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NOMENCLATURE
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CNF I1I: cellulose nanofiber with Il crystalline allomorphs
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XPS: X-ray photoelectron spectroscopy
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ABSTRACT

Regenerated cellulose nanoparticles (RCNs) including both elongated fiber and spherical
structures were prepared from microcrystalline cellulose (MCC) and cotton using 1-butyl-3-
methylimidazolium chloride followed by high-pressure homogenization. The RCN has a two-
step pyrolysis, different from raw MCC and cotton that had a one-step process. The crystalline
structure of RCNs was cellulose Il in contrast to the cellulose | form of the starting materials.
Also, the RCNs have decreased crystallinity and crystallite size. The elongated RCNs produced
from cotton and MCC had average lengths of 123 34 and 112 +42 nm, and mean widths of 12
+5 and 12 =3 nm, respectively. The average diameter of spherical RCNs from MCC was 118 +
32 nm.

Cellulose nanocrystals and cellulose nanofibers with | and Il crystalline allomorphs
(designated as CNC I, CNC II, CNF I, and CNF II) were isolated from bleached wood fibers by
alkaline pretreatment and acid hydrolysis. The effects of concentration, particle size, surface
charge, and crystal structure on the lyophilization-induced self-assembly of cellulose particles in
aqueous suspensions were studied. Within the concentration range of 0.5 to 1.0 wt %, cellulose
particles self-organized into lamellar structured foam composed of aligned membrane layers with
widths between 0.5 and 3 pu m. At 0.05 wt %, CNC I, CNF I, CNC II, and CNF II self-assembled
into oriented ultrafine fibers with mean diameters of 0.57, 1.02, 1.50, and 1.00 p m, respectively.

Cellulose nanoparticle (CNP) reinforced Polyvinyl alcohol-borax (PB) hydrogels were
prepared through a facile approach in an aqueous medium. The obtained stiff, high-water-
capacity (~96%), low-density (~1.1g/cm®), translucence hydrogels exhibited birefringence
textures. These free-standing, high elasticity and mouldable hydrogels also exhibited self-

recovery under continuous step strain and thermo-reversibility under temperature sweep. The

Xi



rheological tests and compression measurements confirmed the incorporation of well-dispersed
CNPs to PB system significantly enhanced the compressive strength, viscoelasticity and stiffness
of the hydrogels. Highly-crystalline CNPs not only tangled with PVA chains though numerous
hydrogen bonds, but formed chemically crosslinked complexes with borax ions as well, thus
acting as multifunctional crosslinking agents and nanofillers to physically and chemically bridge

the 3D network hydrogels.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

Cellulose, a linear polysaccharide composed of p—1-4-linked D-glucopyranose repeating
units, exhibits a number of desirable properties and has become one of the most promising
renewable polymeric materials. Besides the application of unmodified cellulose products,
cellulose can be converted into regenerated cellulosic materials, which have been widely applied
in many fields (Jiang et al. 2012; Mahmoudian et al. 2012). However, due to its partly crystalline
structure, closely packed chains with van der Waals interactions, and numerous inter- and intra-
molecular hydrogen bonds, cellulose cannot be dissolved in water or most conventional organic
solvents. This poses a formidable obstacle to increased utilization of cellulose. Therefore, it is
essential to further explore suitable cellulose dissolution methods to expedite novel applications
of regenerated cellulose (Jiang et al. 2012; Lan et al. 2011; Mahmoudian et al. 2012). Recently, a
new type of solvent, ionic liquids (ILs), has been gaining interest because of their potential to be
eco-friendly. They have characteristics such as low melting point, low flammability, non-
volatility, non-explosiveness, thermal stability and ease of recycling, and thus can possibly
replace conventional volatile organic solvents (Gutowski et al. 2003; Mahmoudian et al. 2012).
Structurally, ILs are composed of ions, but exist as liquids at relatively low temperatures (usually
lower than 100°C). The dissolution and regeneration of cellulose with ILs can promote the
utilization of cellulosic materials by combining two main green chemistry principles: using
environmentally preferable solvents and bio-renewable feed-stocks (Zhu et al. 2006). Dissolution
in ILs has the potential to become a crucial pretreatment for enhancing enzymatic hydrolysis of
cellulose because it can be done under mild condition (Kuo and Lee 2009). The desirable

properties of ILs can be tailored by judicious variation of the chemical structures of the cation



and/or the anion of the ILs (Azubuike et al. 2012). The most common IL for cellulose dissolution
is 1-butyl-3-methylimidazolium chloride ([BMIM]’[CI]"), producing a cellulose solution without
derivation (Lan et al. 2011; Swatloski et al. 2002). As is always found with dissolution and
regeneration of cellulose (Mansikkamaki et al. 2007; Zhao et al. 2007), the crystal structure of
cellulose that is dissolved in [BMIM]'[CI]” takes the usual cellulose Il allomorph upon
regeneration (Quan et al. 2010). Hence, the fundamental research needs to be conducted in order
to characterize in detail the cellulose 1l products regenerated from ILs.

Cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) have recently received a
considerable attention due to their intrinsically appealing properties (Habibi et al. 2010). The
rod-like CNCs and needle-like CNFs are mainly prepared by controlled acid hydrolysis of native
cellulose sources. For wood, mean width and length of CNCs are 5 to 10 nm and 100 to 300 nm,
respectively, and the CNFs are 5 to 50 nm in width and several micrometers in length (Beck-
Candanedo et al. 2005; Bondeson et al. 2006). In order to expand their applications, much work
has concentrated on the drying process of CNC and CNF aqueous suspensions (Peng et al. 2012).
Recently, research has been attempted to use the freeze-drying technique to fabricate biomimetic
cellulose foam with different microstructures and properties (Svagan et al. 2008). The
lyophilization process consists of two important steps, i.e., growing of the ice crystals (freezing)
and sublimation of the ice molecules (drying). Upon freezing cellulose aqueous suspensions,
water is frozen into ice crystals and then most cellulose particles above the critical particle size
are trapped by the moving water-ice front and confined into the interstitial spaces between ice
crystals. The final structure of cellulose foam is formed as ice crystals are sublimated during the
drying step (Deville and Nalla 2006; Svagan et al. 2008). Therefore, in addition to the freezing

conditions, the particle size, surface charge, suspension concentration, and their relationship with



the self-assembly behavior of cellulose particles are theoretically related to the morphology and
properties of the final foam. Lee and Deng (Lee and Deng 2011) reported the effects of high
concentrations (above 1.0 wt%) on the microstructure and mechanical properties of cellulose
microfibril foams. However, little is known about the self-assembling behavior of cellulose
particles during the freeze-drying process at low suspension concentrations (e.g., below 1.0 wt%).

Polyvinyl alcohol (PVA) is one of the most important synthetic water-soluble polymers
produced in the world. Because of the hydroxyl groups present in each repeating molecular unit,
PVA possesses strong hydrophilic and hydrogen bonding characteristics. It can react with many
types of functional groups and form chemically and/or physically crosslinked hydrogels. The
PVA-based hydrogels are biocompatible, biodegradable, non-toxic and non-carcinogenic (Asher
et al. 2008; Kobayashi et al. 2005). Current applications of PVA-based hydrogels include
bioactuators, tissue scaffolding, artificial meniscus and cornea, aortic heart valve and wound
dressing (Lin et al. 2000; VI et al. 2003). Borax (Na,B40; 10H,0), known as a non-toxic food
additive, has been successfully used as a chemical crosslinking agent for PVA. Addition of a
small amount of borax to PVA can lead to a remarkable increase in viscoelasticity of the PVA
aqueous solutions. This is attributed to the formation of complexes between borate ions and
hydroxyl functional groups of PVA, which act as a temporary cross-linker between PVA
molecular chains (Inoue and Osaki 1993). Similar behavior has also been reported for
polysaccharide (e.g., between borax and konjac galactomannan) (Gao et al. 2008; Koike et al.
1995). The hydrogels formed by PVA-borax complexation have received much attention because
of their attractive physicochemical properties and wide applications, such as easel painting
cleaning (Lin et al. 2005). However, However, most single-phase hydrogels are known to be soft

and to have a low strain to failure (Yang et al. 2013a; Yang et al. 2013b). The weak mechanical



performance mainly arises from their low resistance to crack propagation and a lack of an
efficient energy dissipation mechanism in the hydrogel network (Yang et al. 2012). Depending
on the specific application, designing functional hydrogels requires them to at least possess
sufficient mechanical strength, as well as to maintain their intrinsic properties (e.g., low density,
water-retaining property, stimuli responsiveness and transparency). Consequently, the scope of
hydrogel applications is often severely hindered by their poor mechanical behavior (Sun et al.
2012). To overcome this limitation, an intense effort is devoted to synthesizing tougher multi-
phase hydrogels with improved mechanical properties. In order to enhance the mechanical
strength and toughness of hydrogels, composite hydrogels have been prepared by incorporating
nanoparticles, including carbon nanotubes, metallic particles, and clay (Shin et al. 2009). Due to
their higher specific surface area, smaller particles afford a better interaction between fillers and
polymer matrix, resulting in an enhancement effect in mechanical properties. Compared to most
of current nanoparticles, cellulose nanoparticles (CNPs), including cellulose nanocrystals and
cellulose nanofibers, are more favorable candidates, due to their renewability, high ratio of
strength to weight, good processability, high water holding capacity, low density, low cost, non-
toxicity and high crystallinity (Yang et al. 2013b; Zhang et al. 2011). CNCs and CNFs are
isolated from cellulosic microfibrils through acid hydrolysis, where disordered or paracrystalline
regions of cellulose are preferentially hydrolyzed over the crystalline regions. Depending on the
acid hydrolysis conditions, the long cellulosic microfibrils undergo longitudinal cleavage and
become stiff rod-like CNCs or entangled CNFs (Boluk et al. 2012; Yang et al. 2012). In our
previous study, CNCs and CNFs with I and Il crystalline allomorphs were successfully prepared
using alkali pretreatment and/or sulfuric acid hydrolysis in combination with high-pressure

homogenization (Han et al. 2013). A prerequisite for effective reinforcement of PVA hydrogels



using CNCs and CNFs is the uniform dispersion of the CNPs within the PVA aqueous
suspension. CNPs do not flocculate and form homogeneous suspension or stable colloid in water
because of negatively charged sulfate ester groups introduced onto crystallite surfaces during
H,SO4 hydrolysis (Abitbol et al. 2011). Rod-shaped CNPs can further generate birefringence and
ordered liquid phases at sufficiently high concentrations in aqueous mediums due to the liquid
crystalline nature and anisotropic alignment of CNC | and CNF 1 in the aqueous dispersions
(Boluk et al. 2012). Similar to PVA, CNPs are hydrophilic and polar in nature. In this regard,
they are expected to be well-suited to blend with PVA in aqueous system. On the other hand,
high Young’s modulus, tensile strength and elastic modulus of 134, 10, and 100 GPa for
cellulose crystal region have been reported (Gawryla et al. 2009; Yang et al. 2013a; Yang et al.
2013b). The combination of high mechanical performance with low density (~1.5 g/cm®) and
high aspect ratio makes them ideal nanofillers for hydrogels. However, a simple incorporation of
pristine PVA into CNP suspension cannot lead to a hydrogel with good mechanical properties
due to the absence of chemical cross-linker (Zhang et al. 2011). Therefore, Abitbol et al. lately
used cyclic freeze-thaw method to crosslink PVA (15 wt%) and CNPs (1.5-3.0 wt%) at high
loading levels to produce composite hydrogels (Abitbol et al. 2011). However, this method
requires high PVA and cellulose content as well as a series of time-consuming cyclic processes.
Application of the hydrogels in many fields requires a fundamental understanding of their
viscoelastic properties. Among those techniques that have been used to investigate the gelation
kinetics of PB aqueous system, dynamic rheological techniques have attracted strong interest as a
powerful and effective approach to study the supramolecular structure of hydrogels since in situ
experiments are relatively facile to perform during the gelation process (Shi et al. 2012). The

network structure and the cross-linking density are key factors derived from the rheological



characteristics of the hydrogels (Kjeniksen and Nystrdn 1996). The linear viscoelastic behavior
in dynamic experiments of miscible gelling polymer systems can continuously monitor the
development of cross-links (chemical and/or physical) and supramolecular complexes in
hydrogel without disrupting gel structure, and they can further reflect the miscibility of polymer
blends, supramolecular structure and cross-linking density of hydrogels in stages. As a result,
effort has been devoted to the rheology study of PVA-borate complex aqueous systems over the
past several decades (Angelova et al. 2011; Carretti et al. 2009). The effects of polymer
concentration, molecular weight and temperature on the dynamic viscoelasticity of PVA in
aqueous borax solutions were discussed (Koike et al. 1995). The thermo-dynamic, structural, and
dynamic features of cross-linked PVA hydrogels and the corresponding semidilute polymer
solutions were also reported (Kjeniksen and Nystrdm 1996). The crosslinking mechanism of
borate ion with PVA chains was known to be a “di-diol” complexation, which was formed
between one borate ion and two diol units. PB aqueous system rheologically behaved like elastic
solids at high frequencies and like viscous liquids at low frequencies. The short relaxation time
and small amount of energy required to break and reform the cross-links accounted for the
“slime” consistency of these materials (Angelova et al. 2011). Above-mentioned studies indicate
that dynamic rheology techniques can distinguish appropriate gelation conditions for the
fabrication of PB hydrogels with desired properties. Regarding the industrial potential in the
processing of related materials, the knowledge of the dynamic rheological behavior of PB-based
system is very useful in equipment selection and quality control (Gouvea et al. 2009). However,
to the best of our knowledge, we are unaware of any reports on the gelation mechanism and
rheological viscoelasticity of PVA-borax-CNP complexes in an aqueous system. For instance,

the effects of different CNPs on the rheological features of PB aqueous systems have not been



addressed. It is possible that the physically and chemically crosslinked hydrogels can exhibit
some unique viscoelastic properties.
1.2 OBJECTIVES

The objectives of the research described in this work are:

1) To study the process of dissolving and regenerating cotton and MCC cellulose using
[BMIM]'[CI], evaluate the properties of regenerated cellulose Il nanoparticles from MCC and
cotton, and characterize the morphology, crystal structure, functional groups and thermal
properties of the regenerated cellulose nanoparticles prepared with [BMIM]'[CI] .

2) To extract size-controllable cellulose particles with cellulose I and Il structures from
bleached wood pulp using alkali treatment and/or acid hydrolysis in combination with
homogenization process, compare the crystal structure, crystallinity, hydrogen bonding patterns,
surface charge, dispersion state, liquid-crystalline properties, optical transmittance and
morphology of cellulose particles produced using different methods, investigate the effects of
suspension concentrations, particle size, crystal structure, and surface charge on the self-
assembling behavior of cellulose particles during the freeze-drying process, and describe the
liquid-crystalline properties, supramolecular structure development, and self-assembling
mechanism of cellulose particles during lyophilization, providing a fundamental guidance for the
applications of cellulose nanoparticles as templates for layered scaffolds, filters, and storage
materials.

3) To develop a facile synthesis approach for the reinforcement of PVA hydrogels by
incorporating three types of well-dispersed CNPs with the presence of non-toxic borax cross-
linker, produce high-water-capacity, low density and rubbery hydrogels with enhanced

mechanical performance and excellent optical transmittance, and investigate the effects of



particle size, aspect ratio, crystal structure, and crystallinity of different CNPs on the density,
water content, optical transmittance and compression property of the hydrogels.

4) To characterize the dynamic rheological behavior of the CNP-PVA-borax hydrogels,
explore the plausible mechanism for the multi-complexation among CNPs, PVA and borax for a
better understanding of the relationship between 3D network structure and hydrogel properties,
investigate the effects of particle size, aspect ratio, crystal structure, surface charge and minimum
overlap concentration of different CNPs on the dynamic rheological properties and performance
of the hydrogels, and demonstrate the self-healing ability and thermo-reversibility of as-prepared
composite hydrogels.

1.3 ORGANIZATION OF DISSERTATION

Chapter 1 provides an overall introduction of this research and the structure of the
dissertation.

Chapter 2 presents the results of the cellulose Il nanoparticles regenerated from 1-butyl-
3-methylimidazolium chloride.

Chapter 3 describes the effect of suspension concentration, particle size, crystal structure,
and surface charge of cellulose nanoparticles on their self-assembling behavior during freeze-
drying.

Chapter 4 describes the facile synthesis of high-water-content mouldable polyvinyl
alcohol-borax hydrogels reinforced by well-dispersed cellulose nanoparticles and study of the

physical and mechanical properties of the hydrogels.

Chapter 5 describes the dynamic rheological properties and hydrogel formation
mechanism of the high-water-content polyvinyl alcohol-borax hydrogels reinforced by well-

dispersed cellulose nanoparticles.



Chapter 6 provides overall conclusions of the dissertation.
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CHAPTER 2 CHARACTERIZATION OF CELLULOSE Il NANOPARTICLES
REGENERATED FROM 1-BUTYL-3-METHYLIMIDAZOLIUM CHLORIDE?
2.1 INTRODUCTION

Cellulose, a linear polysaccharide composed of p—1-4—linked D-glucopyranose repeating
units, exhibits a number of desirable properties and has become one of the most promising
renewable polymeric materials. Besides the application of unmodified cellulose products,
cellulose can be converted into regenerated cellulosic materials, which have been widely applied
in many fields (Jiang et al. 2012; Mahmoudian et al. 2012). However, due to its partly crystalline
structure, closely packed chains with van der Waals interactions, and numerous inter- and intra-
molecular hydrogen bonds, cellulose cannot be dissolved in water or most conventional organic
solvents. This poses a formidable obstacle to increased utilization of cellulose. Therefore, it is
essential to further explore suitable cellulose dissolution methods to expedite novel applications
of regenerated cellulose (Jiang et al. 2012; Lan et al. 2011; Mahmoudian et al. 2012).

A limited number of solvent systems have been investigated for cellulose dissolution and
regeneration. These include N-methylmorpholine-N-oxide (NMMO) (Zhao et al. 2007), N-
dimethylacetamide/lithium  chloride (DMAC/LICI) (Zhang et al. 2012), dimethyl
sulfoxide/paraformaldehyde =~ (DMSO/PF)  (Jiang et al. 2012), 1,3-dimethyl-2-
imidazolidinone/lithium chloride (DMI/LICI) (Tamai et al. 2004), and NaOH/Urea solution (Kuo
and Lee 2009). Among the solvents mentioned above, only the NMMO/water system is currently
commercialized for manufacturing regenerated cellulose products, leading to the man-made
cellulose with the generic name, Lyocell (Jiang et al. 2012). However, this solvent has some

disadvantages associated with its application, including volatility, toxicity, formation of

! Reprint in part with permission from Carbohydrate Polymers
Han J. Q., Zhou C. J., French A. D., Han G. P., Wu Q. L. 2013. Characterization of cellulose Il nanoparticles
regenerated from 1-butyl-3-methylimidazolium chloride. Carbohydrate Polymers 94:773-81
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byproducts, demand for harsh conditions, difficulty of solvent recovery, process instability,
requirement of activation before dissolution, and investment in safety technology (Lan et al.
2011; Mahmoudian et al. 2012).

Recently, a new type of solvent, ionic liquids (ILs), has been gaining interest because of
their potential to be eco-friendly. They have characteristics such as low melting point, low
flammability, non-volatility, non-explosiveness, thermal stability and ease of recycling, and thus
can possibly replace conventional volatile organic solvents (Gutowski et al. 2003; Mahmoudian
et al. 2012). Structurally, ILs are composed of ions, but exist as liquids at relatively low
temperatures (usually lower than 100 ° C). Rogers et al. (Swatloski et al. 2002) first showed that
ILs could be nonderivatizing solvents for cellulose, and that cellulose could be dissolved in ILs
without any pretreatment. So far, ILs have shown great potential for cellulose processing (Li et al.
2009) because they are efficient solvents for biomass that allow easy regeneration of cellulose
upon anti-solvent addition. Compared to the NMMO/water system, dissolving cellulose in ILs is
safer and easier, and the ILs can be recovered and reused after the cellulose regeneration by
methods such as evaporation, ionic exchange, reverse osmosis, and salting out (Gutowski et al.
2003). By evaporating the anti-solvents, the recovery rate of [BMIM]'[CI]” can exceed 99.5%
(Gutowski et al. 2003; Quan et al. 2010). For these reasons, ILs could replace organic solvents
for a wide range of applications. Zhang and coworkers (Zhang et al. 2007) demonstrated that
regenerated cellulose exhibited good mechanical properties. The dissolution and regeneration of
cellulose with ILs can promote the utilization of cellulosic materials by combining two main
green chemistry principles: using environmentally preferable solvents and bio-renewable feed-

stocks (Zhu et al. 2006). Dissolution in ILs has the potential to become a crucial pretreatment for
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enhancing enzymatic hydrolysis of cellulose because it can be done under mild condition (Kuo
and Lee 2009).

The desirable properties of ILs can be tailored by judicious variation of the chemical
structures of the cation and/or the anion of the ILs (Azubuike et al. 2012). The most common IL
for cellulose dissolution is 1-butyl-3-methylimidazolium chloride ([(BMIM]*[CI]"), producing a
cellulose solution without derivation (Lan et al. 2011; Swatloski et al. 2002). As is always found
with dissolution and regeneration of cellulose (Mansikkamaki et al. 2007; Zhao et al. 2007), the
crystal structure of cellulose that is dissolved in [BMIM]'[CI]” takes the usual cellulose II
allomorph upon regeneration (Quan et al. 2010). ILs provide for versatile modification of the
properties of cellulose Il powders (Azubuike et al. 2012). Besides applications in smart materials,
such as electro-activepaper (EAPap), sensors and actuators, regenerated cellulose Il products
have some preferable properties over cellulose | powders. Uses such as the recently introduced
new filler/binder for solid dosage forms, and have been recommended as a second-generation
multifunctional direct compression excipient, affording the manufacture of rapidly disintegrating
tablets (Azubuike et al. 2012; Kumar et al. 2002). Hence, the fundamental research needs to be
conducted in order to characterize in detail the cellulose Il products regenerated from ILs.

