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ABSTRACT

There is huge drive to identify sustainable, renewable, and environmentally friendly raw
materials and right technologies to make or use them. These technologies should be
applied in place of the conventional non-sustainable and non-environmentally friendly
currently used materials. Nanotechnology involves the use of materials that have at
least one side with dimension 10° m. There is considerable effort directed at the much
abundant forest product such as cellulose which can be processed into cellulose
nanofibrillated fibres (CNF) and cellulose nanocrystals (CNC). This study involved the
synthesis and testing of an electrical conductive cellulose nanofibre made from
microcrystalline eucalyptus grandis pulp. In this project, microcrystalline cellulose (MFC)
from wood pulp was mechanically fibrillated using a Pilot Refiner to develop microfibrils.
The microfibrilated pulp was oxidised with a mixture of 2,2,6,6-tetramethylpyradine-1-
oxyl (TEMPO), sodium bromide (NaBr) and sodium hypochlorite (NaOCI) to produce
CNF . The CNF was washed, sonicated and dried to produce translucent sheets. The
oxidation process was able to achieve both CNF and CNC from wood pulp which was
verified and characterized by Techpap, SEM, TEM, FTIR, Hounsfield Tensile Tester and
Multimeter. The Techpap instrument indicated that the starting raw unfibrilated and
mechanical fibrillated pulp fibre widths were 3.18 and 3.07 microns respectively. After
oxidation process the FTIR Spectra produced an absorbance peak at approximately
1720 to 1740 cm™ wavenumbers that is characteristic of the aldehyde carbonyl stretch
which was not present on the unoxidised pulp. The average tensile strength of the
paper strips were determined to be 4.51kN/m using the standard procedure of the
experiment. From the TEM images it was observed that the CNF and CNC had
dimensions ranging from 1.4nm to 594nm from pulp. The SEM images showed that on
drying the CNF and CNC repolymerised into nanogel. The resistivity of the control CNF
was in the infinity range. When the CNF was treated with the reduced Graphene Oxide
(GO), the resistivity was determined to be 4400 Q.m. This resistivity translates to an
electrical conductivity of 2.27x10* Q™ .m™ for a length of a paper strip that was 5mm
long. The conductivity of the CNF material was significantly improved and fell within the

range of semi-conductive materials. The overall research showed that the synthesized



cellulose nanofibre hold a semi-conductor behavior, which add value information in the

explored research area.
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Chapter 1: Background and motivation

The production of the new evolving photovoltaic cell appliances and electronic gadgets
needs a diverse and fresh innovative approach (Valentini et al., 2014). The great
problem to solve is about the economic sustainability of the current substrates used in
electrical circuits. There is a great prospect for the utilization of flexible transparent
conductive films in areas such as electronics, clothing, sensors, electrodes, and solar
energy harvesting panels and related technologies (Gao et al., 2013). These films are
prepared from nanoparticle materials such as certain metal oxides, cellulose
nanofabricated fibres (CNF) and organic conductive molecules. With an increasing
demand for greener products especially from the environmental lobby groups,
manufacturing of such products from ecofriendly renewable sources such as cellulose
may earn them a place in the electronic device industry (Gao et al., 2013). Cellulose
nanofibres have been recently identified as worthwhile nanoparticles that are obtained
from an abundant bio-renewable source such as plants (Zhou et al., 2013). From the
abundance, renewability, recyclability, sustainability and environmental acceptability
attributes, it is possible to reach the economies of scale with nanocellulose fibres (Zhou
et al., 2013). However, native cellulose is non-electrically conductive by nature because
of the sp>-hybridized carbon centres. It is therefore, ideal to be used as substrates and
borrow the electrical conductivity from other conductive nanoparticles. Preparing the
conductive organic material based on polymers imposes some challenges as most
organic compounds have a very low electrical flow and generally, are insulators. To
render them conductive the organic polymer has to possess sp® hybridized carbon
centres, i.e. conjugated double bonds and further be doped (nobbled) with either
oxidizing or reducing agents to enhance electrical mobility (MacDiarmid and Heeger,
1980). This project aims to research the suitability of eucalyptus grandis microcrystalline
cellulose (MCC) fibre produced from a magnesium acid sulphite process to prepare an
optical transparent cellulose substrate that will be developed into an electrical

conductive paper. The subsequent literature survey explores the chemistry



and physics needed to successfully develop the electrical conductive paper based on

organic nanoparticles.

1.1 Problem statement

Recently natural organic polymers have found many applications in various fields of
science including medicine and electronics. They have generated more interest to
scientists because they offer processing flexibility and are renewable. The conventional
semiconductors will remain important, however, the production costs are high and the
future of these materials seem unsustainable (Pandey et al., 2012). The biopolymer-
electronic-based products will offer products at competitive costs compared to the
current metal and semiconductor based substrates used in the field of electronic
engineering. The success of this project would lead to the optimization of the product
processing and this research project forms the basis of the future development of the

scalable electrical conductive paper.

