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ARTICLE INFO ABSTRACT

Keywords: Cellulose nanocrystals (CNC) have received much attention as renewable, biodegradable, nontoxic, and low-cost

Cellulose .nafl‘ocrysmls nanomaterials with some remarkable properties. Desirable engineering properties of CNC include large surface

charz'lcterlzatlon. ) to volume ratio, high tensile strength (~10 GPa), high stiffness (~110-130 GPa), and high flexibility. They can

;hys}cofmedlamca] properties be chemically modified to tailor their properties for high-end engineering and biomedical applications. Despite
rocessing

their outstanding properties, the wide-scale application is lacking due to their surface characteristics and pro-
cessing challenges. To achieve their full potential safer extraction methods, improved surface modification and
functionalization methods and processing techniques are being researched. This review attempts to access meth-
ods for characterizing CNC, and CNC composites as well as their emerging new applications as smart materials.
The review is a valuable resource for researchers and scientists working in industry or academia to provide an
update on the use of CNC materials and their composites in packaging, biomedical, and high-efficiency energy

CNC Applications

systems.

1. Introduction

Cellulose is an ageless biomaterial, found in abundance in the bio-
sphere. For thousands of years it has been extensively used in weaving,
pottery, textiles, cordages, clay bricks and as a fuel. Industrial applica-
tions of cellulose have evolved from construction material, paper, and
textiles to modern cellophane films, dietary fibers, and advanced chem-
icals. However, in the last few decades’ cellulosic research has exhib-
ited a paradigm shift transitioning from macro, micro to nano scale.
The explosive growth of nanotechnology has fueled rampant research
on nanocellulosic materials. Cellulose nanomaterials are projected to
be safe, sustainable, and less expensive with an impressive strength-to-
weight ratio [1]. These characteristics have encouraged their use in new
applications such as electronics, construction, packaging, food, energy,
health care, automotive, and aerospace [2—4].

Nanocellulose market is expected to grow from USD 271.26 Million
in 2017 to USD 1,076.43 Million by 2025 at a CAGR of 18.80% during
this period [5]. The remarkable interest in nanocellulosic research can
be gauged by the number of patents and publications in the last decade,
roughly 100 patents per year [1,6]. National Nanotechnology Initiative
(NNI) and EU Horizon programs have primarily funded the research ac-
tivities US and Europe, respectively. In the US and Canada 15 companies
are leading the nanocellulose production whereas Europe and Japan are
projected as the largest market for nanocellulose [7]. Industrial collab-
orations such as GranBio Technologies with Birla Carbon, Borregaard
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participation with Bio-based Industries Consortium, and Imerys tie-up
with leading papermakers have strengthened commercialization efforts
[8].

The nanocellulose research is oriented around three forms, (1) cel-
lulose nano-fibers (CNF) (2) cellulose nanocrystals (CNC), and (3) bac-
terial nanocellulose as shown in Fig. 1. Cellulose nanocrystals (less than
100 nm in one dimension) are widely exploited in the polymer compos-
ites as they are highly crystalline material with Young’s modulus near
150 GPa and tensile strength 10 GPa. They exhibit surface charge, chi-
ral nematic and amphiphilic properties, and serve to modify rheolog-
ical, optical, and electrical properties of polymers. Nanocrystals have
hydrophilic surfaces, but do not swell in water [9,10].

Despite their outstanding and diverse properties, wide-scale applica-
tion of CNC is lacking in the commercial sector due to their polar and hy-
drophilic surface characteristics, and tendency to agglomerate in poly-
mer matrices. Over the last few years, new surface modification tech-
niques and mechanical processes have been introduced to address these
problems. More recently several new commercial applications outside
of paper and paperboard have been reported, including use of nanocel-
lulose in oil and gas drilling fluids, adult diapers, coatings, composites,
rubber latex, cosmetics, gel inks for pens, and foams for running shoes
[1,11]. Biomedical market is exploring 3D printing of nanocellulose for
tissue engineering, and wound dressing. In addition, spider-like network
structures of CNF cryogel for air filters, and adsorbents for radioactive
cesium ions [7]. Based on the growing interest in nanocellulosic materi-
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Fig. 1. Schematic of different types of nanocellulose (a) Transmission electron micrographs of cellulose nanofibers prepared from potato pulp (b) cellulose nanocrys-
tals extracted from mengkuang leaf (c) Micrograph of bacterial cellulose(Reproduced with permission from [1,11]).

als, several review articles have been published describing their general
characteristics, production methods and applications. However, there is
very limited information available on the application of CNC in compos-
ites, processing technologies, and characteristics of nano-cellulose filled
composites. With growing interest in CNC composites for high value ap-
plications in biomedical, packaging, electronics and energy there is a
need for assessing current trends in research. This review addresses the
current state of published knowledge on CNC characterization, process-
ing of CNC based nanocomposites, characterization techniques, physical
and mechanical properties, and emerging applications.

2. Isolation and pretreatment of cellulose nanocrystals (CNCs)

In the last few years, isolation and pretreatment of CNC from differ-
ent sources and thereby revalorization of agro/ forest wastes has become
center of interest to develop economic status of some countries. CNC can
be isolated successfully from different agricultural sources- wood, cotton
fiber, sisal fiber, bamboo residue. The agricultural wastes such as rice
straw, rapeseed straw, corn stalks have gained special attention as novel
sources of CNC. These agricultural wastes of shorter growing cycles can
be disintegrated into CNC through delignification process, because of
low lignin content.

Luzi et al. demonstrated a process to extract CNC from North African
grass Ampelodesmos mauritanicus, commonly known as Diss. Before the
extraction of nanocellulose, Diss stems were subjected to two different
pretreatments (chemical or enzymatic). In case of chemical pretreat-
ment, at the first stage sodium bi-sulphate (NaHSO4) was used to ex-
tract holocellulose (é-cellulose+hemicellulose). Subsequently, sodium
hydroxide (NaOH) was used to obtain d-cellulose component and re-
move hemicellulose. In enzymatic pretreatment, xylanase and (Feed-
lyve AXC) and polygalacturonase (Peclyve EXG) enzymes were used.
CNC was isolated from the pretreated material by sulfuric acid hydrol-
ysis. Morphological investigation showed that both the pretreatments
facilitated the reduction in fiber diameter. Analysis of X-ray diffraction
spectra proved the formation of new crystalline domains resulted from
the enzymatic degradation of cellulose. Chemically treated CNC showed
lower diameter and length mean values as compared to the enzyme
treated ones [12].

Yang et. al extracted CNC from Carex meyeriana Kunth via a combi-
nation of TEMPO oxidation and mechanical homogenization technique.
The CMK fibers were treated with alkali-oxygen and PEG-salt ABS in
to eliminate non-cellulosic substances. Then the degummed CMK was
modified with dimethyl sulfoxide solution and subjected to a TEMPO ox-
idation and homogenization to extract CNC. The produced CNC showed
an average diameter of about 33 + 1.32 nm and length of 175 + 3.21
nm. The crystal structure of CNC was not altered during the pretreat-
ment processes, keeping the cellulose polymorphs intact. The extracted
CNC exhibited much higher crystallinity than raw materials (CMK) and
CMK fibers. While, the thermal stability of CNC was decreased [13].
Ferreira et al. obtained CNC from acid hydrolysis of bleached sugar-

cane bagasse pulp (SCB) and functionalized with adipic acid. SCB was
subjected to a bleaching treatment using NaOH and H,0,. Then the
bleached SCB pulp was hydrolyzed using sulphuric acid to extract CNC.
The extracted CNC were surface modified by adipic acid. CNC extracted
from bleached SCB exhibited hyphilic surface characteristic, relatively
high crystallinity, and a high aspect ratio. The removal of amorphous
regions resulted in a low nanocrystal dimensions in surface modified
CNC. They also became less hydrophilic in nature.

Unmodified CNC can be used as reinforcing agents in hydrophilic
polymer matrix, whereas modified CNC can be used for hydrophobic
ones [14]. In an article of Abu-Danso, CNC were synthesized from ab-
sorbent cotton. Two pretreatments were done on the precursor (cotton)
- dewaxing and bleaching with mild alkali. CNC were extracted via acid
hydrolysis with sulfuric acid and a mixture of NaOH-thiourea-urea-H,O
helped in dissolution of cotton. There was a highly negative charge on
the surface of cellulose and at pH 12, the extracted CNC showed higher
negativity, over -30 mV. The CNC had high BET surface area, pore diam-
eter and pore volume. The SEM images showed the flaky nature of the
CNC. The pretreatments maintained the crystal structure of cellulose
[15]. Kian et al. isolated CNC from roselle fiber derived from micro-
crystalline cellulose (MCC). In this study, acid hydrolysis with variable
reaction times was conducted to degrade roselle derived from MCC to
produce CNC. This method is proved to be cost saving as a yield of
21.92% CNC was obtained using a low chemical concentration of 50
wt% sulfuric acid solutions. The FTIR analysis indicated that the crys-
tallites domains of CNC became increasingly compact with prolonged
reaction time and no change in chemical structure. In TEM and AFM
images, needle shaped CNC isolated from 45- to 60 min hydrolysis time
were clearly visible. The isolated CNC had the highest crystallinity level
of 79.5%, after 60 min hydrolysis. Furthermore, in colloidal suspension,
CNC remained well dispersed, possibly facilitating nanocomposite fab-
rication. In thermal analysis though, all the CNC showed poor stability
due to the surface sulfate component [16].

Li et al. extracted CNC from bleached chemical pulp via two stages of
isolation techniques- Formic acid hydrolysis and TEMPO-mediated ox-
idation, under mild conditions. Formic acid was used in the first stage
to eliminate hemicellulose and to release CNC by the swelling of cel-
lulose fibers. Formic acid is readily recoverable and reusable. In the
second stage, the isolated CNC were modified by TEMPO-mediated oxi-
dation for modified surface properties. The modified CNC (T-CNC) had a
length of 50-300 nm and a diameter of 2-4 nm, respectively. Higher car-
boxyl group content on the surface and more ordered crystalline struc-
ture helped T-CNC to disperse better and they showed higher viscosity
in aqueous phase, compared to the unmodified [17]. Kunaver et al. de-
veloped a new production process of CNC from different cellulose con-
taining natural materials. The process consisted of four steps- milling,
glycolysis reaction, centrifugation and finally, rinsing with an organic
solvent. CNC yield was between 56 and 75%. The liquification with gly-
cols, using methane sulfonic acid as a catalyst was the key feature of
this process to simplify the process of CNC production. During glycol-
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ysis, lignin, hemicellulose, and other amorphous parts were liquefied
leaving solid residue crystalline cellulose. Compared to the acid-based
hydrolysis process, only 3% loading of acid was used. Four model mate-
rials were used in this method- cotton linters, spruce wood, eucalyptus
wood and Chinese silver grass. The increased surface area of all the CNC
reduced the thermal stability and this result completely matched with
the crystallinity index [18].

Oun et. al isolated CNC from rice straw (RS), wheat straw (WS) and
barley straw (BS) via acid hydrolysis method. The isolated CNC showed
aspect ratio of 18, 16 and 19 with suspension yield of 64%, 75% and
69%, for the RS, WS and BS, respectively. The fibrous shaped CNC had
length of 120-800 nm and width of 10-25 nm. The crystallinity index
of CNC was increased due to the removal of amorphous region by sul-
furic acid, and became 0.663, 0.710 and 0.634, respectively, for the
RS, WS and BS. The thermal stability was also increased due to the re-
moval of hemicellulose and lignin. These isolated CNC were used as re-
inforcement fillers to produce CMC/CNC composite films [19]. Dasan
et al. developed a bionanocomposite of poly(lactic acid) (PLA) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) reinforced with
CNC. The CNC was isolated via acid hydrolysis process from waste oil
palm empty fruit brunch fiber. The resultant CNC was then functional-
ized by TEMPO-mediated oxidation and solvent exchange process. The
fabricated composites with 0.25 wt% had shown improved interfacial
adhesion, and thus enhanced mechanical, morphological and barrier
properties. However, increased amount of CNC showed negative effects
on composite properties because of agglomeration of CNC and reduced
chain movement, respectively [20].

