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DEFINITION OF KEY TERMS

Amorphous- A material that lacks long range order of the constituent particles

Band gap- Refers to the minimum energy needed to excite an electron from the valence band till
a state in the conduction band where it can take part in electrical conduction

Chromophore- A region in the molecule where the energy difference between two separate
molecular orbitals falls within the range of the visible light.

Crystallization- Refers to a process where atoms or molecules of a substance align themselves
in a well-defined 3-dimensional lattice that minimizes the overall energy within the system.

Degree of polymerization- The number of repeating units
Fluorescence- Refers to the emission of photons from the S; — Sy radiative transition

Internal Conversion- The non-radiative transition within 2 electronic states in the same spin
multiplicity

Intersystem Crossing- The non-radiative transition between two is energetic vibrational levels
of electronic states of varying spin multiplicity

Nanocrystals- materials particle having at least one dimension smaller than 100 nanometres
Nanomaterials- Materials possessing, at minimum, one external dimension measuring 1-100nm

Piezoelectricity- Refers to the change of electrical polarization within a material due to external
pressure or mechanical stress

Phosphorescence- Refers to a radiative transition between 2 electronic states of different spin
multiplicity

Polydispersity- The ratio of weight average to the number average molecular weight

Polymer- Refer to a class of synthetic or natural substances consisting of very large molecules
known as macromolecules that are multiples of simpler chemical units referred to as monomers

Polymorphs- A substance to crystallize into different crystalline forms
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ABSTRACT

Cellulose nanomaterials have recently continued to attract higher attention in the current research
output, due to their extremely excellent mechanical, optical as well as electrical properties. Their
sustainability coupled with good structural and morphological properties have made them
become a great resource in the construction of both active and passive components in the
electronics sector. Interestingly, water hyacinth, a serious environmental threat in Lake Victoria
and other water bodies globally, is a rich source of this novel material. This research study has
been dedicated to find out the correlation between the degree of alignment and the piezoelectric
effect of cellulose nanocrystals fabricated from water hyacinth. The CNCs were synthesized by a
rigorous acid hydrolysis using varied acids, concentration, temperature and time and the effects
of these parameters on the opto-structural properties of the resultant films investigated using UV-
Vis spectrophotometer, fluorescence spectrophotometer and XRD technique. Further, the Urbach
energies have been calculated and found to increase while the optical band gap energies found to
decrease with increase in hydrolysis temperature. From a plot of E, verses E,, the optical band
gap energy of the CNCs when there was no disorder in their microstructure was found to be
~5.43 eV. Further, it has been shown that the Urbach energy is absent when hydrolysis process is
done at 14.23°C. Additionally, the piezoelectric effect of the electric field assisted convective
shear assembled CNCs has been systematically studied and the effect of the applied voltage and
the frequency mapped. The sensitivity of fabricated sensors was measured using the fabricated
measurement setup. From the study, a high degree of CNC orientation in the films has been
found to be a key characteristic for the piezoelectric response. The amount of applied voltage and
the frequency have been found to increase the degree of the orientation/alignment of the CNCs
within the films hence leading to enhanced piezoelectric response. This is because the orientation
of crystalline CNC regions inside the films led to a remarkable increase of piezoelectric effect as
a result of the large piezoelectric coefficient of the CNCs. From the study, it was clear that
functional piezoelectric sensors can be fabricated from CNF films and thus, the results obtained
suggests that CNC films are suitable sensor materials for applications in different fields

including electronics, biomedical diagnostics and material sciences.

Xvi



CHAPTER ONE
INTRODUCTION

1.1 Background Information

1.1.1 Outlook

Cellulose nanomaterials possess excellent mechanical properties, are highly transparent, with
admirable coefficient of thermal. These characteristics place them at best position to be utilized
in fabrication of both active and inactive electronic devices [1]. A case at hand is their ability to
be used as substrates for film deposition in electronics industry and visual displays [2, 3]. They
have also been excellently used to improve the efficiency of photovoltaic cells [4]. They have
equally been proved to act as components of the composites of magnetorestrictive devices [5].
Further, their utility has been harnessed in the creation of the membranes of lithium-ion battery
separators [6]. Further, CNMs have often been applied in the manufacture of sensory devices as
well as energy harvest and storage tools [7, 8]. The major source of cellulose is plants, both
aquatic and non-aquatic. Other minor sources include the tunicates, algae and bacteria. In this
research study, we have successfully managed to extract cellulose from the aquatic water
hyacinth plant from the Western shores of Lake Victoria, Usenge Beach, Siaya County, Kenya
and obtained cellulose nanocrystals (CNCs) from the extract. The obtained CNCs have been
subjected to optical absorption measurements, photoluminescence measurements, light
microscopy and XRD measurements. Finally, an investigation was conducted on the correlation
between the degree of crystallinity of the nanomaterials used in the fabrication of the

piezoelectric sensors and the piezoelectric sensitivity.

This chapter outlines the theory of polymers, cellulose structure, cellulose nanomaterials,
crystallization theory, light-matter interaction and the theory of piezoelectricity. Finally, we will

introduce the objectives, problem statement and justification of the study.

1.1.2 Polymers
Polymer is a term coined from two Greek words, ‘poly’ and ‘mers’. In English, Poly means multi

or many while “mers” means units of high molecular mass. Polymers therefore mean many units



of high molecular weight. Each unit of molecular mass is called a macromolecule. By means of
the covalent bonding process, a macromolecule is created by hooking together a very large
number of small parts, generally referred to as monomers. The process of chemical reaction
where the monomers hook together forming a polymer is called polymerization [9]. Polymers
are represented by organic compounds which contain carbon atoms with either hydrogen,
nitrogen, oxygen, and/or halogens [10], forming extremely large, chain-like molecules [11]. Due
to the wide range of their good mechanical, thermal, optical and even electrical properties,
polymers have gained multiple applications in the electronics sector as well as in the

manufacture of electronic devices.

Through covalent bonding, large quantity of monomers are embedded together in order to form
polymers. [10]. Due to this inter-monomer bonding, the molecular units become dependent. The
interdependence of the monomers offers them some degree of freedom that result to polymer’s
good properties giving them unique behaviors. The total molecular mass of a polymer is directly
proportional to its degree of polymerization (DoP). DoP is the integral value the of repeating
units. The degree of polymerization of a polymer influences its physical properties such as
strength, brittleness, ductility, toughness, malleability, plasticity and elasticity. From data

analysis theory, the mathematical mean of the molecular weight of a polymer is given by;

T
M=E

i
i=0

M =mathematical mean of the molecular weight,

N, = number of monomers in the polymer

N, = individual monomer molecular weight.

Equation (1.1) is not valid for some optical properties measurements experiments e.g. the light
scattering measurements [12]. To take care of this limitation, we use the average weight

molecular weight, defined as:
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In equation 1.2, we have introduced the term w; = which is basically the weight

fraction of M, . Polydispersity (PDI) of a polymer is defined as the ratio of the weight average to

number average molecular weight. This is mathematically expressed as;

ppr =M (1.3)
M

The molecular size distribution of a polymer is influenced by its polydispersity.

If the weight average of a polymer equals to its number average of the weight of the molecule,
then the polymer molecule size is mono-disperse and all the molecular chains have equal lengths.
However, if the weight average of a polymer does not match its number average of the molecular
weight, then the size is poly-disperse and all molecular chains will have different lengths. This is

the most common scenario.

1.1.3 Cellulose

From the available literature, cellulose remains the most abundant organic polymer [13]. It falls
in a special class of polymers known as carbohydrate polymer. It comprises a large quantity of
hydroxyl groups that are linked by intra-molecular and inter-molecular hydrogen bonds. The
main source of Cellulose is wood and plants. In plants, cellulose is richly found in plant cells and
biomass. Some of the biomass sources of cellulose are banana rachis, potato tubers, sisal and
sugar beet [14, 15]. Interestingly, marine animals (tunicates) [16], Dbacteria
(Gluconacetobacterxylinus) [17] and even algae (Valonia) [18] also make rich sources of

cellulose.

In the interest of this study, cellulose has been extracted from the much-hyped water hyacinth.
Research shows that water hyacinth is majorly composed of cellulose, hemicellulose and lignin
with percentage compositions of 25%, 33% and 10% respectively. Thus, water hyacinth is a
material that is equally best suited to be used in the manufacture of cellulose-based polymers
devices [19]. This study has unveiled the cellulose extraction process from the water hyacinth
that has always posed a serious environmental threat in Lake Victoria, for better utilization in
fabrication of sensory electronics devices. The extracted cellulose has been used to obtain

csellulose nanocrystals through pretreatment and acid hydrolysis processes.
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1.1.3.1 Cellulose Structure

Cellulose has a flat ribbon-shaped structure formed from a linear chain of glucose molecules
which are ringed together. One glucose molecule, which is the repeat unit, is pair of
anhydroglucose rings and is given by a general chemical formula (C¢H;¢Os),.. The subscript n is
an integral number that represents the number of the pairs of anhydroglucose rings making the
cellulose. The magnitude of n ranges from 1.0 x 10* to 1.5 x 10* and is largely a factor of the
material used as the source of the cellulose. Figure 1.1a schematically illustrates the linking
pattern of the two anhydoglucose rings. There exists a common oxygen element covalently
bonded to the extreme carbon elements from each ring. The oxygen element is bonded to the 1%
carbon element (C;) from ring R; and to the 4™ carbon element (C4) from ring R,. This kind of
linkage is commonly referred to as 1-4 linkage since the oxygen elements are linked to the 1

and 4™ carbon elements. It forms the generally known P, 1—4 glycosidic bonds [20, 21].
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Figure 1. 1: Schematics of the 1-4 linkage pattern of two anhydroglucose rings and the dotted
lines showing intrachain hydrogen bonding (a), the amorphous and crystalline zones of the ideal

microfibrillar cellulose (b) and cellulose nanocrystals that are fully hydrolyzed with disordered

regions fully removed(c) [22]



It 1s therefore evident that cellulose is clearly a homopolymer of linear trait that comprises of
anhydroglucopyranose linked by glycosidic linkage B (1-4) [22]. Figure 1.1 (a) shows just one
of the repeated segments of the cellulose polymer. This single segment that ever repeats in the
chain is called cellobiose and is chemically represented as (C;1H2,01;). Since plants are the most
abundant source of cellulose, the tree trunk therefore has a hierarchical structure of cellulose as is

schematically presented in Figure 1.2.
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Figure 1. 2: A schematic of how a plant can be hierarchically reduced from tree trunk in the

unit-scale to cellulose in the nanoscale [23]

1.1.3.2 Cellulose Polymorphs and their Cellulose Crystal Structures

Naturally, cellulose exists in four unique Crystalline Structures. The crystalline structures enable
us to categorize cellulose as Cellulose I, Cellulose II, Cellulose III and Cellulose I'V. The first
crystalline structure, Cellulose I, is the natural cellulose since it is produced naturally by living

organisms like plants, bacteria, algae and the marine-based tunicate. Cellulose I has unstable



crystalline structure and has thermodynamic metastability. As such its structure can be
thermodynamically converted to form either cellulose II or III. Cellulose II can be obtained from
Cellulose I through regeneration process followed by mercerization processes [23]. Interestingly,
Cellulose II exists in monoclinic structure. Of all the polymorphs of cellulose, Cellulose II is the
most stable polymorph [23]. The formation of Cellulose III is achieved by subjecting Cellulose I
or II to liquid ammonia treatment. Once Cellulose III is obtained, we simply subject it to further

thermal treatments to obtain Cellulose IV.

In terms of crystalline structure, Cellulose I exists in two structures. These are the triclinic
structure and the monoclinic structure. The triclinic structure is symbolically represented as (Ia)
while monoclinic structure is represented as (IB) [24]. As discussed earlier, cellulose sources are
majorly plants, algae, bacteria and tunicates. Each of these sources have their unique dominant
polymorphs. Algae and bacteria make the dominant polymorph for la structure [25, 26], whereas
plant and tunicates make the dominant polymorph of If structure [27]. Research has shown that
Io polymorph is quite metastable. A study unveils that Ia can be successfully be transformed to
IB by subjecting it to hydrothermal therapy in alkaline solution [25, 28]. Further, high
temperature treatment of lo. while submerged in organic solvents and helium gas can easily yield
IB [29]. In another parallel study, it was shown that subjecting la to a rigorous annealing process
can easily yield If [30]. XRD measurements on the two polymorphs were successfully
performed by Nishiyama and his co-workers [31,32]. Their neutron fiber diffraction and
synchrotron XRD measurements gave the following results:

The unit cell measurements for o and If are as follows;

For Ia: a=0.672 nm o= 118.081 For IB; a=0.778 nm o = 134.081
b =0.596 nm B=114.801 b =0.820 nm B=130.801
¢ =1.040 nm vy =80.3751.38 c¢=1.038 nm v =96.51.37,

Electron diffraction studies on the two structures were also done and findings unraveled that the
major disparity between la and If is that their cellulose sheets have relative displacements along
the (110) triclinic plane and (200) monoclinic planes in the direction parallel to the chain axis

[33].
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Figure 1. 3: Geometric representation of the triclinic unit cells for cellulose I« triclinic unit cell

(shown by dashed lines) and that of cellulose I3 monoclinic unit cell (shown by solid lines)

Figure (a) shows the parallelogram shape of both Ia and I unit cells as projected along the c-
axis. Figure (b) the configuration of I« relative to I unit cell. Figure (c) shows the translation of
the sheets of the hydrogen bonding of Ia quarter way along of the positive c side, and Figure (d)
shows the translation of the hydrogen bonding sheets I quarter way along the alternating

positive ¢ side [22, 33].

1.1.3.3. From Cellulose to Nanocellulose

There are two broad processes of extraction of nanocellulose, these are acid hydrolysis and
mechanical treatment process. Acid hydrolysis of cellulose material yields cellulose nanocrystals
while mechanical treatment yields cellulose nanofibrils. The nanomaterials produced, CNCs and
CNFs, have completely different properties even if the source materials are similar. The two
classes of the CNMs have totally different crystallinity, distinct elastic property, unique
flexibility and even unmatched aspect ratio. The flow chart represented in Figure 1.4 shows the

general procedure for obtaining the nanocellulose materials from cellulose product.
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Figure 1. 4: The Flow chart of the extraction process of CNCs and CNFs from cellulose source

material [23]

Cellulose Nanofibrills

Herrick and Turbak were the first scientists to discover CNFs [34]. In their study, they made a
milestone by successfully extracting CNFs from cellulosic fibers. They subjected cellulosic fiber
suspensions to mechanical fibrillation whereby the suspensions were repeatedly made to flow
through a homogenizer having very high pressure [34, 35]. This rigorous mechanical process
weakens the bonds that link elementary fibrils to bundled fibrils enhancing the creation of CNFs.
In the current material science research, new methods for mechanical fibrillation have been

discovered and put in play. These include grinding, micro-fluidization and homogenization. In
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each case the source material suspension is passed through the process repeatedly until fine
CNFs are obtained. However, the obtained CNFs consist of both amorphous and crystalline
zones. The acid hydrolysis process eliminates the amorphous region. Therefore, subjecting CNFs

to acid hydrolysis finally yields CNCs, which are devoid of the amorphous regions.

Cellulose Nanocrystals

In the recent past, a lot of research activities have shifted focus to the research on the primary
and industrial properties of the cellulose-based nanoparticles [36-38]. This has been propelled by
their unique fascinating properties. As explained earlier in section 1.1.3.1, cellulose, naturally, is
a fabric of intrachain and interchain hydrogen bonding web. This bonding property makes its
fibrils to have high axial stiffness enhancing its stability. Cellulose fibrils thus remain the main
reinforcement materials for cellulose sources like plants, bacteria, algae and tunicates. The fibrils
of cellulose are made of amorphous and crystalline regions. Crystalline zones are the regions
where the chains of cellulose are stacked in a periodic structure while the amorphous zones are
the regions where the cellulose chains are stacked in a non-periodic manner. To obtain CNCs, we
extract the crystalline regions through hydrolysis process. In the process of acid hydrolysis
process, the amorphous zone gets eaten away resulting to a purely crystalline structure referred

to as cellulose nanocrystals. This was well illustrated in Figure 1.1 c).

1.1.4 Extraction of CNC

The extraction process of cellulose nanoparticles from a source material laden with cellulose is a

two-stage procedure, the pretreatment stage and the hydrolysis stage.

1.1.4.1 The Pretreatment Stage

At this stage, the source material is subjected to high degree of purification and a further
homogenization process to enable it react more consistently in subsequent treatments. The
specific objective of the pretreatment process is to eliminate the non-cellulosic materials from

the cellulose source material [34]. The non-cellulosic molecules in cellulose are like lignin,



hemicelluloses, and protein. Once the non-cellulosic materials are removed the cellulose
molecules become accessible to reagents in the subsequent stages. Each cellulose source material
has its unique non-cellulosic material targeted for elimination by the pretreatment process. For
plants and wood, the non-cellulosic material is the matrix materials which are basically
hemicellulose, lignin, and protein while that of tunicates, algea and bacteria are the mantel, algal
wall matrix and bacterial matrix media respectively. Pretreatment process for plants and wood
basically involves alcoholic synthesis. For both algae and bacteria sources, it involves a thorough
culturing procedure followed by series of washing. The protocol adopted by Titik 1. et a/ [19] for

the pretreatment process was adopted in this study.

1.1.4.2 Hydrolysis Stage

This is the second stage of CNC extraction from source material. The main goal of hydrolysis
process is to separate the pure cellulose materials into its two distinct components; the crystalline
and microfibrillar components. It is generally called acid hydrolysis since it is chemically
induced through a high level of control of the physical parameters. The amorphous regions in the
extracted cellulose make regions of structural defects which are easily attacked by the acid. As
such, by subjecting the cellulose into highly controlled timing, temperature and acid
concentration, we can fully get rid of the amorphous regions through acid erosion leaving behind
stable and strong crystalline regions. The acid hydrolysis process can be given a chemical
insight. The hydronium ions (H3;O+) present in the acid penetrates through the chains of cellulose
present in the amorphous regions enhancing the hydrolytic cleavage of the glycosidic bonds
consequently yielding individual crystallites [39, 40]. Figure 1.5 illustrates the acid hydrolysis
mechanism. Acid hydrolysis process is basically a 4-steps procedure, namely: subjecting the
pretreated cellulosic material into strong acid hydrolysis through controlled timing, temperature,
acid concentration parameters; Culmination of the hydrolysis reaction through water dilution;
Repeated washing followed by intense centrifugation in order to fully eliminate any excess acid
in the product; And finally, thorough dialysis using distilled water with the aim to fully get rid of

free acid molecules and any soluble sugars possibly present.
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Figure 1. 5: Chemical chain flow of the acid hydrolysis reaction mechanism [41]

The crystalline structure, morphology, density, polymorphism, physical, chemical, electrical,
optical characteristics of the synthesized CNCs are a factor hydrolysis time-span, thermodynamic
temperature, type of the acid and concentration of the acid used for chemical hydrolysis [42, 43].

Different acids yield CNCs with different abilities to disperse in polar solvents.
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1.1.5 Properties of Cellulose Nanocrystals
As reported earlier, Cellulose nanocrystals have displayed very important unique chemical and
physical properties that make them highly regarded in the manufacture of electronic sensory
devises as well as energy sourcing and storage devices [44, 45]. Specifically, CNCs have been
proved to be highly hydrophilic, have good thermal stability, adamant to chemical corrosion,
have admirable mechanical properties, are of low density and even low thermal conductivity.
Even though they are highly hydrophilic, CNCs are insoluble not only in water but also in all
organic solvents. In regard to thermal stability, CNCs decompose just before melting when
exposed to excess heat, a property also known as thermoplasticity. They are known to be
resistant to chemical attack as they defy chemical derivatization. CNCs have highly desired
mechanical properties. For instance, it’s tensile strength is very high as well as its stiffness. For
this reason, they have proved to be very useful as reinforcing elements in polymeric composites.
Worth noting is the fact that the structure and final chemical and physical properties of extracted
CNCs are basically determined by two major factors; the primary material used as the cellulose
source and the procedure adopted for the extraction CNCs from the cellulose source material.
Figure 1.6 a-c, show Transmission Electron Micrographs of CNCs extracted from different sources. It
illustrates how different cellulose sources as well as polymorphism influence the final shape and
size of the nanoparticles [44]. From the figure, we can observe the glaring morphological
difference between the native wood pulp fibers and the mercerized wood pulps. The CNCs from
wood and Glaucocysts (Figure 1.6 a, b) correspond to Cellulose I polymorph while that from
Lyocell (Figure 1.6 ¢) correspond to Cellulose II polymorph.

Figure 1. 6: TEMs of CNCs that are negatively stained from different sources: a) wood; b)

Glaucocystis; c) Lyocell [44, 45]
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1.1.6 Applications of CNCs

Cellulose nanocrystals possess highly admirable unique characteristics. These make them best
suited in vast applications in various sectors. Their good properties include large specific surface
area, low density, high specific strength, high aspect ratio, highly reactive hydroxyl groups, non-
abrasiveness, non-toxicity, biocompatibility, polymorphism and ability to be biodegradable.
Following their amazing chemical and physical properties originating from their unique
structure, CNCs have enjoyed utility in most fields. They are considered as materials of high
value since they can improve the performance of most available electronic products. They have
been equally used to come up with new products in several industries. In paper and paint
industry they have been used as reinforcement additives, emulsion thickeners and rheology
modelling tool [23] and paint stabilizer. In biomedical industry, CNCs have proved to be very
useful as pharmaceutical binders, biosensing agent and bioimaging appliance. In polymer
nanocomposite field CNCs play a significant role as the chief reinforcement tool. Cellulose
Nanocrystals therefore provide a wide range of potential applications in fields such as packaging

and biomedicine.

