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Abstract

The need to transition to more sustainable and renewable technology has resulted in a focus on the
two bio-renewable polymers, cellulose and lignin. Cellulose nanocrystals (CNCs) and lignin can
be the materials of the future, with the potential of replacing currently used synthetic materials.
CNCs are naturally hydrophilic due to the abundance of hydroxyl (-OH) groups on their surface,
making them an excellent recipient for functional composite materials. However, their
hydrophilicity is a deterrent to many industries, subsequently limiting their application scope. In
either light, the increased rate of progress using CNCs in advanced material applications is well
underway and is becoming applicable on an industrial scale. Lignin, a biopolymer found in
biosphere, is a by-product of pulp industries. Due to its chemical structure, it can be used as a UV-
stabilizer, antioxidant, antiradical, and antimicrobial biopolymer in material applications.
However, because of its complexity in structure and inconsistencies in properties associated with
differences in the source and extraction process, the use of lignin in specialty materials is limited.
Nanoparticles of renewable polymers have gained an interest in academia due to the advantageous

properties they offer. Thus, the synthesis of lignin nanoparticles can be of relevance.

Epoxy is an extensively used polymer in several applications such as coatings, adhesives, structural
composites, etc. However, it is a poor ultraviolet (UV) absorber and suffers from UV- degradation,
which usually leads to discolouration and loss of structural integrity. In this study, cellulose
nanocrystals (CNCs) conjugated with UV absorber molecules were investigated as a functional
nanomaterial to enhance the UV absorption of epoxy polymers. The grafting of a UV absorbing
molecule, para-aminobenzoic acid (PABA), on the surface of CNC was confirmed using FTIR,
proton NMR, and via elemental analysis. The modified CNC was then incorporated into an epoxy

polymer and its efficacy in mitigating the photo-degradation of epoxy was evaluated. The
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incorporation of native CNC displayed some UV absorption and reduction in the UV mediated
discolouration of the epoxy, but the most pronounced effect was obtained in PABA decorated CNC
based epoxy nanocomposites. The use of such tailored CNCs has great potential to mitigate the
UV induced degradation of a range of polymers that are used especially in outdoor applications

where direct exposure to UV is significant.

Lignin, an aromatic, renewable, and biodegradable material offers many unique properties. The
potential of lignin can be valorized with the synthesis of nanoparticles. In this study, lignin
(Dealkaline lignin) was used to produce lignin nanoparticles (LNP) through top-down and bottom-
up processes. LNPs produced through a top-down process used ultrasonication as the source of
energy to break down the larger molecule. A shift in pH was used inthe bottom-up approach, where
LNPs were synthesized in three different solvents: water, glycerol, and ethylene glycol. LNPs
produced were characterized, analyzed and compared through different methods. LNPs
synthesized through different approaches maintained a similar structure. LNPs with functional
attributes such as UV-absorbing and antioxidant properties can be used for functional material

applications.
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CHAPTER 1: Introduction
1.1. Motivation

There is an increasing demand for polymeric functional materials as civilization is progressing
towards technical advancement. Plastic production has been increasing since the latter half of the
last century due to increasing demand for it 1. By 2015, global production of polymer resins and
fibers has increased to 380Mt from 2Mt in last 65 years !. From construction, automobile,
industrial, medical, food packaging, to household items, polymeric items have made an
irreplaceable place in one's life. A majority of these polymeric items originate from fossil fuels.
There are two major concerns related to using fossil-based polymers. Depleting source of fossil
fuels due to increasing demands is the first concern. Secondly, the use of it leaves a negative impact
on environment, which is detrimental to global climate issues. Due to these arising concerns, there
has been a focus on using natural polymers derived from biomass for material applications.
Cellulose, lignin, starch, chitosan, protein, triglycerides, and natural gums are an interesting

nature-derived and renewable feedstock for advanced functional material applications.
1.2.  Components of Biomass

In the biosphere, widely distributed lignocellulose can be derived from wood, grass, agricultural
residues, and forestry materials 2°. While there is variation in the composition depednding on the
source, the primary components in lignocellulosic biomass are cellulose, hemicellulose, and lignin.
In general, a comparison of the softwood versus with hardwood the composition of cellulose,
hemicellulose and lignin are shown in Table 1. Figure 1 shows the alignment of cellulose chain

encompassed in a hemicellulose and lignin matrix.



Table 1. Composition of Hardwood and Softwood **

COMPONENT \ HARDWOOD SOFTWOOD
Cellulose 40-55% 45-50%
Hemicellulose 24-40% 25-35%
Lignin 18-25% 25-35%

Cellulose is a major source for pulp and textile industries. Cellulose is a homopolymer with a linear
chain consisting of six-carbon rings, which are anhydro-D-glucose unit (AGU) monomers linked
with a B (1 — 4) glycosidic bonds *>®. Cellulose is a rigid and stiff polysaccharide known for its
excellent tensile strength 7. It contains amorphous and crystalline structures. The amorphous region
can be easily broken through chemical treatment, but on the contrary the crystalline part is hard to

break due to strong hydrogen bonding 8.

Cellulose nanocrystals (CNC) extracted from cellulose is in demand due to its renewability,
biodegradability, high strength, low density, high crystallinity, high aspect ratio, and unique optical
properties %1%, Due to its excellent reinforcing capabilities CNC is used in polymeric matrix such
as polylactic acid, polyethylene oxide, polyvinyl alcohol, polyamide-6 to improve mechanical
strength of the composite -4, CNC has large number of hydroxyl groups, which allows for many
chemical modifications including, but not limited to: sulfonation, esterification, etherification,
amidation, silylation, carbonization, oxidation, urethane linkages via isocyanates '>'°. As a result,
some applications for which CNC can be used include CNC barrier coating, superhydrophobic

CNC, antimicrobial CNC, and CNC micelles for drug delivery .

Hemicellulose is a branched polysaccharide. Hemicellulose has lower molecular weight than
cellulose, and can be easily hydrolyzed into monosaccharides °. Hemicellulose is composed of

different sugar units: D-xylose, D-mannose, D-galactose, D-glucose, L-arabinose, 4-O-methyl



glucuronic, and D-galacturonic, connected through g — 1,4 — glycosidic and f— 1,3 —

glycosidic bonds 3.
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Figure 1. Structure of lignocellulose including cellulose, hemicellulose and lignin'8.

Lignin has a 3-D amorphous phenolic structure. It consists of three phenylpropane monolignols.
Polymerization of guaiacyl, syringyl and p-hydroxyphenyl units forms complex lignin . In
industry, lignin is produced as a by-product of pulping processes. Since various industries employ
different types of pulping and extraction processes, it typically leads to heterogeneity and diversity

in technical lignin. Lignin has UV-absorber, antioxidant, antiradical, and antimicrobial properties

2021 These advantageous properties can be enhanced with the use of lignin nanoparticles.

Recently, efforts have been made on producing lignin nanoparticles through various methods 2!~
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1.3. Research Objective

The main goal of this research was to utilize renewable biopolymers for advanced applications.
Cellulose nanocrystals have many beneficial properties, which have attracted many researchers for
using it in advanced functional materials. Chemical modification of CNC with functional groups
can be useful for tailored applications. Lignin is another biopolymer with aromatic structure.
Valorization of lignin for value-added application is in demand. Thus, this research focused on the
utilization of these two biopolymers for material applications. The specific research objectives

were:

1. Decoration of CNC with UV absorbing agent and incorporation in polymers to reduce or
avoid UV-mediated degradation of the polymers.
2. Synthesize lignin nanoparticles through the bottom-up and top-down method and evaluate

their properties for material applications.
1.4. Hypothesis
The main hypothesis of this work are:

1. CNC can be sucessfuly modified with absorbing molecule. The modified CNC would be
compatible with epoxy matrix.

2. Epoxy-CNC can mitigate disocolarion due to UV-irradiation.

3. Lignin nanorparicles can be synthesised through different methods without compromising

the main structure and its properties.
1.5.  Thesis Outline

This thesis is comprised of five chapters: introduction, literature review, two experimental research

projects, and finally conclusion and recommendations. The literature review describes in detail the



background information on cellulose, cellulose nanocrystals and lignin. Next, two chapters discuss
the experimental research work. The third chapter discusses the decoration of CNCs with UV
absorber molecule, para-aminobenzoic acid using a coupling agent. The modified CNC was further
characterized to confirm the chemical reaction and change in properties. Addition of modified
CNC in epoxy composite is discussed, along with composite characterization after UV-irradiation.
To the best of our knowledge, the use of decorated CNCs to inhibit UV-mediated degradation of
epoxies has not been reported before, and this study showed promising results. Chapter four
presents the fabrication of lignin nanoparticles from dealkaline lignin. The use of ultrasonication
to produce lignin nanoparticles was investigated in detail. The next approach employed to produce
nanoparticles was the pH-shift method in three different solvents: water, glycerol and ethylene
glycol. The nanoparticles produced via the various approaches were characterized form material
application perspective. While few studies have reported either high shear (e.g. ultrasonication) or
pH-shift process to produce lignin nanoparticles, no study has provided comparison of the methods

in terms of the particle size, surface charge, or their dispersibility.



CHAPTER 2: Literature Review: Trends in Advanced Functional Material Applications of

Cellulose Nanocrystals (CNCs) and Lignin Properties and Use
2.1.  Functional Material Applications of Cellulose Nanocrystals
2.1.1. Introduction

Cellulose, lignin, starch, chitosan, protein, triglycerides, natural gums, and polyphenols constitute
an interesting nature-derived feedstock for advanced material applications. Cellulose, reneable
feedstock, has an approximate annual production of 10! tons 2423, As such, it has been an immense
source for the paper and textile industries for thousands of years. Cellulose is a homopolymer with
a linear chain of six-carbon ring, anhydro-D-glucose unit (AGU) monomers. Each AGU monomer

in a chair conformation is linked with a B (1 — 4) glycosidic bonds >9.

Overall, cellulose is a rigid and stiff polysaccharide that has tensile strength comparable to other
commercial fibers such as carbon fiber 7. Reinforcement of high melting temperature polymers
with modified biomass has extensively been reported 263!, Likewise, it has also been extensively
reported that the addition of cellulose fibrils in various forms to produce polymeric composites
can greatly enhance the mechanical properties of the base polymeric materials at significantly
lower loadings compared to other biomasses 121432734 Forms of cellulose fibrils can range from
cellulose powders to microcrystalline cellulose and nanocrystalline cellulose. In the last two
decades, a substantial and continuing interest in the utilization of cellulose nanoparticles in
material applications has been observed. This is accrued from a breakthrough in the largescale
production of nanocellulose, as well as their multifaceted benefits in traditional polymer
composites and functional materials. Nanocellulose is a material extracted from cellulose which

25,35

has one or more dimensions in the nanometer range of 100 or less >, and considered as the next



generation of renewable reinforcing agents for the production of biocomposites, and especially for

advanced functional materials applications.
2.1.1.1.Nanocellulose

Nanocellulose is a generic name referring to different cellulose nanoparticles (CNPs) such as
bacterial cellulose, microbial cellulose, cellulose nanocrystals, cellulose nanofibrils, cellulose
nanofibers, and cellulose nanowhiskers 3. Amongst the variety of CNPs, the two major structures
are cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) 1925, The extraction process of
these two structures from the feedstock and their morphology are the two main differences between
these CNPs %37, Cellulose nanocrystals are extracted through chemical processes such as
hydrolysis and they have a rod -like structure. Contrarily, cellulose nanofibers contain web-like

network and are mainly extracted through mechanical and chemo-mechanical processes 71937,

Similar to other bio-based materials used for advanced materials applications *%3, the renewability
and biodegradability, high strength, low density, high crystallinity, high aspect ratio, and unique
optical properties make CNCs highly desirable materials in several advanced and functional
material applications *!°. CNCs can be isolated from bioresources such as wood, cotton, hemp,
linen, flax, tunicate (aquatic invertebrate) 7210343537 Tt can also be generated by a bottom-up
methods or biosynthesis from simple molecules. Bacterial nanocellulose produced by bacteria and
algae via fermentation of sugar is a typical example of such bottom-up approach #°. The properties
of CNCs can vary depending on bio-sources and the extraction process used. Some of the
extensively researched material applications of CNCs include plastic composites, paints and
coatings, packaging films, cement, rubber products, biomedical applications (e.g. pharmaceuticals,

diagnostic imaging, drug delivery, tissue engineering materials), sensors, and many more 63641,



CNC aggregation, surface energy and incompatibility with large number of matrices are some of

the challenges associated with CNC for these applications.
2.1.1.2. CNC Characteristics

Cellulose exists in seven allomorphs: Cellulose 1, Ig, IL, 111y, Iy, IV; and 1Vy;, where cellulose 1

is the most crystalline structure with the highest axial elastic modulus ®%. The two polymorph of
cellulose I, cellulose I, and Ig, coexists where Ig is more thermally stable than I, due to weaker
hydrogen bond in I, **. CNC contains 64-98% Iz depending on the source **. CNCs are found in
rod shapes. Typically, they can be 3-5 nm wide and 50-500 nm long *°. However, CNC from
tunicate can be as wide as 20 nm ¥. The larger dimensions for CNCs derived from tunicate is a
result of highly crystalline tunicate cellulose, which contains less amorphous regions that leave
behind larger crystalline region *2. One of the most attractive properties of CNC is its high aspect
ratio. This is because the functional application of CNC is dependent on the aspect ratio in several
cases. For instance, the use of CNC as a reinforcing agent relies on its higher aspect ratio. On the
other hand, CNCs with uniform crystallinity and lower aspect ratio are beneficial in renewable

liquid crystals applications ##

. Table 2 shows that the variation in aspect ratio of nanocrystals
depending on the source of CNC. Overall, nanocrystals derived from sea plants and animals have

significantly higher aspect ratio as compared to those extracted from wood and cotton.

Table 2. Aspect ratio of CNC derived from different sources

Source Length (nm) Width (nm) Aspect Ratio® Reference
Bacterial 640-1070 12-22 50 45
Cotton 100-300 4-10 29 25
Flax 100-500 10-30 15 46
Ramie 150-250 6-8 29 47
Sisal 150-350 3-5 62 48
Valonia (Sea plant) 1000-2000 20 75 25
Tunicate (Sea animal) | 500-2000 10-20 83 25
Wood 100-200 3-15 17 25




Aspect Ratio"= Aspect ratio calculated using average length and width

It is important to highlight that cellulose nanocrystals are a highly crystalline fraction of cellulose.
CNCs have degree of crystallinity of 54-88% depending on the amorphous content present in the
feedstock, and the production process *°. Nanocrystals derived from tunicate have been reported
to have the highest crystallinity, which ranges from 85-100% 3°. As a result of the higher
crystallinity caused by hydrogen bonding, cellulose nanocrystals are rigid and stiff. CNCs are also
rich in hydroxyl groups (-OH) since each AGU unit offers one primary and two secondary -OH
groups leaving it open to endless modification and functionalization possibilities 3°. Moreover, the
high surface area to volume ratio of CNCs further facilitates surface functionalization or other -

OH chemistry efforts making it suitable for various advanced functional material applications +°.

Due to the sheer numbers of published review articles on CNCs with focus on their modifications
and applications towards polymer composites and nanocomposites, extraction and purification
processes and determinations of their properties and characteristics just to mention a few, these
subjects will only be highlighted. To the best of our knowledge, only few review articles were
published on advances in applications of CNC covering several topics. However, due to growing
interest, research being conducted and achieved on CNC continually and especially in niche areas
such as wettable surfaces, coatings, several applications of biotechnology and electronics, there is
need to produce updates and disseminate the new developments achieved and knowledge gained.
Therefore, this review focuses on the current advanced material functionalization of CNCs geared

towards these areas.



2.1.2. Cellulose Nanocrystals in Wettable Applications

Wettability of a substrate or surface is the ability of that surface to create intermolecular
interactions such as cohesive and adhesive forces when typically in contact with a liquid. The
degree of wettability is determined by the aforementioned forces which also govern the contact
angle (CA) between the substrate and liquid. The CA subsequently determines if a material or
substrate is hydrophobic, hydrophilic or in those extremes. In recent years, many researchers have
been drawn towards the development of hydrophobic nanomaterials due to the increasing demand
in both academic and industrial sectors. Hydrophobicity is an important property to determine the
application of nanocomposites. Hydrophobic materials with self-cleaning, antifouling, water
repellency, and reduced friction properties are highly desirable for industrial applications. CNCs
are known for their strength and commonly used as reinforcing agents. However, the application
of CNC is currently limited because it cannot be readily incorporated into many polymer matrices
that are typically hydrophobic due to its high hydrophilicity. Thus, hydrophobic modification of
CNC can lead to better dispersion in non-polar and hydrophobic matrices. Furthermore,
hydrophobic CNC surfaces can also be used as a coating agent for marine vehicles, biomedical
devices, windows, textiles, paints, and many other applications. The advancement of hydrophobic
CNC surfaces can open doors to many commercial applications of this rich biopolymer found in

nature.

In nature, butterfly wings, lotus, and other plant leaves are greatly studied for their
superhydrophobicity %!, Lotus leaves are known for their self-cleaning properties and have
hierarchical rough structure containing two levels of roughness *°. Superhydrophobic properties of
lotus, known as lotus-effect, have inspired the synthesis of many artificial hydrophobic materials.