1.2 Research aim and objectives

The aim of this research involves the synthesis of an electrical conductive cellulose

nanofibre. This is achieved through the following objectives:

e To process microcrystalline eucalyptus grandis (E.grandis) pulp into cellulose
nanofibre (CNF)

e To prepare the transparent films from the CNF

e To characterize the following properties of CNF; morphology, topographical
image, transversal image and developed carbonyl groups, and measurement of
the tensile strength of the CNF transparent films using Morfi Fibre Wall Thickness
(MFWT), Scanning Electron Microscopy (SEM), Scanning Electron Microscopy
(TEM), Fourier Transform Infra-Red Spectroscopy (FTIR) and Hounsfield Tensile

Tester



e To prepare the CNF transparent electrical conductive films by coating it with
Graphene Oxide solution

e To test the resistance of CNF substrate/Graphene Oxide using an Ohmic Tester

1.3Expected research outcomes and contributions

The expected outcomes of this research project are as follows:

1) The successful processing of the microcrystalline E. grandis into CNF and the
CNF nanoparticle confirmed with TEM analysis.

i) The successful preparation of the transparent films from the CNF gel and the
characterization of the surface using the SEM instrument.

iii) The successful characterization of the samples with the FTIR technique that
indicates the oxidation of primary alcohol, which leads to the separation of
adjacent polymer chains.

iv) The successful reduction of the resistivity of the CNF when coated with
grapheme oxide, which confirms the improvement of electrical conductivity of the
CNF film.

v) A research project report and journal paper that show the understanding and

application of the theory on the subject matter.

1.4Significance of the research project

Currently, the conductive polymers have not yet achieved the required economies of
scale. Some challenges to overcome that are faced with constraints imposed by
manufacturing costs, toxicity, and solubility issues. They also do not perform well during
melt processes. Further developments of these materials will eventually enable them to
find applications in electronic fields such as organic solar cells, printing electronic

circuits, organic light-emitting diodes, actuators, electrochromism, supercapacitors,


http://en.wikipedia.org/wiki/Organic_solar_cells
http://en.wikipedia.org/wiki/Printed_electronics
http://en.wikipedia.org/wiki/Printed_electronics
http://en.wikipedia.org/wiki/Organic_LED
http://en.wikipedia.org/wiki/Actuator
http://en.wikipedia.org/wiki/Electrochromism
http://en.wikipedia.org/wiki/Supercapacitors

chemical sensors and biosensors (Lange, 2008). The progress has been made to
develop the nanostructured kinds of conducting polymers in order to produce polymers
with higher surface area and better dispersability. Lately, materials such as poly-3,4-
ethylenedioxythiophene (PEDOT) and polyaniline (PANI) which are conducting films
have gained some large scale applications. While PEDOT is mainly used in antistatic
applications with polyststyrene sulphonic (PSS) acid and as a transparent conductive
layer in the form PEDOT: PSS dispersions. This research will contribute to the
understanding of the science and engineering of the products based on conductive
organic polymers especially in the field of Chemical and Electronic Engineering. The
important contributions would be to improve the processing methods by closing the
gaps that may have been omitted by the previous researchers. The outputs from this
research are to identify and develop a unique product at the next level of study and
launch it to the market.


http://en.wikipedia.org/wiki/Biosensors

Chapter 2: Literature Review

2.1 Natural fibres

2.1.1 Introduction

Fibres are categorized in two broad classes namely; natural and synthetic fibres. The
natural fibres are further subdivided according to their sources, which could be plants
(lignocellulosic biomass), animals or mineral origin (Salajkova, 2009). Synthetic fibres
are produced by chemical process and materials involved are generally used to derive
their nomenclature. Lignocellulosic biomass is a natural compound that consists of three
major elements namely lignin, cellulose and hemicellulose (Lee et al., 2014). This
project is focused on natural fibres produced from woody plants. All plant fibres share
common repetitive disaccharide unit called cellobiose, which falls under a class of
sugars broadly called carbohydrates. The cellobiose is simply a dimer of two glucose
molecules that are joined by a B (1-4) glucopyranose. Fibres obtained from plants are
either from bast, leaves, seeds, fruits, wood, cereals straw and certain grasses.
Polymerised carbohydrates give rise to chains that when stacked together form

cellulose fibrils.

The manufacturing process is the function of ingenuity that partly could be attributed to
enzymes. They are found to constitute straight carbohydrate polymer chains or helical
web throughout the plant structure depending on whether the dominating structure is
alpha (a) and or beta (B) (Salajkova, 2009). The self-adhesion tendency characteristics
of cellulose material has been identified many years ago (Gardner et al., 2008). The
simplicity by which the adhesion occurs in cellulose has rendered it as a useful material
in papermaking and several composite materials. Schools of thought concerning
surface adhesion phenomena of fibres have been investigated and summarised as
being caused by mechanical fibre interlock, surface adsorption process, diffusion and

weak chemical, and physical forces (i.e. hydrogen bonding and van der Waals forces). It



has been found that by careful fractionating major components of lignocellulosic
biomass, the yields are fractions of high value compounds. These compounds could be
used as intermediates or precursors for green biofuels (e.g. ethanol), natural sugars
(e.g. pentose’s, hexoses) and cellulose with a potential of many applications including
medicinal fields, food industry, chemical, electronic engineering, polymer composites,
textile fibre manufacturing, bio composites and inorganic composites, etc. The
lignocellulosic biomass is composed in such a manner that the core crystalline cellulose
is glued together by chemical impermeable lignin that is hydrophobic, and anti-bacterial
that act as barrier against microbial attack (Lee et al., 2014). There is second layer of
porous hemicellulose consisting of organic sugars in which its pores are filled with lignin

as shown (figure 2.1).