Jiang et al. isolated CNC from Humulus japonicus stem (HJS), a new
low-cost source of cellulose material, via acid hydrolysis. The influence
of the high temperature (HT) pretreatment on the properties of HT-HJS
fibers and HT-CNC was studied. The average diameter and aspect ratio
of CNC were 11.24 nm and 32.00, respectively. The initial degradation
temperature was 212.8 °C and crystallinity was 70.05%. The HT-CNC
had the same chemical structure as compared to the CNC. The average
diameter of HT-CNC showed an obvious decrease and the aspect ratio
showed significant increase, reaching a maximum value of 63.40. The
HT-CNC displayed better thermal stability and crystallinity as compared
to CNC [21]. Ledo et al. evaluated the environmental and technical fea-
sibility of CNC production from sugarcane bagasse fibers. Here, the life
cycle assessment (LCA) was presented as a methodology to investigate
the most feasible process. The processes V (NaClO,/NaOH/H,S0,/30
min/1x) and IX (NaClO,/NaOH/HNO;3/H,S0,/30 min/1x) showed the
lowest environmental impact based on lowest water consumption and
global warming potential. Furthermore, all processes showed that the
pretreatment was the most important factor to the environmental impact
increase. The effects of pretreatment conditions, for example bleaching
(1x), hydrolysis time (30 min) and temperature (45 °C), were inves-
tigated on the morphological and thermal behaviors of the resultant
CNC. The process IX proved to be the best, yielding CNC of 222 + 23
nm length, and average diameter of 12 + 1.6 nm. They exhibited
low thermal stability (206 °C) and crystallinity index of 65% [22].
All natural sources of CNC and pretreatment processes are listed in
Table 1.

There are other several examples of successful isolation of CNC from
different natural sources, such as industrial waste cotton [23], gar-
lic straw residues [24], barley straw and husk [25], eucalyptus pulp
[26], oil palm frond biomass [27], onion skin [28], Calotropis pro-
cera biomass [29]. Acid hydrolysis, enzymatic degradation, or mechan-
ical extraction such as high-pressure homogenization or ball milling
were used to extract CNC from different sources. The extracted CNC
were subjected to TEMPO-mediated oxidation, enzymatic, ultrasonica-
tion, high temperature or microwave-based pretreatment processes to
improve their aspect ratio and crystallinity percentage. In most of the
cases, the thermal stability and the tendency to agglomerate were de-
creased. All these aforesaid processes are successful to isolate CNC from
different sources. Following the examples, there must be an elaborate
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research to find other natural or industrial waste resources and the most
effective way to isolate CNC from them.

3. Characterization of cellulose nanocrystals

The properties and application of nanocomposites reinforced by CNC
largely depend on different properties of CNC. Considering the poten-
tial applications and extensive commercial attention, great emphasis has
been given to conducting a comprehensive study on structure and char-
acteristics of CNC. To characterize the structure of CNC, the most im-
portant characteristics being studied are specific surface area, dimen-
sions, shape, aspect ratio, crystalline structure, and charge. In this sec-
tion the diverse examination techniques and specific features of CNC are
described.

3.1. Turbidity

Turbidity is an optical characteristic of fluid and measures the
amount of light scattered by suspected materials in the fluid when a
light beam is passing through the sample. The principle of turbidime-
ter is based on the fact that when a light beam is passed through the
suspension, some fraction of incident radiant energy is dissipated by
absorption, reflection, and reaction whereas the residual is transmitted
(Fig. 2). Turbidity graph of CNC is a simple and convenient measure of
the flocculation potential of CNC in aqueous suspensions as an impor-
tant behavior indicating the colloidal stability and nature of aggregates
of CNC. The turbidity values and scattering of light depends mainly upon
different factors related to physical characteristics of CNC such as shape,
particle size distribution, refractive index, and the concentration of sus-
pended CNC in the medium [30]. It also relates to the wavelength of
light source employed in turbidity measurement. This test, however, is
not applicable for aqueous suspension with high concentration of CNC
and there is an upper limit of measurable turbidity. In fact, once the par-
ticulate concentration exceeds a specific level, the diffused light beam
hits more suspended particles, multiple scattering happens, and absorp-
tion of light rises drastically. This in turn will result in a noticeable re-
duction in the path length of light beam in suspension which reduces the
number of particles between the light source and detector and expands
the upper point of turbidity [31].

To measure the stability of CNC suspensions, samples should be
uniform, and degassed and repeated three times for reliable measure-
ments. A comprehensive study conducted by Shimizu et al., evaluated
the normalized turbidity values using AFM-derived thicknesses of CNC
deposited on a flat mica surface [32]. In which, the turbidity of CNC
dispersion as a function of mass-length ratio of CNC was described fol-
lowing Carr and Hermans method. They observed that light-scattering
behavior and nanoparticle size measurement were slightly affected by
interparticle interactions and higher values were reported for CNC thick-
ness using turbidity test in comparison with AFM-measured thickness
[32]. In a different approach, critical aggregation concentration of CNC
in an aqueous suspension in presence of salt of various valences was
evaluated considering the onset of turbidity in turbidity measurement.
The onset of turbidity was nearly identical for different particle concen-
tration including salts and CNC, confirming a balance of the attractive
and repulsive forces in the system. However, at higher particulate con-
centration a strong concentration-dependence of colloidal stability and
nature of CNC aggregates was reported [33]. In a similar study, the vari-
ation in turbidity values of CNC was reported and attributed to either
sedimentation of aggregates or particles growth that follows classical
theories in colloidal science [34]. Generally, the transmittance of aque-
ous CNC suspensions at 0.25-3.0 wt.% can be estimated at 500 nm and
a typical transmittance value for a well dispersed 0.25 wt.% suspension
is about 85%. The lower turbidity values specifies less aggregated CNC
nanoparticles [35].

Although turbidity has been considered as a quick method to as-
sess the width of various cellulose nanomaterials, due to the rod-like
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Table 1
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Sources of CNC and different pretreatment processes before CNC extraction.

Source of CNC

Pretreatment process

Ref.

Ampelodesmos mauritanicus fibers (Diss)

Carex meyeriana Kunth

Sugar cane bagasse

Medical absorbent cotton

Roselle fiber based MCC
Bleached chemical pulp of birch (Betula Pendula)

Cotton linters, Spruce wood, Chinese silver grass,
Eucalyptus wood

Rice straw, wheat straw and barley straw

Oil palm empty fruit brunch (OPEFB)

Humulus japonicus (HJS) stems

Sugarcane bagasse

Industrial waste cotton

Garlic straw

Barley straw and husk

Bleached soda-anthraquinone pulp of eucalyptus
citriodora

0il palm fronds (OPF)

Onion skin

Calotropis procera fiber

Dewaxing, treatment with 0.7% w/v solution of sodium
chlorite (NaClO,), 5% w/v solution of sodium bisulphate
(NaHSOy,), 17.5% w/v solution of sodium hydroxide (NaOH)
Heating in a mixture of 8 wt% H,0,, 1 wt% NaOH, 1 wt% JFC
with a liquor ratio of 1:50, treatment with aqueous biphasic
system containing 15 wt% PEG-2000, 4 wt% NaOH, 1.5 wt%
Na,S0;, 1.5 wt% Na,CO, with a liquor ratio of 1:20, blending
with DMSO solution with a powder to liquor ratio of 1:30,
TEMPO oxidation process

Organosolv pretreatment using ethanol/water (1:1) v/v
solution and a solid/liquid ratio of (1:10) w/v, bleaching
treatment using NaOH (4%, 500 mL) and H,0, (24%, 500 mL),
sulfuric acid hydrolysis (65% v/v, 250 mL)

Dewaxing in a Soxhlet extraction apparatus containing
toluene and ethanol (2:1 v/v), bleaching using a solution of
0.1% sodium chlorite (NaClO,)

Hydrolysis using 80 mL of sulfuric acid (50 wt%)

Treatment using hydrochloric acid (varying from 0 to 3.17%,
based on the total weight of the acid in the mixture),
distillation using acetic acid, furfural and 5-hydroxymethyl
furfural (HMF)

Liquefaction of biomass using diethylene glycol, ethylene
glycol, glycerin, mixtures of these alcohols (4:1 ratio), and
methane sulfonic acid (3%)

Filtration using a mixed solvent toluene and ethanol (2:1),
bleaching using 1.4% w/v sodium chlorite and 5% acetic acid
Alkali treatment using 100 mL of 2 M NaOH at 12.5% (w/v)
loading- 80 °C, 120 min, bleaching operation using sodium
hypochlorite (1.7 wt%) and in the presence of acetate buffer-
ratio of fiber to liquor was 1:25 g/mL, 80 °C, 1 h, repeated 4
times

Treatment using ethanol (Wyys/Veanor = 1/20) for 14 h to
remove wax and pectin, soaked in 4% w/v NaOH
(Whys/Vagnaon =1/15 at 80 °C, 2 h to remove hemicellulose,
5% acidified sodium chlorite (NaClO,+CH3;COOH,
Whiacio2/Wenscoon = 1/1, Wyys/Vasc = 1/15, 80 °C, 6 h, 3
times, high temperature treatment - titanium alloy autoclave
at different temperatures of 120 °C, 140 °C, 160 °C and 180
°Cfor2 h

Twelve different pretreatment conditions were followed
using NaOH/NaClO,/H,S0, for 60 min

Treatment with hot water to remove wax and pectin, heated
in hot air oven at 80 °C for 2 h, treated with 500 mL of 20%
sodium hydroxide at 40-60 °C for 4 h to increase the
crystallinity of cellulose, heated with 500 mL of 60% sulfuric
acid at 50-60 °C for 8 h to remove hemicellulose and lignin
Treatment with 2 wt% NaOH solution for 12 h to remove
lignin and hemicellulose, bleaching using sodium chlorite
solution at 80 °C for 2 h

For barley straw: dewaxing using a mixture of
toluene/ethanol (2:1 v/v) for 6 h, bleaching initially with
sodium chlorite 0.7 (wt/v)% for 2 h, then using sodium
hydroxide 17.5 (wt/v)% for 20 min

For barley husk: Treatment with NaOH 4 (wt/v)% for 2 h at
100 °C under mechanical stirring, bleaching using a buffer
solution of acetic acid, containing NaClO, 1.7 (wt/v)% under
magnetic stirrer

Dissolved in 1% (w/w) ionic liquid
1-butyl-3-methylimidazolium chloride under microwave
heating (150 °C, 400 W)

Treatment with a liquid containing 25% (w/w) soda
concentration and 0.1% (w/w) anthraquinone to fiber ratio of
7:1 (v/w) at 160 °C for 120 min, bleaching using MgSO,,
NaOH, anthraquinone, H,0, two times at 95 °C, 30 min, 80
psi pressure

Bleached with 0.7% (w/v) sodium chlorite solution (fiber to
liquor ratio of 1:50) at pH 4 for 2 h to remove lignin, boiled
with 250 mL of sodium sulfite solution for 5 h, treatment
with 17.5% sodium hydroxide solution at 20 °C for 45 min
Alkali treatment using NaOH solution (2 wt%), 100 mL, at
room temperature for 3 h, delignification using acetic acid
(93% v/v), 50 mL, and hydrochloride acid solution (0.3% v/v)
under strong stirring for 3 h at 90 °C, bleaching using a
mixture of H,0, (5 wt%) and NaOH (3.8 wt%) at a ratio of
1:50 and stirred at room temperature for 3 h

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]
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or needle-shaped CNCs, the turbidity measurement mainly can provide
information on fluctuation potential rather than particle size distribu-
tion. The other limitation of turbidity measurement is that the varia-
tions in turbidity can be attributed to several aspects mainly related to
measurement process rather than nanoparticle aggregation. Therefore,
to achieve reliable results turbidity should be combined with the other
characterization methods such as Zeta potential.

3.2. Zeta potential

Zeta potential ({ potential) is an analytical characterization tech-
nique to evaluate the surface charge of CNC in colloidal systems. The
principle underlying the test is the electrochemical equilibrium at the
particle-liquid interface. ¢ potential measures the particle stability and
charge repulsion/attraction between particles nearby the area restricted
by the slipping plane and correspondingly is dependent on the location
of slipping plane. Zeta potential measurement investigates the degree of
electrostatic repulsion between neighboring, similarly, charged particles
in a dispersion and provides broad insight into the dispersion, aggrega-
tion, or flocculation of nanoparticles such as CNC in colloidal system.
Zeta potential depends heavily on the type of solvents, and the inter-
action between particles and solvent as the measured value is mainly
an estimate of the gross charge of the suspension rather than the sur-
face charge of an individual nanoparticle such as CNC. When ¢ potential
values for colloidal suspensions are either > +25 mV or < -25 mV, the
particles are electrically stable [36]; on the other hand, the low value of
¢ potential is an indication of poor state of dispersion and formation of
aggregates due to low electrostatic repulsion forces between suspended
particulates [37]. Typically, the { potential values for pristine CNCs are
in the range of -20 — -50 mV (excluding CNCs extracted using HCl), while
CNFs can have values near to -60 mV. Interestingly, as a suggestion to
achieve an accurate ¢ potential the fully dispersed 0.25 wt.% CNC sus-
pensions or 0.05 wt.% CNF suspensions are required [38]. The addition
of 5-10 mM salt such as NaCl has been also reported to improve the
reliability of ¢ potential measurement [39].

