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Abstract

Canada has great forest area with tremendous wood-based cellulose resource. However, the
research effort for wood fibers to develop wood cellulose-based advanced materials is still limited.
The overall objective of this research is to provide some feasible and efficient approaches for the
functionalization and application of wood-based cellulose materials.

First, spruce cellulose was hydrolyzed by diluted sulfuric acid of various concentrations and
hydrolysis times. The dissolution of these hydrolyzed samples was investigated in a NaOH/urea
aqueous solution system considered environmentally "green". The effects of acid hydrolysis on
the structure and properties of subsequent thermally induced gels were examined using scanning
electron microscopy, swelling and reswelling experiments, and mechanical test. The molecular
weight of spruce cellulose was significantly reduced by acid hydrolysis, whereas its crystallinity
slightly increased because of the removal of amorphous regions. Hydrolyzed cellulose samples
with lower molecular weight exhibited higher solubility. Rheological experiments showed these
cellulose suspensions could form gels easily upon heating. A porous network structure was
observed in which dissolved cellulose was physically crosslinked upon heating and then
regenerated to form a 3D network, where the dispersed swollen cellulose fibers filled spaces to
reinforce the structure. The swelling behavior and mechanical properties of these "matrix-filler"
gels could be controlled by varying the mild acid hydrolysis conditions, which adjusts their degree
of solubility.

Second, wood cellulose was consecutively oxidized to prepare oxidized cellulose nanocrystals
followed with modification by phenyltrimethylammonium chloride to create hydrophobic domains
comprised of phenyl groups. These modified oxidized cellulose nanocrystals were

homogeneous/electrostatically stable in water and they can stabilize O/W Pickering emulsions.
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The dispersed phase volume fraction (DPVF) of the Pickering emulsion was 0.7 at around 1.5 g/L,
whereas the tween-20 control needed a 13-fold greater concentration to have a similar DPVR. In
addition, these modified oxidized cellulose nanocrystal stabilized Pickering emulsions also
showed good mechanical and thermal stability against centrifugation and heat, as well as size
controllability.

Next, hydrocolloidally stable cellulose nanocrystals (CNCs) with zeta potentials lower than -30
mV at low electrolyte concentrations were prepared from wood-based cellulose. The cellulose
nanocrystals were then homogeneously distributed in aqueous Poly(vinyl alcohol)(PVA) solutions
and embedded evenly in the PVA matrix after crosslinking and freeze-drying. The morphology
observations revealed the crosslinked CNCs/PVA aerogels had a strong, dense, and porous
structure with cellulose nanocrystals percolated in the networks and supported by the crosslinked
PV A matrix. The mechanical study showed small amount of cellulose nanocrystals (0.5-2.0 */w%)
can significantly increase the compressive modulus of the aerogels from 49.9+5.2 KPa to
200.9+8.0 KPa. Further compressibility studies graphically demonstrated the excellent shape
recovery of the crosslinked CNCs/PVA aerogels and the aerogels could be cyclically compressed
for ten times without significant variation in mechanical performance. Molecular interaction study
by FTIR and crystallinity study by wide-angle x-ray diffraction indicated cellulose nanocrystals
firstly formed the percolated network with each other by hydrogen bonding, and then strongly
interacted with PVA matrix by hydrogen bonding. Meanwhile, the PVA matrix was further
crosslinked by epichlorohydrin to form the strong, dense, and porous microstructures.

Finally, compressive aerogels were prepared from cross-linked poly(vinyl alcohol)/cellulose
nanocrystals, followed by modification through thermal chemical vapor deposition of

methyltrichlorosilane. With the 3D interconnected microstructure, the aerogels were highly porous
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(porosity > 97.69%) and ultralight with density ranging from 22.50 to 36.13 mg/cm?, and floatable
on water surface. The wettability test revealed that the aerogel surfaces were highly hydrophobic
with contact angles to water droplet up to 144.5°. In addition, the aerogels could be compressible
up to 50 cycles without significant decrease in mechanical strength, thus demonstrated excellent
robustness. The aerogels were capable of absorbing various oils and nonpolar solvents and
efficiently separating them from water, with the absorption capacity up to 32.70 times of its
original weight. Two simple approaches, including squeezing and rinsing, were applied to recycle
the aerogels, demonstrating the aerogels could be cyclically used without obvious decrease of
absorption capacity up to 10 times.

In summary, this research has developed several feasible approaches for the functionalization
and application of wood-based cellulose materials. The hydrogels, Pickering emulsions,
compressive aerogels, and oil absorbents fabricated from wood-based cellulose materials are

potential for a wide range of applications.
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Chapter 1 - Introduction

1.1 Introduction

Cellulose is a linear natural polymer, compositing of D-anhydroglucopyranose units linked by
[-1,4-glucosidic bonds. It can be obtained from various sources, including higher plants (wood,
cotton, bamboo, sisal, hemp, linin, etc.), several marine animals, algae, bacteria, fungi,
invertebrates, and even amoeba (protozoa)!. With a rough estimation, cellulose is the most
abundant biomaterial on the earth with an annual production of ~1.5%10'? tons?>*, in which cotton
and wood-based cellulose is mostly widely distributed®. Due to the specific requirement for
geography and climate, cotton fibers are not readily available in cold areas, whereas wood fibers,
as the largest source of cellulose, are abundant worldwide, especially in the countries with great
forest area. Even though the content of cellulose in wood fibers (~50%) is lower than that in cotton
fibers (up to 90%), recent techniques and industrial plants in wood pulping make it possible to
extract cellulose from wood with high purity®. Therefore, a large-scale application of wood-based
cellulose materials can be achieved.

However, currently, wood fibers are mainly used as the raw material for paper-making and
lumbering, only 2% with high content of cellulose pulps are used to prepare regenerated cellulose
fibers, films, and some cellulose derivatives (cellulose esters and cellulose ethers)?. The research
effort for wood fibers to develop wood cellulose-based advanced materials is still limited, and the
huge value behind wood-based cellulose needs to be unveiled.

1.1.1 Cellulose supramolecular structure

The three hydroxyl groups of the anhydroglucose unit (AGU) and the oxygen atoms in the D-

glucopyranose and the glycosidic linkage can interact with each other within the chain or with

another chain by forming intramolecular and intermolecular hydrogen bonds. FTIR”# and solid-



state NMR” revealed that the hydroxyl groups at C3 and the oxygen atom in the adjacent pyranose
ring forms intramolecular hydrogen bonds in all cellulose molecules. The hydroxyl groups at C6
and the neighboring hydroxyl groups at C2 also form intramolecular hydrogen bonding'.
Additionally, cellulose molecules are also connected with each other by intermolecular hydrogen
bonding in the crystalline regions, especially for the hydroxyl groups at C6 and the oxygen atoms
at an adjacent chain in native cellulose!®. With the strong intra-/intermolecular interactions,
multiple cellulose chains form the elementary fibrils and further assemble into larger microfibrils
(5-50 nm in diameter and several microns in length). Due to the intra/inter-molecular hydrogen
bonding network, as well as some other molecular interactions (van der Waals force, hydrophobic
interactions), cellulose molecules are alternatingly arranged in a highly ordered (crystalline)
regions and disordered (amorphous) regions within the cellulose fibrils®. This complicated
supramolecular structure makes it challenging to process cellulose materials, since the
supramolecular structure has a significant influence on the solubility of cellulose molecules, the
reactivity of the three hydroxyl groups, the crystallinity, the rigidity of cellulose chains', etc.
1.1.2 Cellulose dissolution solvents

To functionalize and expand the applications of cellulose materials, the supramolecular structure
of cellulose is always involved. Dissolution of cellulose materials in an efficient solvent and then
regeneration into some advanced functional products is a promising way. Even though cellulose
forms supramolecular structures by the strong intra-/intermolecular hydrogen bonds, making it

IL12 " cellulose can be dissolved in some

insoluble in water and most common organic solvents
specific solvent systems. The traditional CS2/NaOH system has been employed to dissolve

cellulose materials for a long time, in which raw cellulose is alkalized by NaOH and then reacted

with CS: to form cellulose xanthogenate following with regeneration to form various cellulose



films, membranes, and sponges'’. However, the traditional CS2/NaOH system involves
complicated procedures, high energy consumption, considerable amount of toxic gas (CS> and
H»S), discharge of great amount of alkaline water/acidic water/waste residue. Therefore, currently

this approach has been abandoned in most countries. Some other solvent systems to dissolve

)14, 15 )16, 17’

cellulose materials include N-methyl-morpholine-N-oxide (NMMO , 1lonic liquids (ILs
N,N-dimethylacetamide (DMAc)/LiCl systems'®, etc. These approaches are not widely employed
for the efficient dissolution of cellulose materials, due to the considerable by-products, high cost,
toxicity, difficulty with scale-up, and environmental pollution, etc.

Recently, a new aqueous cellulose solvent, i.e., 7.0 V/w% NaOH/12 %/,% urea aqueous system

has been developed that can effectively dissolve cotton linters with low viscosity-average

molecular weight (M,<11.4 X 10* Da) at -12.6 °C within 5 minutes!®. Compared with the solvents

above, this aqueous system is environmentally "green" and cost-effective without using any
organic or toxic reagents. In this NaOH/urea system, cellulose chains are held in an inclusion
complex (IC) involving a NaOH hydrate, urea hydrate and water cluster at low temperature, which
can disrupt the intra-/intermolecular hydrogen bonding in cellulose chains and result in the
dissolution of cotton-based cellulose?’.

However, this NaOH/urea solvent system was only reported and applied on cotton linters with
low viscosity-average molecular weight (M,<11.4 X 10* Da). For the countries like Canada in cold
area, cotton-based cellulose is not readily available, whereas wood-based cellulose is abundant.
Wood-based cellulose usually has high viscosity-average molecular weight (M,>11.4X10* Da)
and cannot be effectively dissolved in this solvent system. It is worthwhile to apply this

environmentally "green" and cost-effective solvent system on wood-based cellulose and provide

an avenue for the applications of wood-based cellulose materials.



1.1.3 Cellulose nanocrystals

Disintegration of cellulose chains is another potential approach to breakdown the
supramolecular structure of cellulose materials for functionalization and applications. Since
cellulose molecules are alternatingly arranged in a highly ordered (crystalline) regions and
disordered (amorphous) regions within the cellulose fibrils, cellulose fibers can be disintegrated
into rod-like cellulose nanocrystals that have the dimensions in nanoscale range with the diameter
of 2-10 nm and length of 100-600 nm.

Generally, chemically induced disintegrating strategies are applied for cellulose nanocrystal
preparation, in which the amorphous regions of cellulose are removed, and the highly crystalline
regions are preserved, resulting in rigid rod-like cellulose nanocrystals without apparent defect?!.
Sulfuric acid hydrolysis is the most widely used method to prepare cellulose nanocrystals. When
subjected into sulfuric acid, the surface hydroxyl groups of cellulose nanocrystals can react with
sulfuric acid via an esterification process to form charged sulfate ester groups. This sulfate groups
are randomly distributed along cellulose nanocrystals and form a negatively electrostatic layer
covering the surface of cellulose nanocrystals, which promotes their dispersion in water??,
Recently, (2,2,6,6-tetramethylpiperidine 1-oxyl)-mediated (TEMPO-mediated) oxidation of
cellulose materials has also been studied to prepare the carboxylated cellulose nanocrystals, due

to its high selectivity of oxidation on the surface of cellulose chains?*-3

, in which only the
hydroxylmethyl groups of cellulose are oxidized to the carboxyl groups, and the secondary
hydroxyl groups remain intact. Based on this TEMPO-mediated processing, Yang et al. (2012)

developed a new method with three steps of oxidation to prepare highly electrosterically stable

cellulose nanocrystals. The obtained rod-like cellulose nanocrystals have similar dimensions to



those prepared by acid hydrolysis but a much larger charge density. Therefore, this TEMPO-
oxidised cellulose nanocrystal suspension is highly electrosterically stable®.
1.1.4 Cellulose hydrogels based on NaOH/urea aqueous system

Hydrogels are physically or chemically crosslinked polymer networks that are able to absorb
large amount of water’’. They have attracted much attention since they have wide applications in
biomedicine, pharmaceutical engineering, separation technology, electronic devices, biosensors,
agricultural industry, contact lenses, food packaging, cosmetic industry, etc!. Cellulose materials
have some excellent merits, such as low density, renewability, biodegradability, biocompatibility,
and nontoxicity, etc?. Additionally, cellulose materials are highly hydrophilic due to the abundant
hydroxyl groups on the surface of the molecules, which endows cellulose-based hydrogels the
great potential to hold large amount of water. Meanwhile, the abundant hydroxyl groups on the
cellulose molecules facilitate the physical or chemical crosslinking of the molecules during the
preparation of the cellulose-based hydrogels. Furthermore, cellulose materials exhibit outstanding
mechanical properties (elastic modulus ~100-200 GPa??), which is essential for the fabrication of
cellulose-based hydrogels with excellent mechanical strength. Therefore, cellulose materials are
ideal candidates for the fabrication of versatile and robust hydrogels.

Currently, cotton-based cellulose materials have been prepared into hydrogels by both physical
and chemical crosslinking methods in the NaOH/urea aqueous system. Cai & Zhang (2006) studied
the gelation behavior of cotton-based cellulose molecules in the NaOH/urea aqueous system and
found the cellulose hydrogels could be formed via destructing the stability of cellulose solution by
increasing the temperature to 50 °C or reducing it to -20 °C*?. This physical crosslinking involves

a process of breaking the hydrogen bonding system of the inclusion complex (IC) of

cellulose/NaOH hydrate/urea hydrate/water cluster and rebuilding the system with new hydrogen



bonding networks. Rheological test further revealed the influence of cellulose molecular weight,
concentration, and temperature on the gelation behavior, indicating the gelation temperature was
decreased with the increase of the cellulose concentration and its molecular weight. Moreover,
Zhou et al. (2007) studied the cellulose hydrogels prepared from cotton-based cellulose in the
NaOH/urea aqueous system using epichlorohydrin as crosslinker. As a result, the mechanical
properties of the obtained hydrogels were significantly increased™.

However, wood-based cellulose materials have not been reported to be dissolved in the
NaOH/urea aqueous system yet, since this NaOH/urea aqueous solvent is not applicable to some

native celluloses with high viscosity-average molecular weight (M,>11.4X 10* Da)". It would be

useful to adapt this environmentally "green" solvent to wood-based cellulose to produce materials
with different attributes and applications compared to those from cotton linters.
1.1.5 Cellulose materials as Pickering emulsion stabilizer

Pickering emulsions are the emulsions stabilized by solid colloids instead of traditional
surfactants. These solid colloids include TiO» nanoparticles, chitin nanocrystals, starch particles,
flavonoid particles, etc**”. Depending on whether the particles are predominantly hydrophilic or
hydrophobic, the systems may be either oil-in-water (O/W) emulsions or water-in-oil (W/O)
emulsions*®. Compared to the traditional surfactants, these solid colloids are usually biocompatible,
biodegradable and environmentally friendly. In addition, the solid colloids can also form an
effective steric/electrostatic shield at the oil and water interface, which prevents the emulsion
droplets from coalescence so as to improve the stability of the emulsions>®.

Recently, cellulose materials have attracted great attention for the stabilization of Pickering
emulsions. Andresen & Stenius (2007) prepared the hydrophobilized microfibrillated cellulose by

surface silylation and then applied the modified microfibrillated cellulose for Pickering emulsion



preparation, suggesting the feasibility of cellulose materials in stabilization of Pickering
emulsions®. Afterwards, cellulose nanocrystals obtained by hydrolysis of various sources have
been used to stabilize Pickering emulsions. However, both the hydrophobilized microfibrillated
cellulose and acid-hydrolysed cellulose nanocrystals are apt to aggregate in aqueous medium, due
to either their enhanced hydrophobic interactions between the microfibrillated cellulose*’, or due
to the weakened electrostatic repulsions between the cellulose nanocrystals*'. Therefore, it is
challenging to prepare stable Pickering emulsions with cellulose materials.

More recently, highly homogeneous, and electrostatically stable oxidized cellulose nanocrystals
(O-CNCs) were obtained by consecutive oxidation to introduce carboxyl groups onto the surface
of oxidized cellulose nanocrystals®. These oxidized cellulose nanocrystals have similar
dimensions to cellulose nanocrystals prepared by acid hydrolysis, but have a larger charge density,
and thus are mostly homogeneous and electrostatically stable in aqueous medium?’. Their
nanoscale size and rod-like morphology make them suitable to be adsorbed to the oil-water
interface, indicating them as potential Pickering emulsion stabilizer*>*. However, oxidized
cellulose nanocrystals have limited interfacial activity due to their hydrophilic nature, and surface
modification of the oxidized cellulose nanocrystals to enhance their interfacial properties will be
a promising and interesting opportunity to prepare stable Pickering emulsions.

1.1.6 Compressive aerogels based on cellulose materials
Compressible aerogels have been of increasingly important for the high demand of next

45, 46

generation of products, such as super absorbents , electrode substrate for batteries and

47, 48 50, 51

supercapacitors , catalyst supports*, and chemical and biological sensors , etc. Many of
these applications require the aerogel materials to be strong yet compressible and capable of

reversible deformation under large strain®?. Traditional aerogels are mostly fabricated from silica



materials featured with large porosity (up to 99.8%), low density (4-500 mg/cm?), and large surface

area (100-1,000 m?/g)>* >*. There are considerable studies on silica-based aerogels for various

55, 56 58,59

applications, including thermal and acoustic insulator™ >, optical applications®’, batteries and

60, 61" nuclear waste storage®® and catalysis®, etc. However, the traditional

capacitor electrodes
silica-based aerogels usually suffer from fragility, and they are too brittle to meet the mechanical
robustness as compressive materials®*.

Recently, aerogels prepared from Poly(vinyl alcohol)(PVA) have drawn great attention since
these polymeric molecules are generally less brittle, more flexible, and easy-processable®, in
addition to their excellent merits such as cost-effectiveness, nontoxicity, biocompatibility, and

66-68

biodegradability®®™°. However, PVA aerogels are neither mechanically strong nor highly
compressible, which limits their applications as compressible materials. So far, PVA aerogels
reinforced by carbon nanotubes and graphene materials with good mechanical strength and high
compressibility have been reported>® % °. However, those carbon-based materials are not readily
available due to the high cost of equipment/raw materials, and the sophisticated procedures, which
limit their large-scale applications®*.

Cellulose materials could be an alternative for carbon nanotubes and graphene materials to
prepare the mechanical strong yet highly compressive PVA aerogels, due to their readily
availability, low cost, good mechanical properties, low density, and excellent biocompatibility. So
far, cellulose nanofibers (CNFs) have been incorporated with PVA to form the PVA/CNFs
aerogels’!. However, these aerogels were not elastic enough and deformed permanently when the
compression strain was higher than 20%’!. Cellulose nanocrystals, on the other hand, are highly

ordered rod-like nanoparticles, and they are generally considered as effective fillers in aerogels to

reinforce networks’?, due to their intrinsic rigidity and excellent mechanical strength (elastic



modulus~100-200 GPa??). Hence, there are considerable studies on the reinforcement of the
mechanical strength of PVA aerogels with cellulose nanocrystals. However, even though these
CNCs/PVA aerogels showed significantly improved mechanical strength, they have poor
compressibility.

1.2 Hypotheses

In the light of previous studies, this thesis research will test the following hypotheses:
Hypothesis 1: The NaOH/urea solvent can be applied to dissolve wood cellulose, and further
facilitate the fabrication of wood cellulose hydrogel (Chapter 3).

Hypothesis 2: The cellulose nanocrystals prepared from TEMPO-mediated oxidation of wood
cellulose can disperse in deionized water with high stability. Further surface modification on
oxidized cellulose nanocrystals can be successfully carried out. The Pickering emulsions stabilized
by the modified oxidized cellulose nanocrystals can be successfully prepared with good
mechanical/thermal stability (Chapter 4).

Hypothesis 3: The crosslinked CNCs/PVA aerogels can be successfully prepared with excellent
mechanical strength and good compressibility (Chapter 5).

Hypothesis 4: The highly compressive CNCs/PVA aerogels can be successfully fabricated and
used as oil/organic solvent absorbent with robust mechanical strength, good absorption capacity
and recyclability (Chapter 6).

1.3 Objectives

The overall objective of this research is to provide some feasible and efficient approaches for
the functionalization and application of wood-based cellulose materials. This overall objective can

be detailed into 3 specific objectives:



Objective I: To hydrolyze wood-based cellulose materials in a controlled manner, and to apply the
environmentally "green" NaOH/urea solvent on wood-based cellulose materials for the preparation
of wood-based cellulose hydrogels (Chapter 3).

Objective 2: To prepare oxidized cellulose nanocrystals by TEMPO-mediated oxidation and to
modify the oxidized cellulose nanocrystals for enhanced interfacial properties. To prepare
Pickering emulsions using the modified oxidized cellulose nanocrystals and to evaluate the
mechanical/thermal stability of the Pickering emulsions (Chapter 4).

Objective 3: To prepare cellulose nanocrystals by sulfuric acid hydrolysis and to fabricate the
highly compressive CNCs/PV A aerogels, and to investigate the feasibility of the obtained aerogels

as efficient absorbents for oil/organic solvent removal (Chapter 5 and 6).
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Chapter 2 - Literature review

2.1 Cellulose

Dated back to thousand years ago, cellulose has been used by human beings in the form of wood,
cotton, and other plant fibers for energy source, building materials, and for clothing. Two centuries
ago, the French chemist Anselme Payen firstly discovered a fibrous and resistant material when
he treated various plant tissues with acid and ammonia. After further extraction, he obtained a solid
material and determined the molecular formula of that material to be CsHi0Os by elementary
analysis, which he named "cellulose" in a report of the French academy in 1839°.

Since the discovery of cellulose as a chemical raw material, it has been extensively investigated
for about 150 years. Researchers gained increasingly knowledge about this natural polymer,
regarding its sources, structural features, physical and chemical properties, derivatives, processing
approaches, and its applications. Cellulose is the most ubiquitous and abundant biomaterial on the
earth with an estimated annual production of ~1.5x10'? tons ®, which is considered as an almost
inexhaustible resource for the increasing demand of environmentally friendly and biocompatible
products®. Cellulose materials are now considered as potential alternatives for the traditional
petroleum/fossil-based materials to lower the impact on environment, owing to their excellent
merits including the abundance in nature, low density, appealing mechanical properties,
biodegradability, biocompatibility, and nontoxicity, etc.

2.1.1 Cellulose source materials

As illustrated in Fig. 2-1, cellulose is widely distributed through nature in higher plants (such
as wood, bamboo, cotton, sisal, hemp, linin, etc.), in several marine animals (for example,
tunicates), and in algae, bacteria, fungi, invertebrates, and even amoeba (protozoa)'. Cellulose is a

structural element in the complex architecture of the cell walls of plants. It can exist in pure form
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in some sources, such as bacterial cellulose. However, in most of the case, it is usually
accompanied with hemicellulose, lignin, and some other extractives in plants. As a raw estimation,
an impressive amount of cellulose is produced each year, from a wide variety of sources, i.e., wood
fiber from trees (ca. 1,750,000 kt), cotton linters (18,450 kt), bamboo (10,000 kt), jute (2,300 kt),

flax (830 kt), sisal (378 kt), hemp (214 kt), and ramie (100 kt)°.

Figure 2- 1 Selection of important cellulose sources: (a) hard wood (spruce tree), (b) bamboo,
(c) cotton, (d) sisal, (e) tunicine, and (f) gluconacetobacter xylinum'. Adapted with permission
from Ref. 1. Copyright (2015) Springer Nature.

Wood: cellulose is widely existed as polysaccharide in wood cell walls. Wood as cellulose source

has many advantages. Most importantly, it is abundant, which is an inexhaustible resource.
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Especially for the countries with great forest area (for example, Russia: 795,090K ha; Brazil:
485,802K ha; Canada: 331,285K ha)’®, wood-based cellulose could be a great potential natural
resource for industry. Currently, considerable numbers of industrial plants for wood harvesting,
processing, and handling are existing®, including the pulp and paper, packaging, green energy, and
pharmaceutical industries, etc. Generally, wood contains about 50% of cellulose, 30% of
hemicellulose, and 20% of lignin, in which hardwood usually has higher content of cellulose than
softwood’. Wood pulp which is the most important raw material for processing of cellulose, is
usually prepared by chopping bulk wood into small pieces, following with removing lignin with
sulfites or removing hemicellulose in alkaline at high temperature and pressure. Currently, most
of the wood pulp are used to produce paper and carboard, only 2% with high content of cellulose
are used to prepare cellulose regenerated fibers, films, and some cellulose derivatives (cellulose
esters and cellulose ethers)’. Hence, the potential of wood cellulose-based materials for value-
added processing is still unveiled yet.

