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Advances in the chemical modification of nanocellulose for
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Abstract: As non-degradable traditional plastics contribute to environmental pollution, biodegradable polymers have been
identified as a promising alternative. However, inherent drawbacks such as low toughness, poor tensile strength, and reduced
thermal degradation temperatures limit the further development of biodegradable polymers. Nanocellulose has the potential to
enhance the properties of biodegradable polymers without compromising their biodegradability. However, the abundant
hydroxyl groups in nanocellulose’s molecular chains result in poor compatibility with hydrophobic polymers, requiring surface
modification prior to their combination. This review first introduces several common biodegradable polymers and three types
of nanocellulose, followed by a comprehensive analysis of the recent advancements in the chemical modification methods of
nanocellulose over the last five years. These methods encompass esterification, oxidation, silylation, and graft modification.
The focus of this discussion is primarily on the modification strategies, enhancement effects, and mechanisms. Furthermore, the
degradability and applications of modified nanocellulose composites are summarized. Finally, the main challenges hindering
the development of chemically modified nanocellulose-reinforced biodegradable polymers are proposed. It is hoped that this
review will inspire future researchers to develop industrially valuable chemically modified nanocellulose-reinforced
biodegradable polymers.
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1 Introduction

Non-degradable petroleum-based plastics have caused
substantial environmental pollution issues, driving the development
of bioplastics as a sustainable solution”. Bioplastics are
categorized into three types: biobased and biodegradable [e.g.,
polylactic acid (PLA) and polyhydroxyalkanoates (PHA)], partly or
fully biobased but non-degradable [e.g., bio-polyethylene (PE), bio-

polyamide (PA), and bio-polyethylene terephthalate (PET)], and
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petroleum-based but biodegradable [e.g., polycaprolactone (PCL),
polybutylene (PBS), and polybutylene adipate
terephthalate Among these, bio-based and non-

succinate
(PBAT)].
biodegradable composites hold significant potential in automotive
manufacturing, while biodegradable composites are more suitable
for sustainable packaging®. Despite industrial-scale production of
some bioplastics, several controversial issues and inherent
performance limitations persist. First, the central issue with
biodegradable plastics lies in their actual biodegradability. Many
biodegradable plastics require specific conditions, such as high
temperatures, high humidity, or the presence of microorganisms, to
degrade effectively, and often do not degrade quickly in the natural
environment. In marine environments, where fungi populations are
relatively low, many biodegradable plastics degrade at rates similar
to non-biodegradable plastics, posing an urgent challenge.
Furthermore, replacing standard plastics with bio-based and
biodegradable alternatives is insufficient unless they also exhibit
comparable performance and cost-effectiveness. However,
bioplastics still require advancements in mechanical properties, heat
resistance, and cost-effectiveness. For instance, the tensile strength
of PBAT (20-30 MPa) is approximately half that of conventional
plastics, while the thermal deformation temperature of PHA ranges
from 50°C to 60°C, which is significantly lower than that of
commonly used traditional plastics. The performance stability of
PLA in wet environments is inferior to that of polyethylene (PE),

which is almost non-absorbent. In addition, PLA products exhibit
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drawbacks, including low oxygen barrier properties and poor
toughness'®. On the other hand, the cost of PHA is significantly
higher, nearly double that of PLA". The mechanical properties of
other bioplastics are generally inferior to conventional petroleum-
based polymers™. Therefore, to overcome application limitation and
advance the development of these bioplastics, their performance
must be improved at a competitive cost. The incorporation of
nanofillers, such as graphene, titanium dioxide, calcium carbonate,
and biopolymers, into the bioplastic matrix appears to be a
promising strategy”™'”. Among these strategies, combining
bioplastics with biopolymers has proven effective in enhancing
properties without compromising biodegradability. Cellulose, the
most abundant biopolymer, has been widely used as the component,
filler, or processing additive in bioplastic composites'''. These
composites are recognized as being more environmentally friendly,
cost-effective, and lightweight compared to traditional aramid, glass
fibers, and talc-filled composites®. However, composites directly
reinforced with cellulose exhibit unsatisfactory properties.
Fortunately, advances of nanotechnology have introduced
nanocellulose, unlocking new possibilities for improving the
performance of bioplastic composites. Nanocellulose, a nanoparticle
typically derived from cellulose, has a semi-crystalline nature and a
hierarchical structure with at least one dimension in the nanometer
range (1-100 nm)"?. Nanocellulose can be extracted through various
methods, including chemical, mechanical, and bacterial
approaches!"'. Based on size, morphology, and preparation method,
nanocellulose can be classified into three types: cellulose
nanocrystals (CNC), cellulose nanofibrils (CNF), and bacterial
nanocellulose (BNC)". Researchers have used various types of
nanocellulose to reinforce a wide range of composites, including bio-
based materials. Nanocellulose can improve both the mechanical
and thermal properties of bioplastics while also enhancing their
overall biodegradation rate. For instance, the degradation rate of
PLA is 0.5%/h, whereas the degradation rate of nanocellulose/PLA
composites increases to 0.8%/h". Sustainable biocomposites
composed of bioplastics and advanced green nanocellulose
demonstrate significant potential in aerospace, automotive parts
manufacturing, packaging, and other industries”. However, the
adoption of nanocellulose-reinforced biocomposites in various
applications depends on several key factors, including structural
stability, flame resistance, moisture resistance, and barrier
properties.

Nanocellulose combines high strength, stiffness, toughness, and
large aspect ratios due to its intricate architecture, while maintaining
the non-toxic, biodegradable, renewable, and tunable surface
chemistry properties of cellulose!'*'”. Additionally, it retains the
natural hydrophilicity of cellulose due to the abundance of hydroxyl
groups on its molecular chain™. Thus, there are two significant
drawbacks to reinforcing the hydrophobic matrix with
nanocellulose. First, the poor compatibility between the hydrophilic
nanocellulose and the hydrophobic matrix leads to weak interfacial
adhesion between them. Second, nanocellulose tends to aggregate
within the matrix instead of disperse uniformly. The synergistic
effects of these two issues can disrupt stress transfer, whereas
effective stress transfer is critical in determining the overall
mechanical properties of composites!'”. The importance of the
processing method on the properties of the final composites cannot
be ignored. Commercially used nanocellulose for bioplastic
reinforcement is typically negatively charged, such as those
prepared via sulfuric acid or 2,2,6,6-tetramethylpiperidinyloxyl
radical (TEMPO)/bleach oxidation methods. This negatively

charged nanocellulose disperses more effectively in polar solvents,
facilitating the development of solvent casting for preparing
Other employed
processing methods include extrusion, hot pressing, and 3D printing
(additive manufacturing)®.

Besides choosing appropriate processing methods to improve

nanocellulose  biocomposites™. commonly

composites properties, another prominent approach is the surface
modification of cellulose. This involves introducing hydrophobic
groups onto the cellulose surface to enhance the compatibility of
nanocellulose with hydrophobic matrices. While several reviews
offer comprehensive summaries of surface modification*"" and
interfacial engineering®®, most of these have focused primarily on
the combination of petroleum-based polymers with nanocellulose.
At present, reviews on nanocellulose-reinforced bioplastics have
centered primarily on PLA®'", with insufficient coverage on the
reinforcement of other matrices. This review highlights the use of
nanocellulose to reinforce a wide range of bioplastic matrices. It
provides a comprehensive summary of the modification strategies
employed in the preparation of nanocellulose biocomposites and
their effects on composite properties. Furthermore, while numerous
studies have investigated the impact of nanocellulose on the
degradability of biocomposites, comprehensive reviews in this area
reveal a noticeable gap which this paper aims to address. Finally,
based on the current modification strategies and product
applications, this review highlights some issues and challenges that
still require further attention and improvement (Figure 1). This
article aims to provide a fresh perspective and a comprehensive
overview for researchers in the field.
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Note: Including surface modification methods of nanocellulose, plastic properties,
biodegradation mechanism, and commercial applications for degradable plastics,
as summarized in the present review.