Hemicellulose

Microfibril

Hemicellulose

Cellulose

Lignin

Lignin

Figure 2.1: Structural components of lignocellolosic biomass (Lee et al., 2014)

The complex structure of lignocellulosic biomass possesses certain characteristics such
as slight accessibility by chemical additives and ordered crystalline cellulose. The

lignocellulosic biomass structural construction presents both difficulties and

6



opportunities for high value bio chemical recovery and extraction of pure cellulose for
nanocellulose processing (Chundawatt et al.,, 2013). Retrosynthetic pathways reveal
major molecules responsible for the structures of lignin, hemicellulose, and cellulose

.that could be exploited for separation of lignocellulosic biomass (Agbor et al., 2011).

2.1.2 Lignin

The composition of lignin was analysed and found to consists of three cross-linked
polymers of phenolic monomers especially p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol (Figure 2.2). In general the plants with longer and soft fibre such pine
woods contain higher quantities of lignin compared to other types of biomass. The long
fibre plants are resilient to lignin extraction during the lignonocellulosic biomass
separation (Grabber, 2003).

HO HO

p-coumaryl alcohol Coniferyl alcohol
MeO
N o 2 o

HO

OMe OH OH
Sinapyl alcohol
MeO \

MeO

MeO 8]
OH

HO
OMe

OH

OoH

MeO

Figure 2.2: Dominating structures in lignin (Lee et al., 2014)


http://europepmc.org/articles/PMC4163452/figure/fig3/

2.1.3 Hemicellulose

Hemicellulose similar to lignin also hinder the exposure of cellulose fibrils to be affected
by solubilising chemicals during lignocellulosic biomass deconstruction. The cellulose is
covered with tiny horizontal branches of hemicellulose. The molecular composition of
hemicellulose was found to be consisting of different sugars such as pentoses,
hexoses, and acetylated sugars, etc. (Figure 2.3). In order to effectively digest cellulose
for nanocellulose production, it is recommended that at least 50% of hemicellulose
should be extracted (Agbor et al., 2011). Hemicellulose can be simply hydrolysed by
diluted acid, alkali, or enzymes under mild conditions, however, hemicellulose is .highly
sensitive to heat. Under uncontrollable conditions it can easily decompose to produce
unwanted products such as furfurals and hydroxymethyl-furfurals that hinder the

fermentation process for bioethanol processing.

(i) Xylan

(ii) Glucomannan
B-1.4-glycosidic linkage
11 OH HOH

H H H H
H
o —Q R RO u ()‘JJ
HO Y O
H Ol B ()\R()
H H/

Rq
(8]
H Ol
H H H H
OH ™} OH

H  fB-1.3-glycosidic linkage

R=CH;COor H ~OHOT Ny

Figure 2.3: Chemical structure in hemicellulose (Lee et al., 2014)
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2.1.4 Cellulose

Cellulose exists in plant domain in two forms i.e. crystalline and amorphous forms. The
crystalline form of the polymer chains consist of regions with more ordered chains. In
amorphous form the polymer chains consist of regions which are disorderly arranged
and less dense fibrous structure. Since disordered amorphous regions are less dense,
they are not resistant as crystalline regions against chemical hydrolysis during
deconstruction of biomass. The amorphous cellulose is attacked and ruptured during
chemical hydrolysis and cellulose swelling. Linear crystalline cellulose polymers are
chemically bonded together by inter- and intramolecular bonds from adjacent oxygen’s
and hydrogens of the same polymer chains or from neighbouring chains. This allow
them to be packed side by side in planar sheets formation and bundled into microfibrils
(Figure 2.4). Strong hydrogen bonds and van Waals forces render cellulose insoluble in
water. Extensive bonding effect presents another hydrolysis task for nanocellulose
synthesis (Khalil et al 2012). In essence, only the cellulosic fibres that are on the
surface of the microfibril that are exposed to solvents, oxidants, and chemicals agents

can be hydrolysed.