Other sectors, worth mentioning, where CNCs have been predominantly applied include beauty
and therapy industry, textiles industry, automotive sector, acrospace environment and electrical
industry [44, 46]. This study investigated the relationship between the linearity of CNC crystals
and their electric response to surface pressure and obtained a novel application of water hyacinth
based CNCs as piezoelectric sensors. Figure 1.7 shows the illustration of different cellulose

nanocrystals field of application.
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1.1.7 Physics of Polymer Crystallization

Polymers are made up by linking an enormous number of repeating molecular units known as
monomers via covalent bonding [10]. The repeating units form the backbone of the polymer
macromolecule. Side groups and side chains may be attached to the backbone chain. The
backbone and the attached side groups determine whether the polymer becomes electrically
neutral or conjugated. When a polymer has an ever alternating single and double bonds, then it is
referred to as conjugated polymer. They contain overlapping m- orbitals that create a system of
mobile m-electrons that gives the polymer a semiconducting ability that makes its way into
electronic device applications. During polymerization of conjugated polymers, there occurs
crystal imperfections leading to disorders in the long-range structure. This has hindered most
scientists in achieving optimum ideal applications of these conjugated polymers in electronic
industry [47]. To improve on the polymer applications, there are several methodologies that are
adopted. One of the methodologies is to conduct molecular ordering of the chains of the polymer

chains through the crystallization process which has since remained one of the most important
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subjects of polymer science. The conformations of the polymer chains and their crystallinity
index have great impact on their final physical properties. Early scientists who studied polymer
crystallization were mainly interested on the final crystalline structure and their morphology [48,
49]. Initially, polymer crystallization theories were adapted from theories that were developed
for the describing crystallization process of metals and small-sized molecules. The initial
findings revealed that the major different methods adopted in the crystallization processes for the
small-sized molecules and metals for the long-chain polymers resulted to much deviating results
in terms of the size, shape and stability of the yielded polymer crystals [50]. Earlier studies in
polymers have shown that crystals can be grown from supercooled melts or solutions [51, 52].
Both complex and simple polymers can crystallize. The simple polymers are made of linear
polymer structures. Examples of simple polymers are polystyrene and polyethylene [53]. From
experimental research, polymer crystallization process cannot yield a purely perfect crystalline
polymer whose crystallinity index is 100%. The index of crystallinity for a crystalline polymers
always lies approximately in the range of 10% to 80%, an indicator that some small quantity of
amorphous structures are still present in a crystalline polymer [10]. Crystallinity of a polymer
highly influences its brittleness. The higher crystallinity, the higher the brittleness. It is the
amorphous region of the polymer that gives the polymer toughness. A polymer with more
amorphous region has the ability to bend without breaking and the ability to absorb impact
energy. Both the crystallinity and the preferential orientation of the crystals have great influence

on the characteristics of a crystalline polymer [54].

1.1.7.1 Factors Affecting Polymer Crystallization

The crystallization rate and growth rate of a perfect crystal depend on the number of molecules
that are transported and deposited to the crystal and the ease with which the molecules attach on
the surface of the seed crystal. Good number of molecules should be available at the growth front
to enhance the crystal growth. Attraction of far-flung molecules to the growth front should
equally be enhanced. This is achieved by increasing and/or controlling the concentration or
diffusion rate of molecules in the solution or melt. The molecules should not just stay at a fixed
point where they arrived first, but through the attachment and detachment possibilities,

molecules should settle on a seed where the Gibbs free energy is as minimal as possible. If this is
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not the case, then defects such as cavities would not be done away with. The attachment
possibility of any given molecule to a growth front and the growth rate of a crystal is effectively
controlled by temperature [55]. For a crystal to grow, then the temperatures should be lower than
the melting temperature for a solid or dissolution temperature for a solution. The attachment and
detachment rates are similar at the melting or dissolution temperature, thus no observable crystal
growth. Based on the “diffusion limited aggregation” (DLA) theory, the higher the probability of
surface attachment of molecules, the higher the diffusion rate of the molecules to the crystal front
hence the higher the crystal growth rate [56]. Since polymers have long chains which are highly
entangled with interpenetrating chains, polymer crystallization from seed crystals in solved or

molten states is still a challenge to date.

1.1.7.2 Nucleation

Nucleation process is the initial stage of changing from the mother phase (liquid or gas) to the
solid phase. This is a first order phase transition. Nucleation and controlled rate of nuclei
formation are the main factors which determine the final crystal number density, size, their
perfection, and polymorphism [57-59]. Nucleation falls into two main categories; homogenous
nucleation and heterogeneous nucleation. Homogenous nucleation occurs spontaneously while
heterogeneous nucleation is induced. The size of the final crystal formed therefore greatly
depends on the probability of nucleation and the rate of the crystal growth. Reducing the
temperature of solution below the dissolution temperature makes molecules less stable. This
makes the molecules diffuse in the fluid and they may arrange themselves to form solid clusters
and as the result, the solid-liquid interface is established. The bulk material has a lower energy
than the solid-liquid boundary [54]. The smallest cluster of the solid phase is called a nucleus.
The transformation of liquid into nuclei requires a certain amount of energy. From the Gibbs free
energy law, the net change in free energy of a system must be balanced by the energy gained
when creating a new volume and the energy lost during the creation of new interfaces. This is
given Gibbs free energy equation (1.4).

AG = AG +AG, (1.4)
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Where AG, is the Surface/Area energy required to create a surface and is always taken as a

positive term. AG, is the Volume/Bulk energy that drives the transformation for a spherical

cluster of radius » and is always taken as negative term. In case the resultant change in Gibbs

free energy is less than zero, then nucleation is highly enhanced.

For a spherical nucleus of radius 7, then equation (1.4) becomes;
AG = 41’y —%yzr%s (1.5)

Where;

y = the constant for the surface energy

& = the constant for the volume energy.
y 1is the liquid-solid interface tension force between the aggregate and solution while & is the
free change in energy per unit volume associated with phase transition [60]. Equation (1.4) can
be represented graphically by the energy potential diagram. Figure 1.8 shows volume energy

change, surface free energy change and total free energy change variation with nuclei radius

*
during the cluster formation process. When the size of the cluster increases from zero to a size 7

, there is a proportional increase in the total free energy from zero to a maximum value at radius

* *
7 . The radius 7 is known as the critical radius. Past the critical radius, a further increment in the
size of the cluster gives a decrement in net change in free energy. This shows that the energy
needed to drive the transformation of a spherical cluster is much smaller than that needed to form

a surface.
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Figure 1. 8: A graphical representation of the net change in free energy variation with nuclei

radius during nucleation [61]

A cluster of the critical size at the critical radius is called a nucleus. Once a nucleus reaches the

critical size at radius l"*, then growth starts. At the point where the critical radius I”*is reached,
the free energy becomes maximum. The nuclei whose sizes are less than the critical size are
therefore said to be unstable and thus more energy is needed to add a molecule to the surface of
such nucleus. In that state, the unstable nucleus is referred as an embryo.

Mathematically, at the critical size, the equation (1.5) will satisfy;

dAG
dr

0 (1.6)

Evaluating the differential in Equation (1.5), we obtain the critical radius as;

o2 (1.7)
&
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Substituting the critical radius Equation (1.7) into Equation (1.5) we obtain;

_lé6xy’

AG”
3¢’

(1.8)

The critical radius, I’*, of the cluster material at critical size at a nucleation temperature 7 always
decreases with increasing undercooling.
Let T, be the temperature at the melting point in Kelvin,

L be the latent heat of fusion and

AT be the undercooling,

£
then the critical radius 7 becomes;

e M
AG, \ L NI, -T L J\AT

In a polymer solution the rate of nucleation is a factor of several parameters of the solvent such

as temperature of the solution, solution concentration, energy of the intermolecular interactions
and energy of the polymer-solvent interactions. Equation 1.4 can equally be expressed in terms
of latent heat of fusion H and entropy § in the form;

AG=AH-TAS (1.10)
Where;

T’ = the temperature of crystallization,

AH = the net change in latent heat of fusion,
AS = the net change in entropy

The equilibrium melting temperature is reached when the free energy is equal to zero and is

denoted by (T°
enoted by ( " ) From equation (1.9), taking the free energy value, 4G, to be zero, we obtain

o =52 (1.11)
AS

The actual melting temperature depends on the lamellar thickness / [62] and their relationship is

given by the Gibbs-Thomson law given in equation (1.12) below.
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2
T =1°1-—2 - (1.12)
IAHT"

The constant O is the free energy area density of interfacial surface of the spherical nuclei.

Heterogeneous Nucleation takes place when a solid particle of the solute is added to its solution.
The added particle is the nucleation agent and is generally referred to the seed crystal. The
nucleation agent may be hung freely in the liquid or embedded on the inner walls of the vessel
containing the liquid. For heterogenous nucleation to occur successfully, the following three

conditions must be achieved:

There must be an energetic barrier to diffusion, (E di/f)
There must be energetic barrier to desorption (E,,, ),

There must be thermodynamic barrier for formation of stable nuclei (AG *).

From the above parameters the nucleation density, N of stable clusters can be given by the

equation

E

N = Rare" (1.13)

Where;

R = Molecule deposition rate,

o = the constant for Critical cluster size,
k= Boltzmann’s constant,

T = Thermodynamic temperature of the solution, and
E = The Energy associated with crystal disintegration,
The Crystal disintegration energy E is approximated to be equal to the negative crystal free

energy of formation, A G * . Therefore, the product of homogeneous nucleation and a function of

the contact angle (¢) basically give the effective free energy needed during heterogeneous

nucleation. The contact angle ({) is that between a liquid and solid on the surface of the seed
crystal. The net free energy required for the heterogeneous nucleation process is therefore

expressed as;
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AG,, =AG,,. x f () (1.14)

2-3cos {+co 37
4

Wheref ({) =

From equation 1.14, we observe that the total free energy needed for the process of
heterogeneous nucleation is always less than the free energy required for the homogeneous

nucleation process. This is well shown in Figure 1.9.
A

Free energy (AG)

Figure 1. 9: Comparison of the effective free energy for homogeneous nucleation AG*,,

Versus that of heterogeneous nucleation AG*,,, [63]

Polymer crystallization is therefore a two-steps procedure, the nucleation process followed by
crystal growth process. During the nucleation process, nucleus formation occurs either by
heterogeneous or homogeneous nucleation process [10]. As was discussed in section 1.1.7.2,
nucleation process occurs at sizes of radius below » * where the embryo is unstable. For sizes
larger than r* , the crystalline state will become stable enhancing the induction of the
crystallization process. From the thermodynamic perspective, the effective free energy required

for stable nucleation can also be expressed as;
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1670 (T, )

AG =———F—"5
3(AH) (AT)

(1.15)

Where AT =T, ,,? —T, , with T, being the crystallization temperature.

From equation 1.15, we observe that the free energy needed to nucleate, AG', and
AT =T ,,? —T ., obey the inverse square law. The undercooling processes highly influence the

nucleation rate, ¢,,.. The rate of nucleation greatly reduced with decreased undercooling while it

increases exponentially with increased undercooling [64, 65]. The rate of nucleation can
therefore be expressed as,
o (1)

@, =T (1.16)

Another important point worth noting is that nucleation barrier is not a factor of the molecular
length forming the chain. However, it is very sensitive to the surrounding environmental

conditions [66].

1.1.7.3 Crystal Growth

The process of crystal growth commences immediately just after the nucleation process. During
the crystal growth, molecules move towards the growth front and get embedded on to the
structure [67-70]. The rate of crystal growth must be made as slow as possible to produce a
perfect crystal. Slow growth rate minimizes crystal defects and yields admirable molecular
ordering [71, 72]. Further, the crystal growth rate depends on two factors, namely; the quantity
of the molecules moved to the seed crystal and the probability of molecular attachment.
Temperature controls the attachment probability of a molecule to a growth front and thus the
growth rate of a crystal [55]. Normally, crystal growth takes place at temperatures that are below
the melting point. When the undercooling is made constant, then the growth of a nucleated
crystal lamella takes pace through a secondary nucleation process [73]. This secondary
nucleation results in an increase of free energy. If we consider a secondary nucleation taking

place in two growth directions given by ¢ and G each having stem thickness of a and b

respectively, then the incremental change in free energy is given according to;
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AG/ =2blo, —pablAu (1.17)
Where ¢ = Apportioning parameter and

Vu = The term representing the volume energy,

In equation 1.17, the free energy of the folded surface for the first stem is assumed. Immediately
after this first process, the secondary nucleus then spreads in the lateral dimensions with a new

growth rate g . This initiates a second term of the free energy increase given by;
AG, =2blo, — pablAu (1.18a)

Therefore, the rate of deposition of the first stem is given as;

—bl(zo-L —(pahlA,u]

A, = Pe kT (1.18b)
Where [ = the velocity of the polymer segments towards the growth front.
However, the rate to remove the first and subsequent stems is expressed by;
(((p—l)ablAu)
B = g (1.19)
Similarly, the deposition rate for the second and the subsequent stems can be expressed as;
200+@lAp
A=pet 55 ) (1.20)

From earlier experimental studies the radial growth rate is not a factor of time [74]. The crystal
growth process can be broken into three different parts namely; the initial seeding step (pre-
factor), Gy, the diffusion part, Gp and the nucleation part, Gy [74, 75].

The general growth rate of a crystal is therefore given by;

Kgr )

U~ ) ‘(TCAT

G(T) = Gy * Gp * Gy = Goe‘(m ¢ (1.21)
Where G, = Pre-factor,

G, =The diffusion part

G, = The nucleation part of the crystal growth rate

U *= The energy of activation for the diffusion of the molecule chain into the crystal

surface.

K, *= The energy of activation for secondary nucleation,
R = Universal gas constant and

1, = The temperature measurement when the diffusion process completely stops.
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1.1.8 Interaction of Light with Matter

When ultraviolet and visible light interact with molecules, photon may be absorbed. The
absorption of the photon by the valence electrons leaves them in an excited state whereby they
undergo transition from ground state to higher electronic state known as the energized or excited
state. In this excited state, electrons reside in the lowest occupied molecular orbitals (LOMO).
The Absorption of photons by matter occurs in a very short time span of about 107> seconds
leading to change in the electronic structure of the molecule absorbing the photon. However, the
process does not alter the atomic nuclei positions within the molecule. The energy at the ground
state is denoted as E, while that of the excited state at the n™ electronic level is denoted as E,.
The absorbed photon energy /v therefore makes the electron undergo transition from energy
level Ey to E,. The absorbed energy is therefore the difference of the two energy states and can

be expressed as;

hv = E, — E, (1.22)

Similarly, when an electron undergoes transition from a higher to a lower electronic state, then photon

energy in the order Av is emitted.

1.1.8.1 Frank-Condon Principle

Light energy propagates through space in discrete form of wave packets. Each discrete wave
packet is called a photon. Each packet has energy which has a specific energy related to a certain

frequency or wavelength. The photon energy is given by;

C
E=hv=h— 1.23
v=ho (1.23)

Where;

/i = The Plank’s constant, /#=6.626x10>"Js ,
/= The wavelength of the incident light.
¢ = The speed of the incident light, and
v = The frequency of the incident light.
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During light-matter interaction, light absorbance, transmittance and reflectance occur. That is,
part of the light energy gets absorbed, other part gets transmitted while some fraction undergoes
reflection. As was given in equation 1.22, absorbed energy of the photon equals to the net change
in energy from the energy of the highest occupied orbital (OO) to the energy of the closest
unoccupied orbital (UO). This is given by the relation;

Eygy = Wy = h—— = AEyy — E, (1.24)

light

light

The frequency of the ultraviolet or visible light needed to energize an electron from the stable
ground state to the excited state is chiefly dependent on chemical component of the absorbing
molecule. This is because the energy gap from the topmost occupied orbital (OO) energy the
nearest unoccupied orbital (UO) energy also depends on chemical identity of the molecule [75].

Figure 1.10 shows the electronic configuration before and after absorbing a photon of light.

Unoccupied Ex:
Orbital — fuvo —r fuvo _T_ oo
hviigye 1
Occupied E
Orbital Eoo Eoo 00
Ground State Absorption of a Photon Excited State
Electron Configuration Electron Configuration

Figure 1. 10: Electronic configurations before photon absorption and at post photon absorption

[75]

The intensity of electronic transitions is explained by Frank-Condon principle. The principle is
widely used in spectroscopy and quantum physics. The electronic transitions are caused by the
changes in electronic and vibrational energies that always occur simultaneously when a molecule
absorbs or emits photon energy. Frank-Condon principle states that during the process of

electronic transition, the probability of a transition from one vibrational energy level to another is
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highly increased when there is significant overlap of the two vibrational wavefunctions. Figure
1.11 shows the Franck-Condon diagram. It shows the maximum region of overlap of the ground
quantum state with the excited quantum state. One of the assumptions in this principle is that
electronic transition occurs only within a stationary nuclear framework. This is on the basis that
during the electronic transition process, electrons move much faster than nuclei making the
nuclei to remain effectively stationary with respect to the whole atomic structure. Consequently,
in the event that electronic excitation takes place much faster compared to the nuclei movement,
then the wave function should not remain constant [76].

\ Excited electronic
' state

Franck-Condon
Intersection point

Excited electronic
state

Energy

Nuclear Coordinates

Figure 1. 11: A typical Franck-Condon diagrams showing the maximum overlap of the excited

quantum state and ground state [76]

1.1.8.2 Perrin-Jablonski Diagram

During light-matter interactions, transitions of electrons occur to higher electronic states. These
transitions can be either radiative or non-radiative. Perrin-Jablonski diagram is a graphical
illustration of the excited states, energy levels, and non-radiative & radiative transitions that can

possibly take place during photo-excitation. It is therefore chiefly used in fluorescence

26



spectroscopy. This important transition visualization tool was developed by two scientists, Jean
Perrin and Jablonski. Jean Perrin robbed in the idea of resonant energy transfer between
molecules. He explained the concept of delayed fluorescence that is aggravated thermally
(metastable state) [77]. This, he did with the aid of a visualization energy level diagram that
enabled him to demonstrate how light radiation undergoes absorption and emission processes.
[78]. Jablonski, on the other hand, developed the tool by introducing the component of radiative
transition process whereby the electron undergoes transition from higher electronic state (excited
state) falling back to the stable ground state creating a phenomenon known as phosphorescence.

Figure 1.12. shows a schematic Perrin-Jablonski.
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Figure 1. 12: A Schematic Perrin-Jablonski diagram with full illustrations of energy levels and

all radiative and non-radiative transitions [79]

The orbital energy levels and the transitions in Figure 1.12 are discussed in the section below.
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Energy Levels

The energy levels are represented by the black horizontal parallel lines. The energy magnitude of
the energy levels increases as we move vertically upwards (y- axis of the diagram). Energy levels
with lower vibrational levels are represented by bolder lines and vise versa. The spacing of the
vibrational levels get closer with the increase in energy and vise-versa. The effective spin
angular momentum has great impact on the nomenclature of the electronic states. The electronic
states whose total spin angular momentum is zero are referred to as Singlet states, represented by
letter S while those whose total spin angular momentum is one are referred to as triplet states,
demoted by letter T. The subscript integer on the S and T denote the number of the excited state
relative to the ground state. For instance, Sy is interpreted to mean the singlet ground state. S,

denotes the first excited singlet state while S, represents the arbitrary n™ excited singlet state.

1.1.8.3 Radiative & Non-Radiative Transitions

There are two types of transitions that can occur during light-matter interactions. These are
Radiative & Non-Radiative Transitions. In the Jablonski diagram, (Figure 1.12), they are shown
by the colored arrows. In radiative transitions, the electron undergo transition from one energy
state to another after absorbing or emitting a photon. They are shown by straight colored arrows.
On the other hand, in non-radiative transitions, the electron moves from one energy state to
another without absorbing or emitting a photon. In the Jablonski diagram, they are represented
by wavy arrows. When a molecule’s surface receives an incident light, the light’s photon energy
is converted to increase the molecule’s internal energy. Absorption is therefore said to have
taken place. A molecule that has absorbed photon energy rises from the low ground state to
occupy a higher excited state. Absorption process is the fastest radiative transition and takes
place in a time span of 10> seconds. Fluorescence is a radiative transition that involves the
emission of photons from S; retrieving back Sy Fluorescence occurs rapidly faster but slightly
lower than the rate of absorption. Its timescale varies from 1.0x107'° to 1.0x10” seconds. They
are represented using the arrows in green in Figure 1.12. Since fluorescence involves a rapid
emission of photons from the lowest vibrational level of the S; state to the S, state, it

consequently creates a net loss in energy. This energy loss due to fluorescence process can be
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explained by popularly known Kasha’s Rule which asserts that luminescence takes place with
quantifiable yield when the transition is only from the least excited state of a given multiplicity
[80]. The rule is consistent with the Stokes-Shift phenomenon where fluorescence of a material
takes place at a greater wavelength compared to that of the absorption process, creating
wavelength shift. Delayed fluorescence takes place when a molecule transition takes place from
the first excited triplet state, T;, to the first excited singlet state S; followed by a radiative
transition to the singlet ground state Sy. Because of the elongated route, it results to an emission
similar to standard fluorescence but with an elongated timescale [81]. Delayed fluorescence can

take place through two unique mechanisms as discussed below.