Figure 1 Schematic organization of the main contents

2 Biodegradable polymers

As mentioned above, bioplastics made from both naturally
occurring and chemically produced materials, sourced from
renewable or petroleum-based resources, are typically categorized
into three main types: biobased and biodegradable, petroleum-based
but biodegradable, fully Dbiobased but
nondegradable™. This article focuses on the first two types of

and partly or

degradable polymers, collectively referred to as biodegradable
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polymers (or biodegradable plastics). Biodegradable polymers, as
the name implies, are inherently degradable polymers in nature that
consist of chain-like molecules made up of covalently bonded
monomer units. These polymers are designed to minimize
environmental impact by promoting sustainability and reducing
waste in comparison to traditional petroleum-based polymers. In
fact, biodegradable polymers can be categorized into various types,
including polysaccharides, polypeptides (proteins), and lipids.
These classifications can be based on different criteria such as their
sources, synthesis methods, and chemical compositions. However,
since there are already comprehensive reviews that provide an in-
depth overview*), this section will focus specifically on biobased

biodegradable polymers and petroleum-based biodegradable
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2.1 PLA

Biobased biodegradable polymers are polymers derived from
renewable biological resources and capable of breaking down into
natural substances through biological processes, such as microbial
action. Among these, the most common is PLA, a linear aliphatic
semicrystalline polyester known for its versatility and excellent
barrier properties. As a result, PLA is increasingly considered as a
sustainable alternative to polypropylene (PP) and polystyrene (PS)
in packaging and other demanding applications™. As illustrated in
Figure 2a, the synthesis of PLA typically involves three main
routes: two-step polymerization, direct polycondensation, and ring-
opening prepolymerization®”.
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Note: a. Routes of PLA synthesis from lactic acid®”; b. chemical structure of PBS®; c. ring-opening polymerization of e-caprolactone®™.

Figure 2 Monomer structure and synthesis of biodegradable polymers

However, several drawbacks of PLA limit its broader
application, including a low crystallization rate, poor heat
resistance, and brittleness®”. Numerous methods have been
developed to improve the performance of PLA, including the
incorporation of inorganic and organic materials, as well as
copolymerization and blending with various flexible polymers. In
comparison to PLA products mixed with organic substances like N,
N-ethylenebis (12-hydroxystearamide) (EBSA) and N,N-ethylenebis
(stearamide) (EBH)"", the addition of inorganic materials such as
montmorillonite, calcium carbonate, and natural cellulose fiber
generally enhances the rigidity and toughness of PLA products,
while reducing ductility and tensile strength"”. Additionally,
achieving a balance between the degradability and mechanical
properties of PLA blends presents a significant challenge.

The toughening agents used in PLA are typically non-
degradable. Although some degradable toughening agents have
been developed, their incorporation often leads to a decrease in the
strength and modulus of PLA. This highlights the challenge of
achieving a balance between degradability and mechanical
properties in PLA blends.

2.2 PHA

PHA is a polyester that is naturally produced and stored as
granules in many Gram-negative and Gram-positive bacteria®.
Most PHA is linear polyesters composed of 3-hydroxy fatty acid
monomers. There are various PHA monomer structures, allowing
for the design of PHA polymers with differing levels of
transparency, flexibility, and strength to meet specific needs. These
versatile polymers can be applied across multiple fields, including
packaging and Furthermore, the
biocompatibility, and antibacterial properties of PHA broaden its
applications in the medical field. They are anticipated to serve as a
sustainable alternative to traditional plastics, such as PE and

agriculture. non-toxicity,

polypropylene PP. However, compared to PLA and other plastic
substrates, the synthesis cost of PHA is significantly higher, posing
a considerable challenge for achieving low-cost industrial
production of PHA.

Poly (3-hydroxybutyrate) (PHB) is the most representative type
in the PHA polymer family. PHB can be produced from various
biomass feedstocks, including lignocellulosic waste, dairy industry
waste, oil industry waste, starchy substrates, and sucrose-based
substrates™. Due to its excellent oxygen permeability and UV
resistance, PHB has the potential for widespread application in
packaging films, drug release, wound dressings, and bone
replacements. In addition to PHB, poly-3-hydroxybutyrate-co-poly-
3-hydroxyvalerate (PHB/PHV or PHBYV) is another commonly
studied short-chain PHA, which is a copolymer of PHB and poly (3-
hydroxyvalerate) (PHV). However, both PHB and PHBV often
exhibit relatively stiff and brittle properties.

23 PBS

Petroleum-based biodegradable polymers are polymers derived
from petrochemical raw materials that can be degraded by
microorganisms under specific conditions. These polymers are of
significant interest due to their similar physical and chemical
properties to traditional plastics, alongside their ability to
biodegrade after use.

PBS can be prepared from polycondensation of 1,4 butanediol
with aliphatic dicarboxylic acid succinic acid®. The chemical
structure of PBS is shown in Figure 2b”. PBS has attracted much
attention because of its good flexibility, chemical resistance, impact
strength, and reasonable cost. In particular, PBS offers excellent
processing versatility due to its glass transition temperature, which
is below room temperature. This property enables a wide range of
manufacturing techniques, including thermoforming, extrusion, and
injection molding®*. However, the degradation conditions for PBS
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are relatively harsh, and its degradation time is longer than that of
other degradable plastics, such as PLA.
24 PCL

PCL is a semi-crystalline polymer with a glass transition
temperature of —60°C and a melting point that ranges from 59°C to
64°C. Figure 2c shows the synthesis of PCL by ring-opening
polymerization of e-caprolactone. PCL is highly suitable for
controlled drug delivery systems due to its non-toxic properties and
high permeability to many drugs. The biodegradability of plastics is
closely tied to their composition, and the chemical and physical
properties that influence the biodegradation process. Although the
degradation rate, which depends on their crystallinity and molecular
weight, is relatively slow, they still degrade more rapidly in soil
compared to petrochemical plastics®*.

Moreover, the biodegradability of PCL and PBS can be
improved through copolymerization with other aliphatic polyesters.
Furthermore, blending different polymers can further improve their
performance and broaden their range of applications. For instance,
blending PLA with PCL - which exhibits high toughness and a low
glass transition temperature - can effectively reduce the brittleness
of PLA. PLA/PCL blends have emerged as promising materials for
various applications, including tissue engineering, bone fixation
devices, controlled drug release, and food packaging. However,
PLA/polyester blends still exhibit poorer thermal stability and
mechanical properties, particularly lower impact strength, compared
to commodity plastics such as PP.