In addition to interaction between nanoparticles and solvent, in
aqueous media, the pH of suspension is another important factor affect-
ing zeta potential value. For a suspended particle with a negative value
of ¢ potential, the addition of alkali into system will increase the nega-
tive charge on particle. While the addition of acid will result in a positive
charge if the ions are specifically adsorbed. In such an instance, a { po-
tential versus pH curve will show positive values at low pH and lower or
negative values at high pH. The point in which the ¢ potential value is
zero is known as isoelectric point. It is normally the point where attrac-
tive force between nanoparticles exceeds the repulsion and the colloidal
system is least stable. In CNC extracted from sulfuric acid hydrolysis, the
observed negative charge is due to the presence of sulfate ester groups
(0SO37). In a work, reported by Akhlaghi, et al. an increment in pH re-
sulted in the segregation of the small amount of carboxylic acid groups
on CNC, and this increased the value of the ¢ potential mainly due to
the increasing amount of negative charges (Fig. 3) [40].

Li et al., showed a strong relationship between ¢ potential and pH
for modified CNC, however, they claimed that { potential of pure CNC
was almost identical across the whole range of pH [41]. At pH over 10,
they observed a steep reduction in ¢ potential due to the deprotonation
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Fig. 2. Schematic representation of a general turbidimeter op-
tical system.
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Fig. 3. Typical plot of zeta potential vs pH showing the stable and unstable
region for suspended CNC (Reproduced with permission from [40]).

of functional group on the surface of modified CNC. The same results
were reported by Prathapan et al., in which no substantial alteration
was observed in the pH range of 2 — 10. However, at pH 1 a notice-
able reduction in potential was observed owing to protonation of the
sulfonic acids [42]. In a different work, ¢ potential was employed to
measure antifouling performance of graphene oxide-cellulose nanocrys-
tal (GO-CNC)- PVDF composite membranes. Lv et al. reported higher
¢ potential values for GO-CNC- PVDF was mainly due to the hydrogen
bonds and intermolecular interactions between GO and CNC, which re-
sulted in negatively charged oxygen-containing groups of GO-CNC [43].

Despite reports of zeta potential application in characterizing CNCs
in a large number of papers, pH and temperature dependence re-
sults limit the accuracy of zeta potential in CNC suspensions with dif-
ferent temperature and pH. Furthermore, the results mainly assess the
gross charge of the suspension rather than the surface charge of an in-
dividual nanoparticle such as CNC.

3.3. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM), an ultrasensitive method,
has been widely applied to illustrate the structure, morphology, crys-
tallographic and even chemical composition of an extensive variety of
nanomaterials. In TEM process, the electron beam with the acceleration
voltage in the range of 100-300 kV is transmitted through a specimen
to obtain high spatial resolution. Electron density of material has a key
role in contrast of TEM images and in cellulose-based materials such as
CNC with high content of carbon, the electron density is low and this,
in turn, will result in low contrast in TEM images [44]. Along with that,
the average particle size of CNC (5 to 30 nm in diameter) is not big
enough for transferring electrons to interrelate with the sample. There-
fore, the low electron intensity and small thickness of individual CNC
calls for the assistance of staining step prior to imaging to improve the
contrast of TEM images. Nevertheless, problems regarding low contrast
and blurry backgrounds will result in unreliable images with poor qual-
ity [45]. To address this problem, negative stain mainly composed of a
heavy metal salt such as uranyl acetate [46] is applied to diluted CNC
suspension and create an electron dense shield around CNC nanofillers.
Thus, the individual CNC will be found as a clear item on a dark back-
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Fig. 4. TEM images of cotton-based CNC on glow discharged carbon-
coated grid showing the effect of negative stain on the image quality.
(Reproduced from Kaushik et al. with permission [50])

Table 2
TEM analysis conducted on CNC from different resources along with length and width of CNC measured by TEM.
Volt.
Source (kV) Mag. Size Stain* Grid Glow discharge Dispersion* Contrast* Ref.
Cotton 120 M L=170 UA Copper grid Yes G G [54]
W=15
Flax shives 80 0] L=2358 UA Copper-coated Yes G G [55]
W=96 formvar
Cotton 80 M L=250 PA Carbon-coated Yes G G [56]
W=6 Copper
Biomass 120 0] - UA Copper Yes M G [57]
Cotton - 0 L=145 PA Plastic No M G [58]
W=4.76 membrane
coated
Sugarcane - 0 L=133.8 PA Copper No M M [59]
bagasse W=96
Seaweed 20 0] L=239 - Carbon-coated No P [60]
W=22.45 copper
Pueraria root 80 0] L=330 PA - No M P [61]
W=60
*Stain *Dispersion
UA: Uranyl and Contrast
acetate G: Good
PA: Phospho- M: Moderate
tungstic P: Poor
acid
*Mag.

M: Acceptable magnification with extra contrast enhancement and staining (> 300 nm, < 1 ym scale)

O: optimal magnification range (< 300 nm scale)

ground. Moreover, the application of positively charged stain such as
uranyl acetate [46] has been also reported as an alternative technique
to improve the image contrast in TEM analysis. In some works, to in-
crease the hydrophilicity of TEM grids and to improve the dispersion of
CNC, glow discharge treatment has been used as an additional step prior
to discharging CNC suspension on grid [47]. In this step grid surface is
subjected to a plasma treatment, with different current values.

There are a wide variety of TEM grids for various applications and
the right type of grid is required to obtain reliable images. The most com-
monly used grid for supporting CNC suspensions is copper grids [48,49],
however, caution should be taken when the pH of the suspension is far
low or high, as copper degradation might result in artifactual crystals
or dendrites during drying [44]. In this regard, the application of car-
bon as an electron-transparent coating material for cupper grid not only
provide an extra support for CNC suspensions but also limit the inter-
action between CNC and grid. Fig. 4 shows the TEM micrograph for
cotton-based CNC on glow discharged carbon-coated grid before and af-
ter staining. The distribution of negative stain in TEM images suggest
the more accurate estimation of CNC particle size.

In CNC characterization studies, TEM micrographs are mainly em-
ployed to estimate the morphology and particle size distribution of
CNC nanoparticles. Many researchers have used ImageJ software to an-
alyze the images and measure the dimension of individual CNC [51,52].
Table 2 summarize a list of TEM analysis conducted on CNC from dif-
ferent resources. The quality of TEM images (contrast and dispersion)
is represented as a function of staining, discharging and accelerating
voltage. As it was expected, glow discharge has an important impact on
CNC dispersion on TEM images and staining process mainly improves

the contrast of TEM images. However, the application of stain in TEM
images might result in low resolution of TEM images, mainly due to the
granularity of the dry stain. Therefore, a considerable amount of atten-
tion needs to be paid in staining TEM samples, and excess stain should
be removed from sample to limit the possibility of formation of imper-
fectly stacked lamellar subunits around individual CNC [53].

In comparison with scanning electron microscope (SEM) and atomic
force microscopy (AFM), TEM best suited for CNC characterization and
can be employed to visualize the shape and structure of individual in
the range of 100-200 nm. While AFM and SEM images normally show
CNC aggregates in the form of clusters and individual crystals are not
clear, due to high contrast in TEM images the individual crystals can be
observed [44]. On the other hand, TEM allows crystallography diffrac-
tion experiment to visualize only two-dimensional distribution of CNC
nanoparticles and for 3D analysis a combination of SEM and AFM is
required.

3.4. Dynamic light scattering (DLS)

Dynamic light scattering (DLS), known as photon correlation spec-
troscopy (PCS) offers a complementary approach to nanoparticle size
distribution in the colloidal suspension. In this technique, the hydro-
dynamic particle size of nanoparticles is measured using the time-
dependent fluctuations of the scattered light at a specific scattering angle
0 (right angle or back angle) (Fig. 5). The scattering angle is typically se-
lected by the instrument maker regarding the inverse relation between
particle size and scattering angle (173 ° for CNC) [62]. The DLS mea-
surement is based on the fact that the dispersed nanoparticles such as
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Fig. 5. Schematic diagram of an optical dynamic light scatter (DLS)
used for particle size distribution measurement.

Photon detector%

CNC in a suspension are undergoing Brownian motion, and the anal-
ysis of the intensity fluctuations over a short time yields the velocity
of the Brownian motion of nanoparticles. This in turn can interpret the
nanoparticle size using Stokes-Einstein equation [63]. Fixed angle and
multi angle instrument are two types of DLS instrument, while multi
angle instrument capable of measuring particle size distribution is the
most common type of DLS used for CNC.

DLS analysis integrates any particle to spherical particles of equiva-
lent volume, hence, CNC measurement is expressed as a hydrodynamic
apparent particle size. Regarding the cylindrical structure of CNC and
high aspect ratio, DLS should not be considered as the hydrodynamic ra-
dius and cannot be clearly related to the particle length or cross-section
[64]. DLS measurement can be employed to detect the particle size dis-
tribution of CNC in a wide range of solvents, however, care must be
taken in sample preparation as the colloidal stability over a time span
which DLS measurements is conducted is vital for reliable results. For
this purpose, the aqueous suspension is the most commonly system used
for DLS analysis [65,66]. Although, DLS can provide facile measurement
of the particle size of CNC, at typical concentration of CNC, results are
distorted owing to particle-particle interactions. Therefore, the CNC sus-
pension should be low enough (< 0.1 wt.%t) to form a clear suspension
[67]. Besides particle size distribution, the formation of CNC aggregates,
colloidal stability, and sedimentation kinetics have been also studied us-
ing the intensity profiles of DLS analysis. It has been reported that the
size of CNC aggregates directly affects their velocity and smaller aggre-
gates move faster than larger ones [68].

In addition to the failure of measuring the length of individual
needle-shaped CNC, sample preparation and high concentration of CNC
suspension is required for DSC measurement. In fact, in low concentra-
tion of CNC, multiple peaks and incorrect data may be found owing to
the low scattering count.

4. Cellulose nanocomposites processing

The production of CNC nanocomposite has received increasing in-
terest due to their promising mechanical characteristics combined with
low density, biodegradability, and renewability. The incorporation of
CNC into biodegradable polymers is even of more importance as it can
result in not only an improvement in the performance characteristics
of biopolymer, but also an accelerated biodegradation rate [69]. Cel-
lulose nanocomposite study dating back to mid-90 s when Favier’s re-
search group incorporated monocrystals of cellulose with an aspect ra-
tio around 100 into latex to advance the mechanical properties of latex
nanocomposites [70]. Then after, extensive efforts have been conducted
to prepare and characterize CNC nanocomposites using different tech-
niques. In this section we describe several approaches to the preparation
and characterization of CNC nanocomposites.

4.1. Cellulose nanocomposites preparation

One of the most important factors affecting the performance of CNC
as reinforcing agent in different polymer matrices is the state of CNC dis-
persion and hence polymer matrix-CNC interaction. Beside the exten-
sive research on the application of CNC in polymer matrices, achieving

the homogeneous dispersion of CNC in polymer matrices, especially hy-
drophobic ones, is still the main challenge [71] in CNC nanocomposite
manufacturing. The inherent hydrophilicity of CNC inhibits their proper
homogeneous dispersion in non-polar [72] and hydrophobic [73] poly-
mer matrices mainly due to van der Waals bonding. In this regard, the
studies in the area of CNC nanocomposites are mainly inspired by the
application of different techniques in improving the dispersion of CNC
within polymer matrices. Although the research on surface modification
treatments is beyond the scope of this article, it is worthy to note that
the obvious effect of chemical treatment on reducing the hydrophilicity
character of CNC have been extensively reported in the literature [74-
77]. In this section, we highlight the mechanical techniques used for
CNC nanocomposite manufacturing.

4.2. Solvent casting

Solvent casting or wet blending is a traditional thin film man-
ufacturing technique with an optimal control on film thickness. In
which, nanocomposite manufacturing starts with dissolving host poly-
mer in a volatile solvent, followed by incorporating the nanofillers. After
achieving a stable colloidal suspension of host polymer and nanofiller,
nanocomposite film can be solidified into favored shape and geometry
via solvent removal. Due to the hydrophilicity of CNC, water-soluble
polymer matrices such as poly(ethyleneimine) provide the simplest sys-
tems for synthesizing CNC nanocomposites [78], while such nanocom-
posites have strength far below the potential strength of CNC. Thus, to
achieve hydrophobic polymer nanocomposites reinforced by CNC, the
major challenges are the improvement of adequate dispersion and high
interfacial bonding between the polymer matrix and CNC. In this re-
gard, to ensure the optimal dispersion of nanofiller within polymer so-
lution and hence an improvement in interaction between polymer and
nanofillers, wide range of chemical surface modification treatment have
been extensively used to mitigate the hydrophilicity of CNC prior to
suspension preparation. In addition to surface functionalization, ultra-
sonication treatment is another additional step in solvent casting manu-
facturing, facilitating the homogeneous dispersion of CNC within poly-
mer matrix [79]. In which, acoustic energies delivered high power son-
ication and removes the van der Waals force between nanofillers [80],
and thus permits the polymer chains to diffuse into open spaces among
nanofillers.

