainly including cellulose formats,
acetic esters, and so on. For example, the traditional transesterification reaction occurs under heterogeneous
conditions, when the catalyst is an inorganic base, it needs to react at high temperatures for a long time,
and the reaction is insufficient. Therefore, preprocessing is required to solve the problem. Chen et al. [120]
pretreated cellulose with CO,/DBU/DMSO to induce transesterification between cellulose and vinyl ester,
increasing the degree of substitution of cellulose to 0.58~3.0. The transesterification reaction conditions are
relatively mild, without adding a catalyst, the reaction degree is relatively sufficient, and the steps are simple,
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clean, and pollution-free. It is worth noting that the physical and chemical properties of organic acid esters
will be changed by the degree of substitution. Physical properties such as strength, melting point, density, and
hygroscopic properties decrease as the molecular weight of the substituent increases. In addition, organic
acid groups also have great effects on its performance characteristics. The esterified cellulose derivatives
produced by esterification reactions can be used in the chemical industry and other fields.

Using different types of reagents (such as acetyl chloride, acetic anhydride, and vinyl acetate) can realize
the acetylation of cellulose. These reagents have solubilization effects on cellulose and can even be used as
organic catalysts for the reaction. Gao et al. [121] used SO5 /TiO; solid acid instead of liquid acid to catalyze
cellulose acetylation. Compared with the liquid H,SOy, the solid acid is confined to the surface of cellulose
for acetylation, while HSO4 can penetrate the interior to achieve internal and external acetylation. As the
reaction proceeds, the upper layer of cellulose is acetylated by solid acid and dissolved in acetic acid for
further acetylation, while the lower layer of cellulose is exposed to solid acid for acetylation, and the cycle is
repeated until the cellulose is exhausted.

Besides cellulose can react with isocyanate and can achieve ammonia formylation, preparation of
ammonia by formylation cellulose can be expected to replace traditional esterification agents. Siqueira
etal. [122] used octadecyl isocyanate to modify the surface of CNC and CNF and then compared the effects
of the two modified cellulose on the thermal and mechanical properties of polycaprolactone composites.
The results showed that the substitution degree of carbamylated CNC and CNF reached 0.07 and 0.09,
respectively. Since the incorporation of isocyanate improves the dispersion of CNC and CNF in organic
solvents, the final properties of the composites are enhanced. The study by Beaumont [123] studied the solid-
phase reaction between cellulose and N-acetylimidazole under different moisture conditions (anhydrous,
7%, 20%, and 30%). When the water content of cellulose is 7%, the acetylation reaction is the most
active. They believed that the presence of water promoted the diffusion of reactants through the hydration
layer of cellulose, and the imidazole generated during the reaction played the role of an alkaline catalyst,
realizing the autocatalytic effect. By using nuclear magnetic resonance technology, they explored the effect
of confined water on the chemical activity of hydroxyl groups on cellulose surface, revealing that changes
in water content can regulate the reactivity of different hydroxyl groups, and then control the regional
selectivity of acetylation on cellulose surface. The team hypothesized that the localized water facilitates
the cellulose surface acetylation because it facilitates the proton transfer process from the cellulose acyl
imidazolium intermediate to the imidazole base catalyst. In addition, the surface wettability of cellulose after
acetylation changed significantly, and the contact Angle of water increased from 12° to 134°, indicating that
its hydrophobicity was significantly enhanced.

4.2.5 Amino Cellulose

The so-called amino cellulose (AC) is a chemical reaction that converts the hydroxyl group on cellulose
into a derivative of the amino group. The replacement of the hydroxyl group on the molecular chain with
amino groups results in the destruction of the inherent crystalline structure of cellulose. Consequently,
amino cellulose exhibits enhanced water solubility, biocompatibility, and degradability. In the actual pro-
duction situation, the hydroxyl group on cellulose is difficult to directly ammoniate, so the common way
to produce amino cellulose is to synthesize active intermediates to prepare amino cellulose. There are four
methods to synthesize amino cellulose by active intermediate: p-toluene sulfonic acid method, halogenated
cellulose method, cyanoethyl cellulose method, and oxidized cellulose method.
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(1) P-toluene sulfonic acid method:

The active intermediate was obtained by the reaction of p-toluenesulfonyl chloride with cellulose. Then,
with the p-toluenesulfonic acid group as the leaving group, a suitable nucleophilic reagent was selected
to carry out the substitution reaction, and the amino group was attached to the cellulose to obtain 6-
deoxyaminocellulose. Heinze et al. [124] synthesized cellulose p-toluene sulfonyl chloride by esterifying
cellulose with p-toluenesulfonyl chloride in the DMACc/LIiCl system. The resulting intermediates are dis-
persed in ethylenediamine and heated to dissolve gradually, resulting in 6-deoxy-6 -(2-amino-alkyl) amino
cellulose derivatives. The method has good solvent recovery ability and is environmentally friendly and
harmless. This method involves the direct reaction of amino compounds with p-toluenesulfonate, which is
simple and convenient. However, it is challenging to achieve complete replacement of the p-toluenesulfonate
group. Zarth et al. [125] prepared amino cellulose hydrochloride in the presence of human p-toluenesulfonic
acid chloride, using lactam as a nucleophile. By changing the reaction solvent conditions, the degree of
substitution of amino cellulose can be controlled (between 0.24 and 1.17).

The preparation of amino cellulose by using p-toluenesulfonate as an intermediate is the most common
method at present, which has the advantage of a quick and convenient reaction. However, when the
intermediate is replaced, many p-toluenesulfonate ions are produced, which will be combined with the amino
group, so the resulting product is generally amino-cellulose p-toluenesulfonate.

(2) Halogenated cellulose method:

The halogenated cellulose method is to synthesize halogenated cellulose intermediates and then convert
them into amino cellulose. Deng et al. [126] prepared chlorinated cellulose intermediates by reacting cellulose
with sulfoxide chloride. Amino-cellulose (ADC) was prepared by dissolving the intermediate in DMSO and
adding ethylenediamine for an amination reaction. Gao et al. [127] prepared 6-amino-6-deoxy cellulose by
using cellulose bromide as the base material through an aside reduction reaction. The results showed that the
azide group was almost completely reduced and the degree of amino substitution reached 0.97 when DMSO
was used as the solvent and reacted with 20 times excessive NaBH, at 115°C for 7 h.

The halogenated cellulose method uses sulfoxide chloride to activate the C-6 position on cellulose,
which makes the reaction selective. At the same time, the chlorine atom has a good departure, so that the
intermediate can be replaced by an amino group so that the amino cellulose derivatives with relatively high
purity can be obtained. However, sulfoxide chloride is toxic and easily decomposed, so the development of
the chlorinated cellulose method is limited.

(3) Cyanoethyl cellulose method:

In the early stage, it was proposed that cyanoethyl cellulose could be prepared by reacting cellulose with
acrylonitrile under alkaline conditions. Hassan et al. [128] pointed out that cyanoethyl cellulose was reduced
by BHj to the amino group and p-aminopropyl cellulose was prepared. It was found that the nitrogen content
of aminopropyl cellulose was 12.43%, indicating that the hydroxyl group on cellulose was almost completely
replaced. However, this method can only synthesize aminopropyl cellulose, resulting in a relatively simple
type of amino cellulose synthesized.

(4) Oxidized cellulose method:

The main idea of this method is that aldehyde cellulose is used as an intermediate, and ethylene
diamine is added to react with the intermediate to obtain the Schiff base. On this basis, it is further reduced
with sodium borohydride to obtain amino ethylamine deoxy cellulose. The synthesis of aldehyde cellulose
intermediates is based on the ring-opening reaction of periodate salts (such as sodium periodate NalO,)
on cellulose, which oxidizes C-2 and C-3 on glucose units to aldehyde groups, thus obtaining dialdehyde
cellulose intermediates [129]. Dash et al. [130] used sodium periodate to oxidize cellulose to dialdehyde
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cellulose, and then grafted methylamine and butylamine on dialdehyde cellulose by Schiff base reaction
to prepare amino cellulose derivatives. Su et al. [131] firstly oxidized cellulose with sodium periodate to
obtain dialdehyde cellulose by using the above ideas. Subsequently, the DAC undergoes dynamic crosslinking
with long-chain vegetable oil diamine (Schiff base reaction) at ambient temperature. This process entails
partial replacement of the hydrogen bond network within the cellulose with a dynamic imine crosslinking
network. This method significantly improves the stress relaxation ability and free movement ability of

cellulose molecular chains and produces cellulose-based plastics with excellent thermoplastic processing. Its
mechanism is shown in Fig. 7.
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Figure 7: (a) Flow chart of cellulose plastic powder preparation; (b) and (c) Diagrams of reconstructing cellulose
hydrogen bond networks using dynamic imine covalent bonds. Adapted with permission from Reference [131],
Copyright © 2023 American Chemistry Society

Lasseuguette [132] used Tempo, sodium hypochlorite, and sodium bromide to selectively oxidize
primary alcohols on cellulose into carboxyl groups under the condition of water as a solvent. Amino
cellulose derivatives were then prepared by coupling the amine derivatives with oxidized cellulose by adding
carbodiimide (catalyst) and hydroxysuccimide (amidation agent).

4.2.6 Silanized Cellulose

Silanization modification of cellulose is a method of surface hydrophobic modification. Generally, Si-
OR does not react with the cellulose hydroxyl group but can react with the lignin hydroxyl group at high
temperatures without water. Under high temperatures, when water is introduced into the system, it can
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trigger a reaction between the silanol and hydroxyl groups that promote cellulose. By adding a silane coupling
agent to cellulose suspension for mixing reaction, silyl groups can be introduced on cellulose surfaces.