Cotton: cotton contains the highest amount of cellulose (ca. 87-90%) in all plant fibers. Cotton
fibers are usually obtained from two sources: pure cotton fiber, which can be used directly as
textile raw materials; and cotton linters, which are fine, silky fibers adhered to the seeds of the
cotton plant after ginning. Due to their high content of cellulose (up to 93%), cotton linters are
widely used to prepare regenerated cellulose, cellulose derivatives, pharmaceutical and chemical
engineering raw materials, coating materials, and some explosives. However, cotton can only be
planted in some specific areas (such as the valley along the River Nile, mid-Asia, China, south part
of the United States), due to its geographical and climatic requirement for growing. Cotton

resource is limited in cold areas, such as Russia and Canada.
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Bacterial cellulose (BC): bacterial cellulose is secreted extracellularly from some small molecules
(glucose and various other carbon sources) by some specific bacteria. Recent studies find the
genera Acetobacter, Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium, and Sarcina can
synthesize bacterial cellulose, in which Acetobacter xylinum, a gram-negative strain of the
Acetobacter, is the mostly widely investigated’™ 7°. Acetobacter xylinum has the highest efficiency
to synthesize bacterial cellulose, which has been used as a model to study the biosynthesis,
crystallization, and structure-functionality of bacterial cellulose. Bacterial cellulose is secreted
directly as a pure fibrous network without lignin, pectin, and hemicellulose. It is highly crystallized
(crystallinity index up to 84-89%’7) and has a relatively higher degree of polymerization (DP).
Bacterial cellulose is a good material with high purity, functionality, and properties. However, the
large-scale production of bacterial cellulose is limited, due to the high requirement of the industrial
plant to incubate the specific bacterial and low yield.
2.1.2 Structure of cellulose
2.1.2.1 Molecular structure

As shown in the molecular structure of cellulose in Fig. 2-2, cellulose is a linear polymer,
compositing of D-anhydroglucopyranose units linked by f-1,4-glucosidic bonds. In other words,
it is a -1,4-D-glucan’®. The D-glucopyranose rings are in the *Ci-chair configuration, which is the
lowest energy confirmation. The f-1,4-glucosidic bonds result in an alternate turning around the
cellulose chain axis by 180° at each glucose unit, thus, the repeated unit of cellulose is cellobiose
with a length of 1.3 nm'. Each anhydroglucose unit (AGU) within the cellulose chain possess three
reactive hydroxy groups, in which one is primary hydroxyl group (C6), two are secondary
hydroxyl groups (C2, C3). These hydroxyl groups can undergo the typical reactions of primary

and secondary hydroxyl groups, such as esterification, etherification, and oxidation'. The chain
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ends of the cellulose molecule behave chemically differently. One end contains an anomeric C
atom linked by p-1,4-glucosidic bonds (nonreducing end), whereas the other end has a
glucopyranose unit in equilibrium with the aldehyde function (reducing end)”.

Cellulose has degrees of polymerization (DPs) that depend on sources and treatments. Kréssig
et al. (2000) studied the degree of polymerization of celluloses from different sources®. In general,
native celluloses have higher DP values than that of the regenerated celluloses®' and some
processing, including purification, hydrolysis, oxidation, reduces the relatively high DP values®.
Theoretically, the molecular weight of cellulose can be calculated according to the DP value,

namely M,,=162 X DP. However, since cellulose samples are always polydisperse, the DP value of

cellulose must be considered as average value. The molecular weight of cellulose, as well as its
molecular weight distribution, apparently influence the mechanical properties, the dissolution
behaviors (solubility, viscosity, rheology), the degradation, aging, and chemical reactions of
cellulose materials. There are several techniques to obtain information about the molar masses and
their distribution, including viscosity and osmotic pressure measurements, size-exclusion
chromatography (SEC) and light scattering!. Accordingly, viscosity-average molecular weight
(M), number-average molecular weight (M,), weight-average molecular weight (M,,) are used to
characterize cellulose molecular weight. The viscosity-average molecular weight (4;), calculated
from the Mark-Houwink Equation in different solvent systems, is widely accepted as a simple and

efficient approach to characterize cellulose.
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Figure 2- 2 Molecular structure of cellulose (n=DP)?>. Reprinted with permission from Ref. 3.
Copyright (2005) John Wiley and Sons.

2.1.2.2 Supramolecular structure

Crystal polymorphs: so far, six cellulose crystal polymorphs have been studied, including the
cellulose I type (I, III;, and IV7), and cellulose II type (II, Iy, and IVi). All native cellulose
material is cellulose I, while all the other five polymorphs are modified celluloses. As illustrated
in Fig. 2-3, the cellulose crystal polymorphs can transfer between each other by chemical or
thermal treatment. Cellulose II is usually obtained by two approaches: (1) regeneration, which
involves the dissolution of cellulose I in aqueous solvents; (2) mercerization that treats native
cellulose I with a concentrated alkaline swelling agent. Cellulose III is obtained by swelling
cellulose I or II in amines or liquid ammonia and then removing the swelling agent®* %, Cellulose

IV is formed by annealing cellulose III in glycerol®’.
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Figure 2- 3 Polymorphs of cellulose®®. Reprinted with permission from Ref. 86. Copyright

bailing in acid

(2004) American Chemical Society.

To understand the supramolecular structure of cellulose, it is important to study the structure of
the crystal polymorphs. Even though these polymorphs all have the same chemical composition,
they have different properties due to their different crystal structures. As shown in Fig. 2-4 and
Fig. 2-5, The difference between these crystal polymorphs is revealed by X-ray diffraction and
solid state *C-NMR spectra®’. Almost all native celluloses have similar X-ray diffraction patterns.
Further study of cellulose I by solid-state '*C-NMR revealed two crystalline allomorphs, namely
cellulose I, and I*%, in which cellulose I is triclinic while cellulose Ig is monoclinic®®. These two
allomorphs of cellulose I may coexist in one cellulose sample®, or even in the same microfibrils®’.
Cellulose I, are mainly distributed in algal and bacterial cellulose, whereas cellulose Ig are widely
present in higher plant cellulose”" °2. It is noted that I, phase is metastable and can be converted to
the thermodynamically stable Ig by annealing in aqueous sodium hydroxide or various organic

solvents?3->.
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Figure 2- 4 X-ray diffraction patterns of (a) cellulose Ip, (b) cellulose III;, (¢) cellulose IV, (d)
cellulose II, (e) cellulose I1Iy;, and (f) cellulose IVy'. Reprinted with permission from Ref. 1.

Copyright (2015) Springer Nature.
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Figure 2- 5 Solid state '>*C-NMR spectra of (a) cellulose Ip, (b) cellulose 111y, (c) cellulose IV,
(d) cellulose 11, (e) cellulose I1Iy;, and (f) cellulose IVy'. Reprinted with permission from Ref. 1.

Copyright (2015) Springer Nature.

Celluloses which are dissolved and regenerated or treated with a concentrated alkaline swelling
agent and washed with water consist of cellulose II. Table 2-1 gives the data of the unit cells and
diffraction planes of cellulose polymorphs. The major distinction between cellulose I and cellulose
II lies in the layout of their atoms: cellulose I has antiparallel packing while its counterpart packs
parallelly’®. Cellulose II has more intermolecular hydrogen bonding and the crystals are highly
packed, which is the most thermodynamically stable crystalline form®® °’. Therefore, the

transformation from cellulose I to cellulose 11 is irreversible.
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Table 2- 1 Unit cells and diffraction planes of cellulose polymorphs.

Poly  Chain Unit cell (A) Diffraction angle 26
morph No. _
a b c a B Y 110 110 020 012
| 1 6.74 593 104 117 113 81

7.85 827 104 90 90 96.3 148 163 226
8.1 9.05 103 90 90 117.1 121 19.8 22

2
2

10 M 2 1025 7.78 103 90 90 1224 11.7 20.7 20.7
2 8.03 813 103 90 90 90 156 156 222
2

7.99 8.1 10.3 90 90 90 156 156 225 20.2

Hydrogen bonding: there are three active hydroxyl groups in each AGU of the cellulose molecule,
resulting in strong intramolecular and intermolecular hydrogen bonding system (Fig. 2-6). It is
now widely accepted this hydrogen bonding network has a significant influence on the structure
and properties of cellulose materials, including the supramolecular structure, the crystalline

domains, the limited solubility in most solvents, and the reactivity of the hydroxyl groups, etc.

.
0,

Figure 2- 6 Cellulose hydrogen bonding system of (a) cellulose L, (b) cellulose II'. Reprinted

with permission from Ref. 1 Copyright (2015) Springer Nature.
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The three hydroxyl groups of the AGU and the oxygen atoms in the D-glucopyranose and the
glycosidic linkage are able to interact with each other within the chain or with another chain by
forming intramolecular and intermolecular hydrogen bonds. There are several methods to
characterize the hydrogen bonding network in cellulose, including FTIR®* %, solid-state NMR""
101" X-ray diffraction'?, DSC!%. FTIR"-® and solid-state NMR? revealed that the hydroxyl groups
at C3 and the oxygen atom in the adjacent pyranose ring forms intramolecular hydrogen bonds in
all polymorphs of cellulose molecules. The hydroxyl groups at C6 and the neighboring hydroxyl
groups at C2 can also form intramolecular hydrogen bonding. This intramolecular hydrogen
bonding, together with the glycosidic covalent linkage, are responsible for the rigidity of cellulose
chains'.

In the crystalline regions, cellulose molecules are connected with each other by intermolecular
hydrogen bonding, especially for the hydroxyl groups at C6 and the oxygen atoms at an adjacent
chain in native cellulose (cellulose I). As a result, these cellulose molecules are connected in a
layer, and the layers are assembled by hydrophobic interactions, weak C-H-O bonds, and the
intermolecular hydrogen bonding between the layers'®. Cellulose II on the other hand forms
intermolecular hydrogen bonding between hydroxyl groups at C6 in one chain and hydroxyl
groups at C2 in another chain. Moreover, the intramolecular hydrogen bonding at C2 are avoided
and intermolecular hydrogen bonding between hydroxy groups at C2 of two chains are formed'%.
As a result, cellulose II molecules are more densely packed and more strongly bonded. Therefore,
the cellulose II molecules are less reactive.

As illustrated in Fig. 2-7, multiple cellulose chains form the elementary fibrils and further
assemble into larger microfibrils (5-50 nm in diameter and several microns in length)®. Due to the
intra/inter-molecular hydrogen bonding network, as well as some other molecular interactions (van
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der Waals force, hydrophobic interactions), cellulose molecules are alternatingly arranged in a
highly ordered (crystalline) regions or disordered (amorphous) regions within these cellulose
fibrils. The supramolecular structure makes it difficult to modify and process cellulose materials.
It has a significant influence on the solubility of cellulose, the reactivity of the three hydroxyl
groups of the AGU unit, as well as their crystallinity, etc. To explore the application of cellulose,
it is critical to search for the feasible methods to break down the supramolecular structure of
cellulose, so as to process, derivatize or regenerate cellulose and fabricate new cellulose functional

products.

a) Cellulose Chains Disordered Region

Crystall

I 100nm |

Cellulose Nanocrystals
e Y

b) —_— = ————>
== Tamaaaeee> S

ine Regions

Figure 2- 7 The alternatingly arrangement of the crystalline and amorphous regions of cellulose
fibrils (a) and cellulose nanocrystals after acid hydrolysis dissolved the disordered regions (b)°.

Adapted with permission from Ref. 6. Copyright (2011) The Royal Society of Chemistry.

2.1.3 Cellulose dissolution systems
Cellulose forms supramolecular structures by the strong intra-/intermolecular hydrogen bonds,

making it insoluble in water and most common organic solvents'!> 2. This structural feature of
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cellulose impedes the development of cellulose functional products. As for industrial concerns,
search for a cost-effective solvent to dissolve cellulose is a key technique for cellulose applications.

The traditional CS2/NaOH system has been employed to dissolve cellulose materials in the
Viscose Rayon process, in which raw cellulose is alkalized by NaOH and then reacts with CS; to
form cellulose xanthogenate followed by regeneration to form various cellulose fibers, films,
membranes, and sponges!®. However, the traditional CS2/NaOH system involves complicated
procedures, high energy consumption, and considerable amount of toxic gas (CS> and H»S).

N-methyl-morpholine-N-oxide (NMMOQO) is used as a commercial, environmentally
acceptable and non-derivative cellulose solvent in the Lyocell process'!: 4. Due to its strong N-O
dipole moment and molecule size breaking the hydrogen bonding system, cellulose materials can
be dissolved by the strong interaction of hydrogen bonding between NMMO, water, and the
polymers'®. However, considerable by-products form in the cellulose/NMMO/water system by
homolytic, heterolytic and thermal degradation process, which leads to some detrimental effects
such as degradation of cellulose, decreased product performance, increased consumption of
stabilizer, etc'®. In addition, the relatively high cost of NMMO has also limited the large-scale
application of this approach.

Ionic Liquids (ILs) are also investigated for cellulose dissolution including 1-butyl-3-
methylimidazolium chloride (BMIMCI) and its anion-substituent (Br", SCN", and [BF4], [PF6]),
and 1-allyl-3-methylimidazolium chloride (AMIMCI) as well'!: 17 Tt is reported that BMIM*"X"

can only dissolve cellulose with high molecular weight (DP~=1,000) on heating to 100-110 °C'!.

Zhang et al. (2005) proposed that AMIMCI can be dissociated to individual CI and AMIM" ions
above the critical temperature, of which free Cl ions associate with cellulose hydroxyl proton and

AMIM" forms complex with cellulose hydroxyl oxygen, to further disrupt the hydrogen bonding
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in cellulose and dissolve cellulose'? '%°. However, although ILs is powerful as a cellulose solvent,
the relatively high cost to synthesize ILs has limited their applications. Moreover, the toxicity of
ILs should also be addressed before the large-scale applications'®.

N,N-Dimethylacetamide (DMAc)/LiCl system can also dissolve cellulose by heating or
refluxing to obtain transparent cellulose solution'> '8, It is reported that the N,N-
dimethylketeniminium ions present in DMACc/LiCl at elevated temperature can cleave the
glucosidic bonds of cellulose, resulting in the dissolution of cellulose'®. This method is only
limited to laboratory use because of the high price of LiCl. Additionally, cellulose solution can
also be prepared in heavy metal-amine complex (such as Cuoxam, Ni-tren, Cd-tren and so on).
Due to the increasing concern of environmental issues, none of these approaches can be
commercialized for large-scale applications'®.

Recently, a new aqueous cellulose solvent, i.e., 7.0 */w% NaOH/12 “/\% urea aqueous system
has been developed that can effectively dissolve cotton linters at -12.6 °C within 5 minutes'’.
Compared with the solvents above, this aqueous system is environmentally "green" and cost-
effective without using organic or toxic reagents. As described in Fig. 2-8, when cotton linters are
immersed in the pre-cooled NaOH/urea aqueous system, NaOH hydrates, urea hydrates, and free
water surround the cellulose molecules (Fig. 2-8a)'?, which then penetrate into the cellulose chains
and destroy the original intra-/intermolecular hydrogen bonding at low temperature (Fig. 2-8b)!.
In such scenario, the cellulose molecules are held in an inclusion complex (IC) consisted of an
overcoat of NaOH hydrates, urea hydrates, and free water, resulting in the dissolution of cellulose
molecules and the formation of the transparent solution(Fig. 2-8¢)'% 2. It would be useful to adapt

this "green" solvent to wood cellulose to produce materials with different attributes and

applications compared to those from cotton linter. However, this NaOH/urea aqueous solvent is
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not applicable for some native cellulose with high viscosity-average molecular weight
(M,>11.4x10* Da)", thus wood cellulose needs to be broken down partially to achieve a good

solubility.

free water Alkali hydrate Hydrate overcoat

ool

B I
Celulose chain Urea hiydrala

(a) (b) (c)

Figure 2- 8 Schematic dissolution process of the cellulose in NaOH/urea aqueous solutions at
low temperature: (a) cellulose bundle in the solvent, (b) swollen cellulose in the solution, (¢)
transparent cellulose solution'”. Reprinted with permission from Ref. 19. Copyright (2005) John

Wiley and Sons.

2.1.4 Cellulose products from NaOH/urea solutions

A great amount of new functional materials from cellulose have been developed for a broad
range of applications, due to the increasing demand for environmentally friendly and
biocompatible products. Cai & Zhang (2006) studied the gelation behavior of cotton linters in the
NaOH/urea aqueous system, and found the obtained cellulose hydrogels could be formed via
destructing the stability of cellulose solution by increasing the temperature to 50 °C or reducing it
to -20 °C*2. This physical crosslinking involves a process of breaking the hydrogen bonding system
of the inclusion complex (IC) of cellulose/NaOH hydrate/urea hydrate/water cluster and rebuilding

the system with new hydrogen bonding networks. Rheological test further revealed the influence
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of cellulose molecular weight, concentration, and temperature on the gelation behavior. The
gelation temperature was decreased with increase of the cellulose concentration and its molecular
weight. Moreover, Zhou et al. (2007) prepared chemically crosslinked cellulose hydrogels from
cotton linters using epichlorohydrin as a crosslinker. As a result, the mechanical properties of the
obtained hydrogels were significantly increased?>.

In addition to cellulose hydrogels, regenerated cellulose (RC) films were also prepared from
cotton linters in the NaOH/urea aqueous system by casting method followed by regeneration with
coagulate reagents such as acetic and sulfuric acids. The obtained cellulose films had a typical
cellulose II crystalline form and the degree of crystallinity was lower than the original cellulose
1'97 with smaller apparent crystal size. Yang et al. (2011) reported high oxygen barrier properties
for the regenerated films, which are promising bio-based food packaging materials'%. Qi et al.
(2009) further prepared the transparent and photoluminescent cellulose films by adding the

fluorescent dyes and photoluminescent pigments in the fabrication process'®’

. Moreover, cellulose
filament fibers can be fabricated from cotton linters in NaOH/urea solution. Cai et al. (2004, 2007)
dissolved cotton linters in the NaOH/urea system and converted the cellulose solution into
multifilament fibers using wet-spinning processing. The obtained cellulose filament fibers featured

a circular cross-sectional shape and a smooth surface as well as good mechanical properties!!® 1,

2.2 Cellulose nanocrystals

Since the French chemist Réanby firstly found cellulose nanocrystals can be obtained by

subjecting native or mercerized wood cellulose into sulfuric acid!'> 13

, cellulose nanocrystals
have attracted increasing attention as a novel and multi-functional nanomaterial. Transmission

electron microscopy (TEM) reveals the dried cellulose nanocrystals are rod-like particles that have
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the dimensions in nanoscale range with the diameter of 2-10 nm and length of 100-600 nm. The
aspect ratio of cellulose nanocrystals, defined as the ratio of the length to the width (L/w), is usually
in the range of 10-100. Wood fibers and plant fibers are both good sources to prepare cellulose
nanocrystals due to their abundance in nature. Generally, chemically induced disintegrating
strategies are usually applied for cellulose nanocrystals preparation, in which the amorphous
regions of cellulose fibers are removed, and the highly crystalline regions are preserved, resulting
in rigid rod-like cellulose nanocrystals without apparent defect?'.
2.2.1 Preparation of cellulose nanocrystals

Natural cellulose fibers can be disintegrated by various top-down methods, including
mechanical degradation, enzymatic hydrolysis, acid hydrolysis, and oxidation, etc. Mechanical
degradation of cellulose materials, usually includes high-pressure homogenization!!4116,
grinding/refining!!’,  cryocrushing!'®,  high intensity = ultrasonic  treatment'!'’,  and
microfluidization'?’. These physical processing generally produces high intensity of shear force
that cause transverse cleavage along the longitudinal axis of the cellulose fibers, leading to the
breakup of some amorphous regions, whereas the highly crystalline regions stay intact. Therefore,
these processes usually generate cellulose nanofibers (CNFs) with both crystalline and amorphous
regions. The CNFs chains usually have length more than 1 um and width ranging from 10 to 100
nm depending on the cellulose source?!. Thus, CNFs are relatively soft with long chains and easy
to entangle with each other. Enzymatic hydrolysis of cellulose materials is less aggressive,
comparing with mechanical degradation and chemical treatment. However, this method has not
been widely employed in industry due to the high requirement for the reaction conditions, high

cost and low yield. For academic research, enzymatic processing is usually combined with

mechanical method or chemical treatment, for a controlled fibrillation of cellulose fibers''>. As for
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the preparation of cellulose nanocrystals, chemically induced disintegration is preferred, in which
the amorphous regions of cellulose chains are preferentially broken down by either acids or
oxidants, whereas the highly crystalline regions are preserved due to their higher resistance to acid
or oxidation.
Acid hydrolysis: the release of cellulose nanocrystals from cellulose fibers usually involves an
acid-induced disintegrating process, in which the small acid molecules diffuse into the amorphous
regions of cellulose fibers, resulting in the cleavage of the glycosidic bonds. In this process,
cellulose fibers are subjected into strong acid under strict control of temperature, stirring speed,
and reaction time before quenched by diluting the acid with large amount of water (usually 10-
folds). The obtained cellulose suspension colloids are then washed with water by successive
centrifugations, followed by dialysis against deionized water to remove any excess acid. A
sonication process is usually performed to disintegrate the aggregates and a complete cellulose
nanocrystal dispersion is obtained.

Different acids have been investigated to disintegrate the amorphous regions and release the

highly crystalline cellulose nanocrystals from cellulose fibers, including sulfuric!?! 12,

123, 124 125, 126 127

hydrochloric , phosphoric , and hydrobromic acids'~’, etc, in which sulfuric and
hydrochloric acids are the most extensively used. When prepared by hydrolysis in hydrochloric
acid, the obtained cellulose nanocrystals usually have limited dispersibility and they are unstable
with a tendency to flocculate, owing to their almost neutral surface. However, when subjected into
sulfuric acid, cellulose fibers react with sulfuric acid via an esterification process to form charged
sulfate ester groups. These sulfate groups are randomly distributed along the obtained cellulose

nanocrystals and form a negatively electrostatic layer covering the surface of cellulose

nanocrystals, which promotes their dispersibility in water??,
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The concentration of sulfuric acid used to hydrolyze cellulose fibers is usually 65 V/w%. Whereas
a wider temperature range can be employed to prepare cellulose nanocrystals (from room
temperature up to 70 °C), and the hydrolysis time varies from 30 min to overnight depending on

the hydrolysis temperature''?

. As for the cellulose nanocrystals prepared from hydrochloric acid
hydrolysis, the reaction is usually taken place in a reflux apparatus, and the concentration of
hydrochloric acid is usually between 2.5 M and 4 M for various reaction times depending on the
source of the cellulose fibers!!2.

TEMPO-mediated oxidation: (2,2,6,6-tetramethylpiperidine 1-oxyl)-mediated (or TEMPO-
mediated) oxidation of cellulose materials has been studied in recent years, due to its high
selectivity of oxidation of cellulose chains®-?% 128 As illustrated in Fig. 2-9, in the presence of
NaBr and NaOCl, TEMPO-mediated oxidation process can convert the hydroxylmethyl groups of
cellulose to the carboxyl groups at pH 9-11, while the secondary hydroxyl groups are remained
intact. To avoid undesirable side reactions under alkaline conditions, TEMPO/NaClO/NaClO;
system is further developed under neutral or slightly acidic conditions®*. Based on this TEMPO-
mediated processing, Yang et al. (2012) developed a new method with three steps of oxidation to
prepare cellulose nanocrystals: (i) periodate oxidation selectively oxidizes C2 and C3 hydroxyl
groups to 2,3-dialdehyde units on the cellulose chain; (ii) chlorite oxidation converts the 2,3-
dialdehyde groups to dicarboxyl groups; (iii) TEMPO-mediated oxidation converts primary
hydroxyl groups on C6 to carboxyl groups®’. The obtained cellulose nanocrystals have similar

dimensions to those prepared by acid hydrolysis but a large charge density. Therefore, the obtained

cellulose nanocrystal suspension is highly electrosterically stable?’.
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Figure 2- 9 Scheme of TEMPO-mediated oxidation of cellulose materials®®. Reprinted with

permission from Ref. 28. Copyright (2006) American Chemical Society.

APS oxidation: ammonium persulfate (APS), an oxidant with high water solubility and low cost,
has also been investigated for cellulose nanocrystals preparation. This process involves heating
cellulose materials at 60 °C in 1 M APS solution under vigorous stirring for various times. The
reaction time is substrate-dependent, ranging from 3 h for bacterial cellulose and 16 h for complex
cellulose substrates such as hemp, flax. Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) reveal the uniform cellulose nanocrystals with diameter of ~3-6 nm and length
of ~88-148 nm. It is proposed the free radical SO4-~ is formed when the solution containing

persulfate is heated (S20s®> ~ + heat — 2S04-7). Meanwhile, hydrogen peroxide is also formed

(S205% ™ + 2H,0 — 2HSO4 ~ + H,07) under the acidic condition (pH 1.0). These free radicals and

30



H>0; then penetrate into the amorphous regions of cellulose fibers and break down the amorphous
structure to form cellulose nanocrystals'?’. In this process, a large number of oxidants are usually

130 Moreover,

consumed, and the reaction time is much longer for most of the cellulose materials
the great amount of water and energy consumption also increased the cost of cellulose nanocrystals
production.
2.2.2 Morphology of cellulose nanocrystals

The geometrical dimensions (length, L, and width, w) of cellulose nanocrystals are different, not
only depending on the source of cellulose fibers, but also on the preparation conditions (reaction
time, stirring speed, temperature, and feed ratio) employed to disintegrate cellulose chains. The
effect of acid hydrolysis conditions on the dimensions and crystallinity of the obtained cellulose
nanocrystals has been investigated. Dong et al. (1998) found the longer hydrolysis time resulted
in shorter cellulose nanocrystals and higher surface charge'*!. Beck-Candanedo et al. (2005) found
the hydrolysis time and acid-to-pulp ratio had significant influence on the properties of the

132 When the reaction

obtained cellulose nanocrystals from both softwood and hardwood pulps
time was too long, cellulose was completely digested into sugar molecules while the shorter
hydrolysis resulted in large and indispensable fibers, as well as aggregates'**. The geometrical

dimensions of cellulose nanocrystals from various sources are presented in Table 2-2. And the

morphology of cellulose nanocrystals from different sources are shown in Fig. 2-10.
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Table 2- 2 Dimensions of cellulose nanocrystals from various sources''2. Adapted with

permission from Ref. 112. Copyright (2010) American Chemical Society.