In the present work, the process of dissolving and regenerating cotton and MCC cellulose
using [BMIM]'[CI]” was studied. Regeneration was conducted by an anti-solvent strategy. The
properties of regenerated cellulose Il nanoparticles from MCC and cotton were evaluated and
compared. The objective of this study was to characterize the morphology, crystal structure,
functional groups and thermal properties of the regenerated cellulose nanoparticles pre- pared

with [BMIM]'[CI]".
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2.2 EXPERIMENTAL
2.2.1 Materials

An IL, 1-butyl-3-methylimidazolium chloride ([BMIM]'[CI]") with a melting point of
70C and a molecular weight of 174.67, was purchased from Sigma-Aldrich (St. Louis, MO).
Cotton fabric was first cut into 4 > 20-mm fragments using a fabric cutter and then ground into
smaller particles with a Wiley mill (Arthur H. Thomas Corp., Philadelphia, PA) to pass through
an 80-mesh screen. The obtained particles were washed with ethanol and distilled water to
remove impurities and then dried overnight in a vacuum oven (EQ-DZF-6020, MTI Corp.) at
60<C. Microcrystalline cellulose (MCC) (Avicel FD-100 MCC, FMC Biopolymer, Philadelphia,
PA) was dried overnight in a vacuum oven at 60<C before use. Acetone, ethanol and deionized
water were purchased from Sigma—Aldrich (St. Louis, MO) and used without further processing.
All the reagents and solvents used were of analytical grade.
2.2.2 Preparation of Cellulose Nanoparticles
2.2.2.1 Dissolution Process

Before use, solid state [BMIM]*[CI]", cotton and MCC were vacuum-dried at 70<C for
12 h to remove the remnants of water. The presence of water can significantly impair cellulose
solubility in IL by competing with the IL for hydrogen bonds to the cellulose microfibrils
(Swatloski et al. 2002). After the [BMIM]'[CI]” totally melted into liquid, the dried MCC or
cotton samples (5%, w/w) were slowly added into [BMIM]*[CI]™ liquid with vigorous stirring.
The heterogeneous mixture was immediately transferred into reaction vials. The vials were
sealed and then heated in a silicone-oil bath at 125<C for a period of 5 h. The dissolution process
was carried out on a magnetic hot plate stirrer with safety control (Ret control, VISC., IKAMAG,

CHEMGLASS-1990-35). The reaction temperature was controlled by a PT-100 temperature
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sensor (PFA coated), which was directly inserted into the silicone-oil. The viscosity of the 5%
(w/w) cellulose/[BMIM]'[CI]™ solution appeared to decrease with reaction temperature and time.
Therefore, in order to achieve an optimum stirring effect, the stirring velocity of the magnetic stir
bar (PTFE) in each reaction vial was kept at 150 rpm during the first 2 h, and subsequently was
kept constant at 350 rpm during the following 3 h. After the 5 h incubation period, a light amber-
colored, translucent and viscous solution was formed, indicating the termination of the reaction
between cellulose samples and [BMIM]'[CI] .
2.2.2.2 Regeneration Process

Distilled water was applied as the anti-solvent to stop the reaction and regenerate the
cellulose nanoparticles from [BMIM]'[CI]. After the dissolution process, the
cellulose/[BMIM]’[CI]™ suspension was poured into an excess of distilled water and off-white
precipitates formed immediately. After being stirred for about 20 min, the precipitates
temporarily dispersed in the solution. The diluted suspension was filtered through filter paper
(Grade-5, Whatman) under vacuum. The powdery off-white solids were then filtered and washed
repeatedly with ethanol and water/acetone mixture. Subsequently, the filtered products were re-
dispersed in distilled water and then centrifuged at 40<C for 20 min with a constant speed of
12,000 rpm (Sorvall RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instruments) to further
remove the residual [BMIM][CI]". Thereafter, the precipitates, which were centrifuged three
times, were eventually placed in regenerated cellulose dialysis tubes (Fisher Scientific,
Pittsburgh, PA, USA) with a molecular weight cut off of 12,000-14,000 and dialyzed against
distilled water for 24 h. After a series of filtering, centrifugation, and dialysis operations,
hydrophilic [BMIM][CI]” was eliminated from the final product. The final concentration of the

cellulose aqueous suspension was about 1% (w/w). The suspensions were stored at 10<C. Based
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on the initial weight of the cellulose in [BMIM]’[CI]", the yield of the reconstituted cellulose II
nanoparticles was estimated to be 3040 wt.%. The RCNs prepared from MCC and cotton were
designated as M-RCNs and C-RCNs, respectively.
2.2.2.3 Homogenization Process

To further enhance the dispersion of RCNs in water, mechanical homogenization was
applied to the RCN suspension. The RCNs in aqueous suspension was processed through a high-
pressure homogenizer (Microfluidizer M-110P, Microfluidics Corp., Newton, MA, USA)
equipped with a pair of Z-shaped interaction chambers (one 200 um ceramic, and one 87 pum
diamond) under an operating pressure of 207 MPa (Yue et al. 2012). After ten passes through the
homogenizer, the final RCN suspensions lacked visible aggregation and presented a pale bluish—
purple color, indicating an excellent dispersity of nanoparticles in aqueous suspension. The
homogenized M-RCNs and C-RCNs suspensions were stored at 10<C.
2.2.2.4 Freeze-drying Process

The M-RCN and C-RCN suspensions were quickly frozen by mixing acetone and dry ice
in an ice pot. After being completely frozen, the samples were immediately transferred to a
freeze-dryer (FreeZone plus 2.5 L, Labconco Corp., Kansas, MO, USA) and freeze-dried at a
sublimating temperature of -88<€ under vacuum for three days to sublimate the solvent water
directly from solid phase to gas phase. The final freeze-dried M-RCNs and C-RCNs were stored
in plastic bags before performing further characterizations.
2.2.3 Characterizations
2.2.3.1 Wide-angle X-ray Diffraction (WXRD)

It is well known that the mechanical properties of cellulose products were strongly

dependent on the crystallinity and crystal structure. To determine the crystal structure and
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crystallinity, WXRD patterns of the untreated MCC, raw cotton, M-RCNs and C- RCNs were
measured by Bruker/Siemens D5000X-ray automated powder X-ray diffractometer. Before
testing, cotton and MCC powder samples were dried in a vacuum oven at 60<C for 24 h to
remove moisture. The M-RCN and C-RCN powder samples were obtained by freeze drying their
corresponding suspensions. The WXRD data were generated by a diffractometer with Cu-Ka
radiation (1= 1.542 A) at 40 kV and 30 mA over the range 26 = 5240 a size step of 0.02< and
a time step of 2.0 s, (1.0 h per scan). The data were further analyzed using the MDI Jade 6.5.26
software (Serial#: MDI-R99691, Materials Data Inc., Livermore, CA). For each sample, the
background was fitted with a software-generated cubic-spline function. Subsequently, the whole
pattern was smoothed three times by a parabolic filter to reduce excess noise. The degree of
crystallinity or crystallinity index (CI, %) for each sample was determined (Kumar et al. 2009; Li

etal. 2010) by eq. 2.1 :

Cl (%) _ 100 wax = lam (2.1)

Max
where lyax is the maximum intensity of the principal peak, and lay is the intensity of
diffraction attributed to amorphous cellulose.
The crystallite size of each sample perpendicular to the (2 0 0) planes, w (nhm), was

calculated by the Scherrer equation (eq. 2.2) (Liu et al. 2010):

KA

W= fpcosé (2.2)

where 4 is the diffraction angle, K = 0.94 (correction factor), A = 0.154 nm and £ is the

corrected angular width in radians at half maximum intensity of the [2 0 0] peak.
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2.2.3.2 Fourier Transform Infrared Spectrometry (FTIR)

FTIR spectra of raw cotton, untreated MCC, C-RCNs and M- RCNs were measured with
a Bruker FTIR analyzer (Tensor-27, Bruker Optics Inc., Billerica, MA) in the attenuated total
reflectance (ATR) mode. All spectra were obtained in transmittance mode on a Zn/Se ATR
crystal cell at room temperature. For each measurement, approximately 5 mg of the freeze-dried
powder samples were pressed into the sample chamber of FTIR equipment and then 64 scans
were taken with a resolution of 4 cm™ and a spectral range of 4000-600 cm*. Three replicated
measurements were recorded for each condition.
2.2.3.3 Transmission Electron Microscopy (TEM)

For the analysis, the concentration of the aqueous RCN suspensions was diluted from 1%
to 0.01% (w/w). The diluted RCN suspension was treated with an ultrasonic bath (Model 3510,
Branson, MS) prior to the TEM operation. A droplet (5 ul) of a diluted suspension of RCNs was
negatively stained with a droplet (5 ul) of 2% (wt) uranyl acetate for about 2 min to enhance the
contrast of the TEM images. Then the mixture was immediately deposited on the surface of a
400-mesh carbon-coated copper grid. The excess liquid on the grid was absorbed by using a tiny
piece of filter paper to touch the edge of the grid. The morphology of obtained RCNs was
characterized by using TEM (JEOL 100CX, JEOL, Inc., Peabody, MA) with an accelerating
voltage of 80 kV. The distribution of RCN dimensions was evaluated from TEM images by
using ImageJ 1.45k software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, MD, http://imagej.nih.gov/ij/, 1997-2011). For each sample, one hundred particles
were randomly selected and measured from several TEM images. The statistics and histograms
of RCN dimensions were calculated and designed by Origin 8.5.0 software (SR1 b161,

OriginLab Corp., Northampton, MA).
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2.2.3.4 Thermogravimetric Analysis (TGA)

The degradation and dehydration of M-RCNs and C-RCNs were characterized by a
thermo-gravimetric analyzer TGA (TA Q50 Instruments Inc., New Castle, DE) in a nitrogen
atmosphere. Approximately 5 mg freeze-dried samples in a platinum pan were heated from 50 to
550<C at a heating rate of 10<C/min under a nitrogen flow of 60 mL min~*. Before the data
acquisition segment, the sample was equilibrated at 25<C for 5 min to obtain an isothermal
condition. The weight-loss rate was obtained from derivative thermogravimetric (DTG) data.

2.3 RESULTS AND DISCUSSION
2.3.1 WXRD Analysis

The WXRD results showed that the regeneration of MCC and cotton resulted in
significant changes in crystalline structure and crystallinity. The WXRD patterns of raw cotton
and untreated MCC had a different structure compared to their corresponding regenerated
cellulose nanoparticles produced by [BMIM]'[CI]” (Figure 2.1). Figure 2.1 shows that the

WXRD pattern of native cotton sample had the three characteristic peaks of cellulose I crystal
structure at 26 = 14.9< 16.4< and 22.5<assigned to (1 1 0), (1 1 0), and (2 0 0), respectively.
Upon dissolution and regeneration of cotton cellulose in the [BMIM]'[CI]” solvent system, the
characteristic peaks were found at 260 = 11.7<(1 1 0), 20.1°(1 1 0), and 21.6<(0 2 0), which were

attributed to the cellulose Il crystalline allomorph. Nearly identical, cellulose | peaks were found
for untreated MCC, and the same cellulose Il peaks were found for regenerated MCC. This
transformation from cellulose | to cellulose Il because of dissolution and regeneration in
[BMIM]'[CI]™ agrees with earlier findings (Quan et al. 2010). Therefore, [BMIM]'[CI]™ cannot
only be used to extract cellulose nanoparticles from lignocellulosic biomass (as discussed below),
but also help convert cellulose | to cellulose Il during the process.
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Figure 2.1 X-ray diffraction analysis of raw cotton, C-RCNs, untreated MCC and M-RCNs.

The crystallinity index is related to the strength and stiffness of fibers (Wang et al. 2007a;
Wang et al. 2007b). After the dissolution and regeneration in [BMIM][CI]", the CI of the M-
RCN and C-RCN were 52.1% and 61.8%, compared to the values of 76.7% and 80.0% for the
native material, respectively. The similar decrease in Cl values for reconstituted cellulose Il
powders was previously reported in the literatures (Azubuike et al. 2012; Jin et al. 2012; Kumar
et al. 2002). Note that CI values for cellulose I and Il cannot be directly compared, but in general
comparable crystallinities of 1 and 11 should result in substantially lower CI values for cellulose I.
This is because the 16<2-6 position for measuring the amorphous intensity for cellulose 11 is
considerably further from neighboring peaks than is the 18<2-0 position for cellulose | peaks
(AD French and M Santiago Citr&, manuscript in preparation.) Therefore, in the present case,
with CI values for the RCN being lower than the untreated cotton and MCC samples, the
crystallinities of the RCN much would be much lower. Lower CI implied a more amorphous

structure, resulting in a more disordered structure, which was also observed in TEM images
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below. Besides, the crystallite size of untreated MCC and cotton cellulose calculated
perpendicular to the (2 0 0) planes were 54.6 and 56.9 nm, while the M-RCNs and C-RNCs had
a crystallite size of 51.2 and 48.9 nm, respectively. The reduced crystallite sizes of RNCs were
likely because of the incomplete growing of crystallites after regeneration (Gao et al. 2011). It
was reported that the regenerated celluloses with lower CI are much easier to be enzymatically
hydrolyzed to glucose, providing a better pretreated cellulose source for biodegradation process
(Lee et al. 2009).
2.3.2 FTIR Analysis

The original cotton powders and C-RCNs obtained after treatment with [BMIM]'[CI]”
showed similar FTIR spectra (Figure 2.2). For original cotton powders, the broad bands in the
3650-3000 cm * region were hydrogen-bond OH stretching vibrations and the peak at 2900 cm™
corresponded to -CH stretching vibrations (Lu and Hsieh 2010). After [BMIM][CI] treatment,
the CH stretching vibration was shifted from 2901 cm™ to 2893 cm ™, the CO at C-6 stretching
vibration was moved from 1033 cm™* to 1025 cm %, and COC vibration at p-glycosidic linkage
was switched from 897 cm™ to 894 cm™ (Table 2.1). The transformation could be explained by
changes in the torsion angles of the glycosidic linkge (Ray and Sarkar 2001). These changes in
the FTIR spectra of cotton cellulose upon reacting with [BMIM]'[CI]” indicated that
[BMIM]'[CI]™ transformed the cellulose crystal structure from 1 to II. The untreated MCC and
M-RCNs obtained after treatment with [BMIM]'[CI]” showed similar FTIR spectra (Figure 2.2).
Both MCC and M-RCNs spectra showed strong hydrogen bonded OH stretching vibrations in
the range of 3600-3000 cm . The -CH,-(Cg)- bending vibration and CH stretching vibration had
peaks around 1430 and 2900 cm*, respectively. The peak at 1644 cm* was the O-H bending of

adsorbed water. Some typical band characteristics of FTIR spectra related to the transition from

23



cellulose I to cellulose Il were also observed in Table 2.1. In addition, the absence of
[BMIM]'[CI]” peaks in the spectra of M-RCNs and C-RCNs indicated that the IL was
completely removed during the purification sequence of filtering, centrifugation, and dialysis.
Therefore, the FTIR data together with the XRD results confirmed that the crystal structure was

transformed from cellulose I to cellulose Il during the IL treatments.
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Figure 2.2 FTIR spectra of raw cotton, C-RCNs, untreated MCC and M-RCNs.

Table 2.1 Band characteristics of FTIR spectra related to transition from cellulose I to |1

Peak assignment

Raw Material -CH stretching -CO at C-6 stretching  COC at B-glycosidic linkage
(cm™) (cm™) (cm™)
BT? AT BT AT BT AT
Cotton 2901 2893 1033 1025 897 894
MCC 2900 2892 1033 1025 896 893

8 BT and AT: before and after the [BMIM]’[CI]” treatment.
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2.3.3 Morphology and Dimension Distribution of Regenerated Cellulose 11 Nanoparticles

Figure 2.3 shows the typical TEM micrographs of M-RCNs and C-RCNs. Figure. 2.3a
and b shows that M-RCNs and C-RCNs present similar shape and moderate dispersibility. They
were wavy, disordered and partly fused, which might be caused by the reduced crystallinity of
cellulose (confirmed by WXRD patterns). Similar morphology was also observed in the
regenerated cellulose Il fibers by the TEMPO-mediated oxidation or alkaline treatments (Hirota
et al. 2012). In addition, some curve-structured nanoparticles appeared to form thicker bundles of
aggregates for M-RCNs and C-RCNs that are slightly different from the needle-like cellulose
nanocrystals/whiskers produced by conventional acid hydrolysis process (Liu et al. 2010).
Similar observations were reported previously, and the cellulose in aqueous suspension is known
to have a general tendency to aggregate in parallel with each other (Marchessault et al. 1959).
Several possible explanations for cellulose aggregation were presented previously in related
studies. The negative staining was considered to induce an artificial aggregation of cellulose on
the surfaces of carbon-coated copper grids, because water and uranyl acetate were evaporated
and blotted up in the drying step (Elazzouzi-Hafraoui et al. 2008). Another reason for
agglomeration is a surface ionic charge of the cellulose (Liu et al. 2010).

To evaluate the dimension of M-RCNs and C-RCNs based on TEM observations, the
nanoparticles in aqueous suspension needs to be further dispersed by high-pressure
homogenization process. Compared with M-RCNs (Figure 2.3a) and C-RCNs (Figure 2.3b)
without high-pressure homogenization, some homogenized M-RCNSs (Figure 2.3d) and C-RCNs
(Figure 2.3c) presented a relatively uniform shape, and partial RCN aggregates were separated to
a certain degree. Occasional aggregation still existed after high-pressure homogenization. This

phenomenon suggested that high-pressure homogenization treatment could partly disperse the
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aggregated cellulose by intense mechanical shearing forces and enhance the dispersibility of

cellulose in aqueous suspension (Liu et al. 2010).

Figure 2.3 TEM images of M-RCNs (a), C-RCNs (b), homogenized M-RCNs (c), homogenized
C-RCNs (d) and spherical RCNs (e, f).
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Table 2.2 The dimension statistics of M-RCNs, C-RCNs and spherical RCNs (S-RCNs)

Parameters C-RCNs M-RCNs S- RCNs
Length Width  Length Width Diameter
(nm) (hm)  (nm) (nm) (nm)
Sample size 100 100 100 100 100
Mean 123 12 112 12 118
Maximum 197 23 204 23 226
Mode (M) 125 13 113 13 107
Minimum 60 4 39 6 47
Standard deviation (S) 34 5 42 3 32
95% C.I. of Mean? [116,130] [12,13] [103,120] [11,13] [112,125]
Aspect ratio ° 9.96 9.21 NA

& 959% Confidence interval;

®: Aspect ratio is calculated by Mean of Length divided by Mean of Width.

The dimension of homogenized M-RCNs and C-RCNs is presented in Table 2.2 and the
size distribution of each sample was plotted as histogram (Figure 2.4). Because cellulose tended
to agglomerate in parallel and overlap longitudinally, the accurate determination of RCN
dimensions was challenging. It was believed that cellulose Il had some disordered regions or
defects at 100-200 nm intervals periodically present along the length direction, which was
defined as the dimension of cellulose 11 nanoparticles (Hirota et al. 2012). Therefore, the length
and width of RCNs can be measured directly from TEM images by using ImageJ 1.45k software.
The width was defined as the largest dimension measured along the each nanoparticle,
perpendicular to its long axis (Elazzouzi-Hafraoui et al. 2008). The statistical results of RCN
dimensions are summarized in Table 2.2. For fiber-type C-RCNs, the average width and length
were approximately 12 +5 and 123 +=34 nm, respectively. The corresponding aspect ratio was

9.96 calculated by mean length/mean width. For fiber-type M-RCNSs, the mean width and length
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were approximately 12 +3 and 112 42 nm, respectively. The dimension of RCNs was similar
to that of the regenerated cellulose 11 nanoparticles prepared by TEMPO-mediated oxidation of
mercerized cellulose (Hirota et al. 2012). The corresponding aspect ratio was 9.21, which is
slightly less than the aspect ratio of C-RCNs. It was reported that these celluloses Il
nanoparticles regenerated from ILs had relatively better flow properties and higher bulk and tap
densities, which was advantageous in tableting, especially in the manufacture of tablets with
high-dose drugs (Azubuike et al. 2012).

The corresponding size distribution of M-RCNs and C-RCNs was further plotted on the
histograms in Figure 2.4. All the lengths and widths showed an asymmetrical log-normal
distribution (referred to as a Galton’s distribution). Previous studies applied a log-normal
function Y to fit this type of size distribution of objects obtained by fragmentation (eq. 2.3)
(Elazzouzi-Hafraoui et al. 2008):

—(nM)2-InX

Y=Ke * (2.3)

where S is the standard deviation, K is the fitting coefficient, and M is the mode. To
obtain the specific equations for each sample, the corresponding S and M values were
statistically calculated using Origin 8.5 software and are summarized in Table 2.2.

In addition to the fiber-type nanoparticles, spherical regenerated cellulose 11 nanoparticles
(Spherical RCNs) produced from MCC were also observed in TEM images (Figure 2.3e and f).
Figure 2.3f with a 100 nm scale bar is an enlarged image of the central part of Figure 2.3e with a
1 um scale bar. The average diameter was 118 32 nm (Table 2.2). The approximate spherical
RCNs formed irregular aggregates from their initial globular particles. Similar spherical cellulose
Il particles were previously observed in the 12% (w/w) NaOH treated bacterial cellulose

(Shibazaki et al. 1997).
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Figure 2.4 The dimension distribution of homogenized M-RCNs, C-RCNs and spherical RCNs.
(@) and (b) width distribution of C-RCNs and M-RCNSs; (c) and (d) length distribution of C-

RCNs and M-RCNs; (e) diameter distribution of spherical RCNs.

In addition, similar spherical cellulose | that resulted from a mild acid hydrolysis

concentration, or from a combination of both hydrochloric and sulfuric acids and ultrasonic

treatment have also been reported. The spherical cellulose demonstrated better thermal stability

2008; Wang et al.

29
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2007b). Since [BMIM]'[CI]” can dissolve cellulose more effectively than acid solutions at
certain conditions, the formation mechanism of spherical RCNs in ILs could be inferred from the
perspective of reaction kinetics. For acid hydrolysis of cellulose molecules, the hydrolysis
reaction started from the surface and then gradually permeated into the inner amorphous region
(Wang et al. 2008). In contrast, [BMIM]'[CI] ", with a better capability of dis- solving cellulose,
the IL molecules could instantly penetrate the inner amorphous region of cellulose, leading to a
simultaneous reaction both at the surface and in the inner amorphous regions of MCC. This
process might cause some MCC particles to first transfer to the irregular spherical shape, instead
of fiber-like cellulose nanoparticles.

2.3.4 TGA results
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Figure 2.5 Thermo gravimetric (TG) curves (a) and derivatives of thermo gravimetric (DTG)
curves (b) for untreated MCC, M-RCNs, raw cotton, and C-RCNs.

Thermogravimetric (TG) curves and derivative thermogravimetric (DTG) curves of raw
cotton, untreated MCC and the corresponding freeze-dried M-RCNs and C-RCNs are shown in
Figure 2.5. Table 2.3 lists extrapolated onset temperature (T,, <C), the maximum thermal
degradation temperature (Tmax, C), the maximum weight loss rate (Rmax, %/<C) and char yields

(CY, %) for various samples. All samples had a small weight loss in the low temperature (less
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than 125<C) range, corresponding to the evaporation of absorbed water in raw materials and final
RCN materials.

The original MCC showed a typical decomposition behavior with an onset degradation
temperature (T,) of 300.3<C, and the maximum thermal degradation temperature (Tnax) OCcurred
at 344.3 with the maximum weight loss rate (Rmax) 0Of 2.4%/<C (Table 2.3). The degradation of
the original MCC occurred within a relatively narrow temperature range and had only one
pyrolysis process in the DTG curve. The main mass loss step of the original MCC ranged from
300.3 to 376.1<C. The corresponding char yield (CY) at 550 T is 1.9%.

Table 2.3 Onset degradation temperature (T,), maximum thermal degradation temperature (Tmax),

maximum weight loss rate (Rmax), and char yield (CY) at 550<C in the thermal degradation
process of each sample obtained from TG and DTG curves

Stage | Stage Il
Sample TO Tmax Rmax Tmax Rmax CY
() (V) (%/<T) () (/<) (Wt%)
MCC 300.3 344.3 2.4 1.9
MRC Il 205.8 254.7 0.4 328.4 0.9 6.7
Cotton 310.6 340.3 2.7 7.9
CRC I 200.8 258.7 0.4 325.8 0.9 10.3

On the other hand, the M-RCNs showed a different decomposition behavior than the
original MCC (Figure 2.5a). The more gradual thermal transitions began at a relatively lower T,
of 205.8<C. Similar gradual thermal transitions of cellulose were reported previously (Lu and
Hsieh 2010). The degradation of M-RCNs occurred within a wider temperature range and had
two well-separated pyrolysis processes in the DTG curve. The first process of weight loss ranged
from 205.8<C to 268.2<T with the T at 254.7<C. The second, which dominated the overall
pyrolysis, ranged from 268.2<C to 361.4<C with the Tnax at 328.4<C, having relatively higher
char residue, nearly 6.7%, at 550<C (Figure 2.5b). A similar two-step pyrolysis of acid-treated

cellulose nanocrystals was reported previously (Wang et al. 2007a; Wang et al. 2007b).
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For the original cotton (Figure 2.5a), a typical decomposition trend with an onset
degradation temperature of 310.6<C was observed, and this coincided with a large mass loss,
resulting in 7.9% char yield (CY) at 550<C. The maximum thermal degradation temperature
(Tmax) occurred at 340.3<C with the maximum weight loss rate (Rmax) of 2.7%/<C (Table 2.3).
The degradation of the original cotton occurred within a relatively narrow temperature range and
had only one pyrolysis process in the DTG curve. The main mass loss step of the original cotton
ranged from 310.6 C to 368.7 C.

Similarly, the C-RCNs also exhibited significantly different thermal behavior than the
original cotton, showing more gradual thermal transitions that began at a relative lower T, of
200.8<C. The degradation of C-RCNs occurred within a wider temperature range and had two
well-separated pyrolysis processes in the DTG curve. The C-RCNs lost approximately 25% of
the original mass in the 200.8-273.4<C region followed by another 55% mass loss between
273.4<C and 366.7<C, having a relatively higher char residue, nearly 10.3% CY, at 550<C. The
maximum thermal degradation temperatures (Tmax) Of Stage 1 and stage 2 were 258.7<C and
325.8<C, respectively, and the corresponding CY were 0.4 and 0.9%/<C, respectively (Figure
2.5b).

Therefore, the untreated MCC and native cotton samples showed similar one-step
pyrolysis processes, while the M-RCNs and C-RCNs had similar two-step pyrolysis processes.
Thermal behavioral differences between the RCNs and the original cellulose sources may be due
to different decomposition—gasification processes. T, and Tnax Values of M-RCNs and C-RCNs
were lower than the representative values for original MCC and cotton. Similar phenomenon was
reported previously (Chen et al. 2012). This demonstrated that the thermal stability of cellulose

decreased after regeneration from [BMIM]'[CI]", which was consistent with the observed
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decrease of Cl of cellulose dissolved in [BMIM]*[CI] . Although the regenerated cellulose had a
lower onset temperature for decomposition, the char yield (CY) at 550<C of M-RCNs and C-
RCNs was greater than that of MCC or cotton (Table 2.3). The decrease in thermal stability
could be due to several reasons. First, the adhesion of the anion group from the ionic liquid onto
the surface of cellulose nanoparticles could have an effect on thermal behavior of cellulose (Kim
et al. 2001). Second, the high surface area of cellulose nanoparticles might diminish their
thermostability due to the increased exposure surface area to heat (Lu and Hsieh 2010).
2.3.5 Mechanism of the Dissolution and Regeneration

Based on the results obtained above, the possible mechanism of dissolution of cellulose
in [BMIM]'[CI]” could be inferred as follows. Native cellulose is a semi-crystalline polymer
consisting of highly crystalline and amorphous regions. The inter- and intra-molecular hydrogen
bonds of cellulose chains need to be disrupted in order to dissolve cellulose (Jin et al. 2012). The
previous studies on the mechanism of the cellulose dissolution in ILs showed that the
interactions between the hydroxyls of cellulose and the anions of the ILs played an important
role in this process. When cellulose was dissolved in [BMIM]'[CI]", the ion pairs in
[BMIM]'[CI]™ dissociated to individual [BMIM]" cation and [CI]” anion (Jin et al. 2012). The
hydrogen and oxygen atoms of the cellulose molecules formed electron donor-electron acceptor
complexes with the charged species of the [BMIM]'[CI]™ (Pinkert et al. 2009). On the one hand,
the dissociated [BMIM]'[CI]” enters the space between the cellulose chains. Then free [CI]”
anions associated with the hydroxyl proton of H-O --H bonds. Meanwhile, free [BMIM]" cations
attack the oxygen atoms of H-O --H bonds. This interaction resulted in the separation of the
hydroxyl groups of the different cellulose chains leading to the swelling behavior of cellulose

fibrils. On the other hand, within a single cellulose chain, [CI] anions attack the carbon atoms of
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the B-1,4-glycosidic bonds and [BMIM]" with its electron rich aromatic & system interacted with
the oxygen atom of the B-1,4-glycosidic bonds via non- bonding or m electrons. These
interactions resulted in the breakage of the extensive hydrogen bonding network between two
cellulose chains and the breakage of the B-1,4-glycosidic bonds within cellulose chains, which
further led to the dissolution and degradation of cellulose into a molecular level (Kosan et al.
2008). It was also reported that [CI] anions were mainly responsible for the effective dissolution
of cellulose due to the higher strength and larger interaction energy of [CI] anions with the
oligomer.