The tedious solvent casting method with slow solvent evaporation
rate favors the formation of CNC aggregates [81] and prevents the in-
dustrial exploitation of CNC nanocomposite. Moreover, the presence of
residual solvent in solidified solvent cast film which results in a reduc-
tion in nanocomposite characteristics further limits the effective use of
solvent casting technique in CNC nanocomposite manufacturing [82].
Therefore, along with ultra-sonication treatment, additional procedures
such as air-forced drying [83], magnetic fields [84], electric fields [85],
and surfactant [86] are also applied to CNC suspension to mitigate the
negative aspect of slow drying rate in solvent casting method. Mechan-
ical properties are critical for nanocomposite films and depend largely
on the state of CNC dispersion within polymer matrix. Table 3 summa-
rizes a short list of studies, in which solvent casting method has been
employed to fabricate CNC nanocomposite and improved the mechan-
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Table 3
Summary of CNC nanocomposites prepared by solvent casting method along with additional steps for strengthening corresponding composites.
Solution Supplementary steps Drying step Film
Host Ref.
polymer Solvent CNC content Modification Sonication Time technique Temp. Thickness E (MPa) o (MPa)
DMF 1.5 - - - Pressure- 80°C 0.1 mm 154 9.4 [103]
polyurethane 5 Temperature 28.5 53
10 cycle 414 6.9
30 109 6.2
PHB DMF 2 - Ultra- 12 h 80°C 40, 50 pm 2400 29.7 [104]
4 sonication Temperature 2500 29.2
6 cycle 2500 30.5
SPEEK Water- 1 - Ultra- 24 h 60°C 70-80 pm 2522 2649 258 [105]
ethanol 2 sonication Temperature 2726 3447 34.78
3 cycle 3161 36.62
4 49.84
5 46.46
PCL THF 5 - Solvent Over night  Constant 25°C - 200 10 [106]
10 exchange nitrogen 325 12.5
15 flow 460 15.5
20 500 16
25 640 17.5
PBAT chloroform 1 - - 24 h - 25°C 35 pm 2791 15 [107]
PVA Water 1 Citric acid ~ Ultra- 24 h 40°C - 1710 43 [108]
3 modifica- sonication Temperature 1980 46
5 tion cycle 2160 53
10 2360 46
15 2460 49
PLA Chloroform 1 Lauryl - 24 h,4 h Pressure- 25°C and 50 pm 1740 45 [109]
3 modifica- temperature 50°C 1130 26
5 tion cycle 1060 27
10 1010 21
20 950 18

ical response of films in case of elastic modulus. The literature shows
contradictory results concerning the effect of CNC content on mechani-
cal properties of nanocomposite films, more likely due to the formation
of CNC aggregates at high CNC contents.

4.3. Continuous melt extrusion

Melt extrusion or melt blending is a solvent-free procedure for plas-
tic, rubber, and food industries, in which a product of uniform shape
and density is formed through a combination of heat, pressure, and fric-
tion. Melt extrusion dates to the early 1930s [87] and soon after, it has
become one of the most widely adopted manufacturing techniques in
polymer-based nanocomposites of thermoplastics or elastomeric poly-
mers. Among different melt extruder, the screw extruders are the most
common type in polymer industry as they continuously convert poly-
mer pellets into finished form such as filament or extrudates. CNC
nanocomposite melt extrusion can be performed using twin [88] or
single [89] screw extruder with various modular screw configurations.
Twin-screw extruders can be either, co-rotating or counter-rotating de-
pending upon the screw configuration. In nanocomposite manufactur-
ing, co-rotating twin-screw extruders are more preferred than single
screw due to the effective nanoparticles dispersing configurations [90].
Twin screw extruders are often used to process highly viscous materi-
als and remove large extents of volatile substances, while simple screw
extruders have better performance in mixing materials [91].

Despite the extensive use of melt extrusion in composite manufactur-
ing, surface charge density, poor compatibility between CNC and poly-
mers [92], and mechanical and thermal degradation of CNC at elevated
temperatures [93] impose restrictions on effective melt-compounding of
CNC within hydrophobic polymer. To tackle these issues, different ap-
proaches have been proposed in the literature. In order to lower the
surface charge density, hydrochloric acid (HCl) and phosphoric acid
(H3PO,4) have been used alternatively in acid hydrolysis of cellulose
[94]. Spray freeze-drying technique has been also recognized as an ef-
fective method for drying cellulose nanomaterials and limiting the for-
mation of irreversible and hard packed aggregation of CNC which can be

obtained during typical spray drying or freeze-drying techniques [95].
The concepts of physical coating [96] and surface modification treat-
ment of CNC [97] are another suggestions to provide a high level of pro-
tection against thermal degradation. However, an extra caution should
be taken since additional materials can influence the overall character-
istics of final product.

In some cases, to further enhance the uniform dispersion of CNC
through polymer matrix, the concept of two-step dispersion processes
based on highly concentrated masterbatch as a source of CNC has been
reported. In this technique, high CNC content masterbatch in form of
thin film [98], freeze-dried suspension [99] or pellet [92] are used to
incorporate CNC to the host polymer in a stepwise fashion (Fig. 6). The
CNC masterbatch is diluted by the addition of host polymer in melt ex-
trusion process with the goal of achieving an optimal dispersion. Reid
research group [38] using masterbatch approach, prepared PEO-CNC
nanocomposite and found a significant improvement in CNC dispersion
and thermal characteristics in comparison with direct addition of CNC.
In a similar work, CNC was incorporated into PLA matrix using high
content masterbatch followed by melt mixing not only to improve the
CNC dispersion, but also to enhance the mechanical properties of host
polymer. They showed that the application of solvent casting before
extrusion resulted in the relatively good dispersion and hence a signifi-
cantly larger amount of interfaces between nanofillers and polymer ma-
trix that can then overwhelm the basic nanoparticle effect and lead to
higher stiffness for CNC nanocomposites [100].

Direct liquid feeding of aqueous CNC suspension is another approach
in nanocomposite manufacturing to mitigate the risk of CNC aggregates
in polymer matrix. In liquid feeding, an aqueous suspension of CNC is
pumping to the extruder during compounding, while the miscibility of
the aqueous medium and host polymer should be carefully certified oth-
erwise, phase separation might happen in final product [101]. Temper-
ature profile in melt extrusion is mainly adjusted considering glass tran-
sition, melting point, and rheology of host polymer than CNC thermal
stability. Therefore, thermal degradation and discoloration have been
occurred for CNC-containing nanocomposites. To lower the risk of CNC
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Fig. 6. Schematic diagram of 2-step dispersion process of melt extrusion in masterbatch concern. (Reproduced with permission from [98]).

thermal degradation in polyamide 6-CNC water assisted compounding
extrusion process, Peng et al. pumped CNC suspensions into the middle
zone of a twin-screw extruder while lowering the processing tempera-
tures by 30 °C [102]. The granulated compound achieved after evapo-
rating water at the last metering zone was then molded in an injection
molding machine. Although the agglomeration of CNC in nanocompos-
ite samples was mitigated, an additional molecular weight of host poly-
mer was observed due to thermal and hydrolytic degradation during
nanocomposite processing.

4.4. Batch processing

Batch mixing process is a sequential process, convenient for small
scale nanocomposite preparation. This method has been extensively
used in academic researches focused on characterization of small batch
of CNC nanocomposites [110,111]. Typical batch mixers are composed
of counter-rotating roller blades in a twin-cylinder configuration capa-
ble of melting and mixing polymers. The capacity of splittable barrel
might be either 5 or 15 ml depending on the batch size and extended
fully intermeshing conical screws are designed by manufacturer with
fixed geometry. The main limitation of this method in CNC nanocom-
posite manufacturing is long processing time, which can result in ther-
mal degradation during the residence time and hence decoloring of final
product [111]. Furthermore, the shear forces provided in a batch mixer
is insufficient to prevent the formation of agglomeration of fibers during
nanocomposite manufacturing [112]. In a competitive study by Baghe-
riasl, internal batch mixer and extruder were employed separately to
evaluate the performance characteristics of PLA-CNC nanocomposites
via the application of masterbatch or direct mixing of PLA-CNC. They
observed significantly higher complex viscosity and storage modulus in
PLA-CNC nanocomposite prepared via a twin-screw extruder than inter-
nal batch mixer samples. They attributed such a noticeable discrepancy
to the formation of an interconnected structure of CNC in PLA matrix
due to well dispersed CNC in PLA-CNC nanocomposites prepared via
masterbatch approach and twin-screw extruder [113].

In another attempt for preparing composites samples using bath mix-
ing with a residence time of 8-10 min at 232°C, the addition of CNC
into polyamide 6 lowered the impact strength of composite in com-
parison with pure polymer matrix, owing to poor dispersion quality of
CNC in polymer matrix. Long residence time and high temperature in
batch processing also resulted in thermal degradation and color change
in PA6-CNC samples (Fig. 7) [114], however, in a different attempt it
was reported that the discoloration is not linked to the mechanical be-
havior of CNC nanocomposites. As the discoloration is not ideal mainly
for nanocomposites with optical application, to mitigate the risk of ther-
mal degradation during long residence time in batch mixer several re-
searchers used thermal stabilizer during processing stages [115].

Wet ball-milling is another nanocomposite manufacturing technique
aiming on good temperature control during CNC nanocomposite man-
ufacturing. Kedzior et al. employed wet ball-milling for the first time
to prepare PMMA-CNC nanocomposite. In this study, CNC and PMMA-

grafted CNC solution was added into PMMAIin plastic Nalgene bottle
containing methyl ethyl ketone and stainless-steel milling media (0.8
mm diameter beads). The processing was conducted at 175 rpm for 24 h,
and to remove milling media and vaporizing methyl ethyl ketone, the
mixture was filtered and stored under hood. The solid composites were
then broken and hot-pressed at 160° C. Although, nanocomposite sam-
ples exhibited low variation in color due to low exposure to high tem-
perature, foam structure was observed for ball-milled samples owing to
methyl ethyl ketone evaporation, (30 s~2. min). In addition, the pres-
ence of solvent in wet ball-milled samples and the effect of vaporizing
methyl ethyl ketone of the nanocomposites during hot pressing lowered
the Young’s modulus of wet ball-milled samples [116].

5. Cellulose nanocomposite characterization
5.1. Morphology

Pristine CNC and surface modified CNC, both affect the morphology
of the composites in some manners. In case of pristine CNC, there is more
agglomeration in the matrix which in turn affect the overall mechani-
cal properties of the composites. But in case of surface modified CNC,
the dispersion of nanoparticles is improved enhancing the mechanical
properties of the composites, keeping the original nanostructured mor-
phology intact. For this reason, it is very important to study the change
in morphology of CNC incorporated polymer composites to understand
its effect on the overall properties of the composite. Zhang et. al grafted
Poly (methyl methacrylate) (PMMA) and poly (butyl acrylate) (PBA)
onto CNC and produced modified CNC (MCNC). They prepared a micro-
phase separated MCNC/ PBA-co-PMMA nanocomposite and studied its
morphology. The rod-like morphology was clearly observed in TEM for
the pristine CNC, having the mean diameter and length of 18 and 213
nm, respectively. In case of the grafted CNC, the rod-like morphology
was well-preserved even after the grafting polymerization, having the
length and width of 250 and 25 nm, respectively. The fractured surfaces
of the nanocomposites showed bi-continuous ductile fractured morphol-
ogy and the irregular fractured surfaces of the CNC was clearly observed.
This indicated that improved chain entanglement and hydrogen bond-
ing interactions facilitated improved compatibility between the MCNC
and the polymer matrix [117].

