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ABSTRACT: Nanocellulose has received increasing attention in science and industry in recent years as a nanoscale material for the rein-
forcement of polymer matrix composites due to its superior mechanical properties, renewability, and biodegradability. New
nanocellulose sources, modifications, and treatments are under development to reduce the high energy required during production and
to create a more suitable industrial-scale production process. Thus, this paper reviews plant-based nanocellulose composites and their
properties, with a focus on their thermal-related characteristics. The purpose of this review is to establish for readers the impact of the
incorporation of nanocellulose on the thermal and dynamic mechanical properties of nanocellulose composites. Understanding of the
thermal properties is important for researchers to assess the suitability of the nanocomposites for a variety of applications in response to
new and evolving societal requirements. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48544.
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INTRODUCTION

Cellulose can be considered as one of the most illimitable renewable
biopolymers on the Earth. It is an almost inexhaustible source of
raw material to supply the growing demand for the production of
environmental-friendly materials. The annual worldwide production
of lignocellulosic biomass is estimated to be approximately
1.3 X 10'° metric tons, which can be considered as one of the most
abundant biopolymers available for the reinforcement of compos-
ites." Among natural renewable reinforcing materials, cellulose has
attracted a great deal of interest due to its biodegradability, availabil-
ity, high strength-to-weight ratio, low cost, and low density.” Cellu-
lose fibers can act as a reinforcement in polymer matrix composites
to improve their physical and mechanical properties. However, some
drawbacks such as high moisture absorption and poor compatibility
with the hydrophobic polymer matrix have significantly reduced the
potential for cellulosic materials to be used as a reinforcing agent in
polymer matrices, especially for microscale materials.’ Therefore,
nanoscopic cellulosic materials known as nanocellulose are under
development in order to address the limitation and incompatibility
issues of cellulose. With the nanosize, the cellulose has a higher sur-
face area and lead to a better interfacial adhesion between fiber/fiber
and fiber/matrix, which reduces the water uptake and the swelling
of composite.4 Besides, contrary to traditional cellulose filler, which
requires higher loading to improve the mechanical properties of
composites, a low content of well-dispersed nanofillers is capable to
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achieve a similar improvement. In other words, nanocellulose can
be considered an excellent material for the development of high-
performance nanocomposites.

Nanocellulose can be produced from plants or synthesized by
bacteria. Plant-based nanocellulose can be classified into (1) elon-
gated fibrils, usually known as microfibrillated cellulose or
nanofibrillated cellulose (NFC) and (2) rod-like nanoparticles,
typically referred to as nanocrystalline cellulose (NCC) or nano-
whiskers.” Cellulose produced by aerobic bacteria and hydrolyzed
by chemical treatments is referred to bacterial nanocellulose
(BNC). Figure 1 shows the electron microscopic images of the
three different types of nanocellulose. NFC is a micrometer-long
entangled cellulose with a diameter less than 100 nm, which con-
sisting of both amorphous and crystalline parts. NCC is a highly
crystalline rod-like nanocellulose commonly produced through
acid hydrolysis by the removal of amorphous regions from native
cellulose with a diameter of between 5 to 40 nm.® BNC is
obtained through bottom-up approach and is produced by bacte-
ria that exhibit higher purity, biocompatibility, and crystallinity
than plant-source cellulose.”

The first NFC was produced from wood by using high-pressure
homogenization without any pretreatment.''> However, this
method is a very energy-intensive process. Therefore, chemical
treatments such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) oxidation combined with mechanical and chemical
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treatments have recently been developed for the production of  with mechanical shearing and high-pressure homogenization has
NFC to minimize the intensity of mechanical treatment.'> In  also been introduced as a method for the production of NFC."*
addition to TEMPO oxidation, enzymatic hydrolysis combined  Due to its high effectiveness and eco-friendly nature, enzymatic

o

Figure 1. Representative micrographs of the three different types of nanocellulose: (a) NFC (reproduced from ref. 8, Copyright (2018) with permission from
Elsevier), (b) NCC (reproduced from ref. 9, with permission from Elsevier), and (c) BNC (reproduced from ref. 10, with permission from The Royal Society
of Chemistry).

S%REX%E&EEVQS 48544 (2 of 14) J. APPL. POLYM. SCI. 2020, DOI: 10.1002/APP.48544

ancedsciencenews.com

85UBD 17 SUOWWOD BAIFeR1D) 3|qedlidde au Aq pausenob afe S VO ‘35N 4O S3INJ 10} Ae1g1T 8UIUO AB]IM UO (SUOTHIPUOD-PUe-SWIBHLI0O" A3 | 1M AReaq 1 U1 |UD//SANY) SUORIPUOD pue SW 1 8U3 885 *[£202/£0/62] Uo Areiqiauliuo A8|Im esAefeiN 3Ue1400D AQ S8ty dde/z00T 0T/I0p/ w00 A8 1M Aselg 1 jeuluoy/sdiy wouy papeojumoq ‘TT ‘0202 Iot


http://WILEYONLINELIBRARY.COM/APP

=

REVIEW WILEYONLINELIBRARY.COM/APP Applied Polymer ‘

Table I. Nanocellulose from Various Plant-Based Sources g’
g

Formation Features of obtained 2
and size Cellulose source Treatment nanocellulose Reference i,
Nanofibrillated Citrullus colocynthis Sulfuric acid Diameter less than 100 nm 38 Et‘
cellulose seeds (40%, 4 h and room temperature) é:
Birch pulp Deep eutectic solvent, which Diameter = 4.6 + 1.1 nm 39 §

