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Preface to ”Cellulose (Nano)Composites”

Our environment has been severely affected by the intensive production and use of plastics

derived from fossil fuels and their uncontrolled end-of-life disposal. The return to using natural

products is a characteristic of the most recent decades, and nanocellulose occupies a privileged

position among these intensively studied products. Nanocellulose is obtained from cellulose, which

is the most abundant natural polymer, by applying different chemical, mechanical, enzymatic and,

most often, combined methods. A huge effort has been invested in the application of nanocellulose

as a modifier or reinforcing agent in polymer nanocomposites. This Special Issue brings together

twelve original articles and studies that contribute to our understanding of the fundamental and

technological knowledge of cellulose–polymer nanocomposites. The isolation of nanocellulose from

cheap sources and, especially, from agro-food industry waste is an important step to be implemented

for cost reduction and environmental protection. An appropriate surface treatment of nanocellulose

is a key element for achieving a good interfacial adhesion and superior properties in polymer

nanocomposites. The use of more appropriate and green solvent systems for cellulose, the use

of biobased plasticizers and toughening agents in nanocellulose nanocomposites, and the use of

molecular dynamics simulations for the prediction of the compatibility of cellulose blends are

valuable methods for expanding the application of nanocellulose.
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Editorial

Cellulose (Nano)Composites
Denis Mihaela Panaitescu * and Adriana Nicoleta Frone *

National Institute for Research and Development in Chemistry and Petrochemistry—ICECHIM,
202 Splaiul Independentei, 060021 Bucharest, Romania
* Correspondence: panaitescu@icechim.ro (D.M.P.); adriana.frone@icechim.ro (A.N.F.)

The environment has been severely affected by the intensive production and use
of plastics derived from fossil fuels, and their uncontrolled end-of-life disposal. Recent
decades have seen a return to using natural products, and nanocellulose (NC) occupies a
privileged position among these intensively studied products [1,2]. NC is obtained from
cellulose, the most abundant natural polymer, by applying different chemical, mechanical,
enzymatic, and most often, combined methods. A huge effort has been invested in the
application of NC as a modifier or reinforcing agent in polymer nanocomposites [1,2].
However, the beneficial effects of NC on the properties of polymer nanocomposites are
hindered by the poor dispersion of hydrophilic NC in hydrophobic polymer matrices.
The Special Issue ‘Cellulose (Nano)Composites’ brings together twelve original articles
and studies that contribute to advances in our collective fundamental and technological
knowledge of cellulose-polymer nanocomposites. Isolation of NC from cheap sources and
especially from agricultural and forestry waste is an important step to be implemented
for cost reduction and environmental protection. NC has been isolated from walnut
shells through a mechano-chemical treatment, followed by 2,6,6-Tetramethylpiperidinyloxy
(TEMPO) oxidation and ultrasound, showing properties comparable to or better than those
of NC obtained by sulfuric acid hydrolysis [3]. Cellulose nanocrystals (CNC) have been
extracted from different byproducts of the agro-food industries, such as corncobs, corn
husks, wheat bran and coconut shells, and used as reinforcements for chitosan films [4].
Rice straw nanofibers isolated from unbleached pulps had a good effect on the porosity,
hydrophilicity, and antifouling of polysulfone membranes [5].

An appropriate surface treatment of NC is a key element for achieving a good in-
terfacial adhesion and superior thermal and mechanical properties in polymer nanocom-
posites [6,7]. Cellulose has been surface-modified using plasma treatment in liquid, and
its effect on the properties of poly(3-hydroxybutyrate) (PHB) was compared to that of
TEMPO-oxidized cellulose [6]. In another study, microfibrillated cellulose was first treated
with methacryloxypropyltrimethoxysilane, and then graft-polymerized with methacrylic
acid, after which it showed better dispersion in a PHB matrix and induced a greater
improvement in PHB properties compared to unmodified microfibrillated cellulose [7].
Direct preparation of PHB/CNC nanocomposites using Cupriavidus necator fermented in
well-dispersed CNC-supplemented culture media was also proposed [8]. CNC was also
used as a crosslinker in a poly(acrylic acid-co-acrylamide) multi-responsive composite
hydrogel for the controlled release of dyes and drugs [9]. Other methods of expanding the
application of NC include more appropriate and green solvent systems for cellulose, the
use of biobased plasticizers and toughening agents in NC nanocomposites, or the use of
molecular dynamics simulations for the prediction of the compatibility and mechanical
properties of cellulose blends [10–12].

Conflicts of Interest: The authors declare no conflict of interest.
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Poly(3-hydroxybutyrate) Nanocomposites with Cellulose Nanocrystals
Catalina Diana Usurelu, Stefania Badila, Adriana Nicoleta Frone * and Denis Mihaela Panaitescu *

National Institute for Research and Development in Chemistry and Petrochemistry—ICECHIM, 202 Splaiul
Independentei, 060021 Bucharest, Romania; usurelu_catalina@yahoo.ro (C.D.U.);
stefania.badila@yahoo.com (S.B.)
* Correspondence: adriana.frone@icechim.ro (A.N.F.); panaitescu@icechim.ro (D.M.P.)

Abstract: Poly(3-hydroxybutyrate) (PHB) is one of the most promising substitutes for the petroleum-
based polymers used in the packaging and biomedical fields due to its biodegradability, biocom-
patibility, good stiffness, and strength, along with its good gas-barrier properties. One route to
overcome some of the PHB’s weaknesses, such as its slow crystallization, brittleness, modest thermal
stability, and low melt strength is the addition of cellulose nanocrystals (CNCs) and the production
of PHB/CNCs nanocomposites. Choosing the adequate processing technology for the fabrication
of the PHB/CNCs nanocomposites and a suitable surface treatment for the CNCs are key factors in
obtaining a good interfacial adhesion, superior thermal stability, and mechanical performances for
the resulting nanocomposites. The information provided in this review related to the preparation
routes, thermal, mechanical, and barrier properties of the PHB/CNCs nanocomposites may represent
a starting point in finding new strategies to reduce the manufacturing costs or to design better
technological solutions for the production of these materials at industrial scale. It is outlined in this
review that the use of low-value biomass resources in the obtaining of both PHB and CNCs might be
a safe track for a circular and bio-based economy. Undoubtedly, the PHB/CNCs nanocomposites
will be an important part of a greener future in terms of successful replacement of the conventional
plastic materials in many engineering and biomedical applications.

Keywords: nanocomposites; polyhydroxyalkanoates; cellulose nanocrystals

1. Introduction

The unprecedented rhythm of using plastics derived from fossil fuels has led to un-
manageable environmental problems. These issues are significantly more serious in the
packaging industry, where the continuous increase in the out-of-home food consumption
has led to an enormous growth in the production and use of packaging materials. More-
over, the COVID-19 pandemic has accelerated the disposal of fossil-fuel-derived plastics
from food packaging and medical fields [1,2]. Being the largest and growing consumer
of plastics, the packaging industry represents the primary supplier of waste plastics from
the environment [1–3]. All this mismanaged plastic waste is becoming a source of soil and
groundwater pollution that eventually enters our food chain as microplastics [4]. Once
inside the human body, the microplastics can cause toxicity, oxidative stress, cytokine se-
cretion, cell damage, and inflammatory and immune reactions [4]. As a result, continuous
research efforts are carried out worldwide for the development of more sustainable and en-
vironmentally friendly packaging materials derived from renewable feedstocks, including
agro, microbial sources, and biomasses [3]. In this context, biopolymers synthesized via
bacterial fermentation, like the ones from the polyhydroxyalkanoates (PHAs) family that in-
cludes poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) polymers, are considered promising candidates for replacing the fossil fuel-based
polymeric materials and addressing the waste disposal issue [5,6]. These biopolymers
exhibit several features similar to those of fossil fuel-based polymers and, additionally, can
be easily degraded by the action of enzymes and living organisms, eliminating the need for
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disposal systems [7]. Most importantly, their degradation products possess no danger to
human beings or the environment. Moreover, being biocompatible, PHB is also suitable for
use in a variety of medical applications [7,8].

PHB is by far the most intensively studied biopolymer from PHAs’ family and its
global market is predicted to reach $221.14 million by 2027 [9]. PHB exhibits remarkable
properties such as optical activity, stiffness, and high oxygen barrier properties [8]. How-
ever, despite these desirable properties its widespread industrial application, especially
in the food packaging sector, has been limited due to its inherent physical aging, low
ductility, limited processability, and low crystallization rates in the absence of nucleating
agents [7,8]. Multiple strategies to overcome PHB’s drawbacks and to enhance its perfor-
mance for targeted applications were proposed over time, including blending with other
bio-based polymers [10], graft or block copolymerization, the use of specific additives
(plasticizers, stabilizers, chain extenders, nucleating agents etc.), and the addition of natural
micro-/nano- reinforcing agents [7,8].

PHB-based polymer nanocomposites, which are obtained by the incorporation of
nanosized particles into the polymer matrix, exhibited clear improvement of properties
compared to neat PHB, especially with respect to mechanical and barrier performances [11].
Owing to their outstanding properties, such as renewability, biodegradability, good thermal
resistance, low density, high specific strength and stiffness, nontoxicity and lack of corrosion,
cellulosic nano-reinforcements are some of the most suitable fillers for PHB [12,13]. In
addition, they may contribute to preserving the properties of food products due to their
barrier properties and ability to carry antioxidant and antibacterial agents. Different
cellulose nanofillers, nanocrystals or nanofibers, were used to overcome some of PHB’s
weaknesses, such as its slow crystallization, brittleness, modest thermal stability, and low
melt strength [14–18]. However, the strong hydrophilicity of cellulose nanofillers prevents
their good dispersion in the hydrophobic PHB matrix and reduces their reinforcing ability.
Therefore, surface treatment by TEMPO oxidation or plasma treatment [14], grafting with
silanes [18,19], and polymers compatible with PHB [18] were tested as methods to improve
the adhesion between the cellulose nanofillers and the PHB or PHBV matrix.

One route to improve the properties of PHB is the addition of cellulose nanocrystals
(CNCs) as nano-reinforcements and the fabrication of PHB/CNCs nanocomposites. In
this contribution we provide a comprehensive review on the PHB/CNCs nanocompos-
ites intended for packaging application. Particular attention was paid to choosing the
adequate processing technology for producing the PHB/CNCs nanocomposites and an
appropriate surface treatment for the CNCs as key elements for achieving a good interfa-
cial adhesion, superior thermal stability, and mechanical performances for the resulting
formulations. Although there are several general reviews on biocomposites with cellulose
nano-reinforcements, no review dealing with the PHB/CNCs nanocomposites was pub-
lished so far. The information provided in this review may be considered as a basis for
finding new strategies to reduce the manufacturing costs or to design better technological
solutions for the large-scale production of PHB/CNCs nanocomposites.

2. Poly(3-hydroxybutyrate)

Poly(3-hydroxybutyrate) (PHB) is the most well-known and widely used member of
PHAs [20], a family of biodegradable polyesters derived from the microbial fermentation
of different carbon sources [21]. Although chemical synthesis is also possible [22], the
main method of producing PHB is its extraction from various bacterial strains which
are capable of synthesizing and accumulating PHB intracellularly, as carbon and energy
reserve, under nutrient limiting conditions [23]. Due to its biodegradability in both soil
and marine environments [24], non-toxicity, biocompatibility, and a melting temperature,
elastic modulus and tensile strength similar to that of isotactic polypropylene [25], PHB has
drawn increasing attention as an environmentally friendly substitute for petroleum-based
thermoplastics, such as polypropylene (PP) and polyethylene (PE) [26]. The world’s rising
concern on plastic pollution and oil resources depletion supported the study of PHB—based
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materials for potential applications in packaging (films, bags, bottles, containers etc.) [27],
biomedicine (surgical sutures, drug delivery systems, surgical meshes, wound dressings,
scaffolds for tissue engineering etc.) [28] and agriculture (carriers for the slow release of
pesticides, herbicides, fertilizers etc.) [29]. However, the high degree of crystallinity of
PHB [30] that imparts brittleness [14], the thermal degradation at temperatures just above
its melting temperature [31] that narrows its processing window [26], the low elongation
at break [32] and the high production costs [14], are serious disadvantages which have
restrained the use of PHB on a large scale [33].

In recent years, efforts have been made to eliminate these disadvantages. For ex-
ample, in order to reduce the production costs of PHB, the replacement of the noble
carbon sources such as glucose, mannose, and lactose [34] with low-cost agro-industrial
byproducts and residues has been proposed [35]. Waste glycerol from biodiesel fuel pro-
duction [36], corn waste [37], wheat straw [38], rice straw [39], dairy waste [40], sugarcane
vinasse, and molasses [41] are just a few of the industrial and agricultural by-products
and residues that were successfully employed as carbon sources in the obtaining of PHB
by microbial fermentation [42]. Regarding the improvement of the mechanical proper-
ties and thermal stability of PHB, several methods have been developed. One method
consists in the incorporation of secondary flexible monomers such as 3-hydroxyvalerate,
4-hydroxybutyrate, or 3-hydroxyhexanoate [43] in the main chain of PHB that led to the
formation of PHBV [44], poly (3-hydroxybutyrate-co-4-hydroxybutyrate) (P4HB) [45], or
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHH) [44] copolymers. Despite the
fact that these PHB copolymers have shown higher flexibility, lower melting temperatures
and wider processing windows as compared to the pristine PHB [46], they still have poor
mechanical properties or are difficult to be obtained through efficient synthesis processes,
which has limited their utilization for commercial use [47]. A second strategy involves the
use of petroleum-based (dioctyl adipate, dioctyl phthalate, dibutyl phthalate, polyethylene
glycol, polyadipates etc.) or bio-based (glycerol, glycerol triacetate, triethyl citrate, soybean
oil, epoxidized soybean oil etc.) [48] plasticizers, which are known to increase the flexibility
of PHB and to decrease its glass transition temperature (Tg). However, plasticizers may
degrade at temperatures lower than PHB, accelerating its thermal degradation during melt
processing, or migrate at the surface of the material, altering its mechanical properties [49].
A third method implies the melt blending of PHB with polymers such as medium chain
length-PHAs [10], poly(caprolactone) (PCL), polyethylene glycol (PEG), poly(butylene
adipate-co-terephthalate) (PBAT), and poly(butylene succinate) (PBS) etc. [10,50,51]. In
this case, it has been shown that the obtained blends have improved flexibility, toughness,
and processability as compared to the pure PHB. However, in many situations the im-
provements were not at the anticipated level due to the poor miscibility between PHB and
the second polymer in the melt state [52]. Another method involves the addition to PHB
of various nanofillers such as titanium dioxide (TiO2) [53], zinc oxide (ZnO) [54], carbon
nanotubes (CNTs) [55], clays [56], and nanocellulose [16,17]. Using these nanofillers makes
possible the obtaining of PHB-based nanocomposites with superior thermal stability and
increased mechanical and barrier properties as compared to the neat PHB [53–56]. Among
them, special attention has been paid to nanocellulose fillers due to their renewability,
biodegradability, and superior mechanical properties.

3. Cellulose Nanocrystals

Cellulose is the nature’s most abundant biopolymer and can be extracted from various
sources such as plants, marine life, fungi, and bacteria [57]. Regardless of its source, the prime
structural unit of cellulose is comprised of linear chains of D-glucose linked by repeating β-1,4-
glycosidic bonds, followed by a 180◦ rotation for the next linkage [57,58]. Owing to its large
network of intermolecular and intramolecular hydrogen bonds, cellulose is insoluble in
water and most organic solvents. The degree of polymerization and molecular weight of
cellulose are governed by both the cellulosic source and the methods employed to produce
it [59]. Cellulose with nano-scale structural dimensions, referred to as nanocellulose,
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possesses high surface area, unique morphology, specific high strength and modulus,
renewability, customizable surface chemistry, and good biocompatibility, offering myriad of
opportunities for medical and engineering applications. As filler in polymers, nanocellulose
has the advantage of being a stable material that cannot be melted during melt processing
due to the high level of hydrogen bonding. Thus, nanocellulose can be used as a reinforcing
agent for biopolymers, especially in the field of industrial packaging, where the melt
processing techniques specific to thermoplastic polymers are intensively used [59].

Depending on the preparation methods and sources, nanocellulose can be classified
into three categories, namely cellulose nanocrystals (CNCs), cellulose nanofibers (CNFs),
and bacterial nanocellulose (BC). CNCs are one of the most important nanocelluloses
that are produced at an industrial level using chemical treatments. Besides the wood
and lignocellulosic fibers, a more convenient alternative from both an environmental
and an economic point of view is represented by the agriculture along with food and
beverage-processing waste and byproducts. Thus, CNCs are predominantly extracted from
corn cobs [60], tea stalk [61], soy hulls [62], apple [63] and grape pomace [64], pineapple
leaves [65], soybean [66], plum shells [67], barley [68] and garlic [69] straws, tomato
peel waste [70], sugarcane bagasse [71], orange peel waste [72], or chili leftovers [73].
However, the exploitation of municipal waste and papermaking sludge may represent
other alternative sources [58,74].

Different strong (sulfuric, hydrochloric and hydrobromic acids) and weak (phosphoric,
citric and formic acids) acids were used for breaking the glycoside bonds in cellulose [75].
Acid hydrolysis involves the hydrolytic cleavage of the amorphous regions from the
cellulose fibers, when the crystalline region domains are left behind. Reaction temperature
and duration as well as the acid type and its concentration are the main parameters that
determine the size and morphology of the isolated CNCs [76]. Thus, CNCs possess whisker
or a short-rod-like morphology with uniform sizes ranging from 100 to 200 nm in length
and 10 to 30 nm in diameter [77,78]. The use of weak acids leads to cellulose fibers with low
crystallinity and fibrous morphology as a result of the low dissociation constant of these
acids [76]. Despite being a simple and fast isolation method, sulfuric acid hydrolysis has
the advantage of yielding CNCs with higher crystallinity degree (over 90%) and also leads
to the sulfate esterification of the CNCs surface, which enhances CNCs’ phase stability
in aqueous medium [79]. However, sulfate esterification decreases their thermal stability
in the case of thermal treatments. Moreover, CNCs’ almost perfect crystalline structure
ensures high mechanical properties such as tensile modulus and tensile strength, which are
crucial for further applications [80]. It is worth mentioning that when incorporated in the
polymer matrices, CNCs develop a network-like formation, upgrading the polymer’s gas
barrier and migration properties to a greater extent than the nanoclays or carbon-based
materials [8]. However, the strong hydrophilic property of CNCs raises compatibility
and dispersibility issues when combined with other polymers, especially with highly
hydrophobic ones. Thus, extensive research studies have been conducted for the surface
treatment of CNCs in order to overcome these problems [80].

CNFs, also known as nanofibrillar cellulose and cellulose nanofibers, possess hi-
erarchical structures made up of interconnected fibrils with diameters ranging from 1
to 100 nm and an aspect ratio higher than 15 [81,82]. Top-down mechanical disintegra-
tion methods such as grinding, cryocrushing, high-intensity ultrasonication, and high-
pressure homogenization are usually employed for the CNFs’ isolation. Through these
techniques, dilute suspensions of cellulose fibers are subjected to high shear and impact
forces, thus leading to mechanical cleavage along the longitudinal direction of the cellulosic
source [78,81–83]. Specifically, the defibrillation methods yield nanostructures with both
crystalline and amorphous regions. The high flexibility of CNFs is due precisely to the
presence of the amorphous component. However, due to their large aspect ratio, the me-
chanical derived nanocelluloses are more susceptible to fiber agglomeration, which makes
their further processing more challenging.
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Alternatively, BC, named bacterial nanocellulose, microbial cellulose, or bio-cellulose,
is produced through a bottom-up approach using different aerobic non-pathogenic bacte-
ria [82–84]. Besides being the purest form of nanocellulose, BC shows an ultrafine network
structure containing fibers with micrometers in length and 20–100 nm in diameter, high
water holding capacity and flexibility, and high crystallinity. Its outstanding physical, struc-
tural, and mechanical features make BC an ideal candidate for biomedical applications.

Nanocelluloses, regardless of their source or preparation method, have been inten-
sively studied as reinforcements in biopolymers for improving their mechanical and barrier
properties [16,17,85,86]. The biocomposites from aliphatic polyesters and bacterial cellulose,
as well as the nanocomposite materials from microfibrillated cellulose and hydrophilic
or hydrophobic polymers, have been already reviewed [87,88]. However, much recent
literatures on nanocellulose based materials are focused on biopolymers reinforced with
CNCs. CNCs may be easily obtained both in labs and industrial facilities by employing less
energy intensive processes as compared to CNFs. Due to the bio-origin of both PHB and
CNCs and their subsequent biodegradation to carbon dioxide and water, the PHB/CNCs
nanocomposites are of particular interest in the context of the world’s transition towards a
circular economy (Figure 1).
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4. PHB Nanocomposites with Cellulose Nanocrystals
4.1. Preparation Routes

Solvent casting, melt processing, and electrospinning are the most used methods for
obtaining PHB or PHBV nanocomposites with cellulose nanocrystals [89–91]. From these,
solution casting is used more frequently due to some advantages such as its simplicity,
easy application in lab conditions, and the obtaining of a good dispersion of the cellulose
nanocrystals in the polymer matrix. However, this method has the drawback that it uses
toxic solvents thatare difficult to be entirely removed from the samples. Moreover, the
largely different character of cellulose and PHB, strongly hydrophilic vs. hydrophobic, and,
therefore, the different solvents needed to dissolve the PHB and disperse the CNCs, make
difficult the mixing of their solutions. Melt processing by using batch mixers, kneaders,
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or twin-screw extruders followed by injection or compression molding is advantageous
because it can be easily transposed in industry, being an environmentally friendly method,
which does not use dangerous solvents. However, the specialized equipment required for
performing this process, the energy consumption needed for melting the PHB and for the
mixing process, and the tendency of the cellulose nanocrystals to aggregate in the polymer
melt are several disadvantages that must be overcome. In addition, PHB is sensitive
to thermal degradation during melt processing [32,92]. Electrospinning has advantages
related to easy scale-up, inexpensiveness and ability to incorporate various additives and
polymers in the process, however it suffers from the same drawbacks as the solvent casting
method, related to toxicity and difficult removal of the solvent. Additive manufacturing or
reactive blending [93], processing under supercritical conditions or foaming [94] were also
tried as new routes to obtain PHB nanocomposites with cellulose nanofillers.

4.1.1. Solution Casting

CNCs extracted from different sources (bamboo pulp, microcrystalline cellulose
(MCC), or bleached pulp board) by sulfuric acid hydrolysis were used to obtain PHB/CNCs
nanocomposites by solution casting using chloroform or dimethylformamide (DMF) as
a solvent. Several methods were used to disperse the CNCs into the PHB solution: (i)
a CNCs suspension in water was dispersed in acetone and then in chloroform through
a sequential solvent exchange process consisting of a succession of dispersions and cen-
trifugations, and further the CNCs dispersion in chloroform was mixed with a chloroform
solution of PHB [89,95,96]; (ii) the CNCs were transferred from water to DMF using a
solvent exchange method and then mixed with the PHB solution in DMF [77]; (iii) the water
suspension of CNCs was lyophilized, and then the CNCs were redispersed in DMF and
finally mixed with the DMF solution of PHB [86,97–101]. The concentration of CNCs in
PHB was maintained at low values of up to 6 wt% in all the reported works. At a CNCs
concentration below 2 wt%, a homogeneous dispersion of the CNCs in the PHB matrix
was obtained, while at higher contents, CNCs agglomerations were observed with the
naked eye as small white dots distributed in the transparent PHB matrix [95]. Due to their
ability to scatter light, the CNCs agglomerates led to a decrease in the transparency of the
PHB/CNCs nanocomposites. FESEM images showed that the CNCs were homogeneously
dispersed into the PHB matrix at a CNCs content of 1 wt% [95]. Similar results were
reported by Zhang et al. [89] which prepared PHB/CNCs and PHB/CNFs nanocomposites
with a nanocellulose content of 1, 3, and 5 wt%, using a solution casting method. The
SEM images showed that the best dispersion of CNCs in the PHB matrix was obtained at a
CNCs loading of 1 wt%, while at CNCs contents of 3 and 5 wt%, a high tendency of CNCs
to form agglomerates was noticed. This was due to the strong hydrogen bonds formed
between the CNCs nanoparticles at these higher concentrations [89]. The transparency
tests revealed that the transmittance of the PHB/CNCs and PHB/CNFs nanocomposite
films decreased with the increase of CNCs and CNFs concentration. This was attributed to
the poor compatibility between the hydrophilic nanocellulose and the hydrophobic PHB
matrix and to the formation of nanocellulose agglomerates, which prevent light transmis-
sion [89]. When PHB/CNCs nanocomposites with 2, 4 and 6 wt% CNCs were compared to a
PHB/2 wt% BC nanocomposite, all of them being obtained by solution casting, the trans-
parency tests showed that the transmittance of the nanocomposites was higher as compared
to that of pure PHB [86]. The best transparency was observed for the PHB/CNCs films due
to the good CNCs dispersion and favorable interactions between the CNCs and the PHB
matrix [98].

Several methods were applied to improve the properties of PHB/CNCs nanocompos-
ites obtained by solution casting, such as the addition of plasticizers or the use of PHBV
copolymer instead of PHB. Different plasticizers were added to the PHB/CNCs nanocom-
posities during the solution mixing and casting process to improve their flexibility and
processability [99,101]. For example, PHB/CNCs nanocomposites with a CNCs loading of
2 and 4 wt%, respectively, and 20 wt% glyceryl tributyrate (TB) or poly [di (ethylene glycol)
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adipate] (A) as plasticizers were prepared via solvent casting using DMF as a solvent. TB
addition led to PHB/CNCs nanocomposites with a lower thermal stability than that of
pure PHB due to its easy evaporation and increased mobility of the polymer chains, which
facilitated the diffusion of the decomposition products. On the contrary, the addition of
plasticizer A led to PHB/CNCs nanocomposites with higher thermal stability than neat
PHB due to the high molecular weight of A plasticizer which prevents its migration from
the nanocomposites. CNCs addition was shown to have a beneficial effect on the stiffness
and barrier properties of the plasticized nanocomposites, especially in the case of TB con-
taining nanocomposites. This was explained by the good dispersion of the CNCs in the
TB plasticized-PHB matrix due to the good compatibility between TB and the PHB matrix
and the favorable hydrogen-bonding interactions established between TB and CNCs [99].
Therefore, the addition of TB plasticizer enhanced the PHB—CNCs interactions and im-
proved the dispersion of the CNCs [101]. The decrease in the contact angle (CA) value for
the PHB/CNCs nanocomposites as compared to pure PHB, regardless of whether CNCs or
BC was used as reinforcing agent and whether A or TB was used as plasticizer, indicated
an increased hydrophilicity. This may be assigned to various causes: (i) the plasticizing
effect of TB or A, which led to an increased mobility of the PHB chains facilitating the
diffusion of water into the material, (ii) the existence of numerous hydrophilic groups
on the CNCs surface, which might have increased the hydrophilicity of the material or
(iii) the poor dispersion of BC in the PHB matrix, which left a higher mobility to the PHB
chains, favoring the diffusion of water molecules inside the material. However, CA values
did not decrease below 65◦, except for the PHB/4 wt% CNCs nanocomposite (A plasti-
cizer) [101]. The PHB/CNCs nanocomposite films, containing 20 wt% TB, were applied
as coatings on a cellulose paperboard by compression molding [100]. The CNCs from the
nanocomposite films increased the interaction between layers as a result of the hydrogen
bonding interactions between the hydroxyl groups from their surface and the OH groups
of the paperboard, leading to enhanced mechanical properties. In addition, the PHB/CNCs
layer improved the barrier properties of the paperboard, which became more suitable for
packaging applications [100].

PHB/CNCs nanocomposites containing 15 wt% PEG and a low amount of CNCs
(up to 0.75 wt%) were prepared by a solvent casting method [102]. PEG was used as a
plasticizer and compatibilizer based on its miscibility with PHB and its affinity to cellulose
due to the formation of hydrogen bonds between the carbonyl (-C=O) groups of PEG and
the hydroxyl (-OH) groups of CNCs. The CNCs were first dispersed in PEG, the CNCs
surface being covered by a PEG layer. Indeed, the TEM images revealed a homogeneous
dispersion of the CNCs in the PHB matrix at a CNCs content of 0.15 wt%. This confirmed
the ability of PEG to act as a coupling agent between PHB and CNCs. Based on the ATR-
FTIR spectra and the electron microscopy images of the PHB/PEG/CNCs nanocomposites,
it was supposed that (i) for a CNCs s content up to 0.45 wt% nearly the entire surface
of the CNCs was covered by PEG, so that all or almost all the interactions between the
PHB and the CNCs occurred preferentially via their PEG coating; (ii) for a higher CNCs
content, when the PEG/CNCs ratio was low, the amount of PEG was no longer enough to
cover the entire surface of CNCs, so that the interactions between PEG and PHB decreased,
becoming more likely that the CNCs interacted directly with the PHB matrix. This model
was supported by the variation of the mechanical properties of the nanocomposites, up to
a concentration of 0.45 wt% the PEG-coated CNCs showing no reinforcing effect [102].

The use of PHBV instead of PHB in the nanocomposites with CNCs was also tried as
a method to improve the processability and flexibility of the nanocomposites [97,103]. Two
methods were used to incorporate the CNCs in PHB. In one method [97], the gel-like CNCs,
resulting from the sulfuric acid hydrolysis of microcrystalline cellulose (MCC), were freeze-
dried. Then, the resulting powder was added to the PHBV solution in DMF, ultrasonicated
and casted. Transparent films containing 1–5 wt% CNCs were thus formed [103]. In
the second method [97], water suspensions with different concentrations of CNCs were
added dropwise in DMF under stirring and, after the evaporation of water, PHBV was
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dissolved in the CNCs suspensions. PHBV/CNCs films with 0.5–4.6 wt% CNCs were
obtained by solution casting, similar to the first method. The PHBV/CNCs films obtained
by the two methods showed different thermal and mechanical properties [97,103]. Thus, a
continuous decrease of the cold crystallization temperature (Tcc) with the increase of the
CNCs concentration was observed in the nanocomposites obtained by the first method
and a decrease in Tcc only at loadings lower than 2.3 wt% in the second case. A similar
trend was noticed for the variation of the mechanical properties, which indicated a more
homogeneous dispersion of the CNCs in the nanocomposites obtained by the first method
and a worse dispersion of CNCs at CNCs loadings exceeding 2.3 wt% when the solvent
exchange-solution casting method was employed. The CNCs agglomerations were clearly
observed in the TEM image of the PHBV/4.6 wt% CNCs film (Figure 2) [97].
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4.1.2. Melt Processing

Melt processing may be considered as the most important method to obtain PHB/CNCs
nanocomposites due to the eco-friendliness and good fitting to the industrial processing
techniques. However, the incorporation of CNCs in the PHB melt may be a difficult task due
to the high tendency of hydrophilic CNCs to agglomerate in a hydrophobic environment.

Chen et al. [104] used freeze-dried CNCs obtained by the sulfuric acid hydrolysis
of MCC to prepare PHB/CNCs nanocomposites. A melt mixing method using a Haake
Polylab Rheometer heated to 180 ◦C was employed to incorporate 2 wt% CNCs into the
PHB and the resulted nanocomposite was subjected to crystallization studies to determine
the CNCs effect on the PHB crystallization. Compared to MCC, CNCs had a higher
influence on the spherulite morphology of PHB. CNCs acted as a heterogeneous nucleating
agent causing an increase in the PHB crystallization rate simultaneously with a decrease
in the energy barrier of PHB nucleation and in the folding surface free energy [104]. In
addition, CNCs incorporation influenced the banded structure of the PHB spherulites,
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leading to a decrease in the average band space of the ring-banded spherulites. This was
assigned to the increase in the crystallization rate of PHB in the presence of CNCs, which
led to unbalanced stresses favoring the lamellae twist and the formation of ring-banded
spherulites with reduced band space [104].

Jun et al. [90] used a PHBV matrix to prepare nanocomposites with two types of
nanocelluloses (CNCs and CNFs) in different concentrations from 1 to 7 wt%. CNCs
were obtained via the sulfuric acid hydrolysis of rice straws and CNFs resulted from the
pressure-grinding of the cellulose extracted from the same source. For the preparation of
nanocomposites, the PHBV powder was added to the nanocellulose suspensions under
stirring and the mixtures were vacuum-dried for 24 h. A Haake co-rotating twin-screw
extruder was used for melt compounding the mixtures. Both CNCs and CNFs showed a
nucleation effect, accelerating PHBV crystallization and improving the Young’s modulus of
nanocomposites, the optimum mechanical properties being obtained at 1 wt% CNCs [90].

4.1.3. Other Methods

Electrospinning was used to obtain PHB/CNCs nanocomposite fibers with a content of
CNCs of 5, 8, 12, 17, and 22 wt% [91]. CNCs were obtained by the sulfuric acid hydrolysis
of alkali-treated and bleached corn husk [105]. A solvent exchange method was used
to disperse the CNCs in achloroform/DMF mixture (90/10 volume ratio), which was
employed as a solvent in the electrospinning process [91]. As revealed by SEM, the obtained
PHB/CNCs nanocomposite fibers presented a uniform surface, without beads, regardless of
the concentration of CNCs in the PHB matrix. A decrease of the PHB/CNCs nanocomposite
fibers’ diameter was observed with the increase of CNCs concentration in nanocomposites.
This was attributed to the increase in the conductivity of the electrospinning solution with
increasing CNCs loading as a result of the negatively charged sulfate ester groups formed
on the CNCs surface during sulfuric acid hydrolysis [91].

PHB/CNCs nanocomposite foams with 2, 3 and 5 wt% CNCs, obtained via the sulfuric
acid hydrolysis of pulp fibers, were prepared using a nonsolvent-induced phase separation
(NIPS) method [106]. Chloroform was used as solvent while tetrahydrofuran (THF) or 1,4-
dioxane (Diox) was used as nonsolvents. In the NIPS process, the addition of a nonsolvent
reduced the polymer−solvent affinity leading to a phase-separated polymer solution with
one phase rich in polymer, representing the backbone of the gel, which was penetrated
by the polymer-poor phase (in the nonsolvent) [106]. When THF was used as nonsolvent,
CNCs accelerated both the PHB crystallization and the nanocomposites gelation, showing
a nucleating effect. In contrast, when Diox was used as nonsolvent, CNCs incorporation
led to a decrease in both PHB crystallization and nanocomposites gelation rate. This was
due to the better dispersion of the CNCs in Diox than in THF, preventing the movement
of the PHB chains and delaying the crystals’ growth. However, no significant differences
between the degrees of crystallinity of the PHB/CNCs nanocomposites obtained using
THF or Diox as nonsolvents were observed [106].

PHB/CNCs (4 wt%) nanocomposites obtained by solution casting using DMF as
solvent were compression molded and further applied as a coating to cellulose paperboards,
resulting in bilayer structures [107]. The PHB/paperboard ratio was varied between 5
and 20 wt%. The addition of CNCs improved the adhesion between the PHB layer and
the cellulosic paperboard. The PHB/CNCs coatings decreased the water sensibility of
the cellulose layer, leading to paperboard/PHB-CNCs bilayer composites suitable for
packaging [107].

4.2. Methods Used to Improve the Compatibility in PHB/CNCs Nanocomposites

Different methods were applied to improve the compatibility between the strongly
hydrophilic CNCs and the hydrophobic PHB matrix [108–111]. Dispersion agents and
compatibilizers are one of the simplest and sometimes efficient additives for improving
the compatibility in polymer nanocomposites with CNCs [112]. PEG is a hydrophilic
polymer that is miscible with PHBV and, therefore, it was used as a compatibilizer in the
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PHBV/CNCs nanocomposites [108]. PHBV/CNCs nanocomposites with CNCs contents of
2 and 5 wt% were prepared using solution casting or extrusion blending [108]. In the first
method, CNCs were coated with PEG by dispersing the mixture of CNCs and PEG powders
in DMF, and then the PHBV solution in DMF along with the CNCs/PEG suspension in DMF
were mixed and casted. In the second method, the freeze-dried CNCs/PEG powder was pre-
mixed with PHBV and melt compounded using a co-rotating twin screw extruder followed
by injection molding [108]. A very good dispersion of the CNCs in the PHBV matrix was
obtained when the solvent casting method was used, also supported by the enhancement
of the mechanical properties. However, despite the presence of the PEG compatibilizer, the
CNCs could not be well dispersed in the PHBV during melt compounding, with effect on
the mechanical properties, which decreased as compared to those of pure PHBV. A possible
explanation for this behavior is that the high shear stress generated by the twin-screw
removed the PEG coat from the CNCs surface and blended it with the PHBV matrix with
which is compatible [108].

Another method proposed to improve the dispersion of the CNCs in PHBV and
the compatibility between the two components is the chemical modification of CNCs by
grafting PHBV onto their surface [110]. OH-terminated PHBV oligomers, prepared through
transesterification using ethylene glycol in diglyme and dibutyltin dilaurate as a catalyst,
were grafted on the surface of CNCs. The grafting reaction took place in anhydrous
DMF using toluene diisocyanate (TDI) as a coupling agent. The ungrafted PHBV was
removed by refluxing with chloroform [110]. PHBV-grafted CNCs (PHCNs) were used to
obtain PHBV/PHCNs nanocomposites by solution casting, the content of modified CNCs
ranging from 5 to 30 wt%. Most of the PHBV/PHCNs nanocomposite films showed a
transparency similar to that of pure PHBV films. A decrease in the UV-vis transmittance
with an increase in the PHCNs content was noticed; good results were obtained at PHCNs
loadings up to 20 wt%, while a strong reduction in the transparency of the PHBV/PHCNs
nanocomposites with 25 or 30 wt% PHCNs was observed. This was due to the formation
of PHCNs agglomerates in the PHBV matrix at a higher content of modified CNCs [90].
The addition of PHCNs into PHBV led to a great increase in the mechanical properties
for PHCNs contents of up to 20 wt%. This was due to the good adhesion between the
components and the effective stress transfer at the PHBV-PHCNs interface [110].

CNCs grafted with polylactide (CNC-g-PLA) were prepared and used in PHB as a
more compatible reinforcing agent [113]. CNCs resulted from the sulfuric acid hydrolysis of
filter paper were grafted with polylactide by surface-initiated ring opening polymerization
of L-lactide. The synthesis of CNC-g-PLA was carried out in 1-allyl-3-methylimidazolium
chloride ionic liquid in the presence of catalytic amount of (dimethylamino)pyridine.
Prior to the ring-opening polymerization of L-lactide, the CNCs were homogeneously
acetylated. PHB nanocomposites with 2 wt% CNCs or CNC-g-PLA were obtained using
a melt compounding method [113]. The calorimetric results showed a large influence
of the CNCs treatment on the crystallization behavior of PHB. Untreated CNCs acted
as a heterogeneous nucleating agent enhancing PHB crystallization. A different role was
observed in the case of CNC-g-PLA which retarded the nucleation of PHB crystals and acted
as an antinucleating agent during PHB crystallization [113]. Therefore, the PHB/CNCs
nanocomposite exhibited a higher crystallization rate than neat PHB while the PHB/CNC-g-
PLA nanocomposite presented a lower crystallization rate, showing that the crystallization
behavior of PHB could be controlled by the CNCs’ treatment [113].

A one pot acid hydrolysis/Fischer esterification process was used to obtain CNCs
surface modified with butyric acid, lactic acid, and their mixture in the presence of 37%
HCl [109]. To ensure a good dispersion of modified CNCs in PHBV, the CNCs_butyrate,
CNCs_lactate and CNCs_butyrate_lactate nanofillers were subjected to a solvent exchange
sequence, from water, to ethanol, acetone, and finally, to chloroform. The suspensions
of modified CNCs in chloroform were then mixed with the solution of PHBV in chlo-
roform/tetrachloroethane (50/50) and casted [109]. Due to the similarity between the
chemical structures of the lactate and butyrate ester moieties grafted on the CNCs surface
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and that of the PHBV matrix, the adhesion between the polymer matrix and the reinforcing
agents was considerably improved and a homogeneous dispersion of the modified CNCs
in the PHBV nanocomposites was observed. Consequently, the PHBV/CNCs_butyrate,
PHBV/CNCs_lactate and PHBV/CNCs_butyrate_lactate nanocomposites with 2 wt%
CNCs showed a considerably improved transparency as compared to the nanocomposites
containing unmodified CNCs [109]. However, the dynamical mechanical analysis results
confirmed an improved interface only in the PHBV/CNCs_butyrate nanocomposites due
to the similarity between the butyrate moieties attached on the CNCs surface and the PHBV
matrix, which led to a better dispersion of the CNCs in the polymer matrix.

A mixture of PHB and poly(4-hydroxybutyrate), denoted as PHB/P4HB, was rein-
forced with surface hydrophobized CNCs, which were obtained by a double silanization
process, as shown in Figure 3 [111].
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Figure 3. Schematic representation of the surface treatment of CNCs using a double silanization
process [111].

To improve the compatibility between the CNCs and the hydrophobic matrix, the
CNCs were modified with (i) methyltrimethoxysilane (MTMS) resulting CNCs with a
hydrophobic surface (MCNCs), (ii) tetraethyl orthosilicate (TEOS) resulting CNCs with
spherical SiO2 nanoparticles on their surface (TCNCs) and (iii) TEOS then MTMS, result-
ing TCNCs with CH3 ends (TMCNCs). The three types of modified CNCs were melt-
compounded with PHB/P4HB by extrusion followed by compression molding resulting
nanocomposite plates. MCNCs and TCNCs showed a low compatibility with PHB/P4HB
and many aggregated nanocrystals were observed in the nanocomposites with 10 wt% mod-
ified celluloses. On the contrary, freeze-dried TMCNCs showed a homogenous dispersion
in the PHB/P4HB matrix and no nanocrystals agglomeration [111].

4.3. Nanocomposites from PHB Blends and CNCs

The addition of a third polymer in PHB/CNCs nanocomposites was also used as
a method to improve the compatibility and the properties of PHB/CNCs nanocompos-
ites [114–117]. Based on the compatibility of poly(vinylacetate) (PVAc) and PEG with
PHB or PHBV and their hydrophilic character, similar to that of CNCs, the two polymers
were used as a third component in PHB/CNCs nanocomposites [114]. PHB/PVAc/CNCs,
PHB/PEG/CNCs, PHBV/PVAc/CNCs, and PHBV/PEG/CNCs ternary nanocomposites
with 2.4 or 4.8 wt% CNCs were prepared by melt mixing PHB or PHBV with PVAc/CNCs
and PEG/CNCs masterbatches in a Haake double-screw mini-extruder. The masterbatches
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were prepared by dispersing the CNCs into a PVAc water emulsion or into a PEG solution
in water, followed by solution casting as films and drying [114]. Due to the partial miscibil-
ity of PVAc or PEG with PHB and PHBV, they improved the dispersion of the CNCs into
the polymer matrix. This was determined by the favorable hydrogen bonding interactions
between the hydroxyl groups on the CNCs surface and the polar groups on the PVAc
and PEG chains. The addition of a third polymer had as a result an improvement in the
mechanical properties, more important in the case of the PVAc-containing nanocomposites.
The plasticizing effect of PEG could be a cause of the lower improvement in the mechanical
properties observed in the PEG-containing nanocomposites [114].

A combined solvent casting and melt processing technique was used to obtain a good
dispersion of CNCs from pine cones in a PHB/poly(ε-caprolactorne) (PCL) blend [115].
CNCs were dispersed in chloroform and were added in a mixture of PHB/PCL (75:25) in
chloroform under intense stirring. The solvent casted films were melt-compounded in a
twin screw microextruder and compression molded. Nanocomposites with a content of
CNCs of 3, 5 and 7 wt% were obtained by this method. In low amounts, CNCs enhanced
the compatibility between the immiscible PHB and PCL and reduced their phase separation
during the melt blending. This was due to the tendency of CNCs to locate at the PHB -
PCL interface preventing the coalescence of the dispersed PCL phase in the continuous
PHB matrix during the melt processing. The best dispersion of CNCs in the PHB/PCL
matrix was obtained for a CNCs content of 3 wt%. In this case, the nanocomposite showed
a significant increase in transparency that can be attributed to the good dispersion of CNCs
and their compatibilization effect, which increased the PHB-PCL miscibility [115].

Poly(lactic acid) (PLA) and CNCs were added in a PHB plasticized with epoxidized
canola oil (eCO) to improve its mechanical properties [116]. The PHB/PLA/eCO/CNCs
nanocomposites with a PHB:PLA weight ratio of 3:1 and 5 wt% CNCs (related to the
PHB/PLA amount) were obtained by melt-mixing using a conical twin-screw micro-
extruder. The eCO green plasticizer was added to increase the flexibility and thermal
stability of PHB, both important drawbacks of this biopolymer. The concomitant addition
of PLA and eCO proved to be beneficial to both the elastic properties and thermal stability
of nanocomposites [116].

A melt compounding masterbatch technique was applied to obtain PLA/PHB/CNCs
nanocomposite films plasticized with a low content of acetyl tributyl citrate [117]. In
addition to being an easily scalable and environmentally friendly technique, the melt com-
pounding masterbatch technique ensured a good dispersion of the CNCs and plasticizer
in the PLA/PHB blend. This technique consists in the fabrication of a PHB masterbatch,
containing both the plasticizer and the CNCs, and its further dilution in PLA, both phases
comprising melt compounding operations. The addition of 5 wt% CNCs to the plasticized
PLA/PHB matrix led to an increase in the storage modulus due to the stiffening effect of the
CNCs and the good dispersion of the high aspect ratio CNCs in the polymer matrix [117].

5. Influence of CNCs on the Properties of PHB/CNCs Nanocomposites
5.1. Thermal Properties

The crystallization behavior of PHB is very important because it determines many of
its properties. PHB is characterized by a high crystallinity and a low crystallization rate
which has as result the appearance of large spherulites. The addition of CNCs to PHB
has a strong influence on its crystallization behavior and its crystalline structure. Thus,
CNCs acted as nucleating agents, facilitating the PHB crystals growth and leading to the
formation of greater lamellar thickness spherulites during the casting process [98]. This was
proved by an increase in the melting temperature (Tm) of PHB following CNCs addition,
observed in the differential scanning calorimetry (DSC) scans. A slight increase in the
melting temperature of PHB, similar to that determined by the CNCs, was observed in
nanocomposites with different nanocelluloses [86,99]. Thus, an increase of Tm with about 4
◦C was recorded for PHB/CNFs nanocomposites with a CNFs loading of 5 wt% [89].
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The nucleating effect of CNCs was also observed through the increase in the crystalliza-
tion temperature (Tc) of PHB from around 60 ◦C for the pure PHB to approximately 83 ◦C
for the PHB/CNCs nanocomposites [98]. The concentration of CNCs in PHB nanocom-
posites also influenced the Tc. An increase of Tc with about 18 ◦C was noticed for the
PHB/CNCs nanocomposite with 1 wt% CNCs compared to neat PHB, showing the nucle-
ating effect of CNCs that reduced the nucleation energy, increasing the PHB nucleating rate
and facilitating its crystallization [89]. However, a lower increase of Tc with only 7.6 ◦C
was observed at a CNCs loading of 5 wt% in nanocomposite. This was due to the CNCs
tendency to form aggregates in the PHB matrix when incorporated in higher concentrations,
which decreased their nucleating effect [89].

A low influence of CNCs on the degree of crystallinity of PHB was in general
reported [86,98]. A slight increase in crystallinity (Xc) was noticed in PHB/CNCs nanocompos-
ites with 5 wt% CNCs as compared to the pure PHB and the nanocomposites with lower content
of CNCs [89]. The lower crystallinity of PHB/1 wt% CNCs nanocomposite was determined
by the homogeneous dispersion of the rigid CNCs in the PHB matrix, which obstructed the
segmental movement of the PHB chains, hindering the PHB crystallization [89].

The addition of a plasticizer in the PHB/CNCs nanocomposites may lead to an increase
in the degree of crystallinity [100,101]. Thus, an increase in the Xc from 55.4% for the pure
PHB to 62.7% for the PHB/CNCs nanocomposite containing 4 wt% CNCs and 20 wt% low
molecular weight tributyrin as plasticizer was observed [101]. Therefore, the nucleating
activity of CNCs was enhanced when TB was used as plasticizer. Similarly, the addition
of 10 wt% epoxidized canola oil plasticizer in the PHB/PLA blend favored the increase
of crystallinity, from 23.5% in the blend to 42.4% in the plasticized blend, although the
addition of CNCs to the plasticized PHB/PLA blend did not lead to a further increase in
the crystallinity degree [116]. This was supposed to be due to the poor dispersion of the
CNCs in the PHB/PLA blend, which prevented the nucleation and crystallization.

The surface modification of CNCs also led to a reduction in the degree of crys-
tallinity [110,113]. This was observed in the PHB nanocomposite with CNC-g-PLA vs. the
nanocomposite containing untreated CNCs [113], as well as in the case of PHBV/PHCNs
nanocomposites, where the CNCs grafted with PHBV were well dispersed in the PHBV
matrix [110]. The treatment of CNCs ensured a good entanglement between the chains of
the PHBV matrix and those grafted on the cellulose nanocrystals, as well as the formation
of numerous hydrogen bonds interactions between the PHBV matrix and PHCNs. All these
hindered the PHBV crystallization, leading to the formation of imperfect PHBV crystals and
to a reduction in the crystallinity degree [110]. This idea was supported by the progressive
increase in the glass transition temperature of the nanocomposites with the increase of
PHCNs content that was assigned to the numerous hydrogen bonds and entanglements
formation, which prevented the segmental movement of the PHBV chains, making the
PHB/PHCNs nanocomposites more rigid as compared to the pristine PHBV [110].

The thermal stability of cellulose nanofillers strongly depends on the methods used to
obtain them. Acid hydrolysis of cellulose using concentrated acids and, especially, sulfuric
acid, is a harsh treatment leading to the degradation of the disordered amorphous regions
and a strong decrease of the degree of polymerization of cellulose [118]. As a result, the
good thermal stability of pure cellulose, which begins to decompose after 300 ◦C [119], may
be strongly decreased, with an effect on the thermal stability of PHB. Different influences
of CNCs on the thermal stability of PHB were reported [89,90,98]. Thus, a decrease in the
thermal stability of PHB, corresponding to a reduction in the temperature of the maximum
degradation rate (Td) of around 20 ◦C, was observed after CNCs’ addition [98]. This was
considered as an effect of the sulfate groups on the CNCs surface, which induced and
accelerated the scission of the PHB polymer chains. On the contrary, an improved thermal
stability consisting of an increase in Td from 286.5 ◦C for pure PHB to 291.7 ◦C for the
nanocomposite with 5 wt% CNCs was observed [89]. A similar increase was reported
for the PHBV/CNCs nanocomposites, from 278.6 ◦C for the pure PHBV to 284.3 ◦C for
the nanocomposites with 7 wt% CNCs [90]. This was assigned to the hydrogen bonds
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formed between the carbonyl groups of PHB and the hydroxyl groups of CNCs, which
slowed down the random chains breaking in PHB, improving its thermal stability [89].
Although no information on the thermal stability of the CNCs was disclosed in these two
studies [89,98], the different processes used to obtain the CNCs and to incorporate them in
the PHB matrix could influence these results. Thus, it is possible that the solvent exchange
process [89] could contribute to a better thermal stability of the CNCs than the freeze
drying process [98] along with the different solvents used in the solvent casting processes,
requesting different conditions for their removal.

A different thermal stability of the PHB/CNCs nanocomposites depending on the
concentration of CNCs was also reported [95]. Thus, a better thermal stability was observed
for the nanocomposite with 3 wt% CNCs as compared to the pure PHB but a poor one for
the nanocomposite with 5 wt% CNCs. Kinetic studies on the thermal degradation process
of the nanocomposites showed that the rate of degradation decreased with an increase
in the CNCs content up to about 3 wt% and increased with the further increase of CNCs
concentration in nanocomposites [95]. This complex behavior was explained by the fact
that, at CNCs concentration of 3 wt%, a good dispersion of the CNCs in the PHB was
obtained. In this case, the formation of hydrogen bonds between the nanofiller and the
polymer matrix hindered the movement of the chain segments of PHB, which impeded
the diffusion of volatile products through the nanocomposites, enhancing their thermal
stability. Conversely, the formation of CNCs aggregates in the nanocomposites with 5 wt%
CNCs altered the thermal stability of PHB as they are believed to act as nucleation sites
for the chain scission degradation of PHB at higher temperatures [95]. It was concluded
that the thermal degradation mechanism of the PHB/CNCs nanocomposites followed
first order reaction and phase boundary controlled reaction models with a random chain
scission mechanism characteristic of most polyesters.

Although the addition of plasticizers generally decreased the thermal stability of
PHB due to their high volatility, which reduced the onset degradation temperature [101],
a favorable influence was observed after the addition of 15 wt% PEG to PHB/CNCs
nanocomposites with low content of nanocrystals [102]. The highest increase in the Td, of
about 27 ◦C, was obtained for the PHB/PEG/CNCs nanocomposite with 0.45 wt% CNCs.
This was assigned to the better adhesion between the CNCs and PHB matrix, ensured
by the PEG coating which, at this CNCs concentration, covers almost the entire surface
of the CNCs [102]. It has been shown that the presence in the nanocomposites of a high
molecular weight poly(adipate diethylene) plasticizer instead of a low molecular weight
one (TB), in a 20 wt% concentration relative to PHB, considerably increased the maximum
degradation temperature compared to the pure PHB, PHB/CNCs nanocomposites and the
nanocomposites containing the same amount of TB plasticizer [101].

Surface functionalization of CNCs had also a favorable influence on the thermal
stability of PHBV [110]. In particular, CNCs grafted with PHBV (PHCNs) strongly increased
the thermal stability of PHBV, an improvement in the Td of about 35 ◦C being noticed at
a concentration of PHCNs in PHBV of 20 wt%. This improvement was explained by the
strong interactions established between the functionalized CNCs and the PHBV matrix as
well as the entanglements formed between the PHBV chains of the polymer matrix and the
PHBV chains attached to the CNCs surface. Due to the significant increase in the initial
decomposition temperature, which approached 250 ◦C, all PHBV/PHCNs nanocomposites
showed higher melt-processing windows as compared to the neat PHBV matrix [110].
However, only a slight increase of Td was observed after the addition to PHBV of CNCs
surface modified with butyric acid, lactic acid, and their mixture [109]. On the contrary,
the incorporation of CNCs into the PHB/PCL blends led to a significant decrease in the
thermal stability of PHB, probably due to the lower thermal stability of CNCs [115]. The
most important thermal properties of PHB/CNCs nanocomposites are summarized in
Table 1.
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5.2. Mechanical Properties

The reinforcing effect of CNCs in PHB nanocomposites is based on the remarkable
mechanical properties of cellulose nanofillers [120,121]. The Young’s modulus of a cellulose
whisker calculated from the shift in the characteristic band at 1095 cm−1 in the Raman
spectrum was 143 GPa [120], while the transverse Young’s modulus of a nanocellulose film
determined by PeakForce Atomic Force Microscopy was 19 GPa [121]. Similar to other
biopolymers, the mechanical properties of PHB are weaker than those of most common
thermoplastic polymers; therefore, the addition of cellulose reinforcements can bring
significant gains in stiffness and other mechanical properties. However, the mismatch
between the PHB hydrophobicity and the strong hydrophilicity of CNCs prevents the good
dispersion of CNCs in the polymer matrix and reduces the efficiency of the load transfer at
the polymer–fiber interface. As a result, the addition of CNCs in PHB did not always lead
to a strong improvement in strength and stiffness [90,106,107].

The addition of CNCs in PHB generally determined a continuous increase in the
Young’s modulus with an increase in the CNCs concentration in nanocomposites [89,98].
This effect was assigned on the one hand to the rigid nature of the CNCs, which potentiated
the PHB stiffness and increased the degree of crystallinity of PHB when present in higher
amounts in the PHB matrix [89] and, on the other hand, to the homogeneous dispersion of
the CNCs in the PHB matrix due to the possible hydrogen bonding interactions between
CNCs and PHB [86]. A different effect of CNCs on the tensile strength of PHB/CNCs
nanocomposites was reported, depending on the dispersion of the CNCs in the PHB matrix.
A continuous improvement in the tensile strength of PHB with increasing CNCs content
between 2 and 6 wt% was observed in nanocomposites with a homogeneous dispersion of
the CNCs [98] while a decrease in the tensile strength with increasing CNCs content from 1
to 5 wt% was achieved for the nanocomposites where CNCs agglomerates were pointed
out by SEM [89]. This may be due to the fact that CNCs agglomerates acted as stress
concentrators from where the cracks were initiated. The presence of rigid CNCs in higher
concentration in the PHB matrix and possible fibers agglomeration were also reflected
in a decrease of elongation at break [89,98]. Curiously, an increase of the elongation at
break was observed in the nanocomposite with 1 wt% CNCs [89]. At low CNCs loadings,
the homogeneous dispersion of the CNCs in the PHB matrix led to a restriction of the
segmental movement of the PHB chains and impeded the PHB crystallization causing an
increase in the elongation at break [89].

A different mechanical behavior was reported for the PHBV/CNCs nanocompos-
ites [90,97]. In nanocomposites containing 0.5–4.6 wt% CNCs, an increase in the tensile
strength and Young’s modulus with an increase in the CNCs concentration, followed by
a leveling off from a content of CNCs of 2.3 wt%, was noticed [97]. Therefore, the good
dispersion of CNCs in the PHBV matrix at loadings of up to 2.3 wt% ensured a large
interface area between PHBV and CNCs and the enhancement of the mechanical properties,
while the CNCs agglomerates, which were formed at higher concentrations of CNCs, were
probably the main cause of the mechanical properties’ decline after the 2.3 wt% concen-
tration threshold [97]. In PHBV/CNCs nanocomposites with 1–7 wt% CNCs obtained by
melt compounding [90], the increase in the concentration of CNCs determined a gradual
increase in the Young’s modulus, along with a gradual decrease in the tensile strength and
elongation at break. The decrease in the tensile strength highlighted the lack of adhesion
between CNCs and PHBV, while the drop in elongation showed the reduced deformability
at PHBV/CNCs interface [90].

The influence of CNCs in large amounts, from 5 to 22 wt%, on the mechanical prop-
erties of PHB/CNCs nanocomposite fibers prepared via electrospinning highlighted the
presence of a more favorable concentration of CNCs for which the improvement of the
mechanical properties of the nanocomposite fibers was maximum [91]. Accordingly, the
largest improvement in tensile strength (by 13%) and elastic modulus (by 6%) was observed
for a content of CNCs of 8 wt%. The formation of CNCs agglomerates which acted as

19



Polymers 2022, 14, 1974

stress concentrators and the weaker PHB-CNCs interface were considered responsible for
the decrease in the mechanical properties of the nanocomposite fibers with high CNCs
content [91].

The addition of a plasticizer together with CNCs was also tested as a method to im-
prove both the flexibility-processability and the stiffness of PHB [99,102]. However, in most
cases, no important changes or a decrease in the mechanical properties was obtained due
to the diametrically opposite effects of the plasticizer and the reinforcing agent: while the
reinforcing agent improves the PHB’s stiffness, increasing its elastic modulus and tensile
strength and reducing its elongation at break, the plasticizer increases the elongation at
break at the expense of the stiffness. A small variation of the Young’s modulus, along
with a slight reduction in the tensile strength and strain at break, were observed for the
PHB/TB/CNCs nanocomposites containing 20 wt% glyceryl tributyrate and 2 or 4 wt%
CNCs as compared to neat PHB [99]. The highest values of Young’s modulus and tensile
strength were obtained for the PHB/TB/CNCs composite with 4 wt% CNCs, showing that
TB may enhance CNCs dispersion in the PHB matrix. This was due to the good compatibil-
ity between TB and PHB and the hydrogen bonding interactions between TB and CNCs.
However, using a high molecular weight plasticizer such as poly [di (ethylene glycol)
adipate] instead of TB in these nanocomposites had a detrimental effect on the mechanical
properties, probably due to the lower miscibility between this plasticizer and the PHB ma-
trix which didn’t allow a good dispersion of CNCs in PHB [99]. When the PHB/TB/CNCs
nanocomposite film was used to obtain PHB/TB/CNCs-paperboard bilayer composites
with a PHB content of 15 wt% related to the paperboard weight, 20 wt% TB plasticizer
and 4 wt% CNCs relative to the PHB weight, an improvement in the tensile strength,
Young’s modulus, and elongation at break compared to neat PHB was obtained [100]. In
addition, peeling tests were undertaken to assess the adhesive strength between layers, the
paperboard and the PHB/TB/CNCs film. During these tests, the PHB/TB/CNCs layer was
peeled off from the paperboard surface with broken cardboard fibers adhering to its surface.
This indicated that the PHB/TB/CNCs-paperboard adhesion was higher than resistance
of the fibers in the paperboard due to the PHB penetration between the paperboard fibers
during the compression molding [100].

A special effect was reported in the case of PHB/PEG/CNCs nanocomposites con-
taining PEG plasticizer (15 wt%) and low amounts of CNCs (0.022–0.75 wt%) [102]. The
addition of CNCs in PHB/PEG led to a significant reduction in both tensile strength (from
30 MPa to 22 MPa) and elastic modulus (from 1180 MPa to 537 MPa) of PHB, simultane-
ously with an increase in the elongation at break. The most important increase of flexibility
was noticed in the nanocomposites with 0.45 wt% CNCs, where the total surface of CNCs
was entirely covered by PEG and a 25-fold increase in the elongation at break was ob-
tained [102]. Therefore, the CNCs slippage and the alignment of the PHB macromolecules
during the plastic deformation can activate the shear flow of the polymer matrix, so that
the materials can withstand greater deformations without a rapid catastrophic fracture.
As a result, CNCs may act as a reinforcing agent only for higher amounts of CNCs in
PHB/PEG [102]. Similarly, a decrease in the tensile strength of the PHB/PLA/eCO/CNCs
nanocomposites of about 23% and a slight increase of the Young’s modulus of about 10%
as compared to the PHB/PLA blend were observed after the addition of epoxidized canola
oil (10 wt%) as a plasticizer and CNCs (5 wt%) as a reinforcing agent in a PHB/PLA (3:1)
blend (Figure 4) [116]. The small efficiency of the CNCs on the mechanical properties of the
plasticized blend was attributed to the inhomogeneous dispersion of CNCs in the presence
of the eCO plasticizer and the formation of CNCs agglomerates which initiated the rupture
of the material [116].