The commonly used silane coupling agents are alkyl alkyloxysilane, vinyltriethoxysilane, etc. The reason
for choosing this type of coupling agent is that the presence of hydrocarbon chains in silane enhances the
wettability of the fiber, which can pave the way for subsequent chemical reactions. The reason for choosing
this type of coupling agent is that the presence of hydrocarbon chains in the silane enhances the wettability
of the fibers, paving the way for subsequent chemical reactions. Wang et al. [133] used two different organ
silane coupling agents to functionalize and modify the CNF suspension before spray drying and applied
1 wt.%, 3 wt.%, and 5 wt.% organ silane solutions according to the gradient design and the solid content of
CNE respectively. After modification, Wang et al. determined the surface morphology and properties of the
modified CNE The experimental results show that there is agglomeration behavior between large particles
and small rectangular particles in the system, and there is a local difference in CNF before and after treatment.
By connecting different functional groups on the surface of CNE not only can the acid-base properties be
changed, but also the surface energy of CNF can be reduced. Pacaphol et al. [134] studied the effects of
different silyl groups (amino group, epoxy group, and methacryloxy group) on the adhesion properties of
nanocellulose films on glass and aluminum substrates. The experimental results show that amino silanized
nanocellulose is better in bonding properties. In terms of elasticity, the performance of epoxy silanized
nanocellulose is more significant. Amino silanized cellulose showed the worst performance in elongation
and crack resistance. In the transmission of light, all below the glass, the aspect of hydrophobicity is slightly
higher than that of pure aluminum.

4.2.7 Halogenated Cellulose

Halogenated cellulose refers to the halogenated modification of cellulose by reacting with hydroxyl
groups on the surface of cellulose. Chlorine stands as the most prevalent halogen in polymers, with the
option to introduce halogen atoms through the selection of distinct chemical feedstocks as precursors.
Due to the reactivity between hydroxyl groups and the diversity of commonly used chlorinating agents,
the chlorination selectivity of cellulose regions is affected. Moreover, the halogenation of cellulose provides
a precursor for subsequent nucleophilic substitution reactions, so that cellulose can be incorporated into
new functional groups. Gao et al. [135] prepared 6-chloro-6-deoxycellulose ester and its derivatives by
halogenation reaction. The primary alcohol group of cellulose acetate with a substitution degree of 1.75 was
selected to react with methylsulfonyl chloride for quantitative chlorination to prepare 6-chloro-6 deoxy
cellulose acetate. The experimental results show that chemical and regionally selective chlorination occurs
at C-6. In addition, the study also showed that cellulose chloride acetate is a useful intermediate for the
preparation of functional cellulose ester derivatives by substitution reaction with nucleophiles such as
sodium azide, amine, and mercaptan. Du etal. [136] developed a new type of cellulose paper by impregnating
nanocellulose paper (CNP) in CS and then impregnating CNP/CS in 0.6 wt% NaClO aqueous solution to
achieve simple acyl chlorination modification to obtain CNP/CS-Cl. The CNP/CS-Cl had a good bactericidal
effect on Staphylococcus aureus and Escherichia coli (bactericidal rate reached 100% within 10 min). Therefore,
the new material has potential application value in food packaging.

In addition to chlorine, the modification of cellulose by fluorine has also attracted attention. Khanjani
et al. [137] used 2H,2H,3H,3H-perfluorononanoyl chloride and 2H,2H,3H,3H-perfluorodecanoyl chloride
to perform regional fluorine-containing modification of CNC. Then nano spherical cellulose fluoride ester
dispersion was prepared by nanoprecipitation method. Finally, the superhydrophobic paper is prepared
by coating the dispersion in the paper by the spinning coating method. The superhydrophobic paper has
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good hydrophobic properties, which the contact angles are all greater than 150°. Therefore, it has potential
application value in the field of packaging.

4.3 Macromolecular Modification

Although the surface structure and properties of cellulose can be well changed by molecule modifi-
cation, the molecular weight and structure on the main chain do not change much. Therefore, molecule
modification has little effect on other properties of cellulose, such as mechanical properties. Macromolecular
modification is a new method to change the physical and chemical properties of cellulose. Under the premise
of maintaining the original properties of cellulose, the introduction of macromolecules can give cellulose
new and unique properties. In the modification of macromolecules, grafting copolymerization is the most
used method. By grafting other designed polymers on cellulose macromolecules, unique properties can be
conferred to form functionalized cellulose materials.

Three methods are commonly used to synthesize grafted cellulose, namely “grafting from”, “grafting
onto” and “grafting through” [138]. “Grafting from” refers to the polymerization and growth of other
monomers on the active site of the polymer backbone by the initiator according to its own active reaction
point, to form a new graft polymer. “Grafting onto” means that the active groups are present on the two
different polymers. When the third substance is added, a new covalent bond can be formed with the active
groups on the other two polymers to form a new grafting polymer. “Grafting through” means because the
owner chain polymerization is available for reaction activity of double bond. Consequently, it can act as a
polymerization monomer, facilitating copolymerization.

4.3.1 Grafting From

In the “grafting from” method, the reaction site on the backbone can be directly initiated by chemical
treatment or irradiation, and then the monomer is added to generate the graft copolymer. Although the
grafting density of this method is high, there are also many shortcomings, such as the molecular weight of the
graft polymer cannot be determined, the molecular weight of the graft polymer is low, and the homopolymer
exists in the polymerization system. Therefore, the above shortcomings can be overcome by the mechanism
of reversible chain termination and reversible chain transfer through active polymerization.

(1) ATRP

The initiation system of ATRP is mainly composed of halides, metal catalysts, and ligands. The
polymerization mechanism is the formation of the complex by free radicals through a reversible REDOX
reaction. This complex first undergoes oxidation to lose electrons while capturing halogen atoms from halides
of dormant species [139]. The reaction mechanism is shown in Fig. 8.

Usually, the initiator of ATRP is a compound containing halogen atoms, and halogen atomic dissociation
can be activated due to A-carbonyl, phenyl, vinyl, or cyanide groups on the initiator. Therefore, the bond
dissociation energy of alkyl halides has an important effect on the reactivity of the initiator [140]. According
to current studies, the initiatory activity of ATRP initiator is affected by three structural factors [141]: (1) the
degree of initiator substitution (primary < secondary < tertiary), (2) the departing atom/group, and (3) the
radical stabilization group (-Ph~-C(O)OR <<-CN).
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Figure 8: Mechanism of metal-catalyzed active radical polymerization. Adapted with permission from Reference [139],
Copyright © 2001 American Chemistry Society

When ATRP is used to synthesize graft copolymers, it is necessary to perform homogeneous solution
reactions or heterogeneous surface modification on cellulosic materials to prepare cellulose macromolecular
initiators with ATRP initiators. Zhang et al. [142] used surface-initiated atomic transfer radical polymeriza-
tion (SI-ATRP) and Surface-Initiated Activator ReGenerated by Electron Transfer ATRP (SI-ARGET-ATRP)
to attach poly4-vinylpyridine and polystyrene to the surface of CNC. The results show that the electron
transfer activator is more beneficial to the grafting modification of long-chain and low graft-density polymer
than the conventional atomic transfer radical polymerization. In addition, the surface initiation efficiency of
brominated cellulose nanocrystals in the electron transfer activator system is much lower than that in the
atom transfer radical polymerization system, which is mainly caused by the lower content of catalyst and the
faster propagation speed in the electron transfer activator system.

However, for active polymerization, the presence of water will undoubtedly affect the progress of the
reaction. In this regard, Glaied et al. [143] developed a method to prepare cellulose-cationic polymer using
ATRP in aqueous solution. They first grafted the surface of cellulose with a brominated initiator, and then
initiated polymerization on the surface of the cellulose, thereby densely grafting the cationic polymer poly
[2-(methacryloyloxy)ethyl]-trimethylammoniumchloride (PMeDMA) onto the surface of the cellulose fiber.
The paper prepared by the synthesized polymer is water-soluble and has important potential application
value in the field of paper making.

Traditional ATRP can produce cellulose copolymers with residual metal catalysts, and these residues
limit the applications of the synthesized cellulose copolymers in microelectronics and biology. In recent
years, with the continuous advancement of technology, metal-free ATRP has also emerged. Lu et al. [144]
prepared macromolecular initiators by modifying ethyl cellulose with 2-bromo-2-phenylacetyl ester, and
then prepared cellulose grafted polymers with block side chain structure by photoinduction of metal-free
ATRP. The key to controlling the activity is that the activation and deactivation of the polymerization of
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dodecyl methacrylate on the surface of cellulose can be controlled by ultraviolet irradiation in the presence
of an organic photo-redox catalyst.

(2) RAFT

In the free radical system, disulfide is usually selected as the transfer agent to achieve RAFT. RAFT
reagent is a kind of organic compound containing disulfide carbonyl groups. The mechanism of RAFT
active polymerization is that the growing free radical (active species) is inserted into the C=S part of the
RAFT reagent to form an intermediate free radical, which can form both the original active species and
a new active radical that can continue to be polymerized by splitting the intermediate [145]. Its structure
and reaction mechanism are shown in Fig. 9. Chain transfer reagents can effectively regulate molecular
weight by equilibrium transfer between dormant species and active species to avoid the occurrence of
termination reactions.
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Figure 9: (a) RAFT chain transfer agent; (b) The general structure of the MADIX chain transfer agent (“RAFT agent”);
(c) General RAFT polymerization mechanism. Adapted with permission from Reference [145], Copyright © 2009
American Chemistry Society

Jiang et al. [146] designed a new cellulose-based macromolecular chain transfer agent (Cell-CTA) and
synthesized Cell-g-P(BA-co-AM) copolymer thermoplastic elastomer by RAFT polymerization. Because the
cellulose chain of the relatively rigid skeleton is an elastomer, and the side chain of thermoplastic elastomer
is relatively soft can be used as a rubber matrix. The experimental results show that the polymer has strong
tensile strength and high toughness. At the same time, it is worth noting that the amide groups randomly
distributed in the acrylamide unit can be used as supramolecular crosslinking points in the graft copolymer
to form strong self-complementary hydrogen bonds. Gong et al. [147] first prepared an ethyl cellulose-based
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large initiator through an esterification reaction, and then polymerized vanillin methacrylate and lauryl
methacrylate on a cellulose surface to form cellulose graft copolymer via RAFT. The prepared copolymer
formed a good self-healing adhesive network by virtue of its bottle brush structure and Schiff base dynamic
bond. Through testing, it was found that the self-healing efficiency could reach 98.7%, which had good and
efficient self-healing ability.