Thermally Activated Delayed Fluorescence is a delayed fluorescence in which the molecule
undergoes transitions from the first excited triplet state, T; falling back to the first excited singlet
state, S; via reverse intersystem crossing. It is said to be thermally activated since the molecules
must acquire enough thermal energy sufficient enough to overcome the resistance offered by the
energy gap that exists between the electronic states S; and T;. This delayed fluorescence type is
also referred to as the E-type delayed fluorescence since its discovery was made using eosin
fluorescent compound. [78]. Triplet-triplet annihilation delayed fluorescence is a type of delayed
fluorescence that involves the transition of two molecules initially in the T; state. When the two
molecules undergo such a transition one molecule gets energized and becomes promoted to the
S; state while the other molecule emits a photon and perches down to the Sy state. This delayed
fluorescence type is also referred to as the P-type delayed fluorescence since its discovery was
made using Pyrene fluorescent compound. Figure 1.13 summarizes the two mechanisms of

delayed fluorescence.
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Figure 1. 13: E-type and P-type delayed fluorescence mechanisms [81]

Phosphorescence is a radiative transition process in which a molecule emits a photon to undergo
a transition from the first excited triplet state to the singlet ground state, i.e. from T; — S states.
Phosphorescence is transition that is forbidden just as was witnessed with the intersystem
crossing, However, it meekly occurs via spin-orbit coupling. Being a forbidden process,
phosphorescence takes place on a highly elongated timescale relative to that of fluorescence. Its

approximate timescale ranges from 10 to 10 seconds.

The Non-Radiative Transitions include vibrational relaxation, internal conversion and
intersystem crossing. There exist various vibrational levels within one electronic state.
Vibrational relaxation is said to occur when a molecule undergoes a transition from an upper
vibrational level of a given electronic state to a lower vibrational level of the same electronic

state. After absorbing photon energy, a molecule gets promoted to an excited state where it
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becomes unstable and would then be in dire need to regain stability. As such, it will dissipate
energy gained so as to resettle down at the ground state. During the energy dissipation process,
the first means of energy loss takes place via vibrational relaxation process in which the excess
vibrational energy is dissipated to intermolecular and intramolecular modes of vibrational.
Vibrational relaxation is too rapid and occurs on a scale of 107 to 107 seconds. It is indicated
by the orange arrows in Figure 1.12. Internal Conversion is said to take place when a molecule
undergoes transition from one electronic state to the other electronic state of the same total
angular spin. An excellent example of an internal conversion occurs when a molecule undergoes
transition from a singlet electronic state at a higher level to occupy a singlet electronic state at a
lower level through internal conversion. To regain full stability, internal conversion must be
immediately preceded by vibrational relaxation for the molecule to settle in the vibrational level
of the least energy. As opposed to internal conversion, Intersystem crossing is that transition that
takes place when a molecule changes its occupancy between two electronic states of different
spin multiplicity. For instance, in the event a molecule gets energized to rise from S; to T; state,
it is said to have undergone intersystem crossing. In Figure 1.12, this non-radiative transition is

shown by the colored arrows.

1.1.8.4 The Born—-Oppenheimer Approximation

When an electron absorbs a photon, it gets excited. At the excited state the electron gains kinetic
energy which can cause it to either; vibrate, rotate, and even display both electric and nucleic
attractions. This phenomenon was summarized by the Born—Oppenheimer (BO) approximation.
In this approximation, it is assumed that all these motion effects can be categorized into
electronic part and the nuclear part. Thus, the effective wave function for such an excited
molecule is the algebraic sum of the wave function of the electronic part and that of the nuclear
part. The electronic component will constitute the vibrational and rotational energies while the
nuclear components will constitute electrical and nucleic attraction energies. The net energy of
excitation is therefore the algebraic sum of these individual energy components.
Etot = Eetec + Evip + Evor + Enuc (1.25)

Where;

E,,; = Total Energy

E..c = Electrical Energy
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E,;» = Vibrational Energy

E,,; = Rotational Energy

E,.. = Nuclear Energy
In BO approximation, it is further assumed that the electronic wave function is dependent of only
the nuclear positions. The velocities of the nuclear vibrations do not affect the wavefunctions.
From quantum mechanics principle, when the Hamiltonian of a system is split into distinct parts
then its net eigenfunction is the product of the individual eigenfunctions of the split Hamiltonian
terms. Likewise, the total eigenvalue of such a system is the algebraic sum of individual
eigenvalues of the split Hamiltonian terms. From the BO approximation, it was assumed that the
excitation energy of a molecule can be separated into electronic and nucleic parts. We therefore
consider a Hamiltonian of an excited molecule that is separable into two terms. Let one term

involve space coordinate ¢; and the second term involve space coordinate ¢,. Therefore, the

Hamiltonian can be expressed as

H = Hi(q1) + Hy(q2) (1.26)

The overall Schrodinger equation of such a system will take the form

HY(q1,92) = E¥(q1,91) (1.27)

Let us consider the total wavefunction of such a system to take the form

Y(q1,q2) = Y1(q1)¥2(q2) (1.28a)
then
HY(q1,q2) = (Hy + H)Y1(q1)¥2(q2)
HY(q1, 92) = H1Y1(q1)¥2(q2) + Hap1(q1)¥2(q2)
= E1¥1(q0¥2(q2) + E21(q1)¥2(q2)
= (E1 + E))¥1(q1)¥2(q2)
= Ev1(q1)%2(q2)
= EY(41,92) (1.28b)
Thus, in consistency with the quantum mechanics theory, we observe that the net eigenfunction
of H is the product of individual eigenfunctions of H;and H,. On the other hand, the net

eigenvalues of H is the sum of individual eigenvalues of Hyand H,.
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1.1.9 Piezoelectric Effect of CNCs

1.1.9.1 Theoretical Considerations of the Piezoelectric Effect

A phenomenon whereby an application of an external force on a surface of a material causes
change in charge distribution in the material is called piezoelectricity. Such a material that
undergoes change in distribution in its charges due to the application of an external force is said
to be a piezoelectric material. Thus, piezoelectricity can be simply defined as stress dependent
change in polarization. When two electrodes are connected to a piezoelectric material in such a
way that one lies on the upper surface and the other on the lower surface, quantifiable amount of
voltage can be measured across the two electrodes. Cellulose nanocrystals have been proved to
have this noble property of piezoelectricity. Piezoelectricity phenomenon can be explained from
the atomic model. When a piezoelectric material is not subjected to any externally sourced stress,
the centroids of its positive and negative charges from all the molecules perfectly overlap making
the whole medium to be electrically neutral. On the other hand, on application of an externally
sourced stress makes the internal reticular undergo deformation which results to the alienation of
the negative and positive centroids of the molecules leading to generation of little dipoles which
induce fixed charges on the surface. Thus, during polarization, the applied mechanical stress is
transduced into electrical energy. A simple electrical circuit can be designed whereby two
electrodes are connected on the extreme surfaces of a piezoelectric film with a galvanometer
connected to the two terminals (electrodes). When the material’s surface is pressed, fixed charge
density is created on the surface and current will be seen registered on the galvanometer.
Polarization therefore creates an electric field that enhances the flow of free charges in the

circuit.

On the withdrawal of the external force, the polarization ceases immediately. The ceasing of
polarization makes the free charges to flow in the reverse reinstating the initial equilibrium state
of the piezoelectric material. When a galvanometer is connected to such a system, it would
display the two opposite sign current peaks. The piezoelectric effect has remained a fundamental
phenomenon applied in several energy tapping techniques that convert mechanical energy from
vibrations [82, 83] into electrical energy form which can be used to run machines. The

generation of electricity by application of external pressure, discussed so far, is referred as direct
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piezoelectricity. However, there is also reverse piezoelectric effect where application of voltage
across two electrodes can cause mechanical deformation. The reverse piezoelectricity has been
chiefly applied in nano-positioning devices. The linear theory piezoelectricity holds that at low-
scale, mechanical stress generates low-scale electric fields, producing a linear profile [84, 85].
From this linear theory of piezoelectric effect [83-85], the created fixed charge density in a

piezoelectric material, P,_, is directly proportional to the externally applied Tension, T as per;
P =dxT (1.29)
where P = polarization vector of piezoelectricity,

d = The strain coefficient of piezoelectricity
Similarly, mechanical strain S,. generated in the reverse piezoelectricity can be expressed as;
S,.=dxE (1.30)
Where FE = The magnitude of the electric field applied.

Applying the elasticity property of the piezoelectric substance, we can derive a relation between

the direct and reverse piezoelectricity as;

P =dxT=dxcx§=ex§ (1.31)
T, =cXSp,=cXdXE=eXE (1.32)

Where;

¢ = The elastic constant due to the applied stress

T = The strain applied on the material.
The applied strain T is a factor of mechanical strain S and can be expressed as

T=cx S (1.33)

The piezoelectric effect increases the stiffness of a material. This is well explained in the steps
below. Consider a piezoelectric material under application of external strain S. The impact of this
strain will lead to generation of both elastic stress T., and piezoelectric polarization P, The
polarization will finally induce electric field in the material E;, expressed as;

Py exsS
Epp ===

pz =, T T, (1.34)
Where the symbol € represents the dielectric constant of the piezoelectric substance
Analogous to Lenz law of electromagnetism, the electric field generated by piezoelectric effect

creates a mechanical stress which acts in the reverse direction relative to that of the externally
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applied stress. The net stress on the material T is therefore the sum of the stress produced by the

electric field T, and the stress produced from the elastic property of the material T, according

to;
T=T+T, (1.35)
eZ
T =cxS + ?xS (1.36)
eZ
T=(c+%)xs (1.37)
T=¢xS (1.38)

Where ¢ = the piezoelectrically stiffened constant.

Equation 1.40 illustrates the fact that piezoelectric effect increases stiffness of the piezoelectric
material as it increases the elastic constant.

Further, when an external electric field is applied between the two terminals of a piezoelectric
substance having a dielectric constant €, then an electric displacement directed towards the
terminals is created. This leads to generation of surface charge density. This electric

displacement D is a factor of the externally applied electric field according to the equation;

D=eXE (1.39)
The externally applied electric field E equally produces a strain that that can be expressed as;

By, = e XSy (1.40)

B,=eXxdXE (1.41)

The strain due to the reverse piezoelectricity can take a negative or a positive value. This is
dependent on the direction of the external electric field relative to that of the poling field. In a
piezoelectric circuit, there exists a net free charge density that is observed on the electrodes. This
effective free charge density is the algebraic sum of the charge density due to vacuum and the
charge density induced by the dielectric medium, mathematically expressed as;

o=0,+0, =6, xE+yxE=(g+y)xE (1.42)

Where g, = the vacuum dielectric permittivity due to vacuum and
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x = the dielectric susceptibility of the material.
It is worth noting that the strain on a material takes a positive value if the direction of the
external field is similar to the direction of the poling field. In such a state, the material will
definitely undergo extension along the direction of the poling field. Essentially, there is an
increase in the charge density on the surface of a dielectric material undergoing polarization
when the directions of applied external field and that of poling field coincide. The increment in
the surface charge density can be expressed as;
Ppe=eXS,,=eXdXE (1.43)

In the event the magnitude of the electric field is kept constant, then the additional polarization

caused by the piezoelectric effect will definitely increase the electric displacement of free

charges as they approach the electrodes by the same quantity, i.e,

Ope = Ppe (1.44)
The total electric displacement D is therefore given as:
D=eXE+PB,=eXE+teXdXE=¢eXE (1.45)
where ¢ is the effective dielectric constant.
Practically, piezoelectric effect is a phenomenon that cuts across the elastic variables and the
dielectric variables. The elastic variables are the mechanical stress denoted by T and mechanical
strain denoted by S while the dielectric variables are the electric charge density denoted by D and
electric field denoted by E. Use of linear electro-elastic constitutive equations have been made to
explain this coupling of elastic and dielectric variables in piezoelectricity. Tensor relations that
relate S, T, D and E are given by;
S,=8.T, +d, E, (1.46)
D, =d,T, +¢,E, (1.47)
where, 55q= the elastic compliance tensor at constant electric field,
€T = dielectric constant tens or under constant stress,
d;q = piezoelectric constant tensor,
S, = the mechanical strain in p direction,
D;= electric displacement in i direction,

T,= mechanical stress in q direction, and
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Ej= electric field in k direction.

The tensor relations above are useful in determining the electromechanical response of a
piezoelectric film in the direction of the stimulus. In a piezoelectric material, directions of
stretch, perpendicular axis and polarization axis can be marked with integral values. Similarly,
their corresponding shear directions can equally be marked. In essence, the stretch direction is
marked as 1 while the axis that is perpendicular to this stretch direction is marked as 2. The axis
of polarization which is always orthogonal to the film surface is marked as 3. The shear plane
that is perpendicular stretch direction is marked 4. Similarly, the shear directions that are

perpendicular to 2 and 3 are marked 5 and 6 respectively.

Using these directions, equations (1.48) and (1.49) can therefore be expressed in matrix form as;

-E E E E E E -
1517 5}51 5}52 S}f S};‘ 525 526 717 [d11 diz di3]
S, S31 Sz Sz Saa Sas S36||T, dyy dyy dis =
S3| _ S5 S35 SE SE, Sk SEINT, + d3; d3; ds3 E; (1.48)
Se| |SE SE, SE SE SE SENT.| |di diz das E, '
B[R sh shosE sE Sk||s| |G e dss
Sel st sk sk sk sk sElTe Me de des
_Tl_
T
D4 di; diz diz dyg dys die Tz €1 €l €13 E;
Dy| =|da1 dpy dyz dys dys dyg T, +|eln €5 &3 |Ez (1.49)
D d3; d3; dizz3 dz, dis dsg T, el el el |LlEs
T |

A third rank tensor can be used to express the charge density produced when the film is
subjected to mechanical stress. In piezoelectricity the stress applies can be described by a
piezoelectric coefficient d,,,. Such a third-rank tensor has the components of piezoelectric
coefficients d,, which can be displayed in three by six. The subscript m stands for the electrical
axis occupying the rows of the matrix and takes the values m=1,2 and 3 whereas the subscript n
for the mechanical axis forming the columns of the matrix. It takes the values n =1, 2, 3,4,5 and
6 [84]. Therefore, the general third rank tensor showing the piezoelectric coefficients can be

expanded in the form;
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d21 d22 d23 d24 d25 d26
d31 d32 d33 d34— d35 d36

Cellulose has been identified to possess piezoelectric property. Its piezoelectric tensor d,,, can be

(1.50)

Pz =

[dn di; diz dyg dis le]

obtained its symmetrical structure [85]. Specifically, cellulose has a monoclinic symmetry with
space group of C; || x3. Its piezoelectric third rank tensor therefore can be represented as;

0 0 0 dy dis O
[ 0 0 0 dy dyg O ]
d31 d32 d33 0 0 d36

Pz, = (1.51)

Equation 1.53 is only valid for just one cellulose crystal. For the case of a combination of
randomly aligned crystals such as Cellulose Nanofiber film, the net piezoelectric stimulus is
derived from the combination of the different individual coefficients. For instance, wood has

been confirmed to have a highly reduced effective piezoelectric tensor [85];

000 dg 0 O
PZmn =10 0 0 0 dp O
000 0 0 0

Where d14 = _d25

(1.52)

1.1.9.2. Fabrication of Piezoelectric Sensors from CNCs

Cellulose nanocrystals have been used to fabricate piezoelectric sensory devices. The sensors are
simply fabricated by placing two electrodes, one on the upper surface and the other on the lower
surfaces of a CNC film. In one of the studies [86], the electrodes were fabricated on polyethylene
terephthalate substrate that was 1.25x10° m thick. A very thin layer of copper, in the order of
100nm, was evaporated using a shadow mask. This was to ensure that the fabricated electrodes
acquire the desired pattern. Finally, the CNC film was sandwiched in between the two

electrodes, as schematically illustrated in Figure 1.14.
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Cu (100 nm)
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Figure 1. 14: (a) Schematics of a fabricated stand-alone Cellulose Nanofibers film. The insert
shows its mechanical flexibility (b) Cross sectional area view (c) aerial view and (d) the

assembled sensor, adapted from [86]

1.2 Statement of the Problem

The sustainability, structural, morphological and crystallinity of cellulose nanocrystals have
made them become very attractive in the construction and manufacture of passive and active
electronic devices. Several applications of nanocellulose crystals have been made in diverse
sectors such as pharmaceuticals, energy, aesthetics, and adhesives. Recently, attention has been
drawn on the piezoelectric behavior of cellulose nanocrystals. However, the way in which the
degree of alignment of the CNCs affects the piezoelectricity of these CNCs have not been
investigated. The most common sources of Cellulose are wood and plants. The most basic plant
sources of cellulose used to extract CNCs are banana richis, rice husks and the like. Interestingly,
water hyacinth which in record has posed the worst environmental nuisances in the water basins,
is an excellent source of cellulose. The water hyacinth-base cellulose nanomaterials still, have

not been subjected to various characterization techniques. The water hyacinth, especially from
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the fresh waters of Lake Victoria has little been used as a source of Cellulose nanocrystals for
piezoelectric behavior investigations, leave alone for the full investigation of the various
properties through characterization techniques. Thus, the interest of this study was to extract
cellulose from the fresh waters of Lake Victoria and prepare cellulose nanocrystals that would
eventually be subjected to the vast characterization techniques available enabling us to study
their structural, morphological, optical absorption, mechanical and electrical properties among
others. The characterized water hyacinth-based CNC films were eventually used to investigate
the correlation between their degree of orientation and their piezoelectric behavior. From the
correlation result, the final focus was on the design, construction and implementation of a highly
sensitive, reliable and high precision laboratory based piezoelectric sensor. The success and
commercialization of this study will eventually boost the electronic sector as well as aid in the

conservation of the water basin environments.

1.3 Objectives of the Study
1.3.1 Main Objective

The main objective of this is to investigate the correlation between the degree of alignment and

opto-piezoelectric effect of cellulose nanocrystals fabricated from water hyacinth.

1.3.2 Specific Objectives
The specific objectives of this study are:

(1) To extract cellulose nanocrystals from water hyacinth obtained from the Kenyan

shores of Lake Victoria
(i1) To perform UV-Vis spectroscopy on the CNCs thin films
(iii))  To perform Fluorescence spectroscopy on the CNCs thin films
(iv)  To design and fabricate a piezoelectric sensor from the characterized CNCs

(v) To perform the pressure sensitivity measurements of the fabricated sensors made of

films with varying degree of crystallinity.
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1.4 Justification of the Study
There is need to increase the utility of cellulose nanomaterials in the manufacture of the
electronic and sensory appliances. There is even urgent need to conserve the water basin
environment by mass harvesting of the water hyacinth and putting it in good use. These two
factors jointly call for the urgent need to research in the best way to utilize the water hyacinth in
the production of the much-needed nanocellulose materials necessary for the fabrication of
piezoelectricity. This study therefore aims at designing and fabricating piezoelectric sensors
made from best aligned and characterized CNCs sourced from water hyacinth from Lake

Victoria basin.

1.5 Significance of the Study
Through the study a novel electronic device, the piezoelectric sensor, which is very key in
surface sensory measurement was unveiled. This study is therefore key in boosting the
manufacturing industry in the electronic sector. The piezoelectric sensor fabricated is useful in a
host of applications including weight measurement, pressure measurements on surfaces, surface
sensitivity measurements among others. The study is equally important as it is geared towards
conserving the water basins through elimination of the water hyacinth weed which is a great

nuisance in our water bodies

1.6 Scope of the Study
The scope of the study has basically involved the extraction of cellulose nanocrystals from water
hyacinth harvested from the Kenyan shores of Lake Victoria, Usenge beach, Siaya County
followed by the extraction of CNCs which were then deposited using drop casting techniques to
form thin layer films with varying degrees of linearity of crystals which and later subjected to
various characterization techniques. The characterized films were eventually used to design and
fabricate a piezoelectric sensor and the study eventually concluded by performing pressure

sensitivity measurements on the fabricated sensors.
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1.7 Limitations of the Study

Due to lack of appropriate equipment required for high level characterization, the study did not
involve some high-level characterization techniques such as water and air adsorption properties
of the CNC films. The study has focused only in the use of water hyacinth as our main source

material for the nanocellulose. It did not resort to any other alternative source of cellulose.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Several scientific research works have been conducted in the utility of cellulose nanoparticles in
several applications. The applications range both in the energy production and storage field and
in the manufacture of electronic and display devices. In the existing literature, a lot has been
studied about the sources, structure, extraction procedures, characterization techniques and
general applications of Cellulose nanoparticles. In this section, a review is given on what exists
in the literature about the sources of CNCs, extraction methods, characterization techniques, the

piezoelectric properties and sensory applications of CNCs films.

2.2 Sources of Cellulose Nanocrystals

As mentioned earlier in chapter one, plants and wood are the abundant source of cellulose. Other
sources of cellulose include algae, bacteria and tunicates. In higher plants, cellulose remains the
major structural component at both the primary and secondary cell layers [87]. Its synthesis
occurs within the membrane of the plasma by the use of rosette cellulose synthesizing tools that
contain 18-24 cellulose synthase [88, 89]. The resultant product of the synthesis process is
distinct microfibrils generally known as elementary fibrils. These rudimentary (elementary)
fibrils comprise of 1824 cellulose chains having radius of close to 1.5 nm [88, 89]. The
microfibrils are tethered together by hemicellulose to microfibril bundles and the resulting
hierarchical structure is surrounded by lignin and hemicellulose [90]. The cellulose is
hierarchical as borne from the plant wall. The hierarchy is schematically shown in Figure 2.1.
There exist strong interactions between cellulose, lignin and hemicellulose making mechanical
pulping and chemical treatment of wood to yield a combination of these three elements [91]. In
Figure 2.1, the inset shows the cellulose chains in the molecular level. From the figure, it is clear
that the monomer units are made up of two broad groups. The first unit is the equatorial

hydrophilic hydroxyl groups while the second unit is the axial hydrophobic methanetryl groups.
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Figure 2.1 schematically shows that the bundles of microfibrils are the chief components in the

plants cell layers.