made up of aminoguanidine %

hydrochloride and glycerol 8

(70-100 °C and 5-60 min) and g

mechanical disintegration g

Citrus residue Enzymatic hydrolysis Length =458 & 115 nm 40 8

(45°C. 90 rpm and 48 h) Diameter = 10 £ 3 nm 5

Orange bagasse Sulfuric acid Diameter = 18.4-20.5 nm 41 §

(5-10 v/v% and 30 min) g

Microcrystalline cellulose Sulfuric acid Length = 200-300 nm 33 i

(64 wt %, 60 min and 45 °C) Diameter = 40-50 nm z

Banana peels Enzymatic hydrolysis Diameter = 3.3-3.5 nm 42 "2

(35°C. 150 rpm and 24 h) and &

homogenization g

Lotus leaf stalk Chemical pretreatment combined Length = several micron 43 §

with high-intensity scale =

ultrasonication Diameter = 20 + 5 nm é

Bleached bagasse pulp TEMPO-oxidation with high-shear Diameter = 4-5 nm 31 g

homogenization 8

Bleached eucalyptus High-pressure homogenization Length = 100-300 nm 44 §

wood pulp Diameter = 5-10 nm E‘

Nanocrystalline Sweet potato residue Sulfuric acid Diameter = 20-40 nm 45 g
cellulose (65 wt %, 120 min and 55 °C) e
Bleached banana Sulfuric acid Length =135+ 12 nm 46 §

pseudostem fibers (62 wt %, 70 min and 45 °C) Diameter = 7.2 £+ 1.9 nm :g

Discarded cigarette Sulfuric acid Length = 143 nm 47 %

filters (55 wt %, 45 min and 45 °C) Diameter = 8 nm E:

Qil palm empty fruit Hydrochloric acid Length = 190-301 nm 48 §

bunches (83M, 2hand 80 °C) Diameter = 10-13 nm %

Empty fruit bunch Sulfuric acid Diameter less than 50 nm 49 g

(62 wt %, 60 min and 45 °C) g

Wood chips AVAP biorefinery Length =222 4+ 139 nm 25 2

Diameter = 4.5+ 1.5 nm %

Corn husk Sulfuric acid Diameter = 26.9 + 3.35 nm 50 :

(55wt %, 1.5 h and 45 °C) :

Alpha cellulose Sulfuric acid Diameter = 18.36 + 7.34nm 51 *g

(0.8 M, 1 hand 82.2 °C) z

Sugarcane bagasse Sulfuric acid Diameter = 95.9 nm 52 g

(50 wt %, 10 min and 40 °C) 3

&

hydrolysis has emerged as a new and efficient method for NFC  renewable sources has earned increasing interest lately due to its g
preparation. excellent mechanical properties (high specific strengthlgand mod- &
NCC is mainly produced by acid hydrolysis with sulfuric acid ulus), large specific surface area, and high aspect ratio. ‘g
(the most commonly utilized solvent)'> or hydrochloric acid ~ Whereas bacterial cellulose is an extracellular cellulose produced g
hydrolysis,'®'” ultrasonication,'® acidic deep eutectic solvent,'” or ~ by several microorganisms, particularly Acetobacter xylinus (A. g
ionic liquid usage.”>' The production of NCC involved the  xylinus), which is chemically the same as plant cellulose and fea- H
extraction of crystalline parts and the removal of amorphous tures a distinctive three-dimensional structure consisting of an g
regions from native cellulose fibers.?? Isolation of NCC from ultrafine network of cellulose nanofibers (CNFs).” It does not 2
g

E
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require any pretreatment to remove the noncellulosic compo-
nents as the cellulose synthesized has a distinct superior purity
and crystallinity. Besides, BNC also exhibits an excellent water
retention ability, tensile strength, and biocompatibility.>® Despite
its excellent properties, the use of BNC has its own disadvantages
as the production cost is very high yet the yield of BNC is
extremely low. Therefore, in this review, we focused mainly on
the properties of nanocomposites produced from plant-based
nanocellulose. The nanocellulose materials obtained from differ-
ent plant-based resources through different treatments are sum-
marized in Table I. The dimensions of the nanocellulose are
usually dependent not only on the type of treatment, time, con-
centration, and temperature of the reaction but also on the differ-
ent sources of cellulose.

The concept of using nanocellulose as a reinforcement material in
the polymer matrix has attracted the attention of researchers. Due to
the presence of nanosize filler, nanocomposite possesses outstanding
properties in numerous ways, which could not be achieved by micro-
composites. Nanocellulose-reinforced composites are a promising
material for replacing the conventional synthetic polymer compos-
ites. The wide availability, light weight, superior mechanical strength,
and high stiffness of nanocellulose make it an ideal reinforcing mate-
rial to be utilized in the new biopolymer composites field.** With its
superior modulus of elasticity (up to 150 GPa), high aspect ratio
(up to 640), large specific surface area (several hundred mz/g), and
low thermal expansion coefficient (0.01 ppm/K), nanocellulose has
proven to be a significant reinforcement, even at low filler loading
levels.? Properties of nanocomposites depend on few factors such as
the properties of polymer matrix, characteristics of nanocellulose, dis-
persion of nanocellulose in matrix, and interfacial interaction
between filler and polymer matrix.***® Nanocellulose has motivated
researchers to explore on biodegradable plastics by developing fully
bio-based nanocomposites without counteracting their superiority of
biodegradability instead solving its defects. However, the low thermal
stability of nanocellulose may restrict the product designing and
manufacturing process especially at high temperature. Hence, a clear
understanding of the thermal characteristics is important for investi-
gating the maximum processing temperature of nanocellulose-based
composites.
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Figure 2. Number of publications and citations regarding cellulose
nanocomposites from 2008 to 2018. A title-abstract-keywords search was
performed on Scopus using the terms “cellulose nanocomposite or
nanocellulose composite.”
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Researchers have put significant effort into the production and
manufacturing of high-performance composites based on
nanocellulose.>***” This particular research field has garnered a
great level of interest in the materials science community that
does not appear to be relenting, proven by the increasing number
of scientific contributions in the field as shown in Figure 2.
Therefore, in order to meet the requirements of the materials for
diverse applications, the properties of nanocellulose-reinforced
composites are essential to be understood especially those
involved in thermal properties. The understanding of the thermal
properties of nanocomposites is very important in developing the
future nanocellulose composites with desirable properties and
preventing from repeating the similar problems in former times
by improving the techniques or processing methods in the near
future. Therefore, this particular review emphasizes on the undi-
scovered review on the thermal-related properties of
nanocellulose composites. This review provides an overview of
the scientific literature from the last 10 years regarding the effect
of nanocellulose incorporation on the thermal properties. It sum-
marizes the effect of the incorporation of nanocellulose on the
thermal properties including thermal stability, thermal behavior,
dynamic mechanical properties, and thermal conductivity of
hydrophilic and hydrophobic nanocomposites. The potential fac-
tors affecting the thermal-related properties are also reviewed.