2.5 PBAT

PBAT is an aliphatic-aromatic biodegradable polyester
composed of terephthalic acid (TPA) and 1,4-butanediol (BDO).
The aromatic fraction offers excellent physical properties, while the
presence of aliphatic chains can lead to degradation under various
conditions, including soil degradation, without the need for
temperature control®. It is typically synthesized through melt
polymerization. PBAT exhibits a combination of the properties of
polybutylene terephthalate (PBT) and polybutylene adipate (PBA),
resulting in excellent flexibility and performance®. Due to its
favorable biocompatibility and biodegradability, PBAT is widely
used in applications such as agricultural films, disposable products,
and environmentally friendly packaging materials. However,

compared to traditional plastics, PBAT still requires improvement
in terms of mechanical properties, thermal stability, and cost. The
production cost of PBAT is approximately three times higher than
that of low-density polyethylene (LDPE), which presents a
significant challenge for its market adoption.
2.6 PPF

In addition to the several mentioned above, poly (propylene
fumarate) (PPF) is also a common polymer among petroleum-based
biodegradable polymers. Besides PLA, PPF is another widely used
polymer in bone tissue engineering therapeutics. PPF is a linear,
aliphatic  biodegradable polyester composed of alternating
propylene glycol and fumaric acid units®”. The molecular chain of
PPF features unsaturated bonds that dedicate high mechanical
properties. The presence of double bonds and ester bonds within the
PPF structure provides significant advantages. Firstly, the double
bonds can form cross-linked networks with themselves or other
reagents. Secondly, the ester bonds facilitate hydrolysis, allowing
the polymer to degrade into fumaric acid and propylene glycol, both
of which can be absorbed by the body"”. In addition, PPF exists in a
liquid state at room temperature, which makes it easy to process.
This characteristic allows for various molding techniques such as
casting and injection molding, thereby reducing the complexity and
cost of manufacturing. Moreover, its liquid form enables better
filling of molds and irregularly shaped defect sites, facilitating the
formation of polymer networks. However, this feature also poses
challenges related to storage and environmental management. PPF-
based copolymers have been synthesized to improve the properties
of PPF, such as poly (propylene fumarate-co-caprolactone) (PPF-co-
PCL), poly (propylene fumarate-co-ethylene glycol) (PPF-co-EG),
and poly (propylene fumarate-co-propylene sebacate) (PPF-co-PS).
Although these polymers exhibit good biocompatibility and high
hydrophilicity, their strength and poor
antibacterial activity limit their applications in tissue engineering.
Fortunately, new approaches, such as the incorporation of

weak mechanical

nanofibers into polymer networks, show promise in improving their
performance.

Table 1 presents a comparison of common polymers and their
properties and applications in both biobased and petroleum-based
degradable polymers.

Table 1 Comparison of common types and properties of biobased and petroleum-based biodegradable polymers

Polymer Monomer Origin

Melting
point/°C MPa gem?

Strength/  Density/

Applications Ref

Maize starch, dairy whey,

PLA Lactic acid . . 21-60 1.21-1.25 Packaging, medical applications [38,39]
or organic residues
PHB 3-Hydroxybutyric acid Biomass feedstocks 160-170  40-55 1.25 Agricultural films [40]
PCL Chiral hydroxy acids, lactones 55-60 20 1.10 Specialty applications, flexible films [41,42]
PBS Succinic acid, 1,4-butanediol . . 90-120 30 1.23 Packaging, agricultural films [24]
o . Petrochemical materials . o
PBAT  Terephthalic acid and 1,4-butanediol 110-120 11-21 1.23 Compostable packaging, film applications [39]
PPF Propylene glycol and fumaric acid 160-175 Variable 1.20-1.30 Biomedical applications [43,44]

3 Nanocellulose

Nanocellulose can improve the mechanical properties and
thermal stability of biodegradable polymers without compromising
their biodegradability, unlike the common methods using calcium
carbonate and graphene!”. Cellulose is a polymer composed of
glucose units linked by a f-1,4-chain®!. Figure 3a illustrates the
transition from the transverse section of wood to the sugar unit,
showcasing a progression from a larger to a smaller scale.
Nanocellulose is derived from natural cellulose through physical or
chemical degradation, with diameters ranging from 1-100 nm!**".

Cellulose comprises dense crystalline regions and amorphous
regions with scattered regions in between. The molecular chains in
the crystalline region are regular, whereas those in the amorphous
region are loose and disordered. Initially, physical or chemical
treatment targets the amorphous region before affecting the
crystalline region. By controlling mechanical shearing and acid
hydrolysis processes, distinct nanocellulose structures can be
obtained by deconstructing cellulose in these regions. In general,
the nanocellulose family can be classified into three types:
cellulose nanocrystal (CNC), cellulose nanofibril (CNF), and
bacterial nanocellulose (BNC). CNC and CNF are typically
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produced through the physical or chemical degradation of
natural cellulose into nanoscale cellulose, employing a top-down
approach. In contrast, BNC is synthesized by bacteria from low

molecular weight sugars, using a bottom-up method“. Table 2
compares the basic physicochemical properties of three kinds of
nanocellulose.
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Figure 3  The hierarchical structure of cellulose and the morphological characteristics of different nanocellulose

Table2 Comparison of CNC, CNF, and BNC

. Tensile .. Thermal
NC Diameter/ Length/ Shape  strength/ Crystglllmty/ stability/ Ref
nm nm % °
MPa C
CNC  2-20 100-500 Rod-like 7500-7700 54-88 ~220
CNF 1-100  500-2000 Fiber-like 350-500 40-70 ~260 [53-
Micro to 55]
BNC 20-100 millimeter 5" 202000  50-60  ~300
fiber-like
scale
3.1 CNC

CNC is mainly prepared by chemical or physical treatment to
remove the amorphous region of cellulose and retain the crystalline
region of cellulose. Due to the removal of amorphous regions, the
proportion of crystalline regions in CNC is increased, resulting in a
high crystallinity index, typically ranging from 54% to 88%"*. CNC
is mainly prepared by inorganic acid hydrolysis, the most classic of
which is sulfuric acid hydrolysis, which can introduce sulfonic acid
groups on the surface of the product. The performance of the
obtained CNC varies due to differences in the source of raw
materials. Generally, CNCs consist of rod-like segments with
lengths ranging from 100 to 500 nm and diameters from 2 to 20 nm,
as shown in Figure 3b. Additionally, CNC exhibits a high aspect
ratio, exceptional axial stiffness, a Young’s modulus, tensile
strength (7.5-7.7 GPa), thermal stability (up to 220°C), a low
coefficient of thermal expansion, and density"".