However, the subtle structural and size changes of cellulose occurred not only in the
solubilization state but also in the reconstitution stage. Rapid mixing of the
cellulose/[BMIM]'[CI]™ solution with distilled water (polar solvent) resulted in precipitation of
cellulose as powdery flocs. This phenomenon indicated that the cellulose dissolved in
[BMIM]'[CI]™ could reconstitute with the presence of anti-solvent. In the regeneration process,
hydrogen-bonding properties still played a key role in the reconstruction of cellulose in
cellulose/water/[BMIM]'[CI]” system (Swatloski et al. 2002). Because the O-H --O type H-bond
is far stronger than the C-H --O type H-bond, [BMIM]*[CI]" prefers to form H-bonds with water
molecules (Ding et al. 2012). This is the reason why [BMIM]'[CI]” has a strong water
absorbability. As a result, the H-bonds between cellulose and [BMIM]'[CI]” were weakened
with addition of water into cellulose/[BMIM]*[CI]” system. During the regeneration process, the
H-bonds between cellulose chains reconnected with each other, resulting in the reconstitution
and precipitation of cellulose. However, the TGA data showed that the onset decomposition
temperature for regenerated cellulose was about 100<C lower than that for original cellulose.

This decreased thermal stability indicated the decrease in molecular weight of regenerated
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cellulose (Chen et al. 2012). In addition, WXRD results suggested that the crystallinity index of
cellulose decreased for both MCC and cotton during dissolution and regeneration. The lower
crystallinity of regenerated cellulose indicated that this interaction was not sufficient to
completely reestablish the strong H-bond network of original microcrystalline cellulose.
Therefore, the cellulose dissolved in [BMIM]’[CI]™ could only regain a lower crystallinity and
reconstitute into nano-sized particles with cellulose 11 crystalline allomorph upon the addition of
water during regeneration. The nanoparticles could be further dispersed steadily in water through
high-pressure homogenization treatment. Based on the initial weight of the cellulose in
[BMIM]'[CI] , the yield of the reconstituted cellulose 11 nanoparticles was estimated to be 30-40
wt%, supporting the aforementioned hypothesis on the formation of regenerated cellulose
nanoparticles. The theoretical interpretations provided assistance to develop appropriate I1L-based
solvents for dissolution and processing of cellulose (Xu et al. 2012).
2.4 CONCLUSIONS

In this work, regenerated cellulose Il nanoparticles were successfully produced from
MCC and cotton by using a combined IL and high-pressure homogenization treatment. The
crystal structures of cellulose were transformed from cellulose | to Il with decreased
crystallinities during the ILs treatment. The fiber-type C-RCNs had an average length of 123 +
34 nm, an average width of 12 =5 nm, while the fiber-type M-RCNs had an average length of
112 =42 nm, an average width of 12 =3 nm. The original samples showed similar one-step
pyrolysis processes, while the M-RCNs and C-RCNs had similar two-step pyrolysis processes.
The dimension distribution of cellulose 11 nanoparticles regenerated from [BMIM]'[CI]”

followed the asymmetrical log-normal distribution. The properties of RCNs characterized in this
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study provided some fundamental information for the potential application of RCNs in
biomedicine field such as tablet excipients.
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CHAPTER 3 SELF-ASSEMBLING BEHAVIOR OF CELLULOSE NANOPARTICLES
DURING FREEZE DRYING: EFFECT OF SUSPENSION CONCENTRATION,
PARTICLE SIZE, CRYSTAL STRUCTURE, AND SURFACE CHARGE?

3.1 INTRODUCTION

Foam biomaterials with well-defined structures are desirable for a wide range of
applications, including drug delivery, tissue engineering, green packaging and automotive
components (Lee and Deng 2011). They have high strength-to-weight ratios and porosities to
carry and/or store other materials to form composites. By controlling their microstructures, the
properties of the materials can be readily tuned. Among the available techniques, freeze-drying
has been shown as a novel, low-cost, simple and versatile route for the preparation of foam
biomaterials with controlled structures (Dash et al. 2012). During the freezing process of an
aqueous suspension, suspended particles are organized in the intervening space between growing
ice crystal fronts, leading to an ordered structure after sublimation of ice crystal templates.

Cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) have recently received a
considerable amount of attention due to their intrinsically appealing properties (Habibi et al.
2010). The rod-like CNCs and needle-like CNFs are mainly prepared by controlled acid
hydrolysis of native cellulose sources. For wood, mean width and length of CNCs are 5 to 10 nm
and 100 to 300 nm, respectively, and the CNFs are 5 to 50 nm in width and several micrometers
in length (Beck-Candanedo et al. 2005; Bondeson et al. 2006). In order to expand their
applications, much work has concentrated on the drying process of CNC and CNF aqueous

suspensions (Peng et al. 2012).

2 Reprint in part with permission from Biomacromolecules

HanJ. Q., Zhou C. J., Wu Y. Q., Liu F. Y., Wu Q. L. 2013. Self-Assembling Behavior of Cellulose Nanoparticles
during Freeze-Drying: Effect of Suspension Concentration, Particle Size, Crystal Structure, and Surface Charge.
Biomacromolecules 14:1529-40.
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Recently, research has been attempted to use the freeze-drying technique to fabricate
biomimetic cellulose foam with different microstructures and properties (Svagan et al. 2008).
Lee and Deng (Lee and Deng 2011) prepared cellulose microfibril foams with a lamellar channel
or a cross-linked network structure using a directional freezing technique. They investigated the
effect of freezing temperature and suspension concentrations on the microstructure and
mechanical properties of cellulose microfibril foams. Subsequently, Dash et al. (Dash et al. 2012)
fabricated cellulose nanowhisker foams with a uniform layer structure, and they discussed the
relationship between the freezing conditions and the microstructures obtained. However, some
fundamental research still needs to be conducted in order to understand the self-organization of
cellulose particles during the freeze-drying process. The lyophilization process consists of two
important steps, i.e., growing of the ice crystals (freezing) and sublimation of the ice molecules
(drying). Upon freezing cellulose aqueous suspensions, water is frozen into ice crystals and then
most cellulose particles above the critical particle size are trapped by the moving water-ice front
and confined into the interstitial spaces between ice crystals. The final structure of cellulose
foam is formed as ice crystals are sublimated during the drying step (Deville and Nalla 2006;
Svagan et al. 2008). Therefore, in addition to the freezing conditions, the particle size, surface
charge, suspension concentration, and their relationship with the self-assembly behavior of
cellulose particles are theoretically related to the morphology and properties of the final foam.
Lee and Deng (Lee and Deng 2011) reported the effects of high concentrations (above 1.0 wt%)
on the microstructure and mechanical properties of cellulose microfibril foams. However, little is
known about the self-assembling behavior of cellulose particles during the freeze-drying process

at low suspension concentrations (e.g., below 1.0 wt%).
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In the present study, size-controllable cellulose particles with cellulose | and |1 structures
were extracted from bleached wood pulp (BWP) using alkali treatment and/or acid hydrolysis in
combination with homogenization process. The crystal structure, crystallinity, hydrogen bonding
patterns, surface charge, and morphology of cellulose particles produced using different methods
were compared. The dispersion state, liquid-crystalline properties and optical transmittance of
cellulose aqueous suspensions were also studied. The objectives of the work were to investigate
the effects of suspension concentrations (0.05 to 1.0 wt%), particle size, crystal structure, and
surface charge on the self-assembling behavior of cellulose particles during the freeze-drying
process. This research described the liquid-crystalline properties, supramolecular structure
development, and self-assembling mechanism of cellulose particles during lyophilization,
providing a fundamental guidance for the applications of cellulose nanoparticles as templates for
layered scaffolds, filters, and storage materials (Dash et al. 2012; Deville and Nalla 2006).

3.2 EXPERIMENTAL
3.2.1 Materials

Bleached wood pulp, W-50 grade of KC Flock, provided by Nippon Paper Chemicals Co.,
LTD (Tokyo, Japan) was dried overnight in a vacuum oven at 60€ before use. Sulfuric acid
(95-98 wt%, VMR, West Chester, PA, USA) was of analytical grade and was diluted to a
concentration of 64 wt% and 48 wt% before use. Sodium hydroxide (NaOH over 97.0% purity,
ACS, MS, USA) was dissolved in distilled water to prepare a 20wt% aqueous solution. All
reagents and solvents used were of analytical grade.

3.2.2 Preparation of CNCs and CNFs with cellulose I and 11 structures
Approximately 30 g of BWP were pretreated by an excess of 20 wt% aqueous NaOH

solution for 4 h at room temperature. The obtained slurry was filtered and thoroughly washed

42



with distilled water until a neutral pH was reached. The pretreated wood fibers (designated as
mercerized wood pulp) were then dried at 40 <€ in a vacuum oven for 48 hours prior to further
processing. For the CNCs with cellulose | structure (designated as CNC 1), dry BWP was
hydrolyzed using 64 wt% sulfuric acid at a fiber-to-acid ratio of 1 to 20. The mixture was stirred
vigorously at 45 <€ for 1 h and the acid hydrolysis was immediately quenched by diluting 15-
folds with cold water. The diluted solution was filtered through a piece of filter paper (Grade-5,
Whatman) under vacuum. The obtained wet cream-like off-white slurry material was then re-
dispersed in distilled water and the mixture was stirred for 20 minutes. To further remove the
residual acid, they were centrifuged at 26<€ for 20 min with a constant speed of 12,000 rpm
(Sorvall RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instrument, NH, USA). The CNCs
were separated from the suspension by centrifuging after each washing. After three
centrifugation cycles, the ivory-colored CNC precipitate obtained was placed in regenerated
cellulose dialysis tubes with a molecular weight cut-off of 12,000 to 14,000 (Fisher Scientific,
Pittsburgh, PA, USA) and dialyzed against distilled water for several days until neutral pH was
reached. The resultant concentration of CNC suspension was about 0.85 wt%. For the
preparation of CNFs with cellulose I structure (designated as CNF 1), 48 wt% sulfuric acid was
used and the other conditions were identical with those for CNC I. For the preparation of CNCs
and CNFs with cellulose Il structure (designated as CNC Il and CNF II), 64 wt% and 48 wt%
sulfuric acid were used to hydrolyze the mercerized wood pulp, respectively. All other
processing conditions were the same as those used for cellulose | material.
3.2.3 High-pressure Homogenization (HPH) process

To further enhance the dispersity of obtained cellulose nanoparticles in water, mechanical

homogenization was applied to the obtained aqueous suspensions. They were processed through

43



a high-pressure homogenizer (Microfluidizer M-110P, Microfluidics Corp., Newton, MA, USA)
equipped with a pair of Z-shaped interaction chambers (one 200 pm ceramic, and one 87 pm
diamond) under an operating pressure of 207 MPa. The CNC and CNF suspensions passed
through the interaction chamber at a rate of 135 mL/min for five passes. The final fifth pass CNC
and CNF suspensions without visible aggregation presented a pale bluish-purple color, indicating
an excellent dispersity of CNCs and CNFs in aqueous suspensions. The concentration of
homogenized CNC and CNF suspensions was 0.7 wt%. The concentration of each homogenized
suspension was adjusted to the target levels by adding or evaporating water from the original
suspensions. For the preparation of suspensions with higher concentrations, suspensions at lower
concentrations were evaporated under vacuum at 65<€ with a rotational speed of 30 rpm in a
rotary evaporator (RE300, Yamato Scientific America Inc., Santa Clara, CA, USA). The
processing time was about 20-40 min, depending on the initial and desired concentrations. The
concentration of each suspension was determined gravimetrically through weighing 3g of each
suspension before and after the evaporation of water in air (heating for 25 min in an oven at
100<C). The final CNC and CNF suspensions were sealed in glass containers and stored at 5C
in a refrigerator. The total yield of homogenized CNCs and CNFs (both I and II) was
approximately 35% (based on the initial BWP weight), which was close to the values reported in
the literature (Bondeson et al. 2006; Lu and Hsieh 2012).
3.2.4 Lyophilization

The obtained CNC (I, 1) aqueous suspensions and SCNF (I, 1I) colloidal suspensions
were freeze-dried at four dilute concentration levels (i.e., 0.05, 0.1, 0.5, and 1.0 wt%) to
investigate the detailed morphology development and self-assembling mechanism of CNCs and

CNFs during lyophilization. The corresponding volume concentrations were, respectively, 0.03,
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0.07, 0.34, and 0.67 vol% based on a cellulose density of 1.5 g/cm® (Boluk et al. 2012).
Approximately 200 mL of each suspension at a certain concentration level was poured into a 300
mL fast-freeze-drying flask (FreeZone, Labconco Corp., Kansas, MO, USA) and then was
quickly frozen in a ultra-low-temperature freezer at -75<€ for about 2 hours. After being
completely frozen, the samples were immediately transferred to a freeze-dryer (FreeZone plus
2.5 L, Labconco Corp., Kansas, MO, USA) and freeze-dried at a sublimating temperature of -
88<€ under vacuum for three days to sublimate the solvent water directly from solid phase to gas
phase. The final freeze-dried samples were sealed in plastic bags before performing further
characterizations.

3.2.5 Fourier Transform Infrared Spectrometry (FTIR)

FTIR spectra of raw BWP, CNC I, CNF I, CNC Il and CNF Il were measured using a
Bruker FTIR analyzer (Tensor-27, Bruker Optics Inc., Billerica, MA). All spectra were obtained
in a transmittance mode on a Zn/Se ATR crystal cell at room temperature. For each measurement,
approximately 5 mg of the freeze-dried powder samples were pressed into the sample chamber of
the FTIR equipment, and 64 scans were taken with a resolution of 4 cm™ and a spectral range of
4000-600 cm™. Three replicated measurements were recorded for each condition.

3.2.6 Wide-angle X-ray Diffraction (WXRD)

WXRD patterns of the untreated BWP, CNC I, CNF I, CNC 1l, and CNF II were
measured using a Bruker/Siemens D5000X-ray automated powder X-ray diffractometer. Before
testing, each freeze-dried sample was dried again in a vacuum oven at 60<€ for 24 h to remove
moisture. The WXRD data were generated by a diffractometer with Cu-Ka radiation (A = 1.542A)
at 40 kV and 30 mA over the angular range 260 = 5<%o0 409 a step size of 0.02 degree, and a step

time of 2.0 s, (1.0 h per scan). The data were further analyzed using the MDI Jade 6.5.26
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software (Serial No.: MDI-R99691, Materials Data Inc., Livermore, California). For each sample,
the background was fitted with a software-generated cubic-spline function. Subsequently, the
whole pattern was smoothed by a parabolic filter to reduce excess noise.

The degree of crystallinity or crystallinity index (Cl, %) for each sample was determined

using eq. (3.1) (Segal et al. 1959)

CI (%) 100 max = am (3.1)

Max

where, Ivax IS the maximum intensity of the principal peak, and lan, is the intensity of
diffraction attributed to amorphous cellulose. The CI values were calculated based on the
original data without fitting background.
3.2.7 Transmission Electron Microscopy (TEM)

For the TEM analysis, concentrations of the aqueous suspensions were diluted to 0.05 to
0.1 wt%. The diluted suspensions were treated with an ultrasonic bath (Model 3510, Branson,
MS) prior to the TEM operation. A droplet (5 xL) of diluted suspension was negatively stained
with a droplet (5 uL) of 2 wt% uranyl acetate for about 2 min to enhance the contrast of TEM
images. Then the mixture was immediately deposited on the surface of a 400-mesh carbon-
coated copper grid. The excess liquid on the grid was absorbed by using a tiny piece of filter
paper to touch the edge of the grid. The morphology of obtained CNCs and CNFs (I and I1) was
characterized by using Transmission Electron Microscope (JEOL 100CX, JEOL, Inc., Peabody,
MA) with an accelerating voltage of 80 kV. The particle dimension was calculated with TEM
images using ImageJ 1.45k software (Rasband, W.S., ImagelJ, U. S. National Institutes of Health,
Bethesda, MD, http://imagej.nih.gov/ij/, 1997-2011). For each sample, one hundred particles

were randomly selected and measured from several TEM images. The width was defined as the
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largest dimension measured along each particle, perpendicular to its long axis (Elazzouzi-
Hafraoui et al. 2008). Statistical parameters of particle size were calculated using the Origin
8.5.0 software (SR1 b161, OriginLab Corp., Northampton, MA).
3.2.8 Polarized Optical Microscopy (POM) Observations

The 1.0 wt% sample suspensions were transferred into a paired slide glass cell with a 0.5-
mm thick spacer and observed using an Olympus BH-2 polarization optical microscope
(Olympus Optical Co., LTD, Tokyo, Japan) equipped with a 530-nm retardation plate at room
temperature. Each sample was allowed to stand overnight at 30€ to achieve the slow
evaporation of water on the sample edge. The texture of the liquid crystal phase was examined
between a pair of crossed polarizers and the pictures were taken with a digital camera.
3.2.9 Optical Transmittance

The CNC and CNF (I and II) aqueous suspensions with concentration 0.05 to 1.0 wt%
were introduced into a UV quartz cuvette with PTFE cover (dimension of 45x12.5x12.5-mm,
and layer thickness of 10 mm). The optical transmittance of each aqueous suspension was
measured at wavelength from 300 to 800 nm using a UV-Vis spectrophotometer (Evolution 600
PC, Thermo Electron Corp., USA). The data was collected at a scan speed of 240 nm/min and a
band width of 2 nm. The transmission spectra were measured using distilled water as a reference
to correct the transmittance of the dispersions. All tests were carried out at room temperature.
The mean transmittance of each sample was calculated by averaging the transmittances over the
wavelength ranging from 300 to 800 nm.
3.2.10 Field Emission Scanning Electron Microscopy (FE-SEM)

Prior to the FE-SEM observation, all freeze-dried samples were vacuum dried at 40€ for

48 h. The morphology of the freeze-dried samples was examined by a FE-SEM (FEI QuantaTM
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3D FEG Dual Beam SEM/FIB, Hillsboro, Oregon, USA) at an accelerating voltage of 5.0 kV.
Before images were acquired, samples were mounted on SEM aluminum stubs with conductive
carbon tape and sputter-coated with gold under vacuum at 20 mA for 2 min. The particle
dimension was obtained from the analysis of FE-SEM images using ImageJ 1.45k software
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD,
http://imagej.nih.gov/ij/, 1997-2011). For each sample, one hundred particles were randomly
selected and measured from several FE-SEM images. The statistical analysis was performed
using Origin 8.5.0 software (SR1 b161, OriginLab Corp., Northampton, MA).
3.2.11 Surface Charge Measurements

The zeta potential values ({; mV) of CNC I, CNC II, CNF I, and CNF Il in aqueous
suspensions were determined by a ZetaTrac analyzer (MicroTrac Inc., Largo, FL, USA) based on
the principles of dynamic light scatting. A 3 mW laser source with 780-nm wave length was used
as light source. Each sample suspension (0.05 wt%) was measured three times at 25 and pH of
7.0. The particular concentration of 0.05 wt% was within the proper range where the electric
double layers on the cellulose particles barely overlap with each other (Uetani and Yano 2012).
To further determine the surface charge of dried samples, X-ray photoelectron spectroscopy
(XPS) was performed on the freeze-dried samples using a Specs PHOIBOS-100 spectrometer
(SPECS, Berlin, Germany) with a Al Ka irradiation (1486.61 eV) at 10 kV and 10 mA. Each
sample was mounted onto a holder with a piece of double-sided conductive tape and then placed
in a vacuum in the range of 1 to 5x10° torr. Samples were analyzed at a take-off angle of 85°
with respect to their surfaces. Survey scans were recorded with 1.0 eV step and 40 eV analyzer
pass energy, while high-resolution spectrum of Na 1s and S 2p were recorded with 0.1 eV step

and 40 eV analyzer pass energy. The Specslab 2.25 software was used to subtract the noise from
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XPS spectra to smooth the data. No degradation of the specimens during the XPS analyses was
detected. The atomic ratio of sulphur to oxygen (S/O) was calculated from corresponding peak

area based on the following equation (eg. 3.2):
S10=(A, 1 A )Hs; 1S,) (32)
where Ao and Ac are the integrated peak areas for oxygen and sulfur, respectively. Ss
(0.54) and So (0.66) are the corrected sensitivity factors.
3.3 RESULTS AND DISCUSSION
3.3.1 Cellulose Structure and Hydrogen Bonding by FTIR
The FTIR spectra of BWP, CNC I, CNF I, CNC Il and CNF Il are shown in Figure 3.1.
The broad band of stretching vibrations of CH and OH groups within 3650-3000 cm™* region
was observed in all spectra, showing the principal functional groups found in lignocellulosic
materials (Kamphunthong et al. 2012; Zuluaga et al. 2009). The intense peak around 1643 cm™
in all spectra corresponds to the O-H bending of adsorbed water (Johar et al. 2012). Although the
FTIR samples were dried, the water adsorbed in the cellulose molecules was difficult to be

removed completely due to the cellulose-water interaction (Moran et al. 2008).
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Figure 3.1 FTIR spectra of BWP, CNC I, CNF Il, CNC Il and CNF II.
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The absorbance band within 1740-1700 cm* is attributed to the C=O stretching of
methyl ester and carboxylate groups in pectin, the acetyl and uronic ester groups of the
hemicelluloses or to the ester linkage of carboxylic group of the ferulic and p-coumaric acids of
lignin and/or hemicelluloses (Ouajai and Shanks 2005; Wang et al. 2007). In addition, lignin
presented the characteristic peak at 2850 cm™ originating from C-H stretching vibration, the peak
at 830 cm™ attributed to an aromatic C-H out-of-plane vibration and absorbance band in the
range 1500-1600 cm™ corresponding to the aromatic skeletal vibration (Ouajai and Shanks 2005;
Zuluaga et al. 2009). However, for the BWP, the absence of these signals in the spectra clearly
verified the complete absence of lignin, pectin and hemicellulose. Therefore, the BWP used in
this study was confirmed to contain only cellulose. After sulfuric acid hydrolysis, no significant
differences were observed in the spectrum of CNC | and CNF | compared with that of BWP,
indicating that the cellulose molecular structure was not changed in the case of acid hydrolysis
(Johar et al. 2012; Li et al. 2009).

After BWP was subjected to the 20 wt% NaOH treatment, the spectra of CNC Il and
CNF I1 were different from those of BWP, CNC | and CNF I. As shown in Figure 3.1, compared
with CNC I and CNF I, the spectra of CNC Il and CNF 11 presented the two small bands at 3487
and 3442 cm™ that were assigned to the intra-molecular hydrogen bonding in cellulose 11 (Sao et
al. 1987). The maximum absorbance of CH stretching vibrations in methyl and methylene was
also shifted from 2901 cm™ to 2890 cm™, influenced by the transformation related to the change
of intra- and intermolecular bonds (Oh et al. 2005). The absorbance peaks at 2894 cm™ became
sharper for CNC Il and SCNF I, showing a cellulose 11 crystal structure (Gwon et al. 2010). The
band at 1431 cm™ assigned as symmetric CH, bending was weakened and shifted to a lower

wave number 1419 cm™, indicating development of new inter- and intra-molecular hydrogen
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bonds and a change of the conformation of CH,OH at C-6 from the tg to the gt form (Oh et al.
2005). The bands at 1319 cm™ assigned as CH, wagging, 1203 cm™ attributed to C-OH in plane
at C-6 bending, 1161 cm™ corresponding to C-O-C asymmetric stretching at p-glucosidic linkage,
1031 cm™ ascribed to C-O at C-6 stretching, 983 cm™ arisen from C-O stretching at Cg and 897
cm™ assigned as C-O-C asymmetric stretching were shifted to 1313, 1197, 1157, 1022, 993 and
894 cm™, respectively, indicating the transition from cellulose I to Il (Gwon et al. 2010; Oh et al.
2005). In addition, the appearance of the peak at 1227 cm™ assigned as C-OH bending in plane at
Cs, the disappearance of the band at 1105 assigned as ring stretching in plane, the increasing
intensity of the band near 894 cm™ assigned as C-O-C asymmetric stretching at the B-(1-4)-
glycosidic linkage and 668 cm™ assigned as COH out of plane bending were also representative
indexes of the conversion into cellulose Il (Dinand et al. 2002; Gwon et al. 2010; Oh et al. 2005).

Cellulose particles prepared with sulfuric acid had negatively charged surfaces due to the
esterification of hydroxyl groups by sulfate ions. CNC | and CNF | both present the symmetrical
C-O-S vibration at 807 cm™ associated with the C-O-SO5 group (Wang et al. 2009). However,
the sulfate content of CNC Il and CNF Il was too low to be detected by FTIR. It was thus
inferred that CNC | and CNF | carried more sulfate groups on their surfaces, which was further
determined by zeta potential (Table 3.1) and XPS experiments (Figure 3.6d).