An important aspect to study while investigating hydrophobicity is the water contact angle (WCA).
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A hydrophilic material has a WCA of less than 90°, a hydrophobic material has a WCA higher
than 90° while materials displaying WCA greater than 150° are superhydrophobic >!°2. Various
relations including Young’s equation, Wenzel equation and Cassie equation have been developed
to determine WCA >!. Along with water contact angle, another important characterization property
of hydrophobicity is sliding angle. Sliding angle is a measure of tilt angle between the surface and
substrate droplet at which droplet starts to roll off of the surface. Superhydrophobic material has

sliding angle less than 10°, which is often used to describe the anti-water repellency property '3,

Hydrophobicity can be controlled through chemical modification or surface roughness. Reduction
of surface energy through chemical modifications and enhanced roughness are both the factors
that must be simultaneously controlled to achieve superhydrophobicity 4. Preparation of
superhydrophobic materials involves harsh chemical and physical treatments. Chemical
modifications to obtain hydrophobicity include attachments of low surface energy molecules such
as fluorinated agents >, silanes 34, organic hydrophobic chains ¢ and etc. Table 3 lists various
chemical treatments and attachments to cellulose -based materials such as cotton, paper, and

cellulose nanocrystals.

Table 3. Hydrophobic treatment of Cellulose-based materials.

Surface Modification WCA Reference

CNC Pentafluorobenzoyl chloride 112° 55

CNC Castor Oil 97° 56

CNC Stearyltrimethylammonium chloride ~ 71° 57

Cotton Silica sol treated with PFSC 145° 58

Paper TEOS and  tridecafluorooctyl 170° 53
triethoxysilane

Although chemical modification has been the traditional approach to functionalize the surface of
a material for a number of applications, a recent trend in enhancing the surface roughness provides

some interesting hydrophobic characteristics in several materials. Increasing surface roughness

11



plays a key role in enhancing water repellency >%. In this, air, which is very hydrophobic (water
contact angle 180°) gets trapped between the grooves of the roughness >°. When a water droplet
rests on the surface it comes in contact with the entrapped hydrophobic air leading to

59

hydrophobicity enhancement Surface roughness strategies such as etching, laser,

electrospinning, etc. are commonly used >0,

Salajkova et al.’” employed quaternary ammonium salts modification to bring about hydrophobic
modification of CNC:s. In this study, four different quaternary ammonium salts were used for the
CNC modification. Figure 2 shows the attachment of (1) stearyltrimethylammonium chloride as well
as the structure of other three quaternary ammonium salts (2) phenyltrimethyl-ammonium chloride, (3)
glycidyl trimethylammonium chloride, (4) diallyldimethylammonium chloride *”. The highest WCA for
stearyltrimethylammonium chloride modified CNC was 71°. Although great improvement was
observed in WCA of the CNC surface, a higher WCA (> 90°) is typically desirable for employing the

hydrophobicity of CNC for advanced material applications.

Silica nanoparticles are widely used for hydrophobic modification of cellulosic materials.
Tetraethyl orthosilicate (TEOS) prepared through sol-gel process was used for the hydrophobic
treatment of cotton fabric . Silica is not hydrophobic, therefore fluorinated silane and alkylanated
silane, or other alternative water repellent agents are commonly used to achieve water repellency
61, Silica, TEOS, sol-treated with perfluorooctylated quaternary ammonium silane coupling agent

(PFSC) showed water contact angle of 145° proving PFSC to be very effective 8.

12
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Figure 2. CNC modified by Quaternary Ammonium Salts. Adapted from Salajkova et al.’” RSC
copyright © 2012.

Paper, a major product from cellulose, was coated with TEOS sol and tridecafluorooctyl
triethoxysilane to produce a hydrophobic surface 53. The modified paper had a WCA greater than
1700 and sliding angle less than 70 displaying superhydrophobic properties 53. Instead of only
using silica nanoparticles, the treatment of silica with fluorinated compounds often offers better
water repellency. Salam et al.55 reported fluorine-based modification of nanocellulose to obtain
hydrophobic and oleophobic properties. Figure 3 shows the modification of CNC surface through
fluorinating agents. The modified CNC displayed a water contact angle of 1120 and maintained
800 even after 1,200 seconds 55. However, due to the surface modification, the crystallinity of
cellulose nanocrystals was slightly modified. The modified CNC had a crystallinity index of 82%

while the unmodified CNC displayed a higher crystallinity index, 91% 55.
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Figure 3. Hydrophobic modification of CNC via fluorine-based agents. Adapted from Salam et
al. 3. Springer copyright © 2015.

Shang et al.56 has reported another approach of producing hydrophobic CNC, by attaching castor
oil on the surface of the CNC. Castor oil containing hydroxylated fatty ricinoleic acid triglyceride
(RTA), was attached to CNC surface via grafting-onto modification approach while using
diisocyanate as a coupling agent 56. Only one hydroxyl group was maintained active while other
two were terminated in order to link one end of diisocyanate with castor oil and another with the
CNC. Successful grafting led to a reduction in the surface energy. The increase in water contact
angle of grafted material to 970 also suggested hydrophobicity of the nanocellulose 56. The

resulting material was dispersible in non-polar solvents such as toluene and ethyl ether 56.

Hydrophobic surfaces provide the advantage of efficient and enhanced performance of materials
when used in targeted applications. Hydrophobic and superhydrophobic surfaces are highly
desirable for marine equipment coating. Watercrafts, marine platforms, offshore rigs, and jetties

are highly vulnerable to fouling. As a result, operational and maintenance cost for sustaining water-

14



based structure is relatively high. Thus, hydrophobic surfaces with the correct combination of
surface roughness and chemical modification can reduce the wetting behavior that result in
minimizing attacks from marine organisms and corrosions. CNCs with great reinforcing ability
can be modified to achieve both superhydrophobicity and antimicrobial properties. Dual function

CNC can greatly enhance the performance of underwater objects and marine equipment.

Surface containing hydrophobic coatings is desirable for self-cleaning windows, satellite dishes,
solar energy panels, photovoltaics, exterior architectural glass 51. Furthermore, water repellent
paper can have practical applications for valuable printable paper, filter paper, packaging and
photographs 59. Recently, textiles with water repellency, anti-stain and self-cleaning properties
are of interest in outdoor sporting textile applications 61. Due to the increasing demand of
hydrophobic materials, researchers are developing various approaches for hydrophobic
modification of CNCs. Despite numerous research being conducted in this field, commercial
applications of hydrophobic and superhydrophobic materials is limited due to susceptibility of

CNC:s to environmental degradation over time 53,62.

Zhou et al. recently developed a superhydrophobic micro-fibrillated cellulose aerogel (HMFCA)
to efficiently separate oil from water 63. In this study, silanization in an ethanol solution containing
methyltriethoxysilane (MTES) was used to modify the aerogel by introducing polysiloxane groups
on the surface of the HMFCAs. Prior to silanization, the HMFCA was oxidized to introduce
hydroxyl groups, which was used as anchor points for the silanization process. The polysiloxane
groups are highly water repulsive (hydrophobic) while allowing the absorption of oil (lipophilic)
into the porous structure of the aerogel. The resulting modified aerogel when immersed in oil-
contaminated water exhibited oil selective capability of up to 159 g/g. Experimental runs after 30

cycles revealed a reusability capacity of up to 92 g/g which was approximately 58%. Figure 4(a)
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shows the contact angle of the unmodified HMFCA and modified HMFCAs with different MTES
concentrations of 1, 2 and 3 mL which correspond to HMFCA-1, HMFCA-2 and HMFCA-3,
respectively. It was observed that the contact angle increased with increasing MTES concentration
up to 151.80, indicating its superhydrophobic nature. Figure 4(b), (c) and (d) show the before and
after modification of the aerogels and flotation of the modified aerogel in water due to the reduced
surface energy created by the modification process. Figure 4(e) shows the possible reaction scheme
for the modification of the hydrophilic aerogel into lipophilic aerogels. This study shows the great

potential of micro-fibrillated cellulose and possibly nanocellulose to be used on a large scale for

oil spill clean ups from offshore rigs and leaking underwater pipelines.

135.6 151.8
a &
C YL '

MFCA
b \ FCA

i )

' ©6066 6 ¢

©6 665 6 0666 66
€

e®e¢

MF( Polysiloxane Particles

Figure 4. (a) Contact angle measurement of unmodified and modified MFCAs with 1, 2 and
3mL MTES concentrations. (b, ¢c) Water/oil selectivity of unmodified MFCA and modified
MFCA with 3 mL of MTES with both water and oil absorbed in the unmodified MFCA while
only oil is absorbed in the modified MFCA. (d) Modified MFCA floating on water while
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unmodified MFCA sinking into water. Adapted from Zhou et al.®*. ACS publications copyright
© 2016.

Water/oil selectivity of unmodified MFCA and modified MFCA with 3 mL of MTES with both
water and oil absorbed in the unmodified MFCA was observed, while only oil is absorbed in the
modified MFCA. Oil-water separation tests were also performed using a stainless-steel mesh
treated with the superhydrophobic CNCs. Different oils such as toluene, N-haxane, xylene and
cyclohexane were used to determine the efficiency of the treated mesh in separating the oil from
the water while reusing the mesh for 40 cycles. The result from this test revealed that the mesh
was able to efficiently remove all types of oils with a separation rate of at least 97.37%. Analogous
to the above work, oil/water separation using superhydrophobic cotton fabric coated with CNC
has been published and shown to have excellent results with a 98% separation efficiency with the
coated cotton fabric capable of being reused without detriment to the separation efficiency . The
reusability, durability, and efficiency of oil-water separation most likely stems from the strong
covalent bonds on the cellulose surface, as well as the excellent mechanical properties of the
cellulose nanocrystals such as the strength, stiffness and wear resistance. Similar to the study by
Zhou et al. %3, these works demonstrate the capability of superhydrophobic CNCs when geared

towards applications such as water contaminant separation.

In a similar study by Huang et al, CNCs were treated with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane in the liquid phase through water-ethanol-toluene exchanges to
produce superhydrophobic CNCs . In this reaction, the trichlorosilane groups react with the
hydroxyl groups of the CNCs to form a covalent bond, while leaving the highly fluorinated tail
dangling. The group reduces the surface energy and therefore makes it superhydrophobic. The
superhydrophobic CNCs were then applied to different substrates such as wood, glass and

stainless-steel mesh. Each substrate was first sprayed with a quick-drying adhesive before being
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sprayed with the superhydrophobic CNCs and allowed to dry. Self-cleaning and water contact
angle tests were performed on the treated substrates and are shown in Figure 5. It can be observed
from Figure 5(a) and (b) that the coated wood and glass substrates exhibited superior hydrophobic
characteristics with high contact angles of 158 and 156 degrees, respectively. The self-cleaning
efficiency of the uncoated and coated substrates with the superhydrophobic CNCs can be observed
in Figure 5 (c) and (d), respectively. The high degree of self-cleaning can be applied to marine
equipment and vessel surfaces, thereby allowing for increased buoyancye and reduced need for

1.5 might pose a

expensive and frequent maintenance. Though, the substrate used by Huang et a
challenge when it comes to large scale application due to the weight and possible high cost, it is
highly durable and can withstand impacts and bumps over several cycles. Those used by Zhou et

[. % are light-weight, readily available and can be mass produced. However,

al. % and Cheng et a
it might not be as durable as the stainless-steel material in the long run. Regardless of the choice

of material, the application of modified CNCs for superhydrophobic material applications is

promising and on track for industrial scale use.

@ Uncoated

Figure 5. Demonstration of superhydrophobic coating from modified CNC with high contact
angle on wood (a) and glass (b). Self-cleaning capability of uncoated (c) and coated (d) wood.
Adapted from Huang et al.®*. Elsevier copyright © 2018.
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Recently, Gou et al. ® developed a process to modify the surface of nanofibrillated cellulose (NFC)
films to render portions of the films either superhydrophobic or superhydrophilic. In this process,
the NFC film was immersed in trichlorovinylsilane (TCVS)-toluene solution to allow for the
growth of TCVS silicone nanofilaments on its surface. Through hydrolysis and polycondensation,
to form crosslinked porous polymeric silicone nanofilaments on the surface (TCVS-SNFs) were
formed. This film was further modified to form superhydrophobic surfaces by exposure to
ultraviolet light in the presence of hydrophobic thiol compounds such as 20% (v/v) 1H, 1H, 2H,
2H-perfluorodecanethiol solution in ethyl acetate or 20% (v/v) 1-butanthiol in ethanol. In order to
selectively form superhydrophilic surfaces on the superhydrophobized film, it was further exposed
to ultraviolent light in the presence of cysteamine or 2-mercaptoethanol as hydrophobic moieties,
leaving only areas which was intended to be exposed to a UV light. The use of ultraviolent light
was to catalyze the reaction between the TCVS-SNFs on the surface of the film and the
hydrophobic moieties and between the hydrophobic moieties and the hydrophilic moieties through
photo-induced thiol-ene reaction. Likewise, a slippery NFC surface was created by incorporating
lubricant fluid into an already superhydrophobic NFC films until complete saturation of the fibrils
was acheived. Figure 6 (a) demonstrates the process of superhydrophilic-superhydrophic dual
surface modification of an NFC film using photo-induced thiol-ene reaction by UV light exposure.
Figure 6 (b) shows the mapping of dual superhydrophobic-hydrophilic surfaces using secondary
ion mass spectrometry coupled with time-of-flight mass analysis which was used to determine the
elemental and molecular identities of the dual surface. Further geometric designs were made and
are shown in Figure 6 (c), with different patterns of the hydrophobic-hydrophilic surfaces using
dyed water solutions to clearly identify each region. The mechanism of reaction, stepwise

functionalization, and modification of the NFC films to form both super - hydrophobic and

19



hydrophilic surfaces and slippery NFC films are shown in Figure 6 (d). Such findings can lead to
an extensive utilization in biotechnology and biomedical applications such as specifically designed
films, which can be used to repel or attract specific biological moieties in the body due to their

polar or nonpolar characteristics.
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Figure 6. (a) Modification of NFC films to produce superhydrophobic/superhydrophilic patterns.
(R1 and R2 — superhydrophobic and superhydrophilic moieties grafted on NFC film surfaces, (b)
secondary ion mass spectroscopy with time of flight 2D mapping of
superhydrophobic/superhydrophilic modified films with both positive (left and right) and
negative (middle), (c) films designed with different patterns of
superhydrophobic/superhydrophilic surfaces and highlighted with dyed water solutions. Adapted
from Gou et al.%®. ACS publications copyright © 2016 and (d) schematic of plausible chemical
reactions to achieve superhydrophobic/superhydrophilic surfaces. Adapted from Fan et al.%’.
Elsevier copyright © 2018.
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In the studies above, irreversible superhydrophobic surfaces were developed and shown to be
extremely  efficient. =~ However, in a very recent study, a  reversible
superhydrophobic/superoleophilic-superhydrophilic /superoleophobic transition of modified
cellulose fabric was developed and designed by Fan er al. %. Smart or transition-reversible
superhydrophobic-superhydrophilic cellulose fabric was formed by introducing the fabric into an
aqueous solution of sodium hydroxide, distilled water, and urea for a specific period of time after
which it was treated in a zinc chloride aqueous solution to allow zinc cations and chlorine anions
be absorbed onto the surface of the cellulose fibers. The fibers are swollen and allowed for the ions
to penetrate into the pores. The loaded fabric was steamed to imprint the ions on the fabric fibers.
The treated fabric was then washed repeatedly with deionized water and baked thereafter. The
baking process was done to shrink the fibers, thereby physically locking the imprinted ions in the
pores of the fibers as water is removed and shrinkage occurs. This fabric, now loaded with zinc
oxide (ZnO-CFs), was further modified to give it a superhydrophobic-superhydrophilic reversible-
transition surface by dipping it into a solution of lauric acid and ethanol. Thereafter, it was soaked
in another solution of sodium hydroxide, ethyl alcohol and water. Figure 7 (a), (b), (c¢) and (d),
displays the micrographs of the cellulose fibers before and after modification with ZnO, ZnO and
lauric acid and ZnO, lauric acid, sodium hydroxide, and ethyl alcohol aqueous solution,
respectively. It can be observed that there is the presence of ZnO attached to the fiber surface after
modification which created a micro-nano rough surface structure which was partially ascribed as
a factor in the formation of hydrophobic and hydrophilic surfaces thereafter. Likewise, in Figure
7 (e), the schematic demonstrates the steps taken in achieving this process. Readers should refer
to the published work for a well-detailed experimental procedure and for more information as

needed 9. It was found that the reversable wettability of the modified cellulose fabric maintained
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its properties such as separation efficiency and wettability phases even after 20 reversal cycles
between hydrophobicity and hydrophilicity. The mechanism behind the hydrophobic to
hydrophilic transition of the fabric was ascribed to the formation of sodium carboxylate after the
scissioning of chelation between ZnO and carboxylate anion formed during the modification
process. The newly formed sodium carboxylate would move to the liquid phase from the solid-
liquid interface, thereby increasing the solid-surface free energy resulting in the local reduction of
water surface tension from the loss of low free energy alkyl chains. This subsequently results to
wettability reversal or transition. This study not only advanced the science of oil/water separation,
but also took it a step further by broadening the application scope to include the removal of water
from oil and not just oil from water. In cases where the contaminant is water, it can be removed
by using the smart cellulose fabric in its superhydrophilic/superoleophobic form. On the contrary,
while it is in its reversed form of superhydrophobicity/superoleophilicity, it can remove oil from
water simply by immersing it in a solution to stimulate the transition back to the former as
described above. These applications can be geared towards the oil industry where purity of oil is

critical to its final use, or in industries where oil spill cleanup into large bodies of water is required.
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Figure 7. (a) Unmodified, (b) ZnO modified, (c¢) ZnO-lauric acid modified, (d) ZnO-lauric acid-
sodium hydroxide and ethyl alcohol aqueous solution modified cellulose fabric fibers and (e)
diagrammatic representation of functionalization of reversible
superhydrophobic/superhydrophilic cellulose fabric fiber. (NaEW — sodium hydroxide ethyl
alcohol aqueous solution, LA — lauric acid). Adapted from Fan et al.%’. Elsevier copyright ©
2016.