THERMAL PROPERTIES OF NANOCELLULOSE COMPOSITES

Thermal Stability

Thermal stability is an essential parameter to be considered when
determining the potential uses of nanocomposites in various
industries such as packaging and the biomedical field.>® The
study of degradation behavior allowed researchers to optimize
the designing and processing conditions of composites as well as
develop the excellent performance polymers with enhanced ther-
mal stability.>* It is also important to understand the thermal
behavior of nanocellulose during the compounding and extrusion
of nanocellulose and thermoplastic composites. The decomposi-
tion temperature of nanocellulose is approximately 200-300 °C;
thus, the compounding temperature has to be controlled at
approximately 200 °C during the manufacturing process in order
to prevent the degradation of nanocellulose.’*® Differences in
the source of nanocellulose, types of matrices, processing tech-
niques, and the drying process could affect the thermal stability
of the nanocomposites. Therefore, this review investigates the
effect of nanocellulose incorporation on the thermal stability of
nanocomposites. The thermal stability of nanocellulose compos-
ites is summarized in Table II

Thermal degradation of polymeric composites normally involves
two main stages, which are the elimination of volatile matter or
evaporation of water and depolymerization process, respec-
tively.”” The first step of thermal degradation usually involves the
evaporation of low-molecular-weight compounds such as water
vapor. The water absorbed by hydrophilic nanocellulose could
induce polymer degradation through hydrolysis, which could lead
to a decline in thermal stability.® The thermal stability of
nanocellulose is influenced by numerous factors, including the
cellulose source, the processing methods used to isolate
the nanocellulose, the sulfate content, and the crystallinity of
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Table II. Thermal Stability of Different Nanocellulose Composites

Applied Polymer I

Tonser of Tuax of Tonsert of Tuax of
neat neat nanocomposites nanocomposites
Type of nanocellulose Type of matrix matrix (°C) matrix (°C) Q) (¢C) References
Nanocrystalline Polyvinyl alcohol 253.5 272.5 235.0-271.5 273.0-339.0 66
cellulose (NCC) Poly(lactic) acid 270 332 - 313-329 73
Becomposition Nitrile 411 451 386-416 410-465 74
temperature: buiediEns
257-333°C72 T —
Sulfonated 326.24 371.65 259.83-306.75 324.35-357.20 75
poly(aryl ether
ketone)
Natural rubber 295 450 272 450 76
Polyvinyl alcohol 194 240-253 - 77
and chitosan
Nanofibrillated cellulose Epoxy 170.1 362.1 161.5-169.5 347.4-350.7 79
(NFC) Starch and 235 304-313 216-224 302-311 80
Decomposition chitosan
temperature: Poly(methyl 331.3 371.4 332.3-342.5 370.2-376.2 81
190—225°C66,78 methacrylate)
Poly(lactic) acid 270 320 282-298 325-337 82
nanocellulose, which can have profound effects on the thermal nanocomposites. The lower thermal stability of CNC-

properties. The increase in sulfate groups after sulfuric acid diges-
tion and the reduction in the crystallinity of nanocellulose could
decrease the thermal stability of nanocomposites.® Hence,
improving the thermal stability of nanocellulose, especially NCC
obtained by acid hydrolysis, remains a challenge that requires
further study.

The second degradation step accounts for the largest weight loss
and can be considered as the most significant indication for the
thermal stability of polymer composites. Two different degradation
mechanisms were proposed by Kilzer and Broido,” cellulose dehy-
dration (an endothermic process to produce “dehydrocellulose”),
and the depolymerization of cellulose in competition with dehydra-
tion. Dehydrocellulose formed by the first mechanism will decom-
pose into gases and char residue. The thermal stability of
composites is strongly influenced by the intermolecular bonding
between the nanocellulose and the polymer matrix. Strong inter-
molecular bonding could enhance the bond dissociation energy
needed for chain cleavage of macromolecules.’’ Hence, well-
dispersed nanocellulose and good interfacial adhesion between
nanocellulose and polymer matrix are required for the improvement

of the thermal stability.