Plant cells

: Microfibril
bundle

Middle lamella
Primary cell wall
Secondary cell wall

Lignin

Microfibril R 7. .
d=3nm N . Rosette

~" " Cellulose "'y complex
chains

; ‘}‘?}\\&* Hydrophobic §

- interactions

Figure 2. 1: Bundles of the Microfibrils in the plants cell layers. The inset show-cases the
interchain and intrachain structure of the hydrogen bonds originating from hydrophobic and

hydrophilic interactions [92]

A highlight of some of the existing literature on the work done so far in the extraction of
cellulose from plant sources and subsequent applications is hereby unveiled. Globally, wood

remains the most abundant source of cellulose. The cellulose component of wood is
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approximately 40% [93]. The Technological Association of the Paper and Pulp Industry,
abbreviated as (TAPPI), has managed to produce Cellulose Nanomaterials from wood in large
scale for several decades [94]. In the world over, TAPPI remains the largest producer of pulp and
paper. Their general extraction process of CNs from wood begins with the elimination of the
hemicellulose, lignin and other impurities from a pure wood material. This is followed by
bleaching and finally dissolving the pulp to produce cellulosic products like Rayon [94]. Apart
from wood, live plants also make another attractive source of cellulose. Most plant materials,
both aquatic and non-aquatic, have been used to extract CNCs. In their work, Elazzouzi-Hafraoui
and his workmates, successfully used cotton to extract CNCs [95]. Sisal has also been used as a
real source of CNCs as depicted by Rodriguez and colleagues [96]. Some other plants that are
rich in cellulose and have been exploited in the extraction of cellulose are straws of wheat [97],
tubers of potato [98], pulp of sugarcane [99], stocks of soybean [100] and banana peels among
others. In the aquatic plants field, water hyacinth has been also exploited for CNC extraction
though in a limited scale. In their work, Titik successfully extracted cellulose from tropical water
hyacinth for membrane preparation that could be used for water purification applications [19].
Due to limited exploitation of the water hyacinth for cellulose production, the study focused on

the extraction of cellulose from water hyacinth from Lake Victoria.

Besides the wood and plants, tunicates have also been exploited to extract cellulose. Tunicates
are sea creatures with mantles. In the mantle, there exists microfibrils of cellulose that are
attached in a matrix of protein. Some of the most common species of tunicates that have been
used to extract cellulose are Halocynthiaroretzi and Halocynthiapapillosa [18]. S. Iwamoto et a/
also managed to exploit the Halocynthiapapillosa species of tunicates to extract cellulose [101].
However, tunicates have not remained attractive source since they are difficult to harvest from
the deep sea. Another important source of cellulose is algae. Algea produce CMFs within their
cell walls. Green algae have been commonly used to extract cellulose nanofibrils. Some of the
most frequently used species of green algae used to extract cellulose nanofibrils include
Micrasteriasdenticulate [ 18], Micrasteriasrotate [18], Valonia [102]. Algae have posed a serious
setback as a source of cellulose. Algae has proved to be very delicate in the culturing stage hence
have not been used to extract cellulose to a commercial stage. Besides the algae, bacteria have

also been used to extract cellulose to some limited scale. Gluconacetobacterxylinus is a species
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of bacteria that produces cellulose and has remained the focus of research [17]. Cellulose is
extracted from bacteria by culturing process. When bacteria are cultured under special culturing
conditions, it secretes cellulose microfibrils. At the secretion stage, they end up producing thick
gel that consists of cellulose microfibrils and water [103]. The CMFs can therefore be extracted
at this stage. Just like algae, bacteria culturing is a tedious and slow process. This has therefore
made bacteria not become an attractive source of cellulose. It is therefore evident that wood as a
source is not popular due to the tedious extraction process since wood is hard to crush. Biomass
as a source equally offers a challenge since the yield is very low and cleaning process must be
very thorough. The remaining sources; algae, bacteria and tunicates are not only scarce but also
produce very low yield and takes very long process. This justifies the source of water hyacinth

which is abundant, easy to crush and has very high cellulosic content.

In the study, the aquatic plant, water hyacinth, (Eichhorniacrassipes), from Lake Victoria, has
been used as our source of the cellulose nanomaterials. This abundant aquatic weed species,
poses a great challenge in open water masses. It hampers irrigation, generation of power,
boating, navigation and fishing in the infested water body surface. To minimize these challenges,
the study resorted to reduce the population of the weed by physical harvesting for its utility in
this noble electronic application. From available literature, water hyacinth is very rich in
composition in cellulose compared to other major plant sources as depicted in Table 2.1. This
heavily justifies the choice of the source of cellulose to be the water hyacinth. Due to its huge
abundance and high cellulosic concentration, desired amounts of cellulose nanocrystals were
extracted and subjected to further characterization and eventual application in the piezoelectricity
and sensory measurements. This will not only boost the electronic industry but also conserve the

environment.
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Table 2. 1: Comparison of percentage composition of the three major components of various

fibers
Fiber Cellulose Hemicellulose Lignin Reference
Water hyacinth 60 23.7 13 [104]
Grass 45 314 12 [105]
Hardwood stem 40-45 24-40 18-25 [106]
Barley straw 33-40 20-30 8-17 [105]
Pineapple leaf 34-40 21-25 25-29 [107]
Bagasse 45 30 20-22 [108]
Wheat straw 30 50 15 [105]

2.3 Extraction of Cellulose Nanocrystals

As was mentioned in chapter one, CNCs extraction from the source materials is a two-stage
process. It involves the purification and homogenization pretreatment process followed by
hydrolysis process. The pretreatment stage exposes the internal parts of the source material to
become more reactive in the subsequent extraction processes. The second procedure, the
hydrolysis process, eliminates the amorphous regions leaving behind the pure crystalline parts.
Previous studies have reviewed vast mechanisms of the hydrolysis process, majorly focusing on
mechanical hydrolysis, chemical hydrolysis and enzymatic hydrolysis [109,110]. The approach
used will pose great impact on the morphology and other physical and chemical characteristics of
the produced cellulose nanoparticles. A brief review of these main mechanisms is presented.
Several processes have been utilized in the mechanical approach to realize cellulose nanofibrils
from different cellulose-laden materials. These mechanical hydrolysis processes include high-
pressure homogenization [103] use of grain grinders and refiners [111], cryocrushing mechanism
[112] and very intense ultrasonic treatments [113]. All these mechanical processes cause
measurable shear effect on the source material. The shear effect creates transverse cleavage that

is parallel to and overlaps on the axis of the structure of the cellulose microfibrils. This finally
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leads to the production of longer cellulose fibrils which are generally called microfibrillated
cellulose (MFC). Turbak with his colleagues [35] as well as Herrick with co-workers [34] were
the first successful achievers in extraction of CNCs using mechanical treatment. The two
research groups managed to produce cellulose fibrils at nanoscale. Their source material was
softwood pulps. In their work, they typically subjected the source materials into mechanical
treatment repeatedly. As the mechanical treatment is repeated, the yielded particles get smaller
and become more uniform in radius. However, they become more mechanically damaged leading
to poor crystallinity. Thus, one of the greatest limitations of mechanical extraction process is the
reduced crystallinity percentage of the yielded nanofibrils [111]. Another limitation of
mechanical treatment worth noting is the fact that it must be crowned by a chemical treatment.
Subjecting the mechanically prepared nanofibrils into chemical treatment not only completely
eliminates the amorphous component leaving highly synthesized crystalline component but also

functionalizes the particle surface.

The second approach is the acid hydrolysis which has remained the most common approach of
CNC extraction from many cellulose sources. Acid hydrolysis process basically eliminates the
amorphous regions existing in the microfibrils structure. It has chiefly been used in the extraction
of bio-based fibrillated cellulose [113]. This chemical process of acid hydrolysis is executed in
the following major steps: the source material obtained from the pretreatment stage is added to
an acid whose concentration is already prepared; The acid is then left to react with the material
for some given time and at a controlled temperature; The syrup formed is then diluted with
distilled water so that the reaction of cellulose with the acid can seize; This is followed by series
of separation procedures achieved by centrifugation and washing steps. Finally, dialysis is done
against distilled water in order to fully eliminate any remaining acid and salt. From the available
literature, several studies are cited as having successfully extracted cellulose nanocrystals using
acid hydrolysis processes. For instance, in 1947 Nickerson and Habrle were the first to prepare
CNC by the acid hydrolysis method. They hydrolyzed the cellulose source material using
hydrochloric and sulfuric acids separately [114]. Later In 1951, Ranby registered a breakthrough
in synthesizing CNCs from acid hydrolysis process. He used wood fiber to produce very stable

Cellulose nanocrystals colloidal suspensions using concentrated sulfuric acid [115]. In acid

48



hydrolysis, the most commonly used mineral acids are H,SO4 [116], HCI [117], H3PO4 [118],
HBr [119], and the acids obtained from their mixtures [120]. However, Sulphuric and
hydrochloric acids have some inherent advantages over the rest and remain the most preferred
acids for acid hydrolysis. For instance, Sulphuric acid leaves the particles with negative surface
charges thereby producing very stable suspensions of cellulose nanocrystals. Just like in
mechanical treatment, acid hydrolysis has its own limitations of equal measure. For instance,
with little control of the hydrolysis parameters, acid hydrolysis can lead to highly degraded
CNC:s. Further, the production cost is at its peak following high corrosion rate of the apparatus
involved. It also poses a great threat to the environmental health since great quantities of
chemical waste and other pollutants are produced. In the study, the increase in the yield of CNCs

was achieved by reducing the acid concentration while elongating the reaction time span.

The other extraction method to be mentioned is the Enzymatic Hydrolysis which involves use of
the Cellulase enzyme to extract CNCs from the source material. The cellulase is a
multicomponent enzyme system with three major components. The first component is the
endoglucanases (EG), the second component is the cellobiohydrolases (CBH). The third
component is the B-glucosidase (GB). Each of these components have their unique roles in the
hydrolysis process. EG majorly react with the amorphous region with the major goal of breaking
the 1-to-4-Betta glycosidic bonds of cellulose. CBH on the other hand react with the extreme
ends of linear cellulose molecules in order to break the crystalline area. The last component, -
glucosidase has a major role of converting cellulose into glucose through hydrolysis process
[121]. Several scientists have successfully extracted CNCs using the enzymatic hydrolysis
procedure. For instance, Filson and coworkers made use of endoglucanase to successfully
prepare CNCs from recycled wood pulp [122]. Enzymatic hydrolysis equally has its share of
limitations; it poses harsh experimental conditions, produces very low yield and the process takes
longer time to be fully accomplished. However, one of the outstanding advantages of enzymatic
hydrolysis is that the process is environment friendly. It is therefore the interest of this study to
use mineral acid hydrolysis as it is more convenient, abundant, yields higher crystallinity with
high yield of the extracted CNCs. Figure 2.2 gives the illustration of the CNC extraction

processes using the two broad processes, the acid hydrolysis method and the mechanical
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treatment method. As can be observed from the diagram, the acid hydrolysis generally produces
finer CNCs having shorter dimensions in diameter and length compared to the mechanically

produced coarse CNFs with much longer dimensions in diameter and length [123].
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Figure 2. 2: The schematics of CNC extraction processes using the two broad processes, the acid

hydrolysis method and the mechanical treatment method (123)

2.4 Characterization Techniques for the CNCs

2.4.1 Introduction

Several techniques of characterization have been performed on cellulose nanomaterials obtained
from different source materials. These techniques have greatly supported the study of several
properties of materials like structural, morphological, optical absorption and optical
photoluminescence, electrical, thermal and mechanical among others. However, not all these
techniques mentioned have been performed on Cellulose nanomaterials obtained from water
hyacinth. In this section, the review of some characteristic techniques that have been so far

performed on CNMs obtained from water hyacinth is presented.
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2.4.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis of CNCs

FTIR spectroscopy is a technique that uses the beam of infrared radiations to identify functional
groups in materials. Several studies have been conducted in characterization using FTIR. Meriko
Enweku is one of the first scientists who conducted a research experiment to examine the
characteristic peaks for cellulose sourced from hyacinth harvested from raw water. He examined
the peaks in the range of 3.5x10° to 3.0x10°> cm™ [124]. Their results showed that the peaks
correspond to the expansion zones of the functional groups of -OH caused by the interactions
between hydrogen bond and the hydroxyl groups as explained by Asrofi M. et al/ and Abraham
E. et al [125, 126]. Figure 2.3 shows the spectra obtained from Fourier Transform Infrared
spectroscopy for water hyacinth in raw form and that of cellulose sourced from it. From the
diagram, we observe that the characteristic peaks due to the stretched C-H functional group
appear in the wavenumbers ranging from 3.0x10° to 2.8x10° cm™ a sign that the two samples
possess aliphatic saturated particles [127]. There is a stark difference in the spectra at 1.735x10°.
The fiber, in its crude form, has a peak at this wavenumber while the purely extracted cellulose
has no peak. This is a clear indicator that the raw water hyacinth is still laden with hemicellulose
and lignin possessing the acetyl and uronic ester web of carboxylic group of the ferulic and p-
coumaric acids that cause the peak [128,129]. Pure extracted cellulose lacks these bonds after
excessive removal of lignin and hemicellulose after effective acid hydrolysis. This peak was not
observed in the chemically treated cellulose extract, signifying that the lignin and hemicellulose
were fully eliminated. Similarly, the presence of adsorbed water due hemicellulose contained in
the raw water hyacinth caused a peak to occur at 1.639x10* cm ' This peak was not observed in
the pure extracted cellulose due to lack of hemicellulose. Lignin contains aromatic rings that are
ever in vibration. These vibrations are the source of the spectral peaks in the crude hyacinth
spectrum observed 1.248x10° cm™ which is distinctly lacking in the pure cellulose spectrum.
This too is an indicator that pure cellulose is lignin-free [130]. However, the two samples
showed characteristic common peaks at 1.426 cm™. The raw water hyacinth and cellulose extract
displayed outstanding peaks at 1.426x10° cm™ because both experience plane bending of the
CH; functional group [131].
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Figure 2. 3: Characteristic spectral peaks for water hyacinth in raw form and pure cellulose as

obtained from FTIR spectroscopy [124]

Another research study that involved subjecting water hyacinth cellulose into FTIR spectroscopy
was conducted by Setyaningsih and workmates [132]. They extracted cellulose using different
solvents. They then identified and compared the functional groups of cellulose extracted using
the various solvents. They observed that the spectra of extracted cellulose samples containing
solvents of H,O, showed peak absorbance in the wavenumbers of 3.44765x10° cm™ and 2.90137
x10’cm™, a phenomenon they attributed to the vibrations caused by the extension of ~OH and C-
H functional groups. Further, their analysis revealed that pure extracted cellulose spectra
depicted more intense bands at 1161.5 cm™ and 1112.88 cm™, an observation missing in the raw
water hyacinth spectra. Interestingly, similar observation was reported in cellulose extracted
from oat and rise husks, in an experiment undertaken by Oliveira [133]. In yet another FTIR
spectroscopy, Halal [134], observed intense bands occurring at 161.5 cm™ and 1319.44 cm™. He
reasoned that the two band intensities were indications of C3-carbon and glycosidic C-O-C bond

vibrations respectively. It was also shown that functional groups of cellulose constituent
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components were also present. This was seen in the occurrence of bands at 1060.7 cm™ and

893.79 cm™ attributed to vibrations of C-O and C-H due to stretching.[135].

In their study, Titik and coworkers, managed to isolate cellulose from water hyacinth and further
prepared membranes from the extracts by phase separation methods [19]. The resultant
membranes were subjected to FTIR measurements where their water surface chemistry and water
flux were metered. One of their key revelations was that water flux magnitude was inversely
proportional to time of evaporation, i.e, when the evaporation time is increased, then water flux
reduces. Scientifically, when evaporation occurs for a longer time, the pore size of the membrane
reduces following increased polymer concentration at the topmost sheet of the membrane. In all
these FTIR measurements done the samples subjected to measurements were not prepared under
parametrized acid hydrolysis process. There was no attempt to investigate the impact of time,

temperature and acid concentrations on the FTIR measurements obtained.

2.4.3 Thermal Analysis of CNCs

Thermal analysis of materials is performed by a thermogravimetric analyzer (TGA). The tool
helps in analyzing thermal stability of a cellulose-laden fiber sample. Two separate research
studies have been cited as having conducted thermal analysis on the thermal properties of
cellulose obtained from water hyacinth. In their research work, Titik et a/, managed to isolate
cellulose from water hyacinth and further prepared membranes from the extracts [19]. In their
thermal analysis procedure, they took about 6g of dried water hyacinth sample and pyrolyzed the
sample by a TGA. Their TGA results indicated that hemicellulose and lignin are decomposed at
different temperature ranges. They decompose at 200-350°C and at 350-470°C respectively. It
further revealed that hemicellulose gets fully digested at 265°C. A peak on the spectrum was also
observed at 326°C, a clear indicator of the cellulose degradation point. In another research study,
Fang and his research fellows investigated the thermal properties of raw recycled sheets of paper
and recycled paper reinforced with cellulose nanofibers using TGA [4]. One of their findings
was that all samples lost mass when the treatment temperature approached 90°C, an indicator
that water evaporation occurred from the surfaces of the sheets. Their further analysis was

focused on the comparison of thermal stability of the prepared samples at distinct temperatures
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and corresponding mass losses. They learnt that the raw recycled paper lost mass by 10% at a
temperature of 190°C. However, with the inclusion of the CNFs into the matrix, the 10% mass
loss was registered at a higher temperature of 200°C. Their general conclusion was thus, the
thermal stability of recycled papers is highly enhanced by the addition of CNFs. The thermal
stability of the RP/CNF composites is directly proportional to the CNFs content. The graphs in
Figure 2.4 show the TGA and DTGA spectra of raw recycled paper and recycled paper cum
CNFs composite sheets having varied contents of CNFs. As can be seen, the graphs in figure
2.4b, clearly illustrate that for the RP/CNF composite sheets, the degradation rate is higher for
CNF content of 5, 10 and 15% but lower for the lower CNF percentage compositions. This can
be attributed to the hydrogen bonds created between the CNFs and the RP structure which really
improves thermal degradation temperature. The increased CNF content in the composite

drastically increases the strength of the hydrogen bonds thereby increasing thermal stability.
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Figure 2. 4: Schematics of the TGA (a) and DTGA (b) graphs for the RP/CNFs composite

sheets of paper with different percentage composition of the reinforcing CNFs [4]

From the above literature, Turbak et al did not make any attempt to investigate how degree of

alignment of the prepared samples influence their thermal properties.
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2.4.4 Optical Properties of CNFs

In a study carried out by Turbak and coworkers [135], optical property measurements were done
on CNFs prepared from rice husks. In particular, transmittance measurements showed that
optical transmittance CNFs dispersion is highly influenced by thickness of the fibers and their
ability to disperse in water. In yet another study conducted by Meriko Ewnetu [124], Optical
transparency of raw water hyacinth was compared to that of cellulose extracted from them. As
can be seen in the graph of Figure 2.5, the transparency peaks are 2.007 % at 800 nm and 17.71
% at 608 nm for raw water hyacinth and cellulose respectively. They further learnt that CNFs
dispersions exhibited higher transparency at longer wavelengths. In particular optical
transparency for CNF dispersions was 65 % at 800 nm. This is an indicator that CNFs are indeed
in the nanoscale and their sizes are much smaller relative to the wavelength of visible light used
in the spectroscopy as compared to the sizes of raw water hyacinth and the cellulose extracted
from them. Thus, optical transparency of a material increases with decrease in its size. The shape
of a material and its size greatly influence its optical transparency. For a larger material with
rough surface, less transmittance will be observed since more light scattering and absorption
takes place in the extended rough surface leaving little light to be transmitted. This explains why

the raw water hyacinth and cellulose have lower optical transmittance compared to the CNFs.
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Figure 2. S: The Ultraviolet-Visible light Optical Transmittance of one-percent by weight

dispersion of raw water hyacinth WH, Cellulose and Cellulose Nanofibres [135-137]
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In the optical measurement presented by Turbak and coworkers above, the samples were not
subjected to acid hydrolysis. Only pretreatment and mechanical hydrolysis was done to realize
cellulose and CNF respectively. The mechanical hydrolysis was equally not parametrized as per
time, temperature and strain magnitude. The procedure did not proceed to obtain the optical

measurements like optical band gap energy, the Tauc energy among others.

2.4.5 Mechanical Properties of CNCs

In yet another paper [138], tensile resistance was measured using a tensile machine. Various
nanocomposites having various measured nanocellulose fibers compositions were prepared. The
tensile machine could measure and display the ratio of the force applied and the surface area of
each sample. This was expressed in KPa, a unit of pressure. Percentage elongation was equally
measured by the machine. This was calculated as the ratio of extension of the composite to the
initial length of the sample and expressed in percentage. The results were tabulated as shown in

Table 2.2.

Table 2. 2: Tensile measurements data as obtained from Tensile machine.