Intramolecular hydrogen bond
(between same chains)

Intermolecular
hydrogen bond
(between
neighboring chains)

L B-1,4-glycosidic linkage "

Figure 2.4: Chemical structures in cellulose chains (Lee et al., 2014).
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Cellulose is a widely available natural material that is obtained from plants and grass
estimated to constitute about 40% of ligno-cellulosic biomass (Wang et al., 2012).
Because of its strength properties and versatility, it is useful in the manufacturing of
many other materials. The cellulosic fibre is naturally produced as a dimensionally thin
and long tubular material (within the size range from a few nm in diameter to several
mm in length. However this is dependent on the type of species that is being
investigated and the geographic location (Saito et al., 2006). The process by which the
fibres are formed is naturally controlled and very specific in terms of distribution network
direction. The accuracy of the placement of the molecules and the repetitive
development of the succeeding layers in the body yields a very high degree of
crystallinity. The well-organized structure of a plant has earned itself a position that is
being researched for many usages because of its physical and versatile properties
(Saito et al., 2006). It is estimated that the yearly production of cellulose is over 7.5 x
10 tons (Lindstrom et al., 2014). Cellulose is made up of monomers that are arranged
in a linear fashion to form polysaccharides irrespective of the original parent source.
These monomers generally form a repeating d-glucopyranose dimer that repeats itself
across the chain in a 1,4 linkage (Brinchi et al., 2013). It has been recognized that the
cellulose as a material has a tremendous strength and has the ability to manufacture

materials of great performance (Wegner and Jones, 2009).

Pine and spruce are common wood cellulosic pulps that are characterized as long
fibres, whereas, eucalyptus, beeches, oak, etc. is wood pulps characterized as short
fibres. There are other several fibre sources such as grass (bagasse), cotton, kenaf,
etc. Figure 2.5 shows photographs of different parts of eucalyptus grandis (E. grandis)
which is one of the eucalyptus species that is used as a source of cellulose fibre.
Eucalyptus is found in a wide variety of flowering plant species that belong to the myrtle
family. They form a wide part of trees among the vegetation of Australia. Eucalyptus
consists of more than 800 species that are abundant in Australia. Very few species are
available in the surroundings areas such as in New Guinea and Indonesia. Eucalyptus

is the most common short fibre source of pulp and paper. A handful of species has been

10


http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Myrtus
http://en.wikipedia.org/wiki/Australia
http://en.wikipedia.org/wiki/New_Guinea
http://en.wikipedia.org/wiki/Indonesia
http://en.wikipedia.org/wiki/Pulp_(paper)

adopted in South Africa and they are used for the manufacturing of timber, pulp,
firewood and also for ornamental articles. Separating cellulose into its elemental form is
a difficult task; however mechanical, chemical and biotechnological methods have
(Shinichiro et al., 2008) been previously employed to produce cellulose nanofibres
(CNFs) (Shinichiro, Kentaro, & Hiroyuki, 2008). Figure 2.6 shows the bundles of cell

walls in wood matrix bound together by lignin.

Figure 2.5: Eucalyptus grandis plant a source of celluloce fibre

(Immelman et al., 2015)
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Figure 2.6: SEM of cell walls in wood matrix: (a) cedar cross section; (b) cedar
longitudinal section; (c) oak cross section; (d) oak longitudinal section (Gibson,
2012)

Cellulose fibres in the papermaking industry are separated from the wood matrix by a
process called pulping. The main common pulping processes are: (1) chemical pulping
where the lignin holding the cellulose fibres together is chemically removed from the
wood matrix under high temperature and pressure, and (2) mechanical pulping which
uses mechanical frictional forces such as grinding stones and metal disks refiners to
free the individual fibres. Chemical pulping is the most common process producing
pulps with relatively high strengths. The process involves cooking small sized wood
chips (4 — 6 mm in thickness) using strong chemicals at high temperatures and high
pressures to release individual fibres from wood matrix. Figure 2.7 indicates the

hierarchical development of wood structures.
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Figure 2.7: Internal hierarchy of wood structure (a) glucose molecules (b)
microfibrils (c) macrofibrils and (d) wood cell wall made up of layers (S1, S2 and
S3) (Gibson, 2012)

Because cellulose is readily available and renewable it has been sighted as the carbon
feedstock resource.

2.2 Chemical treatment of cellulose

The methods required to digest plant cell walls into higher value products such as
cellulose, hemicellulose, and lignin for different applications are hindered by response of
the components to different chemicals during separation of lignocellulosic biomass. The
method should consider the following points:
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(1) Prevent structural disruption that would lead to the loss of cellulose,
hemicellulose, and lignin contend ring fractionation;
(i) To fractionate cost-effectively and reduce energy input; and

(i)  Reduce generation of toxic and hazardous wastes.

The purpose of biomass pretreatment is to dissolve lignocellulosic structure in such a
way as to solubilise the noncellulosic materials and (hemicellulose and lignin) but
secure cellulose material. In the process the cellulose crystallinity is reduced, and
become porous (Karimi et al., 2013) (Figure 2.8). The current chemical pretreatment

procedures that are employed to digest lignocellulosic biomass are listed below;

0] Acid hydrolysis,

(i)  Alkaline hydrolysis,
(i)  Oxidation agents,
(iv)  Organosolv, and

(v)  lonic liquids.