Source L(nm) w(nm) technique ref
soft wood 100-200 34 TEM 134
100-150 4-5 AFM 132

hard wood 140-150 4-5 AFM 132
cotton 100-150 5-10 TEM 135
70-170 ~7 TEM 131

200-300 8 TEM 136

255 15 DLS 137

cotton linter 100-300 10-20 SEM 138
25-320 6-70 TEM 139

300-500 15-30 AFM 140

ramie 150-250 6-8 TEM 141
50-150 5-10 TEM 142

bacterial 100-1,000 10-50 TEM 143

Figure 2- 10 Transmission electron microscopy images from diluted suspension of cellulose

1112

nanocrystals from (a) tunicate (b) bacterial, (c) ramie, and (d) sisal' '~. Reprinted with permission

from Ref. 112. Copyright (2010) American Chemical Society.
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2.2.3 Mechanical properties and potential nanoreinforcement

It is extremely challenging to understand the intrinsic mechanical properties of cellulose
nanocrystals, due to the small particle size and the limited metrology techniques to characterize
these nanoscale materials along multiple axes. Additionally, several other factors may also
influence the measured mechanical properties, and the reported data may distribute widely, not
only between different cellulose nanocrystal types, but also for a given specific specimen. These
factors include: crystal type (s, I, II), crystallinity index (CI), anisotropy, defects, and the
measurement methods and techniques®.

The elastic modulus of cellulose nanocrystals has been investigated by either theoretical
evaluations or by experimental measurements (X-ray diffraction, Raman spectroscopy, and atomic
force microscopy). Some data of the longitudinal elastic modulus of cellulose nanocrystals are
summarized in Table 2-3. The studies of transverse modulus of cellulose nanocrystals are limited,
and the reported values of transverse modulus are much lower than that of the longitudinal elastic
modulus®. As shown in Table 2-3, the values of elastic modulus of cellulose nanocrystal are

different, depending on the crystal type (Lo, Ip, II), and the processing techniques.
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Table 2- 3 Longitudinal Modulus (EL) of cellulose nanocrystals??. Adapted with permission from

Ref. 22. Copyright (2014) John Wiley and Sons.

Methods Materials E (GPa) Ref.
Calculation Cellulose 1 136+6 144
167.5 145

134-135 146

Cellulose I, 127.8 147

136-155 148

Cellulose Iy 124-155 149

156 150

Cellulose 11 162.1 145

155 151

X-ray diffraction Cellulose | 134 152
138 153

Cellulose 11 106-112 154

Raman Cellulose Ig 143 155
Inelastic X-ray scattering Cellulose I 220 156
AFM Cellulose I 145-150 17

It is accepted that the elastic modulus of cellulose nanocrystals varies from 100-200 GPa. which
is similar to Kevlar (60-125 GPa) and could be comparable to steel (200-220 GPa). Actually, the
specific Young's modulus of cellulose nanocrystals, which defines as the ratio between the
Young's modulus and their density, is around 85 J/g, whereas it’s around 25 J/g for steel?>. These
excellent mechanical properties endow cellulose nanocrystals an ideal nanoreinforcement to
composite with other polymers and improve the properties of a targeted host material due to their
excellent intrinsic properties, including nanoscale dimensions, high surface area, unique
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morphology, low density (~1.61 g/cm? for pure cellulose nanocrystals Ig), appealing mechanical
strength (elastic modulus ~100-200 GPa), renewability and biodegradability.

The first study about the nanoreinforcement effect of cellulose nanocrystals was reported by
Favier et al. (1995), in which a significant increase of the storage modulus of the poly(styrene-co-
butylacrylate)-based nanocomposites was reported even when low amount of cellulose
nanocrystals was added'’. Since then, cellulose nanocrystals have been incorporated into a wide
range of polymer materials, including polysiloxanes'>®, polysulfonates'>®, poly(caprolactone)'?®,

poly(oxyethylene)!®’,  poly(styrene-co-butylacrylate)!>”,  cellulose  acetate  butyrate'®!,

)163 )164

carboxymethyl cellulose'®?, poly(vinyl alcohol)'®*, poly(vinyl acetate)!®*, polyethylene!'*?, and

water-borne polyurethane!6

, etc.

This excellent reinforcing effect is ascribed to a mechanical percolation phenomenon®. It is
explained by the formation of a rigid percolating filler network that was connected by hydrogen
bonding in cellulose nanocrystals nanocomposites'®®. Such rigid percolating filler network was
confirmed by electrical measurements on nanocomposites consisted of polypyrrole-coated
cellulose nanocrystals'®’. It is believed that there is a percolation threshold for the cellulose

nanocrystals-reinforced nanocomposites. Above the percolation threshold, the cellulose

nanocrystals connect and form a 3D continuous network throughout the nanocomposite, due to the
strong intermolecular hydrogen bonds between cellulose nanocrystals”. There are several
variables that mainly influence the percolation threshold, including the shape of cellulose
nanocrystals (size and aspect ratio!®®), the orientation of cellulose nanocrystals in the matrix'®,

170

and the interactions between cellulose nanocrystals The mechanical properties of

nanocomposites prepared from cellulose nanocrystals are mainly influenced by the formation of
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the percolated network. Therefore, the mechanical properties can be controlled by the dimensions
of cellulose nanocrystals and their interfacial interactions (between them or with the host matrix)'!2.
2.2.4 Applications of cellulose nanocrystals
2.2.4.1 Pickering emulsion stabilizer

Pickering emulsions are the emulsions stabilized by solid colloids instead of traditional
surfactants. These solid colloids include TiO> nanoparticles, chitin nanocrystals, starch particles,

flavonoid particles!'’!1™

, etc. Depending on whether the particles are hydrophilic or hydrophobic,
the systems may be either oil-in-water (O/W) emulsions or water-in-oil (W/O) emulsions!”>. These
solid colloids are usually biocompatible, biodegradable and environmentally friendly. In addition,
the solid colloids can form an effective steric/electrostatic shield at the oil and water interface,
which prevents the emulsion droplets from coalescence so as to improve the stability of the
emulsions!’S.

As illustrated in Fig. 2-11 for the idealized case of spherical particles wetted by water, the
location of an individual solid particle with respect to the oil/water interface in Pickering emulsion
is defined by the contact angel 8 (6<90°). Once a particle of radius r is attached to the oil/water
interface with 6 not too close to 0° or 180°, it can be regarded as being irreversibly adsorbed, due
to the fact that the Gibbs free energy of spontaneous desorption of the particle, AGg, is extremely
high compared with the thermal energy:

AGy = 1r?yy, (1 — |cosB,yy,|)? 2-1
Where AG,; is the Gibbs free energy of spontaneous desorption of solid colloids from the interface,
Yow 18 the interfacial tension (the particles is initially in one phase and subsequently adsorbed at

the interface), 8,,,is the contact angle and r is the particle radius!”’. The Gibbs free energy (AG,)

of spontaneous desorption of the solid colloids is influenced by the composition of the oil and
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aqueous phases. But apart from the contact angle and interfacial tension, the most important factor
controlling the binding energy is particle size. As estimated by Dickinson?®, the theory predicts the
binding energy of a spherical microparticle (r=1 um) of AG4~10%T, even for smaller particles
(r=5~10nm), AG;>>10xT (xT: thermal energy, x: Boltzmann's constant, 7" absolute temperature).
Thus removing these solid colloids from the interface needs significant energy’® and the solid
colloids are considered irreversibly adsorbed at the oil-water interface, rather than the reversible
balance of adsorption/desorption of traditional surfactants such as Tween and Span. Therefore,

Pickering emulsions have some distinctive benefits in terms of superior stability, biocompatibility,
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biodegradability' '°, and free from surfactants
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Figure 2- 11 O/W Pickering emulsion stabilized by spherical particles. (a) Single hydrophilic
particle at the oil/water interface, with contact angle 0. Quantities Ypo, Yow and ypw are the tensions
at the three boundaries. (b) Monolayer of equal-sized particles at surface of dispersed oil

droplet®®. Reprinted with permission from Ref. 38. Copyright (2012) Elsevier.
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Recently, cellulose materials have attracted great attention for the stabilization of Pickering
emulsions. Andresen & Stenius (2007) prepared the hydrophobilized microfibrillated cellulose by
surface silylation and then applied the modified microfibrillated cellulose for Pickering emulsion
preparation. The results suggested the feasibility of cellulose materials in stabilization of Pickering
emulsions®. Afterwards, cellulose nanocrystals obtained by hydrolysis of various sources have
been used to stabilize Pickering emulsions. However, both the hydrophobilized microfibrillated
cellulose and acid-hydrolyzed cellulose nanocrystals are apt to aggregate in aqueous medium, due
to the enhanced hydrophobic interactions between microfibrillated cellulose*’, and the weakened
electrostatic repulsions between the cellulose nanocrystals*!. Therefore, it is challenging to prepare
stable Pickering emulsions with cellulose materials.

More recently, highly homogeneous, and electrostatically stable oxidized cellulose nanocrystals
were obtained by consecutive oxidation to introduce carboxyl groups onto the surface of oxidized
cellulose nanocrystals?®. These oxidized cellulose nanocrystals have similar dimensions to
cellulose nanocrystals prepared by acid hydrolysis, but have a larger charge density, and thus are
mostly homogeneous and electrostatically stable in aqueous medium?. Their size and rod-like
morphology are suitable to be adsorbed to the oil-water interface, making them potential Pickering
emulsion stabilizer****. However, oxidized cellulose nanocrystals have limited interfacial activity
due to their hydrophilic nature. Thus, surface modification of the oxidized cellulose nanocrystals
will be required to enhance their interfacial properties for Pickering emulsion formation.
2.2.4.2 Compressive aerogels based on cellulose materials

Compressible aerogels have been of increasingly important for the high demand of next

45, 46

generation of products, such as super absorbents , electrode substrate for batteries and

47, 48 50, 51

supercapacitors , catalyst supports*’, and chemical and biological sensors etc. Many of
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these applications require the aerogel materials to be strong yet compressible and capable of
reversible deformation under large strain®. Traditional aerogels are mostly fabricated from silica
materials featured with large porosity (up to 99.8%), low density (4-500 mg/cm?), and large surface

area (100-1,000 m?/g)>* >*. There are considerable studies on silica-based aerogels for various

55,56 58,59

applications, including thermal and acoustic insulator™ >, optical applications®’, batteries and

60, 61 nuclear waste storage®® and catalysis® etc. However, the traditional

capacitor electrodes
silica-based aerogels usually suffer from fragility, and they are too brittle to meet the mechanical
robustness as compressive materials®*.

Recently, aerogels prepared from Poly(vinyl alcohol)(PVA) have drawn great attention since
these polymeric molecules are generally less brittle, more flexible, and easy-processable®, in
addition to their excellent merits such as cost-effectiveness, nontoxicity, biocompatibility, and
biodegradability'**-!82. However, PVA aerogels are neither mechanically strong nor highly
compressible, which limits their applications as compressible materials. So far, PVA aerogels
reinforced by carbon nanotubes and graphene materials with good mechanical strength and high
compressibility have been reported>® % 7°. However, those carbon-based materials are not readily
available due to the high cost of equipment/raw materials, and the sophisticated procedures, which
limit their large-scale applications®*.

Cellulose materials could be an alternative for carbon nanotubes and graphene materials to
prepare the mechanical strong yet highly compressive PVA aerogels, due to their readily
availability, low cost, good mechanical properties, low density, and excellent biocompatibility. So
far, cellulose nanofibers (CNFs) have been incorporated with PVA to form the PVA/CNFs

aerogels’!. However, these aerogels were not elastic enough and deformed permanently when the

compression strain was higher than 20%’!. Cellulose nanocrystals, on the other hand, are highly
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ordered rod-like nanoparticles, and they are generally considered as effective fillers in aerogels to
reinforce networks’?, due to their intrinsic rigidity and excellent mechanical strength (elastic
modulus~100-200 GPa??). Hence, there are considerable studies on the reinforcement of the
mechanical strength of PVA aerogels with cellulose nanocrystals. However, even though these
CNCs/PVA aerogels showed significantly improved mechanical strength, they have poor

compressibility.

2.3 Summary

Canada has large forest area with abundant wood-based cellulose resources. However, wood
fibers are mainly used for paper-making and lumbering, only 2% pulps with high content of
cellulose are used to prepare regenerated cellulose fibers, films, and cellulose derivatives. Thus,
research efforts are still required to develop applications of wood cellulose to add their values.

Two strategies (dissolution and disintegrating) can be applied for the functionalization and
application of cellulose materials. As for dissolution, the recently developed NaOH/urea system is
relatively environmentally "green" and has been applied to dissolve cotton linters. Wood-based
cellulose has high molecular weight and cannot be effectively dissolved in this solvent system. It
would be interesting to study if partial hydrolysis could promote the dissolution of wood-based
cellulose in the NaOH/urea solvent system that could be further developed into some functional
products, such as wood cellulose hydrogels. Additionally, wood-based cellulose materials can be
disintegrated into cellulose nanocrystals either by oxidation or by acid hydrolysis. Due to their
large surface area, low density and excellent mechanical properties, wood-based cellulose
nanocrystals can be used as renewable and biodegradable materials for a wide range of applications.

Since cellulose nanocrystals prepared from TEMPO-mediated oxidation are electrostatically stable,
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further surface modification of the oxidized cellulose nanocrystals to enhance their interfacial
properties could be a promising and interesting opportunity to prepare stable Pickering emulsions.
Moreover, cellulose nanocrystals showed excellent mechanical properties and potential
nanoreinforcement in various nanocomposites, they could be an alternative for carbon
nanotubes/graphene materials to prepare the mechanical strong yet highly compressive aerogels.
After these value-added processing, some wood cellulose-based new materials could be developed,

and the value behind wood cellulose could be unveiled.
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Chapter 3 - Controlled production of spruce cellulose gels using an

environmentally "green" system”

3.1 Introduction

Cellulose is the most abundant biomass on the earth with an estimated annual production of
~1.5x10'? tons® * 7®. Especially wood-based cellulose, with a dominant status in Canada, has
received much attention in the field of green energy, paper, textile, materials, environmental and
biomedical engineering. It possesses a high strength and stiffness, and is renewable, biodegradable
and biocompatible’® 83184 However, cellulose forms supramolecular structures by strong intra-/
intermolecular hydrogen bonds, making it insoluble in water and most common organic solvents'"
12 Accordingly, wood cellulose is difficult to process. Searching for a cost-effective and efficient
solvent to dissolve wood cellulose is a key challenge in its industrial applications.

Polymers can be dissolved only if the polymer-polymer interactions are overcome by stronger
polymer-solvent interactions’®; otherwise, they are just swollen rather than dissolved. Overall,
there are several cellulose solvent systems of interest including N-methyl-morpholine-N-oxide
(NMMO), ionic liquids (ILs) and N,N-Dimethylacetamide (DMAc)/LiCl systems'!: 1% 1418,
Recently, a new aqueous cellulose solvent based on NaOH/urea system has been developed which
can efficiently dissolve cotton linters at low temperature (-12.6 °C) in 2 min'>?°. Here, cellulose
chains are held in an inclusion complex involving a NaOH hydrate, urea hydrate and water cluster,
disrupting the intra-/intermolecular hydrogen bonds and leading to the dissolution of cellulose?’.

This solvent system is environmentally "green", and relatively cost-effective since no organic

* A version of this chapter has been published: Xiaoyu Gong, Yixiang Wang, Zhigang Tian, Xiang
Zheng, Lingyun Chen, "Controlled production of spruce cellulose gels using an environmentally
"green" system" in Cellulose, 2014, 21(3): 1667-1678.
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solvents or toxic reagents are required. It would be useful to adapt this "green" solvent to wood
cellulose to produce materials with different attributes and applications compared to those from
cotton linters. Since this NaOH/urea aqueous solvent is not applicable to some native cellulose
with high viscosity-average molecular weight (M,>11.4x10* Da)'®, wood cellulose needs to be
broken down partially to achieve a good solubility.

Various multifunctional products, such as cellulose films, gels, micro/nano-particles and fibers,
have been fabricated from cellulose/NaOH/urea aqueous solutions targeting a wide range of
applications™: 197- 110 11 " Cellylose hydrogels have especially shown potential in the creation of
bioengineering and biomedical materials such as tissue engineering scaffolds and drug delivery
formulations'®. In our previous work, physically crosslinked all-cellulose composite gels were
prepared from cotton linter through a convenient and time-saving process involving a rapid
thermal-induced phase separation followed by a regenerating process. These gels demonstrated a
capacity to steadily release bioactive compounds in the simulated body fluid'®®. This current
research aimed to study the effects of acid-hydrolysis on the molecular structures of spruce
cellulose and subsequently its dissolution in NaOH/urea aqueous solution. Then, the potential
applications of thermal-induced gels fabricated from the resultant spruce cellulose suspensions

were evaluated, and gel structure-function relationships were discussed in detail.

3.2 Materials and methods

3.2.1 Materials
Spruce cellulose (bleached kraft pulp) with S-cellulose content of 87.3% was provided by
Alberta-Pacific Forest Industries Inc. (AB, Canada). Its viscosity-average molecular weight (M)

was determined with an Ubbelohde viscometer in LiOH/urea aqueous solution at 25+0.1 °C and
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calculated to be 40 x10* Da'*’. Sulfuric acid solutions with different concentrations were prepared
via dilution of concentrated sulfuric acid (Fisher Scientific, Canada). Sodium hydroxide, lithium
hydroxide and urea were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada), and
were used as received.
3.2.2 Acid hydrolysis of spruce cellulose

Spruce cellulose (10.0 g) was hydrolyzed in a beaker by diluted sulfuric acid under continuous
stirring (600 rpm) at 30 °C. The ratio of cellulose to sulfuric acid was 3%/%. The acid
concentrations were set to 10, 15 and 20 ¥/w%, while the hydrolysis times were 6, 12 and 24 h. As
a result, 9 hydrolyzed cellulose samples were obtained and coded as X-Y-Cellulose (X: acid
concentration; Y: hydrolysis time). The yield of acid hydrolysis was higher than 94.4% and the

content of hemicellulose in the resultant samples was lower than 6.7 */w% (Table 3-1).

Table 3- 1 Viscosity-average molecular weight (My), solubility index (S.), yields and

hemicellulose content of the cellulose samples hydrolyzed at different conditions.

Acid

Samples concv?ntration Hggf:l(}}]ls)ls M,x10*  Sa% 2&}3;13 Herr(1‘1x]<;‘}ev(1)i)lilose
("/w%)

10%-6-Cellulose 10% 6 18.6 44 97.5 6.7
15%-6-Cellulose 15% 6 16.9 55.5 97.2 6.2
20%-6-Cellulose 20% 6 10.6 76.2 97 5.8
10%-12-Cellulose 10% 12 15.2 56.3 97.3 5.8
15%-12-Cellulose 15% 12 13.8 76.2 96.9 43
20%-12-Cellulose 20% 12 9 77.2 96.8 3.7
10%-24-Cellulose 10% 24 10.6 63.5 96.5 3
15%-24-Cellulose 15% 24 7 86.7 95.8 1.5
20%-24-Cellulose 20% 24 5.8 92.5 94.4 0.4
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3.2.3 Cellulose structure characterizations

In our preliminary experiment, hydrolyzed spruce cellulose could not be dissolved completely
in NaOH/urea aqueous solution, although a well-dispersed system was obtained, whereas both
spruce cellulose and its hydrolysate could be completely dissolved in LiOH/urea system at diluted
concentrations'®. The intrinsic viscosity /] of the hydrolyzed cellulose in 4.6% LiOH/15% urea
aqueous solution was measured with an Ubbelohde viscometer at 25+0.1 °C, and the M, was
calculated by the following equation (3-1)'%’:

[n]=3.72x107 [M,]""" 3-1)

To understand the crystallinity structure of spruce cellulose after hydrolysis, wide-angle X-ray
diffraction (WAXD) measurements were carried out using an X-ray diffractometer (Ultimate IV,
Rigaku, Japan) in symmetric reflection mode. The diffracted intensity of Cu Ka radiation (average
A 1s 0.1542 nm) at 40 kV and 44 mA was recorded in the 26 range of 4°-40°. The original spruce
cellulose and the hydrolyzed samples were cut into powders and dried in a vacuum oven at 60 °C

for 24 h before the measurements. The crystallinity index . (%) was calculated using the following

equation (3-2):

7, = j: S2I (s)ds / J-:Szl(s)ds
(3-2)

Where S is the magnitude of the reciprocal-lattice vector and is given by S =(2sin6)/4, 6 is one half
of the scattering angle, 4 is the wavelength of the X-ray, /(s) is the intensity of the coherent X-ray
scattering from both the crystalline and amorphous region, while /.(s) is only the intensity of the
crystalline region from the samples. The lateral dimensions of the raw spruce pulp and the

hydrolyzed cellulose samples were calculated by using Scherrer's equation'®®:

Daiy=KMN(Bcosh) (3-3)
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Where A is the X-ray wavelength, 26 is the angle between incident and diffracted rays, f is the half
bandwidth of (hkl) diffraction peak in radians, and K is a constant with a value of 0.94.
3.2.4 Cellulose solubility test

Solubility of the hydrolyzed cellulose in NaOH/urea aqueous solution was measured as follows:
96 g of 7% NaOH/12% urea aqueous solution was precooled to -12.6 °C. Subsequently, 4.0 g of
hydrolyzed cellulose was added into the precooled solution with mechanical stirring at 2,000 rpm
for 3 min to obtain stable cellulose suspensions, which were then centrifuged at 8,000 rpm for 10
min at 5 °C to separate the insoluble, but well dispersed cellulose. The precipitate was rinsed with
diluted H>SO4 (1 M), distilled water and acetone, respectively. Finally, the dispersed cellulose was
dried to constant weight at 60 °C. The solubility of the hydrolyzed cellulose was calculated
according to the equation (3-4):

Sa=(Wo-Wi)/Wyx100 (3-4)

Where W) is the mass of the original cellulose, W; is the mass of the residue and S, is the solubility
index.
3.2.5 Gelation behavior study

The thermal-induced gelation behavior of cellulose suspensions was investigated by recording
the storage modulus (G') and loss modulus (G") as a function of temperature (T) using a dynamic
shear method. A DHR-3 rheometer (TA Instrumens, DE, USA) with a parallel plate geometry
(plate diameter 40 mm) was employed. Hydrolyzed cellulose/NaOH/urea suspension (4 V/w%) was
centrifuged at 4,000 rpm for 10 min at 5 °C to remove bubbles and then directly introduced onto
the plate. To avoid dehydration during the rheological measurements, a layer of silicon oil was
covered around the exposed surface of the suspension. The measurements were carried out from

20 to 50 °C at an angular frequency of 1.0 Hz with a heating ramp of 2 °C/min. The value of strain
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amplitude was set as 10%, which was within a linear viscoelastic region. By noting the temperature
at which G = G", the profile could provide evidence of the gel point and gelation behavior'®’.
3.2.6 Preparation of cellulose gels

Thermally induced cellulose gels were prepared as described by Wang and Chen (2011)'%¢.
Briefly, fresh bubble-free cellulose suspensions (4 “/w%) were loaded into a tube (15 mL) and
heated in a water bath at 50 °C for 10 h. The gels were rinsed in running water for 3 days and kept
in deionized water for further use. No obvious loss of cellulose was observed during rinsing.
WAXD was used to determine the crystallinity index to understand the structural changes of the
thermally induced cellulose gel samples.
3.2.7 Morphology of cellulose gels

A Philips XL-30 scanning electron microscopy (SEM) was employed to observe the
morphology of the samples. The accelerating voltage was set at 20 kV and the working distance
was 10 mm. Cellulose gels prepared by different conditions were frozen in liquid nitrogen, snapped
immediately and then freeze-dried. The cross-sectional fracture surfaces of the gels were coated
by a thin layer (8-10 nm) of sputtered gold under vacuum, and then were observed and
photographed.
3.2.8 Swelling behavior study

The swelling ratio of thermally induced cellulose gels was measured gravimetrically in
deionized water at 25 °C. After incubated for 24 h, excess surface water was blotted with filter
paper, and the weight of the water-saturated gels was recorded. The equilibrium swelling ratio
(ESR) was calculated according to the equation (3-5):

ESR= (Ws-Wa)/ Wa 3-5)

Where W is the weight of the swollen gel at 25 °C and Wy is the dry weight of the gel.
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3.2.9 Mechanical analysis

The mechanical properties of the cellulose gels were measured using an Instron 5967 Testing
Machine (Instron Corp., MA, USA). The gels had a cylindrical shape of 11 mm in diameter and
10 mm in height, and were kept in deionized water at 25 °C for 24 h before determining their
mechanical properties. Gels were compressed twice to 50% of their original height in air at room
temperature at a rate of 1 mm/min. The compressive stress vs. strain was recorded and all
measurements were repeated at least five times.
3.2.10 Statistical analysis

Experimental results were represented as the mean of five batches = SD. Statistical evaluation
was carried out by analysis of variance (ANOVA) followed by multiple-comparison tests using
Duncan's multiple-range test at the 95% confidence level. All of the analyses were conducted using
SAS statistical software (SAS Institute, Inc., Cary, NC) with a probability of p < 0.05 considered

to be significant.

3.3 Results and discussion

3.3.1 Cellulose hydrolysis

The idea of acid-catalyzed hydrolysis of cellulose into fermentable sugars in order to develop
cost-efficient replacement for fossil fuels has come into being since the two oil crises in the 20™
century'®’. However, in this study, complete hydrolysis of cellulose into sugars was not desirable.
Instead, partial acid degradation of spruce cellulose under mild conditions was necessary to enable
its subsequent dissolution in an environmentally "green" NaOH/urea aqueous solution. This
permitted suitable molecular structure characteristics of the cellulose products with desirable

functionalities. For this purpose, the reaction conditions, such as acid type, acid concentration,
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hydrolysis time and temperature, were of interest. In this study, diluted sulfuric acid was selected
due to its low cost'®! and high efficiency!®*> 1°>. Moreover, in order to reduce energy consumption
for potential industrial applications, the reaction temperature was strictly controlled at 30 °C.
Herein, the effects of acid concentration and hydrolysis time on spruce cellulose structure were
investigated.

It has been proposed that the acid-catalyzed hydrolysis of cellulose could follow three steps:
protonation of glycosidic oxygen or pyranic oxygen, formation of the carbocation, and
regeneration of H3O" species and cleavage of glucosidic bonds!*°. In this study, the mild conditions
were not strong enough to hydrolyze spruce cellulose into mono-/di-/oligo-saccharides, but may
disrupt the more accessible amorphous regions and cut the linear chains, resulting in changes in
molecular parameters and physicochemical properties.