Parameters CNFs content in the composite sheets (wt. %)

0 1 3 5 10 15
Thickness (mm) 1.27 1.09 0.98 0.96 0.88 0.8
Elongation (%) 2.01 2.05 2.24 2.92 5.18 2.95
Tensile strength (KPa) 29.8 45.6 53.5 63.1 69 80.4
Young’s modulus (KPa) 14.8 22.3 23.9 21.6 13.3 27.2
Density (g/m’) 16.9 20.3 233 24.5 27.8 33
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From the data presented in Table 2.2, there is an overwhelming advantage of adding CNFs in the
composite sheets. CNFs increase the interactions between the fibers of cellulose and the fibers of
the recycled paper thereby promoting a better realignment. This makes the pores between the
fibers get fully filled during the production process. Thus, more uniform, highly compact and
dense structures of the composite paper sheets are produced. The mechanical properties of the
resultant composite are consequently increased through increased density and reduced porosity.
The greater surface area of contact between the neighboring cellulose fibers gives an increased
population of hydrogen bridge bonds resulting to a denser structure eventually yielding the
composite sheets which are stronger and stiffer. The data further reveals that the percentage
elongation of the composite increases up to 10% composition of CNFs but drastically reduces at
15% content. This is an indicator that when the percentage composition of cellulose surpasses
10% then produced composites become stiffer and harder increasing their brittleness. Another
information that is clear from Table 2.2 is that the tensile strength of the composite sheet is
directly proportional to the CNFs contents. This is attributed to the fact that percolation occurs
between the Recycled paper network and the Cellulose nanofibers through hydrogen bonding.
This enhances the creation of rigid interconnected matrix that is able to resist the tensile process.
Finally, a staggered change in the Young’s modulus is recorded. It increases in the range of 0 to
3% then reduces in the range of 5 to 10% before increasing again in the range of 10 to 15%. The
initial increment is due to the transfer of stress the recycled paper which is in disordered structure
to relatively ordered and stiffer CNFs. Similarly, significant increase in fracture strain values can
also be said to be responsible for the decrease in Young’s modulus in the 5 to 10% range. The
final increase observed at higher percentage composition can be attributed to the drastic

reduction in the percentage elongation at the high percentage content of the CNFs.

From the review done so far and from the available literature, little work has been done in
characterization techniques of cellulose nanomaterials sourced from water hyacinth. No recorded
work has investigated morphological, optical absorption and optical photoluminescence
properties of cellulose nanomaterials sourced from water hyacinth and how their degree of
crystallinity impact on these properties. The study has therefore focused on investigation of the
correlation of degree of alignment of CNCs obtained from water hyacinth on their optical

properties and piezoelectric behavior.
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2.5 Piezoelectricity of Cellulose Nanocrystals

2.5.1 Introduction

When a material is subjected to an external mechanical stress, it undergoes change in electrical
polarization as it responds to this external pressure. This phenomenon is called Piezoelectricity
[139]. Piezoelectric effect is expected to be highly manifested in crystalline nanomaterials
including crystalline cellulose nanocrystals (CNC) [54]. Fukada, a renowned scientist, was the
first researcher to report the piezoelectric behavior of wood as early as 1955[140]. However, the
research in this area has since remained low. The evidence of the piezoelectricity of cellulose

nanocrystals has been experimentally reported by few recent studies [140, 141].

2.5.2 Fabrication of Piezoelectric Sensors

In their study, Rajala and coworkers managed to fabricate CNF films sensors and further
performed the sensor sensitivity measurements [142]. They successfully extracted CNF material
using mechanical homogenizing method. They passed the cellulose source material (bleached
birch cellulose mass) in microfibrillator machine repeatedly until CNFs were produced [142].
They used the obtained CNFs to create CNF films. This, they achieved by a 30 minutes long
pressure filtering process that was immediately followed by pressing using a presser. The pressed
films were finally dried in an in hot-press at 100°C for a period of 2 hours. Using the micrometer
screw gauge, they learnt that the yielded films were 70 micrometre thick. They finally embedded
the electrodes on the CNF films using polyethylene terephthalate (PET) substrate by e-beam
evaporation using Varian vacuum evaporator whereby they evaporated 100 nm thick copper (Cu)

sheet through a laser-cut stencil shadow mask.

2.5.3 Sensor Sensitivity Measurements

The sensor sensitivity can be defined as the quantity of charges produced by the sensor per unit
normal force exerted on the sensor. A special tool called Briiel & Kjaer Mini-Shaker model 4810
is always applied to conduct sensitivity measurement. This tool generates a dynamic excitation
force with a rating of 10N sinusoidal peak. Its frequency ranges from DC to 18000 Hz. For
accurate measurements, a sinusoidal input is required in the shaker. Thus, a function generator

type Tektronix AFG3101 was used to provide the required sinusoidal input. Referencing was
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equally a feature that must be done for correct data to be sourced from the shaker. To achieve
this, a very sensitive dynamic force sensor was used to reference the dynamic excitation force.
Finally, a load cell was applied as reference sensor to gauge the static force generated at the
sample-shaker’s piston interface. For mounting purposes to prevent the shaking of the whole
setup pretension that produces static force was applied. Sensor sensitivity measurements were
equally done in the transverse direction where the sensor horizontally orientated on a metal plate.
In one of the attempts, a 3N static force was applied on the sensor surface accompanied with
sinusoidal 2 Hz input signal of 1000mV. This resulted to excitation force of about 1.3N. This
procedure of sensitivity measurement was repeated thrice. The quantity of charge yielded by the
sensor was finally measured. The charge measurement was achieved using a tailor-made
combination of amplifier and a 16-bit analogue to digital converter (ADC). The ADC was
interfaced with the sensor through coaxial cables and crimp connectors. The data obtained was
used to calculate the sensor sensitivity by simply dividing the charge generated on the sensor
surface with the dynamic force applied on the sensor. The SI unit of sensor sensitivity is thus
Coulombs per unit Newton (C/N). Since the charges produced in this manner are in the pico-
scale, the sensor sensitivity is therefore measured in pC/N. Using their data, they found that the
sensor sensitivity values for their fabricated piezoelectric sensors was ranging from 5.2 -7.0
pC/N. The sensors therefore showed uniform sensitivity an indicator that cellulose nanofibrils
are uniformly spread inside the film. Their results therefore depicted high degree of reliability.
However, in their work, they failed to vary the degree of crystallinity so as to obtain the varying

values of sensitivity.

In this study, similar sensitivity measurements have been performed on CNC film sensors
fabricated from CNCs extracted from water hyacinth but with different crystallinity indices. The
degree of polarization of the CNC films were successfully varied which led to varying
orientation of crystals of the CNC films leading to remarkable variations of piezoelectricity.
Different sensitivity values were recorded from various sensors with varying crystallinity
indices. Thus, the study unraveled the correlation between the degree of linearity of CNCs and

their piezoelectric properties.
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CHAPTER THREE

RESEARCH METHODOLOGY

3.1 Introduction

In this chapter, detailed outline is presented for all the materials and equipment used in this
research are outlined, detailed procedures followed in the extraction process of the CNCs, film
preparation methods applied, characterization technique used, piezoelectric sensor fabrication
method applied, and how the sensitivity measurements were done on the fabricated sensors. It
also gives information on the analysis technique used to investigate the correlation between the
degree of alignment of the CNCs and the piezoelectric effect of the water hyacinth based

fabricated sensors.

3.2 Materials and Equipment

3.2.1 Materials

Most of the chemicals and reagents used in this work were sourced from the JOOUST Teaching
and Research Laboratory (JTRL) main campus. These included Hydrochloric acid, sulphuric
acid, nitric acid, Sodium Hydroxide, Sodium hypochlorate, toluene and ethanol. All the
glassware, Glass vials sample containers, microscope slides, droppers, sieve, filters that were

used in the research were also sourced from the lab.

3.2.2 Equipment

Laboratory protective gears as well as sample holders were obtained from Jaramogi Oginga
Odinga University Chemistry Research laboratory. The UV-Vis spectroscopy was conducted
using the nanodrop spectrometer named Eppendorf Bio-Spectrometer Kinetic Perkin available in
Jaramogi Oginga Odinga University Research laboratory. The fluorescence spectroscopy was
conducted using F96Pro Fluorescence also available in JTRL. The Light microscope used

(LEICA DM 500) used for light microscopy was also available in JTRL characterization
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techniques were all available in JTRL. The XRD machine that was used for crystallography was

sourced at KIRDI, Kisumu Branch.

3.3 Experimental Procedure

3.3.1 Extraction of Cellulose Nanocrystals from Water Hyacinth
Cellulose Nanocrystals from water hyacinth were extracted through a rigorous process that
involved source material collection, cleaning and drying, ball milling, alcohol treatment, alkaline

hydrolysis, bleaching and finally categorized acid hydrolysis.

3.3.1.1 Sample Collection, Cleaning and Drying.

Fresh water hyacinth plants were collected from the Kenyan Shores of Lake Victoria in Usenge
Beach Imbo Division, Bondo subcounty, Siaya County. Being a gulf, the site was identified as
having highly matured healthy water hyacinth. Usenge Beach is shielded from strong direct
water waves from the lake hence makes a good breeding site for the weed. We therefore expect
to obtain high cellulose content from the hyacinth weed sourced from this site. After collection,
the stalks and stems were cut off from the plants and cleaned to get rid of mud, sand, minerals
and any other aquatic impurity that could be lying on their surfaces. The cleaned stalks and stems
were then chopped into small cubes then fed into an oven where they were dried at 100°C for 30
minutes. The final product after drying appeared as shown in Figure 3.1. Water hyacinth melts at
220° C and drying them at 100°C is safe and cellulose that are free of char and with unbroken
crystallinity.
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Figure 3. 1: Fully dried water hyacinth cubes and chops just before ball milling

3.3.1.2 Sample Crushing and Grinding
The fully dried water hyacinth chops were reduced to half powder form by ball milling using a

ball milling machine. The milling machine was set to rotate at 60 rpm for a shorter duration of 5
minutes. This low frequency of rotation and shorter crushing duration was to ensure that the
crystalline regions are not broken. The coarsely ground fibers were subjected to sieving using a
sieve of hole diameter Imm to obtain course powder free of chuff. A total of 20g mass of the
powder was prepared ready for the cellulose extraction. As was explained earlier the water
hyacinth powder obtained consists of cellulose, hemicellulose and lignin. Their percentage
compositions in the powder are 25%, 33% and 10% respectively [19]. The lignin and the
hemicellulose components must therefore be eliminated in the pretreatment stage and in the
subsequent acid hydrolysis process. For the CNC extraction procedure, the study adopted the
protocol provided by Titik I. et a/ [19]. This formed the procedure applied in the pretreatment

stage and acid hydrolysis process.
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3.3.1.3 Pretreatment Stage

The coarse hyacinth powder measuring 10g was measured using an electronic beam balance and
transferred into a round bottomed flask containing 150ml homogeneous solution which is a fully
stirred mixture of two alcoholic solutions, ethanol and toluene. Ethanol and toluene are mixed in
the ratio 1.2. In our study, the ethanol/toluene mixture was made by mixing 50ml of toluene to
100ml of ethanol and then stirred to homogeneity. Toluene/ethanol mixture is one of the best
cellulose extracts from a source material. Once dipped into the mixture, the water hyacinth
sludge was heated at 70°C for 2 hours at a constant stirring using the rotor vapor instrument as

shown in the set up in Figure 3.2.

Figure 3. 2: Rotor-vap set up for the water hyacinth powder soaked in ethanol/toluene mixture
being stirred continuously in an ever rotating round bottomed flask while being heated in the

rotor bath
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This process was done to get rid of extractive components that are in the water hyacinth stalks
leaving behind the three major components of the hyacinth powder which are cellulose,
hemicellulose and lignin. The resultant product after sieving and thorough washing was brown

thick sediment, shown in Figure 3.3.
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Figure 3. 3: Water hyacinth sediment product after alcohol pretreatment

The sediment was then subjected to a bleaching process using NaClO; for two hours at 80°C.
This first bleaching process not only increased the whiteness of the cellulose sludge but also led
to the elimination of lignin by breaking the ether bonds. The bleached sludge was then subjected
to alkaline hydrolysis using NaOH 1% at 60°C for 2 hrs. This was to ensure that the main chain

cellulose is free of hemicellulose. NaOH reaction with the sludge led termination of major bonds
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leading to heavy degradation of the molecules of the lignin. The resultant product was further
subjected to a second bleaching process using NaClO3 2% at 75°C for 2hrs to fully eliminate any
trace of hemicellulose and lignin that could still be clinging in the product. The final product,
shown in Figure 3.4, was therefore ready to be subjected to acid hydrolysis so as to obtain the

cellulose nanocrystals.

Figure 3. 4: The final product of the extracted CNCs from water hyacinth

3.3.1.4 Acid Hydrolysis

As was explained in chapter 1, the acid hydrolysis is done to get rid of the amorphous region of
the pure cellulose material so as to remain with the crystalline region only thereby obtaining
cellulose nanocrystals in syrup form. Use of mineral acids was resorted to as they yield CNCs
with high crystalline index. The mineral acids used were the H,SO4, HCl and HNO; for different
samples. This would help in investigating the acids which gives the best yield. For each acid
used, the degree of concentration was also varied from 5%, 10% and 15%. Further for every acid
concentration value of the acid, the hydrolysis heating temperature was equally varied from

50°C, 70°C and 90°C. The heating was done in a water bath set at these three distinct
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temperatures. For every hydrolysis temperature, the duration for the hydrolysis process was
equally varied from 2hours, 3 hours and 4hours. For instance, Figure 3.5 shows 6 samples of
extracted cellulose undergoing hydrolysis using same acid but of different concentrations being

heated in a water bath at a uniform temperature.

Figure 3. 5: Samples of extracted cellulose undergoing hydrolysis using same acid but of

different concentrations being heated in a water bath at a uniform temperature

The large cellulose sludge obtained from the pretreatment stage was therefore divided into three
equal parts, with each part being subjected to hydrolysis processes using one unique mineral
acid. The parts were named Sample A, sample B and sample C. Sample A was treated using
H,SO4 which was prepared in three different concentrations; H,SO4 5%, H>SO4 10%, and H,SO4
15%. Sample A was therefore further divided into 3 equal parts with each part having its
corresponding acid concentration. These three samples were labeled as; H,SO4 5%, H,SO4 10%,
and H,SO4 15%. Each of these samples was divided into 9 equal parts to take care of the three

parameters named earlier. Sample A therefore yielded 27 samples each subjected to a unique
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acid hydrolysis process. The same procedure was applied to sample B and sample C that
corresponded to HCl and HNOj respectively. A total of 81 samples were prepared and safely
kept in labeled sealed glass tubes as shown in Figure 3.6.

Figure 3. 6: Vials containing cellulose powder prepared by HCI, H,SO4 and HNO; acid

hydrolysis with different concentrations, temperature and hydrolysis time

The essence of parameterizing the process was to enable the research team to investigate how the
four hydrolysis parameters affect the degree of crystallinity of the extracted CNCs. These four
parameters are namely: the mineral acid used; the concentration of the acid, Temperature of
hydrolysis and duration of the hydrolysis process. The samples were given unique acid
hydrolysis treatments to help us investigate how change in the above four parameters impact in
the characteristics of the obtained CNCs such as surface morphology, crystallinity, Optical band

gap, electrical properties and even the mechanical properties.

3.3.2 Thin Films of CNCs

3.3.2.1 Preparation of Thin Layer Films

After the preparation of the desired CNCs from the water hyacinth stalks and stem, the focus the
shifted to obtaining CNC thin films. Use of drop casting method was adopted to create the CNC
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films of each of the sample made. This was achieved in a two-stage procedure that began with
cleaning the glass substrates followed with the deposition of the CNCs to form thin films. The
glass slides which are often used in microscopy made good substrates where thin films were
deposited. The slides were first thoroughly cleaned using liquid detergent. All the grease and
stains of oil were then eliminated from the slides surfaces by dipping them in pure alcohol. This
was followed by rigorous rinsing using distilled water. Finally, the clean, sterilized glass slides
were dried in an oven at a temperature 100°C for another half an hour. Each of the labeled
samples of the extract was drop-cast on a clean slide. The slide was then tilted at an angle to
allow the drop to spread evenly forming a homogenous thin layer on the slide surface. They were
later transferred to dry in an oven at 40°C for about 50 minutes. A total of 81 thin films were
formed and labeled as per the sample name of the corresponding CNC syrup as shown in Table

3.1.

Table 3. 1: Prepared samples according to the acid type, concentration and hydrolysis time

Samples treated by H,SO, Samples treated by HCI Samples treated by HNO3

Sample 1 | H,SO45% 50°C 2h | Sample28 | HCI 5% 50°C 2h | Sample55 | HNO; 5% 50°C 2h
Sample 2 | H,SO45% 50°C 3h | Sample29 | HCI 5% 50°C 3h | Sample56 | HNO; 5% 50°C 3h
Sample 3 | HySO45% 50°C 4h | Sample30 | HCI 5% 50°C 4h | Sample57 | HNO; 5% 50°C 4h
Sample 4 | H,SO45% 70°C 2h | Sample31 | HCI 5% 70°C 2h | Sample58 | HNO; 5% 70°C 2h
Sample 5 | H,SO45% 70°C 3h | Sample32 | HCI 5% 70°C 3h | Sample59 | HNO; 5% 70°C 3h
Sample 6 | H,SO45% 70°C 4h | Sample33 | HCI 5% 70°C 4h | Sample60 | HNO; 5% 70°C 4h
Sample 7 | H,SO45% 90°C 2h | Sample34 | HCI 5% 90°C 2h | Sample61 | HNO; 5% 90°C 2h
Sample 8 | H,SO45% 90°C 3h | Sample35 | HCI 5% 90°C 3h | Sample62 | HNO; 5% 90°C 3h
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Sample 9

H,S045% 90°C 4h

Sample36

HCI 5% 90°C4h

Sample63

HNO;5% 90°C 4h

Samplel0

H,S0,4 10%50°C2h

Sample37

HCI 10%50°C2h

Sample64

HNO; 10%50°C2h

Samplell

H,S0,4 10%50°C3h

Sample38

HCI 10%50°C3h

Sample65

HNO; 10%50°C3h

Samplel2

H,S0,4 10%50°C4h

Sample39

HC110%50°C4h

Sample66

HNO; 10%50°C4h

Samplel3

H,S0410%70°C2h

Sample40

HC110%70°C2h

Sample67

HNO;10%70°C2h

Samplel4

H,S0410%70°C3h

Sample41

HC110%70°C3h

Sample68

HNO;10%70°C3h

Samplel5

H,S0410%70°C4h

Sample42

HCI 10%70°C4h

Sample69

HNO; 10%70°C4h

Samplel6

H,S0410%90°C2h

Sample43

HCI 10%90°C2h

Sample70

HNO; 10%90°C2h

Samplel?7

H,S0410%90°C3h

Sample44

HCI 10%90°C3h

Sample71

HNO; 10%90°C3h

Samplel8

H,S0410%90°C4h

Sample45

HCI 10%90°C4h

Sample72

HNO; 10%90°C4h

Samplel9

H,S0415%50°C2h

Sample46

HCI 15%50°C2h

Sample73

HNO; 15%50°C2h

Sample20

H,S0415%50°C3h

Sample47

HCI 15%50°C3h

Sample74

HNO; 15%50°C3h

Sample21

H,S04 15%50°C4h

Sample48

HCI 15%50°C4h

Sample75

HNO;15%50°C4h

Sample22

H,S0415%70°C2h

Sample49

HCI 15%70°C2h

Sample76

HNO; 15%70°C2h

Sample23

H,S0415%70°C3h

Sample50

HCI 15%70°C3h

Sample77

HNO; 15%70°C3h

Sample24

H,S04 15%70°C4h

Sample51

HCI 15%70°C4h

Sample78

HNO;15%70°C4h

Sample25

H,S0415%90°C2h

Sample52

HCI 15%90°C2h

Sample79

HNO;15%90°C2h

Sample26

H,S0415%90°C3h

Sample53

HCI 15%90°C3h

Sample80

HNO; 15%90°C3h

Sample27

H,S04 15%90°C4h

Sample54

HCI 15%90°C4h

Sample81

HNO; 15%90°C4h
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3.3.2.2 Manufacture of Aligned CNC Films

The CNCs used here were prepared using HCI acid hydrolysis process at a constant temperature
of 50°C. With varied acid concentrations of 5%, 10% and 15%, the hydrolysis time was kept
constant at 4hrs. The final product which was the suspensions of aqueous cellulose nanocrystals
suspensions were finally utilized to create thin films. The deposition of the thin films was
achieved using a convective shear alignment assembly setup. The convective shear alignment set
up consisted of a horizontal solid support and a withdrawal plate that is movable. Silica material
that was laden with cations was adopted as the substrate. A homogeneous mixture of sulfuric
acid and hydrogen peroxide in the ratio 3:2 was used to clean the silica substrate for 30 minutes.
They were then rigorously rinsed using deionized water. To perform the deposition, the silica
substrate was placed in the horizontal platform of the solid support as shown in Figure 3.7.
Using a syringe, 20 ml of CNC suspension was measured and introduced in the chamber between
the inclined deposition plate and the horizontal substrate. The deposition plate is inclined at 20°
angle relative to the horizontal plane. A uniform thin film of the CNC suspension was then
smeared on the substrate surface by gently moving the deposition plate at a non-accelerating
speed on top of the fixed substrate laid on the upper surface of the horizontal solid support. The

deposited thin films were finally air-dried in a cabinet having a laminar air flow.