Each chemical pretreatment can be strategically employed to dissolve specific
functional groups in biomass, for example, mild acid hydrolysis will solubilise
hemicellulose and alkaline hydrolysis will dissolve lignin. Oxidising agents will degrade
react cellulose under specific conditions. It is important that solubilised components can
be easily recovered from particular chemical pretr4atment. The model of lignocellulosic

biomass deconstruction is shown (figure 2.8).
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Chemical pre-treatment strategies are shown (Figure 2.9) and briefly discussed

Lignocellulosic biomass

Agnc.ultuml Forest residue Food wastes Animal wastes Municipal solid
residue
Chemical pretreatment
(i)  Acid hydrolysis
(ii)  Alkaline hydrolysis
(iii) Organosolv
(iv) Oxidative delignification
(v) lonic liquid treatment
v ¥ v
Solubilised Solid fraction of Solubilised
hemicellulose cellulose lignin
Acid/enzymatic hydrolysis
N w N W e
Sugars: Sugar: hexose Biofuel: green Lignin sugars
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butanediol, and xylitol
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Figure 2.9: Strategy for lignocellulosic biomass fractionation (Lee et al., 2014)
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2.2.1 Acid Hydrolysis

Acid hydrolysis is a process that target and disrupt the  (1,4) glycosidic bonds in
cellulose. The mechanism suggests that hydronium ions targets and protonate the
oxygen thus destabilising intermolecular and intra-molecular hydrogen bonds. It is an
active agent for biomass decomposition to increase the production of monomeric sugars
for biofuel manufacturing. Hydrolysing lignocellulosic biomass with acid is dangerous
because of its toxicity, hazardous, and its corrosive nature. It requires acid resistance
equipment hence it is an expensive process. Often the reaction becomes uncontrollable
and produces undesirable products of monosaccharides undesirable coproducts such
as carboxylic acids and alcohol (Peterson and Meyer, 2010).

2.2.2 Alkaline Hydrolysis

The mode of attack from alkaline hydrolysis entails disruption of lignin in lignocellulosic
biomass. The mechanism involves formation of soaps (saponification) through reaction
of caustic soda with carboxylic acids from hydrolysis of intermolecular ester bondsand
reaction with xylan networks (hemicellulose) and lignin (Sun and Cheng, 2002)
Breakdown of the ester linkages are replaced by nucleophilic acylation in the presence

of alkaline salt. Alkaline hydrolysis has the following benefits:

(1) Swelling agent for cellulose

(i) increase of internal surface area

(i)  Decrease of the degree of polymerization and crystallinity of cellulose

(iv)  Hydrolysing the lignin structure by disrupting its glycosidic ether bond, and
lignin can no longer behave as protective layer of cellulose and

(v) Make separated cellulose easy to be processed to nanocellulose synthesis.
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2.2.3 Oxidation Agent.

Several oxidising agent such as organic peroxide, ozone, etc. are used to catalyse
delignification process by reacting and cleaving lignin's aromatic structure (Yin et al.,
2011). The mechanism favours high pH > 12, where the oxygen will be reduced to
superoxide radical (-O2¢), and cleave the ring by nucleophilic attack. The effective
process oxidises aromatic ring of lignin and part of hemicellulose polymer to carboxylic
acids compounds (e.g., formic acid, oxalic acid, and acetic acid). The process is
appropriate for extraction of cellulose as the oxidation agent is more aggressive on

lignin and partially on hemicellulose.

2.2.4 Organosolv

Organosolv involves pretreatment in the presence of organic solvents that act as
dissolving agent by solubilising lignin and some of the hemicellulose under heat but not
interfering with cellulose. The mechanism suggests that the OH- ion from alcohol
solvent will attack the acid-ester bonds of lignin-hemicellulose and cleave ether linkages
from lignin and hydrolyse the glycosidic bond in hemicellulose. Aromatics and
polysaccharides of lignocellulose are also broken down. Generally the following
solvents are used; in organosolv process; low boiling point organic solvents, for
example, methanol, ethanol, acetone, ethylene glycol, and ethyl acetate (Zhao et al.,
2009). Currently organosolv pretreatment is not economically viable as an extractive
agent because of excessive washing with water is required to wash the pretreated
components with organic solvent. and reclamation of organic solvents through
distillation process leads to increase in energy consumption for the whole process
(Zheng et al., 2009).
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2.2.5 lonic Liquids.

lonic liquids (ILs) is a modern progress in chemical-based dissolution pretreatment
technology. ILs are compounds composed of inorganic anions and organic cations. ILs
are manoeuvrable and have a potential of solubilising a wide range of biomass
materials. ILs with its catalytic effect possesses sites that are greatly available for the
B-glycosidic bonds. They have a potential to dissolve cellulose, hemicellulose, and lignin
under mild conditions without decomposing the chain's structure (Xiong et al., 2014).
They are easily recovered at room temperature and can be reprocessed and reclaimed
with ease Some examples of common ILs salts include 1-alkyl-3-methylimidazolium
[Cnmim]+; 1-alkyl-2,3-dimethylimidazolium [Cnmmim]+; 1-allyl-3-methylimidazolium
[Amim]+; 1-allyl-2,3-dimethylimidazolium[Ammim]+; 1-butyl-3-methylpyridinium
[C4mPy]+; and tetrabutylphosphonium [Bu4P]+ with n = number of carbons in the alkyl
chain (Tadesse and Luque, 2011).