When PHBV-grafted CNCs were used as reinforcing agents in PHBV-based nanocom-
posites, a strong enhancement of the mechanical properties of PHBV, consisting in an
increase in the tensile strength, Young’s modulus, and elongation at break, was reported
over the entire concentration range [110]. This increase was attributed to the surface modi-
fication of CNCs, which ensured a good adhesion between PHCNs and PHBV both due to

20



Polymers 2022, 14, 1974

the entanglements between the chains of the PHBV matrix and the PHBV chains grafted on
the CNCs surface, and the formation of hydrogen bonding interactions between the PHBV
matrix and PHCNs. The largest improvements in the tensile strength, Young’s modulus,
and elongation at break, by 113%, 95%, and 17%, were obtained for the PHBV/PHCNs
nanocomposite with 20 wt% PHCNs [110]. A less pronounced reinforcing effect on the
mechanical properties of PHBV was obtained when the CNCs were surface modified with
butyric acid, lactic acid, or their mixture [109]. In this case, an improved storage modulus
at temperatures higher than the Tg of PHBV was reported only for the nanocomposites
containing butyrate-modified CNCs, where the improved interface between PHBV and
CNCs_butyrate led to increased Tg and tan δ values [109]. The shift of the glass transition
and the improved dumping showed a better stress transfer between the PHBV matrix and
CNCs_butyrate determined by the good dispersion of CNCs_butyrate in the PHBV matrix,
and to the similarity between the butyrate moieties attached on the CNCs surface and the
PHBV matrix [109].
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A different effect of CNCs on the mechanical properties of a PHB/P4HB mixture
was reported after the surface treatment of CNCs with silanes [111]. The addition of 5
and 10 wt% freeze-dried double-silanized CNCs (TMCNCs) in PHB/P4HB determined
a strong increase of the elongation at break along with a gradual decrease of the tensile
strength and a decrease of the Young’s modulus only for the higher content of TMCNCs in
nanocomposites. The strong increase of the flexibility was due to the action of TMCNCs
as a plasticizer and nucleating agent, promoting the formation of smaller spherulites and
enhancing the dispersibility of the surface treated CNCs in the polymer matrix [111]. The
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most important mechanical properties of PHB/CNCs nanocomposites are summarized in
Table 1.

5.3. Barrier Properties

The barrier properties against water, light, gases or volatiles are essential when the
PHB/CNCs nanocomposites are intended for food packaging application. Compared to
other biopolymers, PHB shows better barrier properties due to its hydrophobicity, high
crystallinity, and stereo-regularity [10], and the addition of CNCs may further improve these
properties. Migration studies using nonpolar and polar food simulants were carried out on
PHB/CNCs (1–5 wt%) nanocomposite films obtained by solvent casting [96] in order to
determine if these substances can pass by diffusion or adsorption to a potential food product
that was packaged using these nanocomposite films. The PHB/CNCs nanocomposites
were subjected to migration studies according to the Commission Regulation EU No
10/2011: (i) in ethanol 10% (v/v) at 40 ◦C for 10 days and (ii) in isooctane at 20 ◦C for
2 days. When ethanol was used as a food simulant, the overall migration of the PHB/CNCs
nanocomposites decreased as compared to the pristine PHB at low CNCs loadings, of
1 and 2 wt%. However, at CNCs loadings greater than 3 wt%, the migration increased
significantly, reaching a maximum value for the nanocomposites having 5 wt% CNCs. At
low CNCs contents, the strong interactions between the CNCs and PHB, which allowed a
good dispersion of the CNCs in the PHB matrix and led to restrictions of the movement
of the polymer chains, hindered the migration in ethanol. At higher CNCs contents,
CNCs tended to agglomerate, and the adhesion between CNCs and PHB was considerably
decreased, which left free way for the migration of the nanocomposites’ components in the
simulant. The same allure of the migration levels as in the case of ethanol was observed
when isooctane was used as food simulant, although the overall migration was much
reduced [96]. The maximum migration values of 175 µg/kg in ethanol and 40 µg/kg in
isooctane, obtained for the nanocomposites with 5 wt% CNCs, remained, however, far
below the standard migration limits of 60 mg/kg established by the EU current legislation.
Therefore, the migration tests showed that the PHB/CNCs nanocomposites are safe for
using as food packaging materials [96].

When the PHB/CNCs nanocomposites are intended for packaging fresh produce, a
high barrier to oxygen is important [10]. It was observed that the incorporation of low
CNCs loadings, of 1 and 2 wt%, into the PHB matrix led to a significant reduction in the
oxygen transmission rate (OTR), with 46% and 65% [96]. This was ascribed to the good
PHB/CNCs interface established as a result of the hydrogen bonding between CNCs and
PHB and the formation of a CNCs network inside the polymer matrix, which reduced
the permeation of oxygen through the PHB/CNCs nanocomposites [96]. Moreover, a
three-times reduction of the OTR was obtained in PHB/CNCs nanocomposites containing
3 wt% CNCs [89]. A schematic representation of the tortuous gas diffusion path in the case
of a PHB/CNCs nanocomposite compared to pristine PHB is shown in Figure 5.
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Good water vapor barrier properties are required for the PHB/CNCs nanocomposites
intended to be used in the food packaging industry in order to prevent premature loss of
flavor or spoilage of the food products [89]. PHB is characterized by a higher water vapor
permeability (WVP) as compared to that of common polymers used in packaging, which
may raise problems when baked products are packaged [10]. However, the addition of
CNCs in PHB reduced its WVP [86,89,98]. Accordingly, a three-times reduction in WVP
was reported for PHB/3 wt% CNCs nanocomposite as compared to neat PHB, although no
further decrease was observed for a higher content of CNCs in the nanocomposites [89]. In
the case of the PHB/CNCs nanocomposites obtained by solvent casting, a similar decrease
in the WVP was reported after the addition of 2 wt% CNCs in PHB and no variation in
the WVP value for higher CNCs amounts up to 6 wt% [98]. The decrease of the water
vapor permeation through the nanocomposites films was determined by the CNCs, which
acted as physical barriers hindering the diffusion of water molecules [89]. The differences
observed in the variations of the WVP with the amount of CNCs may be determined by the
good dispersion vs. agglomeration of CNCs, the adhesion to the PHB matrix, porosity of
the films, and other factors [98]. Moreover, it was observed that the addition of a plasticizer
(20 wt% TB) increased the water vapors permeation through the PHB/CNCs films, thus
reducing their ability to protect the packaged food from humidity during shelf life [99]. In
such nanocomposites, the plasticizer increased the free volume in the polymer, favoring
water vapors diffusion and reducing the moisture barrier properties of the nanocomposites,
while the CNCs acted as a barrier, increasing the tortuosity of the water vapor diffusion path
in the materials [99] (Figure 5). A significant reduction in the water vapor permeability of
the cellulose paperboard, with around two orders of magnitude, was observed after coating
it with plasticized PHB/CNCs [100]. This was assigned to the CNCs homogeneously
dispersed in the PHB matrix, acting as physical barriers to the diffusion of water vapor
molecules.

An important characteristic of the PHB/CNCs nanocomposites intended for the food-
packaging industry is their transparency, which allows seeing the packaging content.
The transmittance of the films determined by UV-visible spectroscopy is an important
characteristic showing not only the dispersion of CNCs in the PHB matrix but also the
compatibility of the phases in the composite material [89]. In general, well dispersed
CNCs should not significantly influence the transparency of the PHB. Indeed, in low
concentration, CNCs did not change the transmittance of the PHB film; however, from a
content of 5 wt% CNCs [89] or 2 wt% CNCs [96] in the nanocomposites their transparency
declined. The surface treated CNCs allowed the addition of higher contents of CNCs in
PHBV without a significant decrease in the UV-visible transmittance, [110] or even an
increase in transparency compared to neat PHBV [109]. An increase of transparency was
also reported after the addition of CNCs in the PHB/PCL blend [115].

5.4. Biodegradability

PHB is biodegradable in soil and water according to following ISO and ASTM
biodegradation standards: ISO 14855 (controlled industrial and home composting con-
ditions), ISO 15985 (anaerobic digestion), ISO 17556 (soil biodegradation test), ISO 14851
(biodegradation in aerobic, aquatic conditions), ISO 14853 (aqueous anaerobic biodegrada-
tion test) and ASTM D6691 (marine biodegradation) [122].

It was observed that coating cellulose paperboard with PHB/CNCs nanocomposites
did not significantly change the biodegradation rate of paperboard under composting con-
ditions [100]. Thus, the plasticized PHB/CNCs-cellulose paperboard bilayer composites
showed a biodegradation behavior quite similar to that of the neat paperboard, a disinte-
gration degree higher than 90% being achieved six weeks after they were incubated for
biodegradation under composting condition. However, in the fifth week of the biodegra-
dation test, a certain decrease in the biodegradation rate was observed for the plasticized
PHB/CNCs-paperboard composites as compared to the uncoated paperboard. This was de-
termined by the increased crystallinity degree of PHB and the formation of higher ordered
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PHB crystals following the CNCs and TB addition, which were much more resistant to
biodegradation than the amorphous regions in the material [100]. Similarly, the addition of
CNCs in PHB did not affect the good biodegradability of PHB [101]. Thus, the PHB/CNCs
nanocomposites were disintegrated in a high proportion (90%) in about 21 days under
composting conditions. At a low CNCs loading of 2 wt%, the PHB/CNCs nanocomposite
containing TB plasticizer showed a lower degradation rate compared to pristine PHB in the
first 14 days. This was probably due to the stiffening effect of the CNCs, which hindered the
diffusion of water into the material, slowing down the attack of microorganisms, together
with the higher PHB crystallinity, determined by the addition of the CNCs. As the CNCs
loading increased to 4 wt%, the nanocomposites presented a much higher degradation
rate, even in the first 14 days. This was due to the increased hydrophilicity and water
absorption of the nanocomposites at a higher CNCs content, which favored the degradation
of PHB by hydrolysis. Overall, in the case of PHB/CNCs nanocomposites where TB was
used as a plasticizer, the effect of CNCs on biodegradation was stronger than that of the
plasticizer. However, the type of plasticizer affected the biodegradation rate. In the case of
PHB/CNCs nanocomposites containing a high molecular weight plasticizer, a rather low
degradation rate was noticed, the nanocomposites having a similar biodegradation behav-
ior with PHB. Therefore, in this case, the CNCs incorporation did not lead to an acceleration
of the material biodegradation, despite their hydrophilicity [101]. When the CNCs were
added in a PHB/PCL blend, the biodegradability of PHB/PCL/CNCs nanocomposites
tested under composting conditions was also influenced by the presence of CNCs and their
concentration [115]. It was observed that an increase in the CNCs content led to an increase
in the biodegradation rate of the PHB/PCL/CNCs nanocomposites as compared to the
PHB/PCL blend and neat PHB. This was assigned both to the increased hydrophilicity as a
result of the CNCs addition, which promoted and accelerated the hydrolytic degradation
of PHB, and to the decrease in the degree of crystallinity of PHB as a result of PCL and
CNCs addition [115].

5.5. Biocompatibility

As combinations of two biocompatible materials, the PHB/CNCs nanocomposites
may be useful for biomedical applications. Choi et al. obtained PHB/CNCs nanocom-
posite foams with different contents of CNCs by employing a nonsolvent-induced phase
separation technique [106]. Regardless of whether THF or Diox was used as a nonsol-
vent, cytotoxicity tests showed that the resulted PHB/CNCs nanocomposites showed
sufficiently high cell viability (more than 80%) for at least 4 days, which render them safe
for potential biomedical application [106]. Furthermore, an enhanced cell adhesion was
observed after CNCs addition to PHBV [110]. The cytocompatibility of the PHBV/PHCNs
nanocomposites was evaluated by culturing human MG-63 cells on their surface. It was
found that the addition of PHBV-grafted CNCs (PHCNs) in PHBV increased the MG-63
cells growth. Moreover, an increase in the number of living cells from the PHBV/PHCNs
nanocomposites surface was observed as the content of PHCNs in the PHBV/PHCNs
nanocomposites increased (Figure 6). This was explained by the higher hydrophilicity
of the nanocomposites as compared to the neat PHBV which promoted cells attachment
and proliferation. Therefore, the addition of PHBV-grafted CNCs improved cell−matrix
interactions and the adhesion of MG-63 cell on the surface of nanocomposites [110].

The PHB/CNCs electrospun mats were also characterized by in vitro cytotoxicity
tests using a direct contact test with L-929 cells and MTT assay [91]. The PHB/CNCs
nanocomposite mats with a CNCs content of 22 wt% were proven to be noncytotoxic,
supporting the viability and proliferation of the L-929 fibroblasts cells. In addition, a
significant increase in the water absorption capacity of PHB, which is known to be a
hydrophobic material, was observed with increasing the CNCs content in the PHB/CNCs
nanocomposites mats. This was due to the presence of the numerous hydroxyl (-OH)
groups on the CNCs surface, which were able to establish hydrogen bonding interactions
with water molecules. Consequently, an improvement in the percentage of water absorption
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of around 311% was observed in the case of the PHB/22 wt% CNCs nanocomposite mats
as compared to the neat PHB mats. Therefore, PHB/CNCs nanocomposites mats are more
suitable as materials for scaffolds or other biomedical applications as compared to the pure
PHB [91].

Polymers 2022, 14, x FOR PEER REVIEW 25 of 32 
 

 

nanocomposites surface was observed as the content of PHCNs in the PHBV/PHCNs 
nanocomposites increased (Figure 6). This was explained by the higher hydrophilicity of 
the nanocomposites as compared to the neat PHBV which promoted cells attachment and 
proliferation. Therefore, the addition of PHBV-grafted CNCs improved cell−matrix inter-
actions and the adhesion of MG-63 cell on the surface of nanocomposites [110].  

 
Figure 6. Fluorescence images showing the attachment of MG-63 on neat PHBV (a) and 
PHBV/PHCNs nanocomposites with 10% (b), 20% (c), and 30% (d) PHCNs. Reprinted with permis-
sion from Ref. [110]. Copyright 2014 American Chemical Society. 

The PHB/CNCs electrospun mats were also characterized by in vitro cytotoxicity 
tests using a direct contact test with L-929 cells and MTT assay [91]. The PHB/CNCs nano-
composite mats with a CNCs content of 22 wt% were proven to be noncytotoxic, support-
ing the viability and proliferation of the L-929 fibroblasts cells. In addition, a significant 
increase in the water absorption capacity of PHB, which is known to be a hydrophobic 
material, was observed with increasing the CNCs content in the PHB/CNCs nanocompo-
sites mats. This was due to the presence of the numerous hydroxyl (-OH) groups on the 
CNCs surface, which were able to establish hydrogen bonding interactions with water 
molecules. Consequently, an improvement in the percentage of water absorption of 
around 311% was observed in the case of the PHB/22 wt% CNCs nanocomposite mats as 
compared to the neat PHB mats. Therefore, PHB/CNCs nanocomposites mats are more 
suitable as materials for scaffolds or other biomedical applications as compared to the 
pure PHB [91].  

6. Applications of PHB/CNCs Nanocomposites 
Due to their biodegradability and improved thermal and mechanical features, 

PHB/CNCs bionanocomposites have a great market potential, especially in the medical 
and packaging sectors (Figure 7). In addition to the “green” character, the incorporation 
of CNCs derived from cheap natural resources in PHB can reduce the production costs, 
one of the important barriers to the widespread marketing of PHB. When intended for use 
as packaging materials, PHB/CNCs nanocomposites must satisfy certain ‘essentialrequire-
ments’ like easy processing, transparency, high elongation at break and good barrier prop-
erties. Moreover, when packages reach the end of their life, the waste must ultimately 
decompose into mainly carbon dioxide, biomass, and water in order to have a minimal 

Figure 6. Fluorescence images showing the attachment of MG-63 on neat PHBV (a) and
PHBV/PHCNs nanocomposites with 10% (b), 20% (c), and 30% (d) PHCNs. Reprinted with permis-
sion from Ref. [110]. Copyright 2014 American Chemical Society.

6. Applications of PHB/CNCs Nanocomposites

Due to their biodegradability and improved thermal and mechanical features, PHB/CNCs
bionanocomposites have a great market potential, especially in the medical and packaging
sectors (Figure 7). In addition to the “green” character, the incorporation of CNCs derived
from cheap natural resources in PHB can reduce the production costs, one of the important
barriers to the widespread marketing of PHB. When intended for use as packaging mate-
rials, PHB/CNCs nanocomposites must satisfy certain ‘essentialrequirements’ like easy
processing, transparency, high elongation at break and good barrier properties. Moreover,
when packages reach the end of their life, the waste must ultimately decompose into mainly
carbon dioxide, biomass, and water in order to have a minimal impact on the environ-
ment [123]. A major sector of food packaging is represented by the short-life packaging
where biodegradability represents a compulsory characteristic. Showing a rapid biodegra-
dation, which is in general enhanced by the addition of CNCs, PHB nanocomposites are
suitable biomaterials for short-life packaging. Besides the enhanced flexibility and process-
ability, the food packages should also show specific barrier properties. It was observed
that PHB/PCL/3 wt% CNCs nanocomposites obtained through solvent casting followed
by extrusion and compression molding showed balanced mechanical properties and good
UV barrier properties, along with high transparency and degradation rate [115]. Therefore,
the nanocomposite with 3 wt% CNCs is promising for packaging application. Luzi et al.
studied the suitability of PLA/PHB/CNCs films plasticized with an oligomeric lactic acid
and containing carvacrol, a natural antimicrobial additive, for food packaging [124]. The ex-
truded films showed a good Young’s modulus and an excellent elongation at break (430%),
along with a reduction of the oxygen transmission rate following CNCs incorporation.
Moreover, all formulations disintegrated in less than 17 days under composting conditions,
showing a weight loss higher than 80% [124].
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Although the addition of a plasticizer is needed for a better processability and flex-
ibility of the PHB/CNCs films intended for packaging application, their addition can
negatively influence the mechanical and barrier properties. Seoane et al. studied the
possibility of using PHB/CNCs nanocomposites, plasticized with tributyrin or poly (di-
ethylene adipate), as biodegradable packaging materials [101]. The investigation of the
PHB/CNCs nanocomposites’ biodegradability was performed under simulated compost-
ing conditions according to the ISO 20200 standard. The addition of small molecular
weight plasticizers improved the dispersion of CNCs in the PHB matrix. Moreover, all
the prepared PHB/CNCS nanocomposites showed a degree of disintegration of about 90%
in 21–28 days after the beginning of the disintegration tests, which, together with their
promising mechanical and thermal properties recommend them, as suitable candidates for
the packaging industry [101].

Besides their use as films for packaging, the PHB/CNCs nanocomposites can also
serve as coatings for paperboard or other hydrophilic substrates [100]. Thus, plasticized
PHB/CNCs nanocomposites were used as layers for paperboard in order to improve its
mechanical properties and to protect it against moisture. The new biodegradable and low
cost composite materials were characterized in terms of barrier properties and disintegra-
tion in composting conditions for the evaluation of these materials as packaging. Although
reduced after the addition of CNCs, the water vapor permeability of the paperboard coated
by PHB/CNCs was still higher with about one order of magnitude compared to that of the
same paperboard coated by polyethylene. However, the paperboard coated by PHB/CNCs
achieved a much higher disintegration level (80%) than the neat paperboard (55%) after
35 days in composting conditions, which strongly support these composites as cheap
packaging materials [100].

The application of PHB and PHB/CNCs in biomedicine has a great future. For the
application in the biomedical field, the PHB/CNCs nanocomposites must possess two
essential characteristics, namely biocompatibility (both PHB and CNCs are inherently
biocompatible) and nontoxicity. However, each biomedical application may demand
supplementary characteristics such as bioactivity, biodegradability, superior mechanical
strength, or a certain degree of flexibility that may require the addition of other specific
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components to the PHB/CNCs formulations. In contrast to PLA, PGA, or PLGA, largely
used in medical applications, the biodegradation of PHB and its copolymers in living
tissues does not cause medium acidification [125]. The predominant degradation product
of PHB, 3-hydroxybutyric acid, is much weaker than lactic acid, the main biodegradation
product of PLA and PLGA; therefore, PHB and its nanocomposites do not cause chronic
tissue irritation due to a decrease of pH, which is an extremely serious problem associated
with PLA implants [125]. Up to now, only in vitro studies on PHB/CNCs nanocomposites
were done [91], which demonstrated their lack of toxicity. However, in vivo studies are
necessary for a more rapid application of PHB/CNCs nanocomposites as scaffolds and
dressings.

Besides these applications, the PHB/CNCs nanocomposites may be useful in other
fields such as encapsulation of medicine or fertilizers, and even electronics and other
engineering applications.

7. Conclusions and Future Perspectives

The addition of CNCs in PHB is an efficient tool for designing fully biobased and
biodegradable PHB/CNCs nanocomposites with improved properties. PHB/CNCs bio-
nanocomposites proved to be suitable as replacements for fossils fuel-based materials
because they have many properties comparable to that of the latter and, additionally, an
insignificant carbon-footprint during processing and disposal. Even though PHB/CNCs
nanocomposites have experienced a rapid advance in many fields and, especially, in pack-
aging, there are still some scientific and technological challenges that remain open. One of
them is the large improvement in interfacial adhesion and CNCs dispersion in the PHB
polymer required for a strong enhancement of properties. Therefore, CNCs need to be
efficiently functionalized in order to serve as effective reinforcing agents in PHB. In this
respect, several approaches have been made, by using dispersing agents, compatibilizers, or
grafting polymers compatible with PHB or PHBV on the CNCs’ surface. However, it should
be taken into account that all the surface treatments applied to CNCs will increase the costs
of the final material. Therefore, as a future outlook, there is still a need for further advance-
ments in the treatment of CNCs and in the methods used for obtaining PHB/CNCs based
nanocomposites with finely dispersed CNCs. Concerning the applications of PHB/CNCs
nanocomposites, more attention needs to be paid to the specific studies such as barrier
properties, migration, toxicity, and biocompatibility, especially in vivo. The deepening of
such specific tests would contribute to a great extent to a clearer outline of the behavior
of these materials in terms of their application. In summary, although there are some
barriers that need to be overcome, recent and continuous advances in the scalability of the
industrial production of PHB/CNCs nanocomposites offer great promise and potential for
their utilization in the packaging and biomedical sectors, while contributing to a sustainable
future and economy.
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Abstract: The ‘Back-to-nature’ concept has currently been adopted intensively in various industries,
especially the pharmaceutical industry. In the past few decades, the overuse of synthetic chemicals
has caused severe damage to the environment and ecosystem. One class of natural materials
developed to substitute artificial chemicals in the pharmaceutical industries is the natural polymers,
including cellulose and its derivatives. The development of nanocelluloses as nanocarriers in
drug delivery systems has reached an advanced stage. Cellulose nanofiber (CNF), nanocrystal
cellulose (NCC), and bacterial nanocellulose (BC) are the most common nanocellulose used as
nanocarriers in drug delivery systems. Modification and functionalization using various processes
and chemicals have been carried out to increase the adsorption and drug delivery performance
of nanocellulose. Nanocellulose may be attached to the drug by physical interaction or chemical
functionalization for covalent drug binding. Current development of nanocarrier formulations
such as surfactant nanocellulose, ultra-lightweight porous materials, hydrogel, polyelectrolytes,
and inorganic hybridizations has advanced to enable the construction of stimuli-responsive and
specific recognition characteristics. Thus, an opportunity has emerged to develop a new generation of
nanocellulose-based carriers that can modulate the drug conveyance for diverse drug characteristics.
This review provides insights into selecting appropriate nanocellulose-based hybrid materials and
the available modification routes to achieve satisfactory carrier performance and briefly discusses the
essential criteria to achieve high-quality nanocellulose.

Keywords: drug delivery; drug release; functionalization; nanocellulose

1. Introduction

Drug delivery technology (DDT) is a cutting-edge applied science for delivering drugs
to specific targets. This technology regulates the absorption and release of therapeutic
drugs via various drug carriers to the desired organs, including subcellular organs, tis-
sues, and cells, to improve human health [1]. DDT has advanced rapidly in the past
few decades, enabled by various discoveries in various fields, including pharmaceutical,
materials, and biomedical sciences. DDT development aims to improve therapeutic drugs’
pharmacological activity and overcome various disadvantages of conventional therapeutic
drugs such as drug agglomeration, biodistribution deficiency, low bioavailability, limited
solubility, and insufficient selectivity to prevent the concurrent effects of therapeutic drugs.
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The majority of research studies on drug delivery technology revolve around de-
veloping materials suitable for drug delivery with desirable characteristics such as high
drug adsorption capacity, targeted drug administration, controlled release, biocompati-
bility, and non-immunogenic and non-toxic effects that optimize therapeutic efficacy and
eliminates side effects [2]. Many engineered nanomaterials have been studied for drug
delivery applications [3]. Some nanomaterials have recently been undergoing development
and clinical investigation; however, each nanomaterial has its various characteristics and
limitations, challenging the researcher in creating a suitable drug delivery system.

Natural-based polymers have drawn considerable attention as suitable biomateri-
als for numerous applications in drug delivery systems. Various nature-based polymers
such as polysaccharides (cellulose, chitosan, hyaluronic acid, pectins, alginate, cellulose
ethers), proteins (silk fibroin and collagen), and peptides have been identified as promis-
ing biomaterials for drug delivery systems given their biocompatibility, processability,
and characteristics (e.g., nanoparticles, hydrogels, aerogels, tablets, and so on) that can be
regulated by modifying various polymer functional groups such as amino groups, carboxyl
groups, and hydroxyl groups [4]. The current development of these mentioned various
polysaccharides, proteins, and peptides for drug delivery systems have been well-reviewed
elsewhere [4–7].

Several natural polymers have been shown to have a higher affinity for cell re-
ceptors and modulate cellular processes such as adhesion, migration, and proliferation.
These advantages make these natural polymers attractive for effective and high-efficiency
drug delivery systems [8]. They can also be degraded in the presence of in vivo en-
zymes, which ensures their ability to create responsive local delivery systems. However,
only polysaccharides and proteins have been extensively studied in drug delivery systems
(DDS). These natural polymers have unique characteristics in each tissue and have identical
characteristics in the extracellular skeleton. These characteristics support these natural
polymers’ utilization as drug carriers with insignificant invasive features [9–11].

Cellulose is the most abundant and commonly found natural polymer [12]. Its an-
nual production is estimated at more than 7.5·1010 tons [13]. As a promising fuel and
chemical precursor, cellulose has been widely utilized in various industries such as textile,
pulp, paper, composite, and pharmaceutical excipients [2]. However, the development of
cellulose-based materials as a direct molecule controller for drug adsorption and release
had not been evaluated until the discovery of nanocellulose, which became a turning point
for using carbohydrate-based nanomaterials in the field of drug delivery [14,15].

As illustrated in Figure 1, the publication on nanocellulose for biomedical engineering
applications increases every year, especially for drug delivery applications. The increase in
the number of publications on the utilization of nanocellulose for drug delivery systems
is a strong indication of the potential application of this material in the future. The rapid
development of nanotechnology and materials science has brought about nanocellulose
as a potential drug carrier because of its extraordinary physicochemical and biological
characteristics. Nanocellulose has a large surface-area-to-volume ratio, thus enabling
more significant adsorption and therapeutic drug-binding capacity than other materials.
With these properties, nanocellulose can facilitate drug release mechanisms and allocate
drug delivery precisely to the target to drastically reduce drug consumption, leading to
improved drug delivery system effectiveness [16,17]. Nanocellulose additionally exhibits
other attractive characteristics such as stiffness, high mechanical strength, biocompatibility,
low toxicity, lightweight, tunable surface chemistry, and renewability [11,18], which are
desirable for the design of advanced drug delivery system.
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Nanocellulose can be utilized as either carrier or excipient for broad application
in drug delivery systems such as microparticles, tablets, hydrogels, aerogels, regulating
nanoparticles, and membrane drug delivery systems [19]. Nanocellulose has been manufac-
tured on the laboratory and industrial scale, i.e., ranging from 140 g day−1 to 50 ton year−1

in three different forms as nanocrystalline cellulose (NCC), nanofiber cellulose (NFC),
and bacterial nanocellulose (BNC) [20]. Several recent research and review articles have
comprehensively overviewed the process, extraction, characterization, and applications of
nanocellulose and their modified structures in drug delivery systems [12,17,21–24].

The drug binding and the release time of nanocellulose-based drugs vary depending
on the nanocellulose configuration, therapeutical ingredient’s activity, the production
method, and the modification [25,26]. Therefore, nanocellulose is a promising carrier
for various drug delivery systems such as oral administration, ophthalmic drug delivery,
intratumoral administration, transdermal drug delivery, topical administration, and local
drug delivery.

This review provides a comprehensive overview of the preparation procedures of
nanocellulose and the various effects on drug formulation and delivery. Three types of
nanocelluloses and a brief description of their synthesis processes are discussed at the
beginning of this review. Subsequently, the effects of raw materials and the synthesis
process on the characteristics of the resultant nanocellulose are discussed. This is then
followed by the application of nanocellulose to various drug delivery systems.

2. Conversion of Cellulose into Nanocellulose and Its Characteristic

Cellulose is the most abundant natural polymer globally and is a renewable source and
essential raw material for various industries. Cellulose is a crucial constituent compound
for plants, marine animals, algae, fungi, bacteria, and amoebae [12]. In 1838, French chemist
Anselme Payen discovered and isolated cellulose from plant fibers using nitric acid and
determined its chemical structure. The primary sources of cellulose are plant fibers with a
high cellulose content, such as cotton (containing more than 90% cellulose content) [27]
and wood (up to 50% cellulose). Other compounds such as hemicellulose, lignin, pectin,
and wax are also present; they can be recovered during the separation process.
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Recently, various agricultural wastes with high cellulose content were explored as a
source of cellulose, such as oil palm empty fruit bunches (OPEFB) [28], palm and banana
fronds, passionfruit peel waste [29], bagasse, wheat straw, rice straw, bamboo stalks, hemp
bark, potato tubers, mulberry bark, hemp avicel, and sugar beets [30]. Cellulose derived
from these non-plant precursors can have a molecular structure similar to that of plant
cellulose. However, the main difference is that much less hemicellulose or lignin is present
in these non-plant-based precursors; higher cellulose content with much lower impurities
can be obtained from these precursors.

In terms of chemical structure, cellulose is composed of a linear homopolysaccharide
consist of β-D-glucopyranose units entirely condensed and bonded through β-1,4-glycoside
linkages (Figure 2). The structure foundation of the cellulose network is arranged by a
chain glucose dimer comprising two anhydrous glucoses (AG) defined as cellobiose [31]
(Figure 2). The raw material or the pretreatment (chemical or mechanical) of cellulose may
affect the cellulose chain length and thus lead to molecular weight variation. The number
of AG units in each chain is known as the polymerization degree (PD). The value of PD for
cellulose powder varies from 100 to 300 units and around 26,500 for cellulose pulp [32].
The PD value for cellulose from cotton is 15,000, and wood is approximately 10,000 [33].
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Each cellulose monomer contains three reactive hydroxyl groups in the repeating
chemical structure of the β-D-glucopyranose unit. In the same chain, these hydroxyl
groups can make hydrogen bonds with the adjacent β-D-glucopyranose units. At differ-
ent chain locations, the bonds present are intramolecular and intermolecular hydrogen
bonds responsible for the crystal arrangement, determining the cellulose’s physical char-
acteristics. Based on molecular orientation and hydrogen network between molecules
and intramolecular, cellulose is classified into different types, i.e., I, II, III, IIII, IIIII, IVI,
and IVII. For details about the classification of cellulose, the reader can refer to the work of
Moon et al. [34]. Some of the cellulose characteristics are mainly represented by hydrogen
linkage coordination [35,36].

Structurally, the cellulose is a linear chain polymer with a rod-like configuration, aided
by the glucose residues’ equatorial conformation that is intensely aggregated together
with the lateral size 3–5 nm [36]. Primary chains of cellulose, especially polysaccharide
chains, are found on the secondary walls of plants arranged in a parallel configuration. The
cellulose’s basic fibers have a cross-sectional diameter between 10–450 nm with a length
of several micrometers that depend on the diversity of material sources [37]. Moreover,
the elementary fibrils were arranged into large pack units called microfibrils, further
foregathered into fibrils [13]. There are regions within the cellulose fibrils where the
cellulose chains are organized into a highly crystalline structure with a length of 50–150 nm
and disordered amorphous regions with 25–50 nm [34]. The cellulose chains construct
the crystalline regions through Van der Waals forces, strong intra- and intermolecular
hydrogen linkage, and β-1,4-glycosidic bonds. In contrast, amorphous regions are built
up through the deficiency of hydrogen bonds in the crystalline region. The crystalline and
amorphous regions in cellulose may vary depending on various sources.

The crystalline constituent within cellulose fibers can be refined through various
chemical treatments by destructing and removing the disordered amorphous or para-
crystalline regions. The purified crystal fragments with particle sizes on the nanometer scale
are called nanocrystalline cellulose (NCC) (Figure 3). Different shapes of NCC are present
such as needle and elongated rod-like shape or spindle-like shape with high stiffness of
crystalline fragments [38], which are reported as cellulose whisker [39], nanowhisker [40],
nanorod [41], and spherical nanocrystal [42].
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microscopy (TEM) images of rod-like cellulose nanocrystals [38], reprinted with permission; transmission electron mi-
croscopy (TEM) images of cellulose nano whisker reprinted with permission from [25]. Copyright © 2019 Elsevier B.V.; (b)
transmission electron microscopy (TEM) images of spherical cellulose nanocrystal reprinted with permission from [43].
Copyright © 2018 Elsevier B.V.).

A top-down process has been applied for NCC production in which a large unit of
cellulose fibers (cm) is disintegrated through chemical or mechanical treatment into small
units of nanocellulose (nm) [44]. NCC’s chemical structure is constructed by intra- and
intermolecular hydrogen linkage of cellulose macromolecules with a high crystallinity
value varying from 54 to 88% [45]. NCC’s particle size depends on the origin of the cellulose
sources, with the diameter and length typically varying between 5 and 30 nm and between
100 and 500 nm, respectively [46]. Thus, NCCs have become an attractive candidate as
drug carriers, given their outstanding physical and chemical properties [21,47,48].

Cellulose nanofiber (CNF), also known as cellulose nanofibril, micro-fibrillated cellu-
lose, nano-fibrillar cellulose, nano-fibrillated cellulose, or cellulose microfibril, has a similar
molecule structure to NCCs with nano-size particles. Similar to NCC, CNF can also be pro-
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duced from various cellulose sources. However, the morphology and crystallinity of NCC
and CNF are the unique features that differentiate these two cellulose-based compounds.
CNFs have long, flexible cellulose chains of amorphous and crystalline regions isolated
from cellulose fibrils through mechanical treatment (Figure 4) [46]. The diameter of CNFs
varies from 1 to 100 nm, while their length varies between 500 and 2000 nm. The dimension
of CNFs molecules is strongly influenced by mechanical treatment and defibrillation [49].
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(scanning electron microscopy (SEM) images of micro fibrillated cellulose reprinted with permission
from ref. [50]; Copyright © 2007 Elsevier Ltd.; scanning electron microscopy (SEM) images of cellulose
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NCC has high crystalline cellulose purity, resulting in a rigid structure, whereas the
CNF structure consists of irregular amorphous parts, with some parts exhibiting a high
degree of crystallinity. The amorphous regions in CNF control the structure flexibility
of nanocellulose [52]. Figure 4 presents an illustration of CNF extracted from cellulose
fragments via mechanical defibrillation. The exerted force fractures the cellulose fibrils
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along its longitudinal axis [34]. Compared with NCC, CNF exhibits unique properties
such as extended length with excellent aspect proportion (length to diameter), superlative
surface area, hydrophilicity, biocompatibility, and adjustable characteristic through surface
modification [53].

Microbial cellulose (MC), bacterial nanocellulose (BC), and bio-cellulose (BC) have
been used as the other terms for bacteria cellulose (BC). In contrast to NCC and CNF,
BC’s structure comprises sugars with low molecular weight. Many bacteria strains have
been used to generate BC as an extracellular metabolic product, such as Gluconaceto-
bacter, Sarcina, Aerobacteria, Escheria, Achromobacter, Rhizobium, Rhodobacter, Azotobacter,
and Agrobacterium [54,55]. However, only Gluconacetobacter xylinus has been commercially
utilized to produce BC on an industrial scale [27]. The bacteria strains are commonly
incubated in nutrient-rich aqueous media and produce BC on the upper layer (interface
with air) as an exopolysaccharide. In this case, the β-D-glucopyranose units are initially
present during the growth of cellulose molecules within the bacterial cell. The elementary
fibril is released across the pores of the cellulose surface, which was further arranged and
crystallized into microfibrils with twisting ribbons shape followed by pellicle formation
(Figure 5) [56]. The fabricated BC comprises a nanofibers framework with a diameter of
20–100 nm with a length of several micrometers and a large surface area composed mainly
of water (99%) [57].
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In terms of chemical composition, BC is indistinguishable from plant-based nanocel-
lulose (e.g., NCC and CNF). However, BC has higher crystallinity (up to 84–89%) with
fewer amorphous regions than NCC and CNF. Moreover, BC contains fewer impurities
and contaminants such as hemicellulose, lignin, and pectin, mainly found in plant-based
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nanocellulose. BC is a biocompatible material with non-cytotoxicity and non-genotoxicity
for biomedical applications, especially drug delivery [60]. BC synthesis does not involve a
complicated process such as mechanical and chemical treatment to cleave the hemicellulose
or lignin within the lignocellulosic biomass, thereby allowing high cellulose purity.

BC’s properties can be modulated by various techniques such as substrate manipula-
tion, culture condition and operation parameter, and proper bacterial strain selection [17,54].
In contrast to NCC and CNF, BC provides unique characteristics such as high crystallinity
of nanocellulose (84–88%) and polymerization grade, high water uptake capacity (exceed-
ing 100 times of its weight), large surface area (high aspect proportion of fiber), outstanding
tensile strength (Young modulus of 15–18 GPa), flexibility, foldability, moldability, mechan-
ical stability, and high porosity [60]. A summary of the characteristics of various types of
nanocellulose is listed in Table 1.

Table 1. Summary of the characteristics of various types of nanocelluloses.

Parameter

Types
Nanocrystalline Cellulose (NCC) Cellulose Nanofibers (CNF) Bacterial Cellulose

Common names

Cellulose whisker, cellulose
nanowhisker, cellulose nanowire,

and cellulose nanorod or spherical
cellulose nanocrystals

Cellulose nanofibril, micro
fibrillated cellulose, Nanofibrillar

cellulose, Nanofibrillated
cellulose, and cellulose microfibril

Microbial cellulose (MC), bacterial
nanocellulose (BC), and

bio-cellulose (BC)

Morphological
structure

Needles like shape, elongated
rod-like shape, and spindle shape

Smooth, extended, and flexible
chain Twisted ribbons like shape

Structure of
Nanocellulose Crystalline domains amorphous and crystalline

domains Crystalline domains

Chain Length ≥500 500–15,000 4000–10,000

Crystallinity (%) 54–88 - 84–88

Other Impurities and
contaminant

Possible to contain hemicellulose,
lignin, and pectin

Possible to contain hemicellulose,
lignin, and pectin

Contain no hemicellulose, lignin,
and pectin

Size (Length and
Diameter)

Diameter: 5–30 nm and Length:
100–500 nm

Diameter: 1–100 nm and Length:
500–2000 nm

Diameter 20–100 nm and several
micrometric lengths

Process System Top-down system Top-down system Bottom-up system

Tensile strength (Gpa) 7.5–7.7
[34] 13 0.2–0.3

Modulus Young (Gpa) 110–220
[45] Approximately 15 18–20

[60]

Density (gr/cm3) 1.6
[61] 1.42 1.1

Characteristics

Homogenous nanorod form,
exceptional aspect ratio (length to

diameter), appreciable specific
surface area (SSA),

biocompatibility, liquid crystalline
attribute, inferior breaking

expansion, high young’s modulus,
hydrophilicity, outstanding

mechanical stiffness, tunable
surface characteristic due to the

reactive hydroxyl group and low
density

Extended length with excellent
aspect proportion (length to

diameter), superlative surface
area, hydrophilicity,

biocompatibility and adjustable
characteristic through surface
modification afforded by high

extensive of hydroxyl groups in
CNF.

High crystallinity of nanocellulose
(84–88%) and polymerization

grade, high water uptake capacity
(exceeding 100 times of its

weight), remarkable surface area
(high aspect proportion of fiber),

outstanding tensile strength
(young modulus 15–18 Gpa), and
flexibility, foldability, moldability,

mechanical stability, highly
biocompatible material,

non-cytotoxic, un-genotoxic and
high porosity

Based on the previous discussion, cellulose can be subjected to a mechanical, biologi-
cal, and chemical treatment to produce three different NCs, i.e., nanocrystalline cellulose,
cellulose nanofibrils, and biological cellulose. They are classified based on various aspects
such as morphology, particle size, crystallinity, nanocellulose structure, extraction tech-
niques, and cellulose sources [56]. Moreover, other important factors such as interfibrillar
arrangement, microfibril inclination, chemical constituent, cell dimension, and defects can
also vary depending on the cellulose sources [62]. Among all the mentioned character-
istics, mechanical strength is essential in the drug delivery field [63]. As summarized in
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Table 1, NCC possesses a high modulus young, up to 220 GPa, which is higher than glass
(86 GPa) [61] and kevlar KM2 fiber (88 GPa) [45]. Furthermore, the mechanical stiffness of
NCC can reach up to 7.7 GPa, which is higher than 302 stainless steel (3.88 GPa) [45] and
kevlar KM2 fiber (1.28 Gpa) [45].

3. Sources and Pretreatment of Raw Materials for Nanocellulose Productions

In general, the production of nanocellulose (NC) consists of three steps: (1) Finding the
suitable sources, (2) raw material pretreatment, and (3) NC extraction. The raw material’s
source and type influence the physical and chemical properties and the NC product’s
yield. Currently, most nanocellulose sources utilize high-quality biomass such as cotton,
wood pulp, and dissolving pulp, which comprises the high cellulose content. However,
in response to recent essential issues, such as the depletion of non-renewable energy and
increasing global temperature, the researchers realized the development of waste-based
biomass as a feedstock for the production of nanocellulose. Various types of biomass
waste, including forest residues, algae, agricultural, and industrial by-products, appear as
potential raw materials for nanocellulose production. In terms of chemical composition,
each category of biomass waste is primarily composed of cellulose, lignin, hemicellulose,
pectin, and other minor substances with different physical and chemical characteristics [64].
Agricultural and forest residues have similarities in their chemical composition, but lignin
composition in agricultural waste is significantly high, while the cellulose content in forest
residues is higher than in agricultural waste [64,65].

Among all of the waste-based cellulose sources, the nanocellulose extraction from
industrial waste seems more complex since the chemical and structural composition of
feedstock is variable and crucially depends on the residue types. The various impurities
(e.g., hemicellulose, lignin, wax, and pectin) act as a structural barrier that hinders the
accessibility to the cellulose material for the extraction process [22]. Therefore, pretreatment
is necessary to remove the cellulose framework’s impurities, permitting the aperture of
the material framework to expedite cellulose microstructure access. Moreover, removing
impurities is also beneficial to reduce the consumption energy of mechanical treatment for
cellulose disintegration [66]. Another objective of raw material pretreatment is to regulate
the biomass structure and size and overcome the plant cell wall recalcitrance.

The pretreatment is generally divided into four categories such as physical (milling,
grinding, microwave, ultrasound, etc.), chemical (dilute acid, mild alkali, TEMPO medi-
ated oxidation, organosolv, and ionic liquid), biological (fungi, bacterial, and archaeal),
and physicochemical (steam explosion, liquid hot water, wet oxidation, etc.) [67]. The effec-
tiveness of the biomass pretreatment process depends on pH, temperature, type of catalyst,
and pretreatment time. Selecting the appropriate pretreatment would allow avoiding the
structure disintegration or loss of cellulose, ensuring low cost, and minimizing energy use
to reduce toxic and hazardous waste [68].

The chemical pretreatment process is considered the most efficient and economically
feasible for the disintegration of biomass with low pretreatment severity. However, chem-
ical pretreatment is non-environmentally friendly and requires a wastewater treatment
process [69]. Physical pretreatment is environmentally friendly and scarcely generates
hazardous or toxic substances, but the major disadvantage lies in its high energy con-
sumption, which is generally higher than chemical treatment [70]. Biological treatment
is widely known as an eco-friendly process, operates under mild conditions, and con-
sumes a lower energy amount. However, long pretreatment duration, low conversion,
and carbohydrate loss tendency throughout pretreatment remain the main challenges of
biological pretreatment by the microorganism [71]. Physicochemical pretreatment using a
combination of chemicals and high temperature or pressure in extreme conditions can ef-
fectively escalate biomass degradation. Nevertheless, high energy input is required, which
translates to high operation costs for this method. Proper pretreatment of cellulosic fibers
can improve the hydroxyl group’s accessibility, inner surface enhancement, crystallinity
alteration, and fracture of the intra and inter hydrogen bonds of cellulose, leading to the
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increased fibers reactivity [72]. Detailed pretreatment of cellulose-based raw materials has
been thoroughly discussed elsewhere [73].

The integrated pretreatment strategy of lignocellulosic waste biomass comprising
two or more pretreatment stages increases the pretreatment process’s effectiveness, prod-
uct characteristics, and versatility of composition in extracted cellulose. An additional
process that adds more steps to cellulose purification is highly undesirable [74]. For in-
stance, de Carvalho Benini [75] performed alkaline treatment coupled with multiple stages
of bleaching pretreatment followed by sequential dilute acid hydrolysis to increase the
efficiency of impurities removal (e.g., starch, hemicellulose, and lignin/pectins) from the
cellulose framework. Similarly, Wijaya et al. [29] combined alkaline and bleaching treat-
ment to obtain higher purified cellulose from passion fruit peel. In a different study, Maciel
et al. [76] obtained the soluble and insoluble lignin after alkaline treatment reached 60 and
75%, respectively. The summary of the pre-treatment strategy of waste-based nanocellulose
sources is presented in Table 2.

Table 2. Summary of waste-based sources for nanocellulose production and its characteristic.

Waste Residue
Sources

Nanocellulose Isolation Technique Nanocellulose Characteristics References
Pretreatment Treatment

WASTE BASED FOREST RESIDUE

Birch and Spruce
sawdust

Hot water treatment and
subsequent delignification;

TEMPO oxidation
Mechanical defibrillation CNF

σ = 171,6 MPa; E = 6.4 Gpa; [77]

Medium-density
fiberboard

Soxhlet extraction (Ethanol
and toluene), NaOH, and

recurrent bleaching
Acid hydrolysis (H2SO4)

NCC
L:164.7 nm; W: 6.7 nm; CrI (%):

71
[78]

Eucalyptus sawdust

Hot water treatment,
alkaline delignification, O2

residual delignification,
TEMPO-mediated

Oxidation

High pressure
homogenization

CNF
Davg: 41.0 nm; SSA: 60 m2/g; Y

(%) = 60
[79]

Pinecone biomass
Alkali treatment followed

with acidification
(NaClO2:CH3COOH)

Mechanical grinding.
CNF

σ: 273 MPa; E: 17 GPa;
CrI (%): 70%; D: 5–20 nm.

[80]

Logging residues Alkaline and bleaching
pretreatment Acid hydrolysis (H2SO4)

NCC
L/D > 10; CrI (%): 86–93; TS

(◦C): 208.4–211
[81]

Bamboo log chips Pretreatment with glycerol;
and screw extrusion

Mechanical refining/Milling
treatment assisted by H2SO4

(0.15%) as a catalyst

CNF
D: 20–80 nm; CrI (%): 52.7%; Y

(%): 77.2
[82]

WASTE BASED ALGAE RESIDUE

Cladophorales - TEMPO Oxidation;

CNF
W: 80 nm; SSA: 77 m2/g
CrI (%): 93%; D: 80 nm;

Excellent mechanical and
rheological characteristics

[83]

Red algae - Acid hydrolysis (H2SO4)
NCC

L: 432 nm; W = 28.6 nm; L/D:
15.1; CrI (%): 69.5; Yield: 20.5%;

TS (◦C): 220 ◦C
[84]

Green Seaweed
Ulva lactuca

Methanol pretreatment
(Soxhlet extraction)

followed by bleaching,
alkaline pretreatment, and

neutralization

Acid hydrolysis (H2SO4) NCC
CrI (%): 83; TS (◦C): 225 ◦C [85]

Industrial kelp
(Laminaria japonica)

waste

Two stages of bleaching
pretreatment (Chlorine
dioxide followed with

hydrogen peroxide)

Acid hydrolysis (H2SO4)
NCC

L: 100–500 nm; D = 20–50 nm;
L/W: 5–20; Yield: 52.3%; TS

(◦C): 240 ◦C
[86]
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Table 2. Cont.

Waste Residue
Sources

Nanocellulose Isolation Technique Nanocellulose Characteristics References
Pretreatment Treatment

Dealginate kelp
residue

From Giant Kelp
(Calrose variety)

Na2CO3 (2% wt) treatment,
residual sodium alginate
extraction by NaOH (2%

wt); Ultrasonic irradiation;
NaClO2 (0.7% wt) buffer

solution bleaching treatment
and delignification

Acid hydrolysis (H2SO4)
NCC

L: 100–500 nm; D = 20–50 nm;
L/W: 30–70; CrI (%): 74.5; TS

(◦C): 120–180 ◦C; l = 120–480 nm
[87]

Chaetomorpha
antennina Bleaching method

Acid hydrolysis (HCl)
followed with Ultrasonic

irradiation

CNF
E = 0.9 Gpa; CrI (%): 85.02; Y =
34.09%; TS (◦C) = 200–370 ◦C

[88]

Gelidium sesquipedale

Soxhlet Extraction (Ethanol:
Toluene) Bleaching

treatment, delignification
(5% KOH solution)

Acid hydrolysis (H2SO4)
followed with

neutralization (NaOH)

NCC
L: 467–1650 nm; D = 18–29 nm;

L/W: ~40; CrI (%): ~70%;
[89]

Gelidium elegansred Alkali and bleaching
pretreatment Acid hydrolysis (H2SO4)

NCC
L: 547.3 nm; D = 21.8 nm; L/W:

25; CrI (%): 73%; TS (◦C): 334 ◦C
[90]

WASTE BASED AGRICULTURAL RESIDUE

Waste sugarcane
bagasse

Acidification and alkaline
pretreatment Acid hydrolysis (H2SO4)

NCC
L: 170 nm; D = 35 nm; h = 70–90

nm; CrI (%): 93%; TS (◦C):
249–345 ◦C

[91]

Jute dried stalks
Alkali treatment followed

by steam explosion; sodium
chlorite bleaching

Acid hydrolysis (oxalic acid)
followed by steam

explosion.

CNF
L: few micrometers D = 50 nm;
CrI (%): 82.2%; E: 138 Gpa; TS

(◦C): 250–400 ◦C

[92]

Coconut husk

Ultrasonic-aided solvent
submersion. Delignification
and Bleaching Pretreatment,

followed by
TEMPO-mediated

Oxidation
(TEMPO/NaClO/NaClO2;

pH = 4.8)

Ultrasonication
CNF

L: 150–350; D = 2–10 nm; CrI
(%): 56.3%; TS (◦C): 190–380 ◦C

[93]

Citrus waste Alkaline and Bleaching
Pretreatment

Enzymatic hydrolysis and
ultrasonication

CNF
L: 458 nm; W: 10.3 nm; Davg =
10 nm; L/W: 47; CrI (%): 55%;

TS (◦C): 190–380 ◦C

[94]

Raw rice husk

Size Reduction, Soxhlet
extraction (toluene and
ethanol); Acidification

(NaClO2 and CH3COOH);
and delignification (5%

KOH)

High pressure
homogenization and

high-intensity
ultrasonication processes

(500 W,40 min).

CNF
L: 1800 nm; W: 10 nm; CrI (%):
77.5%; L/D > 180; TS (◦C): 323

◦C
[95]

Corn cobs -
One pot synthesis via

mechanochemical
esterification

CNF
σ = 110–125 MPa; E = 5.5 Gpa;

D: 1.5–2.8 nm
[96]

Kenaf bast fiber
Delignification and three

stage of bleaching
pre-treatments

Mechanical grinder
CNF

D: 1.2–34 nm; CrI (%): 82.52%; Y
(%) 60.25; TS (◦C): 200–400

[97]

Passion Fruit Peels Alkaline and bleaching
pretreatment

Acid hydrolysis (H2SO4)
followed with
ultrasonication

NCC
L: 103–173.5 nm; CrI (%):

77.96%; TS (◦C): 303.4; Y (%):
58.1

[29]

WASTE BASED INDUSTRIAL BY PRODUCT

Olive industry solid
waste

Pretreatment including
pulping and bleaching Acid hydrolysis (H2SO4) NCC [98]

Lime residues Autoclaving pretreatment
High shear and
high-pressure

homogenization

CNF
D: 5–28 nm; CrI (%): 44–46 [99]
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Table 2. Cont.

Waste Residue
Sources

Nanocellulose Isolation Technique Nanocellulose Characteristics References
Pretreatment Treatment

Recycled Tetra Pak
Food Packaging

Wastes

Delignification and
bleaching pretreatment

Acid hydrolysis (H2SO4)
followed with
ultrasonication

NCC
L: 127–258 nm; D: 11.4–14 nm;

L/D: 10; CrI (%): 94.8%; TS (◦C):
204

[100]

Waste paper Deinking method and
alkaline pretreatment

Acid hydrolysis (H2SO4)
followed with
ultrasonication

NCC
L: 271 nm [101]

Discarded cigarette
filters

Ethanol extraction, alkaline
pretreatment, and bleaching

pretreatment,

Acid hydrolysis (H2SO4)
followed with
ultrasonication

NCC
L: 143 nm; W: 8 nm; CrI (%):

96.77%; Y (%): 29.4
[102]

Recycled Paper Mill
Sludge Ozonation pretreatment Acid hydrolysis (Maleic

acid)

NCC
L: 2431 nm; W: 165 nm; L/D:

16.7
CrI (%): 77%; Y (%): 0.8

[103]

Citrus Pulp of Floater
(CPF)

Alkaline and bleaching
pretreatment with autoclave Enzymatic hydrolysis n.d

CrI (%):60 [104]

Sweet lime pulp waste Blending and acid
hydrolysis (H2SO4)

Komagataeibacter europaeus
SGP37 incubated in static

intermittent fed-batch
cultivation

BNC
Y(g/L): CrI (%):89.6; TS (◦C):

348
[105]

Abbreviation: D: Diameter; L: Length; W: Width; TS: Thermal Stability; Y: Yield; L/D: Aspect Ratio; CrI: Crystallinity Index; l: Lateral size;
σ: Tensile strength; E: Young Modulus.

4. Isolation of Nanocellulose
4.1. Isolation of Nano-Fibrillated Cellulose (NFC)

Regardless of its cellulose sources, NFC is mainly fabricated from cellulose pulp
through mechanical treatment by breaking down the linkage of interfibrillar hydrogen [106].
The exerted mechanical force triggers the cracking phenomenon to form a critical tension
center in fibrous substances. The development of NFC from fibrous material requires
intense mechanical treatment with or without pretreatment. However, fibrous material’s
mechanical disintegration may cause pulp clogging, causing the fiber to agglomerate and
require high energy to break it down. Thus, another pretreatment is required to overcome
this problem.

Several pretreatments have been introduced before the primary mechanical treatment
to diminish the polymerization degree and debilitate the hydrogen linkage. These pre-
treatments include mechanical refining, alkaline hydrolysis, solvent-assisted pretreatment,
organic acid hydrolysis, 2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation,
enzymatic disintegration, periodate-chlorite oxidation, oxidative sulfonation, cationization,
ionic liquid, carboxymethylation, deep eutectic solvents, and acetylation [17].

The earliest production of NFC was reported by Turbak et al. [107] and Herrick
et al. [108]. They isolated NFC from wood via high-pressure homogenization (HPH). HPH
exerted a mechanical force on cellulose fibrils driven by crushing, shear, and cavitational
forces in which cellulose pulp is transferred into the chamber through a small nozzle
to enable particle size reduction to the nanoscale of the cellulose fibrils [72]. Currently,
the HPH is the most commonly utilized method for NFC production on an industrial
and laboratory scale, given its simplicity, high efficiency, and lack of organic solvent
requirements [109]. Furthermore, HPH enables high conversion of cellulose material
toward CNF. High energy, high pressure, and long duration of the HPH process may also
escalate the fibrillation degree. However, the difficulty of cleaning the equipment due to
the blockage in the homogenizer valve is the major drawback of the HPH method [110].
Different processes have also been developed to produce CNF, such as micro-fluidization,
micro-grinding, cryo-crushing, ultrasonication, mechanical refining, radiation, ball milling,
blending, extrusion, steam explosion, and aqueous counter collision [111].
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4.2. Isolation of Cellulose Nanocrystal (NCC)

According to the previous discussion, the main difference between NCC and CNF
lies in their structure, in which CNF comprises amorphous and crystalline regions while
NCC has high crystalline purity in cellulose regions. Therefore, the primary step in
isolating NCC is to break down the disordered amorphous or paracrystalline regions that
integrate the crystalline regions within cellulose fibrils. Initially, an NCC suspension was
produced in 1949 from lignocellulosic biomass through an integrated alkaline and bleaching
pretreatment and acid hydrolysis [13]. Acid hydrolysis remains the paramount process for
NCC extraction. The crystalline part in cellulose fibers is not hydrolyzed because it has a
high resistance to acids, although acids can easily hydrolyze the amorphous regions [112].
In this method, sulfuric acid (H2SO4), hydrochloric acid (HCl), hydrobromic acid (HBr),
and phosphoric acid (H3PO4) have been extensively employed as the acid component to
breakdown the amorphous region of cellulose.

Following acid hydrolysis, the remaining free acid molecules and other impurities
should be removed by diluting and washing with water using centrifugation and dialysis
processes. Moreover, specific mechanical treatment like sonication may be needed to stabi-
lize the NCC particles in uniform suspensions. However, the high tendency of corrosion,
low recuperation rate, and high acid wastewater produced due to the high amount of water
for the washing process for nanocellulose suspension neutralization become the significant
drawbacks of the acid hydrolysis process [46]. To avoid excessive equipment corrosion
and environmental issue, various nanocellulose isolation processes have been developed,
such as extraction using ionic liquids, TEMPO oxidation, enzymatic, and others. Various
researchers have carried out the combination and integration of various isolation processes
to increase the isolation process’s efficiency, such as enzymatic hydrolysis with TEMPO
oxidation and enzymatic hydrolysis with ultrasonication [113]. Chemical treatment is
crucial for NCC isolation, while mechanical treatment is the vital stage for CNF production.

4.3. Isolation of Bacteria Cellulose (BC)

The selection of strains of microorganisms is a very crucial factor in the synthesis of BC.
There are currently two main methods that have been used for BC production, i.e., static
fermentation and submerged fermentation [54]. Static fermentation has been widely
employed as an extracellular-based production route. In the static fermentation, a 3D
network of gelatinous pellicles with high water content formed during the interspersing
and intertwining of the ribbons structure form of BC, reaching a particular thickness
corresponding to longer incubation time and causing the entrapment of bacteria cells
and its further inactivity. The static fermentation produces BC with excellent crystallinity
and mechanical strength, although prolonged cultivation and low productivity limit their
industrial utilization.

Furthermore, the BC layer’s uneven thickness is produced due to the exposure of
bacteria to uncertain conditions (nutrient, oxygen level, and cell distribution) throughout
the growth cycle. Fed-batch strategies and submerged fermentation involving aeration
and agitation fermentation have been introduced to overcome static fermentation’s sig-
nificant drawbacks. Submerged fermentation leads to higher BC productivity than static
fermentation, which has been extensively utilized commercially. The cultivated bacteria
are adequately exposed to oxygen, thereby generating a high yield of BC in the shape of
small granules or pellets during aerated fermentation [114]. Moreover, agitation in the
fermentation would result in a more homogeneous BC and oxygen evenly distributed to
bacterial cells. However, the produced BC has lower crystallinity and mechanical strength
than static fermentation [115].

Several submerged fermentation issues such as the advancement of cellulose non-
production strains [116], irregular shapes of BC granules or pellets, and physical character-
istic modification of BC remain challenging for the researcher to overcome. In addition,
excessive-high rotation speed and hydrostatic stresses may promote gluconic acid pro-
duction by bacteria due to the accumulation of self-protection metabolism [117]. Several
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factors such as bacterial strains, fermentation medium carbon sources, growth condition,
and its characteristic and yield should be evaluated carefully to choose the most suitable BC
synthesis process selection approach. The summary of the recent studies of BC production
is given in Table 3.

Table 3. Recent study of bacteria cellulose production.

Bacteria Cultivation Source of Carbon and
Its Concentration Culture Medium Fermentation Conditions Yield (g/L) References

Komagataeib acter
xylinus K2G30
(UMCC 2756)

Glucose

GY Broth Static; 28 ◦C; 9 days

6.17 ± 0.02

[118]Mannitol 8.77 ± 0.04

Xylitol 1.36 ± 0.05

Komagataeibacter
rhaeticus PG 2

Glycerol
Hestrin–Schramm (HS)

liquid media Static; 28 ◦C; 15 days

~6.9

[119]Glucose ~4.05

Sorbitol and Mannitol ~1.65–3.41

Komagataeibacter
xylinus B12068

Glucose

Hestrin–Schramm (HS)
liquid media Static; 30 ◦C; 7 days

~2.2

[120]
Sucrose ~1.6

Galactose ~1.4

Maltose and Mannitol ~0.1–0.2

Komagataeibacter
medellinensis

Glucose Standard
Hestrin–Schramm (HS)

Medium
Static; 28 ◦C; 8 days

2.80

[121]Sucrose 1.68

Fructose 0.38

Gluconacetobacter
xylinus (PTCC 1734)

Date syrup

Yamanaka

150 rpm; 28 ◦C; 7 days,

~1.15

[122]

glucose ~0.85

mannitol, ~1.4

sucrose ~1.45

food-grade sucrose ~0.7

Date syrup

Hestrin–Schramm

~0.65

glucose ~0.7

mannitol, ~1.05

sucrose ~1.5

food-grade sucrose ~1.1

Date syrup

Zhou

~0.9

glucose ~1

mannitol, ~1.85

sucrose ~1.65

food-grade sucrose ~1.15

5. Surface Chemistry of Nanocellulose for Drug Delivery

Biocompatibility, biodegradability, and drug carrier capability to confine, control,
and localize the drug release towards the target sites are desirable for nano-drug carrier
formulation. The ability of nano-drug carriers to transport the drug and specify the sites
for targeted drug release is influenced by the particle size, the surface charge, modification,
and hydrophobicity. These aspects govern the nano-drug carrier interface with the plasma
membrane and its diffusion across the physiological drug barrier [123]. Most NCs exhibit
high specific surface area and negative interface charges as potential drug carriers, making
them suitable as hydrophilic drug carriers. Therefore, the NCs’ surface can be attached
to the desired drug [124]. However, pristine NC cannot be used effectively as a drug
carrier given its limited water solubility, moisture sensitivity, thermal instability, and lack
of stability in various buffer solutions. Even though the pH adjustment of the environment
can enhance the dispersibility of NCs, the scattering examination divulged the aggregation
tendency of NCs, which translates to the colloidal instability of NCs. The size reduction
obtained by converting cellulose into NC provides an exponential improvement of hydro-
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gen bonding that triggers the NC aggregation. This limitation can be made worse by the
drug coordination, which is exposed on the NC exterior, consequently altering the dis-
persibility and solubility [125]. Therefore, various surface modification and pretreatment
fiber methodologies have been developed to overcome limitations and advance specific
characteristics [126].