Determination of the fundamental properties such as morphology
and dimensions of CNF and cellulose nanocrystal (CNC) is a
prerequisite for improving the structure-property and structure-
processing relationships through a wide range of applications.
Martelli-Tosi et al.°* have made a comparison between the ther-
mal stability of the CNF and CNC-incorporated soy protein iso-
late nanocomposites. The thermal decomposition temperatures of
CNF and CNC were 200 and 220 °C, respectively. The study
showed that the composites with the incorporation of CNF pres-
ented a better thermal stability than the CNC/soy protein isolate
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incorporated composites could be attributed to the high surface
area of CNC, which led to a larger exposure to heat and the par-
tial disruption in the cellulose crystal structure.®®

According to Mandal and Chakrabarty,** the addition of NCC greatly
improved the thermal stability of nanocomposites by enhancing the
filler-PVOH matrix interaction through hydrogen bonding. The
strong interaction between filler and matrix increased the thermal
energy required for cleavage of crosslinked PYVOH nanocomposites
and thus improved the resistance to decomposition. A similar study in
NCC/gelatine bionanocomposites was also recently reported by
Mondragon et al.®® They found that the incorporation of NCC in the
gelatine matrix improved the thermal stability by increasing the degra-
dation temperature by 7-9 °C. A significant increase in thermal stabil-
ity in CNF/PVOH nanocomposites was also reported by Cheikh
et al®® With the addition of 10% CNF, the thermal decomposition
temperature of composites increased from 272.5 to 339 °C compared
with pristine PVOH. Generally, the addition of nanocellulose into
hydrophilic composites improved the thermal properties of the
composites.

a different thermal behavior was
l.,67

However, reported by
Nagalakshmaiah et al,”” who observed a slight decline in thermal
stability in hydrophilic CNC/PVOH nanocomposites. This reduction
in thermal stability was due to the surface sulfation of CNC
resulting from the sulfuric acid treatment. This result was in agree-
ment with Neto et al,®® who showed that the thermal stability
decreased after acid hydrolysis treatment of cellulose. As the hydro-
lysis time increased, the sulfation area increased, and thus the ther-
mal stability declined significantly. Char residue also increased as
the acid hydrolysis period was lengthened. This could be due to the
increased sulfation area and the sulfate group’s flame-retardant
activity. Roman and Winter™ have conducted research on the effect
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of the sulfate group from sulfuric acid hydrolysis on the thermal
degradation behavior of bacterial cellulose. They found that the sul-
fate content increased with acid concentration, acid-to-cellulose
ratio, and hydrolysis time. As the sulfate content increased, the
decomposition temperature started at a lower temperature and
occurred over a wider range. The hydrolysis treatment of cellulose
with sulfuric acid resulted in the introduction of sulfate esters at the
cellulose surface. The highly sulfated amorphous regions of cellulose
would be degraded before the decomposition of unsulfated crystal
interior at higher temperature. However, under extreme hydrolysis
conditions, sulfation might not only take place at amorphous
domains but also have an effect on cellulose chains at the ends of
the crystals.” The higher the sulfation area, the more accessible the
cellulose to degradation, hence the lower the decomposition temper-
ature. The effect of the sulfate content of sulfated and desulfated
nanocellulose on thermal stability was also compared by Lin and
Dufresne.” Strong experimental results showed that the replacement
of hydroxyl groups by sulfate groups during acid hydrolysis could
decrease the heat resistance of nanocellulose. The sulfated-
nanocellulose showed a lower decomposition temperature than
desulfated-nanocellulose. The presence of sulfate group on the outer
surface of nanocellulose is easily broken down when the temperature
increased to 200 °C. Additionally, sulfate group also acts as a cata-
lyst in degrading the nanocellulose, and hence led to a lower thermal
stability.*”

Due to the hydrophilic nature of nanocellulose, the nanocellulose
has an inherent incompatibility issue with hydrophobic matrix
[such as poly(lactic acid) (PLA), rubber, and polyethylene) due to
the lack of similar functional groups for reaction. When a hydro-
phobic polymer matrix is employed, the significant difference in
the surface energy to the nanocellulose combined with their
intrinsic tendency to agglomeration will lead to the poor interfa-
cial adhesion and inhomogeneous dispersion of nanocellulose in
polymer matrix.”® Nagalakshmaiah et al.*” reported that the addi-
tion of hydrophilic CNC has led to an obvious decrease in ther-
mal stability in hydrophobic cariflex-isoprene rubber latex.
Therefore, many researchers have performed a variety of physical
adsorption or chemical modifications on nanocellulose to
improve its compatibility with various matrices especially

100 4 —a— Untreated
—o— A-189-1 wt%
—A— A-189-4 wt%
80 4 —v— A-189-16 wt%

60

40

Weight loss (%)

20

oot rmtinad

100 200 300 400 500 600
Temperature (°C)

Figure 3. TGA curve of the CNW/PLA composites (reproduced from ref.

28, with permission from Elsevier). [Color figure can be viewed at

04 30 30 a0 a0 a0 0 3s0
Temperature (°C)
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hydrophobic matrices. The CNC was modified to graft either
poly(L-lactic acid) (PLLA) or poly(e-caprolactone) (PCL) chains
via polymer functionalization in order to improve the dispersion
and enhance the compatibility issue of nanocellulose in hydro-
phobic and nonpolar PLA/PCL composites.”! PCL-modified
CNC/PLA/PCL composites exhibited a better thermal stability
than unmodified and PLLA-modified CNC composites. This was
due to the homogeneous dispersion of PCL-modified CNC in the
matrix, which resulted in the good interfacial adhesion between
fillers and matrix. On the other hand, Qian and Sheng
improved the hydrophobicity of bamboo cellulose nanowhisker
(CNW) with PLA matrix by using different concentrations of
silane as a coupling agent and found the thermal stability of com-
posites with 4 wt % silane-modified CNW increased slightly as
shown in Figure 3. The onset temperature and maximum degra-
dation temperature were increased from 359.0 and 383.0 °C to
361.2 and 389.1 °C, respectively. The better thermal stability of
4 wt % silane-modified CNW/PLA composites was attributed to
the enhanced interfacial reaction between fillers and matrix, and
hence, higher activation energy was needed to break down the
interactions. Furthermore, excess amount of silane could result in
self-condensation, which interrupts the interaction between
CNW and PLA and declined the thermal stability.