The development of superhydrophobic surfaces has resulted in potential applications in water
purification, medicine, biotechnology, and materials interfaces. Modification of cellulose and its
derivatives such as MCCs and CNCs have classically been modified using fluorinated moieties
which typically exhibit hydrophobic characteristics especially to moisture. Though the technology
of CNC is mostly at its infancy stage, the advancement in the use of CNCs in functional materials
is a positive step towards moving away from dependence on petroleum-based materials. However,
more research is needed in the modification techniques of CNCs to develop the use of fewer
chemicals and steps. Reduction in modification steps will result in a lower cost of the end product,
in addition to environmental benefits by cutting down on man hours and material cost of the added

modification step(s).
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2.1.3. CNCs as Antimicrobial Agent Carriers

The majority of the antimicrobial agents used are small in size, thus there is always a probability

t %, Loss

for these active agents to leach out from the material (e.g. fabric, plastics etc.) containing i
of antimicrobial agents to the fabric, skin, and the environment contaminates the material and
poses threat to health and environment 8. The direct addition of antimicrobial agent also reduces
the activity and efficiency as a result of leaching out and side reaction with food contents such as
proteins and lipids ¢°. Some antimicrobial chemical agents pose risk to human health and safety
that led to the ban of a number of such agents (e.g. triclosan, iodine complex, phenol, triclocarban,
etc.) that were commonly found in over-the-counter consumer products such as soap 7°. In other
cases, the prevalence of antibiotic resistance as a result of microbial mutation and a decreasing
effectiveness of antibiotics in treating common microbial infections resulted in another motivation
for innovative ways of antimicrobial carrier development 7!. Thus, interest has grown in attaching

or incorporating active antimicrobial agents to long chain polysaccharides and polymers especially

CNCs.

Commonly used antimicrobial agents are halogens, phenols, silver nanoparticles and quaternary
ammonium salts 72, Transition metal oxides such as Au, Ag, Ti, Mg, NO, ZnO, CuO and Fe304
have antimicrobial properties as well 7. Antimicrobial enzymes such as lactoperoxidase and

lactoferrin and antimicrobial peptides magainins, cecropins, defensins are also often used 7.

Quaternary ammonium compounds (QACs) are positively charged, thus they absorb onto
negatively charged microorganisms. They attack the surface cytoplasmic membrane once diffused
through the cell wall. Due to the loss of essential constituents of the cell cytoplasm, it becomes

difficult for the microorganisms to survive and they eventually die 7>7>. Thus, QACs are one of

24



the most effective antimicrobial agents used. However, they are toxic to bacteria, pathogens (fungi

and protozoa) as well as mammals which limit their applications.

Silver nanoparticles are preferred as antimicrobial agents due to the high activity against a wide
range of microorganisms. Silver nanoparticles are active against yeast, fungi, viruses as well as
both gram negative and gram positive viruses 7. As the silver particles permeate through
microorganisms, they disrupt and restrict the respiratory function of the microorganisms, thereby
resulting in death 77. As the size of the silver particles decreases, their efficacy increases due to
increase in surface area thus nanosized silver particles are preferred 7. Silver particles inhibits the
growth of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) '>77. Due to various
uncertain health effects of silver nanoparticles, their use for food packaging in certain countries
has not been accepted 7. This has resulted in limited application and research especially in specific

industries such as the food industry.

Triclosan is a synthetic biophenol (2,4,4’-trichloro-2’-hydroxydiphenyl ether) with excellent
biocide activity. It is effective against both gram-positive and -negative bacteria, yeast, and mould
7, Hence, triclosan has a wide range of applications such as in soap, mouthwash, toys, packaging,
textiles and kitchen utensils %7480, Use of triclosan is regulated by the Environmental Protection
Agency (EPA) due to its perceived toxicity and environmental risks, and as a result its use in

consumer products is limited 79.

Amongst naturally occurring antimicrobial agents, chitosan is derived from chitin and has gained
a lot of popularity in commercial applications. Chitin is extracted from the exoskeleton of insects,
as well as algae and fungi 68. Chitosan is a polycationic polysaccharide with antimicrobial and
antifungal activity 81,82. Chitosan alters or forms a polymeric membrane on the surface of the cell

restricting any nutrients from being absorbed, thus resulting in reduced growth and ultimate death
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of the cells 82,83. Chitosan has been investigated for many applications such as packaging, drug
delivery and other biomedical applications 16,81,82. However, it is a slow acting antimicrobial
agent due to its mechanism as stated previously, therefore, making it not as potent as other

antimicrobial agents.

One of the main applications of antibacterial material is in the food packaging industry. Rather
than just physical or moisture protection, successful packaging is one that inhibits the growth of
microorganisms in food. Thus, active packaging is becoming popular in order to inhibit, reduce,
and kill microorganisms from the food surface or the surroundings adjacent to the packaging.
Recently, consumer demand for low preservative food has increased. Thus, to maintain food
quality under low preservation, active packaging can be very attractive. Active food packaging
films can increase the product shelf life, maintain the nutritional value of food, and provide
microbial safety while restricting pathogenic growth. As a result, the need for active antimicrobial

agents for food packaging has increased to maintain safe food quality 84.

As the demand for biodegradable and bioactive packaging gains popularity, research has been
conducted to make active packaging film with nisin, showed in Figure 8, as an antimicrobial agent.
Nisin, 34-amino acid long bacteriocin, is active against many foodborne gram-positive bacterium

such as Listeria monocytogens, Stephylococcus aureus and many more 3586,
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Figure 8. Chemical structure of Nisin®,

Nisin has been used to activate chitin to make an active packaging for pasteurized milk %’.
Additionally, it was reported that microbial growth on oyster and ground beef was delayed when
nisin-activated film was used for packaging 7. Since nisin has demonstrated good antimicrobial
activity, it was incorporated into PLA-CNC composite 3°. Overall the nisin active PLA-CNC film
contained all three essential packaging properties: antimicrobial activity, strength and
biodegradability. Weishaupt er al.3¢ reported the self-assembly of nanofibrilled cellulose-nisin
biocomposite. TEMPO-oxidized nano-fibrillated cellulose containing carboxylic groups provided
a negative surface for nisin to be adsorbed onto the surface #. The binding of nisin to nanocellulose
was greatly affected by electrostatic interactions. However at high salt concentration, the binding
capacity between nisin and nanocellulose was compromised 8¢. Nisin bound nanocellulose was
investigated against S. aureus and a reduction in growth was observed 3¢. Due to the beneficial
properties observed, this biocomposite can be further enhanced to develop a promising application

in biomedical industries.
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Silver nanoparticles are another commonly investigated antimicrobial agents incorporated with
cellulose nanocrystals. Drogat at al.”” reported the activity of silver nanoparticles-CNC composite
against S. aureus (Gram positive) and E. coli (Gram negative). Oxidation of CNC was conducted
via periodate (NalO4) to produce aldehyde, which was then used to reduce silver ions to Ag° to
inhibit the growth of both the gram positive and negative bacteria 7’. Figure 9 shows the schematic

of reaction of CNC with periodate to produce aldehyde followed by reduction of silver ion.
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Figure 9. (a) Oxidation of CNC (b) Reduction of Ag*to Ag®. Adapted from Drogat et al.”’.
Springer copyright © 2011 and (¢) CNC@PR Fabrication. Adapted from Tang et al. 38 RSC
copyright © 2014.

Inhibited growth of bacteria suggests the potential application of silver-CNC matrix for wound
healing gels, antiseptic solution, as well as other biomedical applications. Fortunati et al. also

reports antimicrobial activity of PLA-CNC biocomposites containing 1 wt.% Ag nanoparticles
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against S. aureus and E. coli 7°. Higher activity was observed against E. coli than S. aureus due to
greater toxicity of silver ions towards E. coli while significant amount of activity was also achieved
for S. aureus’®®. PLA biocomposites with excellent antimicrobial activity against both gram-
positive and gram-negative bacteria offer more opportunities for the development of active

packaging for food, sanitary, and biomedical industries.

Amongst different structures for antimicrobial compounds, core-sheath structure of cellulose
nanoparticles with polyrhodanine was reported by Tang er al. *°. Cellulose nanoparticles with
polyrhodanine (CNC@PR) showed antimicrobial activity against E.coli and B. Subtilis *°.
CNC@PR was synthesized with Fe (III) complex and ferric chloride to negatively charge the CNC
surface. Fe (III) was used as an initiator and oxidant for the in sifu polymerization of rhodanine on

CNC®2, Figure 9 (c) shows the schematic of core-shell nanoparticles of CNC coated with

polyrhodanine.

In academia and industry, antimicrobial materials are gaining a lot of interest due to the need to
improve on the shelf life of food products. The application of antimicrobial materials is not only
limited to food packaging but also a variety of other applications such as textile, coating, military,
and household equipment as shown in Figure 10. High surface area and shorter diffusion path of
nanofibers makes them an excellent choice for attaching antimicrobial molecules while also used
as a reinforcing material for polymers as well °'. Biomedical devices possessing antimicrobial-
functionalized polymers can be proven very hygienic and efficient for health care purposes.
Similarly, antimicrobial coatings can be used in hospital walls, kitchen counter tops, and other
pharmaceutical laboratories to maintain a microbes-free environment. Household items, sanitary
items for bathroom, kitchen utensils such as chopping board, kitchen towels, dish rack, and toys

for kids made from antimicrobial materials can promote a healthy environment.
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Figure 10. Applications of antimicrobial CNC composites.

However, unlike other antimicrobial agent carriers, nanofibers can also provide mechanical
strength which is desirable for most of the applications mentioned. This is currently an active
research area with a focus on acquiring enhanced antimicrobial properties, cost optimization, and

scale-up studies to commercialize these products.
2.1.4. CNGs in Barrier Applications

Limiting the effects of the environment on materials has long been a major concern in numerous
industries. In the oil and gas industry where a network of pipping systems is a major vessel for
transporting oil and chemicals, corrosion is a major problem and concern. In the marine industry,
the exposure of vessels to sea water is constantly corroding and eroding the bottom of the vessels.
Ultraviolet light exposure over time can alter the micromolecular properties of materials such as
polymers, therefore changing the bulk properties. The use of CNCs in barrier applications are

limited except for a few explorations in academia.
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2.1.4.1. UV Protection

It is well known that over time when exposed to UV, the physical appearance of polyurethane (PU)
starts to change; thisat results in yellowing of the material from the photochemical degradation of
the surface molecules. In order to prevent or slow this process, research was carried out using
CNCs as a UV stabilizer by Zhang et al.*?. 3-Glycidyloxypropyl) trimethoxysilane (GPTMS) was
used to modify CNC at different concentrations. The GPTMS was hydrolyzed thereafter and the
CNC was added and allowed to react over time. Figure 11 (a) shows the proposed reaction scheme
during salinization and the interaction between the modified CNC and PU. The modified CNC was
then incorporated into the PU formulation and homogenized to disperse the modified CNC in the
PU as shown in Figure 11 (b) to create the PU/CNC composite. This composite was then exposed
to a controlled UV radiation over time. The results from this study showed that the presence of a
modified CNC in the PU drastically reduced the yellowing effect of the UV radiation, with further
reduction observed with increase in the concentration of the modified CNC. With the addition of
1.5% modified CNC, the anti-yellowing effect was increased by approximately 58% which
demonstrated the effectiveness of CNC as an antiyellowing agent or a UV barrier agent. It was
postulated that the addition of the modified CNC inhibited the photo degradation of the CH2 group

while preventing the scissioning of the urethane group.

In another study, CNC was used as a bifunctional filler that provides reinforcement and UV barrier
for poly vinyl alcohol polymer 92. CNC pulp was oxidized using sodium metaperiodate and then
reacted with sodium 4-amino-benzoate in an HCI solution to produce modified CNC with photo-
active groups attached to it, which was further mechanically disintegrated to form p-aminobenzoic
acid grafted CNC (PABA-CNC). This modified CNC was added to an aqueous PVA solution at

different concentrations. This solution was further degassed and cast to form thin films which were
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then used for further tests. The results from the addition of PABA-CNC to PVA on the UV
transmittance revealed that the presence of PABA-CNC in the PVA in comparison to neat PVA
was significantly reduced and was also a function of the concentration of PABA-CNC within the
PVA. Increasing the concentrations of PABA-CNC showed further reduction in UV transmittance
with PVA films containing 0.5 and 10% PABA-CNC, reducing the transmittance to 54 and 12%,
respectively in comparison to that of neat PVA film that exhibited 70% transmittance. Likewise,
enhancement in the mechanical properties such as the tensile strength and modulus of the film was
observed with PABA-CNC incorporation. This increase was also a function of the concentration
of PABA-CNC. Similarly, ethyl cellulose nanoparticles (ECNPs) have been studied as a means to
confine or protect UV filters which tend to create reactive oxygen species when exposed to UV
due to photodegradation®?. Typically, these filters are used for applications in cosmetics such as
sunscreens, and can scavenge carcinogenic reactive oxygen species which can be harmful when

they come in contact with the skin.
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Figure 11. (a) Reaction scheme for the modification of CNC using GPTMS (reaction scheme 1)
and interaction between modified CNC and PU (reaction scheme 2), (b) diagrammatic
representation of the dispersion of modified CNC within the PU and (c) bar graph showing the
effect of concentration of the modified CNC on the yellowing of PU upon exposure to UV
radiation over a control period of time.

2.1.4.2. Solvent and Chemical Protection

Application of surface coatings to help protect surfaces from the surrounding environment is a
common practice in industry in many products today. Some of the applications include the use of
paint on metals to prevent rust, application of clear coat epoxies on plastics and wood to prevent
scratching, and UV degradation and biodegradation, respectively. However, clear coat epoxies or
paints for rust prevention do not always have good strength and chemical resistance. The

characteristic properties of CNCs such as excellent strength and reinforcing capabilities at very
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low loadings due to its crystallinity and nano-size have lent its service in the application as a
functional material in epoxy surface coatings of metals in a study by Ma et al.*>. In this study,
epoxy containing 1, 1.5 and 2 wt.% of CNC was thoroughly mixed using a glass rod and then
sonicated to ensure proper dispersion and then brush coated onto mild steel in thin layers. The
coated steel was allowed to dry and tested for its corrosive resistance using electrochemical
impedance spectroscopy (EIS) by immersion in 3.5% sodium chloride over a 30-day period.
Similarly, the optical clarity or transmittance was tested using UV-vis analysis to determine the
effect of CNC in the epoxy coating. The results from the optical transmittance showed that with
increasing CNC loading, the transmittance dropped to 20% for the coating containing 2 wt.%. of
CNC. However, the coating containing 1 wt.% CNC was observed to be very clear with a
transmittance of 74%. It was further observed that for all composites, the light drop-off
transmittance was at approximately 300 to 350 nm, which indicates high light absorption with no
light reflections occurring in the UV range of 300 to 400 nm. This indicates that when used in clear
coat applications, this coating (especially at 1 wt.% CNC) can act to prevent UV degradation while
still having high clarity. The corrosion test on the other hand, revealed that the presence of CNCs
in the epoxy significantly increased the corrosion resistance of the epoxy coating. This could be
because the CNC acted as a barrier to the ions from sodium hydroxide solution by creating a
tortuous path. This resulted in preventing complete penetration of the coating, thereby protecting
the mild steel surface. Only the unreinforced epoxy suffered penetration after 1 day of exposure.
It was suggested that this was due to the CNC creating a longer path through which the solution
had to travel in order to come in contact with the mild steel. Electrochemical analysis of the
coatings through bode plots revealed that only the neat epoxy coating showed two-time constants.

At day 30, only the unmodified epoxy continued to reveal two-time constants revealing the
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remarkable ability of the CNC to act as an anticorrosion agent. However, for the 2 wt.% CNC
loaded epoxy coating, as the test continued over the 30-day period, the appearance of a two-time
constant slowly developed. This was attributed to the possible agglomeration of the CNCs within
the epoxy which did not homogeneously disperse like those in the 1 and 1.5 wt. % loaded samples.
Therefore, exposing unprotected regions within the epoxy to the solution allowed diffusion of the

ions (Na" and CI') towards the mild steel that resulted in corrosion.
2.1.5. Electrical Applications of CNCs

Research into the development of functional applications of CNCs in electroactive materials such
as electrical conductive materials, dielectric materials, microelectronics components, etc. is an
upcoming research area with some current materials such as starch 3°, proteins and peptides **
already being researched for similar applications. The interest for using CNCs in electrical
applications is accrued mainly from its ease of modification, piezoelectric and dielectric properties,
and sustainability attributes similar to other bio-derived materials. . Csoka et al.®> asked the
question of whether ultrathin films containing well-aligned cellulose nanocrystals could exhibit
piezoelectric effects stemming from the collective yield of the individual CNCs. Ultrathin films
containing different degrees of CNC alignment were produced according to a process well
described by the authors in a different publication *°. The displacement of the film was measured
using atomic force microscopy in tapping mode while an electric field was applied to them. It was
observed that the higher the degree of alignment, the greater the piezoelectric effect. Therefore,
the piezoelectricity of the film was dependent on the orientation of the CNCs. This observation
was deduced not only to the alignment of the CNCs, but also due to dipolar orientation and the
crystallinity of CNCs in the films. Figure 12 (a) shows the schematic of AFM in tapping mode

with a diamond tip over ultrathin films containing aligned CNCs with an electric field applied
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across it. Mean while, Figure 12 (b) graphically demonstrates the effect of applied voltage to the
thin films in response to the displacement of the CNCs. Given the result from this study, ultrathin
films with various degrees of CNC alignment can result into different levels of electro-mechanical
actuation, which could potentially be used in applications such as ultra-sensitive micro balances.
For examples, having a high degree of CNC alignment and concentration can potentially result in

ultra-sensitivity of applied forces.