From a structural perspective, the three hydroxyl groups in each cellulose monomer
are the most prominent characteristic that makes the NC surface reactive. The reactivity
of hydroxyl groups influences the surface modification of anhydroglucose units. It was
reported that in the molecular framework of cellulose, the hydroxyl group at the sixth
position behaves as primary alcohol with a reactivity ten times larger than the other
hydroxyl groups, while the hydroxyl group at the second position has two-fold higher
reactivity than that in the third position, both of which serve as secondary alcohols. This
phenomenon manifests from the steric hindrance of each hydroxyl group, in which the
hydroxyl group at the sixth position attached to the carbon atom that is connected to only
one alkyl groups while the carbon atom that carries the hydroxyl groups in the second
and third positions bonded to two alkyl groups [127]. Regarding the surface receptiveness
of NC’s hydroxyl groups, the addition of solvent and reactant may alter the group’s
receptiveness in diverse positions. De la Motte et al. [128] modified NCC through cationic
epoxide 2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC) by spray technique.
It was revealed that the hydroxyl bunch receptiveness of cationic modified NC follows
the order of OH-C6 = OH-C2 > OH-C3, which was validated through nuclear magnetic
resonance (NMR).

Nanocellulose surface modification for drug delivery was developed by modulating
the NC hydroxyl groups. In general, the main objective of nanocellulose surface modifica-
tion is to incorporate new functional groups or drug components into the nanocellulose
framework to escalate the degree of substitution and the efficacy of material grafting with-
out altering the structure, morphology, and crystallinity of nanocellulose [129]. Several
processes have been developed for the surface modification of NC, either by physical or
chemical processes, presented in more detail in the following sections.

5.1. Functionalization of Nanocellulose through Physical Technique

Several physical techniques such as surface defibrillation, irradiation, electric current,
and electric discharge have been developed to modify and functionalize nanocellulose
surfaces for diverse applications [130]. Surface defibrillation disintegrates cellulose into
elementary fibrils by exerting mechanical force using various devices such as ultra-refining,
a high-pressure homogenizer, a grinder, a microfluidizer, and spray-drying. In nanocellu-
lose functionalization, the combination of nanocellulose and drug entities can be subjected
to surface defibrillation to modify the morphology of nanocellulose and construct a new
matrix system with a tight fiber network.

Microparticles from BC with fibrillar structure morphology have been prepared by
spray-drying technique. An ultra-refining-assisted method was also conducted to construct
bacteria cellulose nanofiber (BCNF) with various sizes and shapes. The coating of BCNF
with mannitol (MN), maltodextrin (MF), and hydroxypropylmethylcellulose (HPCM) were
also carried out at various ratios to study the drug release characteristics. The addition of
such coating matrices exhibits benefits towards the spray-drying process and drug carrier
ability, i.e., superior protection of drug confinement, decreased droplet adhesion on the
drying chamber, and improved powder performance. As a result, the BC-microparticles can
successfully enhance the drug uptake capacity and sustain the drug release of diclofenac
sodium (hydrophilic) and caffeine (lipophilic) [131].

As a recent advanced method, irradiation exerted high energy, which modifies the
cellulose exterior. For example, the radiated gamma energy can generate reactive in-
termediates comprising ions and free radicals that provoke reaction pathways such as
cross-linking, scission degradation, oxidation, and polymer and molecule grafting. The
presence of irradiation beams, such as microwave and electron, accelerates the polymer
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growth. UV-irradiation has also been developed to improve the reaction rate to allow
pre-synthesized grafted polymer formation on the nanocellulose surface [132]. Recently,
this method has been developed to induce polymer grafting and polymer growth on
nanocellulose surfaces.

Plasma treatment is considered an environmentally friendly method to achieve
nanocellulose surface functionalization by utilizing plasma ionized gas without altering its
characteristics. Researchers have widely applied this method for various modifications,
such as increasing material–cell interaction, introducing the surface of NC with hydropho-
bicity or hydrophilicity characteristics, and incorporating chitosan towards cellulose sub-
strates. For instance, Kusano et al. [133] modified CNF by utilizing dielectric-based plasma
discharge treatment, leading to the formation of many carboxyl groups, carbonyl groups,
and oxygen-containing groups on the surface of nanocellulose [133]. Moreover, assisted
ultrasonic irradiation combined with plasma discharge treatment can refine the wetting and
oxidation of the nanofibers coating. Plasma treatment is an attractive route for surface func-
tionalization of nanocellulose given its benefits such as non-polluting, fast-modification,
and simple chemical treatments compared to the conventional modification method.

5.2. Functionalization through Chemical Synthesis of Nanocellulose

Chemical treatments use reactive chemical species for nanocellulose formation through
cellulosic framework disintegration. As mentioned in the previous section, acid hydrolysis
has been extensively exploited as the primary process for CNF and NCC isolation from the
cellulosic fiber. The strong acidic environment leads to the disintegration of amorphous
regions that act as structural defects in the cellulosic framework, facilitating nanoparticle
production. Other chemical processes, such as TEMPO-based oxidation and APS oxidation,
are also used in the CNF and NCC synthesis. The schematic mechanisms of acid-based
hydrolysis and oxidation processes are presented in Figure 6. The summary of chemical
modification of nanocellulose is tabulated in Table 4.
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Figure 6. Simplified mechanisms of chemical synthesis nanocellulose; (a) acid-based chemical
modification; (b) oxidation based chemical modification.

Table 4. The influence of chemical functionalization on morphological nanocellulose.

Methods Reagents Aided
Reagents

Operation
Parameter

Sources of
Cellulose

Mechanical
Technique

Yield
(%)

Morphology
(nm) CI%)

Zeta
Potential

(mV)

Surface
Charge
Density
(mmol/g)

Ref.

Mineral
Acids

H2SO4

- 52% H2SO4 50 ◦C;
60 min

Passion Fruit
Peels Ultrasonication 58.1 NCC

L: 103–173.5 77.96 −25 - [29]

- 63% H2SO4 50 ◦C;
90 min

Microcrystalline
Cellulose Ultrasonication 30% NCC

L:250; W: 16 - −46.1 - [134]

- - Filter Paper - - NCC
W: 22 85 - -SO3H

(0.0985) [135]

H2SO4/HCl -
H2SO4 :HCl:H2O
(3:1:6); Ultrasonic

50 hZ; 10 h

Microcrystalline
Cellulose Ultrasonication - S-CNC

(D:10–180 nm) - - - [136]

ClSO3H (Post-
sulfonation) - ClSO3H in 50 mL

DMF; RT; 2 h Sulfated NCC Ultrasonication 79.31
NCC

L:152; W: 22.7;
h: 5.0

88% −66.1 -SO3H
0.409 [137]

H3PO4

- 73.9% H3PO4 ; 100
◦C; 90 min Filter Paper Blending

(15 min) 76–80 NCC
L:316; W: 31; 81 - -PO3

(0.0108) [135]

- 10.7 M H3PO4 ;
100 ◦C; 30 min

Cellulose
Biotethanol

Residue
Homogenizer

(10 times)

NCC 83 −27 -PO3
(0.4352)

[138]
- 10.7 M H3PO4 ;

100 ◦C; 30 min
CNF

L: 2500 nm 81 −23 -PO3
(0.018)

H3PO4 in
molten Urea

-
10.7 M H3PO4 ;
150 ◦C; 30 min

NCC
L: 610 nm 83 −34 -PO3

(1.038)

- CNF
L: 330–480 nm 86 −24 -PO3

(1.173)

HCl - 2.5 M HCl; 105 ◦C;
40 min Filter Paper Blending

(40 min) - NCC
W: 20 79% - - [135]

Organic
Acids

Acetic Acid
H2SO4 80 ◦C; 3 h

Bleached
eucalyptus
kraft pulp

- 81 NCC
L: 264; W: 16 80 −33 -SO3H

(0.015) [139]

HCl 105 ◦C; 9 h Cotton Blending
(20 min) 30 NCC

L: 269; W: 45 - - - [140]

Formic Acid

6M HCl 80 ◦C; 4 h Microcrystalline
Cellulose - - NCC

L: 236; W: 25 88 −1.7 Formate
(0.4) [141]

0.015 M
FeCl3

90 ◦C; 6 h
Bleached

eucalyptus
kraft pulp

- 75 NCC
L:594 75 −6.53 Formate [142]

Lactic Acid HCl 150 ◦C; 3 h Cotton Blending
(20 min) - NCC

L: 200; W = 20 80 - Lactate [143]
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Table 4. Cont.

Methods Reagents Aided
Reagents

Operation
Parameter

Sources of
Cellulose

Mechanical
Technique

Yield
(%)

Morphology
(nm) CI%)

Zeta
Potential

(mV)

Surface
Charge
Density
(mmol/g)

Ref.

Butyric Acid 0.027 M
HCl 105 ◦C; 9 h Cotton Blending

(20 min) 20 NCC
L: 226; W = 34 - - Butyrate [140]

Maleic Acid
(MA)

- 70% MA; 100 ◦C;
45 min

Bleached
eucalyptus
kraft pulp

- 12% NCC - -33 -COOH
(0.29) [144]

-
60% MA; 120 ◦C;

2 h

Bleached
eucalyptus
kraft pulp

Microfluidizer
(120 mPa; 5

passes)

3% L: 329.9; h =
15.9 - −46.9 -COOH

(0.368)
[145]

84% CNF
h: 13.4 - −45.2 -COOH

(0.059)

Oxalic Acid
(OA)

- 8.75% OA; 110 ◦C;
15 min Filter paper Sonication

(60 min) 93.77
NCC

L: 150–200;
W: 5–20

- −36 -COOH,
0.29 [146]

- 70% OA; 100 ◦C; 1
h

Bleached
eucalyptus
kraft pulp

- 24.7 NCC 80 −42.5 -COOH [144]

- 30% OA; 100◦ C;
30 min Celery Sonication

(18 min) 76.8 CNF
h: 5.5 49 −32.9 -COOH [147]

Malonic Acid
- 80% wt of

Malonic Acid; 140
◦C; 3 h

Ramie
Cellulose

Blending
(5 min)

5%

NCC
L: ~220; W: ~12

- - -COOH

[148]

0.025 M
HCl 19.8% 75 - -COOH

Malic acid
-

80% wt of Malic
Acid; 140 ◦C; 3 h

3.4% - - -COOH,
(1.617)

0.05 M
HCl 20% 78 - -COOH

Citric Acid

-
80% wt of Citric
Acid; 140 ◦C; 3 h

5.1 - - -COOH

0.05 M
HCl 20.5 78 - -COOH,

(1.884)

-
80% wt of Citric
Acid; 100 ◦C; 4 h

Bleached
Baggase Pulp Ultrasonication

32 NCC,
L: 251; W: 21 78 −122.9 -COOH,

0.65
[149]

- - CNF,
L: 654; W: 32 69 190.3 -COOH,

0.3

Oxidation
Treat-
ment

TEMPO/NaCl
/NaBr

-

TEMPO (0.094
mmol)-NaBr (1.57

mmol)- NaClO
(1.24 M); 10 ◦C; 45

min

Nanocrystalline
Cellulose Ultrasonication - NCC,

L: 100; W: 5–20 80% - - [150]

-

TEMPO (0.1
mmol

mmol)-NaBr (1
mmol)- NaClO (5

mmol/g
cellulose);
Ambient

condition; 1.5 h

HBKP Ultrasonication - CNF 85% -
-COOH;
-CHO
(1.191)

[151]

TEMPO/O2/Laccase
50 mM TEMPO, 5
U mL–1 laccase;

96 h
HBKP Ultrasonication - CNF,

L: > 100; W: 4–8 - -
-COOH;
-CHO
(0.837)

Sequential
Periodate-
Chlorite

Oxidation

1 M
Acetic

Acid (2)

(1). 46 mmol
NaIO4 ; 50 ◦C;4.5
h followed by (2).
12 g NaClO2l 50

◦C; 40 h

Hardwood
Pulp

Homogenizer
(5 passes; 80

MPa)
- CNF,

L: 95.8; W: 2.72 - −128 -COOH
(2.0) [152]

APS Oxidation - 1 M APS; 75 ◦C;
16 h Cotton Linters - 34.4 CNF,

L: 95.8; W: 2.72 63.8 -
-COOH
(0.16);
-SO3
(0.98)

[153]

In general, NCC isolation comprises exposing pure cellulose material under strong
acid hydrolysis with strictly controlled operating parameters such as temperature, agita-
tion, time, and concentration of chemical species. As mentioned earlier, various chemical
reagents such as H2SO4, HCl, HBr, and H3PO4 have been utilized as cellulosic disinte-
grators. The selection of acid reagents has the most crucial role in determining drug
carrier characteristics and synthesis pathways for incorporation or grafting through chemi-
cal/physical modification for particular functional groups. The amorphous decomposition
using HCl and HBr is not widely adopted because they provide low dispersion stabil-
ity of NCC and increase the agglomeration tendency of NCC in an aqueous suspension.
H2SO4 and H3PO4, on the other hand, exhibit better performance as a hydrolyzing agent
because the chemical moieties can be attached to the hydroxyl group of NCC during the
reaction to isolate charged surface of NCC for subsequent incorporation of phosphate or
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sulfate functional groups. The new functional group incorporation causes the spontaneous
dispersibility of NCCs in an aqueous environment due to the colloidal stability restora-
tion through electrostatic repulsion refinement, which is the preferred characteristic of
drug carriers.

A subsequent treatment of H2SO4 followed by HCl synthesis has been utilized to
control the sulfate moieties on the NC surfaces. The as-synthesized particle had a simi-
lar particle size to those particles directly acquired from acid hydrolysis. Nevertheless,
the surface charge density can be adjusted on the hydroxyl groups exploited by sulfate
groups [49]. Lin and Dufresne [137] proposed a strategy of inaugurating progressive
sulfate group content on NCCs surface through the modulation ratio of reactants and
post-sulfonation (chlorosulfonic acid) and desulfonation conditions. They also evaluated
the impact of sulfonation degree on the morphology, dimension, physical characteristic,
and surface chemistry of modified NCCs. Diverse zeta potential ranged from −7 mV to
−66 mV and approximately 0.0563 mmol/g–1.554 mol/g of sulfonation degree was ac-
quired. Therefore, it is indicated that the zeta potential of nanocellulose is mainly controlled
by the sulfonation degree of nanocellulose itself [137].

Wijaya et al. [29] successfully isolated NCC through sulfuric acid hydrolysis of
bleached passionfruit peels waste fiber by adjusting the acid concentration, hydrolysis
time, and reaction temperature. The NCC was used for tetracycline hydrochloride ad-
sorption through electrostatic and Van der Waals interaction. The adsorption isotherm
was correlated using Langmuir and Freundlich isotherm models. With pH environment
adjustment, the adsorption affinity of the drug can be altered to control the uptake and
sustained release of drugs [29].

(2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated (or TEMPO-mediated) oxidation of
nanocellulose has arisen as an alternative NC isolation route to replace the conventional
acid hydrolysis method due to its environmentally friendly and facile synthesis nature.
The synthesis starts by using TEMPO/NaBr/NaClO or TEMPO/NaClO2/NaClO as a
reagent. TEMPO (stable nitroxyl radical) forms as the catalyst for NC synthesis, which
further transforms into N-oxoammonium salt (R1R2N+=O) under certain conditions while
the NaClO acts as a primary oxidant [46]. Both NaClO and NaBr can reversibly transform
the N-oxoammonium salt into TEMPO form. The hydroxymethyl groups of NC (primary
hydroxyl groups located on C6) are selectively transformed into carboxylated groups while
the secondary hydroxyl groups remain unchanged (secondary hydroxy groups located on
C2 and C3) [66]. The incorporated carboxyl groups imparted negative surface charges from
the change in the environment pH, which leads to improved colloidal stability.

As reported by Montanari et al. [154], TEMPO-mediated oxidation with the degree
of oxidation 0.24 has imparted negative charges on the crystalline regions of nanocellu-
lose, which provide dispersibility and individualization improvement time decreasing
the crystallite size [154]. Meanwhile, Habibi et al. [150] underlined that the TEMPO-
mediated oxidation did not affect the morphological and crystallinity of NCCs. Further-
more, they highlighted that the ratio of primary oxidizing agents affected the negative
charge of NCCs [150].

A novel oxidation system of TEMPO/laccase/O2 has been utilized to modify NC.
The TEMPO/laccase/O2 system with sufficient catalytic amounts of laccase and TEMPO
reagent produced reactive TEMPO+, which subsequently transformed primary hydroxyl
moieties into aldehyde moieties through oxidation. After the oxidation, the reactive
TEMPO+ was reduced into N-hydroxyl TEMPO. However, no-cycle regeneration occurred
between TEMPO+ and N-hydroxyl TEMPO due to the breakdown of the primary hydroxyl
groups of polysaccharides and laccase molecules. Furthermore, the N-hydroxyl-TEMPO
was accumulated in the reaction environment due to the absence of active laccase in
the system. Therefore, a large amount of TEMPO and laccase and prolonged reaction
time are required to oxidize the primary hydroxyl groups, which are considered major
disadvantages of this process [151].
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TEMPO-mediated oxidation was mainly used to modify NFCs before mechanical
defibrillation to promote the fiber’s individualization. TEMPO-mediated oxidation leads to
the breakage of the strong intra-fiber hydrogen coordination to facilitate the softening and
impairing of its rigid structure, which is beneficial in converting TEMPO-oxidized cellulose
fiber into highly crystalline individual nanofibers through mechanical treatment. The
NaClO concentration and mechanical treatment strength were considered crucial factors in
determining the polymerization degree, carboxylate group numbers, and CNFs yield.

Carlsson et al. [155] emphasized the influence of surface charges in nanocellulose
formulation as a drug carrier by introducing TEMPO-mediated oxidation in mesoporous
claodophora cellulose for aspirin degradation. The surface charge negativity (carboxylate
content 0.44 ± 0.01 mmol g−1) significantly accelerated the degradation of aspirin compared
to the native source of CNFs, which had a deficient surface charge (0.06 ± 0.01 mmol g−1).
This phenomenon is caused by the strong interaction of opposite charge entities between
aspirin and TEMPO-oxidized cellulose nanofibers (TOCNFs), leading to increased partial
amorphization ability inside the mesoporous TOCNFs [155].

Without a chlorine-containing oxidant, 1.1 mmol g−1 of carboxyl groups were incor-
porated onto wood cellulose. High in carboxylate content, wood cellulose underwent
tremendous depolymerization during oxidation. In addition, a long reaction duration of up
to 15 h was required to achieve 0.6 mmol g−1 carboxylate content, while 1.1 mmol g−1 was
achieved by increasing the reaction time up to 20 h. Prolonged reaction time is considered
the major disadvantage of this process. This method has been utilized for nanocellu-
lose modification in drug delivery applications [156]. The sequential periodate-chlorine
oxidation selectively and simultaneously incorporates two carboxyl groups through the
oxidative transformation of two vicinal secondary hydroxyl groups (located in C2 and C3
instead of C6 position), enabling higher surface charge density introduction. The increase
of surface charge density is essential in retaining the colloidal stability of drug carrier
and improving the electrostatic interaction between drug and carrier, which increase the
loading uptake of drugs.

Plappert et al. [152] investigated the pretreatment effect of sequential chlorite pe-
riodic oxidation on open-porous anisotropic CNF hydrogel membrane assembly. Hy-
drogel membranes were used for transdermal drug delivery systems for nonsteroidal
anti-inflammatory drugs (NSAIDs) and piroxicam (PRX). By tuning the surface charge den-
sity and the amount of carboxylated groups (0.74–2.00 mmol g−1) by varying the reagent
concentration, the drug carrier uptake capacity can be increased to within the range of
30–60 mg g−1 with the surface charge −66 mV to −128 mV. The electrostatic interaction
between the cationic drug (PCX) and the anionic characterized surface of CNF membranes
is the main driving factor behind the loading of drugs in the membrane [152].

5.3. Functionalization through Post Chemical Modification via Covalent and Physical Bonding Strategy

Maintaining the structural integrity of nanocellulose to prevent the polymorphic trans-
formation and maintaining the crystalline area while modifying its surface are considered
the main challenges. Therefore, several post-chemical modifications have been studied
for surface modification and functionalization of nanocellulose surfaces before the drug
upload. Sulfonation treatment is the most common strategy to introduce sulfate groups into
hydroxyl moieties of nanocellulose, which produces a highly negatively charged surface.
Nevertheless, the degree of sulfonation was highly determined by several factors such as
temperature, acid concentration, and hydrolysis time. Treatment of NC with sulfuric acid
or sulfonation followed by acid hydrolysis [137,157] can improve the characteristics of NCs.
However, these improvements may lead to lowering the colloidal stability of NC due to
the reduction in the sulfonate degree. Since the primary goal of the drug delivery system is
to achieve higher colloidal stability and strong electronegativity for further electrostatic
drug adsorption or modification, straight H2SO4 hydrolysis remains the primary treatment
for NC modification.
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On account of the simple and straightforward treatment, modification of hydroxyl
groups at the NC surface by Fischer esterification is another common approach. Several
reactants have been used to acetylate the surface of nanocellulose, such as acetic, citric,
malonic, and malic acid with the combination of HCl or H2SO4. The utilization of H3PO4
provides NC modification with higher thermal stability than sulfonated NC. Camarero
Espinosa et al. [135] suggested that only one hydroxyl group was incorporated by one ester
bond of phosphoric groups. Another study by Kokol et al. [138] revealed the possibility of
phosphate-modified nanocellulose (P-NC) originating from two structural isomers, either
of which can behave as monobasic acid or dibasic groups. Acetylation of hydroxyl groups
of NC can also be performed using enzymatic modification. In an environmentally friendly
approach, enzymatic modification serves as a favorable modification route without the need
for any addition of chemicals and has low energy requirements, improving biocompatibility
and lowering the cytotoxicity of NC for drug delivery.

The acid hydrolysis and oxidation treatments are mainly considered as a primary
synthesis of nanocellulose. Indeed, during acid-based hydrolysis or TEMPO-oxidation,
hydroxyl groups of nanocellulose grafted by anionic sulfate ester groups (-OSO3

−) and
carboxylate groups (-COOH) produce the negative electrostatic layer of nanocellulose.
Consequently, high stability of nanocellulose occurs in the aqueous solution resulting in
electrostatic repulsion between individual particles. Maintaining the structural integrity of
nanocellulose to prevent the polymorphic transformation and maintaining the crystalline
area while modifying its surface are considered the main challenges. Several post-chemical
modifications have been studied for surface modification and functionalization of nanocel-
lulose surfaces before the drug upload.

Silylation is another approach to modify the surface nanocellulose by conjugating
small molecules. A series of alkyl dimethyl-dimethylchlorosilane (alkyl-DMSiCl) with
various alkyl groups such as isopropyl, N-butyl, N-octyl, and N-dodecyl can be grafted on
the surface of NCC in the presence of toluene. However, the high price and high toxicity
of the reagents limit the progress of silylation modification in the drug delivery field.
Recently, Li et al. [158] developed an NC template for mesoporous hollow silica material
(R-nCHMSNs) for ibuprofen and lysozyme drug delivery. The presence of NC as a template
increases the content of geminal silanols on the R-nCHMSNs surface. Nanoparticles with
high content of geminal silanols present outstanding delivery characteristics for various
drugs [158].

The amine derivatives can covalently bond the surface of NC through a carbodiimide
amidation reaction. The majority of amidation-mediated couplings were incorporated on
the carboxylic groups of pre-oxidized NC without re-molding the morphology and crys-
talline native structure. N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDAC) has been widely used for the amidation among carbodiimide derivatives. The
addition of n-hydroxysuccinimide (NHS) is required to avoid unstable intermediate O-acyl
urea formation and to achieve the direct formation of the stable N-acyl urea. The amidation
approach was presented by Akhlagi et al. [159] to create a drug delivery system based on
chitosan oligosaccharides (CSOS) and TEMPO-oxidized NCC. The carboxylic moieties on
the oxidized NCC were coordinated into the primary alcohol and amino moieties of CSOS.
Several limiting factors such as medium reaction, time reaction, pH, and the molar ratio
of reagent and cross-linker reaction can be altered, translating to the modified grafting
behavior and degree of substitution of CSOS into oxidized NCC. Electrostatic interactions
were performed to achieve 21.5% of binding efficiency loading and 14% w/w of procaine
hydrochloride (PrHy) loading. The rapid release profile observed in this study is suitable
for local drug delivery by the oral system [159].

Direct covalent drug attachment towards the NC crystal backbone via a novel spacer
arm through amine-mediated couplings is another potential strategy [160]. Tortorella
et al. [160] modified NCC via periodate-oxidation-generated NCC-DAC (dialdehyde cellu-
lose) and inserted them into molecules of g-aminobutyric acid (GABA) via the Schiff base
condensation reaction. Subsequently, the nucleophilic substitution of 4-hydroxy benzyl al-
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cohol (HBA) occurred and was followed by an acylation reaction with
4-nitrophenylchloroformiat that exerted a carbonate group for nucleophilic substitution
of amino contained doxorubicin as model drug nucleophilic. Carbamate linkage adjacent
to the linker presents highly stable conditions in an aqueous environment with harsh
conditions, either basic or acidic. The drug release of active drugs was achieved only by
hydrolysis in cells utilizing suitable enzymes to cleave a carbamate linkage (Figure 7).
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5.4. Polymer Grafting Modified Nanocellulose

Polymer-grafted NC has been introduced as the sought-after functionalization strategy
to refine the drug delivery performance. Different techniques have been developed to
introduce functional groups onto NC covalently, i.e., (i) Thiolene reaction; (ii) Oxime
reaction; (iii) Michael addition; and (iv) imine and hydrazone synthesis. These reactions
have been well-developed for polymer functionalization for drug delivery systems.

Integrating polymer onto the NC surface can be performed by the ‘grafting onto’ or
‘grafting from’ strategy. The ‘grafting onto’ technique requires pre-synthesized polymer
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attachment that can bear the reactive end groups onto either modified or non-modified
hydroxyl groups of the NC surface. The adherence of polymer onto the NC surface’s
specific moieties can be performed via physical or chemical attachment. The ‘grafting onto’
approach offers the possibility of characterizing polymer before grafting and modulating
the resultant carriers’ characteristics.

Strong electrostatic interaction can be used to initiate the polymer grafting onto NC.
There is a possibility of incorporating polydopamine (PDA) into the NCC surface to fortify
the PDA material and develop NC’s colloidal stability. The presence of functional groups
in PDA, such as amine, imine, and catechol groups, can serve as the anchors for NC
and the drug through the Van der Waals interaction, the π–π interaction, and hydrogel
bonding [161].

Wang et al. [162] assembled poly(ethyl ethylene phosphate) (PEEP) that bears propargyl
functionality onto azide modified nanocrystalline cellulose (NCC) Cu via Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) “click” chemistry. In parallel, azide-modified NCC
was constructed by two steps, i.e., (i) partial desulfation treatment of NCC followed by
tosylation (NCC-Cl); and (ii) conversion of NCC-Cl into azido-NCC through nucleophilic
substitution using sodium azide. Propargyl-PEEP was grafted onto azide modified NCC
(NCC-g-PEEP) (Figure 8a). The as-synthesized suspension with negative charge can be
utilized for doxorubicin (DOX) confinement through electrostatic interaction, exhibiting
pH-responsive delivery in the tumor cell environment [162].

Kumar et al. [163] explored Diels-alder “click” chemistry by attachment of the metron-
idazole drug onto the CNFs. Initially, the TEMPO-oxidized CNFs underwent amidation
with furfuryl amine. Subsequently, esterification occurred between metronidazole as a
drug model and maleimide-hexanoic acid to introduce the ester function between the
drug and the maleimide ring. Finally, the Diels–Alder reaction occurs between the furan
functionalized CNF-t (CNF-fur) and metronidazole containing maleimide. Thus, the novel
system of carrier provides the ester function on the linking chain for innovative drug carrier
formulation, which induces the release in the presence of esterases enzyme [163].
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A versatile grafting strategy for numerous functional groups is the Passerini reac-
tion. This reaction is a multicomponent reaction (MCR) that comprises three substances,
i.e., a carboxylic acid, an isocyanide, and aldehyde/a ketone, in one pot of reaction. For
example, Khine et al. [164] modified poly(N-isopropylacrylamide) pNIPAm carrying alde-
hyde end groups via the Reversible Addition−Fragmentation Chain Transfer (RAFT)
polymerization technique. Subsequently, the polymer with aldehyde functionality was
further chemically grafted into TEMPO-oxidized CNFs. As a result, these materials ex-
hibit thermal responsiveness, which is promising for use in stimuli-responsive carriers
(Figure 8b) [164].

Another way of modifying NC with polymer in an aqueous solution is the NICAL
reaction. For example, Khine et al. [132] demonstrated photo-induced “click” chemistry for
(TEMPO)-oxidized CNF bearing carboxylic acid moieties (TOCNs) modified with the nitrile
imine-mediated tetrazole under ultraviolet (UV) irradiation. The presence of fluorescence
characteristics allowed for direct monitoring of NC throughout the cancer cells’ incubation.
In addition, doxorubicin as a drug model can be attached via electrostatic interaction to
introduce excess negative charge onto carboxyl groups in the polymeric-grafted NC [132].

Undesirable reduction in surface grafting density is nonetheless observed as the
major limitation. The steric barrier can hinder the optimum grafting throughout the
reaction because the layer of attached polymer covered the available active sites. Therefore,
an alternative strategy has been proposed, called ‘grafting from’. Using this method,
the polymer chains can be grown in situ on the surface hydroxyl groups of NC via ring-
opening polymerization (ROP) with the presence of stannous octoate (Sn(Oct)2) as an
ROP agent. Another approach is atom transfer radical polymerization (ATRP) with 2-
bromoisobutyrylbromide (BIBB) as the ATRP agent. These standard approaches for drug
delivery have been well-reviewed elsewhere [132].
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5.5. Surfactant Modified Nanocellulose

The adsorption of surfactants represents a promising alternative for the chemical
modification of NC. Surfactants are classified into cationic, anionic, zwitterionic, and non-
ionic. The distinct properties of the surfactant manifest through its micelle formulation
in the aqueous solution, which is highly beneficial in the drug delivery system. The
lack of a strong covalent bond is considered the significant drawback towards enabling
molecule release. Therefore, it is necessary to study several factors affecting the interaction
of surfactant and NC and their impact on drug uptake and release. Tardy et al. [165]
reviewed several factors that influence the affinity of NC and the surfactant. This study
provides some additional information on the affinity of NC and the surfactant on the drug
delivery system.

The opposite charge between the NCC surface and CTAB drove the electrostatic
interaction and physical adsorption for the NCC surface modified with the surfactant.
NCC’s negative charge creates a non-covalent interaction towards the cationic charge of
CTAB, resulting in a strong electrostatic interaction. Zainuddin et al. [166] pointed out
several factors that mainly involve the interaction between NCC and the surfactant, i.e., pH
and ionic strength, the CTAB concentration, and the ratio of CTAB to NCC. They high-
lighted that the CTAB concentration and mass ratio of NCC: CTAB affects the interaction
of surfactant-modified NCC with curcumin as a hydrophobic drug model. Increasing the
CTAB concentration intensifies the hydrophobic character of the carrier, which is intensely
coordinated with curcumin. However, at a high concentration of CTAB, the amount of
curcumin attached tends to decrease [166].

Low surfactant concentration favors the electrostatic interaction between the monomer
CTAB head with the negative charge of NCC surface, giving hydrophobic properties. While
the CTAB concentration increases progressively, the adsorbed monomer of the surfactant
tends to restructure and initiate surfactant cluster formation induced by hydrophobic
coordination between surfactant alkyl chains. The CTAB cluster molecules can be absorbed
through the NCC surface by hydrophobic interaction. However, the hydrophobic coordina-
tion of the surfactant and NCC manifested as a weak electrostatic interaction, which easily
releases CTAB from NCC surfaces through the washing. Moreover, an excessive amount
of CTAB concentration over the boundary of the surfactant critical micelles concentration
(0.93 mM CTAB) might provoke the surfactant micelles formation on the NCC surface,
which degrades the hydrophobic characters. Only ionic interaction between the cationic
head of CTAB and anionic sulfate ester groups remains unaffected, which acts as available
active sites for hydrophobic drug loading (Figure 9).

Raghav and Sharma [167] reported the coordination of the hydrophobic tail of CTAB in
phosphate NCC. They also observed that the surfactant types (CTAB and TBAB) influence
the capability of modified NCC to bind and release the drug. By observing the structure
configuration, stearic near the central nitrogen in TBAB-NCC causes the insufficiency of
drug binding, which exacerbates the coordination and controlled release of the carrier [168].

Putro et al. [25] modified the NCC with various types of surfactants such as cationic
(CTAB), anionic (sodium dodecyl sulfate), and non-ionic surfactant (Tween 20). Differ-
ent types of surfactants exhibit distinct interactions towards NCC, which influenced the
electronegativity of modified NCC itself and the drug adsorption–desorption behavior.
The presence of salt in the system had a significant influence on the uptake of paclitaxel.
Different behavior of surfactants due to the salt effect significantly influences the interaction
of NCC and drugs. They concluded that (1) electrostatic and Van der Waals interactions are
the primary mechanism of paclitaxel adsorption towards surfactant-modified NCC, which
can be enhanced through salt addition; and (2) pH played a significant role in the drug
adsorption and release of paclitaxel by altering the surface charge of surfactant-modified
NCC and the electrostatic interaction of hydroxyl ions and paclitaxel in solution.

58



Polymers 2021, 13, 2052

Polymers 2021, 13, x  28 of 49 
 

 

 
Figure 9. Schematic representation of the surfactant and nanocrystalline cellulose mechanism and its effect on drug ad-
sorption (this figure is re-drawn from Bundjaja et al. [26]. Copyright © 2020 Elsevier B.V.). 

Raghav and Sharma [167] reported the coordination of the hydrophobic tail of CTAB 
in phosphate NCC. They also observed that the surfactant types (CTAB and TBAB) influ-
ence the capability of modified NCC to bind and release the drug. By observing the struc-
ture configuration, stearic near the central nitrogen in TBAB-NCC causes the insufficiency 
of drug binding, which exacerbates the coordination and controlled release of the carrier 
[168]. 

Putro et al. [25] modified the NCC with various types of surfactants such as cationic 
(CTAB), anionic (sodium dodecyl sulfate), and non-ionic surfactant (Tween 20). Different 
types of surfactants exhibit distinct interactions towards NCC, which influenced the elec-
tronegativity of modified NCC itself and the drug adsorption–desorption behavior. The 
presence of salt in the system had a significant influence on the uptake of paclitaxel. Dif-
ferent behavior of surfactants due to the salt effect significantly influences the interaction 
of NCC and drugs. They concluded that (1) electrostatic and Van der Waals interactions 
are the primary mechanism of paclitaxel adsorption towards surfactant-modified NCC, 
which can be enhanced through salt addition; and (2) pH played a significant role in the 
drug adsorption and release of paclitaxel by altering the surface charge of surfactant-mod-
ified NCC and the electrostatic interaction of hydroxyl ions and paclitaxel in solution. 

Surfactants have also been widely used to modify cellulose nanofiber for poorly sol-
uble drug adsorption performance. The surfactant attachment on the CNF surface is vital 
to overcome various limitations of CNF’s chemical and physical characteristics during 
modification for drug conveyance systems. The physical interaction of the surfactant and 
CNF may overcome the aggregation tendency of CNF in an organic solvent, thus increas-
ing the solvent’s ability to assist CNF modification and adsorption of hydrophobic drugs. 
The presence of the surfactant strengthens the cationic and hydrophobic characters of 
CNF. A carrier’s physical and chemical characteristics can be refined by adding a surfac-
tant (CNF film and foams-based CNF). 

The synthetic surfactant can induce membrane cell lysis based on biocompatibility, 
which is considered a toxic material for cells. Therefore, the naturally available surfactants 

Figure 9. Schematic representation of the surfactant and nanocrystalline cellulose mechanism and its effect on drug
adsorption (this figure is re-drawn from Bundjaja et al. [26]. Copyright © 2020 Elsevier B.V.).

Surfactants have also been widely used to modify cellulose nanofiber for poorly
soluble drug adsorption performance. The surfactant attachment on the CNF surface is
vital to overcome various limitations of CNF’s chemical and physical characteristics during
modification for drug conveyance systems. The physical interaction of the surfactant and
CNF may overcome the aggregation tendency of CNF in an organic solvent, thus increasing
the solvent’s ability to assist CNF modification and adsorption of hydrophobic drugs. The
presence of the surfactant strengthens the cationic and hydrophobic characters of CNF. A
carrier’s physical and chemical characteristics can be refined by adding a surfactant (CNF
film and foams-based CNF).

The synthetic surfactant can induce membrane cell lysis based on biocompatibility,
which is considered a toxic material for cells. Therefore, the naturally available surfactants
have been considered to replace synthetic surfactants given their low toxicity. For instance,
Bundjaja et al. [26] utilized natural surfactant (rarasaponin) extracted from Sapindus rarak
DC fruits to modify nanocellulose via hydrophobic interaction. The results of their study
indicated that the rarasaponin-modified NCC exhibits a lower adsorption capability of
tetracycline relative to synthetic surfactant-modified NCC (CTAB, Tween20, and SDS). The
utilization of natural surfactants for the modification of nanocellulose materials remains a
challenge. Other bioactive compounds that were attached to the surface of NCC may cause
limited interaction for tetracycline molecules.

5.6. Polyelectrolytes-Based Nanocellulose

Polyelectrolytes are charged polymers in which their repeating units contain the elec-
trolyte group. In polar solutions such as water, these polymers dissociate into cations or
anions. The most common approach to make a functional polyelectrolyte carrier is to create
a multilayer carrier through electrostatically assembling layer-by-layer (LbL) the nanocel-
lulose (either negative or positive surface) with an oppositely charged polyelectrolyte.
Currently, the development of drug delivery carriers through LbL assembly has drawn
considerable attention due to their unique properties. Various physical interactions such
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as hydrogen bonding, hydrophobic interaction, and Van der Waals interaction are present
in functional polyelectrolyte carriers. Those interactions act as the driving force in drug
binding and maintain the stability of the multilayer [169]. LbL hybridization assembly of
nanocellulose with other organic and inorganic materials usually instigates an outstanding
performance improvement for the entire LbL system to stimuli-responsive and localized
drug delivery. Early development of the LbL approaches was demonstrated on the flat
substrates and is currently extended to spherical particles.

Coating LbL film on a spherical sacrificial template becomes another layer-by-layer
assembly approach for hollow polyelectrolytes capsule formation to encapsulate and re-
lease the drug. Melamine formaldehyde (MF) is a popular template for microcapsules
preparation via LbL assembly due to narrow-sized distribution and optimized disso-
lution conditions [170]. The physicochemical characteristics of templates such as size,
shape, porosity, colloidal stability, and template solubility modulate the characteristic of
as-synthesized hollow capsules. For instance, the capsule size can be adjusted depending
on the size of the template, which is common in the range of 150 nm to a few microme-
ters [171]. Nanocellulose has been used to construct the interior of multilayer thin film and
hollow microcapsules for various types of therapeutic molecules loading such as DNA,
RNA, protein, and drugs.

Several aspects should be considered to assemble suitable polyelectrolyte complexes
through the LbL system, i.e., charge stoichiometry, charge density, molecular weight, poly-
electrolytes concentration, pH, ionic strength, order of addition, mixing ratio, and mode
of mixing the polyelectrolyte solution. These factors greatly influence the drug carrier
thickness, the surface charge, and the morphological structure, such as the size, shape,
and porous structure of the drug delivery system. Reviews on some crucial aspects that
influence the stability of polyelectrolyte complexes for drug delivery systems are available
elsewhere [172].

Mohanta et al. [173] produced an NCC multilayer thin film with counterionic poly-
electrolytes (chitosan) on a quartz crystal microbalance (QCM) plate through LbL growth
assembly. They also developed hollow microcapsules using MF as a template. By varying
the concentration of the polyelectrolyte (either NCC and chitosan) and the number of
depositions, a homogeneous multilayer thickness with a porous structure can be obtained.
The thin film and microcapsule were utilized as carriers for hydrophilic drugs (doxorubicin)
and hydrophobic drugs (curcumin). The protonation of amine groups in acidic conditions
becomes the driving force for doxorubicin release, while the concentration difference be-
tween the medium and carrier is considered the primary factor affecting curcumin release.
The stimulus-responsive pH in LbL system-based nanocellulose may apply to local drug
transport and tumor therapy [173].

Other types of layer-by-layer assembly approaches were also used to construct
PEC-based nanocellulose by incorporating various types of polyelectrolytes. For in-
stance, Li et al. [174] proposed the buildup technique of LbL for opposite-charge building
blocks (e.g., cellulose nanocrystal (NCC), polyethyleneimine (PEI), cis-aconityl-doxorubicin
(CAD), and building blocks of folate (FA)). The highly negative charge of NCC serves as an
anchor to carry the positive-charge PEI through electrostatic interaction as an intermediary
layer. The coordination of NCC-PEI resulted in positive-charge material for electrostatic
adsorption of the negative charge of FA and CAD to construct the outermost layer, which
took place sequentially (denoted as FA/CAD@PEI@NCC). The presence of FA on the
surface carrier increased the active targeting ability towards folate receptors in the tumor
cell. Cis-aconityl amide linkage in doxorubicin (CAD) can specifically release DOX at
the lysosomal pH due to the pH labile characteristic and hydrolysis cis-aconityl amide
linkage by β-carboxylic acid under low pH. The integration of each layer can increase
the uptake to 20 times larger than its counterpart due to the strong electrostatic charge.
Besides the surface chemistry carrier, the carrier’s morphological structure also helps the
carrier delivery reach tumor cells [174]. Another potential form of polyelectrolytes, in-
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cluding hydrogel, aerogel, lightweight porous materials, and integrated inorganic–organic
composites, are thoroughly discussed in the following sections.

6. Hydrogel Based Nanocellulose for Drug Delivery

Hydrogels are three-dimensional (3D) cross-linked polymeric networks that carry
absorbed water and store a large quantity of water in the swelling state. The hydrogels
can be cross-linked through physical (non-covalent interaction), chemical (covalent co-
ordination), or an integration of both physical and chemical cross-links [175]. Given its
biocompatibility and stimulus-responsive swelling behavior, the hydrogel has gained atten-
tion for drug delivery application. As a drug carrier the physically cross-linked hydrogel is
preferable to the chemically cross-linked hydrogel. The covalently cross-linked hydrogel
generates a permanent structure that limits the swelling ability, and therefore, most chemi-
cally cross-linked hydrogels are used as implantables. Furthermore, the incorporation of
the drug via adsorption towards chemically cross-linked hydrogel restrains the loading
efficacy. Although the cross-linked reaction may perform drug conjugation on the hydrogel,
it sacrifices the chemical integrity of the drugs. Therefore, it is more desirable to construct
a hydrogel delivery system where simultaneous gel formation and drug adsorption can
occur in an aqueous environment without covalent cross-linking.

Due to the presence of sol-gel transition characteristics (such as swelling behavior, me-
chanical strength, and network structure), which are affected by the external stimulus such
as pH, thermal, light wavelength, ultrasonic waves, pressure, magnetic field, and electrical
field; the smart hydrogel-based nanocellulose has been well-developed for various drug
delivery formulation. Diverse types of polyelectrolytes can modify the substantial charge
of nanocellulose (either positive and negative) to form a variety of intelligent hydrogels
such as injectable hydrogel [161], stimuli-responsive hydrogel [176], double-membrane
hydrogel [177], supramolecular hydrogel [178], microsphere hydrogels, bacteria cellulose
hydrogel [179], shape memory-based bacteria cellulose [180], and aerogel/cryogel [174].
All those hydrogels have desirable physical and chemical characteristics to be adapted
to various drug delivery systems. Liu et al. [161] reviewed the current development
of nanocellulose-based hydrogel and its modification for drug delivery systems. How-
ever, double-membrane hydrogel and supramolecular hydrogel are excluded from their
review [161].

Different types of hydrogels have diverse morphological structures, network coor-
dination, and functional groups, affecting the drug’s diffusional path during adsorption
and release. Double-membrane hydrogel was developed by Lin et al. [177], consisting of
an external membrane composed of alginate and consolidation of cationic NCC (CNCC).
Two different drugs were introduced on different layers of the membrane with contrasting
types of release behavior. The outer hydrogel releases the drug rapidly, while sustained
drug release occurs in the inner membrane hydrogel. This phenomenon occurred due
to the ‘nano-obstruction effect’ and ‘nano-locking effect’ induced by CNCC components
in the hydrogels. The ‘nano-obstruction effect’ offers sustained drug release throughout
fragmentary disintegration, and the ‘Nano-locking effect’ is responsible for restricting the
burst of drug release through progressive hydrogel disintegration (Figure 10). The different
compositions and properties of external and internal hydrogels affect the drug’s behavior
and diffusional path [177].
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Figure 10. (A) The route fabrication of single membrane and double-membrane microsphere hydrogel with its optical
microscope of single membrane SA/CNCC microsphere hydrogel and SA/CNCC double-membrane microsphere hydrogel
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illustration of dual drug release mechanism from a double-layer membrane hydrogel constructed from Cationic NCC and
Alginate (this figure is redrawn from Lin et al. [177]. Copyright © 2016 American Chemical Society).

Supramolecular hydrogels have been characterized as the 3-D solid network hydrogel
organized by non-covalent interactions such as hydrogen linkage, hydrophobic coordina-
tion, and cation-π and π-π interactions. In contrast to the chemically cross-linked hydrogels,
gel morphology is equilibrated through covalent coordination; the supramolecular hy-
drogel morphology is stabilized by a non-covalent interaction. Supramolecular hydrogel
has been synthesized through extensive, diverse supramolecular configurations, includ-
ing host–guest complexation, biomimetic interaction, hydrogen bonding, stereo-complex
formation, and ionic and metal-ligand. Hydrogel-based supramolecular self-assembly
through host–guest complexation is the most widely explored method for supramolecular
hydrogel formation. Specifically, supramolecular hydrogels constructed by host–guest
inclusion between polymer and cyclodextrin demonstrated the thixotropic reversibility,
which is advantageous for syringe drug delivery.

Lin and Dufresne et al. [178] produced supramolecular hydrogel DDS by self-assembly
of a covalently grafted α-cyclodextrin (α-CD) NCC surface with epichlorohydrin as a cou-
pling agent through a one-step process. Furthermore, pluronic composed of triblock copoly-
mers with different molecular weights (Pluronic F68 or F108), both bearing hydrophobic
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poly-(propylene glycol) (PPG) and hydrophilic poly(ethylene glycol) (PEG) segments
(PEG-b-PPG-b-PEG), were immobilized on NCCs via the inclusion interaction between
the hydrophobic segment of polymer and cyclodextrin (Figure 11). The supramolecular
hydrogel-based NCC was utilized as a drug carrier for anti-cancer in vitro release of dox-
orubicin, which exhibited sustained drug release behavior (6.5 days). The kinetic release
mechanism follows the ‘obstruction’ and ‘locking’ effects. They found that supramolecular
hydrogels, upon being modified with NCC, induce a physical obstruction effect. Moreover,
the adequate loading of NCC gave strong interaction (e.g., hydrogen bonding) inside
supramolecular hydrogels and enabled the polymers to associate in the tridimensional per-
colating network, which provides a “locking effect” to delay the diffusion of doxorubicin
molecules (Figure 12). The sustained release depends on the a-CD content, the chain length
of the pluronic polymer, and the amount of NCC loaded in supramolecular hydrogels [178].
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Figure 11. Construction pathway of (I) cellulose nanocrystal (β)CD-g-CN grafted β-cyclodextrin; (II) complex inclusion
between Pluronic polymers and (β)CD-g-CN; (III) supramolecular hydrogels comprising an in situ inclusion between
(β)CD-g-CN/Pluronic and α-CD (a) hydrogel CN-CD/F68-2 and its and its morphological evidence, (b) hydrogel CN-
CD/F108-2 and its morphological evidence, (c) water, (d) drug-loaded hydrogel CN-CD/F108-2-Dox. This figure is reprinted
with permission from [178]. Copyright © 2013 American Chemical Society.

Kopac et al. [181] pointed out that the main parameter for controlling the drug deliv-
ery rate in an anionic hydrogel-based nanocellulose is the average pore size (mesh size),
controlled by selecting cross-linked and biopolymer concentration along with the adjust-
ment of pH and temperature. The changes in the ionic strength and hydrogen bonding
of functional groups in the internal hydrogel structure are responsible for altering the
polymeric hydrogel network, which affected the average pore size of hydrogel (Figure 13).
Due to the smaller hydrodynamic size of the drug relative to the mesh size, the drug
can rapidly diffuse through the hydrogel network and vice versa without a steric barrier.
However, both drugs can have a similar drug release rate by modulating the mesh size
through cross-linking density and biopolymer ratio variation [181].
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7. Lightweight Porous Based Nanocellulose for Drug Delivery

Lightweight porous materials have been classified as a 3-D solid class of material with
several features such as high specific surface area, very low density (<50%), and diverse
pore structure with various pore sizes ranging from nanometer to micron. Sponge, foam,
and aerogels are the three major categories of lightweight porous materials. The sponge
is constructed by gas dispersion in the solid matrix, commonly present as an open cell
structure of low density porous elastic polymer. The sponge has a macroporous structure
full of gaps and channels, permitting easy access to water or molecules flow [182]. Similarly,
foam can be made through the steady gas dispersion into a hydrogel or solid matrix and
even liquid. Foam is commonly characterized as having a bubble diameter (pore diameter)
greater than 50 nm [183]. Aerogel is a three-dimensional (3D) porous material constructed
by self-assembly of the colloidal component or polymeric chains, creating nano-porous
networks that can be filled up with a gaseous dispersion medium. Aerogel is prepared
through the wet-gel drying process by removing the liquid component in the hydrogel,
which is replaced by a gas constituent while still preserving the gel network [184]. The
specific surface area of aerogel can reach up to 1000 m2 g−1 with a porosity range between
80 and 99.8%. On the other hand, other aerogels, namely xerogel and cryogel, have been
prepared by evaporation and freeze-drying. Detailed preparation of light-weight porous
material-based nanocellulose has been reviewed elsewhere [185].

For the drug delivery field, carrier morphology, especially the porosity structure,
controls the drug adsorption and release since the drug will pass through the internal
pore to be retained inside and release outside regardless of the chemistry interaction.
Sun et al. [186] underlined that the critical factor in controlling and modulating the pore
structure of ultralightweight porous materials is selecting a drying method [186]. Initially,
freeze-drying, supercritical drying, and evaporation drying have been utilized in fabricat-
ing ultralightweight porous materials. Evaporation drying has emerged as a conventional
technique of synthesizing nanocellulose-based porous materials. However, there are sev-
eral major drawbacks, such as internal network structure collapse due to the capillary
forces of the solid matrix and the difficulty to prevent the shrinkage. Therefore, freeze-
drying and supercritical drying have been used as drying methods to overcome these
drawbacks. Freeze drying can retain the porous structure through the sublimation of liquid
into gas. It is also possible to cross the solid–gas interface bypassing the liquid critical
point through adjusting the temperature and pressure (supercritical drying). Both methods
effectively retain the pore structure and refine the porosity and specific surface area of
nanocellulose-based porous materials.

Aerogel-, xerogel-, and cryogel-based nanocelluloses are promising materials as the
vehicle for a drug delivery system. Before the drying process, physical and chemical cross-
linking are vital in controlling the 3D network formation and porous material performance.
Physical cross-linking is commonly established by weaker interactions such as Van der
Waals, hydrogen bonding, and electrostatic interaction. In contrast, covalent cross-linking
can create a 3-D robust mechanical framework through the action of covalent coordina-
tion and polymerization. Chemical cross-linking exhibits better mechanical stiffness and
structural stability compared to physical cross-linking.

Muller et al. [180] synthesized water-responsive xerogel to retain its original shape by
submerging it in water through moisture utilization as the stimulus. The post-modification
of BNC with the different supplementary hydrophilic substances was performed to achieve
the re-swelling behavior. Rapid re-swelling behavior can be acquired by supplementary
magnesium chloride, glucose, sucrose, and sorbitol with up to 88% maximum rehydration.
Their findings of re-swelling modified BNC showed the possibility of developing a carrier
with controlled release properties for hydrophilic drug model azorubine in the drug
delivery system.

Li et al. [174] synthesized two types of nanocellulose/gelatin composite cryogels
through hydrogen bonding and chemical cross-linking with dialdehyde starch (DAS) for
controlled drug delivery of 5-fluorouracil (5-FU). DAS subsequently reacted with both
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gelatin and CNF to form the chemically cross-linked network. The reaction of aldehyde
groups with the hydroxyl groups of CNFs led to the formation of hemiacetal/acetal types
of structures. Furthermore, the aldehyde group presence effectively integrates with the
ε-amino groups of gelatin to generate a Schiff base coordination. They found that the
chemical cross-linking of Schiff bases and hemiacetal/acetate is crucial to regulate the
structural porosity of cryogel composite. Since the porosity and cross-linking degree
mainly control drug loading, selecting the chemical cross-linking method is crucial.

Moreover, the presence of gelatin hydration capability and reversible hydrolysis
characteristic of hemiacetal/acetate, along with its morphological structure, is also respon-
sible for achieving controllable and sustained release of 5-FU in a simulated intestinal
environment. In addition, the cross-linking degree and the porosity can be tuned by the
composition and ratio of CNF, gelatin, and dialdehyde starch. The addition of CNF in-
creases the drug loading and the cross-linking degree [174]. Figure 14A shows that the
improvement of surface roughness and cross-section morphology reduces the pore size of
cryogel, leading to an increase in the cryogel resistance against ice crystal growth during
freeze-drying, resulting in the smaller pore size, higher specific surface area, and lower
density. The smaller pore size leads to better drug loading and releases efficiency since the
smaller pore structure limits the drug looseness (Figure 14B).
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Zhao et al. [187] prepared polyethyleneimine (PEI) grafted to amine-modified CNF
and cross-linked using glutaraldehyde to form an aerogel (CNFs-PEI). The success of
the aerogel formation depends on the polymerization of methyl methacrylate (MMA)
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on the surface of CNFs, which induced the formation of the network between PEI and
CNF. Polyethyleneimine (PEI) carries some primary and secondary amine functional
groups, which increase the loading of sodium salicylate (NaSA) to 20 times higher than its
counterpart (CNFs-based aerogel). The sustained and controlled release was achieved by
the CNFs-PEI aerogel, which is highly responsive to pH because of the protonation and
deprotonation of amine groups in PEI [187].

Chemically cross-linked PEI with TEMPO-mediated BC CNF (abbreviated as PEI-
BC) for aspirin, gentamicin, and bovine serum albumin (BSA) carrier has been studied
by Chen et al. [156]. The PEI cross-linking induced the morphological changes of BC
by increasing the density of interconnected structures and thickening the pore walls,
which provide the CNF interpenetrated network with improved mechanical strength [156].
Liang et al. [188] proposed a well-balanced dual responsive polymer (temperature and pH)
by modifying branched PEI with N-isopropyl acrylamide (NIPAM), which was further
grafted onto CNF through the condensation reaction (abbreviated as CNF-PEI-NIPAM). Re-
markably, the pH and temperature of the carrier can alter the hydrophobic and hydrophilic
characteristics of CNF-PEI-NIPAM [188].

CNF has been combined with the non-edible surfactant to make air bubble confine-
ment by the Pickering technique, generating stable air bubbles encapsulated in wet-stable
foams. Using the unique drying technique, the dry-foams with closed holes (cellular solid
material-CSM) were made. Although the three-dimensional closed-hole structure presents
a fascinating drug delivery system for the prolonged release of the drug because of con-
fined stable air in the internal foam’s structure, such structure may induce an elongated
diffusional path of medicine to modify the characteristic drug release. CNFs foam as a drug
carrier with the positive buoyancy characteristic was synthesized by Svagan et al. [189].
Positive buoyancy characteristics resulting from the presence of air are retained in the
closed cells. These primary characteristics highlight the practicability of CNFs foam as a
floating agent for gastro retentive drug delivery systems for site-specific drug release such
as intestinal and stomach systems.

CNF foams were synthesized by combining the cationic suspension of CNF with
the consumable surfactant (lauric acid sodium salt) as a foaming reagent. Subsequently,
hydrophilic drug riboflavin was confined in the wet-stable CNFs foam structure and
was further dried to acquire dry foam with a close hole structure with up to 50% drug
loading (Figure 15A). The CNFs foam offers structural flexibility with different porosity
and tortuosity, which can be modified in terms of shape and thickness and can be sliced
into different pieces. An increase in the foam thickness leads to a decrease in the riboflavin
release rate. In addition, the morphological foam structure showed a long and tortuous
diffusion path, prolonging drug diffusion (Figure 15B). Therefore, the diffusion coefficient
of the drug through the porous foam structure was lower than the diffusivity of the drug
in the film structure [189].

The addition of surfactant is required to synthesize stable dry-foam-based cellulose
nanofibers. Lobmann et al. [190] proposed an innovative way to synthesize stable foams
by combining cationic CNF and hydrophobic drug indomethacin. Hydrophobic drugs
provided a positive molecular interaction by partially covering the hydrophobic side of
CNFs, which further changes the surface energy of CNFs. However, the indomethacin
loading in the foams was limited to up to 21% of the loaded drug. An excessive amount of
drug loading would destabilize and collapse the foam’s structure since a higher fraction of
free indomethacin and solvent in the solution was present in the air–water interface, which
limited the surface-modified CNF aggregation [190].
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Svagan et al. [191] performed similar assembling of controlled-release CNFs foam
with buoyance characteristics utilizing the poorly soluble drug furosemide as a foaming
agent. They highlighted several factors such as the amount of drug loading, the foam
piece dimension, and the solid-state of the incorporated drug that influenced the kinetic
release of the drugs. Regarding the solid-state of the drug within the closed cell of foam,
at 21% furosemide loading in foam, furosemide mainly exists in an amorphous state of
furosemide salt, which leads to rapid release with the increase of the drug loading. In
addition, the mass of incorporated drugs inside the foam structure can provide different
foam dimensions, which alter the drug release kinetics. Bannow et al. [192] investigated the
influence of processing parameters on the foaming characteristic and structure of nanofoam
CNF/indomethacin. They found that the nanofoam density and the number of entrapped
air bubbles depend on the pH, the mass of confined drugs, and the preparation route (pre-
or post-adjustment of pH) [192].

The development of sponge-based nanocellulose for the drug delivery system by
adding citric acid (CA) as a co-cross-linker between branched polyethyleneimine (bPEI)
and TOCNFs was conducted by Fiorati and coworkers [193]. CA was added as an auxiliary
carboxyl moieties source to improve the cross-linking process to bPEI. They investigated
the as-synthesized sponge capability as a drug vehicle for amoxicillin and ibuprofen. The
confined drug in the sponge structure with non-contained citric acid moieties exhibited
a higher drug release percentage than that with the cross-linker. The presence of citric
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acid progressively increased the ibuprofen adsorption, while no significant effect was
observed for amoxicillin adsorption. The presence of citric acid provided an additional
carboxylic group, which was actively involved in the particular interaction with the ibupro-
fen molecules. In addition, the existence of CA also refined the mechanical strength and
chemical stability of the material through the occurrence of amide bond formation between
the primary amines of bPEI and with carboxylic groups of TOCNFs and CA (Figure 16).
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The progress of nanocellulose based sponges is still quite limited in the drug delivery
field. Nevertheless, several types of sponge-based nanocellulose have been used in other
biomedical applications. For instance, Xiao et al. [194] developed sponge-based CNFs
via multiple cross-linking of CNFs by cellulose acetoacetate (CAA) and aminopropyl (tri-
ethoxy) silane (APTES), which further covalently bonded with surface-modified gentamicin
through enamine coordination. The sponges’ composite exhibits outstanding antibacterial
characteristics towards S. aureus and E. coli, allowing 99.9% sterilization capability [194].

8. Integrated Inorganic/Organic-Based Nanocellulose for Drug Delivery

Recently, magnetic nanocomposites in drug delivery, particularly in cancer therapy,
have drawn considerable attention. The targeted delivery of antitumor agents towards
cancerous tissues can be carried through the advanced hybrid material with stimuli or spe-
cific recognition characteristics to pass through the targeted sites selectively. Nanohybrids
with the stimuli effect respond to the external stimulus (e.g., pH, temperature, magnetic,
and ultrasound) and further alter their physiological characteristic to release the therapeu-
tic agent with a specific concentration towards the affected tissues. Therefore, the treatment
system and the drug specificity can be improved, contributing to lessening systemic toxicity.
Nonetheless, the drug carrier biocompatibility, immunogenicity, toxicity, responsiveness to
magnetic gradients, and proper drug transportability still need much improvement.

NCC may also be utilized as a nanoparticle coating for colloidal stability improvement,
biodegradability, biocompatibility, and chemical functionalization. Rahimi et al. [195] func-
tionalized NCC with tris(2-aminoethyl)amine (AMFC) for Fe3O4 magnetic nanoparticles
coating (AMFC-NPs). Initially, the nanocellulose underwent tosyl chloride treatment for
tris(2-aminoethyl)amine functionalization (AMFC was chosen to be assigned to the amino
moieties and cationic characteristics). The presence of amino groups in AMFC-NPs was
linked to the methotrexate (MTX, an anticancer immunosuppressive drug) carboxyl groups.
This method was employed to surpass the MTX limitation by keeping down the off-target
side-impact towards healthy cells while optimizing the efficacy of anticancer drug deliv-
ery. The drug confinement efficacy reached 91.2% with 30.4% efficiency of drug loading
in the AMFC-NPs. The MTX-AMFC-MNPs system exhibited pH responsivity in which,
at an acidic condition (pH of 5.4), up to 79% of the drug was released, while over five
days, it exhibited up to 29% drug release by the protonation behavior of MTX carboxylic
groups. In addition, the nanoparticles containing MTX exhibit a higher uptake of cellular
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compared to the AMFC-MNPs, which were contributed to by the chemical similarity of
MTX with folic acid (FA), which assists the internalization of receptor-mediated cellulose.
This enhances the potential of MTX for cancer cell targeting (Figure 17) [195].
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Figure 17. (a) Magnetic NCC-based nanocarrier with pH-responsive capability construction.
The nanocellulose was undergoing tosylation, which reacted with tosyl chloride for tris(2-
aminoethyl)amine (AMFC) functionalization, incorporating amino moieties for electrostatic interac-
tion improvement, which connected into the methotrexate (MTX, anticancer drug) carboxyl groups
(MTX@AMFC@MNPs); and (b) schematic illustration of pH-responsive and localization of cancer
treatment that benefited from the structural similarity between folic acid and MTX, which assists the
folate-receptor-mediated cell internalization (this figure is redrawn from [195]. Copyright 1987 Royal
Society Of Chemistry).
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Recently, Supramaniam et al. [196] introduced magnetic characteristics towards
nanocellulos-based hydrogels, which were further utilized for controlling drug deliv-
ery. The co-precipitation with Fe (II) and Fe (III) ions was incorporated into the NCCs,
followed by the insertion of the magnetic characteristic, and subsequently, morphologically
modified into beads with sodium alginate. It was observed that the magnetic nanocellu-
lose existence refines the physical and mechanical characteristics of hydrogel beads and
swelling degree improvement and limits the drug release due to the formation of physical
entanglement inside the hydrogel. Jeddi and Mahkam [197] developed magnetic hydro-
gel beads composite-based carboxymethyl nanocellulose to deliver dexamethasone. The
composite can control the dexamethasone delivery up to 12 h.