Thomas et al** reported the thermal degradation properties of NFC
and natural rubber composites in the presence of crosslinking
agents. The degradation temperature of all composites decreased
except at a low filler concentration (1% NFC). It could be attributed
to the NFC, which has a lower thermal stability than natural rubber.
However, at lower filler concentration, a hydrogen-bonding network
was formed between the crosslinkers, NFC, and natural rubber and
contributed to the enhancement in thermal stability. The decline in
decomposition temperature at higher filler loading was due to the
critical volume fraction and the percolation threshold. Agglomera-
tion at high NFC concentration also contributed to the reduction in
degradation temperature.

The nanocellulose preparation process has an important influ-
ence on the thermal properties of nanocellulose-filled composites.
Hence, the use of a new solvent such as acidified deep eutectic
solvent can be considered as an alternative to isolate NCC instead
of using conventional acid.'” However, the usability and applica-
bility of this preparation process still need to be studied further.
Note also that the enhancement of the thermal stability proper-
ties of the nanocomposite is strongly dependent on the level of
dispersion and the final morphology of the nanocomposites.

Thermal Behaviors

Differential scanning calorimetry (DSC) is a popular analytical
technique to investigate the thermal properties of the
nanocomposite. Thermal characteristics such as glass transition
temperature (T,), melting temperature (Ty,), crystallization tem-
perature (T.), heat of fusion (AHp), and degree of crystallinity
(X.) can be determined using DSC.

Researchers have investigated the thermal characteristics of
nanocomposites with various sources of nanocellulose, different
matrices, and different nanocellulose preparation techniques. The
thermal characteristics of the nanocomposites might vary based
on the source of the nanocellulose. Table III summarizes the
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thermal characteristics of nanocomposites prepared from differ-
ent sources of nanocellulose with different matrices and various
preparation methods. As seen from Table III, PLA and PVOH
are the most common matrices used to prepare nanocomposites.
This could be due to their attractive mechanical properties, good
renewability, and biodegradability and relatively low cost, which
make them popular choices for composite preparation.®?

References
103
104
105
84

Fortunati et al.’ isolated CNC from barley straw and husk by using
different pretreatments (chemical and enzymatic pretreatment) and
examined their effects on the thermal properties in combination with
PVOH/chitosan blends. They found out that the T, and X. of
CNC/PVOH/chitosan composites improved significantly regardless
of the source of CNC and the types of pretreatment. The increase in
crystallinity proved that the CNC acted as nucleating agent and pro-
moted the crystallization of the polymer matrices. However, a
decrease in T, was observed after the addition of CNC except for the
CNC treated with enzymatic treatment. This suggested that the CNC
treated with enzymatic pretreatment has a higher tendency in pro-
moting the nucleation. Similar results were observed by Krishnan
et al®* and Frone et al.® For high-crystallinity polymeric composites,
a higher energy was required to break down the polymer chain than
low crystallinity material. Besides, tighter packing and increased
intermolecular bonding also contributed to a higher melting point of
nanocomposites.86

The rigid rod-shaped CNC and flexible CNF were incorporated
into the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
matrix to develop the nanocomposites. The addition of CNC and
' CNF induced an increase in the T, and T;,, of PHBV composites.
The addition of cellulose nanoparticle promoted the nucleation
in the crystallization of PHBV matrix, which in turn leads to a
reduction in the X.. However, CNF/PHBV composite exhibited a
higher crystallinity than CNC/PHBV composites. It could be due
to the higher surface area of CNC accessible promoting the
nucleation of PHBV.*” The crystallinity of the polymers is mostly
affected by the nucleation and confinement by fillers. Hence,
depending on the filler concentration, cooling rate, and T, the
crystallinity and crystallization rate could be influenced by the
combined effects of nucleation and confinement.*®

T,
ir;gﬂuenced by chain mobility, intermolecular reaction, branching,
and crosslinking degree.* In most studies, the T, of nanocomposites
exhibits no significant changes with the addition of nanocellulose,
with examples including epoxy’® and gluten composites.®® Further-
more, Niazi et al”® have observed the downward trend of T, in
nanocellulose fibrils/PVOH composite. They attributed the drop of
T, of the nanocellulose composites to the increased mobility of soft
domains in polymer matrix. The incorporation of nanocellulose into
PVOH matrix interrupted the original interaction between rigid and
soft segments, which led to a higher microphase separation in the

crystallinity

(%)
42.7-52.8

Degree of
55.0-64.0

temperature (°C)
111.3-120
111.9-115.9

Crystallization
31.7-345

Melting
temperature (°C)
155.5-157.5
59.0-63.4
64.9-66.0
154.9-159.9

transition
temperature
¢C)
50.5-51.9
-59.2to
-57.3

Glass

characteristics
of neat matrix
T4:58.3°C
Tm: 160.0 °C
Te: 134.0°C
Tm: 56.7 °C
T.:32.2°C
X 49.1%
T4 -62.0°C
Tm: 63.4°C
T.:82.7°C
X.: 51.0%
Tm: 158.4 °C
Te:111.9°C