2.3 Nanocellulose

Cellulose nanofibre (CNF) is produced from plants as a stable and well organized
macromolecular structured material and is not reactive to most solvents (Takeshi et al.,
2013). Nanocellulose are categorized according to their dimensions, functions, and
preparation methods. This categorisation points to the origin and the process routes
followed during production (Klemm et al., 2011). Herein, the nomenclature is used as
(1) cellulose nanocrystal (CNC) and (2) nanofibrillated cellulose (CNF). Another type of
nanocellulose is the (3) bacterial nanocellulose (BNC) which is synthesized with a
bottom-up method from glucose by a family of bacteria, referred to as
gluconoacetobacter xylinius (Klemm et al.,, 2011). In order to render cellulose
molecules active few inorganic and organic solvents such as Ammonia and ethylene
diamine (EDA) are often used to dissolve and derivatise it for further industrial
processing. What makes CNFs more attractive are some of its characteristic properties

when well-processed, namely; high aspect ratio (the length to diameter ratio), and high
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crystallinity, low co-efficient of thermal expansion, low density, and high elastic modulus
(Gao et al., 2013). Lately, more focus has been paid to the synthesis of the electrical
conductive materials from the CNFs. A number of attempts to process cellulose have
been explored and they include hydrolysis of cellulose with acid, alkalis, oxidants,
enzymes, several solvents and mechanical processing methods. Thus far it has been
difficult to prepare wood cellulose down to the dimensions of 3-4 nm without severely
destroying the fibre (Gao et al., 2013).

2.3.1 Preparation of nanocellulose

The development of cellulose to NFCs demands severe mechanical action to achieve
material suitable for oxidation into CNFs and CNCs (Khalil et al., 2014). The original
material plant source and chemical reagents used to process cellulose determines the
reactivity and physical properties of the final CNFs product. Encouraging efforts of
oxidizing never-dried softwood cellulose with 2,2,6,6 -Tetramethylpiperidine-1-oxyl
radical (TEMPO) and subsequent mechanical separation have been reported (Brodin &
Theliander, 2012). The paper conductive films with good oxygen barrier properties, low
thermal co-efficient of expansion close to glass (2.7 X10°® K™) with very high
characteristic mechanical strength properties, good flexural and high refractive index of
1.545 have been synthesized at ambient conditions (Gao et al., 2013). The absence of
vessels in softwood pulps makes it simpler to mechanically develop it compared to
hardwood pulps. Previous research work has shown that the development of
morphological properties of hardwood cellulose pulps for CNFs manufacturing are
constrained by the presence of vessels. In the near future transparent conductive films
have potential applications in the field of electronics such as flexible consumer
electronics, smart clothing, energy harvesting devices and sensors. The imminent group
of flexible transparent conductive films should overcome the cost barriers and
economies of scales while maintaining their high transmittance and conductivity

performance, etc. (Gao et al.,2013).
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Figure 2.10: Nanocellulose synthesis process (Li, 2012))

2.4 Conductive Polymers

Conductive Polymers (CP) were discovered during the period of 1963 and its success
story led Alan G. Heeger, Alan G. MacDiarmid and Hideki to win year 2000 Nobel Prize
in Chemistry (Razaq, 2011). These special conductors offer significant characteristics
over conventional metal and semiconductors. Some of the inherent characteristics they
display are: participation in redox reactions, easy material design, and allow the flow of
charge. In order for an organic polymer to be able to conduct current it must have free
mobile electrons. The theory of electrical conductivity of solid materials is based on how
the electrons are arranged and distributed within the molecules that make up the
material (Atkins & de Paula, 2010). Many models exist to describe this phenomenon but
the tight-binding approximation theory is discussed in this article. According to this
model the valence electrons fill the molecular orbitals distributed across the solid. The
main assumptions are that there is a probability to find an electron in an atomic orbital of
atom A, and a probability also to find an electron in atomic orbital of atom B, then the

overall wave function (), is a superposition of the two atomic orbitals:

Y, = N(A+B) (2.1)
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For diatomic hydrogen (H>) ion:

A denotes XHisa, B denotes XH;sg and N is a normalization factor.