3.2 CNF

CNF is primarily produced by processing cellulose raw
materials using intense mechanical shear force. During this
treatment, the amorphous region is not entirely removed, resulting
in a certain degree of retention. Therefore, the final product consists
of both crystalline and amorphous domains. CNF as a novel
cellulosic material was first made from softwood pulp after several

high-pressure homogenizing mechanical treatments. In this
treatment condition, due to the high shear force, a strong interwoven
network of nanofibers with crystalline and amorphous states is
generated (Figure 3c), and the product has a large ratio of length to
diameter, forming a shear-thinning gel with thixotropic properties
when suspended in water. Depending on the preparation conditions,
cellulose can be disintegrated to flexible CNF with diameters
ranging from 1 to 100 nm and lengths typically in the micrometer
range. The strength of CNF typically ranges from 350 to 500 MPa,
with a crystallinity level of 40% to 70%. Furthermore, their
degradation temperature is remarkably high, reaching up to 260°C.
Although the mechanical method of CNF preparation produces no
corrosion and no pollution, it requires high energy consumption®’.
Therefore, recent research has focused on enhancing fibrillation and
reducing energy demand through the combination of various
biological and chemical pretreatments, which has become a
mainstream trend in the preparation of CNF!"?.
3.3 BNC

BNC is a high-purity form of cellulose synthesized and
secreted by the Gluconoacetobacter xylinus family, commonly
referred to as bacterial cellulose (BC)**. This method is known as
the bottom-up approach. BC has the same chemical composition as
plant cellulose. Functional groups such as carboxyl group and
carbonyl group can be introduced in the process of preparing
nanocellulose from plant cellulose, but BC contains no functional
groups except hydroxyl group. Generally, the degree of
polymerization (DP) of BC ranges from 3000 to 9000, with high
crystallinity, generally around 80%-90%. In addition, BC does not
contain other polymers such as lignin, hemicellulose, or pectin. As
shown in Figure 3d, BNC presents thin nanocellulose ribbons,
typically 20-100 nm in diameter, which generally need to be
cultured in an aqueous medium for several days to two weeks. The
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crystallinity of BNC is typically around 50%-60%, while its
strength can range from 20 MPa to 2000 MPa. However, BNC is
less commonly used than CNC and CNF in polymer composite
reinforcement, possibly due to the lengthy preparation time
associated with BNC.

4 Chemical modifications of NC for reinforcing
degradable polymers

There have been issues regarding the poor compatibility of
nanocellulose with hydrophobic polymers and the uneven
dispersion of nanocellulose within these matrices owing to the
abundance of hydroxyl groups on the surface of nanocellulose.
There are two common ways to address these issues. One approach
is to add interface compatibilizers, such as maleic anhydride-grafted
polypropylene (MAPP)* and polyethylene oxide (PEO)“". Another
method is the chemical modification of nanocellulose, which is the
focus of this study. Its advantages include a wide range of chemical
reaction types, high grafting efficiency, mild reaction conditions,
and various optional functional groups for subsequent
modifications. In fact, in the process of chemical modification,
interface compatibilizers are sometimes added to assist. In terms of
the types of chemical reactions, this study will discuss several
commonly used strategies for the chemical modification of
nanocellulose in the reinforcement of degradable polymers. These
strategies include esterification, oxidation, silylation, and polymer
grafting, which have been the focus of recent advancements.

4.1 KEsterification

Esterification, which can be carried out in either homogeneous
or heterogeneous form, is one of the most commonly utilized
chemical methods. For many years, the acetylation achieved
through the combination of acetic anhydride and acetic acid has

been a central focus of both research and industry. Due to its
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remarkable hydrophobic properties and thermal stability, acetylated
nanocellulose is increasingly utilized as a reinforcement material
based on non-polar
biodegradable polymers. In order to improve the compatibility of
CNF and PLA, Ren et al. used acetic anhydride and DMAP in NMP
to esterify CNF“Y. The morphology and dispersion state of CNF in
the PLA matrix are shown in Figure 4a and 4b. The untreated CNF
presented relatively thick bundles, while the esterified CNF

polymeric matrices, including various

exhibited a long fiber network structure. Various tests have shown
that the crystallization properties and melt elasticity of PLA/CNF
composites were significantly improved compared with neat PLA,
as a three-dimensional network-like structure was formed in the
composite. The introduction of 2 wt% acetylated CNF significantly
improved the foaming behavior of PLA, and the high expansion-
ratio fully-biobased PLA foam was successfully prepared by using
CO, as foaming agent. This research holds promise for the
development of low-density, biodegradable PLA foams for thermal
insulation and green packaging applications. Jamaluddin et al.
conducted a similar study, in which they prepared acetylated CNF
(ACNF) and composites'®®. Without reducing thermal stability, the
hydrophobicity of ACNF/PLA film increased due to the increase in
surface roughness. The addition of 1 wt% ACNF increased the
tensile strength of the film by 25%, reaching 37.6 MPa, while the
tensile strength of pure PLA was 30.1 MPa. Hu et al. produced
biodegradable foamed nanomaterials by melt-blending 5 wt%
acetylated cellulose nanocrystals (ACNC) with PBS’. Surface
acetylation of ACNC converted hydrophilic hydroxyl groups into
hydrophobic acetyl groups, enhancing compatibility between
ACNC and PBS through similar ester groups. Furthermore, ACNC
served as nucleation agents, promoting the heterogeneous
nucleation of bubbles and the formation of cell nucleation sites

during the foaming process.
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Figure 4 Effect comparison, mechanism, and route of esterification modification
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In cellulose esterification, the degree of substitution (DS) is a
crucial parameter that reflects the degree to which hydroxyl groups
in cellulose molecules are replaced by ester groups. Specifically, DS
represents the number of hydroxyl groups replaced in each glucose
unit. In cellulose molecules, each glucose unit in cellulose generally
possesses three replaceable hydroxyl groups (at the C2, C3, and C6
positions), leading to a theoretical maximum DS value of 3@
Nanocellulose with a high DS has better compatibility with matrix
due to the improvement of hydrophobicity. Mugwagwa et al.
prepared acetylated hemicellulose (AH) and acetylated CNC
(ACNC) using acetic anhydride and sulphuric acid as the catalyst.
The DS significantly affected the dispersion of ACNC in AH and
PCL. Firstly, at lower DS values, ACNC particles became entangled
and agglomerated within AH. Secondly, as the DS of ACNC
increased, the thickness of the AH-CNC/PCL film decreased,
indicating that ACNC can achieve uniform dispersion within the
matrix, resulting in improved compatibility and adhesion.

In addition to the commonly used acetic anhydride, many
esterification modification methods have been developed. Celebi et
al. used n-octadecyl isocyanate to chemically modify nanocellulose
(ISO-NC), which was prepared from MCC by classical sulfuric acid
hydrolysis“”. Isocyanate modification with n-octadecyl isocyanate
improved the distribution of nanocellulose in the PCL matrix,
enhancing interface compatibility between PCL and ISO-NC and
improving the dynamic mechanical and rheological properties of the
composite. Shojaeiarani et al. introduced a time-efficient
esterification method using valeric acid (4-Dimethylaminopyridine)
to improve compatibility between CNC and PLA (PLA-e-CNC)".
The reaction schematic of the esterification process is illustrated in
Figure 4c. As an emerging green solvent, deep eutectic solvents
(DESs) demonstrate excellent solubility and reactivity, effectively
dissolving and removing impurities such as lignin and
hemicellulose, thereby enhancing the reactivity of CNF and
facilitating the esterification reaction. Liu et al. demonstrated the
successful use of different carboxylic acid-based DESs as
pretreatment media for the production of CNF“!. As shown in
Figure 4d, the DESs facilitate esterification modification and
effective swelling of cellulose. Furthermore, the introduction of
carboxylic groups during the esterification process improved the
dispersibility of CNF within the PLA matrix, resulting in improved
mechanical strength of the CNF/PLA composites.

4.2 Oxidation

In addition to esterification, oxidation reactions can also be
used to introduce carboxylic acid or aldehyde functional groups
onto the surface of cellulose. Wherein, the most widely used
method for oxidizing cellulose is the TEMPO-mediated oxidation,
which is commonly used in the presence of sodium hypochlorite
(NaClO) and sodium bromide (NaBr) for the selective conversion of
the C6 hydroxyl group of nanocellulose to carboxylate groups.
These carboxylate groups can serve as scaffolds for the assembly of
metal ions or alkylammonium ions through ion exchange, enabling
the production of nanocellulose with varying functionalities.
However, this process can also result in the formation of certain
aldehyde groups. In order to avoid the formation of aldehydes and
achieve optimal selectivity for the primary hydroxyl group, the
reaction should be carried out in an alkaline environment with a pH
ranging from 9 to 11.