Thermal

is an important parameter in thermal analysis. It is mainly

Process methods
grafting and
ultrasonication
45 °C and 45 min)

Alkaline treatment,
bleaching, acid
hydrolysis, and
homogenization
bleaching, and
steam explosion

TEMPO-oxidation,
Alkaline treatment,

Acid hydrolysis
(64% sulfuric acid,

Sources of

nanocellulose

Softwood
bleached kraft
pulp

Filter paper

cylindrica

Sisal leaves

Luffa

polymer matrix and, hence, a decrease in Tg. Nevertheless, a few
authors have observed an improvement in the T of the host polymer
when adding nanocellulose from sugar palm,”" sugar beet,”> micro-
crystalline cellulose,” sugarcane bagasse,”* and empty fruit bunch.”
A great enhancement in T, was reported by Ilyas et al.”' The addition
of 1 wt % NCC increased the T, drastically from 37.91 t0 49.15 °C. It
could be attributed to the restriction imposed by the intermolecular

Poly(L-lactide)

Polycaprolactone

Polypropylene-
polystyrene

Matrix

Table III. Continued
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bonding between the filler and the matrix, which limited the flexibil-
ity and mobility of starch chains and led to an improvement in T,
Strong hydrogen bonding between the filler and the polymer matri-
ces also lead to an improvement in Tg.92

Surface modification of nanocellulose can also lead to good ther-
mal properties especially with hydrophobic polymer matrices.
According to Cao et al.,’ the introduction of carboxyl groups
into CNC could produce a nanocomposite with enhanced
thermal characteristics. The reinforcement of modified CNC
enhanced the T, notably. The strong interfacial reaction between
carboxyl groups in CNC and epoxy groups in epoxidized natural
rubber formed the covalent crosslinking network, which inhibited
the polymer chain motion and led to a higher T, than neat epoxi-
dized natural rubber.

Recently, the thermal behaviors of PLA/NCC composites with or
without the addition of limonene as a plasticizer were reported by
Fortunati et al.”” The incorporation of NCC had no significant effect
on the T, of the nanocomposites as shown in Figure 4. The limo-
nene acted as a plasticizer disturbed the pristine intermolecular reac-
tion of polymer chains and increased the PLA chain mobility, which
led to a lower T, Well-dispersed NCC in the PLA matrix favored
crystallization at a lower temperature. The introduction of limonene
also decreased the crystallinity of the nanocomposites. However, the
incorporation of NCC as a nucleating agent had a beneficial impact
on the crystallinity of the nanocomposites. The overall crystallinity
of the nanocomposites increased remarkably, especially for the
PLA/limonene/NCC composites. The crystallinity of the PLA/limo-
nene composites almost doubled with the addition of NCC. The
incorporation of NCC increased the nucleation sites in amorphous
domains, which led to the shorter nucleation induction period and
better crystallization kinetics.

The incorporation of nanocellulose improved the thermal character-
istics of the composites, with particular improvements noted in its
crystallinity and T;,,. The incorporation of nanocellulose as a nucle-
ating agent could improve the crystallization rate and increase the
overall crystallinity of nanocomposites, in turn enhancing the

—PLA
—«— PLA_1CNCph

—— PLA_3CNCph

—s— PLA_20Lim

—o— PLA_20Lim_1CNCph

i /\
AN

o \

Heat Flow (a.u.)
|

gl
(

40 60 80 100 120 140 160 180 200
Temperature (°C)
Figure 4. DSC thermogram for PLA and PLA bio-nanocomposites
(reproduced from ref. 97, with permission from Elsevier). [Color figure can
be viewed at wileyonlinelibrary.com]
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thermal properties of nanocellulose composites. However, the poor
dispersion and agglomeration of nanocellulose, especially at high
concentration, affected the thermal properties of nanocomposites.
Layer-by-layer deposition can improve the distribution of
nanocellulose and enhance the interaction of nanocellulose with the
surrounding matrix, in a way that reduces agglomeration and signif-
icantly improves the properties of the composites.

Dynamic Mechanical Properties

The thermomechanical properties of nanocomposites can be
determined by dynamic mechanical analysis (DMA) and
thermomechanical analysis (TMA). Nevertheless, as few
thermomechanical studies in the literature use TMA, this review
focuses on the thermomechanical properties determined using DMA
instead of TMA. DMA is frequently used in nanocomposite character-
ization, since it allows for the study of the viscoelastic properties of a
material over a broad range of temperature. DMA also provides the
reinforcement efficiency of the NC on the viscoelastic properties of
materials in a wide range of temperatures.

Niazi et al.”® observed a decline in the dynamic mechanical prop-
erties of PVOH composites upon the addition of CNF at 0% rela-
tive humidity. The intensity of tan & decreased with the addition
of CNF. This result was attributed to the constraint imposed by
the CNF against the mobility of PVOH matrix, which caused a
more elastic response in the polymer. However, at a higher
humidity, the storage modulus was directly proportional to the
CNF loading in the composites. The observed results were in
good agreement with other research study where the incorpora-
tion of CNC has decreased tan § and increased the storage mod-
ulus notably compared with pure PVOH composites.”® This
evidenced that the addition of CNF provided good reinforcement
and limited the polymeric chain mobility at the filler and matrix
interface level.

