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Abstract: In the last century, global awareness of the envir-
onmental repercussions associated with petroleum-based
polymer composites has surged. This realization urged
extensive scientific research directed towards plant-based bio-
mass, particularly nanocellulose, as a reinforcing element in
polymer matrices. Global market value of nanocellulose is
expected to increase considerably by 2025, to a forecast USD
783 million. Despite nanocellulose’s performance benefits, its
poor compatibility with hydrophobic polymer matrices poses
challenges, limiting thermal stability and impeding widespread
commercialization at higher processing temperatures. To
overcome these issues, chemical modification or functio-
nalization emerges as a promising solution to enhance
nanocellulose-based polymer nanocomposites’ thermal sta-
bility. The abundance of hydroxyl groups on nanocellulose
enables specific chemical modifications, such as grafting
functional molecules or forming covalent/ionic bonds with
the polymer matrix. The aim of this study is to validate that
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integrating chemically functionalized nanocellulose into var-
ious polymer matrices, including thermoset, thermoplastic,
and hio-polymer, enhances the thermal stability of resulting
polymer nanocomposites, supported by thermogravimetric
analysis (TGA). The study also explores six additional factors
influencing TGA in nanocomposites, providing a comprehen-
sive understanding of elements impacting the thermal proper-
ties of these materials.
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1 Introduction

Polymer nanocomposites, consisting of a polymer matrix
reinforced with nanosized particles, have garnered consid-
erable attention from researchers due to their potential to
yield high-performance materials, even with minimal addi-
tion of nanosized particles (less than 5% by weight) [1].
Various types of nanofillers, such as chitosan nanoparti-
cles, nanoclay, nanosilica, and other inorganic or organic
nanomaterials, are commonly incorporated to address cer-
tain drawbacks of polymer composites [2]. However, with
the increasing demand for non-toxic reinforcement mate-
rials, there has been a surge in research papers focusing on
plant-based nanocellulose as a reinforcing filler to enhance
polymer properties [3-5]. This trend is gaining popularity
among researchers for developing innovative polymers
and materials across diverse applications, including nano-
composites, automotive, construction, paper and pulp, elec-
tronic sensors, and packaging industries [6].

Researchers are gravitating towards nanoscale cellu-
lose materials over microscale cellulose due to drawbacks
like high moisture absorption and poor compatibility.
Nanoscale cellulose exhibits unique performance character-
istics, including excellent mechanical properties, a high elas-
ticity modulus (up to 150 GPa), tensile strength of nearly
10 GPa, low density (1.6 g/cm3), a low coefficient of thermal
expansion (0.01 ppm/K), biodegradability, a large surface
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area, and an impressive strength-to-weight ratio that is eight
times greater than stainless steel [6,7]. Numerous studies
have highlighted a significant enhancement in nanocompo-
sites through the additional reinforcement of nanoscale
particles. Unlike commonly used carbon nanotubes or gra-
phene, nanocellulose is a natural material that is widely
available, with over 1 trillion tonnes of biomass produced
annually, making it cost-effective and accessible [8]. The
unique properties of nanocellulose, such as high surface
area, distinctive morphology, high crystallinity index, sustain-
ability, and biodegradability, contribute to minimal waste
generation. Several works have explored hierarchical compo-
sites with nanocellulose reinforcements [8].

Nanocellulose emerges as an excellent reinforcing filler
for both natural and synthetic polymer matrices due to its
cost-effective and environmentally friendly processing, a
feature synthetic fillers often lack [9]. This statement was
proven by Geng et al. [10], who demonstrated that polymer-
based nanocomposites can be effectively reinforced with
ultra-low weight fractions (0.1 wt%) of functionalized nano-
cellulose, and a low-cost drawing process facilitates their
application in large-scale scenarios. Regrettably, the low
thermal stability of nanocellulose imposes restrictions on
its processing at elevated temperatures, given its decompo-
sition temperature of approximately 200-300°C [11]. Con-
sequently, the processing temperature for nanocellulose
composites must be maintained around 200°C to prevent
nanocellulose degradation. Furthermore, inadequate distri-
bution of nanocellulose within the polymer nanocomposite
and poor compatibility between the polymer matrix and
cellulose can lead to agglomeration, thereby diminishing
the thermal stability of the nanocellulose-reinforced compo-
site [9]. Aggregates introduce stress concentrators, acting as
defects that impede stress transmission from nanocellulose
to the polymer matrix [12]. Achieving a desired property,
such as high thermal stability in a nanocomposite, necessitates
the homogeneous dispersion of the filler in the polymer matrix
[13]. A biocompatible composite can be attained through proper
blending of high-quality polymer and nanocellulose from plant
fibers, facilitating effective load transfer between the polymer
and fiber and improving composite characteristics, especially
thermal stability, even at low filler content [14]. Besides, factors
influencing composite thermal stability include the source of
nanocellulose, type of polymer matrices, processing techniques,
drying process, fiber shape, orientation, dispersion, and volume
percentage [14,15].

To address these challenges, various methods have been
developed, with chemical modification or functionalization of
nanocellulose proving to be an effective approach. Techniques
like grafting, acetylation, esterification, etherification, or the
introduction of reactants such as isocyanates (e.g., sulfates,
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amines, hemiacetals, and silanes) are employed to tailor the
surface chemistry of nanocellulose, thereby enhancing both
miscibility and interfacial compatibility with the polymer
matrix while improving composite thermal stability [16].
These functionalized materials, with their unique proper-
ties, hold significant value and offer diverse applications,
particularly in engineering and technology [17]. Addition-
ally, several thermal analysis methods are available to mea-
sure changes in the physical or reactive properties of
nanocellulose concerning temperature and time. Thermo-
gravimetric analysis (TGA), which assesses thermal stability
by tracking weight changes as a function of temperature,
time, and atmospheric conditions, is the primary focus of
this review. The characteristics derived from TGA can be
utilized during processing to ascertain the degradation of
processed substances.

In recent times, an increase in the number of research
papers have shifted their focus towards investigating the
thermal stability of nanocellulose-reinforced polymer nano-
composites [18]. The uniqueness of this study lies in its struc-
ture, aiming to provide an overarching view of plant-based
nanocellulose. It begins with discussions on the various
types of nanocellulose functionalization. Subsequent sec-
tions delve into the factors influencing the TG behavior of
nanocomposites, including the impact of sulfate content,
nanocellulose type, intermolecular bonding, nanocellulose
filler loading, drying processes, fabrication methods, and
crystallinity. The study further offers supporting informa-
tion on the thermal stability of functionalized nanocellulose-
based polymer nanocomposites, drawing on the latest
research papers from the past 6 years. A comprehensive
understanding of the thermal behavior of nanocellulose
is crucial for the development of high-thermal-stability
nanocellulose composites, especially for applications in
high-temperature production processes.

2 Overview on plant-based
cellulose

Plant fibers can be categorized into woody and non-woody
plants. Non-woody plant fibers, derived from sources such as
industrial and agricultural waste, as well as forestry bypro-
ducts, are abundant in our environment. These resources are
not only cost-effective but are also underutilized when com-
pared to the more limited availability of woody biomasses.
Typically, non-woody plants, including agricultural waste,
find practical applications such as serving as organic ferti-
lizer, contributing to energy production through combustion,
being utilized for gully filling to manage erosion, or serving as
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Table 1: Intra and inter polymer linkages between the primary biopolymers

Polymer linkage Type of bond

Component

Ether bond
Carbon to carbon
Hydrogen bond
Ester bond

Ester bond

Ether bond
Hydrogen bond

Intra-polymer linkages

Inter-polymer linkages

Lignin, hemicellulose

Lignin

Cellulose

Hemicellulose

Hemicellulose-lignin

Cellulose-lignin, hemicellulose-lignin
Cellulose-hemicellulose, hemicellulose-lignin, cellulose-lignin

animal feed, while excess is often incinerated as waste [19].
However, transforming various types of waste into nanocel-
lulose presents a significant environmental advantage.

In recent years, cellulose nanoparticles derived from
lignocellulosic agricultural waste, such as oil palm empty
fruit bunch, rice husk, sugarcane bagasse, and sawdust, or
various parts of plants, including seeds, fruits, bast, leaves,
stalks, or grass, have found applications in a diverse range
of industrial uses [20]. Cellulose, lignin, and hemicellulose
stand as the three primary biopolymers in the plant cell
wall, featuring distinct intra and inter-polymer linkages, as
outlined in Table 1 [21]. Additionally, the presence of intra
and intermolecular hydrogen bonds contributes to the sta-
bility of cellulose, imparting high stiffness and strength to
cellulose fibers [22].

Cellulose serves as the principal constituent in plant
fibers, constituting a homopolysaccharide comprised of
B-linked p-glucose units connected by B 1-4 glycosidic
bonds. Each glucose unit contains three —OH groups,
with a primary alcohol at position 6C-OH reacting ten
times faster than secondary alcohols at positions 2C—-OH
and 3C-OH. The formation of robust inter and intra-
hydrogen bonds occurs between end-to-end glucose units,
either on the same chain or different chains, as illustrated
in Figure 1. This results in the creation of densely packed
crystalline cellulose, which imparts mechanical strength,
resistance to organic cellulose chains, and insolubility in
water.

Conversely, hemicellulose exhibits an amorphous, ran-
domly assembled, and structurally complex nature [23]. It
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contributes to plant rigidity by forming links between the
hydrophobic lignin and the hydrophilic cellulose. Addition-
ally, lignin, described as a complex phenolic polymer, acts
as a protective barrier in plant fibers. It surrounds and
safeguards cellulose and hemicellulose, playing a crucial
role in providing structural support.

2.1 Isolation of plant-based nanocellulose

Before nanocellulose functionalization, it is essential to
isolate lignin and hemicellulose, the non-cellulosic compo-
nents mentioned earlier. This isolation is achieved through
pretreatment, separating the crystalline cellulose from
plant fibers using preferred methods such as chemical or
mechanical treatments, as illustrated in Figure 2. This pro-
cess alters internal structures, leading to size reduction,
structural modifications, and increased crystallinity in the
exposed cellulose sources. The efficient removal of lignin
and hemicellulose results in the isolation of nanocellulose
with generally uniform sizes, ultimately yielding homoge-
neous characteristics and reducing its hydrophilicity while
significantly enhancing surface roughness [17]. Furthermore,
pretreatment can impact the thermal stability, mechanical

Crystalline
region
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strength, and crystallinity ratio of the material. Studies have
demonstrated that the removal of hemicellulose and lignin
during bleaching and delignification pretreatment processes
contributes to an increased thermal stability of nanocellu-
lose [24]. Therefore, pretreatment is a crucial consideration
when characterizing the thermal stability properties of
nanocellulose.