Fijot et al. utilized a four-step method to prepare PLA matrix
composites reinforced with uniformly dispersed TEMPO-oxidized
CNF (TCNF)*“®. The integration of TCNF into the PLA matrix led
to significant improvements in the mechanical properties and

toughness of the filters, highlighting the reinforcing impact of the
uniformly dispersed nanofibers. The Pickering stabilization process
is an efficient and highly versatile method for preparing cellulose-
based nanocomposites. This technique involves the stabilization of
interfaces between two immiscible liquids using solid particles"”. Li
et al. improved the dispersion of TEMPO-oxidized bacterial
cellulose (TOBC) in PLA matrix using the Pickering emulsion
method, which contributed to the formation of three-dimensional
networks and cross-linked structures, facilitating the crystallization
of PLA as a nucleating agent”. The PLA/TOBC filament was then
fabricated via screw extrusion, with the optimal TOBC content
determined to be 1.5 wt%.

In addition to its widespread use in composites with PLA,
TEMPO-oxidized nanocellulose can also be employed to reinforce
other biodegradable matrices. It is well known that due to the water
solubility of PVA, PVA-based plastics exhibit low mechanical
strength in water environments. Luo et al. introduced inorganic
calcium phosphate oligomers (CPO) in TEMPO oxidized CNF
(TOCN) reinforced PVA™. The CPO oligomer was able to cross-
link PVA chains with TOCN under the action of stretching and
water evaporation. Therefore, PVA/TOCN/CPO films exhibited
hydrophobicity and good wet strength. In addition, PVA/TOCN/
CPO films had excellent self-healing efficiency due to the dynamic
regeneration of hydrogen bonds and coordination interactions
within the PVA matrix. Espinosa et al. prepared TEMPO-mediated
oxidation lignin-containing nanocellulose from wheat straws to
reinforce PVA films using casting”.  Although
nanocellulose is hydrophilic, it reduces the hydrophilicity of the
PVA matrix, which reduces the absorption of water vapor.

solvent

Furthermore, the inclusion of nanocellulose promotes increased
entanglement within the film matrix, resulting in higher gas
molecule density and a more convoluted diffusion pathway. Poly
(propylene carbonate) (PPC) is also an important biodegradable
polymer, synthesized from propylene oxide and carbon dioxide.
Jiang et al. achieved significant reinforcements in the impact
strength and tensile strength of PPC/PHB composites, increasing
them by 2.6 and 1.35 times, respectively, through the use of
TEMPO-oxidized CNC." These improvements were attributed to
the ample area of the hydroxyl groups on the CNC, which facilitates
hydrogen bonding with the carbonyl and hydroxyl groups of the
PPC and PHB molecular chains. This interaction results in stronger
interfacial adhesion, requiring more energy to break. Additionally,
the incorporation of 0.7 wt% CNC led to an impressive 88.9%
reduction in the overall oxygen permeability coefficient, and the
authors provided a comprehensive analysis of the mechanisms
involved.

In addition, periodate oxidizes the C2 and C3 hydroxyl groups
of glucose units to form aldehyde groups and cleaves the C2-C3
bond, resulting in the formation of 2,3-dialdehyde cellulose. Lee et
al. introduced the dialdehyde groups by periodate oxidation of CNF
and CNC (DCNF and DCNC), which could act as a crosslinking
agent™.  The  dialdehyde
nanocomposite film was prepared to improve the water resistance of
PVA. In terms of thermal stability, both PVA/DCNF and
PVA/DCNC exhibited a decomposition temperature that exceeded
that of neat PVA by more than 100°C. This represents a significant
enhancement in thermal stability compared to previously reported
research. Figure Sa shows the physicochemical structure changes of
PVA nanocomposite films. PVA/DCNF has a chemical network
structure due to cross-linking reaction with the physical network
structure of CNF, while PVA/DCNC only has a cross-linked

nanocellulose-reinforced  PVA
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chemical network structure. Hydrophobicity test showed that while
physical network structures are important, chemically formed