However, the traditional RAFT polymerization based on disulfide ester requires high environmental
requirements and requires anhydrous and oxygen-free conditions. Due to the hydroxyl group of cellulose
itself, it is easy to absorb water in the air and hydrolyze the disulfide ester, so the application of this
technology in cellulose is limited. In recent years, due to the evolution of technology, we have developed
a new active RAFT polymerization based on trithioester, which can overcome the effect of water on the
reaction system. Stenzel et al. [148] developed a trithiocarbonate chain transfer agent based on cellulose
derivatives (a-D-glucose, b-cyclodextrin, and modified cellulose), and a polystyrene polymer with comb
structure was synthesized based on the chain transfer agent. The CTA reagent based on trithiocarbonate
is different from traditional CTA reagent in that the Z group is replaced by the S group. By changing the
groups, the stability of the CTA reagent in the water environment can be improved, which can continue to
maintain the RAFT polymerization process. Zhou et al. [149] successfully synthesized cellulose nanocrys-
tals/fluorinated polyacrylate soap-free emulsion by RAFT-assisted Pickering emulsion method based on
trithioester. They adopt reactive first three glucosinolates carbonate based linear block copolymer poly(2-
(dimethylamino) ethyl methacrylate)-b-poly (glycidyl methacrylate)-b-poly (2,2,3,4,4,4-Hexafluorobutyl
acrylate) (PDMAEMA-b-PGMA-b-PHFBA) was grafted to CNC to prepare modified CNC stabilizer. Then,
cellulose nanocrystalline/fluorinated polyacrylate soap-free emulsion was prepared by Pickering emulsion
polymerization in the presence of a stabilizer.

(3) NMRP

The NMRP method mainly uses nitrogen oxygen free radicals to form a dormant active species inverse
system, such as 2,2,6,6-tetramethylpiperidine oxide (TEMPO), which is the most used free radical trapping
agent. In this method, the chain-growing active species (P,-) reacts with the stable radical (X-) to form the
dormant species (P, — X), so the chain-growing radical will be inactivated. The resulting dormant species
can reversibly break and generate new active species. If P, is formed again, it can terminate by reacting with
other active species and combining with monomer molecules to continue chain growth. The mechanism is
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shown in Fig. 10.
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Figure 10: Diagram of the dynamic equilibrium mechanism between dormant and active species of NMRP. Adapted
with permission from Reference [150], Copyright © 2007 Elsevier

The active polymerization of free radicals can be achieved by introducing an alkoxyamine system.
In general, the polymerization reaction is usually carried out at high temperatures. Daly et al. [151]
prepared a cellulose-based comb copolymer by grafting nitrogen oxides under homogeneous conditions.
N-hydroxypyridine-2-thione ester or carbonate (Barton ester) is added to carboxypropyl cellulose, and the
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Barton ester is anchored to the cellulose by the reaction. Then, in the environment of tetrahydrofuran as a
solvent, TEMPO and styrene were irradiated to initiate grafting on hydroxypropyl cellulose to form the graft
copolymer of polystyrene grafted cellulose. Experiments show that the length of the grafted polymer chain
segment increases with the prolongation of polymerization time. The polydispersity of polystyrene grafts
ranged from 1.3 to L.5.

(4) SET-LRP

The SET-LRP method activates the initiator or dormant species through the transfer of outer electrons.
The initiator system mainly consists of a halide initiator, copper (fine powder or filament) with zero
valence state, and appropriate ligands need to be added. Different from ATRP, copper can undergo rapid
disproportionation reaction with nitrogen-containing ligands in polar solvents due to the low activation
energy in the outer electron transfer mechanism [152], and its reaction mechanism is shown in Fig. 11. Jiang
et al. [153] proposed a strategy for surface modification of CNF by combining SET-LRP and Cu'-catalyzed
azidine-alkyne click chemistry (CuAAC). This strategy can be used to graft di (ethylene glycol) ethyl ether
acrylate (DEGEEA) and acrylic acid 3-trimethylsilyl-prop-2-ynyl ester (TMSPgA) on CNF to form cellulosic
graft copolymers.
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Figure 11: The mechanism of SET-LRP. Adapted with permission from Reference [154], Copyright © 2009 John Wiley
& Sons

Jiang et al. [155] grafted stearyl acrylate polymer (PSA) and upconversion nanoparticles (UCNPs) onto
CNF using the SET-LRP method to form a highly crosslinking CNF system structure. Before grafting,
the original hydrophobic ligands of UCNPs need to be replaced by hydrophilic ligands through a two-
step method. This procedure enables UCNPs can adapt to the SET-LRP process. It is worth noting that
the crosslinking UCNPs changed the structure of the modified CNF from the original oblong and round
structure to a spherical structure, reducing the agglomeration of grafted CNF. By adding UCNPs, CNF has
potential application value in the fields of safety ink and biomedicine.

(5) Ring-opening polymerization (ROP)

The so-called ring-opening polymerization is to form a linear polymer with a certain chain length by
ring-opening polymerization of cyclic monomer through a catalyst or initiator. The monomers of choice
are usually cyclic lactone or lactide. Due to the reaction initiator often choosing alcohol or hydroxyl class,
cellulose or its derivatives on the macromolecular and just have many hydroxyl groups. Therefore, when
cellulose and its derivatives are modified as a polymer matrix, they can also act as initiators to initiate cyclic
monomer grafting polymerization on cellulose. Hafrén et al. [156] initiated the ring-opening polymerization
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of e-caprolactone in bulk using organic acid catalysis and solid cotton and paper cellulose as initiators, as
depicted in the ring-opening mechanism shown in Fig. 12. The ring-opening polymerization was carried out
in a solvent-free/inert atmosphere, in which the non-grafted polycaprolactone was recovered. Due to the
advantages of simple operation, low cost, and environmental protection, the ring-opening polymerization
process provides a new method for preparing good biocompatible nanomaterials.
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Figure 12: Ring-opening polymerization of cellulose and polycaprolactone catalyzed by organic acids. Adapted with
permission from Reference [156], Copyright 2004 © John Wiley & Sons

Lee et al. [157] prepared a series of alkyl branched-chain cellulose copolymers with different lengths by
grafting the cyclic ester monomers on the cellulose backbone by direct ring-opening polymerization. The
results show that the influence of the branched copolymer on the crystal structure is greater than that of the
linear copolymer. Furthermore, as the number of branches increases, the Tg temperature of the copolymer
exhibits a continuous decline. This phenomenon can be attributed to the elevated concentration of branch
chain end groups, which results in an increased free volume and consequently leads to a reduction in Tg. This
work provides a good design idea for the future design of thermoplastic cellulose copolymers. Zhu et al. [158]
prepared a cellulose paper for oil-water separation by ROP. Cellulose-g-polysulfonamides were prepared by
ring-opening polymerization of N-sulfonyl aziridines on cellulose surface with 7-methyl-1,5,7-triazabicyclo
[4.4.0] dec-5-ene (MTBD) biocatalyst.

4.3.2 Grafting Onto

The “grafting onto” method is to connect two macromolecular chains through covalent bonds, but the
“grafting onto” method usually has low grafting efficiency, due to the activity of macromolecular reaction is
low, and the steric hindrance is large.

Mano et al. [159] successfully prepared modified CNC(P(CI-B-LLA)-g-CNC) by grafting the block
copolymer (P(CI-B-LLA)) of e-caprolactone (CL) and L-lactic acid (LA) onto the surface of cellulose
nanocrystals (CNC) through covalent bonding. This modification significantly improves the dispersion of
CNC in polar substrates, making it an ideal filler and compatibilizer in the field of bio-nano composites.
Sperandeo et al. [160] grafted antimicrobial peptides onto microcrystalline cellulose through the C-terminus
or N-terminus by covalent bonding. To graft the peptide onto the cellulose, both need to be chemically
modified, so they fixed the cysteine on the surface of the cellulose and modified the peptide with thioester.
The prepared cellulose-peptide complex has a good antibacterial effect and has potential application value
in the field of biomedicine.
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4.3.3 Modification by Crosslinking

The so-called crosslinking modification is to add a multi-functional (usually functional degree >2)
crosslinking agent in a cellulose system to achieve covalent binding between molecules, or with other poly-
mers (such as hyaluronic acid, polyvinyl alcohol, chitosan, etc.) crosslinking reaction, which is a commonly
used method of cellulose modification. After crosslinking, the mechanical properties and hydrophilicity of
the materials can be significantly improved. Munster et al. [161] successfully synthesized dialdehyde cellulose
(DAC) through periodate oxidation by using a-cellulose as the starting material. Subsequently, DAC was
introduced into the preparation of polyvinyl alcohol (PVA) hydrogel as an efficient crosslinking agent. Under
the action of acid catalyst, the active aldehyde group in DAC and the hydroxyl group in the PVA molecular
chain crosslinking on the anhydrous glucose unit at positions C-2 and C-3. The experimental results show
that compared with the traditional glutaraldehyde crosslinking agent, the hydrogel after DAC crosslinking
reaction shows a unique network topology.

5 Regeneration and Application of Cellulose

Whether it is by pretreatment methods and different solvent systems to dissolve the cellulose, or the
use of physical or chemical methods to modify the cellulose chemical, the purpose is to be able to make the
cellulose can be recycled, to be used in the actual production and life. Modified cellulose solution can be
used to prepare a variety of products, such as plastics, elastomers, hydrogels, coatings, and so on. At present,
the two most widely used directions of cellulose materials are thermoplastics and thermoplastic elastomers.
Bio-based plastics and elastomers, represented by cellulose, contribute to the solution of petroleum-based
nondegradable and nonrenewable materials. Therefore, this section mainly summarizes and introduces the
relevant application fields of cellulose-based elastomers and plastics.

5.1 Application as Reinforcement Material

In the early stage when cellulose material extraction technology and modification technology are not
mature, people usually use wood flour, rice bran [162], and other biomass as reinforcing agents, to prepare
wood-plastic composite materials and achieve good results, which is a green and environmentally sustainable
development material. This kind of wood-plastic composite material is mainly polyethylene-based wood-
plastic composite material and polypropylene-based wood-plastic composite material. However, the polarity
of the matrix and reinforcement of the two kinds of wood-plastic composites is too different, and the interface
compatibility is not good. It is necessary to improve the interface compatibility, especially the graft copolymer
of maleic anhydride and polyolefin.