The isolation of nanocellulose involves a two-stage
process: (i) cleaning of plant fibers, extraction removal,
and alkaline treatment with bleaching; and (ii) nanocellu-
lose production involving depolymerization and mechan-
ical isolation for preparing nanocellulose. Prior to alkaline
treatment, it is crucial to clean plant-based fibers, removing
oil and dust, as impurities on the fiber surface can affect the
surface charge during acid hydrolysis [25]. The alkaline treat-
ment permeates an alkaline solution into the crystalline struc-
ture, disrupting both inter and intra-molecular hydrogen bonds
in cellulose and the adjacent crystalline region [14]. Alkalization
precedes the bleaching process because it has been demon-
strated that combining alkalization with bleaching enhances
product properties, providing increased surface access for
greater interaction and yielding more nanosized nanocellulose
[26]. Alkalization can be achieved using potassium hydroxide
(KOH) or sodium hydroxide (NaOH) at concentrations ranging
from 4-20wt% and temperatures around 70-160°C [20].
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Figure 2: The isolation of nanocellulose through two distinct treatments leads to the synthesis of varying properties in nanocellulose.
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Moreover, the bleaching process involves the complete removal
of lignin, also known as the delignification process. Sodium
chlorite, with acetate buffer as a proton donor, is commonly
used for bleaching to oxidize chromophoric groups in lignin
and eliminate by-products such as oxidation [24]. Alternatively,
hydrogen peroxide (H20,) with NaOH at pH 11.5 is employed.
The presence of lignin imparts a brown color to cellulose, which
turns white after the bleaching process, signifying the removal
of lignin. To ensure the maximum removal of lignin and hemi-
cellulose, these pre-treatment procedures can be repeated mul-
tiple times.

The second stage involves depolymerization, where the
glycosidic bonds in the amorphous region break through
various chemical and/or mechanical treatments to synthe-
size nanocellulose. Acid hydrolysis is the most commonly
employed procedure to obtain pure cellulose material [25].
Universally used reagents for acid hydrolysis include hydro-
chloric acid (HCI), sulfuric acid (H,SO,), formic acid, phos-
phoric acid, and nitric acid. Among these acids, HSO, is the
preferred choice due to its ability to form a stable colloid in
water. This stability arises from the half sulfate ester group
(0SO*") on the nanocellulose surface, created through inter-
action between H,S0, and —OH groups on the nanocellulose.
This interaction induces repulsion forces between nega-
tively charged nanocellulose particles, ensuring colloidal
stability and dispersion in water compared to other organic
or mineral acids with fewer charges on the nanocellulose
surface [27].

During acid hydrolysis, the sulfate ester group (SO3)
attacks the 6C of the cellulose pyranose ring, as this posi-
tion experiences less steric interruption than other carbon
ring positions. Subsequently, H" ions attack glycosidic lin-
kages, breaking down the cellulose chains into nanocellu-
lose [28]. Typically, nanocellulose isolation is achieved
through acid hydrolysis, which alters the surface reactivity
of —OH groups. For example, the use of HCl during acid
hydrolysis results in a surface with a large number of ~-OH
groups, while H,SO, produces a sulfonated surface. This
surface reactivity can be tailored by controlling acid con-
centration, temperature, and time.

In addition to acid hydrolysis, mechanical treatments
can also be employed for the isolation of nanocellulose,
including techniques such as ultra-sonication, ball milling,
or high-pressure homogenization. Mechanical methods aim
to fibrillate bulk nanocellulose, emphasizing the generation
of high uniformity rather than the elimination of amor-
phous portions, as seen in chemical treatments. High-pres-
sure homogenization and micro-fluidization are the most
commonly utilized mechanical treatments, operating at dif-
ferent pressure levels ranging from 50 to 2,000 MPa and up
to 276 MPa, respectively [29]. Both methods involve passing
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nanocellulose slurries through narrow channels, resulting
in collisions and shear forces between cellulose fibers at the
molecular level.

Ultrasonication, another widely employed mechanical
treatment, utilizes hydrodynamic forces generated by ultra-
sound. Ultrasonication has been shown to significantly
increase cellulose sample yield, reaching up to 85.38%,
compared to a yield of 48.16% without ultrasonication [6].
Additionally, the sonication time can influence the thermal
stability of nanocomposites, as supported by Syafri et al
[30], who demonstrated that longer sonication vibration
times (e.g., 1 h) enhance thermal stability and reduce moisture
absorption. This improvement is attributed to the kinetic
energy of the ultrasonic bath, facilitating even dispersion of
fibers in the matrix, resulting in a compact structure, and
enhancing interfacial bonding between the fibers and the
matrix.

3 Functionalization of
nanocellulose

One of the primary factors contributing to the low thermal
stability of nanocomposites is the inadequate compatibility
between nanocellulose and the polymer matrix [31]. To
enhance the compatibility of nanocellulose with a hydrophobic
polymer matrix, various surface modification approaches can
be employed, encompassing chemical, physical, or enzymatic
methods [6]. However, this study primarily concentrates on
chemical modifications applied to nanocellulose (Figure 3).
Chemical modifications of nanocellulose include oxi-
dation, esterification, etherification, silane grafting, acety-
lation, carboxymethylation, and alkylation, which are key
techniques for chemical modification without the use of
coupling agents or surfactants [32]. Esterification surface
modification occurs between the ~OH group of nanocellu-
lose and acids or anhydrides, such as succinic anhydride,
forming esters and water. Various esterification types are
available, including sulfonation and phosphorylation, occur-
ring during nanocellulose separation based on the corre-
sponding hydrolysis conditions. Acetylated surfaces can be
achieved through Fischer-Speier esterification with acetic
acid. Sulfonated surfaces are obtained using H,SO,, resulting
in a negatively charged surface conducive to nanocellulose
dispersion, forming a stable suspension [33]. Additionally,
silane treatment is another chemical modification aimed
at enhancing nanocellulose dispersion within the polymer
matrix to ensure compatibility and distribution by con-
verting the hydrophilic nanocellulose into a hydrophobic
form. In the silylation process, the silyl group attaches to
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Figure 3: Illustrates three methods for nanocellulose modification: chemical, physical, and enzymatic approaches. Reproduced from Ref. [9].

the —~OH group of nanocellulose. Samarasekara et al. demon-
strated that silylated nanocellulose modified using Si-69 (bis
[3-(triethoxysilyl)propyl] tetrasulfide) exhibits the highest
thermal stability compared to unmodified nanocellulose
[34].

Moving on, one prevalent method in the chemical mod-
ification of nanocellulose involves oxidation via 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO)-assisted oxidation, recognized
as a green and highly effective approach. This method intro-
duces carboxylate groups (-COOH) on the nanocellulose sur-
face, enhancing reactivity for subsequent grafting or polymer
adsorption. It also enhances the stability of TEMPO-oxidized
nanocellulose in water, resulting in well-dispersed nanosized
particles. The process selectively converts ~OH groups at 6C
to ~COOH, using catalytic amounts of TEMPO with NaBr at a
PH around 10-11 in an aqueous NaClO solution containing cel-
lulose, yielding high efficiency of up to 80%, albeit with a longer
oxidation time [35].

Essentially, this method serves as a cost-effective che-
mical pre-treatment step before mechanical processing.
The introduction of negatively charged groups weakens

the rigidity of the cellulose structure, breaking strong
intra-fiber H-bond networks through inter-fibrillar repul-
sive forces produced by these negatively charged groups.
This facilitates nanoscale fibrillation of cellulosic fibers
using various mechanical shearing processes [35]. Carbox-
ymethyl nanocellulose is obtained through etherification,
where alkaline cellulose, following alkaline treatment, under-
goes etherification. The carboxymethyl group combines with
the activated —~OH group to form carboxymethyl cellulose,
rendering it highly charged. Acetylation of nanocellulose is
also an effective functionalization to prevent self-aggregation
and enhance interaction with non-polar solvents [36]. Acety-
lation serves as a valuable chemical modification step in
nanocomposites of nanocellulose with poly lactic acid (PLA),
exhibiting remarkable enhancement in nanocellulose disper-
sion in non-aqueous media [35].

Furthermore, a common covalent bond modification
involves the direct attachment of polymers to nanocellulose
through “graft-to,” “graft-from,” and “grafting-completed/
through” methods, as illustrated in Figure 4. In “graft-to,”
a pre-formed polymer attaches to the nanocellulose surface,
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while in “grafting from,” polymerization initiates from the
nanocellulose surface, enhancing the mechanical properties
of the final composite [37]. “Grafting to” directly grafts
organic molecules through reactions with available —~OH
groups on the nanoparticle surface. The drawback is the
low yield due to steric hindrance by large grafting mole-
cules. However, it allows for easy characterization of the
pre-formed polymer, making it preferable when precise pro-
duct control is necessary [38]. Successful colloidal bonding
in “grafting to” requires efficient coupling chemistry; other-
wise, the graft density will be low [39]. Examples of common
“grafting to” reactions for preparing polymer-grafted nano-
cellulose are shown in Figure 5. These include (a) carbodii-
mide coupling to attach amine-terminated poly(ethylene
glycol) (PEG-NH,) to carboxylated nanocellulose, (b) epoxy
ring opening in basic conditions to attach epoxy-terminated
poly(ethylene oxide) to desulfated nanocellulose, and (c) iso-
cyanate-mediated “grafting to” to attach poly(caprolactone-
block-L-lactide) (P(CL-b-LLA)) to unmodified nanocellulose.