PVA/CNF PVA/DCNF
Physical network structure

Chain entanglements

PVA/CNC PVA/DCNC
No network structure at all Chemical network structure
.~~~ CNF — CNC
~~~ PVA molecular chain DCNE = DCNC

== Crosslinking bond

network structures are more significant in enhancing the water
resistance.
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.
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Note: a. Physicochemical structure of PVA-based composite film"; b-d. alkylation mechanism of SCNC"™

Figure 5 Reinforcement comparison of CNF and CNC and alkylation mechanism

4.3 Silylation

Silanes, such as 3-aminopropyltriethoxysilane (APS), 3amino-
propyl triethoxysilane (KH-550) and y-aminopropyltriethoxysilane
(APTES), are commonly used as commercial coupling agents,
feature an alkoxysilane group that can establish covalent bonds with
hydroxyl rich surfaces on one end and diverse functional groups on
the other end that can be customized to suit specific matrix
requirements””. The silane coupling agent is hydrolyzed to form
silanol groups, which readily react with the hydroxyl groups on the
surface of the nanocellulose to form Si-O-C chemical bonds.
Silylation has become another promising and commonly used
surface modification method, introducing silyl groups on the surface
of nanocellulose to improve the compatibility with non-polar
matrices. Compared with other nanocellulose modification methods,
silylation offers significant advantages due to its simplicity of
reaction and purification. In general, this reaction only requires
stirring for 5-20 h at room temperature, with a pH of 3-5. Jin et al.
successfully prepared a silicated CNC (SCNC) by hydrolyzing
MCC with sulfuric acid and dispersing KH-550 in ethanol,
adjusting pH to 3 with acetic acid and reacting at 27°C for 2.5 h™.
Alkylation mechanism of SNCC is shown in the Figure (5b-5d).
Initially, in an acidic condition, the -O-C,Hs groups of KH-550
were hydrolyzed to generate -Si-OH (Figure 5b). Subsequently, the
-Si-OH in KH-550 is anticipated to undergo dehydration and
condensation processes, leading to the formation of oligomers
(Figure 5c). These oligomers, rich in hydroxyl groups, can
subsequently establish hydrogen bonds with the hydroxyl groups
present on the surface of CNC or form ether bonds by dehydration
and condensation. Silanization modification significantly improved
the interfacial compatibility between PLA and SNCC. Optimal
SCNC addition enhanced the air permeability, UV-visible
reflectivity, mechanical properties, and thermal stability of
composite films. Notably, the PLA/SNCC composite films
containing 0.5 wt% SCNC exhibited a 53.87% increase in tensile

strength and an 87.9% decrease in air permeability compared to
pure PLA films.

Indeed, silylation is less effective than other modification
methods like acetylation in producing hydrophobic nanocellulose
with high DS. Excessive silylation levels would cause crystal
disintegration, resulting in the loss of original morphology of
cellulose. Achieving an optimal balance between the silylation level
and cellulose morphology often requires experimenting with various
reaction conditions, including different silane reagents, pH,
temperature, and reaction time®’. Dhali et al. dispersed CNC in
ethanol solution, used acetic acid to adjust pH to about 4.0, and used
5% triethoxyvinylsilane (TEVS) or trimethoxyphenylsilane (TMPS)
to modify CNC silylation at 48°C for 2.5 h with stirring, in order to
prepare CNC-VS and CNC-PhS"". In order to improve the effective
grafting rate of the silanol groups, the suspension was cured at
110°C. CNC-VS and CNC-PhS were melt blended into the PBAT
matrix and hot-pressed into composite films. The modified CNC
was uniformly dispersed in the PBAT matrix as an additive. In
comparison to the pristine PBAT films, the tensile strength of the
composite film was increased by 12%, the modulus was increased
by 58%, and the permeability to water vapor and oxygen was
greatly reduced.

Numerous studies indicate that the effects of silylation vary
among different types of nanocellulose. Goussé et al. observed that
the silylation process had a less deleterious impact on the crystal
morphology of CNF compared to CNC."”! In addition, the silylated
BNC still needs to be further studied and improved in reinforcing
polymers. Sai et al. conducted a trimethylsilylation (TMCS)
reaction on BNC to produce hydrophobic bacterial cellulose
aerogels™. Despite this, a very low DS in the silylated BNC
(<0.132) was observed, which was comparable to the unmodified
BNC.

4.4 Polymer grafting method
The hydroxyl functional groups present on nanocellulose serve
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as chemical attachment points or “handles”, enabling them to react
and bond with various chemicals. This unique property allows for
the grafting of small organic molecules onto nanocellulose through
chemical reactions, as well as the growth of macromolecular
polymers from its structure. Surface grafting is recognized as an
effective and versatile method for achieving highly stable
suspensions in non-polar solvents and is widely used in the field of
nanocellulose-reinforced polymers. Polymer grafting can be cate-
gorized into two approaches: “grafting onto” and “grafting from”.

As illustrated in Figure 6a, “grafting onto” involves attaching
the polymer to nanocellulose, whereas in the “grafting from”
approach, the monomers are directly grown from nanocellulose
surface”. The “graft onto” method relies on attaching a coupler
(linker) and a polymer with a reactive end group to the
nanocellulose surface via covalent bonding. This method is popular
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for its simplicity and its ability to control molecular weight due to
the steric hindrance caused by polymer chains, although the number
of graft functional groups achieved through this approach is limited.
In contrast, the “grafting from” method involves first introducing an
initiator onto the nanocellulose and then growing the monomer
directly from its surface, which was first posed by Stensted et al.*!
This method can generate polymer grafting with a higher density
compared to the graft-onto method. Nevertheless, characterizing the
properties of the resulting polymers poses a challenge. The
complexity of this approach may be attributed to initiating a
polymerization reaction directly on the surface of nanocellulose,
leading to a diverse range of polymers with different structures and
properties. Overall, both methods have their advantages and
disadvantages, and the appropriate choice of grafting technique
should be based on the specific needs and application contexts.
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Figure 6 Mechanism and route of grafting modification

The graft modification of nanocellulose has been extensively
studied and applied to reinforce a variety of biodegradable
polymers. To address the compatibility and dispersion challenges of
nanocellulose in the PBAT matrix, both in-situ polymerization and
surface modification techniques were explored. However, the high
temperature of 240°C during the reaction poses a potential risk of
degradation. Although some esterified nanocellulose improved the
tensile strength and modulus of PBAT, the elongation at break of
the composite significantly decreased®!. As shown in Figure 6b,
Wang et al. selected a hemicellulose-rich holocellulose fiber for
silanization and in-situ polymerization to prepare CNF, and then
prepared PBAT/CNF composite films by twin-screw extrusion
combined with hot pressing™.
hemicellulose-rich holocellulose fibers is to promote cell wall
swelling. Compared with the neat PBAT, the addition of 1 wt%
CNF fillers resulted in an 82% increase in tensile modulus, with the
PBAT/CNF films exhibiting a tensile strength of 26 MPa and an
elongation of 372%. Niu et al. prepared the aliphatic chains-grafted
CNC (ECNC) with different aliphatic chain lengths (C5-C18) using
valeryl chloride, octanoyl chloride, dodecanoyl chloride and
stearoyl chloride to obtain EVCNC, EOCNC, EDCNC, and
ESCNC, respectively™. All four of these different acyl chlorides

The role of hemicellulose in

can serve as heterogeneous nucleating agents, contributing to the
ECNC. This corona structure
containing aliphatic chains is crucial to improve the toughness of

core-corona structure of the

PLA, which ensures the high efficiency flexibility and mobility of
PLA molecular chain. Compared with other ECNC, the surface of
ESCNC contains a large number of longer fatty chains (C18), which
greatly increases the specific surface area of ESCNC and can
interpenetrate with PLA molecular chains to form more nucleation
sites. The authors proposed a mechanism for synergistic toughening
based on the aliphatic chains and core-shell structure. Specifically,
one mechanism involves physical entanglement and surface
bonding of intermolecular forces, while the other is through soft
Chuensangjun et al. used
sugarcane bagasse bleached pulp (BBP) as a raw material to prepare
TEMPO-oxidized CNF, and then synthesized a grafted