The hydrogen bonding patterns of cellulose I and 11 are known to be different. Therefore,
the number of hydrogen bonding sites changes during the transition of crystal structure. The IR
index (i.e., a ratio of IR intensity at a given wavenumber to that at the reference wavenumber)
values based on the absorbance peaks at 894 cm™ was used to analyze the conformation and
hydroxyl intensity changes from cellulose I to Il during alkaline treatment (Yue et al. 2012). It

was calculated that the OH stretching vibration within the region 3,100 to 3,800 cm™ of cellulose
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Il was higher than that of cellulose I. For example, the IR index values for CNC | and CNC I at
3,338 cm™ are 0.851, and 1.030, respectively. The increased IR index values indicated that the
resulting CNC Il had more -OH groups on the crystal surface, which promoted the occurrence of
hydrogen bonding.
3.3.2 Cellulose Structure and Crystallinity Index by WXRD

The X-ray diffractograms of BWP, CNC | and CNC Il are shown in Figure 3.2a. The
WXRD spectra of BWP and CNC | were nearly identical, indicating that the crystalline structure
of native cellulose was maintained during the acid hydrolysis. Both X-ray diffraction diagrams of

BWP and CNC I exhibited a sharp high peak at 26=22.6and two overlapped weaker diffraction
peaks at 20 =15.1%and 16.6<assigned to (002), (101) and (10i) planes, respectively, indicating
the crystallographic form of cellulose I (Liu and Hu 2008). Compared with BWP, the peak for
the (101) plane (260 = 15.19 became more intense and separated from the (10i) (20 = 16.69 peak

for CNC I, as reported previously (Lu and Hsieh 2010).

a) 22.6° (200) —_ BWP b) 22.6" (200) —— BWP
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Figure 3.2 X-ray diffraction patterns of BWP, CNC I and CNC Il (a); CNF I and CNF 11 (b)
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Upon the pretreatment of BWP in the 20 wt% NaOH solution, the peaks at 260 = 15.1°
and 26 = 16.6 °disappeared and a new peak at 20 = 12.2<(110) formed. The (200) peak at 20 =
22.6°was split into two weaker peaks located at 260 = 20.0° (110) and 20 = 21.9° (200) with
similar intensities, suggesting the transformation of crystalline structure from cellulose | to
cellulose 11 (Mahadeva and Kim 2009; Zuluaga et al. 2009). The rearrangement in intermolecular
hydrogen bond and agglomeration between the chains during mercerization process led to the
polymorphic transformation from ‘parallel’ chains in cellulose I to ‘antiparallel’ chains in
cellulose 11 (Yue et al. 2012).

The X-ray diffraction patterns of CNF | and CNF Il are shown in Figure 3.2b. Three
cellulose | peaks at 260 = 15.1=(101), 16.6°(101) and 22.6<(002) were present in CNF I. After
the mercerization, the pattern of CNF Il exhibited the peaks located at 26 = 12.4<(110), 20.1°
(110), and 22.1<(200), respectively, indicating the conversion of cellulose | into a weaker
cellulose 11 crystal structure. The mercerization of cellulose fibers has three distinct steps: fiber
swelling, disruption of the crystalline areas and formation of new crystalline lattice after rinsing
away alkali solution. When the concentration of NaOH solution reaches to the critical value (e.g.,
20 wt%, in this case), the dehydrated hydroxide ions could easily penetrate and disrupt the
cellulose lattice, and the crystalline structure of the cellulose started to be swelled and relaxed.
After a complete swollen state formed, the hydrated hydroxide ions penetrated the inside of the
crystal, and underwent a thorough reaction with the cellulose molecules (Liu and Hu 2008). The
ClI of untreated BWP was found to be 70.5%, which was close to the CI of microcrystalline
cellulose (Liu et al. 2010). After acid hydrolysis treatment, CNC | and CNF 1 exhibited
decreased CI values of 66.4% and 57.6%, respectively. After the alkaline treatment and acid

hydrolysis, the CI values of CNC Il and CNF Il were 73.6 % and 71.5 %, respectively. The ClI
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values for cellulose | and Il cannot be directly compared, but in general comparable
crystallinities of I and 11 should lead to substantially lower CI values for cellulose 1 (Han et al.
2013). The subtle differences between BWP and CNC Il (or CNF I1) were not significant enough
to be considered as an increase in crystallinity.

3.3.3 Morphology of CNCs and CNFs (I and I1)

A comparison of the morphology of CNCs (I, 1) and CNFs (I, 11) isolated from BWP by
different chemical treatments is presented in Figure 3.3. The insert images show the dispersion
states of these four samples at the 1.0 wt% concentration level. Raw BWP contained large sized
fiber bundles composed of many microfibrils. These fiber clusters had an average length larger
than 300um and an average width of 15um (Table 3.1). Because of their large dimension, the
BWP without any treatment did not suspend, but highly precipitated in water. After treatment
with 64 wt% H,SO, followed by a further HPH process, CNC | suspension was converted into
the light purple transparent homogenized CNC | suspension without any visible flocculate (Insert
in Figure 3.3a and Figure 3.4f). The amorphous regions of cellulose were preferentially
hydrolyzed by sulfuric acid, while the crystalline regions that had a higher resistance to acid
attack remained intact (Habibi et al. 2010), resulting in the isolation of nano-sized cellulose
crystals. The dispersion of the CNC | in water was promoted by the charged surface sulfate
esters, which were generated by the reaction between hydroxyl groups of cellulose and sulfuric
acid, and was further improved by the high turbulence and shear forces during HPH treatment
(determined by the following optical transmittance measurement). Figure 3.3a revealed that
homogenized CNC | were well-isolated and exhibited rod-like structure (wider at the middle
than at the ends), which was a typical observation of dispersed cellulose nanocrystals (Kvien et

al. 2005). The average length and width of homogenized CNC | were 149 40 and 9 &2 nm,
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respectively (Table 3.1). These values were consistent with those of previous literatures (Beck-

Candanedo et al. 2005; Liu et al. 2010).

a)

Figure 3.3 TEM images of CNC | (a), CNF I (b), CNC Il (c) and CNF Il (d), and the insert in
each image representing the corresponding dispersion state of each cellulose suspension at the
concentration of 1.0 wt%. (All the dispersions were prepared by a 2h stirring after preparation,
and the photograph was taken after a resting of 48 h).

After being subjected to the combined treatment of 48 wt% H,SO,4 and homogenization,
BMP was acid-hydrolyzed into larger-sized CNF | instead of CNC | (Figure 3.3b). CNF |
dispersed homogeneously in water and formed a stable purple colloidal suspension without
visible aggregation (Insert in Figure 3.3b and Figure 3.4f). Due to stress on drying down on the
substrate, or induced compression or tension stress on removal from the cell wall (Manley 1964),
CNF | became deformed and kink without buckling. The individual nature of CNF | can be
clearly observed in Figure 3.3b, and CNF | oriented longitudinally in bundles. The average
length and width of CNF | obtained were estimated to be 732 =208 nm and 21 £ 7 nm,

respectively. Typical CNFs had a diameter in the 10 to 40 nm range and lengths exceeding

several micrometers (Henriksson et al. 2008; Sehaqui et al. 2010). Compared with the size of
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reported CNFs produced from wood, the width of obtained CNF | was similar and the lengths

were, however, smaller. Thus, these materials were relatively short CNFs.

Table 3.1 Dimension parameters and zeta potential of raw wood fiber, CNC, and CNF (I and 11).

Dimension .
__ b Zeta potential
Sample Mean =*+Standard Deviation ® Aspect Ratio V)
m
(nm)
_ Length > 300,000
Wood fiber _ >20.0 ND ¢
Width 15,000 %4,000
Length 149 +40
CNC | _ 16.6 -57.07 £1.06
Width 92
Length 732 208
CNF 1 36.6 -32.61 £1.12
Width 21 +7
Length 46 +18
CNC I _ 9.4 -0.63 +0.08
Width 5+1
Length 616 +200
CNF I 38.0 ND
Width 16 +4

% Based on 100 samples per group.
® A ratio of mean sample length to mean sample width.
° Not determined.

The acid-hydrolysis conditions are known to affect the properties of produced cellulose
particles. Longer hydrolysis time and/or increased acid-to-pulp weight ratio resulted in a smaller
fiber dimension, while higher hydrolysis temperature induced some side reactions such as
dehydration or carbonization, leading to dark yellow or black products (Beck-Candanedo et al.
2005; Dong et al. 1998). In the present study, CNF | was ~5 times longer in length and ~2.5

times thicker in width compared with CNC | (Table 3.1). It was thus illustrated that the particle

size was successfully controlled by varying the acid concentration with other conditions being
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optimized. During the hydrolysis in an acidic environment, the cellulose molecular chains that
existed in the amorphous portions were randomly oriented in a spaghetti-like arrangement
leading to a more accessible non-crystalline domain. Consequently, the acid diffused
preferentially into the amorphous regions, hydrolyzed the accessible glycosidic bonds and

transversely releasing individual crystallites (Dong et al. 1998).

200pm | ° ] i - 200 pm

100 pm

Figure 3.4 Aqueous suspensions of 1.0 wt% CNC | (a, ¢) and1.0 wt% CNF I (b, d and e) viewed
through crossed polarizers showing the macroscopic birefringence, and the dispersion states (c)
of non-homogenized cellulose suspension (1), CNC I (2), CNF I (3), CNC 1l (4), and CNF 11 (5)
suspensions at the 1.0 wt% concentration. (All dispersions were prepared by a 2h stirring after
preparation, and the photograph was taken after a resting of seven days).

Because of the surface esterification of hydroxyl groups of cellulose with sulfate groups,
the surfaces of CNC | and CNF | carried a mutually repulsive negative electrostatic charge

(confirmed by FTIR, XPS and { measurements), and thus formed stable suspensions or hydrogel

in water. It was reported that the rigid rod-like cellulose | nanoparticles had a strong tendency to
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align along a vector direction in water, creating a birefringent phenomenon that can be observed
under POM (Lima and Borsali 2004). The 1.0 wt% dispersions of CNC | and CNF | both showed
typical birefringence when observed between crossed polarizers, thus suggesting a liquid
crystalline behavior (Figure 3.4a-e). The birefringent nature of H,SOy-prepared cellulose
nanoparticles depends on the suspension concentration. Interestingly, CNC I and CNF | tended
to self-organize into liquid crystalline alignment at a higher concentration, leading to a stronger
birefringence. After 12h of standing, the edge of suspension sample was concentrated due to the
slow evaporation of water, creating an iridescent pattern and the macroscopic birefringence
(Figure 3.4c-e).

After BWP was subjected to mercerization treatment (20 wt% NaOH) before acid-
hydrolysis (64 wt% H,SO,), the crystal structure of cellulose molecules was transformed from |
to Il (confirmed by the XRD and FTIR data above), and the resulting CNC Il material is shown
in Figure 3.3c. The morphology and dispersion state of CNC Il were similar to those of CNC |
(Insert in Figure 3.3c and Figure 3.4f), but their dimension was much smaller. As shown in Table
3.1, the average width and length of CNC Il were 55% and 31% of those of CNC |, respectively.
It was recently reported that the CNC Il prepared by treatment of microcrystalline cellulose with
sulfuric acid with controlled hydrolysis process also tended to be shorter and thinner than the
CNC |, and their size distributions were less polydispersed (Sebe et al. 2012). Presumably, the
interpretation of size difference could be inferred from the mechanism of mercerization and acid-
hydrolysis. The acid hydrolysis of cellulose is a heterogeneous process. During the mercerization
process, the cellulose fibers were converted into a swollen state that involved formation of one or
more soda-cellulose complexes in aqueous sodium hydroxide, providing larger space and more

opportunities for hydronium ions to penetrate the swollen cellulose chains to break down the
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glycosidic bonds in amorphous regions (Dinand et al. 2002; Dong et al. 1998). In addition, after
the BWP was treated with 20 wt% NaOH and then with 48% H,SO., CNF Il was isolated
(Figure 3.3d). The morphology and dimension of CNF Il obtained were similar to those of CNF |
(Table 3.1). CNF Il colloidal suspension was homogeneous and stable, but the color was white
and turbid compared with CNF | at the same concentration (Insert in Figure 3.3d and Figure 3.4f).
It was shown that the parallel-to-antiparallel reorganization of cellulose chains could also be
initiated in the amorphous regions of alkali-swollen nanofibers. The molecules from adjacent
cellulose I nanofibers with opposite chain polarity could then rearrange and crystallize into
antiparallel cellulose Il upon being washed in water (Zuluaga et al. 2009).

The aspect ratio is one of the most important parameters in determining reinforcing
capability of CNCs and CNFs (Wang et al. 2007). As shown in Table 3.1, the corresponding
aspect ratios of CNC I, CNF I, CNC Il and CNF Il were 16.6, 36.6, 9.4 and 38.0, respectively.
Therefore, a greater reinforcing efficiency and further applications related can be expected from
these nanoparticles, especially CNF I and 11 (Kamphunthong et al. 2012).

3.3.4 UV Optical Transmittance of Cellulose Dispersions

Figure 3.5a shows UV-Vis light transmittance spectrum of water dispersions of non-
homogenized CNC | (N-CNC 1), homogenized CNC | and CNF | at the concentrations of 0.05
and 0.1 wt% at a visible wavelength range of 300 to 800 nm. The visible light transmittance
(Tr., %) of cellulose suspension largely depends on particle size and the dispersion of particles in
the aqueous suspension. At the same concentration level, the light transmittances of non-
homogenized CNC 1| suspensions were lower than those of homogenized CNC | suspensions in
the whole measurement range of wavelength. The mean Tr. of 0.05 and 0.1 wt% CNC I

suspensions were 91.32% and 84.87%, respectively. After HPH process, the mean Tr. of 0.05
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and 0.1 wt% CNC | suspensions increased to 97.76 and 95.48%, respectively. Without HPH
process, acid-hydrolyzed CNC | formed into larger assembled aggregates in water, leading to an
undesirable dispersion of CNC | and the consequent phase separation in water (Figure 3.4f).
When CNC | aqueous suspension was exposed under visible spectrum of sunlight, the incident
light was not only absorbed within the larger CNC | aggregates, but was reflected or scattered at
interfaces of separated phases, resulting in little light being transmitted through the CNC I
suspension (Yu et al. 2009). Therefore, HPH process promoted the dispersion of CNC | in water.
However, the morphology of each CNC | was mostly unchanged after homogenization,
suggesting that the fifth pass HPH process only dispersed CNC | but did not reduce their
dimension (determined by the TEM results above). At each concentration level, CNF I
suspension showed a much lower Tr. than that of CNC | suspension at 300 to 800 nm
wavelength range. Compared with the CNC | suspensions, the mean Trs. of 0.1% and 0.05%
CNF 1 suspensions decreased by 38.81% and 23.17%, respectively. This reduction in light
transmission suggested that the transmittances of cellulose suspensions decreased with the
increase of the size of cellulose particles. The average length of CNF | (732 nm) was almost five
times longer than that of CNC | (149 nm) (Table 3.1). When the cellulose suspension is
subjected to visible light, the reflection and refraction on the surface of cellulose particle may
theoretically occur if the particle size is larger than 400 nm, resulting in a loss of light
transmittance (Tang and Liu 2008). This phenomenon was also demonstrated by the photographs
of cellulose suspensions (Inserts in Figure 3.3). At the same concentration, the color of CNC |
was much lighter than that of CNF 1.

Figure 3.5b shows the luminous transmittance spectra of CNC Il and CNF Il aqueous

suspensions with the concentrations from 0.05 to 1.0 wt%. The transmittance of CNC Il and
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CNF 11 suspension increased with the decrease of the cellulose concentration across the whole

wavelength range used.
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Figure 3.5 UV—Vis transmittance spectra of water dispersions of (a): 1-0.05wt% N-CNC I, 2-
0.1wt% N-CNC I, 3-0.05wt% CNC I, 4-0.1wt% CNC I, 5-0.05wt% CNF I, and 6-0.1wt% CNF I,
and (b): CNC Il (7-0.05wt%, 8-0.1wt%, 9-0.5wt%, and 10-1.0wt%), and CNF Il (11-0.05wt%,
and 12-0.1wt%).

With  substantially increased cellulose concentration, the probability of
reflection/refraction of visible light between particles per unit volume increased, and less light
was transmitted through the suspension. Consequently, the mean Tr. of CNC Il suspension
decreased from 98.82 to 79.20% when the cellulose concentration increased from 0.05 to 1.0
wt%. Similar results were also observed for CNC I and CNF | suspensions (Figure 3.5a). At each
concentration level, CNF Il suspension showed much lower Tr. than that of CNC Il suspension
at 300 to 800 nm wavelength range. Compared with the CNC Il suspensions, the mean Tr. of
0.1wt% and 0.05wt% CNF Il suspensions decreased by 94.39% and 84.65%, respectively. This
result indicated that the particle size had stronger effect on the Tr. of cellulose Il than that of
cellulose 1. In addition, for CNC Il and CNC I, when the wavelength of incidence light ranging

from 600 to 800 nm, 0.05% and 0.1% suspensions basically presented the same Tr. at each

wavelength, which differed from the light transmittances at wavelength 300-600 nm. This trend
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indicated that for the CNC aqueous suspension with a concentration lower than 0.1%, the
concentration variation had little effect on the Tr. at wavelength 600—800 nm. Furthermore, the
differences of Tr. between two crystal structures were also observed. At each concentration level,
the Tr. of CNC Il was slightly higher than that of CNC I over the whole range of wavelength. A
possible reason was that the average length of CNC Il (46 nm) was almost three times smaller
than that of CNC | (149 nm) (Table 3.1).

3.3.5 Surface Charges and Electrostatic Repulsion Determined by Zeta Potential and XPS
Measurements

The zeta potential () has been used to study the surface charges of cellulose materials
(lyer and Jayaram 1971). To investigate the effect of the surface charges on the lyophilization-
induced self-assembling behavior of the obtained cellulose samples, the " values of CNC I, CNC
I, CNF I, and CNF Il in aqueous suspensions (0.05 wt%) were measured (Table 3.1). Based on
the optical transmittance results at the same concentration, the mean Tr. of the CNF Il
suspension was much lower than the other samples (Figure 3.5), indicating that the CNF 1l
material was not as stable as the other three samples in aqueous suspensions. The instability of
CNF Il in the suspension at the 0.05 wt% level made it difficult to determine its zeta potential
value. Measurements on CNC I, CNC II, and CNF | showed that they carried negative electrical
charges because of the presence of sulfate ester (-O-SOs-) groups on their surfaces (also as
determined from FTIR and XPS measurements). The ¢ values of CNC I, CNC II, and CNF |
were -57.07 £1.06, -0.63 +=0.08, and -32.61 £1.12 mV, respectively, which were within the
typical { range of cellulose particles as previously reported (Boluk et al. 2011; Boluk et al. 2012;
Hasani et al. 2008; Teixeira et al. 2010). The ¢ (absolute value) of CNC | was higher than that of
the CNF 1, indicating that CNC | carried more -O-SO3- groups on their surfaces. No effective

methods could remove the sulfate group from the sulfuric acid- hydrolyzed material completely
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and the esterification levels of cellulose particles highly depend on hydrolysis time and acid
concentrations (Dong et al. 1998; Gu et al. 2013). Hence, the possible reason was that higher
H,SO, concentration introduced more sulfate groups on the CNC | surfaces during the acid-
hydrolysis process. It was also found that the { (absolute value) of CNC 11 was much lower than
that of CNC | or CNF 1. Therefore, the sulfur content of CNC Il was much lower than that of
CNC | or CNF I, which was consistent with the FTIR and XPS analysis data. Some Na" ions
absorbed by the CNC Il and CNF Il during the NaOH pretreatment still remained on the fiber
surfaces even after fiber washing as shown by the following XPS results (Figure 3.6¢c). It was
reported previously that the absolute value of { and the electrostatic repulsion of cellulose
nanoparticles were reduced due to the electrostatic screening effect of cation counterion Na*
(Zhong et al. 2012). Based on the double layer theories proposed by Helmholtz in 1879, the
counterions in solution can shield the surface charges of particles, resulting in the screening
effect of cation counterion Na* in acid-hydrolyzed cellulose aqueous suspension (Boluk et al.
2011). Therefore, the lower absolute value of { for CNC II was expected and was due to the
adsorption of residue Na* counterions on negatively charged CNC Il surfaces. It is well known
that negatively charged particles are repelled from each other, leading to the electrostatic
repulsion among them. The negatively charged cellulose particles thus had mutual repulsion with
each other to form an electrostatically stabilized dispersion in an agueous suspension.
Consequently, the CNC I with the higher absolute value of { and more sulfate charges was
expected to have a stronger mutual repulsion, while the CNC Il with the lower absolute value of
{ should possess a relatively weaker electrostatic repulsion with each other. Typical XPS survey
spectra of CNC Il and CNC 1| are shown in Figures 3.6a and 3.6b, respectively. The peaks

centered at the 535.0 and 289.0 eV positions were attributed to O 1s and C 1s, respectively.
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Figure 3.6 Typical XPS survey spectrum of CNC Il (a) and CNC 1 (b), and comparisons of Na 1s

(c) and S 2p (d) pe

aks for various materials.

CNC Il and CNF 1l had the peaks at 1074.5 eV corresponding to Na 1s (Figure 3.6c),

indicating the presence of residue Na* ions on the surfaces of CNC Il and CNF 1l caused by the

NaOH pretreatment. The peaks at 171.0 eV were ascribed to S 2p (Figure 3.6d). To characterize

the relative atomic percentage of S 2p for each sample, the atomic ratios of sulfur to oxygen (S/O)

were calculated from corresponding peak area based on the high-resolution spectrum of S 2p.

The S/O of CNC | and CNF | were 1.112% and 1.051%, respectively. The sulfur charging

degrees of CNC Il and CNF Il were less than 0.1%. Therefore, CNC | carried more sulfate

groups than CNF I, while no detectable sulfur element at the surfaces of CNC Il and CNF 11,

confirming the results of FTIR and ¢ measurements. Compared with the theoretical peak
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positions of S 2p (165.20 eV), O 1s (531.0 eV), C 1s (284.5 eV), and Na 1s (1071.8 eV), the
measured binding energy were slightly shifted to higher values. In the present XPS
measurements, cellulose samples are subjected to charging effects because of their insulating
nature, resulting in the shifting of spectrum on the energy scale.

3.3.6 Morphology and Microstructure of Self-assembled CNC and CNF during Freeze
Drying

It is well known that the particle size and concentration in suspension are crucial factors
for controlling morphology of freeze-dried foam (Deville and Nalla 2006; Lee and Deng 2011).
The freeze—dried CNC I, CNC I, CNF I and CNF Il products were white and fluffy, presenting a
foam structure. However, some distinctive differences of morphology and microstructure among
these samples were observed by FE-SEM at the micrometer scale (Figures 3.7a-3.71).

For the freeze-dried CNC 1| at the concentrations of 0.5 and 1.0 wt%, the lamellar
structured foam composed of aligned thin membrane layers with width between 0.5 and 3 um
was fabricated (Figure 3.7a and 3.7b). Each layer was created in parallel to each other and
presented a smooth surface and homogeneous character throughout the entire layer. It can be
clearly seen that these layers actually consisted of oriented micro-sized cellulose fibers with an
average diameter of 1~3um (Insert in Figure 3.7b). This result indicated that nano-sized CNC |
(149 =40 nm in length, and 9 =2 nm in width) were first longitudinally self-assembled into the
larger-sized cellulose fibers that were further self-organized in parallel to form a film-like
structure during freeze drying. The significant coalescence of cellulose subunits caused by freeze
drying process was reported previously (Deng et al. 2009; Jin et al. 2004). Compared with a
similar observation reported by Sehaqui et al. (Sehaqui et al. 2010), the layers we obtained had a

higher compactness and no visible porosity was seen. Freeze-drying 0.5 and 1.0 wt% CNF |
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aqueous suspensions resulted in similar layered structure (Figures 3.7e and 3.7f), indicating that

CNF 1 also showed the self-organizing phenomenon.

Figure 3.7 FE-SEM photomicrographs of freeze-dried CNC I at the concentration of 1.0 wt% (a),
0.5 wt% (b), 0.1 wt% (c) and 0.05 wt% (d), and freeze-dried CNF I at 1.0 wt% (e), 0.5 wt% (),
0.1 wt% (g) and 0.05 wt% (h), and freeze-dried CNC 1l at 1.0 wt% (i), and 0.05 wt% (j), and
freeze-dried CNF 1l at 1.0 wt% (k), and 0.05 wt% (I).