3.3.2 Molecular weight and crystallinity

Table 3-1 shows the viscosity-average molecular weight (44,) of the hydrolyzed spruce
cellulose. The M, values were distinctly reduced when increasing the acid concentration or
hydrolysis time, comparing with the untreated samples (M, = 40x10* Da). For example, the M, of
10%-6-Cellulose was 18.6x10* Da, which decreased to 10.6x10* Da when the acid concentration
increased to 20 ¥/w% at the same hydrolysis time. A similar decrease could also be observed for
the samples hydrolyzed for 12 h and 24 h, of which the M, decreased from 18.6 to 15.2 and 10.6
x10* Da, respectively. The M, of 20%-6-Cellulose was the same as that of 10%-24-Cellulose,
which implies that both acid concentration and hydrolysis time played important roles in reducing
cellulose molecular weight. For 20%-24-Cellulose, the M, was largely reduced from original
40x10* Da to 5.8x10* Da. This suggests that the molecular structure of spruce cellulose may

undergo dramatic changes when treated at higher acid concentrations for a longer period of time.
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This may facilitate the development of cellulose-solvent interactions so as to improve the

dissolution of spruce cellulose in NaOH/urea aqueous solutions.

ative Spruce cellulose
P

-24-Cellulose gel
7.1% 20%-24-Cellulose gel
3.7% 20%-12-Cellulose gel
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Figure 3- 1 Wide angle X-ray diffraction of native/hydrolyzed/regenerated spruce cellulose.

The crystallinity index . can be another factor that impacts the dissolution of cellulose in
NaOH/urea solution'?. Fig. 3-1 shows the WAXD pattern of the native and hydrolyzed spruce

cellulose with the calculated crystallinity index . listed on the left. All these samples exhibited
the same diffraction peaks at 26=14.9°, 16.7°, and 22.7°, which are assigned to the (110), (110)

and (200) planes of cellulose Ig!**. It indicated that the crystalline structure of spruce cellulose
remained after the treatment.
The . values of native and hydrolyzed spruce cellulose were compared to reveal the effect of

acid treatment on cellulose structure. The native sample had a . value of 76.9%, which was much
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higher than that of Sitka spruce cellulose'®”. There were two possible reasons for this increase:
first, the production process of bleached kraft pulp might result in the rise of crystallinity; second,
some of the conformationally disordered chains are located close enough to the corresponding
lattice points and are in approximately the right axial and rotational orientations to contribute to

the crystalline part of the WAXS pattern even though they differ conformationally!®®

. However,
compared with that of the native spruce cellulose, the y. value was seldom changed after 12 h of
treatment in 20% acid solution, while the M, decreased from 40x10* Da to 9.0x10* Da. These
results show that the acid hydrolysis under mild conditions led mainly to the breakage of cellulose
molecular chains. Even the y values of 15%-24-Cellulose and 20%-24-Cellulose only slightly
increased to 80.1% and 80.9%, respectively, because of the removal of amorphous regions under
long time hydrolysis. At the same time, the lateral dimensions of cellulose didn't obviously change
after the acid hydrolysis. Therefore, the hydrolyzed spruce cellulose exhibited a similar crystalline
structure after treating with diluted acid, and the crystallinity index is not likely to be a key factor
to influence wood cellulose dissolution.
3.3.3 Solubility of hydrolyzed spruce cellulose

The solubility index (S,) of hydrolyzed spruce cellulose in NaOH/urea aqueous solution is listed
in Table 3-1. The original spruce cellulose could not be dispersed in the solvent, but all hydrolyzed
samples formed a stable and homogenous suspension in NaOH/urea aqueous solution. After
hydrolysis in 10% acid solution for just 6 h, nearly half of the spruce cellulose was dissolved, while
the remainder was uniformly dispersed as swollen fibers. It indicates that the acid treatment, even
at mild conditions, resulted in the decrease of cellulose molecular weight. This largely promoted

the penetration of solvent molecules and thus the solvent-cellulose interactions. The S, increased

from 44.0% to 76.2% when the acid concentration increased from 10% to 20%. When the acid
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concentration remained at 10%, 63.5% of cellulose was dissolved when the hydrolysis time was
prolonged to 24 h. More than 85% hydrolyzed spruce cellulose was soluble when the molecular
weight was lower than 7.0x10* Da, and the S, value increased to 92.5% for 20%-24-Cellulose at
the molecular weight of 5.8x10* Da. Cotton linters with a molecular weight lower than 11.4x10*
Da can be completely dissolved in the NaOH/urea aqueous solution at -12.6 °C as reported by Cai
and Zhang (2005)", whereas the hydrolyzed spruce cellulose (20%-6-Cellulose) with the M, of
10.6x10* Da exhibited a S, of 76.2%. This could be due to the relatively higher crystallinity of
hydrolyzed spruce cellulose (>76.9%), since the crystallinity of cotton linters with a molecular
weight between 4.8x10* to 11.1x10* Da was in the range of 67~72%!2. Therefore, the suspension
of hydrolyzed spruce cellulose in NaOH/urea aqueous solution consisted of dissolved cellulose
and dispersed cellulose fibers was successfully prepared. This suspension was stable and could be
stored at 4°C for at least 3 months without separated layers or aggregation.
3.3.4 Gelation behavior of hydrolyzed cellulose/NaOH/urea/water suspensions

The gelation behaviors of hydrolyzed spruce cellulose in 7% NaOH/12% urea aqueous
solutions were investigated to evaluate the potential applications of the cellulose suspensions. In
this study, the crossover point of storage modulus (G") and loss modulus (G") was considered as
the indicator of gel point. Since the gel point determined by this method was frequency-dependent,
a frequency of 1 Hz was used to ensure the linearity of viscoelasticity for all sample measurements.

To understand gelation behavior of spruce cellulose hydrolyzed at different acid conditions, the
evolution of G’ and G" as a function of temperature was recorded for 10%-12-Cellulose, 15%-12-
Cellulose and 20%-12-Cellulose suspensions. As showed in Fig. 3-2a, the rheological behavior of
10%-12-Cellulose was overall distinct from other two suspensions. The G’ curve was above the G”

curve during the whole process, indicating a solid-like behavior. For 15%-12-Cellulose and 20%-
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12-Cellulose, the G" value was higher than G’ value at the initial stage, suggesting that these two
suspensions behaved like viscous liquid at lower temperatures. These different rheological
behaviors may be closely related to cellulose molecular weight resulting from hydrolysis by
various acid concentrations. When compared at the same hydrolysis time, spruce cellulose
hydrolyzed by stronger sulfuric acid showed lower molecular weight (Table 3-1). The suspensions
of cellulose with larger molecular weight (10%-12-Cellulose) exhibited more elasticity due to a
lower relaxation capacity and easy entanglement of the longer chains'®®. Whereas the 15%-12-
Cellulose and 20%-12-Cellulose suspensions were more viscous liquid-like because of a reduced
molecular weight and increased S... The clear plateaus of G’ curve of all three suspensions appeared

1% As the temperature

at the lower temperatures indicated the aggregation of cellulose chains
elevated, their G’ value increased quickly, and the crossover points were observed at 32.5 °C and
36.0 °C for 15%-12-Cellulose and 20%-12-Cellulose, respectively, suggesting the dynamic
transitions of sol-gel process. It was reported that the possible forms of hydrogen bonds in the
Cellulose/NaOH/urea/water system were as follows: intra- and intermolecular hydrogen bonding
between hydroxyl groups of cellulose; hydrogen bonding between hydroxyl groups of cellulose
and solvent molecules (NaOH hydrate, urea hydrate and free water); and hydrogen bonding and
electrostatic interaction between the solvent molecules!® 32. Elevation of temperature led to the
weakened hydrogen bond strength between cellulose and solvent molecules, whereas the intra-
and intermolecular hydrogen bonds of cellulose tended to increase as a result of its strong self-
association tendency’2. Therefore, the structure of inclusion complexes (IC) was destroyed and
physical entanglements occurred between the cellulose backbones, which is called "thermal-

induced phase separation processing" 2® 7. The gelling temperature of hydrolyzed cellulose

suspensions rose with the increase of S, values, which suggests that the uniformly dispersed
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swollen cellulose fibers "bridged" and facilitated the crosslinking of cellulose molecules. This is
like the effects observed with cellulose nanocrystals that reinforced all cellulose gels'®®. Fig. 3-2b
shows the effect of hydrolysis time on the rheological behaviors of cellulose suspensions. Similarly,
15%-6-cellulose suspension with a S, value of 55.5% behaved more like a solid, which did not
display any crossover point in the temperature range; while 15%-12-Cellulose and 15%-24-
Cellulose suspensions exhibited the dynamic sol-gel transitions and had gel points of 32.5 °C and
43.0 °C, respectively. Likewise, the rising gel point observed for samples treated with longer period
of hydrolysis was due to the higher hydrolysis degree of spruce cellulose, leading to smaller

molecular weight and shorter chains with higher relaxation capacity and less entanglement at lower

temperatures'*S.
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Figure 3- 2 Temperature dependence of storage modulus (G’) and loss modulus (G"”) of cellulose

suspensions with a heating rate of 2 °C/min at a frequency of 1 Hz.
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3.3.5 Structure of thermal-induced spruce cellulose gels

All spruce cellulose suspensions formed thermal-induced gels after heating at 50 °C for 10 h.
As shown in Fig. 3-3, the network structure of these gels varied with different hydrolysis
conditions. Specifically, the 15%-6-Cellulose gel obtained from a relatively mild hydrolysis
condition exhibited thinner wall. With an increase of hydrolysis degree, a denser crosslinking
structure was observed in the 15%-24-Cellulose gel, suggesting more interactions were developed.
The 20%-12-Cellulose gel had a uniform and well-established network structure, and the wall
became denser in 20%-24-Cellulose gel. During the gelation, the interactions were rebuilt among
the cellulose chains, with the dissolved cellulose crosslinked to form 3D network and the dispersed
swollen cellulose fibers serving as fillers in the gel matrix. According to the data in Table 3-1,
15%-6-Cellulose with a molecular weight of 16.9x10* Da had a solubility of 55.5%, while the S,
of 15%-24-Cellulose, which had a molecular weight of 7.0x10* Da, was 86.2%. Comparing these
two samples, 15%-6-Cellulose had less dissolved cellulose to form the gel network but more
dispersed fillers, resulting in the thin wall structure formed by the joined swollen cellulose fibers.
For the 15%-24-Cellulose, more hydrolyzed cellulose was dissolved so as to increase connections
in the thermally induced gel. Therefore, by altering the hydrolysis conditions, the ratio of "matrix"
and "filler" in hydrolyzed spruce cellulose gels could be adjusted. Accordingly, a denser structure
was observed in 20%-12-Cellulose gel due to a well-balanced ratio of "matrix" and "filler". When
the hydrolysis time was further increased, 20%-24-Cellulose exhibited a S, of 92.5%, where most
cellulose was dissolved and then crosslinked to form a dense structure. Interestingly, it was
difficult to distinguish the undissolved cellulose fibers or large aggregates on the cross-section of
gels, which was a direct evidence that hydrolyzed spruce cellulose suspensions were stable and the

swollen cellulose fibers were uniformly dispersed. Moreover, no obvious irregular shrinkage took
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place when these spruce cellulose gels were immersed and regenerated in a water bath, indicating
that the gels with "matrix-filler" structures had a better stability than the thermally induced cotton

linter gels.

Figure 3- 3 SEM images of thermal-induced spruce cellulose gels: (a) 15%-6-Cellulose gel; (b)

15%-24-Cellulose gel; (c) 20%-12-Cellulose gel; and (d) 20%-24-Cellulose gel.

The y. of hydrolyzed spruce cellulose gels was also investigated (as shown in Fig. 3-1). The
diffraction peaks at 20=12.1°, 19.8°, and 22.2° are assigned to the (110), (110) and (200) planes,

which are typical peaks of cellulose II, suggesting a transformation from cellulose I to cellulose 11
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during the gelation'®. Similarly, the lateral dimensions of regenerated cellulose were not
obviously affected by the different hydrolysis conditions. It was noteworthy that, unlike the
cellulose nanocrystals reinforced all cellulose materials made of cotton linter!?’, no typical peaks
of cellulose I were observed in spruce cellulose gels. It suggests that, with acid hydrolysis, the
solvent molecules could easily penetrate into spruce cellulose, leading to the dissolution of
cellulose with relatively lower molecular weight. At the same time, most highly crystallined
structures were likely broken and dispersed as swollen fibers, which were covered by the
crosslinked cellulose "matrix" during gelation.
3.3.6 Swelling behavior

Fig. 3-4 shows the equilibrium swelling ratio (ESR) of hydrolyzed spruce cellulose gels. These
ESR values of all gels were higher than 15.0, which were superior to the cotton linter gel with an
ESR of 9.88!%, This was because of the "matrix-filler" structure of hydrolyzed spruce cellulose
gels, where undissolved cellulose fibers provided extra support to the gel network and enabled the
formation of more interspaces to hold water. The ESR values of hydrolyzed spruce cellulose gels
also depended on the acid hydrolysis conditions, where ESR increased with higher acid
concentration and prolonged hydrolysis time. The hydrolyzed cellulose prepared at relatively harsh
conditions exhibited lower molecular weight and improved solubility, which endowed the
cellulose matrix the increased relaxation capacity to hold more water. However, the ESR of the
20%-24-Cellulose gel decreased compared to that of the 15%-24-Cellulose gel. It was probably
due to less "filler" content in the 20%-24-Cellulose gel inadequate to support the highly porous

structure.
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Figure 3- 4 Equilibrium swelling ratios of thermal-induced spruce cellulose gels.

3.3.7 Mechanical properties

Mechanical performance of the thermally induced spruce cellulose gels was investigated under
compression mode. Typical stress-strain curves are shown in Fig. 3-5. All gels behaved in a non-
Hookean mode, like rubbers, in the deformation range of 0~50%. According to the theory of rubber
elasticity, the relationship of stress-deformation could be mathematically modeled by the
simplified Mooney-Rivlin equation'®®: 1%
o=G(A-1?) (3-6)
Where o is the stress defined as the force per cross-sectional area of the cylindrical samples and A
is the deformation ratio equal to L/Ly in which L and L are the deformed length and the original

length of the gels, respectively. In a plot of stress vs. -(A-1?) (Fig. 3-6), the simulation of the data

showed very straight lines in the deformation range of 0~50% (R?=0.992~0.999, Table 3-2) and
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the slopes of these lines were used to calculate the compressive modulus of the gels (Table 3-2).
Generally, the compressive stress of hydrolyzed spruce cellulose gels increased with higher acid
concentration and prolonged hydrolysis time, indicating that a sufficient content of dissolved
cellulose was necessary to join the dispersed cellulose fibers and establish a strong gel network.
The compressive modulus of the 20%-12-Cellulose gel was 354.2 kPa, much greater than that of
other gels, which were less than 15 kPa. This was due to its balanced "matrix-filler" ratio, where
enough cellulose fibers reinforce the network and contribute to the stiffness of the gels, and an
adequate amount of dissolved cellulose crosslinked with each other via hydrogen bonds to form
the gel matrix. Therefore, a uniform porous structure of the 20%-12-Cellulose gel was formed as
revealed by SEM image. However, the 20%-24-Cellulose gel exhibited the lowest compressive
stress, because it only contained 7.5% of undissolved cellulose as the fillers. Fig. 3-5d also shows
a successive compression of the 20%-12-Cellulose gel for 2 cycles. The highest compressive stress
was not obviously decreased in the second round, suggesting the spruce cellulose gels were elastic
and could be recompressed without losing their elasticity. This thermal-induced spruce cellulose
gel exhibited similar modulus compared to those of bacterial cellulose scaffold and PLA-PEO-
PLA hydrogels®® 2!, This research demonstrates how these gels have both controllable
mechanical strength and good flexibility, and may have significant potential to be used in cartilage

engineering.
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Figure 3- 5 Stress-strain curves of thermal-induced spruce cellulose gels: (a) cellulose
hydrolyzed for 6 h; (b) cellulose hydrolyzed for 12 h; and(c) cellulose hydrolyzed for 24 h. (d)

compressive-stress vs. time during two cycles of compression of 20%-12-Cellulose gel.
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Figure 3- 6 Stress vs. deformation function for thermal-induced spruce cellulose gels, showing

very good linear correlation.

Table 3- 2 Compressive modulus and R? of thermal-induced spruce cellulose gels.

Samples Compressive Modulus (kPa) R’
10%-6-Cellulose 5.7 0.996
15%-6-Cellulose 14.2 0.997
20%-6-Cellulose 13.4 0.998
10%-12-Cellulose 8.9 0.998
15%-12-Cellulose 12.0 0.999
20%-12-Cellulose 354.2 0.995
10%-24-Cellulose 11.5 0.997
15%-24-Cellulose 13.1 0.994
20%-24-Cellulose 2.7 0.992
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3.4 Conclusions

Wood-based cellulose was hydrolyzed by diluted sulfuric acids with various hydrolysis times
at 30 °C. By this mild treatment, the long molecular chains of spruce cellulose were cleaved, and
then dispersed to form stable suspensions in an environmentally "green" NaOH/urea aqueous
solution. The relationship between the molecular weight and solubility of hydrolyzed cellulose
was revealed. Solvent molecules penetrated into spruce cellulose, leading to the dissolution of
cellulose with low molecular weight and the dispersion of undissolved cellulose fibers. The
resultant spruce cellulose suspensions showed good gelling properties when the temperature was
increased. These thermal-induced cellulose gels exhibited interconnected porous morphology,
good flexibility and a "matrix-filler" structure. The dissolved cellulose crosslinked upon heating
and regenerated in water to form the gel matrix and the dispersed swollen cellulose fibers acted as
fillers to support the gel network. The gel properties largely depended on the ratio of "matrix" and
"filler". By altering the acid hydrolysis conditions, the 20%-12-Cellulose gel with a balanced
"matrix-filler" content, possessed a uniform structure, the highest compression stress and a good
swelling ratio. This study has demonstrated an efficient method of dissolution of wood cellulose
in an eco-friendly solution from which to prepare cellulose gel targeted toward biomedical
materials. This has provided new opportunities to facilitate the industrial utilization of wood-based

cellulose.
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Chapter 4 - Enhanced emulsifying properties of wood-based

cellulose nanocrystals as Pickering emulsion stabilizer”

4.1 Introduction

Pickering emulsions stabilized by solid particles have advantages of being extremely stable and
require less particle stabilizers compared to other traditional surfactants®®2%2. The "surfactant-free"
character also makes them attractive, particularly for food, cosmetic and pharmaceutical
applications where surfactants may have adverse effects or may be preserved as undesirable by the
consumer®® 29% 2% In addition, there is a shift toward studying Pickering emulsions agents of
biological origin since these solid colloids are usually biocompatible, biodegradable, and

36,38, 205 Qolid colloids can form an effective steric and electrostatic

environmentally friendly
shield at the oil-water interface, which prevents the emulsion droplets from coalescence so as to
improve emulsion stability*.

Cellulose has both good biodegradability and biocompatibility and is the most abundant
renewable polymer resource available with an annual production of 1.5x10!? tons/year®. Recently,
hydrophobilized microfibrillated cellulose and cellulose nanocrystals solid particles have been
used to stabilize Pickering emulsions®”*!. However, these cellulose materials are apt to aggregate
in aqueous medium, due to either their enhanced hydrophobic interactions with microfibrillated
cellulose®®, or due to the weakened electrostatic repulsions between the cellulose nanocrystals

hydrolyzed by hydrochloride acid*'. Thus it is difficult to keep them stable as well dispersed

colloids for long periods. More recently, highly homogeneous, and electrostatically stable oxidized

" A version of this chapter has been published: Xiaoyu Gong, Yixiang Wang, Lingyun Chen,
"Enhanced emulsifying properties of wood-based cellulose nanocrystals as Pickering emulsion
stabilizer" in Carbohydrate polymers, 2017, 169: 295-303.
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cellulose nanocrystals (O-CNCs) were obtained by consecutive oxidation to introduce carboxyl
groups onto the surface of oxidized cellulose nanocrystals. These oxidized cellulose nanocrystals
have similar dimensions to cellulose nanocrystals prepared by acid hydrolysis, but have a larger
charge density, and thus are mostly homogeneous and electrostatically stable in aqueous medium?’.
Their size and rod-like morphology make them suitable to be adsorbed to the oil-water interface,

making them potential Pickering emulsion stabilizer***.

However, oxidized cellulose
nanocrystals have limited interfacial activity due to their hydrophilic nature, and they need
modification to increase their amphipathy as emulsion stabilizers. Recent strategies are mainly
chemical modifications, such as butylamination of dialdehyde cellulose nanocrystals, free radical
polymerization of N,N-(Dimethylamino)ethyl methacrylate (DMAEMA) on the surface of
cellulose nanocrystals, or esterification of cellulose nanocrystals with lauroyl chloride (C12)*%4 2%
207 However, physical modifications of cellulose nanocrystals, which are attractive due to the
chemical-free concept, are much less reported. Herein, we employed the method of physical
adsorption of cation on the surface of oxidized wood cellulose nanocrystals, so as to increase their
amphipathy and expand their application as Pickering emulsion stabilizer.

In the present study, we used wood pulp as the starting material to prepare wood-based oxidized
cellulose nanocrystals. Then these oxidized cellulose nanocrystals were modified using
phenyltrimethylammonium chloride to introduce phenyl groups serving as the hydrophobic
domains to enhance their interfacial properties. Afterwards, the feasibility of the modified oxidized

cellulose nanocrystals (m-O-CNCs) as a Pickering emulsion stabilizer was investigated in

comparison to Tween-20 as a conventional surfactant.
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4.2 Materials and methods

4.2.1 Materials

Spruce cellulose (bleached kraft pulp) was a gift from Alberta-Pacific Forest Industries Inc. (AB,
Canada). Its viscosity-average molecular weight (M,) was determined with an Ubbelohde
viscometer in LiOH/urea aqueous solution at 25+0.1 °C and calculated to be 4 x10° Da®. Styrene
was purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada) and was purified by
repeated washing with 5 %/% NaOH aqueous solution and then with deionized water until the
washings were neutral. After drying with anhydrous Na>SO4 for 1 h, styrene was distilled under
reduced pressure and stored in the dark at 4 °C*%, All the other chemicals were purchased from
Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada) and used as received.
4.2.2 Oxidized cellulose nanocrystal preparation

Three steps of consecutive oxidation were carried out to obtain well-dispersed oxidized
cellulose nanocrystal suspension according to the method of Yang with some refinements?’. Milled
spruce pulp (<0.8 mm, 20 g) was wetted in deionized water followed by addition of NalO4/NaCl
aqueous solution (NalO4 13.32 g, NaCl 78 g, total volume 1332 mL). The mixture was kept in a
light-proof beaker and stirred at 350 rpm at room temperature for 36 h. Ethylene glycol (30 mL)
was then added to quench the residual periodate. The oxidized pulp was washed and suspended in
deionized water (1,000 mL) followed by addition of NaClO» (14.24 g), NaCl (58.40 g), and H>O»
(13.20 g) under stirring at 350 rpm for 24 h (pH maintained at 5). Ethanol was then used to
precipitate the oxidized cellulose followed by thorough washing with water/ethanol solution
(50:50, v/v) and then with acetone. The chlorite-oxidized cellulose was dried in a fume hood
(yield=81.5%). The chlorite-oxidized cellulose (5 g), TEMPO (0.008 g), NaClO2 (5.65 g), and

phosphate buffer (450 mL, pH 6.8) were added into a three-necked flask followed by continuous
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heating and stirring at 250 rpm until 50 °C. NaClO (1.25 mL in 50 mL of phosphate buffer) was
then added and the mixture was stirred at 500 rpm at 60 °C for 48 h. The mixture was then dialyzed
against deionized water and further freeze dried (final yield=79%).
4.2.3 Surface modification of oxidized cellulose nanocrystals

Surface modification of oxidized cellulose nanocrystals was carried out according to the method
of Salajkova with some modifications®””. The oxidized cellulose nanocrystals were dispersed in
deionized water at a concentration of 0.1 “/w% with continuous stirring overnight and the pH
adjusted to 10 afterward. Phenyltrimethylammonium chloride solution (PTAC, 0.1 ¥/%) was then
prepared in deionized water at 60 °C followed by dropwise addition of the above oxidized cellulose
nanocrystal suspension at feed ratios of 2:1, 1:1, and 1:2 (*/y), respectively. The mixture was then
stirred at 60 °C for 3 h and further stirred at room temperature (23 °C) overnight. Finally, the
mixture was dialyzed against deionized water until pH was neutral. The samples were freeze dried
and kept at 4 °C for further use. With the increasing feed ratio of PTAC/O-CNCs, samples were
denoted as m-O-CNCs-1, m-O-CNCs-2, and m-O-CNCs-3, respectively.
4.2.4 Pickering Emulsion preparation

For all the Pickering emulsions, the aqueous phase was prepared by dispersing the modified
oxidized cellulose nanocrystals into deionized water at various concentrations (0.5 g/L to 5.0 g/L),
forming stable and transparent suspensions. Then, 0.75 mL of hexadecane was added into 1.75 mL
of modified oxidized cellulose nanocrystal suspension, followed by sonication with a probe-type
sonifier for 20 s to form a Pickering emulsion*'. To protect the samples from heating, a pulse
function was used (pulse on, 3.0 s; pulse off, 3.0 s; Power, 2 W/mL). The emulsions prepared from
hexadecane/O-CNC aqueous suspensions were used as controls and emulsions stabilized by

Tween-20 under the same conditions were used for comparison.
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4.2.5 Characterizations of modified oxidized cellulose nanocrystals

To study the structure of modified oxidized cellulose nanocrystals, Fourier transform infrared
(FTIR) spectra of phenyltrimethylammonium chloride, oxidized cellulose nanocrystals, and m-O-
CNCs-2 were recorded on a Nicolet 6700 spectrophotometer (Thermo Fisher Scientific Inc., MA,
USA). The samples were prepared into KBr-disks. Spectra were recorded as the average of 128

scans at 4 cm’!

resolution and 25 °C, using KBr as blank. The content of
phenyltrimethylammonium chloride on the surface of modified oxidized cellulose nanocrystals
was determined based on estimation of the nitrogen content (N%) measured by a Leco C/N
determinator (TruSpec CN, USA). Samples were dried at 80 °C for 24 h before test.