The reinforcing effects of NCC and NFC in polyethylene-oxide
(PEO) polymer composites were compared.'°® The presence of
NCC and NFC in composites increased the T, and reduced the
intensity of tan 8. This was due to the enhanced interfacial adhe-
sion between nanocellulose and PEO polymer. In addition, larger
changes in T, and tan & were noticed in NFC nanocomposites
compared with NCC nanocomposites due to the greater confine-
ment effect and the stronger interfacial adhesion between the
fibers and the matrix. The ability of NFC to form entangled and
interconnected network or web-like structure might need more
energy to achieve the chain segment movement in the compos-
ites. Therefore, there is greater change in Ty and tan & than that
for NCC.'”

In hot pressing process, the process parameters such as temperature,
time, and pressure are essential in determining the properties and
interfacial characteristics of the nanocellulose composites, since a
high temperature and pressure could lead to the degradation of
polymer. Salehpour et al.'® investigated the influence of CNF load-
ing and molding process on the storage modulus and tan & of the
PVOH nanocomposites. The addition of CNF had a negative impact
on the storage modulus of PVOH composites regardless the condi-
tions of the molding process. It could be due to the poor dispersion
of CNF in PVOH composites. The tan & showed a decline as the
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molding temperature, time, and pressure decrease; however, the
addition of CNF improved the tan & significantly.

The interaction of nanocellulose and hydrophobic polymers was
investigated by numerous researchers. The positive reinforcing effect
of CNF could be evidenced in Figure 5 through the strong depen-
dence of storage modulus values on the cellulose concentration.'®
The addition of CNF restricted the mobility of epoxy polymer
chains, which in turn to increase the stiffness of the epoxy
nanocomposites. The incorporation of 0.75% NFC has led to the
highest storage modulus compared with other CNF content. This
could be explained by the reinforcing effect and homogeneous dis-
persion of CNE* The addition of CNF enhanced the inter-
molecular hydrogen bonds that enable the formation of rigid
networks, which in turn increase the storage modulus of the com-
posite. However, the addition of CNF at higher loading has resulted
in the agglomeration and formation of voids in the polymer net-
work, which increased the mobility of polymer chains. Other DMA
data also showed remarkable improvements in the storage modulus
over a wide range of temperature for a large number of polymer
nanocomposites with nanocellulose, such as poly(styrene-co-butyl
acrylate),"'® unsaturated polyester,''’ poly(butylene succinate),*
nanoclay,? poly(vinyl acetate),''* PLA,* and natural rubber.'"?

The dynamic mechanical properties of microcellulose and NCC/
polyester composites were investigated by Bastiurea et al''* The
incorporation of NCC into a polyester matrix resulted in a more sig-
nificant strengthening effect compared with microcellulose in terms
of the storage modulus and loss modulus. The reason for this was
due to the strong interfacial adhesion and hydrogen bonding
between NCC and the polyester matrix. The nanoscale of NCC
increased the mobility and introduced a large amount of interfacial
area then allowed a better reaction with the polymeric matrix chains,
hence provided a more significant effect in the overall dynamic
mechanical properties of composites compared to microcellulose.''”

Due to hydrophilic nature of nanocellulose, it is always a chal-
lenge for the nanocellulose to disperse and distribute in the
hydrophobic polymer matrices. Various surface modification of
nanocellulose through grafting to enhance the interaction
between nanocellulose and hydrophobic matrices has been
reported. The enhancement in storage modulus of epoxy com-
posites with the addition of non-modified CNC and modified

m  0.75%CNFs/epoxy
2000 ® 0.5%CNFs/epoxy
1%CNFs/epoxy
w v Pure epoxy
[
= 1500
v
=
=
g 1000
£
D
g
§ 500
@
[}

20 40 60 80 100 120 140 160 180 200
Temperature (°C)
Figure 5. Storage modulus of NFC/epoxy composites (reproduced from ref.
109, with permission from Elsevier). [Color figure can be viewed at
wileyonlinelibrary.com]
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CNC (grafting of fatty acid to CNC) was observed, indicating the
effective stress transfer between filler and matrix.”® The incorpo-
ration of modified-CNC at a degree of substitution of 0.2 dis-
played highest values of storage modulus and loss modulus. This
could be due to the addition of CNC hindered the polymer chain
mobility and formed a strong interaction with epoxy matrix,
hence improved the dynamic mechanical properties remarkably.

In conclusion, the addition of nanocellulose improved the
dynamic mechanical properties of composites, supporting a wide
range of potential industrial applications. However, the dynamic
mechanical properties of nanocomposites did not show any
improvement at low nanocellulose loading.

Thermal Conductivity

Thermal conductivity is important in materials science, research,
electronics, building insulation and related fields, especially where
a high operating temperature is required. A good understanding
of thermal conductivity is critical, as it allows researchers to
develop and design better products by selecting appropriate
materials for thermal conduction or insulation purposes.

Uetani, Okada, and Oyama116 investigated the factors that influence
the thermal conductance properties of nanocellulose sheets made
from different nanocellulose sources (tunicate NCC, tunicate NFC,
cotton NCC, bacterial NFC, Sugi NFC, Sugi NCC, and TEMPO-
oxidized Sugi NFC). The results indicated that the crystallite width
and cross-sectional area, the orientation of the nanocellulose, the
pore size and the thermal resistance between the nanocellulose sur-
faces will affect the thermal conductivity of the nanocellulose sheets.
The thermal conductivity of nanocellulose sheets along the surface
was practically the same for all nanocellulose sheets. However, the
thermal conductivity in the in-plane direction exhibited a wide vari-
ation. Among the nanocellulose sheets, the tunicate NCC sheet
showed the highest thermal conductance at 2.5 W/m K, which is
3-5 times that of other common plastic films applied in electronic
devices.