Carbon nanotubes have outstanding characteristics such as high thermal stability,
homogenous pore arrangement, high specific area, and excellent electrical features. This
advanced material has also been employed as a vehicle in the drug delivery system
in recent years. The combination of this material with the NC material provides some
advantages. The incorporation of nanocellulose in the composite increased biocompatibility
and biodegradability while the CNTs provided good stability, magnetic and electromagnetic
behavior, and high cellular uptake [198]. Although the cytotoxicity of material still became
an issue, CNTs were widely exploited in drug delivery systems, particularly cancer therapy
applications [199].

Integration of nanocellulose into graphene-based materials through the layer-by-
layer assembly as a drug carrier was carried out by Anirudhan et al. [200]. Chemically
modified GO was used as a template for the layer-by-layer assembly of aminated nano-
dextran (AND) and carboxylic acid functionalized nanocellulose (NCCs) to form a MGO-
AND/NCCs nanocomposite. Curcumin can be loaded into the carrier through π–π stacking
and hydrogen bonding interactions due to the phenolic and aromatic rings of curcumin.
Based on the release study, the acidic environment promotes COO- groups’ protonation
and amino in aminated in nano-dextran to form NH3

+. This phenomenon decreased the
static interaction between MGO-AND/NCC, resulting in the electrostatic repulsion of each
component, consequently provoking the drug release. In addition, a cytotoxicity assay on
HCT116 cells exhibited high efficacy of curcumin-loaded MGO-AND/NCC.

The electrochemical activity of the carbon nanotube was utilized to modulate the
drug release. The release of ibuprofen from a novel hybrid hydrogel composed of sodium
alginate (SA), bacterial cellulose (BC), and multi-walled carbon nanotubes (MWCNTs) was
studied by Shi et al. [176]. The release of ibuprofen can be provoked by electrostatic repul-
sion. Thereby, the on–off release mechanism can be attained by introducing electrochemical
potential [176].

9. Conclusions

Modified and functionalized nanocelluloses with low toxicity and high biocompatibil-
ity render them promising materials as advanced drug carriers. Various hydroxyl groups
on the surface of the nanocellulose serve as attachment sites of drugs through covalent
and/or physical interactions. In addition, nanocellulose modification results in a different
morphological structure for the carrier, which contributes to an increase in the diffusion
pathway of the drug within the carrier. Therefore, surface chemistry is a crucial factor
that should be considered in the design of nanocellulose as a drug carrier for effective
drug delivery. High-purity nanocelluloses are also required to obtain drug carriers with
the well-constructed framework, thus facilitating drug adsorption and release control.
Considering all these factors, carrier-based nanocellulose is a promising candidate for
developing novel sustained drug delivery systems.
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Abstract: Herein, walnut shell (WS) was utilized as the raw material for the production of
purified cellulose. The production technique involves multiple treatments, including alkaline
treatment and bleaching. Furthermore, two nanocellulose materials were derived from WS
by 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation and sulfuric acid hydrolysis,
demonstrating the broad applicability and value of walnuts. The micromorphologies, crystalline
structures, chemical functional groups, and thermal stabilities of the nanocellulose obtained via
TEMPO oxidation and sulfuric acid hydrolysis (TNC and SNC, respectively) were comprehensively
characterized. The TNC exhibited an irregular block structure, whereas the SNC was rectangular
in shape, with a length of 55–82 nm and a width of 49–81 nm. These observations are expected to
provide insight into the potential of utilizing WSs as the raw material for preparing nanocellulose,
which could address the problems of the low-valued utilization of walnuts and pollution because of
unused WSs.

Keywords: Walnut shell; nanocellulose; TEMPO oxidation; sulfuric acid hydrolysis; ultrasonication

1. Introduction

With the depletion of fossil fuels and the increase in ecological and environmental problems caused
by the usage of fossil fuels, the development and utilization of green biomass-based materials derived
from renewable natural resources have been extensively studied around the world [1]. Cellulose,
which can be observed in all the plant structures, is a common example of a renewable natural
resource and offers the advantages of abundant availability, renewability, and biodegradability [2,3].
With the development of nanotechnology, nanocellulose, prepared from cellulose, has attracted
significant attention from academic and industrial researchers because of its low cost, biocompatibility,
biodegradability, nontoxicity, renewability, sustainability, strong surface reactivity, and desirable
physical properties (it is lightweight and impermeable to gas and it also exhibits high stiffness, good
optical transparency, and low thermal expansion) [4,5]. Compared with cellulose, nanocellulose exhibits
large surface area, high crystallinity, high mechanical strength, high hydrophilicity and supramolecular
structure [6]. These characteristics make nanocellulose promising for various applications such
as polymer nanocomposites [7,8], packaging [9,10], electronics [11,12], and stimulus-responsive
materials [13,14].

Nanocellulose can be extracted from several cellulose resources such as wood [15,16], cotton [17,18],
ramie [19], bagasse [20,21], bamboo [22], sisal [23], corn straw [24], rice straw [18], and coconut shell [25].
It has been reported that the fundamental properties of the obtained nanocellulose, such as morphology,
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crystallinity, dimensions, and surface chemistry, vary highly depending on the raw material and the
isolation process used to obtain it [26,27]. Hence, different categories of nanocellulose, such as cellulose
nanofibrils, cellulose nanocrystals, and bacterial cellulose, which differ in terms of their dimensions
and morphologies, exist [2,28]. These key properties are of critical importance for ensuring the end use
of the isolated nanocellulose.

Walnut (Juglans regia L.), also known as a peach, is harvested from the seed of the walnut tree.
Walnut is one of the world’s four major “dried fruits” along with almonds, cashews, and hazelnuts.
The global walnut production in 2017 exceeded 3.8 million tons. The walnut shell (WS) is the hard
outer shell (endocarp) of walnut, which comprises cellulose, hemicellulose, lignin, and other small
molecular substances and accounts for 67% of the total weight of walnut [29]. China, which is the
top walnut producer in the world, produced 1.92 million tons of walnuts in 2017, which resulted in
approximately 1.29 million tons of WSs (UN Food and Agriculture Organization, Corporate Statistical
Databas, 2018). After the nut is removed from the WS, the shells are considered to be agricultural
and forestry waste, which is often burned as fuel, seriously damaging the environment. Only a small
portion of the produced WSs is used for preparing wood–plastic composite materials [30], carbon
materials [31,32], or handcrafted products. Thus, the utilization of WSs is not much valued. The
walnut contains desirable substances such as cellulose, hemicellulose, and lignin. It has been reported
that the cellulose content of walnut shell is about 22% [33]. Hence, in this study, we investigate the
preparation of nanocellulose using WS as the raw material for the first time.

Cellulose nanofibrils are mainly obtained from cellulosic fibers by mechanical treatments such
as high-pressure homogenization, microfluidization, grinding, and ultrasonication [34]. However,
such mechanical fibrillation methods are very energy intensive. Various pretreatment methods
(such as enzymatic hydrolysis [35], 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation [36–38]) have been proposed to reduce the energy required for the mechanical deconstruction
process by reducing the negative or positive charge on the fiber surfaces and by enhancing the colloidal
stability of the final cellulose nanofibrils.

Unlike cellulose nanofibrils, cellulose nanocrystals have a rod-like morphology [39]. Cellulose
nanocrystals are generally prepared by hydrolysis using a strong inorganic acid such as sulfuric
acid [40,41], other inorganic strong acid hydrolysis are used for cellulose nanocrystals preparation as
well, including hydrochloric acid, phosphoric acid, hydrobromic acid, and nitric acid [42]. Recent
technological developments have resulted in a few sustainable and environment friendly methods that
rely on recyclable chemicals. Examples include hydrolysis with solid acids (e.g., phosphor tungstic
acid [43]) or treatment with ionic liquids [44] or deep eutectic solvents [45]. Among these, sulfuric
acid is the most commonly used acid for producing sulfonated cellulose nanocrystals exhibiting good
dispersibility in water [42]. During the hydrolysis process, the paracrystalline or disordered parts
of cellulose are hydrolyzed and dissolved in the acid solution; however, the crystalline parts are
chemically resistant to the acid and remain intact. Consequently, the cellulose fibrils are transversely
cleaved, yielding short cellulose nanocrystals with a relatively high crystallinity [34].

In this study, we aim to isolate nanocellulose from a renewable, cheap, and currently underutilized
raw material, i.e., WS. Herein, WS is pretreated using several mechanical and chemical processes,
including grinding, extraction, alkali treatment, and bleaching. Nanocellulose was produced by TEMPO
oxidation accompanied by ultrasonic treatment (yielding TNC) or sulfuric acid hydrolysis followed by
ultrasonication (SNC). The resulting TNC and SNC and the intermediate products were characterized
by transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and thermogravimetric analysis (TGA). The proposed method of extracting
nanocellulose from WSs is expected to reduce the pressure on natural resources. This will offer
an alternative high-valued utilization for the currently wasted WSs and, furthermore, to serve as a
reference for future studies to improve the utilization of the obtained nanocellulose for developing
new biobased nanomaterials.
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2. Materials and Methods

2.1. Materials

The WS collected from the Shanxi Province in China was used as the raw material. Ethanol,
sodium hydroxide, sodium chlorite, sodium bromide, sodium hypochlorite, glacial acetic acid, sulfuric
acid, and other chemicals were of analytical grade and used without any further purification. All of
the chemicals were supplied by Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Distilled
water was used the whole process. TEMPO was purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). Dialysis bags (MD44, viskase, Lombard, IL, USA) were provided by Beijing Biotopped Science
& Technology CO., Ltd. (Beijing, China).

2.2. Preparation of Nanocellulose

The procedure used to prepare nanocellulose is outlined in Figure 1.
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2.2.1. WS Pretreatment

In natural WSs, cellulose is embedded in a network structure in which lignin and hemicellulose
are linked together, mainly by covalent bonds [46]. Thus, WS was initially pretreated to isolate
the nanocellulose. Pretreatment of walnut shell was performed using the method described by de
Rodriguez, Thielemans, and Dufresne [47]. The WS was ground and sieved through 60 mesh (0.25 mm),
dried in an oven at 105 ◦C, and stored in a desiccator. To eliminate hemicellulose, the obtained WS
powder was mixed with a 2 wt.% NaOH solution in a WS/NaOH solid-to-liquid ratio of 10 g/100 mL
and stirred for 4 h at 100 ◦C. This NaOH treatment was repeated four times until no more discoloration
occurred; the product obtained after the NaOH treatment can be referred to as N-WS. Further, N-WS
was bleached in a solution containing equal amounts of acetate buffer and 1.7 wt.% NaClO2 at a
WS/solution solid-to-liquid ratio of 5 g/100 mL for 6 h at 80 ◦C (the reaction flask was shaken every
20 min to ensure the reaction occurs evenly). This bleaching process was repeated four times. The
bleached products were then thoroughly washed using distilled water. The obtained product can be
referred to as B-WS.
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2.2.2. TNC Preparation

TNC was prepared using the method described by Kuramae, Saito, and Isogai [48], with few
modifications. One gram of B-WS was dispersed in 100 mL of distilled water; further, 0.1 g of sodium
bromide and 0.016 g of TEMPO were added, followed by 20 mmol of NaClO. During the TEMPO
oxidation, the pH of the suspension was adjusted to 10 ± 0.5 using 0.1 M NaOH and 0.1 M HCl. The
reaction was continued for 5 h at room temperature under magnetic stirring at 1000 rpm and was
terminated by adding 10 mL of ethanol. The oxidized B-WS was washed and filtered; subsequently, it
was stored with distilled water at 4 ◦C to avoid strong hydrogen bonding.

To convert the nonoxidized hydroxyl and aldehyde groups in the oxidized B-WS into carboxyl
groups, the product obtained in the previous step was further processed. One gram of oxidized B-WS
(dry weight) was dispersed in 65 mL of distilled water, and the pH value was adjusted to 4–5. Further,
0.6 g of NaClO2 was added to the reaction system. The reaction was allowed to proceed for 1 h at
70 ◦C under magnetic stirring at 1000 rpm to yield carboxylated B-WS. The obtained carboxylated
B-WS had a carboxylate content of 1.12 mmol/g as determined by conductivity titration [49]. A certain
amount of carboxylated B-WS was weighed, and the mass fraction was adjusted to 0.5 wt.%. Finally,
high-intensity ultrasonication was performed in an ultrasonic cell pulverizer (SCIENTZ-1200E, Ningbo
Scientz Biotechnology Co., Ltd., Ningbo, China) at 600 w for 30 min in an ice/water bath to yield TNC.

2.2.3. SNC Preparation

SNC was prepared using the method described by Beck-Candanedo [41]. One gram of B-WS was
added to 8.75 mL of the sulfuric acid solution (64 wt.%) under vigorous stirring, and the hydrolysis
reaction was allowed to proceed for 1 h at 45 ◦C. The reaction was ended by adding distilled water in
a volume that was ten times the reaction volume. The obtained suspension was washed by mixing
with distilled water followed by centrifugation at 12,000 rpm for 15 min to eliminate the excess acid;
the washing was repeated until the precipitate generation was terminated. The suspension was
subsequently dialyzed against distilled water until the pH became 6.5–7. The dialyzed suspension was
sonicated at 600 w for 2 min to yield SNC.

2.3. Characterization of TNC, SNC, and Intermediate Products

2.3.1. Analysis of the Chemical Components

The α-cellulose content was determined as follows [50]. Two grams of WS powder was weighed
and transferred to a 250-mL Erlenmeyer flask, and 25 mL of nitric acid/ethanol solution (1:4 by volume)
was added. The mixed solution was refluxed for 1 h, and the process was repeated several times until
the sample turned white. The powder was repeatedly washed using distilled water and filtered until
the pH became neutral; the obtained residue was dried at 105 ◦C. The α-cellulose content (X, %) was
calculated as follows

X =
G

G1(1−W)
× 100 (1)

where G denotes the weight of the obtained residue, G1 denotes the weight of the WS, and W denotes
the moisture content of the WS.

The remaining chemical components of WS (organic extracts, lignin, hemicellulose, ash, and
holocellulose) were analyzed according to the Technical Association of Pulp and Paper Industry
standards that have been previously described [51].

2.3.2. Scanning Electron Microscopy

The WS, N-WS, B-WS, TNC, and SNC microstructures were observed using a scanning electron
microscope (SU8010, Hitachi, Japan) at an accelerating voltage of 5.0 kV. TNC and SNC were freeze-dried
before observation. All the samples were coated with gold.
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2.3.3. Transmission Electron Microscopy

TNC and SNC were imaged using a transmission electron microscope (H-7650 Hitachi, Japan)
at a 100-kV acceleration voltage. The TNC and SNC suspensions were diluted to a concentration
of 0.01% and deposited onto carbon-coated grids (230 mesh, Beijing Zhongjingkeyi Technology Co.,
Ltd., Beijing, China). After drying, the samples were negatively stained using a 1% phosphotungstic
acid solution for 10 min. The TEM images were analyzed using Nanomeasurer 1.2 (Department of
Chemistry, Fudan Univ., Shanghai, China) to determine the TNC and SNC size distributions.

2.3.4. Fourier-transform Infrared Spectroscopy

The FTIR spectra of WS, N-WS, B-WS, TNC, and SNC were recorded on a Fourier-transform
infrared instrument (Nicolette 6700, Thermo Fisher Scientific Inc., Waltham, MA, USA) in 400–4000
cm−1 with a resolution of 4 cm−1, and 20 scans for each sample were conducted. The FTIR spectra of all
samples were collected using the attenuated total reflection technique (ATR, the ATR crystal material
is zinc selenide (ZnSe)).

2.3.5. X-ray Diffraction Technique

XRD analysis was performed on WS, N-WS, B-WS, TNC, and SNC using a diffractometer (D/max
2200, Rigaku, Japan) equipped with Ni-filtered Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA.
The diffraction intensities were recorded in 2θ = 5◦–60◦ with a scan rate of 5◦/min.

The crystallinity index (CrI, %) was calculated according to the method reported by Segal [52] as
follows

CrI =
I200 − Iam

I200
× 100 (2)

where I200 is the maximum intensity of the diffraction at 200 peak (2θ = 22.6◦) and Iam is the intensity
of the diffraction at 2θ = 18◦.

2.3.6. Thermogravimetric Analysis

The thermal stability of each sample was evaluated using a thermogravimetric analyzer (TG209F1,
Netzsch Scientific Instruments Trading (Shanghai) Co., Ltd., Shanghai, China) from room temperature
to 600 ◦C at a rate of 10 ◦C /min in a nitrogen atmosphere.

3. Results and Discussion

3.1. Chemical Components

Table 1 presents the WS, N-WS, and B-WS chemical compositions. The chemical compositions of
the three samples were observed to be significantly different because of the applied chemical treatments.

Table 1. Chemical components of walnut shell WS, walnut shell treated by NaOH (N-WS), and walnut
shell after bleaching (B-WS).

Sample α-Cellulose
(%) Lignin (%) Hemicelluloses

(%) Ash (%) Benzene/Ethanol
Extractives (%)

WS 27.4 36.31 31.3 3.6 1.57
N-WS 56.6 30.98 7.6 1.97 1.16
B-WS 87.9 0.17 1.8 1.64 0.41

It is found that WS has the lowest percentage of cellulose and highest percentage of noncellulosic
components such as lignin and hemicelluloses. The chemical treatments aim to remove the noncellulosic
components. When WS was subjected to NaOH treatment, the lignin and hemicelluloses contents
of N-WS decreased to 30.98% and 7.6%, respectively, whereas the cellulose concentration of N-WS
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increased to 56.6%. After bleaching treatment, the cellulose content of B-WS increased to 87.9% due to
the removal of remaining lignin and hemicelluloses, resulting in highly purified cellulose.

3.2. SEM Analysis

The WS, N-WS, B-WS, TNC, and SNC microstructures were observed using a scanning electron
microscope. The SEM image of WS (Figure 2a) denotes that the WS had a rough surface. However, the
surface of N-WS (as seen in Figure 2b) had an irregular porous structure due to the degradation of
hemicellulose and the partial degradation of lignin by the repeated alkali treatment. Further, B-WS
(shown in Figure 2c) exhibited a loose structure, which indicated the successful removal of residual
lignin by the acetate buffer/NaClO2 solution. These results are consistent with the changes in chemical
composition denoted in Table 1.
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Figure 2. SEM micrographs of (a) WS, (b) N-WS, (c) B-WS, (d) nanocellulose obtained via TEMPO
oxidation (TNC), and (e) nanocellulose obtained via sulfuric acid hydrolysis (SNC).

After the TNC was freeze-dried, the obtained aerogel was observed to be a porous network
with a lamellar structure (Figure 2d). This structure is because the strong hydrogen bonding during
freeze-drying caused the nanoparticles to self-assemble into the lamellar structures [53,54]. The aerogel
formed by freeze-drying the SNC exhibited a similar porous structure (Figure 2e).

3.3. TEM Analysis

TEM was used to observe the morphology of the nanocellulose produced using different methods.
The prepared TNC (Figure 3a) exhibited an irregular block structure, whereas the prepared SNC
(Figure 3b) was rectangular with a length of 55–82 nm and a width of 49–81 nm. The TNC morphology
observed in this study was significantly different from that of the nanocellulose produced using the
same procedure in a previous study [36,54]; this may be attributed to the irregular morphological
structure [30] of the WS powder used in this study, as depicted in Figure 2a. Furthermore, the SNC
morphology obtained through sulfuric acid hydrolysis as observed by TEM differed from the typical
rod- or needle-like morphologies of the typical cellulose nanocrystals [2]. As has been reported, the
size and shape of nanocelluloses influence the properties (for example, optical characteristics, stability,
and rheology) in aqueous media [55], which largely determines the application of nanocellulose.
Nanocellulose with spherical or square structure makes them excellent candidates as stabilizer for
Pickering emulsion [53] or drug delivery carrier for encapsulation [56].
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3.4. Chemical Structures

The changes in the chemical structures of the raw WS after various treatments were investigated
using FTIR (Figure 4). Two main absorption regions appeared in all the curves among which one was
in the high-wave-number region from 2800 to 3500 cm−1 and the other was in the low-wave-number
region from 600 to 1750 cm−1 [57]. The peak at 2897 cm−1 was attributed to the stretching vibration
of the C–H groups of cellulose, whereas the wide region around 3350 cm−1 was attributed to the
O–H stretching vibration of the hydrogen-bonded hydroxyl groups in the cellulose molecules [51,58].
Further, the peak at 1738 cm−1 corresponds to the acetyl groups and ironic esters of the hemicellulose
and the ester linkages of the carboxylic groups of the ferulic and p-coumaric acid in lignin and
hemicellulose [59]. The absence of a peak at 1738 cm−1 in the FTIR spectrum of N-WS indicates that the
hemicellulose in WS was effectively degraded by the NaOH treatment. The peaks at 1248 cm−1 and
1502 cm−1 in the FTIR spectrum of WS, corresponding to the aromatic skeletal vibrations of lignin [60],
disappeared in the curve of B-WS, confirming that majority of the lignin was removed by the bleaching
treatment. Furthermore, the absence of peaks at 1738 cm−1, 1502 cm−1, and 1248 cm−1 in the B-WS
spectrum is consistent with the changes in chemical components during the alkaline and bleaching
processes. The absorption peaks at 1162 cm−1 and 1034 cm−1 in all the curves correspond to the
stretching vibration of the C–O–C bonds in the 1,4-glycosidic links linkages of the d-glucose units in
cellulose, which were interpreted as typical for a cellulose structure [61]. The peaks at approximately
1645 cm−1 in the spectra of all the samples were attributed to the H–O–H stretching vibration of the
adsorbed water due to the hydroxyl groups in cellulose [20], whereas those at 892 cm−1 represented the
C1–H deformation of cellulose [62]. There were no significant differences between the SNC and B-WS
spectra, demonstrating that the characteristics of the cellulose molecular structure were maintained
during sulfuric acid hydrolysis. The increase in the relative amount of cellulose in the sample due to the
decrease in the amounts of other components upon hydrolysis may account for the slight increase in the
intensity of the peak at 1034 cm−1 from B-WS to SNC. The peak at 1738 cm−1, which is characteristic of
the C=O stretching of carboxyl groups, reappeared in the FTIR spectrum of TNC when compared with
that of B-WS due to the introduction of –COOH on the cellulose surface; this indicates that cellulose
was successfully modified by the TEMPO oxidation [63].
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3.5. Crystal Structures

The XRD patterns of WS, N-WS, B-WS, TNC, and SNC (Figure 5) were studied to further
evaluate the influence of the processing treatment. All the samples exhibited diffraction peaks at
approximately 16◦ (110) and 22.6◦ (200), whereas WS, N-WS, and B-WS also exhibited a diffraction
peak at approximately 34◦ (004). These peaks indicate that the typical cellulose crystal structure was
preserved in all the samples, indicating that the chemical and ultrasonic treatments did not change
the integrity of the original cellulose crystal [64,65]. However, the crystallinity index changed with
each step. The apparent crystallinity of WS was 29.5%. After NaOH treatment, the CrI of N-WS
increased to 40.9% due to the dissolution and removal of lignin and majority of the hemicellulose
(i.e., the amorphous hemicellulose) [57]. The CrI further increased to 42.9% as a result of the lignin
removal by the acetate buffer/NaClO2 solution. These results are consistent with the observed changes
in the chemical composition and the FTIR analyses. The CrI of SNC (40.1%) decreased slightly after the
sulfuric acid hydrolysis and ultrasonication, which may have been caused because the amorphous
and crystalline regions were damaged by the strong acid hydrolysis [66]. There were no significant
differences in the position of X-ray diffraction peaks between the TNC and B-WS XRD curves, indicating
that the original crystal structure of the cellulose was unchanged after the oxidation (Figure 5). These
results indicate that the carboxylate groups formed by the TEMPO-mediated oxidation are selectively
introduced on the surfaces of the cellulose microfibril rather than the internal cellulose crystallites [38].
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3.6. Thermal Stability

Figures 6 and 7 depicted the TGA and DTG curves, respectively, for WS, N-WS, B-WS, TNC, and
SNC. All the TGA curves began with slight mass losses from room temperature to 105 ◦C, corresponding
to the evaporation of slightly bound water from all the samples. As the temperature increased further,
the WS degradation occurred in two phases. The first decomposition occurred between 214 ◦C and 300
◦C, corresponding to the hemicellulose degradation and the beginning of lignin degradation [23,67].
After this change, the largest loss of mass in the material occurred between 300 ◦C and 380 ◦C, peaking
at 342 ◦C, which corresponded to that of cellulose [68].
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In contrast, the decomposition of four other samples occurred in only one stage. N-WS began to
degrade at 205 ◦C due to lignin degradation; however, the maximum mass loss occurred at 301 ◦C,
which can be attributed to cellulose degradation. The absence of peaks related to the degradation of
hemicellulose and the relatively small change associated with lignin degradation in this sample as
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compared with that associated with WS indicates that the alkaline treatment eliminated most of the
hemicellulose and some of the lignin from the WS.

B-WS degraded from 222 to 380 ◦C, with the most significant mass loss occurring at 332 ◦C; this
was mainly attributed to cellulose degradation, which was within the decomposition temperature
range reported in previous studies [68,69] (315–400◦C). The wide range, which was associated with
lignin degradation, was not observed in this sample, indicating that lignin was eliminated after the
bleaching reaction in the acetate buffer/NaClO2 solution.

The thermal degradation of TNC (i.e., following TEMPO/NaClO/NaBr oxidation) began at 178 ◦C,
which was approximately 50 ◦C lower than that in B-WS. It has been reported that the introduction of
–COOH by the TEMPO-mediated oxidation of the C6 primary hydroxyl groups on the cellulose surface
results in a significant decrease in thermal degradation [70].

SNC exhibited the worst thermal stability among the five tested samples, which can be attributed
to the introduction of sulfate groups. It had been reported that the degradation of sulfate groups
requires relatively low activation energy [71,72]. The thermal stability of TNC was likely to be lower
than that of SNC because it exhibited fewer crystalline regions. This result is consistent with those
in previous studies [73,74], which have shown that the crystalline regions of nanocellulose generally
provide thermal stability. This finding is in agreement with the finding of XRD analyses, which showed
that TNC had a high crystallinity index.

4. Conclusions

In this study, nanocellulose was produced using WS as the raw material; novel shapes were
obtained by applying different production processes. The chemical composition analysis revealed
that the hemicellulose and lignin in WS were effectively removed by alkali treatment and bleaching,
increasing the cellulose content to 89%. The TEM images denoted that the produced TNC exhibited
an irregular block structure, whereas SNC was rectangular with a length of 55–82 nm and a width of
49–81 nm. The results of the FTIR and XRD analyses of WS, N-WS, and B-WS were consistent with the
observed chemical changes and confirmed that the typical cellulose structure remained unchanged
through the TEMPO oxidation and sulfuric acid hydrolysis treatments. Our observations demonstrate
that WSs, which are an abundant and sustainable agricultural waste, may be repurposed for the
production of nanocellulose.
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Abstract: Interest in nanocellulose obtained from natural resources has grown, mainly due to the
characteristics that these materials provide when incorporated in biodegradable films as an alternative
for the improvement of the properties of nanocomposites. The main purpose of this work was to
investigate the effect of the incorporation of nanocellulose obtained from different fibers (corncob, corn
husk, coconut shell, and wheat bran) into the chitosan/glycerol films. The nanocellulose were obtained
through acid hydrolysis. The properties of the different nanobiocomposites were comparatively
evaluated, including their barrier and mechanical properties. The nanocrystals obtained for coconut
shell (CS), corn husk (CH), and corncob (CC) presented a length/diameter ratio of 40.18, 40.86, and
32.19, respectively. Wheat bran (WB) was not considered an interesting source of nanocrystals, which
may be justified due to the low percentage of cellulose. Significant differences were observed in
the properties of the films studied. The water activity varied from 0.601 (WB Film) to 0.658 (CH
Film) and the moisture content from 15.13 (CS Film) to 20.86 (WB Film). The highest values for
tensile strength were presented for CC (11.43 MPa) and CS (11.38 MPa) films, and this propriety
was significantly increased by nanocellulose addition. The results showed that the source of the
nanocrystal determined the properties of the chitosan/glycerol films.

Keywords: films; nanocellulose; nanocrystals; biodegradable packaging

1. Introduction

With the advancement of nanotechnology and nanoscience, materials are modulated in their
technologies, generating new technologies to incorporate to the needs of the current society [1–5]. In this
context, cellulose nanocrystals are being used to improve the mechanical and barrier properties of
chitosan films and make their commercialization viable [6–11]. Nanocellulose or cellulose nanocrystals
are the crystalline domains of cellulosic sources, obtained through acid hydrolysis, having characteristics
of high rigidity, high crystallinity, and nanometric size [6–10]. The cellulose nanocrystals have been the
object of several studies, since they present great potential of application as reinforcement in polymer
matrices [12,13]. Cellulose nanocrystal is known as the most appropriate and efficient reinforcement
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additive due to its renewability, excellent mechanical properties, and economic cost [14], and can be
obtained from waste, further improving the cost benefit.

Among the nanoreinforced materials, the application of the vegetal fibers stands out, since
these have ample availability in almost all the countries, being usually designated as lignocellulosic
materials [15–17]. Some fibers are found spontaneously in nature, while others are derived from
agricultural activity and from waste generated mainly by agroindustry. Studies evaluate the application
of nanocrystals obtained by several fibers in polymeric systems, for example, barley straw and husk in
poly(vinyl alcohol) (PVA) blended with natural chitosan (CH) nanocomposites [18], pine cones in a
biodegradable poly(3-hydroxybutyrate)/poly(ε-caprolactone) (PHB/PCL) [19], and sunflower stalks
on wheat gluten bionanocomposites [20]. The high availability of lignocellulosic fibers, coupled with
the need for a renewable source for the production of polymers, represents a great opportunity for
technological advances that add value to the products or residues of the agroindustry and, at the same
time, act in the fixation of carbon in nature [21–24]. This implies helping to reduce the emission of CO2

into the atmosphere during the production cycle, increasing the economic potential of agribusiness
due to the possibility of trading carbon credits in the production chain [25–29].

In relation to the development of new materials, there is also the growth of technologies using
polymers from renewable sources for diverse applications. These materials have been important
for the advancement of the sciences, and have several advantages such as being easily obtainable,
biocompatible, and biodegradable [30,31]. The choice of material to be used in the formulation of
the films is very important, as they will depend on the interactions between the components of the
material, which may interfere with the barrier properties, mechanical properties, and the physical
aspects of the films [32].

Several biopolymers such as polysaccharides, proteins, and lipids have been used as polymer
matrices for the development of biodegradable packaging due to their availability, renewability, low
cost, respect for the environment, and biodegradability. Among these, chitosan is considered favorable
for the development of biocomposites [33,34], and based on production volumes, is the second most
abundant polymer after cellulose [35,36]. Chitosan is a natural polysaccharide derived from chitin,
and although the most important sources are commercial shellfish carapaces, studies indicate that
this element can be found in insects, mollusks, and fungal cell walls [37]. The bioactivity of this
material has aroused interest in the application as a packaging film due to its ability to form flexible
and resistant films with efficient oxygen barrier and antimicrobial activity [6,7,9,38,39]. In addition, the
use of chitosan in the field of biomedicine has been reported for its various important pharmacological
properties and its role in tissue engineering, regenerative medicine, scaffold, and drug delivery systems
is also well documented [40].

Chitosan based films are biocompatible and biodegradable, with excellent mechanical strength and
cost effectiveness [41]. Previous studies have shown the efficiency of the incorporation of nanocrystals
obtained from different sources into chitosan films, contributing to increase the mechanical and barrier
properties of these materials [42–44]. Azeredo et al. [45] evaluated the effect of different concentrations
of nanocellulose on tensile properties and water vapor permeability of chitosan films. Pereda et al. [46]
demonstrated that the combined use of cellulose nanoparticles and olive oil proved to be an efficient
method to reduce the inherently high water vapor permeability of plasticized chitosan films, improving
their tensile behavior at the same time.

The films obtained by natural polymers are poorly flexible and brittle, thus, it becomes necessary
to add plasticizer to the polymer matrix to improve its flexibility characteristics. Plasticizers reduce
the interactions between adjacent molecules, increasing film flexibility [47]. For application of a
plasticizer, it is extremely important that it is suitably compatible with the polymer used and the
definition of proportionality between the components in order to tailor the final composition to a given
application [48]. Several plasticizers are used in the preparation of biodegradable films and coatings,
including mono-, di- and oligosaccharides (glucose, sucrose); polyols (glycerol, sorbitol, derivatives of
glycerol); and lipids (saturated fatty acids, monoglycerides and ester derivatives, phospholipids and
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surfactants) [49]. The use of plasticizers in these films allows a greater percentage of elongation and
adaptation of the matrix in the structure [50]. Glycerol is currently one of the plasticizers most used in
the development of biodegradable films, which has caused scientific impact since this polyalcohol is
a byproduct generated from the biodiesel chain, which is expanding worldwide [51], and is thus a
low-cost and high-availability material.

With this background, the objective of this work was the extraction of cellulose nanocrystals from
four different lignocellulosic fibers, considered as byproducts of the agro-food industries (Corncob
(CC), corn husk (CH), wheat bran (WB) and coconut shell (CS)) and the investigation of the influence of
the incorporation of these nanoparticles on the physical, barrier, and mechanical properties in chitosan
biofilms. The main focus of the study is to identify sources of residues for the production of cellulose
nanocrystals and, consequently, to evaluate the behavior of the inclusion of these nanoparticles in
films using chitosan as a polymer matrix. Chitosan is identified as a highly attractive biomaterial for
film owing to its properties seen in previous reports. Chitosan can be easily incorporated into gels,
membranes, beads, and scaffolds, and these forms provide a wide variety of biomedical applications
and food packaging.

2. Materials and Methods

For extraction of the cellulose nanocrystals were used corncob (CC) and corn husk (CH) bought in
local commerce in Salvador, Bahia, Brazil, wheat bran (WB) provided by a local wheat mill, and coconut
shell (CS) donated by Frisbraztech (Conde, Bahia, Brazil). The films were produced with chitosan
(Sigma-Aldrich, Saint Louis, MO, USA, Cas Number: 9012-76-4, with a degree of deacetylation ≥ 75%),
and the glycerol purchased from Synth (São Paulo, Brazil).

2.1. Characterization of the Fibers

The natural fibers were characterized as moisture, water activity, ash content, and crude
fiber content.

The moisture content was determined using an infrared-heated scale (Shimadzu, MOC-120H,
Kyoto, Japan) with the intensity of the emitted radiation set so that the sample would reach 105 ◦C.
Measurements of water activity were performed using a Decagon (Novasina®, Lab Master aw,
Neuheimstrasse, Switzerland) at temperature of 25 ◦C. The ash content was determined using an
muffle Fornitec, and crude fiber content (lignin, hemicellulose and cellulose) in Ankom A200 Fiber
Analyzer (New York, NY, USA), by the FDA (Acid Detergent Fiber) and NDF (Neutral Detergent Fiber),
according to the methodology proposed by Van-Soest, Robertson and Lewis [52].

2.2. Extraction of Cellulose from Fibers

The extraction of the cellulose pulp was performed based on the works of Samir et al. [53] and
Machado et al. [12]. The selected materials (CC, CH, WB and CS) were previously dried at 60 ◦C for 3 h
to remove excess moisture and ground in a blender to obtain a fine powder. The crushed fibers (30 g)
were washed in 1200 mL of 2% NaOH solution and at 80 ◦C for a period of 4 h under constant stirring.
The resulting solutions were filtered and washed with water to obtain a pulp. The washing process
was repeated three times for complete removal of the water soluble agents and obtaining the cellulose
pulp. After washing, the process of delignification and bleaching of pulps was carried out, using
300 mL of sodium hypochlorite (1.7%) and 300 mL of a buffer solution. The resulting solution was
placed under constant stirring at a temperature of 80 ◦C for 6 h (TE-394/2, Tecnal, São Paulo, Brazil),
filtered and oven dried (40 ◦C) to obtain the cellulose pulp of each fiber.

2.3. Preparation of Cellulose Nanocrystals

The cellulose nanocrystals were prepared by acid hydrolysis using 45% H2SO4 [12,38]. Briefly,
12 mL/g of cellulose was subjected to constant stirring for period of 1 h, and temperature between 50
and 55 ◦C. After acid hydrolysis, the dispersions were cooled to 30 ◦C and the volume was completed
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to 40 mL in Falcon tubes. The tubes were centrifuged for 10 minutes at 4400 rpm and a temperature of
10 ◦C (Sigma 2-16KHL, Osterode am Harz, Germany) in order to separate the crystals in suspension.
Centrifugation was repeated 4 to 6 times for better separation results.

Then the suspensions were subjected to dialysis using cellulose membranes (D9777-100 FTO,
12.000 Da cut off, Sigma-Aldrich, Saint Louis, MO, USA), and after reaching the pH between 6 to 7, the
samples were placed in an ultrasonic bath (RMS, Quimis, São Paulo, Brazil) with a power of 200 W,
frequency of 60 kHz, and a temperature of 25◦C for 5 min for the dispersion of the nanocrystals.

2.4. Production of Films (Nanobiocomposites)

The films with nanoparticles extracted from different fibers were produced by the casting method,
according to the methodology proposed by Yassue–Cordeiro et al. [31] and de Souza [54]. Chitosan
(1.5%, g/100g) dissolved in glacial acetic acid (1.0%, g/100g) and glycerol (0.15%, g/100g) was used
as the plasticizing agent. To this mixture was added 5% (w/v) cellulose nanocrystals (a filmogenic
solution for each fiber) under constant shaking in Shaker Incubator (MA420, Marconi, São Paulo,
Brazil) at 40 ◦C for 24 h (Table 1). After homogenization, 40 g of the solution was transferred to Petri
dishes and subjected to dehydration in an air circulation oven (35 ± 2 ◦C) (Q314M, Quimis, São Paulo,
Brazil) for 20 h. Other film was produced without the addition of cellulose nanocrystals for use as
control. The films obtained were packed in a vacuum desiccator containing saturated sodium chloride
solution (TE-3950, Tecnal, São Paulo, Brazil).

Table 1. Formulation of films containing nanocrystals of different lignocellulosic sources and control.

Formulations Chitosan (%, g/100 g) Acetic Acid (%, g/100 g) Glycerol (%, g/100 g) Cellulose Nanocrystals
(%, g/100 g)

Control 1.50 1.00 0.15 0.00
CS 1.50 1.00 0.15 5.00
CH 1.50 1.00 0.15 5.00
CC 1.50 1.00 0.15 5.00
WB 1.50 1.00 0.15 5.00

Coconut shell (CS), corn husk (CH), corncob (CC) and wheat bran (WB).

2.5. Characterization of Cellulose Nanocrystals

The concentration of nanocrystalline cellulose in the suspensions was determined by gravimetric
analysis. An aliquot with a known volume was dried at 40 ◦C for 24 h in an air circulation oven (TE-394/2,
Tecnal, São Paulo, Brazil). The birefringence of the nanocellulose suspensions was determined by the
methodology proposed by Flauzino et al. [55], an aliquot of aqueous suspension of the nanocrystals
(5 x 10−3 g.mL−1) was placed in a glass test tube, this tube was placed in front of a polarized light
source, and it was then photographed with a camera equipped with a filter of polarized light. Cellulose
nanocrystalline dispersions for all fibers were analyzed by transmission electron microscopy (TEM), in
order to determine the length of the fibers (L), width (D), and aspect ratio (L/D) and indicate the state
of aggregation of the crystals. Measurements were made directly from the micrographs using Image
Tool 6.3 (Media Cybernetics, Rockville, USA) with 30 measurements to determine mean and standard
deviation values according to the methodology proposed by Machado et al. [12].

2.6. Characterization of Films—Determination of Thickness and Mechanical Properties

The thickness of the films and control were evaluated in random positions using digital micrometer
(Digimess, São Paulo, Brazil) with resolution of 0.001 mm. The tensile tests were performed using a
Brookfield (Braseq CT310K, Middleboro, MA, USA), with a maximum load of 10 KN, with a speed
of 0.5 mm s−1, a temperature of 25 ◦C, trigger load of 7 g, test probe tip of TA3/100 and TA / TPB
device [13,56]. Tensile tests were performed on six specimens with dimensions of 80 mm in length and
25 mm wide for each sample.
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2.7. Statistical Analysis

The results of this study were expressed as the mean± standard deviation (sd) (n = 3). The statistical
analysis of the results was performed using the Statistica® 6.0 software from StatSoft (Tulsa, Hamburg,
Germany). The results were treated by the Tukey test to identify if the changes in the parameters
evaluated were significant at the 95% level of significance.

3. Results

3.1. Characterization of Fibers

The composition and structure of lignocellulosic biomass have great influence on the nature and
yields of the hydrolysis processes. The moisture content (%), the water activity (aw), and the ash
content (%) of the fibers obtained from corn cob (CC), corn husk (CH), wheat bran (WB), and coconut
shell (CS) are shown in Table 2.

Table 2. Mean values of moisture content, water activity, and ash of lignocellulosic fibers (mean ±
standard deviation).

Fibers Moisture (%) Activity Water Ash Content (%)

CS 88.7 ± 0.07 a 0.970 ± 0.05 a 5.37 ± 0.10 a

CH 67.1 ± 5.40 b 0.940 ± 0.06 b 0.92 ± 0.12 b

CC 72.7 ± 5.80 b 0.770 ± 0.05 c 3.64 ± 0.26 c

WB 12.4 ± 0.60 c 0.640 ± 0.03 d 4.75 ± 0.27 d

Coconut shell (CS), corn husk (CH), corncob (CC), and wheat bran (WB). Mean ± standard deviation of samples.
Values with the same letter in the same column did not present significant differences (p < 0.05) by Tukey’s test at
95% confidence (a–d).

Table 3 shows the cellulose, hemicellulose and lignin contents of the fibers studied. Each component
of the lignocellulosic fibers is responsible for different functions, so different levels of these components
influence the properties of the nanocellulose fibers obtained [38,57,58].

Table 3. Cellulose, hemicellulose, and lignin contents in natural lignocellulosic fibers (mean ± standard deviation).

Fibers Cellulose (%) Hemicellulose (%) Lignin (%)

CS 47.16 ± 1.24 b 20.71 ± 0.66 b 30.71 ± 0.21 a

CH 24.09 ± 1.13 c 12.99 ± 0.58 c 0.50 ± 0.13 c

CC 52.99 ± 1.79 a 29.72 ± 0.69 a 4.56 ± 1.84 b

WB 10.86 ± 1.25 d 28.88 ± 0.32 a 4.89 ± 0.84 b

Coconut shell (CS), corn husk (CH), Corncob (CC), and wheat bran (WB). Mean ± standard deviation of samples.
Values with the same letter in the same column did not present significant differences (p < 0.05) by Tukey’s test at
95% confidence (a-d).

3.2. Characterization of Cellulose Nanocrystals

Figure 1 shows the four steps of washing the fiber with NaOH for the process of extracting
cellulose from the corncob, as an example, until the bleaching stage.

For each 30 g of fiber submitted to the washing and bleaching process (Figure 1), different yields
of cellulose pulp were obtained, and these results are presented in Table 4. The concentration of
nanocrystals (g.10mL−1) is a parameter for the evaluation of the nanocellulose dispersion, indicating if
it needs a higher concentration for use in the production of the films.

The existence of nanocrystals can be proven by birefringence analysis and microscopy. According to
Pereira et al. [59], flow birefringence results from the alignment of nanoparticles and indicates the existence
of isolated nanocrystals in the dispersion. As the cellulose nanocrystals are rigid rod-like particles,
they have a strong tendency to align a vector director and increase in relation to particle size/diameter.
As a result of the strong birefringence of the native cellulose, this rod alignment creates a macroscopic
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birefringence that can be directly observed though cross polarizers [60]. The suspensions (CH, CC, CS and
WB) were analyzed from a polarizing lens. In the birefringence analysis, the CC nanocrystals dispersion
was the one that presented the nematic phase liquid crystals (N) clearly to prove the existence of the
crystals (Figure 2), CH and CS presented nematic phase with less clarity, and the WB did not present
nematic phase. This information is in agreement with the results presented in Table 5.Polymers 2018, 10, x FOR PEER REVIEW  6 of 16 
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Figure 1. Cellulose pulp obtained by corncob (CC): (a) first wash with NaOH; (b) second washing;
(c) third washing; (d) fourth washing; (e) bleaching step.

Table 4. Yield and concentration of cellulose pulp and nanocrystals in the different lignocellulosic sources.

Lignocellulosic Source CS CH CC WB

Pulp Cellulose (%) 12.50 25.40 38.70 28.00
Nanocellulose (g.10mL−1) 0.660 0.050 0.072 NA

Coconut shell (CS), corn husk (CH), corncob (CC), and wheat bran (WB).Polymers 2018, 10, x FOR PEER REVIEW  7 of 16 
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for wheat fiber, indicating that they are not present in a considerable amount.  

The process conditions, whether concerning fiber preparation or hydrolysis for whisker 
isolation, affect the morphological characteristics of these nanomaterials. The acid used for hydrolysis 
may affect the characteristics of whisker dispersion in an aqueous system. The effect of reaction time 
and acid-wood pulp ratio on the properties and behavior of the whisker suspension, obtained by 
sulfuric acid hydrolysis, was observed that shorter whiskers, less variable in length, were obtained 
in longer reaction times [61]. Beck-Candanedo et al. [61] also found out that an increase in the acid-
pulp ratio also leads to whiskers with reduced dimensions.  

Figure 2. Phenomenon of birefringence observed through a polarized lens after dispersion of cellulose
nanocrystals extracted from corncob (CC).

Table 5. Size of the nanocrystals of different lignocellulosic sources (mean ± standard deviation).

Nanocrystals L ± sd (nm) D ± sd (nm) L/D

CS 254.0 ± 98 6.32 ± 1.02 40.18
CH 298.3 ± 97 7.30 ± 1.20 40.86
CC 302.0 ± 86 8.12 ± 0.96 32.19
WB - - -

Coconut shell (CS), corn husk (CH), corncob (CC), and wheat bran (WB). L = length; D = width and L/D ratio.
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Table 5 presents the mean values of the width (D), length (L), and the L/D ratio of the crystals.
CC, CH, and CS presented positive results for TEM analysis, where it was possible to visualize

the aggregate crystals in a needle format (Figure 3). It was not possible to visualize crystal formation
for wheat fiber, indicating that they are not present in a considerable amount.
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Figure 3. Cellulose nanocrystals obtained by Transmission Electron Microscopy (TEM) (PTA contrast
and uranyl). (a) and (b) Corn husks; (c) and (d) Corncob; (e) and (f) Wheat bran; (g) and (h) Coconut
shell (Scale: 200 nm).
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The process conditions, whether concerning fiber preparation or hydrolysis for whisker isolation,
affect the morphological characteristics of these nanomaterials. The acid used for hydrolysis may
affect the characteristics of whisker dispersion in an aqueous system. The effect of reaction time and
acid-wood pulp ratio on the properties and behavior of the whisker suspension, obtained by sulfuric
acid hydrolysis, was observed that shorter whiskers, less variable in length, were obtained in longer
reaction times [61]. Beck-Candanedo et al. [61] also found out that an increase in the acid-pulp ratio
also leads to whiskers with reduced dimensions.

3.3. Production and Characterization of Films

The films produced from the formulations described in Table 1, using different types of nanocrystals,
as well as the control film, were analyzed to determine their physical and barrier properties (water
activity (aw), moisture content (M), total solids (TS), and thickness (t)) and their mechanical properties
(tensile strength (σ) and strain (ε)), described in Table 6. Figure 4 shows the physical appearance of
CS film.

Table 6. Characterization of nanobiocomposites (mean ± standard deviation).

Film aw±sd M ± sd (%) TS ± sd (%) t ± sd (mm) σ ± sd
(MPa) ε ± sd (%)

Control 0.610±0.01 b 20.75±0.78 a 78.92±0.78 d 0.049±0.02 a 4.08±1.87 d 115.9±4.36 e

CS Film 0.600±0.01 b 15.13±0.01 c 84.87±0.01 a 0.040±0.04 ab 11.38±3.53 a 274.2±1.35 a

CH Film 0.658±0.02 a 20.24±0.62 a 79.76±0.62 c 0.027±0.01 bc 6.99±4.56 c 155.2±5.13 c

CC Film 0.611±0.05 b 18.32±0.90 b 81.68±0.90 b 0.019±0.01 c 11.43±3.58 a 195.2±8.76 b

WB Film 0.601±0.01 b 20.86±0.06 a 79.14±0.06 cd 0.027±0.01 bc 4.03 ±1.67 b 141.0±9.09 d

Coconut shell (CS), corn husk (CH), corncob (CC), and wheat bran (WB). Values followed by same letter, in the same
column, did not present significant differences (p > 0.05) by the Tukey test at 95% confidence (a-d).
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4. Discussion

Among the fibers, CS had the highest results to moisture (88.7%± 0.07), water activity (0.97 ± 0.05),
and ash (5.37% ± 0.10), the WB presented the smaller moisture content (12.4% ± 0.60), and water
activity (0.640 ± 0.03) (Table 2). The moisture content of the fibers, as well as the storage conditions
and the time, can interfere in the degree of crystallinity of the cellulose, and consequently, in obtaining
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the nanocrystals [15,29,54]. The CH and CC fibers analyzed in this study were collected from ears
of green and not dry corn. For this reason, the values found for moisture and water activity were
higher than those found in the literature. Corn husk presented higher moisture than that presented by
Reference [62] (12.96%) and near ash content (1.52%), which can be explained mainly by the origin of
the fiber and its level of maturation. Ziglio et al. [63] found moisture values of 8.9% for cob corn [63].
The results of moisture found for wheat bran are similar to those presented by De Lima Dantas et al. [64],
11.59%, however, the ash value was lower (0.62%). Differences can be justified by the wheat variety,
the maturation stage of the samples, and the producer region.

The results in Table 3 show the differences in fiber composition of the different residues studied.
The CC fiber showed the highest values of cellulose (52.99% ± 1.79) followed by the CS fiber
(47.16% ± 1.24). The CC fiber presented the highest hemicellulose content while the CS fiber had
the highest lignin content (30.71 ± 0.21). Souza et al. [65] found values of 37.6% cellulose, 34.5%
hemicellulose, and 12.6% lignin for corn husk, and 31.7% cellulose, 34.7% hemicellulose, and 20.3%
lignin for corn cob. In the literature, different values of cellulose (56.8%) and lignin (29.8%) were
presented for coconut shell [66].

In their study, Merali et al. [67] found values of 18.5% cellulose, 54.8% hemicellulose, and 10.8
lignin in pretreated WB hydrothermally. These values may be associated to the exchange rate in the
fiber, in the region where it was extracted and its botanical varieties. Mendes et al. [68] found values of
33–40% cellulose, 33–40% hemicellulose, and 2–16% lignin in CH residue samples. The values found
by the authors show the large range of these constituents in the samples, which can be attributed to
maize variety and harvest period.

The importance of determining cellulose at the fibers is that being a polysaccharide made of
repeating beta 1,4-glycosidic bonds, it is characterized by having intercalated arrangements of highly
ordered (crystalline) and amorphous (disordered) [69]. Thus, the isolation and obtaining of nanocrystals
from lignocellulosic fibers depend directly on the proportion of these crystalline regions, as well as
the lignin and hemicellulose content, since they interfere in the extraction process, the realization of
pretreatment for removal of these components being necessary in many cases [28,31].

The visualization of the suspension of the cellulose nanocrystals obtained from the fibers studied
using polarizers revealed a nematic phase, which was directly produced by light birefringence.
This result was also important to confirm the presence of nanocrystals (except for WB) and is considered
an important analysis to evaluate nanocrystals dispersion (Figure 2). Cerqueira et al. [13] and
Alves et al. [17] similarly used crossed polarizers to visualize the birefringence phenomenon in
suspension of cellulose nanocrystals obtained from coconut and eucalyptus, respectively. The nematic
liquid crystal phase combines long-range orientational order with regular liquid-like short-range
positional order. In a nematic CNC suspension, the nanocrystals align preferentially with their
long axes along a common direction [70]. Perhaps there is a correlation among nematic phase
(preferential orientation of the nanocrystals), refractive effects, and size of the CNC. In this study, a
positive correlation was observed regarding the size of the nanocrystals obtained and the presence of
birefringence. For example, the best nematic phase was presented by CC, which also has the highest L
and D, and consequently, lower L/D ratio.

The morphological analysis is of great importance in determining the size and the state of
agglomeration, considering that the source of cellulose as well as the technique used for the hydrolysis of
the amorphous structure influence the size and the final properties of the nanoparticles [71,72]. Table 5
presents the mean values of the width (D), length (L), and the L/D ratio of the crystals. It is observed that
the CC presented higher values of L and D and a lower L/D ratio. The values of (L) are in agreement with
the literature [57,73] indicating a great potential of use of this fiber as reinforcement for bionanocomposites,
as demonstrated in other studies. Similar results were reported by Machado et al. [74] (L = 98–430 nm, D
= 6 nm e L/D = 38.9 ± 4.7), Rosa et al. [75] (L = 197 nm, D = 5.8 nm e L/D = 39), and Sarwar et al. [76]
(240–280 nm).
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Oliveira [77] notes that the resulting nanoparticle dimensions depend on the cellulose source
and the hydrolysis process. Smaller nanoparticle diameters may be associated with higher amounts
of hemicellulose present in the fiber structure, which would limit the organization of cellulose
chains [78,79]. In this study, the CC fiber presented the highest concentration of cellulose and,
consequently, presented the lowest L/D ratio for the nanocrystals obtained. The L/D ratio ranged
from 32.19 to 40.86, being in agreement with other studies that presented values between 18.2 and
75.4 nm [13,79]. Some authors [11,80,81] found similar dimensions for the coconut shell. In this range,
the crystals have great potential to be used as reinforcement in biodegradable films.

The film made with CH cellulose nanocrystals had a higher value of water activity (0.658),
while the others presented approximate values of 0.600. The reduction of free water in packages for
food products has the consequence of reducing the growth of microorganisms, avoiding undesirable
chemical changes in the storage of the products [82–85]. Products that have water activity values
lower than 0.600 are relatively protected against microbial contamination, whereas the proliferation of
specific microorganisms can occur with water activity values above 0.600 [86–88]. Associated with the
amount of free water of the product, the moisture of the film, which favors or inhibits proportionally
the proliferation of microorganisms, is also evaluated [7,89].

The films produced with cellulose nanocrystals of CC and CS presented lower moisture content
(18.32 ± 0.90 and 15.13 ± 0.01) in relation to films produced with WB and CH nanocrystals (20.86 and
20.24). In relation to the total solids, an increase is observed for the CC and CS, indicating that the
amount of nonvolatile or water insoluble particles is slightly higher.

The thickness of the films (Table 6) was lower than the control film, maintaining unchanged
barrier properties. Because it is a manual process, the standardization of the fluid distribution and the
drying process are difficult. In a study, Hänninen et al. [90], observed that by adding a birch cellulose
nanofiber, the thickness doubled compared to the control film containing only chitosan.

For this work, it was also observed that the incorporation of the nanocellulose dispersion, from
the various fibers, to the film plasticized with glycerol, resulted in the improvement of the mechanical
properties of the formulations studied. The tensile strength values (σ) varied between 4.08 MPa
(control) to 11.38 MPa (CS Film) and 11.43 MPa (CC Film), presenting significant differences among the
samples evaluated (except to CS and CC). The biofilms with the CS and CC nanocrystals dispersion
presented a higher tensile strength at the rupture, indicating that a greater force was required for the
rupture of the films, suggesting that there was an increase of the resistance. Regarding the deformation,
the values found ranged from 115.9% (control) to 274.2% (CS film), and the WB film (110.0% ± 90.9)
had a lower percentage of the evaluated fibers, with values close to the control. The lowest results in
relation to the mechanical properties for the WB film may be justified due to the lowest concentration
of cellulose in the fiber, and consequently the lowest efficiency to obtain the nanocrystals. This was also
confirmed because of the impossibility of determining the size of the nanocrystals obtained by TEM
(due to low concentration and formation of few clusters) as well as, no nematic phase formation. Benini
(2011) [91] incorporated high impact polystyrene (HIPS) coconut fibers as a thermoplastic matrix, and
the maximum stress and Young modulus were 23.7 MPa and 3.0 MPa for composites containing 30%
of fibers.

The effect of surface and dispersion characteristics of the whiskers used as reinforcement material
in a matrix with polypropylene was investigated by Ljungberg et al. [92]. These authors observed
that the quality of nanocrystal dispersion is an important aspect, which affects the quality of the film,
making the films more opaque and influencing film strength.

It is possible to visualize an increase in the mechanical resistance of the films with the incorporation
of the nanocrystals dispersion, making them more rigid, but there was an increase in the percentage
of deformation for all the films (Table 6). The stiffness in some materials can negatively interfere in
the percentage of deformation of the same, the more rigid the material, the more easily it will break.
The structure of the material and its composition interfere directly in this parameter. A study [93]
showed that chitosan nanocomposites reinforced with chitin whiskers increases the tensile strength
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and significantly reduces the elongation at break. The work showed tensile strength of 52.23 MPa, and
elongation at break of 21.32%.

Although microscopies of the films were not performed in this study, the incorporation of
nanocellulose from CS, CH, and CC fibers into the films resulted in strong interactions between the
plasticizer and the matrix modifying the mechanical profiles, which can demonstrate the compatibility
between the phases. Similar results were identified by Marín–Silva et al. [42] when investigated
chitosan nanocomposites with microcrystalline cellulose.

5. Conclusions

The results found in the study confirm that the nanocellulose crystals of coconut shell (CS), corn
husk (CH), and corncob (CC) fibers incorporated into the chitosan/glycerol films are presented as
promising materials for the development of biodegradable composites. The crystallization by acid
hydrolysis was favorable, resulting in nanocrystals with great potential to be used as reinforcement
due to their size. Although the CS did not present the highest amount of extractable cellulose (12.50%),
the highest concentration of nanocellulose in the dispersion after the acid hydrolysis was obtained
from this fiber. In this study, wheat bran (WB) was not considered an interesting source of nanocrystals,
which may be justified due to the low percentage of cellulose present in this residue.

Significant differences were observed in the properties of the film formulations studied, showing
that the source of the nanocrystals is an important parameter to be investigated. The water activity
varied from 0.601 (WB Film) to 0.658 (CH Film) and the moisture content from 15.13 (CS Film) to
20.86 (WB Film). The highest values for tensile strength were presented for CC (11.43 MPa) and CS
(11.38 MPa) films. Therefore, the films prepared with the nanocrystals dispersion from the CS and CC
presented an improvement of the mechanical properties, and the analysis of TEM indicated that both
presented good characteristics to be applied in the development of nanobiocomposites.
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Abstract: In addition to their lower cost and more environmentally friendly nature, cellulose
nanofibers isolated from unbleached pulps offer different surface properties and functionality than
those isolated from bleached pulps. At the same time, nanofibers isolated from unbleached pulps keep
interesting properties such as hydrophilicity and mechanical strength, close to those isolated from
bleached pulps. In the current work, rice straw nanofibers (RSNF) isolated from unbleached neutral
sulfite pulp (lignin content 14%) were used with polysulfone (PSF) polymer to make membrane via
phase inversion. The effect of RSNF on microstructure, porosity, hydrophilicity, mechanical properties,
water flux, and fouling of PSF membranes was studied. In addition, the prepared membranes were
tested to remove lime nanoparticles, an example of medium-size nanoparticles. The results showed
that using RSNF at loadings from 0.5 to 2 wt.% can significantly increase hydrophilicity, porosity,
water flux, and antifouling properties of PSF. RSNF also brought about an increase in rejection of
lime nanoparticles (up to 98% rejection) from their aqueous suspension, and at the same time, with
increasing flux across the membranes. Tensile strength of the membranes improved by ~29% with
addition of RSNF and the maximum improvement was obtained on using 0.5% of RSNF, while Young’s
modulus improved by ~40% at the same RSNF loading. As compared to previous published results
on using cellulose nanofibers isolated from bleached pulps, the obtained results in the current work
showed potential application of nanofibers isolated from unbleached pulps for improving important
properties of PSF membranes, such as hydrophilicity, water flux, rejection, and antifouling properties.

Keywords: rice straw; cellulose nanofibers; unbleached pulp; polysulfone; membrane

1. Introduction

Polysulfone (PSF) is one of the attractive polymers due to its good mechanical properties,
thermal stability, chemical resistance, transparency, and flexibility [1]. PSF is used in different
kinds of membranes such as anion-exchange membranes [2]; hemodialyzer membranes [3]; gas
separation membranes [4]; pressure-driven membranes, i.e., ultra- and nanofiltration membranes [5];
osmotically-driven membranes for desalination and ions removal [6]; proton-exchange membranes
fuel cells [7]; membranes for use in artificial organs [8]; and membranes used in dehydration of solvents
by pervaporation [9].
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To obtain membrane with sufficient porosity, the phase inversion technique, which depends on
precipitation of PSF from its solution in a nonsolvent, is usually practiced. Nevertheless, the high
hydrophobic nature of PSF leads to fouling problems when used in membranes [1]. To overcome this
shortcoming, PSF-based polymers have been developed such as polyether sulfone and sulfonated
PSF. This of course adds to the cost of the produced membranes. Some inorganic additives have
been used to improve the hydrophilicity and performance of PSF membranes such as Al2O3 [10],
TiO2 [11], and silica [12,13]. Another route to overcome the hydrophobicity of PSF and to produce
high-flux membranes is to blend it with other relatively higher hydrophilic polymers. Compatibility
between PSF and polymers used and their solubility are important factors which limit the number
of candidates for that purpose. Different synthetic polymers such as polyvinylpyrrolidone [14],
polyethylene glycol [15], and polyaniline-polyvinylpyrrolidone [16] have been used with PSF to
improve the aforementioned shortcomings.