nanocomposite, BBP-TOCN-g-PLA, through a dual-temperature
process™. This approach significantly enhanced surface grafting
efficiency, resulting in composites with high crystallinity (>76%)
and a small crystallite size of 3.8 nm. To overcome the aggregation
of CNC in PBS and improve the nucleation and reinforcing of CNC,
Kwak et al. modified the surface of CNC with PBS oligomers (BS-
CNC) through a two-step esterification process®”. The PBS/BS-

hydrophobic shell to reduce stress.
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CNC straw demonstrated satisfactory mechanical strength under
both dry and wet conditions, exhibiting a well-balanced
performance compared to commercial products.

Two of the most commonly used pathways for grafting-from
include surface-initiated atom transfer radical polymerization (SI-
ATRP) and ring opening polymerization (ROP). Yin et al. explored
the surface grafting of CNC with PBA through electron transfer
(ARGET) atom transfer radical polymerization (ATRP), enhancing
their thermal stability and compatibility with PLA (Figure 6c¢)*.
The treated PLA nanocomposites showed significant improvements
in mechanical properties and thermal characteristics, particularly at
a CNC-PBA400 content of 2 wt%, where tensile strength,
elongation, and Young’s modulus increased by approximately
350%, 100%, and 120%, respectively. ROP facilitates high-density
grafting while preserving the structural integrity of nanocellulose,
and it stands as a pivotal approach to addressing the dispersion and
compatibility challenges associated with nanocellulose-reinforced

polyester composites. Carlsson et al. have shown that extended
reaction times do not invariably result in a higher density of PCL
grafted chains on the CNC surface®™. Lalanne-Tisné et al. studied
the ROP polymerization of CNF under mild conditions using
rac-Lactide and N, N-dimethyl aminopyridine (DMAP) as organic
catalysts’™). The authors discovered that the grafting ratio could
be tuned by modifying the experimental parameters, achieving as
high as 74%. Lonnberg and colleagues successfully grafted PCL
of diverse lengths onto CNF using ROP technique (PCL-g-
CNF)™., This method permitted adjustments to both the grafting
density and the length of the PCL chains. Cellulose grafted with the
longest PCL chains had the best mechanical properties
reinforcement effect.

Table 3 provides an overview of the nanocellulose modification
approaches employed to improve the degradable polymers along
with a comparison of processing techniques and the main properties
of composites.

Table 3 Summary of the mechanical properties obtained from some representative studies on surface modification nanocellulose-
reinforced biodegradable polymers

Raw material/  Polymer Progressing Proportion of  Surface modification Main performan Ref
Nanocellulose matrix technique NC/wt% method an perlormance et
. . . TS: 37.6 MPa; EB: 3.1 %
MCC/CNF PLA Solution casting 1.00 Acetylation Contact angles were increased from 70.2° (PLA) to 85.9°. [62]
Cotton Melt-compounded Flexural strength and modulus were increased by 50.0% and 34.1%
. PBS pourn 1.00-10.00 Acetylation compared to the unmodified composite when the addition of ACNC [63]
linter/CNC and hot pressing was 5%
0.
Wheat . . . . 5 o
straw/CNC PCL Solution casting  10.00-50.00 Acetylation WCA was increased from 24.59° (PCL) to 82.48°. [66]
MCC/CNC PCL  Solution casting  5.00-10.00  Csterificationwith 0 )00 (pigher than neat PCL) [67]
N-octadecyl isocyanate
Hardwood Solution
bleached kraft PLA RS 5.00-15.00  Esterification with DES  TS: ~60 MPa [65]
casting/injection
pulp/CNF
CMF PBS Solution casting  10.00-50.00 Esterification TS: ~36 MPa [91]
MCC/CNC ppg  Meltblendingand 5 ; ,  Esterification with succinic .39 \py. yM: <350 MPa; EB: ~160% [92]
hot pressing anhydride
TS: ~33 MPa
g . . . o
CNF PLA Melt-extrusion 500 TEMPQ medlated The ad;orptlon capacity towards copper ions (2§4mg §NF ) and [68]
oxidation separation efficiency for removal of microplastics (54%) were
increased.
. . TEMPO-mediated TS: 176 MPa; EB: 23%
CNF PVA Solution casting 5.00-20.00 oxidation TS was 16.1 MPa in water for 7 days (similar to PE in the dry state). (701
. TS: 58.86-72.76 MPa; YM: 4.29-5.05 GPa; EB: 200%-1000%
s trzi&lll/?lt\IF PVA Solution casting 1.00-7.00 TER{)&%ﬁZ(:ated The antioxidant capacity of the films was increased and ability to [71]
block UV-light increased from 10% for PVA to >50%.
. TS: 22.1 MPa; IS: 2.4 kJ'm*
MCC/CNC PPP%;nd Solution casting ~ 0.30-1.00 TEMi%geTated The overall oxygen permeability coefficient was reduced by 88.9% [72]
° 0 with the incorporation of 0.7 wt% CNC.
TS: 12-43 MPa; EB:3%-8%
MCC/CNC PLA Solution casting ~ 0.50-2.00  Silylation with KH-550  Air permeability decreased by 87.9% with the incorporation of [74]
0.5 wt% SCNC.
Melt blending and . . TS: 30.5 MPa; YM: 66.6 MPa; EB: 698%
CNC PBAT hot pressing 3.00-5.00 Silylation WCA and T, increased to 79.1° and 103.06°C. (77
Bleached Melt-compounded
softwood kraft PBAT poun 0.50-5.00 Silylation TS: 26 MPa; YM: 117 MPa; EB: 372% [82]
and hot pressing
fibers/CNF
MCC/CNC PLA Solution casting 1.00 Esterification grafting ~ TS: 30-50 MPa; EB: 68%-108% [85]
Solution casting/ TS: 77.43-125.69 MPa; YM: 2.73 GPa; EB: 2.31%-3.17%
Cotton/CNC PLA hot pressin e 1.00-5.00 Grafting onto (ATRP)  The initial WCA and T, of CNC increased from 50° to 120° and from [83]
p 8 150°C to 270 °C, respectively.
TEMPO-mediated . ~ . . g . ER. 0/ 190
MCC/CNC PLA Solution casting  1.00-5.00 oxidatiqn and PEG ¥l)s3330096g°7C5,4Tﬁfa§2{7N1[002C10 4.30 GPa; EB: 1.27%-2.12% [93]
grafting-onto
CNC PLLA Solution casting 5.00 Periodate oxidation and .. 30 \rps. yM: 2.82 GPa: EB: 3.8% [94]
glutamic acid grafting
Melt-extrusion/hot . TS: 63.3-75.1 MPa; YM: 1.3-1.5 GPa; EB: 6.1%-7.2%
CNF PLA pressing 100 Isocyanate grafting-onto 1 355 goc_360,7°C; T, ,,: 383.83°C-389.6°C. (93]
. . . . . 0,
CNC PBAT  Solution casting  0-0.03 In-situ grafting TS: 31 MPa; YM: 68 GPa; EB: 928% [96]

T,: 65.8°C;

Note: Compressive strength (CS); Tensile strength (TS); Young’s modulus (YM) and elongation at break (EB); Impact strength (IS); Peak degradation temperature (T,,,,);
Initial degradation temperature (T,); Crystallization temperature (T,); Water contact angle (WCA).
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5 Biodegradability

5.1 Biodegradation mechanism and effect factors

Compared to  traditional  petroleum-based  plastics,
biodegradable polymers degrade due to a combination of their
specific chemical structure, microbial action, and excellent
environmental adaptability. These properties make biodegradable
polymers an environmentally friendly and efficient alternative,
contributing to reduce the environmental stress caused by traditional
plastics. The degradation mechanism of biodegradable polymers
involves a synergistic effect of both abiotic and biotic factors””.
Specifically, the macromolecular structure of the polymer is
exposed to outdoor conditions, which leads to its weakening
through mechanical, chemical, light, thermal, and other
transformations. This process initiates biotic involvement, which
encompasses three main processes: physical biodegradation,
biodegradation, and the
microorganisms and polymers to form new macromolecules!*.

There are many factors affecting the degradation of polymers,

chemical interaction  between

in addition to their own inherent characteristics (such as chemical
structure and molecular weight), including humidity, temperature,
pH, and other environmental conditions™. Various methods can be
used to evaluate the degradability of polymers, including cycle tests,
biodegradation experiments, determination of degradation rates, and
characterization of degradation products.

5.2 Biodegradability of nanocellulose/biodegradable polymer
composites

Nanocellulose stands out as a promising filler for biodegradable
polymers, offering significant advantages in reinforcing mechanical
properties and thermal stability while preserving biodegradability of
composites. It has been reported that in addition to increasing the
strength of composites, nanocellulose is expected to promote the
degradation process of composite materials, because nanocellulose
has a large specific surface area™. The cellulose/PLA film prepared
by Xu et al. completely degraded after being buried in soil for
45 days, whereas the degradation percentage of the neat PLA film
only reached 68% after 90 days in soil"™. Morelli et al. reinforced
PBAT with grafted CNC, resulting in an improved elastic modulus
and reduced water vapor permeability. Notably, the addition of 5%
chemically modified CNC did not adversely affect the
biodegradability of PBAT, as demonstrated in a bio-fragmentation
evaluation conducted over a period of 30 to 180 days*". Mai et al.
conducted a life cycle assessment (LCA) that found the
environmental impact of the isocyanate-modified CNF/PLA
composites to be lower than that of maize grain-based PLA,
showcasing the sustainability of composites®.

However, the practical application of nanocellulose 1is