In compounds, numerous atomic orbitals overlay across each other and the result is the
formation of molecular orbitals that are narrowly spread-out. They are almost similar in
energy and produce continuous groups (bands) of energy levels (Atkins & de Paula,
2010). These energy groups are separated by band gaps where there are no molecular
orbitals. Depending on the span of energy between different atomic orbitals, the
different energy bands overlay across each. Another important phenomenon is the
‘Fermi level’. Fermi level is described as the highest occupied energy level in a solid at
zero absolute temperature (T = 0). This level is found closely to the centre of the band.
If the band has orbitals that are not completely filled, the electrons from the Fermi level
with suitable energy will enter nearby empty levels. The result is that these electrons
move freely through the solid producing electrical conductivity (Atkins & de Paula,
2010). The atom comprises of small but substantial nucleus that contain particles called
protons and neutrons. At the surrounding of the nucleus is a cloud of orbiting particles
called electrons. The electrons can be transmitted from one body to another. When a
body acquires electrons it becomes negative and the body that donates the electrons
becomes positive. Charge separation plays a vital part in the operation of electrical
equipment, such as batteries, microphones, and alternators in automobile electrical
systems, etc. (Atkins & de Paula, 2010). Electrical conductors can be classified as
either metallic conductors or semiconductors depending on the temperature
dependence of their conductivities. The conductivity of a metal conductor is inversely
proportional to temperature. On the other hand, the conductivity of a semiconductor
increases with temperature. An insulator is a semiconductor with a very low electrical
conductivity. If there is a cube of material that is 1 cm on a side for a total cross-
sectional area of 1 cm? and a length of 1 cm through which the electricity flows, and a 1-
V potential difference in the circuit, and 1 ampere of electricity flowing (1 A = 1 C/s),

then there is 1 Q of resistance from Ohm's law (Kirkham, 2014).
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2.4.1 Measuring resistance and resistivity of materials

v
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Figure 2.11: Diagram of electrical circuit with V, I, and R.

From the above diagram on figure 2.10, Ohm’s law states that:

R=- (2.2)
Where:
R = Resistance of a conductor in ohms
V = Potential difference in volts (Vijay et al., 2011)
| = Electric current in amperes
Lenath (L)
Width (w)
1em 1em
tem f Heiaht (h)
— 1V
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Figure 2.12: Diagram showing principle of resistance measurements (Kirkham,
2005)
If parameters such resistance (R), length (L), and area (A), are known, then the
resistivity, i.e. the ability of the material to resist the flow of current can be determined
from the law of resistance, hence the conductivity could also be calculated. The law of
resistance states that a piece of body with constant cross section has a resistance R
that is proportional to its resistivity and length and inversely related to its cross-sectional

area (Westland, 2011).

(2.3)

Where:

R = resistance (ohms)

L = length of material (centimetre)

A = Cross sectional area (square centimetre)
p = resistivity (ohms centimetre) (Kirkham, 2005).

From equation 3, it follows that conductivity sigma (o), which is the reciprocal of

resistivity is given by equation 4.

(2.4)

D |+

Where:

o = conductivity
p = resistivity

The electrical conductivity is used to quantify the capability of the material to conduct an
electric current, and the electrical resistivity measures how strongly the material
opposes the flow of electric current. The international system (SI) units for these
parameters are Siemens per metre (S/m) and ohmmeter (Qm) respectively. In

conducting polymers, conjugated double bonds facilitate electron conduction along the
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chain (Atkins & de Paula, 2010). For example, in polyacetylene, the delocalized Tr-
bonds electrons do move up and down the polymer chain. The electrical conductivity of
polyacetylene increases significantly when it is partially oxidized by a strong dopant
(Doping agent). The partially oxidized polyacetylene results in a product called a
polaron because of a partially localized cation radical that travels through the chain.
Further oxidation of a polymer by one more equivalent oxidant forms either bipolarons
or solitons. Conductive polymers are organic polymers that allow the flow of electricity
by virtue of conjugated double bonds. Generally their conductivities are similar to those
of semiconductors (En Wikipedia retrived March 10, 2014). The important feature of
conducting polymers is that they have a backbone of adjacent sp? hybridized carbon
atoms. One valence electron on each carbon centre resides in a p, orbital, which is
orthogonal to the other three sigma-bonds. All the p, orbitals combine with each other to
form a molecule with a delocalized set of orbitals. Doping the material by oxidizing it
increases the mobility of electrons due to an increased number of vacant orbitals to
form a p-type semiconductor. The organic polymers can also be doped by a reduction
process which introduces electrons to the unfilled band to create n-type materials. The
benefit of the conductive polymers is the ease by which they can be processed, usually
using the dispersion methods. Methods to improve the conductive properties of organic
materials have been developed. If the conjugated organic polymer is undoped, the
energy gap is larger than 2 eV and the material is either a semiconductor or an insulator
and the material cannot be thermally activated (En Wikipedia retrived March 10, 2014).
For example undoped polyacetylene has a low electrical conductivity of around 107 to
1078 S/cm. However if the polyacetylene is doped with less than 1% of doping material,
the electrical conductivity increases in order of around 0.1 S/cm. Levels of around 0.1—
10 kS/cm are typical for doped organic polymers. The highest reported conductivity
value for doped acetylene was 80 kS/cm Heeger et al., 1988).
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2.4.2 Applications of conductive polymers