As a consequence, the “grafting-from” methodology is
generally preferred over “grafting to” because it cannot
achieve very high graft densities. The reactions are conducted
in aqueous environments where nanocellulose remains col-
loidally stable, eliminating the need to attach initiators. This
makes it a one-step and potentially more industrially feasible

Grafting to

& D

Subsrrate to be grafted

Substrate to be grafted
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Grafting from

tf%\f

Substrate to be grafted

Substrate to be grafted
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process [37]. Various coupling agents and polymer surface
modifications can be employed with the “graft from” strategy,
involving radical polymerization, ring-opening polymeriza-
tion (ROP), atom transfer radical polymerization (ATRP),
and single-electron transfer living radical polymerization
[40]. The “grafting through” approach is considered an inter-
mediate technique between the “grafting to” and “grafting
from” procedures. Table 2 provides details on the types of
chemical modifications and their specific benefits [17].

Numerous studies have investigated chemically mod-
ified nanocellulose, as depicted in Figure 6. This trend
suggests a focused effort by researchers to enhance the
versatility of nanocellulose and address certain limitations,
particularly its low thermal stability. With exceptional
characteristics such as a remarkably small particle size,
high specific surface area, and modifiability, nanocellulose
stands out as an excellent filler material.

4 TGA

One valuable technique for assessing the thermal stability
of nanocellulose-reinforced polymer nanocomposites is
TGA. TGA detects thermal stability by monitoring weight

Grafting through
Substrate to be grafted

% 5

=
%>

Substrate to be grafted

Figure 4: The “grafting to,” “grafting from,” and “grafting through” approaches for covalently immobilizing various moieties onto surfaces. Polymer
chains are depicted with thick lines, circles represent reactive groups that can be either immobilized onto the substrate or used as a point for chain
growth (in the case of grafting through), and squares represent the monomeric units being attached to the growing chain. Reproduced from Ref. [38].
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lulose, and (c) isocyanate-mediated. Reproduced from Ref. [37].

changes as a function of temperature at a constant rate. It
provides both quantitative and qualitative insights into
physical changes, such as sample loss or gain, in response
to controlled atmospheres (inert or oxygen-rich), mea-
suring the weight change over time. The primary informa-
tion gleaned from the TGA curve is the sample’s thermal
stability, indicating its ability to maintain characteristics
almost unaffected when exposed to heat. This knowledge
is crucial for engineers in various applications to prevent
sample breakdown [41]. For instance, nanocellulose has a
decomposition temperature ranging from 200 to 300°C;
thus, controlling the processing temperature at 200°C is
essential to prevent nanocellulose degradation during pro-
cessing [9]. Additionally, the TGA curve offers insights into the
sample’s composition, showcasing weight loss under heat.
This information is significant for chemists to determine

the sample’s composition, aiding in understanding the reac-
tion steps involved in the decomposition process [42]. It also
enables the identification of unknown compounds in the
sample or the evaluation of the amount or percentage of a
specific compound within a mixture. Plotting the derivative
of mass change with temperature helps identify points where
different mass changes occur, particularly useful for multiple
decomposition reactions. Some TGA curves of nanocellulose
exhibit a single-stage decomposition, indicating high cellulose
component purity, while others may show two-stage decom-
position [43].

Figure 7 depicts a single-stage TGA curve, providing
insight into the thermal stability of the sample through
the initial decomposition temperature (Tonser)/(T3) and final
decomposition temperature (Teng)/(Ty. The plateau or linear
line before (T} and after (T¥) indicates that there is no

Table 2: Some type of chemical surface modification of nanocellulose and its specific improvement

Type of functionalization Remarks

Alkalization
Silylation

Greater thermal stability, reduce moisture absorption of treated nanocellulose
Enhance the nanocellulose/polymer interface, impart additional reinforcing properties, and improve the

physicochemical characteristics as well as the tensile strength of the composite

Grafting

Reduce water absorption rates, enhance mechanical strength, and improve the miscibility of surface-grafted layers

on the nanocellulose matrix. Acrylonitrile grafting contributes to improved thermal stability

Etherification
provides dimensional stability
Sulfonation
hydrolyzing with pure H,SO,4

Cationizing the nanocellulose surface reduces water absorption, enhances resistance to fungus attacks, and

A lower density of surface sulfate groups results in superior thermal stability compared to those achieved by
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change in weight occurring in the sample. The ability of the
sample to retain its properties nearly unchanged upon
heating is referred to as the “thermal stability” of the
sample. As the temperature rises, the sample begins to
lose weight or degrade at the temperature (7T;), and the tem-
perature at which decomposition ends is denoted as (Tp). The
difference in temperature represents the temperature range
over which the present sample thermally degrades. The
thermal degradation of cellulose typically involves three
processes: dehydration (removal of water molecules), depo-
lymerization (breakage of glycosidic linkages among glucose
units), and decomposition (degradation of glycosyl units),
ultimately resulting in the formation of charred residue [44].

The initial degradation of nanocellulose occurs around
50-100°C, representing the temperature at which the first
weight loss occurs in the TGA curve. This corresponds to
the elimination of low molecular weight compounds or
loosely bound volatile matter, such as moisture from the
composite. It is well recognized that absorbed water in
nanocomposites can significantly impact mechanical prop-
erties and thermal stability [45]. The second degradation
involves a large weight loss rate, indicating the decomposi-
tion temperature. The thermal degradation of lignin and
hemicellulose occurs between 300 and 450°C and 200 and
300°C, respectively. The decomposition of hemicelluloses
results in a substantial weight loss between 200 and 350°C,
whereas the thermal decomposition of nanocellulose occurs
between 230 and 350°C due to the presence of hemicellulose

and lignin [46]. In the third step of degradation, the mass
loss is attributed to the degradation of charred residue into
gaseous products. The remaining weight on the TGA curve
represents the charred residue or ash. The high flame-retar-
dant tendency contributes to char formation, protecting
composite materials from heat sources, resulting in lower
mass and increased thermal stability. This flame retardation
potential is often observed in nanocomposites reinforced by
acid-hydrolysis-produced nanocellulose containing sulfated
groups, which are inherently flame-resistant. It is essential
to note that the production of sulfate groups during H,SO,4
hydrolysis can continuously increase with an extended
hydrolysis time [45] (Figure 8).

Weight (%)

\ 4

Temperature (°C)

Figure 7: The basic thermogravimetry curve with initial decomposition
temperature (T;) and final decomposition temperature (Ty).
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Figure 8: The degradation step of plant-based nanocellulose reinforced polymer composite. Reproduced from ref. [46].

Moreover, there is another graph related to TGA known as
the derivative thermogravimetric (DTG) curve, which is used to
indicate the weight change with respect to temperature and
identifies the highest rates of weight change or optimum degra-
dation temperature [47]. Figure 9 presents a combined TGA
and DTG analysis. The two peaks in the DTG curve indicate the
two maximum decomposition temperatures of cellulose and
lignin at 325 and 405°C, respectively. Additionally, the linear
line (red line) indicates the thermal stability of cellulose in the
range of 154-230°C, with cellulose decomposition starting at
230°C and ending at 375°C. The third stage indicates the decom-
position of lignin starting at 375°C and ending at 490°C. Above
490°C, the weight no longer varies, indicating complete calcina-
tion of cellulose (fourth stage). As plants require inorganic

compounds as nutrients during their growth, the generation
of ash occurs, contributing to the observed weight at higher
temperatures [48].

5 Factors affecting TG
characteristics of nanocomposite

Several factors, including sulfate content, type of nanocellu-
lose, intermolecular bonding, nanocellulose filler loading in the
polymer matrix, drying process, fabrication method, and crys-
tallinity, can influence the TG characteristics of nanocompo-
sites. These factors are explored in detail in this section.
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Figure 9: The combination curve of TG (red curve) and DTG (black curve) of cellulose bark of Cola lepidota. Reproduced form ref. [49].
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Figure 10: TGA results of nanocellulose with various concentrations of
H,S04: microcrystalline cellulose (MCC), 40NCC (nanocellulose with 40%),
58NCC (nanocellulose with 58%), 64NCC (nanocellulose with 64%), and
78NCC (nanocellulose with 78%). Reproduced from ref. [28].

5.1 Influence of sulfate content on thermal
stability

The choice of acid for nanocellulose isolation significantly
impacts its thermal stability. The onset degradation tempera-
ture of nanocellulose isolated from H,SO, is approximately
200-240°C, while that of nanocellulose isolated using phos-
phoric acid or formic acid is higher, around 260-310°C and
300-325°C, respectively. Nanocellulose isolated using HCI shows
thermal degradation around 244°C. Comparatively, nanocellu-
lose isolated with H,SO, exhibits the lowest onset degradation
temperature [50]. However, the thermal stability of nanocellu-
lose after acid hydrolysis, especially with H,SO,, remains a
challenge for researchers due to the resulting SO;” on the
nanocellulose surface. This sulfate group acts as a catalyst in
the degradation of nanocellulose, reducing thermal stability
and increasing char residue [51].

QH 0SO; OH
| Cellulose nanocrystal |

ARG .~ - -

Critical assessment of nanocellulose-based polymer nanocomposites

—_ 1"

The increased sulfation area and flame-retardant activity
of the SO3~ group could explain the lower thermal stability.
The hydrolysis treatment with sulfuric acid and ultrasonica-
tion synthesizes cellulose nanowhiskers with reduced length
and diameter. Acid concentration, acid-to-cellulose ratio, and
hydrolysis time influence the SO3~ group on nanocellulose.
Prolonged hydrolysis time may leave residual sulfate groups
on nanocellulose, weakening thermal stability through dehy-
dration reactions [45]. Higher sulfuric acid concentrations
result in lower thermal stability, as demonstrated in a study
investigating the effect of H,SO, concentration (40, 58, 64, and
78%). Nanocellulose treated with 64 and 78% acid concentra-
tion exhibited high SO}~ content, significantly decreasing
thermal stability through dehydration reactions. Although
these samples had a smaller and narrower particle size dis-
tribution and a needle-like form with high crystallinity, they
showed lower thermal stability compared to nanocellulose
treated with 40 and 58% acid concentrations [28]. The
observed phenomenon is more significant when considering
that shorter nanocellulose chains lead to lower thermal
degradation energies and vice versa. The particle size and
varying concentrations of H" ions are expected to produce
nanocellulose with distinct morphological properties, sur-
face reactivity, and yield, all of which influence thermal
stability (Figure 10).