The zeta potential of oxidized cellulose nanocrystals and modified oxidized cellulose
nanocrystals was measured by dynamic light scattering using a Zetasizer Nano-ZS ZEN3600
(Malvern Instruments Ltd, UK). Oxidized cellulose nanocrystals and modified oxidized cellulose
nanocrystals were dispersed in deionized water (1 mg/mL) to form transparent suspensions. All
measurements were carried out at 25 °C in triplicates.

The morphologies of oxidized cellulose nanocrystals and modified oxidized cellulose
nanocrystals were observed by transmission electron microscopy (TEM, Morgagni 268, Philips-
FEI, Hillsboro, USA) at an accelerating voltage of 80 kV. Nanoparticles were negatively stained
with 2 ¥/y% sodium phosphotungstate (pH 7.4). One drop of the nanoparticle sample (1 mg/mL)
was added to a carbon-coated copper grid and kept still for 3 min. Then, a drop of sodium
phosphotungstate was added to the top of the nanoparticle droplet on the grid. Excess liquid was

blotted from the grid, and then samples were air dried at room temperature. The dimensions of

oxidized cellulose nanocrystals and modified oxidized cellulose nanocrystals were measured via
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image analysis using the ImageJ image-visualization software developed by the National Institute
of Health?!°,
4.2.6 Characterizations of Pickering emulsions

The size of the modified oxidized cellulose nanocrystal stabilized Pickering emulsions was
characterized by the laser light scattering using a Mastersizer 2000 instrument (Malvern, USA).
All measurements were carried out at room temperature in triplicate. For optical microscopic
observation, 20 pL of the emulsions prepared from hexadecane/m-O-CNC aqueous suspensions
were diluted by 1 mL of deionized water and dispersed well by vortex. Then a drop of the diluted
emulsion was placed on a glass slide and capped with a cover slip. Samples were all observed
using a ZEISS PrimoVert microscope (Carl Zeiss Microscopy GmbH, Géttingen, Germany).

Due to hexadecane volatility, the emulsions tended to collapse during the drying process?!!. In
order to confirm the presence of modified oxidized cellulose nanocrystals at the oil-water interface,
a solid interphase was needed*! for scanning electron microscopy (SEM) observation. Since
modified oxidized cellulose nanocrystals showed the same ability to stabilize styrene/water
emulsion, and hexadecane and styrene have similar surface tension (27 mN/m and 32 mN/m,
respectively), m-O-CNCs-2 stabilized styrene/water Pickering emulsion (1 mg/mL) was prepared
and solidified by polymerization** 22, Specifically, 0.2 mL of purified styrene-AIBN mixture
(100:1, ¥/w) was added into 1.8 mL of m-O-CNCs-2 aqueous suspension (1.0 g/L) and the
dissolved oxygen in the mixture was removed with nitrogen for 10 min, followed by sonication
using a probe-type sonifier for 20 s (pulse on, 3.0 s; pulse off, 3.0 s; Power, 2 W/mL). Then, the
emulsion was deoxygenated with nitrogen for 10 min and polymerized at 50 °C in a water bath

without stirring overnight. The solid beads were separated by centrifugation and were freeze dried.
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The dried sample was coated with platinum (2 nm thickness) and visualized on a Hitachi S-4800
Field Emission Gun SEM (Hitachi High-Technologies Canada, Inc. Ontario, Canada) at 5.0 kV.

To check if the obtained Pickering emulsions were able to resist deformation and coalescence,
dispersed phase volume fraction was tested which is defined as the volume of oil incorporated in
the emulsion divided by the volume of emulsion after centrifugation*”*!. Samples were prepared
from 0.75 mL hexadecane and 1.75 mL aqueous phase with various m-O-CNCs-2 concentrations.
The m-O-CNCs-2 stabilized Pickering emulsions were then centrifuged at 4,000xg for 2 min. The
thickness of the hexadecane separated from the emulsion was measured with a digital caliper. The
dispersed phase volume fraction (DPVF) was calculated by

(Horg — Hgep) /H., Where Hy,, is the original height of oil phase before preparation of the
emulsion, Hy,y, is the height of oil separated from the emulsion after centrifugation, and H, is the
height of emulsion after centrifugation. For comparison, the DPVF of Tween-20 stabilized
emulsions was also evaluated.

To further verify if the stability of oxidized cellulose nanocrystals were enhanced by surface
modification, the centrifugation stability of the emulsions stabilized by oxidized cellulose
nanocrystals and modified oxidized cellulose nanocrystals were evaluated. The emulsions were
centrifuged at 4,000xg for 2 min and the photographs of the emulsion tubes before and after
centrifugation were taken by a digital camera. To further evaluate the thermal stability of the
modified oxidized cellulose nanocrystal stabilized Pickering emulsions, the samples were placed
in an incubator at 80 °C for 48 h. The emulsion size was monitored by a Mastersizer 2000
instrument (Malvern, USA). The emulsions stabilized by Tween-20 (1.0 g/L. Tween-20) were used

for comparison.
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4.2.7 Statistical analysis

Emulsions prepared from three separated batches will be analyzed for their properties.
Experimental results were represented as the mean of three batches + SD. Statistical evaluation
was carried out by analysis of variance (ANOVA) followed by multiple-comparison tests using
Duncan's multiple-range test. All of the analyses were conducted using SAS statistical software

(SAS Institute, Inc., Cary, NC) with a probability of p < 0.05 considered to be significant.

4.3 Results and discussion

4.3.1 Preparation of oxidized cellulose nanocrystals and modified oxidized cellulose
nanocrystals

As shown in Fig. 4-1, it was expected that periodate could selectively oxidize C2, C3-hydroxyl
groups of the glucose unit into 2, 3-dialdehyde units, which could be further converted to carboxyl
groups by chlorite oxidation. To obtain highly stable and well-dispersed oxidized cellulose
nanocrystal suspensions, the primary hydroxyl group (C6-hydroxyl group) of chlorite-oxidized
cellulose can be further oxidized to carboxyl groups®’. The surface modification of oxidized
cellulose nanocrystals could then be carried out to facilitate the adsorption of the solid colloids at
the water-oil interface. Phenyltrimethylammonium chloride was proposed in this study that could
readily interact with the negatively charged oxidized cellulose nanocrystal surface and partially
screen the negative charge. Phenyltrimethylammonium chloride is a strong ammonium base and
permanently charged in aqueous medium?!'. Therefore, pH may not impact its interaction with the
modified cellulose nanocrystal. Additionally, the phenyl group can provide a hydrophobic domain

to better adsorb at the interface.
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Figure 4- 1 Reaction scheme of the cellulose nanocrystal oxidation and the surface modification
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of O-CNCs.

The prepared oxidized cellulose nanocrystals were readily dispersed in deionized water, forming
a transparent and stable suspension owing to the strong electrostatic repulsion among oxidized
cellulose nanocrystals. FT-IR spectroscopy was used to examine the structure of oxidized cellulose
nanocrystals and modified oxidized cellulose nanocrystals. As shown in Fig. 4-2, oxidized
cellulose nanocrystals had characteristic peaks at 1620 cm™ (-COO™ asymmetric vibration band),
1425 cm™ (-COO- symmetric vibration band), and an intensive band at 1050 cm™ (vibration of
pyranose ring ether band on cellulose), which indicated the successful oxidation of hydroxyl

groups of cellulose into carboxyl groups® 2%,

The peaks in the spectrum of free
phenyltrimethylammonium chloride were assigned to the stretching vibrations of phenyl group at
1594 cm™, 1500 cm™, 1474 cm™!, 1462 cm™', and the ammonium group at 1300 cm™'(C-N)?!*. There
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were some weak peaks in the wavenumbers ranging from 2000 cm™ to 1650 cm™!, which were
attributed to -C-H (out of the phenyl ring) and -C=C- (in plane deforming vibration in the phenyl
ring). Comparing the spectrum of m-O-CNCs-2 with those of oxidized cellulose nanocrystals and
phenyltrimethylammonium chloride, the new peak of m-O-CNCs-2 could be observed at 1500 cm™
! (stretching vibration of the phenyl ring), demonstrating phenyl group had been successfully
introduced at the oxidized cellulose nanocrystal surface by electrostatic interaction between

oxidized cellulose nanocrystals and phenyltrimethylammonium cation.
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Figure 4- 2 FITR spectra of the phenyltrimethylammonium chloride (PTAC), O-CNCs and m-

O-CNCs-2.

The content of phenyltrimethylammonium (CP%) adsorbed on modified oxidized cellulose

nanocrystal surface was measured based on estimation of nitrogen content (N%) by elementary
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analysis. As shown in Table 4-1, the nitrogen content of oxidized cellulose nanocrystals was zero,
while in modified oxidized cellulose nanocrystals, it increased from 0.97% to 1.93% as the feed
ratio of PTAC/O-CNCs increased. The content of phenyltrimethylammonium (CP) on the surface
of modified oxidized cellulose nanocrystals was calculated to be 9.42% in m-O-CNCs-1, 15.36%
in m-O-CNCs-2, and 18.77% in m-O-CNCs-3, respectively (see calculation in Appendix). It was
noted that larger feed ratio of PTAC/O-CNCs leads to higher content of
phenyltrimethylammonium introduced onto the surface of oxidized cellulose nanocrystals. When
the feed ratio increased from 0.5 to 1, the CP on the surface of modified oxidized cellulose
nanocrystals increased by 5.94%, whereas it increased by 3.41% when feed ratio of PTAC/O-
CNCGCs increased from 1 to 2. Since the carboxyl group on the surface of oxidized cellulose
nanocrystals was limited, the phenyltrimethylammonium cation could be easily adsorbed onto the
surface of oxidized cellulose nanocrystals when PTAC/O-CNCs was low. As the feed ratio
increased, on one hand, the carboxyl group available has been reduced; on the other hand, the
previously adsorbed phenyltrimethylammonium has screened partial surface charge, which
weakened the adsorption of phenyltrimethylammonium. Therefore, the increase of CP has been
slowed down with increasing feed ratio.

The zeta-potentials of the oxidized cellulose nanocrystal suspension (1 mg/mL) and modified
oxidized cellulose nanocrystal suspensions (1 mg/mL) were tested and the results were shown in
Table 4-1, oxidized cellulose nanocrystals had a zeta-potential of -57.7 mV, whereas the modified
oxidized cellulose nanocrystals had a zeta-potential ranging from -31.8 mV to -37.1 mV. Oxidized
cellulose nanocrystals had a relatively greater absolute value of zeta-potential with strong
electrostatic interactions between the nanocrystals, resulting in a transparent and well-dispersed

suspension. Compared with oxidized cellulose nanocrystals, modified oxidized cellulose
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nanocrystals had relatively lower absolute values of zeta-potential, due to the adsorption of the
phenyltrimethylammonium on the surface, partially screening the surface charge. However, the
suspensions of modified oxidized cellulose nanocrystals were stable without any visible
aggregation for 1 month as observed by microscopy. Additionally, the absolute values of zeta
potential of modified oxidized cellulose nanocrystals decreased from 37.1 to 31.8 when the content
of phenyltrimethylammonium increased from 9.42% to 18.77%, since the greater negative charge
on the surface of oxidized cellulose nanocrystals was neutralized with an increasing amount of

phenyltrimethylammonium groups.

Table 4- 1 Zeta-potential, nitrogen content and phenyltrimethylammonium content of

oxidized cellulose nanocrystals and modified oxidized cellulose nanocrystals.

Samples N% CP% Zeta-potential (mV)
m-O-CNCs-3 1.93+0.001 18.77+0.01 -31.8+1.1
m-O-CNCs-2 1.58+0.04 15.36+0.41 -32.8+0.7
m-O-CNCs-1 0.97+0.002 9.42+0.03 -37.1+0.8

O-CNCs 0 N/A -57.7£0.3

CP: content of phenyltrimethylammonium

TEM images showed that the oxidized cellulose nanocrystals were homogenously distributed in
the aqueous suspension (Fig. 4-3a). This was different from cotton and bacterial cellulose
nanocrystals prepared from hydrochloric acid hydrolysis, which still showed a tendency to
aggregate due to relatively lower surface charge*. As observed from Fig. 4-3a, all the oxidized

cellulose nanocrystals were similar in shape with narrowly distributed length and width. Detailed
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analysis of the TEM images using the “Image J” software confirmed that they had an average
length of 123+16 nm and width of 6+3 nm (n=100). After surface modification of oxidized
cellulose nanocrystals by phenyltrimethylammonium chloride, the crystalline particles were still
homogeneous and stable in aqueous medium. As observed from Figs. 4-3b-d, the m-O-CNCs-1
had an average length of 148+18 nm, and width of 6£4 nm (n=50), the m-O-CNCs-2 had an
average length of 153+£21 nm and width of 84+3 nm (n=50), and the m-O-CNCs-3 had an average
length of 164+£24 nm, and width of 9+3 nm (n=50), respectively. The size of three modified
oxidized cellulose nanocrystals showed no significant difference. Compared with the oxidized
cellulose nanocrystals, the modified oxidized cellulose nanocrystals showed a slight increase in
size after surface modification. It has been proposed that shorter cellulose nanocrystals are able to
reach the oil-water interface faster to attach at the interface and promote the formation of individual
droplets. Whereas the larger sized ones need longer time to reach the oil-water interface, and tend
to be entangled with each other in the continuous phase, leading to the droplet coalesces and
formation of large emulsions*’. Therefore, m-O-CNCs-3 and m-CNCs-2 stabilized Pickering
emulsions might have relatively larger size when compared with those prepared from m-O-CNCs-

1.

75



Figure 4- 3 TEM image of O-CNCs (a); TEM image of m-O-CNCs-1 (b); TEM image of m-O-
CNCs-2 (c); TEM image of m-O-CNCs-3 (d).

4.3.2 Pickering emulsion preparation

It was noted that obvious phase separation occurred in oxidized cellulose nanocrystal stabilized
emulsions at oxidized cellulose nanocrystal concentration of 0.5 g/L to 4.0 g/L, therefore, the
oxidized cellulose nanocrystal data were not included in Fig. 4-4. The impact of modified oxidized
cellulose nanocrystal concentration on emulsion size was studied and shown in Fig. 4-4a. For each
sample, the emulsion size was sharply decreased with the increase of modified oxidized cellulose
nanocrystal concentration (0.5 g/L to 3.0 g/L) until a plateau value of around 2.4 pm reached in
the concentration range from 3.0 g/L to 5.0 g/L. For the Pickering emulsions, the interfacial tension
was lowered with the increase of the modified oxidized cellulose nanocrystal concentrations in the

aqueous phase until the plateau value. Their size was set initially by the particle concentration until
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a size limit is reached after which an excess of particles may occur in the continuous phase?!”. The
size limitation was less than that in Capron's work, in which they used bacterial cellulose
nanocrystals (BCN) to prepare hexadecane/water Pickering emulsions and found the size
limitation was 4.2 um*!. It has been reported that the size limitation is influenced by the surface
chemistry of the particles, as well as the size and flexibility of the solid colloids*!. In our current
research, modified oxidized cellulose nanocrystals were much smaller (around 150-160 nm)
compared to BCN of 855 nm in length. The smaller sized modified oxidized cellulose nanocrystals
were able to reach the oil-water interface faster to attach at the interface, forming individual small
emulsion droplets. Whereas the larger sized BCNs need longer time to approach the oil-water
interface, and tend to be entangled with each other in the continuous phase, leading to droplet
coalesces and formation of larger emulsions*’. In addition, stabilizers of different sizes may behave
differently at the oil-water interface, such as their range of coverage and packing pattern, leading

to the various sizes of Pickering emulsions** 3,
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Figure 4- 4 The emulsion size stabilized by m-O-CNCs of different concentration (a); optic

microscopic images of the hexadecane/water Pickering emulsions stabilized by m-O-CNCs-2 at

various concentrations. (b) 0.5 g/L (¢) 1.0 g/L(d) 2.0 g/L (e)4.0 g/L (f) 5.0 g/L. Scale bar: 10 um.

Additionally, the impact of phenyltrimethylammonium chloride content in modified oxidized

cellulose nanocrystals on emulsion size was studied. As shown in Fig. 4-4a, when the
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concentration of modified oxidized cellulose nanocrystals was lower than 3.0 g/L, the sizes of the
Pickering emulsions stabilized by m-O-CNCs-2 and m-O-CNCs-3 were not significantly different.
However, they were larger than those stabilized by m-O-CNCs-1. As determined by elementary
analysis in Table 4-1, the content of PTAC in modified oxidized cellulose nanocrystals followed
an order: m-O-CNCs-3 (18.77%) > m-O-CNCs-2 (15.36%) > m-O-CNCs-1 (9.42%). And their
zeta potential tests showed an increase from -37.1 to -31.8 mV when the PTAC content increased
from 9.42% to 18.77%. It is likely the relatively weaker electrostatic repulsion and stronger
hydrophobic interactions were due to introduction of the phenyl group on the oxidized cellulose
nanocrystal surface, resulting in droplet coalescence, leading to an increased emulsion size. When
the concentration of modified oxidized cellulose nanocrystals was greater than 3.0 g/L, the size of
the Pickering emulsions approached a plateau value of 2.4 pm. As reported by Frelichowska and
Midmore in their work on silica-stabilized Pickering emulsions, the plateau in this current research
may also be due to the limit of the emulsification process, in which the energy of sonication was
unable to break the oil droplet down to a smaller size?'® 27,

The emulsions were also visualized by optical microscopy. The images of m-O-CNCs-2
stabilized Pickering emulsions were shown in Figs. 4-4b-f, while those of m-O-CNCs-1 and m-
O-CNCs-3 stabilized Pickering emulsions were shown in Figs. S1-S2, in which they were similar
in size and morphology. In Figs. 4-4b-f, at a lesser m-O-CNC-2 concentration (0.5 g/L, Fig. 4-4b),
large droplets formed in the emulsion. With an increase of m-O-CNC-2 concentration, the
emulsion size decreased sharply, and the emulsions were homogeneous without any bulk
aggregates formed (Figs. 4-4¢-f). This was different from those stabilized by the bacterial cellulose
nanocrystals (BCNs), where more aggregated clusters with non-homogeneously distributed

droplets formed when the cellulose nanocrystal concentration increased from 2.0 g/L to 5.0 g/L*.
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This may have been caused by the different size of cellulose used. As suggested by Kalashnikova*,
the shorter cellulose nanocrystals at the oil-water interface may have promoted the formation of
individual droplets in the emulsions, whereas longer nanocrystals led to networking systems with
aggregated clusters.

To observe the localization of modified oxidized cellulose nanocrystals at the O/W interface,
the morphology of the polystyrene beads covered with m-O-CNCs-2 was shown in Fig. 4-5. Here
it was shown that there were some large polystyrene beads (~700 nm) and some small beads (~140
nm). As reported by Kalashnikova, the smaller beads cannot be avoided due to the artifactual
outgrowths formed during styrene polymerization*!. On the large beads, the interface was
homogeneously covered by m-O-CNCs-2. Even though cellulose nanocrystals are rigid rod-like
particles'?®, the modified oxidized cellulose nanocrystals here showed some flexibility to bend
along the oil-water interface*™ *!. This could be caused by two reasons: (a) the surface tension
required to form the Pickering emulsion was greater enough to force the modified oxidized
cellulose nanocrystals to align on the surface without desorption*!, (b) the modified cellulose
nanocrystals were partially inserted in the oil phase and were bended due to the polymerization
and solidification. More investigations are still required to understand how the bending occurred.
Hereby, we could only conclude that the modified oxidized cellulose nanocrystals were deformed
to some degree to be better adsorbed at the water/oil interface.

Although emulsion droplets stabilized by m-O-CNCs-1 were smaller than those stabilized by
m-O-CNCs-2 and m-O-CNCs-3 at lower concentrations, phase separation was observed for the
Pickering emulsions stabilized by m-O-CNCs-1 at the concentration of 0.5-1.0 g/L, whereas m-O-
CNCs-2, and m-O-CNCs-3 stabilized emulsions showed no obvious phase separation at the

concentrations of 0.5-5.0 g/L. As reported by Binks and Dickinson, the free energy AG, of
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spontaneous desorption of the solid colloids is influenced by the contact angle, interfacial tension,
and particle size*®!””. Apart from the interfacial tension and particle size, the most important factor
controlling the free energy is the contact angle. Since m-O-CNCs-2 and m-O-CNCs-3 had
relatively higher content of phenyl groups, the balance of hydrophobic interaction and electrostatic
repulsion could impact the contact angle and endow them with better stability. Thus, the m-O-

CNCs-2 sample was selected for the next steps of research.

Figure 4- 5 Surface morphology of the m-O-CNCs-2 stabilized Pickering emulsion, Scale bar:

50 nm.

4.3.3 Pickering emulsion stability
As shown in Fig. 4-6, the dispersed phase volume fraction (DPVF) of the emulsions increased
when the concentrations of their stabilizers increased. At greater concentrations of m-O-CNCs-2

and Tween-20, their DPVFs tended to reach a plateau value of around 0.7, which is close to the
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theoretical value of 0.74 for monodispersed spheres under close packing conditions!®. However,
to reach this plateau value, the Pickering emulsion only needed a relatively small concentration of
m-O-CNC-2 (~1.5 g/L), but Tween-20 stabilized emulsion needed much more stabilizer of about
20 g/L. This means that we can use much less stabilizer to prepare emulsions when modified

oxidized cellulose nanocrystals is used.
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Figure 4- 6 Comparison of the dispersed phase volume fraction (DPVF) between Tween-20

stabilized emulsions and m-O-CNCs-2 stabilized Pickering emulsion.

To verify if the emulsion stability was enhanced by surface modification, oxidized cellulose
nanocrystals was also used to prepared emulsions for comparison. When centrifuged at 4,000xg
for 2 min, obvious phase separation was observed for Pickering emulsions stabilized by oxidized
cellulose nanocrystals (Fig. 4-7b). Due to their hydrophilic nature, a large portion of the particles
still remained in the aqueous phase rather than adsorbed at the oil-water interface, limiting their
emulsifying property to stabilize the Pickering emulsion!’’. Figs. 4-7¢ and d are pictures of
hexadecane/water Pickering emulsions stabilized by m-O-CNCs-2 (0.5-5.0 g/L) before (¢) and
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after (d) centrifugation at 4,000xg. The emulsions were stable when the m-O-CNC-2 concentration
was in the range of 0.5-5.0 g/L, which means that m-O-CNCs-2 stabilized Pickering emulsions
were resistant against deformation and coalescence, and these Pickering emulsions were stable
during processing. It was observed that phase separation occurred in m-O-CNCs-1 stabilized
Pickering emulsions when m-O-CNCs-1 was at low concentrations (0.5-1.0 g/L), whereas the m-
O-CNCs-3 stabilized Pickering emulsions were stable without obvious phase separation in the m-

O-CNCs-3 concentration of 0.5-5.0 g/L.
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Figure 4- 7 (a-b) Wood-based O-CNC stabilized emulsions before (a) and after (b)
centrifugation at 4,000xg; (c-d) m-O-CNC:s stabilized emulsions before (c) and after (d)

centrifugation at 4,000xg.

To evaluate the thermal stability of the prepared Pickering emulsions, Tween-20 stabilized
emulsion (1.0 g/L Tween-20) and modified oxidized cellulose nanocrystal stabilized Pickering
emulsion (1.0 g/L modified oxidized cellulose nanocrystals) were placed in an incubator at 80 °C.

It is accepted that an emulsion can be considered stable as long as no coalescence occurs, which
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means the size should not significantly change during the storage time*'. Therefore, the size of the
emulsions was monitored by mastersizer. Since obvious phase separation occurred in oxidized
cellulose nanocrystal stabilized emulsions at oxidized cellulose nanocrystal concentration of 0.5
g/L to 4.0 g/L, the oxidized cellulose nanocrystal data were not included in Fig. 4-8. As shown in
Fig. 4-8, modified oxidized cellulose nanocrystal stabilized Pickering emulsions, in some degree,
showed coalescence at 80 °C in 48 h, in which the size of m-O-CNCs-1 stabilized emulsion
increased from 5.64 to 15.22 um, the size of m-O-CNCs-2 stabilized emulsion increased from 9.64
to 17.5 um, and the size of m-O-CNCs-3 stabilized emulsion increased from 9.67 to 19.91 pm.
However, those size changes were much less than that of Tween 20 stabilized emulsions (size
changed from 5.67 to 52.47 um). This indicates modified oxidized cellulose nanocrystal stabilized
Pickering emulsions were more stable against heat. According to Dickinson and Binks, removing
solid colloids from the interface needs significant energy and the solid colloids are considered
irreversibly adsorbed at the oil-water interface, rather than the reversible balance of
adsorption/desorption of traditional surfactants such as Tween® !77. Therefore, modified oxidized
cellulose nanocrystal stabilized Pickering emulsions had better thermal stability compared with
Tween-20 stabilized emulsions. The evolution of the size of emulsions set for 48 h, during which
time no obvious mass loss of hexadecane could be noticed. Due to the volatility of hexadecane at

high temperatures, greater monitoring times were not possible.
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Figure 4- 8 The size evolution of Tween-20 stabilized emulsion and m-O-CNC:s stabilized

Pickering emulsion at 80 °C.