influenced by a variety of factors, including processing techniques,
the choice of matrix material, and the modification strategies. While
these strategies improve the compatibility of nanocellulose with the
affect the
biodegradability of the final product. Although modifiers and
compatibilizers can greatly improve the mechanical strength and
toughness of composites, further research is necessary to investigate

polymer matrix, they may also potentially

their interactions with the matrices and their behavior during the
biodegradation process. Therefore, to ensure that nanocellulose-
reinforced biodegradable composites retain their exceptional
biodegradability in environmental conditions, it is crucial to
systematically investigate various modification strategies and their
impacts on biodegradability.

6 Application

After chemical modifications, the dispersion of nanocellulose
in the biodegradable plastic matrix is enhanced, improving the
compatibility and interfacial binding force between the two
components. The excellent reinforcing properties, biocompatibility,
degradable nature, and barrier properties of modified nanocellulose-
reinforced degradable polymer composites make them widely used
in packaging, biomedical engineering, automotive and aviation
industries, as well as barrier films and other fields.

6.1 3D Printing

3D printing technology allows for precise control over the
shape and structure of materials, which is essential for creating
objects with complex shapes or specific geometries. Chemically
modified nanocellulose can reinforce the mechanical properties of
biodegradable polymers, resulting in composite materials that are
more stable, stronger, and capable of withstanding greater physical
stresses, making them ideal for printing intricate structures.
Moreover, the alterations in molecular structure brought about by
chemical modification may improve the machinability of the
materials, ultimately enhancing the accuracy and efficiency of the
3D printing process. Li et al. prepared PLA/TEMPO-oxidized BC
nanocomposites in the form of filaments using the Pickering
emulsion method and subsequently printed them using a 3D
printer'.. They confirmed the suitability of the composites for 3D
printing by evaluating the flow properties of the samples. The
printed spline surfaces were smooth and free of defects. 3D printing
can also serve as a method for preparing composites. Chen et al.
used the prepared PLA/PCL/TOBC ternary composites for 3D
printing, which provides an opportunity to produce fully
biodegradable 3D printed parts for a wide range of applications
such as biomedicine and food packaging!®.

6.2 Packaging

As environmental awareness continues to grow, the demand for
degradable packaging materials is steadily increasing. Chemically
modified nanocellulose reinforces the mechanical properties and
thermal stability of polymers, thereby increasing their reliability
during both production and use. Mendoza et al. modified a novel
UV-absorbent phenol diester on CNC (CNC-DEF) using a click-
based copper catalyzed reaction”. The CNC-DEF exhibited
excellent dispersion in the PVA matrix, resulting in transparent
films with complete UV protection and high transparency. The
addition of CNC-DEF also improved the mechanical strength,
modulus, and oxygen barrier properties of the composite film,
making it a promising material for industrial and packaging
applications. CNCs grafted with DEF exhibited outstanding UV-
blocking and reinforcement properties as nanofillers in PVA films,
as demonstrated in Figure 7a. Montero et al. prepared modified-
CNF/PBAT composite films with outstanding thermal stability for
application in the food industry!*. In order to validate this concept,
the authors employed the composite film in strawberry packaging
and observed that after 15 days of preservation, the film with
0.5 wt% modified CNF demonstrated improved preservation
of fungal
contamination. These results suggest that the modified-CNF/
PBAT composite films exhibited antibacterial effects against
Salmonella and Listeria monocytogenes, potentially serving as a
viable alternative to conventional materials in food packaging.

6.3 Filter devices
Wastewater treatment is currently a significant challenge, and

properties, reduced weight loss, and absence
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Figure 7 UV-blocking and filtration properties of nanocellulose/biodegradable polymer composite membranes

the development of sustainable and efficient adsorption materials is
an effective solution"*. Yi et al. successfully prepared hydrophobic
CNF/PVA composite aerogel spheres (HCV-ASs) through freeze-
drying and subsequent silanization!””. HCV-ASs demonstrated
excellent adsorption properties for weakly polar organic solvents
like petroleum ether, ethyl acetate, and toluene, highlighting its
potential in wastewater treatment. This research offers a new
approach and concept for addressing wastewater treatment issues.
Fijot and colleagues used PLA as the base material and reinforced
the composite with evenly dispersed TEMPO-oxidized CNF using
three-dimensional (3D) printing technology and fused deposition
modeling (FDM) to manufacture fully biodegradable water
purification filters'”. Compared to pure PLA filters, the biobased
composite filters showed higher performance while maintaining
high permeability. By combining environmentally friendly materials
with time- and cost-effective FDM technology, the development of
customized water treatment systems has significant application
potential in water-scarce areas.

Airborne pollution, including tiny particulate matter (PM) and
the pandemic virus, has greatly increased the demand for personal
protective materials. However, the mass discarding of disposable
non-degradable face masks has caused serious environmental
problems. Although there have been reports of bio-based filters,
developing biodegradable respirators that are efficient, wet-stable,
and have low pressure drop remains a challenge. In order to address
this issue, Yang et al. designed a degradable multi-scale fiber filter
composed of PLA micro/nanofibers and BC nanofibers!™. This
filter self-assembles a 2D BC nanofiber network using
electrospinning technology, and prepares a medium-porosity PLA
submicron fiber network through electrospinning technology. This
multi-layer micro/nano fiber structure endows the membrane with a
low pore size of 1.27 ym and an extended particle flow path, thus
enhancing the PMO0.3 interception efficiency and durability
(Figure 7b). The results demonstrate that the filter has a low
pressure drop (104 Pa) with a PMO0.3 filtration efficiency exceeding
99.89% and maintains over 99.68% PMO0.3 removal efficiency
during long-term filtration at 90% relative humidity (RH). This
work provides meaningful guidance for the development of

biodegradable and efficient protective air filters.

7 Conclusions

This review summarizes the chemical modification strategies in
the past five years to improve the compatibility between
biodegradable polymers and nanocellulose fillers. The high
reactivity of hydroxyl groups on cellulose surface provides a good
foundation for modification. Methods such as esterification,
oxidation, silylation, and graft modification have successfully
introduced hydrophobic groups onto the cellulose molecular chains.
This not only enhances the compatibility and interface bonding
between nanocellulose and hydrophobic matrices, but also improves
the dispersion of nanocellulose in the matrix, which is critical to
improving the performance of nanocellulose-based composites.
Researchers are increasingly investigating the application of
chemically modified nanocellulose-reinforced biodegradable
polymers in fields such as 3D printing, food packaging, and
filtration. However, there remains a lack of adequate research and
discussion regarding the evaluation methods and case studies
assessing the actual degradability of these composites.

8 Prospects

Despite numerous studies on the chemical modification of
nanocellulose, only a few have achieved the desired improvement
effect. In particular, research on nanocellulose to reinforce different
biodegradable polymers exhibits notable variations, with a
preference for specific modifications methods. Within the context of
this study, the investigation of nanocellulose composites with PLA
is particularly active, covering four methods. However, in the case
of other polymers like PBS, reinforcement typically involves
esterification modification, while PBAT tends to use silylation and
graft modification. Thus, several challenges remain to be addressed
in the future. First, the current preparation process for nanocellulose
typically involves high energy consumption and the use of corrosive
reagents, which to a certain extent limit its widespread application.
Additionally, nanocellulose is generally supplied in the form of a
hydrogel, and a time-consuming dehydration process is required
when used to reinforce polymers, adding complexity to its
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