CNCs are able to change polarization densities due to the high level of crystallinity. Likewise, its
dielectric property allows it to be applied as a functional insulating material in different
applications. However, moisture plays a huge role in determining the final dielectric property as it
acts as a conductor of electricity when present in the CNC. For use in dielectric applications, the
moisture levels should typically be ~ 0.5% °7. However, due to its hygroscopicity, it usually has a
moisture level typically between 4-8%. This range of moisture content stems from the source of
the CNCs and highly dependent on the cellulose crystallinity as determined from studies on water
sorption of cellulose ?%%. Overall, the higher the crystallinity of the cellulose, the lower the
moisture content will be and vice versa. Bras ef al. 7 studied the dielectric property of two
nanocelluloses from wood (nanofibrillated cellulose, NFC) and algae (Cladophora cellulose).
They found that the moisture sorption capability at low and high humidity was higher for NFC due
to its lower crystallinity. However, contrary to the expectations that dielectric properties are highly
related to crystallinity, a higher dielectric property was observed for NFC when compared to that
of Cladophora cellulose. This was due to the high porosity of Cladophora cellulose which allowed
for air entrapment, subsequently increasing its dielectric loss. It is apparent that CNCs do have

excellent dielectric properties which can be harnessed for electrical insulation purpose such as in
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cable insulation, but the effectiveness of this property not only depends on the source but also on

the morphological features 719,
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Figure 12. (a) Characterization of well aligned CNC ultrathin film for its dielectric property
using AFM in tapping mode and (b) effect of voltage on CNC displace (piezoelectric effect).

2.1.6. Other Applications of CNCs in Advanced Functional Materials

Cellulose nanocrystals have gained a lot of interest as a renewable reinforcing filler due to its
biodegradability, low density, higher aspect ratio and excellent mechanical properties. CNCs are
considered for a wide variety of applications since the surface hydroxyl groups of CNC can be
functionalized as per requirement. CNCs obtained through sulfuric acid hydrolysis contain
negative charge on the surface providing electrostatic repulsion between the CNCs. As a result,
CNC can easily be dispersed in polar polymer matrices such as PVA. In the last two decades, the
many applications of CNC have attracted academia and industrial researchers. Other than its use
as a reinforcing agent, CNCs demonstrated interesting potential for biomedical, antimicrobial,

personal care and energy applications as shown in Figure 13.
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2.1.6.1.Polymeric Reinforcement

Cellulose nanocrystals are commonly used as a reinforcing filler in polymer matrices to enhance
their strength. Traditional polymers alone lack strength required for most structural applications,
thus requiring fillers to reinforce them. CNC as a bio-based material provides excellent
reinforcement for polymers. Several studies have shown enhancement in both thermal and physical
properties of polymers at very low concentrations of CNC incorporation due to its nano-size and
ability to efficiently absorb stress from the matrix 37-1°!, Bras et al. reported the reinforcing effect
of CNC in rubber 2. They found that CNCs were able to enhance the thermomechanical and
mechanical properties of rubber. However, due to the hydrophilicity of the CNCs, the water
absorption was increased. This study shows that CNCs can be used as polymer property
enhancement when specific applications are targeted that do not expose the composites to
moisture. Furthermore, reinforcing capabilities of CNC is also evident in cement as investigated

by Cao et al. '

. The water absorbing property of hydrophilic CNCs was an advantage in
improving the flexural properties of cement paste. It was postulated that the hydration of the paste
was improved when up to 0.2 vol.% of CNC was added, subsequently leading to flexural strength
increase of up to 30%. These examples suggest that CNC can be the future of nano-polymer

composite materials used for construction, automobile parts, furniture, and other industrial high-

strength materials when targeted appropriately for specific materials.

A variety of polymers have been successfully grafted on CNC to modify its surface and obtain
modified CNC with desirable properties. For instance, the use of hydrophobic polymer grafted
CNC in non-polar polymers usually results in improved dispersion and interaction of the CNC

with the polymer and enhances the strength of polymer composites made thereof. In other cases,
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the grafted polymer provides functionality attribute to the CNC that expands the application range

of CNC.
2.1.6.2. Biomedical Applications

Biomedical applications of CNC include the use of CNC for medical devices, bioimaging, wound
healing, scaffolds for tissue engineering, and controlled drug delivery!'®*. High interest in
biomedical application of CNC based materials stems from its biodegradability, biocompatibility,
lower toxicity and excellent mechanical properties. Dong et Roman ' investigated fluorescently
labeled CNC for bioimaging applications. In this study, CNC was conjugated with fluorescein-5’-
isothiocyanate using epichlorohydrin to study its biodistribution and in vivo interaction using the

fluorescence labelling, which can be beneficial in many biomedical applications105.

CNC is extensively studied for tissue engineering where a scaffold device is used for self-healing
and regeneration. In order to obtain enhanced performance, appropriate material selection for
scaffold is very crucial. Mechanical, physical and biological properties play a vital role in elevated
performance and suitable mechanical integration %, Thus, properties such as surface roughness,
topology, porosity, pore size, and surface area to volume ratio must be considered '°’. Moreover,
degradation rate of biodegradable material is very important so that the healthy tissue can be
restored while scaffold material gets absorbed. In order to achieve both the mechanical and
biological properties unfilled polymer materials cannot be used in most cases. Thus, nanofillers
are incorporated to form a nanocomposite that provides functional benefits such as mechanical

106,107~ A review on

strength, electrical conductivity, adhesiveness, and ability to self-assemble
CNC-based biomaterial for tissue engineering by Domingues et al.'’” extensively describes the

use of CNC-PLA composite material for tissue engineering to fulfill aforementioned requirements
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for biomedical scaffolding applications. Along with other biomedical, and pharmaceutical

108,109

products, CNC can open new doors to new personal care products
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Figure 13. Various applications of CNC
2.1.6.3. Energy Applications

Energy application of CNC includes the use of cellulose-based composites for energy storage.
With growing environmental concerns, interest has grown in making renewable energy source
more efficient and feasible. An attempt to produce recyclable solar cell from cellulose nanocrystal
by Zhou et al.''? is a contribution towards the same initiative. While taking the advantage of the

excellent mechanical properties of CNC and silver, a semitransparent electrode recyclable solar
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cell was fabricated ''°. However, further improvements were needed to obtain efficient and
desirable performance. Kim er al® has reported other energy applications of cellulose based
materials such as uses in energy harvesters, display devices, actuators and paper transistors.
Excellent mechanical and biocompatible properties of CNC has the potential to provide

environmentally friendly, sustainable technologies.
2.1.6.4. Smart and Responsive Materials

The application of smart responsive materials has increased in recent times. Smart responsive
materials adapt to external environment and provide response. Changes in stimuli such as exposure
to light, heat, chemicals, or magnetic fields can be used to generate mechanically adaptive, stimuli-
responsive materials. Nanocomposite can respond to exposure to external stimuli in various ways
such as swell or shrink, assemble or dissemble, or prompts for separation!!!. These changes
generated as a response to stimuli variations can be used to develop a smart material. CNC can be
used as a stimuli-responsive material for sensors and other applications. CNC displays
responsiveness towards pH, light, moisture, heat, chemical and magnetic fields, which adds the

stimuli-responsiveness functionality along with reinforcing capabilities. Changes in pH

11 1112

correspond with changes in rheological properties of CNC composites !'2. Way et a
synthesized carboxylated and amine functionalized CNC to investigate pH responsiveness. By

altering the surface chemistry of CNC, the nanocomposites can be reprogrammed to develop

various mechanically adaptable materials.

Since modified CNC has the ability to generate a response to changes in external stimuli, they can
be readily used in sensing applications. Smart CNC-based sensors can be designed for moisture,
ions, organic vapors, and biological species sensing applications. Humidity sensor designed by

Kafy et al.''3 is made from CNC-graphene oxide (GO) composite. CNC and graphene both are
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hydrophilic with higher water uptake capacity. CNC-GO films displayed even increased water
uptake capacity which is desirable for moisture sensitivity!!3. The sensing film did not compromise
its performance with temperature change, demonstrating practical use of humidity sensor!!3,
Similarly, CNC can be functionalized to make gas sensing material which can detect other organic
and toxic vapors. Moreover, CNC based sensing material can also be used to detect ionic species.
CNC containing pyrene was synthesized to detect ferric (Fe**) ions !4, This concept can be further
explored to design a sensing material for different ions, chemical and biological molecules. Other
smart sensors made from CNC include proximity sensors and strain sensors by Sadasivuni et al.''

and Wang et al.''® respectively.

Hydrophilicity of CNC can be used to generate water-responsive mechanically adaptive polymer
matrices. For instance, Pratheep er al.!'” designed a water sensitive styrene-butadiene-rubber
(SBR) and CNC nanocomposite. First of all, the reinforcing capabilities was proven since the
modulus of pure SBR (3 MPa) was improved significantly (to 740 MPa) ''7. CNC aids as a
hydrophilic channel in a hydrophobic matrix for water uptake. CNC is used to generate water-
responsive mechanically adaptive materials because upon water swelling, CNC networks are

disrupted to cause a reduction in modulus '!7-!18

. Thus physiological variation can lead to changes
in mechanical properties to design a mechanically adaptive materials!!”. Mendez ef al. ''® also used

the water-responsive ability of CNC to design a smart polyurethane-CNC nanocomposite, which

displayed water activated shape memory effect.

Similar to pH and moisture response adaptive materials, thermal and photonic responsive materials
were also generated. Cellulose nanocrystals grafted with thermoresponsive brushes of poly(N-

isopropylacrylamide) have also been investigated !'°!2!, Figure 14 shows the external stimuli that
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can be altered to generate responses which can be used to develop smart CNC applications such

as controlled drug delivery material, energy applications and chemo- and biosensors.

Moisture \ .
Light and Drug Delivery
Temperature
o *m
7 ST Electronic
Magnetic Applications
Chemicals Fields
Stimuli-Responsiveness CNC Smart Applications

Figure 14. Cellulose based smart materials®!04.110.111,122

Novel and effective drug therapies have also been investigated to develop a controlled drug
delivery method. Controlled drug release provides advantages such as maintaining required
therapeutic concentration, localized drug delivery and improve patient compliance, however these
novel techniques are yet to be explored to develop drug delivery materials sensitive to

physiological changes '%3

. Thus, stimuli-responsive polymeric drug delivery processes are
typically used for controlled drug delivery. CNCs, being biocompatible and biodegradable
materials, can be functionalized to develop smart material that offers a great potential in targeted,

controlled drug delivery systems %123,

The study of CNC for smart electronic application has also gained enormous interest. In the

Review of Nanocellulose for Sustainable Future Material, Kim ef al.® has reported various use of
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CNC based material in energy and electronics applications. Electroactive paper (EAPap), which
functions based on two principles (i.e. ion migration and piezoelectric effect) has application in

sensors, actuators, biomimetic robots, and other haptic technology %!!!.

2.2. Lignin Structure and Applications

Lignin, aromatic biopolymer, found on earth represents 30% of the total biomass produced in the
biosphere 2. Lignin, a by-product of paper and pulp industries, has an annual production of over
70 million tons '?*123_ Tt has an amorphous, complex structure found in the cell walls of the plants,
between the secondary cell wall and lamella, distributed along with cellulose and hemicellulose
providing rigidity to the cell structure 24126, Key functions of lignin include providing strength to

the plant, controlling fluid flow, and protecting it from biochemical attacks !.
2.2.1. Lignin Structure, Extraction and Properties

Native lignin can be extracted from hardwood, softwood and grass. It is a heteropolymer
synthesized by radical coupling of three typical monolignols coniferyl alcohol, sinapyl alcohol,
and p-coumaryl alcohol 27128, Three phenylpropane units are derived from these monolignols. In
lignin, the phenylpropane units are known as guaiacyl, syringyl and p-hydroxyphenyl derived from
coniferyl alcohol, sinapyl alcohol and p-coumaryl precursors respectively!®!27:128, The monomers
form different carbon-carbon and carbon-oxygen bonds developing a complex, amorphous, and
phenolic structure. These units are bonded together mainly with f — O — 4 linkage along with

a—0—-4,8-5p—-1,5-5pB—pBand4—0—>5 linkages '>>126:129,
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Figure 15. Monolignols and aromatic phenylpropane units in lignin-derived from monolignols!

Lignin extracted from pulping industries through different processes is referred to as technical
lignin. There are mainly two types of technical lignin, classified based on the process of extraction:
sulfur or sulfur-free technical lignin. Kraft and lignosulfonate are extracted through the sulfur-
based process, whereas soda and organosolv lignin use sulfur-free processes '2°. Approximately
85% of the world’s technical lignin produced is through kraft process '*°. Soda lignin, produced
from a sulfur-free process, maintains structure similar to native lignin '2>13°, As a result soda lignin
is often a preferable choice of technical lignin for chemical modification and used without any

further purification 125130,

Lignin has many valuable properties. The aromatic structure of lignin gives it UV-absorbing

125,131

properties . Therefore, lignin can find applications in UV-protective coatings and films,

l 132

sunscreen cosmetics. Qian et al.'”~ investigated the UV-absorbing capacity of lignin in commercial

sunscreen lotion. It was observed that lignin absorbs light in a broad range. With 10 wt.% lignin

added to commercial lotion, a drastic increase in performance was observed. Lignin also possesses

21,126,127 / 128

free radical scavenging and antioxidant activity . Lu et al.'*® reports this dominant property

of lignin, which is dependent on its solubility. Antioxidant lignin can find applications in food
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packaging as a functional filler. Yang et al.!>3 also tested the antimicrobial properties of lignin
nanoparticles. Antimicrobial activity was tested against Escherichia coli, Saccharomyces
cerevisiae, Bacillus licheniformis, and Aspergillus niger showing bacterial inhibition !33. However,

lignin with such beneficial attributes is currently underutilized.
2.2.2. Utilization of Lignin and Challenges

Lignin is an extremely abundant source of raw material providing renewable carbon and many
other functional groups such as aldehydes, aromatic, and hydroxyl compounds. Therefore,
fragmentation of lignin through thermochemical decomposition processes such as pyrolysis has
gained a lot of interest *+13¢, At elevated temperature, the C-C linkages are broken, producing a
gaseous mixture of CO, CO> and CHs and pyrolysis oil 3%, Although thermal decomposition of
lignin can produce valuable products, challenges associated with actually separating the end-

products make this process less economical 7.

Lignin also has many hydroxyl groups that can be modified with different moieties. The phenolic
hydroxyls are readily reactive allowing for many chemical reactions. Esterification, etherification,
phenolation, sylilation, oxidation, reduction, and urethation of lignin are a few of the chemical
modifications studied earlier '*°. Due to the recalcitrant nature of lignin, modification of lignin for
functional applications has been a challenge. Only a small amount of lignin produced is used for
value-added applications. Heterogeneity in the intrinsic structure of lignin, as well as diversity in

source and extraction process makes the prediction of properties difficult.

Lignin has attracted many researchers on developing a value-added application from this complex
yet environmentally friendly structure. Studies have been conducted to replace the phenol fraction
of phenol-formaldehyde adhesives by lignin to form wood adhesive '°. Lignin hydrogels are

another area of interest. Renewable hydrogels with antioxidant, antimicrobial, and stimuli-
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responsive properties can find application in biomedical, biotechnology, and tissue engineering *.
Grossman ef Vermerris 138 lists other uses of lignin such as lignin 3D printing resins, lignin

nanocomposite, and lignin-based nanoparticles for biomedical applications.

Due to the advantageous properties of lignin biopolymer, obtaining and using lignin nanoparticles
for a functional application can be of interest. Nanoparticles have gained popularity because
nanostructure displays enhanced properties compared to the base material. Producing
nanoparticles from macromolecules increases surface area, which in turn improves the surface
properties '*!. Research has been conducted on synthesizing lignin nanoparticles through various
methods 2>13!. Lu ef al. 1?8 reported superior antioxidant activity of nanolignin compared to macro-

size lignin.
2.3.  Future Trends, Challenges and Conclusions

Although CNCs have many desirable properties, their high hydrophilicity and tendency to
aggregate in polymer matrices, can drastically restrict their applications °. These characteristics
lead to the formation of flake-like agglomerates in polymer composites due to surface area and
volume effects and the strong intermolecular hydrogen bonding between CNC particles 7. Recent
studies were conducted to investigate the correlation between CNC dispersion and the resulting
strength 3. Results indicated that as the dispersity of CNCs was improved, the strength of cement
plaster also increased '*. This suggests that the issue with the agglomeration of CNCs must be
resolved to achieve their touted reinforcing performance when used as a filler in polymeric and
other applications. During CNC modification, it is important to limit the modification only to its
surface so that the structural and morphological integrity of the CNC is preserved +°. However, the
reality is that most CNC modifications involve aggressive oxidization to increase the concentration

of hydroxyl groups on its surface to be used as anchor points for further modifications. This usually
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affects its structural integrity and crystallinity, which could subsequently alter its mechanical
properties. Therefore, new and less aggressive modification processed and/or chemicals need to

be developed to achieve the same level of modification as currently used.

Though CNCs have excellent thermal stability in comparison to other bio-based fibers, long term
durability of products is of concern when it is incorporated or used as a functional material.
Moreover, commercial products intending to apply CNCs in functional applications need multiple
and abundant sources. Currently, the majority of CNC production is limited to North America and
some Scandinavian countries (e.g. Sweden, Finland) '22. The expected rise in CNC production in

the future will give rise to the application on an industrial scale *.