4.4 Conclusions

Homogeneous and electrostatically stable oxidized cellulose nanocrystals were obtained from
wood pulp. Surface modification was successfully carried out on these oxidized cellulose
nanocrystals using phenyltrimethylammonium chloride to create hydrophobic domains comprised
of phenyl groups. When employed as solid colloids to stabilize an oil-in-water Pickering emulsion,
modified oxidized cellulose nanocrystals showed a dispersed phase volume fraction (DPVF) of
0.7 at around 1.5 g/L, whereas tween-20 needed a 13-fold greater concentration (around 20 g/L)
to have a similar DPVR value. Thus, a smaller quantity of modified oxidized cellulose nanocrystals
was required to act as a Pickering emulsion agent compared to a traditional surfactant. In addition,

the emulsion size is adjustable by modulating the concentration of modified oxidized cellulose
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nanocrystals, and the resulting emulsions have good stability against centrifugation and thermal
treatment. Thus, these modified oxidized cellulose nanocrystals could be used as efficient
stabilizers for emulsion products. This identified property may allow potential applications of
modified oxidized cellulose nanocrystals in household cleaning products, cosmetic/body care

products, and pharmaceutical formula.
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Chapter S - Robust and highly compressible aerogels based on
cellulose nanocrystals percolated networks supported by crosslinked

PVA matrix”

5.1 Introduction

Compressible aerogels have been of increasingly important for the high demand of next

45, 46

generation of products, such as super absorbents , electrode substrate for batteries and

47, 48 50, 51

supercapacitors , catalyst supports*’, and chemical and biological sensors etc. Many of
these applications require the aerogel materials to be strong yet compressible and capable of
reversible deformation under large strain®?. Traditional aerogels are mostly fabricated from silica
materials featured with large porosity (up to 99.8%), low density (4-500 mg/cm?), and large surface
area (100-1000 m?/g)°* >*. There are considerable studies on silica-based aerogels for various

55,56

applications, including thermal and acoustic insulator’> *°, optical applications®’, batteries®®>* and

60, 61 3

capacitor electrodes , nuclear waste storage®” and catalysis®® etc. However, the traditional
silica-based aerogels usually suffer from fragility, and they are too brittle to meet the mechanical
robustness as compressive materials®*,

Recently, aerogels prepared from Poly(vinyl alcohol)(PVA) have drawn attention since they are
generally less brittle, more flexible, and easy-processable®, in addition to their excellent merits

such as cost-effectiveness, biocompatibility, and biodegradability®**®. However, PVA aerogels

alone don’t have adequate mechanical strength and compressibility to be used as compressible

“A version of this chapter is considered to be published: Xiaoyu Gong, Yao Huang, Jingqgi Yang,
Guangyu Liu, Weijuan Huang, Yixiang Wang, Lingyun Chen, "Robust and highly compressible
aerogels based on cellulose nanocrystals percolated networks supported by crosslinked PVA
matrix".

87



materials. Incorporating carbon nanotubes or graphene into the PV A aerogels as reinforcing agents

has led to compressible aerogels with good mechanical strength 33 ¢% 7

. However, those carbon-
based materials are not readily available for large-scale applications®* due to the high cost and
complicated procedures.

Cellulose materials, the most abundant renewable natural polymer (annual production of
1.5x10'? tons/year?), could be an alternative for carbon nanotubes and graphene materials to
prepare the mechanically strong yet highly compressive PVA aerogels, owing to their readily
availability, low cost, good mechanical properties and low density. So far, cellulose nanofibers
(CNFs) have been incorporated with PVA to form the PVA/CNFs aerogels’!. However, these
aerogels were not elastic enough and deformed permanently when the compression strain was
higher than 20%’!. Cellulose nanocrystals (CNCs), on the other hand, are highly ordered rod-like
nanoparticles, and they are generally considered as effective fillers in aerogels to reinforce
networks’?, due to their intrinsic rigidity and excellent mechanical strength (elastic modulus~100-
200 GPa*). Hence, there are considerable studies on the reinforcement of the mechanical strength
of PVA aerogels with cellulose nanocrystals. However, even though these CNCs/PVA aerogels
showed significantly improved mechanical strength, they have poor compressibility.

Canada has a forest area of 396,940,350 hectares, however wood cellulose is still mainly used
for paper-making and lumbering. Research effort is required to develop their value-added
applications. In the current study, mechanically strong yet highly compressible aerogels were
fabricated by combining PVA and wood-based cellulose nanocrystals. First, homogeneous and
hydrocolloidally stable cellulose nanocrystals were prepared by sulfuric acid hydrolysis. The
hydrocolloidal stability and the morphology of the obtained cellulose nanocrystals were

characterized. Then the crosslinked CNCs/PV A aerogels were fabricated by adding low amount

88



of PVA into cellulose nanocrystal network which were further crosslinked by epichlorohydrin
(ECH). The aerogel microstructures and the polymer interactions in the matrices were
characterized, and the aerogel mechanical properties were evaluated. Furthermore, the aerogel
formation mechanism and the role of each component contributing to the compressibility were

discussed.

5.2 Materials and methods

5.2.1 Materials

Spruce cellulose (bleached kraft pulp) was a gift from Alberta-Pacific Forest Industries Inc. (AB,
Canada). Its viscosity-average molecular weight (M,) was determined with an Ubbelohde
viscometer in LiOH/urea aqueous solution at 25+0.1 °C and calculated to be 4 x10° Da 2. PVA
(99+% hydrolyzed) was purchased from Sigma-Aldrich Canada Ltd with an average molecular

weight of 1.3x10° Da. Epichlorohydrin (ECH) and all other chemicals were purchased from

Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada) and used as received.
5.2.2 Cellulose nanocrystal preparation

The preparation of cellulose nanocrystals was carried out according to the method of Shopsowitz
with some modifications?'?. Spruce cellulose (bleached commercial kraft pulp) was milled to pass
through a 0.75 mm screen in a Retsch mill (ZM200, Germany) to obtain the uniform fibers. 20 g
of the milled cellulose fibers were added into a round-bottom flask, following by the addition of
400 mL of sulfuric acid (64 ¥/w%). Then the mixture was vigorously stirred at 45 °C for 30 min,
and the hydrolysis was quenched by dilution with large amount of deionized water (~3000 mL).
The mixture was stored at room temperature to settle overnight. The clear upper layer was then

disregarded, and the remaining cloudy layer was washed with deionized water by centrifugation
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(17,700 g x 10 min / round) until the sample was not separated into two layers. The sample was
then dialyzed against deionized water until pH remained constant in the dialysis tubes (MWCO
3.5-5kD). The sample was then sonicated at 80 KHz/100 power for 30 min, followed by
centrifugation at 17,700 g x 5 min. The upper supernatant was then collected as stock samples and
quantified by freeze drying of a small volume of the sample. To prepare cellulose nanocrystal
suspensions with various concentrations (0.5 V/w%, 1.0 */w%, and 2.0 “/w%), the stock cellulose
nanocrystal suspension was diluted by adding desired amount of deionized water. The obtained
suspensions were stored at 4 °C for further use.
5.2.3 Crosslinked CNCs/PVA aerogel preparation

For preparation of the crosslinked CNCs/PVA aerogels, a desired amount of PVA was added
into 5 mL of cellulose nanocrystal suspension in a vial under vigorous stirring at 90 °C for 3 h until
PV A was completely dissolved. Then the mixture pH was adjusted to 10 by 0.1 M NaOH aqueous
solution, and 0.1 mL of ECH was added dropwise into the vial in 5 min, followed by a vortex
mixing for 1 min. The crosslinking reaction was subsequently carried out at 60 °C for 24 h and
then the sample was molded in a 12-welled plate and freeze-dried. As per in Table 5-1, the samples
were coded as Aerogel-1 to Aerogel-5 with the concentration of cellulose nanocrystal suspensions
varying from 0.5 to 2.0 w/w%, and the mass of PVA from 0.01 g to 0.1 g. Aerogel-6 was prepared
only with cellulose nanocrystals and PVA without addition of ECH. Samples without addition of

cellulose nanocrystals or PVA were also prepared for comparison.
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Table 5- 1 Sample codes and reaction conditions to prepare the aerogels.

CNCs CNCs Mass of Volume of
Sample .
volume concentration PVA ECH
code
mL YWY g mL
Aerogel-1 5 1 0.01 0.1
Aerogel-2 5 1 0.05 0.1
Aerogel-3 5 1 0.1 0.1
Aerogel-4 5 2 0.05 0.1
Aerogel-5 5 0.5 0.05 0.1
Aerogel-6 5 1 0.05 0

5.2.4 Characterizations of cellulose nanocrystals

The zeta potential of cellulose nanocrystal suspensions was measured by dynamic light
scattering using a Zetasizer Nano-ZS ZEN3600 (Malvern Instruments Ltd, UK). To study the
hydrocolloidal stability, the obtained cellulose nanocrystals were suspended in NaCl solution at
various concentrations (0 to 200 mM) and the cellulose nanocrystal concentration was fixed at 1
mg/mL. Zeta potentials of cellulose nanocrystals (1 mg/mL) as a function of NaCl concentration
were measured to study the hydrocolloidal stability. All measurements were carried out at 25 °C
in triplicates.

The morphology of cellulose nanocrystals was observed by transmission electrical microscopy
(TEM, Morgagni 268, Philips-FEI, Hillsboro, USA) at an accelerating voltage of 80 kV. Cellulose
nanocrystals were negatively stained with 2 V/,% sodium phosphotungstate (pH 7.4). One drop of
the cellulose nanocrystal sample (1 mg/mL) was added to a carbon-coated copper grid and kept
still for 3 min. Then, a drop of sodium phosphotungstate was added to the top of the cellulose
nanocrystal droplet on the grid. Excess liquid was blotted from the grid, and then the sample was
air dried at room temperature. The dimensions of cellulose nanocrystals were measured via image
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analysis using the Imagel] image-visualization software developed by the National Institute of
Health?!°.

5.2.5 Characterizations of aerogels

Fourier Transform Infrared Spectroscopy: Fourier transform infrared (FTIR) spectra of the
pristine materials cellulose nanocrystals and PVA, Aerogel-2, and Aerogel-6 were recorded on a
Nicolet 6700 spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). The samples were
prepared into KBr-disks. Spectra were recorded as the average of 128 scans at 4 cm ™! resolution
and 25 °C, using KBr as blank.

Morphology and Nanostructure: The morphology of crosslinked CNCs/PVA aerogels were
characterized by scanning electrical microscopy (SEM). The dried samples were coated with gold
(3 nm thickness) and visualized on a Hitachi S-4800 Field Emission Gun SEM (Hitachi High-
Technologies Canada, Inc. Ontario, Canada) at 1.0 kV. Meanwhile, ECH-crosslinked PVA gel,
and Aerogel-6 without addition of ECH were also prepared and observed for comparison.
Crystallinity: cellulose nanocrystals, PVA, Aerogel-2, Aerogel-4, and Aerogel-5 were studied for
the crystallinity using the wide-angle X-ray diffraction measure (WAXD) on an X-ray
diffractometer (Ultimate IV, Rigaku, Japan) in symmetric reflection mode. The diffracted intensity
of Cu K, radiation (A=0.1542 nm) at 40 kV and 44 mA was recorded in the 26 range of 4°-40°
with a scanning rate of 1°-min"!. Samples were all cut into powders and dried in a vacuum oven at
60 °C for 24 h before the measurements.

Mechanical Properties: The mechanical properties of the crosslinked CNCs/PVA aerogels were
characterized using an Instron 5967 Testing Machine (Instron Corp., Norwood, MA, USA) at
cyclic compressive mode. Samples were compressed ten times to 50% of their original height in

air at room temperature at a rate of 3 mm/min. The compressive stress-time and compressive stress-
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strain response were recorded, and all measurements were repeated at least three times. Meanwhile,
ECH-crosslinked PVA gel, and Aerogel-6 without addition of ECH were also prepared for
comparison.
5.2.6 Statistical analysis

Samples prepared from three separated batches were analyzed for their properties. Experimental
results were represented as the mean of three batches = SD. Statistical evaluation was carried out
by analysis of variance (ANOVA) followed by multiple-comparison tests using Duncan’s
multiple-range test. All the analyses were conducted using SAS statistical software (SAS Institute,

Inc., Cary, NC) with a probability of p< 0.05 considered to be significant.

5.3 Results and discussion

5.3.1 Preparation of homogeneous/hydrocolloidally stable cellulose nanocrystals

The release of cellulose nanocrystals from bulk cellulose fibers usually involves the acid-
catalyzed disintegration process, in which the small acid molecules diffuse into the amorphous
regions of cellulose fibers and cut off the glycosidic bonds. Even though various acids such as the
sulfuric, hydrochloric, phosphoric and hydrobromic acids have been used to disintegrate cellulose
fibers and release the highly crystalline cellulose nanocrystals, sulfuric acid is the most extensively
used reagent. It reacts with the hydroxyl groups of cellulose fibers via an esterification process to
form charged sulfate ester groups, which are randomly distributed along the crystals and form a
negatively electrostatic layer covering the surface of the prepared cellulose nanocrystals to
promote their dispersion in water.

Figs. 5-1a-c presents the cellulose nanocrystals in deionized water with various concentrations

(2.0 -0.5 Y/w%). As observed, cellulose nanocrystal suspensions were homogeneous without
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obvious aggregation for up to 24 months due to the strong electrostatic repulsion between the
individual cellulose nanocrystals that kept them apart from each other. The hydrocolloidal stability
of the obtained cellulose nanocrystals was also studied by measuring the zeta potential value,
which has been widely used to predict the colloidal stability of nanoparticle suspensions with
various electrolyte concentrations??’. As shown in Fig. 5-1d, without addition of the electrolyte,
the cellulose nanocrystals had a zeta potential of -55.03+0.76 mV. With the increase of NaCl
concentration, the absolute value of zeta potentials of cellulose nanocrystals was decreased due to
the adsorption of Na' counterion on the negatively charged cellulose nanocrystal surface. It is
widely accepted the hydrocolloids with zeta potential value higher than +30 mV or lower than -30
mV are considered to be hydrocolloidally stable??!. In this study, the zeta potential of the cellulose
nanocrystal suspensions was lower than -30 mV when the sodium chloride concentration was
lower than 30 mM, suggesting the obtained cellulose nanocrystal suspensions were

hydrocolloidally stable at low electrolyte concentrations.
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Figure 5- 1 (a-c) Cellulose nanocrystal suspensions in deionized water with various
concentrations: (a) 2.0 “/w%, (b) 1.0 ¥/w%, and (c)0.5 ¥/w%, respectively. (d) Zeta potentials of

cellulose nanocrystals (1mg/mL) in water as a function of NaCl concentration.

The prepared cellulose nanocrystals were observed under the transmission electronic
microscopy (TEM). As shown in Fig. 5-2, cellulose nanocrystals were homogenously distributed
in the aqueous suspension and they were similar in shape with narrow distribution of the length
and width. Detailed analysis of the TEM images using the “Image J” software indicated that the
obtained cellulose nanocrystals had an average length of 177434 nm and width of 944 nm (n=50).
It is noticed that the obtained cellulose nanocrystals could be well dispersed in deionized water
without obvious aggregation for more than 24 months, showing good hydrocolloidal stability. In

this study, the cellulose nanocrystal sample was further separated by centrifugation at 17,700 g x
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5 min and the upper supernatant with good hydrocolloidal stability was collected as stock cellulose
nanocrystal suspension after the typical sulfuric acid hydrolysis, centrifugation, dialysis, and
sonification. It was expected that the hydrocolloidally stable cellulose nanocrystals could be more
homogeneously distributed in the aqueous PVA solution, and then embedded evenly in the PVA

matrix after crosslinking and freeze-drying.

Figure 5- 2 TEM image of cellulose nanocrystals at different magnifications.

5.3.2 Molecular structure of the crosslinked CNCs/PVA aerogel

To study the molecular interactions of the crosslinked CNCs/PV A aerogels, FT-IR spectroscopy
was performed on Aerogel-2, with comparison to the spectra of pristine cellulose nanocrystals,
PVA, and Aerogel-6 prepared with cellulose nanocrystals and PVA without addition of ECH. As
shown in Fig. 5-3, cellulose nanocrystals had characteristic absorbances at 3340 cm™ (-O-H
stretching), 2896 cm™' (-CH- symmetric stretching), and 1050 cm™ (vibration of pyranose ring
ether). PVA had featured peaks at 3450 cm™ (-O-H stretching), 2920 cm™ (-CH,- symmetric

stretching), and 2890 cm™!' (-CH- symmetric stretching). It was noted the absorbance band of -OH
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stretching of cellulose nanocrystals was sharp and at a relatively lower wavenumber, while that of
PV A was broad and at a higher wavenumber. This was due to the different hydrogen bond patterns

in PVA and cellulose nanocrystals®*?

. In cellulose nanocrystals, intermolecular hydrogen bonds
were dominant, whereas both intra-/intermolecular hydrogen bonds were involved in PVA.
Compared to the spectrum of PVA, -O-H vibration of Aerogel-6 shifted to a lower wavenumber
at 3360 cm’!, indicating the formation of hydrogen bonding between cellulose nanocrystals and
PVA matrix, likely -OH groups on the surface of cellulose nanocrystals interacting with adjacent
-OH groups in the PVA molecule’’2. When crosslinked by ECH, the absorbance band of -O-H
stretching in Aerogel-2 was still narrowed and sharpened without significant changes in shape and
intensity, compared to that of Aerogel-6, suggesting further chemical crosslinking did not change
the hydrogen bonding that occurred between cellulose nanocrystals and PVA. Since cellulose
nanocrystals are rigid rod-like crystals composting of bundles of cellulose molecules, most of the
hydroxyl groups on the cellulose molecules are buried in the crystals'!>. Additionally, the ECH-
crosslinking of the hydroxyl groups on cellulose nanocrystals has never been reported. Therefore,
it was assumed that ECH-crosslinking would not occur between PVA and cellulose nanocrystals
or between cellulose nanocrystals themselves. It was noteworthy the intensity of the -CHa-
stretching (2920 cm!) increased in Aerogel-2 when compared to that of PVA and Aerogel-6. This
was due to the introduction of more -CH»- into the aerogel in the crosslinking process. Moreover,
a new peak was observed at 1200 cm™', which was ascribed to the C-O-C stretching due to the
chemical crosslinking by ECH. It has been reported that PVA can be crosslinked by ECH under

alkaline condition®??

. Hereby, it is proposed that the hydrocolloidally stable cellulose nanocrystals
were firstly homogeneously distributed in the aqueous PVA solution. When the samples were

crosslinked and freeze-dried, cellulose nanocrystals interacted with each other, and also strongly
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interacted with PVA matrix via hydrogen bonding. Meanwhile, the PVA matrix was further

crosslinked by ECH, leading to the crosslinked CNCs/PVA aerogels.

4000 3500 3000 2000 1500 1000

Wavenumbers(cm'1)

Figure 5- 3 FITR spectra of cellulose nanocrystals, PVA, Aerogel-6 and Aerogel-2.

5.3.3 Crystallinity study

The Wide-angle x-ray diffraction pattern (WAXD) of the Aerogel-4, Aerogel-2, and Aerogel-5
were studied as a function of cellulose nanocrystal concentration. As shown in Fig. 5-4, the pristine
PVA sample showed a strong peak at 26=20°, which was assigned to the crystalline structure
resulting from the strong intermolecular hydrogen bonding between PVA chains®** ?2°. Pure

cellulose nanocrystals exhibited the characteristic diffraction peak at 26=22.6°, ascribing to the
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(200) plane of cellulose Ig***. In the spectrum, the well-defined peaks of cellulose nanocrystals at
26=14.9° and 16.7°, which were ascribed to the (IIO) and (110) planes of cellulose Ig, overlapped

with each other in the WAXD pattern. When PV A was added and chemically crosslinked by ECH,
these two featured peaks in the crosslinked CNCs/PVA aerogels were separated. This was
probably due to the change of the cellulose nanocrystal crystallization when it formed strong

225 Moreover, the peaks of

intermolecular hydrogen bonding with PVA in the aerogel networks
cellulose Ig became more pronounced with the increase of cellulose nanocrystals in the crosslinked
CNCs/PVA aerogels, whereas the characteristic peak of PVA became weaker, indicating a
reduction in the degree of crystallinity of PVA and an increment in the degree of crystallinity of
cellulose nanocrystals in the aerogels??°. This suggested the addition of cellulose nanocrystals
affected the formation of the PVA crystals in the cross-linked CNCs/PVA aerogels due to the
strong intermolecular hydrogen bonding between cellulose nanocrystals and PVA chains?**,
Therefore, the crosslinked CNCs/PVA aerogels could have significant reinforcement in
mechanical strength when compared to PVA samples. Additionally, it was noteworthy that the
intensities of the characteristic peaks of cellulose nanocrystals in the crosslinked CNCs/PVA

aerogels were much weaker than that of the pristine cellulose nanocrystals, suggesting cellulose

nanocrystals were well embedded in the PVA matrix®**,
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Figure 5- 4 WAXD spectrum of CNCs, PVA, and Aerogel-2, Aerogel-4, and Aerogel-5.

5.3.4 Morphology study

The microstructure of aerogels usually reveals the underlying features that have a significant
influence on the properties of the prepared products. To further understand the formation of the
crosslinked CNCs/PV A aerogels, the morphology of the samples was studied by SEM observation.
The effect of cellulose nanocrystals on the morphology of the crosslinked CNCs/PVA
aerogels

ECH-crosslinked PVA gel was prepared from 0.05 g PVA and 0.1 mL of ECH in 5 mL of
deionized water without addition of cellulose nanocrystals (Fig. 5-5a), whereas Aerogel-4,

Aerogel-2, and Aerogel-5 were prepared from 0.05 g PVA, 0.1 mL of ECH and 5 mL of cellulose
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nanocrystal aqueous suspension with various concentrations (0.5, 1.0 and 2.0 %/%) (Figs. 5-5b-
f). Different morphologies were observed with or without addition of cellulose nanocrystals. When
cellulose nanocrystals were not added, ECH-crosslinked PVA gel showed a dense irregular
filament structure (arrow in Fig. 5-5a). This was different from those of the PVA gels prepared
by physical crosslinking or glutaraldehyde-crosslinking®°, which typically showed 3D
interconnected and continuous porous networks®?’. Even though large amount of PVA (up to 80
“/w%) was used in those physically crosslinked sponge or glutaraldehyde-crosslinked gels, the
porous networks usually had relatively thin walls with weak mechanical strength. In this study,
even with small amount of PVA (1.0 %/+%), the ECH-crosslinked PV A gel was still strong enough
without significant shrinkage after freeze-drying. This can be explained by the synergistic effect

of the hydrogen bonding and chemical crosslinking by ECH between PVA chains.

Figure 5- 5 SEM images of the ECH-crosslinked PVA (a), Aerogel-4 (b), Aerogel-4 at higher
magnification(c), Aerogel-2(d), Aerogel-5 (e), Aerogel-5 at higher magnification. Scale bar for

a,b,d,e: 30 um.
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Addition of cellulose nanocrystals significantly changed the morphology of the crosslinked
aerogels. As shown in Figs. 5-5b, d, e, The Aerogel-4, Aerogel-2, and Aerogel-5 showed 3D
interconnected porous networks with some macrospores embedded in (arrows in Figs. 5-5b, d, e).
Unlike the filament structure in ECH-crosslinked PVA gel, these aerogels formed a porous yet
dense structure, which has never been reported for PVA gels in previous studies. However, the
dense walls remained in the porous CNCs/PV A networks that maintained the physical structure of
the aerogels during the freeze-drying process. With increase of the cellulose nanocrystal
concentration, less macrospores were observed in the aerogels and the pore size became smaller.
Such morphology formation was driven by the phase separation when ice crystals formed and
demixed from the crosslinked polymer molecules, leaving behind a porous structure upon water

removal’!

. The size of ice crystals decreased with the increasing number of cellulose nanocrystals
that occupied more space in the mixture and removal of these ice crystals resulted in smaller
macrospores in the crosslinked CNCs/PVA aerogels’®. Figs. 5-5¢, f were the SEM images of the
aerogels at higher magnification, in which the aerogels were highly porous (Fig. 5-5¢). It was
noteworthy that cellulose nanocrystals were percolated with each other and formed an
interpenetrated network that embedded in the PVA matrix (arrow in Fig. 5-5f). This observation
was in accordance with the FTIR and WAXD result, suggesting that cellulose nanocrystals formed
percolated network and then strongly interacted with the PVA matrix via hydrogen bonding.
Meanwhile, the PVA matrix was crosslinked by ECH, leading to the porous networks with strong
and dense walls.

The effect of ECH on the morphology of the crosslinked CNCs/PVA aerogels

The morphology of Aerogel-2 and Aerogel-6 prepared with or without addition of ECH was

presented in the SEM images in Fig. 5-6. The Aerogel-6 without ECH showed a 3D interconnected
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network with considerable number of macrospores. These pores were relatively uniform in
morphology and size. Aerogel-6 had pore size lower than 10 pm with thin pore walls. However,
when ECH was applied, Aerogel-2 formed a 3D interconnected network with much larger pore
size and significantly increased wall thickness when compared with its counterpart. CNCs/PVA
nanocomposite has been fabricated based on strong hydrogen bonding between cellulose
nanocrystals and PVA chains. Different from previous works, ECH was selected to further react
with the hydroxyl groups on PVA molecules??®. In addition to the hydrogen bonding between
cellulose nanocrystals and PVA chains, the covalent bonds between the matrix molecules enabled
stronger pore connections in the aerogels, resulting in a highly interconnected and dense 3D

network.

0
] o
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Figure 5- 6 SEM images of the cross-section of Aerogel-6 (a) and Aerogel-2(b). Scale bar: 10

um.