The study of thermal conductivity is important in order to pre-
vent the materials from overheating when it is applied in elec-
tronic devices. The grafting of polyethylenimine onto CNF
showed a 35.01% improvement of thermal conductivity com-
pared to neat epoxy composite.''” This could be explained by the
phonon propagation of NFC, which enhanced the thermal con-
ductivity of the nanocomposites.

Electrospinning can be considered as one of the most promising
technology in synthesizing ultrafine fiber. It has been widely
applied in various areas such as wound dressing, scaffolding, fil-
tration and protective clothing due to their biocompatibility and
biodegradability. Recent studies reported that the use of
electrospun PVOH nanofibers as polymer matrix to develop the
nanocomposites consisting of CNC as reinforcing filler.''® The
electrospun PVOH nanofiber has a higher thermal conductivity
compared to bulk PVOH due to the increase in crystallinity dur-
ing electrospinning. The addition of CNC had a negative effect
on the thermal conductivity of the composites, which suggested
that the molecular chain crystallinity has a larger impact on ther-
mal conductivity than the incorporation of CNC. However, the
PVOH nanofiber reinforced with 5% CNC has a slightly higher
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thermal conductivity, which suggested that the thermal conduc-
tivity of the PVOH/CNC was probably enhanced by the rein-
forcement of the backbone rigidity.

Film thermal conductivities were significantly influenced by the
degree of NCC alignment and the direction of heat flow relative to
the NCC chain axis. The thermal conductivity of self-organized and
shear-organized NCC films was studied by Diaz et al''® Shear-
organized NCC films exhibited a higher thermal conductivity com-
pared to self-organized films. As the shear direction increased to
0.76, the thermal conductivity of the shear-organized film doubled to
0.53 m/m K compared to the self-organized NCC film, which was
approximately 0.25 m/m K. This could be due to the enhancement
in phonon propagation caused by the random interfacial contact.

The study of thermal conductivity in nanocellulose composites
has not generally been focused on the effect of nanocellulose
incorporation into composites. Therefore, the influence of filler
dispersion, processing type, filler size and aspect ratio on thermal
conductivity should be further investigated.

CONCLUSION AND FUTURE OUTLOOK

Nanocellulose and its application as a reinforcing material in
nanocomposites is a rather new field that has attracted researchers’
interest over the past decade due to its environmentally friendly
nature, excellent biodegradability and remarkable mechanical rein-
forcement properties. With the emergence of nanocellulose, it is now
possible to achieve the nanoscale engineering of renewable materials
for a wide variety of applications including absorbents, printing and
biomedical field.

The incorporation of nanocellulose has generally improved ther-
mal and thermomechanical of nanocomposites. However, the
efficiency of the composites can also be affected by the morpho-
logical and surface properties of nanocellulose and polymer
matrices. Hence, to obtain nanocomposites with outstanding
properties, these parameters must be controlled in order to
enhance the filler and matrix interaction. It is important to
understand the thermal behavior of nanocellulose, especially dur-
ing the processing of nanocellulose and polymer composites. As
nanocellulose has a decomposition temperature at approximately
200-300 °C, the processing temperature should be controlled at
approximately 200 °C to avoid the degradation of nanocellulose.
The composites with the incorporation of NCC usually have a
low decomposition temperature compared to NFC due to the
presence of sulfate groups on the surface of the NCC as a result
of the use of sulfuric acid during the preparation. However, the
thermal stability can be enhanced by the desulfation of
nanocellulose and other physical or chemical modifications.

Although nanocellulose has excellent material characteristics, the
practical transition from laboratory to industrial scale is very diffi-
cult and requires the development of technology and engineering
to reduce the production cost and energy needed for nanocellulose
production. The disintegration of cellulose to nanoscale dimen-
sions and the compatibility with other polymeric materials are still
the main problems facing nowadays. Mechanical disintegration
consumes a high energy for the production of nanocellulose.
Whereas, the separation of nanoparticles through chemical treat-
ments such as acid hydrolysis is time consuming, tedious,
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hazardous, and requires corrosion resistant reactors. These draw-
backs become the strong driving force in developing a more effi-
cient technology to produce nanocellulose. Efforts to overcome
poor compatibility between the filler and the polymer matrix have
been studied, such as surface modification, use of hydrophilic
matrices and the addition of crosslinking agents. Furthermore,
pre-treatments such as enzymatic pre-treatment and oxidation
pre-treatment have been developed, and the positive results
obtained have proven that these pre-treatments are able to reduce
the energy required for disintegration by mechanical treatment.

Nanocellulose-reinforced polymer composites are expected to garner
increased interest from industry, targeting applications in the pack-
aging and biomedical industries. Continued research and advance-
ment with the strategies proposed here to enhance the performance
of the bionanocomposites will contribute to sustainable develop-
ments. The application of nanocellulose to industrial technology
requires a balance between the performance of the nanocomposite
and the cost required for production. Therefore, the implementation
of composites that are based on nanocellulose materials still requires
some enhancement and discoveries to achieve a nanocomposite that
can fulfill both environmental and societal requirements.

ABBREVIATIONS
PLA poly(lactic acid)
NEC nanofibrillated cellulose

NCC  nanocrystalline cellulose
BNC bacterial nanocellulose
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl radical

CNF cellulose nanofiber

CNC  cellulose nanocrystal

PLLA  poly(L-lactic acid)

PCL poly(e-caprolactone)

CNW  cellulose nanowhisker

DSC differential scanning calorimetry
T, glass transition temperature

T melting temperature

T, crystallization temperature

AH; heat of fusion

X degree of crystallinity

PHBV  poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
DMA  dynamic mechanical analysis
TMA  thermomechanical analysis

PEO polyethylene oxide
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