Deposition plate

Withdrawal direction .
[ >
\*™

Molecular Layers ’ & )
N W

Meniscus of the
suspension

Solid support

Figure 3. 7: Experimental setup for assembly and deposition showing the CNC suspension, solid

support and deposition plate
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3.3.2.3 Fabrication of Piezoelectric Sensor

The piezoelectric sensor basically consists of a deposited CNC thin film sandwiched between
two electrode plates. The electrode plates are made from a Smm wide copper tape plated with tin.
The tape was folded so that the metal side was in contact with the sensor material. The prepared
CNC films were sandwiched between two copper electrodes using a tape as shown in the
schematic diagram below. An adhesive film that has glue on both sides was used assemble the
electrodes on both sides of the thin film surface. Crimp connectors were used to make the

connections to the electrodes to the external circuitry.

Copper-Tape Electrode

CNC Piezoelectric Film

Copper-Tape Electrode

(a) (b)

Figure 3. 8: A photograph of a CNC (a) film and a schematic side-view of a CNC sensor

sandwiched between copper electrodes (b)

3.3.2.4 Sensitivity Measurement

In the sensitivity measurement of the fabricated piezoelectric sensor, the study adopted the
protocol of Rajala et al [142]. A dynamic force generator was used to measure the sensitivity of
the fabricated sensor generator. Dynamic excitation force was generated by a mini shaker of the
model Bruel & Kjaer type 4180. For referencing purposes, PCB Piezotronics model number
209C02, which is a highly sensitive dynamic force sensor was adopted. The static force between
the shakers piston and the sample was measured using a load cell which equally acted as the
reference sensor. Figure 3.9 outlines the schematics of the setup for the piezoelectric sensor

sensitivity measurements.
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Figure 3. 9: Schematic view of the sensitivity measurement setup
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Figure 3.10 shows the block diagram of the sensitivity measurement setup.
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Figure 3. 10: The block diagram of the sensitivity measurement setup
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The sensitivity of the sensor is mathematically obtained by dividing the magnitude of the charge

generated by the sensor due to the external force by the dynamic force on the sensor.

Sensitivity = Generated Charge (3.1)

Force

The SI unit of sensor sensitivity is thus C/N. However, since the charge generated from the
sensor is in very little magnitude the unit adopted is picocoulombs per Newton pC/N. The
amount of charge generated by the sensor due to the external stress was measured by a connected
circuitry of a charge amplifier and a 16-bit AD-converter. A coaxial cable and crimp connecters
were used to interface the AD-converter with the sensor. The AD-converter, in addition, could

help in sampling the voltage signals from the reference sensor.

3.3.3 Characterization Techniques

3.3.3.1 Optical Microscopy

Optical microscopy is a technique that allows us to study the morphological features and surface
structures of a sample through optical magnification. An optical microscope (OM) is a light
instrument that uses visible light and a systematic combination of magnifying lenses to magnify
images of very small objects in micrometer scale. A typical OM consists of the following
principal parts; a sample specimen stage to hold the specimen, the objective lens, condenser lens
the eyepiece lens, projector lens and photographic plate acting as the screen. This set of lenses
are enclosed in a movable tube. The tube is movable to allow change of magnification and for
the mechanical control for easy movement of the body and the specimen during focusing. Figure

3.11 shows the architecture of an optical microscope.
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Projectorlens
Figure 3. 11: The architectural design of a light microscope [143]

As shown in the light path of Figure 3.11, the condenser lens of the optical microscope focuses
the light beam direct to the sample while the objective lens magnifies the beam containing the
image of the sample. This magnified beam is directed to the projector lens which acts as the
platform on which the image is viewed by the observer. The ability of a microscope to show fine
details of the object being observed is called the optical resolution (R) [101], and the maximum

resolution (R,,,,) of an optical microscope is given by;
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0.6114
Rypax = NA (3.2)

Where 0.61 = The geometrical constant based on the average 20-20 eye (normal eye),

A = The wavelength of illuminated light, and

N.A= The Numerical Aperture.
Taking the refractive index of medium as 7 and letting a be the angle subtended by the lens, then
the measure of the light gathering capabilities of an objective lens (Numerical Aperture, N.4), is
given by;

N.A = nsina
(3.3)

Using equation (3.3) in equation 3.2, we obtain the alternative relationship for the maximum

resolution as;
0.611
R = — 34
max nSiTllX ( )

The image of the object is formed by the objective lens and is given by the objective

magnification m,. This image is further magnified by the eyepiece lens by eyepiece

magnification m;. The Total Magnification in an optical microscope is therefore the product of

the objective and eyepiece magnifications.

In this study, specimen of CNCs prepared in different acid types, at varied hydrolysis
temperatures, timings and acid concentrations were viewed under light microscope (LEICA DM
500) to observe the surface morphology and determine how these varied hydrolysis parameters
affect the formation of the surfaces of the prepared CNCs. The images formed were extracted

from a computer through an interface.

3.3.2.2 UV-Vis Spectroscopy

The word spectroscopy is coined from two key scientific terms namely; spectro meaning ‘of
spectrum’ and scope meaning ‘study of’. Spectroscopy is therefore the branch of science that

deals with the study of spectrum. It involves the investigation of how electromagnetic field
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interacts with matter. Its origin can be traced to the study of dispersion of light by prisms. Its
scope later widened to include the study of light-matter interactions as the radiative energy is
varied due to change in their wavelength or frequency. Basically, the field of spectroscopy can
be distinctly categorized into two broad categories: The first category is the techniques based on
energy transfer between photon and the sample under study while the second category is the
technique based on refractions, reflections, dispersion, diffraction, or scattering of light by the
sample leading to the change in the amplitude, polarization, phase angle, or even in the final

direction of propagation of the electromagnetic radiation.

Up to date, spectroscopy has undergone scientific evolution and has remained a vital technique
for characterization and analyses of various samples in our research laboratories and even in the
manufacturing industries. One of the most important spectroscopic techniques used in optical
analysis of materials is the Ultraviolet-Visible light (UV-Vis) spectrophotometry. UV-Vis
Spectrophotometer is a characterization tool that measures, records and displays the intensity of
light as a function of wavelength in a spectral format. The architectural design of UV-Vis
spectrophotometer is shown in Figure 3.12. As is outlined in the figure, the light beam is
diffracted into a spectrum of wavelengths. The different intensities at each wavelength are then
detected by a charge-coupled device and the resultant spectrum is displayed on the screen as a
graph. The light from the lamps is directed by an array of mirrors to pass through the sample in
the spectrophotometer through a slit. The incident light on the sample will undergo through three
processes. Some will undergo absorption into the sample, another fraction will be transmitted
and propagate past the sample while a small fraction will undergo refection and travel back to the
source. The light is therefore said to undergo absorbance, transmittance and reflectance. The UV-
Vis Spectroscopy compares the intensities of the incident light on the sample with that of the

transmitted light. The output result is a graph of intensity against wavelength as shown in [144].
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Figure 3. 12: The architecture of the UV-Vis spectrophotometer [144]

One of the laws that govern the measurements and analysis of the absorbance spectra obtained
from UV-Vis spectroscopy measurements is the Beer-Lamberts Law. It gives the relationship of
the light transmitted to the absorbance. From Beer lamberts law, we obtain a linear relationship
of the intensity of the absorbing light and the distance travelled by light through the sample as

given in equation (3.5) below.

log (170) = cta (3.5)

Where ¢ = the concentration of the sample,
t = the path length (thickness of the sample, and
o = the absorption coefficient.
The product on the RHS of equation (3.5) is the absorbance A. The absorbance A can therefore
be expressed as;
A = cta (3.6)
Using equation (3.6) in (3.5), we obtain,;

log (2) = 4 (3.7)
Making I the subject of the equation, we obtain;
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I=1e"=1e" (3.8)

From equation (3.8), we observe that light absorbance of any sample is a factor of an absorption
coefficient a. The absorption coefficient can be easily calculated from absorption and/or
transmission data sourced from a UV-Vis spectrophotometer. Taking I, to be the intensity of the
incident light and / to be the intensity of the transmitted light, we can express the optical

transmittance (7) according to;

7L (3.9)

Io
Assuming all the interference effects, we can equally express Transmittance as a factor of

Reflectance according to;

T _ (1_R)Ze—at
T 1—R2e—2at

(3.10)
Where ¢ = light path (sample thickness)
As the product at approaches infinity, the denominator approaches unity, making Equation (3.10)
to take the form;

T =(1—R)?e* (3.11)
Further, taking I = 1 — R equation becomes;

T =% (3.12)

The relations in equation 3.10 and 3.11 give the relations between the transmittance with
reflectance and the intensity of the absorbed light. Absorbance measurements on the prepared
samples were performed at Kenya Bureau of Standards laboratory, Lake Region Centre in Kibos,
Kisumu, using UV-Vis Spectrophotometer (Agilent-Technology, Chary60 UV-Vis). However, a
Nano drop spectrophotometer (Eppendorf Biospectrometer ® Kinetic) was later acquired by
JOOUST laboratory which was later used for all the UV-Vis spectroscopy for all the availed
samples prepared under different hydrolysis parameters. The acquired data were used to plot
UV-Vis absorbance graphs that were analyzed using OriginPro software to determine the values
of the peak absorbance wavelength, full wave at half maximum, band gap energy, Urbach energy

and other optical parameters.
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The Tauc’s Model of the Band Gap Energy

One of the most important electronic properties of a material is the band gap energy which is the
minimum energy required to excite an electron from its stable ground state to a higher energy
leaving the electron in an excited state. For an electron to participate in electrical conduction it
must be excited from the valence band (ground state) to the conduction band (excited state). The
absorption edge of the absorption spectrum is the initial step of electronic transitions from the
highest occupied valence band (HOVB) to the lowest unoccupied conduction band (LUCB). The
difference in energy between these two bands is the Band Gap Energy. Tauc’s Model is one of
the techniques used to calculate the band gap energy using absorbance spectra measured by a
UV-Vis spectrophotometer. The Tauc’s equation gives the relationship between the coefficient
of absorption, a, the photon energy of the incident radiation, /v, and the Band gap Energy E,.
In most experimental results, large absorption values are obtained. To take care of this, an n-
order dependence of band gap energy with the materials absorption coefficient is observed. All
these relationships and the n-order dependence of the band gap are given by Tauc’s equation as
per;

ahv = B(hv — E,)" (3.13)
Where;

h = The Planck's constant,

V =The photon's frequency,

a = The absorption coefficient,

E, = The Band gap energy.

and B = a constant independent of energy, also known as band tailing parameter.

The value of the exponent n depends on the nature of the electronic transition. The transition can

be allowed or forbidden, and in both cases, it can occur directly or indirectly.
For transitions that are direct allowed, 5 = %
For transitions that are direct forbidden, » = %

For transitions that are indirect allowed, n=2
Lastly, for transitions that are indirect forbidden, n =3.

The absorption coefficient is a function of wavelength and is given by;
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ag) = 2303 7] (3.14)
Where d = path length (sample thickness)

and 4 = The absorption value at the given wavelength.

When the Tauc’s Equation given in equation (3.13) is compared to the linear equation y=mx+c a
linear graph is obtained when we plot a graph of (¢ hv)L (y-axis) against 4 v (x-axis). From the

graph obtained, the Band gap energy is estimated by fitting the linear region of the curve
obtained from the Tauc’s plot and extrapolated to the x-axis. The x-axis intercept corresponds to
the Band Gap Energy of the material under study. This is supported by the Tauc’s analysis as
shown in the equations below.

From the Tauc’s equation given in equation (3.12), we can see that;
ahv = A(hv — E))" (3.15)
By taking n = % and doing further rearrangements, we obtain equation (3.15) to be
(ahv)? = Ahv — AE, (3.16)
Taking A=1 leads us to
(ahv)? = hv — E, (3.17)
At x intercept (ehv)® = 0 and hv = E,

The corresponding value of hv, at the x-axis therefore gives the value of the band gap energy. In
this study, fingerprints on the hydrolysis parameters on the optical absorption of the band gap
energy of the fabricated CNCs have been systematically investigated.

Urbach Energy

An electron in the valence band is always stable and is said to be in ground state. When such an
electron is shone with light, it absorbs the photon energy and gets excited making it to undergo a
transition from the highest occupied valence band (HOVB) to the lowest unoccupied conduction

band (LUCB). During this transition, when the electron encounters some disorder in the

80



arrangement of particles, its density of state is subjected to tailing into the energy gap. This

phenomenon of tailing of density of state extending into the energy band gap is called Urbach

tail. The energy associated with the Urbach tail it is referred to Urbach energy.

The Urbach energy equation is given by;
« (hv) = a, exp <Z—v>

Where a = the absorbance coefficient
a, = a constant,
hv = the photon energy

and Eu = the Urbach energy

2.3034

The absorbance coefficient a is further given by a = ;

Where A = the absorbance

and t = the sample thickness

(3.18)

By taking the natural logarithm of both sides and further rearranging, the equation (3.19)

becomes.

Ina = hv (%) + Ina,

(3.20)

A plot of Ina (y-axis) vs hv therefore yields a linear graph whose gradient is the reciprocal of the

Urbach energy. Using the absorbance data, the absorbance coefficient @ and consequently Ina

were calculated. The photon energy was equally calculated for each absorbance wavelength and

graphs plotted using OriginPro. Values of Urbach energies were estimated for various samples.

81



3.3.2.3 Fluorescence Spectroscopy

Luminescence is a phenomenon widely observed when light interacts with matter. The word
luminescence originates from Latin word /umen which means light. Luminescence is defined as
the spontaneous emission of radiation/light from a species that is electronically excited and lacks
thermal equilibrium with its environment. There are various types of luminescence depending on
the mode of excitation. One of the famous types of luminescence is the photoluminescence
which is the emission of light caused by the direct photoexcitation of the emitting species. Other
types of luminescence caused by various excitation modes include; triboluminescence,
electroluminescence, bioluminescence, chemiluminescence, cathodoluminescence,
thermoluminescence, radioluminescence and sonoluminescence. The three major forms of
photoluminescence are phosphorescence, fluorescence and delayed fluorescence. In modern
scientific research and industrial applications, Fluorescence and phosphorescence play vital
roles. Fluorescence occurs when light lifts an electron to an excited state subjecting it to rapid
thermal energy loss to the environment through vibrations and rotations causing an emission of a
photon from the lowest-lying singlet excited state. This process of photon emission leads to loss
of energy as witnessed in other non-radiative processes such as energy transfer and heat loss. In
this research, MCR F96Pro fluorescence spectrometer was used to perform fluorescence
measurements on the prepared CNCs. The peak intensities were noted for various CNCs

prepared from different hydrolysis parameters.

3.3.2.4 X-Ray Diffraction Measurements

X-rays is one of the high-energy radiations belonging to the electromagnetic spectrum. When an
X-ray beam is incident to a crystalline surface at some angle theta, the beam undergoes deviation
at the cleavage face of the crystal. The phenomenon in which of X-ray beam undergoes
interference is commonly known as X-ray Diffraction (XRD). The phenomenon is a clear
testimony of the periodic arrangement of crystals in a crystalline lattice. As such, XRD can be
used to study the crystalline index of a material. The first scientists to discover the XRD
phenomenon were Sir W.H. Bragg and Sir W.L. Bragg in 1913 from England. They managed to
develop a relationship that explains the X-ray diffraction phenomenon, and is to date widely

known as the Bragg’s law of X-ray diffraction. Consider a beam of 2 X-rays with a constant
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wavelength A, being incident in a crystalline solid with crystalline spacing d as shown in the
diagram in Figure 3.13. Let the beam be incident to the crystalline planes at an angle theta. After
reflection from the two surfaces, the path difference of the two x rays will be the distance

AB+BC.

A B

Figure 3. 13: Geometric representation of a beam two X-rays undergoing diffraction at two

consecutive planes of a crystalline solid

Constructive interference occurs only when the path difference is an integral multiple of the

wavelength of the x ray beam, i.e.

nA = AB + BC (3.21)

Where n is an integer
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But AB = BC. Equation (3.21) therefore becomes;

niA = 24B (3.22)

Taking triangle ABZ as shown in the inset diagram in Figure 3.13, we observe that;
2 = sinf (3.23)
AB = dsinf (3.24)

Using equation (3.22) in equation (3.20) we obtain;

nA = 2dsinf (3.25)
Equation (3.24) is the widely known Bragg’s law. Therefore, for diffraction to occur, Bragg’s
Law must be satisfied. The atomic planes of a crystal can cause an incident beam of X-rays to
interfere with one another as they leave the crystal as depicted in X-ray diffraction. XRD has
therefore been applied in crystallography. As well known, a crystal has a periodic arrangement of
the unit cell into a lattice. The unit cell also has a single atom or atoms within a fixed
arrangement. Crystals consist of planes of atoms that are spaced a distance d apart, but can be
resolved into many atomic planes, each with a different d spacing a, b and ¢ (length) and o, B and
v, the angles between a, b and c. The values a, b, ¢, a, B and y are lattice constants or parameters
which can be determined by XRD. With this strength, X ray diffraction technique has gained
both laboratory and industrial vast applications including to measure the average spacings
between layers or rows of atoms; to determine the orientation of a single crystal or grain; to find
the crystal structure of an unknown material and to measure the size, shape and internal stress of
small crystalline regions, amongst others. Figure 3.14 shows the Basic Features of typical XRD
Experiment. Its principal parts are the production stage, Diffraction at the substrate, detection of

the diffracted ray and the analysis of the diffraction as circled in the diagram.
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Figure 3. 14: The basic features of an XRD machine

The phase identification and crystalline structure of the cellulose composites were investigated
by a PANalyticalX'Pert PRO diffractometer using a Cu Ko radiation (A = 1.54 A) with a current
of 40 mA and an anode voltage of 45 kV.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, all the results obtained so far from our laboratory analysis using various
equipment and analysis tools/software are schematically presented. The samples were subjected
to optical measurements where UV-Vis spectrophotometer was used to obtain the absorption
spectral graphs for optical analysis. Further a florescence spectrophotometer was used for
photoluminescence measurements. The absorbance data obtained from the UV-Vis
spectrophotometer was used to obtain peak absorbance wavelength, the full wave at half
maximum values and the band gap energy for all the samples prepared. Similarly, the
fluorescence spectrophotometer was used to obtain fluorescence measurements of various

samples.

4.2 UV-Vis Characterization of the CNCs

The UV-Vis absorption data both for the liquid samples and the thin films samples of the CNCs
were collected using SHIMADZU UV-Vis Spectrophotometer. During the optical measurement
procedure, values of absorbance of the samples were obtained in the Ultra Violet and Visible
light wavelength range (200 nm to 800 nm) in an interval of 0.2 nm and the data recorded in
Excel format. The OriginPro software was then used to obtain various spectral graphs from the
excel data acquired. The software was further used to perform the analysis of the spectra and
investigate the optical properties of our extracted CNCs. The roles of each parameter used in the
hydrolysis process on the optical properties of the extracted water hyacinth based CNCs were
equally investigated. In the discussions below, we highlight some of the analyzed absorbance

spectra for various samples prepared at different hydrolysis conditions.
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4.3 Absorbance Properties of CNCs

4.3.1 The Role of the Acid Hydrolysis Time on the Optical Absorbance of CNCs

To investigate the role of hydrolysis reaction time on the optical absorption of CNCs, the spectral
absorption graphs of samples made under same type of acid, equal acid concentration and
uniform hydrolysis temperature but with varying times of hydrolysis were systematically
compared. For each spectrum the value of the peak absorption wavelength, X, and full wave at
half maximum (FWHM) were obtained after performing Gaussian fits on the spectra. The first
investigation was on the CNCs prepared using H,SO4 of uniform concentration of 10% at a
constant temperature of 50°C with varying hydrolysis reaction times of 2hrs, 3hrs and 4hrs. To
study the effect of different acids, the same conditions were used to prepare samples in HCI and
HNO;, The UV-Vis spectroscopy revealed the absorbance spectra displayed in Figure 4.1 a), c)
e) and their normalized counterparts b), d) f) for H,SO4 HCI and HNOj respectively.
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Figure 4. 1: Absorbance spectra and their normalized forms for CNC samples prepared using
10% H,SO4 at 50°C a-b), using 10% HCI at 50°C c-d) and using 10% HNO; at 50°C e-f) with

varying hydrolysis times of 2hrs, 3hrs and 4hrs

For H,SO,, the Peak absorbance wavelengths were found to be 247.28 nm, 247.34 nm and
247.62 nm for 2hrs, 3hrs and 4hrs reaction times respectively. For HCI the Peak absorbance
wavelengths were found to be 247.35 nm, 247.44 nm and 247.75 nm respectively for 2hrs, 3hrs
and 4hrs reaction times respectively and lastly for HNOs;, the Peak absorbance wavelengths were
found to be 246.95 nm, 247.31 nm and 247.34 nm respectively. Similarly, for H,SO4 the FWHM
were found to be 12.12 nm, 12.40 nm and 12.98 nm for 2hrs, 3hrs and 4hrs reaction times
respectively. For HCl the FWHM were found to be 10.92 nm, 12.04 nm and 13.06 nm
respectively for 2hrs, 3hrs and 4hrs reaction times respectively and lastly for HNOj3, the FWHM
were found to be 11.93 nm, 13.82 nm and 15.73 nm respectively. These are depicted in Table
4.1 and in Figure 4.2.
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Table 4. 1: Table of absorption peak maxima X, and FWHM for CNC samples prepared using
10% H,SO,4 at 50°C, 10% HCI at 50°C and using 10% HNOs3 at 50°C with varying hydrolysis

times of 2 hrs, 3 hrs and 4 hrs.