The effect of PVA on the morphology of the crosslinked CNCs/PVA aerogels
To demonstrate the role of PVA in the formation of the crosslinked CNCs/PVA aerogels, the

morphology of Aerogel-1 and Aerogel-3 were shown in the SEM images (Fig. 5-7). Even though
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the two samples were prepared with the same amount of cellulose nanocrystals and crosslinker
under the same protocol, their morphologies were significantly different due to the different
amount of PVA used. A spider-web pattern appeared in Aerogel-1 prepared with 0.01 g of PVA,
whereas a continuous and interconnected/denser network was observed in Aerogel-3. Comparing
the morphology of these two samples, it was obvious that PVA worked as a matrix material to
form the 3D interconnected continuous network. As shown in Fig. S3, cellulose nanocrystals could
not form strong structure, even with addition of ECH. After being freeze-dried, the sample
collapsed with significantly decreased volume and it was too weak to be compressed. Even though

33,227,228 it has never been

ECH has been widely reported for the fabrication of bulk cellulose gels
achieved for the chemical crosslinking of cellulose nanocrystals. This could be explained by the
limited reactive hydroxyl groups on the surface of cellulose nanocrystals, since most of the
hydroxyl groups were buried in the crystals. Hereby in this study, the aerogels were strategically
designed by dispersing hydrocolloidally stable cellulose nanocrystals homogeneously in the
aqueous PVA solution. This has led to new cellulose nanocrystals-based aerogels formed from a
percolated cellulose nanocrystal network via hydrogen bonding with the help of the PVA matrix

by strong hydrogen bonding between cellulose nanocrystals and PVA. Furthermore, the PVA

matrix was further crosslinked by ECH to form strong and dense microstructures.
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Figure 5- 7 SEM images of the Aerogel-1 and Aerogel-3 with increase of PVA content. Scale

bar: 10 pm.

5.3.5 Mechanical properties of the crosslinked CNCs/PVA aerogels

The crosslinked CNCs/PV A aerogels were compressed under the Instron Testing machine at the
strain of 50%, and their compressive modulus was investigated as a function of the cellulose
nanocrystal concentration (0.5, 1.0 and 2.0 */%). As shown in Fig. 5-8, the compressive modulus
of Aerogel-4 was 49.945.2 KPa with the addition of 0.5 ¥/w% of cellulose nanocrystals. It increased
to 92.9+4.6 KPa for Aerogel-2 and 200.9+8.0 KPa for Aerogel-5 when the concentration of
cellulose nanocrystals was increased to 1.0 and 2.0 V/w%. It has been reported the compressive
modulus of pure PVA aerogels (5 mL, 10 ¥/w%) was only 17 KPa, and addition of large amount
of cellulose nanofiber (up to 16 ¥/w%) increased the compressive modulus of PVA/CNF aerogel
to 150 KPa*?’. In this study, only small amount of cellulose nanocrystals (0.5-2.0 “/w%) can
significantly increase the compressive modulus of the crosslinked CNCs/PVA aerogels. This
excellent reinforcing effect of cellulose materials was ascribed to a mechanical percolation

phenomenon®?.
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Figure 5- 8 Compressive modulus of the Aerogel-4, Aerogel-2, and Aerogel-5 as a function of

the cellulose nanocrystal concentrations.

The compressibility of Aerogel-2 was tested on an Instron Testing Machine at cyclic
compressive mode. As shown in Fig. 5-9a, the compressive stress of Aerogel-2 after ten cyclic
compressions remained almost the same without a discernible variation compared to the original
value. Thus, the unique structure of these aerogels allowed a large deformation without obvious
fracture or collapse. Fig. 5-9b displayed the stress-strain response of the Aerogel-2 at maximum
strain of 50% during ten cyclic compressions. The compressive stress-strain behavior of Aerogel-
2 was typical of an open-cell aerogel**°. The stress-strain curves of the crosslinked CNCs/PVA

231

aerogels showed two distinct deformation regimes typically observed in open-cell aerogels=",

namely an initial Hookean region during which the stress increased linearly at low strain (<35%),
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and a densification regime for strain >35% with a steep increase in stress>%. Hence, hysteresis loops
appeared in the loading-unloading cycles, due to the mechanical energy dissipation?3.
Furthermore, the stress remained above zero until the strain = 0, suggesting the aerogel rapidly and
completely got recovered to its original status. Fig. 5-9¢ showed the compression images of the
Aerogel-2 at maximum strain of 50% during the loading-unloading cycle. The sample stayed intact
without obvious crack or volume shrink after the compression. Even though a large deformation
could be observed during the compression, the Aerogel-2 showed excellent shape recovery to its
original status. This observation further indicated the outstanding mechanical strength and

robustness of the crosslinked CNCs/PVA aerogels.
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Figure 5- 9 Compressibility of the Aerogel-2: (a) Compressive stress versus time during ten
cycles of compression of Aerogel-2; (b) stress-strain response of the Aerogel-2 for ten cycles; (¢)

compression images of the Aerogel-2.
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For comparison, ECH-crosslinked PVA gel was obtained by substitution of cellulose
nanocrystal suspension with only deionized water during the preparation process. As shown in Fig.
S4, ECH-crosslinked PVA gel and Aerogel-6 could not get completely recovered when
compressed. The matrix with CNCs/ECH was not studied due to its poor mechanical strength after
freeze drying, resulting in weak solid that are not compressible (Fig. S3). The compressive
performance of the crosslinked CNCs/PVA aerogels is superior to silica aerogels which are
typically fragile, brittle, and can not be cyclically compressed®*. Compared with the compressible
PV A/carbon nanotubes or PVA/graphene aerogels®* %% 7, the aerogel developed in this work can
be easily prepared and readily available due to the sustainability of cellulose nanocrystals and its
lower cost, thus can be suitable for large-scale application.

5.3.6 Mechanism of the compressibility

Fig. 5-10 demonstrated the proposed mechanisms of the compressibility of our the crosslinked
CNCs/PVA aerogels. The high compressibility of the crosslinked CNCs/PV A aerogels developed
in this research can be attributed to their unique structures. The aerogel network was significantly
reinforced by cellulose nanocrystals due to the mechanical percolation phenomenon, and the
excellent compressibility of the crosslinked CNCs/PVA aerogels could be derived from their
strong, dense, and porous microstructures. Additionally, it has been widely accepted that cellulose
nanocrystals have excellent mechanical properties, and they cannot be easily deformed, either in
the longitude or transverse axis. However, Yang and Cranston indicated cellulose nanocrystals
could have some flexibility in shape-recoverable aerogels®®. Recent studies further revealed that
cellulose nanocrystals and bacterial cellulose showed flexibility to bend along the oil-water
interface in Pickering emulsions*! 233, Therefore, the cellulose nanocrystals on the one hand

increased the mechanical strength of the crosslinked CNCs/PVA aerogels by mechanical
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percolation, and on the other hand helped the crosslinked aerogels to get completely recovered to
its original status with cellulose nanocrystals bended and bounced back at cyclic compressive
mode. PVA and ECH are also important for the formation of the unique structure of the
crosslinked CNCs/PV A aerogels. PVA worked as a matrix material to form the 3D interconnected
continuous network by hydrogen bonding and chemical crosslinking. It attached on the surface of

cellulose nanocrystals and provided abundant hydroxyl groups for ECH-crosslinking.
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Figure 5- 10 Representation of each component's role in compressible CNCs/PV A aerogels

formation.
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5.4 Conclusions

Cellulose nanocrystals could not form strong gel, even with addition of ECH (Fig. S3). When
the freeze-dried cellulose nanocrystals and CNCs/ECH matrices were compressed, their structures
were destroyed. It has been widely reported that the foams and gels prepared with PVA are not
compressible, even after crosslinking by physical or chemical approaches. Hereby, the
compressive aerogels were strategically designed by dispersing hydrocolloidally stable cellulose
nanocrystals homogeneously in the aqueous PVA solution and then crosslinked by ECH. This has
led to new cellulose nanocrystals-based aerogels formed from a percolated cellulose nanocrystal
network via hydrogen bonding with the help of the crosslinked PVA matrix. The crosslinked
CNCs/PVA aerogels showed porous yet dense microstructures and could be cyclically compressed
for ten times without significant variation in mechanical performances, showing better
compressibility than the PVA/CNFs aerogels. The role of each component in the compressive
aerogel was further investigated. It was proposed that the cellulose nanocrystals on the one hand
increased the mechanical strength of the aerogels by mechanical percolation, and on the other hand
helped the crosslinked aerogels to get completely recovered to its original status with cellulose
nanocrystals bended and bounced back at cyclic compressive mode. PVA worked as a matrix
material to form the 3D interconnected continuous network by hydrogen bonding and chemical
crosslinking, while ECH chemically crosslinked with the hydroxyl groups on PVA, resulting in
the formation of the porous yet dense microstructures of the compressible CNCs/PVA aerogels.
With the outstanding mechanical strength/robustness, and convenient preparation method using
sustainable cellulose nanocrystals, the crosslinked CNCs/PVA aerogels are novel compressive
materials for many potential applications such as super absorbents, compressible supercapacitors,

and energy-absorbing devices etc.
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Chapter 6 - Highly porous, hydrophobic, and compressible cellulose
nanocrystals/PVA aerogels as recyclable absorbents for oil-water

. *
separation

6.1 Introduction

Oil and fuel spill at sea from petroleum industry or oil tankers/ship sinking occur frequently in
recent years>>*. For example, the explosion of Deepwater Horizon oil rig in 2010 released 210
million gallons of oil into the Gulf of Mexico, which is the largest accidental marine oil spill in
the history®* 2%, The industrial discharge of oily wastewater and organic solvents also causes
severe environmental issues. In spite of the tremendous efforts to control the pollution, the oil spill
and organic solvent discharge can be devastating, due to the short-term of life threatening to
thousands of species, and the long-term irrecoverable damage to the aquatic ecosystems. Currently,
three categories of strategies have been widely accepted for oil/organic solvent cleanup (i)
collecting oil/organic solvent from water surface by absorbents; (ii) dispersing oil/organic solvent
using effective dispersants to accelerate the natural degradation process; (iii) and burning
oil/organic solvent in situ® #5235, Among all these approaches, extracting oil/organic solvent by
some absorbents is the most promising way due to its convenience, high efficiency, low cost, and
secondary pollution prevention.

Traditional oil/organic solvent absorption materials include mineral products (zeolites®*),

natural materials (wool fibers?*, kapok fibers?*!), and synthetic materials (polystyrene fibers?*?,

rubber’*). The mineral products and natural materials usually show the drawbacks of poor

“A version of this chapter is considered to be published: Xiaoyu Gong, Yixiang Wang, Hongbo
Zeng, Mirko Betti, Lingyun Chen, "Highly porous, hydrophobic, and compressible PV A/cellulose
nanocrystals aerogels as recyclable absorbents for oil-water separation".
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buoyancy, low absorption capacity, and poor recyclability. As for the currently used synthetic
polymers, they are generally not environmentally compatible, and their influence on the marine
and ecological system is not clear yet®. On the other hand, current studies mainly focus on the
efficient cleanup of oil/organic solvent, and significant progress has been made to improve the
absorption capacity of the absorbents. However, very few studies have addressed the recycle and
reuse of the oil/organic solvent spill. Given the growing efforts for energy conservation, it would
be ideal the oil/organic solvent spill, once collected by the absorbents, can be further recycled and
reused. Squeezing oil/organic solvent from absorbent is an efficient, energy saving and convenient
approach for oil/organic solvent recovery. To achieve this recycle method, high performance
absorbent materials are still required which should have high absorption capacity, oil/water
selectivity and compressibility, as well as environmental friendliness.

Compressible aerogels are promising materials for oil/organic solvent cleanup and recovery,
due to their excellent compressibility, large porosity (up to 99.8%), low density (4-500 mg/cm?),
and large surface area (100-1000 m?/g)>* 34 However, the traditional silica aerogels usually suffer
from fragility, and they are too brittle to meet the mechanical robustness as compressive materials®*.
Recently, aerogels fabricated from Poly(vinyl alcohol)(PVA) have attracted interest because they
are less brittle, more flexible, and easy-processable®®, in addition to their excellent merits such as
cost-effectiveness, biocompatibility, and biodegradability®®-*3, However, PVA aerogels are neither
mechanically strong nor highly compressible. More recently, PVA aerogels reinforced by carbon
nanotubes and graphene materials with good mechanical strength and high compressibility have
been reported™ * 70, Nevertheless, those carbon-based materials are not readily available for
large-scale applications due to the high cost of raw materials®. Cellulose materials, as the most

abundant renewable natural polymer (annual production of 1.5x10'? tons/year?), are potential
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candidates to replace the carbon nanotubes and graphene materials for the preparation of
compressive aerogels, due to their renewability, outstanding mechanical properties, low density,
and biocompatibility?**. Some nanocellulose materials including cellulose nanofibers (CNFs) and
cellulose nanocrystals (CNCs) have been incorporated with PVA to form aerogels’"2*. However,
the PVA/CNFs aerogels did not show adequate elasticity and deformed permanently when the
compression strain was higher than 20%’!. Cellulose nanocrystals have excellent mechanical
strength (elastic modulus~100-200 GPa??), and they are generally considered as excellent nano-
reinforcement to fabricate materials of high mechanical performances’?. However, even though
the CNCs/PVA aerogels show significantly improved mechanical property, they have poor
compressibility.

In our recent work, a highly compressible CNCs/PV A aerogel was fabricated from a percolated
cellulose nanocrystal network via hydrogen bonding with the help of the PVA matrix. The
compressibility study demonstrated the excellent shape recovery of the cross-linked CNCs/PVA
aerogels which could be cyclically compressed for 10 times without significant variation in
mechanical strength. It is of our interest to explore the aerogel application for oil/organic solvent
spill cleanup and recovery. In the present study, the CNCs/PVA aerogels were further modified by
methyltrichlorosilane (MTCS) through thermal chemical vapor deposition (CVD) to enhance the
surface hydrophobicity. The molecular structure, density, porosity, morphology, contact angle, and
mechanical properties of the obtained aerogels were systematically characterized, and their
oil/organic solvent absorption capacity and oil-water separation efficiency were studied. In

addition, the recyclability of the aerogels was evaluated by cyclic compression and rinsing.
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6.2 Materials and methods

6.2.1 Materials

Cellulose nanocrystals were obtained by sulfuric acid hydrolysis according to our previous work.
The rod-like cellulose nanocrystals had an average length of 177+34 nm and width of 9+4 nm
(n=50) and could be homogenously dispersed in deionized water without obvious aggregation for
more than 24 months. The zeta potential of cellulose nanocrystal suspension was -55.03+0.76 mV
in deionized water. PVA (99+% hydrolyzed) was purchased from Sigma-Aldrich Canada Ltd with

an average molecular weight of 1.3x10° Da. Methyltrichlorosilane, epichlorohydrin (ECH) and all

other chemicals were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada) and
used as received.
6.2.2 CNCs/PVA aerogel preparation

Desired amounts of PVA (0.01-0.1 g) were added into 5 mL of the cellulose nanocrystal
suspension (1.0 V/w%) in a vial under vigorous stirring at 90 °C for 3h until PVA was completely
dissolved. The pH of the suspension was adjusted to 10 by 0.1 M NaOH. ECH (0.1 mL) was then
added dropwise into the vial within 5 min followed by vortex mixing for 1 min. The mixture was
reacted at 60 °C for 24h and then the sample was molded in a 12-welled plate and frozen with
liquid nitrogen followed by lyophilization. The freeze-dried samples were kept in a desiccator with
drying reagent at room temperature for further use.
6.2.3 Silanization of the CNCs/PVA aerogels

The thermal chemical vapor deposition (CVD) technique was employed to hydrophobilize the
CNCs/PVA aerogels. An open vial with saturated solution of KoCO3 was placed in a desiccator
overnight to maintain the relative humidity (43%). Another open vial containing 1 mL of

methyltrichlorosilane was also placed in the same desiccator with CNCs/PVA aerogels. The
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desiccator was then tightly sealed and placed in an incubator at 50 °C for 24h (Fig. 6-1). The
silanized aerogels were then kept in a vacuum oven at 50 °C for 24h to remove the residual silane
and the by-product (HCI). AS denoted in Table 6-1, samples were coded as Aerogel-1, Aerogel-
2, Aerogel-3, Aerogel-4, with respect to the increased amount of PVA from 0.01 g to 0.1 g. These
obtained samples were stored in a desiccator with drying reagent at room temperature for further
use.

Table 6- 1 Sample codes and reaction conditions to prepare the aerogels.

CNC
Volume of CNCs ) Mass of  Volumeof
Sample code concentration Silanized
(mL) PVA (g) ECH (mL)
("/w%0)
Aerogel-1 5 1.0 0.01 0.1 Y
Aerogel-2 5 1.0 0.03 0.1 Y
Aerogel-3 5 1.0 0.05 0.1 Y
Aerogel-4 5 1.0 0.1 0.1 Y

Figure 6- 1 The reaction device with samples in it (a-b).
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6.2.4 Characterizations
Fourier transform infrared (FTIR) spectroscopy: Fourier transform infrared (FTIR) spectra of
the Aerogel-1 to Aerogel-4, as well as the pristine materials cellulose nanocrystals and PVA, were
recorded on a Nicolet 6700 spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). The
samples were prepared into KBr-disks. Spectra were recorded as the average of 128 scans at 4
cm ! resolution and 25 °C, using KBr as blank.
Density and porosity: The radius and height of the Aerogel-1 to Aerogel-4 were measured by a
digital caliper. The apparent volumetric mass density of the aerogels was calculated using the
equation (6-1):

p=m/V (6-1)
where m and V are the mass (g) and volume (cm’) of the aerogels, respectively.

Since a small amount of ECH and methyltrichlorosilane was used for the crosslinking and
silanization of the CNCs/PVA aerogels, and the crosslinker ECH and methyltrichlorosilane are
volatile, only cellulose nanocrystals and PVA were considered to simplify the porosity calculation.
The porosity (P, %) of the aerogels was calculated according to equation (6-2), where V (cm?) is
the volume of the aerogels, m_ (g) and m (g) represent the weight of cellulose nanocrystals and
PVA, respectively. p, is the density of the cellulose nanocrystals (1.59 g/em?)™, and p is the
density of PVA (1.29 g/cm?®)

P=(V-m/ pc-mp/ pp)/V (6-2)
Morphology and nanostructure: The morphology of Aerogel-1 to Aerogel-4 was visualized by
scanning electrical microscopy (SEM). The dried samples were coated with gold (3nm thickness)

and visualized on a Hitachi S-4800 Field Emission Gun SEM (Hitachi High-Technologies Canada,

Inc. Ontario, Canada) at 1.0 kV.
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Contact angle measurements: The water contact angles of Aerogel-1, 2, 3, and 4 were measured
by a contact angle goniometer (KRUSS DSA 10, Germany) using the sessile drop method at room
temperature. Each sample was fixed on a microscope slide by double-faced adhesive tape to
prevent the movement of the flat surface during wetting. Water droplets (3 uL) were then placed
on the surface of the sample, followed by the images taken and analyzed by the goniometer. The
contact angle of all aecrogels was measured based on the shape of the sessile drop. The test for each
aerogel was repeated for at least three samples with three tests for each sample.

Mechanical properties: The mechanical properties of Aerogel-2 and Aerogel-4 were measured
using an Instron 5967 Testing Machine (Instron Corp., Norwood, MA, USA). Samples of Aerogel-
2 were compressed to 20%, 40%, and 60% of their original height in air at room temperature at a
rate of 3 mm/min. The compressive stress-strain curves were recorded accordingly. To investigate
the compressibility of the aerogels, Aerogel-2 and Aerogel-4 were compressed and characterized
at cyclic compressive mode. Samples were compressed 50 times to 60% of their original height in
air at room temperature at a rate of 3 mm/min. The compressive stress-strain response and
compressive stress-time during 50 cycles were recorded. The measurement for each aerogel was
repeated for at least three samples.

6.2.5 Oil/organic solvent-water separation performance

Oil/organic solvent-water separation: 5 mL of oil-red-colored chloroform was dripped into 60
mL of deionized water in a petri dish followed by slight shaking to disperse the red-colored
chloroform into smaller droplets. Aerogel-2 was used to absorb the oil- red-colored chloroform.
The similar protocol was used for treatment of other oils and organic solvents including chloroform,

hexane, acetone, ethanol, DMSO, mineral oil, pump oil (hydraulic oil), and canola oil.
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Table 6- 2 Source, density and viscosity of the oil/organic solvents.

Oil/organic . o
Source Density Viscosity
solvents
Chloroform Fisher Chemical 1.480 g/cm® 0.56 mPa/s at 20 °C
Hexane Fisher Chemical 0.659 g/cm’ 0.31 mPa/s at 20 °C
Acetone Fisher Chemical 0.790 g/cm? 0.32 mPa/s at 20 °C
Ethanol AFNS Store 0.789 g/cm? 1.2 mPa/s at 20 °C
DMSO Sigma-Aldrich 1.100 g/mL 2.0 mPa/s at 20 °C
Mineral Oil, Heavy Fisher Chemical 0.830 g/mL Saybolt viscosity >162
Pump Oil ) o
o Exxon Mobil DTE 26 0.881 g/mL ISO Viscosity Grade: 68
(hydraulic oil)
Canola oil Local retailor (Costco) 0.920 g/mL N.A.

Oil/organic solvent absorption capacities: To study the liquid absorption capacity (AC) of the
aerogels, various oils and organic solvents, including chloroform, hexane, acetone, ethanol, DMSO,
mineral oil, pump oil, and canola oil, were used. Aerogel-2 was immerged in each oil or solvent
for 5 min until the absorbance reached the maximum loading. The swollen aerogel was then
removed out and the surface was blotted with a filter paper to remove excess oil/solvent on its
surface. The weight of the aerogel before (Wy) and after (Wa) solvent uptake was measured, and
the absorption capacity was calculated according to equation (6-3):
AC(g/g) =W/ W (6-3)

Meanwhile, to compare the performance of Aerogel-1 to Aerogel-4, the absorption capacity of all
samples for uptake of chloroform was measured accordingly. All the tests were repeated at least
three times.

Recyclability: Two different approaches were carried out to study the recyclability of the aerogels

as versatile organic solvents absorbents: (1) cyclic compression: The original weight (W) of the
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Aerogel-2 was measured. Then Aerogel-2 was immersed in chloroform or hexane for 5 min until
the absorbance reached the maximum loading. The swollen aerogel was then taken out and the
surface was blotted with a filter paper to remove excess chloroform or hexane on its surface. The
weight of the swollen aerogel was measured following compression between parallel glass slides
to 60% of its original height to partially remove the organic solvents. The Aerogel-2 with residue
was then immersed in the same solvent again and this absorption-compressing process was
repeated for 10 times and the weights of the swollen aerogels in each time (Wi) were measured
and the absorption capacity for each cycle was calculated by AC(g/g) = Wi/Wy. (2) rinsing: oil-red
was used to visually indicate the rinsing effect. Aerogel-2 was immersed in the oil-red-colored
chloroform for 5 min until the absorbance reached the maximum loading. The swollen sample was
then rinsed with 20 mL of ethanol to remove the chloroform for several times until the sample and
ethanol were both not red anymore.
6.2.6 Statistical analysis

Aerogels prepared from three separated batches were analyzed for their properties.
Experimental results were represented as the mean of three batches + SD. Statistical evaluation
was carried out by analysis of variance (ANOVA) followed by multiple-comparison tests using
Duncan’s multiple-range test. All the analyses were conducted using SAS statistical software (SAS

Institute, Inc., Cary, NC) with a probability of p< 0.05 considered to be significant.

6.3 Results and discussion

6.3.1 Silanization of CNCs/PVA aerogels
In our recent work, the crosslinked CNCs/PVA aerogels were successfully prepared by

dispersing hydrocolloidal stable cellulose nanocrystals homogenously in the aqueous Poly(vinyl
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alcohol) (PVA) solution, followed by PVA crosslinking and freeze-drying. Cellulose nanocrystals
formed the percolated network with each other by hydrogen bonding, and also strongly interacted
with PVA matrix. Meanwhile, the PVA matrix was cross-linked by ECH which endowed the
aerogels porous structure with strong and dense walls. It was proposed that the cellulose
nanocrystals on the one hand increased the mechanical strength of the aerogels by mechanical
percolation, and on the other hand helped the cross-linked aerogels to get completely recovered to
its original status with cellulose nanocrystals bended and bounced back at cyclic compressive
mode. PVA worked as a matrix material to form the 3D interconnected continuous network by
hydrogen bonding and chemical crosslinking. It was noted that only small amount of cellulose
nanocrystals (0.5-2.0 %"/w%) could significantly increase the compressive modulus of the
crosslinked CNCs/PVA aerogel up to 200.9+8.0 KPa. Unlike the PVA/CNFs aerogels that were
not elastic and deformed permanently at the compression strain of 20%’!, the crosslinked
CNCs/PVA aerogels could be compressed to an strain of 50% and got completely recovered to its
original status after cyclic compressions.

To fabricate hydrophobic aerogels for oil/organic solvent cleanup, thermal chemical vapor
deposition (CVD) of methyltrichlorosilane was employed which is a convenient approach to
modify the hydroxyl groups on the surface of aerogels (Fig. 6-2). It is now widely accepted that
the superhydrophobic surface can be engineered by controlling the surface chemistry’!. Silanes
with hydrolysable groups, such as chloride or alkoxide, can react with water to form the
intermediate silanols, which can further react with other silanols or the hydroxyl groups on the
surface of solid materials and formed monolayers or silicone layers**. This reaction led to an
interconnected and hydrophobic network of silicone coating on the surface of the aerogels®*’. Since

112

most of the hydroxyl groups on the cellulose nanocrystals are buried in the nanocrystals''“, while
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abundant hydroxyl groups on the PVA matrix are readily available for silanization, the amount of
PVA was varied to modulate the CNCs/PVA aerogel surface hydrophobicity. Four aerogels,
namely Aerogel-1, Aerogel-2, Aerogel-3, and Aerogel-4, were prepared with the same amount of

cellulose nanocrystals and ECH, yet various amounts of PVA (0.01-0.1 g) followed by silanization.

CH;SiCl

Trace water

Silicone coating

g PVA molecule

Cellulose nanocrystals

Figure 6- 2 Reaction scheme of methyltrichlorosilane with hydroxyl groups on the surface of the

aerogel.