Cellulose, as a natural polymer, either in form of microfibers and nanocellulose, e.g., cellulose
nanofibers and cellulose nanocrystals, have been studied to improve the hydrophilicity and water flux
properties of PSF since they could be dispersed in the same solvents of PSF, such as dimethyl acetamide.
The presence of S=O polar groups in polysulfones helps in forming hydrogen bonding with hydroxyl
groups of cellulose. For example, cellulose nanocrystals have been used to improve hydrophilicity,
mechanical properties, and performance of polysulfone [17–23] and polyether sulfone [24]. Regarding
use of cellulose nanofibers (CNF), CNF isolated from bleached cellulose fibers have been used to
improve mechanical and hydrophilicity of PSF [23], PSF/sulfonated PSF membrane [25], and polyether
sulfone [26]. Also, methacryloxypropyltrimethoxy silane-modified CNF have been used to improve
mechanical properties and performance of PSF membranes [27].

In addition to cellulose, the use of lignin, which produced as a byproduct from pulping processes,
is another attractive route for improving hydrophilicity of polysulfones due to the presence of polar
groups in the lignin structure in addition to the aromatic skeleton, which helps in achieving good
compatibility between lignin and polysulfones [28,29].

Motivated by the desirable effect of both lignin and cellulose on properties of polysulfones,
Ding et al. [30] studied the use of what they called “lignin/cellulose nanofibers” complex prepared by
sulfuric acid hydrolysis of unbleached pulp followed by submerging the neutralized treated pulp in
dimethylacetamide and high pressure homogenization, for improving hydrophilicity and mechanical
properties of polyethersulfone; the ratio of lignin to cellulose nanofibers was up to 1.2 wt.%.

Furthermore, there is a recent interest in isolation of cellulose nanofibers from unbleached pulp
with high lignin content using ultrafine grinding, where the nanofibers are isolated only by the action
of the high shear force during grinding [31]. In addition to saving chemicals used in bleaching in
case of using unbleached pulp, CNF with lignin at the surface could show good compatibility with
polymers that do not have sufficient compatibility with nanofibers obtained from bleached pulp.

For the best of our knowledge, all previous work on using CNF with PSF for making membranes
was mainly focused on using CNF isolated from bleached pulps. In the current work, the use of
cellulose nanofibers isolated from unbleached rice straw neutral sulfite pulp (containing ~14% lignin)
by ultrafine grinding for improving hydrophilicity, porosity, and ultrafiltration performance of PSF
membrane was investigated. In addition, the effect of the isolated nanofibers on mechanical properties
was investigated.

2. Experimental

2.1. Materials

Rice straw obtained from a local farm in Qalubiyah, Egypt was washed with water to remove
the dust and allowed to air dry. Sodium sulfite and sodium carbonate used for pulping were reagent
grade chemicals and used as received. Dimethylacetamide (DMAc) and polysulfone with average
Mw ~35,000 and, average Mn ~16,000 were used as received from Sigmaaldrich (St. Louis, MO, USA).
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Lyophilised bovine serum albumin (pH 7) was purchased from Biowest Company (Biowest, Naillé,
France) and used as received.

2.2. Preparation of Rice Straw Pulp

Rice straw neutral sulfite pulp was prepared by pulping the straw using 10% sodium sulfite and
2% sodium carbonate (based on weight of rice straw) solutions at 160 ◦C for 2 h; the liquor ratio was
1:10. The produced pulp was thoroughly washed with water, defibrillated in a Valley beater (Valley
Iron Works, Appleton, Wisconsin, USA) to a 25◦SR degree of freeness, dewatered, and allowed to air
dry. Chemical composition of the prepared pulp: 16.63% ash content, 14.15% Klason lignin, 3.24% acid
insoluble lignin, 54.12% α-cellulose, 14.34% pentosans, and degree of polymerization: 903 [31].

2.3. Xylanases Pretreatment of Unbleached Rice Straw Pulps

Neutral sulfite unbleached pulp was pretreated with xylanases in citrate buffer (pH = 5.3) for
4 h at 50 ◦C as previously described [31]. The concentration of xylanase used was 0.04 g/g of pulp.
Chemical composition of the pretreated pulp was 16.46% ash content, 13.18% Klason lignin, 2.31% acid
insoluble lignin, 58.4% α-cellulose, 10.79% pentosans, and degree of polymerization: 1097 [31].

2.4. Isolation of Cellulose Nanofibers from Xylanase-Treated Unbleached Pulp

Isolation of cellulose nanofibers from unbleached pulp was carried out similar to the previously
published protocol [31]. In brief, the unbleached pulp was first disintegrated using a shear
mixer (Silverson L4RT, Silverson Machines Ltd., Chesham, UK) using pulp suspension of 2 wt.%
consistency. The pulp was then fibrillated using high-shear ultrafine friction grinder, or a so-called
Supermasscolloider (MKCA6-2, Masuko Sangyo, Kawaguchi, Japan).The gap between the disks was
gradually adjusted to −90 µm and the pulp was run through the grinder for approximately 140 min.

2.5. Preparation of PSF/RSNF Membrane

PSF solution (18 wt.%) was prepared by dissolving in DMAc. Water in the RSNF suspension
was first removed by vacuum filtration then acetone was passed once through the filtered CNF, and
finally DMAc was passed twice. The DMAc-wetted RSNF were kept in a closed container in fridge
at 8 ◦C till use. The DMAc-wetted RSNF were added to PSF solution at ratios from 0.5 to 2 wt.% of
dry RSNF to PSF; the mixture was homogenized by magnetic stirring for 30 min. The viscosity of the
PSF/RSNF mixture was measured using a tuning-fork vibration viscometer (Vibro Viscometer SV-10,
A&D Company Limited, Tokyo, Japan). The films were prepared by phase inversion in distilled water,
washed thoroughly with distilled water, and left to dry in air.

2.6. Characterization of PSF/RSNF Membrane

Tensile testing was carried out on 1-cm-wide films using a Lloyd instrument (Lloyd Instruments,
West Sussex, UK) with a 100-N load cell; a cross-head speed of 2 mm/min was used and the gauge
length was 20 mm. Five replicates of each sample were used and the results averaged. The water
contact angle of films was measured using an Attension theta lite measuring system (Biolin Scientific
AB, Gothenburg, Sweden) and calculated with the drop shape analysis OneAttension Version 2.7
(r5433), using a sessile drop technique. A 4 µL water drop was placed onto the films at four separate
places for calculating the average contact angles. Microscopic features of films were investigated using
a FEI Quanta 200 scanning electron microscope (FEI Company, Eindhoven, The Netherlands) at an
acceleration voltage of 20 kV.

2.7. Preparation and Characterization of Lime Nanoparticles Suspension

Lime nanoparticles were prepared according to the previously published method [32]. In brief,
to 100 mL containing 0.3 mol/L of calcium chloride, 0.6 mol/L of sodium hydroxide was added
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dropwise (≈4 mL/min) at 90◦C. The precipitated calcium hydroxide nanoparticles were centrifuged and
washed with previously boiled distilled water. The suspension containing purified calcium hydroxide
nanoparticles was flushed with nitrogen gas and kept in closed bottle until use. Transmission
electron microscopy (TEM) was carried out using high-resolution transmission electron microscopy
(HR-TEM) (JEM-2100 transmission electron microscope, JEOL, Tokyo, Japan). Energy-dispersive
X-ray microanalysis was carried out using JEOL JXA 8040 A electron probe microanalyzer (JEOL,
Tokyo, Japan).

2.8. Evaluation of Membranes Properties

2.8.1. Porosity

The porosity (ε) of membranes was determined from water absorption of the different membranes.
The membranes were submerged in distilled water for 18 h then weighed after wiping excess water.
Then, the wet membranes were dried at 105 ◦C until no change in weight. Porosity was calculated
according to the following equation [33].

Porosity (ε) = [(m1 −m2)/%.A.L]*100 (1)

where m1 and m2 are the weight of the wet and dry films, respectively; % is the water density (g/cm3);
A is the effective area of the films (cm2); and L is the film thickness (cm).

2.8.2. Pure Water Flux and Fouling

The water flux of the membranes was measured using a dead-end stirred cell (Sterlitech HP4750,
Sterlitech, Kent, WA, USA). Prior to the measurements, discs with a diameter of ~5 cm were cut out
from the membranes and soaked in water for one hour to ensure equilibration of the membrane. The
conditioned membranes were placed in the dead-end cell on a stainless steel porous support disc and
water was passed through the membranes at 25 ◦C at a differential pressure of 30 Mpa, maintained
using pressure water pump. The quantity of water that passed through the membrane for a defined
time interval was weighed accurately and the flux was calculated (L/h/m2/MPa) for the active filtration
area (14.6 cm2). To avoid reduction of water flux as a result of membrane compaction, back pressure
was applied every 10 min.

To test fouling of the membranes, bovine serum albumin solution (1 g/L) was passed through the
membrane for 10 min under pressure of 30 MPa and flux was calculated. Then, the membranes were
washed briefly with distilled water and pure water was passed through the membranes under the
same pressure and protein solution was passed again; the cycle was repeated for one hour.

2.8.3. Removing Lime Nanoparticles

To test the efficiency of the prepared membranes in removing lime, suspensions containing 1 g/L
was passed through the membrane under the same conditions mentioned above for testing pure water
flux. The concentration of the nanoparticles in the filtrate was measured from following the turbidity
using UV–Visible spectrometer (Shimadzu, Tokyo, Japan) at wavelength of 600 nm. Turbidity (T) was
calculated from measuring absorbance at 500 nm: Turbidity = (A * 2.302)/L, where A is the absorbance
and l is the path length (0.01 m). The rejection of the prepared membranes to remove the nanoparticles
was calculated using the following formula.

Rejection (%) = [(Control T500 − sample T500)/Control T500] × 100 (2)

3. Results and Discussion

In a previous publication, it has been shown that RSNF with high lignin content (~14 wt.%) could
be isolated from rice straw xylanase-treated unbleached sulfite pulp with a width of ~14 ± 7 nm, as
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seen in Figure 1 [31]. Water in the isolated RSNF could be easily exchanged by filtration and simple
washing using different non-aqueous aprotic solvent [34].Polymers 2019, 11, 938 5 of 14 
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Figure 1. TEM image of cellulose nanofibers isolated from xylanase-treated rice straw unbleached
neutral sulfite pulp.

3.1. Effect of RSNF on Viscosity of PSF Solution

The effect of the addition of RSNF on viscosity of the PSF solution was studied as an indication of
good dispersion of RSNF in the solution; the results are presented in Table 1. As shown in the figure,
the viscosity of PSF solution increased with the addition of RSNF, in spite of the small concentrations
of RSNF added (2% max.). The increase in viscosity ranged from 23% to 128% at the different RSNF
loadings with respect to neat PSF solution.

Table 1. Effect of rice straw nanofibers (RSNF) content on viscosity of polysulfone (PSF) solution.

Sample Viscosity (Pa.s)

PSF 434 ± 0.71

PSF + 0.5% RSNF 533 ± 0.82

PSF + 1.0% RSNF 634 ± 1.41

PSF + 2.0% RSNF 988 ± 5.65

3.2. Effect of RSNF on Microscopic Structure of PSF Membranes

Microscopic structure of polymeric membranes is very important since it determines both
mechanical and filtration properties. The effect of RSNF on the microscopic structure of PSF membranes
formed by phase inversion was studied by SEM; images of both surface and cross-section are shown in
Figures 2 and 3.

Regarding the cross-section, a slight change in the size of voids started to occur at RSNF loading of
1%, while at 2%, formation of larger and elongated slender-like voids was observed. On the other hand,
the microscopic structure of PSF film’ surfaces clearly affected by the addition of RSNF. While neat
PSF film had a few and very tiny pores at the surface, adding RSNF resulted in more and wider pores,
especially at RSNF loading 1–2%. At higher magnification, SEM images of the surface of membrane
sample containing 2% RSNF showed that although wide pores formed at the surface, the inner pores
were narrower and with mesh-like structure.

Table 2 shows the average diameter of the pores at the surface of the different PSF samples seen
from the images. Increasing the loading of RSNF resulted in larger pore diameter at the surface. Similar
trend was observed in membranes prepared from cellulose nanofibers isolated from bleached pulp
with polysulfone/sulfonated polysulfone mixture [24]. These changes in the microscopic features due
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to addition of cellulose nanofibers were interpreted by the accelerated phase inversion process by the
hydrophilic cellulose nanofibers, which results in formation of more pores and better pores connectivity
across the membrane. In addition, due to the large aspect ratio of cellulose nanofibers, they are easily
aggregated during phase inversion and resulted in formation of pore defects in the membranes [18,25].
The same findings were also reported when methacryloxypropyltrimethoxy silane-modified cellulose
nanofibers were used with PSF [27].
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Table 2. Diameter of pores at the surface of PSF/RSNF films.

Sample Diameter of Pores at Surface (µm)

PSF 2.9 ± 1.2

PSF + 0.5% RSNF 5.9 ± 3.4

PSF + 1.0% RSNF 5.8 ± 0.8

PSF + 2.0% RSNF 15.3 ± 8.6
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Figure 3. SEM image of surfaces of PSF (a–c), PSF/0.5% RSNF (d–f), PSF/1% RSNF (g–i), and PSF/2%
RSNF (j–l) membranes at 800, 3000, and 12000x magnification, respectively (scale bar is 50, 40, and
10 µm, respectively).

3.3. Effect of RSNF on Mechanical Properties of PSF Films

The effect of RSNF on tensile strength properties of PSF was studied and results are listed in
Table 3. As the results show, adding RSNF resulted in a moderate increase in maximum tensile strength
(~29%) at 0.5% RSNF loading followed by a decrease at higher RSNF loading, but still as high as
that of neat PSF. This could be attributed to the more pores formed at the surface and pore defects
across the thickness. The high standard deviations values at 2% RSNF loading can be attributed to
the high porosity of the films, and thus failure of films was non-reproducible from one sample to
another. On the other hand, the Young’s modulus of PSF films more obviously increased upon adding
RSNF, especially at 0.5% loading of RSNF where the increase in modulus was ~40%. Increasing RSNF
to higher loadings resulted in decreasing the modulus values, but they were still higher than that
of the neat PSF membrane. The improvement in mechanical properties of the films indicates good
compatibility between PSF matrix and the surface of RSNF which are rich in lignin with its aromatic
ring structures. In addition, formation of hydrogen bonding between hydroxyl groups at the surface of
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the RSNF and the S=O bonds of PSF could improve mechanical properties of the films. Regarding
strain at break, it generally tended to decrease with addition of RSNF; the decrease ranged from 14.5
to 20.7%.

Comparing the improvement in tensile strength properties in the current work to that found in
previous work where the so-called “lignin/cellulose nanofibers” complex [30], prepared by sulfuric
acid hydrolysis of unbleached pulp and high pressure homogenization in dimethylacetamide, was
used with PSF, the maximum improvement in tensile strength was about 50%. Strain at break increased
by ~22%, which is in contrast to the strain decrease found in the current work. The tensile modulus
was not measured in that work. In another work where cellulose nanofibers from bleached pulp were
used with PSF and sulfonated PSF, the maximum improvement in tensile strength and tensile modulus
were approximately 20% and 38%, respectively [25]. Comparing the improvement in tensile strength
and tensile modulus achieved in the current work to the aforementioned findings clearly shows the
advantage of using RSNF isolated from unbleached pulp by direct grinding.

Table 3. Tensile strength properties of polysulfone (PSF)/rice straw nanofibers (RSNF) membranes.

Sample Tensile Strength
(MPa)

Tensile Modulus
(MPa)

Strain at Maximum
Load (%)

PSF 3.88 ± 0.40 164.8 ± 16.2 24.1 ± 2.3

PSF + 0.5% RSNF 5.00 ± 0.51 229.9 ± 27.3 20.6 ± 3.9

PSF + 1.0% RSNF 3.50 ± 0.47 186.9 ± 18.9 19.1 ± 1.7

PSF + 2.0% RSNF 3.84 ± 1.16 176.5 ± 26.6 19.3 ± 2.4

3.4. Effect of RSNF on Hydrophilicity and Porosity of PSF Membranes

One of the important reasons for using cellulose in membranes is to increase their hydrophilicity;
this affects both water flux across the membrane and its resistance to fouling. The RSNF used still has
strong hydrophilicity in spite of the presence of lignin. As shown in Table 4, addition of RSNF to PSF
resulted in a decrease in water contact angle even at the smallest RSNF loading where water contact
angle was ~90◦ for the neat PSF membrane and ranged from 80.1◦ to 82.7◦ for the different PSF/RSNF
samples. The effect of RSNF on water absorption, and thus the calculated porosity, of PSF film was
rather more pronounced at 1–2% of RSNF loading. PSF film has poor hydrophilic character and water
absorption occurred is mainly due to permeation of water into the porous structure. Increasing porosity
as a result of adding RSNF could be due to the higher hydrophilicity, as it is clear from the contact
angle values, and wider pores formed at the surface of PSF as a result of presence of RSNF as seen
from the SEM images.

Table 4. Water contact angle of the different PSF/RSNF membranes.

Sample Contact Angle
(◦)

Water Absorption
(%)

Porosity
(%)

PSF 89.9 ± 0.4 84.2 ± 2.7 45.5 ± 2.9

PSF + 0.5% RSNF 80.1 ± 5.2 83.6 ± 2.4 54.3 ± 4.6

PSF + 1.0 % RSNF 81.5 ± 4.2 125.7 ± 5.9 69.8 ± 4.8

PSF + 2.0 % RSNF 82.7 ± 1.6 119.6 ± 6.8 66.6 ± 6.1

3.5. Effect of RSNF on Water Flux and Fouling of PSF Films

Water flux across PSF and PSF/RSNF membranes was tested and the results are presented in
Figure 4. Cycles of back pressure were applied every twenty minutes to minimize the decrease of flux
as a result of compactness of the film by water pressure. As it is clear in the figure, presence of RSNF
with loading 1% and higher had significant effect on water flux. After one hour of the experiment,
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water flux values of 50 ± 5, 57 ± 5, 111 ± 18, and 131 ± 21 L/h/m2/MPa were recorded for neat PSF,
PSF/0.5%RSNF, PSF/1%RSNF, and PSF/2%RSNF, respectively. The increase in water flux could be
attributed to the higher hydrophilicity, porosity, and water absorption of membrane with higher RSNF
contents. The increase in water flux from cycle to another could be due to generation of more pores
at the surface by the action of water pressure applied. This is could be seen from the SEM images of
membranes’ surface before and after the water flux test (Figure 5). As indicated by the red arrows in
the image, the skin layer at the surface was ruptured by the action of water pressure applied generating
more pores at the surface.
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Regarding fouling of the membranes, as shown in Figure 6, after three cycles of passing protein
solution and pure water across the membranes for one hour, water flux values of 2.7 ± 0.26, 8.9 ± 1.75,
18.6 ± 2.48, and 61.3 ± 4.4 L/h/m2/MPa were recorded for neat PSF, PSF/0.5%RSNF, PSF/1%RSNF, and
PSF/2%RSNF, respectively.
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3.6. Rejection of Lime Nanoparticles

The prepared membranes were tested for removing lime nanoparticles from dilute suspension
containing 2 g/L of lime nanoparticles. The XRD pattern (Figure 7) showed that structure of calcium
hydroxide (lime) with hexagonal crystal structure [35]; TEM image showed nanoparticles with
diagonal ranged from as low as 100 nm up to several hundred nanometers. The energy-dispersive
X-ray spectroscopy (EDS) spectrum proved the purity of the prepared lime nanoparticles.
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The water flux of the lime nanoparticle suspension after 2 h for the different membranes is shown
in Table 5. As shown in the table, adding the RSNF resulted in increasing the flux of lime nanoparticles
suspension. The maximum increase of water flux was achieved on adding 1–2% of RSNF and was
~850% as compared to that of the neat PSA membrane.

Figure 8 shows visible light absorbance of the filtrate solution after passing through PSF membranes,
as well as that of lime nanoparticles suspension with 1 g/L concentration. Interestingly, as shown in the
figure, the rejection of lime nanoparticles increased with increasing RSNF content in spite of the increase
of diameter of the pores at the surface and porosity of the membranes containing RSNF. The filtrate
obtained from filtration using the neat PSF membrane showed a 60% decrease of light absorbance at
600 nm as compared to the blank lime suspension; filtrates obtained from filtration using PSF/0.5%RSNF,
PSF/1%RSNF, and PSF/2% RSNF showed 76%, 97%, and 98% decrease in light absorbance, respectively.
According to standard curve of lime nanoparticles with different concentrations (not shown), the
concentration of lime nanoparticles in the filtrate was 17.4, 11.1, 1.3, and 0.9 mg/L when using PSF,
PSF/0.5%RSNF, PSF/1%RSNF, and PSF/2% RSNF membranes, respectively. The increase in rejection of
lime nanoparticles with increasing porosity and pore radius at the surface of membranes as the RSNF
content increase means that the rejection of lime nanoparticles is not simply by mechanical filtration
but involves interaction between the nanoparticles and the functional groups at the RSNF surfaces.
RNSF with its very high surface area has plenty of hydroxyl and carboxylic functional groups at their
surface which can attract the charged lime nanoparticles. Similar observation was found in previous
work in case of using microcrystalline cellulose, cellulose nanocrystals or cellulose nanofibers isolated
from bleached pulps when rejection of bovine serum albumin (BSA) was studied [25,27,36]. Although
addition of cellulose nanocrystals or nanofibers to PSF resulted in increasing porosity and water flux,
rejection of BSA (protein with charged surface) did not significantly affect by the increased porosity or
water flux.
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Table 5. Flux of lime nanoparticles suspension through the different membranes after 2 h.

Samples Flux rate (L/h/m2/MPa)

Polysulfone (PSF) 1.027 ± 0.12
PSF/0.5 % RSNF 4.00 ± 0.40
PSF/1 % RSNF 10.27 ± 1.06
PSF/2 % RSNF 10.78 ± 1.67

4. Conclusions

RSNF containing lignin (isolated from unbleached pulp) could be used for improving porosity,
hydrophilicity, water flux, and antifouling of PSF membranes at low loadings of RSNF (0.5–2%).
Mechanical properties (tensile stress and Young’ modulus) only improved at the lowest RSNF loading
(0.5%); higher loadings did not enhance these properties. PSF containing 1–2% of RSNF could be
successfully used for removing lime nanoparticles from aqueous suspension at a 10-fold faster rate
than in case of using neat PSF, which could only partially remove the lime nanoparticles. The study
showed the advantages of using cellulose nanofibers isolated with lower cost than that isolated from
bleached pulps for improving properties of PSF related to their use as ultrafiltration membranes.

Author Contributions: Conceptualization, M.H. and K.O.; Funding Acquisition, M.H. and K.O.; Investigation,
M.H., R.E.A.Z., W.S.A.-E., E.H., L.B., and K.O.; Methodology, M.H., R.E.A.Z., W.S.A.-E., E.H., and L.B.; Project
Administration, K.O.; Supervision, M.H. and K.O.; Writing—Original Draft, M.H.; Writing—Review & Editing,
M.H. and K.O.

Funding: The authors acknowledge funding of the current research by the Swedish Research Council (project no.
2015-05847), as well as the financial support received from Bio4Energy, a strategic research environment appointed
by the Swedish government.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mark, H.F. Encyclopedia of Polymer Science and Technology; John Wiley & Sons: Hoboken, NJ, USA, 2002.
[CrossRef]

2. Cho, M.K.; Lim, A.; Lee, S.Y.; Kim, H.-J.; Yoo, S.J.; Sung, Y.-E.; Park, H.S.; Jang, J.H. A Review on Membranes
and Catalysts for Anion Exchange Membrane Water Electrolysis Single Cells. J. Electrochem. Sci. Technol.
2017, 8, 183–196. [CrossRef]

3. Roy, A.; De, S. State-of-the-Art Materials and Spinning Technology for Hemodialyzer Membranes. Sep. Purif.
Rev. 2017, 46, 216–240. [CrossRef]

4. Jamshidi, M.; Pirouzfar, V.; Abedini, R.; Pedram, M.Z. The influence of nanoparticles on gas transport
properties of mixed matrix membranes: An experimental investigation and modeling. Korean J. Chem. Eng.
2017, 34, 829–843. [CrossRef]

5. Mehta, R.; Manna, P.; Bhattacharya, A. Sulfonated polysulfone-preparative routes and applications in
membranes used for pressure driven techniques. J. Macromol. Sci. Part A 2016, 53, 644–650. [CrossRef]

6. Alsvik, I.L.; Hagg, M.-B. Pressure Retarded Osmosis and Forward Osmosis Membranes: Materials and
Methods. Polymers 2013, 5, 303–327. [CrossRef]

7. Iojoiu, C.; Sanchez, J.-Y. Polysulfone-based Ionomers for Fuel Cell Applications. High Perform. Polym. 2009,
21, 673–692. [CrossRef]

8. Kawakami, H. Polymeric membrane materials for artificial organs. J. Artif. Organs 2008, 11, 177–181.
[CrossRef]

9. Chapman, P.D.; Oliveira, T.; Livingston, A.G.; Li, K. Membranes for the dehydration of solvents by
pervaporation. J. Membr. Sci. 2008, 318, 5–37. [CrossRef]

10. Liu, F.; Abed, M.M.; Li, K. Preparation and characterization of poly(vinylidene fluoride) (PVDF) based
ultrafiltration membranes using nano γ-Al2O3. J. Membr. Sci. 2011, 366, 97–103. [CrossRef]

11. Yuliwati, E.; Ismail, A. Effect of additives concentration on the surface properties and performance of PVDF
ultrafiltration membranes for refinery produced wastewater treatment. Desalination 2011, 273, 226–234.
[CrossRef]

122



Polymers 2019, 11, 938

12. Merkel, T.C.; Merkel, T.C.; Freeman, B.D.; Spontak, R.J.; He, Z.; Pinnau, I. Ultrapermeable, Reverse-Selective
Nanocomposite Membranes. Science 2002, 296, 519–522. [CrossRef] [PubMed]

13. Huang, Y.; Jin, H.; Yu, P.; Luo, Y. Polyamide thin-film composite membrane based on nano-silica modified
polysulfone microporous support layer for forward osmosis. Desalin. Water Treat. 2016, 57, 20177–20187.
[CrossRef]

14. Ahmad, A.L.; Sarif, M.; Ismail, S. Development of an integrally skinned ultrafiltration membrane for
wastewater treatment: effect of different formulations of PSf/NMP/PVP on flux and rejection. Desalination
2005, 179, 257–263. [CrossRef]

15. Yunos, M.Z.; Harun, Z.; Basri, H.; Ismail, A.F. Studies on fouling by natural organic matter (NOM) on
polysulfone membranes: Effect of polyethylene glycol (PEG). Desalination 2014, 333, 36–44. [CrossRef]

16. Zhao, B.; Yang, S.; Zhao, S.; Wang, Z.; Wei, X.; Wang, J.; Wang, S. Performance Improvement of Polysulfone
Ultrafiltration Membrane Using Well-Dispersed Polyaniline–Poly(vinylpyrrolidone) Nanocomposite as the
Additive. Ind. Eng. Chem. 2012, 51, 4661–4672. [CrossRef]

17. Noorani, S.; Simonsen, J.; Atre, S. Nano-enabled microtechnology: polysulfone nanocomposites incorporating
cellulose nanocrystals. Cellulose 2007, 14, 577–584. [CrossRef]

18. Bai, H.; Wang, X.; Sun, H.; Zhang, L. Permeability and morphology study of polysulfone composite membrane
blended with nanocrystalline cellulose. Desalin. Water Treat. 2015, 53, 2882–2896. [CrossRef]

19. Daraei, P.; Ghaemi, N.; Ghari, H.S.; Norouzi, M. Mitigation of fouling of polyethersulfone membranes using
an aqueous suspension of cellulose nanocrystals as a nonsolvent. Cellulose 2016, 23, 2025–2037. [CrossRef]

20. Yang, X.; Liu, H.; Zhao, Y.; Liu, L. Preparation and characterization of polysulfone membrane incorporating
cellulose nanocrystals extracted from corn husks. Fibers Polym. 2016, 17, 1820–1828. [CrossRef]

21. Zhou, Y.; Zhao, H.; Bai, H.; Zhang, L.; Tang, H. Papermaking Effluent Treatment: A New Cellulose
Nanocrystalline/Polysulfone Composite Membrane. Procedia Environ. Sci. 2012, 16, 145–151. [CrossRef]

22. Li, S.; Gao, Y.; Bai, H.; Zhang, L.; Qu, P.; Bai, L. Preparation and characteristics of polysulfone dialysis
composite membranes modified with nanocrystalline cellulose. BioResources 2011, 6, 1670–1680.

23. Daria, M.; Fashandi, H.; Zarrebini, M.; Mohamadi, Z. Contribution of polysulfone membrane preparation
parameters on performance of cellulose nanomaterials. Mater. Res. Express 2019, 6, 015306. [CrossRef]

24. Daraei, P.; Ghaemi, N.; Sadeghi Ghari, H. An ultra-antifouling polyethersulfone membrane embedded with
cellulose nanocrystals for improved dye and salt removal from water. Cellulose 2017, 24, 915–929. [CrossRef]

25. Zhong, L.; Ding, Z.; Li, B.; Zhang, L. Preparation and Characterization of Polysulfone/Sulfonated
Polysulfone/Cellulose Nanofibers Ternary Blend Membranes. BioResources 2015, 10, 2936–2948. [CrossRef]

26. Qu, P.; Tang, H.; Gao, Y.; Zhang, L.P.; Wang, S. Polyethersulfone composite membrane blended With cellulose
fibrils. BioResources 2010, 5, 2323–2336.

27. Zhang, W.; Zhong, L.; Wang, T.; Jiang, Z.; Gao, X.; Zhang, L. Surface modification of cellulose nanofibers and
their effects on the morphology and properties of polysulfone membranes. IOP Conf. Ser. Mater. Sci. Eng.
2018, 397, 012016. [CrossRef]

28. Vilakati, G.D.; Hoek, E.M.; Mamba, B.B. Probing the mechanical and thermal properties of polysulfone
membranes modified with synthetic and natural polymer additives. Polym. Test. 2014, 34, 202–210. [CrossRef]

29. Zhang, X.; Benavente, J.; Garcia-Valls, R. Lignin-based membranes for electrolyte transference. J. Power
Sources 2005, 145, 292–297. [CrossRef]

30. Ding, Z.; Liu, X.; Liu, Y.; Zhang, L.; Li, K. Enhancing the Compatibility, Hydrophilicity and Mechanical
Properties of Polysulfone Ultrafiltration Membranes with Lignocellulose Nanofibrils. Polymers 2016, 8, 349.
[CrossRef]

31. Hassan, M.; Berglund, L.; Hassan, E.; Abou-Zeid, R.; Oksman, K. Effect of xylanase pretreatment of rice straw
unbleached soda and neutral sulfite pulps on isolation of nanofibers and their properties. Cellulose 2018, 25,
2939–2953. [CrossRef]

32. Taglieri, G.; Mondelli, C.; Daniele, V.; Pusceddu, E.; Trapananti, A. Synthesis and X-Ray Diffraction Analyses
of Calcium Hydroxide Nanoparticles in Aqueous Suspension. Adv. Mater. Phys. Chem. 2013, 3, 108–112.
[CrossRef]

33. Yu, H.; Zhang, Y.; Sun, X.; Liu, J.; Zhang, H. Improving the antifouling property of polyethersulfone
ultrafiltration membrane by incorporation of dextran grafted halloysite nanotubes. Chem. Eng. J. 2014, 237,
322–328. [CrossRef]

123



Polymers 2019, 11, 938

34. Hassan, M.; Berglund, L.; Abou-Zeid, R.; Hassan, E.; Abou-Elseoud, W.; Oksman, K. Nanocomposite Film
Based on Cellulose Acetate and Lignin-Rich Rice Straw Nanofibers. Materials 2019, 12, 595. [CrossRef]
[PubMed]

35. Desgranges, L.; Grebille, D.; Calvarin, G.; Chevrier, G.; Floquet, N.; Niepce, J.-C. Hydrogen thermal motion
in calcium hydroxide: Ca(OH)2. Acta Crystallogr. Sect. B Struct. Sci. 1993, 49, 812–817. [CrossRef]

36. Zhang, L.; Chen, G.; Tang, H.; Cheng, Q.; Wang, S. Preparation and characterization of composite membranes
of polysulfone and microcrystalline cellulose. J. Appl. Sci. 2009, 112, 550–556. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

124



polymers

Article

Poly(3-hydroxybutyrate) Modified by Plasma and
TEMPO-Oxidized Celluloses

Denis Mihaela Panaitescu 1,* , Sorin Vizireanu 2,* , Sergiu Alexandru Stoian 1,3,
Cristian-Andi Nicolae 1, Augusta Raluca Gabor 1, Celina Maria Damian 3, Roxana Trusca 4,
Lavinia Gabriela Carpen 2,5 and Gheorghe Dinescu 2,5

1 Polymer Department, National Institute for Research and Development in Chemistry and Petrochemistry,
202 Spl. Independentei, 060021 Bucharest, Romania; stoian.sergiu@gmail.com (S.A.S.);
ca_nicolae@yahoo.com (C.-A.N.); ralucagabor@yahoo.com (A.R.G.)

2 National Institute for Laser, Plasma and Radiation Physics, Atomistilor 409, Magurele-Bucharest,
077125 Ilfov, Romania; lavinia.carpen@infim.ro (L.G.C.); dinescug@infim.ro (G.D.)

3 Advanced Polymers Materials Group, University Politehnica of Bucharest, 1-7 Polizu Street,
011061 Bucharest, Romania; c.damian@tsocm.pub.ro

4 Science and Engineering of Oxide Materials and Nanomaterials, University Politehnica of Bucharest,
1-7 Gh. Polizu Street, 011061 Bucharest, Romania; truscaroxana@yahoo.com

5 Faculty of Physics, Bucharest University, 405 Atomistilor Street, Magurele-Bucharest, 077125 Ilfov, Romania
* Correspondence: panaitescu@icechim.ro (D.M.P.); s_vizi@infim.ro (S.V.)

Received: 22 June 2020; Accepted: 6 July 2020; Published: 7 July 2020

Abstract: Microcrystalline cellulose (MCC) was surface modified by two approaches, namely a
plasma treatment in liquid using a Y-shaped tube for oxygen flow (MCC-P) and a TEMPO mediated
oxidation (MCC-T). Both treatments led to the surface functionalization of cellulose as illustrated by
FTIR and XPS results. However, TEMPO oxidation had a much stronger oxidizing effect, leading
to a decrease of the thermal stability of MCC by 80 ◦C. Plasma and TEMPO modified celluloses
were incorporated in a poly(3-hydroxybutyrate) (PHB) matrix and they influenced the morphology,
thermal, and mechanical properties of the composites (PHB-MCC-P and PHB-MCC-T) differently.
However, both treatments were efficient in improving the fiber–polymer interface and the mechanical
properties, with an increase of the storage modulus of composites by 184% for PHB-MCC-P and 167%
for PHB-MCC-T at room temperature. The highest increase of the mechanical properties was observed
in the composite containing plasma modified cellulose although TEMPO oxidation induced a much
stronger surface modification of cellulose. This was due to the adverse effect of more advanced
degradation in this last case. The results showed that Y-shaped plasma jet oxidation of cellulose water
suspensions is a simple and cheap treatment and a promising method of cellulose functionalization
for PHB and other biopolymer reinforcements.

Keywords: cellulose; plasma in liquids; polyhydroxyalkanoate; polymer composites; thermal
properties; DMA

1. Introduction

Biopolymers are seen as a viable alternative to synthetic polymers in many applications and they
are unparalleled in the medical field [1–3]. Poly(3-hydroxybutyrate) (PHB) is an aliphatic polyester
obtained by microbial synthesis and, for the moment, is the most affordable of polyhydroxyalkanoates
(PHAs) family. The known shortcomings of PHB are the high cost and brittleness along with the
low thermal stability during melt processing [4,5]. Adding plasticizers, elastomers, and organic or
inorganic fillers are the most used strategies to improve PHB properties [6–8]. Among the fillers, micro-
and nano-celluloses were most intensely studied to modify PHB and other aliphatic polyesters [9–12].
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Microfibrillated cellulose is obtained from cellulose, a sustainable and low-cost naturally occurring
biopolymer. This is the most abundant organic polymer on Earth and comprises 33% of all the
plants on the planet [13,14]. Microfibrillated cellulose is biodegradable and biocompatible and has
reduced carbon dioxide emissions in the environment. It shows an adaptable surface chemistry and
a unique spectrum of properties: high water-uptake capability, low density, high crystallinity and
Young’s modulus, and good thermal stability [12–14]. The research, production, and application of
microfibrillated cellulose have experienced a real boost in the last twenty years. It can be extracted
from a multitude of sources, such as wood, plants, algae, by-products, and waste of the agro-food
industry by mechanical disintegration [13–15]. Refining, homogenization, high power ultrasonication,
or microfluidization, with or without additional enzymatic or chemical pretreatments are generally the
most used methods to obtain long flexible microfibrils [12–15].

TEMPO-mediated oxidation of cellulose consists of surface oxidation of cellulose in aqueous
suspension using sodium hypochlorite as oxidant and 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) and sodium bromide as catalysts at an alkaline pH [16–18]. This pre-treatment proved to
be a successful method for ensuring the selective conversion of C6 hydroxyl group of cellulose to
carboxylate group. Previous studies have shown the great advantage of this pre-treatment which
reduces the energy consumption and the number of cycles in the subsequent stages of mechanical
defibrillation [18,19].

Recently, plasma treatment was found to be efficient for the defibrillation and functionalization of
cellulose [20,21]. Plasma treatment was mainly studied to improve the surface of cellulose textiles or
membranes but, in certain conditions, plasma treatment may ensure the defibrillation and chemical
functionalization of cellulose [21]. In particular, a plasma torch immersed in the water suspension
of cellulose in the presence of different reactive gases induced physical and chemical changes of
cellulose [21] and is proposed as an alternative to the mechano-chemical methods usually employed
for the modification of cellulose and fabrication of nanocellulose. Moreover, plasma treated cellulose
showed a good reinforcing effect in PHB/cellulose composites, increasing both the Young’s modulus
and tensile strength [21].

Plasma treatment of nanocellulose water suspensions using a filamentary plasma jet based on
dielectric barrier discharge (DBD) proved to be very advantageous in the surface functionalization of
nanocellulose [20]. Only 0.2 wt % of filamentary jet plasma functionalized nanocellulose increased
the tensile strength and Young’s modulus of PHB nanocomposite by 10–15% compared to the
nanocomposite with the same amount of untreated nanocellulose. The surface functionalization of
cellulose in water suspensions using DBD plasma is an environmentally friendly, simple, cheap, and
low-energy consuming treatment that overcomes the disadvantages of complex, time-consuming, and
energy-intensive chemical-mechanical treatments. Moreover, toxic products that must be deactivated
are generally released from chemical treatments. However, DBD filamentary plasma sources cannot
work with higher fluxes of reactive gases. Our preliminary attempts have shown that a flux of reactive
gas (O2 or NH3) greater than 20 sccm (3.33 × 10−7 standard cubic meter per second) led to the extinction
of the discharge submersed in the water suspensions of cellulose. For this reason, in this work, the DBD
plasma source was modified for the addition of the reactive gas laterally in the discharge. This new
method makes it possible to work with much higher fluxes of oxygen or other reactive gases, even
greater than 500 sccm.

In this study, a microcrystalline cellulose (MCC) was treated with a filamentary Y-shaped DBD
plasma jet generated in argon-oxygen gas mixture and immersed in the liquid suspension of cellulose.
For a comparison with chemical treatments, MCC was chemically modified using TEMPO mediated
oxidation, an eco-friendlier chemical method compared to acid hydrolysis. The changes induced
by the two treatments (plasma and TEMPO) were highlighted by Fourier transform infrared (FTIR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis (TGA). Plasma
and TEMPO modified celluloses (MCC-P and MCC-T) were used to reinforce a PHB matrix and
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the composites were characterized by thermal analyses, dynamic mechanical analysis, and scanning
electron microscopy (SEM).

2. Materials and Methods

2.1. Materials

Microcrystalline cellulose (MCC) was purchased from Sigma-Aldrich (Saint Louis, MO, USA).
MCC is rod-shaped and has a mean diameter of 20µm, a bulk density of 0.5 g/cm3 and a small aspect ratio.
PHB type P304 from Biomer (Schwalbach am Taunus, Germany) was used to prepare the composites.
A tensile strength of 28 MPa, determined according to ISO 527:2012 standard with 50 mm/min [22], was
provided for PHB type P304 by the producer. Acetonitrile 99% (ACN) purchased from Fluka Chemie
AG (Buchs, Switzerland) was used as received. Further, 2,2,6,6-tetramethylpiperidine-1-oxyl radical,
98% (TEMPO) was purchased from Sigma-Aldrich (Saint Louis, MO, USA), sodium hypochlorite 10%
from Oltchim (Rm-Valcea, Romania), sodium bromide, hydrochloric acid, and sodium hydroxide, all
of analytical grade, were obtained from Merck KGaA (Darmstadt, Germany).

2.2. Plasma Treatment of Cellulose Suspensions

The cellulose suspension (5 wt %) was prepared by dispersing 5 g MCC in 95 mL of distilled water
by ultrasonication using a Elmasonic S 15 H bath (Elma, Singen, Germany) for 1 h. The treatment
of MCC suspensions was carried out using a DBD plasma source with floating electrode, coupled
with a radiofrequency power supply [23,24]. The discharge tube was modified in a Y-shape geometry
(Figure 1). The Y-shaped configuration allows for the introduction of large amounts of reactive gases
without extinguishing the discharge.
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Figure 1. Configuration of the DBD Y-shaped source.

The plasma jet was initiated in argon (RF power 100 W, flow rate 3000 sccm), in open ambient
conditions, and then immersed in the water suspension of MCC. Sccm, standard cubic centimeters per
minute, is a measure for the flow rate of particles, 1 sccm denotes that in one minute in the chamber
entered a number of particles corresponding to those existing in a volume of 1 cubic centimeter at
standard temperature (273 K) and pressure (1 atm). An oxygen flux of 500 sccm was introduced
through the lateral branch of the Y-tube and the discharge was maintained for 1 h of treatment. Then,
ACN (30%) was mixed in the water suspension of MCC for ensuring better conditions for surface
functionalization of cellulose and the suspension was plasma treated with Ar for 30 min using the
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same source. Plasma treated MCC suspension was ultrasonicated for 30 min and then freeze dried for
72 h using a FreeZone 2.5 L Benchtop Freeze Dry System (Labconco, Kansas City, MO, USA).

2.3. TEMPO Mediated Oxidation of MCC

MCC was oxidized using 2,2,6,6-tetramethylpiperidine-1-oxyl radical as a catalyst and sodium
hypochlorite as an oxidant. Five grams of MCC were dispersed in 195 mL of distilled water by magnetic
stirring at room temperature for 24 h. TEMPO (0.08 g corresponding to 0.1 mmol/g cellulose) was
dispersed in 100 mL of distilled water until complete dissolution using an Elmasonic S40 ultrasonic bath
(Elma, Germany). Meanwhile, 0.52 g NaBr (1.0 mmol/g cellulose) were added over the TEMPO solution
and dispersed using the same bath. The TEMPO/NaBr solution was added to the cellulose suspension
in small portions under magnetic stirring. Then, 10% NaClO solution (29.80 g corresponding to
8.0 mmol/g cellulose) was added dropwise for half an hour and stirred for 3h from the moment of
the first drop of NaClO. The pH of the solution was kept constant (pH 10–11) during the reaction by
the addition of 1M solutions of HCl and NaOH. After the completion of the reaction, the TEMPO
treated cellulose suspension was dialyzed using Spectra/Por molecular porous membrane (MWCO
3.5 kDa, SpectrumLabs (Rancho Dominguez, CA USA) for removing the unreacted products. After the
treatments, the MCC suspension was ultrasonicated for 30 min and then freeze dried for 72 h using a
FreeZone 2.5 L Benchtop Freeze Dry System (Labconco, Kansas City, MO, USA). Plasma treated and
TEMPO oxidized MCC were denoted as MCC-P and MCC-T.

2.4. Preparation of PHB Composites with Untreated, Plasma and TEMPO Oxidized MCC

PHB pellets, MCC-P and MCC-T were dried in vacuum ovens at 60 ◦C for 4 h. Different treated
MCC (2 wt %) was melt blended with PHB using a Brabender LabStation (Duisburg, Germany) with a
mixing chamber of 30 cm3, at 165 ◦C for 8 min at a rotor speed of 50 min−1. For morphological and
mechanical characterization, composites sheets of 0.5 mm in thickness were obtained by compression
molding using an electrically heated press (P200E, Dr. Collin, Maitenbeth, Germany). The composites
were pressed at 175 ◦C for 120 s preheating (without pressure), 75 s under pressure (100 bar), and
cooling for 1 min in a cooling cassette. The sheets were kept at room temperature for at least 2 weeks
before characterization. PHB composites with untreated MCC, MCC-T, and MCC-P were denoted as
PHB-MCC, PHB-MCC-T, and PHB-MCC-P. The schematic representation of operations for obtaining
PHB composites with different treated MCC is shown in Figure 2.
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2.5. Characterization

2.5.1. SEM Investigation

The compression molded sheets of PHB–MCC composites were fractured in liquid nitrogen and
then sputter-coated with a thin layer of gold. The surface of fractured composites was analyzed by SEM
using a Quanta Inspect F scanning electron microscope (FEI-Philips, Hillsboro, OR, USA) equipped
with a field emission gun. The microscope was operated in high vacuum at 30 kV with a resolution of
1.2 nm.

2.5.2. Chemical Characterization by FTIR and XPS

The FTIR spectra of untreated, plasma, and TEMPO treated cellulose were recorded on a Tensor
37 spectrometer from Bruker Optics (Ettlingen, Germany) with an attenuated total reflectance (ATR)
accessory. The spectra were collected in duplicate, at room temperature, from 400 to 4000 cm−1, with
16 scans at a resolution of 4 cm−1. Plasma treated and TEMPO oxidized cellulose suspensions were
dropwise deposited on silicon wafers and dried several days at room temperature to obtain films.
The surface of cellulose films was characterized by X-ray photoelectron spectroscopy (XPS) using
ESCALAB™ XI+ spectrometer (Thermo Scientific, Waltham, MA, USA) with a monochromatic Al Kα
source at 1486.6 eV. Both survey spectra (step of 1 eV) at a pass energy of 100 eV and high-resolution
spectra in the C 1s and O 1s regions (step of 0.1 eV) at pass energy of 20 eV were recorded.

2.5.3. Thermal Characterization

Thermogravimetric analysis (TGA) was used to characterize the thermal stability of MCC samples
before and after the treatments and the thermal behavior of PHB composites with different treated
celluloses. TGA was carried out on duplicate cellulose samples sealed in aluminium pans using a SDT
Q600 V20.9 (TA Instruments Inc., New Castle, DE, USA) with helium as the purge gas (100 mL/min).
TGA measurements of PHB composites were carried out on a TGA Q500 V20.10 (TA Instruments Inc.,
New Castle, DE, USA) in platinum pans, using nitrogen as purge gas at a flow rate of 90 mL/min. All
the samples, celluloses or composites, were heated from 25 to 700 ◦C at a heating rate of 10 ◦C/min.

2.5.4. Differential Scanning Calorimetry (DSC)

DSC measurements were carried out on composites using a DSC Q2000 V24.9 from TA Instruments
(New Castle, DE, USA) under helium flow (30 mL/min). Samples of 6–7 mg were heated from 30
to 200 ◦C and equilibrated for 3 min for erasing the thermal history (first heating cycle), cooled
down to −50 ◦C, isothermal for 2 min (cooling cycle) and reheated to 200 ◦C (second heating cycle).
A heating/cooling rate of 10 ◦C/min was used in all cycles. The degree of crystallinity (Xc) was
determined from the second heating cycle by dividing the total melting enthalpy ∆Hm (of the peak and
shoulder) by the amount of PHB in the composites (WPHB) and ∆H0, the melting enthalpy of 100%
crystalline PHB (146 J/g [25]):

Xc(%) =
∆Hm

∆H0
· 100
WPHB

(1)

2.5.5. DMA Characterization

The dynamic mechanical properties of composites were determined using a DMA Q800
(TA Instruments, New Castle, DE, USA) in multi-frequency-strain mode. Bar specimens of
12 × 6 × 0.5 mm3 were cut from the composite sheets and cooled to −35 ◦C, kept isothermally
at this temperature for 5 min, and heated to 165 ◦C with a heating rate of 3 ◦C/min. Storage modulus,
showing the recoverable stored energy and tan δ or damping factor, which is the ratio of the loss
modulus to the storage modulus, were plotted against temperature.
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3. Results and Discussion

3.1. Characterization of MCC, MCC-P and MCC-T

The changes induced in cellulose by the two treatments (plasma and TEMPO) were highlighted
by TGA, FTIR, and XPS.

3.1.1. Effect of the Treatments on the Thermal Stability of MCC

TGA and derivative thermogravimetric (DTG) curves of MCC, MCC-T, and MCC-P are shown
in Figure 3. Pure MCC showed one major degradation step with the onset degradation temperature
(Ton) at 309.3 ◦C and the temperature of the maximum degradation rate (Td) at 331.5 ◦C, similar to
other observations [21,26]. The highest loss of weight was noticed between 280 and 360 ◦C, when the
reactions of decomposition, depolymerization, and decarboxylation overlap [26].
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Figure 3. TGA (a) and DTG curves (b) for microcrystalline cellulose (MCC), TEMPO oxidized cellulose
(MCC-T) and plasma treated cellulose (MCC-P).

The thermal stability of MCC was significantly influenced by TEMPO-mediated oxidation and
only small changes were observed after the plasma treatment (Figure 3). The degradation started at a
much lower temperature of 222 ◦C in the case of MCC-T instead of 309 ◦C for pristine MCC. Similarly,
the Td decreased by 80 ◦C, from 331.5 to 251.9 ◦C. These changes are due to the oxidation reactions
induced by the TEMPO treatment [27,28]. A similar decrease of the onset degradation temperature,
with about 100 ◦C, was reported by Fukuzumi et al. in the case of TEMPO oxidized bleached kraft
pulp fibers and explained by the formation of sodium carboxylate groups at the C6 primary hydroxyls
on the surface of cellulose crystals and in the disordered regions [27]. Saito and Isogai reported an
important decrease of the degree of polymerization (DP) in the case of TEMPO-modified cellulose
cotton linter [16]. The decrease of DP, related to a lower average molecular weight and a lower thermal
stability, was explained by the oxidation of all hydroxyl groups of cellulose and the formation of C6
carboxylate or aldehyde groups and C2 or C3 ketones [29]. The high broadness of the DTG peak in
the case of MCC-T shows the overlap of at least two degradation processes. The first peak, at about
222 ◦C, was determined by the degradation of more unstable anhydroglucuronate units resulting
from TEMPO-oxidation, and the second at a temperature of 285 ◦C, lower than the Td of unmodified
cellulose, may be ascribed to the decomposition of unmodified or slightly oxidized cellulose influenced
by the adjacent sodium carboxylate groups [28].

A completely different behavior was observed after the plasma treatment of MCC (Figure 3): Ton

increased by 9 ◦C and Td by 15 ◦C compared to untreated MCC. A similar increase of the maximum
degradation temperature was reported for nanocellulose treated with a DBD plasma source in Ar or
Ar/N2 flow [20]. The better thermal stability of MCC-P compared to untreated MCC resulted from the
removal of low molecular weight fractions or impurities from the MCC suspended in water under
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the influence of submerged plasma discharge [20]. The different charred residue values at 500 ◦C
(R500), 7.6% for MCC-P, 42.7% for MCC-T, and only 1.9% for MCC, also suggest different degradation
processes after the treatments. Cellulose decomposed almost completely in inert atmosphere and the
residue is very low for untreated MCC [29]. The large charred residue value of MCC-T, 22 times higher
than that of MCC, may be related to the decomposition products of sodium anhydroglucuronate units.
Furthermore, carboxylate, aldehyde, or ketone groups of MCC-T may be involved in a great number of
condensation, grafting, or crosslinking reactions, resulting in an important amount of highly condensed
polycyclic aromatic structures [21,30]. Moreover, the decreased DP supposed in the case of MCC-T
may lead to an increased number of chain ends, which decompose at a lower temperature giving an
increased amount of char [31]. Therefore, the smaller R500 value of MCC-P compared to MCC-T, only
four times higher than that of MCC, may be related to a much lower amount of oxidized cellulose
after the plasma treatment. FTIR analysis may give more information on the chemical modifications
induced by the treatments on the surface of cellulose.

3.1.2. Surface Chemical Properties of Modified Celluloses

The FTIR spectra of different treated MCC are shown in Figure 4a. FTIR spectrum of MCC shows
the characteristic vibrations of cellulose: (i) 3000–3600 cm−1 due to the O–H stretching vibrations of
hydrogen bonded hydroxyl groups, (ii) 2800–3000 cm−1 due to asymmetric and symmetric stretching
vibrations of C–H, (iii) at 1645 cm−1 due to the O–H bending vibration in bound water, (iv) multiple
bands between 1275 and 1435 cm−1 due to the bending and deformation vibrations of C–H and CH2,
(v) at 1162 and 897 cm−1 due to the C–O–C stretching vibrations at the β-glucosidic linkage, and (vi) at
1054 and 1030 cm−1 due to the C–O stretching vibrations [26,32,33].
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Major changes were noticed in the FTIR spectrum of MCC-T (Figure 4). A new and intense peak
appeared at 1600 cm−1 which is characteristic of asymmetric C=O stretching vibrations in COO¯ of
sodium carboxylate [34,35]. A new and broad band appeared at 1409 cm−1 due to the symmetric
stretching vibrations of COO−1 [34]. In addition, two new bands were noticed in MCC-T at 1716
and 1734 cm−1 (Figure 4b), which may be associated to the C=O stretching vibrations in carboxylic
acid [27,36,37].

Small changes were observed between the FTIR spectra of MCC-P and untreated MCC (Figure 4a,b).
A broad band at 1737 cm−1 and a second band at 1716 cm−1 were noticed in MCC-P similar to MCC-T,
and they are assigned to the C=O stretching vibrations in carboxylic acid. The appearance of the
new bands around 1734/1737 cm−1 indicates the oxidation of MCC by both TEMPO and plasma
treatments [36]. The degree of oxidation (DO) may be estimated from the FTIR spectra by comparing
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the intensity of the band near 1735 cm−1 with that of the band at 1050 cm−1 which comes from the
cellulose backbone [36]. Different DO values were obtained for MCC-T and MCC-P, 0.06% and 0.12%.
They correlate with the different oxidation intensity induced by the treatments. Similar DO values
were reported for TEMPO-mediated oxidation of cellulose whiskers and cellulose from pulp residue in
comparable reaction conditions [34,36].

For a better understanding of the chemical changes on the surface of MCC after the treatments,
untreated and treated cellulose was also characterized by XPS. Survey spectra are shown in Figure 5.
XPS survey scans indicate the presence of carbon at 286.3 eV and oxygen at 533.3 eV in all samples and,
in addition, chlorine (199.3 eV) and sodium (1072.3 eV) [38] in MCC-T. The O KLL Auger peak was
also noticed in all survey spectra at 978 eV. The O/C ratio differed slightly before and after treatments
(Table 1) and it was close to the theoretical ratio for pure cellulose (0.83). It can be supposed that NaCl
is present as an impurity from the TEMPO treatment, however the exceeding Na could come from
sodium carboxylate, also highlighted by FTIR.
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Table 1. The elemental surface composition, in atomic %, from XPS survey spectra before (MCC) and
after the treatments (MCC-T and MCC-P).

Samples C1s (%) O1s (%) Na1s (%) Cl 2p (%) O/C

MCC 57.3 42.7 - - 0.75
MCC-T 52.8 39.4 5.3 2.5 0.75
MCC-P 56.9 43.1 - - 0.76

High resolution XPS spectra for C1s and O1s regions are shown in Figure 6. The C1s peak was
fitted with 3 components in the case of MCC and 4 components for treated cellulose (Table 2): C1

corresponding to C–C or C–H at a binding energy of 284.6 eV, C2 assigned to a carbon bonded to a
single oxygen in alcohol or ether groups (C–O) at a binding energy of 286.3 eV, C3 ascribed to O–C–O
or C=O at 288.0 eV, and C4 in O–C=O at 289.7 eV [39,40]. The C3/C2 ratio, 0.29, 0.41 and 0.31 for MCC,
MCC-T and MCC-P, is higher than the theoretical value (0.2), showing the presence of carbonyl groups
and a higher degree of oxidation, especially for MCC-T. In contrast to MCC, both treated celluloses
contain C4 species (i.e., carboxyl or carboxylate groups) but MCC-T in a higher proportion. In general,
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the TEMPO treatment of cellulose led to a much higher degree of oxidation than the plasma one, which
is obvious from the higher increase of C3 and C4 proportion at the expense of C2 in this case. Similar
trends were reported by Coseri et al. for differently oxidized microcrystalline cellulose [38].
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Table 2. The relative atomic concentrations of differently bound carbon and oxygen atoms as determined
from high resolution XPS spectra.

Samples
C1s O1s

C1 (%) C2 (%) C3 (%) C4 (%) O1 (%) O2 (%) O3 (%)

MCC 9.4 70.3 20.3 - 1.1 93.4 5.5
MCC-T 14.0 59.6 24.3 2.1 6.7 85.7 7.6
MCC-P 10.5 67.4 20.6 1.4 0.6 92.7 6.8

Some more information can be obtained from the deconvolution of O1s in high resolution XPS
spectra (Figure 6). To O1s region contributed: O1, double bonded O (C=O) in sodium carboxylate and
other oxidized groups (aldehydes, ketones) at 531.0 eV, O2, single bonded O from C-OH and C–O–C of
pyranose ring at 532.9 eV and O3, which can be assigned to carboxylic acid functional groups and water,
at 535.0 eV [40–42]. The relative atomic concentrations of these components (Table 2) undoubtedly
show that the plasma treatment induced a small increase of carboxylic groups on cellulose, ensuring a
slight oxidation while the TEMPO treatment determined a significant oxidation of cellulose, especially
as carboxylate and carboxylic groups. The cellulose surface changes observed by XPS are in good
agreement and strengthen the results obtained by FTIR.

3.2. Thermal Properties of PHB Composites with Different Treated MCC

Untreated and surface treated celluloses were used as reinforcement in PHB. Figure 7 shows the
TGA and derivative (DTG) curves of PHB composites containing 2 wt % MCC, MCC-T, and MCC-P.
Although the effect of different treated MCC on the thermal stability of PHB is similar to the effect of the
treatments on cellulose (Figure 3), meaning an increased stability for MCC-P and a decreased one for
MCC-T, the difference between the characteristic temperatures of the composites is much attenuated
(Table 3).
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Table 3. TGA results for PHB composites with different treated MCC.

Characteristic Temperatures PHB PHB-MCC PHB-MCC-T PHB-MCC-P

T5%, ◦C 195.6 195.7 200.9 206.8
Ton, ◦C 262.6 259.4 253.7 263.6
Td, ◦C 272.3 270.6 262.1 274.3

The addition of MCC in PHB decreases the Ton and Td, with only 2–3 ◦C, which is a common effect
of cellulose fillers in PHB [7]. One cause of the increased degradation was supposed to be the higher
thermal conductivity of cellulose compared to PHB [12]. Impurities, such as increased melt viscosity
after the incorporation of cellulose in the polymer matrix or the presence of bond water in cellulose,
were also considered as sources of an enhanced thermal degradation of PHB after the addition of
cellulose [7].

The addition of MCC-T decreased the Ton and Td of PHB composites with 9–10 ◦C. The presence of
oxidized groups on the surface of MCC-T may enhance not only the thermal degradation of cellulose
but also the degradation of PHB because they may catalyze the depolymerization reaction of PHB by
interacting with the carboxyl group and favoring the chain scission reaction [43]. Considering that the
melt processing took place at about 170 ◦C, the effect of oxidized compounds might be much enhanced
at this temperature. Moreover, XPS survey spectra (Figure 5) and FTIR showed the presence of Na
as sodium carboxylate on the surface of MCC-T which may catalyze the depolymerization reaction
of PHB. Indeed, previous study has shown that many metal compounds but especially Na and Mg
accelerate the random chain scission and the degradation of PHB [44].

In contrast to MCC and MCC-T, the addition of MCC-P slightly increased the Ton and Td of
PHB composites with 1–2 ◦C. Plasma treated MCC led to a better thermal behavior of PHB-MCC-P
composite because of the mild oxidation of cellulose following the plasma treatment in contrast to
the harsh TEMPO oxidation, also illustrated by the FTIR results. Moreover, the cleaning of cellulose
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during the submerged plasma treatment removes metals or other impurities which may catalyze
the decomposition of PHB at high temperature [44]. It is remarkable that the thermal stability of
composites at processing temperature, illustrated by the temperature at 5% weight loss (T5%), was
much improved in PHB composites containing treated MCC (Table 3). An increase of T5% with about
11 ◦C in the case of PHB-MCC-P and 5 ◦C in the case of PHB-MCC-T was noticed.

The DSC thermograms during the cooling and second heating cycles are shown in Figure 8
and the corresponding thermal parameters are listed in Table 4. Important differences between the
crystallization behaviors of composites with different treated MCC were noticed in the cooling cycle
(Figure 8a).
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Table 4. DSC data collected from the heating-cooling-heating DSC curves of composites.

Composites PHB PHB-MCC PHB-MCC-T PHB-MCC-P

Tc, ◦C 116.9 115.5 118.2 118.2
∆Hc 76.6 74.0 77.1 76.9

Tm, ◦C 164.2 163.0 163.3 163.6
∆Hm 81.1 78.4 81.5 81.5
Xc, % 55.5 54.8 57.0 57.0

∆Hc, Tc—crystallization enthalpy and crystallization temperature. ∆Hm, Tm—melting enthalpy and
melting temperature.

As observed in Figure 8a, The Tc of PHB slightly increased in the composites with treated MCC and
decreased in the composite with untreated cellulose. Although the difference between the composites
with untreated and treated cellulose is at most 3 ◦C, this reflects the influence of MCC treatment
on the crystallization of PHB. Moreover, the width at half-height of crystallization peak was almost
double in the case of PHB-MCC compared to PHB and the composites with treated MCC. The broader
crystallization peak and the lower Tc show that MCC hindered the crystallization of PHB and slowed
down the crystallization rate. Previous study has shown that nanocellulose is a good nucleating agent
in PHB, increasing the crystallization rate [7]. Therefore, the effect of MCC on the crystallization of
PHB may be due to the poor interface with the polymer and the micrometric size of cellulose fibers.
On the contrary, the good influence of treated fibers suggests a better interface between PHB and
MCC-T or MCC-P. In addition, both plasma and TEMPO treatments contributed to the defibrillation of
cellulose, reducing the size of the fibers, as pointed out by previous studies [16,21].

Similar behavior was observed in the second heating cycle, with a main melting peak and a
shoulder at a higher temperature (Figure 8b). The melting temperature remained unchanged after the
addition of cellulose, regardless the treatment. However, the crystallinity followed the same trend
as observed in the cooling cycle, a slight decrease in the composite with untreated MCC and a slight
increase in that containing treated celluloses. This may be an effect of a better dispersion of treated
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MCC in PHB and better interactions between PHB and plasma or TEMPO treated cellulose. SEM
analysis may enlighten this aspect.