Arrieta et al. synthesized CNC from microcrystalline cellulose via
acid hydrolysis and incorporated them into poly (lactic acid)-poly (hy-
droxybutyrate) (PLA-PHB) blends to enhance the overall properties of
the multifunctional system. TEM images of the pristine CNC and sur-
factant modified CNC (CNC) showed length of 100-300 nm and width
of 5-10 nm. Morphological features of the cross cryo-fractured sections
of pure PLA, PLA-PHB blend, binary and ternary nanocomposites were
inspected using FESEM. A typical smooth and uniform surface was ex-
hibited by pure PLA films, while the PLA-PHB blend exhibited a tougher
surface due to increase in crystallinity. The pristine CNC incorporated
nanocomposites showed poor interfacial adhesion, but the surface mod-
ified ones showed better dispersion indicating enhanced interfacial ad-
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Fig. 7. Color change in the composite sample due to thermal degradation and the impact strength of PA6-CNC composites at different CNC loadings (2.5%, 5%, and

10%) (Reproduced with permission from [114]).

hesion and increased compatibility between matrix and nanoparticles.
An AFM analysis was also done to study the nanocrystal dispersion.
The pristine CNC incorporated films appeared agglomerated, but the
CNC incorporated films showed more individualized structure. This con-
firmed the effect of surfactant on the surface of the CNC allowing the
polymer chains to penetrate between the cellulose structures [118]. Li
et al. constructed nanocomposites composed of poly (butylene succi-
nate) (PBS) and CNC by solution coagulation method. The morphology
of the PBS/CNC nanocomposites was studied by SEM. A smooth sur-
face was exhibited by neat PBS, and the rough surface by PBS/CNC
films, roughness increasing with the increase in CNC loading. No ag-
gregation of CNC was detected when the loading was increased up to
1 wt%. A good interfacial adhesion between the matrix and CNC was
detected as there was no pulling out of CNC. Therefore, when external
force was applied, CNC broke causing deformation in the surrounding
matrices which increased with increased content of CNC in composite
[119]. Zarina et al. produced CNC from kenaf fibers and incorporated
them as reinforcing agents in biocomposites based on x-carrageenan.
The carrageenan composite film with 4% CNC content exhibited high
level of dispersion and distribution of CNC within the polymeric matrix.
The structural similarity between the matrix and CNC facilitated the hy-
drogen bonds between hydroxyl groups and thereby the compatibility
between the nanofillers and the matrix. However, when the CNC load-
ing reached 8%, the fillers tended to agglomerate due to self-association
via hydrogen bonding. Agglomeration of CNC reduced the filler-matrix
interfacial contact, resulting in poor interfacial stress transfer [120]. Mi
et al. produced poly (e-caprolactone) (PCL)/ CNC nanocomposites via
twin-screw extrusion. The injection molded samples were fractured in
cross-section to study the dispersion of CNC in polymer matrix. CNC
were detected as small dots and were dispersed uniformly in the matrix.
The alignment of CNC was induced by the melt flow direction. More
bumps like ridges were detected with the increase in CNC content, indi-
cating CNC in other directions were buried in the polymer matrix. The
5% CNC loaded samples indicated aggregation of CNC in the PCL matrix.
There was no clear void observed in the images, confirming the strong
interfacial bond between the matrix and the nanofillers, as the CNC were
broken instead of being pulled out of the polymer matrix [121].

There is an improvement in adhesion and interfacial bonding be-
tween the polymer matrix and nanofillers due to the incorporation of
surface modified CNC in the composite system. The overall stress trans-
fer was also enhanced, but up to a certain extent. Along with CNC load-
ing, the agglomeration of nanofillers was also increased. There several
other researches [111,122,123] were the morphology of the CNC in-
corporated composites was discussed. There is a huge scope of further
research to improve the dispersion of CNC in polymer matrix.

5.2. Thermal properties

Surface modification of CNC sometimes can substantially affect the
thermal characteristics of native CNC. Generally, functional groups are
attached to the CNC surface via surface modification. These functional
groups can change the thermal stability and crystallization behavior of
native CNC due to chemical reactions. As a result, when these modified
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CNC are used as reinforcement for composites, the overall thermal prop-
erties of composites are also changed. Tanpichai et. al fabricated a CNC
reinforced poly (vinyl alcohol) (PVA) hydrogel with high water content
(~92%), using glutaraldehyde (GA) crosslinker. The change in thermal
properties due to the addition of CNC in the cross-linked hydrogel was
investigated. The CNC used in this research contained surface sulfate
groups, because of which the CNC showed significantly lower thermal
stability. Therefore, the onset degradation temperature was decreased
due to the incorporation of the CNC in hydrogels. When the CNC con-
tent was increased, the onset degradation temperature was significantly
reduced from ~347 °C for cross-linked PVA to ~320 °C for cross-linked
PVA2.0 (CNC content). The lower thermal stability of CNC might be
the cause of this reduction [124]. Kargarzadeh et al. produced a new
nanocomposite of an unsaturated polyester resin (UPR) and CNC. Here,
the CNC were silane treated and the effect of silane treatment on the
thermal properties of CNC were studied. The nanocomposites incorpo-
rated with native CNC (2 and 4 wt%) showed an initial weight loss at
~140 °C. at ~370 °C, there was a decomposition attributed to CNC and
the main decomposition was at ~380 °C due to UPR. But in case of the
nanocomposites prepared with silane treated CNC (STCNC), the onset
degradation temperature is much lower as compared to the native ones.
However, the main decomposition was observed at ~388 °C. The ther-
mal stability improvement of CNC was caused by the strong filler-matrix
interaction, especially after the silane treatment. There was a chemical
bond formation between the CNC and the matrix, provided by the silane
coupling agent [125].

Spinella et. al prepared a nanocomposite with acetate and lactate
modified CNC (AA- and LA-CNC) and polylactide (PLA), to improve the
heat deflection temperature of PLA. The thermal stability of the CNC pre-
pared by the modified Fischer esterification method was investigated by
Thermogravimetric analysis (TGA). LA-CNC exhibited the highest ther-
mal stability followed by the AA-CNC. The derivative thermogravimet-
ric curve (DTG) revealed that the stability of LA-CNC is about 40 °C
higher than the acid derived CNC. All the nanocomposites showed a
reducing trend of thermal stability, acid derived ones (HCI-CNC) ex-
hibiting the lowest. AA- and LA-CNC contained composites showed less
pronounced decrease in thermal stability. The weak adhesion and there-
fore the poor dispersion of the acid derived CNC in matrix, may be the
cause of the reduced thermal stability. In case of AA- and LA-CNC, the
dispersion of CNC may be relatively better [126]. Dhar et al. reported a
reactive extrusion process using only a single step, to produce the poly-
lactic acid grafted cellulose nanocrystals composite films (PLA-g-CNC)
of improved thermal stability. As usual, neat PLA exhibited a one-step
degradation behavior, with a onset temperature of ~306 °C and T1/2
(50% reduction of weight) of 356 °C. These degradations reportedly
caused by hydrolysis and oxidative chain scission. However, the reac-
tive extrusion approach to graft CNC onto PLA using a sparse amount
of crosslinking agent helped to significantly improve the thermal stabil-
ity of PLA. Both Tonset and T1/2 were increased by ~12 °C and ~5
°C, respectively, than neat PLA. During the reactive extrusion process,
the formation of PLA encapsulated CNC successfully masked the sulfate
and hydroxyl groups of CNC, causing delayed degradation. Also, higher
activation energy was required to break the preformed C-C bond be-
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tween the PLA and CNC, thereby leading to enhanced thermal stability
[127].

Zhang et al. modified pristine CNC surface properties by grafting
poly (methyl methacrylate) (PMMA) and poly (butyl acrylate) (PBA)
onto CNC surface. The thermal degradation properties of the pristine
and grafted CNC were compared by TGA analysis. It was evident from
the TGA data, that the hydrophobic coating of PMMA and PBA caused
less thermal degradation at lower temperatures as compared to the pris-
tine ones. Additionally, the major degradation step occurred at higher
temperature, due to the masking of surface sulfate groups of CNC by
the grafted copolymers. The hydrophobic coating of polymers reduced
the water adsorption capacities from hydroxyl groups present in CNC
surface, thereby stabilizing CNC during decomposition. Modified CNC
produced less amount of char than the pristine ones [117]. Arrieta
et al. added CNC in poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB)
blends to enhance the structural and thermal properties of the compos-
ite systems. In this case, a surfactant modified CNC (CNCs) was used to
improve the interfacial adhesion while retaining the thermal stability.
Both CNC and CNCs were observed to improve the thermal stability of
PLA-CNC and PLA-CNCs blends. But in terms of weight loss, the addi-
tion of the nanocrystals to the PLA-PHB blend showed decreased thermal
stability as compared to the neat blend. However, slightly better ther-
mal stability was observed when CNCs was added to the blend system.
In case of PLA-CNC (binary nanocomposite) blend, the degradation pro-
cess was shifted to lower temperature. But under 200 °C, no degradation
occurred, indicating better thermal stability. The onset of degradation
process was shifted to the higher temperature due to the incorporation
of CNC and CNCs to the PLA-PHB blend, indicating enhanced thermal
stability of ternary nanocomposites [118].

There are several other examples [128-130] of change in thermal
stability of composite systems due to the incorporation of CNC. In most
of the cases, surface modified CNC showed better performance in terms
of enhancing the thermal stability of the composites. The better disper-
sion of CNC caused by surface modification led to better interfacial ad-
hesion to the matrix and thereby the increase in thermal stability of the
entire system. Following these examples, an elaborated research must be
conducted to investigate the effect of CNC incorporation on the thermal
stability of a composite system.

5.3. Rheological characteristics

Surface modification of CNC attached functional groups to CNC sur-
face to avoid agglomeration of CNC during composite manufacturing.
The rheological responses of the CNC filled polymer melt are depen-
dent on the degree of dispersion of CNC particles, their orientation state
and aspect ratio. Due to this reason, the rheological properties of the
melt were also affected and the comparatively homogeneous dispersion
of CNC led to the effective load transfer to the reinforcements. Pin-
heiro et. al studied the effect of incorporation of octadecyl isocyanate
modified CNC on the rheological properties of the nanocomposites of
poly (butylene adipate-co-terephthalate) (PBAT) matrix. The unmodi-
fied CNC induced PBAT nanocomposite showed visual agglomeration of
CNCs. Modified CNC-based (MCNC) based PBAT nanocomposite showed
a shift in both storage and loss modulus as compared to the neat PBAT
samples, which showed a declining trend as the CNC content increased.
More homogeneous dispersion of nanoparticles led to improved load
transfer when the MCNC loading was increased up to 3 wt%. However,
when the concentration of MCNC was increased from 3 wt%, that led
to the formation of non-homogeneous domains and eventually affect-
ing the viscoelastic properties of the composites. The complex viscosity
(n*) was also measured and it showed a decreasing trend when the con-
centration of MCNC was increased from 3 wt%. This phenomenon may
be attributed to the increased agglomeration of nanoparticles and re-
duction of the free volume of the nanocomposites [131]. Wang et al.
incorporated pristine and acetylated CNC with poly (e-caprolactone)
and performed an elaborate study with various flow fields, including
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linear and non-linear dynamic shear flow, creep and start-up flow. The
improved phase affinity of the acetylated CNC yielded diluent effect,
thereby exhibiting higher percolation threshold than the pristine ones.
The formation and building of the percolated network were facilitated
by the Brownian motion of the particles. Brownian motion is nearly
independent of the altered phase affinity. Moreover, these kind of in-
teractions played a dominant role to determine the overall creep strain
levels of the nanocomposites [132].

Zhang et al., uniformly dispersed the CNC in the poly (lactic acid)
(PLA) matrix via the Pickering emulsion approach. The increase in stor-
age modulus compared to the neat PLA melt was showed by the CNC
incorporated nanocomposites and also formed a plateau at lower fre-
quency regions. A long plateau region in the complex viscosity (n*)
curve of neat PLA sample was observed, while at higher frequencies
there was a slight shear-thinning behavior. Good dispersion of CNC in
the PLA matrix promoted the formation of network and transition from
fluid to solid at higher temperatures, indicated by the shear-thinning
behavior of all composites without any plateau region, at lower fre-
quencies [133]. Gupta et al. used spray-dried and lignin coated CNC
(L-CNC) to improve the rheological properties of the poly(lactic acid)
(PLA) composites. Both the complex viscosity and storage and loss mod-
uli of the polymer melt were increased due to the presence of L-CNC.
The melt viscosity and storage modulus at the region of low frequency
were dramatically improved at 0.7 wt% of L-CNC, gradually convert-
ing from a liquid to solid and thus indicated a network structure forma-
tion. The rheological percolation threshold concentration of PLA/L-CNC
nanocomposite was found to be 0.66 wt%, significantly lower than the
other previously reported values of PLA/CNC composites. The signif-
icantly low percolation threshold concentration was the result of the
uniform dispersion of L-CNC in the PLA matrix and the increased com-
patibility between the lignin and the polymer [134]. Shojaeiarani et al.
studied the influence of masterbatch preparation techniques on the rhe-
ological properties of poly(lactic acid) (PLA)-CNC composites. In this ar-
ticle, film casting and spin coating were used to prepare masterbatches.
The CNC were modified using poly(ethylene oxide) (PEO) and incorpo-
ration of these p-CNC into PLA exhibited enhanced storage modulus, as
the p-CNC acted as reinforcement agent for the composites. The spin-
coated samples having higher molecular weight showed higher storage
modulus than their film casted counterparts. However, in case of spin-
coated composites tan § curves exhibited higher peak value because of
their higher dispersity index. Both the PLA and nanocomposites indi-
cated a non-Newtonian behavior in case of their complex viscosity at
low shear rates, and subsequently a shear thinning behavior. The spin-
coated composites showed higher complex viscosity and shear thinning
behavior than the film casted ones, because of their higher molecular
weight [135].