Hong et al. [163] adopted the grafted copolymer of maleic anhydride, methyl methacrylate, butyl
acrylate, and polymer as the interface compatibilizer of WPC and achieved good results. The trimonomer
graft copolymer has a high grafting rate, excellent physicochemical properties, and excellent capacity
enhancement effect on polyolefin or polylactic acid-based wood plastic composites. This graft copolymer
also has a good effect on cellulose-reinforced composites. In addition, a silane coupling agent can be used
to enhance the capacity. In terms of the compatibilization of bagasse fiber (BF) and polylactic acid (PLA),
Hong et al. [164] compared the effect of alkali treatment, silane coupling agent treatment, and combined
treatment on the compatibilization of BF in PLA. It has been shown that alkali treatment will destroy the
microstructure of BF but will remove small molecules to increase the crystallinity of cellulose and will make
BF fibrosis provide more active sites on the BF surface for the good binding of silane coupling agents. The
addition of a silane coupling agent has better BF compatible with the PLA’ interface.

With the development of cellulose utilization and modification technology, people gradually shift their
attention from the original cellulose raw materials to modified cellulose and nanocellulose. Cellulose and its
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derivatives can be used as reinforcing agents to enhance the strength or other mechanical properties of resin
matrix materials in some special applications. Especially for rubber tires and other fields, in the context of
energy saving, environmental protection, and sustainable development, replacing the original carbon black
and silicon dioxide such as high pollution, high energy consumption, high density, and non-degradable fillers
have great application potential. Cellulose is the most abundant natural polymer in the world and has the
characteristics of green and sustainable regeneration, so it has a unique advantage in the replacement of
reinforcing fillers.

Common cellulose-based reinforcing materials include cellulose nanocrystals (CNC), cellulose
nanofibers (CNF), and cellulose derivatives (such as EC, AC, etc.). CNC is a good reinforcing material, but
because of its high specific surface area, it is easy to aggregate and difficult to disperse well in the rubber
matrix. CNF is a hydrophilic material, and there is an interface barrier between it and hydrophobic rubber,
which is not conducive to the combination of CNF and hydrophobic rubber.

The common reinforcement method is to compound with the matrix resin. There are many kinds of
composite methods, which are generally divided into direct blending methods and in-situ polymerization
methods. In-situ polymerization can be divided into nanoparticle in situ polymerization and polymer matrix
in situ polymerization.

5.1.1 Direct Blending Method

If direct blending is used, it is necessary to solve the problem of interface compatibility. Generally,
CNC or CNF surface modification is required to ensure good compatibility. According to compatibility
problems, different scholars have adopted different methods to solve them. Magana et al. [165] solved the
composite problem of polyphenylene and cellulose nanocrystals (CNC) employing plasma surface treatment.
Through the rheological study, it is found that the storage modulus of the composite is improved by
adding the surface-modified CNC, which has better performance than the unmodified CNC composite. In
terms of compatibility, Zhu et al. [166] introduced active sulfthydryl groups on the surface of CNF while
retaining surface hydroxyl groups, thus forming a permeation network in the composite material. They
blended dispersed modified CNF and NR in the form of latex and then evaporated by casting to obtain
nanocomposites. Sun et al. [167] proposed a nonsolvent-induced phase separation method to coat cellulose
nanocrystals (GLCNCs) with 3-Glycidyloxypropyltrimethoxysilane to solve the interface compatibility
problem between fillers and thermoplastic polyurethane (TPU). The tensile strain and toughness of the
composite films are enhanced due to the enhanced interfacial interaction between the matrix resin and the
filler. Among them, the photochemically induced mercaptan reaction between the double bond of NR and
the sulfur group forms a covalent crosslinking, which helps to improve the modulus and toughness of the
material. Pajares et al. [168] combined cellulose derivatives (such as CA, EC, MCC, etc.) as reinforcing agents
with high-performance styrene block copolymers to improve structure and surface properties. The effects
of different blend compounds and blend proportions on mechanical properties, thermal properties, and
biological toxicity of the materials were investigated.

5.1.2 In-Situ Polymerization of Nanoparticles

The so-called in-situ polymerization of nanoparticles means that the nano-filler is dissolved first, and
then the imbalance of dissolution balance is used to precipitate the nanoparticles in the polymer matrix as
growth to achieve composite. Yuan et al. [169] proposed a bottom-up self-assembly method, which broke
the dissolution equilibrium by mixing cellulose solution with natural rubber (NR) latex so that cellulose
crystals could be regenerated locally in the NR matrix. By regenerating cellulose in the NR matrix, the
rubber can form a rigid RRC-RRC network, which significantly enhances the tensile modulus of rubber. Li
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etal. [170] chose ionic liquid (IL) to dissolve cellulose and then mixed it with other components such as dry
rubber and silica. Based on the interaction force between IL and silica, the dissolution balance of cellulose
/IL was disturbed, to realize the regeneration of cellulose crystals in the rubber matrix. The structure of
the regenerated cellulose is rod-like, which has a strengthening effect on rubber. This process is green and
environmentally friendly, and it is a new process design idea for the rubber strengthening field.

5.1.3 In-Situ Polymerization of Polymer Matrix

In-situ polymerization of polymer matrix refers to the polymerization and growth of monomer
molecules on the surface of nano-filler to achieve composite. Mahadi [171] prepared the polytrimethylene
ether glycol-based thermoplastic polyurethane (TPU)/cellulose nanocrystal (CNC) composite by in-situ
polymerization. The composite has good self-healing performance, and the addition of CNC greatly
improves the physical and mechanical properties of TPU/CNC composite. In the presence of CNC,
Miao [172] used ring-opening in-situ polymerization to open-ring L-lactide grafted on CNC to form CNC-
PLLA nanomaterials, and PLLA homopolymer was also obtained. According to the study, the presence of
PLLA homopolymer can not only prevent the aggregation of CNC-PLLA but also help CNC-PLLA to be
compatible with other polymers as a compatibilizer. This nanomaterial can be used in medical or other
engineering applications. Rosa [173] used CNC as an initiator and grafted e-caprolactone (CL) onto the
surface of CNC through in-situ ring-opening polymerization, thereby preparing polycaprolactone grafted
cellulose nanocrystalline copolymer (PCL-g-CNC). Through mathematical modeling and calculation, they
concluded that part of the hydroxyl group on the CNC surface served as an initiator to promote the in-situ
polymerization and growth of PCL on the CNC surface.

In a word, by adding cellulose-based reinforcement agents to the matrix resin, it can not only realize
reinforcement, but also help to promote energy conservation and environmental protection and develop
sustainable regeneration economy.

However, in the field of reinforcement, compared with other materials, cellulose materials also have
certain limitations. Gitari et al. [174] compared the study of nanocellulose (CNF) and bacterial nanocellulose
(BNC) in enhancing the mechanical properties of polylactic acid (PLA) films. Both CNF/PLA and BNC/PLA
nanocomposite films exhibited higher tensile strength and Young’s modulus than pure PLA without sacri-
ficing their toughness. However, it was found that the tensile strength of CNF/PLA (36.7 MPa (CNF = 0.5
wt.%) and 44.2 MPa (CNF = 1.0 wt.%)) was lower than that of BNC/PLA (49.9 MPa (BNC = 0.5 wt.%) and
48.7 MPa (BNC = 1.0 wt.%)). Therefore, the mechanical properties of BNC/PLA are superior to those of
CNF/PLA nanocomposites. Similarly, Delgado et al. [175] studied the effects of rice husk cellulose nanofibers
(RHCNF) and bacterial nanocellulose (BNC) on the mechanical properties of yeast biomass membranes at
pH 6 and 11. Through experimental tests, they found that the addition of nanofibers to the yeast matrix can
improve the tensile strength, but BNC can improve the mechanical properties of the yeast membrane more
than RHCNE However, only BNC (5 wt.%) simultaneously increased the Young’s modulus (36 MPa), tensile
strength (3.1 MPa), elongation at break (44 MPa), and tensile toughness (1 MPa) of the yeast matrix. But in
terms of packaging, the cost-benefit relationship should be considered, because the production cost is higher
than RHNCF BNC.

In addition, Kim et al. [176] compared cellulose materials (cellulose based flax) with animal protein
materials (protein-based wool). They added both to polypropylene for reinforcement modification and found
that flax had superior mechanical properties (the tensile modulus of flax fiber (46.9 GPa) was higher than that
of wool (4.8 GPa)), making flax composite have better tensile and bending properties than wool composite.
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In summary, although cellulose materials can strengthen polymers, cellulose materials may not be the
best reinforcer. Therefore, to obtain higher strength cellulose based materials, it is necessary to functionally
modify cellulose materials to achieve the desired purpose.

5.2 Self-Healing Field

Self-healing materials are a class of polymer material that contain dynamic covalent bonds, including
linear and crosslinking dynamic covalent bond polymers. The characteristics of these materials are that
under the action of external stimuli (such as heat, light, force, pH, etc.), the dynamic covalent bonds inside
the materials can be reversible broken and formed, thus inducing the dynamic adjustment of the polymer
network structure. When the external stimulation is eliminated, the dynamic covalent bond can be restored
to the high stability of the general covalent polymer. Based on the dynamic crosslinking network, it can
realize multiple repairs of itself.

In the field, cellulose-based material has an important role. Since cellulose itself has many hydroxyl
groups, hydrogen bond networks can be formed. The hydrogen bond network itself is a reversible dynamic
physical crosslinking network, and the fracture and regeneration of hydrogen bonds can be realized by
controlling the temperature, which can make the material have good thermoplastic processing performance.
Therefore, based on the above principle, Utrera-Barrios et al. [177] prepared bio-based self-healing elastomers
by blending cellulose propionate (CP) with epoxidized natural rubber (ENR) and adding CNF as a reinforc-
ing agent. Due to the synergistic interaction between the mobility of the molecular chains and hydrogen bond
formation, the elastic body has a good self-healing ability (healing efficiency is 75%). Shen et al. [178] used
amino cellulose (AC), pimelic acid-modified epoxy soybean oil (ESOPA), natural rubber, and liquid metal
(LM) as raw materials to prepare a crosslinking metal-polymer composite elastomer with multiple hydrogen
bonds. With the active groups of AC and ESOPA, the elastomer can not only improve its self-healing ability
(97.28%) by constructing a poly hydrogen bond network but also enhance its mechanical strength (1.51 MPa)
and tensile properties (515.3%). In addition, the composite elastomer also has stable photothermal conversion
performance, which has potential application value in the field of energy.