Acid 10% H,SO4 at 50°C 10% HCl at 50°C 10% HNO; at 50°C

2 hrs 3 hrs 4hrs 2 hrs 3 hrs 4hrs 2 hrs 3 hrs 4hrs

247.28 | 2473 | 247.62 | 247.35 | 247.44 | 247.75 | 246.95 | 247.31 | 247.34
4

12.12 12.40 | 1298 |1092 |12.04 |13.06 |11.93 |13.82 |15.73
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Figure 4. 2: The graphs of Peak Absorbance wavelength X, and the Full Wave at Half maximum
(FWHM) height as functions of the hydrolysis reaction time for CNC samples prepared using
10% H,SOy4 at 50°C a-b), using 10% HCl at 50°C c-d) and using 10% HNO; at 50°C e-f) with
varying hydrolysis times of 2 hrs, 3 hrs and 4 hrs
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From Table 4.1 and corresponding graphs in Figure 4.2, it is observed that the wavelength of
the maximum absorption peaks X, increased near linearly with the hydrolysis time for all the
acids used. This is an indicator that increases in time of hydrolysis increases the absorption
property of CNCs as they are able to absorb at lower energies. Increase in hydrolysis reaction
time leads to enhanced crystallinity thus leading to the red shift in absorbance peaks. As the
hydrolysis time is prolonged, the acid eats more into the lignin and hemicellulose parts leaving
more crystalline cellulose. This is seen in the increase of the absorption peak wavelengths (lower
energy) with the increase in time of hydrolysis. Similarly, the FWHM also increased near
linearly with the hydrolysis time for all the acids used. This suggests that the distribution of the

absorbing moieties increased with time of hydrolysis.

4.3.2 The Effect of the Hydrolysis Temperature on Optical Absorbance of CNCs

In order to elucidate the effect of the hydrolysis temperature on optical absorbance of CNCs,
absorbance spectra of some few samples prepared under equal acid concentration, same acid
type, constant hydrolysis time but with varying acid hydrolysis temperatures of 50°C, 70°C and
90°C were recorded and displayed. For each spectrum, the value of the maximum absorption
wavelength and FWHM were obtained after performing Gaussian fitting of the spectra. From the
analyses, the maximum absorbance wavelength for CNC samples prepared using 5% H,SOy4 for
2hrs with varying hydrolysis temperatures of 50°C, 70°C and 90°C were found to be 244.4 nm,
245.1 nm and 247.2 nm respectively. The maximum absorbance wavelengths for CNC samples
prepared using 5% HCI for 2hrs with varying hydrolysis temperatures of 50°C, 70°C and 90°C
were found to be 246.2 nm, 248.1 nm and 247.3 nm respectively. The maximum absorbance
wavelengths for CNC samples prepared using 5% HNO; for 2 hrs with varying hydrolysis
temperatures of 50°C, 70°C and 90°C were found to be 245.8 nm, 247.6 nm and 246.6 nm
respectively. This is an indicator that increases in hydrolysis temperature increases the
absorption property of CNCs. Similarly, for H,SO4 the FWHM were found to be 11.13 nm,
11.46 nm and 11.81 nm for 50°C, 70°C and 90°C hydrolysis temperatures respectively. For HCI,
the FWHM were found to be 10.92 nm, 12.04 nm and 13.06 nm respectively for 50°C, 70°C and

91



90°C hydrolysis temperatures respectively and lastly for HNO;, the FWHM were found to be
11.97 nm, 12.89 nm and 13.61 nm respectively. These values are depicted in Table 4.2.

Table 4. 2: Table of absorption peak maxima X, and FWHM for CNC samples prepared using
5% H,SOy4 for 2 hrs, 5% HCI for 2 hrs and using 5% HNO; for 2 hrs with varying hydrolysis

temperatures of 50°C, 70°C and 90°C.

Acid 5% H,SO4 for 2hrs 5% HCl for 2hrs 5% HNO; for 2hrs

50 70 90 50 70 90 50 70 90

2444 | 245.1 247.2 | 246.2 248.1 | 2473 |245.8 |247.6 |246.6

11.13 | 11.46 11.81 |10.92 12.04 |13.06 | 11.97 |12.89 |13.61

From Table 4.2, it is observed that the wavelength of the maximum absorption peaks X,
increased near linearly with the hydrolysis time for all the acids used. This is an indicator that
increases in temperatures of hydrolysis increases the absorption property of CNCs as they are
able to absorb at lower energies. Similarly, the FWHM also increased near linearly with the
hydrolysis temperature for all the acids used. This suggests that the distribution of the absorbing

moieties increased with increase in temperature.

4.3.3 The Effect of the Acid Concentration on Optical Absorbance of Cellulose
In order to elucidate the effect of the acid concentration on optical absorbance of CNCs,

absorbance spectra of samples prepared under same hydrolysis temperatures of 50°C, same acid
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type, constant hydrolysis time of 4 hrs but with varying acid concentrations of 5%, 10% and 15%
were recorded and analyzed. For each spectrum, the value of the maximum absorption
wavelength and FWHM were obtained after performing Gaussian fitting of the spectra. From the
analyses, the maximum absorbance wavelengths for CNC samples prepared using H,SO4 for 4
hrs and hydrolysis of 50°C with acid concentrations of 5%, 10% and 15% were found to be 245.0
nm, 247.8 nm and 248.0 nm respectively. The maximum absorbance wavelengths for CNC
samples prepared using HCI for 4 hrs and hydrolysis of 50°C with acid concentrations of 5%,
10% and 15% were found to be 246.3 nm, 247.5 nm and 248.4 nm respectively. The maximum
absorbance wavelengths for CNC samples prepared using HNOj for 4 hrs and hydrolysis of 50°C
with acid concentrations of 5%, 10% and 15% were found to be 248.6 nm, 248.9 nm and 249.3
nm respectively. Similarly, for H,SO4, the FWHM were found to be 15.04 nm, 15.97 nm and
16.41 nm for 5%, 10% and 15% acid concentrations respectively. For HCl, the FWHM were
found to be 11.21 nm, 13.01 nm and 13.61 nm respectively for 5%, 10% and 15% acid
concentrations respectively and lastly for HNO;, the FWHM were found to be 18.01 nm, 18.27
nm and 19.03 nm for 5%, 10% and 15% acid concentrations respectively. These values are

depicted in Table 4.3.

The results so far obtained in section 4.3 show that the increase in all the three hydrolysis
parameters i.e time, temperature and acid concentration all lead to corresponding increase in
optical absorbance of the prepared CNC samples. This is in tandem with what is already in

literature as cited by the work done by Dandan O. et al [168].
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Table 4. 3: Table of absorption peak maxima X, and FWHM for CNC samples prepared using
H,SO4 50°C for 4 hrs, HCI 50°C for 4 hrs and using HNO; 50°C for 4 hrs with varying acid

concentrations of 5%, 10% and 15%

Acid H,S04 50°C for 4hrs HC150°C for 4hrs HNO; 50°C for 4hrs
Conc (%) 5 10 15 5 10 15 5 10 15
Peak 245.0 | 247.8 248.0 | 246.3 247.5 |248.4 |248.6 |248.9 |2493
Wavelengt

h Xc¢ (nm)

FWHM 15.04 | 15.97 16,41 | 11.21 13.01 | 13.69 |18.01 |12.27 |19.03
(nm)

The red-shift of the optical absorption edge for all the acids suggests increased crystallinity due
to improved long-range order of the cellulose atoms within the nanocrystal. The reason is
because the increase in concentration of acids directly enhances the hydrolysis process, and thus
cellulose hydrolyzed more with increase in concentration of acids. The increase of the FWHM
with the acid concentration also suggests that the number of the absorbing moieties were

supported by the acid concentration.

4.4 Optical Band Gap Energy of CNCs
4.4.1 Effect of the Hydrolysis Temperature on Optical Band Gap Energy of CNCs

Figure 4.3 shows the Tauc graphs generated from the data. From the figure, the band gap energy
for CNC samples prepared using 5% HNOj; for 4hrs with varying hydrolysis temperatures of
50°C, 70°C and 90°C were found to be 5.201 €V, 5.276 eV and 5.303 eV respectively.

94



| e HCI 5% 50°C 4hrs
HCI 5% 70°C 4hrs
— == HCI 5% 90°C 4hrs
3
<
| W—
o~
—
D -
: L
3
' d
46 48 50 52 54 56 58

Band gap energy (eV)

Figure 4. 3: The Tauc’s graphs for CNC samples prepared using 5% acid concentration, 4 hrs

hydrolysis time and 50°C, 70°C and 90°C hydrolysis temperature

A plot of the band gap energy (eV) versus the hydrolysis temperature (°C) shows a direct
proportionality as depicted in Figure 4.4. The increased hydrolysis temperatures led to increase
in reaction rate thus removing the amorphous regions of the cellulose microfibrils along with the

semicrystalline and crystalline cellulose thus increasing the optical band gap.
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Figure 4. 4: The correlation between the band gap energy (eV) and the hydrolysis temperature

(°C) showing direct proportionality

4.4.2 The Effect of the Acid Concentration on Optical Band Gap Energy of CNCs
Figure 4.5: The Tauc’s graphs for CNC samples prepared at hydrolysis temperature 50°C,
hydrolysis time of 4 hrs and acid concentrations of 5%, 10% and 15% of H,SOs.
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Figure 4. 5: The Tauc’s graphs for CNC samples prepared at hydrolysis temperature 50°C,

hydrolysis time of 4 hrs and acid concentrations of 5%, 10% and 15% of H,SO4

As seen from Figure 4.6, the band gap energy is seen to decrease with increased acid
concentration. This has been supported by the fact that cellulose pulps usually have regions of
high crystallinity (crystalline regions) and low crystallinity (amorphous regions). Increased acid
concentrations led to preferentially removing the amorphous regions of the cellulose microfibrils

as thus improving the optical absorbance thus lowered optical band gap.
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showing inverse direct proportionality

4.4.3 The Effect of the Hydrolysis Time on Optical Band Gap Energy of CNCs

The graph below shows the Tauc graphs generated the data. From the tauc graph shown in
Figure 4.7, the band gap energy for CNC samples prepared using 5% HNO; at 50°C with
varying hydrolysis times of 2 hrs, 3 hrs and 4 hrs were found to be 5.303eV, 5.276 eV and 5.201
eV respectively. This shows an inverse proportionality in the band gap energy with the increase

of time of hydrolysis.
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Figure 4. 7: The Tauc’s graphs for CNC samples prepared using HNO3; 5% acid concentration,

50°C hydrolysis temperature and hydrolysis time of 2 hrs, 3 hrs and 4 hrs

The graph in Figure 4.8 shows the relationship between the band gap energy and the hydrolysis
time depicting an inverse proportionality. Increase in hydrolysis reaction time leads to enhanced
crystallinity thus leading to the red shift in absorbance peaks. As the hydrolysis time is
prolonged, the acid eats more into the lignin and hemicellulose parts leaving more crystalline
cellulose. This is seen in the decrease of the band gap energy with the increase in time of

hydrolysis.
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Figure 4. 8: The correlation between the band gap energy (eV) and the hydrolysis time showing

inverse direct proportionality

We have so far observed that increase in the time of hydrolysis, hydrolysis temperature and acid
concentration all lead decrease to the in Energy gap. We had earlier learnt in section 4.3 that the
three parameters lead to increase in optical absorbance of the CNCs. Thus, our study confirms
that increase in optical absorbance leads to decrease in bad gap energy of a material as held by

the research study done by loelovich (169).
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4.5 Fluorescence Properties of CNCs

4.5.1 Effect of Acid Type on the Fluorescence Properties of CNCs
Figure 4.9 shows the acid type dependent fluorescence spectra of CNCs prepared at 50°C for 2

hours hydrolysis time.
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Figure 4. 9: Graphs of acid dependent fluorescence spectra (a) and its normalized counterpart

(b) for CNCs prepared using 5% different acids at 50°C for 2hrs

4.5.2 Effect of Acid Concentration on the Fluorescence Properties of CNCs

Figure 4.10 shows the HNO; acid concentration dependent fluorescence spectra of CNCs

prepared at 50°C for 2hours hydrolysis time.
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Figure 4. 10: Graphs of concentration dependent fluorescence spectra (a) and its normalized

counterpart (b) for CNCs prepared using HNO3 5%, 10% and 15% at 50°C for 2hrs

The normalized graph in Figure 4.10 (b) shows red shift of the fluorescence spectra with
increase in the acid concentration. This suggests a more crystalline CNCs due to increased
concentration of the acid as more unstable amorphous regions were able to be eliminated by the

strong acids.

4.5.3 Effect of Hydrolysis Temperature on the Fluorescence Properties of CNCs
Figure 4.11 shows the temperature time dependent fluorescence spectra of CNCs prepared in

HNO; 5% for 2hours.
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Figure 4. 11: Graphs of temperature dependent fluorescence spectra (a) and its normalized

counterpart (b) for CNCs prepared using HNO3 5%, at 50°C, 70°C, 90°C for 2hrs

The normalized graph in Figure 4.11 (b) shows blue shift of the fluorescence spectra with
temperature of hydrolysis. This suggests that the molecular orderings of the CNCs were
adversely affected by the increase of the hydrolysis temperature as the acid ate much in to the

crystalline regions of the CNCs.

4.5.4 Effect of Hydrolysis Time on the Fluorescence Properties of CNCs
Figure 4.12 shows the hydrolysis time dependent fluorescence spectra of CNCs prepared in HCI
5% at 50°C for 2 hours.
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Figure 4. 12: Graphs of time dependent fluorescence spectra (a) and its normalized counterpart

(b) for CNCs prepared using HC1 5% at 50°C for 2hrs, 3hrs and 4 hrs

The normalized graph in Figure 4.12 (b), shows no shift of the fluorescence spectra with time of
hydrolysis. From the result, we conclude that the time of hydrolysis has no effect on the

fluorescence of the resultant CNCs.

4.6 The Role of Acid Concentration on Band gap Shrinkage in Cellulose Nanocrystals

Studies have shown that acid hydrolysis of cellulose fibers yields highly ordered rod-like
cellulose nanocrystals (CNCs) that are also known as nanocrystalline cellulose [145]. The
intriguing ability of cellulose nanocrystals (CNCs) to self-organize into a chiral nematic
(cholesteric) liquid crystal phase with a helical arrangement has attracted a significant interest in
research. This is due to the arrangement that provides dried CNC films a photonic band gap. The
CNC films in this way acquire attractive optical properties leading to possibilities for use in
applications including mirrorless lasing and security papers. CNCs are highly crystalline with a
length that runs up to several micrometers and a width of 2-20 nm [146]. Studies have shown

that CNCs have high mechanical properties along the longitudinal direction with an estimated
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modulus of elasticity of 138 GPa [147]. Further, it has been shown that the coefficient of thermal
expansion of CNCs is less than 1 x 10 °C™" along the longitudinal direction which is as small
as that of quartz [148]. These excellent features make cellulose microfibrils and nanofibers
promising materials as the reinforcement in nanocomposites. Various methods can be used to
obtain nano-cellulose, such as acid hydrolysis, ultrasonic technique, and enzymatic hydrolysis
[149-152]. The method that is most widely used is acid hydrolysis [153]. This method is easy

and fast to produce nanocellulose that has better properties.

Band-gap narrowing effects play an important role in bipolar devices with heavily doped regions
[154]. The mechanism for band gap narrowing has been explained by the shifting of the valance
band maximum and conduction band minimum of the material. The mechanism for band gap
narrowing of doped samples is different in the nano and micron cases. Crystal size of the
samples thus plays a very important part in the band gap change of materials. Potential
fluctuations due to the random distribution of the impurities also lead to a broadening of the
impurity band. The ionization level of the impurities is consequently reduced. Eventually the
impurity band overlaps the conduction band or valence band, effectively narrowing the band gap.
In this study, the fingerprint of the acid concentration during the hydrolysis process on the

optical band gap of cellulose nanocrystals (CNCs) has been systematically studied.

Figure 4.13 shows the X-ray diffraction patterns of cellulose nanocrystals in hydrochloric acid

of 5%, 10%, 15% concentration and hydrolysis done at temperatures of 50°C for 4 hours.

105



(200) —— HS0y 5% 50°C 4hrs
HoS04 10% 50°C 4hrs
e H5S04 15% 50°C 4hrs

N
o
2

(110)

Intensity [au)

-_—

(o))

R I
—_
o
o

ﬂ
~

-_—
N
N

-
o
N
o
w
o
NS
o
N
o
(o2]
o

2 Theta (Degrees)

Figure 4. 13: Patterns of X-ray diffraction from samples prepared at 5%, 10%, 15%

concentration and hydrolysis carried out at temperatures of 50°C for 4 hours

The grain sizes of the CNCs prepared at different hydrolysis temperatures were calculated using

the Scherrer equation (4.1)

0.94141
B, cos 0

Crystal size =

(4.1)

Where A is the radiation wavelength, 0 is the diffraction angle, and B/, is the corrected angular

width (in radians) at half maximum intensity. The results of crystal size are shown in Table 4.4.
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Table 4. 4: The relationship between the hydrolysis temperature, the diffraction angle 6, the

corrected angular width B/, at half maximum intensity (in radians) and the grain size (nm)

Acid Concentration (%) | 20 (degrees) | P12 (radians) | Grain size (nm)
5 225 0.32 4.61
10 225 0.38 3.88
15 225 0.42 3.51

The table shows that the grain size (crystallite size) increased with decrease in acid

concentration.

Figure 4.14 shows the absorbance spectra and the Tauc’s plot of CNCs prepared using H,SO4 at
50°C for 4hrs with varying acid concentrations of 5%, 10% and 15% (b).

—
a)—HZSO4 5% 50°C 4hrs 2 b)_ H,S0, 15% 50°C 4hrs
3 H,S0, 10% 50°C 4hrs c . H,S0, 10% 50°C 4hrs
- )
3 == H,S0, 15% 50°C 4hrs > e==H,50, 5% 50°C 4hrs
N- -
. ©
8 =4
5 2
= <.
o 14 —_
2 >
< £
3
0 e
220 230 240 250 260 270 4.4 4.8 5.2 5.6 6.0

Wavelength (nm) Band gap energy (eV)

Figure 4. 14: The Absorbance spectra (a) and the Tauc’s plot (b) of CNC samples prepared

using H,SO4 at 50°C for 4hrs with varying acid concentrations of 5%, 10% and 15%

107



From the Tauc graph in Figure 4.14 (b), the band gap energy for CNC samples prepared in HCI
at hydrolysis temperature of 50°C at a constant hydrolysis time of 4 hrs but with varying acid
concentration of 5%, 10% and 15% were found to be 5.098 ¢V, 5.358 eV and 5.468 eV
respectively as depicted in Table 4.5.

Table 4. 5: The relationship between the hydrolysis temperature, the grain size (nm) and the

band gap energy (eV)

Acid Concentration (%) | Grain size (nm) | Band gap energy (eV)

5 4.61 5.098
10 3.88 5.358
15 3.51 5.468

This indicates that there is an inverse proportionality in the grain size as you increase the
concentration of the hydrolysis acid. The inverse proportionality is also seen between the band

gap energy and grain size as depicted in Figure 4.15.
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Figure 4. 15: Graph of band gap energy (eV) versus grain size (nm) showing a nearly inverse

dependence

From this investigation, it was observed that increasing the acid concentration, the process was
accompanied by reduction of the sizes of particles with simultaneous depolymerization of
cellulose macromolecules. The intermolecular bonds between CNCs start rupturing and the
particles move to the hydrolyzing solution hence reduction in grain size. The grain size was
found to reduce with increase in HCI concentration. This can be explained by the fact that during
the cellulose HCI hydrolysis, cellulose in amorphous region got hydrolyzed. As the hydrochloric
acid concentration increased, cellulose crystalline regions were gradually swelled and more
cellulose in crystalline regions reacted with the acid. Also, cellulose in amorphous regions got
hydrolyzed and completely removed by the acid hydrolysis [155]. As a result, high crystallinity

CNC:s particles with reduced grain sizes formed. Interestingly, the band gap energy was found to
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increase with decrease in the grain size. This fact confirms what is held in theory as can be

corroborated by the study done Xurux T. et al [170].

This increase in band gap energy by decrease in grain size suggests increase in impurity
concentration in spite of the increase of the overall crystallinity of the CNCs. If the crystallite
size is large, there are more atoms and thus more bonding and antibonding atomic orbitals
overlap that makes the gap between the band gap (valance and conduction band) to decrease.
From the study, an increase in acid concentration has been found to lead to decrease in the grain
(crystallite) whereas the band gap energy has been found to increase with increasing acid
concentration. The optical band gaps of the CNCs have been found to decrease with the increase
in crystallite size. This shrinkage of the band gap has been attributed to the increased impurity
concentration leading to the narrowing of the band gap due to the emerging of the impurity band

formed by the overlapped impurity states.