There are several other studies [136-139] on the effect of incorpo-
ration of CNC in polymer nanocomposites. The rheological properties
of different CNC based composites are listed below in Table 4. In most
of the cases, the storage modulus and complex viscosity were increased
due to the presence of CNC in the nanocomposites. Also, the rheological
percolation threshold concentration was decreased in presence of sur-
face modified CNC. These phenomena may be attributed to the improve-
ment in dispersion and distribution of CNC in the polymer matrix and
also good compatibility between CNC and polymer. Following these ex-
amples, further research must be conducted in future to investigate the
effect of CNC incorporation on the rheological properties of different
polymer composite system.

5.4. Barrier properties

Global environmental awareness in replacing traditional polymers
by biodegradable packaging materials has been interested scientists and
industries in presenting new natural polymers. Despite great develop-
ments in biopolymers, the application of natural polymers for food pack-
aging still suffers from poor barrier performance against oxygen, water
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Table 4
Summary of the rheological properties of different CNC based composites.
Composition Rheological properties Ref.
Host polymer CNC content Storage modulus (GPa) T, (°C) Tan §
PCL 1 wt% 11.65 - - [180]
3 wt% 21.11 - -
5wtk 32.28 - -
Acetylated 25.92 - -
1 wt%
3 wt% 35.32 - -
5wt 42.75 - -
PBST70 0 wt% 3.44 -11.7 - [187]
1 wt% 3.69 -11.8 -
3 wt% 4.02 -11.8 -
5 wt’% 4.67 -11.1 -
PBST50 0 wt% 3.39 -9.4 -
1 wt% 3.53 -8.8 -
3 wt% 3.84 -8.5 -
5 wt% 4.33 -8.2 -
PBST30 0 wt% 3.40 7.8 -
1 wt% 3.98 8.3 -
3 wt% 5.53 9.6 -
5 wt% 6.35 9.8 -
PLA 0 wt% 2.00+4.0 65.16+1.5 2.72+0.02 [183]
PLA 1 wt% 2.50+5.2 65.92+1.6 1.83+0.06
(Film casted) 3 wt% 2.39+6.3 67.8+1.2 2.65+0.01
5wtk 2.30+10.7 65.99+2.0 1.78+0.03
PLA 1 wt% 2.84+6.1 65.18+1.3 2.23+0.04
(Spin coated) 3 wt% 2.46+2.6 67.05+0.8 2.57+0.03
5 wt% 2.05+£3.5 65.71+1.2 1.96+0.04

vapor and light. In this regard, incorporation of nanosized fillers such as
CNC into natural polymers is considered as a possible solution. Promis-
ing mechanical properties, highly crystalline structure, worldwide avail-
ability, biocompatibility, and biodegradability, make CNC as a promis-
ing bio-based material in food packaging industry. In the literature, it
was reported that the addition of CNC improved the general barrier
characteristics required for food packaging via reducing water vapor and
oxygen permeability in polymer films mainly due to high crystallinity
[140,141].

The great interest in the application of CNC as barrier improver in
packaging nanocomposite is due to the fact that the presence of high
aspect ratio CNC in polymer matrices could provide large surface areas
with promising reinforcing effects [142]. Furthermore, the presence of
high aspect ratio CNC in the packaging materials can drop the transfer
rate of different molecules such as oxygen, carbon dioxide, and water
vapor crossing the package via increased tortuosity of the diffusive path
for permeants.

In particular, the use of CNC as biobased nanofillers has been widely
studied to improve the barrier properties of PLA. For instance, Fortu-
nati et al, conducted a study on the application of modified and pris-
tine CNC on barrier properties and migration behavior of PLA-based
nanocomposites. They reported that surfactant modified CNC dispersed
uniformly in PLA and significantly reduced the water permeability. They
also observed little tortuosity in PLA nanocomposites due to the incorpo-
ration of CNC [185]. In another research, the combination of surfactant
modified CNC with silver particles in improving the barrier properties
of PLA was reported. In addition to higher barrier properties, the ad-
dition of silver particles and CNC resulted in antimicrobial activity in
nano-biocomposite films. However due to lack of enough information
on health effect of silver nanoparticles, its application can commercial-
ize at this time [143].

According to the results of Lengowski, the oxygen transmission
rate (OTR) required for most food products should lie below 10-
20 ml.m—2day~! [144], while from a report by Chen et al. OTR for CNC
reported as 0.6 ml.um/m2.day.kPa [145]. Therefore, employment of
CNC as a modifier for OTR in form of film, coating, or filler materials can
increase the oxygen barrier properties of packaging materials. In this re-
gard, Azizi et al. reported OTR for the poly(vinyl alcohol)/chitosan bio-
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nanocomposite films with thickness of 0.2 mm as 35.9 ml.m~2.day~!.
While the addition of CNC as nanofiller significantly decrease OTR to
as low as 12.4 ml.m~2.day~! in nanocomposite films reinforced by 3
wt.% CNC [146]. In another study, coating PLA film with CNC resulted
in a noticeable improvements in oxygen barrier properties of film and
decreased it from 18.65 (ml.ym)/(mz.day.kPa) for PLA film to 0.029
(ml.4m)/(m?.day.kPa) for CNC coated PLA film [147].

Water vapor permeability (WVP) also known as water vapor trans-
mission rate (WVTR) or moisture vapor transmission rate (MVTR) is a
measure of the passage of water vapor through packaging materials rep-
resented as the water mass per unit area, per unit time. For an efficient
preservation of packed food, the water vapor barrier properties need to
be considered as an important factor specially for food items which are
susceptible to moisture content equilibrium. The semipermeable nature
of the polymer films permits a high rate of water vapor transmission
through the film, hastening food spoilage as a result of the existence of
moisture. The WVP of packaging materials mainly govern by film pu-
rity, hydrophilic-hydrophobic ratio [148], crystalline and amorphous
ratio [149], and the polymer chain mobility [150].

5.5. Mechanical properties

Incorporation of CNC in composites influenced their mechanical
properties by improved filler-matrix compatibility and formation of
filler network. The use of CNC as reinforcement phase in composites
improved the stress-transfer efficiency of the composites and the overall
mechanical properties. Tanpichai et al. developed a CNC reinforced poly
(vinyl alcohol) (PVA) hydrogel using glutaraldehyde (GA) as a cross-
linker. The maximum compressive strength of 53 kPa at 60% strain was
obtained at 1 wt.% of CNC content. This compressive strength of com-
posite hydrogels was 303% higher than the neat PVA hydrogel (17.5
kPa). Incorporation of CNC decreased the creep elasticity due to the
restriction in the movement of molecular chains. The almost complete
strain recovery (~97%) was observed for CNC incorporated hydrogels
after fixed load removal for 15 min, compared to the 92% strain re-
covery of the cross-linked neat PVA hydrogels. Improved interaction
between polymer matrix and CNCs contributed for efficient stress trans-
fer from matrix to the reinforcements. At low CNC loading (below 1
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wt%), the covalent bonds influenced the stress transfer of crosslinked
hydrogels. However, at higher CNC loading, the free hydroxyl groups of
polymer matrix and CNC formed hydrogen bonding among themselves.
The combined effect of covalent and hydrogen bonding helped to im-
prove the mechanical properties of the crosslinked hydrogels [124].
Dhar et al. produced a thermally recyclable poly (lactic acid) (PLA)
grafted CNC (PLA-g-CNC) composite films. The grafted PLA chains pro-
vided a shielding effect to the sulfate and hydroxyl groups presented
on the surface of CNCs. Due to this crosslinking, there was an improve-
ment in stress transfer observed from CNC to PLA matrix. The tensile
strength and Young’s modulus were increased to ~40% and ~490%,
respectively [127]. Yue et al. produced a biobased epoxy nanocomposite
using amino silane functionalized CNC as reinforcing agent. The incor-
poration of these surface modified CNC in the epoxy nanocomposites
improved their thermo-mechanical properties more than 7 times. The
storage modulus at 160 °C was 151.5 MPa for the composite with 10
wt.% modified CNC, which was much higher compared to the 19.5 MPa
for the neat resin [151]. The reaction between the amino functional
groups on the surface of the modified CNC and the epoxy groups of
the matrix facilitated the filler network formation and increased filler-
matrix compatibility, which enhanced the thermomechanical properties
[199]. Zhang et al. grafted poly (methyl methacrylate) (PMMA) and poly
(butyl acrylate) (PBA) onto the surface of CNCs and used this modified
CNC (MCNC) to reinforce the nanocomposites of PBA-co-PMMA. The
nanocomposites treated with 7 wt.% MCNC showed 25 times increase
in Young’s modulus value and 3 times increase in tensile strength, com-
pared to the neat PBA-co-PMMA. The good interfacial compatibility due
to the incorporation of MCNC as reinforcement and improvement in
chain entanglements between MCNCs and PBA-co-PMMA matrix con-
tributed to improve the mechanical properties of the nanocomposites.
The storage modulus value of neat PBA-co-PMMA at 42 °C was 4.82
MPa, which increased almost 4 times (22.60 MPa) with the incorpora-
tion of 7 wt.% MCNCs [117]. Pinheiro studied the effects of isocyanate
modified CNC on the mechanical properties of poly (butylene adipate-
co-terephthalate) (PBAT) nanocomposites. The amount of CNC was var-
ied from 3, 5 to 7 wt.% in the composites. Addition of 5 and 7 wt% MCNC
showed a significant increase in the Young’s modulus of the composites,
almost 12 and 42% higher compared to the neat PBAT. The tensile stress
showed a declining trend with the increase in the filler amount, reach-
ing to a 77% drop when the filler amount was 7 wt.%, compared to the
neat PBAT results. There was a 30% increase in the elongation at break
with 3 wt.% of MCNC incorporated composites compared to neat PBAT.
The uniform dispersion of the nanoscale reinforcement in the matrix
and subsequent CNC-polymer network formation aided in higher strain
[152]. Butron et al. reinforced poly (ethylene brassylate) (PEB), a novel
biodegradable polymer, with CNC to improve the mechanical properties
of the composites. Addition of CNC up to 5 wt.% increased the ductil-
ity of the composites, though the trend reversed when the filler amount
was increased. The composites loaded with CNC up to 20 wt.% retained
the original ductile behavior of neat PEB, showing rupture elongations
above 500%. However, the composites loaded with CNC over 30 wt.%
exhibited a fragile behavior, breaking immediately after the yield point.
An increasing stiffness was observed with the increase in CNC loading,
indicated by the increase in the slope of the elastic region. For the 50
wt.% loading of CNCs, the Young’s modulus showed a significant in-
crease (150%) in its value, but the composites became very brittle [153].

There are several other examples [136,138,154-156] of the effect
of CNC incorporation on the mechanical properties of the composites.
The mechanical properties of different CNC based composites are listed
below in Table 5. In almost all cases, a significant increase in Young’s
modulus and tensile strength were observed, with the increasing amount
of CNC loading. However, after a certain point, the trend was reversed.
This was due to the decrease in degree of dispersion and increased ag-
glomeration of CNCs in the composites. The effective stress transfer was
hindered due to increased agglomeration of reinforcing agents (CNCs).
Following these examples, further research must be conducted to facil-
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itate the dispersion of CNCs in polymer matrix and thereby increase in
the mechanical properties of the resultant composites.