3.3. SEM Images of PHB Composites with Treated MCC

The SEM images in Figure 9 show the surface morphology of the fractured PHB composites with
different treated cellulose.
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Figure 9. SEM images of PHB composites with different treated MCC: untreated MCC ((a); ×1000,
×2000); MCC-T ((b); ×1000, ×2000); MCC-P ((c); ×1000, ×2000).

Both well embedded broken fibers and pullout fibers and gaps were observed in all the samples
but the frequency of debonded fibers and gaps was higher in PHB-MCC than in the composites
with treated fibers. Notably, the presence of fibers broken on the transverse section indicates a good
PHB–cellulose interface, and such fibers were frequently observed in the composites with TEMPO
and plasma modified fibers. This shows good bonding between the polymer and cellulose fibers,
which may be benefic to their mechanical properties. Similarly, thinner submicron fibers were mostly
observed in the composites with MCC-T and MCC-P, because both TEMPO oxidation and plasma
treatment decrease the size of original cellulose fibers and caused defibrillation [13,21]. A better
dispersion of fibers was noticed in the case of PHB-MCC-P.

3.4. DMA Analysis of PHB Composites with Treated MCC

The stiffness of PHB composites as function of temperature was investigated by DMA (Figure 10).
The addition of untreated and treated MCC in PHB led to an increase of the storage modulus (E’)
(Figure 10a). However, the increase was more accentuate (2–3 times) for the composites with treated
MCC, especially with plasma treated fibers. An increase of the E’ by 184% for PHB-MCC-P and 167%
for PHB-MCC-T was noticed at room temperature (Table 5).
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Table 5. DMA data for PHB and composites: PHB-MCC, PHB-MCC-T and PHB-MCC-P.

Composites PHB PHB-MCC PHB-MCC-T PHB-MCC-P

Tg, ◦C 3.8 5.8 9.2 21.8
E’ (−25 ◦C), MPa 1617 4164 5160 5370
E’ (25 ◦C), MPa 1221 2885 3264 3470
E’ (75 ◦C), MPa 871 1830 1952 2068

The more accentuated decrease of the E’, observed between about −10 ◦C and 25–30 ◦C, was
determined by the transition of PHB from glassy to rubbery state and the activation of molecular
segmental motions at the glass transition temperature [44]. Variation of loss factor (tan δ) with
temperature (Figure 10b) emphasizes the relative contributions of the elastic and viscous components
when temperature increases. A shift of the glass transition temperature (Tg) to a higher temperature
was observed for all the composites compared to PHB, however the highest shift, of 18 ◦C, was
observed for PHB-MCC-P. This shows a good interface and a uniform dispersion of MCC-P in the
polymer matrix. Plasma treatment induced a mild oxidation on the surface of cellulose, as indicated by
both FTIR and XPS results, and the formation of carboxylate groups may increase the compatibility
between poly(hydroxyl butyric acid) matrix and COOH bearing cellulose. The influence of MCC-T
was not so important, probably because of the opposite effects of surface functionalization and
degradation. TEMPO oxidation induces the surface functionalization of cellulose, improving the
interface and mechanical properties, but the presence of metal compounds and other impurities from
the chemical treatment enhances the decomposition of PHB, thus decreasing the molecular weight and
the mechanical properties [7,45]. This is supported by the lower thermal stability of this composite
(Figure 7). As a result, the increase of the mechanical properties in PHB-MCC-T was not as high as
in the case of PHB-MCC-P, although TEMPO oxidation induced a much strong surface modification
of cellulose.

4. Conclusions

Microcrystalline cellulose was surface modified by a plasma treatment in liquid using a Y-shaped
tube and TEMPO mediated oxidation. The plasma treatment of water suspensions of cellulose ensured
an increased flow of the oxidative gas, being a simple and highly reproducible method for cellulose
modification. FTIR and XPS results showed that both treatments led to the surface functionalization of
cellulose. However, TEMPO oxidation had a much stronger effect, leading to a decrease of thermal
stability of MCC by 80 ◦C. Plasma and TEMPO modified celluloses were incorporated in a PHB matrix
and they influenced the morphology and thermal and mechanical properties of composites. Both
treatments improved the fiber-polymer interface and the mechanical properties of PHB composites.
An increase of the storage modulus by184% in PHB-MCC-P and 167% in PHB-MCC-T was noticed at
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room temperature. The increase of the mechanical properties in the composite with TEMPO oxidized
cellulose was not as high as in the case of that containing plasma treated cellulose, although the
chemical treatment induced a much stronger surface modification of cellulose. The main cause of
this behavior is, probably, the significant degradation of MCC following TEMPO oxidation. The PHB
composites containing plasma modified cellulose are promising materials for biomedical applications.
In addition, the filamentary Y-shaped DBD plasma jet immersed in the liquid suspension of cellulose is
an environmentally friendly, simple, and cheap treatment, which is proposed as an alternative to the
mechano-chemical methods usually employed for the modification of cellulose.
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Abstract: This work proposes a new method for obtaining poly(3-hydroxybutyrate) (PHB)/microfi-
brillated cellulose (MC) composites with more balanced properties intended for the substitution
of petroleum-based polymers in packaging and engineering applications. To achieve this, the MC
surface was adjusted by a new chemical route to enhance its compatibility with the PHB matrix:
(i) creating active sites on the surface of MC with γ-methacryloxypropyltrimethoxysilane (SIMA)
or vinyltriethoxysilane (SIV), followed by (ii) the graft polymerization of methacrylic acid (MA).
The high efficiency of the SIMA-MA treatment and the lower efficiency in the case of SIV-MA were
proven by the changes observed in the Fourier transform infrared FTIR spectra of celluloses. All
modified celluloses and the PHB composites containing them showed good thermal stability close to
the processing temperature of PHB. SIMA-modified celluloses acted as nucleating agents in PHB,
increasing its crystallinity and favoring the formation of smaller spherulites. A uniform dispersion
of SIMA-modified celluloses in PHB as a result of the good compatibility between the two phases
was observed by scanning electron microscopy and many agglomerations of fibers in the composite
with unmodified MC. The dual role of SIMA-MA treatment, as both compatibilizer and plasticizer,
was pointed out by mechanical and rheological measurements. This new method to modify MC and
obtain PHB/MC composites with more balanced stiffness–toughness properties could be a solution
to the high brittleness and poor processability of PHB-based materials.

Keywords: microfibrillated cellulose; polymethacrylic acid; grafting; poly(3-hydroxybutyrate);
biocomposites; compatibility

1. Introduction

The poor disposal of waste combined with the wasteful mentality of humankind has
led to well-known environmental problems. Currently, petroleum is used in everything
that requires electricity [1], and the dependence on petroleum-based plastics increases the
demand for oil, which drags along an increased need for energy, and so on. The focus of
research in recent years has been to reduce this demand by exploring more natural-based
materials with the aim to replace classic, fossil-based plastics [2–4]. Promising results have
been obtained with poly-(3-hydroxybutyrate) (PHB), an aliphatic microbial polyester that
shows similar mechanical and thermal properties to polypropylene with the added bonuses
of better barrier properties and biodegradability [5]. It is biosynthesized by certain bacteria
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as a means of stocking energy in nitrogen- and phosphorus-deficient conditions [6]. How-
ever, in its pure form, PHB is highly brittle at room temperature and has a low processing
window, which limits its possibilities of application. Thus, different approaches such as
plasticization, melt blending with other polymers, copolymerization, and preparation of
nanocomposites have been studied to overcome these drawbacks [7]. The introduction of
organic or inorganic fillers has proven to be an attractive and versatile technique to enhance
the performances of PHB. Several reinforcing agents have been incorporated into PHB for
improving its properties, such as (nano)clays [8], carbon nanotubes [9], graphene [10], and
cellulosic materials [11].

Cellulose is one of the most abundant and studied materials in the world and can be
obtained in various sizes and shapes [12]. It can be extracted from a variety of sources,
such as wood and plants, and can be biosynthesized by some bacterial strands as extracel-
lular material [13]. Its versatility regarding geometry, from (nano)fibers to (nano)particles,
and its sources allows cellulose to be used in countless applications. Cellulose micro-
and nanofillers have been used to improve the thermal and mechanical properties of
PHB [11,14,15]. A big issue in the case of PHB–cellulose composites is the poor compat-
ibility between the matrix and the filler due to the hydrophobic nature of PHB and the
strong hydrophilicity of cellulosic fillers [16]. The methods attempted so far to improve
this compatibility, such as the treatment of cellulose fillers by acetylation, silylation, and
TEMPO-mediated or plasma oxidation, have led to some improvement in PHB prop-
erties [17–19]. Reactive extrusion has also been used to improve the adhesion at the
PHB–cellulose interface, leading to a moderate enhancement of mechanical properties [20].

A different route for improving the compatibility between PHB and microfibrillated
cellulose was attempted in this paper. The hypothesis underpinning this work is that
cellulose modification with polymethacrylic acid units improves its compatibility with
PHB. Indeed, only a limited number of polymers are miscible with PHB, such as polyvinyl
acetate or polymethyl acrylate [21,22]. An et al. have shown that polymethyl acrylate is
fully miscible with PHB over the entire composition range [22]. This may be presumed
from the similarity of the repeating units, both vinyl acetate and methyl acrylate units
being isomers of 3-hydroxybutyrate (HB). Another isomer of the HB unit is methacrylic
acid, which is used in this work to modify microfibrillated cellulose. Thus, polymethacrylic
acid (PMA) grafts were grown on the surface of cellulose to increase the compatibility
between PHB and the cellulosic filler. Although polymethacrylic acid was previously
grafted on a few cellulosic substrates [23,24], especially for medical application, no attempt
to modify cellulose with PMA for increased compatibility with PHB has been performed
so far. In addition, this is the first attempt to pre-activate the cellulose surface with various
silanes for better grafting of PMA and obtaining improved properties. In this work, Fourier
transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) were used to
highlight the grafting of silanes and the presence of polymethacrylic acid on the surface of
cellulose. The influence of modified celluloses on the morphology, thermal, and mechanical
properties of PHB composites was also studied.

2. Experimental Section
2.1. Materials

Microcrystalline cellulose (MCC) with an average diameter of 20 µm and purchased
from Sigma Aldrich (Saint Louis, MO, USA) was used to obtain the microfibrillated cel-
lulose (MC). Methacrylic acid (MA, purity 99%), vinyltriethoxysilane (SIV) (purity 97%),
and 2,2′-azobis(2-methylpropionitrile) (AIBN) (purity > 98%) were purchased from Sigma
Aldrich (Saint Louis, MO, USA). Moreover, γ-methacryloxypropyltrimethoxysilane (SIMA)
(purity 98%, trade name—Xiameter OFS-6030 silane) was obtained from Dow Corning
Co. (Midland, MI, USA) and acetone (purity > 99.92%) was obtained from Chimreactiv
(Bucharest, Romania). All chemicals were used without further purification. PHB pellets
(P304) from Biomer (Schwalbach am Taunus, Germany) with a density of 1.24 g/cm3 were
used as the polymer matrix in the composites.
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2.2. Preparation of Microfibrillated Cellulose

MC was originally obtained from a 2 wt% MCC suspension in distilled water, which
was maintained at room temperature for 48 h to enable MCC soaking. Then, the MCC
suspension was processed by a high-pressure mechanical treatment for 12 cycles at 200 MPa
using a microfluidizer LM20 (Microfluidics, Westwood, MA, US). A cellulose gel resulted
from the treatment. This was first frozen at−20 ◦C for 48 h and then freeze-dried (FreeZone
2.5 L, Labconco, Kansas-City, MO, USA) at −85 ◦C and 0.006 mbar for 48 h. The dried
cellulose was further milled using an ultra-centrifugal mill ZM 200 (Retsch GmbH & Co.,
Düsseldorf, Germany) at a speed of 6000 min−1, resulting in microfibrillated cellulose
(MC) powder.

2.3. Silanization Reaction

MC powder was soaked in water (10 wt%) under magnetic stirring for 8 h at room
temperature. A silane solution (5 wt%) was prepared by dissolving either SIV or SIMA
in water at room temperature under strong stirring for 30 min. The silane solution was
acidified with glacial acetic acid until the pH value of 3.5 and allowed to hydrolyze for
30 min. Then, the hydrolyzed silane solution was poured over the MC suspension and
allowed to react at 50 ◦C under strong magnetic stirring for another 4 h. Following this, the
modified celluloses were washed three times with a plentiful amount of distilled water. The
suspensions were then freeze-dried and the dried celluloses were milled using the same
equipment and conditions as previously mentioned, resulting in MC-SIV or MC-SIMA.
The reaction schemes for the chemical modification of cellulose by silanization with SIMA
and SIV are shown in Figure 1.
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(b) MC-SIMA and MC-SIMA-MA.

2.4. Polymerization Reaction

MC-SIV and MC-SIMA powders were soaked in acetone, an aprotic solvent that
was chosen as reaction medium. In the meantime, methacrylic acid (MA) was dissolved
in acetone at room temperature left under magnetic stirring for 8 h. Trace amounts of
acetone were used to dissolve the initiator, AIBN. Overall, the methacrylic acid/cellulose
ratio was 1/2 v/w, and the AIBN concentration was 10−2 mol/L regarding MA volume.
Next, all components were mixed together and allowed to react under reflux for 4 h. The
modified celluloses were washed with distilled water, freeze-dried, and milled, similar
to the previous step. Polymethacrylic acid-modified celluloses, MC-SIV-MA and MC-
SIMA-MA, were thus obtained. Figure 1 presents the reaction schemes for the MA graft
polymerization on the surface of silanized celluloses.

2.5. Preparation of the PHB/Modified Cellulose Composite Films

The composite films were prepared by mixing PHB and modified celluloses (2 wt%)
in a 30 cm3 Brabender mixing chamber(Brabender GmbH & Co. KG, Duisburg, Germany)
at 165 ◦C for 7 min, followed by molding on a two-rollmill to obtain sheets. These were
further compression-molded in a P200E press (Dr. Collin, Ebersberg, Germany) at 175 ◦C
with 120 s of preheating at 0.5 MPa and 60 s of compression at 10 MPa. A cooling cassette
accessory was used for the rapid cooling of the films.
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2.6. Characterization
2.6.1. Fourier Transform Infrared Spectroscopy

The FTIR attenuated total reflectance (ATR) analysis was carried out on a JASCO 6300
spectrophotometer (JASCO International Co., Ltd., Tokyo, Japan) equipped with a Specac
ATR Golden Gate unit (Specac, Inc., Orpington, UK) with KRS5 lens. FTIR spectra were
scanned from 4000 to 400 cm−1, with 32 scans per spectrum at a resolution of 4 cm−1.

2.6.2. Thermogravimetric Analysis

Original and differently modified MCs and the composites containing these fibers
were characterized by TGA using a TA-Q5000 (TA Instruments, New Castle, DE, USA).
Measurements were carried out on samples of 8–10 mg from room temperature to 700 ◦C
with 10 ◦C/min in nitrogen atmosphere purged with 40 mL/min.

2.6.3. Differential Scanning Calorimetry (DSC)

Calorimetric measurements were carried out on a DSC Q2000 from TA Instruments
(New Castle, DE, USA) under a helium flow of 25 mL/min using 10–13 mg from each
sample and a heating/cooling rate of 10 ◦C/min during cycles. The applied program
involved: a rapid cooling from the ambient temperature to −60 ◦C, equilibration for 2 min
at this temperature, heating to 200 ◦C (first heating cycle), equilibration for 2 min, cooling
to −60 ◦C (cooling cycle), equilibration for 2 min and heating again to 200 ◦C (second
heating cycle). The crystallinity (Xc) was calculated from the second heating cycle with:

Xc (%) =
∆H

∆H0 × wPHB
× 100 (1)

The formula includes the melting enthalpy (∆H) and the weight fraction (wPHB) of
PHB in the composite along with the melting enthalpy of 100% crystalline PHB
(∆H0 = 146 J/g [25]).

2.6.4. Dynamic Mechanical Analysis (DMA)

Composite specimens with the length × width × thickness of 12.7 mm × 6.8 mm
× 0.8 mm were cut from the compression-molded films and analyzed with a DMA Q800
(TA Instruments, New Castle, DE, USA) in multifrequency-strain mode using a ten-
sion clamp. The specimens were cooled from the ambient temperature to −50 ◦C with
10 ◦C/min, equilibrated for 2 min at this temperature, and heated to 125 ◦C with a heating
rate of 3 ◦C/min.

2.6.5. Tensile Properties

The tensile properties of PHB compression-molded films were determined according
to ISO 527 using an Instron 3382 universal testing machine (Instron, Norwood, MA, USA)
with a 10 kN load cell. Five specimens were tested for each sample at room temperature
with a crosshead speed of 10 mm/min. The average mechanical properties, Young’s
modulus, and tensile strength and elongation at break were calculated as mean and
standard deviation using the Bluehill 2 software.

2.6.6. Scanning Electron Microscopy (SEM)

Morphological aspects of composites in the fracture were investigated with a Quanta
Inspect F Scanning Electron Microscope (Philips/FEI, Eindhoven, The Netherlands), with
a resolution of 1.2 nm at an accelerating voltage of 30 kV. Prior to the measurements, the
samples were frozen in liquid nitrogen and fractured, then the fractures were sputter-coated
with gold for a better contrast.

The MC powder obtained after freeze-drying and milling was analyzed with the same
scanning electron microscope. Before the measurements, the powder was spread on an
adhesive tape and sputter-coated with gold.
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2.6.7. Polarized Light Optical Microscopy

Polarized light optical microscopy (POM) analysis was carried out using an Olympus
BX53F Microscope equipped with a DP23/DP28 Digital Camera (Olympus, Tokyo, Japan).
Composite films of 20–30 µm in thickness were used for the measurements. The films were
obtained by compression molding at 175◦C (preheating for 150 s and compression for 65 s
at 10 MPa). Sections of the films were melted between glass slides in an oven at 220 ◦C for
5 min, kept at room temperature for about 15 min, and then analyzed by POM.

3. Results and Discussion
3.1. Morphological Investigation of MC Powder

Figure 2 shows the SEM image of dried microfibrillated cellulose powder. One may
observe a network of micro- and nanofibers. Most of the nanofibers had a width of less than
100 nm and a length of a couple of microns. This is better seen in the detail in the upper-left
corner of Figure 2. Microfibers with a width of less than 1 µm may also be observed. It
turns out that 12 cycles of high-pressure homogenization were sufficient to defibrillate
microcrystalline cellulose with an initial width of about 20 µm in submicron-sized fibers.
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Figure 2. SEM image of microfibrillated cellulose after freeze-drying and milling.

Many entangled and agglomerated cellulose nanofibers were noticed in Figure 2.
This is an effect of the removal of water during the freeze-drying process that favors the
self-aggregation of individual nanofibers. However, the aggregates disentangled during
the melt mixing with the polymer. A network of cellulose fibers with similar size was
obtained, starting with delignified Fique tow using a TEMPO oxidation process coupled
with ultrasonication [26].
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3.2. Characterization of Modified Celluloses
3.2.1. FTIR Analysis

Figure 3 presents the FTIR spectra of the MC and modified celluloses. The unmodified
MC spectrogram shows the expected broad peak centered on 3333 cm−1, characteristic of
the stretching vibration of hydrogen bonded –OH groups of the cellulose, which does not
significantly change after chemical reactions.
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In unmodified cellulose, the peak from 2895 cm−1, which is attributed to C–H stretch-
ing vibrations, suffers changes after chemical modifications; thus, a shoulder appears
in both SIMA-modified celluloses at about 2950 cm−1 (Figure 3a) due to the stretching
of CH2 groups in the oxypropyl chain of SIMA [27]. Further, the broad small peak at
1640 cm−1, attributed to the bending vibration of the –OH groups in water, was overlapped
by a new peak located at 1633 cm−1 in MC-SIMA and a lower intensity broad peak at
1637/1630 cm−1 in MC-SIMA-MA, which may be assigned to the stretching vibrations
of unreacted C=C groups of the acrylic moiety [27,28]. New peaks with different shapes
and intensities appeared between 1750 and 1650 cm−1 in MC-SIMA and MC-SIMA-MA
(Figure 3a—detail). Two peaks were observed at 1714 cm−1 and 1698 cm−1 in MC-SIMA
spectrum, deriving from the stretching vibrations of the C=O groups in the methacryloyl
chains of the grafted silane [28]. A strong peak at 1716 cm−1 and three shoulders at 1701,
1740, and 1690 cm−1 were observed in the case of MC-SIMA-MA (Figure 3a—detail). As
specified above, the peaks at 1716 and 1701 cm−1 may be ascribed to the carbonyl groups of
silane, however, the shoulder at 1690 cm−1 can be attributed to the stretching vibration of
the C=O groups in the poly(methacrylic acid) [29]. The shoulder from 1740 cm−1 belonged
to the ester carbonyl signal and shows the formation of the cellulose ester in the case of
MC-SIMA-MA [30]. Therefore, the acylation of cellulose was proved by the appearance
of the new signal at 1740 cm−1 along with the decreased intensity of the band that is
characteristic of the hydrogen bonded −OH in MC-SIMA-MA from 3333 cm−1. However,
the weak signal of the ester C=O group shows that this reaction was only a secondary one.

In the case of MC modified by vinyl silane and methacrylic acid, the changes observed
in the FTIR spectra (Figure 3b) were minor. The small changes noticed in the band from
1600 to 1700 cm−1 (Figure 3b—detail) may have derived from the stretching vibration
of the C=O groups in the poly(methacrylic acid) (1696 cm−1) and the C=C stretching in
the terminal vinyl groups of methacrylic acid oligomers, or in the unreacted vinyl silane
(1637 cm−1). However, the signals were so weak that it can therefore be presumed that the
chemical modification of cellulose was less efficient in this case.

3.2.2. Thermogravimetric Analysis of Modified Celluloses

Figure 4 shows the thermograms of the MC and the modified celluloses. After the
loss of water at up to 100 ◦C, MC decomposed between 270 and 370 ◦C when it lost 80%
of its weight. A significantly increased thermal stability was observed after the treatment
of microfibrillated cellulose with SIMA. Thus, the temperature at 5% weight loss (T5%)
increased by about 34 ◦C after SIMA treatment. Further grafting with MA led to an
increase in T5% by 20 ◦C for MC-SIMA-MA and by 14 ◦C for MC-SIV-MA (Table 1). Several
differences in the degradation process were noticed depending on the treatment. Thus, the
temperature at the maximum decomposition rate (Tmax) increased in the case of MC-SIMA
by 8 ◦C and for MC-SIV-MA by about 5 ◦C, and decreased for MC-SIMA-MA by 13 ◦C
(Table 1). The increased thermal stability after the treatment of MC with silanes was an
effect of the oligomers formed by the condensation of silanes at increased temperature
that act as a protective barrier and delay the degradation of cellulose, similar to other
observations [31,32]. Indeed, a new peak was observed after that characteristic to the
decomposition of cellulose in the derivative curves of MC-SIMA (427 ◦C) and MC-SIMA-
MA (415 ◦C), which probably derived from the thermal decomposition of siloxanes [33].
The lower Tmax of MC-SIMA-MA may have been caused by the breaking of the esteric
bonds in grafted SIMA or of the cellulose–silane bonds in the presence of the initiator
(Figure 1b), leading to the removal of the silane and the slightly lower thermal stability
of cellulose.
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Table 1. Thermogravimetric data for the modified celluloses.

Sample MC MC-SIMA MC-SIMA-MA MC-SIV-MA

T5%, ◦C 270.7 305.1 290.6 284.5
Tmax, ◦C 348.7 356.5 335.5 353.2

WL200◦C, % 3.8 1.4 2.7 2.5
Residue at 700 ◦C, % 1.4 24.4 12.0 6.8

The residue at 700 ◦C wasvery high in MC-SIMA (24%) due to the presence of the
crosslinked polysiloxanes and was proof of the successful silanization of cellulose. The
halved residue obtained in MC-SIMA-MA supports the hypothesis of cellulose–silane
bonds breaking and the removal of the silane, also highlighted by the lower Tmax of MC-
SIMA-MA. The lower weight loss at 200 ◦C (WL200◦C) of modified celluloses shows their
good thermal stability close to the processing temperature of PHB composites.

3.3. Characterization of Composites
3.3.1. TGA Analysis

The TGA and DTG curves of PHB composites with 2 wt% modified celluloses are
shown in Figure 5. The incorporation of MC and modified celluloses had a small influence
on the thermal stability of PHB. The main decomposition step occurred between 250 and
300 ◦C in neat PHB and in all the composites. The T5% and Tmax of PHB slightly decreased
by less than 5 ◦C after the addition of celluloses. A similar decrease inthe thermal stability of
PHB was reported after the addition of 2 wt% nanofibrillated bacterial cellulose [15], and a
stronger decrease was noticedin the case of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
composites with 2.5–10 wt% nanofibrillated cellulose [34]. The greatest influence on the
thermal stability of PHB was noticed in the case of MC-SIMA, the cellulose which had
undergone the strongest modification, as demonstrated by FTIR and TGA (Figures 3 and 4).
Indeed, the esteric bond of SIMA grafted on MC was labile enough to undergo breaking
at a high processing temperature (165 ◦C), releasing free methacryloyl radicals, which
can promote the thermal degradation of PHB [35]. However, these processes have a low
intensity and their contribution to the PHB degradation is minor, as proven by the small
changes in the T5% and Tmax (Table 2). Similarly, the residue at 700 ◦C of PHB shows little
variation after the addition of modified celluloses (Table 2).
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Table 2. TGA data for the PHB composites with differently modified celluloses.

Composites PHB PHB/MC PHB/MC-
SIMA

PHB/MC-
SIMA-MA

PHB/MC-
SIV-MA

T5%, ◦C 246.1 245.5 242.4 244.5 246.8
Tmax, ◦C 292.4 290.9 287.9 290 288.6

Residue at 700 ◦C, % 1.3 1.3 1.7 2.0 1.3

3.3.2. Differential Scanning Calorimetry

Figure 6 presents the behavior of the composites upon heating and cooling, while the
crystallinity degree (Xc), melting (Tm1, Tm2), and crystallization (Tc) temperatures along
with corresponding enthalpies (∆Hm1, ∆Hm2, ∆Hc) are listed in Table 3. Double endother-
mic melting peaks were observed in neat PHB and composites during the first heating
cycle (Figure 6a). The phenomenon is generally ascribed to the melt–recrystallization
mechanism [11,36]: the first peak arises from the melting of PHB fraction that was formerly
crystallized during the compression molding of the films, while the second peak from
168 ◦C can be related to the melting of the recrystallized PHB fraction during heating. One
can observe that the addition of modified celluloses only influenced the peak from the
lower temperature (Figure 6a). Thus, a slight shift of this peak to a higher temperature
along with an increase in intensity was observed in all the composites. This behavior can
be associated with the interactions between the cellulose fibers and PHB, which restrict the
flexibility of the polymer chain and increase the melting temperature. The higher intensity
of the lower temperature peak in composites shows a higher proportion of smaller and less
perfect crystallites, possibly an effect of the nucleating effect of the cellulose fibers. No ob-
vious effect of modified celluloses on the crystallization temperature of the composites was
noticed, regardless of the treatment, meaning that all the composites had a crystallization
rate similar to that of neat PHB (Figure 6b, Table 3).
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Table 3. DSC data for the composites.

Composites
First Heating Cooling Second Heating

Xc (%)
Tm1(◦C) ∆Hm1 (J/g) Tc (◦C) ∆Hc (J/g) Tm2 (◦C) ∆Hm2 (J/g)

PHB 158.4/168.0 67.3 111.3 62.5 160.9 69.6 47.7
PHB/MC 159.0/168.2 67.3 112.3 64.2 160.9 72.3 50.3

PHB/MC-SIMA 158.9/168.2 69.1 112.8 64.9 160.2 73.6 51.4
PHB/MC-SIMA-MA 159.4/168.5 67.8 112.8 64.2 160.7 72.5 50.7

PHB/MC-SIV-MA 160.1/168.2 56.2 113.0 57.2 161.0 61.5 42.9

A single melting (Tm2) event was observed in the second heating cycle for all the
composites and the small influence of cellulose on it , regardless of the treatment (Figure 6c).
However, the degree of crystallinity was higher in composites than in PHB, except for
PHB/MC-SIV-MA (Table 3), showing the nucleating effect of MC and modified celluloses,
in agreement with previous results [11,34]. The increase in Xc in PHB composites may
contribute to an improvement intheir mechanical properties relative to the reference matrix.

The different influence of SIMA- and SIV-modified celluloses upon PHB crystallinity
and its thermal behavior can be explained by the different chemical compositions of the
two modifiers; methacrylic and polymethacrylic pendant units have better interaction
with the PHB matrix as opposed to the less reactive vinyl silane group. In addition, the
action of unreacted SIV as a crosslinker in PHB cannot be excluded. This is in agreement
with the slightly higher melting temperature and lower crystallinity of the PHB/MC-SIV-
MA composite. The crystallization behavior of PHB composites was also investigated by
polarized light microscopy (POM), as discussed below.
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3.3.3. Polarized Optical Microscopy

The formation of spherulites in PHB and in composites and their shape and size can
be observed from the images obtained with the polarized optical microscope presented in
Figure 7.
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POM images show ring-banded spherulites with the characteristic Maltese cross in
both PHB and its composite. In PHB, the spherulites’ size varied between 60 and 140 µm
and in composites between 20 and 180 µm, with a greater proportion of smaller spherulites
in the composites with treated celluloses, as observed in the histograms attached to the
representative POM images (Figure 7). This supports the nucleating effect of celluloses,
and of the modified celluloses especially, which is in agreement with the DSC results.

3.3.4. Dynamical Mechanical Analysis

The mechanical behavior of the composite films was investigated by DMA and the
storage modulus (E’) and tan δ variation with temperature are presented in Figure 8. The
glass transition temperature of PHB (Tg), determined from the tan δ vs. temperature curve,
was not changed by the addition of untreated MC but increased by 3–5 ◦C in the composites
with modified celluloses (Table 4). The shift of the Tg to a higher temperature was due to the
restriction of polymer chain movements. This may be caused by the interactions between
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PHB and the modified celluloses [19,37], which are also indicated by the lower intensity of
the tan δ peak in composites compared to PHB, except for PHB/MC-SIV-MA (Figure 8). The
increased damping in the composite with MC-SIV-MA was a result of the higher content
of amorphous phase in PHB/MC-SIV-MA, with 42.9% crystallinity instead of 50–51% for
the other composites (Table 3). In addition, the breadth of the tan δ peak was larger for
PHB/MC-SIMA-MA because of the difference in PHB chains’ mobility; the movements
of the PHB chains close to the modified cellulose fibers being much more restrained than
those of the farthest ones [14]. Indeed, the methacrylate groups and polymethacrylate
grafts on modified celluloses show good interactions with the PHB matrix thanks to their
compatibility [22].
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Table 4. Storage modulus (E’) of the composites at different temperatures, glass transition tempera-
ture (Tg) determined from tan δ vs. temperature curve and tan δ value at Tg.

Composites PHB PHB/MC PHB/MC-
SIMA

PHB/MC-
SIMA-MA

PHB/MC-
SIV-MA

E’−25◦C, MPa 5569 5484 5488 5674 5460
E’0◦C, MPa 3817 3783 3741 4041 3722
E’25◦C, MPa 2660 2659 2671 2844 2486
E’50◦C, MPa 2116 2099 2087 2242 1880
E’100◦C, MPa 844 938 943 1040 863

Tg, ◦C 6.8 6.9 9.3 10.9 12.2
tan δ 0.060 0.066 0.059 0.059 0.067

C - 0.886 0.882 0.827 0.959

Microfibrillated celluloses had a small influence on the storage modulus of PHB,
except for MC-SIMA-MA, which led to higher E’ values on the whole tested temperature
range (Table 4). Thus, an increase in the storage modulus by up to 23% was noticed in
PHB/MC-SIMA-MA compared to the PHB reference. The reinforcing efficiency of MC and
modified celluloses in PHB composites was assessed by the effectiveness coefficient (C),
which is the ratio of the storage modulus values in the glassy and rubbery regions for the
composite reported inthe similar ratio for the matrix [11]. The values of E’ at −25 ◦C and
100 ◦C were used for the storage modulus in the glassy and rubbery regions. The lowest
C values, corresponding to the highest reinforcing effectiveness of cellulose fibers, were
obtained for the PHB/MC-SIMA-MA composites (Table 4). Therefore, the treatment of MC
with SIMA and MA improved the compatibility of cellulose fibers with the PHB matrix
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and increased the mechanical properties. In contrast, the treatment of MC with SIV and
MA led to an opposite effect. Indeed, the lowest E’ values of almost the entire temperature
range were obtained for PHB/MC-SIV-MA. The poor polymerization of methacrylic acid
on the SIV-modified MC, as demonstrated by FTIR, may explain this behavior.

3.3.5. Tensile Properties of the Composites

The mechanical properties of PHB and composites, elongation at break, tensile strength
at break (σ), and Young’s modulus (M) are presented in Table 5, and the representative
stress–strain curves in Figure 9. Without any surface treatment, MC had a poor effect on the
mechanical properties of PHB;σ increased by 6%, which is in the limit of the experimental
error, and M by 10%. A higher increase inthe tensile strength was noticed in the composites
with modified celluloses, in PHB/MC-SIMA by 13% and in PHB/MC-SIMA-MA by 18%.
In the second composite, the Young’s modulus increased byalmost 30%. The increase inthe
mechanical properties was higher than that reported for a PHBV/2.5% nanofibrillated
cellulose composite [34]. Thus, the reinforcing effect observed in the composite containing
MC-SIMA-MA proved the effectiveness of this surface treatment of cellulose fibers, which
increased the interfacial bonding between PHB and cellulose. Indeed, the polymerization
reaction of methacrylic acid on the SIMA-modified cellulose resulted in a compatibilization
with the PHB matrix. A drastic decrease inall mechanical properties was observed in
PHB/MC-SIV-MA. The opposite effect forMC-SIV-MA may be due to the ineffective
treatment of cellulose when vinyl silane groups were involved, as also demonstrated by
FTIR. The degree of crystallinity also has a strong influence on the mechanical properties.
The increase incrystallinity, determined by the nucleating effect of cellulose fibers, was
similar in all composites with the exception of PHB/MC-SIV-MA (Table 3). In this case, Xc
decreased bymore than 10%, and this can be considered as an important cause of the drop
in the mechanical properties andof inefficient treatment.

Table 5. Tensile properties data of composites.

Composites PHB PHB/MC PHB/MC-SIMA PHB/MC-SIMA-MA PHB/MC-SIV-MA

Elongation at break, % 5.3 ± 0.6 4.9 ± 0.4 4.5 ± 0.6 5.0 ± 0.2 3.0 ± 0.5
Tensile strength at break, MPa 18.7 ± 1.9 19.8 ± 1.6 21.1 ± 0.7 22.0 ± 0.3 17.4 ± 2.0

Young’s modulus, MPa 868 ± 58 954 ± 42 946 ± 61 1116 ± 12 966 ± 17Polymers 2021, 13, x FOR PEER REVIEW 15 of 19 
 

 

 
Figure 9. Representative stress–strain curves of PHB and composites. 

Looking at the stress–strain curves of composites (Figure 9), one may observe that 
the reinforcing effect of MC-SIMA-MA and MC-SIMA was not followed by a strong de-
crease inelongation at break, as is the case for MC-SIV-MA and in the literature [34]. This 
behavior may result from a plasticizing effect of SIMA and polymethacrylic acid grafts. 
For verifying this hypothesis, the variation in time of the torque during the melt pro-
cessing of the samples was analyzed (Figure 10). 

 
Figure 10. Torque vs. time diagrams recorded during the melt processing of PHB and composites. 

The two composites, PHB/MC-SIMA and PHB/MC-SIMA-MA, showed lower viscos-
ity than PHB and PHB/MC. Therefore, these treatments for the surface modification of 
MC not only have a compatibilizing effect in PHB, but also a plasticizing one. This is an 
important finding because the addition of fillers in PHB generally increases its brittleness, 
which is already large and deteriorates its processability. Therefore, the double role of 
SIMA-MA treatment, as both compatibilizer and plasticizer, could better solve the issues 
related to PHB application. Moreover, the overlap of the plasticizing effect of modified 
celluloses with the reinforcing effect can, to a certain extent, diminish the increase in ten-
sile strength and modulus, leading to much more balanced stiffness–toughness proper-
ties. 

Figure 9. Representative stress–strain curves of PHB and composites.

154



Polymers 2021, 13, 3970

Looking at the stress–strain curves of composites (Figure 9), one may observe that the
reinforcing effect of MC-SIMA-MA and MC-SIMA was not followed by a strong decrease
inelongation at break, as is the case for MC-SIV-MA and in the literature [34]. This behavior
may result from a plasticizing effect of SIMA and polymethacrylic acid grafts. For verifying
this hypothesis, the variation in time of the torque during the melt processing of the
samples was analyzed (Figure 10).
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Figure 10. Torque vs. time diagrams recorded during the melt processing of PHB and composites.

The two composites, PHB/MC-SIMA and PHB/MC-SIMA-MA, showed lower vis-
cosity than PHB and PHB/MC. Therefore, these treatments for the surface modification of
MC not only have a compatibilizing effect in PHB, but also a plasticizing one. This is an
important finding because the addition of fillers in PHB generally increases its brittleness,
which is already large and deteriorates its processability. Therefore, the double role of
SIMA-MA treatment, as both compatibilizer and plasticizer, could better solve the issues
related to PHB application. Moreover, the overlap of the plasticizing effect of modified
celluloses with the reinforcing effect can, to a certain extent, diminish the increase in tensile
strength and modulus, leading to much more balanced stiffness–toughness properties.

3.3.6. Morphological Investigation of Composites

The SEM images in the fracture of PHB and composite plates are shown in Figure 11.
In fracture, PHB shows pores of different sizes and several impurities. These are probably
additives with different purposes than commercial PHB. The PHB composite with untreated
MC shows many agglomerations of fibers, encircled with a red line in Figure 11 (PHB/MC).

In the SEM images of the composites with modified celluloses, the dispersion of
cellulose fibers was much better, especially in PHB/MC-SIMA-MA. Many individual fibers,
marked with green arrows, can be seen in these images. Their thickness was less than
100 nm. It should be mentioned that in the composites with modified celluloses the pores
appeared only scarcely. The morphological features of the composites with modified
celluloses support their improved mechanical behavior.
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4. Conclusions

This study was the first attempt to use a different strategy for the chemical modifica-
tion of the surface of cellulose by firstly using silanes to create active sites, followed by the
graft polymerization of methacrylic acid. FTIR spectroscopy confirmed the high efficiency
of the SIMA and SIMA-MA treatments and the low efficiency of the SIV-MA treatment.
The good adhesion between SIMA-modified celluloses and PHB and their good dispersion,
highlighted by SEM, led to a significant improvement in the tensile strength and modulus
in these composites; an opposite effect was noticed for PHB/MC-SIV-MA. Furthermore,
the effectiveness coefficient, calculated from the storage modulus data, highlighted the
reinforcing effect of MC-SIMA-MA and the unfavorable effect of MC-SIV-MA. The ben-
eficial effect of SIMA-modified celluloses in PHB was also supported by the increased
crystallinity and the smaller spherulites formed in this composite, as observed from the
differential scanning calorimetry and polarized optical microscopy analyses. In addition,
SIMA and SIMA-MA treatments had a dual role in achieving both compatibilization and
plasticization. Therefore, this new method to modify cellulose fibers proved to be facile
and effective when considering the improvements in the thermal and overall mechanical
properties of the PHB matrix.
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Abstract: Polyhydroxybutyrate (PHB) is a natural polyester synthesized by several microorganisms.
Moreover, it has excellent biodegradability and is an eco-friendly material because it converts
water and carbon dioxide as final decomposition products. However, the applications of PHB are
limited because of its stiffness and brittleness. Because cellulose nanocrystals (CNCs) have excellent
intrinsic mechanical properties such as high specific strength and modulus, they may compensate
for the insufficient physical properties of PHB by producing their nanocomposites. In this study,
natural polyesters were extracted from Cupriavidus necator fermentation with CNCs, which were
well-dispersed in nitrogen-limited liquid culture media. Fourier-transform infrared spectroscopy
results revealed that the additional O–H peak originating from cellulose at 3500–3200 cm−1 was
observed for PHB along with the C=O and –COO bands at 1720 cm−1. This suggests that PHB–
CNC nanocomposites could be readily obtained using C. necator fermented in well-dispersed CNC-
supplemented culture media.

Keywords: polyhydroxybutyrate; natural polyester; cellulose nanocrystals; nanocomposites

1. Introduction

Synthetic plastics are ubiquitous in modern human life. Moreover, they have a wide
range of applications owing to their excellent processability, mechanical properties, and low
cost. Most petroleum-based synthetic polymers have accumulated consistently because
of their high resistance to nature, resulting in serious environmental pollution. Therefore,
researches to develop bio-based or oil-based biodegradable materials that can substitute
conventional plastics have been actively conducted.

Polyhydroxybutyrate (PHB) is one of the representative natural polyesters of the poly-
hydroxyalkanoate (PHA) family and is an energy-storage product synthesized by various
microorganisms in vivo [1–3]. PHB, a thermoplastic polymer that has the advantages of
good biodegradability and biocompatibility, is evaluated as an alternative polymer with
high commercial value for industrial materials, drug delivery systems, and pharmaceu-
ticals [4,5]. However, owing to the stiff and brittle characteristics of the PHB materials,
their applications are limited. For commercial applications and expanding the range of
applications of PHB, several studies to improve the physical properties while maintaining
the advantages of PHB by making it in a blend or composites are being conducted. PHB
composites incorporated with Poly(ethylene glycol) and cellulose nanowhiskers showed
a larger processing window and higher elongation at break than neat PHB [6]. Plasma-
treated PHB/bacterial cellulose nanocomposites showed improved mechanical properties
and antibacterial activity [7]. Blended polylactic acid (PLA) and PHB composites exhibited
higher toughness than neat PHB [8].
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Cupriavidus necator is a gram-negative β-proteobacterium that has a natural biosyn-
thetic pathway to produce PHB [9,10]. Under nutrient limitation, C. necator can produce
PHB in granules by redirecting carbon flux exceeding 70% of its dry cell weight for energy
and carbon storage [11–13]. C. necator is a promising microorganism that can be used to
produce PHB from various carbon sources, including waste or non-edible substances such
as waste cooking oil or agricultural wastes [14,15]. Furthermore, C. necator is recognized as
a useful strain for developing alternative materials for petroleum-based plastics and solving
the CO2 problem because it has the ability to produce PHB through CO2 fixation [16,17].

Cellulose nanocrystals (CNCs) are rod-shaped colloidal particles with a diameter and
length of 3–20 nm and 50–3000 nm, respectively, and are generally prepared from cellulose
by hydrolysis with sulfuric acid [18,19]. CNCs have attracted significant attention as natural
fillers because of their high aspect ratio, large specific surface area, high mechanical strength,
and high elastic modulus. CNCs are used as composites of other polymers to enhance
the mechanical strength or increase the interfacial adhesion between materials [20–22]. In
addition, CNCs have several advantages such as low cost owing to the high abundance of
cellulose on earth, excellent biocompatibility, and eco-friendliness. Various approaches for
the modification of PHB with CNCs have been developed to enhance the thermal stability,
strength, and stiffness through blending or preparation of composites [23–25].

In this study, PHB–CNC nanocomposites were obtained through one-pot biosynthesis
and nanocomposite preparation. By dispersing the CNCs well in the culture medium,
the conditions were optimized to fabricate the PHB–CNC nanocomposites during the
extraction of PHB biosynthesized from C. necator. The effects of the CNCs on bacterial cell
growth and chemical composition of the extracted polymer were investigated.

2. Materials and Methods
2.1. Materials

CNCs were purchased from the Process Development Center (PDC) at the Univer-
sity of Maine (Orono, ME, USA). All reagents for cell culture were purchased from BD
Biosciences (Franklin Lakes, NJ, USA). All chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Microorganism and Culture Media

In this study, C. necator (KCTC 22469) obtained from the Korean Collection for Type
Cultures (Jeongeup, Korea) was used for the biosynthesis of PHB. To obtain the seed
culture, C. necator was grown in an LB broth at 30 ◦C for 24 h under agitation at 250 rpm.
For PHB production, the seed culture (0.5 mL) was transferred to a 250 mL flask containing
50 mL of culture media, which contained 1 g/L peptone, 1 g/L beef extract, 20 g/L glucose,
and 14.5 g/L NaCl. The CNCs powder was added to the culture media at a concentration
of 0.01–0.1 g/L, and then the CNCs were dispersed by ultrasonic treatment using a vibra-
cell ultrasonic processor (Sonics and Materials Inc., Newtown, CT, USA), followed by
transferring the seed culture.

2.3. Extraction of PHB

PHB was recovered from C. necator using sodium hypochlorite [26]. For PHB extrac-
tion, 50 mL of the culture broth was centrifuged at 4000 rpm for 10 min. The cell pellet was
washed twice with 10 mM phosphate-buffered saline (pH 7.4). Following centrifugation,
the cell pellet was resuspended in 5 mL of sodium hypochlorite solution (13% v/v) and
incubated at 30 ◦C for 1 h at 250 rpm. After centrifugation and removal of the supernatant,
the polymer was washed twice with deionized water and once with ethanol. The extracted
PHB was dried in a vacuum oven.
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2.4. Measurement of Cell Growth

The effect of CNCs on the growth of C. necator was observed using a ultraviolet-visible
(UV-Vis) spectrophotometer (UV-2600, Shimadzu, Tokyo, Japan). Optical density was
measured at 600 nm.

2.5. Biological Transmission Electron Microscopy

Intracellular PHB granules were observed by biological transmission electron mi-
croscopy (bio-TEM) using an FEI Tecnai G2 F20 TWIN TMP microscope (FEI, Hillsboro,
OR, USA). After fermentation, the cells were fixed in a 4% glutaraldehyde solution at 4 ◦C
for 4 h at 4 ◦C and then post-fixed in 1% osmium tetroxide.

2.6. Fourier-Transform Infrared Spectroscopy

To characterize PHB recovered from C. necator fermentation, Fourier-transform in-
frared (FTIR) spectroscopy was performed using Nicolet iS50 (Thermo Fisher Scientific,
Waltham, MA, USA). The polymers were scanned 128 times at a resolution of 4 cm−1 in the
wavelength range of 800–4000 cm−1.

2.7. Mechanical Properties Measurement

The PHB films were prepared by solvent casting method. PHB or PHB-CNC nanocom-
posites extracted from C. necator were dissolved in chloroform and poured into the alu-
minum dishes at ambient temperature. The solution was dried for 5 days to evaporate
chloroform, and then vacuum dried overnight to remove residual solvent. The prepared
PHB films were cut into rectangular shapes (30 mm × 5 mm × 0.15 mm) for the tensile
test. A universal testing machine (Model 5943, Instron, UK) was used to determine the
mechanical properties of the films. Tensile properties were examined at 10 mm min−1 with
a 50 N load cell.

2.8. Water Contact Angle Measurement

The water contact angle of PHB films was measured by dropping 1 µL of deionized
water to the surface of the film using a contact angle analyzer DSA25 Basic (KRUSS,
Hamburg, Germany).

2.9. Nuclear Magnetic Resonance Spectroscopy
1H and 13C nuclear magnetic resonance (NMR) spectroscopy were conducted using

an AVANCE NEO 600 (Bruker, Billerica, MA, USA) at 600 MHz and 150 MHz, respectively.

3. Results and Discussion
3.1. Effect of CNCs on the Growth of C. necator

PHB biosynthesis by C. necator was conducted under nitrogen-limited conditions
using media containing 20 g/L of glucose, 1 g/L of peptone, and 1 g/L of beef extract.
After 24 h of fermentation, the cells were harvested, and intracellular PHB was observed
using TEM. The TEM image in Figure 1a shows the formation of intracellular PHB granules
under the given fermentation conditions.

The development of a system to fabricate PHB–CNC nanocomposites using C. necator
and the effect of CNCs on bacterial growth was evaluated for different concentrations of
CNCs. To determine the effect of CNCs on the growth of C. necator, bacterial cultivation
was conducted by adding CNCs in the culture media at concentrations ranging from 0 to
0.1 g/L. As shown in Figure 1b, the bacterial growth was not significantly different after
24 h of cultivation with CNCs compared to the control. This result indicates that the CNCs
did not inhibit the growth of C. necator at a concentration of 0.1 g/L.
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Figure 1. (a) TEM image of C. necator with PHB granules and (b) growth of C. necator after 24 h of
incubation with different concentrations of CNCs (0–0.1 g/L).

3.2. Characterization of the PHB–CNC Nanocomposite

The effects of adding CNCs and NaCl to the culture media during PHB synthesis were
characterized using FTIR spectroscopy. Figure 2 shows the FTIR spectra of PHB synthesized
using C. necator under various conditions supplemented with CNCs and NaCl. The spectra
of PHB with 0.1 g/L CNC and PHB with 14.5 g/L NaCl closely matched the spectrum
of the control PHB. The peak at 2934–2977 cm−1 corresponds to –CH, and the band at
1720 cm−1 indicates the presence of C=O and –COO bonds [8]. The additional broad band
at 3500–3200 cm−1 was observed from PHB synthesized in the culture media containing
0.1 g/L CNCs and 14.5 g/L NaCl. This transmittance peak indicates the presence of O–H
stretching vibration in cellulose [27]. When NaCl was added, the surface charge of both
bacteria and CNCs became less negative [28]. It is speculated that the CNCs could be
well-dispersed and the bacterial cells could be surrounded by the CNCs owing to weaker
electrical repulsion between bacteria and CNCs.

Figure 2. FTIR spectra of a PHB film obtained from C. necator incubated (a) without additives, (b) with 14.5 g/L NaCl,
(c) with 0.1 g/L CNC, and (d) with 0.1 g/L CNC and 14.5 g/L NaCl.

To determine the effective concentration of CNCs for the preparation of PHB–CNC
nanocomposite, PHB was produced supplemented with 0–0.1 g/L CNCs and 14.5 g/L
NaCl. After cultivation, extracted PHB was characterized through FTIR spectroscopy. As
shown in Figure 3, the PHB–CNC nanocomposites were obtained in the CNC suspension
at a concentration of ≥0.04 g/L.
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Figure 3. FTIR spectra of PHB synthesized by C. necator with different concentrations of CNCs.

Figure 4a displays the mechanical properties of PHB and PHB-CNC nanocomposite.
The tensile strength and elongation at break of PHB were measured to be 22 MPa and
4%. The PHB-CNC nanocomposite fermented with 0.1 g/L CNC show the higher tensile
strength (27 MPa) and elongation at break (5%) than neat PHB. Water contact angle mea-
surements for PHB and the nanocomposite were conducted to investigate hydrophilicity on
the surface. As shown in Figure 4b, the contact angle value was decreased from 84.5 ± 2.9◦

(neat PHB) to 74.3 ± 1.4◦ (PHB-CNC nanocomposite). It suggests that the incorporation
of CNC increases the hydrophilicity of PHB due to the abundant hydroxyl groups of
CNC. Moreover, 1H NMR and 13C NMR were used to determine the chemical structure
of the polymer matrix. As shown in 1H NMR and 13C NMR spectra (Figures S1 and S2 in
the Supplementary Materials), it can be seen there was no difference in the structure of
polymer matrix between neat PHB and PHB-CNC nanocomposite. In other words, CNC
supplement does not affect the chemical structure of PHB in the biosynthesis process.

Figure 4. (a) Tensile strength and elongation at break, (b) water contact angle of PHB and PHB-CNC nanocomposite
(0.1 g/L CNC).
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3.3. Effects of CNCs Supplemented before and after Cultivation for the Nanocomposite Formation

Figure 5 shows the FTIR spectra of extracted PHBs under various conditions, that
is, in the absence of CNCs, presence of 0.04 g/L CNCs, and 0.04 g/L CNCs added after
fermentation. When the CNCs were added after cultivation, the FTIR spectrum of the
extracted polymer showed a faint peak around 1720 cm−1, representing carbonyl and ester
bonds. This spectrum corresponds well with the results of CNCs. This FTIR result indicates
that the polymer did not form CNC nanocomposites and that the polymers, which were
extracted biasedly by the CNCs or PHB, were coated with CNCs during extraction.

Figure 5. FTIR spectra of PHB produced from C. necator fermentation (a) without CNCs, (b) with
0.04 g/L CNCs, and (c) with 0.04 g/L CNCs added after cultivation.

Comparing the FTIR peaks of the CNC-supplemented polymers before and after
fermentation, it can be concluded that the PHB–CNC nanocomposites can be obtained by
adding CNCs in the initial state of cultivation. It was assumed that PHB was extracted
with CNCs because of the colloidal stability of the CNCs in the suspension during bacterial
growth and fermentation. During cultivation, the CNCs were well-dispersed around the
cell. Consequently, the PHB–CNC nanocomposites can be obtained.

4. Conclusions

In this study, PHB–CNC nanocomposites were obtained using CNC-dispersed culture
media and PHB-producing C. necator. The culture conditions were optimized by adding
NaCl to reduce the electrical repulsion between the CNCs and bacterial cells, thereby
resulting in a well-dispersed colloid suspension. By investigating the characteristics of the
extracted polymer according to the concentration of CNCs, it was confirmed that the PHB–
CNC nanocomposites could be obtained when 0.04 g/L or more CNCs were added. PHB-
CNC nanocomposite obtained from C. necator through this fermentation process showed
higher mechanical properties and hydrophilicity than neat PHB. In addition, when CNCs
were added after PHB fermentation, the nanocomposites could not be obtained, which
is expected because CNCs cause bacterial flocculation and thus the degree of dispersion
between the CNCs and bacterial cells decreases. These results suggest that synthesis
of PHB-CNC nanocomposite can be achieved by applying culture media supplemented
various concentrations of CNC, expanding their applications as alternative biodegradable
polyester materials.
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Abstract: Multiresponsive hydrogels have attracted tremendous interest due to their promising
applications in tissue engineering, wearable devices, and flexible electronics. In this work, we
report a multiresponsive upper critical solution temperature (UCST) composite hydrogel based
on poly (acrylic acid-co-acrylamide), PAAc-co-PAAm, sequentially cross-linked by acid-hydrolysis
cellulose nanocrystals (CNCs). Scanning electron microscopy (SEM) observations demonstrated
that the hydrogels are formed by densely cross-linked porous structures. The PAAc/PAAm/CNC
hybrid hydrogels exhibit swelling and shrinking properties that can be induced by multiple stimuli,
including temperature, pH, and salt concentration. The driving force of the volume transition is
the formation and dissociation of hydrogen bonds in the hydrogels. A certain content of CNCs
can greatly enhance the shrinkage capability and mechanical strength of the hybrid hydrogels,
but an excess addition may impair the contractility of the hydrogel. Furthermore, the hydrogels
can be used as a matrix to adsorb dyes, such as methylene blue (MB), for water purification. MB
may be partly discharged from hydrogels by saline solutions, especially by those with high ionic
strength. Notably, through temperature-controlled hydrogel swelling and shrinking, doxorubicin
hydrochloride (DOX-HCl) can be controllably adsorbed and released from the prepared hydrogels.

Keywords: hydrogels; cellulose nanocrystals; UCST polymer; hydrogen bond; drug release

1. Introduction

Polymer hydrogels are three-dimensional polymer networks that can hold a large
amount of water in the interspaces of their network [1–5]. Smart hydrogels are stimulus-
responsive materials that can intelligently respond to environmental stimuli, such as the
temperature and pH, along with the presence of electricity, a magnetic field, and light [6–10].
During the response process, smart hydrogels exhibit drastic volume changes and volume
phase transitions; thus, they can be widely applied in wastewater treatment, drug deliv-
ery systems, and soft robotics [11–13]. Numerous polymers have been used to synthesize
multiresponsive hydrogels, such as poly(N-isopropyl acrylamide) (PNIPAM) [14], polyacry-
lamide (PAAm) [15], poly (acrylic acid) (PAAc) [16], and poly(N, N-diethylacrylamide) [17].
It is well established that the volume change of hydrogels can be induced by individual
or a combination of molecular interactions, including ionic interactions, hydrophobic
interactions, hydrogen bonding, and van der Waals forces.

Lower critical solution temperature (LCST) and upper critical solution temperature
(UCST) are two major categories of thermal transitions for thermoresponsive polymers.
Poly(2-(dimethylamino)-ethyl methacrylate) (PDMAEMA) and PNIPAM are typical LCST-
type polymers and have been widely reported [18]. Notably, most thermoresponsive
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hydrogels are based on polymers with LCSTs, and polymers with UCSTs are rarely re-
ported in the fabrication of smart hydrogels [19–21]. Some researchers have found that
nonresponsive polymers can be converted into thermoresponsive polymers in water by
controlling the strength of polymer–polymer interactions. For example, thermoresponsive
hydrogels were constructed with the incorporation of PAAm, which is not a thermorespon-
sive polymer. When polymer–polymer hydrogen bonds are stronger than polymer–water
bonds, UCST polymers in water can be obtained. Dai and coworkers designed smart
hydrogels with UCST characteristics by constructing an interpenetrating network (IPN) of
PAAm and PAAc with chlorophyllin incorporated as the chromophore [16].

Cellulose is one of the most abundant natural biopolymers, composed of glucose,
and is responsible for the structural scaffolding of cells in all green plants [22]. Because of
their intrinsic biocompatibility and biodegradability, cellulose-based functional materials
have attracted great attention in scientific research. Needle-like cellulose nanocrystals
(CNCs), derived from acid hydrolysis, have been widely used to reinforce nanocom-
posite hydrogels [23]. Chang et al. reported a nanocomposite network of poly(acrylic
acid-co-acrylamide) (PAAAM) sequentially cross-linked by quaternized tunicate cellulose
nanocrystals (Q-TCNCs) and Fe3+ [24]. Q-TCNCs contain many hydroxyl groups, the
surfaces of which are positively charged. In the nanocomposite hydrogels, Q-TCNCs act
as both interfacial compatible reinforcers and cross-linkers. Nanocomposite hydrogels
reinforced by poly(N-vinylpyrrolidone)-grafted cellulose nanocrystals (CNCs-g-PVP) were
developed by a dual physical cross-linking strategy [25]. The obtained hydrogels exhibited
high tensile strength, remarkable toughness, rapid self-recovery, and favorable fatigue
resistance. The introduction of CNCs into polymer networks not only enriches raw material
choices for finite components but also facilitates the formation of multiple hydrogen bonds,
the formation and dissociation of which are important for understanding the swelling and
shrinking properties of polymer hydrogels.

Herein, a series of CNC-reinforced nanocomposite hydrogels were fabricated by
incorporating CNCs into the polymer network of PAAc-co-PAAm through hydrogen bonds,
denoted as PAAc/PAAm/CNC (Scheme 1). The carboxylic acid (–COOH) groups of PAAc
and amide (–CONH2) groups of PAAm form intra- and intermolecular hydrogen bonds
only at low temperature, while they dissociate at a high temperature. The so-called “zipper
effect” also exists in the PAAc/PAAm/CNC hydrogels. Deprotonation of the carboxy
groups of PAAc and the amide groups of PAAm at high pH weakens the hydrogen bonds,
which induces swelling of the prepared hydrogels. According to the “Hofmeister series”
effect, the sulfate ester (–SO3H) groups on the CNC surface help to precipitate polymers,
which drives hydrogels to shrink. The cross-sectional scanning electron microscopy (SEM)
results show that interconnected porous structures were formed in the PAAc/PAAm/CNC
hydrogels. The shrinkage capability and toughness of the PAAc/PAAm/CNC hydrogels
are significantly improved compared to those of the PAAm-co-PAAc hydrogel. Based on
these properties, the prepared hydrogels were used as a matrix to efficiently adsorb toxic
dyes. Additionally, through hydrogel swelling and shrinking, doxorubicin hydrochloride
(DOX-HCl) that is loaded in the hydrogels can be reversibly and controllably released and
adsorbed in solution.
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Scheme 1. (a) Synthesis route of PAAc/PAAm/CNC hydrogels; the shrinkage property induced
by the temperature is mainly derived from the formation of hydrogen bonds between the polymer
chains and CNCs; (b) Schematic illustration of the release of doxorubicin hydrochloride (DOX-HCl)
from the hydrogel.

2. Materials and Methods
2.1. Materials

The monomers acrylamide (AAm, 98%) and acrylic acid (AAc, AR grade) and the
initiator potassium persulfate (KPS, AR grade) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China), H2SO4, HCl, NaOH, MgCl2, and NaCl were pur-
chased from Tianjin Damao Chemical Reagent Factory (Tianjin, China), N,N’-Methylenebis
(acrylamide) (MBA) was supplied by Shanghai Mackin Biochemical Co., Ltd. (Shang-
hai, China), doxorubicin hydrochloride (DOX-HCl) was purchased from Dalian MeiLun
Biotechnology Co., Ltd. (Dalian, China), and methylene blue (MB) and methyl orange (MO)
were purchased from Wenzhou Red Flag Auxiliary Factory (Wenzhou, China). Milli-Q
water was used in all experiments.

2.2. Preparation of the Cellulose Nanocrystals (CNCs)

Milled cellulose pulp was hydrolyzed by 64 wt% H2SO4 (8.5 mL solution/1 g pulp)
at 45 ◦C and stirred for 30 min. Then, the reaction was terminated by adding 1000 mL
of cold water. After undergoing sedimentation overnight, the bottom CNC suspension
was removed, then alternately centrifuged and washed 3 times with ultrapure water. The
obtained concentrated CNC suspension was placed inside dialysis membrane bags (with
an 8000–14,000 molecular weight cutoff) for dialysis for ~7 days until the pH reached 6.
The dialyzed suspension was sonicated for 10 min at 90 W and then evaporated to obtain a
3 wt% CNC dispersion. For the desulfation of CNCs, a 3 wt% CNC dispersion (270 mL)
was mixed with NaOH (10.8 g), and the mixture was stirred at 60 ◦C for 5 h. The obtained
suspension was purified by dialysis against Milli-Q water until the effluent remained at
neutral pH, resulting in a desulfated CNC (DCNC) suspension.

2.3. Desulfation Procedure of the Cellulose Nanocrystals (CNCs)

The sulfate ester groups were removed as previously described by Grey et al. [26]. A
3.68% w/w CNC suspension (250 mL) was mixed with NaOH (10 g) to give a concentration
of 1 M NaOH, and the mixture was stirred at 60 ◦C. The mixture turned slightly yellowish,
and the nanoparticles started to aggregate and settle. After 5 h the reaction was stopped,
and the suspension was purified by dialysis against deionized water until the effluent
remained at neutral pH. The weight percentage of the resulting CNC suspension was
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2.73%, and the yield of the reaction was 75%. The sulphur contents of the CNCs before and
after desulfation were measured to be 0.81 ± 0.04 wt% and 0.27 ± 0.03 wt%, respectively,
by a conductometric titration method [27].