The versatility of CNC functionalization can be the future of sustainable, biocompatible, and
biodegradable material for a variety of applications, especially with the current environmental
concerns such as climate change from greenhouse gases due to the production and use of
petroleum-derived materials. Due to its abundance across the globe, bio-renewability and the fast-
growing technologies on its production, CNCs are becoming the focus of product development
and research as observed from the numerous researches published on CNCs in recent years.
Therefore, it is foreseeable that in the near future, CNCs will be widely and extensively found in
the medical, electronics, oil and gas, biotechnology and food industries just to mention a few.
CNCs have also been shown to be a viable option to potentially replace synthetic materials for
functional applications in various industries. As CNCs continue to gain great attention from
researchers all over the world, more understanding and applications with improved technology

towards production will rapidly be developed thereby taking CNCs from lab to industrial scale.

Production of pulp and paper industries produces technical lignin in large quantity. Lignin with

many beneficial properties, renewability, biodegradability, and availability can be a great source
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in material industries. Currently, lignin is used as an energy source, but it can be further utilized
for value-added applications. However, the heterogeneity and complexity of lignin structure has
limited its use at the commercial level. Modification of hydroxyl groups with different moieties
can open the door to many applications. Lignin nanoparticles can also offer advantageous
properties finding applications in advanced nanocomposite for coating, biomedical, tissue

engineering, and drug delivery applications.
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CHAPTER 3: Tailored Cellulose Nanocrystals as a Functional Ultraviolet Absorbing

Nanofiller of Epoxy Polymers
3.1. Introduction

Epoxy, a low molecular weight, thermosetting polymer resin, is extensively used in adhesives,
paint and coatings, structural composites, electronics, construction, and biomedical applications
140, The majority of these applications are found outdoors, involving continuous exposure of the
epoxy surface to sunlight. Along with a number of other radiations, the sun emits ultraviolet (UV)
rays, which are harmful not only to animals and plants but also damage materials such as plastics
141,142 "While UV radiations with longer wavelength such as UVA (315-400 nm) and UVB (280-
325 nm) are absorbed by the ozone layer, some remaining UVB rays are transmitted to the earth
with enough energy to break certain chemical bonds leading to accelerated chemical degradation
of polymers 141:143.144 Tp the literature, the UV-degradation of polymers such as polyvinyl alcohol,
polyurethane, polyvinyl chloride has been reported '4114-147 Degpite its extensive use in outdoor
applications, epoxy is among these polymers that undergoes considerable photo-degradation under

the exposure of Ultraviolet (UV) light 145148149,

Epoxies exposed to UV radiation undergo discoloration, making them aesthetically unappealing
145, Longer exposure of epoxy to UV light also results in embrittlement of the polymer starting
with the formation of micro-cracks on the surface >4, These are particularly unsuitable for
epoxy used in coating or structural composite applications. Thus, epoxy applications in coating
are typically limited to underlayers that are not directly exposed to UV radiation. Furthermore, UV
degradation deteriorates the mechanical properties of epoxy resins when used as a matrix in
structural composites %>, Such compromise in mechanical properties poses a disadvantage for

epoxy by shortening its service life span in critical structural and functional applications such as
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in the automotive, construction, and aerospace industries. Hence, most epoxy composites used in

structural material applications are coated with UV resistant polymers.

The incorporation of organic and inorganic UV absorbers and other stabilizers to polymeric
material formulations has been researched and commercialized. The direct incorporation of
inorganic UV stabilizers such as ZnO, TiO,, and organic stabilizers such as benzotriazoles,
benzophenones, benzoic acid and hindered amine light stabilizers (HALS) are extensively studied
to reduce UV and other photodegradation 44148150 The use of para-aminobenzoic acid (PABA)
as a UVB blocker in sunscreen lotion to prevent skin damage and in extreme cases skin cancer
resulting from UV radiation is known due to its UV-blocking properties in the UVB range '>!.
While few studies!#!!32 investigated the use of PABA as a potential UV absorber in polymers. In
both these studies, biopolymers such as lignin or cellulose nanocrystals were functionalized with
PABA to be used as a filler for polyvinyl alcohol. Although PABA has been widely accepted as a
UV absorber its extensive use in the polymer industry is rather limited. This is attributed to their
tendency of migration and decomposition that results in reduced efficiency over an intermediate
to longer period of time!'*°. Moreover, such small organic molecules (MW 137.14g/mol) can easily
leach out of plastics and may pose an environmental hazard '*!. Moreover, such small organic
molecules (MW 137.14g/mol) can easily leach out of plastics and may pose an environmental
hazard. Particular to epoxy, PABA could not be directly incorporated in the baseline resin. This
was becacuse the highly nucleophilic primary amine group of PABA can open and react with the
epoxide groups. This can severely limit the crosslinking of epoxy with the typical bifunctional

amine crosslinking agent resulting in a less crosslinked network with poor properties.

In this research, the grafting of PABA on the surface of cellulose nanocrystals (CNCs) and its UV

absorption efficiency in epoxy nanocomposites was investigated. The covalent bonding of PABA
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on the surface of CNCs can circumvent the leaching concern from polymer matrices over the
lifetime of the polymer applications and potentially provide a reinforcing effect. Also, CNCs have
already obtained substantial interest as a reinforcing filler of polymers, and their use as a

multifunctional filler could be of great scientific and industrial interest.

Cellulose nanocrystals (CNC), were selected as a modular nanoparticle due to their substantial
interest in the polymer industry associated with their renewability, biodegradability, high strength,
and low density. Moreover, CNCs are rich in hydroxyl groups associated with their anhydrous
glucose monomer units. These hydroxyl moieties, typically one primary and two secondary, are
amenable to several chemical modifications 711, A significant body of research has already been
conducted on the use of CNCs as a reinforcing filler of epoxy polymers 133134 Tnvestigation of the
utilization of nanoparticles and other organic molecules to mitigate UV degradation of polymers
is not entirely new either. For instance, Woo et al.!*>!%° have studied the photo-degradation and

resulting performance of epoxy resins with organoclay as a filler. Nikafsher et al.!#*

used organic
filler (Tinuvin 1130) to enhance the UV resistance of epoxy. Despite the diversity of modification
chemistries and the promising properties already offered by functional agents grafted onto CNCs,
the full potential of CNCs has not been utilized, and more applied approaches are in great demand.
Furthermore, the use of coupling pathways to attach functional molecules onto CNCs is still
relatively rare, most likely due to the lack of facile conjugation agents and methods. CNC modified
with PABA can be used as a filler for polymeric matrix to reduce degradation caused by extensive
exposure to UV-light. Thus, the goal of this study was to investigate the conjugation of PABA
onto CNCs using a coupling agent that has a differentiated reactivity and evaluate their efficiency

as functional UV protective nanomaterials in epoxy matrices. To the best of our knowledge such

modification of CNC with PABA has not been till now.
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3.2. Experimental
3.2.1. Materials

Cellulose nanocrystals were obtained from Innotech Alberta (Edmonton, Canada). The CNC
power had a crystalline fraction of 88% and the particle size of the CNC powder was 1-50 pm.
CNC obtained from sulfuric acid extraction had a sulfur content and bulk density of 0.87% and
0.7 g/cm3, respectively. Isophorone diisocyanate (IPDI), dimethyl sulphoxide (DMSO),
dibutylin dilaurate (DBTDL) were purchased from Sigma Aldrich. Epoxy resin (Araldite 506,
epoxide equivalent weight 172—185 Da) and amine curing agent poly(propylene glycol) bis (2-
aminopropyl ether) were purchased from Sigma-Aldrich Corporation (Missouri, USA). Para-
aminobenzoic acid (PABA) was obtained from Fisher Scientific. All the chemicals used in this

research were analytical grade and used as received unless otherwise mentioned.
3.2.2. Preparation of Modified CNCs

The grafting of the PABA to the CNC was conducted in a two-step heterogeneous reaction process.
In the first step, 2% (w/v) of dried CNC was dispersed in DMSO via magnetic stirring followed
by homogenization (Homogenizer, PowerGen 700) for a total 15 minutes and heated to 60 °C.
Concurrently, an IPDI coupling agent was heated to 60 °C and 0.8 mol% DBTDL catalyst was
added and stirred for 5 minutes in a nitrogen atmosphere. The pre-heated IPDI/DBTDL and CNC
dispersion were then mixed at a weight ratio of 1:30 (CNC: IPDI/DBTDL) in a glass reactor
equipped with a stirrer and thermostat. The reaction was then carried out at 60 °C under nitrogen
atmosphere for 4 hours. The CNC—-IPDI intermediate product was then washed with toluene, which
involved dispersion in toluene and centrifugation (4000 rpm for 3 minutes) and repeated 5 times
to remove unreacted [PDI. The recovered CNC—-IPDI intermediate is referred as iCNC throughout

the manuscript. Part of iCNC was oven-dried at 80 °C overnight for further characterization.
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The remaining iICNC was re-dispersed in DMSO and mixed with the UV absorbing molecule,
PABA, which was solubilized in DMSO and pre-heated to 60 °C to produce the final tailored CNC
nanoparticles. The weight ratio of CNC to PABA in this reaction was set to 1:3 based on
preliminary experimental observations, and the reaction was conducted at 60 °C overnight. The
product was recovered via successive toluene and acetone wash. This involved dispersing the
product in excess toluene followed by centrifugation (4000 rpm for 3 minutes) 3 times, and then
acetone washing (3 times). The washed final product (CNC-IPDI-PABA) referred to as pCNC

throughout this manuscript, was dried overnight at 80°C and used.

3.2.3. Characterization of the Modified CNCs

3.2.3.1.Fourier Transform Infrared Spectroscopy (FTIR)

In order to investigate the modification of CNC, samples were characterized by Fourier Transform
Infrared Spectroscopy (FTIR) using model Nicolet 6700, Thermo Scientific unit. Sample pellets
were prepared by mixing dried sample powders of native CNC, iCNC, pCNC, PABA and
nanocomposites with dried potassium bromide (KBr) salt powder and pressing it into a pellet using
a Carver Press. FTIR scans, in transmittance mode, were then collected between 500 and 4000 cm™

! frequency range.
3.2.3.2.Elemental Analysis

Elemental analysis was carried out to confirm the coupling of IPDI to cellulose nanocrystals to
produce CNC-IPD (iCNC) intermediate product, followed by attachment of PABA to the iCNC
to produce CNC-IPDI-PABA (pCNC). CNC, iCNC and pCNC samples were dried overnight at
70 °C prior to analysis. The elements C, H, and N were quantified using a 4010 elemental analyzer

(Costech instruments, Italy) equipped with a Delta Plus XL continuous flow isotope ratio mass
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spectrometer (Thermo-Finnigan, Germany). Analysis was conducted on samples from two

independent batches.

The coupling efficiency of PABA onto CNC was calculated in accordance with a method reported

by Guan ef al.'> based on elemental analysis results. The coupling efficiency was calculated as:

CE = 2%y 100 1)
W,

P

Wn, Wc, and W, represent the weight of modified CNC (pCNC), native CNC and PABA,
respectively. Wc,and W, were the weights used to conduct the reaction, W, was a calculated value

as shown below.

1

W= =X W @)
137.14

G = BZ1 0 No 3)

G was the weight of PABA in the modified CNC, which was calculated based on the percent
nitrogen (N%) obtained from elemental analysis. 137.14, 1 and 14 represented the molar mass of

PABA, number of nitrogen atoms present in PABA, and molar mass of nitrogen, respectively.

Calculated weight of PABA in pCNC (G) was then used to calculate W.
3.2.3.3.Proton Nuclear Magnetic Resonance (‘H NMR)

The proton NMR spectra of CNC, PABA, iCNC and pCNC were recorded using a Bruker 500
MHz high-resolution NMR spectrophotometer (Bruker-electrospin 500 MHz Ultrashield, Bruker
Corporation, MA). Samples were prepared by dispersing 1 mg in deuterated DMSO and the spectra

were collected at 500 MHz at room temperature.
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3.2.3.4.Thermogravimetric Analysis (TGA)

The thermal stability of CNC, modified CNC, and their nanocomposites was performed using TA
instrument (TGA Q500) to study the impact of modification on the thermal behavior of CNC. The
thermal degradation behaviour of the samples was recorded from 25 °C to 550 °C with a ramp rate
of 5 °C/minute under nitrogen environment. The weight loss was used as an indicator to analyze

the thermal stability/degradation behaviour of the samples.

3.2.3.5.Contact Angle Measurement

The impact of attaching PABA on the hydrophilicity of CNC was studied by employing water
contact angle (WCA) measurement. In order to test the WCA, 200 mg of CNC and pCNC were
pressed into two pellets using Carver Press. The pellets were then dried at 60 °C for one hour
before conducting the contact angle measurement. Using a sessile drop device, a water droplet was

dropped onto the pellet, and the instantaneous water contact angle was recorded.

3.2.3.6.UV-Visible (UV-Vis) Spectroscopy

The UV absorbance of native CNCs, modified CNCs, PABA, and nanocomposite samples were
analyzed using Cary 100 Bio UV-Visible (UV-Vis) Spectrophotometer. For this, 1 g of CNC and
pCNC were dispersed in 10 mL DMSO, and the UV absorbance was collected from 200 to 800
nm wavelength with DMSO as the baseline solvent. Similarly, the effect of UV absorber (grafted
onto the CNC) in the epoxy-CNC nanocomposites was analyzed using UV-Vis
Spectrophotometer. Neat epoxy polymers that were not exposed to UV irradiation (Neat epoxy 0)
were used as the baseline material and other samples with varying CNC and pCNC compositions

and UV irradiation treatments were analyzed from 200 nm to 800 nm.
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3.2.4. Epoxy-CNC Nanocomposite

3.2.4.1.Preparation

Epoxy matrices for the nanocomposite sheets were prepared by combining 70% (w/w) of epoxy
resin and 30% (w/w) of curing agent. For neat epoxy composite, curing agent was added to epoxy
at room temperature and stirred with a glass rod. The mixture was further sonicated Ultrasonic
Processor (FB120, Fisher Scientific) for 2 minutes. Nanocomposites were prepared by
incorporating 5 wt.% and 10 wt.% loading content of native and modified CNC (pCNC). For this,
calculated quantities of CNC and pCNC were first dispersed well in the amine based curing agent
using a homogenizer (PowerGen 700) and then mixed with the epoxy resin. The mixture was then
further sonicated for 2 minutes to obtain an enhanced dispersion of the native and tailored CNCs
and degassed to remove air bubbles. Resin mixtures prepared as such were then poured into a
silicon mold and cured at 60 °C for 4 hours followed by room temperature curing overnight to

produce the nanocomposite test specimens.

3.2.4.2.UV-Irradiation

Epoxy nanocomposites, which includes neat epoxy baseline, Epoxy-CNC and epoxy-pCNC were
subjected to a controlled UV irradiation exposure. For this, a UV lamp obtained from LSE Lighting
(120V and 50 W) was placed 25 cm above the samples and allowed to irradiate the samples for 0
(control), 72 and 144 hours, and in selected samples for 250 and 500 hours. For the labelling
purposes, three parts system was used, xy _z. The prefix x represents the weight percent of the filler
added to epoxy composite. Epoxy composites were prepared with different filler loadings, which
was indicated by 5 or 10 wt.%, y is the filler type used (CNC, pCNC and PABA). Finally, z is the
number of hours the sample was exposed to UV irradiation (0, 72, 144, 250 or 500 hours). Epoxy

without any filler added was denoted as neat epoxy with appropriate irradiation time.
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3.2.4.3.Color analysis

Discoloration is one of the indications of photo-degradation. In order to quantify the change in
color for UV irradiated epoxy nanocomposites, samples were tested using MiniScan EZ Diffuse
SAV color measurement spectrophotometer (HunterLab, VA, USA). Samples were tested at least
in triplicate, and the average was used for further calculations. L*a*b* values were measured,
which represent the lightening-fading, red-green and yellow-blue coordinates, respectively 6. A
positive AL" value represents lightening of the samples and a negative value represents fading.
Similarly, positive Aa* corresponds with color shift towards red, and negative towards green. In
this way, positive Ab” corresponds with color shift towards yellow, and color shift towards blue is
represented by negative Ab". The total color change, AE, was then computed using the following

expression:

AE = /(L5 — LD? + (a3 — a7)? + (b; — b})? )

The subscripts 1 and 2 corresponded with values for reference sample and values for samples after
exposure, respectively. For each of the epoxy nanocomposite samples before exposure, 0 hours of

exposure were taken as a reference sample to study the discoloration effect due to UV exposure.
3.2.4.4.Water Absorption

The moisture absorption of the baseline epoxy, native, and modified CNC based nanocomposites
were studied in accordance with ASTM D570-98. Sample specimens were cut into 20 x 20 x 2
mm and dried in a vacuum oven at 60 °C for two hours. Weight of each dried sample was recorded
as W1 and then submerged into deionized water at room temperature. After 24 hours samples were
removed from water, dried the surface with a blotting paper, and weighed, which was recorded as

Wa. The samples were then re-immersed into water and the process was repeated for 7 days with
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measurement every 24 hours. The water absorption, which was measured in terms of weight

increase was calculated using the following relation:

% Water Absorbance = % x 100 Q)
1

3.2.4.5.Statistical Analysis

Experimental replicate results were expressed as mean value + standard deviation. The statistical
analyses of the data were conducted using the statistical software package Minitab (Version 18).
Single factor analysis of variance (ANOVA) was employed to identify significant differences

among mean values with a 95% confidence level (P < 0.05) LSD criteria.
3.3.Results and Discussion

3.3.1. Modification of CNC

3.3.1.1.Surface Grafting of PABA on CNC

The surface of cellulose nanocrystals was decorated with PABA, a UV absorbing molecule, using
IPDI as the coupling agent. The grafting of PABA onto CNCs was conducted in a two-step process
as shown in Scheme 1. IPDI, containing dual isocynate functional groups with differentiated
selectivity, was used as a coupling agent between the PABA and the CNC nanoparticles. It has
been reported that in the presence of DBTDL as the reaction catalyst, the secondary isocyanate

157.158 Tn Scheme

functional group of IPDI has higher reactivity as compared to the primary group
1(a) the first step of the reaction has been presented, where the secondary isocyanate group was
activated in the presence of DBTDL at a moderate temperature (60°C). The isocyanate -group (-
NCO) was then covalently bonded with hydroxyls (-OH) on the surface of CNC as reported by
Girouard et al. producing the intermediate product CNC—IPDI (iCNC) '8, The primary amine

group of PABA was then allowed to react with the unreacted primary —-NCO group of the iCNC
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intermediate product as shown in Scheme 1(b) to produce CNC-IPDI-PABA (pCNC). To validate
these modifications of CNCs, FTIR, elemental analysis, and 'H NMR analysis were employed and

discussed in the next sections.
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Scheme 1. Reaction scheme for (a) modification of CNC surface using IPDI to produce CNC—

IPDI intermediate product (iCNC) (b) attachment of PABA to modified the CNC to produce CNC—
IPDI-PABA (pCNC)

Native and modified CNC, iCNC, pCNC and PABA were analyzed using IR to confirm the
proposed grafting between the PABA and the CNC. Figure 16 (a) compares the IR spectra for
CNC, iCNC and pCNC along with PABA. The broad peak at 3000-3550 cm™! of the CNC was
attributed to -OH functional groups. The reduction in the -OH peak (3000-3550 c¢m!) and
appearance of -NCO peak at 2260 cm™! for iCNC as shown in Figure 16 (a) was indicative of the
modification of surface hydroxyls on CNC as illustrated in Scheme 1 (a) to form iCNC 109158159,
Furthermore, the emergence of a carbonyl band at 1700 cm™ in iCNC provided further evidence

of urethane linkage formed as -NCO reacted with the -OH moieties of CNCs 160:161,
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Figure 16. (a) IR spectra of CNC, iCNC, pCNC, and PABA (b) Detailed spectra of intermediate
(1ICNC) and final reaction product (pCNC).