6. Cellulose nanocomposite applications

Cellulose nanocrystals are considered as sustainable alternative for
inorganic and mineral nanofillers and have achieved approval for a wide
range of applications which are summarized in this section. Due to the
promising mechanical characteristics and facile modification of CNC,
the most important application of CNC is the reinforcement of thermo-
plastic nanocomposites. In which, a broad range of polymers have been
reported as the host matrix for different applications, including:

6.1. Packaging

Food packaging materials not only protect food from interfering or
contamination from physical, chemical, and biological resources, but
also extend the shelf life and nutrition capacity of food by hindering
the migration of low-molecular weight compounds. Polymer materials,
which are extensively employed in packaging materials do not exhibit
absolute barriers against small molecules such as water vapor, gases
and organic substances, and their barrier deficit may negatively impact
their suitability for a specific application. Several approaches have been
investigated to address such polymer matrices’ drawbacks. One of the
frequently used techniques to improve the barrier properties of poly-
mer matrices is the use of CNC as reinforcing agents and permeability
improvers. Over the past few decades, a large number of scientists in-
corporated CNC into a wide range of polymers to develop high perfor-
mance nanocomposite films with application in food packaging sector,
and some broad directions for the improvement of packaging materials
containing CNC have been well reported in literature. In this regard,
Yadav et al. showed that the addition of 1, 3, 5, and 7 wt.% CNC into f
k-carrageenan containing glycerol films reduced WVP by 52%, mainly
due to the physical barrier by CNC to the passage of water through pack-
aging film. However, higher concentration of CNC (9 wt.%) resulted in
the formation of micro-scale aggregates and this in turn, resulted to a
noticeable increase in permeability in nanocomposite films [157]. In a
different study, incorporation of CNC into PHBV resulted in a strong
interfacial interaction between polymer matrix and CNC, and restricted
polymer chain mobility. Hence water vapor barrier properties improved
to a noticeable degree [158]. Salmieri et al. developed an antimicro-
bial nanocomposite films containing oregano essential oil in PLA-CNC
nanocomposite for storing mixed vegetables. The antimicrobial capac-
ity of nanocomposite films against Listeria monocytogenes were eval-
uated and a quasi-total inhibition of bacteria was observed at day 14.
The high antimicrobial properties of nanocomposite films against food
borne pathogens were mainly attributed to the presence of volatile com-
pounds found in well dispersed essential oil. While the addition of CNC
resulted in an improvement in water adsorption from packed food, and
this, in turn increased the tensile strength of nanocomposite films [159].

Cellulose nanostructures have been mainly applied as reinforcing
agent, but they may also be used as moisture-absorber in packed food as
excess moisture can result in microbial growth and food spoilage. In this
regard, Oliverira et al. employed CNC from oat and eucalyptus to pre-
pare aerogel as absorber in food packaging sector. They observed lower
water absorption in eucalyptus-based CNC aerogel due to great pore
size. However, the higher level of crystallinity in eucalyptus-based CNC
aerogel induces the barrier effect of aerogel against diffusion of water
and lower the water absorption. Therefore, the aerogels containing CNC
with low level of crystallinity were introduced as moisture absorbers in
food packaging mostly in meat packaging to decrease water condensa-
tion [160].

Table 6 represents the overview of the application of CNC in combi-
nation with different polymer matrices in food packaging industry.
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Table 5
Summary of the mechanical properties of different CNC based composites.
Composition Mechanical properties Ref.
Host polymer  CNC content Young’s modulus (MPa)  Elongation at break (%)  Tensile strength (MPa)
PBA- 0 wt% MCNC 2.25 +0.20 2099.19 + 104.48 2.63 + 0.63 [166]
co- 1 wt% MCNC 3.77 + 0.56 1868.99 + 182.89 3.34 + 0.54
PMMA 5 wt% MCNC 7.48 + 0.55 1608.15 + 65.20 6.27 + 0.58
7 wt% MCNC 53.46 + 2.14 980.14 + 66.19 9.89 + 1.01
10 wt% MCNC 65.88 + 0.73 278.88 + 52.5 6.79+0.50
Neat 0 55.7 £ 2.0 5445 + 1134 220+ 3.7 [200]
PBAT 3 wt% MCNC 55.0 + 1.7 710.6 + 67.2 215 + 2.1
5 wt% MCNC 62.3 + 3.6 632.6 + 58.6 135+ 0.8
7 wt% MCNC 79.2 £ 2.0 567.4 + 38.7 12.4 + 0.7
PEB 0 410 = 19 613 + 66 - [201]
2.5 wt 469+12 751 + 92 -
5.0 wt’% 448 + 11 759+50 -
10 wt% 501 + 17 657 + 64 -
20 wt% 599+59 521 + 228 -
30 wt% 849 + 55 178 + 168 -
40 wt% 952 + 65 63 + 61 -
50 wt% 1040 + 40 13+6 -
Gelatin 0 161.8 + 24.4 7.06 + 2.12 4.21 +0.54 [203]
nanofibers 2.5 wt% 2823 + 36.2 6.42 + 0.49 7.26+ 0.49
5 wt% 545.3 + 110.7 3.41 + 0.90 11.20 + 0.90
7.5 wt% 270.1 + 68.4 359 + 1.13 545 + 1.35
10 wt% 2494 + 48.4 2.38 +0.28 4.54 + 1.03
15 wt% 235.6 + 36.8 1.74 + 0.31 3.28 £ 043

6.2. Biomedical

In recent years, there has been an increasing concern towards the ap-
plication of natural polymers in biomedical fields. Among different nat-
ural polymers, biodegradable and biocompatible CNC with promising
physical and chemical characteristics such as low toxicity, low density
(1.6 g/cm3), high specific surface area, and high mechanical properties
(elastic modulus of 110-220 GPa, ultimate tensile strength of 7.5 GPa)
draws significant interest from many research communities. This sec-
tion aims at summarizing the most recent advances in CNC and their
composites with potential applications in biomedical engineering such
as drug delivery, wound dressings, and tissue engineering. The major
challenges and problems available in the application of CNC in biomed-
ical field are discussed, while possible approaches to overcome issues
are discussed.

6.2.1. Drug delivery

During the past decade, scholars continued to focus on several ap-
proaches such as compression, spray and dip coating, and encapsulation
in the pharmaceutical sector to load polymeric structures with specific
drug for targeted delivery and/or controlled release. It is highly recom-
mended to encapsulate the drug with coating materials to achieve sus-
tainable controlled release in a specific period [168]. In general, drug
release depends upon the principle of diffusion phenomenon and com-
prises of three successive steps including absorbing liquid from gastroin-
testinal environment, swelling of the active elements in the drug, and
drug collapsing [169].

The recent works disclose the potential of CNC as a suitable phar-
maceutical excipient and carrier in drug delivery system, owing to their
high specific surface area, colloidal stability, negative charge density,
and promising mechanical properties. The unique characteristics of CNC
allow loading charged and neutral drugs, controlled releasing of active
compounds, and transporting drug to target cells [170,171]. In a work
by Chen et al., electrospun composite membranes made of PHBV was
reinforced by PDMAEMA grafted CNC for customized and long-term
sustained release of a model drug in response to -g-PDMAEMA. The
electrostatic interaction between composite membrane and negatively
charged cancer cell accelerated in vitro uptake of drug for the tumor
tissues, however, the aggregation of CNC at pH of 8 hindered the drug
release [172] (Fig. 8).
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Beside hydrophilic nature of CNC, chiral nematic structure of CNC
which allows the formation of porous structure is another reason for us-
ing CNC as drug excipients [173], especially in the form of hydrogels.
The employment of CNC in porous hydrogel can facilitate drug absorb-
ing and dissolution process mainly due to their robust hydrophilic nature
and swelling behavior in the presence of water. Due to high permeabil-
ity, CNC hydrogels have extensity employed in different works to con-
vert chemical, pH [174], thermal [175] and electrical signals into spon-
taneously conformational changes for triggering drug release in CNC
hydrogels, while pH was the most predominant ones.

Ooi et al. successfully prepared stimuli-responsive semi-IPN gelatin-
CNC hydrogels to respond to changes in pH. In this research, glutaralde-
hyde was employed as a cross-linker and different CNC concentrations
was incorporated into gelatin-glutaraldehyde to control the hydrogel
response against pH for theophylline loading and release. The incor-
poration of pristine CNC with high hydrophilicity character controlled
the porous microstructure of the hydrogels, altering the swelling be-
havior and the drug- delivery kinetics at different pH values. The drug
release profile of the CNC-gelatin hydrogels confirmed the capability of
CNC-gelatin hydrogel to respond to different pH values and control drug
release [176].

Nevertheless, the hydrophilic nature and highly negative surface re-
strict the application of virgin CNC for hydrophobic drugs (such as an-
ticancer agents). Therefore, further surface modification treatments of
CNC can manipulate their properties for binding the non-ionized or hy-
drophobic drugs which would not normally be bound to virgin CNC.
In this regard, Castro et al. made an attempt to functionalize CNC with
p-cyclodextrin (B -CD) to apply new active materials on the surface of
CNC and allow the release of antibacterial molecules over a long pe-
riod of time. In a different work, CNC surface was functionalized using
propargyl groups for preparing nanomedicine of radionuclides for radio
immune therapy (Fig. 9). In this work, oligoethylene glycol methacry-
late and aminopropylmethacrylamide were incorporated to CNC to form
a small number of primary amine pendant groups capable of carrying
drugs. Nontoxic nature of functionalized CNC was demonstrated in a
human ovarian cancer cell line and a human breast cancer cell line.
The cellular uptake behavior of CNC conjugates as a critical factor in
nanomedicines showed that CNC conjugates were uptake by ovarian
cancer cell line. While, human breast cancer cell line showed lower in-
tension in up taking CNC conjugates [177].
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Oxygen barrier

CNC content Polymer matrix Thickness RH(%) property Property Ref.
30 Edible coating on - 0 92 (ml.ym/m2d-1) Low oxidation of [161]
alginate film 50 250 lipids of chicken
70 1427 during the first 3
days of storage
20 Gellan gum and - - Constant color in [162]
glycerol coating coated mushroom
for first 20 days
Higher firmness in
coated mushrooms
Lower reduction in
cap diameter
4 PET film 1 ym. 0 0.38 Lower CO, barrier [163]
20 (ml.m-2d-'bar-1) at high relative
40 1.03 humidity
60 2.05
70 23.07
80 56.41
83.97
0.2 Hybrid - - 0.38 Controlled release [131]
PVA-cellulose (ml.m~-2d-'bar-1) of bioactive
bioactive aerogels compounds
improved water
sorption; integrity
of materials in
water
1.2 Chitosan-nano clay 40 ym 8.1 Improved strength [164]
2.4 film 50 (ml.m-2.d-'.atm") and tensile
3.6 5.4 modulus
7.2 Improved thermal
stability
Reduction in WV
and OTR
1 Kappa-Carrageenan - - 18.5 (ml/mm?/day) Higher tensile and [165]
3 11 modulus strength
5 15 Lower elongation
at break
Reduced oxygen
transmission rate
5 Starch-glycerol-f - - 35.26 Improvement in [166]
montmorillonite (mlL.m-'.d-'.Pa~!) tensile strength
11 film 37 and tensile
38.5 modules
Improvement in
barrier properties
Increment in
disintegrability
1 PLA-Ag 200-220 ym - 16.5 Increased the [167]
5 (ml.mm.m~2day’) overall crystallinity

17.8

Efficient barrier
effect

Reduction in water
vapor permeability

6.2.2. Wound dressing

Wound dressing materials are designed to support the wound via
providing a barrier against bacterial penetration, endorse gaseous dif-
fusion, treating wound infections, and promoting wound healing. Ap-
propriate wound dressing with adequate moisture retention properties
also provide a proper media hindering the moisture loss from wound
thus facilitating and accelerating the healing process. The last decades
have witnessed rising interest in using naturally occurring polymers and
their corresponding hybrids in the field of wound dressing materials due
to their biocompatibility, biodegradability, and relatively low cytotox-
icity. Among different natural polymers, CNC found their application
in wound dressing materials as either reinforcing agent [178] or main
building block due to their wide availability and outstanding mechan-
ical properties [179]. Wound dressing materials derived directly from
CNC can be constructed in form of film, hydrogel pads, or injectable
hydrogels. The CNC-based wound dressing materials can be modified
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via incorporating active molecules such as antimicrobial drugs, antioxi-
dants, hormones, enzymes, and vitamins to induct self-healing behavior
into CNC-based wound dressing system.

In one effort, Zhang et al. developed an injectable self-healing
nanocomposite hydrogel made of modified CNC and carboxymethyl chi-
tosan (CMC) to absorb and retain the wound exudate and sustain an
ideal moist environment for deep burn wound beds. They employed pe-
riodate oxidation to obtain dialdehyde CNC (DACNC) and the hydro-
gels were cross-linked by dynamic Schiff-base linkages between amines
from carboxymethyl chitosan and DACNC. The result of healing process
showed that CMC-DACNC hydrogels showed higher self-healing behav-
ior than chitosan-based ones owing to the reinforcing effect of DACAC
as well as their role as a chemical cross-linker (Fig. 10) [180].

In a different study, Tong et al. proposed a facile method synthesiz-
ing CNC films serving as antimicrobial drug delivery system in a diabetic
wound dressing. PVA-CNC films were loaded with curcumin via solvent
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Fig. 8. In vitro drug release profiles of PHBV/CNC-g-PDMAEMA at different pH. PDMAEMA grafted CNC reinforced composite membranes for customized and
long-term sustained release of a model drug. (Reproduced with permission from [172]).
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Fig. 9. schematic diagram of CNC functionalization using propargyl groups to be used as nanomedicine (Reproduced with permission from [177]).