Although cellulose has a strong hydrogen bond network, strong hydrogen bond interaction will affect
the temperature of thermoplastic processing, resulting in material processing difficulties. Therefore, it is
necessary to adjust the original hydrogen bond network to improve the machining performance of composite
materials. Fan [179] added new dynamic covalent bonds to the original hydrogen bond network to adjust the
processing and self-healing properties of materials. They developed a self-healing supramolecular composite
based on polyurethane elastomer and cellulose nanocrystals, and the synthesis process is shown in Fig. 13.
Due to the rich hydroxyl group on the surface of CNC, the material will form a hydrogen bond with PU
to form a dynamic physical crosslinking network, coupled with the oxime-carbamate bond, which gives
the composite material a good self-healing ability. The experimental results show that the material has
good tensile strength and toughness, and its mechanical properties can remain unchanged even after three
repeated machining.

Su et al. [131] first oxidized cellulose into dialdehyde cellulose (AC) and then carried out a Schiff base
reaction to establish a dynamic covalent bond network, thus replacing the original hydrogen bond network
of cellulose. By changing the interaction between the molecules of the cellulose chain, the Tg temperature of
the original cellulose plastic was reduced, and the cellulosic plastic was endowed with good recyclable and
processable properties. Moreover, it has been found that the plastic modified by Schift base also exhibits good
water resistance, chemical resistance, and high-temperature resistance. These properties offer a promising
and effective approach for the development of high-performance cellulose plastics.
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Figure 13: Synthesis route of DOU PU and DOU PU CNC. Adapted with permission from Reference [179],
Copyright © 2023 Elsevier

5.3 Radiative Cooling

Nowadays, the excessive consumption of fossil energy such as oil and gas has led to environmental pol-
lution, global warming, and other crises. To cope with the energy crisis and global environmental challenges,
radiative cooling, with its zero-energy consumption and green environmental protection characteristics,
helps to alleviate the greenhouse effect and solve energy problems. This passive radiative cooling (PRC)
reduces the temperature of the object below the ambient temperature by its highly transparent characteristics
in the atmospheric window band of 8-13 pm, which effectively suppresses the solar absorption and realizes
radiative heat exchange in the atmospheric window band of high emission (that is, strong infrared absorp-
tion). Due to the large number of C-C and C-O structures, the strong molecular vibration of cellulose-based
radiative cooling materials endows cellulose with high infrared emissivity in the atmospheric window. At
the same time, cellulose has a multi-level macro and microstructure, which can carry out multiple scattering
of sunlight [180], so it has potential application in the field of radiative cooling. Moreover, as research on
cellulose becomes more and more mature, it has been increasingly recognized that nanocellulose materials
play an important role in radiative cooling. CNC and CNF provide new design ideas for the preparation of
sustainable radiative cooling materials by their unique structure and surface modification characteristics.

In general, cellulose-based radiative cooling materials can be divided into two categories, namely, multi-
pore radiative cooling materials with white pores, and the other is a new type of radiative cooling materials
with reflection ability or color.

5.3.1 Porous Radiative Cooling Material

For porous radiative cooling materials, the design of microscopic holes (micro and nano size) can scatter
sunlight, to improve the performance of radiative cooling. In addition, the radiative cooling performance of
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cellulose-based composites can be improved by adding optical nanoparticles, such as TiO, [181], SiO, [182],
and other nanoparticles. In addition, the addition of nanoparticles not only enhances the optical properties
of the cellulose film but also endows the film with high mechanical strength. Yang et al. [183] used wood
powder as raw material to obtain acetylated lignocellulose through lignin removal, bleaching, and acetylation
modification. Then the obtained material was mixed with silica microspheres and a double-layer composite
structure of radiative cooling film with silica as the bottom layer was obtained by evaporative deposition
technology. Through the experimental characterization, it is found that the composite film not only has a
high infrared emissivity in the range of 8-13 um (98.7%) but also shows a high reflectivity in the visible light
band (98.44%). When the content of silica microspheres is 30%, the cooling performance of the composite
film is the best, and the cooling coefficient can reach 9. At the same time, the cooling effect of 6 degrees can
be achieved in the outdoor radiative cooling test.

In general, the preparation methods of porous radiative cooling materials are usually divided into two
categories: one is to directly modify the cellulose paper by physical or chemical methods, to obtain films with
high scattering ability. Tian et al. [184] developed a new cellulose-based radiative cooling material, which
sprayed ethanol polytetrafluoroethylene (PTFE) particulate suspension on cellulose paper by air spraying
method. Some of the PTFE particles are embedded in the micropores of the cellulose fibers, thus forming a
double-layer structure. The addition of PTFE makes the cellulose paper have good hydrophobicity and self-
cleaning and can also enhance its solar reflectivity through sunlight backscattering. Through the radiative
cooling performance test, it is found that the cooling performance of the composite material can reach 5°C
when the solar irradiance is 834 W/m?. In the case of solar intensity of 671 W/m?, its radiative cooling power
can reach 10* W/m?.

The other is to use the phase transition method to prepare the structure of ordered, porous white
cellulose-based radiative cooling materials. Cai et al. [185] prepared cellulose composite film (CCF) with
a well-defined, hierarchical micro/nanostructure by rational solvent-induced phase separation technology.
On this basis, TiO,@PT dual-function modifier was prepared by ball milling technology. When combined
with CCEF, the optical, mechanical, and UV resistance properties of the film can be improved and enhanced.
In addition, due to the micro/nanostructure of the film itself, the CCF not only has an ultra-high solar
reflectance (97.6%) but also increases Young’s modulus (13 times) and tensile strength (4.4 times). And
the most important thing is that the reflectivity of CCF remains unchanged under continuous 720 h
UV irradiation.

5.3.2 Color/Transreflective Radiative Cooling Materials

In traditional PRC devices, to improve the reflectance of sunlight as much as possible, people will
prepare the device into a white or porous structure, and the heat exchange window is mostly concentrated
in the far-infrared window (8-13 um). Therefore, the color adjustment of most devices has great limitations,
and the direct addition of traditional dyes will produce necessary visible light absorption and near-infrared
absorption [186]. So, people began to attention to the color radiative cooling (ColPRC) field and strive to
resolve how to implement color at the same time as effective radiative cooling. People found ColPRC systems
with structural color wavelength selective reflection/transmission to avoid this problem while maintaining
low solar absorption. Shanker et al. [187] mixed CNC and glucose (GLU) into a suspension in proportion
and built a photonic crystal composite film with a spiral periodic structure through evaporation-induced
self-assembly. The composite film can not only realize the selective structural color reflection of the photonic
crystal structure but also transmit other parts of the solar spectrum. By combining the composite film with a
silicon substrate, the temperature can be reduced to 9°C under solar irradiation. In contrast, Zhu et al. [186]
applied CNC suspension onto porous ethyl cellulose (EC) with high scattering. The composite structure can
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not only scatter all sunlight passing through the CNC layer through the underlying porous EC layer but also
realize broadband solar reflection and structural color display with the help of the structural reflection of the
CNC layer. Its structure design is shown in Fig. 14. Moreover, Zhu et al. also achieved mass production of the
color radiative cooling film through a roll-to-roll process, making an important contribution to promoting
the application of color radiative cooling. He et al. [188] used carbon dioxide-based waterborne polyurethane
(WPU) and cellulose nanocrystals (CNC) as raw materials and obtained photonic crystal composite films
by self-assembly induced by evaporation after mixing. Based on the original, the multistage photonic
crystal structure film is constructed by pouring different proportions of mixed solution for evaporation
self-assembly. The experimental results show that, compared with the single photonic crystal structure, the
reflection ability of the multistage photonic crystal structure is improved in the visible light range, and its
reflection curve can cover the whole visible light band. The composite film can achieve a maximum cooling
temperature difference of 6°C in the outdoor radiative cooling test.
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Figure 14: (a) Schematic diagram of radiative energy transport in cholesteric CNC films and scanning electron
microscope (SEM) images of the corresponding sections. (b) Schematic diagram of the radiative energy transport of the
CNC-EC bilayer composite membrane, and SEM cross section of the porous EC substrate. Adapted with permission
from Reference [186], Copyright © 2022 John Wiley & Sons

To better distinguish and highlight the characteristics of reflective and transmission radiative cooling
devices, Gamage et al. [189] prepared a reflective radiative cooler and a transparent radiative cooler by
electrospinning and casting manufacturing technology. They control the microstructure to achieve high
reflectance (>90%, porous structure) structure transition to a highly transparent structure (+90%, uniform
structure). Through experimental testing it was found that both cellulosic materials showed high thermal
emissivity and minimal solar energy absorption. Reflective and transparent cellulosic coolers could passively
reduce sample temperatures by up to 15°C and 5°C, respectively. They suggest that transparent cellulosic
devices can be used as coating materials for photovoltaic and solar harvesting devices to reduce heat-induced
performance degradation, while reflective cellulosic devices are expected to be used as coatings for cooling
other potential objects, such as cooling water harvesting systems in building spaces.

In summary, cellulose-based radiative cooling materials have great application potential in the
field of radiative cooling due to their own infrared vibration groups (C-C and C-O) and multi-level
micro/nanostructures.

5.4 Nanogenerator

Nanogenerators are devices capable of collecting and converting tiny amounts of mechanical energy
into electrical energy. Such devices are usually implemented based on two effects, namely piezoelectric
and triboelectric effects. Therefore, according to these two benefits, the corresponding nanogenerators can
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be prepared, which are piezoelectric nanogenerators (PENG) and triboelectric nanogenerators (TENG),
respectively.