However, there is a suggested method for improving the
thermal stability of nanocellulose, which involves desulfation
and neutralization through post-alkaline treatment [50]. It has
been demonstrated that desulfated nanocellulose exhibits
a higher decomposition temperature compared to sulfated
nanocellulose. Figure 11 illustrates the morphology of sulfated
and desulfated nanocellulose [52]. While nanocellulose typi-
cally decomposes at temperatures around 200-240°C, physical
or chemical modifications, such as desulfation of cellulose
nanocrystals (CNC) obtained through sulfuric acid hydrolysis,
can enhance thermal degradation at 260°C [53].

g T il

I Cellulose nanocrystal |

Figure 11: SEM image depicting the desulfation process of nanocellulose. Reproduced from ref. [52].
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Figure 12: The effect of neutralization of sulfonated nanocellulose using NaOH.

The desulfation process can also be accomplished through
post-alkaline treatment with a robust base like sodium hydro-
xide (NaOH), leading to enhanced thermal properties by ele-
vating the melting temperature. As depicted in Figure 12, sodium
is employed to neutralize the sulfonic acid hydrogen, resulting in
water molecule absorption (hydration). The hydrated ions create
a double ionic layer that repels the corresponding double ionic
layer of the next particle, providing electrostatic stabilization
against long-range attractive forces [54].

Another approach to enhance thermal stability involves
reducing the presence of acid in nanocellulose by employing
a washing method, which includes a repeated sequence of
centrifugation and filtration. However, this method results
in excessive water usage [17]. Recent research has demon-
strated that the thermal stability of sulfate group-containing
nanocellulose can be increased using N,N-dialkylazetidi-
nium salts or solvolytic desulfation. The latter process
involves heating nanocellulose pyridinium salt in dimethyl
sulfoxide (DMSO) in the presence of methanol or water [52],
as illustrated in Figure 13. The reaction between azetidinium

OH (l)H cl)so§

K¢
PV
R N(}OH S~
[ j @
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ions and nanocellulose significantly enhances its thermal
stability by over 100°C, as indicated by TGA measurements.

Moreover, Figure 14 shows the thermal stability of
neutralized H,SO, cellulose nanofibers (CNF) neutralized
by aqueous Na,CO3 and dialyzed H,SO, CNFs. It shows that
the neutralized cellulose show high thermal stability (thermal
degradation temperature: 285°C) compared to dialyzed CNFs
(thermal degradation temperature: 225°C) [56] which is pre-
sent on the CNFs due to the sulfate group.

5.2 Influence of nanocellulose type on
thermal stability

The isolation of nanocellulose from cellulose can be achieved
through either mechanical treatment (milling, high-pressure
homogenization, and ultrasonication) or chemical treatment
(such as acid hydrolysis), resulting in two types of nanocellu-
lose known as CNF and CNC. Figure 15 illustrates that CNC
particles exhibit a short rod-like shape and possess smaller
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Figure 13: The reaction of N,N-dialkylazetidinium salts with sulfonated nanocellulose. Reproduced from ref. [55].
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Figure 14: The thermal stability of H,SO, dialyzed and neutralized CNF. Reproduced from ref. [56].

particle dimensions when compared to CNF. Although CNF
and CNC share the same chemical composition, they differ in
terms of surface morphology, particle size, crystallinity, and
other attributes depending on the precursor and the type of
synthesis process [57]. Different treatments lead to variations
in the length of nanocellulose.

The thermal degradation of cellulose initiates in the
amorphous regions and progresses to the more crystalline
domains [58]. Additionally, an amorphous structure is less

TEM image of
cellulose nanocrystal
(CNC)

SEM image of
cellulose nanofibers
(CNF)

Figure 15: Shows the difference between the morphologies of CNC
and CNF.

resistant to heat and high temperatures than a compact
and ordered crystalline structure. A study on the thermal
stability of nanocellulose conducted by Yildirim and Shaler
[59] concluded that CNC demonstrated greater mechanical
performance in both ways, possibly due to their higher crys-
talline structure where molecules are well-organized and
capable of smoothly transmitting applied stresses compared
to CNF. However, the low thermal stability of CNC can be
attributed to their high crystalline structure. CNC, intro-
duced to a greater number of sulfur groups throughout
the manufacturing process (based on common chemical
treatment), form a route with strong heat transfer potential.
This pathway reduces the thermal degradation tempera-
tures of CNC, exposing high surface areas of CNC to the
heat source, thereby lowering thermal stability. In some
cases, CNC is more commonly used than CNF due to its
relatively small aspect ratio and ease of dispersibility. How-
ever, Pickering stabilization using CNF has been identified
as a promising approach [60]. The incorporation of different
types of nanocellulose in different polymers produces dif-
ferent thermal stability composites as shown in Table 3 [5].

5.3 Intermolecular bonding between the
nanocellulose and polymer matrix

The thermal stability of composite materials is influenced
by various factors, with molecular interactions among dif-
ferent macromolecules being a significant contributor, as
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Table 3: Effect of different types of nanocellulose on the thermal stability of nanocellulose composite

Type of nanocellulose Type of matrix (°C) Tonset Of Neat  Tp,ax Of neat Tonset Of Tmax Of
matrix (°C) matrix (°C) nanocomposite (°C) nanocomposite (°C)
Nanocrystalline cellulose Polyvinyl 253.5 272.5 235-271.5 273.0-339.0
decomposition temperature alcohol (PVA)
(257-333°C) PLA 270 332 — 313-329
PVA and chitosan 194 — 240-253 —
Nanofibrillated cellulose Epoxy 170.1 362.1 161.5-169.5 347.4-350.7
decomposition temperature Starch and chitosan  235.0 304-313 216-224 302-31
(190-225°C) Poly(methyl 3313 3714 332.3-3425 370.2-376.2
methacrylate)
PLA 270 320 282-2,980 325-337

depicted in Figure 16. The intermolecular bonding between
nanocellulose and the polymer matrix is crucial for enhan-
cing thermal stability. Stronger intermolecular bonds con-
tribute to superior thermal stability, requiring substantial
energy to break down nanocellulose macromolecules. How-
ever, challenges arise from the hydrophobic nature of the
polymer matrix and the hydrophilic nature of nanocellu-
lose, leading to agglomeration and suboptimal interfacial
adhesion.

Some researchers address these challenges by employing
a combination of chemical and mechanical treatments to pro-
duce high-quality products. For example, Yudhanto and his
team successfully synthesized a bioplastic film by incorpor-
ating 6% CNCs treated with 46 wt% H,SO, in a PVA matrix.
This involved ultrasonication for 15 min at 60°C, resulting in
particles with dimensions of 25 nm in diameter and 310 nm in
length, and an aspect ratio of 12.4. The intermolecular bonding
of the hydroxyl functional group between NCC and PVA raised
the maximum temperature (T,,x) to 300°C, compared to pure
PVA with T,ax at 275°C, as determined by TGA [61].

Polymer

Matrix

Interaction
Zone

Nanocellulose/
filler

Figure 16: The interaction zone between the polymer matrix and the
nanoparticles.

Two primary methods are employed to create nano-
cellulose composites: the solution casting technique and
the melt blending technique. The solution casting method
is generally preferred due to its ability to achieve a more
uniform distribution of nanocellulose within the polymer
matrix, resulting in a highly crystalline composite structure
that significantly impacts thermal stability [62]. During sample
preparation, the solution casting method allows particles to
self-organize into networks as the solvent forces nanocellulose
and the matrix to disperse. If there is low compatibility, self-
assembly during solvent evaporation is more likely than
binding with the matrix. Solvent selection is critical during
solution casting, and melt processing is applicable when the
polymer is solvent-soluble while the nanofillers are swellable.
Inadequate solvent selection may lead to expensive recovery
costs and environmental contamination.

According to research, nanocellulose can be dissolved
in N,N-dimethylformamide (DMF) with stability compar-
able to aqueous solutions, making DMF a common additive
to water as a dispersion [63]. Other solvents such as chloro-
form, toluene, and water can also be used to swell the nano-
fillers [64]. While wet blending is considered a greener
method as it avoids solvent use, it is often incompatible
between cellulose and popular polymeric matrices. There-
fore, solution casting is generally preferred. Achieving effec-
tive dispersibility of nanocellulose within the polymer matrix
can be accomplished through various approaches, with the
utilization of the solution casting method being one effective
strategy [65].

These interactions play a pivotal role in achieving the
dispersibility of nanocellulose within the polymer matrix,
consequently influencing the ultimate properties of the
nanocomposite. The establishment of strong intermole-
cular bonds between nanocellulose and the matrix can
occur through either physical or chemical interactions.
These robust and rigid bonds elevate the thermal energy
required for chain cleavage at critical decomposition
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stages. Another approach to enhance compatibility between
nanocellulose and the polymer matrix involves chemical
modification of nanocellulose. Surface modification leads
to a homogeneous dispersion, contributing to increased
thermal stability through improved interfacial adhesion
between nanocellulose and the polymer matrix [2]. In addi-
tion to chemical modification, some researchers employ sur-
factants, chemical grafting reactions, and compatibilizers to
enhance the dispersion of nanocellulose in the polymer
matrix and improve composite thermal stability [65]. In a
specific study, rod-like CNC were extracted through acid
hydrolysis using parameters of 62wt% H,S0, at 45°C for
45min, with an acid-to-fiber ratio of 1:20. Surprisingly, the
resulting CNC exhibited a high thermal degradation tem-
perature of 249.5°C compared to untreated nanocellulose.
This improvement is attributed to the stronger hydrogen
bonding in nanocrystals and crystalline domains formed
after acid hydrolysis, removing amorphous regions from
cellulose and leaving a predominantly crystalline structure
[66, 67]. In essence, the acid hydrolysis pretreatment yields
nanoscale cellulose fillers, fostering good compatibility
between the PLA matrix and cellulose nanofillers [68].
Furthermore, the high thermal stability is also attributed
to the termination of hydrolysis by diluting the solution
20 times with deionized water at 4°C, followed by centrifu-
gation for 20 min at 8,000 rpm to remove residual sulfuric
acid. This process reduces the sulfate content, contributing
to the increased thermal stability of the CNC derived from
date palm waste [67].

e

Nanocellulose

Nanocomposite

Figure 17: The effect of filler loading in the polymer matrix.
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5.4 Effect of nanocellulose filler loading in
polymer matrix on thermal stability

The quantity of filler loading in the polymer matrix plays a
crucial role in determining the final properties of the com-
posite. Numerous studies have theoretically demonstrated
that an increase in filler loading within the polymer matrix
can enhance the thermal stability of the composite by
decelerating the rate of thermal degradation, as depicted
in Figure 17 [69].