4.7 Hydrolysis Temperature Dependent on Structural, Optical Band Gap and the
Associated Urbach Tail Energy of Cellulose Nanocrystals

In the present study, optical band-gap energy (Ey) of CNCs having different microstructures are
investigated using an X-ray diffractometer (XRD) and UV-Vis spectrophotometer. The
underlying dependence of microstructure on the evolution of E, are addressed by assessing the
associated Urbach energy tail (E,). The correlation between the preparation techniques, the
structure, the Optical Band Gap and the associated Urbach Tail Energy of the CNCs were
mapped.  The absorbance spectra were collected using Chary60 Shimadzu UV-Vis
spectrophotometer transmission in the 200-500 nm range at the wavelength interval of 0.2nm.
The Maximum absorbance wavelength measurements were read and recorded. The band gap
energies were further calculated from Tauc’s graphs that were generated from the absorbance
spectral graphs. These optical measurement values were done for all the parameters used in the

extractions and the results compared and evaluated.
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4.7.1 Structural Analysis

Cellulose I polymorph has been shown to have both monoclinic and triclinic structure [156]. To
investigate the crystalline structure of the fabricated cellulose nanocrystals, X-ray diffraction
(XRD) analyses were performed. Figure 4.16 show the X-ray diffraction patterns of samples
prepared at 5% concentration and hydrolysis done at temperatures of 50°C, 70°C and 90°C for 2

hours.
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Figure 4. 16: X-ray diffraction patterns of samples prepared at 5% concentration and hydrolysis

done at temperatures of 50°C, 70°C and 90°C for 2 hours

These samples indicate sharp diffraction peaks at 20 around 16.5°, 22.5° and 34.5° corresponding
to the (110) (200) and (004) lattice planes which are representing the typical cellulose I structure
[157]. The crystallinity index for CNCs prepared at the different hydrolysis temperatures were

calculated as explained above. The results of crystallinity indices are shown in Table 4.6.
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(1(200) - Iam)

1(200)

Crystallinity Index = X100% (4.2)

Table 4. 6: The table of hydrolysis temperature (°C) and associated Crystallinity indices (%)

Hydrolysis Temperature (°C) Crystallinity Index (%)

50 57.9
70 58.2
90 60.3

The results show that the crystallinity index of the fabricated CNCs increased with the hydrolysis
temperature. The crystallinity increased because high hydrolysis temperatures effectively
removed the amorphous phase, lignin and hemicelluloses leaving more crystalline phases. The
grain sizes of the CNCs prepared at different hydrolysis temperatures were calculated by using

the Scherrer equation as shown in equation 4.1.
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Table 4. 7: The relationship between the hydrolysis temperature, the diffraction angle 6, the

corrected angular width B/, at half maximum intensity (in radians) and the grain size (nm)

Hydrolysis Temperature (°C) | 20 (degrees) B1 (radians) | Grain size (nm)

50 225 0.39 21.70
70 22.5 0.42 20.12
90 225 0.44 19.23

The table shows that the grain size decreased with increase in hydrolysis temperature. This
decrease suggests increase in impurity concentration in spite of the increase of the overall

crystallinity of the CNCs.

4.7. 2 Optical Analysis

The representative absorbance spectra of cellulose nanocrystals prepared using 5% HCI for 2
hours with varying hydrolysis temperatures of 50°C, 70°C and 90°C as displayed in the graph in
Figure 4.17. Figure (a) shows the raw absorbance spectra and its corresponding normalized

counterparts in Figure (b).
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Figure 4. 17: The raw absorbance spectra (a), normalized spectra (b), peak wavelength that
corresponds to maximum absorbance (c) and the Full Width at Half Maximum of the absorption
peak of CNC samples prepared using 5% HCI for 2hrs with varying hydrolysis temperatures of

50°C, 70°C and 90°C

As shown in Figure 4.17 (c), the maximum absorbance wavelengths for CNCs were found to be
247.522 nm, 247.709 nm and 247.762 nm for temperatures of 50°C, 70°C and 90°C respectively.
This is an indicator that increases in hydrolysis temperature leads to the red shift of the
maximum absorption band of the CNCs. This suggests more ordered (crystalline) absorbers. On
the other hand the values for the FWHM were found to be 12.17 nm, 13.26 nm and 13.48 nm for
temperatures of 50°C, 70°C and 90°C respectively as shown in Figure 4.17 (d). This trend shows
increase of the absorption band. More absorbers were yielded by increased hydrolysis

temperature thus the band spread.
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In this study, fingerprints on the hydrolysis parameters on the optical band gap energy of the
fabricated CNCs have been systematically investigated. The band gap energy for CNC samples
prepared using 5% HCI for 2 hours with varying hydrolysis temperatures of 50°C, 70°C and 90°C
were found to be 5.31 eV, 5.22 eV and 5.14 eV respectively. This shows a near inverse
proportionality in the band gap energy with the increase of temperature of hydrolysis as depicted
in Figure 4.18 (b).
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Figure 4. 18: The generated Tauc graphs (a) and a graph of band gap energy E, versus
hydrolysis temperature (b) for CNC samples prepared using 5% HCI for 2 hours with varying

hydrolysis temperatures of 50°C, 70°C and 90°C

The increased hydrolysis temperatures led to preferentially removing the amorphous regions of
the cellulose CNCs as thus improving the optical absorbance thus lowered optical band gap. The
decreased optical band gap with increased hydrolysis temperature suggests increased crystallinity
of the CNCs. This is in agreement with what was observed in the values of crystallinity obtained
by performing structural analyses. However, decrease in grain sizes was observed suggesting

increased impurity concentrations.

115



By plotting a graph of hydrolysis temperature versus optical band gap energy, we can estimate
the hydrolysis temperature at which the optical band gap will be ideally zero (y-intercept) as
shown in Figure 4.19. This was found to be 1297.6°C as depicted in the equation below.

T =-235E,-1297.6°C

hydrolysis

(4.3)

This shrinkage of the band gap occurs when the impurity concentration is particularly high and it
is called the band gap narrowing effect which is ascribed to the emerging of the impurity band

formed by the overlapped impurity states.
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Figure 4. 19: The graph of hydrolysis temperature dependent optical band gap energy showing

an inverse dependence
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4.7.3 Urbach Tail Energy (E,)

Generally, in optical absorption, near band edges, an electron from the top of the valence band
gets excited into the bottom of the conduction band across the energy band gap [158]. During
this transition process, if these electrons encounter disorder, it causes density of their states
p(hv), where hv is the photon energy, tailing into the energy gap. This tail of p(hv) extending into

the energy band gap are the localized defect states in an optical band gap region and are

represented by the Urbach energy E, which is responsible for the formation of absorption tail in

the absorption spectra. Consequently, absorption coefficient a(hv) also tails off in an exponential
manner as shown in equation (4.4).

a=expa,(hv/E)) @.4)
The energy associated with this tail is referred to as Urbach energy and can be calculated by the
following equation:

Ina=lnea, +(hv/E,) (4.5)
Where a, is a constant, ‘hv’ is the photon energy and E, is the Urbach energy and denotes an
energy which is constant or weakly dependent on temperature and is often interpreted as the
width of the tail of localized states in the band gap [159-160]. In Figure 4.20, region-U is the
representative of this phenomena and corresponding range of a follows equation (4.4). The a
versus /v behavior of CNCs prepared at varied temperatures are shown in Figure 4.20. The
important features of the figure are classified into two types of absorptions [161-164]. First is the
region-U where a is controlled by the transitions from the localized tail states above the valence
band to the extended states in the conduction band and/or from the extended states in the valence
band to the localized states below the conduction band [162-164]. In this region, the spectral
dependence of a follows the Urbach rule. Second is the region-T which represents the range of a
governed by the optical transitions from one extended state to another extended state. Most of the

amorphous and nanocrystalline materials follow Tauc’s relation in this region. Thus, E, is

calculated by Tauc’s plot in this region-T.
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Figure 4. 20: Absorption coefficient (o) as a function of photon energy (hv) for CNC samples

prepared using 5% HCI for 2hrs with varying hydrolysis temperatures of 50°C, 70°C and 90°C

The Urbach energy is estimated by plotting /n(a) versus hv and fitting the linear portion of the
curve with a straight line. The exponential tail appears because disordered and amorphous

materials produce localized states extended in the band gap is the absorption coefficient.

a = %Xz‘lbsorbance

(4.6)

The E, 1is estimated from Ina versus h v plot from which the reciprocal of the slope obtained

by fitting the linear part of the curve gives the value of £ .
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Figure 4. 21: A plot of In@ versus 70 (a) and Urbach Energy (eV) versus the hydrolysis
temperature (b) for CNC samples prepared using 5% HCI for 2 hours with varying hydrolysis

temperatures of 50°C, 70°C and 90°C

By performing a linear fit, we find that Livarotysiy = 305.84E, +14.237C

. This
equation shows that the Urbach energy is absent when hydrolysis is done at 14.23°C. This is the

energy when the localized defect states in an optical band gap region are completely screened.

To estimate the net contribution of structural and thermal disorder in the micostructure to
account for the reduction in optical band gap of CNCs, the band gap energy, E, and the

associated Urbach energy E, are shown in Table 4.8.
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Table 4. 8: Comparison of optical band gap energy (E;) and Urbach energy (E,) for CNCs

fabricated at different hydrolysis temperatures

Hydrolysis Band gap Energy Urbach Energy
Temperature
0 E; (eV) E, (eV)
('C) ¢
50 5.31 0.116
70 5.22 0.124
90 5.14 0.217

If a plot of E, versus E, is done, it is found to be linear as is shown in Figure 4.22. When fitted
with a straight line, its intercept gives the minimum possible value of E, ~5.43 eV which can be
considered to represent that value of E; when there is no disorder in the CNCs microstructure.
The decrease in the optical band gap with increase in hydrolysis temperature may be attributed to
the increase in CNCs crystallinity. However, the increase observed in the Urbach energy can be

attributed to decrease in grain size that means increase in structural disorder.
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Figure 4. 22: Comparative variation of E, with net E,. When fitted with a straight line, intercept
of the linear fit (~ 5.43 eV) represents the optical band gap energy of the films when there is no

disorder in their microstructure

At increasing the hydrolysis temperature, the process is accompanied by reduction of the sizes of
particles with simultaneous depolymerization of cellulose macromolecules. The intermolecular
bonds between CNCs start rupturing and the particles move to the hydrolyzing solution. Thus,
the more Urbach energy, the lower the energy gap and vice versa. Urbach energy expresses the
degree of defects in the system, and thus the more Urbach energy, the defects are increasing, and
therefore we find that the degree of defects or disorders, in general, is decreased in the
crystallized system. The study has therefore confirmed the underlying principle of inverse
proportionality between the Urbach energy and band gap energy as reported by Neha Sharma and

co-workers in their article entitled Optical band gap and associated band-tails in nanocrystalline
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AIN thin films grown by reactive IBSD at different substrate temperatures [171]. From our
results, the peak wavelength for maximum absorption of cellulose sourced from water hyacinth
was in the range of 244 nm to 249 nm. This range is in close agreement with the theoretical value
of 260 nm of cellulose [165]. The calculated band gap energy for cellulose was also found to be
in the range of 5.1 eV to 5.4 eV. This is also in close agreement with the value of 4.8eV that was
found by Simao and coworkers in their study of the optical and mechanical properties of nano
fibrillated cellulose [166]. This red-shift of the optical absorption edge suggests increased

crystallinity due to improved long-range order of the cellulose atoms within the nanocrystal.

Thus, increase in the hydrolysis temperature directly enhances the hydrolysis process, as the
cellulose is hydrolyzed more with increase in temperature [167]. Increased temperatures lead to
enhanced crystallinity thus leading to the red shift in absorbance peaks. As the hydrolysis
temperature is increased, the acid eats more into the lignin and hemicellulose parts leaving more
crystalline cellulose. This is seen in the increase of the absorption peak wavelengths with the
increase in temperature of hydrolysis and the crystallinity index. The band gap energy is equally
seen to decrease with increased hydrolysis temperature. This has been supported by the fact that
cellulose pulps usually have regions of high crystallinity (crystalline regions) and low
crystallinity (amorphous regions). Thus, the increased temperatures led to preferentially
removing the amorphous regions of the cellulose microfibrils as thus improving the optical
absorbance thus lowered optical band gap. The decreased optical band gap with increased
hydrolysis temperature suggests increased grain sizes and crystallinity of the CNCs. The
exponential tails in the plots of Ina versus E, are associated with low crystalline films, and
disordered amorphous materials because of localized states. This has been found to decrease with
increase in hydrolysis temperature. From a plot of E, verses E,, the optical band gap energy of
the CNCs when there is no disorder in their microstructure was found to be ~5.43 eV. The CNCs
were found to have zero optical band gap energy when hydrolysis is done at ~1297.6°C. The
hydrolysis temperature dependent increase in the electronic disorder in the crystal (Urbarch
energy) with increase in associated band gap energy has thus been estimated to account for the

optical disorder in the CNCs.
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From this study, we have investigated the impact of the acid hydrolysis parameters on the optical
properties of CNCs extracted from water hyacinth. By applying the Tauc model, the band gap
energy E, of the samples has been determined. From the absorbance spectra obtained, it was
observed that increase in acid hydrolysis reaction time increases the values of the peak
wavelength for maximum absorption, X, and that of the full wave at half maximum (FWHM).
Interestingly, increase in acid concentration also increases X.. The Urbach energy increased
while the optical band gap decreased with increase in hydrolysis temperature. From a plot of E,
verses E,, the optical band gap energy of the CNCs when there is no disorder in their
microstructure was found to be ~5.43 eV. In addition, the study has shown that the Urbach
energy is missing when hydrolysis is done at a temperature of 14.23°C. This is the energy when
the localized defect states in an optical band gap region are completely screened. The hydrolysis
temperature dependent increase in the electronic disorder in the crystal (Urbach energy) with
increase in associated band gap energy has in thus way been estimated to account for the optical
disorder in the CNCs. It was further observed that increase in hydrolysis temperature led to
decrease in band gap energy (Eg). It can thus be concluded that the optical properties of cellulose
nanocrystals can effectively be tuned by adjusting the hydrolysis temperature during the

preparation process.

4.8 The Degree of Alignment and the Piezoelectric Sensing Effect of CNCs

4.8.1 Sensor Sensitivity Measurements

The degree of alignment of the CNCs within the films as a function of voltage and frequency is
studied. Variations in the parameters allow control of the piezoelectric behavior of the system
and produce a large piezoelectric response. The sensitivity measurements on CNC film sensors
fabricated from CNCs extracted from water hyacinth but with different crystallinity indices is
investigated. The degree of polarization of the CNC films and thus the orientation of crystals of

the CNC films have been varied leading to remarkable variations of piezoelectricity.

4.8.2 Factors Affecting the Sensitivity of CNC based piezoelectric sensors.
One of the factors that affect the piezoelectric effect of CNC film is the alignment of the CNCs.
It is further affected by the dipolar orientation and the degree of crystallinity of CNCs in the
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films. The piezoelectricity of CNC particles is caused by the electric dipole moments which
occur within the particles which in turn is associated with randomly distributed carbon atoms
found in the anisotropic crystalline structure of cellulose I. the occurrence of the electric dipoles
moments is further influenced by the change in polarization density of charged atomic groups
under the influence of the electric fields within the crystalline structure. The naturally long-range
ordered polymer chains and its polarizability are responsible for the observed high shear
piezoelectricity. This study was dedicated to investigating the effect of the applied voltage and
the frequency on the piezoelectric effect of the aligned CNC films.

4.8.2.1 The A.C. Voltage Applied

Figure 4.23 shows the variation of the sensitivity of the fabricated CNC sensor with the applied

voltage.
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Figure 4. 23: The applied voltage dependent sensitivity of the CNC sensor
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It has been observed that the CNCs alignment increases with the applied voltage. The electric
field alignment process is a two-staged procedure. The first stage is whereby the cellulose
nanocrystals make a gyratory motion as they get aligned by the electric field. The second stage is
the inter-interaction of CNC particles forming chains which occur parallel to the electric field
lines. Another notable observation made is that increasing the duration of the application of the
electric field leads to increase in thickness and length of the CNC chains formed. The sensitivity
of the CNF films increases after polarization, since the polarization process exposes the film to a
high electric field thereby generating piezoelectric properties. Furthermore, the polarization of
the CNF film makes the crystals of the films become more aligned leading to a remarkable

increase of piezoelectric effect courtesy of the large piezoelectric coefficient of the CNCs.

4.8.2.2. The Frequency of the Signal Generator

Figure 4.24 shows the variation of the sensitivity of the fabricated CNC sensor with the

frequency. It has been observed that the CNCs alignment increases with the frequency.

(2] ~ (o]
2 . 2 . 2 .
|

(3]
2
|

Sensor Sensitivity (pF/N)

F=N
°T N

400 800 1200 1600 2000
Frequency (Hz)

Figure 4. 24: The Frequency dependent sensitivity of the CNC sensor
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Higher frequencies enhance orientations of the CNCs within the films thus leading to improved
piezoelectric effect. It has been observed that the CNCs alignment increases with the applied
frequency. The high frequency increases the velocity of the vibrations of the crystals making
them to change their diverse orientations to common vector. The increased particle ordering

leads to increased crystallinity index thereby increasing the overall sensitivity of the sensors.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

From the research study, cellulose nanocrystals were extracted from water hyacinth that was
harvested from Usenge beach, Lake Victoria, through alcohol pretreatment process that was
followed by a parameterized acid hydrolysis mechanism. The prepared CNCs films were then
subjected to a series of characterization techniques. From the absorbance spectroscopy, the
increase in acid hydrolysis reaction temperature, hydrolysis time span and concentration of the
acid all lead to the increase in the values of the peak wavelength for maximum absorption, X,
and the full wave at half maximum (FWHM). The study further revealed that the increase in all
these hydrolysis parameters all lead to shrinkage of the band gap. The shrinkage in the band gap
is a clear indicator of the improved molecular ordering in the CNC films. This shows that
increase in the values of the acid hydrolysis parameters led to increase in the degree of alignment
of the crystals within the films which lowered the band gap energy since the electrons could
easily be excited from the ground state to the excited state. The Urbach energy was found to be
inversely proportional to the band gap energy. It was further learnt that the Urbach energy
increased while the optical band gap decreased with increase in hydrolysis temperature. The
increase in Urbach energy with decreased band gap was evidence that the density of state that
was associated with the transition of the electrons from ground to excited state was increased.
This further explains the fact that the, crystallinity index was improved, a sign of increased

degree of alignment of the molecules of the films.

A graph of Urbach energy verses the Band gap energy showed an inverse proportionality relation
between the two quantities, a fact that is supported by the research study conducted by Neha
Sharma et a/ [171], in which Aluminium Nitrate thin films were used. From the graph the optical
band gap energy of the CNCs when there is no disorder in their microstructure was found to be
~5.43 eV. Further, we have shown that the Urbach energy is absent when hydrolysis process is

done at 14.23°C. From the fluorescence spectroscopy, the study showed that increase in
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temperature of hydrolysis led to blue shift in the peak fluorescence wavelength. However,
increase in the acid concentration led to a red shift. Interestingly, the timespan of the hydrolysis

does not affect the fluorescence of the CNCs films.

From the XRD measurements, it was learnt that there is an inverse proportionality in the grain
size with the concentration of the hydrolysis acid. The inverse proportionality is also seen
between the band gap energy and grain size. From the investigation done, it was observed that by
increasing the acid concentration, the sizes of particles were reducing due to simultaneous
depolymerization of cellulose macromolecules. Interestingly, the band gap energy was found to
increase with decrease in the grain size. This increase suggests increase in impurity concentration
in spite of the increase of the overall crystallinity of the CNCs. The results also showed that the
crystallinity index of the fabricated CNCs increased with the hydrolysis temperature. This was
attributed to the fact that high hydrolysis temperatures effectively removed the amorphous phase,
lignin and hemicelluloses leaving more crystalline phases. By use of Scherrer’s equation the
study revealed that the grain size decreased with increase in hydrolysis temperature, a fact
suggesting that there is increase in impurity concentration in spite of the increase of the overall
crystallinity of the CNCs. After the characterization procedure, the CNC samples were used to
design and fabricate a piezoelectric sensor. The sensor was assembled through an electric field
assisted convection shear method. The piezoelectric effect of the electric field assisted
convective shear assembled CNCs were successfully studied. The effect of the applied voltage
and the frequency has been mapped. The piezoelectric sensors were fabricated from CNC films.
The sensitivity of fabricated sensors was measured using the fabricated measurement setup.
From the study, a high degree of CNC orientation in the films is found to be a key characteristic
for the piezoelectric response. The highly ordered crystals within the films become more
sensitive to any application of external stress which would attempt to disorient them, thereby
increasing their piezoelectric response. The amount of applied voltage and the frequency have
been found to increase the degree of the orientation/alignment of the CNCs within the films
hence leading to enhanced piezoelectric response. The orientation of crystalline CNC regions
inside the films leads to a remarkable increase of piezoelectric effect due to the large

piezoelectric coefficient of the CNCs. Thus, functional piezoelectric sensors can be fabricated
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from CNF film. The study has therefore shown that increase in the three hydrolysis parameters;
time of hydrolysis, temperature and acid concentration all lead to increase in the increased
alignment of the crystals of the prepared CNCs extracted from water hyacinth. These further
impact on the optical properties of the CNCs and also increase the sensitivity of the fabricated
piezoelectric sensors. Thus the study unveiled a significant correlation between the degree of
alignment of the crystals and the opto-piezoelectric properties of the cellulose nanocrystals

fabricated from water hyacinth.

5.2 Recommendations

This study has embarked on the study of the impact of the degree of linearity of the cellulose
nanocrystals on the piezoelectric effect of the CNC-based films. However, the study has not
delved into the consideration of the nonlinearity and hysteresis of the sensors. It is our
recommendation that the nonlinearity of the sensors should be investigated by measuring the
magnitude of the surface charge density generated by the sensor with respect to the applied
dynamic excitation force. Further, measurements should be made on the sensor deviation error.
This error gives the change of the point charge generated by the sensor at a given excitation force
when the point is being approached by the dynamic force from either side. Lastly, since there is a
strong relationship between piezoelectricity and ferroelectricity of a material, the ferroelectric

hysteresis of the CNF should be equally measured and analyzed by use of a ferroelectric tester.
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