5.4.1 Piezoelectric Nanogenerator (PENG)

The piezoelectric effect refers to the phenomenon that the material will produce charge separation
under the action of mechanical stress, and this charge separation will cause the generation of voltage and
current. Generally, PENG is mainly composed of materials with piezoelectric properties. The process works
as follows: when these materials are subjected to mechanical deformation, such as squeezing, stretching, or
bending, the dipole moments inside them change, causing the charge density to be redistributed. Electrons
are transferred through the external circuit to re-balance the charge, generate current output, and realize
the conversion of external force into electric energy for harvesting [190]. Therefore, it is commonly used to
collect small mechanical energy in the environment such as footsteps, vibration, or sound, and convert it
into electrical energy.

In general, since regenerated cellulose belongs to type II cellulose, its monoclinic and triclinic eutectic
structures have no symmetry center. Moreover, due to the high polarity of the hydroxyl group, all kinds of
cellulose crystals have asymmetric dipoles, which leads to the necessary structural conditions of cellulose
crystals as piezoelectric materials [191]. In the (110), and (200),, planes, cellulose molecular chains form
two co-existing hydrogen bond networks [192] due to interchain hydrogen bonding. Cellulose exhibits its
piezoelectric activity by conferring a net dipole moment to the nonpolar central hydrogen bond. However,
the piezoelectric effect of cellulosic materials is very low. It is reported that the longitudinal piezoelectric
coeflicient ds; (one of the three piezoelectric constants, the others include the transverse piezoelectric
constant ds; and the shear piezoelectric constant dy4) of the cellulose material is much lower than that of
the commercially available piezoelectric material. Therefore, it is necessary to improve the piezoelectric
properties of cellulose. In general, the PENG piezoelectric effect can be improved by polarization, adding
directional dipoles, and adding high-voltage packing. Choi et al. [193] added barium titanate (BaTiOs)
nanoparticles to cellulose films. Through the XRD characterization test, it was found that the cellulose matrix
was coated with piezoelectric BaTiO;. The experimental results show that with the increase of the content of
the high voltage filler, the dielectric constant of the composite film will increase, and the loss tangent value
will decrease. The results show that the maximum piezoelectric output voltage of the film is ~2.86 V, the
current is ~262.4 nA, and the electric power is ~378.2 nW when the filler content is 40%.

In addition to generating voltage by changing the polarization of cellulose materials under the action of
mechanical forces, it is also possible to generate charge through the internal spontaneous polarization change
of materials under the change of time and temperature through the pyroelectric effect [194,195]. Li et al. [196]
first used concentrated NaOH to extract CNF and then used Tempo for oxidation to enhance the negative
charge density of their CNEF, to enhance the thermoelectric conversion ability of their materials. Then, a
NaOH-based polymer electrolyte was used to penetrate the cellulose membrane to obtain the ionic conductor
material. Thanks to the effective insertion of sodium ions into the charged molecular chains of the Type II
cellulose film, the material exhibits excellent thermoelectric properties (24 mV k™! thermal gradient ratio).
Maity et al. [197] prepared a pyro-piezoelectric nanogenerator (Py-PNG) based on CNC material for mixed
energy (mechanical energy and thermal energy) recovery by 3D printing. The nanogenerator has excellent
mechanical energy and thermal energy harvesting ability, and it can be prepared as a sensor and applied to
the medical field, such as skin sensing and cardiopulmonary detection, which can show high sensitivity. It
is worth noting that the sensor assembled by the generator can be equipped without any battery or external
power supply. Liao et al. [198] innovatively combined radiative cooling with pyroelectric materials. First, they
design two kinds of materials based on cellulose. (1) Heater: a heater material used for solar heating (ITO
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is deposited on black cellulose film by magnetron sputtering (ITO/BC)). (2) Cooler: a cooler material for
radiative cooling (a porous cellulose acetate film prepared by electrospinning (IME Technologies EC-CLI)).
These two materials have opposite optical properties in the solar and mid-infrared (MIR) thermal spectrum
and will produce a huge temperature difference under the irradiation of sunlight, providing a temperature
difference environment for pyroelectric materials. The Heater and Cooler are used as two poles (the two
materials are connected to the gold electrode), and an ionic thermoelectric gel-like IL-HEC electrolyte is
added between the two poles to form a closed pyroelectric device, as shown in Fig. 15.
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Figure 15: (a) Schematic diagram of the lateral thermoelectric device. (b) Schematic diagram of outdoor device.
Adapted with permission from Reference [198], Copyright © 2023 John Wiley & Sons

5.4.2 Triboelectric Nanogenerator (TENG)

The mechanism of TENG is implemented based on the coupling of triboelectrification and electrostatic
coupling effects. TENG is mainly composed of two materials with different dielectric constants. When these
two materials come into contact under mechanical force, electrons are transferred from one layer to the
other through the contact charge effect. One material will lose electrons and become positively charged, and
the other material will gain electrons and become negatively charged, resulting in positively and negatively
charged surfaces with equivalent heterogeneous charges. When the two materials are separated, a strong
electrostatic field is generated between the two materials with dissimilar charges, which drives the flow of
electrons to regain potential balance, thus generating tribological energy [199]. This type of generator can
collect mechanical energy from the environment, such as wind, water flow, and human motion, and convert
it into electrical energy.

Since cellulose contains three hydroxyl groups per repeat unit, these hydroxyl groups can cause the
formation of hydrogen bond networks inside the cellulose molecules, leading to the formation of a highly
ordered crystalline structure of cellulose. At the same time, the lone electron group of the oxygen atom on the
hydroxyl group has the electron-giving effect and the tendency to lose electrons, which is the prerequisite for
the frictional electrogeneration of cellulose materials [191]. In the case of cellulose-based TENG, the positive
electrode material generally contains oxygen-rich or amino-rich groups. Therefore, cellulosic materials have
potential application value in the positive electrode materials of TENG.

Generally, cellulose-based TENG materials can be divided into four categories, namely “A-B” type,
rough machining enhanced type, filler enhanced type, and chemical modification type.
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A-B” Type

The so-called A-B type requires only cellulose and another material, one serving as A positive electrode
and the other as a negative electrode. Parandeh [200] used polycaprolactone (PCL)/graphene oxide (GO) as
the negative electrode material and cellulose paper as the positive electrode material. They found that thanks
to the graphene oxide fiber layer structure and oxygen-containing functional groups forming nanopores
on the PCL and promoting the accumulation of negative charges, the triboelectric nanogenerator has good
power generation performance (open circuit voltage of 120 V at 4% GO content, current density of 2.5 mA/m?,
maximum power density of 72.5 mW/m?). To solve the problem of non-degradability and environmental
pollution of traditional TENG, Park [201] designed A new type of degradable A-B bilayer TENG based on
hydroxyethyl cellulose (HEC) and gelatin. Due to the large difference in relative permittivity between HEC
and gelatin, this difference induces interfacial polarization, effectively inhibiting charge recombination and
thus enhancing the triboelectric properties. The open circuit voltage of the optimized TENG can reach 93 V
and the maximum power density can reach 57.8 uW/cm?.

“Rough Processing Enhancement” Type

Since the cellulose film is relatively smooth and not very friendly to friction generation, it is necessary
to roughen its surface to improve its friction properties. The general methods to improve the roughness
include etching, plasma treatment, template back printing, 3D printing, electrospinning, freeze drying, etc.,
to achieve the performance of TENG by improving its contact area. Mule et al. [202] designed a flexible
wearable TENG. They used microfiber mesh cotton fabric as the support skeleton by in-situ polymerization
method and then deposited it to form a polypyrrole-coated cotton fabric (PPy@CT). Through the adoption
of PPy @ CT as an electrode to build the flexible PENG. In addition, they further performed soft print
lithography on PPy@CT, adding a layer of polydimethylsiloxane with microstructure (like abrasive with
auxiliary friction) on the top of PPy@CT to build a high-performance single-electrode TENG(PPy-WSEM-
TENG). Human skin as a positive friction layer, while PPy-WSEM-TENG as a negative friction layer, through
repeated contact separation, can effectively convert mechanical energy into electrical energy. Seol [203]
designed a fully printed triboelectric nanogenerator (AP-TENG) by combining 3D printing and 2D printing
technology. The shell structure is formed by 3D printing on the structural frame so that the contact layer can
effectively contact friction in motion. In the aspect of the contact layer, the 2D inkjet technology is used to
form a nano-scale printed contact layer on the nano-cellulose paper, to ensure a high output power.

“Filler Enhanced” Type

By adding functional fillers to the cellulose film, the output performance of cellulose-based TENG is
thus improved. For example, adding electron transfer filler to improve the electron transfer and electron
supply capacity of the film; Alternatively, dielectric, or ferroelectric materials can be added to improve
the output efficiency of TENG by improving the electron trapping ability of the film. He et al. [204] took
cellulose microfiber (CMF) as the skeleton and constructed an ideal nanopore-micropore two-dimensional
structure through CNF on both sides of the skeleton to form CMF/CNF paper. CMF/CNF was used as a
template and silver was deposited on both sides to obtain a typical nanostructure composed of Ag nanofibers,
and a self-powered cellulose fiber triboelectric nanogenerator (cf-TENG) was constructed. Due to the ideal
porous nanostructure and unique power generation characteristics of the cf-TENG, the cf-TENG can remove
PM2.5 and monitor respiratory status with 98.83% efficiency without a power supply. Shi et al. [205] chose
porous cellulose and polydimethylsiloxane to assemble TENG. To improve its output power, Shi et al.
added nanoparticles (such as BaTiOs, Ag) to perform dielectric regulation on the material, thus improving
the surface charge density and electron trapping ability of the material and realizing the improvement



] Renew Mater. 2025 39

of the dielectric constant. As a result, the output power of the TENG is enhanced (output voltage up to
88 V, current up to 8.3 pA, output power of 141 uW). The TENG can act as a sensor to achieve remote
mechanical monitoring and transmit relevant signals. In addition, their research also found that the material
has great potential in the synthesis of supercapacitors. TENG can act as an efficient power source for the
electro-polymerization of polyaniline on CNT electrodes.