Practically, when nanocellulose loses its high aspect
ratio due to a strong tendency to agglomerate, the reinfor-
cing effect may be hindered and even degraded, especially
at higher cellulose loading levels [45]. Optimal nanocellu-
lose loading is crucial, reaching the percolation threshold
or the saturation point of homogeneous dispersion, to
achieve optimum properties. Percolation networks play a
vital role in composite materials, as exceeding the percola-
tion threshold dramatically improves material properties,
possibly introducing properties that were previously non-
existent. To establish an effective percolation network,
close monitoring of nanoparticle density and dispersion
in the matrix is essential [22].

Moreover, DMF stands out as a versatile solvent, com-
patible with water and most organic solvents (excluding
halogenated hydrocarbons). It exhibits chemical stability,
serves as an effective solvent for a wide range of organic
and inorganic compounds, and is excellent for solution
casting and film formation. In a study, researchers

High thermal
stability

nanocellulose
loading

N A Low thermal
O 7‘) stability

nanocellulose
loading
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examined the effects of 0.1 and 0.5 wt% cellulose nanowhis-
kers, isolated through sulfuric acid treatment and ultraso-
nication, on reinforcing PLA polymer. Surprisingly, an increase
in cellulose nanowhiskers loading led to a decrease in thermal
stability. PLA reinforced with 0.1 and 0.5 wt% cellulose nano-
whiskers began decomposing at 277 and 259°C, respectively.
Additionally, the activation energy of thermal decomposition
decreased with the increase in the cellulose nanowhiskers con-
tent, indicating insufficient thermal insulation in the PLA
matrix [68]. The sulfuric acid treatment further contributed
to the significant decrease in thermal stability. However,
higher cellulose nanowhiskers loading showed an increase in
tensile strength and tensile modulus, attributed to the high
crystalline properties of cellulose nanowhiskers promoting
favorable behavior in the PLA matrix.

In another study, the effect of Washingtonia fiber
loading (10, 20, and 30 wt%) with high-density polyethylene
(HDPE) on composite thermal stability was investigated.
Results indicated that a 20% fiber loading with HDPE demon-
strated superior thermal stability, suggesting a Washingtonia
fiber saturation ratio of around 20% by mass, beyond which
the thermal stability of the composite declined [70].

5.5 Influence of drying process and
fabrication method on thermal stability

A crucial final step in preparing nanofillers involves drying
nanocellulose aqueous suspensions. This step is indispen-
sable as the demand for nanocellulose in a dried-solid state
is paramount to meet the requirements of cost-effective,
large-scale industrial production of nanocomposites. This
is facilitated by the ease of processing using melt com-
pounding [45]. An improper drying process can signifi-
cantly impact the properties of the end product, especially
its thermal characteristics [71]. Notably, research has indi-
cated that spray drying of nanocellulose enhances thermal
stability and the crystallinity index [17]. Typically, during
the cellulose drying process, molecular interactions within
the nanocellulose intensify due to the forces generated by
water removal and elevated temperatures [69].

Simultaneously, nanocellulose is often supplied as an
aqueous dispersion to prevent aggregation, as it is most
favorable to process nanocellulose while still in a wet
state with the polymer matrix. Lyophilization, a frequently
employed technique, involves replacing the water in the
aqueous dispersion with tert-butanol and then lyophilizing
to prevent agglomeration [60]. However, in some instances,
concerns about aggregation persist even when nanocellu-
lose is freeze-dried.
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Moreover, the selection of the optimal processing tech-
nique stands as a pivotal phase in composite manufac-
turing. While solvent casting and melt processing are
widely utilized for laboratory-scale preparation of polymer
nanocomposites, they lack significant industrial appeal
compared to melt extrusion processes. In melt extrusion,
the reinforcement is typically added in solid form to a
polymer melt, catering to industrial-scale production [72].
Achieving good compatibilization is a crucial consideration
when synthesizing a desired polymer nanocomposite to
ensure improved performance compared to the pristine
polymer. The chosen fabrication method also influences
the thermal stability of the composite. Melt blending,
widely employed in various industries, is the predominant
technique for producing polymer nanocomposites with
diverse polymer matrices. This method entails the direct
dispersion of nanocellulose in molten polymer, thorough
mixing in a molten state, and the application of high shear
stress, which aids in reducing the size of agglomerations, as
illustrated in Figure 18 [73].

Referring to Figure 18, the initial step involves the break-
down of large agglomerates, which then disperse into smaller
units scattered throughout the polymer matrix. The applica-
tion of stronger shearing forces, resulting from the transfer of
strain from the polymer to these newly formed agglomerates,
further breaks them down into individual particles. The suc-
cess of this process largely depends on factors such as time
and the chemical affinity between the polymer and the nano-
particle surface. Melt blending is typically executed using
single and twin extruders or through injection molding.
This technique offers several advantages, including achieving
well-dispersed nanocellulose within the polymer matrix,
enhancing thermal stability, improving mechanical proper-
ties, cost-effectiveness, and, notably, eco-friendliness as it
avoids the use of solvents [73]. However, it is worth noting
that high temperatures in melt blending can occasionally
have adverse effects on the modified surface of the nanofil-
lers, necessitating the use of optimized performance techni-
ques. Moreover, managing the interactions between the
polymer and nanoparticles, alongside controlling processing
parameters like temperature and dwell time, can pose sig-
nificant challenges.

Melt processing is the preferred and widely adopted
method, especially for polymers that require melting and
molding temperatures in the range of 170-190°C. However,
it is important to consider that the degradation tempera-
ture of nanocellulose is around 200°C, beyond which che-
mical dehydration occurs due to the loss of physically and
chemically bonded water. This process can result in yel-
lowing and further darkening of the cellulose fibers, leading
to increased brittleness. While melt processing offers high
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dispersion levels, the only drawback is the requirement for
toxic and hazardous solvents to dissolve the polymer matrix,
as in the case of PLA. Studies have demonstrated that the use
of acetylated cellulose as a reinforcement in PLA through
melt extrusion leads to significant enhancements in the
mechanical performance of the nanocomposite and PLA
crystallinity [74]. This may be attributed to less structural
damage and the preservation of CNCs orientation in the
matrix during solution casting, consequently maintaining
the maximum reinforcing effect for the composites [75].
Melt mixing is usually applied for non-polar polymer matrix;
thus, surface modification of nanocellulose needs to be con-
ducted to obtain uniform dispersion of nanocellulose in the
matrix.

5.6 Effect of crystallinity on thermal stability

Crystallization refers to the ability of polymer chains, in a
mobile state, to form a crystalline packing structure that is
ordered and compact [45]. Cellulose acts as a nucleating
agent in composites, enhancing their crystallization rate and
overall crystallinity, thus improving their thermal proper-
ties [65]. Higher crystallinity imparts a more ordered and
densely packed structure to cellulose chains, making them
more resistant to degradation at elevated temperatures.
Conversely, a predominantly amorphous cellulose structure

o

%‘g;,**—

’.’3},&'3: :

Critical assessment of nanocellulose-based polymer nanocomposites

-_— 17

renders the chains more accessible and less stable during
cellulose pyrolysis. The crystalline content is a crucial para-
meter, influencing mechanical properties and degradation
rates. Additionally, higher crystallinity is typically associated
with greater thermal stability, a favorable property during
thermal processing [76].

The nucleation action of nanocellulose, particularly
highly crystalline nanocellulose, contributes to the forma-
tion of a stiff and rigid crystalline structure in composites,
making it less sensitive to thermal attack. The addition of
cellulose positively impacts the thermal properties of the
composite. The degree of crystallization is interrelated to
the thermal stability of nanocellulose-reinforced polymer
nanocomposites. Nucleating agents, such as talc, carbon
nanotubes, graphene nanosheets, nanoclay, zinc phenyl
phosphonate, poly(p-lactic acid), polyoxymethylene, and
more, are factors that can affect the rate and behavior of
crystallization in a composite [77].

The addition of nucleating agents accelerates the crys-
tallization of polymers like PLA. For instance, introducing
0.2% wt./wt. of the heterogeneous nucleating agent TMC-
328 in PLA improves heat resistance [78]. Nanocellulose
treated with acid hydrolysis (H,SO,4) exhibits the highest
crystallinity index (83.51%) and good thermal stability with
a low aspect ratio. In contrast, nanocellulose treated with
TEMPO shows a crystallinity index of 72.33%, resulting in a
sharp reduction in thermal stability but exhibiting good
dispersion stability due to surface functional groups [79].
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Figure 18: The effect of shearing on the dispersion of the nanocellulose in polymer by melt blending. Reproduced from Ref. [73].
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The reduced thermal stability of TEMPO-treated nanocel-
lulose is attributed to the introduction of sodium carboxy-
late groups on the fiber surface during the TEMPO oxidation
process. This leads to a decrease in crystalline cellulose
chains, represented by unstable sodium anhydroglucuronate
units in the TEMPO nanocellulose. However, the compact
structure of acid hydrolyzed nanocellulose, as evidenced by
a higher crystallinity index, limits the grafting of sulfate
groups onto its surface. As a result, the decrease in degrada-
tion temperature for acid hydrolyzed nanocellulose is not
pronounced [79] (Figure 19).

6 TGA characteristics
functionalized nanocellulose
reinforced polymer
nanocomposites

6.1 Functionalized nanocellulose reinforced
with thermoset nanocomposites

Epoxy is a widely used polymer known for its applications,
yet it possesses drawbacks such as high brittleness and low
impact resistance due to its highly cross-linked structure [80].
To address these limitations, nanocellulose (Figure 20(a)) is
introduced as a reinforcement agent in epoxy composites.
Ureido-pyrimidinone (UPy), recognized as a supramolecular
polymer, is incorporated into nanocellulose to enhance the
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oriented and stable dispersion of nanocellulose, owing to the
strong bonding ability of UPy [81].