However, the fracture surface of CNF | was not as smooth as that of CNC | and visible
dendrites stood out from the fractured surface, presumably due to the lager dimensions of CNF 1.
This result revealed that the CNC dimensions had an important effect on the lyophilization-
induced self-assembly behaviors. At high concentration levels (0.5 to 1.0 wt%), larger size CNF
I could hardly form the smooth surface and presented homogeneous character throughout the

entire layer. After the concentration was diluted to 0.05 wt%, the CNC | and CNF | aqueous

suspensions both self-assembled into oriented ultra-fine fibers with diameters of 0.57 +0.17 and
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1.02 £0.27 um instead of sheet-like structure by sublimating ice molecules (Figures 3.7d and
3.7h). The mean diameter of ultra-fine fibers formed by CNF | was twice as much as that of
CNC |, indicating that the diameter of self-assembled ultra-fine fibers increased with the
dimension of cellulose particles at the 0.05 wt% concentration level. In addition, the zeta
potential and XPS results all revealed that more sulfate groups were introduced onto the surfaces
of CNC | compared with CNF 1, resulting in a stronger electrostatic repulsion between CNC I. It
is thus inferred that the weaker mutual repulsion of CNF | can promote their self-organization
into ultra-fine fibers. Therefore, at the 0.05 wt% concentration level, more surface charges of
cellulose nanoparticles led to the smaller diameters of self-assembled ultra-fine fibers. A similar
effect of surface charges on the lyophilization-induced self-assembling behavior was further
observed between CNC Il and CNC | at the 0.05 wt% concentration level. It was also found that
the widths of self-assembled ultra-fine fibers were much narrower than those of fiber clusters
found in original BWP (Table 3.1). The similar intriguing self-assembling behavior of dilute
CNC suspensions prepared from rice straw was reported by Lu and Hsieh (Lu and Hsieh 2012).
They obtained the ultra-fine cellulose fibers from acid-hydrolyzed rice straw with a mean width
of ~0.386 um under a different freeze-drying condition. However, the long cellulose fibers they
obtained were randomly arranged into a network structure instead of an oriented arrangement in
the present research. One reason is the difference of cellulose source, and the other reason is the
variation of freezing conditions. They quickly froze the samples by adding liquid nitrogen,
whereas the dilute cellulose suspension was frozen in a freezer at -75<€ for 2 hours in this study,
which allowed the oriented self-organizing behavior of ultra-fine fibers to occur during this time.

In this way, the cellulose particles had enough time to adjust and rearrange their position during
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the freezing process. The self-assembly mechanism of cellulose during freeze-drying was
detailed below.

The hydrogen bonding arrangement plays an important role in the self-assembling
properties of cellulose suspension. Therefore, the difference of hydrogen bonding systems
between cellulose I and 11 is thought to affect the self-organizing behavior of cellulose particles
in aqueous suspension during freeze-drying process. However, lyophilization-induced self-
assembling behavior of cellulose Il has not been thoroughly reported in the literature so far. To
investigate the effect of cellulose crystal structure on the self-assembling behavior of cellulose
nanoparticles, CNC Il and CNF Il aqueous suspensions at the concentration of 0.05 wt% and 1.0
wt% were freeze-dried. For the freeze-dried CNC Il at the concentration of 0.05wt%, many
micro-sized cellulose fibers with an average diameter of ~1.5um were found (Figure 3.7j). When
the concentration was increased to 1.0 wt%, a lamellar structured foam composed of thin
membrane layers was created (Figure 3.7i). This layered-structure morphology was identical
with that of freeze-dried CNC 1| at the same concentration (Insert in Figure 3.7a), indicating that
cellulose crystal structure had insignificant effect on the self-assembling properties of 1.0 wt%
CNC suspensions. For the freeze-dried CNF 11 at the concentration of 0.05 wt%, CNF 11 aqueous
suspensions self-assembled into highly oriented ultra-fine fibers with diameters of ~1um (Figure
3.71). This phenomenon was also found in freeze-dried 0.05 wt% CNF I suspension (Figure 3.7h).
At the concentration of 1.0 wt%, many aligned macro-sized cellulose fibers stood out from the
fractured surface of freeze-dried CNF 11 (Figure 3.7k). In fact, these layers were composed of
oriented macro-sized cellulose fibers when it was observed along the perpendicular to aligned
direction (Insert in Figure 3.7k). However, the surface of CNF Il was not as homogeneous as that

of CNF I, presumably because of different cellulose crystal structure.
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3.3.7 Mechanism of lyophilization-induced self-assembling behavior of cellulose particles

A possible mechanism could be inferred from the basic physics of ice crystal growth, the
interaction between cellulose particles, and the chiral nematic anisotropic nature of liquid
crystalline polymer. Figure 3.8 shows a scheme presenting the formation mechanism of the
lamellar geometry and the alignment of ultra-fine fibers in the freeze-drying process. Before
steady-state freezing process, CNC and CNF suspensions formed stable and homogenous
aqueous suspensions because of the inter-particle electrostatic repulsion provided by the
negatively charged sulfate groups on the surfaces of cellulose particles. When a cellulose
suspension with suitable granulometry was frozen under steady-state conditions, ice crystals
gradually grew in the same direction as the temperature gradient and created a lamellar
microstructure oriented in a direction parallel to the movement of the freezing front (Deville and
Nalla 2006; Lee and Deng 2011). Simultaneously, the cellulose particles were expelled from the
growing ice crystals and squeezed into the space between ice crystals or dendrites. As a result,
the concentration of cellulose particles increased in the space among growing ice crystals during
the freezing of water. When the critical concentration of sulfated cellulose necessary for the
formation of ordered nematic phases was reached (typically 1.0 to 10 wt%), the rod-like
cellulose particles spontaneously formed ordered structure in the space between growing ice
crystals (Habibi et al. 2010). Once the freezing process was completed, the original homogenous
suspension system was destroyed and transformed into an ice-template structure by the
lyophilization-induced physical interaction. During the freeze drying process, ice molecules were
gradually sublimated from the lamellar ice-template system. As a result, the suspended cellulose
particles were concentrated and trapped in the space between these ice crystals, generating a

replica of the original ice-template (Lee and Deng 2011). These concentrated cellulose particles
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compactly rearranged and well self-assembled along the longitudinal direction into larger-sized
cellulose microfibers via strong hydrogen bonds and van der Waals forces (Dash et al. 2012; Lee
and Deng 2011). It was reported that the cellulose nanocrystals were well aligned along the axis
of each self-assembled fiber (Lu and Hsieh 2012). In addition, the ends of these ultra-fine fibers
were not prevalent in the SEM observations (Figures 3.7d, 3.7h, 3.7, and 3.71), indicating the
lengths of these self-assembled cellulose fibers probably reached millimeter-scale. For highly
concentrated suspensions (0.5 to 1.0 wt%), the gap between the self-assembled microfibers was
small enough for the formation of hydrogen bonding and tight bonds with neighboring
microfibers, and these adjacent microfibers aligned along the freezing direction to form a dense
layered structure due to the linking with adsorbed/bound water and the momentum exerted by
growing ice crystals (Lee and Deng 2011; Liu et al. 2011). By contrast, the space between self-
assembled microfibers became larger when the concentration of suspensions was diluted to the
0.05 wt% level, resulting in the weakening of hydrogen bonding and interfacial attraction
between microfibers. In addition, rod-like cellulose particles tended to spontaneously form
parallel configuration in diluted aqueous medium since the effective excluded volume is zero
(Eichhorn 2011). Therefore, the 0.05 wt% CNC and CNF aqueous suspensions both self-
assembled into oriented ultra-fine fibers instead of sheet-like structure during lyophilization
(Figures 3.7d, 3.7h, 3.7j, and 3.71). At the semi-dilute concentration (0.1 wt%), self-assembled
layers and oriented ultra-fine fibers coexisted in the foam (Figures 3.7c and 3.7g), presenting an
intermediate stage of the structure transition from membrane layers to oriented ultra-fine fibers.
The insert in Figure 3.7c showed that the membrane layers obtained were composed of self-
assembled ultra-fine cellulose fibers. In addition, at the concentration of 0.05 wt%, the average

diameter of ultra-fine fibers assembled from CNC Il was larger than that from CNC I. Because
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the mean width of CNC | was almost twice as long as CNC II, the estimated quantity of CNC Il

within the cross section of each ultra-fine fiber was much more than that of CNC 1.
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Figure 3.8 Schematic of possible formation mechanism of the lamellar geometry and the
alignment of ultra-fine fibers during the freeze-drying process.

This distinction of self-assembling behavior might be induced by the different intra- and
inter- hydrogen bonding patterns within cellulose I and Il molecular chains. Cellulose | has two
intra-molecular hydrogen bonds at (O)6-(OH)2 and (O)5-(OH)3, and an inter-chain hydrogen
bond between (0)6-(0)3. When the cellulose fibers are swollen in a NaOH solution, the hydrated
hydroxide ions penetrate the internal crystals, and cause the chain rearrangements from parallel
cellulose | to anti-parallel cellulose Il with a changed inter-/intra-hydrogen bonding networks.
Cellulose 11 possesses an intra-chain hydrogen bonding at (O)5-(OH)3 and two inter molecular
hydrogen bond at (0)2-(OH)6 and (O)3-(OH)6. Besides, an inter-sheet interaction between (0)2-
(OH)2 that is absent in cellulose I also exists in cellulose 1l hydrogen bonding system (OSullivan

1997). Furthermore, the hydrogen bonds in cellulose 11 (average bond length of 0.272 nm) is
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shorter and stronger those in cellulose I (average bond length of 0.280 nm) (Jiang et al. 2011).
Besides, IR index values showed that CNC Il had more hydroxyl groups on the crystal surface.
These factors probably promoted the congregating and self-assembly of CNC Il (Determined by
FTIR results). However, the effect of crystal structure on the self-assembling behavior reduced
with the increasing concentration. At the concentration of 1 wt%, the layered-structure
morphology self-assembled from cellulose 1l was almost identical with that of CNC I. As
discussed before, in addition to the particle size and crystal structure, less surface charges can
promote the lyophilization-induced self-assembling behavior of cellulose nanoparticles. Based
on the FTIR, zeta potential and XPS results, less negatively charged CNC Il possess a relatively
weaker mutual electrostatic repulsion than CNC I. As a consequence, CNC Il was easier to self-
assemble into wider ultra-fine fibers than CNC 1.
3.4 CONCLUSIONS

CNCs and short CNFs with cellulose I and 1l crystalline allomorphs were extracted from
BWP. The particle size, crystal structure and dispersion state were successfully controlled by
using different acid concentration, alkaline pretreatment and high-pressure homogenization.
Cellulose concentration, particle size, surface charge, and crystal structure significantly
influenced the lyophilization-induced self-assembling behavior of the cellulose suspensions.
During freeze drying, at higher suspension concentrations, the gap between the self-assembled
microfibers was small enough for the formation of hydrogen bonding and tight bonds with
neighboring microfibers, and these adjacent microfibers aligned along the freezing direction to
form lamellar structured foam composed of aligned thin membrane layers. At diluted
concentrations, due to the weakening of hydrogen bonding and interfacial attraction among the

fibers, cellulose particles self-assembled into highly oriented ultra-fine fibers with different
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diameters, instead of the sheet-like structure. The congregating and self-assembly of cellulose
particles were promoted by larger particle size, weaker mutual electrostatic repulsion and more
hydroxyl groups on their surface, resulting in a larger size of self-assembled fibers.

By freezing aqueous suspensions containing cellulose particles under suitable conditions,
we demonstrated the possibility of building homogeneous scaffolds with aligned membrane
layers or forming oriented ultra-fine fibers, opening their use as a template for fine-structure
composites. Because of the tight association of the cellulose particles through the abundant inter-
crystal hydrogen bonds, self-organized cellulose products induced by lyophilization presented
extraordinary structural stability and integrity in aqueous media under mechanical stirring (Lu
and Hsieh 2012). For this reason, the morphology and structure of freeze-dried foam can be
controlled by adjusting cellulose concentration, crystal structure, surface charges, and particle
size to obtain a tailored template, showing great promises for many potential applications, such
as tissue engineering scaffolds or new biomaterials for orthopedic applications (Dash et al. 2012;
Deville and Nalla 2006; Hench and Polak 2002).
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CHAPTER 4 FACILE PREPARATION OF MOULDBALE POLYVINYL ALCOHOL-
BORAX HYDROGELS REINFORCED BY WELL-DISPERSED CELLULOSE
NANOPARTICLES: PHYSICAL, VISCOELASTIC AND MECHANICAL
PROPERTIES®

4.1 INTRODUCTION

Polyvinyl alcohol (PVA) is one of the most important synthetic water-soluble polymer
produced in the world (Ramaraj 2007). Because of the hydroxyl groups present in each repeating
molecular unit, PVA possesses strong hydrophilic and hydrogen bonding characteristics. It can
react with many types of functional groups and form chemically and/or physically crosslinked
hydrogels. The PVA-based hydrogels are biocompatible, biodegradable, non-toxic and non-
carcinogenic (Asher et al. 2008; Kobayashi et al. 2005). Current applications of PVA-based
hydrogels include bioactuators, tissue scaffolding, artificial meniscus and cornea, aortic heart
valve and wound dressing (Lin et al. 2000; VI et al. 2003). PVVA-based hydrogels can be cross-
linked using chemical agents, cyclic freeze—-thaw processes, and electron beam or y-irradiation
(Asher et al. 2008; Chang et al. 2008). The main disadvantage of PVA hydrogels prepared by
irradiation is their poor mechanical strength (Yang et al. 2008). The PVA hydrogels that are
cross-linked by cyclic freeze—thaw method exhibit higher mechanical strength than those
prepared by irradiation techniques. However, the complex and time-consuming freezing—thawing
processes accompany with high energy consumption and the requirement for precision control of
the heating and refrigerating rates. Furthermore, the final opaque hydrogels have a very low
transparency and a poor long-term stability (Yang et al. 2008). Therefore, it is necessary to
explore a more feasible and economic way to produce PVA-based hydrogels with desired

properties.

® Reprint in part with permission from Cellulose
Han, J., Lei, T., & Wu, Q. 2013. Facile preparation of mouldable polyvinyl alcohol-borax hydrogels reinforced by
well-dispersed cellulose nanoparticles: physical, viscoelastic and mechanical properties. Cellulose, 1-12.
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Borax (Na;B40; 10H,0), known as a non-toxic food additive, has been successfully used
as a chemical crosslinking agent for PVA. Addition of a small amount of borax to PVA can lead
to a remarkable increase in viscoelasticity of the PVA aqueous solutions. This is attributed to the
formation of complexes between borate ions and hydroxyl functional groups of PVA, which act
as a temporary cross-linker between PVA molecular chains (Inoue and Osaki 1993). Similar
behavior has also been reported for polysaccharide (e.g. between borax and konjac
galactomannan) (Gao et al. 2008; Koike et al. 1995). The hydrogels formed by PVA-borax
complexation have received much attention because of their attractive physicochemical
properties (e.g. inherent water solubility, low toxicity and good biocompatibility) and wide
applications, such as easel painting cleaning, artificial cartilage, and drug delivery(Grant et al.
2006; Lin et al. 2005; Manna and Patil 2009). However, most single-phase hydrogels are known
to be soft and to have a low strain to failure (Yang et al. 2013a; Yang et al. 2013b). The weak
mechanical performance mainly arises from their low resistance to crack propagation and a lack
of an efficient energy dissipation mechanism in their polymer network (Yang et al. 2012).
Depending on the specific application, designing functional hydrogels requires them to at least
possess sufficient mechanical strength, as well as to maintain their intrinsic properties (e.g., low
density, water-retaining property, stimuli responsiveness and transparency) if exposed to
practical application. The scope of hydrogel applications is often severely hindered by their poor
mechanical behavior (Sun et al. 2012). To overcome this limitation, an intense effort is devoted
to synthesizing tougher multi-component hydrogels with improved mechanical properties.

In order to enhance the mechanical strength and toughness of hydrogels, composite
hydrogels have been prepared by incorporating nanoparticles, including carbon nanotubes,

metallic particles, and clay (Shin et al. 2009). Due to their higher specific surface area, smaller
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particles afford a better interaction between fillers and polymer matrix, resulting in an
enhancement effect in mechanical properties. Compared to most of current nanoparticles,
cellulose nanoparticles (CNPs), including cellulose nanocrystals (CNCs) and cellulose
nanofibers (CNFs), are more favorable candidates, due to their high ratio of strength to weight,
good processability, high water holding capacity, low density, low cost, non-toxicity and high
crystallinity (YYang et al. 2013b; Zhang et al. 2011). CNCs and CNFs are isolated from cellulosic
microfibrils through acid hydrolysis, where disordered or paracrystalline regions of cellulose are
preferentially hydrolyzed over the crystalline regions. Depending on the acid hydrolysis
conditions, the long cellulosic microfibrils undergo longitudinal cleavage and become stiff rod-
like CNCs or entangled CNFs (Boluk et al. 2012; Yang et al. 2012). CNCs and CNFs with | and
Il crystalline allomorphs were successfully prepared using alkali pretreatment and/or sulfuric
acid hydrolysis in combination with high-pressure homogenization (see TEM images in Fig. 4.1
and Table 1) (Han et al. 2013a). A prerequisite for effective reinforcement of PVA hydrogels
using CNCs and CNFs is the uniform dispersion of the CNPs within the PVA aqueous
suspension. CNPs do not flocculate and form homogeneous suspension or stable colloid in water
because of negatively charged sulfate ester groups introduced onto fibril surfaces during H,SO4
hydrolysis (see dispersion photos in Fig. 4.1) (Abitbol et al. 2011). Rod-shaped CNPs can further
generate birefringence and ordered liquid phases at sufficiently high concentrations in aqueous
mediums due to the liquid crystalline nature and anisotropic alignment of CNC | and CNF | in
the aqueous dispersions (Boluk et al. 2012). Similar to PVA, CNPs are hydrophilic and polar in
nature. In this regard, they are expected to be well-suited to blend with PVA in aqueous system.
On the other hand, high Young’s modulus, tensile strength and elastic modulus of 134, 10, and

100 GPa for cellulose crystal region have been reported (Gawryla et al. 2009; Yang et al. 2013a;
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Yang et al. 2013b). The combination of high mechanical performance with low density (~1.5
g/cm®) and high aspect ratio makes CNPs ideal nanofillers for hydrogels. However, a simple
incorporation of pristine PVA into CNP suspension cannot lead to a hydrogel with good
mechanical properties due to the absence of chemical cross-linker (Zhang et al. 2011). Therefore,
Abitbol et al. (2011) lately used cyclic freeze-thaw method to crosslink PVA (15 wt%) and CNPs
(1.5-3.0 wt%) at high loading levels to produce composite hydrogels. As mentioned above, this
method requires high PVA and cellulose content as well as a series of time-consuming cyclic
processes.

In the present study, a method for the reinforcement of PVA hydrogels by incorporating
three types of well-dispersed CNPs with the presence of non-toxic borax cross-linker was
developed. The objective of this work was to produce high-water-capacity, low density and
rubbery hydrogels with enhanced mechanical performance (compared to pure PVA-borax
hydrogel) and acceptable optical transmittance. CNPs used in this study could act as the
multifunctional crosslinking agent and fillers to physically and chemically bridge the 3D
hydrogel network. The UV—vis light transmittance and birefringence behavior of hydrogels were
examined to evaluate the hydrogel transparency, the dispersion state of CNPs in PVA-borax
aqueous system, the compatibility and interaction among these three components. The effects of
particle size, aspect ratio, crystal structure, and crystallinity of different CNPs on the density,
water content, optical transmittance and compression property of the hydrogels were investigated.
Through compression measurements and dynamic oscillation, the enhancement effect of CNPs

on the mechanical properties and viscoelasticity of hydrogels was verified.
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4.2 EXPERIMENTAL
4.2.1 Materials

Powdered cellulose, provided by Nippon Paper Chemicals Co., LTD (W-50 grade of KC
Flock, Tokyo, Japan) was dried overnight in a vacuum oven at 60 € before use. Three types of
CNPs were extracted from powdered cellulose using alkali pretreatment and/or sulfuric acid
hydrolysis in combination with a high-pressure homogenization (HPH) as described in our
previous work (Han et al. 2013a; Han et al. 2013b). The CNCs with | and Il crystalline
allomorphs as well as the cellulose I nanofibers were designated as CNC I, CNC Il and CNF |,
respectively, and they were collectively referred to as CNPs. Their corresponding preparation
conditions and relevant dimensions are summarized in Table 4.1.

Table 4.1 Preparation conditions and relevant dimensions of CNPs.

Sample

Parameters®

CNC I CNF I CNC 1l

] . 64 % 48 % 20 % NaOH+
Preparation conditions
H,SO4+HPH H,SO4+HPH 64 % H,SO4+HPH

Length (hnm) 149 +40 732 £208 46 +18
Width (nm) 92 21 7 5+1
Aspect ratio 16.6 36.6 9.4
Crystallinity (%) 66.4 57.6 73.6

& Determined from our previous study (Han et al. 2013a).

The obtained aqueous suspensions of CNPs (1.0 wt%) were sealed in glass containers and
stored at 5°C in a refrigerator before testing. Poly (vinyl alcohol) (PVA) (M,,=146.000-186.000 g
mol™, 99.0+% hydrolyzed) was purchased from Aldrich Chemical Co. (St. Louis, MO, USA)
and used as received. Borax (sodium tetraborate decahydrate, over 99.5% purity,
Na,B,0;7 10H,0, M,=381.37 g mol™) was obtained from Aldrich Chemical Co. and dried at

120° under vacuum for 12h before sample preparation. Sulfuric acid (95-98 wt%, VMR, West
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Chester, PA, USA) was of analytical grade and was diluted to concentrations of 64 and 48 wt%.
Sodium hydroxide (NaOH over 97.0% purity, ACS, MS, USA) was dissolved in distilled water
to prepare a 20 wt% aqueous solution. All reagents and solvents used were of analytical grade.
Deionized water was used in the preparation of all solutions.
4.2.2 Preparation of PVA-borax-water Solution and CNP-PVA-borax Hydrogels
Cellulose-PVA-borax hydrogels with 2.0 wt% of PVA, 0.4 wt% of borax and 1.0 wt% of
CNPs were prepared as follows (Figure 4.1). 0.1 g of borax powder was dissolved in 1.0 wt%
CNP aqueous suspensions with continuous stirring at 25°C for 20 min. Subsequently, 0.5 g of
PVA powder was then slowly sprinkled onto the surface of the stirred aqueous solutions. To
avoid the formation of PVA lumps, the solutions were mechanically stirred for 30 min at room
temperature. After a complete swelling of PVA powder, the solutions were heated to 90°C and
stirred for 2 h. To prevent the evaporation of water and film formation on the surface of the
mixture, the heating process was conducted in hermetically sealed vials. As the temperature rose,
the PVA powder began to dissolve and the mixture gradually became homogeneous and viscous.
After the PVA was completely dissolved, homogeneous translucent solutions with well-dispersed
CNPs were formed. In order to remove the bubbles, the solutions were placed in an ultrasonic
water bath at 35°C for 10 min. As the temperature decreased, the solutions started to present
viscoelastic properties. The solutions were further cooled slowly to room temperature to form the
final hydrogels. The PVA-borax-water complex solution with a PVA concentration of 3.0 wt%
and a borax concentration of 0.4 wt% (designated as PB) was prepared by directly dissolving
PVA powder into borax aqueous solutions. All other processing conditions were the same as
those used for the cellulose-PVVA-borax hydrogels. Overall, all the composite hydrogel samples

contain 2.0 wt% of PVA and 0.4 wt% of borax. The hydrogels with 1.0 wt% of CNC I, CNF 1|
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and CNC Il were designated as PB-CNC I, PB-CNF | and PB-CNC 11, respectively, and they
were collectively referred to as CNP-reinforced PB hydrogels. For comparison, a series of
reference variant hydrogels that are composed of only 2.0 wt% PVA and 1.0 wt% CNPs (without
borax) were designated as P-CNC I, P-CNC Il and P-CNF I, respectively, and they were

collectively referred to as CNP-reinforced PVA hydrogels.
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Figure 4.1 Schematic illustration of the preparation and synthesis process of the hydrogels.