The reaction between the amine groups of PABA with the unreacted -NCO of the intermediate
product as shown in Scheme 1 (b) was observed from the complete consumption of the -NCO in
the pCNC as compared to the iCNC (Figure 16 (a)). Close analysis of pCNC (Figure 16 (b))
showed the presence of an absorbance band at 1597 and 1402 cm™!, which were attributed to C=C
bond from aromatic ring of PABA!2. The -C-H bond of the benzene ring, observed at 844 cm™!,
was an additional evidence of a conjugated PABA onto the CNCs surface. Moreover, the

broadening of carbonyl peak at 1697 cm™ in pCNC as compared to the iCNC was indicative of
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further modifications. The carboxyl group from PABA and conjugation of primary and secondary
isocyanate group leading to urea and urethane linkages, respectively were detected within the

carbonyl peak observed at 1775-1625 ¢cm™ with maxima at 1697 cm! 162163,

The tailoring of CNC was further analyzed by 'H NMR. Figure 17 displays the proton signal
spectrum of the different samples. The main peaks at & 2.51 and 3.33 ppm in all the samples
correspond to DMSO, the solvent in which the samples were dispersed to obtain 'H NMR spectra.
Characteristic signals of ~OH from CNC were observed at § 3.6, 3.9, 4.7 and 5.48 ppm *!. 'H
NMR spectrum for PABA showed the aryl protons at & 5.94, 6.57 and 7.53 ppm. The protons
adjacent to amine (-NHz) on PABA causes the signal at 6.57 ppm to split into a triplet. As the amin
group reacts with isocyanate group in pCNC, a doublet was observed instead of a triplet at 6.57 as
one of the protons gets was consumed in coupling. Substituents of the aromatic ring from the
PABA in pCNC at 5.94, 6.42 and 7.61 provided further confirmation of the covalent grafting of

PABA onto CNC.
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Figure 17. Proton NMR spectra analysis of PABA grafting onto CNCs.

In addition to FTIR and 'H NMR studies, the changes in elemental Carbon and Nitrogen
composition between the native (CNC), the reaction intermediate (iCNC) and final product
(pCNC) samples were analyzed using elemental analysis. CNC, a polymer of anhydrous glucose
units, does not contain any nitrogen atoms. The increase in the nitrogen content for iCNC shown
in Table 4 was attributed to the covalent attachment of isocyanate from IPDI. Further increase in
nitrogen weight percent (6.4%) in pCNC was associated with the attachment of PABA to the
iCNC. Furthermore, nitrogen weight percent from elemental analysis was used to estimate
coupling efficiency for modified CNC according to Guan et al.!>>. Calculations based on equation
(1) provided a remarkable coupling efficiency of 8%. This demonstrated that the use of IPDI as a
coupling agent between CNCs and PABA was efficient, and a substantial amount of PABA was

grafted onto the CNCs.
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Table 4. Elemental Analysis for the modification of CNC

Sample %C %N

CNC 42.47+1.08 -

iCNC 48.93 £0.92 547+1.23
pCNC 49.46 +2.75 5.82+1.03

3.3.1.2.Characterization of Modified CNC

The thermal stability of additives and fillers used in polymeric materials is important, because
most polymer processing operations such as melt processing, thermal curing, injection or
compression molding typically involve high temperatures. To evaluate the impact of grafting
PABA onto CNC on the thermal stability, native and modified CNC (pCNC) and PABA were
analyzed using TGA, and their thermograms are shown in Figure 18. The native and pCNC showed
slight weight loss near 100 °C which was attributed to evaporation of bound water. Major weight
loss of CNC was observed between 295-325 °C ranges with degradation peak at 319 °C. The
degradation of CNC could be attributed to concurrent dehydration, depolymerisation of the
cellulose chain, and decomposition of glycosyl units '®*. As displayed in Figure 18 (b), the peak
degradation temperature of PABA was observed at 211°C, which was much lower than that of the
native CNC. In comparison to CNC, the degradation of pCNC (CNC-IPDI-PABA) began at a
much lower temperature, with a 15% weight loss observed at 265 °C. This was likely associated
with the degradation of the less thermally stable PABA that was attached to the surface of CNCs.
Despite the lower thermal degradation initiation of the pCNC, the peak degradation was
remarkably higher than CNC (18% increase). The increase in the peak degradation temperature of
pCNC beyond that of CNCs’ could be pertaining to the reduction in the number of the surface
hydroxyls groups, responsible for the thermal dehydration as a result of the grafting of PABA.

This clearly indicated that the incorporation of PABA onto CNCs improved the thermal stability
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of native CNC. Such improvement in the thermal stability of CNCs is of great importance for use
as a functional filler in polymer nanocomposites as this limits the risk of degradation, which could

occur during melt processing (in thermoplastics) or curing in thermoset polymers.
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Figure 18. TGA analysis of CNCs, PABA and pCNC: (a) Weight loss curve (b) Weight loss
derivative curve.

CNCs display great potential as a sustainable nanomaterial for a range of material applications.
Studies have indicated that they show an inherently high hydrophilicity owing to the tendency of
their —OH moieties to associate with water via hydrogen bonding with slight variation depending
on the source and extraction process of CNCs !33. The recorded water contact angle (WCA) of
native CNCs ranges from 9-30° 37-153:163.166 Thig can be an advantage in some cases, for instance,
to conduct water-based chemistries and in certain applications that enjoy wettability and water

167

dispersability However, such high hydrophilicity is detrimental in many polymer
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nanocomposite systems, including epoxy mainly because of their lack of dispersability in non-
polar polymer systems. Some outstanding properties of epoxy polymer that make it the polymer
of choice in several applications can be negatively impacted by water absorption 9-!7!, For
example, moisture uptake can cause a marked reduction in the modulus, toughness, crack
resistance and adhesion strength of epoxy materials 71173, Combining the hydrophilic CNCs with
epoxy is anticipated to aggravate the overall moisture absorption of the nanocomposites. Figure

19 (a and b) presented WCA for native and modified CNCs. The WCA observed for native

CNC was 32.7°. CNC modified with PABA showed a higher WCA (64.9°) which was a 98%
increase from the native CNCs and a marked reduction in hydrophilicity. This was because the
grafting of PABA onto CNC consumed the hydroxyl groups responsible for the hydrophilicity of
CNCs as shown in Scheme 1 and Figure 16. Thus, the grafting of PABA onto CNC has
significantly improved the hydrophobicity of CNC, which is a desired attribute in enhancing its

dispersability in mostly non-polar polymers.

Figure 19. Water contact angle for (a) native CNC b) pCNC (CNC-IPDI-PABA)

3.3.2. UV Absorption

Epoxy resins are among the most common thermosetting polymers with a range of applications
due to their marked physical properties, chemical resistance, and processability. However, epoxy-

based materials often degrade under direct exposure to UV radiation, which curtails their use in
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many applications. For instance, the discoloration, chalking, loss of adhesion, cracking etc. as a
result of direct UV exposure limit their use as an external layer coating in the construction and
automotive industries !74. This is because epoxy polymers have an aromatic backbone chain that
can absorb UV and undergoes detrimental chemical and physical changes, resulting in poor
material performance properties !>, The incorporation of UV absorbing molecule decorated CNCs
into epoxy and the UV absorption properties are investigated using UV Vis Spectrophotometer

and results are presented in Figure 20.

It was noted that native CNC absorbed very minimal UV radiation. The PABA on the other hand
displayed excellent UV absorption within the UV light range, 250 — 330 nm. The CNC with grafted
PABA (pCNC) exhibited UV absorbance within a similar UV range (260 — 320 nm) as that of the
PABA. Compared to PABA itself, lower absorbance is observed for pCNC this is due to only 44%
of PABA loading CNC. Despite pCNC carrying lower amount of PABA, it still indicated UV
absorbance properties, and that it can bring about the desired UV absorption when incorporated in

polymer matrices.

67



(b) —Neat Epoxy_0
—10CNC_0
—5CNC_0
—10pCNC_0
5pCNC_0
—10PABA_0

260 m (a) —CNC 320 nm

320 nm
( pCNC
—PABA

Absorbance
Absorbance

A | ﬁ\

200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)

Figure 20. Comparative UV absorbance of (a) CNC, PABA and pCNC; (b) Epoxy
nanocomposites prior to UV irradiation.

As presented in Figure 20 (b), the spectra for neat epoxy showed no absorbance in the ultraviolet
or visible region. Epoxy-CNC nanocomposites showed slight UV absorbance, when the UV
absorbance of SCNC 0 was compared with 10CNC 0 (Figure 20 (b)) it was evident that an
increase in the CNC loading increased the UV absorbance. However, the UV absorbance was
enhanced significantly with the use of pCNC. For comparison reasons, 10 wt.% of PABA was
directly incorporated in epoxy to produce 10PABA 0 epoxy nanocomposite that displayed the
greatest UV absorbance. 10PABA_0 also showed an additional peak at 360 nm (in visible range).
Similar peak was observed for the 10 wt.% of pCNC in epoxy. Comparing the direct addition of
PABA in epoxy with pCNC, it was observed that the use of pCNC at both 5 and 10% loading
displayed excellent UV absorption similar to the direct addition of PABA confirming that the
anchored PABA onto CNC maintained its UV absorbance efficiency. As expected, 10pCNC
provided an enhanced UV absorbance as compared to SpCNC. However, when comparing the

absorbance spectra for PABA and pCNC in Figure 20 (a) with their incorporation in respective
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epoxy matrix, in Figure 20 (b), blue-shift effect can be observed. This can potentially be because
of the interaction between the filler and the epoxy matrix. While the native CNC exhibited some
UV absorbance, the pCNC displayed a remarkably higher UV absorbance owing to the aromatic
benzene with carboxyl and amine functionalities of PABA that are known to provide high UV

radiation absorption (290-320 nm in the UVB region)!’¢.

Baseline epoxy, native CNC and pCNC based epoxy composites were subjected to a controlled
UV irradiation for 72 and 144 hours, and the impact of the irradiation on the UV absorption
properties and color changes were evaluated. Figure 21 ((a) and (b)) displayed the UV absorption
of nanocomposite samples of CNC and pCNC before and after UV-irradiation with 5 wt.% and 10
wt.% loading, respectively. It was observed that nanocomposite samples with pCNC had greater
absorbance compared to those that contain CNC even after the UV irradiation. Moreover, as the
samples were irradiated for a longer time (144 hours), the absorbance displayed a higher intensity,
indicating that a continued UV exposure may not change the UV absorbance properties. Nikafshar
et al.'** also reported a similar observation of UV absorbance increase with an increase in the UV
irradiation with the use of another UV absorber (Tinuvin 1130) in epoxy materials. A possible
explanation for this observation could be that under UV-exposure molecular arrangements of
nanocomposite occurred that led to the formation of chromophores, which could absorb specific

wavelength resulting in higher absorbance.
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Figure 21. Effect of UV irradiation on the UV absorption of (a) epoxy nanocomposites with Swt
% of CNC and pCNC after UV irradiation for 0, 72, and 144 hours; (b) epoxy nanocomposites
with 10wt % of CNC and pCNC after UV irradiation for 0, 72, and 144 hours.

3.3.3. Effect of UV Irradiation on the Chemical Structure of Epoxy Nanocomposites

The changes to chemical structure of epoxy caused by UV irradiation were analyzed by FTIR. As
epoxy goes through photo-degradation, mainly hydroxyl and carbonyl groups are formed. Such
photo-degradation mechanisms of epoxy have been reported extensively in literature 44148177178,
It has been reported that under extensive UV light, oxidation of the phenoxy part of epoxy leads
to the formation of hydroxyl and carbonyl groups #*!48, Furthermore, photo-reaction of hydroxy-
alkyl-ether groups of epoxy forms methyl-end groups %17, In order to study structural change of
the nanocomposites, FTIR analysis of samples irradiated for different times was conducted. Figure
22 presents the effect of such UV irradiation on the chemical structure of the epoxy
nanocomposites. With an increase in the UV exposure time, all nanocomposites (neat epoxy
baseline, I0CNC and 10pCNC) exhibited common changes as noted form the IR spectra. There

was an increase in the hydroxyl groups between 3000 and 3650 cm™ of the nanocomposites

indicating oxidation of phenoxy part. A remarkable increase in the peak between 2798-2985 and
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1445 ¢cm™!, which represents stretching of C-H bond and presence of methyl groups, was noted as
well. These increases in peaks can be attributed to the increase in the methyl groups formed as a
result of reaction of hydroxy-ether groups. Moreover, an increase in the carbonyl peak at 1610 cm-
! was observed for all the nanocomposites. For the neat epoxy baseline sample another peak was
observed at 1505 cm™!, which was intensified with an increase in the UV irradiation time. This can
be attributed to the formation of chromophores, such as C=C. The formation of C=0 and C=C
was a result of chain scission or chain crosslinking '4%!78, These were chromophoric chemical
species, in which electrons were excited from the ground state upon absorbance of the light when

exposed to UV light, leading to the discoloration of epoxy materials 149178,
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Figure 22. FTIR spectra of (a) Neat epoxy (b) I0CNC and (c) 10pCNC upon UV degradation
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3.3.4. Discoloration of Epoxy Nanoomposites

One of the vital indicators of epoxy degradation is its discoloration. As epoxy is exposed to UV-
light from the sun, it displays yellowing over a period of time which makes it aesthetically
unappealing and weakens certain performance properties. Figure 23 (a) shows the appearance of
the cured epoxy nanocomposite samples upon UV exposure. The top row showed the cured
samples prior to UV-exposure (t = 0). The second and third row displayed the changes in the color
of the nanocomposites as a result of UV exposure for 72 and 144 hours, respectively. The
incorporation of the both native and pCNC provided various degrees of off-colors color to the
transparent baseline epoxy as noticed from Figure 23 (a) (first row) and 8b. The off-colors
produced by pCNC were more pronounced. This was associated with the inherent grey color of
the PABA molecule. As observed from Figure 23 (b), these off-colors were produced prior to

curing.

The UV irradiation for 72 and 144 hours caused substantial color changes as compared to the
samples that were not exposed to UV irradiation. The color changes as a result of the UV
irradiation were calculated based on colorimetric measurements and results are shown in Figure

23 (c).

For the calculation, respective samples before UV irradiation were used as references, thus for
each sample at 0 hours the calculated change was taken as the baseline. It can be noticed that as
the time of irradiation increased, more changes in color were observed in all nanocomposite
samples. Neat epoxy was the most impacted as a result of the UV irradiation that led to extensive
discoloration of the samples. As seen in Figure 22, UV radiation leads to formation of
chromophores, which may absorb visible light leading to discoloration. While the incorporation

of native CNCs reduced the discoloration at both 5 wt.% and 10 wt.% loading concentrations, the
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10 wt.% provided a more distinct reduction in discoloration compared to the non-filled epoxy

baseline (Figure 23 (c)). However, the best results were achieved with the use of 10pCNC.