2.4. Preparation of the PAAc/PAAm/CNC Composite Hydrogels

Quantities of 0.13 g of AAc, 0.13 g of AAm (nAAc/nAAm molar ratio of approximately
unity), 0.0075 g of KPS, and 0.0065 g of MBA (2.5 wt% of the total weight of the monomers)
were added to 5 g of dispersions respectively containing 1 wt%, 2 wt%, or 3 wt% CNCs.
These solutions were heated at 75 ◦C for 6 h, resulting in the PAAc/PAAm/CNC composite
hydrogels, which were denoted as PAAc/PAAm/CNCx (x = 1, 2, or 3, representing the
1 wt%, 2 wt%, or 3 wt% CNC dispersion, respectively).

2.5. Shrinking/Swelling Measurement of the Hydrogels

The shrinking/swelling properties of the PAAc/PAAm/CNC hydrogels at various
temperatures and pH values and in various saline solutions were evaluated by weighing
them after keeping them at equilibrium for an adequate amount of time. For example, to
observe the swelling response to varying pH, the hydrogels were cut into pieces of the
same weight (~0.5 g) and then immersed in 10 mL of solutions at various pH values (such
as 2, 6, and 12) and kept at equilibrium for 24 h before measurement. For examination of
the response to alternating temperatures between 2 ◦C and 37 ◦C, the pH was fixed at 2 or
4. In addition, two representative salt solutions, NaCl and MgCl2, were used to detect the
swelling–shrinking response to salt solutions at various ionic strengths.

2.6. Dye/Drug Loading and Release

First, the maximum uptakes of MB and DOX-HCl in the PAAc/PAAm/CNC2 hydro-
gel were determined. A PAAc/PAAm/CNC2 hydrogel of 0.50 g was immersed into a 10 mL
solution of 0.1 mg·mL−1 MB for 3 days at 25 ◦C for adequate adsorption. The maximum
uptake was measured to be 16.3 milligrams of MB per gram of hydrogel, and the resulting
hydrogel was denoted MB@PAAc/PAAm/CNC2. Under the same conditions, a 0.53 g
PAAc/PAAm/CNC2 hydrogel was immersed in 10 mL aqueous solution of 0.85 mg·mL−1

DOX-HCl, resulting in a DOX-HCl@PAAc/PAAm/CNC2 hydrogel with a maximum up-
take of 13.3 milligrams of DOX-HCl per gram of hydrogel. Thereafter, release experiments
were carried out by immersing the above as-prepared MB@PAAc/PAAm/CNC2 and DOX-
HCl@PAAc/PAAm/CNC2 hydrogels in 10 mL of an aqueous phase at a fixed temperature
and pH. The concentrations of MB and DOX-HCl in the media were monitored by taking
500 µL aliquots at specific time points. Every time, the media needed to be restored to 10 mL
by water at the same pH value. The release or resorption concentrations in the media were
determined at 664 nm (MB) and 484 nm (DOX-HCl) using a UV spectrophotometer. Every
concentration point was repeated three times. Calibration curves of MB and DOX-HCl
were made in advance using standard solutions at known concentrations.

2.7. Characterizations

Fourier transform infrared (FT-IR) spectroscopy was carried out on an FT-IR spectrom-
eter (Thermo Fisher Scientific, 5225 Verona Rd, Fitchburg, WI, USA) in the wavenumber
range of 4000–400 cm−1. X-ray diffraction (XRD) patterns for the dried hydrogels were
obtained using a D8-ADVANCE diffractometer (Bruker, Germany) equipped with a Cu Kα

X-ray source (λ = 0.15418 nm) and a graphite monochromator. SEM images were recorded
on a field-emission microscope (Regulus 8220) at an accelerating voltage of 5 kV. The
hydrogel specimens needed to be freeze-dried and fractured for SEM observation of the
fractured surface. Thermal gravimetric analysis (TGA) was performed from 50 ◦C to 950 ◦C
using a thermogravimetric analyzer (TGA Q50, Micromeritics Instrument Corporation) at
10 ◦C/min in nitrogen. Differential scanning calorimetry (DSC) experiments were carried
out using a Q2000 DSC (TA instrument, New Castle, DE, USA) at 10 ◦C/min in nitrogen.
Note that the samples for the FT-IR and XRD experiments were freeze-dried under vacuum
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before use. For DSC characterization, hydrogels were used without any treatment. The
rheology of the PAAc/PAAm/CNCx hydrogels was systematically measured on a HAAKE
Rheostress 6000 with a Thermo Scientific heating system at two temperatures (4 ◦C and
25 ◦C), with all the specimens thermally equilibrated for 5 min before measurement. Hy-
drogel films with a 20 mm diameter were cut into 0.7 mm thick pieces and placed into a
parallel plate geometry 45.0 mm in diameter. To determine the linear viscoelastic region
of each hydrogel sample, the stress sweep was checked at a fixed frequency (1.0 Hz). In
the drug loading, release, and resorption experiments, an ultraviolet–visible (UV–vis)
spectrometer (UV-2600) was used to determine the UV–vis absorption spectra of the MB
and DOX-HCl aqueous solutions.

3. Results and Discussion
3.1. Preparation and Characterization of the PAAc/PAAm/CNC Hydrogels

A series of PAAc/PAAm/CNC hydrogels were synthesized by thermal polymeriza-
tion at 75 ◦C. Photographs of typical PAAc/PAAm/CNC hydrogels kept at a high temper-
ature (52 ◦C) are shown in Figure S1. Unlike the transparent PAAc-co-PAAm hydrogel, the
PAAc/PAAm/CNC hydrogels exhibited an opaque appearance, and their transparency
decreased with increasing CNC concentration. The FT-IR spectra of the freeze-dried as-
prepared hydrogels (Figure 1a) were obtained to investigate the combination and hydrogen
bonds between components. For pure CNCs (blue line), the surface of which has abundant
–OH groups, the –OH stretching peak appeared at approximately 3650–3200 cm−1 [28].
A broad band from 3455 to 3100 cm−1 was observed for the PAAc-co-PAAm (black line)
and PAAc/PAAm/CNC2 (red line) hydrogels, which is characteristic of hydrogen bonds
between the −COOH groups of PAAc, –CONH2 groups of PAAm, and −OH groups of
CNCs [28,29]. Two peaks appeared at 897 cm−1 and 1056 cm−1 for both the CNCs and
the PAAc/PAAm/CNC2 hydrogel, which are characteristic of the asymmetrical stretching
vibration peak of C–O–C and the bending vibration peak of C–O at the β-(1–4)-glycosidic
linkage. In addition, the peak at 1209 cm−1 is attributed to the stretching vibration of
S=O in the –OSO3H groups, which also exists in both CNCs and the PAAc/PAAm/CNC2
hydrogels. The stretching vibration of carbonyl at 1667 cm−1 and 1727 cm−1 and the
deformation vibration of –NH2 at 1612 cm−1 were weakened for the PAAc/PAAm/CNC2
hydrogel, further indicating the formation of hydrogen bonds [30–32].
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Figure 1. (a) FTIR spectra and (b) XRD patterns of CNCs and the PAAc-co-PAAm and 

PAAc/PAAm/CNC2 hydrogels. 
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Figure 1. (a) FTIR spectra and (b) XRD patterns of CNCs and the PAAc-co-PAAm and
PAAc/PAAm/CNC2 hydrogels.

To detect the structural changes between pure CNCs and the hybrid hydrogels, the
XRD patterns are shown in Figure 1b. For pure CNCs, typical cellulose I crystalline peaks
at 14.9◦, 16.4◦, 22.8◦, and 34.4◦ were observed [33–35]. Compared to the PAAc-co-PAAm
hydrogel, the PAAc/PAAm/CNC2 hydrogel exhibited the characteristic diffraction peak of
CNCs at 22.8◦, although the strength of the peak was slightly lower. At the same time, the
PAAc/PAAm/CNC2 hydrogel displayed a stronger amorphous nature than pure CNCs,
as evidenced by its elevated broad peak. The diffraction peaks of the PAAc/PAAm/CNC2
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hydrogels were assumed to be the superimposition of those of CNCs and the PAAc-co-
PAAm hydrogel.

The thermal properties of the PAAc/PAAm/CNC2 hydrogels were examined by ther-
mogravimetric analysis (TGA) and differential scanning calorimetry (DSC). From the TGA
curves shown in Figure 2a, less weight loss was recorded for the PAAc/PAAm/CNC2
hydrogel than for the hydrogel without CNCs in the range of 500–800 ◦C. The presence
of CNCs helps to improve the thermal stability of the hybrid PAAc/PAAm/CNC hy-
drogels. The DSC curve is a useful tool to assess the miscibility and combination in
polymer blends [16,36]. The single CNC component showed a prominent endothermic
peak at 245 ◦C (Figure 2b and Figure S2), which may be attributed to the decomposition
temperature of CNCs according to the TGA data. The individual dried PAAc-co-PAAm
hydrogel showed one single glass transition temperature at 203 ◦C. In the case of the
PAAc/PAAm/CNC2 hydrogel, it can be observed that the curve exhibits a single glass
transition temperature located at 210 ◦C, which is approximately between those of the
two individual components of CNCs and the PAAc-co-PAAm polymer. Dai et al. [16]
reported that the glass transition Tg value of the PAAm–PAAc IPN was 125 ◦C. This sug-
gests that the hydrogels formed in this work exhibited higher thermal stability than did
the PAAm–PAAc hydrogels. Comparatively, for the physical mixture of CNCs and the
PAAc-co-PAAm hydrogel (with a dry weight ratio of 1:1), two separate glass transition
temperatures occurred. These results demonstrate the good combination and interaction
between PAAc-co-PAAm and CNCs.

Figure 2. (a) TGA curves and (b) DSC thermograms of CNCs and the PAAc-co-PAAm and
PAAc/PAAm/CNC2 hydrogels. For comparison, the DSC thermogram of the physical mixture
of PAAc-co-PAAm and CNCs is shown.

3.2. Shrinkage and Swelling Properties of the PAAc/PAAm/CNC Hydrogels

Due to temperature-dependent intermolecular interactions between PAAc and PAAm,
the composite hydrogels composed of PAAc and PAAm exhibited remarkable shrinking–
swelling properties with varying temperature. Specifically, at high temperatures, the PAAc
and PAAm molecules in the hydrogels maintain a high dissociation state, while at a rela-
tively low temperature, zipper-like cooperative hydrogen bonds can form between PAAc
and PAAm, and water molecules are expelled from the hydrogel matrix [15,37,38]. There-
fore, the IPN hydrogel composed of PAAc and PAAm possesses outstanding shrinking–
swelling properties that are dependent on temperature. However, despite consisting of
the same PAAc and PAAm segments, their copolymer, i.e., the PAAc-co-PAAm hydrogels,
exhibited comparatively weak shrinking–swelling capability in response to various temper-
atures. Thus, the introduction of a small amount of CNCs to PAAc-co-PAAm can greatly
improve the shrinking–swelling capability of the hydrogel.
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3.2.1. Temperature Effects

Similar to the PAAc–PAAm IPN hydrogels [8,39], the PAAc-co-PAAm hydrogels have
an upper critical solution temperature (UCST), below which the hydrogel will shrink from
a swollen volume. When the temperature was reduced from the original preparation
temperature (75 ◦C) to 2 ◦C, the PAAc-co-PAAm hydrogel (nAAc/nAAm = 1:1) showed a
volume shrinkage accompanied by water expulsion from the hydrogel matrix (Figure 3a).
The shrinkage ratio, R, is calculated via Equation (1):

R = (m52 − mt)/m52 (1)

where m52 is the weight of the hydrogel at 52 ◦C and mt is that at t ◦C. It should be noted that
the weight and volume of the hydrogels at 52 ◦C remained the same as those at 75 ◦C. From
Figure 3b, the shrinkage of the PAAc-co-PAAm hydrogel was significantly low, merely
18.5%. It is well known that in the PAAc-co-PAAm hydrogels, the network is interwoven
by the direct covalent linkages of polymer chains. These linkages enhance the rigidity
of the hydrogel network to a certain extent but may simultaneously prevent cross-linked
polymer chains from migrating and further associating through H-bonds (Figure 3c). Thus,
only a small number of H-bonds can form between the PAAc and PAAm segments when
the temperature is reduced. This leads to the PAAc-co-PAAm hydrogels having a relatively
weaker shrinkage capability than the PAAc-PAAm IPN hydrogels [16,40].

Figure 3. (a) Photographs of the PAAc-co-PAAm and PAAc/PAAm/CNC2 hydrogels at 52 ◦C (left)
and 2 ◦C (right); (b) shrinkage ratio curves of the typical hydrogels at varying CNC concentrations
and different temperatures; and (c) structural representations of both the copolymer hydrogels
without and with CNCs, indicating their structural changes after temperature variation.

As CNCs are the nanocrystalline form of cellulose, there are rich hydroxyl groups
on their surface. When CNCs are incorporated and dispersed uniformly in the PAAc-
co-PAAm matrix, many more H-bonding associations tend to form, such as the complex
between –COOH and –CONH2 and the additional complexes between –OH and –COOH
or –CONH2 during the cooling process (refer to Scheme 2). This prompts the polymer
chains to be much more curled and compressed, greatly improving the shrinkage property
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of the hydrogel network after a decrease in the temperature. For the PAAc/PAAm/CNC1
sample, R reached 55.5%, while it was 58.4% for the PAAc/PAAm/CNC2 sample when
both were reduced to an equilibrium temperature of 2 ◦C (Figure 3b). Figure 3c shows the
structural representations of both the copolymer hydrogels without and with CNCs. These
results indicate that as the temperature increases, the polymer–polymer or polymer–CNC
complexes can be dissociated, and water enters due to the swollen hydrogel network; as the
temperature decreases, these complexes can be reconstructed, and many water molecules
are expelled.

Scheme 2. Schematic drawings of the microstructures in the PAAc-co-PAAm (a) and
PAAc/PAAm/CNC hydrogels (b), indicating that the larger shrinkage of the latter, which is in-
duced by the temperature/pH, is mainly due to the formation of hydrogen bonds between the
polymer chains and CNCs.

During acid hydrolysis in the preparation of CNCs, sulfate ester groups (–OSO3H)
are produced on the CNC surfaces. The sulfur content of the CNCs was evaluated to be
0.82 ± 0.04 wt% by a conductometric titration method [27]. According to the “Hofmeister
series” [41–43], where –OSO3H is on the left of the Hofmeister series, CNCs are expected to
tend to precipitate polymers through interactions with surface –OSO3H groups. To verify
whether this was the case, the –OSO3H groups were removed by heating CNCs at 60 ◦C
in 1 M NaOH for 5 h, and the resultant CNCs were named DCNCs. The sulphur content
of the DCNCs was measured to be 0.27 ± 0.03 wt%. Instead of CNCs, an equal amount
of DCNCs was used to prepare a PAAc/PAAm/DCNC2 hybrid hydrogel, where the
corresponding components were identical to those in the PAAc/PAAm/CNC2 hydrogel.
Then, the shrinkage behaviors of the two hydrogels were observed. Interestingly, from the
photographs in Figure S3, the PAAc/PAAm/DCNC2 hydrogel demonstrated a weaker
shrinkage ability than the PAAc/PAAm/CNC2 hydrogel at 2 ◦C, with a value of 30%. It is
obvious that the –OSO3H groups play an important role in the shrinkage capability of the
composite hydrogels. We speculate that the –OSO3H groups may promote the formation
of complexes both between polymer and polymer and between the polymers and CNCs,
which drives the hydrogels to shrink.

In addition to the amount of CNCs and their surface groups, the influence of the
mole ratio of AAc to AAm (nAAc/nAAm) on hydrogel shrinkage was also considered. From
Figure S4a, the PAAc/PAAm/CNC hydrogel with nAAc/nAAm = 1 displayed a larger
shrinkage capability than did those with nAAc/nAAm values of 1/2, 1/3, and 2/1, and this
result is consistent with the reports by Dai et al. and Ilmain et al. [30,37]. The shrinkage
ratios corresponding to nAAc/nAAm values of 1/2, 1/3, and 2/1 were approximately
18.1%, 31.4%, and 44.5%, respectively (Figure 4a). This result demonstrates that both the
interactions between the PAAc and PAAm segments and those between the polymers
and CNCs may contribute to the volume transition of hydrogels. In view of the optimal
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shrinkage capability, the PAAc/PAAm/CNC2 hydrogel with nAAc/nAAm = 1 and 2 wt%
CNCs was chosen as a typical sample for subsequent studies on volume transition and
controlled release properties.

Figure 4. (a) Shrinkage ratio curves of the hydrogels at various mole ratios of AAc to AAm and
varying temperatures, and (b) the temperature dependence of the equilibrium swelling ratio of the
PAAc-co-PAAm and PAAc/PAAm/CNC2 hydrogels.

As discussed above, H-bonds are formed at low temperatures, while a high tem-
perature causes the dissociation of polymer complexes in hydrogels, resulting from the
breakage of H-bonds. This mechanism may further induce the inner network volume to
expand and allow large amounts of water to enter the hydrogel phase from an ambient
aqueous phase. Thus, a swelling ratio (S) was defined to evaluate the swelling property:

S = (mt − m2)/m2 (2)

where m2 is the weight of the hydrogel at 2 ◦C and mt is that at t ◦C. The S value of
the PAAc/PAAm/CNC2 hydrogel gradually increased to 3.2 at 42 ◦C. From Figure 4b,
one can see that when the temperature was reduced back to 2 ◦C, S was restored to 0.25,
which is close to 0, indicating its good scalability and reversibility under temperature
variation. Comparatively, the S value of the PAAc-co-PAAm hydrogel was merely 1.5 at
42 ◦C and restored to 1, reflecting its poor reversibility with low extensibility and retractility.
Interestingly, from the images in Figure S4b, after a heating–cooling process, the PAAc-co-
PAAm hydrogel was seriously crinkled, while the PAAc/PAAm/CNC2 hydrogel maintains
its original 3D shape, i.e., a regular cylinder with a smooth surface, demonstrating the
excellent free-standing property of the hydrogel when combined with CNCs.

The microstructures of the hybrid hydrogels at different temperatures were charac-
terized by scanning electron microscopy (SEM), as shown in Figure 5. The interconnected
porous morphology was viewed from the cross-sectional SEM images of all the hydrogels.
For the PAAc-co-PAAm hydrogel, the average pore size only seemed to slightly decrease
from 17.4 to 14.6 µm when the temperature changed from 42 ◦C to 2 ◦C (Figure 5a,b),
which is consistent with the small shrinkage in hydrogel volume. As shown in Figure 5d,e,
with the same temperature variation, the pore size of the PAAc/PAAm/CNC2 hydrogel
was greatly reduced from 14.0 µm to 3.3 µm. Undoubtedly, the hydrogel network became
tightly packed due to the large shrinkage effect. It was reported that the pore size of a
hydrogel network is influenced by the cross-link density and the amount of water absorbed
inside the hydrogel [8]. We may consider that the addition of CNCs provides multiple an-
chor sites for the PAAc-co-PAAm chains, which is responsible for the increase in cross-link
density. As a result, less water can be held in the hydrogel. In addition, from the magnified
SEM image, one can see that the pore wall and anchor sites of the PAAc-co-PAAm hydrogel
(Figure 5c) are relatively smooth. In the case of the PAAc/PAAm/CNC2 hydrogel, many
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CNC nanorods are inserted into the pore wall and anchor sites and are arranged regularly,
which makes the pore wall relatively rough (Figure 5f).

Figure 5. Cross-sectional SEM images. Hydrogels of PAAc-co-PAAm at (a) 42 ◦C and (b) 2 ◦C.
Hydrogels of PAAc/PAAm/CNC2 at (d) 42 ◦C and (e) 2 ◦C. Morphologies of the pore wall of (c) the
PAAc-co-PAAm and (f) PAAc/PAAm/CNC2 hydrogels at 2 ◦C; the inset images are magnified SEM
images of the areas outlined by red frames.

3.2.2. pH Effects

As mentioned above, theoretically, a significant portion of H-bonds are formed be-
tween the –COOH groups and–CONH2 groups. These bonds are important for the gelation
and mechanical performance of hydrogels. The formation and dissociation of H-bonds,
as well as the swelling and shrinking behaviors, can be tuned by altering the pH of the
ambient solution. As shown in Figure 6a, at room temperature, a piece of hydrogel was
immersed in water at different pH values, and reaching dynamic equilibrium usually
took 4 h. As the pH changed from 2 to 6 and then to 12, the hydrogel expanded con-
tinuously, which is ascribed to the dissociation of both the PAAc–PAAm complex and
H-bonds between polymers and CNCs. At high pH, –CONH2 and –COOH groups are
deprotonated; thus, both polymer hydrophilicity and dissociation of the polymer complex
are greatly enhanced [44,45]. As a result, the three-dimensional polymer network greatly
expanded, and water molecules were absorbed into the hydrogel matrix. From the SEM
image (Figure 6b,c), one can see that as the pH varied from 2 to 6, the pore size became sig-
nificantly larger (from 18.3 to 122.7 µm), and the cross-linkage and pore density decreased
correspondingly. At pH = 12, the rigidity of the hydrogel network was largely destroyed,
with the pores seriously stretched and ruptured by excessive swelling (Figure 6d). It was
determined that a pH above 8 causes permanent destruction of the PAAc/PAAm/CNC2
hydrogel, that is, the swollen hydrogel will no longer contract when it is replaced in a
low-pH or low-temperature environment. For the swollen hydrogel at pH = 6 (<8), the
volume decreased and the hydrogel became much more opaque when it was placed in
water at a low pH or low temperature. Comparatively, in a low-pH environment (such as
pH = 2), the PAAc/PAAm/CNC2 hydrogel exhibited reversible swelling–shrinking behav-
ior upon switching of the temperature between 37 and 2 ◦C (Figure S5). Heating-induced
swelling and cooling-induced shrinkage could be repeated at least 10 times without fatigue
(Figure S5b).
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Figure 6. (a) Photographs of the swelling–shrinking behaviors of the PAAc/PAAm/CNC2 hy-
drogels at different pH values and at 37 and 2 ◦C. (b–d) Cross-sectional SEM images of the
PAAc/PAAm/CNC2 hydrogels at varying pH values: pH = 2 (b), 6 (c), and 12 (d).

3.3. Rheological Properties of PAAc/PAAm/CNC Hydrogels

The influence of CNC concentration and temperature on the mechanical strength of
the PAAc/PAAm/CNC composite hydrogels was investigated, as shown in Figure 7. To
determine the linear viscoelastic region of each hydrogel sample, the stress sweep was
checked at a fixed frequency (1.0 Hz). As is well known, in the linear viscoelastic region, the
elastic modulus (G′) is independent of the yield stress [46–48]. Additionally, the solid-like
network structures of gels are suddenly broken when the yield stress is above a critical
value (τ*). Typically, the critical value τ* reflects the strength of the network structures.
Figure 7a illustrates that, at 2 ◦C, the τ* values of PAAc–PAAm, PAAc/PAAm/CNC1,
PAAc/PAAm/CNC2, and PAAc/PAAm/CNC3 were about 50, 90, 200, and 500 Pa, re-
spectively. This means that for hydrogels with a higher CNC concentration, the linear
viscoelastic region became wider. With increasing CNC concentration, the elastic modulus
(G′) also increased to reach a maximum value (1000 Pa) at 3% CNCs, which can be ascribed
to more tightly entangled networks. At 25 ◦C (Figure 7b), the variation of the rheological
properties of the composite hydrogels influenced by CNC concentration was similar to that
at 2 ◦C. For pure PAAc–PAAm hydrogel, both the τ* and G′ values showed slight change
with varying temperature, of about 20 and 30 Pa, respectively. For the PAAc/PAAm/CNC3
hydrogel, when the temperature changed from 2 to 25 ◦C, the τ* value showed nearly no
change, while the G′ value decreased from 1000 to 200 Pa. One should note that for all
hydrogels formed by PAAc/PAAm/CNC, the loss modulus (G”) was lower than G’ in the
linear viscoelastic region; this elastic dominant behavior indicates typical reversible cross-
linked networks in the hydrogels. As a general phenomenon, at the same temperature,
with increasing CNC concentration, G” increased to reach a highest value at 3% CNCs.
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Figure 7. Stress sweep of the hydrogels with varying CNC concentrations at (a) 2 ◦C and (b) 25 ◦C.

3.4. Adsorption and Controlled Release of Dyes or Drugs

Stimulation-responsive intelligent hydrogels have been widely used to adsorb dif-
ferent types of toxic dyes from industrial wastewater [49–53]. In this work, two typical
water-soluble dyes, negatively charged methyl orange (MO) and positively charged methy-
lene blue (MB), were selected as simple models. Typically, 0.5 g of polymer hydrogel
was immersed into 10 mL of dye solution at a concentration of 100 mg/L and then left
undisturbed. Combined with the calibration curves of MB and MO (Figure S6a,b), the
dye concentration after adsorption was monitored by UV–vis spectroscopy. The positively
charged MB molecules were efficiently trapped in the hydrogels within two days, and
the dark blue solution became clear, as shown in Figure S6c. The maximum uptake was
measured to be 16.3 milligrams of MB per gram of hydrogel. However, for the negatively
charged MO, the solution retained its dark-yellow color (Figure S6d), indicating the poor
adsorption of MO in the hydrogel. Two reasons may explain the selective adsorption of MB.
First, the surface of the composite hydrogel is negatively charged because of the sulfate
ester groups on the CNCs, and strong electrostatic attraction can thus be formed between
the hydrogel matrix and positively charged MB. Second, the pH of the MB solution was
7.5, and the hydrogel was expanded under this condition, which may have contributed to
the adsorption of MB molecules.

It was reported that the solubility of polymers in water can be controlled by salts,
which may influence the swelling–shrinking performance of the composite hydrogel, thus
further controlling the release of adsorbed molecules. Aqueous solutions of two represen-
tative salts, NaCl and MgCl2, at different concentrations were used to trigger the shrinkage
of the the PAAc/PAAm/CNC2 hydrogel at room temperature. From the photographs
(Figure S7), the volumes of the PAAc/PAAm/CNC2 hydrogels were remarkably com-
pressed by these salt solutions. First, large salt concentrations clearly led to high shrinkage
ratios (R) for both the NaCl and MgCl2 solutions. Second, the triggered shrinkage ratios
of the hydrogels gradually increased in the order of 0.2 mol/L NaCl, 0.1 mol/L MgCl2,
0.4 mol/L NaCl, and 0.2 mol/L MgCl2, which is exactly consistent with the increase in
ionic strength.

The release of MB from the as-prepared MB@PAAc/PAAm/CNC2 hydrogel (refer
to Section 2.6) in pure water and different salt solutions was monitored over time. One
can see from the release curves in Figure 8a that the initial release rate was comparatively
rapid and then reached equilibrium after several hours. The addition of NaCl and MgCl2
enhanced the release of MB, since the equilibrium concentrations of MB were greatly
improved. Furthermore, the released equilibrium concentrations also corresponded to the
ionic strengths of the different salt solutions, implying that the release of MB can be simply
tuned by the use of various salt solutions. The release of MB can also be tuned by changing
the temperature and pH value. As shown in Figure 8b, at pH = 4, MB was released in
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ambient water at a concentration of ~3 mg/L at 37 ◦C. When the system was stored at 2 ◦C,
MB was partially resorbed. At pH = 2, the release–resorption cycle at 37 ◦C and 2 ◦C was
similar to that at pH = 4, but the equilibrium concentrations were much higher.
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Figure 8. (a) Concentrations of methylene blue (MB) released from the as-prepared MB@PAAc/PAAm/CNC2 hydrogels
in 10 mL of different salt solutions at room temperature as a function of time. (b) Release–resorption cycles of the
MB@PAAc/PAAm/CNC2 hydrogel in 10 mL of water at two pH values and at 37 ◦C and 2 ◦C. The released concentration
of MB was consecutively detected over time.

The above results inspired us to assess the controlled release of water-soluble ionic
drugs through in vitro hydrogel shrinking and swelling tests. Doxorubicin hydrochloride
(DOX-HCl), widely used as an anticancer drug [54], was selected in this work. An experi-
ment to determine DOX-HCl release from the as-prepared DOX-HCl@PAAc/PAAm/CNC2
hydrogel in 10 mL of pure water was performed. The calibration curves of DOX-HCl are
shown in Figure S8, and the release profile was obtained by detecting the time-dependent
UV–vis spectra of the release media. As shown in Figure 9, the in vitro release studies with
the PAAc/PAAm/CNC2 hydrogel revealed that the release behavior of DOX-HCl exhibited
a trend similar to that of MB. At pH = 4, the released percentage of DOX-HCl at equilibrium
in the aqueous phase was relatively low, i.e., 0.17% at 2 ◦C and 2.1% at 37 ◦C. Therefore,
most of the DOX-HCl remained in the hydrogel phase, especially at a low temperature.
When the pH value of the aqueous phase was 2, the released percentage of DOX-HCl in the
aqueous phase increased, reaching 5.8% at 2 ◦C and 24% at 37 ◦C. Therefore, a high pH and
low temperature are beneficial to the adsorption and storage of DOX-HCl, while in an acidic
stomach environment (~37 ◦C and pH = 2), the DOX-HCl@PAAc/PAAm/CNC2 hydrogel
can provide a high and stable release rate of DOX-HCl along with its gradual consumption.
In addition, the release–adsorption behavior of the DOX-HCl@PAAc/PAAm/CNC2 hydro-
gel showed good reversibility: the cooling-induced adsorption and heating-induced release
could be repeated at least 10 times without any decrease in the drug loading efficiency.
The SEM image in Figure S9 shows that their structures were nearly unchanged. Based on
the above results, the release–adsorption property makes this hydrogel a promising new
candidate for targeted drug delivery and controlled release.
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Figure 9. Release–resorption cycles of DOX-HCl from an as-prepared DOX-
HCl@PAAc/PAAm/CNC2 hydrogel in 10 mL of water at pH = 2 or pH = 4 and at 37 ◦C
and 2 ◦C. The released percentage of DOX-HCl was consecutively detected.

4. Conclusions

In conclusion, we successfully developed a multiresponsive UCST composite hydro-
gel based on PAAC-co-PAAM sequentially cross-linked with CNCs through hydrogen
bonds. The microstructures of the PAAc-co-PAAm/CNC hybrid hydrogels were densely
cross-linked porous structures. The pore size varied with the volume transition of the
hydrogels. With tuning of the environmental temperatures, pH values, and salt concen-
trations, the PAAc-co-PAAm/CNC hybrid hydrogels exhibited swelling and shrinking.
Particularly, at pH = 2, cooling-induced shrinking and heating-induced swelling could be
repeated at least 10 times without damaging the structure and properties of the hydrogel.
Compared to the PAAc-co-PAAm hydrogel, the shrinkage performance and toughness of
the PAAc/PAAm/CNC hydrogels were significantly improved. These excellent properties
of the composite hydrogel inspired us to utilize the shrinkable polymer hydrogel as an
intelligent carrier for the efficient adsorption of ionic dyes and the controlled release of
drugs. A high pH and low temperature were beneficial to the adsorption and storage of
drugs in the PAAc/PAAm/CNC hydrogels, while a low pH and high temperature were
helpful for the release of drugs from the hydrogels. These hybrid hydrogels are expected
to be promising candidates for drug delivery and controlled release.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13081219/s1, Figure S1: Photographs of the typical hydrogels at 52 ◦C. From left to right:
hydrogels of PAAc-co-PAAm, PAAc/PAAm/CNC1, PAAc/PAAm/CNC2, and PAAc/PAAm/CNC3.
Figure S2: DSC curves of CNCs and the PAAc-co-PAAm and PAAc/PAAm/CNC2 hydrogels in the
whole temperature range. Figure S3: Photographs of the PAAc-co-PAAm/DCNC2 hydrogels at 52 ◦C
and 2 ◦C. Figure S4: Photographs of (a) PAAc-co-PAAm/CNC hydrogels with varying mole ratios of
AAc to AAm at a fixed CNC concentration of 2%, and (b) PAAc-co-PAAm and PAAc/PAAm/CNC2 in
the initial state and after a heating–cooling process in the final state. Figure S5: (a) Reversibility of the
PAAc/PAAm/CNC2 hydrogel after 10 cycles at 37 and 2 ◦C; (b) SEM image of PAAc/PAAm/CNC2
hydrogels after 10 cycles of cooling and heating. Figure S6: Calibration curves of (a) MB and (b) MO
in aqueous solutions, and the MB (c) and MO (d) solutions before (left) and after (right) adsorption.
Figure S7: (a) Photographs of PAAc/PAAm/CNC2 hydrogels in water (top) and in different salt
solutions (bottom). (b) Shrinkage ratios of PAAc/PAAm/CNC2 hydrogels in different salt solutions
to those in pure water. All systems were equilibrated at room temperature for 2 days. Figure S8:
Calibration curve of DOX-HCl in aqueous solution. Figure S9. Cross-sectional SEM image of the
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dried DOX-HCl@PAAc/PAAm/CNC2 hydrogel after 10 cycles of cooling-induced adsorption and
heating-induced release by alternating the temperature between 2 ◦C and 37 ◦C.
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Abstract: Dissolving cellulose in water-based green solvent systems is highly desired for
further industrial applications. The green solvent glycerin—which contains hydrogen-bonding
acceptors—was used together with NaOH and water to dissolve cellulose. This mixed aqueous
solution of NaOH and glycerin was employed as the new green solvent system for three celluloses with
different degree of polymerization. FTIR (Fourier-transform infrared), XRD (X-ray diffractometer) and
TGA (thermogravimetric analysis) were used to characterize the difference between cellulose before
and after regenerated by HCl. A UbbeloHde viscometer was used to measure the molecule weight of
three different kinds of cellulose with the polymerization degree of 550, 600 and 1120. This solvent
system is useful to dissolve cellulose with averaged molecule weight up to 2.08 × 105 g/mol.

Keywords: cellulose; glycerin; dissolution; green solvent; aqueous solution

1. Introduction

Cellulose has been put under the spotlight in the preparation of novel polymers and materials as
one of the most affluent biopolymer sources in the world [1,2]. However, giant intra- and inter-molecule
hydrogen bonds in the natural structure of cellulose result in its insolubility in both water and normal
organic solvents, which greatly limits its application in industry [3].

Some solvent systems such as ammonium thiocyanate [4], calcium thiocyanate, sodium
thiocyanate [5], lithium chloride/N, N-dimethylacetamide (LiCl/DMAc) [6,7] and NH3/NH4SCN [8],
have been successfully applied to dissolve cellulose in the last century. However, resulting
environmental pollution and high cost have confined these solvent systems as merely applicable at the
lab scale.

Some green solvent systems including N-methylmorpholine-N-oxide (NMMO) [9], ionic
liquid [10], water-based solvent systems [11] and mixed solvent systems—including amino acid
ionic liquid/dimethyl sulfoxide (DMSO), tetra(n-butyl) ammonium hydroxide (TBAH) aqueous
solution [12] and deep eutectic solvents (DESs) [13]—have been successively developed to dissolve
cellulose. Although the mechanisms of cellulose dissolution varies with solvents, most researchers
believe that—regardless of the molecule weight and crystallinity of cellulose [14]—the destruction of
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inter-molecule and intra-molecule hydrogen bonds in the complex structure of cellulose is a prerequisite
to dissolve cellulose. Moreover, the interaction between the hydroxyl protons of D-dehydrated pyran
glucose unit and dissociated solvent anions is the main driving force for cellulose dissolution [15].

Yuan et al. [16] first revealed that cellulose could be dissolved in a NaOH/urea aqueous solution
after freezing the suspension into an ice-state, following a thawing process at room temperature
under rigid agitation. This report opens the new window to dissolve cellulose in water-based
solvent systems. To better understand the necessary of precooling procedure in the dissolving of
cellulose, solid-state 13C-NMR [17], low temperature DSC [18], small-angle X-ray scattering [19,20]
and synchrotron radiation micro-diffraction have been extensively applied. The results reveal that
Na-cellulose complexes and hydrated alkali ions were two key factors that account mainly for the
dissolving mechanism. The destruction of hydrogen bonds can be achieved by the formation of new
hydrogen bonds between Na+ and hydroxyl groups of cellulose [21]. Moreover, the cellulose dissolution
has been confined into an 8–9-wt% NaOH concentration region and became more remarkable at the
temperature of or under four degrees Celsius [21].

Furthermore, Yuan et al. found that cellulose could be quickly dissolved in a precooled aqueous
solution of LiOH/urea [18], NaOH/urea [16] or NaOH/thiourea [22] by generating a stable cellulose
solution. In this, urea and thiourea acted as the hydrogen-bonding acceptor associated with the
hydroxyl inside cellulose. These inter- and intra-chains associations stopped the regeneration of
cellulose and ensures the solvation of cellulose.

Poly(ethylene glycol) (PEG)—another molecule which is possible candidate to stable the cellulose
solution has also been successfully used by Yan to dissolve cellulose [23]. Instead, the oxygen atoms in
the PEG chain are the hydrogen-bonding acceptor which stabilize the cellulose solution. The obtained
cellulose solution in PEG/NaOH solvent system could be stable even for 30 days’ storage at room
temperature at the cellulose concentration up to 13 wt%.

This is to say, any molecules with hydrogen-bonding acceptors are possible candidate for dissolving
cellulose. Hydroxyl groups in a typical environmentally friendly molecule such as glycerin, could be
alternative for the urea or thiourea to stable the cellulose solution [24].

In this study, a mixed aqueous solution of NaOH and glycerin was employed as a new green
solvent system for three celluloses with different degree of polymerization (DP). Glycerin acts as a
hydrogen bond acceptor which could prevent the ressociation of cellulose hydroxyl groups to form
a stable and uniform solution. The proposed green solvent system could dissolve cellulose with a
number average molecule weight of up to 2.08 × 105 g/mol which was much higher than the reported
1.3 × 105 g/mol [23].

2. Materials and Methods

2.1. Materials

Three kinds of celluloses (cotton linter pulps) with an α-cellulose content more than 95% were
purchased from Shanghai Hengxin Chemical Reagent Co., Ltd (Shanghai, China).

Their DPs were 550 (short fiber cotton linter pulps, referred to as SF-C), 600 (long fiber cotton
linter pulps, referred to as LF-C), 1120 (high mechanical cotton linter pulps, referred to as HM-C),
respectively. Corresponding physical properties of SF-C, LF-C and HM-C are shown in Table 1.

Table 1. Physical properties of cellulose with different degrees of polymerization (DPs).

DP α-Cellulose
/% Viscosity/mPa·s Ash/% Fe/ppm

Alkali
Absorption
Value/%

H2O/% Whiteness/% Small
Dust/mm2/kg

SF-C 550 95.1 9.2 0.1 11 513 13.1 78 154
LF-C 600 96.0 11.4 0.07 8 699 13.2 80 79

HM-C 1120 98.6 29.9 0.06 11 582 8.7 82 88
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The cellulose was dried in vacuum at 35 ◦C overnight to remove the water content prior to use.
Deionized water used in all solutions was taken from a Milli-Q Plus 185 water purification system
(Millipore, Bedford, MA) and had a resistivity of 10–16 MΩ·cm at 25 ◦C. Deuterium water (D2O,
99.9 atom% D) was purchased from Aladdin Reagent (Shanghai, China) Co., Ltd. Sodium hydroxide
(NaOH), hydrochloric acid (HCl) and urea were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

2.2. Dissolution of Cellulose in Glycerin/NaOH Aqueous Solution

One gram of glycerin and 9.0 g of NaOH were added into 90 mL of deionized water to prepare
the mixed aqueous solution of glycerin/NaOH. Then, 4.0 g of three kinds of cellulose were added into
the mixture, respectively and allowed to swell for 6 h at room temperature. Then, the suspension
was precooled down to -20 ◦C and held at that temperature overnight to make a solid frozen mass.
The frozen solid was then stirred strongly under the action of a homogenizer (S10, Scientz company,
Ningbo, China) at 20,000 rpm until the cellulose solution was completely thawed. Three kinds of
homogeneous cellulose solutions were then finally obtained.

2.3. Preparation of Regenerated Cellulose

Around 2 mL 3-M HCl was added dropwise into 1 mL uniform cellulose solution and allowed
to stand for 10 min. After the cellulose aggregates being completely collected by discarding the
supernatant, the precipitate was washed three times by deionized water and then oven-dried at 40 ◦C
for 20 h. Finally, pure and dry regenerated cellulose could be obtained.

2.4. Characterization

Photographs of dissolved and regenerated cellulose were taken with an Apple X mobile phone.
The microscopic morphology of cellulose before and after dissolution and further regenerated by

3-M hydrochloric acid (HCl) was analyzed with a scanning electron microscope (SEM, JSM-6510LV,
JEOL Co., Ltd., Tokyo, Japan) using an accelerating voltage of 10 kV. The original cellulose and dried
regenerated cellulose were cut into 5-mm × 5-mm samples and directly attached to the conductive
adhesive for testing. Fifty microliters dissolved cellulose solution was directly dropped onto the
surface of a 5 mm × 5 mm silicon wafer. The silicon wafer was cleaned with ethanol prior to solution
deposition. Then, the silicon wafer was oven-dried at 45 ◦C for 1 hour and attached to a conductive
adhesive on an aluminum sample holder for electron microscopy scanning.

13C-NMR spectrum of the cellulose solution was measured on a Bruker spectrometer (13C-NMR,
AVANCE 400, BRUKER Co., Ltd., Karlsruhe, Germany). The number of scans was 1024; the time of
each scan was 14.48 s. The solvent in this study was prepared by substituting D2O for H2O and the
cellulose was dissolved to obtain a 4-wt% cellulose solution and 4 mL of this solution was measured
for 13C-NMR spectrum in a nuclear magnetic tube with diameter of 5 mm and length of 20–25 cm.

An X-ray diffractometer (XRD, Bruke D8 Advance, Karlsruhe, Germany) was used to analyze the
crystalline structure of the cellulose and the regenerated cellulose.

Thermogravimetric analysis (TGA) was carried out on a TA Instruments (TGA5500, New Castle
DE, USA). A five-milligram sample was heated from 30 to 800 ◦C under nitrogen with 25-mL/min flow
rate at a constant heating rate of 10 ◦C/min.

Fourier-transform infrared (FTIR, Nicolet NEXUS 670, Wisconsin, USA) spectroscopic analyses of
all samples were done with a resolution of 2 cm−1 by averaging 64 scans in the range of 4000–400 cm−1.
The FTIR spectra of dried original, dried regenerated cellulose and glycerin were taken under an
attenuated total reflection (ATR) mode using corresponding accessory.

The viscosity of the cellulose in 4.6-wt% NaOH/ 15-wt% urea aqueous solution was measured
at 25 ± 0.1 ◦C with a clean Ubbelohde viscometer (Ubbelohde viscometer, Youlaibo Technology
Co., Ltd., Beijing, China). The used cellulose concentrations are 0.5 × 10−3 g/mL, 1.0 × 10−3 g/mL,
2.0 × 10−3 g/mL, respectively.
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3. Result and Discussion

Figure 1 shows the photos of three kinds of cellulose aqueous solutions in 1.0-wt% glycerin/9.0-wt%
NaOH before and after regeneration. Clear cellulose aqueous solutions without any aggregate in
1.0-wt% glycerin/9.0-wt% NaOH confirms that the good solubility of cellulose in glycerin/NaOH
solvent system. After the addition of 3-M HCl, delamination appears by forming white precipitations
at the bottom of solution which implies the regeneration of cellulose occurs.

Figure 1. Photos of three kinds of cellulose aqueous solutions in 1.0-wt% glycerin/9.0-wt% NaOH and
regenerated cellulose by 3-M HCl.

The dissolving status of cellulose in the new solvent system could be detected by SEM.
As shown in Figure 2, SF-C, LF-C and HM-C show clear fiber-like morphology before dissolution.
After completely dissolved in glycerin/NaOH solvent system, fiber-like morphologies disappeared,
and a final homogeneous morphology could be obtained. This convinced the good dissolution
ability of glycerin/NaOH solvent system to the cellulose. After further adding of HCl, the apparently
strip morphology with much smaller size (compared with the cellulose before dissolution) may
attribute to the reduced crystallinity which accompanied by increased amorphous area after cellulose
regeneration [25].

To further study the dissolution status of cellulose macromolecule in glycerin/NaOH solvent
system. D2O was used to replace the deionized water to dissolve cellulose, SF-C, LF-C and HM-C in
glycerin/NaOH solvent system. The concentration of cellulose was fixed to 4 wt% for three kind of
celluloses. Figure 3 shows the 13C-NMR spectra of three different celluloses. Peaks located at 104.1 ppm,
79.5 ppm, 74.3 ppm and 61 ppm were ascribed to the carbon atom of C1, C4, C2, C6 as inserts in
Figure 3. Twin peak located at 75.7 ppm was ascribed to the carbon atom of C3,5 [26]. Compared with
the reported cellulose I obtained from the NaOH/urea solvent system, a higher magnetic field shifting
from 79.2 ppm [27] to 79.5 ppm implies the destruction of intra-molecule hydrogen bonding, which is
similar with that reported dissolution of wood pulp in LiCl/DMAc [28].

Peaks located at 73.1 ppm and 63.6 ppm were ascribed to the carbon in glycerin. Thus,
we can conclude that three cellulose with different DPs could dissolve well in glycerin/NaOH.
Moreover, the 1.0-wt% glycerin/9.0-wt% NaOH is the direct solvent of cellulose instead of a derivation
aqueous solution.

Figure 4 shows the XRD patterns of pristine and regenerated cellulose from glycerin/NaOH
aqueous solution. Before regeneration, celluloses with different DPs showed characteristic 2θ peak at
14.9 ◦ and 16.4 ◦ which are correspond to (1–10), (110) lattice plane. Peak at 26.7◦ of SF-C and HM-C is
in accordance with (200) lattice plane. However, the peak at 23.7◦ of LF-C is characteristic signal for
(101) lattice plane. All these lattice planes are identical signals of cellulose I [29]. After regeneration,
all celluloses showed peaks at 20.0 ◦ and 22.1 ◦, which are identical signals of (110) and (020) lattice
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planes of cellulose II, respectively [30]. These cellulose I to cellulose II transition convinced the
successful regeneration of cellulose [31].

Figure 2. SEM images of (a) SF-C, (b) LF-P and (c) HM-C (a1, b1, c1) before dissolving the (a2, b2, c2)
as-prepared cellulose solution under strong stir and (a3, b3, c3) the regenerated cellulose particles after
the evaporation of water.

Figure 3. 13C-NMR spectra of three kinds of 4.0-wt% cellulose in 1.0-wt% glycerin /9.0-wt% NaOH
/D2O aqueous solution.
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Figure 4. XRD patterns of the cellulose and regenerated cellulose from its glycerin/NaOH aqueous
solution: (a) SF-C; (b) LF-C; (c) HM-C.

In addition, we calculated the crystallinity of celluloses with different DPs using Rietveld
method [32]. The results show that the crystallinity of cellulose with different DPs in glycerol/NaOH
aqueous solution changes significantly, and the destruction of molecular chain structure leads to a
sharp decrease in crystallinity, as shown in Table 2. The sharply decreased crystallinity of cellulose
after regeneration accounts mainly the excellent solubility of cellulose in NaOH/glycerin.

Table 2. Crystallinity of cellulose with different DPs before and after regeneration.

Sample Before Regeneration (%) After Regeneration (%)

SF-C 47.3±1.7 1.6±0.2
LF-C 57.7±0.6 4.1±0.3

HM-C 61.6±1.7 14.9±0.9

The regenerated cellulose could be obtained by adding diluted HCl into cellulose aqueous solution
and followed by rinsing and drying. Figure 5 reveals the FTIR spectra of the cellulose, glycerin and
regenerated for SF-C, LF-C and HM-C.

The bathochromic shift of hydroxyl from 3270 cm−1 to 3320 cm−1 after regeneration is due to the
weakening effect of glycerin to the inter- and intra-molecule hydrogen bonding [33]. Peak around
2890 cm−1 is the stretching vibration of CH while that of 1427 cm−1 is the bending vibration of CH2

in pristine cellulose. The transition of CH2 around 1427 cm−1 (in pristine cellulose) to CH around
1369 cm−1 (in regenerated cellulose) after regenerating indicates the rotational isomer variation from
C3–O3 and C6–O6. This further convinces the transition from cellulose I to cellulose II [34].
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Figure 5. FTIR spectra of the cellulose, glycerin and regenerated cellulose from its glycerin/NaOH
aqueous solution: (a) SF-C; (b) LF-C; (c) HM-C.

The absorption peak around 893 cm−1 is the outward stretching vibration of asymmetric rings
which corresponds to the vibration band of C5 and C6. The existence of this peak means the cellulose
is well dissolved in the solvent [35].

Compared with spectrum of glycerin, peak at 1647 cm−1 in regenerated cellulose indicates the
trace amount of glycerin residue [36].

Figure 6 shows the contrastive TGA curves of three kinds of cellulose and corresponding
regenerated cellulose. The decomposition temperature of all pristine celluloses starts from 290 °C
while that for regenerated cellulose shows a sharply decreased temperature of 230 °C. This is because a
large number of regular hydrogen bonds are destroyed during the regeneration in crystalline region
which lowers the thermal stability of cellulose [37]. Char residual weight percentages of pristine and
regenerated celluloses are summarized in Figure 6d. Much higher amount of char from regenerated
cellulose is due to the existed bigger amorphous zone which is favorable for the forming of pyrolytic
char [38].

The dependence of intrinsic viscosity on the concentration of three kinds of cellulose in 4.6-wt%
NaOH/15-wt% urea aqueous solution at 25°C was plotted in Figure 7.

Clear intersection points in all Huggins–Kraemer curves demonstrate that the glycerin/NaOH
system is good solvent for cellulose with different DPs. Intercepts which indicate the intrinsic viscosity
for SF-C, LF-C and HM-C are 238 mL/g, 253 mL/g and 464 mL/g, respectively.
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Figure 6. Thermal analysis of the cellulose and regenerated cellulose from its glycerin/NaOH aqueous
solution: (a) SF-C; (b) LF-C; (c) HM-C; (d) comparison of TGA of different state cellulose.

Figure 7. Dependence of intrinsic viscosity ([η]) on the concentration of three kinds of cellulose in
4.6-wt% NaOH/15-wt% urea aqueous solution at 25 ◦C.
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According to the formula (1), the calculated number averaged molecular weights of SF-C, LF-C
and HM-C are 8.77 × 104 g/mol, 9.49 × 104 g/mol, 2.08 × 105 g/mol, respectively. According to the
literature [39], the K and α value used here are 3.72 × 10–2 cm3/g and 0.77, respectively.

[η] = KMα (1)

All these results indicate the glycerin/NaOH is a novel good solvent system to dissolve cellulose
with the molecular weight up to 2.08 × 105 g/mol. Zhang et al. [22] reported that the NaOH/thiourea
system can dissolve cellulose with a viscosity average molecular weight of 2.0 × 105 while introduced
thiourea will bring about secondary pollution.

4. Conclusions

In this communication, we developed a novel green solvent system, glycerin/NaOH, to dissolve
cellulose. The aqueous solution of 1.0-wt% glycerin/9.0-wt% NaOH could dissolve the cellulose well
and form a homogeneous solution. Glycerin acts as the hydrogen-bonding acceptor which could
stop the reassociation of hydroxyl groups of cellulose to form homogeneous solution. Moreover, also
this method is applicable to dissolve cellulose with the number averaged molecular weight up to
2.08 × 105 g/mol.
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Abstract: The inherent brittleness of poly(3-hydroxybutyrate) (PHB) prevents its use as a substitute
of petroleum-based polymers. Low molecular weight plasticizers, such as tributyl 2-acetyl citrate
(TAC), cannot properly solve this issue. Herein, PHB films were obtained using a biosynthesized
poly(3-hydroxyoctanoate) (PHO) and a commercially available TAC as toughening agents. The use
of TAC strongly decreased the PHB thermal stability up to 200 ◦C due to the loss of low boiling
point plasticizer, while minor weight loss was noticed at this temperature for the PHB-PHO blend.
Both agents shifted the glass transition temperature of PHB to a lower temperature, the effect being
more pronounced for TAC. The elongation at break of PHB increased by 700% after PHO addition and
by only 185% in the case of TAC; this demonstrates an important toughening effect of the polymeric
modifier. Migration of TAC to the upper surface of the films and no sign of migration in the case
of PHO were highlighted by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy
(AFM) results. In vitro biocompatibility tests showed that all the PHB films are non-toxic towards
L929 cells and have no proinflammatory immune response. The use of PHO as a toughening agent
in PHB represents an attractive solution to its brittleness in the case of packaging and biomedical
applications while conserving its biodegradability and biocompatibility.

Keywords: poly(3-hydroxyoctanoate); polyhydroxybutyrate; bio-based modifiers; toughening;
biocompatibility; thermal properties

1. Introduction

A huge percentage close to 90% of the globally produced plastics uses virgin fossil fuel
feedstocks [1]. It is estimated that plastics’ share will grow to around 20% of the global oil
consumption by 2050 if this trend continues [1]. In this context, the plastics market has turned to
polymers derived from renewable resources as eco-friendly alternatives to petroleum-based polymers.
Poly(3-hydroxybutyrate) (PHB) belongs to the large family of polyhydroxyalkanoates (PHAs), which are
fully biodegradable biopolyesters of hydroxycarbonic acids produced by either chemical or bacterial
synthesis from biorenewable and biowaste resources [2,3]. Due to its biodegradability, biocompatibility,
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and competitive physical properties, PHB is the most well studied PHA for biomedical and food
packaging materials [4–6]. However, its high production cost and advanced brittleness narrow
its application as a substitute for common synthetic polymers [4–7]. Plasticizers may increase
PHB flexibility and toughness, thus solving the problem related to its high brittleness [4,7–15].
Tributyl 2-acetylcitrate (TAC) is obtained from naturally occurring citric acid. It may be used
as a plasticizer for applications starting from food packaging to biomedical applications as it is
environmentally friendly and, in small amounts, does not raise safety concerns for humans [14,16–18].
Nevertheless, a major issue when using TAC or other citrate esters as plasticizers is related to
their relatively low boiling point, which results in considerable weight loss at temperatures from
160 to 200 ◦C, therefore within the processing temperature range of PHB [19,20]. Moreover,
TAC addition could trigger the migration at the surface of the film [13], thus deteriorating the
mechanical properties. In particular, Corrêa et al. [20] explained the decrease in the thermal
stability of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-TAC/organo-modified montmorillonite
nanocomposites through the low degradation temperature of neat plasticizer (around 130 ◦C). Similarly,
the addition of only 5 wt% TAC lowered the temperature to 5% weight loss of PHB and also influenced
the maximum degradation peak [17]. Maiza et al. [16] observed that triethyl citrate and TAC, used as
plasticizers in PLA, migrate out of the matrix, the weight loss being directly proportional to the
temperature (100 or 135 ◦C) and plasticizer concentration. In general, low molecular weight plasticizers
are liquids which are not chemically bonded to the polymer matrix and, therefore, at room or elevated
temperature, they leach out from the polymer matrix [21]. When plasticized PHB is used for scaffolds
and other medical devices or for food packaging, the plasticizer will leach out into the surrounding
medium (human body or foods), raising health problems overtime or damaging food quality. In this
context, the use of polymeric toughening agents could be a better solution to the inherent brittleness of
PHB. Therefore, elastomeric medium chain length PHAs may be a better alternative to TAC and other
citrate esters provided they successfully increase the flexibility and other properties of PHB while
preventing migration.

Polyhydroxyoctanoate (PHO) belongs to the same PHA family as PHB, but it has a higher side-chain
length, much lower crystallinity and melting point, and it exhibits elastomeric properties [22,23].
Therefore, it can provide increased ductility to PHB, reduced migration, and no leakage when processed
at high temperatures. However, PHO biopolymer is not compatible with PHB, forming a biphasic
system over the whole composition range [24]. Previous studies showed a noticeable increase in the
elongation at break only from a high amount of PHO in the blends [22,24]. Thus, a doubling of the
elongation at break was observed at 20 [24] or 15 wt% [24] PHO in PHB/PHO blends, depending on PHO
type and preparation conditions, together with a strong decrease in tensile strength and modulus [22,24].
In biocomposites with a low amount of PHO (5 wt%), the supplementary addition of bacterial cellulose
restored the Young’s modulus [25]. Therefore, the domain of low PHO concentrations is more
interesting from both a scientific and economical point of view and this was thoroughly investigated in
the case of PHB/PHO blends obtained by solution casting.

In this work, we synthesized a PHO homopolymer (95 mol% 3-hydroxyoctanoate units) and
we comparatively studied the toughening effect of PHO and low molecular weight TAC in neat
PHB. PHB films with different concentrations of the two bio-based modifiers were characterized to
obtain information on the surface morphology, crystalline structure, biocompatibility, and thermal and
mechanical properties, useful for the intended application in packaging and biomedicine.

2. Materials and Methods

2.1. Materials

PHB powder with density of 1.24 g/cm3 was acquired from Biomer(Schwalbach am Taunus,
Germany) and was used as received. Tributyl 2-acetylcitrate ≥98% was purchased from Sigma-Aldrich.
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Chloroform used for polymer dissolution was supplied by a local company (Chimopar SRL,
Bucharest, Romania).

2.2. Biosynthesis of PHO

Pseudomonas fluorescens ICCF 392 strain from ICCF Culture Collection of Microorganisms was used
for the biosynthesis of PHO. Thestrain Pseudomonas fluorescens was isolated from 1 g of rotten beech wood
powder, homogenized in 20 mL sterile broth. The pre-inoculum culture (10%, w/v) was maintained on
a specific medium consisting of (w/v) yeast extract 1.0%, peptone 1.0%, glycerol 5.0%, and agar 2%.
The composition of culture medium for inoculum (IPS medium) was glucose 1 g/100 mL, corn extract
1.5 g/100 mL, KH2PO4 1 g/100 mL, NaCl 1 g/100 mL, and MgSO4 0.05 g/100 mL. Inoculum culture was
developed in Erlenmeyer flasks of 500 mL under stirring at around 30 ◦C, for 24 h. The fermentation
medium was inoculated with 10% (w/v) of inoculum. Besides the carbon source (sodium octanoate
2.0 g/L), the culture medium used in the fermentation process contained NaNH4HPO4·4H2O 3.5 g/L,
K2HPO4 7.5 g/L, KH2PO4 3.7 g/L, citric acid 20 g/L, 0.1mL/100mL of trace element solution 1,
and 0.1mL/100mL of solution 2. Trace element solution 1 consisted of (per liter 1M HCl) MgSO4·7H2O,
120.0 g. Trace element solution 2 consisted of (per liter 1M HCl) FeSO4·7H2O, 2.78 g, CaCl2·2H2O, 1.47 g,
MnCl2·4H2O, 1.98 g, CoSO4·7H2O, 2.81 g, CuCl2·2H2O, 0.17 g, and ZnSO4·7H2O, 0.29 g. Bioprocesses
were carried out in 500 mL flasks containing 100 mL of culture broth, which were maintained on a
rotary shaker at 220 min−1, 29 ± 1 ◦C for 48 h. The cultivation was performed by nutrient addition
(sodium octanoate stock solution, 83.33 g/L) with the sequences of 3 mL each at 0, 24, and 30h,
respectively. A total biomass of 1.975 g dry cells/L of fermentation medium was obtained and the yield
of PHO was 21.10 g/100 g dry biomass.

2.3. Preparation of PHB/PHO and PHB/TAC

The PHB/PHO films were prepared using a solvent-casting method. Dried PHO membrane was
dissolved in chloroform and stirred at room temperature until complete dissolution. PHB powder was
subsequently added, so as to obtain different PHB:PHO weight ratios: 100:0 (PHB), 95:5 (PHB/5PHO),
90:10 (PHB/10PHO), 85:15 (PHB/15PHO), and 80:20 (PHB/20PHO). The concentration of the total
amount of polymers in the chloroform was kept constant at 4 wt%/v. The resulting mixture was stirred
at room temperature for 10 min until the polymers were well dispersed and then heated at 50 ◦C for 1 h
to ensure complete dissolution of both components. PHB/PHO films with a thickness of around 10 µm
were cast from the resulting solutions onto glass slides. They were initially dried at room temperature
for several hours and then in a vacuum oven at 45 ◦C for 48 h to remove any residual solvent. PHB/TAC
films with the same weight ratios as for PHB/PHO films were prepared following the same procedure
and denoted as PHB/5TAC, PHB/10TAC, PHB/15TAC, and PHB/20TAC, while PHB film served as
a reference.

2.4. Characterization

2.4.1. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis of PHO

Triple Quad GC/MS system (Agilent Technology) was used for both qualitative and quantitative
analysis of the PHO monomers. First, 0.5 µL of PHO polyester sample was injected using the split
mode and the injector temperature was set to 250 ◦C. The analysis was performed using a HP-FFAP
DB-WAX column (30 m × 0.25 mm, with a 0.25 µm film thickness) with a mobile phase of helium at a
constant flow rate of 1 mL min−1. The GC oven temperature was held for 1 min at 90 ◦C, then raised
by 7 ◦C/min up to 240 ◦C and held for 12 min. MS transfer temperature was set to 280 ◦C, MS ion
source to 230 ◦C. The electron ionization (EI) source of the instruments was operated at 70 eV in the
scan range (m/z) = 40–400. The fragmentation pattern of the obtained mass spectra was analyzed by
NIST 98 Mass Spectral Database, Gaithersburg, MD, USA.
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2.4.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of the blends was carried out on a TA Q5000 analyzer
(TA Instruments Inc., New Castle, DE, USA), from 25 to 700 ◦C, with 10 ◦C/min, using nitrogen as a
purge gas (40 mL/min).

2.4.3. Differential Scanning Calorimetry (DSC)

Thermal parameters of the blends, including glass transition temperature (Tg), melting temperature
(Tm), crystallization temperature (Tc), their specific enthalpies and crystalline ratio (Xc), were determined
with a DSC Q2000 calorimeter (TA Instruments Inc., New Castle, DE, USA) under helium flow
(25 mL/min). A heat–cool modulation program from −65 to 190 ◦C, at an average heating/cooling rate
of 10 ± 0.80 ◦C/min with a period of 30 s, was used. The crystallinity degree of PHB in the films was
estimated from the melting enthalpy values (∆Hm) of the samples and the melting enthalpy of 100%
crystalline PHB (∆H0

m, 146 J/g) [25] using Equation (1).

Xc[%] =
∆Hm

∆H0
m ×wi

× 100 (1)

where wi is the weight fraction of PHB in the blends.

2.4.4. X-ray Diffraction (XRD)

The crystalline phase of neat PHB and PHB blends was analyzed using an X-ray diffractometer
(Rigaku Corporation, Japan) with a Cu Kα (λ = 0.1541 nm) source. Scanning was performed at
45 kV and 200 mA at the 2θ scanning angle, between 5◦ and 40◦, with a scanning step of 0.04 min−1.
The degree of crystallinity (CI) of the samples was calculated using Equation (2), where AC is the sum
of the areas under the crystalline peaks, and Aa is the area of the amorphous halo.