To study the chemical structure and molecular interactions of the silanized aerogels, FT-IR
spectroscopy was performed on Aerogel-1 to Aerogel-4, with comparison to the spectra of pristine
cellulose nanocrystals and PVA. As shown in Fig. 6-3a, cellulose nanocrystals had strong
absorbances at 3340 cm™'(-O-H stretching), 2896 cm™!(-CH- symmetric stretching); and 1050 cm’
!(vibration of pyranose ring ether)>*3. PVA had strong peaks at 3450 cm™(-O-H stretching), 2920
cm’!(-CHz- symmetric stretching), and 2890 cm™(-CH- symmetric stretching). Compared to the

spectra of cellulose nanocrystals and PVA, silanized Aerogel-4 had a sharp absorbance at 1276
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cm’!, which was ascribed to the asymmetric stretching of C-Si in the C-Si-O unit of the aerogel®*’.
Additionally, a new peak appeared at 781 cm™', indicating the vibration of Si-O-Si in the silanized
sample®’’. These new peaks in the spectrum of Aerogel-4 indicated the successfully silicone
coating on the surface of Aerogel-4. Fig. 6-3b showed the FITR spectra of Aerogel-1, 2, 3, and 4.
It was noted that the absorbance at 1276 cm™ (asymmetric stretching of C-Si in the C-Si-O unit)
and 781 cm™! (vibration of Si-O-Si) became stronger from Aerogel-1 to Aerogel-4. With increase
of the PVA content, more hydroxyl groups were available to react with intermediate silanols, thus
stronger silicone coating was formed at the surface of Aerogel-4 compared to that on Aerogel-1.
As a result, the Aerogel-4 with the strongest absorbance of the silicone coating could be more

hydrophobic than its counterparts.

Aerogel-4

! CNCs
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|
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Figure 6- 3 FITR spectra of cellulose nanocrystals, PVA, and Aerogel-4 (a); FITR spectra of

Aerogel-1, Aerogel-2, Aerogel-3, and Aerogel-4 (b).

The density and porosity of the prepared aerogels were calculated according to the dimensions

and mass of the samples. As shown in Table 6-2, the volume of the samples increased as the
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content of PVA increased and their densities ranged from 22.50+1.44 mg/cm’ to 36.13+4.92
mg/cm?, which were much lower than that of water. As for porosity, all the aerogels were highly
porous with porosity ranging from 97.69+0.26% to 98.71+£0.09%. Furthermore, these ultralight
and highly porous aerogels were floatable on the surface of water, as displayed in Fig. 6-4. It could
keep intact without obvious wetting by deionized water, indicating the aerogels were also highly
hydrophobic.

Table 6- 3 Sample parameters.

Radius Height Volume Density Porosity

Samples " em) emy  MESME ) (mglem) (%)

Aerogel-1 2.15£0.06 0.85+0.06  77.87+2.12  3.08+0.41 25.82+£2.58 98.65+0.17
Aerogel-2 2.23+£0.06 1.13+0.05  99.03+0.80 4.41+0.31 22.50+1.44 98.71+0.09
Aerogel-3 2.16£0.07 1.23+£0.10 131.67+4.29 4.52+0.58 29.47+3.94 98.39+0.19
Aerogel-4  2.21+£0.06 1.26+0.08 173.23+5.29 4.84+0.55 36.13+4.92 97.69+0.26

Figure 6- 4 Aerogel-3 floating on the surface of deionized water.
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The structure and morphology of the aerogels were further investigated by SEM observation.
Fig. 6-5 showed the surface of the sinalized aerogels prepared with increasing amount of PVA.
The aerogels had continuous and interconnected porous microstructure with pore sizes varied. It
was interesting that the pore size of the aerogels decreased significantly with the increase of PVA
in the samples. The pore size of Aerogel-1 ranged from around 20 pum to several hundred
micrometers, several microns to 20 um for Aerogel-2 and Aerogel-3, whereas lower than several
microns for Aerogel-4. This indicates the content of PV A had a significant impact on the pore size
of the obtained aerogels. As demonstrated in our previous work, cellulose nanocrystals firstly
formed the percolated network with each other by hydrogen bonding, and then strongly interacted
with PVA matrix. Meanwhile, the PVA crosslinked by epichlorohydrin worked as a matrix
material in the aerogels. The morphology formation was driven by the phase separation when ice
crystals formed and demixed from the crosslinked polymer molecules, leaving behind a porous
structure upon water removal’!. The size of ice crystals decreased with the increasing content of
PVA that occupied more space. Thus removal of these ice crystals resulted in smaller macrospores
in the Aerogel-472. It was observed the structure of Aerogel-1 was more compact, and the pores in
it collapsed to certain extend after freeze-drying, resulting in a volume shrink in the appearance
and lower volume value (Table 6-2). Some collapse in the pores was observed for Aerogel-3 (Fig.
6-5¢) and Aerogel-4 (Fig. 6-5d), while Aerogel-2 was more porous, and the pores were
interconnected without obvious collapse (Fig. 6-5b). This could be due to the balanced CNCs/PVA
ratio in Aerogel-2 resulted in a relatively stronger porous structure. Cellulose nanocrystals worked
as a strong rod in the matrix to enable high mechanical strength and help the aerogels to get
recovered when the stress was released, while PVA served as a matrix material to form the 3D

interconnected continuous network. Therefore, a balanced CNCs/PVA ratio could help to obtain

124



aerogel with strong pore walls yet maintain its compressibility. This observation was also in
accordance with the result of the porosity measurement in Table 6-2, in which Aerogel-2 showed

the highest porosity value.

Figure 6- 5 SEM images of all samples at different magnifications: (a,e) Aerogel-1; (b,f)

Aerogel-2; (c,g) Aerogel-3; (d,f) Aerogel-4.

In this study, methyltrichlorosilane was employed to modify the surface property of the prepared
aerogels. As displayed in Fig. 6-6, water droplet could not penetrate the aerogels in 1 min,
indicating the surface of the modified aerogels was hydrophobic. The hydrophobic aerogels
showed high water contact angles of 95.1+£0.6°, 114.9+3.4°, 128.1+1.6°, 144.5+7.8° for Aerogel-
1, 2, 3, and 4, respectively. It was noted the samples prepared with higher amount of PVA had
higher contact angels. This was due to the higher amount of active hydroxyl groups provided by
the PV A that could react with the methyltrichlorosilane (Fig. 6-2) to generate more silicone coating

on the surface, thus increased the hydrophobicity of the aerogel.
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Figure 6- 6 Images of the samples contact with the water droplets and their contact angels. (a)

Aerogel-1; (b) Aerogel-2; (c) Aerogel-3; (d) Aerogel-4.

Importantly, the hydrophobic aerogels were physically strong for the practical applications.
When compressed in air, the mechanical performance of the obtained aerogels was superior to the
traditional silica aerogels that are typically fragile, brittle, and cannot be cyclically compressed®*
246 PV A typically forms gels by physically repeated freeze-thawing processing or glutaraldehyde-
crosslinking®. However, the PVA gels prepared by these physical or chemical crosslinking are not
compressible either. As for cellulose nanocrystals alone, the physically crosslinked cellulose
nanocrystal aerogels are too weak and usually they redisperse in liquid without a solid shape?*°.
Fig. 6-7a presented the compressive stress-strain curves of the Aerogel-2 at various compressive
strains of 20, 40, 60%. Similar to other compressible materials, hysteresis loops appeared in the
loading-unloading cycles, indicating the obtained aerogels were elastic and could be compressed
to large strain (20-60%) at relatively low stress (<35 KPa). Fig. 6-7b showed the stress-strain
response of the Aerogel-2 at maximum strain of 60% during 50 cyclic compressions. The stress-
strain curve displayed no significant change and the maximum stress kept stable, demonstrating

the excellent cyclic compressibility of the obtained aerogels. The stress-strain curves of the aerogel

231

2

showed two distinct deformation regimes that are typically observed in other open-cell aerogels
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namely an initial Hookean region during which the stress increases linearly at low strain (<45%),
and a densification regime for strain >45% with a steep increase in stress>2. Hence, similar to other
cellular materials, hysteresis loops appeared in the loading-unloading cycles, due to the mechanical
energy dissipation?*2. Furthermore, the stress remained above zero until the strain=0, suggesting
the aerogel rapidly and completely got recovered to its original status, which is consistent with the
observation in Fig. 6-7a and Fig. 6-7c. In dramatic contrast to the brittle nature of the traditional
colloidal aerogels, the aerogels can bear a large deformation and can recover their original volume
after the release of the stress. This mechanical robustness is essential for oil/organic solvent

absorbing materials*>247,
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Figure 6- 7 Compressive stress-strain curves of the Aerogel-2 at different compressive strains
(a); Stress-strain response of the Aerogel-2 at 60% of strain for fifty cycles (b); Compressive
stress versus time during fifty cycles of compression of Aerogel-2 (c); Compressive stress versus

time during fifty cycles of compression of Aerogel-4 (d).

Figs. 6-7c-d displayed the compressive stress versus time during 50 cycles of compression of
Aerogel-2 (c) and Aerogel-4 (d). It was noted that the maximum compressive stress of Aerogel-2
remained almost the same without obvious decrease compared to its original value, suggesting this
aerogel could allow a large deformation without obvious fracture or collapse. However, the

maximum compressive stress of Aerogel-4 after 50 cyclic compression decreased from its original
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value of 42.82 KPa to the final value of 25.04 KPa, indicating some compromise in function lose
for Aerogel-4. Despite this, Aerogel-4 could still bear a large deformation and could be
compressed cyclically.
6.3.2 Oil-water separation performance

For practical application, the obtained aerogels were applied as potential candidates for removal
of various oils and organic solvents from water. Aerogel-2 was selected due to its good
compressive performance. Figs. 6-8 (a-b-d-c) presented the process to remove the oil-red-colored
chloroform from deionized water using Aerogel-2. It was noted that the oil-red-colored chloroform
was completely absorbed by Aerogel-2, without any obvious residue. Fig. 6-9a showed the mass-
based absorption capacity (AC) of Aerogel-2 in various mediums, ranging from 21.24 to 32.70
times of its original weight. There are a good number of materials with various absorption
capacities to absorb oil/organic solvent, including silane-coated chitin sponge (AC: 29-58)*7,
polydimethylsiloxane sponge (4-11)**3, polyurethane/polysiloxane sponge (15-25)**°, grapheme-

)251

based aerogel (28-40)*°, silane-coated polyurethane (15-25)*%!, TiO»-coated nanocellulose

aerogels (20-40)?*8, carbon-nanotube sponge (106-312)%3

, graphene oxide-coated polyurethane
sponge (80-160)?%3, etc. The compressive aerogels in this study are potential for oil/organic solvent
cleanup due to (i) acceptable absorption capacity to a wide range of oils/organic solvents, (ii) low
cost of equipment/raw materials, and simple procedures when compared with the graphene-based
materials and carbon nanotube-based materials, (iii) good biocompatibility to the environment

when compared to some TiOz-coated materials and fossil-derived materials such as

polydimethylsiloxane, polyurethane.
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Figure 6- 8 Removal of oil-red-colored chloroform from deionized water with Aerogel-2 (a-b-d-

c).

Fig. 6-9b displayed the mass-based absorption capacity of all aerogels for uptake of chloroform.
The AC value was 28.91, 32.70, 29.24, 19.7 from Aerogel-1, 2, 3 and 4, respectively. It was noted
that the AC value of Aerogel-2 was higher than that of its counterparts, which is due to the balanced

CNCs/PVA ratio in the aerogels.
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Figure 6- 9 Absorption capacity of Aerogel-2 for uptake of different oils and nonpolar solvents

(a); absorption capacity of all samples for uptake of chloroform (b).

Recyclability: In this study, two approaches namely squeezing and washing, were applied to test
the recyclability of the Aerogel-2. Fig. 6-10 showed the absorption capacity of Aerogel-2 to
remove chloroform or hexane by squeezing in ten cycles. The absorption capacity of the Aerogel-
2 decreased as the squeezing time increased. This decreased absorption capacity for chloroform
and hexane was due to the residual organic solvents in the pores of the aerogels®>*. However, even
though the absorption capacity of Aerogel-2 decreased after ten cycles of compression, it can still
absorb 22.40 times of hexane and 29.18 times of chloroform, respectively. As shown in Video. S1,
Aerogel-2 was used to remove the oil-red-colored chloroform from deionized water. The aerogel
was recycled by squeezing out the absorbed chloroform, during which Aerogel-2 remained intact
without any visible changes in shape. After several times of squeezing, the sample could still be
used to absorb chloroform, indicating the great potential to recycle these aerogels. Meanwhile, the
samples could also be recycled by washing with other cheap organic solvents. Fig. 6-11 and Video.

S2 showed the process to wash the oil-red-colored chloroform absorbed in Aerogel-2 with ethanol.
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Initially, the sample was fully loaded with chloroform. After several times of washing, the
chloroform diffused into the medium and the aerogel turned to its original color, indicating that

the oil-red-colored chloroform had been wash out. The obtained ethanol/chloroform could be

further recycled by distillation.
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Figure 6- 10 Squeezing of Aerogel-2 to remove chloroform and hexane and it’s absorption

capacity for ten cycles.
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Figure 6- 11 Washing Aerogel-2 with ethanol to remove the red-oil-colored chloroform (a-b-d-

c).

6.4 Conclusions

In this study, highly porous, hydrophobic, and compressible aerogels were prepared from
cellulose nanocrystals with the help of the PVA, followed by thermal chemical vapor deposition
of methyltrichlorosilane on the surface. The aerogels were ultralight (density: 22.50-36.13
mg/cm?), highly porous (porosity > 97.69%), highly hydrophobic (contact angles to water droplet
up to 144.5°). Further mechanical study indicated the aerogels were mechanically strong and

compressible. When applied as absorbent to separate various oils and nonpolar solvents from water,
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the aerogels had an absorption capacity ranging from 21.24 to 32.70 times of its original weight.
Two simple approaches, including squeezing and washing, were applied to recycle the aerogels.
As a result, the aerogels could be cyclically used for up to ten times without obvious decrease of
absorption capacity. In addition, these aerogels are prepared from affordable and sustainable raw
materials by simple procedures with good biocompatibility to the environment. Therefore, they

are potential materials for the oil/organic solvent cleanup.
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Chapter 7 - Summary and Conclusions

7.1 Summary

Wood fibers, as the largest source of cellulose, are abundant worldwide, especially for the
countries with great forest area. However, currently, wood fibers are mainly used as the raw
material for paper-making and lumbering, and only 2% with high content of cellulose pulps are
used to prepare regenerated cellulose fibers, films, and some cellulose derivatives (cellulose esters
and cellulose ethers). The research effort to develop wood fibers into other materials is still limited,
and the huge value behind wood-based cellulose needs to be unveiled.

In this PhD program, some feasible approaches have been developed for the functionalization
and applications of wood-based cellulose. Firstly, wood-based cellulose could be dissolved in the
environmentally "green" and cost-effective NaOH/urea solvent system, after hydrolysis by
different concentrations of sulfuric acid at various hydrolysis times. The resultant wood cellulose
solution could form into hydrogels when subjected to heat treatment. These thermally induced
cellulose gels also exhibited an inter-connected porous morphology, good flexibility and a "matrix-
filler" structure. By altering the acid hydrolysis conditions, the 20%-12-Cellulose gel with a
balanced "matrix-filler" content possessed a uniform structure, the highest compression stress and
a good swelling ratio. This study has developed an efficient method of dissolution of wood
cellulose in an eco-friendly solvent system from which to prepare cellulose hydrogels with
adjustable properties. It has provided new opportunities to the industrial utilization of wood
cellulose.

Due to the hydrophilic nature, cellulose materials are rarely applied as interfacial compounds.
In  the second study, homogeneous and  electrostatically  stable oxidized

cellulose nanocrystals were prepared from wood pulp followed with surface modification using
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phenyltrimethylammonium chloride to create hydrophobic domains comprised of phenyl groups.
When applied to prepare oil-in-water Pickering emulsion, the modified oxidized cellulose
nanocrystals showed a dispersed phase volume fraction (DPVR) of 0.7 at around 1.5 g/L, whereas
tween-20 needed a 13-fold greater concentration to have a similar DPVR value, indicating a
smaller quantity of modified oxidized cellulose nanocrystals was required to act as a Pickering
emulsion stabilizer compared to traditional surfactant. Additionally, the size of the emulsion was
adjustable by modulating the concentration of the stabilizer, and the obtained emulsions showed
good mechanical/thermal stability when subjected to centrifugation or heat treatment. These
modified oxidized cellulose nanocrystals could be used as efficient stabilizers for emulsion
products. This identified property may allow potential applications of modified oxidized cellulose
nanocrystals in household cleaning products, cosmetic/body care products, and pharmaceutical
formula.

Moreover, cellulose nanocrystals showed excellent mechanical properties and potential
nanoreinforcement in various nanocomposites, they could be an alternative for carbon
nanotubes/graphene materials to prepare the mechanical strong yet highly compressive aerogels.
In the third study, the compressive aerogels were strategically designed by dispersing
hydrocolloidally stable cellulose nanocrystals homogeneously in aqueous PVA solution and then
crosslinked by ECH. This has led to new cellulose nanocrystals-based aerogels formed from a
percolated cellulose nanocrystal network via hydrogen bonding with the help of the crosslinked
PVA matrix. As a result, the crosslinked CNCs/PVA aerogels showed porous yet dense
microstructures and could be cyclically compressed for ten times without significant variation in
mechanical performances. It was proposed that the cellulose nanocrystals on the one hand

increased the mechanical strength of the aerogels by mechanical percolation, and on the other hand
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helped the crosslinked aerogels to get completely recovered to its original status with cellulose
nanocrystals bended and bounced back at cyclic compressive mode. PVA worked as a matrix
material to form the 3D interconnected continuous network by hydrogen bonding and chemical
crosslinking, while ECH chemically crosslinked with the hydroxyl groups on PVA, resulting in
the formation of the porous yet dense microstructures. With the outstanding mechanical
strength/robustness, and convenient preparation method using sustainable cellulose nanocrystals,
the crosslinked CNCs/PVA aerogels are novel compressive materials for many potential
applications such as super absorbents, compressible supercapacitors, and energy-absorbing
devices etc.

Finally, highly porous, hydrophobic, and compressible aerogels were fabricated from cellulose
nanocrystals with the help of the PVA, followed by thermal chemical vapor deposition of
methyltrichlorosilane on the surface. As a result, the acrogels were ultralight (density: 22.50-36.13
mg/cm3), highly porous (porosity > 97.69%), and highly hydrophobic (contact angles to water
droplet up to 144.5°). Further mechanical study showed the aerogels were mechanically strong and
compressible. The aerogels were then applied as absorbent to separate various oils and nonpolar
solvents from water. It showed that the aerogels had an absorption capacity ranging from 21.24 to
32.70 times of its original weight. Two simple approaches, including squeezing and washing, were
applied to recycle the aerogels. As a result, the aerogels could be cyclically used for up to ten times
without obvious decrease of absorption capacity. These aerogels are prepared from affordable and
sustainable raw materials by simple procedures with good biocompatibility to the environment.

Therefore, they are potential materials for the oil/organic solvent cleanup.
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7.2 Significance of this research

During the last two decades, biomaterials have attracted increasing attention with the growing
demand of environmentally green/functional products. Cellulose materials, due to their excellent
merits such as abundance in nature (annual production of ~1.5x10'? tons), biocompatibility,
biodegradability, nontoxicity, outstanding mechanical properties, low density etc., are considered
as potential alternatives to replace the traditional petroleum/fossil-derived materials. Generally,
cotton and wood fibers are the main source of cellulose materials. However, cotton fibers are not
readily available in cold areas, whereas wood fibers, as the largest source of cellulose, are abundant
worldwide, especially in the countries with great forest area. Currently, wood fibers are mainly
used as the raw material for paper-making and lumbering, only 2% with high content of cellulose
pulps are used to prepare regenerated cellulose fibers, films, and some cellulose derivatives
(cellulose esters and cellulose ethers). Canada has a forest area of 331,285K ha, the research effort
for wood fibers to develop wood cellulose-based advanced materials is still limited, and the huge
value behind wood-based cellulose needs to be unveiled.

In this PhD program, the environmentally "green" and cost-effective NaOH/urea aqueous
solvent was firstly applied on wood-based cellulose material. The wood-based cellulose gels were
then prepared via a thermally induced gelation process. This study has demonstrated an efficient
method of dissolution of wood-based cellulose in an eco-friendly solution from which to prepare
cellulose gel targeted toward biomedical materials. This has provided new opportunities to
facilitate the industrial utilization of wood-based cellulose.

Additionally, in this PhD program, the TEMPO-oxidized cellulose nanocrystals were firstly
reported to have enhanced interfacial property for Pickering emulsion stabilization. The Pickering

emulsions were prepared without addition of any traditional surfactants but only much lower
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quantity of bio-based cellulose nanocrystals. When subjected to centrifugation or heat, the
obtained Pickering emulsions showed good mechanical/thermal stability without obvious phase
separation or significant size variation. This identified property may allow potential applications
of cellulose materials in household cleaning products, cosmetic/body care products, and
pharmaceutical formula.

Since cellulose nanocrystals show excellent mechanical properties and potential
nanoreinforcement in various nanocomposites, they could be an alternative for carbon
nanotubes/graphene materials to prepare the mechanical strong yet highly compressive aerogels.
This research is the first time to investigate into the compressive CNCs/PV A aerogels. The role of
each component in the aerogels was further discussed and the mechanism of compressibility was
proposed. The fundamental knowledge gained in this study could help for the rational design of
cellulose nanocrystals-based compressive aerogels. More importantly, the fabrication of the
compressive aerogels was optimized and functionalized. The obtained absorbents were then
applied for oil/organic solvent cleanup. The large-scale production of the absorbents in industry
for oil/organic solvent removal is possible, due to the acceptable absorption capacity to a wide
range of oils/organic solvents, low cost of equipment/raw materials, good biocompatibility to the
environment, and good recyclability.

Overall, this research provides several feasible approaches for functionalization and application
of wood-based cellulose materials, which could unveil the commercial benefits of wood resource

in Canada.
7.3 Recommendations for future work

This research focused on the fabrication of advanced functional materials including wood-based

cellulose hydrogels, wood-based Pickering emulsion stabilizer, wood-based compressive aerogels,
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and wood-based oil absorbents, aiming at the functionalization and application of wood-based
cellulose materials. Based on the current work, some interesting ideas that worth of further
investigation are inspired as follows:

(a) The fabrication of wood-based cellulose hydrogels in the NaOH/urea aqueous solvent was
successfully carried out. The obtained hydrogels showed good mechanical properties and porous
structure. These current hydrogels could be further prepared into dried gels or aerogels targeted at
the cleanup of pollutants in the oil sand industry. The performance of the dried gels or aerogels
could be optimized by adjustment of the processing parameters including the temperature, pressure,
drying time, and drying methods (air drying, vacuum drying, freeze drying, or even supercritical
drying). Moreover, in order to boost the performance of the dried gels or aerogels to clean up the
pollutants, pore maker such as CaCOs3 could also be used in the preparation process, and the effect
of the pore maker on the performance of the gels could be investigated.

(b) Since cellulose materials are biocompatible, biodegradable, nontoxic, and the wood-based
cellulose hydrogels prepared in this study showed good water-holding capacity and good
mechanical strength, it would be worthwhile of studying the feasibility of the wood-based cellulose
hydrogels as transdermal drug delivery system. Since most of the current drugs are sensitive to the
harsh environment in human gastrointestinal tract, and it’s challenging to avoid the first-pass effect
in liver, some transdermal drug delivery systems could be developed using wood-based cellulose
hydrogels as matrix. Some drugs, such as traditional Chinese medicines, nitroglycerin, could be
loaded into the hydrogel matrix.

(c) In the current study, the modified oxidized wood-based cellulose nanocrystals showed
enhanced emulsifying properties to stabilize Pickering emulsions with excellent

mechanical/thermal stability. In order to develop emulsion products for personal care, cosmetic
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and pharmaceutic industries, further safety evaluation of the products needs to be systematically
studied.

(d) The CNCs/PVA aerogels with good compressibility and mechanical robustness have been
fabricated in the current study. These aerogels were further optimized and developed into
compressive aerogels for oil/organic solvent removal. These mechanical strong but highly
compressible aerogels could be further developed into compressible supercapacitors, or energy-

absorbing devices.
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Appendix

Content of phenyltrimethylammonium (CP)

The content of phenyltrimethylammonium (CP) was calculated according to the following

equation:
CP%=N%/14x136 (1)

where N% is the nitrogen content (%), 14 and 136 stand for the relative atomic mass of nitrogen
and molecular weight of phenyltrimethylammonium group, respectively. The content of
phenyltrimethylammonium (CP) on the surface of m-O-CNCs-1, m-O-CNCs-2 and m-O-CNCs-3

was calculated to be 9.42%, 15.36%, and 18.77%, respectively.
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Figure S 1 (a-e) Optic microscopic images of the hexadecane/water Pickering emulsions
stabilized by m-O-CNC-1 at various concentrations. (a) 0.5 g/L (b) 1.0 g/L(c) 2.0 g/L (d)4.0 g/L

(e) 5.0 g/L. Scale bar: 10 pm.
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Figure S 2 (a-e) Optic microscopic images of the hexadecane/water Pickering emulsions
stabilized by m-O-CNC-3 at various concentrations. (a) 0.5 g/L (b) 1.0 g/L(c) 2.0 g/L (d)4.0 g/L

(e) 5.0 g/L. Scale bar: 10 pm.
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Figure S 3 Image of CNCs/ECH.

Figure S 4 Compression images of the Aerogel-6 (a) and PVA-ECH sponge (b).
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Video S 1 Removal of oil-red-colored chloroform from deionized water with Aerogel-2.
Video S 2 Rinsing Aerogel-2 with ethanol to remove the red-oil-colored chloroform and maintain

its absorption capacity.
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