Fig. 10. Gel formation and self-healing process
of CMC-DACNC. (Reproduced with permission
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casting method. The presence of CNC resulted in a robust binding of cur- In a comprehensive research conducted by Cheng et al. carboxyl
cumin to PVA-CNC film, which hinder losing curcumin through wash- groups were added to the surface of CNC via TEMPO treatment and
ing. Curcumin loaded CNC film meaningfully enhanced wound healing TEMPO-mediated oxidized CNC and alginate formed composite films
process of diabetic rat models, with full thickness skin wound [181]. and sponges for absorbing wound exudate while Ca®* was used as cross-

Hemocompatibility and hemolysis testing are considered as impor- linking agent. The composite films and sponges were employed to cover
tant testing assays for proper wound dressing materials. The former rabbit ear injury and blood loss of sponges was lower than that of films
one explains the interactions of wound dressing material with blood (Fig. 11). Their results showed that the composite components had no
for adverse effects arising from the exposure of the foreign material influence on physiological action of the blood cells while incubating
to toward red blood cells and proteins in an open wound, and later composite materials with platelet rich plasma resulted in the platelets
one is the breakdown of red blood cells exposed to foreign materials bond on composites surface, mainly due to the presence of carboxyl
[182]. groups on modified CNC, hence attracted and activated the platelets
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Fig. 11. Preparation and hemolysis analy-
sis for film and sponge CNC- alginate com-
posite. (Reproduced with permission from
[183]).

( TOCN-30/SA l
sponge wSB20ge -

Hemolysis assay

TOCN-30/SA
t Film t‘

Fig. 12. SEM micrograph of hydrogel cross-sections; a) pure PVA, b) PVA-2 wt.% CNC, c¢) PVA-6 wt.% CNC (d), PVA-8 wt.% CNC (Reproduced with permission from

[186]).

and led to a rapid hemostatic effect. They claimed that their compos-
ites especially sponges exhibited an outstanding hemocompatibility and
could be considered as an appropriate wound dressing system [183].

6.2.3. Tissue engineering

The application of naturally occurred polymers in tissue engineering
is an important emerging topic in biomedical engineering that devel-
oped mostly in the last decade. Low toxicity, low density, high aspect
ratio, and most importantly promising mechanical characteristics make
CNC an ideal candidate for composing functional tissue substitutes that
can be used for reconstructing damaged tissues or organs [184].

In the field of tissue engineering, the design of a porous membrane
with well-defined geometry and inter-connected pore structure capable
of retaining bioactive peptides that enhance cell adhesion and neurite
outgrowth is an important parameter in selecting proper artificial tissues
of human or animal organ. According to several attempts in literatures,
the hydrophilic hydroxyl moieties of CNC and their ability in forming a
porous and soft membrane with multi and nanoscale open-pore archi-
tecture facilitate cell attachment and cell viability for recovering injured
tissues or organs [185]. Lam et al. employed CNC obtained from sugar-
cane bagasse for synthesizing PVA/CNC porous nanocomposite scaffolds
for cultivating human skin cells. They reported non-cytotoxic porous
scaffolds with cell viability of 82% with pore size which was strongly
controlled by CNC contents. The higher CNC contents resulted in an in-
crease in pore size due to a reduction in the free PVA volume fraction
(Fig. 12). The higher CNC content also resulted to an increase in swelling
degree as CNC limited the polymer chain movement [186].

In a different approach, CNC were combined with collagen films
to obtain corneal tissue scaffolds. The optical transparency of CNC-
collagen films fulfilled the corneal tissue needs. Furthermore, corneal
epithelial cells cultured on the CNC-collagen films exhibited a slightly
faster proliferation rate than cells on collagen films and the addition of 5
and 7 wt.% CNC into collagen films promoted the epithelialization heal-
ing process (Fig. 13). The tensile strength and elastic modulus of CNC-
collagen films were notably higher than those collagen films, mainly
due to crosslinking role of CNC which increased the bridges, connected
points, and strength of nanocomposite films [187].

Gao et al studied the effects combination of in-situ composite method
and freeze-drying technique in fabricating synthetic bone tissue scaf-
folds with high compressive strength and wettability from gelatin-
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bioactive glass (BG-Gel) system. They reported that the 3D porous net-
work with interconnecting pores improved surface hydrophilicity of
nanocomposite scaffolds as CNC incorporation provided a suitable en-
vironment for cell-scaffold interaction, cell growth and proliferation in
bone regeneration [188].

6.3. Energy

Energy supply, in all its forms, is considered as a leading prospect
for a sustainable economic, cultural, and social development. Powering
the future, the application of polymeric materials in the field of energy
devices has been shifted to biopolymers such as CNC. The employment
of CNC in different energy fields has attracted extensive attention in
both industry and academia. Over the last few years, researchers have
focused on the application of CNC-based nanocomposites in energy de-
vices largely due to high cell capacitance, effective charge-discharge
rate, stable cyclic performance, and piezoelectric properties. The main
application of CNC-based nanocomposites in energy devices can be clas-
sified into organic photovoltaic (OPV) cells and super capacitors cate-
gories.

6.3.1. Organic photovoltaic (OPV) cells

OPV cells are solar cells with organic absorbing layers from either
polymers or small molecules which can absorb the fluorescence and con-
vert it to electricity. A number of efforts have been made to prepare ho-
mogenous CNC films with smooth surface as a substrate in OPV devices.
Furthermore, transparency and light scattering are natural properties
in CNC nanopapers which make CNC films desirable substrate for effi-
cient OPV cells with light management. On the other hand, as strong
hydrophobicity, and high mechanical characteristics are required for
OPV cells, surface modification is an essential step in preparing CNC-
based nanocomposites for OPV cells as evidenced by multiple reports
[164,189]. Furthermore, CNC are electrical insulators and the employ-
ment of conductive materials while protecting the optical transparency
of CNC nanopapers has been revealed to be practical and generated new
materials with promising characteristics for photovoltaic applications
[190]. In this regard, in a research by Hu et al., a conductive CNC layer
was successfully prepared by depositing conductive materials includ-
ing tin-doped indium oxide, carbon nanotubes and silver nanowire. The
CNC nanopapers were spin-coated, and heat treated, and metal elec-
trodes were thermally evaporated onto the film. The CNC nanopapers
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Collagen- 7 wt.% CNC

were highly transparent and majority of the transmitted light scattered
off in a normal direction since the size of the CNC was lower than wave-
length of visible light. They also observed low angle dependency at a
wide range of wavelengths, which can improve the cell’s power con-
version efficiency [191]. In a different study by Cheng et al., tough
nanocomposite papers were prepared using tunicate CNC, and O-(2,3-
Dihydroxypropyl) cellulose (DHPC). Tin-doped indium oxide was coated
on CNC nanopaper using magnetron sputtering and the average rough-
ness was as low as 4.4 nm. The transparent tunicate CNC nanopapers
possessed power conversion efficiency of 4.98%, proving their function
in optoelectronic devices [192].

6.3.2. CNC-based nanocomposites for super capacitors

Super capacitors, also known as electrochemical double-layer ca-
pacitors include materials with high capacity, and short charging cycle
which can fill the gap between batteries and conventional capacitors.
CNC itself are not electrical conductor, however they can be employed
as an inherently recyclable and eco-friendly substances for composite
super capacitors. In a study by Chen et al. metal nanoparticles (MNPs)
were uniformly distributed on CNC to prepare core-shell structured
melamine-formaldehyde (MF) coated CNC. Platinum and platinum be-
tween 1 and 2 nm in size were selected for the deposition on porous
MFCNC. The addition of MF resin on CNC not only preserves CNC from
oxidation, but also resulted in the formation of a high porosity and ni-
trogen functionalities that are favorable for additional metal deposition.
The synthesized Pd/MFCNC exhibited excellent catalytic performance
with a turnover frequency of 3168 h~! mainly due to the small particle
size and uniform MNP deposition attained from porous MFCNC [193].
In a different work, core-shell PPy/PVP/CNC nanorod were prepared via
physical adsorption of PVP onto CNC surface to alter the hydrophilicity
characteristics of CNC and favor the growth of pyrrole. They reported
the conductivity of 36.9 S/cm for the composite material with 10% PVP
to CNC mass ratio. Furthermore, an improvement of 35% in the specific
capacitance was reported for core-shell system with high cycling stabil-
ity at 0.1 V/s mainly due to uniform PPy deposition that accelerates the
charge transfer and diffusion [194].

6.4. Smart materials

Recently, extensive study has been allotted to the development of re-
newable smart materials made with biobased materials such CNC [195].
The efficiency of CNC as functional resources for smart materials de-
pends not only upon their capability to act as a stabilizing building block
for bio-sensing elements, but also upon its large surface area, controlled
morphology, and structure. Due to unique characteristics, CNC are suit-
able platform for immobilization of bioactive molecules. In which, the
enzymes can be linked to CNC via covalent bonds, salt bridges or phys-
ical inclusion complexes [196,197]. In addition, diverse noncovalent
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Fig. 13. Confocal laser scanning microscopy image of
wound healing assays using corneal epithelial cells cul-
tured on the collagen film and collagen - CNC films con-
taining (Reproduced with permission from [187]).

surface modification treatments such as surfactants adsorption, sulfona-
tion, silylation, amidation, TEMPO-mediated oxidation, esterification,
etherification, urethanization, and polymer graphting can preferably al-
ter the structure of CNC to specific functional groups. In general, CNC
nanocomposite materials have been tested to respond to different exter-
nal stimuli such as heat, pH, moisture, magnetic field and combination
of stimuli like heat and pH at the same time.

Thermo-sensitive CNC nanocomposites are the most common smart
nanocomposite in the literature. In which, lower critical solution
temperature (LCST) or upper critical solution temperature (UCST)
play the main role in adjusting nanocomposite response against tem-
perature change via phase transition. LCST and UCST are criti-
cal temperatures which polymer solutions have different phase be-
havior and show different miscibility above or below these points.
In this regards, an innovative and efficient approach were pro-
posed by Kato et al. [198]. They prepared a mechanically robust,
thermoresponsive, ion-conducting nanocomposite films from poly(2-
phenylethylmethacrylate)-grafted CNC by solvent casting. Thermally in-
duced conductivity response of nanocomposite films exhibited collapse
of grafted PPMA chains and phase separation at temperatures above
LCST. They claimed the potential application of the nanocomposite films
in thermal cutoff safety devices such as thermal fuse where a reduction
in conductivity at temperatures above LCST is needed.

Sun et al. reported temperature-sensitivity and optical tunability
of CNC- PNIPAm hydrogels. They observed a notable change in mi-
cro/nano structures of hydrogel films when dried below and above the
LCST. In particular, transparency or semi-transparency was observed be-
low LCST while light scattering and hence opacity was observed above
LCST. These observations were mainly due to solubility and hydrogen
bonding of hydrophilic PNIPAm and CNC below and above LCST. The
thermal responsivity studied via contact angle measurement also shown
higher hydrophobic nature above LCST as polymer chains swell at tem-
peratures below the LCST, while at higher temperatures, they collapse
to expose hydrophobic regions [199].

The pH sensitivity of polymer solution is another mechanism stud-
ied for the development of smart materials in different fields. Gener-
ally, when variation of surface charge of materials corresponding to the
changing of pH lead to different properties, those materials can be con-
sidered as pH sensitive materials. In the literature it was reported that
in order to use CNC as a pH sensitive system some preliminary steps
are required to introduce pH sensitive linkages to the surface of CNC.
Surface functionalization and introducing carboxylate groups and amine
groups [200,201] to the surface of CNC is one of the most common tech-
niques introducing the pH sensitivity to CNC nanocomposite systems.
Incorporation of CNC into inherently pH sensitive polymers is another
technique employed for synthesizing pH sensitive CNC nanocomposites
[41]. In general, various swelling and deswelling profile in hydrogels
due to the formation of hydrogen bonds between water molecules and
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hydrophilic components of hydrogel is the main response against differ-
ent external stimuli. Incorporation of different functional groups such
as amine groups on to the surface of CNC can result in different gelation
behavior according to the pH gradient in the living body for target drug
release [202] In particular, in pH sensitive CNC Hydrogels, the pores get
smaller in acidic media, while, they grow at alkaline pH [203].

Even though a lot of progress has been made in the application
of CNC in composites, many challenges still exist in the processing
of CNC based polymer composites. Current research is focused on ad-
dressing agglomeration of CNCs during drying, interfacial compatibility,
non-uniform dispersion and degradation during production of compos-
ites. Chemical surface modification treatments and physical dispersion
strategies are showing promising results.
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