CI (%) =
AC

Ac + Aa
× 100 (2)

The inter-planar distances (d) were calculated using Bragg’s law [26] and the crystallite sizes (D)
at the main peaks using the Scherrer equation [27]. Fityk software was used for XRD data processing
and nonlinear curve fitting.

2.4.5. Tensile Tests

Tensile tests were conducted according to ISO 527, Part 3, which is applicable to films, at room
temperature using an Instron 3382 universal testing machine with a load cell of 1 kN. For each sample,
at least 5 specimens of type 5A (10 µm thickness) were tested with a crosshead speed of 2 mm min−1.
The average values and the standard deviations for Young’s modulus, tensile strength, and elongation
at break were calculated using the Bluehill 2 Software.

2.4.6. Atomic Force Microscopy (AFM)

The surface morphology and the root mean square roughness of solvent-cast PHB films surfaces
were determined using a MultiMode 8 atomic force microscope (Bruker, Santa Barbara, CA, USA).
The characterization of each sample was performed in Peak Force (PF) Quantitative Nanomechanical
Mapping (QNM) mode, in air, using silicon nitride tips at a scan rate of 1 Hz and a scan angle of 90◦.
The image processing and data analysis were conducted with NanoScope software version 1.20.

2.4.7. X-ray Photoelectron Spectroscopy (XPS)

The chemical composition at the surface of neat PHB and plasticized films was analyzed
using a fully integrated K-Alpha system (Thermo Scientific, Waltham, MA, USA) equipped with a
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monochromated AlKα source (1486.6 eV). Both survey (0–1200 eV) and high-resolution spectra were
recorded for PHB blends. Charging effects were compensated by a flood gun and binding energies
were calibrated by placing the C1s peak at 284.8 eV as internal standard. The pass energy for the
survey spectra was set to 200 eV, and for the high-resolution spectra, it was 20 eV.

2.4.8. Contact Angle Measurements (CA)

CA measurements were carried out using a CAM 200 instrument (Biolin Scientific, Gothenburg,
Sweden) equipped with a high-resolution camera (Basler A602f) and an auto-dispenser. CA was
measured in air, at room temperature and ambient humidity, 2 s after the drop contacted the surface
of the films. Drops of 6 µL deionized water were dispensed on each sample, and the value of the
reported CA was the average of seven measurements. The images of the droplets were acquired with
the high-resolution camera using CAM software.

2.4.9. Biocompatibility Test

Biocompatibility of PHB blends was tested using fluorescence microscopy as described
elsewhere [25]. Film samples were sterilized by incubation in 70% ethanol solution overnight
and then washed with sterile phosphate buffer saline (PBS) to discard residual ethanol. Afterwards,
0.32 cm2 sterilized discs were carved out of each film and deposited in an ultra-low attachment
flat-bottom 96-well plate (Sigma-Aldrich) to prevent cell adhesion to surfaces other than those tested.
L929 murine fibroblast cells were seeded at a concentration of 1 × 104 cells/well on top of each
sample and allowed to adhere for two different time intervals (1 and 9 days). After each incubation
period, samples were gently washed to discard non-adherent cells. Further, samples were fixed with
4% paraformaldehyde (Sigma-Aldrich) solution, followed by staining with staining solution: 0.05%
Triton X-100, SYBR-Green I, Texas-Red-X Phalloidin (Molecular Probes, Thermo Fisher Scientific).
Images were recorded with an Eclipse TE2000 inverted fluorescence microscope (Nikon, Austria) and
processed with Huygens software (SVI, Hilversum, The Netherlands).

2.4.10. Evaluation of Pro-Inflammatory Effect

Nearly equal amounts of each film were sterilized by overnight incubation in 70% ethanol solution
followed by washing steps with PBS to completely remove ethanol. Samples were incubated at
37 ◦C in PBS for 20 days to allow elution of their constituents. A sample of PBS alone, incubated
in a similar fashion, served as a control. Following incubation, elution samples were collected and
tested for endotoxin activity with LAL QCL-1000 kit (Lonza, Verviers Belgium). Further, differentiated
macrophage-like cells were incubated in the presence of collected elution samples (diluted 1/10 in
complete culture medium) for 24 h. Cells incubated with lipopolysaccharide (LPS 100 ng/mL) or
without stimuli were used as positive and negative controls. Supernatants were collected and stored
at −80 ◦C until use. The influence of elution samples on differentiated macrophages was evaluated
by measuring tumor necrosis factor-α (TNF-α) concentrations in culture supernatants using ELISA
(DuoSet kits from R&D Systems Inc., Minneapolis, MN, USA).

3. Results and Discussion

3.1. PHO Characterization

PHO was characterized in terms of the monomer structure and composition by GC-MS analysis
through its conversion to volatile carboxylic acids (Figure 1). The gas chromatogram showed a major
peak with the retention time of 12.19 min and two minor peaks at 14.73 and 17.33 min (Figure 1a).
The major peak corresponds to 3-octenoic acid, the first minor peak corresponds to trans-2-hexenoic acid,
while the second minor peak was identified as 3-hydroxy-dodecanoic acid by comparing molecules in
the GC database. Therefore, the biosynthesized PHO was mostly composed of 3-hydroxyoctanoate
(3HO—C8), which represents 95.02 mol% of the total monomer content and very small amounts of
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3-hydroxyhexanoate (3HHx—C6, 3.32 mol%) and 3-hydroxydodecanoate (3HDD—C12, 1.66 mol%)
(Figure 1b–d). All products were detected in the form of single-type monomers only.
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In addition, DSC analysis of PHO displayed a Tg at −35 °C and a double melting event with a 
major melting peak at around 43 °C and a shoulder at 51 °C. The total enthalpy of fusion was 16.22 
J/g, suggesting a low degree of crystallinity of only 11% if the melting fusion of 100% crystalline PHB 
was used. 
  

Figure 1. GC-MS chromatogram of PHO synthesized from Pseudomonas fluorescens showing
monomeric composition of PHO (a) and mass spectra of trans-2-hexenoic acid (b), 3-octenoic acid (c),
and 3-hydroxy-dodecanoic acid (d).

In addition, DSC analysis of PHO displayed a Tg at −35 ◦C and a double melting event with a
major melting peak at around 43 ◦C and a shoulder at 51 ◦C. The total enthalpy of fusion was 16.22 J/g,
suggesting a low degree of crystallinity of only 11% if the melting fusion of 100% crystalline PHB
was used.

204



Polymers 2020, 12, 2446

3.2. Thermal Stability of PHB Blends

The thermal degradation of neat PHB and PHB blends was investigated by TGA and the
thermograms are plotted in Figure 2a–d, while the main parameters resulting from TGA and derivative
curves (DTG) are summarized in Table 1. The thermal degradation of neat PHB and PHB/PHO films
took place in a single stage, whereas that of PHB/TAC films showed two separated weight loss steps
(Figure 2a–d). The temperature at which PHB/PHO films lost 5% of their mass (T5%) exhibited a
downshift of 10–15 ◦C for up to 15 wt% PHO and of 33 ◦C for PHB/20PHO.
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Figure 2. TGA and DTG curves for neat PHB, PHO (a,b) and TAC (c,d) plasticized PHB films.

Table 1. TGA parameters for neat PHB and plasticized PHB films.

Sample T5%
(◦C)

WL220
(%)

Td1
(◦C)

Td2
(◦C)

R500 *
(%)

PHB 261.3 0.3 - 281.4 0.7
PHB/5PHO 252.2 0.4 - 275.0 0.7

PHB/10PHO 245.6 0.5 - 269.3 0.5
PHB/15PHO 246.6 1.1 - 271.0 0.7
PHB/20PHO 227.5 2.2 - 255.0 1.1

PHO 262.3 0.2 - 287.8 2.8
PHB/5TAC 213.1 5.0 202.5 275.5 0.4

PHB/10TAC 180.8 7.0 191.1 279.5 0.1
PHB/15TAC 174.6 17.0 195.9 277.4 0.3
PHB/20TAC 176.1 17.0 198.5 278.2 0.3

* R500 is the residue at 500 ◦C.

A similar behavior was observed in the case of the temperature of the maximum decomposition
rate (Td), which decreased by less than 10 ◦C for up to 15 wt% PHO and by around 26 ◦C at maximum
PHO concentration (Table 1). This major degradation step may be ascribed to the random chain
scission of PHB ester bonds by intramolecular cis-elimination, where degradation products like crotonic
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acid, linear oligomers with a crotonate end-group, and dimers and trimers of crotonic acid were
formed [17,28].

The thermal stability of PHO is similar to that of PHB or better (Figure 2a). Therefore,
the degradation of PHB/PHO may be determined by the presence of impurities, knowing that
sodium and other metal salts are common elements in PHO biosynthesis and the thermal stability of
PHB is very sensitive to metal traces [29,30]. Thus, it was reported that the residual metal compounds,
derived from the fermentation process, catalyzed the depolymerization of PHB, resulting in a depression
of the thermal stability [29,30]. Moreover, the difference observed between the thermal stability of PHB
with up to 15 wt% PHO and that with 20 wt% PHO could indicate increased incompatibility and phase
segregation at the highest concentration of PHO.

As for PHB/TAC films, the first degradation step was observed at around 220 ◦C and was
attributed to the vaporization of most of the TAC plasticizer, while the second step, from 230 to 300◦C,
corresponds to PHB degradation [14]. Indeed, the weight loss at 220 ◦C (WL200), around 5, 7, 17, and 17%,
was close to the corresponding proportion of TAC in plasticized PHB (5, 10, 15, and 20%) (Table 1).
The differences may come from some vaporization of TAC during the melt processing step. Moreover,
much lower T5% values compared to those of PHB/PHO films were noticed, the differences between
the corresponding compositions ranging from 39 to 72 ◦C (Figure 2c vs. Figure 2a). Compared to
PHB, the decrease in T5% was higher, with 85 ◦C for the maximum TAC concentration (Table 1).
The differences come from the low boiling point of TAC plasticizer [16,19,20], the decrease in the
thermal stability of PHAs due to the vaporization of low molecular weight plasticizers being previously
reported [9,10]. In addition, the Td values, corresponding to the thermal degradation of PHB, remained
close to each other and to that of neat PHB (Table 1, Figure 2d) due to the evaporation of most of the
TAC at up to 220 ◦C.

3.3. DSC Analysis of Plasticized PHB

The influence of PHO and TAC on the melting and crystallization behaviors of PHB films was
investigated by DSC. The values for the main thermal events, namely the glass transition temperature
(Tg), melting (Tm) and crystallization (Tc) temperatures, their enthalpies, and the crystallinity degree
(Xc), were reported in Table 2. Neat and plasticized PHB films displayed a well-defined melting
peak with a shoulder at a lower temperature (Figure 3a,b). Double or multiple melting behaviors
have been previously reported for PHB and were related either to the process of partial melting,
recrystallization, and remelting or to the melting of crystals with different crystalline structures,
perfection, or thickness [9,31]. Thus, the shoulder at low temperature (Tm1) could be associated with
the fusion of the crystals with low perfection and thinner lamella and the main fusion peak at a higher
temperature (Tm2) to the fusion of more perfect (recrystallized) crystals [32,33]. Another assumption
related to the double melting peak is the presence of β crystals that melt at a lower temperature than
the common α form of PHB [34].

PHB/PHO films showed similar thermal behavior with that of neat PHB (Table 2), suggesting a
low influence of PHO on the mobility of PHB chains in the melting region due to the incompatibility of
PHB and PHO in this temperature range. On the contrary, TAC addition induced a systematic and
clear depression of Tm1 values, with 5–13 ◦C, along with its increasing content in PHB. A less important
shift, between 2 and 5 ◦C, was noticed for the main melting peak (Table 2). These observations indicate
that the presence of TAC favors the segmental motion of the PHB chains, especially of those with lower
molecular weight. It must be noted that the area of the main peak (Tm2) decreased notably in the case of
PHB/PHO films and to a lesser extent for PHB/TAC ones (Table 2). This can be an indication of smaller
population of more perfect and larger crystals in PHB films containing PHO as against PHB/TAC films.
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Table 2. DSC results determined from the heating and cooling cycles for neat and plasticized PHB films.

Sample Heating Cooling

Tm1/Tm2 (◦C) ∆H1/∆H2 (J/g) Xc (%) Tg (◦C) Tc (◦C) ∆Hc (J/g)

PHB 163.3/173.6 17.8/59.3 53 7.1 88.9 59.0
PHB/5PHO 164.2/173.7 21.1/52.0 53 4.7 82.4 52.4

PHB/10PHO 163.03/173.3 16.7/52.4 53 6.6 84.4 50.6
PHB/20PHO 163.9/173.0 18.9/41.9 52 4.0 75.6 40.9
PHB/5TAC 158.3/172.1 14.5/58.4 53 4.5 83.6 51.6

PHB/10TAC 153.8/169.9 11.9/58.7 54 −1.5 76.5 49.5
PHB/20TAC 150.0/169.2 7.6/61.9 60 −1.5 77.0 51.2
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The Tg values were determined from the first cooling scan (Figure S1, Supplementary Materials).
A decrease in the glass transition temperature of PHB was noticed in all the blends and it depended on
both the concentration and the type of modifier. Tg was shifted from 7.1 ◦C for neat PHB to 4.0 ◦C
for PHB/20PHO and to −1.5 ◦C for PHB/20TAC (Table 2). The smaller decrease in Tg in the case of
PHB/PHO compared to PHB/TAC may be due to the lack of miscibility and the segregation of PHB
and PHO domains following their melting during the previous heating cycle. A similar decreasing
trend in Tg values was reported for PHB containing different plasticizers [12,35].

A very broad exothermic event, from around −25 to 75◦C, depending on the modifier type
and concentration, was noticed for most of the films (Figure 3a,b) and may be related to a cold
crystallization event. It was reported that the crystallization behavior of plasticized PHAs composites
is a complex process due to several overlapping phenomena [20]. In this context, we assume that the
cold crystallization process can overlap with the glass transition, which occurs in the same temperature
range, remelting, or branching. However, TAC induced a less pronounced event in PHB films compared
to PHO, probably due to the important increase in polymer chain mobility. This is obvious at maximum
TAC content, when no such broad exothermic event occurred (Table 2, Figure 3b). No change in
crystallinity was noticed in PHB blends compared to neat PHB except for a slight increase in crystallinity
for the PHB/20TAC film (Table 2).

During cooling, a downshift of Tc was induced by the presence of both modifiers in PHB (Table 2,
Figure 3a,b). For the highest amount of PHO and TAC, the depression of the Tc values was significant,
of 13.3 and 11.9 ◦C, respectively (Table 2). This may be attributed to increased mobility up to a
lower temperature. Further, with increasing PHO content in PHB films, Tc peaks became broader,
pointing out the presence of a large range of crystallite sizes and possible increased compositional
heterogeneity (Figure 3a,b). No major differences were noticed during the second heating cycle as
compared to the first one (Figure S2, Supplementary Materials).

Thermal analyses showed different influences of TAC and PHO upon the crystallization of PHB.
Thus, due to its low molecular weight and good miscibility with PHB, along with its high volatility,
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TAC increased the chain mobility of PHB in the amorphous phase through a lubricity effect and leached
out from the matrix above 200 ◦C. Contrarily, PHO was not miscible with PHB, especially in the domain
of the melting temperatures when segregation occurred; however, it remained in the composition of
PHB films, hindering PHB crystallization.

3.4. X-ray Diffraction (XRD)

The XRD spectra of neat PHB and PHB blends with the highest proportion of TAC and PHO are
presented in Figure 4.
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Figure 4. XRD spectra of neat PHB and PHB films containing 20 wt% PHO and TAC.

The diffractograms of neat PHB and PHB blends revealed a similar crystalline profile corresponding
to orthorhombic crystal planes [36,37]. Two strong crystalline peaks were detected at 2θ 13.5◦ and 16.9◦,
which were assigned to the (020) and (110) planes of the orthorhombic unit cell and several weaker
reflections, as shown in Figure 4. All the samples contain also a small amount of orthorhombic β-form
crystal with zig-zag conformation, as revealed by the reflection of the (021) plane located at around
2θ = 20.1◦. The occurrence of the β crystalline form may contribute to the presence of a shoulder
before the melting peak, signaled by DSC analysis. Increased intensity of the peak corresponding
to (020) crystal plane was observed in the blends (Figure 4), especially in PHB/20PHO, suggesting
the presence of a preferred orientation and increased crystallinity. Indeed, higher CI values were
calculated from the XRD data of PHB/PHO (76%) and PHB/TAC (71%) compared to neat PHB (57%).
Therefore, PHO contributed to a larger extent to the formation of an ordered crystalline structure in
PHB. The differences between the crystallinity values determined by XRD and DSC may come from
the difference between the methods, XRD emphasizing the surface crystallinity and DSC that of the
bulk material and from the influence of the temperature in DSC heating on the segregation of PHO
and PHB domains.

The interplanar distances (dhkl) and the apparent crystallite sizes perpendicular to the hkl (where h,
k, and l are the Miller indices) plane (Dhkl) were estimated using Bragg’s law and the Scherrer equation
and the results are summarized in Table 3.
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Table 3. XRD interplanar distances and crystallite sizes for neat PHB and PHB films with
20 wt% modifier.

Sample d020
(nm)

d110
(nm)

d021
(nm)

d101
(nm)

d111
(nm)

d121
(nm)

d040
(nm)

d002
(nm)

D020
(nm)

D110
(nm)

D040
(nm)

PHB 0.6565 0.5259 0.4426 0.4140 0.3948 0.3497 0.3282 0.2928 14.8 7.5 8.8
PHB/20PHO 0.6580 0.5253 0.4428 0.4123 0.3927 0.3498 0.3279 0.2958 17.4 13.3 14.5
PHB/20TAC 0.6565 0.5240 0.4426 0.4118 0.3922 0.3597 0.3279 0.2923 15.9 13.3 20.4

Higher crystal sizes perpendicular to the (020), (110), and (040) planes were observed for the PHB
films containing PHO and TAC, similar to other observations [38]. This increase in crystal size may be
due to the greater order of the crystal structure after the addition of modifiers.

3.5. Mechanical Characterization

The evolution of the mechanical properties of neat and modified PHB films is shown in Figure 5.
Both modifiers increased the flexibility of PHB films in correlation with their amount in the blends but
the effect was much more significant in the case of PHO, which emerges as an efficient toughening
agent. Thus, at maximum PHO and TAC content, the elongation at break was higher, with 700 and
185%, than that of neat PHB (Figure 5a). This means that PHO induced four times higher ductility.
On the other hand, both modifiers led to a similar decrease in the elastic modulus down to close values,
944 and 938 MPa, for PHB films containing 20 wt% PHO and TAC (Figure 5b). Interestingly, at low
PHO and TAC content (5 wt%), the strength of PHB blends was improved by around 22 and 27%
as against neat PHB. However, when the content of modifiers exceeded 10%, the tensile strength of
PHB/PHO films underwent a gradual reduction, while that of PHB/TAC remained in the same range
(Figure 5c). Lower strength and elastic modulus values were reported for PHB modified by different
plasticizers and toughening agents [12,39]. This may be due to the different preparation conditions
and PHO composition, the PHO used in this study being almost a homopolymer, with 95 mol%
3-hydroxyoctanoate units. The eight times increase in the elongation at break is very important given
that a small increase in PHB elongation was reported, even for high concentrations of low molecular
weight plasticizers [9,10,17]. On the other hand, TAC behaves as a common plasticizer, acting as a
spacer between PHB molecules and allowing limited flexibility. The excellent effect of PHO on the
ductility of PHB may enable the design of new PHB-based materials with a wider range of mechanical
properties, thereby increasing the potential of their application in soft tissue engineering, packaging,
or other applications where the balance of ductility and stiffness is a must.

3.6. Surface Morphology

The morphology of neat PHB and PHB films containing 5 and 20wt% PHO and TAC, on their
surface exposed to air, was investigated by AFM, and representative topographic images at different
scan areas are shown in Figure 6a–c. Neat PHB film displayed a well-known spherulitic morphology
consisting of an organized fibrous structure corresponding to the lamellar stacks (Figure 6a) [17,37,40].
All the analyzed samples showed a clearly edge-on lamellar growth. The addition of 5wt% PHO or
TAC resulted in small changes; however, the crystalline structure was clearly noticed (Figure 6b,d).
No significant changes were observed at a high concentration of PHO (PHB/20PHO) compared to
neat PHB; however, compared to PHB/5PHO, the crystal structure was less well organized. Indeed,
20 wt% PHO may cause some restrictions in the PHB spherulites’ growth compared to PHB/5PHO
due to the limitations in chain mobility. On the contrary, a high concentration of TAC plasticizer led
to a disordered structure and a different rearrangement on the surface of PHB (Figure 6e). A high
degree of disorder is observed in the crystalline structure of PHB/20TAC (Figure 6d) and the blurred
images suggest the migration of TAC to the surface of the film, forming a pellicle. These morphological
changes can be better observed in the AFM images taken at a lower scan area of 5µm in Figure 6e.
The PHB surface roughness was quantitatively characterized by the root mean square roughness (Rq)
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on the basis of four unprocessed topographic AFM images of 15 × 15 µm2. An Rq value of 160 ± 1.2 nm
was found for neat PHB film. After PHO addition, the Rq increased to 213 ± 9.8 nm for PHB/5PHO
and to 168 ± 4.9 nm for PHB/20PHO. The increased Rq value found in PHB film with low PHO content
may be attributed to the spherulites formed on the surface [41]. Since the rate of nucleation and
crystal growth depends on the supersaturation of the employed solvent and obtaining conditions,
either nucleation or growth may be dominant over the other, and crystals of different sizes and shapes
may be obtained [42]. Contrarily, TAC alters the surface roughness of PHB; lower Rq values were
obtained with increasing TAC content, 145 ± 8.5 nm and 124 ± 0.7 nm for PHB/5TAC and PHB/20TAC
films. This may be due to the migration of small molecules of TAC to the upper surface of the PHB
film, which was further investigated by XPS analysis.

3.7. Surface Properties by X-ray Photoelectron Spectroscopy

XPS analyses show the surface modification and composition of PHB after the addition of
modifiers. XPS survey spectra of neat PHB and PHB blends are presented in Figure 7. The results
show the presence of O and C as main elements and also some impurities consisting of Si and metal
traces (less than 2%). Therefore, the lower thermal stability of PHB-PHO blends (Figure 1) may be
due to these impurities, which catalyze the depolymerization reaction of PHB by β-elimination [30].
The corresponding elementary content and carbon to oxygen ratios are given in Table 4.
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Table 4. Atomic concentrations of C and O elements and relative proportion of C species from C 1s
fitting on the surface of neat PHB and plasticized PHB films acquired from XPS scans.

Sample
Atomic Percentage (%) C1s Peak Fit Atomic Percentage (%)

C1s O1s C/O
Experimental

C/O
Theoretical Difference C1

[C-C]
C2

[C-O]
C3

[C=O]

PHB 69.99 30.01 2.33 2.00 +0.33 51.89 25.16 22.95
PHB/5PHO 70.19 29.81 2.35 2.10 +0.25 52.81 25.67 21.52

PHB/10PHO 70.90 29.10 2.44 2.20 +0.20 55.46 23.89 20.64
PHB/20PHO 70.82 29.18 2.43 2.40 +0.03 57.96 22.10 19.94
PHB/5TAC 70.49 29.51 2.39 2.03 +0.36 50.91 26.05 23.03

PHB/10TAC 69.89 30.11 2.32 2.05 +0.27 50.22 26.63 23.15
PHB/20TAC 70.39 29.61 2.38 2.10 +0.28 50.77 26.37 22.86

The higher C/O values in comparison to the theoretical ones, measured for all the analyzed PHB
films, can be due to hydrocarbon impurities on the surface of the films, as observed in the case of
other biopolymers [43]. However, the differences between experimental and theoretical C/O values are
lower in the case of modified samples compared to neat PHB, except for PHB/5TAC, where a value
close to that of PHB in the limit of experimental error was noticed. Indeed, PHB was used as a powder,
which has a high ability to absorb impurities, and the addition of solid or liquid modifiers decreased
this tendency. Considering that PHO has double the number of C atoms compared to PHB, the lower
difference between experimental and theoretical C/O ratios confirms that PHO did not migrate out of
the samples, in good agreement with the TGA and AFM results. Unfortunately, TAC has a C/O ratio
close to that of PHB and no conclusion can be drawn from the survey spectra regarding migration.
Therefore, high-resolution spectra were analyzed.

Figure 8a–c shows the XPS C1s spectra of neat PHB and PHB films containing the maximum PHO
and TAC content.Polymers 2020, 12, 2446 14 of 19 
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Three peaks were detected in all PHB films: the peak at 284.7 eV (C1), attributed to carbon
in hydrocarbons (C–C, C–H), the peak at 286.3 eV (C2), associated with the ether bond (C–O),
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and the peak at higher binding energy, 288.6 eV (C3), corresponding to the carbonyl (C=O) bond.
The values of binding energies of these carbon species are in good agreement with the ones found in
the literature [44,45]. Based on the proportion of these carbon species, the surface concentration of the
different chemical bonds was calculated and the results are given in Table 4. As expected, an increase in
C1 proportion was observed with the increase in PHO content in PHB/PHO due to the higher number
of C-C bonds in the polymeric modifier and no significant variation in PHB/TAC samples (Table 4).
However, the increase in C2 and C3 proportion in PHB/TAC samples shows a higher proportion of
TAC on the surface of the films; therefore, the migration of TAC occurred even at room temperature.
Contact angle measurements (Figure 9) also show increased hydrophilicity on the surfaces of these
films, confirming the XPS results.
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In summary, the XPS findings support the results of AFM and TGA analysis related to the
migration of low molecular weight TAC plasticizer.

3.8. In Vitro Biocompatibility

The attachment and proliferation of L929 cells on the neat and modified PHB films were studied
over a period of 1 and 9 days. L929 cells scarcely adhered to the PHB films, regardless of the type
and concentration of the toughening agent used, and all tested materials exhibited roughly the same
behavior after one day. Images from day 9 (Figure 10) showed a greater number of adhered cells,
characterized by fibroblast-like spindle shapes, usually packed in clusters, and tightly anchored on
the surfaces. All the tested films allowed the adherence of L929 cells, although some differences were
noticed between the modified PHB films. These were related to both the surface roughness determined
by AFM (Figure 6) and the surface hydrophobicity characterized by contact angle (Figure 9).

Thus, moderate cell adhesion was observed in the case of plain PHB and PHB-20PHO (Figure 10).
The moderate cell adhesion in the case of plain PHB is a well-known behavior [46]. Meanwhile,
a high amount of PHO (PHB/20PHO) led to increased hydrophobicity and a contact angle of around
90◦, due to the surface-oriented hydrocarbon-containing moieties [47]. This was further reflected in
the weaker cell adhesion. Previous studies have shown that better cell adhesion was observed on
surfaces with a medium value of the contact angle, of around 70◦ [46,48]. Therefore, very high or
a very low hydrophobicity is not effective in cell adhesion. Indeed, the samples with the best cell
adhesion were those with a contact angle between 65◦ and 75◦ (PHB/5PHO, PHB/10PHO, PHB/10TAC),
therefore around 70◦, as generally accepted [46,48]. However, the different behavior of PHB/5TAC
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supports the idea that there are other factors that influence the biocompatibility. Similarly, PHB/20TAC,
with a contact angle close to that of PHB-10TAC, showed slightly poorer cell adhesion. It is worth
mentioning that PHB/5TAC and PHB/20TAC showed very low roughness compared to PHB and
PHB-PHO films, and it was reported that a lower degree of roughness is not favorable to cell attachment
and proliferation [49,50].
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The chemistry of the surface has also an influence on cell adhesion [49]. The migration of TAC
to the surface, highlighted by AFM, contact angle, and TGA results, may contribute to differences
in the response of the surface to cell adhesion and proliferation. In summary, the modified PHB
films’propensity to support cell proliferation was demonstrated at day 9, when cells tend to cover
greater areas, proving good biocompatibility in vitro.

3.9. Pro-Inflammatory Effect Evaluation

To obtain more insight into the biomedical suitability of the modified PHB films, the evaluation of
inflammatory susceptibility was assessed by measuring the release of TNF-α (Figure 11).
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film starting from 130 °C. Both modifiers led to a slight decrease in the glass transition temperature 
of PHB along with increased crystallinity and crystal size, favoring the chain motions and the 
organization of the crystalline phase of PHB. However, PHO led to much better flexibility and 
elongation of break in PHB/PHO films compared to TAC, being a more efficient toughening agent. 
In addition, no migration was noticed in the case of PHB/PHO films by AFM and XPS surface 
analyses. On the contrary, the blurred AFM topographic images of PHB/20TAC suggest the 
migration of the plasticizer, also confirmed by the increased C2 and C3 proportions in XPS analysis 
and the decrease in the contact angle value. All the plasticized PHB films supported L929 cell 
attachment and proliferation, demonstrating good biocompatibility in vitro. The differences in cell 
adhesion noticed between the plasticized PHB films were related to both surface roughness and 
surface wettability. In addition, significantly lower levels of TNF-α were detected for PHB films than 
those of the controls, regardless of the type of the modifier. It can be concluded that PHO is a better 
modifier for PHB intended for biomedical applications or food packaging due to the lack of 
migration in the surrounding medium, better thermal stability at the processing temperature of 
PHB, and better flexibility of the films. 

Figure 11. Effect of modified PHB film elution sampleson TNF-α level after an incubation period of 24 h.
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As can be noticed from Figure 11, TNF-α concentration was much lower compared to the LPS
sample and similar to the control or cell culture medium control, regardless of the composition
of the PHB films. Moreover, the presence of TNF-α was undetectable in the case of PHB/10PHO.
These preliminary results indicate that PHO and TAC modified PHB films are suitable for biomedical
applications since very low levels of inflammatory TNF-α cytokine were detected.

4. Conclusions

PHB films were prepared by solution-casting using two different bio-based toughening agents,
a low-molecular one (TAC) and a polymeric one (PHO). The two modifiers induced different effects on
the thermal stability of PHB films and especially on T5%. A much higher decrease in T5%, ranging from
39 to 72 ◦C, was observed in the case of PHB/TAC compared to PHB/PHO films. This different thermal
behavior was related to the relatively low boiling point of TAC, which is released from the film
starting from 130 ◦C. Both modifiers led to a slight decrease in the glass transition temperature of PHB
along with increased crystallinity and crystal size, favoring the chain motions and the organization
of the crystalline phase of PHB. However, PHO led to much better flexibility and elongation of
break in PHB/PHO films compared to TAC, being a more efficient toughening agent. In addition,
no migration was noticed in the case of PHB/PHO films by AFM and XPS surface analyses. On the
contrary, the blurred AFM topographic images of PHB/20TAC suggest the migration of the plasticizer,
also confirmed by the increased C2 and C3 proportions in XPS analysis and the decrease in the
contact angle value. All the plasticized PHB films supported L929 cell attachment and proliferation,
demonstrating good biocompatibility in vitro. The differences in cell adhesion noticed between the
plasticized PHB films were related to both surface roughness and surface wettability. In addition,
significantly lower levels of TNF-α were detected for PHB films than those of the controls, regardless of
the type of the modifier. It can be concluded that PHO is a better modifier for PHB intended for
biomedical applications or food packaging due to the lack of migration in the surrounding medium,
better thermal stability at the processing temperature of PHB, and better flexibility of the films.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/2446/s1,
Figure S1: Detailed images of DSC cooling curves of Tg steps for neat PHB and PHB containing PHO (a) and
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Abstract: Cellulose acetate butyrate (CAB) is a widely used binder in polymer bonded explosives
(PBXs). However, the mechanical properties of PBXs bonded with CAB are usually very poor,
which makes the charge edges prone to crack. In the current study, seven plasticizers, including bis
(2,2-dinitro propyl) formal/acetal (BDNPF/A or A3, which is 1:1 mixture of the two components),
azide-terminated glycidyl azide (GAPA), n-butyl-N-(2-nitroxy-ethyl) nitramine (Bu-NENA), ethylene
glycol bis(azidoacetate) (EGBAA), diethylene glycol bis(azidoacetate) (DEGBAA), trimethylol
nitromethane tris (azidoacetate) (TMNTA) and pentaerythritol tetrakis (azidoacetate) [PETKAA],
were studied for the plasticization of CAB. Molecular dynamics simulation was conducted to
distinguish the compatibilities between CAB and plasticizers and to predict the mechanical
properties of CAB/plasticizer systems. Considering the solubility parameters, binding energies
and intermolecular radical distribution functions of these CAB/plasticizer systems comprehensively,
we found A3, Bu-NENA, DEGBAA and GAPA are compatible with CAB. The elastic moduli of
CAB/plasticizer systems follow the order of CAB/Bu-NENA>CAB/A3>CAB/DEGBAA>CAB/GAPA,
and their processing property is in the order of CAB/Bu-NENA>CAB/GAPA>CAB/A3>CAB/DEGBAA.
Afterwards, all the systems were characterized by FT-IR, differential scanning calorimetry (DSC),
differential thermogravimetric analysis (DTA) and tensile tests. The results suggest A3, GAPA and
Bu-NENA are compatible with CAB. The tensile strengths and Young’s moduli of these systems are
in the order of CAB/A3>CAB/Bu-NENA>CAB/GAPA, while the strain at break of CAB/Bu-NENA is
best, which are consistent with simulation results. Based on these results, it can be concluded that A3,
Bu-NENA and GAPA are the most suitable plasticizers for CAB binder in improving mechanical and
processing properties. Our work has provided a crucial guidance for the formulation design of PBXs
with CAB binder.

Keywords: cellulose acetate butyrate; plasticizer; molecular dynamics simulation; thermal
analysis; compatibility

1. Introduction

Cellulose acetate butyrate (CAB), with the molecular formula of [C6H7O2-(OCOCH3)X-(OCOC3

H7)Y-(OH)3-X-Y]n, is the most commonly used binder in polymer bonded explosives (PBXs). In the
structure of cellulose ester, hydroxyl groups are co-esterified with acetic acid and butyric acid [1].
Therefore, CAB contains about 12–15% (wt %) of acetyl groups and 26–39% (wt %) of butyryl groups,
which endows it with excellent physical and chemical properties including outstanding moisture
resistance, UV resistance, temperature resistance, flexibility, transparency, etc. Therefore, many
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researchers have utilized this excellent cellulose derivative in the field of energetic materials. Li
prepared the CL-20 based pressed PBXs with CAB as binder for its excellent compatibility and
mechanical properties [2]. Lan ameliorated the HNIW based PBXs with excellent temperature
adaptability using CAB and fluorine rubber F2311 as binders [3].

However, the CAB-bonded explosives exhibit some defects and encounter problems in their
practical applications. The softening temperature (TS) and glass transition temperature (Tg) of CAB are
relatively high. Therefore, its molecular chain cannot stretch sufficiently and its adhesion is weak in
solvents. The PBXs with CAB as binder usually exhibit poor mechanical properties at low temperatures,
unsatisfactory insensitivity, and deterioration of cracks [4].

To ameliorate these situations, plasticizers have been added to the CAB binder system to lower
its TS and Tg, increase its plasticity, improve the mechanical properties and insensitivity, and prevent
the deterioration of cracks on PBXs [5]. However, the effects of different plasticizers on properties
of PBXs with CAB binder remain unclear. Therefore, it is essential to select optimal plasticizers for
CAB binder system of PBXs. Experimental tests are time-consuming and inconvenient for repeated
comparisons, accompanied by certain risks. In addition, it cannot be used for the in-depth analysis
from the microscopic perspective.

Molecular dynamics (MD) simulation has been widely used to predict the compatibility and
mechanical properties of blends [6–9]. Compared with the macroscopic experiments, MD simulations
in microscopic scales not only can reveal the effects of plasticizer at the atomic and molecular levels, but
also is low-cost and time efficient. Therefore, it can be used to study the effects of different plasticizers
on CAB binder quickly and efficiently [10]. In the present work, the compatibilities between CAB and
different plasticizers were evaluated by MD simulation. The mechanical properties of the plasticized
CAB with selected plasticizers were then simulated. Three representative CAB/plasticizer systems were
prepared, and their compatibilities, chemical stability and mechanical properties were characterized
experimentally, aiming to establish a study method combining MD simulation and experimental
characterization for optimizing CAB/plasticizer systems. Our work has provided a guidance and
reference for the subsequent modification of CAB binder and the formulation design of PBXs using
CAB binder.

2. MD Simulation

Based on their molecular structures (Figure 1), the molecular models of CAB and plasticizers
including bis (2,2-dinitro propyl) formal/acetal (BDNPF/A or A3, which is 1:1 mixture of the
two components), azide-terminated glycidyl azide (GAPA), n-butyl-N-(2-nitroxy-ethyl) nitramine
(Bu-NENA), ethylene glycol bis(azidoacetate) (EGBAA), diethylene glycol bis(azidoacetate) (DEGBAA),
trimethylol nitromethane tris (azidoacetate) (TMNTA) and pentaerythritol tetrakis(azidoacetate)
(PETKAA) were constructed using the Visualizer module in Material Studio (MS) version 6.0. The
butyryl group and acetyl group contents in CAB are approximately set to 37 wt % and 13 wt %,
respectively. Anneal and geometric optimizations were then conducted to establish the final
molecular models.
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Figure 1. Molecular structures (a) and amorphous models (b) of CAB/plasticizer systems. CAB = 
cellulose acetate butyrate. 
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2.1. Construction of Models

To evaluate the compatibility between CAB and plasticizers and predict the mechanical properties
of the plasticized CAB, MD simulation was conducted in the Material Studio with use of COMPASS
force field [11].

The next simulation section is the annealing of various molecular models, which aims to relax
their configurations, lower the potential energy and eliminate the internal stress of polymer chains.
The initial temperature and mid-cycle temperature were set to 298K and 500K, respectively. The
temperature range covers different glass transition temperatures (Tg) of CAB and plasticizers (CAB:
403.2K, BDNPF/A: 208.6K, Bu-NENA: 189.7K, EGBAA: 203.7K, DEGBAA: 209.9K, GAPA: 194.4K,
PETKAA: 237.8K, TMNTA: 239.1K) [12–18]. The heating ramps per cycle was 25, which was a proper
step number. Too rapid cooling often traps the system in a high energy–low density state that cannot
represent the glassy state. In the contrast, slow annealing from rubbery state with high Tg can generate
more accurate results. After 500 cycles of annealing, the annealed molecular models were obtained for
further simulation.

The amorphous models of CAB/plasticizer systems were then established using the Amorphous
Cell module as shown in Figure 1. For the construction of these amorphous models, the quality was
set to fine, the maximum number of steps was set to 50,000, and the density of the mixed system was
calculated based on the mass ratio of CAB/plasticizer. Ewald was set as the electrostatic force, van der
Waals was set as the atom based, and cutoff radius was set to 12.50 Å for the simulation. The mass ratio
of CAB/plasticizer was set to 2:3, which is a commonly used ratio in PBXs, and the amounts of CAB
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molecules (3 chains, 734 atoms) in all amorphous models were the same. The plasticizer contents were
approximately in the range of 30–60 molecules (1200–1800 atoms) in different systems, depending on
the plasticizer.

2.2. Calculations

The geometric structures of CAB/plasticizer amorphous models were optimized by “Geometry
Optimization” option in the Forcite module. The MD simulation of 250 ps was performed in NVT
ensemble at the temperature of 298K to achieve the optimal amorphous models [19]. COMPASS
force field was applied with Andersen thermostat for the simulation. Figure 2 shows the dynamics
temperature-time curve and energy-time curves obtained by MD simulation. The simulation is
considered to reach the equilibrium state if the fluctuations of dynamic temperature and dynamic
energy are less than 5% [20]. The dynamic energy may seem almost constant during the simulation,
but it changes slightly with time, which is so-called “aging”.
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After dynamics simulation reaching the equilibrium state, the calculated dynamic trajectory files
were analyzed by the “Cohesive Energy Density” option of the Forcite module to obtain the cohesive
energy density and solubility parameters of CAB and plasticizers.

The binding energies of CAB, plasticizers and their mixed systems were produced by the analysis
with “Total Kinetic Energy” option in Forcite module. Five frames of each model with lowest energy
were selected and their binding energy parameters were obtained with “Energy” option in Forcite,
which were then averaged.
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Radial distribution functions (RDF) were obtained by the analysis with “Radial distribution
function” option of Forcite module. The dynamic trajectory files of the CAB molecules and plasticizers
were classified to different sets and analyzed with “Radial distribution function” option to give RDFs.

The mechanical properties of the systems were simulated in a more complex manner. The
amorphous models of CAB/plasticizers were firstly subjected to the 250 ps dynamics simulation with
NPT ensemble under 1GPa. The last frame model of previous dynamic trajectory files was extracted to
subject to another 250 ps dynamics simulation with the NPT ensemble under 1atm. The last frame
model was then extracted to undergo the 250 ps dynamics simulation with NVT ensemble and the
final dynamic trajectory files were calculated by “Mechanical Properties” option in Forcite module.
The simulation tests were performed by the “Constant strain” method. The number of steps for each
strain was set to 4 and the maximum strain was 3 × 10−3. The strain rate was used as the automatic
systematical setting.

3. Experiments and Characterization

3.1. Materials

Three representative plasticizers, A3, GAPA and Bu-NENA, were selected for experimental
characterization. Analytical grade CAB containing 37 wt % butyryl group and 13 wt % acetyl group was
purchased from Eastman Chemical Company (USA). A3 and Bu-NENA (purity > 99.9%) were provided
by Liming Chemical Research Institute (Henan, China). GAPA (purity > 99.12%, ρ = 1.21 g/cm3,
water content < 0.016%, hydroxyl value ≈ 1.5 mg KOH/g, molecular weight Mn ≈ 800 g/mol) was
synthesized in-house.

3.2. Preparation of CAB/Plasticizer Mixed Systems

CAB and plasticizer were mixed at the mass ratio of 2:3. For a typical procedure, 2.00 g CAB
was dissolved in 20 mL ethyl acetate in a 50 mL flask by magnetic stirring, and 3.00 g plasticizer was
then added into the flask and mixed well with CAB solution. Ethyl acetate was then removed by
evaporation under reduced pressure with a rotary evaporator to afford the CAB/plasticizer mixture.

3.3. Characterizations

The structure of CAB/plasticizer was characterized using a Fourier transform infrared spectroscopy
(FT-IR) analyzer (NEXUS-470, Nicolet, WI, USA) by the KBr pellet method.

The compatibilities between CAB and plasticizers were respectively evaluated by differential
scanning calorimetry (DSC) using a DSC131 Evo instrument (Setaram, France) and differential
thermogravimetric analysis (DTA) using a DTA-60 thermal analyzer (Shimadzu, Japan) under 50 mL/min
nitrogen flow atmosphere at the heating rate of 10 K/min.

The tensile strengths of the mixed systems were measured using a universal material testing
machine (6022, Instron, Norwood, MA, USA) at the loading rate of 100 mm/min until broken. Ten test
specimens were prepared and characterized, whose size were 20 mm long and 5 mm wide.

4. Results and Discussion

4.1. MD Simulation

4.1.1. Solubility Parameter

According to the polymer solution theory, the mixture of polymer and plasticizer can be considered
as polymer solution system [21]. The necessary thermodynamic condition for a spontaneous dissolution
at constant temperature under constant pressure is:

∆GM = ∆HM − T∆SM < 0 (1)
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where ∆G is the free energy of mixing, ∆S is the entropy of mixing, ∆H is the heat of mixing, and T
is the temperature of dissolution. As a polymer is mixed with a plasticizer, the polymer itself is in a
chaotic state. Therefore, the magnitude of ∆G mainly depends on ∆H [22]. Hildebrand introduced the
concept of solubility parameter (δ) [23], which was defined as the square root of the cohesive energy
density (CED) (Equation (2)).

δ = (∆E/V)1/2 = [(∆H −RT)/V]1/2 (2)

The heat of mixing ∆HM of the polymer dissolution can be expressed using the Hildebrand
formula of small molecules:

∆HM = VMΦ1Φ2
[
(∆E1/V1)

1/2 − (∆E2/V2)
1/2

]2
(3)

where Φ1 and Φ2 are the volume fractions of the two components, respectively, and V is the molar
volume of the mixture. If the square root of CED is replaced with δ, Equation (3) can be re-written as:

∆HM = VMΦ1Φ2(δ1 − δ2)
2 (4)

Therefore, the value of ∆HM is determined by δ1 and δ2. The closer δ1 and δ2 are, the smaller
∆HM is and the better the compatibility of the two components will be. For an energetic material, its
polymer and plasticizer are generally considered compatible if |∆δ| < 3.68~4.06 (J1/2·cm−3/2) [24].

Table 1 lists the solubility parameters (δMD) of CAB and each plasticizer, and the respective
differences between the solubility parameters of CAB and those of different plasticizers (|∆δMD|)
obtained by the MD simulation. The difference between the simulation δ of CAB (17.29) and reported δ
(18.87) is very small [25,26], indicating that although MD simulation produces statistical uncertainties
from the ideal simulation conditions and imperfection algorithm, the simulation results are mostly
consistent with reality.

Table 1. Solubility parameters (δMD) of CAB and each plasticizer and the respective differences (|∆δMD|)
between the solubility parameters of CAB and different plasticizers.

Component δMD/(J1/2·cm−3/2) |∆δMD|/(J1/2·cm−3/2)

CAB 17.29 0
A3 20.01 2.72

GAPA 20.56 3.27
EGBAA 23.59 6.20

DEGBAA 18.72 1.43
TMNTA 24.55 7.26

Bu-NENA 20.84 3.55
PETKAA 23.30 6.01

The |∆δMD| values between CAB and A3, GAPA, DEGBAA and Bu-NENA plasticizer are less than
3.55, suggesting that these plasticizers are compatible with CAB. However, the values of |∆δMD| between
CAB and EGBAA, TMNTA and PETKAA are greater than 6.00, indicating that these plasticizers are
unsuitable for the plasticization of CAB.

4.1.2. Binding Energy

The good compatibility between a polymer and a different compound implies strong intermolecular
interaction(s) between them. The strength of such interaction can be quantitatively described with
binding energy (Ebind’). The average interaction energy between CAB and a plasticizer (Einter) can be
defined as:

Einter = Etotal −
(
ECAB + Eplasticizer

)
(5)
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where Etotal is the total energy of the mixed system, and ECAB and Eplasticizer are the average energies
of CAB and plasticizer, respectively. The binding energy Ebind is the negative value of the average
interaction energy Einter, e.g.:

Ebind = −Einter (6)

Because the average molecular weights of the mixed systems are different, the binding energy is
converted into per unit mass Ebind’ for comparison purpose as shown in Equation (7):

Ebind
′ = Ebind/Mn (7)

where Mn is the average molecular weight calculated based on the mass ratio of CAB/plasticizer.
Table 2 lists the Ebind and Ebind’ of each CAB/plasticizer system. No chemical bonds contribute to

the binding energy. The binding energies are numerically equal to the corresponding non-bonding
energies and follow the order of CAB/Bu-NENA≈CAB/EGBAA> CAB/DEGBAA> CAB/TMNTA>

CAB/PETKAA> CAB/GAPA> CAB/A3. It is known that the system with greater Ebind’ has better
compatibility [27]. Therefore, CAB/A3 is the least compatible system and all other CAB/plasticizer
systems are more compatible. The discrepancy with Solubility Parameter simulation results is
mainly generated from the ideal simulation conditions and imperfection algorithms. Although the
solubility parameter is the most reliable criteria for compatibility, binding energy can also provide
supplementary information.

Table 2. The binding energies (Ebind) and per unit mass binding energies (Ebind’) between CAB and
different plasticizers.

System Evalence/kcal·mol−1 Evdw/kcal·mol−1 Eelect/kcal·mol−1 Ebind/kcal·mol−1 Ebind’/kcal·g−1

CAB/A3 0 −448.44 −149.96 598.40 0.71
CAB/GAPA 0 −565.11 −116.36 681.47 0.91

CAB/PETKAA 0 −596.22 −157.32 753.55 1.08
CAB/EGBAA 0 −578.03 −144.21 722.25 2.03

CAB/Bu-NENA 0 −550.03 −115.85 665.88 2.03
CAB/TMNTA 0 −600.74 −153.22 753.96 1.25

CAB/DEGBAA 0 −562.56 −138.11 700.67 1.65

4.1.3. Radial Distribution Function (RDF)

In statistical mechanics, the RDF of a system of different particles (atoms, ions, molecules, etc.)
is applicable to the structural investigations of both solid and liquid packing (local structure) for
studying specific interactions, such as hydrogen bonding. It measures the probability of finding a
target particle at the distance of r around the given reference particle [28]. In other words, it describes
how the density varies with distance from a reference particle [29]. In a blend of various molecules,
two different components tend to be compatible with each other if the RDF curve of mixed system is
higher than each of their own [30]. Figure 3 shows the radial distribution functions (RDFs) of different
CAB/plasticizer systems and those of their individual components.
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The RDFs of CAB and all plasticizers reach the peak values at the distances slightly shorter
than 5.00–6.00 Å. It is well known that the distance ranges of hydrogen bond and van der Waals
force are 0–3.10 Å and 3.10–5.00 Å, respectively [31–34]. Therefore, van der Waals force is the major
intermolecular forces of CAB-CAB and plasticizer-plasticizer pairs. The RDF of CAB/plasticizer is
lower than that of plasticizer, but higher than CAB itself in the range of 0–6.00 Å for all systems,
suggesting that the compatibility between CAB and plasticizers seems not so good.

The RDF curves of CAB/Bu-NENA, CAB/GAPA and CAB/PETKAA are higher than themselves at
the distances longer than 12.47 Å, 12.94 Å and 14.09 Å, which are far beyond the range of intermolecular
forces, indicating these plasticizers are not compatible with CAB. The nitro and azide groups in their
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structure may be the main reason of the weak physical interactions between these groups and cellulose
chains of CAB.

The RDF curves of CAB/A3, CAB/DEGBAA, and CAB/TMNTA are higher than those of the
corresponding plasticizers at distances longer than 10.71 Å, 8.41 Å and 10.17 Å, indicating that these
plasticizers are compatible with CAB. These results suggest that compatibilities of CAB/A3, CAB/DEGBAA,
and CAB/TMNTA are better than those of CAB/GAPA, CAB/Bu-NENA and CAB/PETKAA.

Considering three compatibility criteria including solubility parameter, binding energy and radial
distribution function (RDF) comprehensively, it can be concluded that GAPA, Bu-NENA, A3 and
DEGBAA are compatible with CAB, and PETKAA, TMNTA and EGBAA are incompatible with CAB.

4.1.4. Simulation of Mechanical Properties

The mechanical properties of an energetic material greatly affect the safety and storage performance
of its explosive products, which thus are of significant importance [35]. Bulk modulus (K), shear
modulus (G), Poisson’s ratio (µ), Young’s modulus (E), etc. are usually used to describe the mechanical
properties of energetic materials.

The volume of a material decreases under uniform pressure P. Therefore, bulk modulus is
defined as:

K =
P

−∆V/V
= −PV

∆V
(8)

where V is the volume of material and ∆V is the volume change under pressure P. Bulk modulus is
a measure of compressibility and breaking strength of a material. The larger the bulk modulus, the
higher the breaking strength [36].

Shear modulus (G) is the ratio of shear stress (σ) to shear strain (γ):

G =
σ
γ
=

P/A
tgθ

(9)

It is a measure of the stiffness of a material. The greater the value of shear modulus, the higher the
material hardness and the smaller the deformation.

The ratio of bulk modulus to shear modulus (K/G) reflects the extent of plastic change (elongation
in tension) of the material. The greater the value of K/G is, the better the ductility of the material is [37].

Young’s modulus (E) is defined as the ratio of tensile stress (σ) to tensile strain (ε1):

E =
σ
ε1

(10)

It can be used to evaluate the capability of a material to resist deformation and volume change
caused by external stresses.

Poisson’s ratio (µ) is defined as the ratio of transverse shrinkage deformation (ε2) to longitudinal
stretch deformation (ε1):

µ = −ε2

ε1
(11)

It is an elastic constant reflecting the transverse deformation of a material. In general, the µ less
than 0.5 under tensile stress results in volume increases. The materials with the Poisson’s ratios in the
range between 0.2 and 0.4 are generally considered to have good plasticity [38–41].

The moduli of a typical isotropic material satisfy the following relationship [42]:

E = 2G(1 + µ) = 3K(1− 2µ) (12)

Table 3 lists the bulk moduli (K), shear moduli (G) and other calculated mechanical parameters
of the CAB/plasticizer systems obtained by MD simulation. CAB/Bu-NENA exhibits the largest
bulk modulus (K), indicates that its breaking strength is the highest. The shear moduli (G) of the
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CAB/plasticizer systems are similar, within the range of 0.8–0.9 GPa. The Poisson’s ratio (µ) and the
K/G value of CAB/Bu-NENA are also the greatest, indicating its ductility and formation property are
the best. The Young’s modulus (E) of the CAB/Bu-NENA system is greatest, suggesting its resistance
to deformation is the highest. The discrepancy between simulation results and actual mechanical
parameters is mainly generated from the ideal simulation conditions and imperfection algorithms.

Table 3. The mechanical parameters of CAB/plasticizers.

System K/GPa G/GPa K/G µ E/GPa

CAB/A3 2.32 0.86 2.70 0.34 2.29
CAB/GAPA 2.50 0.78 3.20 0.36 2.13

CAB/DEGBAA 1.54 0.91 1.70 0.25 2.27
CAB/Bu-NENA 5.23 0.89 5.87 0.42 2.53
CAB/TMNTA 2.53 1.02 2.49 0.32 2.69
CAB/PETKAA 2.26 1.34 1.68 0.25 3.36
CAB/EGBAA 2.24 0.83 2.69 0.33 2.22

Based on the simulated mechanical properties obtained above, it can be concluded that the
mechanical properties of CAB/Bu-NENA are the best, followed by those of CAB/A3 and CAB/GAPA.
The mechanical properties of CAB/DEGBAA are poorest.

4.2. Experimental Characterization

Based on the simulation results, CAB/A3, CAB/GAPA and CAB/Bu-NENA mixed systems were
prepared, and their compatibilities and mechanical properties were characterized by FT-IR, DSC, DTA
and tensile strength tests for comparison purpose. The feasibility to optimize the plasticity of binder
and predict the mechanical properties of the plasticized binder by combining theoretical simulation
and experimental characterization was further demonstrated.

4.2.1. Chemical Stability

The chemical stability of an energetic material can be determined by FT-IR. If the characteristic
peaks of mixture are the same as those of raw materials, it can be considered no chemical change occurs
during the mixing [43]. Figure 4 shows the FT-IR spectra of CAB, plasticizers and their mixed products.

The CAB/GAPA system is analyzed as an example. CAB exhibits a broad and strong absorption
peak at 3445.86 cm−1 due to the stretching vibration of -OH. The doublet peak at 2964.33 cm−1 and
2877.88 cm−1 are attributed to the antisymmetric and symmetric stretching vibrations of methylene
group. The strong absorption peak at 1742.35 cm−1 can be assigned to the stretching vibration of -C=O.
The peaks at 1165.11 cm−1 and 1065.15 cm−1 are ascribed to the stretching vibration of the unique
-COCOC-polyether structure in CAB.

GAPA shows a doublet peak at 2929.89 cm−1 and 2877.42 cm−1 that can be assigned to the
antisymmetric and symmetric stretching vibration of methylene. The strong peak at 2100.68 cm−1 and
the peak at 1281.22 cm−1 are the characteristic absorption peaks of GAPA caused by the stretching
vibration and bending vibration of -N3, respectively. The peak at 1128.16 cm−1 can be assigned to the
antisymmetric stretching vibration of ether bond.

The stretching vibration of -OH remains at 3462.72 cm−1 in the CAB/GAPA mixture. The peaks
of the mixture at 2934.93 cm−1 and 2879.95 cm−1 are due to the superposition of the antisymmetric
and symmetric stretching vibration absorption peaks of the methylene groups in CAB and GAPA.
The stretching vibration peak of -N3 of GAPA shifts to 2097.35 cm−1. The stretching vibration peak of
-C=O of CAB is found at 1730.42 cm−1. The peak at 1275.13 cm−1 is attributed to the bending vibration
of the -N3 of GAPA. The stretching vibration of -COCOC- polyether structure of CAB results in the
absorption peak at 1202.30 cm−1. Based on these results, it can be concluded that no chemical reaction
occurs during the mixing, and thus the chemical properties of the mixture systems are relatively stable.
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Similar results are obtained for the CAB/Bu-NENA and CAB/A3 systems. Therefore, mixing
CAB with plasticizers does not change the chemical properties of the individual components, and the
CAB/plasticizer systems are chemically stable.
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Figure 4. FT-IR spectra of CAB, plasticizer and CAB/plasticizer systems.

4.2.2. Compatibility

The compatibilities between an explosive and its contacting materials can be evaluated by DCS
and DTA. According to the National Military Standard of China GJB 772A-97 502.1, the compatibility
can be classified into four levels: level A with ∆Tp ≤ 2.0/◦C and ∆E/Ea ≤ 20%, the system is compatible
or highly compatible; level B with ∆Tp ≤ 2.0/◦C and ∆E/Ea > 20%, the system is slightly sensitized
or fairly compatible; level C with ∆Tp > 2.0/◦C and ∆E/Ea ≤ 20%, the system is sensitized or poorly
compatible; level D with ∆Tp > 2.0/◦C and ∆E/Ea > 20%, the system is hazardous. In the standard, ∆Tp

is the change of the decomposition exothermal temperature, and ∆E/Ea is the changing rate of the
apparent activation energy.

Figure 5 shows the DSC and DTA curves of CAB, the plasticizers and the CAB/plasticizer systems
at the heating rate of 10 K/min. Table 4 lists the compatibilities of CAB with three energetic plasticizers
obtained by DSC and DTA.
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Figure 5. Differential scanning calorimetry (DSC) (a) and differential thermogravimetric analysis (DTA)
(b) curves of CAB, three plasticizers and the CAB/plasticizer systems at the heating rate of 10 K/min.

Table 4. ∆Tp and ∆E/Ea of different CAB/plasticizer systems and the corresponding compatibility
obtained from DSC/DTA.

System ∆Tp/
◦C (∆E/Ea)/% Compatibility

DSC DTA DSC DTA DSC DTA

CAB/A3 1.57 1.74 17.25 19.48 Very good Very good
CAB/Bu-NENA 1.88 1.98 16.62 11.82 Very good Very good
CAB/GAPA 1.61 1.96 18.05 18.80 Very good Very good
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The first exothermic peak of A3 appears at 263.66 ◦C, which is caused by the main decomposition.
The secondary decomposition of the partial decomposition products appeared at 432.53 ◦C. The main
exothermic peak of CAB/A3 is found at 265.23 ◦C. The peak temperature shift ∆Tp is within 2 ◦C and
the ∆E/Ea is calculated to be 17.25%, indicating the compatibility of CAB/A3 system reaches level
A. The exothermic peak temperature of Bu-NENA is 213.91 ◦C, and the main exothermic peak of
CAB/Bu-NENA is at 215.79 ◦C. The peak temperature shift ∆Tp is within 2 ◦C and the calculated
∆E/Ea is 16.62%, suggesting the compatibility of CAB/Bu-NENA system is also level A. Similarly, the
compatibility of CAB/GAPA system is found to be level A with the exothermic peak temperatures of
GAPA and CAB/Bu-NENA respectively at 252.02 and 253.63 ◦C, and the ∆E/Ea of 18.05%.

Similar results are also obtained by DTA (Table 4). The peak temperature shifts of all three
CAB/plasticizer systems are within 2 ◦C and the corresponding ∆E/Ea values are less than 20.00%.
These results suggest that A3, Bu-NENA and GAPA are compatible with CAB at level A, and thus can
be safely used in explosive design. In addition, the experimental compatibility results obtained by
DSC/DTA are consistent with MD simulation results, indicating MD simulation is applicable to the
characterization of the plasticized binders for the design of energetic materials.

4.2.3. Mechanical Properties

Figure 6 shows the tensile strengths (σ), Young’s moduli (E) and strains at break (ε) of the three
CAB/plasticizer systems measured experimentally. The stress-strain curves of CAB/plasticizer systems
were measured firstly and the values of σ, E and ε were calculated from the first linear part of the
stress-strain curves (elastic domain), respectively.
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The tensile strengths (σ) and Young’s moduli (E) of CAB/plasticizer systems are in the order of
CAB/A3>CAB/Bu-NENA>CAB/GAPA, indicating that the mechanical strength and resistance capacity
to deformation of CAB/A3 are best, significantly better than CAB/Bu-NENA and CAB/GAPA. However,
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the strain at break (ε) of CAB/Bu-NENA are higher than CAB/A3 and CAB/GAPA, which means better
deformability, but, worst stiffness. Tensile strength test results are consistent with MD simulation
results, which further confirm the applicability of MD simulation to the design of energetic materials.

5. Conclusions

In the present work, the compatibilities between CAB and seven plasticizers were firstly evaluated
numerously by MD simulation and compatible plasticizers are approximately selected. Afterwards,
the mechanical properties of CAB with selected plasticizers were calculated by MD simulation. The
mixed systems with suitable plasticizers were further characterized experimentally. Simulation results
suggest that GAPA, Bu-NENA, A3 and DEGBAA are compatible with CAB well and other plasticizers
including PETKAA, TMNTA and EGBAA are incompatible with CAB. The shear moduli (G) of optimal
CAB/plasticizer systems are similar, but their bulk moduli (K), Poisson’s ratios (µ), K/G ratios and
Young’s moduli (E) are all in the order of CAB/Bu-NENA >CAB/A3 >CAB/GAPA, suggesting the
mechanical properties of CAB/Bu-NENA are the best.

FT-IR characterization suggests that no chemical reaction occurs during the mixing procedure of
CAB and plasticizers, and these CAB/plasticizer systems are chemically stable. DSC/DTA analysis
further demonstrates that A3, GAPA and Bu-NENA plasticizers are compatible with CAB at level
A, and thus these energetic plasticizers are safe for the explosive designs with CAB as binder. It
is found by tensile strength measurements that tensile strengths (σ) and Young’s moduli (E) of
CAB/plasticizer systems are in the order of CAB/A3>CAB/Bu-NENA> CAB/GAPA, indicating that the
mechanical strength and resistance capacity to deformation of CAB/A3 are best, significantly better
than CAB/Bu-NENA and CAB/GAPA. However, the strain at break (ε) of CAB/Bu-NENA are higher
than CAB/A3 and CAB/GAPA, which means better deformability, but, worst stiffness.

All experimental results are consistent with MD simulation results well, indicating that MD
simulation is a suitable study method for energetic material designs. Based on both simulation and
experimental results, it can be concluded that A3, Bu-NENA and GAPA are the suitable plasticizers of
CAB binder to improve the poor mechanical properties and processing properties of PBXs. Our work
has provided a crucial guidance and reference for the formulation of PBXs using CAB as the binder.
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