“Chemical Modification” Type

Although the output capacity of cellulose films can be improved by physically mixing fillers, the
inevitable problem in blending is the compatibility of fillers and substrates. Therefore, based on the hydroxyl
group on the surface of cellulose material or the carboxyl group on the surface of TOCN, the group that
promotes electron transfer is connected to the surface of cellulose material through chemical modification,
which can improve the surface polarity, electron giving ability and surface roughness of the material. It is also
possible to improve the performance of TENG by changing the electronic orientation of cellulose to improve
the triboelectric properties. Zhu et al. [206] adopt dopamine (PDA) to modify cellulose. Polydopamine
nanoparticles were prepared by oxidative self-polymerization and then attached to CNFE. The introduction of
amino and membrane surface microstructure of synergy can effectively improve the output performance of
TENG. Through experimental testing, the optimized TENG can achieve the best output performance under
the condition of 205 V voltage, 20 puA current, and 48.75 uW-cm™ power density. The treatment method of
Yao et al. [207] was cationic modified the cellulose on the surface by impregnating the wood in 3-Chloro-2-
hydroxypropyltrimethyl ammonium chloride (CHPTAC) solution, to achieve twice the increase of surface
potential. The experimental results show that the modified TENG can produce a peak current of 9.74 pA, a
voltage of 335 V, and a transfer charge density of 71.45 uC/m?’.

5.5 Biomedical Application

Cellulose-based materials can also play an important role in biomedical applications. At present, natural
polymer materials such as cellulose are made into biomedical polymer materials because their characteristics
meet the specific needs of the organism and are similar to the extracellular matrix of the human body [208].
In addition, cellulose has attracted much attention in the field of biomedicine due to its hydrophilic and
structurally stable properties. Cellulose derivatives, due to the good biocompatibility of fiber materials, better
solubility, and functional abilities, widen the cellulose materials in the field of biomedical applications.

5.5.1 Wound Dressing

Wound dressings are materials that are coated on the surface of wounds, which protect the wound,
block bacterial infection, and promote wound healing. General wound dressings are required to have good
air permeability, moisture absorption, antibacterial and biocompatibility, and low adhesion to the wound
to avoid secondary trauma [209]. Therefore, cellulosic materials need to be processed and compounded to
achieve the functional requirements.

The most common method is blending, where cellulose is mixed with other functional materials.
Mayer [210] prepared bio-based films by blending dialdehyde cellulose with corn protein and gelatin. It was
proved that the composite film has good bacteriostatic ability (against Gram-positive and Gram-negative
bacteria) and no cytotoxicity and can be used in wound dressing. Pitpisutkul [211] added carboxymethyl
starch (CMS) and zinc oxide nanoparticles (ZnO-NPs) to hydroxypropyl methylcellulose (HPMC) films
to prepare nanocomposite films. The composite film has good resistance to Gram-positive and Gram-
negative bacteria and has great potential in wound dressing. Dang [212] first grafted 1H-Indole-3-acetic acid
(IAA) into MCC through chemical modification to prepare a soluble cellulose-based nonionic biopolymers
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(CIs) and then blended it with polycaprolactone (PCL) to obtain PCL-CI membrane. The composite film
has good antibacterial and bactericidal effects against Gram-positive bacteria (Staphylococcus aureus) and
Gram-negative bacteria (Escherichia coli) and has a promising application in wound dressing.

In addition to the blending method, multi-layer assembly is also an effective means of realization.
Guo [213] first prepared Bai@TA nanoparticles by solvent exchange method. Then the microgel was prepared
by blending sodium carboxymethyl cellulose (CMC) with hydroxypropyl trimethyl ammonium chloride
chitosan (HACC). Through layered assembly technology, the gel and nanoparticles are alternately deposited
into a film in a medical bandage to prepare an antibacterial dressing. The dressing can have a good
antibacterial effect against Staphylococcus aureus, Escherichia coli, and Methicillin-resistant Staphylococcus
aureus (MRSA), helping to reduce inflammation and accelerate wound healing.

In addition to traditional wound dressings, intelligent wound dressings have also emerged to meet the
needs of people for different occasions. By controlling the conditions of the external environment, the timed
and quantitative release of the drug can be achieved. Baptista [214] first functionalized fiber cloth and electro-
spun cellulose acetate fiber membrane by polypyrrole (Ppy), then impregnated fiber cloth in ibuprofen
and added IBU solution to CA fiber membrane to obtain Ppy/ ibuprofen /Ppy membrane. Electronically
controlled drug release films can be prepared by combining the composite films with Ag electrodes. The
film can be used as a wound dressing to maintain ibuprofen non-release at a voltage of 1.5 V, while rapidly
releasing the drug at —0.5 V. Xu et al. [215] prepared a smart dressing to solve the problem of diabetic
wound healing. The dressing is composed of a cellulose covering layer and an antibacterial hydrophobic
polycaprolactone layer, which can unidirectionally and irreversibly drain the exudate from the wound.
Moreover, the dressing can detect the degree of wound healing through the color response to PH, which has
important application value.

So, what are the unique advantages of cellulose-based wound dressings over non-cellulose-based
ones? As cellulose nanocrystals (CNC) serve as a specialized functional filler, they demonstrate distinctive
hemostatic and reparative capabilities in wound management. This study conducts a comparative analysis
between CNC-based dressings and other dressing types to highlight the exceptional merits of cellulose-based
systems. Poonguzhali et al. [216] incorporated CNC into a chitosan/polyvinylpyrrolidone (CS/PVP) matrix.
Experimental results revealed that the CS/PVP biocomposite film containing 3% CNC achieved superior
wound closure efficiency compared to the control group (povidone-iodine ointment). Notably, the CNC-
modified dressing achieved near-complete wound healing within 21 days, whereas the control group and
pure CS/PVP membranes displayed inferior healing performance.

Regarding biological functionality, Cheng et al. [217] conducted in vivo hemostatic evaluations com-
paring commercial gauze, pure alginate dressing, and TOCNC-containing composite dressings. Compared
with gauze and alginate dressings, the amount of bleeding and hemostasis time of the composite for liver
and ear injuries were lower. In addition, when the content of TOCNC reaches 30%, its composite gauze has
the best effect. Furthermore, they found that the composite containing TOCNC was fully absorbed after
21 days and stimulated the growth of new tissue. These findings collectively demonstrate that CNC-based
wound dressings possess distinctive therapeutic advantages over pure polymeric systems and commercial
dressings, particularly in accelerating wound healing through enhanced hemostasis, biodegradability, and
tissue regeneration capabilities.

Although CNC materials have a good application in wound dressing, it has been found that when CNC
is applied in vivo and in vitro models, it may also cause inflammatory reactions. This may be due to the high
aspect ratio, insolubility, and biological persistence of CNC [218]. Therefore, the safety of this nanomaterial
must be examined and evaluated before clinical studies are conducted.
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5.5.2 Drug Delivery and Release

The so-called drug delivery refers to the safe and accurate delivery of drugs to the target area while
achieving the purpose of treatment and reducing the impact of side effects and biological toxicity. Through
the modification and compounding of cellulose materials, it can not only improve the drug loading capacity
of cellulose materials but also control the time of drug release, to accurately deliver the drug to the disease.

Shaikh et al. [219] added CNC to the PVA/guar-gum-based phase separation composite film, and the
addition of CNC improved the mechanical properties of the composite film. The composite film can carry
moxifloxacin, and the drug can be released by changing the content of CNC in the phase separation film.
To solve the problem of oral mucosal drug delivery, Site [220] designed a multilayer nanofiber-foam-to-film
(NFF) drug delivery system. The fiber layer is composed of bonded chitosan-based nanofibers, the foam layer
is a peptide-loaded hydroxypropyl methylcellulose foam, and the film layer is composed of ethyl cellulose.
Experimental results show that the NFF system has good adhesion properties, can improve depressing
release, and has important application potential in drug delivery. Narh et al. [221] synthesized cellulose
bags from inulin and fructose, which can be used for drug delivery and storage. It also has good resistance
to Gram-positive and Gram-negative bacteria. Carmona [222] prepared porous phase separation ethyl
cellulose/hydroxypropyl cellulose (EC/HPC) film by continuous spin coating method. They also analyzed
the relationship between different mixing behaviors and the structural evolution of the multilayer through
Cahn-Hilliard simulations. The porous multilayer composite film can be used in the field of drug delivery.

5.5.3 Human Health Detector

A human health detector is a wearable, implantable, and flexible electronic device that can be used
to detect human physio-physical and physio-chemical information. Cellulose base material due to its good
biocompatibility, low cost, portability, and other characteristics, is a functional carrier, and tests are widely
applied to human body health.

5.5.4 Human Motion Detection

In terms of human motion, sensors made of cellulose composite materials can monitor human motion
conditions in real-time, such as heartbeat and pulse, and collect human activity information like electronic
skin to monitor human health in real time. The most common approach is to combine cellulosic materials
with carbon nanotubes or conductive silver materials, which can make the material conductive and thus
produce a sensor. Xu et al. [223] designed a 3D printable flexible composite based on modified cellulose
nanofibers/carbon nanotubes/silicone rubber (MCNF/CNT/SR). The surface of CNF was modified by silane
to improve its interface compatibility and mechanical properties of the composite film. Because CNT has
good thixotropic properties, it can be used to detect human motion. Lu et al. [224] prepared a series
of thermoplastic cellulose grafted copolymers with furfural groups by selecting cellulose, fatty acids, and
furfural as raw materials and using a metal-free ATRP system. Then, epoxidized soybean oil bearing 6-
maleimidohexanoic group (ESOM) was used as a crosslinking agent to react with the furfural group in
cellulose graft copolymer, and the elastomer with dynamic crosslinking was prepared. The elastomer could
be used as a wearable sensor after being combined with carbon nanotubes (CNT). Fan [179] chose AgNW
conductors as filler to be combined with the prepared CNC/PU composite material to prepare a healing
conductive composite material with an electrical conductivity of 0.79 + 0.02 S/m, which can be used as a
sensor to detect human movement.