4.2.3 Density and Water Content of Hydrogels

The densities (p, g/em®) of the hydrogels were determined from the dimensions and
weights of the samples. Each sample (initial weight = W}) was dried in a vacuum oven at 50 C
until a constant weight (Wy) was reached. The water contents (W.) of the hydrogels were
calculated from eq. 4.1:

Wh 'Wd
W, = ——19% <100% (4.1)

Cc Wh
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4.2.4 Optical Transmittance

The hydrogel samples were introduced into a UV quartz cuvette with PTFE cover
(dimension of 45x12.5% 12.5-mm, and layer thickness of 10 mm). The optical transmittance of
each sample was measured at wavelength from 300 to 800 nm wusing a UV-Vis
spectrophotometer (Evolution 600 PC, Thermo Electron Corp., USA). The data were collected at
a scan speed of 240 nm min™ and a band width of 2 nm using deionized water as a reference. All
tests were carried out at room temperature. The mean transmittance of each sample was
calculated by averaging the transmittances over the whole wavelength range. All the 1.0 wt%
CNP dispersions were prepared by a 2 h stirring after preparation, and photographs were taken
after 48 h.
4.2.5 Polarized Light Microscopy Observations

The hydrogels were transferred into a paired slide glass cell with a 0.5 mm thick spacer
and observed using an Olympus BH-2 polarization light microscope (Olympus Optical Co., LTD,
Tokyo, Japan) equipped with a 530-nm retardation plate at room temperature. After loading,
each sample was allowed to equilibrate for 2h at 30°C for complete recovery of hydrogel
structure. The texture of the liquid crystal phase was examined between a pair of crossed
polarizers and the pictures were taken with a digital camera.
4.2.6 Dynamic Oscillation Measurements

The dynamic rheological behaviors of hydrogels were investigated with an AR2000EX
controlled-stress Rheometer (TA Instruments Inc., New Castle, DE) using plate-and-plate
geometry (diameter: 40 mm, gap: 500 um). The viscoelastic parameters (log mode), including
shear storage modulus (G’) and complex viscosity (n*) as functions of angular frequency (®)

were measured over the @ range of 0.1-100 rad/s at 25°C. A strain (y) of 1.0% was selected in the
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oscillation tests to ensure that the dynamic oscillatory deformation of each sample was within the
linear viscoelastic region. For steady state flow test, steady shear viscosity (n) as a function of
shear rate (y) was measured over the y range of 0.1-100 s at 25<C using cone-and-plate
geometry (diameter: 40 mm, cone angle: 1°59'42", truncation: 56 um). To avoid water
evaporation, the gap between two plates was sealed with a solvent trap cover and silicon oil.
4.2.7 Compression Strength Test of Hydrogels

Uniaxial compression stress—strain measurements were performed with an AR2000ex
Rheometer (TA Instruments Inc., New Castle, DE, USA) using cylindrical hydrogel samples
(20mm in diameter and 5mm in height). Because of the slightly uneven top surfaces, a preload of
approximately 0.05 N was vertically applied to the cylindrical hydrogel samples before
compression testing (Kohnke et al. 2012). Each sample was compressed in the direction parallel
to the cylinder axis by an upper moveable plate (40mm diameter) against a stationary peltier
plate at a cross-head speed of 20 pm/s at 25 °C in air. The compression for all samples ended
when the normal force reached the maximum loading capacity (50 N). Compression stress (o)
and strain (¢) values were calculated from measured force and specimen displacement based on
the initial dimensions of hydrogels. The compression results were averaged over three specimens
per group.
4.3 RESULTS AND DISCUSSION
4.3.1 UV Optical Transmittance and Dispersion State of Hydrogels

Figure 4.2a shows UV—vis light transmittance spectra of PB, PB-CNC I, PB-CNF I and
PB-CNC Il at a visible wavelength range of 300 to 800 nm. The pure PVA-borax-water system
was almost transparent with a mean light transmittance of 80.2%. However, PB hydrogel was not

as stiff as PB-CNP hydrogel as determined by compression and rheology measurements. The
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refractive index of cellulose (1.54) is greater than that of PVA (1.51). Therefore, after the
incorporation of CNPs, the transmittance values of CNP-reinforced hydrogels decreased to
different extents, but they remained translucent due to their high water content (W¢ = 96%,
Table 4.2) and the homogeneous network structure. The CNPs were well-dispersed in PVA-
borax-water system without any visible aggregation, suggesting an excellent compatibility of
cellulose fillers with polymer matrix and thus a homogeneous dispersion state of translucent
hydrogels. Homogeneous dispersion of CNPs in the PVA-borax-water system was a key for
achieving their reinforcement effect. Dispersion containing 1.0 wt% CNC | or CNF | formed
stable colloids due to their liquid crystalline property and the mutually repulsive negative
electrostatic charge caused by -O-SOs- groups on their surfaces, while CNC Il formed
homogeneous aqueous suspension. Dissolving PVA and borax in CNP dispersions assured the
interpenetration, tangling and crosslinking of PVA chains and borax molecules with the CNPs,
leading to a three-dimensional network structure. For all the hydrogel samples, the absorption
band around 330 nm was probably due to the presence of carbonyl functional groups in
hydrogels (Jayasekara et al. 2004).

The transparency for hydrogels was in the order of PB-CNC Il > PB-CNC | > PB-CNF I,
which was in accordance with the transparency trend of 1.0 wt% aqueous suspension of CNPs
(Figure 4.2b). This phenomenon was further confirmed by Figure 4.2c where the visibility of the
black regions observed through these cellulose dispersions also followed the same order of CNC
I > CNC | > CNF 1. The visible light transmittance of CNP-reinforced PB hydrogels largely
depended on particle size and the dispersion quality of particles in the polymer system. The mean
length of CNF I (~732 nm) was nearly five times longer than that of CNC | (~149 nm; Table 4.1).

When the hydrogels were exposed to visible light, the light scattering on the cellulose surface
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might theoretically happen if the particle size is larger than 400 nm, leading to a loss of light

transmittance (Han et al. 2013a).
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Figure 4.2 UV—vis transmittance spectra of hydrogels (a) and 1.0 wt% aqueous suspension of
cellulose nanoparticles (b); 1.0 wt% aqueous suspension of cellulose nanoparticles (c).

In addition, the high aspect ratio of CNF | (~36.6) promoted the entanglement of
polymeric chains and increased the probability that PVA chains and borate ions contacted with
the surface of each single CNP (Table 1). Consequently, numerous physical junctions formed via
polymer chain tangling established a compacter structure of PB-CNF I, resulting in a translucent,
however, much stronger hydrogel as determined by compression tests. On the other hand, the
aspect ratio (~9.4) and length (~46 nm) of CNC Il were smallest among the three types of CNPs
(Table 4.1). If the particle size is less than one tenth of the visible light wavelength, the light
scattering is effectively restrained despite of the difference in the refractive index of cellulose

and PVA (Yano et al. 2005). Therefore, PB-CNC Il achieved the best transparency because of
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nanoeffect, however, moderate mechanical strength due to a relative lack of chain entanglement
within hydrogel.

4.3.2 Birefringence Behavior and Well-Dispersed Cellulose Nanoparticles in PB-CNC | and
PB-CNC | Hydrogels by Polarized Light Microscopy

After cooled down to room temperature, CNP-PVA-borax aqueous dispersions gradually
lost their fluidity and formed freestanding hydrogels. These translucent hydrogels had a rubbery
consistency and possessed a relatively high rigidness enabling them to be picked up and easily

handled, whereas the pure PB hydrogel was not as rigid as them.

Figure 4.3 Polarized optical micrographs of PB-CNC | (a, c¢) and PB-CNF | (b, d) viewed
through crossed polarizers showing the distinct macroscopic birefringence texture, especially the
iridescent pattern on the sample edge (c, d). The insets were their appearances.

It is well-known that because of the mutually repulsive negative charge of sulfate ester

groups on their surfaces, the rigid rod-like cellulose I nanoparticles have a strong tendency to
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align along a vector director in water, creating a birefringent pattern that can be observed under
polarized light microscopy (Lima and Borsali 2004). Interestingly, with the addition of 2.0 wt%
PVA and 0.4 wt% borax into CNP dispersions, PB-CNC | and PB-CNF | both still exhibited
birefringence behavior and liquid crystalline morphology when observed between crossed
polarizers (Figure 4.3c, d), indicating that the anisotropic alignment of CNC | and CNF 1 in the
aqueous dispersions was preserved in the stiff hydrogels. It was clearly seen that CNC | and CNF
| were well-dispersed in hydrogels (Figure 4.3a, b), which was in an agreement with the results
of optical transmittance measurements. Therefore, the presence of PVA and borax not only
maintained the homogeneous dispersion state of CNPs, but gave rise to the formation of 3D
network structure within hydrogels as well, thus providing strength and elasticity for hydrogels
(confirmed by the following compression tests). On the other hand, the PB and PB-CNC Il
remained isotropic without any obvious signs of birefringence behavior.
4.3.3 Dynamic Viscoelasticity of Hydrogels

To understand the influence of various CNPs and borax on the viscoelastic properties of
hydrogels, oscillatory measurements were carried out at 25°C. The G’ (elasticity) and n*
(complex viscosity) as a function of angular frequency (w) for hydrogels within linear
deformation range are illustrated in Fig. 4.4 a and b. For all the CNP-reinforced PB hydrogels, as
o proceeded, the G’ gradually increased to reach a plateau region (high-frequency plateau, G'p),
indicating the polymer entanglements and the gelation character of CNPs (Lin et al. 2005). The
G'p values of PB-CNF I, PB-CNC I, PB-CNC I, and PB were 2354, 650, 230, and 122 Pa,
respectively. With the addition of 1.0 wt% CNF I, an increase of almost 19-fold in G’, was

generated for PB-CNF I compared with pure PB hydrogel, suggesting the crosslinking role and

enhancement effect of CNF I. On the other hand, the G’ and n* of PB-CNF | were much higher
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than those of P-CNF | at each o (Fig. 4.4a,b), respectively, indicating an important role of borax
in the 3D network structure. Figure 4.4c shows the viscosity (n) of all hydrogel samples as a
function of shear rate (y). Without borax, CNP-reinforced PVA hydrogels exhibited a typical
shear-thinning behavior through the whole y range. After 0.4 wt% of borax was added into the
system, the n values of all hydrogels were significantly increased. On the other hand, the
incorporation of 1.0 wt% CNPs also significantly increased the n values of pure PB system.
Overall, the viscoelasticity of these hydrogels followed the order of PB-CNF | > PB-CNC | >

PB-CNC Il > PB > CNP-reinforced PVA hydrogels.
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Figure 4.4 Dynamic viscoelasticity performance of hydrogels at 25 °C: (a) angular frequency ()
dependence of shear storage modulus (G’ ), (b) ® dependence of complex viscosity (n*), and (¢)
steady shear viscosity (1) versus shear rate (y).

4.3.4 Uniaxial Compression Stress—Strain Behavior of Hydrogels
The preparation of high-performance CNP-reinforced hydrogels requires the control of

the nature of cellulose nanofillers and interactions between fillers and polymer matrix (Das et al.
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2012; Yang et al. 2013b). The response of hydrogels towards compressive stress plays an
important role for many hydrogel applications, thus evaluation of mechanical properties of the
hydrogels was focused on their compression properties. A series of compression measurements
were performed on PB, PB-CNC I, PB-CNC Il and PB-CNF | hydrogels to examine the degree
of mechanical enhancement led by the incorporation of various CNPs into the PVA-borax-water
system. The energy absorption by each sample under uniaxial compression was defined as the
area below the stress—strain curve (Cervin et al. 2013). All hydrogels presented a gradual
transition from linear to non-linear stress—strain behavior without obvious horizontal plateau,
making it challenging to determine the yield point. Consequently, the mechanical properties were
additionally compared by the compressive stress at the 70% strain level and the energy
absorption at the 90% strain level. To further characterize the stiffness of hydrogels, the
compressive elastic modulus (Ee) was determined from the slopes of the linear portions (e < 20%)
of the stress—strain curves (Gawryla et al. 2009).

The compression stress—strain curves and the corresponding energy absorption-strain
curves are shown in Figure 4.5a, b, respectively. The trend in compressive parameters (energy
absorption and ¢ at a certain ¢ level, E. determined from initial linear portions) was as follows,
PB-CNF | > PB-CNC | > PB-CNC Il > PB. As expected, the addition of a small amount (1.0
wt%) of CNPs significantly increased the compressive strength of PB hydrogel (Figure 4.5a).
Specifically, the o of PB-CNF I, PB-CNC | and PB-CNC II at £=70% were almost 21, 9 and 6-
fold higher than that of PB (Table 4.2), respectively. This phenomenon indicated that, compared
with other nanofillers, such as carbon nanotube and nanoclay (Wu et al. 2009), well-dispersed
CNPs in PVA matrix have a similar reinforcing effect on the composite hydrogel. The

mechanical reinforcement of CNP-filled hydrogels is largely affected by cross-linking next to a
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result of some combined effects, such as the dimension, concentration and dispersion of fillers,
as well as the interactions between fillers and polymer matrix.

As demonstrated by the results of UV-vis and polarized light microscopy measurements,
CNPs were well-dispersed in PVA-borax aqueous system without formation of visible
aggregates, which helped transfer the compressive stress from polymer chains to CNPs and
restrain the growing of microcracks (Zhou and Wu 2011). Because the overlap concentration of
PVA (C*) is 1.54 wt% at ambient temperatures, the higher concentration of PVA (2.0 wt%) is
chosen to achieve the entanglements of PVA chains, which is essential for formation of the 3D-
networks that immobilize the liquid phase (Carretti et al. 2010; Chen and Yu 1997). The CNP
concentration in each hydrogel (1.0 wt%) is just above the dilute concentration range where
particles barely contacted with each other (Boluk et al. 2012). On one hand, CNPs carry
numerous hydroxyl groups on their surfaces and thus formed plenty of hydrogen bonds with
PVA-borax matrix, resulting in the chain entanglement and the formation of physically
crosslinked hydrogel network (Wang and Chen 2011). On the other hand, borax
(Na;B407 10H,0) dissociated completely into equal quantities of trigonal planar [B(OH)3] (boric
acid) and tetrahedral [B(OH),] (monoborate ions) that interchanged rapidly when dissolved in
water. The B(OH), ion was shaped like a tetrahedron (four sides, each side is an equilateral
triangle) with the boron in the center and the four OH groups at each corner. [B(OH),] could
form complexes with PVA chains and/or CNPs (Gao et al. 2008; Gouvea et al. 2009). In this
case, borax acts as an ionic cross-linker between the CNPs and PVA chains, leading to strong
interactions between them as well as chemically crosslinked hydrogel network. In addition, by
incorporating CNPs, all the composite hydrogels exhibited increased compressive E. as

compared with that of the neat PB. Considering the highly crystalline nature of rigid CNPs, our
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previous study confirmed that the crystallinities of CNC I, CNF | and CNC Il were 66.4, 57.6
and 73.6% (Table 4.1) (Han et al. 2013a), respectively, which were higher than that of PVA (30-
50%) (Peresin et al. 2010). Therefore, it was not surprising to observe a hardening effect after
CNPs were incorporated into a softer chain PVA matrix with a lower degree of crystallinity. Due
to the direct proportionality relationship between E. and crosslink density (Wang and Chen
2011), the increased E. leads to an increase in crosslink density. This phenomenon was
advantageous for CNPs to form the load-bearing percolating networks within the host polymer
matrix (Yang et al. 2013b). By homogeneous distribution of CNPs within the polymer matrix,
the chemical and physical cross-links coexisted in the complex network, leading to the
significant increase in the mechanical properties of CNP-reinforced hydrogels (Yang et al.
2013b). Consequently, CNPs in this study acted as multifunctional crosslinking agent and fillers

to bridge the hydrogel network.

Table 4.2 Physical and compression properties of hydrogels

Mc p o (KPa) energy absorption (J/m°) Ee
hydrogels

(%) (g/cm®) ate=70%  at £=90% (KPa)
PB-CNFI 956+0.13 1.14+0.11 7.36 +0.16 489.6 +10.3 22.5+0.6
PB-CNCI 96.1+0.24 1.11+0.08 2.99+0.04 201.9 +8.0 4.8 +£0.4
PB-CNC Il 96.3+0.18 1.08 +0.07 1.95+0.06 162.5=+4.9 3.8+0.2
PB 97.1+0.22 1.09+0.10 0.40+0.05 48.1+25 09+0.1
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Figure 4.5 Compression stress—strain curves (a) and energy absorption- strain curves (b) of
hydrogels; Rigid PB-CNF I hydrogel loaded with 100g weight (c).

Not surprisingly, it was observed that among all hydrogels, rubbery-like PB-CNF |
showed the highest ¢ and energy absorption throughout the whole € range, especially at high ¢
levels. Its E¢ is one order of magnitude greater than those of PB-CNC | and PB CNC I,
indicating that PB-CNF | was the stiffest and strongest hydrogel. As shown in the insert of
Figure 4.4a, the free-standing PB-CNF | did not display any distortion under a static loading of
~100 g (supporting more than 10 times of its own weight), exhibiting a high strength and the
potential applications (Chang et al. 2008). The improved hydrogel strength was mainly attributed
to the larger particle size and aspect ratio as well as ease of tangling with PVA chains (Zhang et
al. 2011). The hydrogel PB-CNF | (W¢ = 96%) prepared in this work exhibited higher
compression strength (o = 70.6 KPa at e= 95%) than that of polyacrylamide-chitosan nanofiber
hydrogel (o = 50.2 KPa at € = 95%) with a lower water content (W¢ = 90%) prepared via in situ
free-radical polymerization (Zhou and Wu 2011). Moreover, the compressive modulus of PB-
CNF | (~22.5 KPa) was 4 times greater than that of oxidized xylan—cellulose nanocrystal
hydrogel (~5.4 KPa) (K&dnke et al.). More importantly, at € = 25%, the obtained hydrogels were
comparable in compressive strength (¢ =~ 2.6 KPa with 1.0 wt% of CNF | and 2.0 wt% of PVA)

to those CNP-reinforced PVA hydrogels (o =~ 1.5 KPa with 3.0 wt% of CNC and 15 wt% of PVA)
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prepared by cyclic freeze—thaw processes (Abitbol et al. 2011). Additionally, the dosage of PVA
(2.0 wt%) and CNPs (1.0 wt%) used for the present method were lower than that of cyclic
freeze—thaw prepared hydrogels (PVA=15.0 wt%, CNPs=1.5-3.0 wt%) (Abitbol et al. 2011).
Thus, these low density hydrogels (p =~ 1.1 g/em®, Table 4.2) prepared using less raw polymers
through a simpler method had a potential to be used as biomedical materials (Wang and Chen
2011).

It was also noticed that the energy absorption of PB-CNC | (~201.9 J/m®) was lower than
that of PB-CNF | (~489.6 J/m®) at 90% strain level (Table 4.2), indicating that CNF | was more
effective on increasing the mechanical strength than CNC I. The difference of enhancement
effect was mainly due to the larger size and aspect ratio of CNF | than CNC 1. Accordingly,
smaller-sized PB-CNC Il absorbed less energy (~162.5 J/m®) than PB-CNC | at the 90% strain
level. Additionally, it was reported that the elastic modulus of the crystalline regions of cellulose
| (138.0 GPa) was larger than that of cellulose 11 (88.0 GPa) in the direction parallel to the chain
axis (Nishino et al. 1995), which promoted cellulose | reinforced hydrogels to absorb more
energy under stress than cellulose 11 reinforced hydrogels. Therefore, PB-CNF | and PB-CNC |
systems were both tougher and stiffer than PB-CNC Il under compression.

4.4 CONCLUSIONS

CNP-reinforced PVA-borax hydrogels were successfully produced through a facile
synthesis in an aqueous medium. By respectively incorporating three kinds of well-dispersed
CNPs (i.e., CNC I, CNC Il and CNF 1) to PB aqueous system, the compressive strength and
viscoelasticity of the hybrid hydrogels were pronouncedly increased, clearly demonstrating the
synergy between natural CNPs and synthetic polymer matrix. Highly-crystalline CNPs acted as

multifunctional crosslinking agent and fillers for physically and chemically bridging the 3D
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network structure within PB system, resulting in low-density (~1.1g/cm®), translucent and stiff
hydrogels. The mechanical property of the hydrogels were in the order of PB-CNF | > PB-CNC
| >PB-CNC II> PB, while their transparency was sequenced in a reverse order. PB-CNF | is the
strongest hydrogel (c at e=70% was 21 times higher than the neat PB) due to the entanglement of
longer chains, while PB-CNC Il achieved the best transparency (mean transparency =51.0%)
because of nanoeffect. These polymeric hydrogel materials are readily processed, and their
preparation simplicity, availability from inexpensive renewable resources and performance
tenability (e.g., through adjusting CNPs) are distinguishing features for many potential water-
based applications (Appel et al. 2012). Being distinguished by high water content and diverse
potential physical properties, they can be engineered to resemble the extracellular environment
of the human body’s tissues in ways that enable their application in biosensors, medical implants,
and even drug-delivery devices (Seliktar 2012).

Since the dynamic bonds formed between the B(OH), and the OH groups on the sides of
the PVA (and/or CNPs) are reversible and exchangeable, the self-healing ability and thermo-
reversibility of as-prepared composite hydrogels were expected. Therefore, our further work is to
characterize the dynamic rheological behavior of obtained hydrogels, and to explore the
plausible mechanism for the multi-complexation among CNPs, PVA and borax for a better
understanding of the relationship between 3D network structure and hydrogel properties.
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CHAPTER 5 HIGH-WATER-CONTENT MOULDABLE POLYVINYL ALCOHOL-
BORAX HYDROGELS REINFORCED BY WELL-DISPERSED CELLULOSE
NANOPARTICLES: DYNAMIC RHEOLOGICAL PROPERTIES AND HYDROGEL
FORMATION MECHANISM

5.1 INTRODUCTION

Hydrogels are soft, viscoelastic and cross-linked (physically and/or chemically) three-
dimensional networks of hydrophilic polymer that can hold large amounts of water and/or
biological solution, while maintaining their structural integrity during deformation (Yang et al.
2012; Yang et al. 2008). Due to their excellent hydrophilicity, permeability, ability to mimic
human tissues, hydrogels are particularly attractive in biological, pharmaceutical, and health-care
applications, such as real-time immunoassay, contact lenses, vehicles for drug delivery, cell
encapsulation, implantable artificial muscles and organs, and biosensors (Sun et al. 2012; Yang
et al. 2013). The growing environmental awareness recently has triggered interests in more
environmentally friendly and biodegradable hydrogels (Zhang et al. 2011). Due to the hydroxyl
groups of each repeating molecular unit, hydrophilic polyvinyl alcohol (PVA) can form
chemically and/or physically crosslinked hydrogels. Most PVA hydrogels are biodegradable,
highly crystalline, non-toxic, inexpensive, biocompatible, and non-carcinogenic (Asher et al.
2008; Kobayashi et al. 2005). For example, a type of PVA-based hydrogel known as Salubria
TM (Salumedic, Atlanta, GA) is marketed in Canada and Europe for articular cartilage
replacement (Slaughter et al. 2009). However, there are many applications requiring stronger
hydrogels (e.g., electrochemical devices and medical implants). To enhance the mechanical
strength and toughness of hydrogels, composite hydrogels have been synthesized by
incorporating nanoparticles, including carbon nanotubes, metallic particles, and inorganic clay

(Shin et al. 2009). These reinforcing nanofillers generally act as decelerators of propagating
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cracks and contribute to delaying the collapse of the composite hydrogels (Shin et al. 2009).
Inspired by the recent environmental concerns, eco-friendly composite hydrogels based on
renewable natural resources (e.g., cellulose, most abundant renewable natural biopolymer in
nature) have assumed great significance for reinforcing various polymers. More importantly,
cellulose exhibits a low immune response and cannot be degraded and digested in the body due
to the fact that human and animal cells do not synthesize the enzymes capable of degrading
cellulose (cellulases), thus cellulose reinforced hydrogels are particularly suitable for certain
biomedical fields.

In our previous study (Han et al. 2013c), we successfully synthesized PVA-borax
hydrogels that were reinforced by well-dispersed cellulose nanoparticles (CNPs). The obtained
tough, high-water-capacity (~96%), low-density (~1.1g/cm®), translucence hydrogels exhibited
birefringence textures and a higher transparency than the cyclic freeze-thaw prepared opaque
hydrogels. Highly-crystalline CNPs acted as a multifunctional crosslinking agent to physically
and chemically bridge the 3D network hydrogels. By respectively incorporating three types of
uniform-dispersed CNPs to the PVA-borax aqueous system, mechanical strength, energy
absorption and stiffness of the composite hydrogels were significantly enhanced.

Application of the hydrogels in many fields requires a fundamental understanding of their
viscoelastic properties. Among those techniques that have been used to investigate the gelation
kinetics of PB aqueous system, dynamic rheological techniques have attracted strong interest as a
powerful and effective approach to study the supramolecular structure of hydrogels since in situ
experiments are relatively facile to perform during the gelation process (Shi et al. 2012). The
network structure and the cross-linking density are key factors derived from the rheological

characteristics of the hydrogels (Kjeniksen and Nystrdn 1996). The linear viscoelastic behavior
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in dynamic experiments of miscible gelling polymer systems can continuously monitor the
development of cross-links (chemical and/or physical) and supramolecular complexes in
hydrogel without disrupting gel structure, and they can further reflect the miscibility of polymer
blends, supramolecular structure and cross-linking density of hydrogels in stages. As a result,
effort has been devoted to the rheology study of PVA-borate complex aqueous systems over the
past several decades (Angelova et al. 2011; Carretti et al. 2009). The effects of polymer
concentration, molecular weight and temperature on the dynamic viscoelasticity of PVA in
aqueous borax solutions were discussed (Koike et al. 1995). The thermo-dynamic, structural, and
dynamic features of cross-linked PVA hydrogels and the corresponding semidilute polymer
solutions were also reported (Kjeniksen and Nystrdm 1996). The crosslinking mechanism of
borate ion with PVA chains was known to be a “di-diol” complexation, which was formed
between one borate ion and two diol units. PB aqueous system rheologically behaved like elastic
solids at high frequencies and like viscous liquids at low frequencies. The short relaxation time
and small amount of energy required to break and reform the cross-links accounted for the
“slime” consistency of these materials (Angelova et al. 2011). Above-mentioned studies indicate
that dynamic rheology techniques can distinguish appropriate gelation conditions for the
fabrication of PB hydrogels with desired properties. Regarding the industrial potential in the
processing of related materials, the knowledge of the dynamic rheological behavior of PB-based
system is very useful in equipment selection and quality control (Gouvea et al. 2009).