Wang et al. successfully synthesized UPy-modified
nanocellulose (NCC-UPy), which exhibited a tendency to
bundle into long rod-like nanocrystals and predominantly
aligned in the form of aggregates, as depicted in Figure
20(b). This alignment is attributed to the highly oriented
multiple hydrogen bonds formed through the UPy groups
of NCC-UPy, in contrast to unmodified nanocellulose shown
in Figure 20(a), which presents rod-like shapes and a pro-
pensity for self-aggregation due to the abundance of ~OH
groups [82]. The onset decomposition temperature and max-
imum decomposition temperature of the modified nanocel-
lulose were recorded at 326.6 and 350.2°C, respectively. NCC-UPy
demonstrated an oriented ordered arrangement with superior
dispersibility, good thermostability, and high crystallinity
compared to unmodified nanocellulose. These attributes
are advantageous for its use in reinforcing epoxy resin
[82]. This improvement is mainly attributed to the formation
of electrostatic repulsion between NCC-UPy nanoparticles,
weakening hydrogen bonding and consequently enhancing
the dispersion and interfacial compatibility of UPy-modified
nanocellulose without aggregation.

While this study lacks information on the thermal stabi-
lity of the nanocomposite, the positive impact demonstrated
by the modified nanocellulose, indicating an improvement in
thermal stability, suggests that the resulting supramolecular
nanocomposite is expected to exhibit high thermal stability
after reinforcement with epoxy resin.

Dharmalingam et al. [83] observed a reduction in the
thermal stability of luffa fiber due to the hydrophilic

Influence of Sulphate
Content

Effect of
Crystallinity on
Thermal Stability

Influence of
Nanocellulose Type on
Thermal Stability

Factors Affecting
Thermogravimetric
Characteristic of
Nanocomposite

Influence of Drying
Process and Fabrication
Method on Thermal
Stability

Effect of Nanocellulose

Intermolecular
Bonding Between the
Nanocellulose and
Polymer Matrix

Filler Loading in
Polymer Matrix to
Thermal Stability

Figure 19: The six factors influencing the TG characteristics of nanocomposites.
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Figure 20: The SEM image of (a) NCC and (b) NCC-UPy. Reproduced from Ref. [82].

nature of nanocellulose, leading to high water uptake and
poor distribution. To address this, they proposed a solution
involving the modification of nanocellulose using 3-Amino-
propyl trimethoxysilane ((OCHs3);Si(CH,)3NH,). This func-
tional group plays a crucial role in chemical modification,
incorporating (a) methoxy (OCHj3) to decrease the number
of hydrogen groups in the fiber, (b) Si groups to hinder
water uptake from atmospheric moisture, and (c) amine
(NH,) for forming chemical bonds with epoxy or as a
hardener [84]. When these functionalized luffa fibers
are employed in the fabrication of epoxy composites,
the epoxy groups condense with these aminated luffa
fibers, similar to the condensation of epoxy groups with
the aminated hardener molecule.

The TGA curve demonstrates a single major transition,
indicating a robust interlocking between the amine-func-
tionalized fiber and the epoxy matrix [85]. Additionally,
there is a reduction in water uptake, leading to an increase
in degradation temperature with filler loading ranging
from 4 to 6%, compared to an unmodified nanocellulose-
reinforced epoxy matrix.

Furthermore, in a recent study, Wang et al [86] demon-
strated that nanocellulose grafted copolymer CNC-g-PtBA, synthe-
sized via ATRP in the presence of a macromolecular initiator
blended with acrylic-hased polymer resin, enhanced the compat-
ibility and interaction between nanocellulose and the polymer.
This grafting approach via ATRP resulted in a significant
improvement in thermal stability. Moreover, Abraham
et al. [87] provided a comprehensive review indicating
that acetylated CNC exhibits stronger thermal stability
(Tonset at 298°C) compared to unmodified nanocellulose
(Tonset at 255°C). This enhanced thermal stability is attrib-
uted to the crystalline hydrophobic behavior and the pre-
sence of acetate esters, which enhance thermal resistance.
Consequently, acetylated CNC can serve as an effective rein-
forcing agent for hydrophobic polymer matrices, such as

epoxy. The mechanism of acetylated nanocellulose begins
with nucleophilic attack during acetylation on the acyl
carbon of the anhydride molecule by a lone pair of the
alcoholic hydroxyl group. Subsequent loss of acetic acid
occurs, generating the ester. A catalyst, such as iodine,
serves as a Lewis acid catalyst, activating one of the car-
bonyl carbons of Ac,0. This, in turn, protonates the nearby
hydroxyls of cellulose (polyalcohol), eventually leading to
the esterification of CNC [87].

Additionally, Girouard et al. [88] undertook nanocellulose
modification through a distinct functionalization approach
involving the introduction of urethane linkages between poly-
urethane (PU) and CNC. This modification utilized isophorone
diisocyanate (IPDI) monomer, possessing both primary and
secondary isocyanate groups (-NCO) with varying reactivity
toward the surface —OH groups of CNC. The reaction, facili-
tated by dibutyl tin dilaurate as a catalyst, involved the sec-
ondary —-NCO group reacting with the primary ~OH group of
CNC. Meanwhile, the unreacted primary —NCO units on the
modified CNC participated in polymerization in the presence
of polyether-based triols to generate PU. The resulting PU/CNC
nanocomposite exhibited enhanced thermal degradation,
commencing at 300°C, marking a 35°C increase compared to
unmodified nanocellulose, as depicted in Figure 21. Notably, it
was emphasized that the CNC’s degradation is influenced by
the drying method. Following the functionalization of CNC
with IPD], the particles were washed with toluene to remove
excess reactants and then dried in a vacuum oven at 80°C. This
drying process ensured the absence of moisture for the mod-
ified particles, contributing to their enhanced thermal stability
[88]. Furthermore, the inclusion of 1 wt% esterified CNC with
unsaturated fatty acid-modified nanocellulose demonstrated
potential improvement in the thermal stability of unsaturated
polyester/m-NC nanocomposites (UPe/m-NC), obtained from
waste poly(ethylene terephthalate) (PET) mixed with a reac-
tive vinyl monomer [89]. The notable enhancement can be
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Figure 21: The (a) TGA curve and (b) DTG curve depict the thermal properties of unmodified CNC (um-CNC) and modified CNC (m-CNC). Reproduced

from ref. [88].

attributed to the high compatibility of the modified nanocel-
lulose with unsaturated polyester, even at low filler loading
(Tables 4-6).

6.2 Functionalized nanocellulose reinforced
with thermoplastics nanocomposites

There is substantial evidence that CNF synthesized through
TEMPO-mediated oxidation, with sodium carboxylate groups
on the cellulose, effectively enhance CNF dispersion. However,
simultaneous decarboxylation of anhydroglucuronate units
poses challenges to thermal stability and other issues [90].
To address this concern, nanofiber cellulose by TEMPO was
methylated with trimethylsilyl diazomethane (TMSCHN,),
resulting in an increased thermal stability from 222 to
249°C. Alternatively, ion-exchange treatments of the sodium
carboxylate groups present in the original total organic
carbon were employed [91].

Another strategy to enhance thermal stability involves
the use of chain-end-functionalized polyethylenes (Cef-PEs).
These polyethylenes can transfer stress across interfaces,
thereby improving the performance of nanocomposites [90].
Furthermore, CNF by TEMPO-mediated oxidation, modified
with Cef-PEs through alkoxysilane silanization (=Si(OCHs)s),
efficiently reacts with —~OH groups on nanofiber cellulose,
enhancing its thermal stability. The decomposition tempera-
ture of unmodified nanocellulose was 326.7°C, whereas after
modification, it increased to 350.9°C [90]. The aforementioned
modified nanocellulose was incorporated with non-polar

linear low-density polyethylene (LLDPE) polymer to synthesize
a nanocomposite. This modification rendered the surface prop-
erties of the nanocellulose hydrophobic, thereby increasing the
thermal stability of the resulting nanocomposite.

Additionally, polypropylene (PP) is a widely used hydro-
phobic thermoplastic. A PP nanocomposite reinforced with
5% loading of silane surface-modified CNFs demonstrates
improved thermal stability [34]. Moreover, cellulose and
cellulignin (fiber without hemicellulose), obtained from
sugarcane bagasse and chemically modified through acety-
lation, were used to reinforce PP composites for the study of
thermal stability properties [48]. The decrease in the -OH
band in Fourier-transform infrared spectroscopy (FTIR) con-
firms the substitution of ~OH groups on nanocellulose by
acetyl groups, resulting in fewer —OH groups available for
hydrogen bonding. Overall, the composites reinforced with
treated fibers exhibited higher thermal stability compared
to those reinforced with untreated fibers at a temperature of
400°C [48]. Furthermore, the thermal stability of acetylated
short sisal fibers reinforced with polystyrene (PS) compo-
sites was investigated. The composites demonstrated higher
thermal stability than both sisal fiber and the PS matrix. PS/
treated sisal composites exhibited greater thermal stability
than unreinforced PS and sisal fiber. The major degradation
of the composite initiated at a higher temperature (329°C),
and decomposition was nearly complete at 447°C. These
improvements were attributed to enhanced fiber-matrix
adhesion through additional intermolecular bonding
between the fiber and matrix [92].

Moreover, Chanda et al. [93]. employed a novel, safe,
effective, and eco-friendly modification to functionalize the
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Table 4: Summary of the functionalized nanocellulose reinforced with thermosetting polymer nanocomposites

Ref.