(i) (ii) (iii) (iv) (v) —
| @ @) @) () (v)
o ;
5 L —_ 8, .. |
@
8
= \ 2
c 0 hours
2
5
S
o
; 12 | —®NeatEpoxy (C)
g’ fﬁ 10 =0=5CNC /
g : | —e=5pCNC
-g 72 hours 8 | —e-10CNC 7
3 s | w g | —e=1opene — —
0 [ < )
£ | | 4| L
PN 2
v" Sy 0 P L L
c‘ 0 50 100 150
144 hours UV Irradiation Time (hours)

Figure 23. (a) Epoxy nanocomposite cured and UV irradiated for 0, 72 and 144 hours; (b) Epoxy
nanocomposite before curing where (i) Neat epoxy, (ii) SCNC, (iii) SpCNC, (iv)10CNC and (v)
10pCNC respectively; (c) Color change related of samples

To further investigate the impact of long-term UV exposure on epoxy materials and the UV
absorbance of pCNC, selected samples were exposed to UV radiation for extended period of time
(250 and 500 hours), and the discoloration was calculated and are presented in Figure 24. The
unfilled epoxy continued to discolor further with an increase in the UV irradiation time. In contrast,
epoxies filled with 10CNC showed a lower rate of discoloration as compared with the unfilled
baseline epoxy. It was interesting to note that the irradiation of the 10CNC based epoxy

nanocomposites for 250 and 500 hours did not present a statistically different color change, as

shown in Figure 24. The suspected reason for the UV absorption of CNC based nanocomposites
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was residual lignins left attached to CNCs during their manufacture, as lignin is a known UV
blocker due to its phenolic, ketone and other chemophore functionalities'®®!8!, The incorporation
of pCNC at 10 wt. % (10pCNC) substantially diminished the impact of UV-irradiation as observed
from the lessened discoloration of the nanocomposites as compared to both the unfilled and the
10CNC based nanocomposites. Moreover, the 10pCNC based nanocomposites displayed no color
change beyond 144 hours of UV exposure. Hence, the grafting of PABA onto CNC and their use
as a UV protective molecule provided a very promising approach to mitigate discoloration and

other property deterioration of epoxy as a result of UV degradation.
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Figure 24. Discoloration of selected samples after exposure to UV irradiation for a prolonged
period of time.

3.3.5. Thermal Degradation of Modified CNC and the Nanocomposite

The thermal degradation behaviour of Epoxy-CNC was analyzed to investigate two main effects.
The first goal was to analyze the impact of incorporating CNC, pCNC, and PABA on the thermal
stability of epoxy matrices. Secondly, to inspect the change in the thermal decomposition
behaviour of the epoxy nanocomposites subsequent to subjecting them to UV-irradiation. The

TGA thermograms of unfilled epoxy, epoxy nanocomposites with CNC and pCNC at 5 and 10
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wt.% loadings are presented in Figure 25. For comparison purpose, the thermal degradation
behavior of epoxy filled with PABA via direct addition was included in this study. Table 5 shows
the results of onset temperature, defined as temperature at which 95% of original sample mass still
remains, and Timax, peak degradation temperature. The unfilled epoxy displayed a peak degradation
at 302 °C. Such thermal decomposition of epoxy is mainly attributed to the dehydration caused by

the elimination of water from the backbone structure of epoxy !%2.

Table 5. Thermal degradation behaviour of epoxy composite

Samples Tonset Tmax
Neat Epoxy 269.9 301.8
5 CNC 265.9 301.5
5 PCNC 269.4 301.9
10 CNC 264.1 302.5
10 PCNC 266.9 302.1
10 PABA 189.5 304.7

The addition of CNC and pCNC at both 5 and 10 wt.% loading had negligible impacts on the
thermal decomposition of the nanocomposites and the thermal stability was similar to the unfilled
epoxy. Some literature reported that the incorporation of fillers such as clay at higher
concentrations could result in deterioration of thermal stability of epoxy nanocomposites 83184,
The observation here with the addition of CNC and pCNC at concentrations as high as10 wt.% did
not cause a slump in the thermal stability of epoxy. This indicated that the CNCs (native and
pCNC) did not impact the reactivity of epoxy with the amine curing agent and hence the
crosslinking was maintained. Moreover, in all the CNC and pCNC nanocomposites, a single
degradation peak was observed suggesting that there was good interfacial interactions between the
nanofillers and the epoxy. In contrast, the direct addition of PABA to epoxy resulted in a

significantly reduced degradation onset temperature as shown in Figure 25 ((a) and (b)). As

presented in Figure 18, PABA itself has low onset thermal degradation temperature. Thus, epoxy-
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nanocomposites with PABA had also exhibited a lower onset degradation temperature as the
PABA decomposes at lower temperature substantiated by the observation of a new derivative
degradation peak at a lower temperature (190 °C) than the rest of the epoxy nanocomposites. Thus,
the covalent grafting of PABA onto CNC was quite useful to overcome the thermal stability
limitation of PABA for their use as a functional UV absorbing additives to epoxy and possibly

other polymer systems.
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Figure 25. TGA analysis of epoxy nanocomposites with different filler (a) Weight loss curve (b)
Weight loss derivative curve.

3.3.6. Water Absorption

Due to the inherent hydrophilicity of CNC associated with its -OH moieties, CNC-polymer
nanocomposites typically display higher water absorption !'¢°. Figure 26 presents the water
absorption of the unfilled epoxy and its CNC and pCNC nanocomposites at 5 and 10 wt.% loading.
It was observed that as the immersion time increased, the water uptake continued in all samples.
The unfilled epoxy displayed a relatively low water uptake. However, the incorporation of CNC
led to a dramatic water absorption increase, and the increase was further exacerbated with the
increase in the CNC loading from 5 wt.% to 10 wt.%. This was attributed to the hydrophilic nature

of CNCs as shown in Figure 19 (a). The grafting of PABA onto CNCs (pCNC) substantially
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reduced the water absorption as compared to the native CNC based nanocomposites. This was in
line with the enhanced hydrophobicity of pCNC as observed from the WCA studies (Figure 19).
The increase in the loading of CNCs (native and pCNC) noticeably increased the water absorption.
While a slowing trend in the water absorption kinetics was noticed with the increase in the soaking

hours, equilibration was not achieved at the end of the seventh day.
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Figure 26. Water Absorbance for samples a) before UV exposure b) with Swt% c) 10wt% of
CNC and pCNC-epoxy nanocomposite before and after UV exposure.

3.4. Conclusions

In this study, tailored CNCs with excellent UV absorption properties were prepared by grafting a
known UV filter molecule, para-aminobenzoic acid (PABA) onto CNCs in a two-step
heterogeneous reaction using a coupling agent that had differentiated reactivity (IPDI) among its
reactive groups. The grafting of the UV filter molecule onto CNCs was confirmed by elemental
analysis, FTIR, and proton NMR spectroscopy analysis. The tailored CNCs exhibited enhanced
thermal stability, hydrophobicity, and more importantly excellent UV absorption properties.
Unfilled epoxies suffered from substantial structural changes and severe discoloration under UV

exposure, due mainly to chain secession and chromophores formation. In contrast, epoxy polymers
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filled with the modified CNCs as a UV filter functional nanofiller displayed remarkable structural
stability and less discoloration over a prolonged UV exposure. Additionally, the incorporation of
pCNC maintained the thermal stability and reduced the hydrophilicity of epoxy nanocomposites
that are beneficial for a range of material applications. In recent times, a large amount of research
has been conducted using CNC as a reinforcing filler to improve mechanical performance.
However, CNC has not been fully utilized to its full potential. This research focuses on one such
functionalization of CNC, modifying CNC for UV-absorbing properties. The use of CNC-PABA
could extend to other polymers that suffer from UV degradation as a general UV protective
functional filler. The potential application of modified CNC is mainly in polymeric composite

suffering from UV-degradation due to extensive exposure to UV light.
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Chapter 4: Lignin Nanoparticles
4.1. Introduction

As environmental concerns increase, many initiatives have been taken globally. One of their primary
aims in the material sector is to find an alternatives to fossil fuel-derived polymers that are eco-friendly
(e.g. biodegradable, compostable) and sustainable sources for polymer-based materials to limit
environmental impacts. The use of other natural resources such as protein, lipids, CNCs, lignin, starch,

and chitosan to develop sustainable or functional materials for tailored applications have been explored

17,82,188

Lignin found in terrestrial plants, is a large component biomass. Over the past decade, many reviews
have been published on the utilization of lignin for value-added applications 22138, Over 70
million tons of lignin have been produced as a by-product from pulp industries and biorefineries
124125 Most of the lignin recovered from such operations is typically used as a fuel or an energy
source. This, however, decreases the value of the recovered lignin !85:186, The utilization of lignin
in value-added and speciality chemical products is still limited. A few factors that contribute to
these challenges are the complex structure of lignin, the inherent variability in lignin composition,
and further differences imposed by lignin extraction and purification methods !*%. Depending on
the source and separation process, the structure of lignin may vary. This discrepancy leads to

difficulty in predicting the accurate properties of lignin.

The majority of the biomass used in the pulp industry is delignified using the Kraft process. Other
delignification processes include soda pulping, sulfite pulping leading to the production of

technical lignin such as Kraft lignin, Soda lignin, Lignosulfonates, and Ionic liquid lignin 130187,
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Lignin has a 3-D, polydispersed, branched structure. It is naturally produced via enzymatic radical
coupling polymerization of monolignols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol 2%125, The monomeric units are polymerized into p-hydroxyphenyl, guaiacyl, and syringyl
from p-coumaryl, coniferyl, and sinapyl alcohol units respectively '2°. Lignin is a complex, phenolic
polymer which is known for its antioxidant, antimicrobial, and UV absorbing properties 2°. Thus lignin
can be an attractive biorenewable polymer in material applications, which can provide such additional
functionaly on top of biodegradability.

Lignin particles have the aforementioned appealing properties, and forming lignin nanoparticles can
increase surface area leading to enhancement of these properties when added to a composite!3!.
Nanoparticles have gained popularity in material applications. They can be used as a filler or as a
reinforcing agent of polymers. Nanoparticles from chitosan and modified nanocellulose are widely
studied and they can produce functional nano-composite for value-added applications 732188 Thus, the
focus of this chapter is to evaluate the use of various processes to produce lignin nanoparticles (LNP),
which can be further utilized. Experiments were conducted to prepare LNPs through a top-down
approach, using ultra-sonication energy as a means to form nanoparticles. In literature, LNPs prepared
through the bottom-up approach where an pH-shift method was employed in ethylene glycol has been
well-studied and reported®'®. However, for the first time, this method was extended to a different
solvent, glycerol. In this work, on top of LNP prepared through ultrasonication method, LNP prepared
through pH-shift method in water, glycerol and ethylene glycol are compared. Several characterization
methods were employed to analyze the particle size, chemical structure and other desirable properties

of produced LNPs, which were formed through top-downa and bottom-up approach.
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4.2. Experimental
4.2.1. Materials

Dealkaline lignin (L0045) was purchased from TCI Chemicals. Potassium hydroxide (KOH, 85 %) in
a pellet form and hydrochloric acid (37%) was purchased from Sigma Aldrich, USA. Ethylene glycol

(99%) and glycerol (99.5%) were purchased from VWR and Fisher Scientific respectively.

4.2.2. Lignin Nanoparticles Synthesis

4.2.2.1.Lignin Nanoparticles Synthesis through Sonication

To prepare an alkali lignin solution, KOH pellets were added to DI water to obtain a pH of 12.
Lignin was then added to alkali water to prepare 5 wt.% of lignin solution. The solution was bath-
sonicated for 4 hours using ultrasonication. The solution was then centrifuged at 4000 rpm for 10
minutes. The supernatant was recovered and further sonicated for 2 more hours. The solution
containing lignin nanoparticles was used for further characterization. Lignin nanoparticles were
dried at 60 °C overnight and ground into a powder for further analysis. For further analysis, lignin

nanoparticles prepared through bath sonication method is referred to as LNPS.
4.2.2.2.Lignin Nanoparticles Synthesis through Acid Shift Method

5 g of lignin was dissolved in 50 mL of glycerol at alkaline pH using KOH as the base. The solution
was heated at 50 °C under nitrogen environment. 20 mL of 0.5M HCI was added to the lignin
solution at a rate of 3 drops per minute. The solution was stirred under a nitrogen environment for
3 hours. Lignin nanoparticles were then dialyzed against DI water for 72 hours. The solution
containing lignin nanoparticles was used for further characterization. Lignin nanoparticles were
dried at 60 °C overnight and ground into a powder form for further analysis. A similar process was

used with different solvent: ethylene glycol and water. For further analysis, lignin nanoparticles
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prepared in glycerol, ethylene glycol, and water were referred to as LNPG, LNPEG, and LNPW,

respectively.

4.2.3. LNP Characterization

4.2.3.1.Particle Size

The particle size of the lignin nanoparticles retained in dispersion form after synthesis was
measured using a Brookhaven instrument (New York, USA). Lignin nanoparticles, LNPS, LNPG<
LNPEG and LNPG were diluted to 0.15 wt.%. Particle size was measured from two independent

synthesized batches with 5 measurements each. Average particle size was reported.
4.2.3.2.Zeta Potential

10 mg of lignin and lignin nanoparticles prepared through four different methods LNPS, LNPW,
LNPG, and LNPEG were dispersed in 10 mL water. The samples were sonicated for 30 minutes
in bath-sonicator and allowed to settle for 30 minutes. Zeta potential of the solution was measured
using a Zetasizer nano series, DTS 1061. Three measurements with a hundred runs each were

taken at 25 °C.
4.2.3.3.Dispersity Test

The dispersibility of lignin and different LNPs were analyzed in different organic solvents. To
analyze the interaction of lignin and LNP in a solvent, solvents with different polarity were chosen.
In the order of decreasing polarity, the solvents chosen were water, ethylene glycol, ethanol,
dimethyl sulfoxide (DMSO), chloroform, tetrahydrofuran (THF) and toluene. 10 mg of sample
was added to 10 mL of solvent. The samples were then sonicated for 5 minutes and after 60 minutes

of settlement, photographs were taken.
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4.2.3.4.UV-Visible Spectroscopy (UV-Vis)

0.1 mg/mL of samples dispersed in water and ethylene glycol were sonicated for 5 minutes using
samples dispersed in 10 mL of water. A probe sonicator (sonic dismembrator model 120, Fisher
Scientific Inc) was used for 3 minutes to achieve a better dispersion. The UV absorbance of lignin
and lignin nanoparticles was analyzed using a Cary 100 Bio UV-visible (UV-vis)

spectrophotometer.
4.2.3.5.Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of native lignin and LNP were analyzed to investigate the change in chemical
structure as a result of the LNP preparation process. To prepare IR samples, sample pellets (5 mg)
were mixed with KBr (200 mg) using a mortar and pestle. The mixture was then pressed into a
pellet using Carver Press. FTIR scans were collected in transmission mode in the frequency range

of 500 to 4000 cm!, using the Nicolet 6700 model.
4.2.3.6.X-ray Photoelectron Spectroscopy (XPS)

An XPS analysis of lignin and LNP was conducted to analyze the structural and chemical
composition of each sample. The samples were analyzed using a Thermo-VG Scientific ESCA
Lab 250 microprobe (Thermo Fisher Scientific) instrument with monochromatic Al-Ka radiations
(1486.6 eV). The step size of the survey spectra was 0.5 eV with a pass energy of 50 eV. The high-
resolution spectra were conducted with a step size of 0.1 eV and pass energy of 30 eV. The spectra

were analyzed using CasaXPS software.
4.2.3.7.Water Contact Angle (WCA)

For water contact angle measurement, samples were diluted to a concentration of 0.15 wt.%. The

samples were prepared on a Petri dish. Using a transfer pipette, a single droplet was placed on a
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petri dish and allowed to dry at 80 °C. Another droplet was placed and subsequently dried, layering
4 droplets. The samples were allowed to air-dry and then placed in a vacuum oven at 35 °C for 30
minutes. The water contact angle of lignin and LNP samples were then measured using a sessile

drop device.
4.3. Results
4.3.1. Lignin Nanoparticles

Lignin, a natural polymer, has an abundance of useful properties that can be exploited for value-
added applications. Therefore, when synthesising lignin nanoparticles, it is important to analyze
the particle size as well as the structure of the lignin. Lignin nanoparticles were prepared using
two methods as shown in Figure 27. To produce LNP from native lignin mechanical treatment of
lignin using homogenization!?’ and sonication!®® have been reported. Gilca et al.'*® conducted a
sonication of 0.7 wt.% of aqueous lignin reporting average particle diameter between 100-500 nm.
For an economically feasible process, it is important to use more concentrated lignin. In this work,
10 wt.% of the lignin solution was subjected to sonication to produce LNP which resulted in

nanoparticles with an average volumetric diameter of 152.6 nm.
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Figure 27. LNP Synthesis

Another commonly accepted method for the production of lignin nanoparticles is the pH shifting

method. Frangyville et al.?*

widely investigated the growth and control of LNP through pH shifting
in ethylene glycol. Using the findings and optimal conditions from this study, Rahman et al.'®
synthesized LNP in ethylene glycol, water, and castor oil. In this work, the nanoparticles were
synthesized in ethylene glycol and water with the addition of glycerol as the solvent. The
precipitation approach followed in this work involved a pH change. Dealkaline lignin with
measured particle size of 2027 nm (£ 190) was added to water, glycerol, and ethylene glycol,
respectively. Since dealkaline lignin dissolves well in alkaline solution, solvents were made
alkaline with the addition of a base. The solubility was then slowly changed by the addition of
acid. As the solvent quality worsens, particles precipitate. At the initial stage of acid addition,
supersaturation of lignin occurs, leading to variation in local concentration. As a result, nuclei form
and grow due to aggregation. The particle size was controlled with slow addition of acid.
Nanoparticles formed in water and glycerol have statistically similar particle sizes, with an average

volumetric mean diameter of 90.0 and 96.9 nm each. Nanoparticles in ethylene glycol had a
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slightly higher diameter of 104.5 nm. Rahman et al.'®® reported particle size of larger than 100 nm

measured through DLS method for LNP prepared in water and ethylene glycol.
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Figure 28. (a) Particle size and (b) Zeta potential of samples

The stability of nanoparticles was analyzed by zeta potential. Lignin and LNP possess a negative
charge incurred from phenolic groups and other functional moieties, such as sulfate groups,
emerging on the surface due to the extraction process 2°. The zeta potential of dealkaline lignin
was measured to be -35.1 mV. It has been reported that as the pH increases, the surface charge of

lignin becomes more negative °!