However, to the best of our knowledge, we are unaware of any reports on the gelation
mechanism and viscoelasticity of PVA-borax-CNP complexes in an aqueous system. For
instance, the effects of different CNPs on the rheological features of PB aqueous systems have

not been addressed. It is possible that the physically and chemically crosslinked hydrogels can
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exhibit some unique viscoelastic properties. The objectives of this study were to characterize the
dynamic rheological behavior of the obtained hydrogels, and to explore the plausible mechanism
for the multi-complexation among CNPs, PVA and borax for a better understanding of the
relationship between 3D network structure and hydrogel properties, which could further deepen
the fundamental knowledge of how hydrogels were strengthened by CNPs in the presence of
borax. Insights into the structural and viscoelastic changes that occurred when the nature of
CNPs were changed were obtained from analyses of rheology data. In the work, the effects of
particle size, aspect ratio, crystal structure, surface charge and minimum overlap concentration of
different CNPs on the dynamic rheological properties and performance of the hydrogels were
investigated. Through dynamic oscillation measurements, the enhancement effect of CNPs on
the composite hydrogels was verified. Since dynamic bonds formed between the B(OH), and
the OH groups on the sides of the PVA (and/or CNPs) are reversible and exchangeable, the self-
healing ability and thermo-reversibility of as-prepared composite hydrogels were also
demonstrated. In addition to providing fundamental insight into factors controlling the efficiency
of the cross-links and the interactions among these network components of the composite
hydrogels, this work described a new type of soft matter with some unique properties that can be
tuned by the incorporation of different CNPs to meet the requirements of specific applications.
5.2 EXPERIMENTAL
5.2.1 Materials and Hydrogel Preparation

Three kinds of CNPs were isolated from bleached wood pulp using alkali pretreatment
and/or sulfuric acid hydrolysis followed by a high-pressure homogenization process as
previously described in our work (Han et al. 2013). The cellulose nanocrystals with I and 11

crystalline allomorphs as well as the cellulose nanofibers with crystal I structure were designated
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as CNC I, CNC Il and CNF I, respectively. Their corresponding length, width and aspect ratio
were 149 +40, 46 £18 and 732 £208 nm; 9 =2, 5 =1 and 21 =7 nm; 16.6, 9.4 and 36.6,
respectively (Han et al. 2013). The obtained CNP aqueous suspensions (1.0 wt%) were stored at
5°C in a refrigerator before use. As previously described (see manuscript 1), dried borax powder
(sodium tetraborate decahydrate, over 99.5% purity, Na,B,O;40H,0, M,=381.37 g mol™,
Aldrich Chemical Co.) was dissolved in 1.0 wt% CNP aqueous suspensions at room temperature
to obtain the aqueous solutions with 0.4 wt% of borax. A weighed amount of PVA powder
(M,,=146.000-186.000 g mol™, 99.0+% hydrolyzed, Aldrich Chemical Co.) was then slowly
sprinkled onto the surface of the stirred aqueous solutions. After a complete swelling of PVA
powder, the solutions were heated to 90°C and stirred for 2 h. After the PVA was completely
dissolved, homogeneous translucent solutions with well-dispersed CNPs were formed. As the
temperature decreased, the mixture started to present viscoelastic properties. The solutions were
further cooled slowly to room temperature to in-situ form the final hydrogels. All the hydrogels
were homogeneous and stable even after they were allowed to stand for more than 8 months at
room temperature. Accordingly, the PVA-borax hydrogel was prepared by directly dissolving
PVA powder (2.0 wt%) into borax aqueous solutions (0.4 wt%). All other processing conditions
were the same as those used for the CNP-PVA-borax hydrogels. On the whole, all the hydrogel
samples contained 2.0 wt% of PVA and 0.4 wt% of borax. The hydrogels with 1.0 wt% of CNC I,
CNF I and CNC Il were designated as PB-CNC I, PB-CNF | and PB-CNC I, respectively, and
they were collectively referred to as CNP-reinforced PB hydrogels. The PVA-borax-water
complex solution was designated as PB. Deionized water was used for the solution preparation.

All solvents and reagents were of analytical grade.
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5.2.2 Dynamic Oscillation Measurement

The hydrogels (PB, PB-CNC I, PB-CNF I and PB-CNC I1) and suspensions (CNCI, CNF
I and CNC Il at 1.0 wt%) were transferred to airtight vials to prevent the evaporation of water.
They were then allowed to equilibrate for three days for complete structure formation prior to
testing. The dynamic rheological behaviors, including dynamic strain sweep, dynamic frequency
sweep, continuous step strain and dynamic temperature sweep, were investigated with an
AR2000EX controlled-stress Rheometer (TA Instruments Inc., New Castle, DE) using plate-and-
plate geometry (diameter 40 mm, gap 500 um). The upper plate was made of stainless steel, and
the lower plate was a Peltier device with a specially designed temperature control system. For
each measurement, to minimize shearing during sample loading, approximately 0.6 ml of each
sample was carefully loaded onto the Peltier plate using a tablespoon. After their loading, the
upper plate was set at a desired distance above the Peltier plate, and then, all samples were
equilibrated without pre-shearing or oscillating for 10 min at 25°C prior to conducting the
experiments. To avoid the evaporation of water and the oxygen contamination during
measurements, the gap between two plates was sealed with the solvent trap cover, and the moat
on the top of the cover was filled with the low viscosity silicon oil.
5.2.3 Dynamic Strain Sweep

Before the dynamic viscoelastic measurements, the dynamic strain sweep from 0.01 to
100% at ®=1.0 Hz was first performed, and the storage modulus was recorded to define the
linear viscoelastic region (LVR), in which the storage modulus is independent to the strain
amplitude. A strain (y) of 1.0% was selected in the subsequent oscillation tests to ensure that the

dynamic oscillatory deformation of each sample was within the LVR.
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5.2.4 Dynamic Frequency Sweep

The viscoelastic parameters (log mode), including shear storage modulus (G’) and loss
modulus (G") as functions of angular frequency (w) were measured over the ® range of 0.1-100
rad/s at y=1% at 25°C. The complex modulus (G*), complex viscosity (n*), and loss tangent (tan

d) were calculated by eq. 5.1, 5.2 and 5.3, respectively:
n =G*/o (5.2)
Tand=G"/G' (5.3)
5.2.5 Continuous Step Strain

To investigate the recovery properties of the hydrogels in response to applied shear forces
(expressed in terms of strain), two different 1h-programmed procedures were used as follows
(strain% and duration in parentheses): for PB-CNF I, 1.0% (700 s) — 100% (700 s) — 1.0%
(700 s) — 100% (700 s) — 1.0% (800 s); for PB-CNC 1, 10% (700 s) — 100% (700 s) — 10%
(700 s) — 100% (700 s) — 10% (800 s), and the G’ and G" dependence of time was recorded in
continuous step strain measurements at o=1.0 Hz and at 25°C.
5.2.6 Dynamic Temperature Sweep

To test the thermo-reversibility by the dynamic temperature sweep, the hydrogel samples
were measured through a heating-cooling-heating process (10-70-10-70°C) at ®=1.0 Hz and

=1.0%. The heating and cooling rates were 2.0 and 1.0 °C/min, respectively (Li et al. 2001).
Y

Each measurement was repeated three times.
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5.3 RESULTS AND DISCUSSION
5.3.1 LVR Determined by Dynamic Strain Sweep

Figure 5.1a shows the G’ as a function of y for each sample based on the results from
dynamic strain sweep tests, demonstrating a typical elastic response of hydrogels. In the dynamic
oscillation approach, increasing cyclic levels of y (from 0.01 to 100%) were applied at ®=1.0 Hz.
Within LVR, the G’ values of these hydrogels were basically independent of the applied v,
behaving like a viscoelastic solid. The points at which the G’ values deviated by more than 5%
from the plateau values indicated departure from linear viscoelastic behavior and therefore were
defined as the critical strains (yc) for each sample (Gao et al. 2008). The G’ values then gradually
decreased above the yc, indicating a transition of the hydrogel samples from the quasi-solid state
to a quasi-liquid state. As shown in Table 5.1, the y. values of PB-CNF I, PB-CNC | and PB-
CNC II were 2.0, 3.2 and 31.7%, respectively. Consequently, the y=1.0% was selected in the
subsequent oscillation tests to ensure that the following dynamic oscillatory deformation of each
sample was within LVR. The corresponding G'max Values were 1715, 1223 and 206 Pa,
respectively. As noted from the graph, the three types of CNP-reinforced hydrogels exhibited
significantly higher G* values than PB or 1.0 wt% CNP colloids. For example, the G'max Value of
PB-CNF | was two order of magnitude greater than that of PB, and it was also 20 times larger
than that of 1.0 wt% CNF 1 colloid. As expected, the addition of a small amount (1.0 wt%) of
CNPs pronouncedly increased the viscoelasticity and stiffness of PB hydrogel. In general, the
LVR is shortest when the sample is in its most solid form. Compared with PB-CNC | and PB-
CNC 11, PB-CNF I presented a relatively higher G'max, a shorter LVR and therefore a lower vye.

This phenomenon indicated that PB-CNF | was the strongest hydrogel.
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5.3.2 Dynamic Viscoelasticity of Hydrogels

To understand the influence of various CNPs on the viscoelastic properties of hydrogels,
oscillatory measurements were carried out at 25°C in PB-CNC |, PB-CNF |, PB-CNC |l and PB
hydrogels, as well as the 1.0 wt% cellulose colloidal suspensions (Figure 5.1). The G’ (elasticity)
and G" (viscosity) as a function of ® for hydrogels within the linear deformation range are
illustrated in Figure 5.1b. It was clearly observed that the G’ (®) or G” (®) values of these
hydrogels essentially followed a similar trend, thus the moduli curves of PB-CNC | were taken
as an example to interpret the viscoelastic behavior of hydrogels. At low frequencies where G”
(o) > G’ () (tand > 1.0 in Figure 5.1e), quasi-liquid behavior was dominating. As  proceeded,
there was a regional monotonic increase in moduli. Simultaneously, G’ (o) was gradually getting
closer to G” () until a crossover point of G’ (w) and G" () curves appeared, suggesting the
entanglement of polymer chains and the formation of an elastic gel network (Wang and Chen
2011). After the crossover point where G’ (o) = G” (®), G’ (®) continued to increase to reach a
plateau region (indicative of polymer entanglements) (Lin et al. 2005), and it exceeded the G” (®)
at high frequency range, whereas the curve of G"” (®) reached its peak and then started to
decrease. At high frequencies where G’ (0) > G” (®) (tand < 1.0 in Figure 5.1e), the elastic
character became the dominant factor, exhibiting a typical solid-like character. These features
corresponded to the typical viscoelastic material with a narrow distribution of relaxation times
(Inoue and Osaki 1993). It was noticed that the moduli curves of PB-CNF | only showed the
rubbery zone within the accessible frequency window (»=0.1-100 rad/s), indicating that their
intersection located out of ® window and the gelation occurred at a lower ®, earlier than other
samples. According to its viscoelastic properties and the trend of moduli curves of the other

gelatinous samples, the crossover point of PB-CNF I was roughly estimated to be at ® < 0.1,
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where G' (o) = G” (0) = 246 Pa. It was generally considered that the presence of crossover
between the G’ (w) and G” (w) curves was the sign of gelation (Boluk et al. 2012), suggesting the
formation of the elastic three-dimensional network of both entangled chains and reversible or

transient cross-links (Carretti et al. 2009).

10000
2) ! 1000
22232222222 2222322 572N
1000 r MQ‘0Q0000.
1
> < %
Mt eI e e e eaaeaaaeedd 4«':#0 P 100 £ et
5 .
= 100 A OOES St S VAAMAAASSSS AR g
Q? .- I—.—I—I—.*H-I*I»IJ‘I».—IT*“I - '(;“"'.'Vl :./ o oo
= | O 10F
> i . 1 -
© 10F Linear Region =— N - 3 PB-CNFI
' )] P —>—G" PB-CNF 1
> PB-CNF 1 : A\k‘ —*—G' PB-CNC1
* PB-CNCI —#—G" PB-CNC |
1 p—<-PBCONCH ! Al 1 —&—G' PB-CNC1II
v PB 1 £ —8—G" PB-CNC II
—A— 1%CNF 1 | ——G' PB
—=—1%CNC | V \l/ =10 —o—G" PB
0.1 L 1 . | 0.1 . L .
0.1 1 10 100 0.1 1 10 100
Strain (%) Angular frequency (rad/s)
100 C) AAAAAAAAAAAAAAAAAAAAAAAAAAAA“““‘
[AAA
-I---.---IIII"' 1000'
T LLL
= ------..---"' AAAAAAAAAAAA -
< d
& AAAAAAAAAA E £
a "
) Saddansaassass uuﬂnuunuﬂnnuu :100 S
oo
. 10’ uuunnnunuuﬂnnuu"“ &) =
o B A PBONFIG: D00y
s ot 10€ Bttt
o ~0—PB-CNC In*
4 G-CNFI —%— PB-CNC ||“c*
o G"CNCI —#— PB-CNC Il n*
—=—PBG*
1 : . . 1 —o—‘PBn* ) o,
1 10 100 0.1 1 10 100
Angular frequency (rad/s) Angular frequency (rad/s)
le) —=—PB ?
v PB-CNCII
10F "=, —A—PB-CNC |
", —® PBCNFI .
LS s
v =
"'vv,::“-.__ 2
V-
2=} “"MAA‘“ "'vv.‘
= 1 “A“A‘:Vv':‘.‘ PB PRCNCI PRONCT PRONEY Stretching Elasticity and flexibility
= 'ooooooonooo...,.::‘Ax v"‘..
®oeoia Vv
° *. " ---
iigens
‘:li‘!hlp
0.1}F Alv, " u
. Iy
| L L
0.1 1 10 100

Angular frequency (rad/s)

Figure 5.1 Dynamic viscoelasticity performance of hydrogels at 25 °C: (a) strain dependence of
G' for hydrogels and cellulose colloidal suspensions, measured at w=1.0 Hz; (b) frequency
dependence of G’ and G"” for hydrogels and (c) 1.0 wt% cellulose colloids measured at y = 1.0%;
(d) frequency dependence of G and " for hydrogels; (e) frequency dependence of tand for
hydrogels; (f) Stretching ability of PB-CNF .
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Before the incorporation of PVA and borax, G’ and G" curves of 1.0% CNF I colloid and
CNC I suspension were relatively independent of ® throughout the whole o range (Figure 5.1c),
evidencing the formation of a gel-like transient network structure of entangled nanofibers
(Rezayati Charani et al. 2013). The slight increase for moduli indicated that the pure cellulose
network structure was gradually disequilibrated as shear stress increased, because CNPs were
allowed to rearrange and to form an ordered network structure again. G’ and G" curves were
almost parallel and G’ was one order of magnitude higher than that of G” at ®=0.1-100 rad/s,
indicating a rather stable and strong networking of the colloid (Wang and Chen 2011). The G’
values of CNF | was nearly one order of magnitude greater than those of CNC I throughout the
measured ® window (0.1-100 rad/s), indicating a more gel-like behavior of CNF 1 colloid due to
the inherent entangled 3D networks that were constructed by the higher aspect ratio CNF |
(Agoda-Tandjawa et al. 2010; Liu et al. 2011). The other reason was that the critical
concentration of CNF | was smaller than that of CNC I, which was detailed in the following

mechanism discussion.

Table 5.1 Rheological characteristics of hydrogels derived from moduli curves.

Hydrogels

Parameters

PB PB-CNC Il PB-CNC1 PB-CNFI
Crossover frequency, o, (rad/s) 2.93 1.59 0.54 <0.10
Crossover modulus, G (Pa) 48 76 151 ~246
Dynamic relaxation time, t (S) 0.34 0.63 1.85 >10.0
High-frequency plateau of G', G’ (Pa) 125 233 652 2356
Maximum G", Gy," (Pa) 50 83 202 552
Correlated frequency at Gn,", o, (rad/s) 3.98 3.42 2.15 2.93
Longest relaxation time, t_ (s) 0.25 0.29 0.47 0.34
Critical strains, y. (%) n.a. 31.7 3.2 2.0
Maximum G’ within LVR, G'max (Pa) 80 206 1223 1715
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Because of the non-Newtonian behavior of the CNP-reinforced PB hydrogels, the
combination of fluid-like and solid-like properties made them a Maxwell material. Due to a
rough approximation to a model with a single Maxwell element (lvanov et al. 2004), the
hydrogels could be characterized by the following parameters around the crossover coordinates,
crossover modulus (Gc), crossover frequency (®¢), and dynamic relaxation time (t) of the system
(defined as t=1/m¢) (Angelova et al. 2011). It was previously reported that the variations in G,
and t represented the changes in the degree and the lifetime of the cross-linking within the
hydrogels, respectively (Piculell et al. 2003). On the other hand, as noted in Figure 5.1b and
Table 5.1, the intersection point (G¢) did not correspond to the maximum value of G” (®) for
each hydrogel sample, revealing that the viscoelastic properties of the hydrogels should not be
described only by one t or by one Maxwell element model (Gao et al. 2008; Koike et al. 1995;
Piculell et al. 2003). In other words, even though the single Maxwell element together with the
single relaxation time (t) clearly outlined the great differences between different hydrogels, it
seemed that a single Maxwell element was no longer enough to describe the behavior of the
hydrogels, especially for the PVA-borate-based system (Carretti et al. 2009; Ivanov et al. 2004).
Based on Chompff-Duiser theory and modified Rouse theory (Chompff and Prins 1968), the
relaxation spectrum was predicted to illustrate the maximum of characteristic entanglement
slipping mechanism. Accordingly, the curve of G” (w) should possess a maximum value (Gp,"),
and that of G’ (®) should have a flat plateau (G's,). For this reason, some other characteristic
parameters derived from moduli curves could also be used to evaluate the hydrogels in the study:
plateau value of G’ at high frequencies (G's), the maximum value of G” (Gn"), correlated
frequency om at Gn' and the longest relaxation time t_ (defined as t, =1/my). The t. was

described as the time for a given macromolecules to disengage by a snake-like motion from a
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tube consisted of neighboring polymer chains (Gao et al. 2008). The estimated values of these
parameters for the hydrogels in Figure 5.1b were given in Table 5.1.

The most striking difference was observed in G',,, which was in the order of PB-CNF | >
PB-CNC | >PB-CNC Il > PB. For example, with the addition of CNF I, an increase of almost

19-fold in G',, was observed for PB-CNF I compared with that of pure PB hydrogel, suggesting

the cross-link role and enhancement effect of CNPs. On the other hand, the G',, values of PB-
CNF 1 (2356 Pa) and PB-CNC I (652 Pa) were much higher than the G’ values of CNF I (141 Pa)
and CNC 1 (70 Pa) colloids at the same cellulose concentration of 1.0 wt% (Figure 5.1c),
respectively, indicating a strong interaction and entanglement between CNPs and polymer chains.
The presence of G’ also indicated that some internal structures might exist, showing the gelation
character of the CNPs (Boluk et al. 2012). On the basis of the correlation between entanglement
density (pe) and G's (G'=pcksT) (Schubert et al. 2003), the G, value (a solid-like characteristic)
could be used with rubber elasticity theories to estimate the crosslink density. Therefore, the
degree of cross-linking by polymer junctions in the cellulose reinforced hydrogels should follow
the similar order: PB-CNF | > PB-CNC | > PB-CNC II. Additionally, the crossover modulus (Gc)
of these hydrogels, which also provided information about the degree of cross-linking (Carretti et
al. 2009), had the same sequence as G',, further confirming the increase in entanglement density
from PB to PB-CNF 1. This result was further explained by the minimum overlap concentration
of CNPs in the mechanism discussion. In addition to the increase in the quantity of cross-links,
the increased G',, might also originate in the anionic charges carried by monodiols in the PVA-
borax network, thus resulting in a stronger repellence of the polymeric chains (lvanov et al.

2004).
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Being consistent with the increase in G',, the relaxation time (t) of the cellulose
reinforced hydrogels was considerably extended in the order of PB-CNF | > PB-CNC | >PB-
CNC Il > PB. Specifically, the t of PB-CNC | was almost 6 times longer than that of neat PB
hydrogel, revealing a much slower shear-induced rearrangement of the 3D network and
dissociation of cross-links of PB-CNC | under oscillatory shear (Carretti et al. 2009). The
relaxation time (t) represented the shape stability of hydrogel. As shown in Figure 5.1c, PB-CNF
I with longer relaxation time (t > 10) could be moulded into a more regular cube compared to
PB-CNC I (t = 1.85) and PB-CNC Il (t = 0.63), while pure PB hydrogel with a much smaller
relaxation time (t = 0.34) was not even mouldable. It was generally considered that an increase in
t was probably ascribed to a longer lifetime of the cross-links under physical forces, denser
polymer entanglements or a higher cross-link density, and the existence of two types of
interacting polymer chains slowed down the relaxation process in the hydrogel due to
entanglements and different strength of cross-links (lvanov et al. 2004). It was previously
reported that neither borate nor PVA concentration affected the distribution of relaxation times
(Robb and Smeulders 1997). Therefore, different nature of these three kinds of CNPs and their
interaction with PVVA-borax system were mainly responsible for the different hydrogel properties.

It was also found that the G, values of hydrogels were in the same order of PB-CNF | >
PB-CNC | >PB-CNC II > PB, which was in an agreement with the results of t and G',. This
phenomenon showed the gradual increase in effective degree of crosslinking and chain
entanglement from PB (Gp,"” = 50 Pa) to PB-CNF | (G,"" = 552 Pa) (Fang et al. 2004). The plots
of complex modulus (G*), complex viscosity (n*) and loss tangent (tan d) as a function of ®
provided a sharper contrast of these hydrogels (Figure 5.1d, e), where PB-CNF | possessed the

highest G* and n* as well as the smallest tan & within the whole ® range, further confirming that
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PB-CNF | was the strongest and most elastic hydrogel among these samples. As shown in Figure
5.1f, rubbery PB-CNF I could be stretched into a thin film without damage, exhibiting its high
elasticity and flexibility. This observation suggested that the hydrogel possessed outstanding
damage-tolerant ability and efficient energy dissipation behavior. It is well-known that tan &
represents the ratio of dissipated energy to stored energy during the stress deformation. The tan
values of PB-CNF I were lower than 1 throughout the whole » range (Figure 5.1e) and the
corresponding mean tan & was 0.4 (Insert in Figure 5.1e). Because polymer chains physical
entanglements were disentangled and then reconstituted during dynamic strains, the dynamic
entanglement—disentanglement equilibrium process provided the network with the energy release
capacity (Yang et al. 2012). Their elastomeric nature was probably due to the entanglements of
long CNF | and flexible PVA chains via hydrogen bonds and physical junctions with the
presence of borax. The homogeneously dispersed CNPs in PVA-borax system were thus
regarded as multifunctional cross-links and enhancement fillers.

However, the longest relaxation times (t.) of hydrogels were in a different order of PB-
CNC I > PB-CNF I >PB-CNC I, which was coincident with the sequence of the corresponding
Zeta potential (absolute value) of CNC I, CNF I and CNC 1I (i.e., |-57.07 £ 1.06 | > |-32.61 +
1.12 |> ]-0.63 £ 0.08 | mV) (Han et al. 2013). In our previous work, we mentioned that the
negatively charged CNPs electrostatically repulsed each other. Therefore, the highly charged
CNC | (Zeta potential = -57.07 =1.06 mV) increased the organization and the stability of the
hydrogel, leading to a longer t_ of PB-CNC I. In the CNP-PVA-borax system, various polymer
chains might be reversibly linked to a neighboring chain through crosslinks. During the polymer
reptation caused by external oscillatory shear, the exchange rate for the formation of temporarily

intermolecular crosslinks was reduced due to a more stable network formed by highly negatively
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charged fibers.?® To sum up, these results showed that the incorporation of CNPs significantly
increased t, t, G'x, Gn"” and G¢. It was thus concluded that the CNPs strengthened the 3D
entangled networks of the PB hydrogels.
5.3.3 Self-recovery of the Hydrogels under Continuous Step Strain

Interestingly, it was noted that these high-water-content hydrogels exhibited particular
recovery of their mechanical characteristics after a large-amplitude oscillatory collapse,
indicating a thixotropic nature (Wang et al. 2010). As shown in Figure 5.2a, beginning to be
deformed at small-amplitude oscillatory force (y=1.0%), PB-CNF | first present a solid nature
with a G’ of 12.0 KPa and a G” of 5.1 KPa (tan 6 = G"/G' = 0.4). Under the application of a
large-amplitude one (y=100%), the G" and G"” values of PB-CNF | subsequently decreased to
0.23 and 0.7 KPa, respectively, leading to a quasi-liquid state of hydrogel (tan & = 3.0). However,
more importantly, when the v is reduced once again to 10%, G' and G” immediately recovers
their initial values and the hydrogel returned to the original quasi-solid state (tand = 4.5 KPa /
12.2 KPa =~ 0.4). Accordingly, PB-CNC | showed similar recovery properties in response to
applied shear forces, which also experienced the state transition between quasi-liquid (G” > G’ at
v=100%) and quasi-solid (G"< G’ at y=10%) under oscillatory collapse (Figure 5.2Db).
Nonetheless, under the same oscillatory force (for example, y=100%), the G' and G of PB-CNF
| were greater than those of PB-CNC I (G’ = 0.14 KPa, G” = 0.41 KPa), confirming that PB-CNF
| were more elastic and stronger, which was consistent with the results of compression and
dynamic rheology testing.