Thermal stability of nanocomposite

Remarks

Type of functionalization

Type of thermoplastic

polymer

Origin of nanocellulose

[82]

Thermal stability of modified nanocellulose

increased

Enhanced crystallinity of NCC-UPy and strong
interfacial bonding force between NCC-UPy

Strong interlocking between the amine-

UPy-modified nanocellulose

Epoxy

—-(CNC)

[83]

Improvement in thermal stability

Amine functionalization

Epoxy

Luffa fiber

functionalized fiber and epoxy matrix and lesser

water uptake

[86]

Thermal stability increased

Increased the compatibility and interaction
between the nanocellulose and polymer

Grafted copolymer CNC

-g-PtBA

Acrylic-based polymer

Cotton pulp (CNC)

[87]

Acetylated CNC has stronger thermal stability

(decomposition onset at 298°C)

Crystalline hydrophobic behavior and the acetate

esters enhanced thermal burning

Acetylated CNC

Epoxy

Cellulosic waste

materials (CNC)
Southern yellow
pine (CNC)

[88]

Thermal degradation begins at 300°C, a 35°C

increase compared to the unmodified

nanocellulose

Drying process after the modification play a role

Urethane linkage-CNC

PU

Thermal stability increased [89]

High compatibility of modified nanocellulose

Esterification of CNC

Unsaturated polyester

Cotton (CNC)
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—OH groups of CNC through silane treatment. These mod-
ified CNCs were utilized as reinforcements in the prepara-
tion of poly(ethylene oxide) (PEO)/CNC nanocomposites
using the solvent casting method. The results indicated
that the composites incorporating silane-treated CNCs exhib-
ited an enhancement in the dispersion behavior of nanopar-
ticles within the matrix. The inclusion of silane-treated CNCs
led to increased thermal stability of the composite films.
This heightened thermal stability in the nanocomposites
can be ascribed to the shielding effect of the three-dimen-
sional polysiloxane network grafted onto the surface of the
modified CNC, thus enhancing compatibility between the
filler and matrix while reducing the polar characteristics
of fillers [93].

Furthermore, Chenampulli et al [94] synthesized a
novel ethylene diamine-functionalized nanocellulose/poly
(ethylene-co-acrylic acid) composite, claiming its suitability
for biomedical applications and cation removal from was-
tewater streams containing heavy metal ions. The first step
in functionalizing nanocellulose involves nucleophilic sub-
stitution of the 6C-OH group with a chlorine atom (a good
nucleophile) using thionyl chloride as the chlorinating
agent. The second step is the replacement of the chlorine
pendent group by ethylene diamine, resulting in amino-
deoxy cellulose nanoparticles. The incorporation of an ethy-
lene diamine moiety into cellulose is expected to reduce
interparticle attractions, and the -NH, group is anticipated
to interact with the ~-COOH group of poly(ethylene-co-acrylic
acid). According to TGA analysis, the thermal stability of
aminodeoxy cellulose nanoparticles improved, as the cellu-
lose main chain degradation began at 287°C, possibly due to
the fire retardant effect of chlorine [94].

A novel chemical conversion of sulfate groups on
nanocellulose using the azetidinium ion has been intro-
duced to enhance the thermal stability of nanocellulose
composites [55]. Two types of azetidinium salts were
employed: (a) 1,10-diethyl-3-methoxyazetidinium chloride
(AzOMeDEA salt) and (b) 1,10-dihexyl-3-methoxyazetidinium
chloride (AzOMe-DHA salt). Surprisingly, the sulfate concen-
tration remained relatively unchanged for samples modified
with AzOH-DHA. In contrast, the sulfate content decreased
for nanocellulose modified with AzOH-DEA. Consequently,
AzOH-DEA-modified nanocellulose was coated with LLDPE
to investigate the thermal properties of the resulting nano-
composite. TGA results indicated that the reaction between
azetidinium ions and CNC increased the thermal stability of
CNCs by more than 100°C. This enhancement was attributed
to the removal of the acidic hydrogen associated with the
sulfate group. The hydrogen removal occurred through
grafting with azetidinium substituents, hindering the acid-
catalyzed dehydration process. Methylated groups also
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Figure 22: The nanocomposite incorporates a combination of modified PP and TBCF. Reproduced from Ref. [95].

prevented intramolecular cyclization, while non-methylated
(AzOH-DEA) groups caused desulfation of CNCs. This mod-
ification is suitable for heat-processing techniques, such as
extrusion, on an industrial scale [55].

Additionally, Wang et al. [95] presented a dual modifica-
tion approach to enhance the interfacial adhesion between
PP and cellulose fibers. Maleic anhydride (MAH) was mechan-
ochemically grafted onto PP to interact with the reactive
hydroxyl groups on the surface of 2,2,6,6-tetramethylpiperi-
dine-1-oxy radical (TEMPO)-oxidized bamboo cellulose fiber
(TBCF), as depicted in Figure 22. Unmodified nanocellulose
reinforced with modified PP and modified cellulose with

100 PLA/NCC
——PLA/AI
80 ——PLA/A2
| — PLA/A3
~ ——PLA/A4
=3
X 60 —— PLA/AS
= [ ——PLA
5 40
(] L
= 20
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Figure 23: The thermal stability of different ratios of NCC to HAP was 50/
50 (A1), 40/60 (A2), 30/70 (A3), 20/80 (A4), and 10/90 (A5) in PLA matrix.
Reproduced from Ref. [100].

modified PP exhibited onset decomposition temperatures of
265.4 and 284.9°C, respectively. This difference can be attrib-
uted to the released reactive —~OH groups on the fiber surface
generated by TEMPO-mediated oxidation processing, effec-
tively bonding with MAH-modified PP and creating a strong
interfacial adhesion between the modified PP and nanocellu-
lose. Interestingly, the 5 wt% modified PP was tightly attached
to TBCF and could not be removed even after 120 h of Soxhlet
extraction with dimethylbenzene [95].

PVA is a water-soluble polymer known for its non-toxi-
city, good transparency, and high oxygen barrier properties.
However, its limited mechanical strength and stiffness
hinder its applications requiring high mechanical perfor-
mance. To address this limitation, polyacrylamide grafted
CNC (CNC-g-PAM) were introduced as reinforcing agents
for PVA using a solution casting method to create a nano-
composite film. The incorporation of grafted CNC in the PVA
matrix aims to prevent nanocellulose agglomeration and
enhance interfacial interactions through hydrogen bonding
between nanocellulose and the polymer [96]. The presence
of polyacrylamide grafted onto CNC in the nanocomposite
film is confirmed by the absorption band at 1,661 cm™, repre-
senting the amide group in CNC-g-PAM.

The TGA of the resulting nanocomposite reveals three
stages of weight loss. The first stage, occurring between 80
and 180°C, is attributed to the evaporation of moisture in the
films. The second and third stages, observed at 210-380°C
and 380-520°C, respectively, represent the thermal degrada-
tion of the film. The overall thermal stability of the film
shows a slightly higher temperature after incorporating
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polyacrylamide grafted CNC into PVA compared to pristine
PVA film. The initial degradation temperature and maximum
degradation temperature of PVA-2.5%, PVA-5%, PVA-7.5%,
and PVA-10% have shifted to slightly higher temperatures
compared to the pristine PVA film. This indicates only a
marginal improvement in thermal stability after the inclu-
sion of CNC-g-PAM into PVA [96].

6.3 Functionalized nanocellulose reinforced
with bio-polymer nanocomposites

Biobased and biodegradable polymers, such as starch, PLA,
and polycaprolactone (PCL), are emerging alternatives
for synthetic polymers like PP, acrylonitrile butadiene
styrene, and PS [97]. Chakrabarty [60] has discussed
recent advances in biopolymer reinforcement using func-
tionalized nanocellulose.

PLA is a biodegradable thermoplastic polyester synthe-
sized through the polymerization of lactic acid monomers,
primarily derived from natural sources via ROP [98]. Rigotti
et al. [99] prepared a biopolymer nanocomposite, PLA rein-
forced with nanocellulose functionalized with a hydro-
phobic lauryl chain through esterification reaction. In
another approach, Lu et al. [100] modified nanocellulose
using hydroxyapatite (HAP) to reinforce PLA (CNC-HAP).
TGA results indicate that the addition of inorganic HAP
significantly enhanced the thermal stability of CNC-HAP
in PLA, reaching 346.6°C, especially for the sample (CNC/
HAP) at a ratio of 30/70, referred to as PLA/A3, as shown in
Figure 23. The study demonstrated that incorporating
modified nanocellulose NCC/HAP in PLA significantly improved
the interface compatibility with the PLA matrix due to strong
hydrogen bonding interactions at the interface, leading to good
dispersion in the PLA matrix [100].

Additionally, Bulota et al. emphasized that incorpor-
ating acetylated nanocellulose into PLA can enhance the
end properties by esterifying the primary —OH groups of
nanocellulose, reducing polarity, and improving the dis-
persion and compatibility of nanocellulose in the non-
polar PLA matrix. The effectiveness of this enhancement
depends on the degree of substitution (DS). For instance, DS
with 0.43 showed no visible aggregation compared to DS
with 0.24, indicating that DS 0.24 is insufficient to prevent
severe aggregation due to hydrogen bond formation [101].
Another green strategy was proposed by Ren et al. [102],
who added acetylated surface-modified CNF into the PLA
matrix using melt-compounding technology.

Moreover, Oyekanmi et al [103] developed a novel
method to synthesize macroalgae film composites reinforced
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with silane-modified CNF, making them potentially suitable
materials for packaging applications. This study assessed the
effect of silane treatment modification on the composite prop-
erties with different concentrations of CNF loading (1, 2, 3, 4,
and 5%) in the biopolymer film. The results showed that
silane-modified nanocellulose exhibited the strongest thermal
resistance during its peak decomposition, occurring around
450°C. This was attributed to the deterioration of the matrix
and the dehydroxylation of the silanol groups (Si—-0-Si) on
the modified film, promoting surface hydrophobicity. More-
over, the more homogeneous distribution of CNF enhanced
the interfacial interaction with macroalgae for both the mod-
ified and unmodified film. Consequently, as the temperature
rose, the polysaccharide macroalgae chains in the matrix
were unable to move, thus increasing thermal stability. The
effect of the reinforcements of the CNF loadings indicated
improved thermal properties for both modified and unmodi-
fied films, with optimum fiber loading at 4%.