. Dealkaline lignin has a pH of 3, and therefore the surface charge
of lignin is relatively low compared to other LNP. LNP prepared through pH-shift method were
precipitated in acidic condition, and dialized further to bring pH above 5. These samples showed
slightly more negative surface than compared to lignin. LNPS was prepared in alkaline solution
(pH above 10) had more negative surface charge compared to lignin. Therefore, a correlation

between pH and zeta-potential can be predicted, samples with higher pH would display more

negative zeta potential.

On the other side, the particle size can also has an effect on the surface charge. Comparing the size

of LNPW, LNPG, and LNPEG with zeta potential, it can be observed that, with increasing particle
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size, the surface charge becomes more positive. The observation shows that the LNP prepared
through the acid shift method has a smaller particle size and negative zeta potential, which may

help maintain its stability in polar solvents.
4.3.2. Dispersity Test

Lignin is an excellent source of renewable biopolymer. To further utilize it for material
applications, it is important to investigate its compatibility with other organic solvents. Figure 29
shows the dispersibility of lignin in solvents in order of decreasing relative polarity. Dealkaline
lignin has limited dispersibility in water as shown in as shown in Figure 29. It is visibly dispersible
in ethylene glycol and DMSO. Table 6 shows relative polarity and §; of the solvents used. After
water, ethylene glycol and DMSO have the next highest polarity and hydrogen bonding capability.
Lignin dispersion in these two solvents show that, dispersibility is improved in slightly polar
solvents. As the solvents become non-polar, lignin becomes insoluble and settles at the bottom.
Minimal or insignificant dispersibility of lignin in chloroform, THF, and toluene can be attributed

to their low hydrogen bonding capability, &p,.
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Figure 29. Dispersibility of (a) Lignin (b) LNPS (c)LNPW (d)LNPG and (e)LNPEG in solvents
arranged in decreasing polarity water, ethylene glycol, DMSO, chloroform, THF and toluene

LNPEG displayed the same dispersibility as native lignin, while other samples showed slight
variation. LNPS, LNPW, and LNPG had better dispersibility in water than dealkaline lignin. LNPS
was well-dispersed in EG followed by DMSO. Dispersibility of LNP prepared through pH-shifting
method had lower dispersibility in non-polar solvents (chloroform, THF and toluene), similar to
lignin and LNPS. However, there was a relatively better dispersion in chloroform compared to
native lignin. Overall, LNP maintained similar structure as lignin and therefore, there were only a

few differences in the dispersibility.
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Table 6. Properties of solvents: relative polarities and hydrogen bonding parameter (&, )!°? from
Hansen Theory

Solvent Relative Polarity &, ((Cal/Cm3)12)
Water 1.0 16.7

Ethylene Glycol 0.790 12.7

Dimethyl Sulfoxide 0.444 5.0

Chloroform 0.259 2.8
Tetrahydrofuran 0.207 3.9

Toluene 0.099 1.0

4.3.3. UV-Visible Spectroscopy

Due to the aromatic structure of lignin, it is expected to have a good UV-absorbing properties.
Figure 30 shows UV spectra for lignin and LNP dispersed in two solvents. In general, lignin has a
characteristic absorbance peak at 280 nm 314, Figure 30 (a) shows UV-visible spectra for lignin
and LNP dispersed in water. A correlation can be made with dispersibility results and UV-
absorbance peak. As shown in Figure 29, lignin and LNPEG have significantly lower dispersibility
in water. Thus, the UV-absorbance of those two samples is low. LNPS, LNPW, and LNPG,
samples that were well-dispersed in water, have a significant absorbance peak at 280 nm and a

shoulder can be observed at 340 nm.
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Figure 30. UV-Visible spectroscopy for lignin and lignin nanoparticles dispersed in (a) Water
and (b) Ethylene Glycol

All samples were well-dispersed in ethylene glycol. Therefore UV-visible spectra of sample
dispersed in ethylene glycol were recorded (as shown in Figure 30 (b)). Lignin and LNP show a
typical absorbance peak of benzene chromophore at 280 nm. As the wavelength increases towards
the visible region, the absorbance decreases. The dispersion of lignin gives a dark-brownish colour

to the solution and, as a result, some absorbance can be seen in the visible range.

4.3.4. Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 31. (a) IR spectra for lignin and nanoparticles (b) Detailed spectra from 1800-400 cm’!
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Lignin has a complex structure with an abundance of aromatic groups. Figure 31 shows the IR
absorbance of lignin and LNP synthesised through different methods. Lignin shows a broad
absorbance band at 3415 ¢cm !, which is typical for hydroxyl groups from a phenolic and aliphatic
structure. C-H peak can be observed at 2920 and 2855 cm™ arising from C-H stretching of

methoxyl and hydroxymethyl group.

The characteristic peaks of the phenolic structure are identified in Figure 31 (b). The band at 1700
cm! is a characteristic for C=0, the carbonyl groups, of lignin. Characteristic peaks of lignin are
evident in lignin and LNP at 1600, 1510, 1460, 1360, 1270, and 833 ¢cm™!, indicating the presence
of an aromatic structure. Table 7 lists the detailed assignment of each absorption peak. The
structure of lignin was maintained in LNP, formed through different methods except for the
disappearance of the 1700 cm™! peak for LNPS. LNPS were produced by applying mechanical

energy through an ultrasonication process.

Table 7. FTIR absorption assignment for Lignin

Characteristic Functional Group Assignment
Absorption (cm™)

3415 O-H groups from the aliphatic and aromatic structure
2920 C-H stretching from methoxyl group

2855 C-H stretching from hydroxymethyl group
1720 C=0 carbonyl stretch

1600 C=C aromatic skeletal vibration

1510 C-C aromatic skeletal vibration

1460 C-H aromatic stretch

1360 C-O syringyl units

1270 C-O guaiacyl units

1125 C-O secondary alcohol

1035 C-O primary alcohol

833 C-H aromatic vibration
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4.3.5. X-ray Photoelectron Spectroscopy (XPS)
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Figure 32. XPS survey for lignin and nanoparticles

An XPS analysis of lignin and LNP surface was conducted in a sensitive environment to obtain
their chemical composition. Figure 32 shows typical spectra for lignin and nanoparticles obtained
through different methods. Dealkaline lignin has a typical O 1s and C 1s peak. Moreover, the
presence of Na and S can be seen. Dealkaline lignin was prepared from sodium lignosulfonate and,
thus, the distinct peak for each can be observed. LNPS also shows some traces of sodium and
sulfur. However, for LNP prepared through the acid shift process, the sodium peak is negligible,

indicating that, during the dialysis process, such impurities were removed.

Table 8. Elemental composition of samples obtained from XPS

C% 0% S% C/O
Lignin | 65.87 29.73 4.4 222
LNPS 69.87 27.8 2.33 2.51
LNPW | 77.22 21.3 1.49 3.63

LNPG | 7691 22.15 0.94 3.47
LNPEG | 78.16 21.01 0.83 3.72
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Quantitative analysis of lignin nanoparticles prepared through different processes was conducted
using XPS. Table 8 shows the elemental composition of lignin and LNPs. Dealkaline lignin
contains 65.87, 29.73, and 4.4% of C, O, and S, respectively. It has a C/O ratio of 2.22, which is
slightly lower than the values reported in literature 213, Each commercial lignin is extracted
through a different process and the lower C/O ratio can be a result of oxidation of lignin during
the extraction process '°°. Table 8 also lists change in the C/O for the different LNP produced. For
the LNP produced through sonication and the pH shift method, sulfur content decreases while
increasing the C/O ratio, which is in correlation with the results obtained by Yang et al.?!. During
the lignin dissolution process, possible side reactions between solvent and lignin may lead to a
decrease in the C/O ratio as suggested by Gupta et al.'?S. In acidic conditions, hydrolysis of lignin
may also lower the C/O ratio. LNP produced through pH-shift method showed a reduction in
Oxygen content. Acidic conditions can result in possible hydrolysis of lignin and fragment the

hydroxyl groups, which can reduce the oxygen leading to an increase in C/O ratio.
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Figure 33. XPS C 1s spectra for (a) Lignin (b) LNPS (c) LNPW (d) LNPG (e) LNPEG

C Is spectra for the samples were further analyzed, with the corresponding data shown in Figure

33 and Table 9. C1 positioned at approximately 286 eV corresponds to C=O including carboxyl,
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ester, and aromatic carbon double-bonded with oxygen. C2 represents C-O associated with alcohol
and ether groups. C3 corresponds to aliphatic carbon (C-C, C=C, C-H). As shown in Table 9.,
lignin contains an abundance of carbonyl, carboxyl, ester, ether, and hydroxyl groups. There is a
significant reduction in the C1 peak for LNPS compared to dealkaline lignin. During the sonication
process, the carbonyl functional groups were lost as analyzed in FT-IR and XPS. LNPW and
LNPG showed a slight reduction in the C1 peak while increasing the C3 peak. Lignin-solvent
interaction may reduce some carbonyl groups while maintaining the backbone structure leading to
a reduction in C1 peak. Compared to other LNPs, LNPEG had the most similar composition to as
lignin. The dispersibility observation of LNPEG and lignin in Figure 29 also display the same

trend.

Table 9. Quantified analysis of C 1s and O 1s spectra

C1 C2 C3 01 02

Position  %Area | Position %Area | Position  %Area | Position  %Area | Position
Lignin | 285.9 26.9 284.25 3248 | 282.77 40.62 | 531.51 10.86 | 530.86
LNPS 286.16 3.88 284.32 43.83 282.8 52.3 531.48 914 530.52
LNPW | 286.06 9.99 284.28 39.99 282.78 50.02 531.4 961 530.9
LNPG 286.47 9.64 284.45 41.11 282.79 49.25 531.54 943 530.85
LNPEG | 285.72 16.99 | 284.2 38.13 282.73 44.88 531.42 10.78 530.95

Figure 34 illustrates the O s spectra with a different composition fitted. O1 in Figure 34 represents
the O=C bond corresponding to carbonyl, carboxyl, ester, ether, and O bonded to aromatic groups.
02 represents O-C, which is approximately 9 times higher in concentration than O1. Compared to
lignin, the LNPS, LNPW, and LNPG showed a slight reduction in O=C. This observation was
agreeable to the results obtained from the C 1s spectra. Moreover, although LNPEG had the most
similar composition to lignin. XPS is a sensitive analysis dictating small differences in structure.

XPS showed that the nanoparticles obtained through sonication had some slight structural changes.
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LNPW and LNPG were similar in composition, slightly deviating from the lignin structure.

LNPEG maintained the structure of lignin to the largest extent.
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Figure 34. XPS O 1s spectra for (a) Lignin (b) LNPS (c) LNPW (d) LNPG (e) LNPEG

4.3.6. Water Contact Angle (WCA)

Lignin is a complex material with an abundance of phenolic groups. To valorize lignin and lignin

nanoparticles in material applications, it is important to analyze their surface energy. Figure 35

shows the water contact analysis of lignin and LNP at 0 seconds and after 60 seconds. The aromatic

structure of lignin makes it hydrophobic. However, the presence of polar groups negatively

impacts the hydrophobicity of lignin. Thus, lignin has a WCA of 35.5° and decreases to 18.2°

within 60 seconds. One limitation that can potentially affect the WCA analysis of lignin sample is

the porosity of the sample prepared. Lignin, larger molecule in size, also can have pores in larger

dimension. It is possible that the water molecule, also in comparable size, can be absorbed by the

lignin surface. Thus the rapid deacrease in WCA for lignin can be attributed to some level of

absorbance as well. This challenge is overcome when samples of samller particle size, LNPs, are
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analyzed. A lignin nanoparticle prepared through mechanical energy has substantially low WCA
as shown in Figure 35 and Table 10. These results could correspond to the decrease in the carbonyl
peak as shown in the FTIR (Figure 31) and an increase in the C-O peak as observed from the XPS
result (Figure 32-34). When mechanical energy is applied to lignin for a significant time, the
carbonyl linkages of lignin were broken, potentially exposing more higher energy on the surface.

As aresult of an increase in surface energy, LNPS displays a lower water contact angle.

Table 10. The water contact angle of lignin samples at 0 and 60 seconds

0 Seconds 60 Seconds
Lignin 353 +4.5 182 +32
LNPS 23.7+0.2 14.6 £ 0.1
LNPW 68.0 £ 4.5 392+ 1.6
LNPG 653 1+ 0.3 259+ 2.1
LNPEG 65.6 £ 2.1 358+£53

Lignin nanoparticles prepared through the acid shift method demonstrated a significant increase
in the water contact angle. The lignin-solvent interaction potentially changed the structure of
lignin, making it more hydrophobic. Moreover, the XPS analysis shows an increase in the C/O
ratio and the aliphatic carbon made LNP more hydrophobic. LNPW, LNPG, and LNPEG with a
higher WCA makes it more suitable nanoparticle for further application where hydrophobic

surfaces are required.

97



WCA at 0 seconds WCA at 60 seconds

s ——

Figure 35. Water contact angle of (a) lignin (b) LNPS (c) LNPW (d) LNPG (e) LNPEG
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4.4. Conclusion

Lignin is the second most abundant biopolymer found on the biosphere. It is known for its aromatic
structure, providing it with UV-absorbing properties. Lignin can be further processed to make
nanoparticles which can be used for many other functional applications. LNPs were made through
two main methods, the ultra-sonication and pH-shifting method. From the analysis, it was observed
that nanoparticles obtained through LNPS underwent a slight structural change. FTIR and XPS
showed a relatively small change in the chemical composition for LNPS. While the WCA of LNPS
was significantly lower than lignin, the other lignin nanoparticles (LNPW, LNPG, and LNPEQG)
displayed higher WCA. LNPW, LNPG, and LNPEG had a smaller particle size while maintaining
negative zeta potential. All the LNPs prepared through various methods were dispersible in polar
solvents and demonstrated UV-absorbing properties when dispersed in ethylene glycol. Overall,
LNP prepared through acid precipitation method using different solvents demonstrated promising
attributes, that warrant further investigations for a range of material applications (e.g. UV barrier
for coating applications, polymer fillers). Moreover, because of their nanostructure with sufficient
functional moieties, they can further be modified or decorated with other functionalities (e.g.

antimicrobial agents, corrosion inhibitors) for material applications.
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Chapter 5: Concluding Remarks

The need for sustainable and biodegradable materials is at its peak, not only due to the depleting
fossil fuel resources but also to reduce the negative environmental impacts of such fossil fuel-
derived materials. Lignocellulose is the most abundant, sustainable source of carbon and bio-
renewable polymer on earth. Thus, this thesis has focused on the valorization of components of

lignocellulose, cellulose and lignin, for functional material applications.

CNC, the crystalline part extracted from cellulose, has high crystallinity, high rigidity, low density
along with high hydrophilicity. It has gained popularity as a reinforcing agent as it increases the
mechanical strength of many polymetric matrices. As a result of its high surface energy and strong
hydrogen bonding capabilities, CNC also has a high tendency to aggregate, making it incompatible
with many matrices. However, CNC can be modified to induce compatibility, which can then be
easily dispersed in a range of matrices. CNC has an abundant number of hydroxyl groups,

amenable for chemical modification and transformation.

CNC, with such excellent properties, has the potential to be used in functional material
applications. Chemical modification of hydroxyl groups on CNC surface with functional agents
can open doors to many advanced applications. One such application of CNC is to tailor its surface

for producing UV-absorbing composite materials.

In this research, CNC was modified with a UV-absorbing molecule, PABA, using IPDI as the
coupling agent. Characterization of the modified CNC validated the modification also displaying
UV-absorbing capabilities. Modified CNC incorporated in epoxy reduced the discolouration
owing to the UV-irradiation of the composite. Due to the relatively lower thermal degradation
temperature and incompatibility of PABA in epoxy, the direct addition of PABA in epoxy was not

suitable. Thus, CNC was used as the modular polymer to carry the UV-absorber, which also avoids
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the potential risk of UV-absorber leaching out of the matrix. Epoxy is a great adhesive used in
coating industries; however, it is known for its poor UV stability limiting its use as an exterior
layer. Therefore, an epoxy-modified CNC composite can avoid the need for an extra layer of UV
protective polymer, such as polyurethane. In this research, epoxy containing 10 wt.% of modified

CNC showed the least amount of discoloration due to UV irradiation.

Aromatic, biopolymer lignin also has many advantageous properties but due to complexity in its
structure and heterogeneity arising from source and extraction of it, its use has been limited. To
obtain more uniform lignin with functional attributes in material applications, the fabrication of
lignin nanoparticles can be of interest. LNPs can even further enhance the attractive inherent
properties of lignin. Thus, in this research, LNPs were produced via different processing
approaches and their properties are compared. LNP produced through a top-down approach, the
ultrasonication method, showed a slight structural change compared to native lignin. LNPs
synthesized through the pH-shift method in water, glycerol and ethylene glycol maintained similar
structures to the baseline lignin and displayed enhanced water contact angles. These LNPs
produced through all the methods also displayed UV-absorbing properties. LNPs produced
through pH shift method showed the most promosing structure. The LNPs can find applications in
nanocomposites, biomedical, biotechnology, drug delivery system and other advanced
applications. LNP can also be used in other specialty products, such as personal care products,

increasing the utilization of lignin for value-added applications.
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