Because of the reversible cross-links between PVA (or CNPs) and borax, these high-
water-content and translucent hydrogels could be manually moulded into various 3D shapes

(Figure 5.2c), suggesting their high malleability and flexibility.
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In addition, when two blocks of PB-CNF | were pushed together, their surfaces came into
adhere to each other, resulting in a fusion phenomenon (Figure 5.2d). After readily handling by
hand, they could be totally merged together, which was a sign of apparent self-healing property
(Schultz and Myers 1969). This external force—induced coalescence of rubbery hydrogels was
probably attributed to their high water content and the hydrophilic nature of polymer chains. To
further demonstrate their self-recovery ability, a plastic transfer pipette was inserted into a block

of PB-CNF 1 to create a hollow on the surface of hydrogel (Figure 5.2e). As expected, the hollow

gradually disappeared under external force, revealing that the flexible hydrogel network could
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bear strong force and dissipate a large amount of energy without permanent change in 3D-
network structure.
5.3.4 Thermo-reversibility of the Hydrogels Characterized by Temperature Sweep

To understand the behavior of hydrogels at different energy states, the CNP reinforced
hydrogels were subjected to a temperature sweep study. The junctions of PVA-borate were
thermoreversible cross-links with a finite lifetime (determined by oscillation measurement and
mechanism section), and some cellulose-based gels also exhibited thermo-reversible
characteristic, thus the thermo-reversibility (referred to the reversibility responding to
temperature) of these mouldable hydrogels was expected. To test this hypothesis, the hydrogels
were developed via a first heating process beginning from a low temperature of 10 <C to 70 <C at
a heating rate of 2 <C/min, and were then cooled slowly to 10 <C at a cooling rate of 1.0 <C, and
eventually went through a second heating process that was identical to the first one. Figure 5.3
shows temperature dependence of moduli (G" and G") for cellulose reinforced hydrogels under
the heating-cooling-heating process (10-70-10-70<C) at v=1.0 Hz and y=1.0%. It appeared that
PB-CNF I, PB-CNC | and PB-CNC Il exhibited a similar thermo-behavior, therefore PB-CNF |
was taken as an example to demonstrate the thermal-induced transition of hydrogels (Figure
5.3a). During the entire heating-cooling-heating circle, G’ was throughout higher than G”,
indicating the completion of gelation and an elastic hydrogel network.

Starting from 10 to 45< C in the first heating process, the moduli were roughly
independent of temperature, and yet G’ decreased very slightly with elevation of temperature,
suggesting the stable cross-linking structure and more entanglements between CNPs and
polymer chains around room temperature (Shi et al. 2012; Yang et al. 2008). The moduli

increased gradually with further increase of temperature from 45 to 70<C, which might be caused
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by the formation of a denser network at higher temperatures. Due to the high-water-content
nature of the hydrogels (Mc = 96%), this phenomenon might be better understood by taking into

account the thermal-induced water evaporation inside the hydrogels (Figure 5.3d).
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At higher temperature range from 45 to 70<C, the concentrations of cellulose and
polymer increased due to the inevitable water evaporation of hydrogels, leading to shorter
distances among CNPs and/or polymer chains and accordingly a higher cross-linking density of
hydrogel structure. In addition to the water evaporation factor, the increased physical cross-
linking and more chain entanglements at elevated temperature also contributed to the positive

dependence of moduli on the temperature ranging from 45 to 70 <C (known as thermal-induced

hardening of hydrogels) (Shi et al. 2012). A similar comportment was previously reported for
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pure cellulose solution. The cellulose solution exhibited more elastic behavior at high
temperature because of the junctions between cellulose chains and the formation of networks
(Cai and Zhang 2006). Consequently, the thermal-induced rheological properties of the CNP
reinforced hydrogels were similar to that of the cellulose solution, indicating the homogeneous
nature of the hydrogels (Shi et al. 2012). Furthermore, better solubilization of borate ions around
60<C contributed towards better interaction and complexation (compacter network) inside the
hydrogel structure during heating (Gouvea et al. 2009).

At the lower temperature range from 10 to 45<C, the thermal-induced water evaporation
was quit slow and even negligible, so the moduli showed almost no dependence on temperature
in this range. For the following cooling process, the moduli increased rapidly from 70 to 45<C,
and the ascent rate of moduli was much greater compared to the descent rate of moduli within
the same temperature range in the first heating process, which was probably due to the
continuous and intense evaporation at higher temperature. Subsequently, at lower temperature
range from 45 to 10<C, the moduli reached a temperature-independent plateau, suggesting that
the temperature region between 10 and 45<C was indeed suitable to test the thermo-reversibility.
Because the thermo-reversibility of a hydrogel is an important characteristic that is directly
related to the energy involved in the hydrogel network structure (Gao et al. 2008; Li et al. 2001),
the thermal-induced water evaporation will affect the thermal-induced behavior, especially for a
high-water-content hydrogel. For this reason, the thermo-reversibility of a hydrogel makes sense
only when the water evaporation can be practically ignored. To verify the thermo-reversibility,
the hydrogels experienced the second heating process. At lower temperature range from 10 to
45<C where water evaporation of hydrogels was almost negligible (confirmed by first heating

process), the moduli curve of the second heating process basically overlapped the cooling curve,
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revealing that hydrogels stiffening during cooling was almost completely thermo-reversible
(Renkema and van Vliet 2002). While at higher temperature range from 45 to 70<C where water
evaporation of hydrogels became more intensified (determined by first heating process), the
moduli curve rose again with the same ascent rate as the first heating process. Similar thermo-
reversibility of the hydrogels prepared by related polymers was proposed previously, such as
glucomannan/borax gel (Gao et al. 2008), short-chain O-(2,3-dihydroxypropyl) cellulose/borax
hydrogel (Ide et al. 1998), and crystalline colloidal array embedded PVA hydrogel (Asher et al.
2008).
5.3.5 Possible Mechanism for Hydrogel Formation and CNP Enhancement

In order to improve the existing models of PVA-borax gelation to the field of CNP-
containing PB hydrogels, it was necessary to consider the fundamentals of PVA-borate complex
formation in water. Previous studies elucidated that, in dilute solution (borax concentration less
than 25mM~0.95 wt%), borax (Na,B407 10H,0) dissociated completely into equal quantities of
trigonal planar [B(OH)s] (boric acid) and tetrahedral [B(OH),] (monoborate ions) that
interchanged rapidly in water system (see eq.5.4 ) (Cui et al. 2009; Lin et al. 2000; Pezron et al.
1988; Sinton 1987), thus the authentic concentration of B(OH),™ in the system was almost twice

the initial borax concentration (Gao et al. 2008).

Na,B,0, +7H,0 — 2B(OH), + 2B(OH), (5.4)
Cellulose, (CgH1005),, was a polyhydroxy polysaccharide consisting of a linear chain of

thousands of P(1—4) linked D-glucose units. PVA was a long chain polymer that had a

backbone of carbon molecules with numerous 1,3-cis-diol groups attached. In general, the

mechanism of the crosslinking reaction of B(OH), with polyhydroxy polymers (i.e., PVA and

cellulose in this study) was considered to be a so-called monodiol and didiol complexation
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(crosslink reaction) formed between vicinal diol units of polymer chains and B(OH), (see eq. 5.5

and 5.6) (Angelova et al. 2011).

P+B(OH), < PB(OH), +2H,0 (5.5)

2P+ B(OH), <> P,B(OH), +4H,0 (5.6)

where P referred to the cis-diol unit of the polymer (cellulose or PVA). PB(OH),
(complex 1) and P,B(OH) 4 (complex 1) represented the free monodiol (1:1 stoichiometry) and
didiol (2:1 stoichiometry) complex structures, respectively.

These complexes played the role of tie points for the physical network. Once a B(OH) 4
was attached to a PVA or cellulose chain (complex 1), the anionic polymer chain behaved as a
polyelectrolyte unless the B(OH), was removed from it. In this case, a contribution of
electrostatic repulsion between monodiol units was expected, leading to an expansion of the
individual polymer chains (Lin et al. 2005). Since the PVA concentration (2.0 wt%) in each
hydrogel was higher than the overlap concentration C* (1.54 wt%), both intra- and inter-
molecular crosslink of (complex I1) happened, and a gelation of these complexes was expected.

Based on the above-mentioned analysis, we first realized the multi-complexation between
CNPs, PVA and borax in aqueous system in the present study. A plausible mechanism for the
multi-complexation between cis-diol groups on the CNPs (or PVA) and B(OH) 4 is presented in
Figure 5.4. PVA-borax aqueous system had a strong extended H-bonding network, which could
further interact with active hydroxyl groups of cellulose through H-bonding. This was the first
hierarchy of the hydrogel 3D-network via polymer-chain physical entanglement. It was reported
that borax ions preferred to complex with glucose rather than physical cross-linking with the
PVA polymer via hydrogen bonding (Manna and Patil 2010). However, because the chain

excluded volume of CNPs was much greater than that of glucose molecules, thus considering the
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presence of stereo-hindrance effect of the larger CNPs in the medium, the competitive binding
equilibrium between PVA and CNPs was mitigated, which meant that the partial PVA-borax

complexes would probably still exist with the addition of CNPs.
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Figure 5.4 Schematic illustration of the three-dimensional network formation of hydrogel. (a)
The first physical hierarchy of physical entanglement of polymer chains through H-bond, and the
comparison of the dispersion state of CNPs with different minimum overlap concentration in the
hydrogels, and (b) The second chemical hierarchy of the idealized 3D network structure formed
by the ionic crosslinks among the five types of complexes and adjacent water molecules
(hydrogen bonding system was not shown).

Therefore, two cis-diol pairs of different cellulose molecules or PVA chains were
connected by a B(OH) 4 to form an reversible inter-chain crosslink. The coexistence of the three
types of reversible crosslinks (PVA-B(OH) ,-CNP, PVA-B(OH)4-PVA and CNP-B(OH) 4-CNP )

gave rise to five types of complexes, namely complex | (PVA-B(OH) 4 and CNP-B(OH)4) and
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complex Il (PVA-B(OH) 4-CNP, PVA-B(OH) 4-PVA and CNP-B(OH)4-CNP), leading to the
creation of a tridimensional network and solid-like performance of hydrogels (Scheme 1b). This
was the second chemical hierarchy of the hydrogel 3D-network via plenty of reversible ionic
crosslinks.

The formation of cross-links between pairs of vicinal hydroxyl groups from two polymer
chains (PVA or CNP) and one B(OH)’4 (eq.6) was an exothermic process, and the cross-linking
caused by formation of anionic complexes Il with 2:I stoichiometry was cited as the chemical
basis of enhanced viscosification in the system (Robb and Smeulders 1997; Sinton 1987). These
negatively charged complexes and CNPs as well as free B(OH) ', provided the electro-static
repulsion for the system (Manna and Patil 2009), resulting in the homogeneous dispersion state
of these components in hydrogels. In addition to the ionic bonding by borax, polyhydroxy PVA
chains and CNPs could be cross-linked through hydrogen bonding and van der Waals type of
interaction with the presence of water molecules, leading to the intra- and intermolecular cross-
linking reactions and thus a physical entanglement (the first physical hierarchy). Consequently,
the high-water-content mouldable hydrogel introduced by the present study was defined as the
system formed when natural macromolecule (i.e., CNPs) and synthetic polymer (i.e., PVA) were
physically entangled and chemically cross-linked with each other via the comprehensive
cooperation of ionic bonding (offered by borax), hydrogen bonding and physical entanglement,
which could entrap a big volume of water (Gao et al. 2008; Li et al. 2001). In other words, the
conformation of the 3D-network polymer chains in these hydrogels was a consequence of a
balance among physical entanglement via hydrogen bonding, intra- and intermolecular cross-
linking effects, electrostatic repulsions among the complex units, the polymer-chain excluded

volume and the electrostatic shielding effect of free Na* ions on the negatively charged
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complexes (Angelova et al. 2011). In addition, it was reported that B(OH)s; had a similar
tendency to form diol complexes in the presence of PVA and cellulose. Nonetheless, B(OH)
hardly contributed to the formation of polyol gels, because the complexation reaction happened
through the attachment of B(OH); to adjacent alcohol groups of the same polymeric chain, which
prevented cross-linking from taking place.

As described in dynamic oscillation measurements, the well-dispersed CNPs played an
important multifunctional role on the 3D-network formation within the hydrogels, leading to a
significant enhancement in toughness and viscoelasticity of the hydrogels. Before the
combination, the PVA-borax-water system was not free-standing; and the 1.0 wt% CNP
suspension or colloid was free-flowing. While after the incorporation of rigid CNPs, the
crosslinking and entanglement restricted the segmental motions of PVA chains and CNPs, thus
the system gradually solidified as temperature decreased and eventually formed a rubbery
semisolid hydrogel that was easy to handle and mould at room temperature (Figure 5.1f and
Figure 5.2c). Our previous study determined that the crystallinities of CNC I, CNF I and CNC Il
(66.4, 57.6 and 73.6%, respectively) were greater than that of PVA (30-50%) (Han et al. 2013;
Peresin et al. 2010). Therefore, the incorporation of highly-crystallined CNPs into a softer chain
PVA matrix with a lower degree of crystallinity led to a significant hardening effect.
Additionally, the elastic modulus of the crystalline regions of cellulose I (138.0 GPa) was larger
than that of cellulose 11 (88.0 GPa) in the direction parallel to the chain axis (Nishino et al. 1995),
making cellulose I reinforced hydrogel absorb more energy under deformation than cellulose 11
reinforced hydrogel. Overall, the viscoelasticity and mechanical property of the hydrogels were
in the order of PB-CNF | > PB-CNC | >PB-CNC II> PB, while their transparency was

sequenced in a reverse order (Han et al. 2013c). As shown by UV-transmittance, rheology and
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compression data (Han et al. 2013c), the differences in the enhancement effect and transparency
originated in different nature of CNPs, such as aspect ratio, particle size, crystal structure, degree
of crystallinity and surface charge. More importantly, for the three types of CNPs, this
phenomenon could be further explained based on the understanding of the minimum overlap
concentration and the supramolecular structures of these hydrogels.

The minimum overlap concentration (¢;) for dispersions of rod-like CNPs can be
approximated by the equation: ¢. = (D/L) 2, where ¢ is the minimum overlap concentration in
terms of volume fraction, L is the length and D is the diameter of cellulose rods (Bercea and
Navard 2000). The ¢ values of CNF I, CNC | and CNC Il were estimated to be 0.075, 0.363,
1.130 vol%, respectively. Based on the densities of CNPs (~1.59 g/cm®) and deionized water
(~1.00 g/cm®) (OSullivan 1997), their corresponding mass concentrations were calculated. For
CNC | suspension and CNF 1 colloid, the concentration of 1.00 wt% was above their
corresponding ¢ values, 0.58 and 0.12 wt%, respectively, whereas the ¢. value of CNC II
suspension was 1.80 wt%, higher than the concentration of 1.00 wt% used in this experiment.
Accordingly, as demonstrated in the TEM images (Figure 5.4a), at the 1.00 wt% concentration
level, long-curved CNF | chains achieved the entanglement, and needle-like CNC | possessed
overlap junctions, while rod-like CNC Il hardly contacted with each other and thus its inter-
particle interactions were almost negligible. In particular, the pronounced entanglement of CNF 1
chains increased the probability that PVA chains contacted and tangled with CNF | chains, i.e.,
leading to the formation of physical junctions via polymer chain entanglements (Figure 5.4a). On
the contrary, the quantity of junction zones of CNC Il was much less than those of CNF I and
CNC I, especially for the physical junctions formed by its self-entanglement (Figure 5.4a). For

this reason, the cross-linking (entanglement) densities of hydrogels should be theoretically in the
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order of PB-CNF | > PB-CNC | >PB-CNC II, which was in agreement with the G',, G and t
(relaxation time) results of oscillation test. After the cross-linking density was increased by the
embedding of CNPs in PB system, plenty of water molecules became trapped inside the 3D
network through hydrogen bond due to the hydrophilic nature of PVA and cellulose chains, thus
producing a high-water-content hydrogel.

Once prepared, the hydrogels displayed some intriguing properties due to their
supermolecular structure. The spaghetti-strand polymer chains gave the hydrogels a non-
Newtonian fluid behavior. Under low stress, they could be stretched to form a thin film (Figure
5.1f). When a block of hydrogel was thrown onto a hard surface, it bounced slightly. The
B(OH), ion was shaped like a tetrahedron (four sides, each side is an equilateral triangle) with
the boron in the center and the four OH groups at each corner. The temporary bonds formed
between the B(OH), and the OH groups on the sides of the PVA were reversible and
exchangeable, which was previously confirmed by *B NMR investigations (Sinton 1987). The
breaking and reformation of these bonds allowed the hydrogel to stretch under stress. The most
abundant material in the hydrogels was water (M. = 96 wt%), providing the liquid consistency of
hydrogels. Therefore, two blocks of hydrogels could be completely merged into a single piece
(Figure 5.2d). The uncommon fusion behavior of two separated PB-CNF | samples also
suggested that the networks were in dynamic equilibrium and that the cross-linkages were not
covalent. The ease of bonds break and reform resulted in the hydrogel rebuilt. Because all of the
interactions were non-covalent, the constantly forming and dissociating of hydrogen bonds
endowed the crosslinks with a dynamic nature, which allowed the PVA chains and CNPs to
move relative to each other under external force. Hence these hydrogels could be manually

moulded into various 3D shapes (Figure 5.2c). It was proposed that the activation energy for
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breaking the four bonds constituting individual cross-links was 25 kJ/mol, while the heat of
cross-link formation was 35 kJ/mol (Angelova et al. 2011). Responding accordingly to the
external stimuli such as external force and temperature, the hydrogel exhibited self-healing
ability and thermo-reversibility (determined by continuous step strain and temperature sweep
tests). The PB-CNF | distorted under external force and then gradually wriggled back to its
original shape (Figure 5.2e). This meant that the tangled PVA chains and CNPs were straighten
out and then wriggled to become shorter again.
5.4 CONCLUSIONS

A new class of CNP-reinforced PVA-borax hydrogels was successfully fabricated
through a facile approach in an aqueous medium. By respectively incorporating three types of
well-dispersed CNPs (i.e., CNC I, CNC Il and CNF 1) to the PB aqueous system, the
viscoelasticity, strength and stiffness of the hybrid hydrogels were pronouncedly enhanced.
Highly-crystalline  CNPs acted as multifunctional crosslinking agents and nanofillers to
physically and chemically bridge the double-hierarchy 3D network of the hydrogels, clearly
demonstrating the synergy between natural CNPs and synthetic polymer matrix. The nature of
the CNPs (i.e., particle size, aspect ratio, crystal structure, and surface charge) affected the
dynamic rheological properties of the composite hydrogels. The crosslinking density,
viscoelasticity, stiffness of the obtained hydrogels were in the order of PB-CNF | > PB-CNC
| >PB-CNC Il > PB. Due to the reversible and exchangeable bonds dynamically formed between
the B(OH), and the OH groups on the sides of the PVA (and/or CNPs), the as-prepared free-
standing, high elasticity and mouldable hydrogels exhibited self-recovery under continuous step
strain and thermo-reversibility under temperature sweep. This novel material is not only

environmentally friendly, but is mouldable into various free-standing 3D shapes as well because
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of its high mechanical strength. In addition, the architectures and properties of hydrogels can be
easily tailored by selecting different CNPs and crosslinking density. Our hydrogel contradicts the
preconception that materials held together by supramolecular forces and mostly composed of
water are weak (Wang et al. 2010), opening the door for many interesting applications, including
artificial muscles, bioactuators, soft machines, tissue scaffolds and drug-delivery devices
(Calvert 2009; Hu et al. 2000; Seliktar 2012; VVan Vlierberghe et al. 2011).
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CHAPTER 6 OVERALL CONCLUSIONS

In the research described in this dissertation, various cellulose nanoparticles with diverse
morphology, size, crystallinity and crystal structure were produced through different methods
(i.e., ionic liquid treatment, alkaline pretreatment and/or acid hydrolysis, high-pressure
homogenization). Some important physicochemical properties of the obtained cellulose
nanoparticles, including pyrolysis behavior, size distribution, crystallinity index, dispersion state,
crystal structure, surface charge, lyophilization-induced self-assembling behavior and
transparency, were investigated and compared. The application of these cellulose nanoparticles
was further realized in multifunctional cellulose-PVA-borax hydrogels. The conclusions of this
study are as follows:

1) Regenerated cellulose nanoparticles (RCNs) including both elongated fiber and
spherical structures were successfully prepared from microcrystalline cellulose and cotton using
1-butyl-3-methylimidazolium chloride followed by a high-pressure homogenization treatment.
The crystalline structure of RCNs was cellulose 11 in contrast to the cellulose | form of the
starting materials. Also, the RCNs have decreased crystallinity and crystallite size. The elongated
RCNs produced from cotton and MCC had average lengths of 123 +34 and 112 +£42 nm, and
mean widths of 12 £5 and 12 3 nm, respectively. The average diameter of spherical RCNs
from MCC was 118 +32 nm. The dimensions of the various RCNs were all well fitted with an
asymmetrical log-normal distribution function. The RCN has a two-step pyrolysis, different from
raw MCC and cotton that have a one-step process. The properties of RCNs characterized in this
study provided some fundamental information for the potential application of RCNs in
biomedicine field such as tablet excipients.

2) Cellulose nanocrystals and cellulose nanofibers with 1 and Il crystalline

allomorphs were isolated from bleached wood fibers by alkaline pretreatment and acid
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hydrolysis. The particle size, crystal structure and dispersion state were successfully controlled
by using different acid concentration, alkaline pretreatment and high-pressure homogenization.
Cellulose concentration, particle size, surface charge, and crystal structure significantly
influenced the lyophilization-induced self-assembling behavior of the cellulose suspensions.
During freeze drying, within the concentration range of 0.5 to 1.0 wt%, the gap between the self-
assembled microfibers was small enough for the formation of hydrogen bonding and tight bonds
with neighboring microfibers, thus cellulose particles self-organized into lamellar structured
foam composed of aligned membrane layers with widths between 0.5 and 3 um. At 0.05 wt%,
due to the weakening of hydrogen bonding and interfacial attraction among the fibers, CNC I,
CNF I, CNC Il, and CNF 11 self-assembled into oriented ultrafine fibers with mean diameters of
0.57, 1.02, 1.50, and 1.00 um, respectively, instead of the sheet-like structure. The size of self-
assembled fibers became larger when more hydroxyl groups and fewer sulfates (weaker
electrostatic repulsion) were on cellulose surfaces. Possible formation mechanism was inferred
from ice growth and interaction between cellulose nanoparticles in liquid-crystalline suspensions.
By freezing aqueous suspensions containing cellulose particles under suitable conditions, we
demonstrated the possibility of building homogeneous scaffolds with aligned membrane layers
or forming oriented ultra-fine fibers, opening their use as a template for fine-structure composites.
Because of the tight association of the cellulose particles through the abundant inter-crystal
hydrogen bonds, self-organized cellulose products induced by lyophilization presented
extraordinary structural stability and integrity in aqueous media under mechanical stirring. For
this reason, the morphology and structure of freeze-dried foam can be controlled by adjusting
cellulose concentration, crystal structure, surface charges, and particle size to obtain a tailored

template, showing great promises for many potential applications.
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3) Cellulose nanoparticle (CNP) reinforced polyvinyl alcohol-borax (PB) hydrogels
were successfully prepared through a facile approach in an aqueous medium. By respectively
incorporating three kinds of well-dispersed CNPs (i.e., CNC I, CNC Il and CNF 1) to PB
aqueous system, the compressive strength and toughness of the hybrid hydrogels were
pronouncedly increased, clearly demonstrating the synergy between natural CNPs and synthetic
polymer matrix. The obtained stiff, high-water-capacity (~96%), low-density (~1.1g/cm?),
translucence hydrogels exhibited birefringence textures and a higher transparency than the cyclic
freeze-thawing prepared opaque hydrogels. Highly-crystalline CNPs not only tangled with PVA
chains though numerous hydrogen bonds, but formed chemically crosslinked complexes with
borax ions as well, thus acting as multifunctional crosslinking agents and nanofillers to
physically and chemically bridge the 3D network of the hydrogels. These polymeric hydrogel
materials are readily processed, and their preparation simplicity, availability from inexpensive
renewable resources and performance tenability (e.g., through adjusting CNPs) are
distinguishing features for many potential water-based applications. Being distinguished by high
water content and diverse potential physical properties, they can be engineered to resemble the
extracellular environment of the human tissues in ways that enable their application in biosensors,
medical implants, and even drug-delivery devices.

4) A new class of cellulose nanoparticle (CNP) reinforced polyvinyl alcohol-borax
(PB) hydrogels was successfully produced via a facile in-situ approach in an aqueous system. the
Incorporation of well-dispersed CNPs to PB system significantly enhanced the viscoelasticity
and stiffness of hydrogels. The obtained free-standing, high elasticity and mouldable hydrogels
exhibited self-recovery under continuous step strain and thermo-reversibility under temperature

sweep. The plausible mechanism for the multi-complexation among CNPs, polyvinyl alcohol
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and borax was proposed to understand the relationship between the 3D network and hydrogel
properties. Highly-crystalline CNPs acted as multifunctional crosslinking agents and nanofillers
to physically and chemically bridge the double-hierarchy 3D network of the hydrogels, clearly
demonstrating the synergy between natural CNPs and synthetic polymer matrix. The nature of
the CNPs (i.e., particle size, aspect ratio, crystal structure, and surface charge) affected the
dynamic rheological properties of the composite hydrogels. The crosslinking density,
viscoelasticity, and stiffness of the obtained hydrogels were in the order of PB-CNF | > PB-CNC
| >PB-CNC Il > PB. This novel material is not only environmentally friendly, but is mouldable
into various free-standing 3D shapes as well because of its high mechanical strength. In addition,
the architectures and properties of hydrogels can be easily tailored by selecting different CNPs
and crosslinking densities. Our hydrogel contradicts the preconception that materials held
together by supramolecular forces and mostly composed of water are weak, opening the door for
many interesting applications, including artificial muscles, bioactuators, soft machines, tissue

scaffolds and drug-delivery devices.
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