Furthermore, another study demonstrated that PEG-
grafted CNF exhibited much better dispersion in a PLA
matrix compared with unmodified nanocellulose through
the covalent grafting process [10]. Yin et al. [104] success-
fully synthesized CNC grafted aminopropyltriethoxy silane
(APS) with PEG epoxide (CNCs-APS-PEG). CNCs modified
with APS and PEG were utilized as reinforcement for
PLA composites through hot-pressing. PEG served as an
effective plasticizer and compatibilizer to increase the dis-
persion of functionalized CNCs in PLA composites. Electron
microscope images showed that the dispersion of CNCs in
the polymer matrix improved due to changes in surface
characteristics. TGA indicated that the initial decomposition
temperature of the modified CNCs increased by approxi-
mately 150°C compared to pure CNCs.

PCL, which is gaining growing interest as a biomaterial
for surgical applications, was incorporated with PCL-grafted
CNC (PCL-g-CNC) to enhance the mechanical properties of
PCL-based scaffolds and improve compatibility with the
polymeric matrix. PCL chains were grafted onto the surfaces
of CNC through ROP, obtained from eucalyptus wood by acid
hydrolysis, to enhance their compatibility with the contin-
uous PCL phase [105]. Subsequently, nanocomposites of PCL-
g-CNC demonstrated improvements in TGA analysis. The
degradation temperature and maximum degradation tem-
perature for CNC were 260 and 314°C, respectively. On the
other hand, the onset degradation temperature and max-
imum degradation temperature for PCL-g-CNC were approxi-
mately 295 and 382°C, indicating good thermal stability of the
modified nanocellulose [105]. The author also investigated the
effect of different PCL-g-CNC loadings (1, 3, and 5 wt%) in PCL.
These results clearly indicated a decrease in the thermal sta-
bility of the PCL mats with an increasing content of PCL-g-CNC
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Figure 24: The two steps in situ polymerization reaction to synthesis nanocellulose grafted PBG. Reproduced from Ref. [72].

in the biocomposites, attributed to the lower thermal stability
of PCL-g-CNC.

Moreover, another biodegradable polymeric matrix, poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), known for
its poor thermal properties with a maximum decomposition
temperature of 245.8°C, exhibited improved thermal stability
after being grafted with functionalized CNC, reaching a max-
imum decomposition temperature at 294.1°C [106].

The enhancement in thermal stability is attributed to
the formation of hydrogen bonding interactions between
the ester carbonyl group of PHBV chains and the —OH
group of functionalized CNC. This interaction reduces the
electron-donating effect of substituent groups on carbon
atoms at the o-position and the negative inductive effect
of neighboring methylene groups at the p-position to the
ester oxygen of the PHBV matrix [106]. Consequently,
hydrogen bonding interactions can inhibit the formation
of six-membered ring ester during the degradation pro-
cess of PHBV, thus improving the thermal stability of the
nanocomposite.

Polyhydroxyalkanoates are considered more promising
bioplastics due to their biodegradable and biocompatible
properties similar to polypropylene. Additionally, montmor-
illonite (MMT) is a low-cost clay that readily yields hydro-
philic and environmentally friendly nanoparticles [107]. Xu
et al. [108] have conclusively demonstrated that the incor-
poration of acetylated CNC in poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) matrix through solution-casting
using MMT can lead to the development of sustainable nano-
composites for food packaging applications. The composite
exhibited an increase in thermal stability by up to 49°C

compared to unmodified nanocellulose. The primary reason
for this improvement lies in the thermal barrier effect of the
modified nanocellulose, where the carbon and gas gener-
ated by the degradation of acetylated CNC may delay the
thermal decomposition of PHBH. Additionally, the study
reported that acetylated CNC and MMT demonstrated the
best compatibility with PHBH [108].

Furthermore, synthetic thermoplastic polybutylene
adipate-co-terephthalate (PBAT) is a fully biodegradable
polyester synthesized through the polycondensation of 1,4-
butanediol with both adipic and terephthalic acid [98].
Despite having good processing properties and flexible
performance, PBAT exhibits low mechanical properties,
leading to its reinforcement with nanocellulose. In a specific
study, nanocellulose was chemically modified using acetic
anhydride to create acetylated nanocellulose, which was
then used to reinforce PBAT, aiming to enhance its proper-
ties through the melt-blending technique. The resulting
nanocomposite demonstrated improved thermal stability
attributed to the uniform dispersion and stronger interfacial
adhesion between the matrix and nanocellulose [109]. The
composite with 0.5% modified nanocellulose exhibited a
maximum degradation temperature of 413°C, outperforming
the counterpart with unmodified nanocellulose in combina-
tion with PBAT.

A similar processing method involving the polymer
matrix PBAT was employed by Morelli et al [72], although
with a different type of functionalized nanocellulose synthe-
sized before its incorporation into PBAT. The modification of
the CNC was achieved using low molecular weight poly(buty-
lene glutarate) (PBG) through an “in situ” polymerization
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procedure, as illustrated in Figure 24. The grafting treatment
reduced the CNC’s hydrophilic character and elevated the
onset temperature of their thermal degradation by approxi-
mately 20°C (from 198 to 226°C) compared to the reference
CNC sample containing sulfate groups. The sulfate groups
tend to catalyze the thermal degradation of CNC and remain
as residue after TGA. However, after the grafting process,
these sulfate groups were removed, resulting in increased
thermal stability.

Furthermore, using a similar polymer matrix (PBAT)
and grafting method, Pinheiro et al. [76] synthesized CNC
modified by octadecyl isocyanate to produce a composite
with a PBAT matrix. According to TGA, the degradation
temperature of unmodified CNC and modified CNC was
233 and 285°C, respectively, due to the removal of sulfate
groups after grafting. The crystallinity of the CNC can also
influence the thermal stability of the composite.

7 Challenges and future directions

The escalating concern for sustainability is prompted by
the environmental repercussions of non-renewable petro-
leum-based products, particularly plastics. These products,
cherished for their utility, affordability, and widespread
availability, contribute significantly to the issue, with
single-use plastics like PET being a major component. The
persistence of plastic waste is exacerbated by the lack of
economically viable and energy-efficient recycling methods,
compounded by the virtually eternal shelf life of most plas-
tics. If present rates of manufacturing and recycling persist,
estimates suggest that by 2050, global plastic accumulation
could reach nearly 12,000 metric tonnes [110].
Concurrently, the alarming levels of plastic pollution,
especially in marine ecosystems, pose a serious threat to
aquatic flora and fauna, projecting that by 2050, the oceans
may contain more plastic than fish. While it seems implau-
sible to envision a world without plastics, environmental
scientists are actively exploring innovative bio-based plas-
tics that are recyclable, compostable, or biodegradable,
offering both environmental sustainability and efficient
plastic waste processing. In this pursuit, materials like
nanocellulose serve as reinforcement in polymer matrices.
Polymer nanocomposites present exciting opportunities
for novel functionalities beyond those offered by traditional
materials. However, Garavand [2] has provided a com-
prehensive explanation of the safety considerations of
nanocellulose, both before and after incorporation into bio-
polymeric matrices. Various studies have suggested that
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high aspect ratio nanoparticles may pose carcinogenic risks,
potentially leading to lung cancer and mesothelioma. This is
attributed to the ability of very small particles to penetrate
biological barriers more effectively, resulting in increased
accumulation in cellular compartments. Recent research on
rats indicates that CNFs may induce respiratory issues by
causing lung inflammation and fibrosis. Due to their minute
size, nanoparticles may accumulate in specific regions of the
brain when introduced into a biological environment, such
as the liver or brain.

It is crucial to note that while many studies have
reported similar procedures for obtaining nanocellulose,
variations in results are common, necessitating adapta-
tions to align with reported outcomes. For young scientists,
this presents challenges in selecting a reliable method and
identifying optimal conditions for their specific plant source
or plant part. Achieving nanocomposites with exceptional
properties demands precise control of these parameters
to enhance the interaction between the filler and matrix.
Driven by the demand for products derived from sustainable,
renewable, and biodegradable resources with minimal envir-
onmental risks to human and animal health and safety, cel-
lulose has emerged as one of the most abundant natural
biomaterials with promising potential.

8 Conclusion and future
perspective

In conclusion, the growing ecological concerns have fueled
a keen interest in utilizing lignocellulosic biomass as nano-
cellulose, emerging as a promising nanofiller due to its
unique properties. However, nanocellulose is prone to self-
aggregation in the matrix due to abundant -OH groups,
hindering interfacial compatibility and causing low thermal
stability. This limitation affects the enhancement perfor-
mance of composite materials during processing or at high
temperatures. Therefore, this review includes a detailed dis-
cussion on chemical modification and various techniques
for functionalizing the cellulose surface before its incorpora-
tion into the polymer matrix.

To mitigate self-aggregation, chemical modification of
nanocellulose is crucial, introducing functional groups that
reduce agglomeration and enhance interfacial compatibility
with the matrix. Incompatibility with a polar polymer has
historically hindered the efficient addition of nanoscale cel-
lulose to such matrices. Thus, surface characteristics of polar
polymers or cellulose must be modified. The findings clearly
indicate that surface modification of nanocellulose before
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reinforcing the polymer matrix plays a pivotal role in
increasing thermal stability. First, it reduces nanocellulose
hydrophilicity, impacting its dispersion and integration within
the matrix. Second, it promotes a robust interfacial bond
between cellulose and the matrix through the formation of
strong hydrogen bonds, thereby improving the thermal prop-
erties of the nanocomposite. The addition of nanocellulose
also enhances the barrier properties of the nanocomposite.
When well-dispersed in the polymer matrix, it forms strong
interfacial interactions, reducing chain segmental mobility
and decreasing penetrant diffusivity. For polar polymer
matrices, uniform dispersion is easily achieved due to the
shared hydrophilic nature of both materials. However, with
non-polar polymer matrices, nanocellulose surface modifi-
cation is essential for achieving uniform dispersion, often
requiring surfactants or other chemicals.

Various factors impacting the thermal performance of
composites, such as sulfate content, nanocellulose type,
intermolecular bonding, filler loading, drying processes,
fabrication methods, and crystallinity, highlight the impor-
tance of surface modification for enhanced dispersion and
chemical interaction with diverse polymer matrices. This
comprehensive understanding underscores the develop-
ment of biodegradable nanocomposites with improved
thermal stability.
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