In addition to the addition of common conductive fillers, the cellulose material can also be endowed
with conductive ability by functional modification to prepare a human body sensor. Han et al. [225] prepared
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polypyrrole (Ppy) to cover CNC and CNF materials through the oxidation of ferric chloride (FeCl;) and
used it as a conductive filler for the enhancement of polyvinyl alcohol. In addition, by virtue of the weak
hydrogen bond and coordination bond of the fillers, the PVA composite film can also self-heal. The film
has good mechanical recovery and conductive recovery properties, and the material is very sensitive to
small strain (<48.5%). Therefore, this film can be used to detect human motion and has great potential for
applications in skin sensing and body detection. Lu [226] used a polymerizable deep eutectic solvent for
photopolymerization to prepare cellulose derived ionic conductive elastomers (ICEs) with high electrical
conductivity and environmental stability. The carboxylate cellulose nanocrystals (C-CNC) can be used as
a template for in situ polymerization of aniline. Through hydrogen bonds and strong coordination bonds,
ICEs have high mechanical strength, toughness, and elasticity, which can be used to prepare multifunctional
strain, humidity, and temperature sensors to detect human physiological conditions.

5.5.5 Human Body Detection

In addition to human activity detection, cellulose-based sensors can also detect the physiological chem-
ical situation inside the human body. By detecting and collecting the concentration of specific biomarkers,
a relevant assessment of physical health can be made. Abdel Rahman et al. [227] prepared nano-functional
films by mixing cellulose acetate (CA) with ionic liquid glycerol (IL), polypyrrole, and tungsten oxide
nanoparticles. The functional film can sensitively detect H2S gas (minimum working temperature 20°C,
minimum gas concentration 1 ppm), and has a high response speed (31.7 s), which can be used to detect H2S
gas exhaled from the human mouth to understand human health. Jia et al. [228] used the hydroxyl group
on cellulose acetate (CA) to react with the indicator fluorescein isothiocyanate (FITC) and the reference
protoporphyrin IX (PpIX) to bind to CA, respectively, to obtain CA-FITC emitting green light and CA-
PpIX emitting red light. The double-emission solid fluorescent material can be obtained by mixing them in
different proportions. This material responses quickly in the ammonia concentration range of 5.0 ppm to
2.5 x 10* ppm and can be used for human health detection.

5.5.6 Human Body Surface Environment Detection

Cellulose-based bio detectors can also detect changes in the body’s surface environment, such as body
temperature, PH, and moisture. By understanding the real-time situation of the body’s surface, it can
determine whether the body is healthy or not. Kim et al. [229] prepared a PVA/CNC composite film, which
has a certain self-healing ability and is affected by CNC content, temperature, and PH value. By combining
the composite film with gold nanosheet (AuNS) and polyaniline/multiwalled nanotube (PANI/MWCNT)
electrodes, supercapacitors, and temperature sensors can be made, which play an important role in human
body temperature health detection. The device is shown in Fig. 16.

Wang et al. [230] prepared a transparent and flexible cellulose/KOH composite ionic film (CKF), which
has the characteristics of humidity sensing. They assembled the CKF into a skin moisture detector, which
can be used to detect the real-time moisture of human skin. Xu et al. [231] designed a pencil-paper-based
skin electronic device that can detect biophysical and chemical information about the human body. They can
detect human health information in real time by using a pencil to draw graphite patterns on cellulose paper
as conductive traces and electrodes. In addition, they have developed a self-powered skin transdermal drug
delivery system on a pencil-to-paper basis.
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Figure 16: (a) Photographs of the original PVA/CNC composite film with the self-healing process. (b) Supercapacitors
and temperature sensors are prepared by vacuum filtration transfer method. (c) Detailed structure of the self-healing
mechanism. Adapted with permission from Reference [229], Copyright © 2019 John Wiley & Sons

5.5.7 Biological Separation Membrane Field

Cellulose-based materials have important applications in the pharmaceutical field and human organ
replacement, such as kidney metabolism due to their green, natural, non-cytotoxic, and biocompatible
properties.

In the pharmaceutical field, due to the chiral characteristics of the synthesized drugs, the purity
of the target drugs is not high, which limits the application of drugs in medicine. In response to this
situation, Ke [232] first synthesized diethylamino-beta-cyclodextrin (EDA-B-CD) chiral monomer, and then
polymerized the monomer and trimesoyl chloride (TMC) on the surface of cellulose acetate membrane
by in situ interfacial polymerization to obtain CTFC membrane. Through experiments, they showed that
the compound can separate some chiral drugs (such as ibuprofen, ketoprofen, nefopam, etc.), so it has
important application value in the field of pharmaceutical separation. Luo [233] carried out physicochemical
modification of cellulose acetate by using B-cyclodextrin covalent organic framework (f-CD COF) as a chiral
selector. Thus, two types of B-CD COF films (f-CD COF mixed matrix membrane (f-CD COF MMM) and
B-CD COF thin film nanocomposite membrane (f-CD COF TFN)) were prepared. Moreover, p-CD COF
TFN showed better enantioselectivity than 3-CD COF MMM, and it had better enantiomeric separation
effect on D, L-tryptophan (e.e % = 100%), D, L-phenylalanine (e.e % = 36.3%), and (RS) -propranolol
(e.e % =18.0%).

In terms of human metabolism, for some patients with uremia or kidney damage, it is necessary to
eliminate the toxins in the body through hemodialysis. The qualified dialysis membrane needs to have good
biocompatibility and selective permeability. Faria et al. [234] proposed a new method for the synthesis of
separation membranes. They combined phase transformation and sol-gel technology to prepare cellulose
acetate/silica (CASiO,) membranes. The film has good blood compatibility and permeability characteristics,
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can be used in human kidney metabolism, can ensure urea preferential penetration and protein retention,
and has potential application value in organ replacement. Azhar et al. [235] modified the CA hemodialysis
membrane by adding polyvinyl alcohol (PVA) and polyethylene glycol (PEG) and prepared the CA-PVA
membrane by the phase transition method. Through experimental tests, it was found that the film could
reject the passage of 95% bovine serum albumin (BSA), separate 93% urea and 89% creatinine, and the blood
compatibility was better than the traditional CA membrane. Therefore, the film has better biocompatibility
and permeability than the traditional CA film.

5.5.8 Cell Culture Field

The extracellular matrix of cell culture is essential for cell attachment, differentiation, and growth.
Therefore, the carrier of cell culture needs to have good physical and chemical stability, good biocompatibility
(such as cells, tissues, or microorganisms), and not cause toxic reactions or immune reactions.

Cellulosic composites have been widely used in the field of cell culture because of their natural and non-
toxic characteristics and good biocompatibility. Pazzi et al. [236] proposed a technique using cellulose paper
(composed of nanocellulose) to facilitate the simplified and efficient assembly of giant unilamellar vesicles
(GUVs). The technology addresses barriers that hinder the delivery of GUVs drugs, synthetic cells, and
artificial tissue assembly vectors. Hua et al. [237] studied the behavior of monocyte/macrophage (MM) by
preparing nano-fibrotic fibers with different surface modifications (anionic (a-NFC), cationic (c-NFC) and
unmodified (u-NFC)). It was demonstrated that MM cells cultured on A-NFC (carboxymethylated) were
activated with a proinflammatory phenotype, whereas cells cultured on u-NFC showed mild activation. As
for c-NFC (hydroxypropyl trimethylammonium ylation), the material did not promote MM cell activation.
Therefore, NFC materials have great potential for application in the culture and control of MM cells.

6 Summary and Outlook

In this review, the structural properties and chemical properties of cellulosic materials are explored
in depth. Cellulose materials, due to their abundance of hydroxyl groups, with three unbound hydroxyl
groups on each glucose unit, contribute to an extensive network of hydrogen bonds. This hydrogen bond
network endows cellulose materials with superior structural rigidity and thermal stability. At the same time,
the hydroxyl group on the surface of cellulose has high reactivity, which lays a solid foundation for the
functionalization of cellulose.

Although the hydrogen bonding network of cellulose materials gives them unique physical and chemical
properties, this network also increases the complexity of cellulosic processing and application. Therefore,
this review summarizes the various solution systems developed by predecessors for the efficient utilization
of cellulose, including the alkali system of NaOH aqueous solution, DMAc/LiCl, NMMO, ionic liquid
(ILs), and DES system. Despite their use in industry, the alkaline and DMACc/LiCl systems have raised
concerns about their impact on the environment due to their toxicity and corrosiveness, which limits their
application prospects in sustainability. In contrast, the NMMO, ionic liquid, and DES system show good
future development potential in cellulose extraction and utilization due to their green and low toxicity
characteristics. Finding a suitable solvent system with high efficiency of cellulose extraction, low cost and
energy consumption, and green and recyclable cellulose industrialization is the direction that still needs
to continue to strive in the future. Moreover, the stability of the obtained cellulose products needs to be
solved continuously.

In order to broaden the application scope of cellulose materials, based on the activity of hydroxyl groups
on their surface, researchers have carried out a variety of modification treatments on cellulose materials



] Renew Mater. 2025 45

to obtain corresponding derivatives. This review summarizes the main directions of cellulose material
modification technology, including nanocellulose processing, molecule modification, and large molecule
modification. These functional modification technologies enable cellulose materials to be customized
for different application scenarios. Although these modification technologies have their advantages and
disadvantages, in the context of green chemistry in the future, it is still necessary to further explore and
solve the problems such as the cost of modification technology, the simplicity of the preparation method,
and the degradability of materials. In the future, the green functional modification and application of
cellulose will become the focus of research, and improving the green conversion efficiency of cellulose and its
derivatives will be the key to research. Through functional modification, the functionalization of cellulosic
materials (such as CNC, CNEF, etc.) to meet the needs of a variety of different application fields is the focus
of future research.

Cellulose material, with its renewable, biodegradable, environmentally friendly, and cost effective has
become an important research object in the field of green chemistry. They show unique advantages in
several application fields. This review lists a variety of application scenarios for cellulosic materials. In
addition to the traditional applications in the field of reinforcement materials, the application of cellulosic
materials in self-healing technology is also presented. Besides, we summarize and analyze the application
cases of cellulosic materials in emerging technologies such as radiative cooling, nanogenerators, and
biomedicine. The utilization of cellulose materials for high-value-added applications is a current and
prospective research hotspot.

With the technological development of cellulosic materials, it has promoted the development of various
fields in the direction of sustainable green chemistry. The versatility and customizability of cellulosic materi-
als, combined with their contribution to the bioeconomy, offer new possibilities for sustainable development.
Therefore, the research on the extraction and utilization, functional modification, and application of cellulose
materials is of strategic significance in achieving global sustainable development goals and providing new
possibilities for alleviating energy and environmental pressure.
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