There is a lot of interest and attraction that has developed in the area of transparent
flexible energy storage devices such as supercapacitors (Wang, et al., 2013). Among
.many CP explored great potential had been observed but not limited to; polyacetylene
(PA), polypyrrole (PPy), polyaniline (PANI), polythiophene (PT), poly-(3,4-
ethylenedioxythiophene) (PEDOT), and graphene oxide (GO) (Razaq, 2011).
Applications of transparent conductive coatings have been extended broadly to
electrodes where light transmission is needed such as in photo-electrochemical
experiments (Moreno & Araiza, 2005). Indium tin oxide (ITO), and aluminum doped zinc
oxide (AZO) have been discovered to provide suitable coatings for the transmission of
light (Rabe, et al., 2007). The performance of an electronic device is essentially
dependent on the type of the substrates used during the fabrication and is therefore
very important for the fundamental properties of the devices (Wang, et al., 2013). The
following are examples of the substrates; cellulose, ITO-coated glass, polyethylene
terephthalate (PET), polyethylene naphthalate (PEN) polycarbonate (PC), and
polyimide (PI). Some of these offerings are thermoplastics and thermosets that display
undesirable characteristic properties such as inflexibility, large co-efficient of expansion
(CTE), poor printability and recyclability. An ongoing research has focused on
biodegradable CNFs that might have good optical transmittance properties of above
90% in the visible region and low CTE of about 2.7 ppm K™ in combination with high
mechanical strength and flexibility (Wang et al., 2013). In order to control nanoscale
constituents over a substrate a Layer-by-layer (LBL) assembly method is often
employed (Gao et al.,, 2013). The mechanism of an LBL assembly method involves
hydrogen bonding, m — m stacking interactions, and electrostatic forces between the
substrates and different dilute solutions. An LBL assembly can be used to deposit and
integrate nanoscale particles to a variety of nanostructures such as nanotubes,
nanosheets, nanoparticles and biomolecules with nanofibres. The advantages of an
LBL assembly method in grafting the nanoscale dynamic particles onto CNF paper are
that it forms thin films and conserve the active surfaces of the nanoscale structure, the

characteristic that is vital for the performance of the electronic devices (Wang et al.,
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2013). Previous work has shown that an electrical conductive polymer, (PANI) has the
following encouraging properties; a pseudo-capacitive behaviour, low cost, ease of
synthesis, and stable redox properties and for this reason it has been used to produce
electrode materials. Polypyrrole (PPy) is another organic conductive material that has
been well researched because it can be easily synthesized, thermally and
environmentally stabilized. Because of its high electrical conductivity this property has
made it earn applications in the production of counter-electrodes in electrolytic
capacitors, light-weight batteries, anti-corrosive coatings, sensors, actuators and for
membrane separation (Khalil et al., 2012). However the PPy has some application
constraints that are due to its poor mechanical properties. To deal with this issue
blending PPy with other natural and synthetic polymers to form conductive composite
materials with better electrical conductivity and high mechanical strength properties has
been considered. A number of flexible transparent conductive films based on reduced
graphene oxide/ nanocellulose composites, metal oxides semiconductors, carbon
nanotubes, and metallic nanowires have been produced (Gao et al.,2013). Different
procedures to embed these nanomaterials on flexible plastic substrates such as PET by
spin coating, filtration, Langmuir-Blodget assembly, dip-coating, etc. have been
employed. However plastic substrates introduce another problem of high co-efficient
thermal expansion. The plastic substrate may not be compatible with high processing

temperatures and are also not regarded as eco-friendly materials (Gao et al.,2013).

2.4.3 Graphene

Graphene is prepared from the parent graphite in a reported number of ways. The
schematic diagram (Figure 2.12) shows a recent simplified method of preparing
graphene termed “Solvothermal exfoliation of intercalated graphite flakes” (Farag et al.,
2015). According to this procedure, graphite is first treated with tartaric acid followed by
thermal treatment at 750 °C for one minute. The product is further treated with
isopropanol at 400 °C for 2 hr. (Farag, et al., 2015). Graphene does not have the same
amazing attributes such as mechanical strength, electrical and thermal conductivity

displayed by carbon nanotubes (CNTs (Sundararaj, 2012). CNTs have grown
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tremendously as a research area and have publicised applications in drug delivery,
gene delivery, biosensors and medical imaging. In order to activate the graphene, it has

to be oxidised to graphene oxide (GO).
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Figure 2.13: Mechanism of exfoliation of graphite flakes to graphene (Farag et al.,
2015).

2.4.4 Graphene oxide (GO) and reduced graphene oxide (rGO)

Graphene oxide can be produced in a number of ways such as oxidising graphite with
highly oxidising chemicals such as nitric acid, sulphuric acid and potassium
permanganate. The results of the oxidation are the formation of the epoxy groups as
shown in figure 7a (the red modelling balls represents oxygen atoms) (Songfeng et al.,
2010). It was observed that the nanosheets prepared from GO has the tendency to
stack during its reduction and subsequently the activity of the supercapacitors
constructed from them is lowered (Wang et al., 2013). Experiments proved that when a
Layer-By-Layer assembly (LBL) of GO nanosheets was done with conductive PANI
nanowires on the substrate, and the GO nanosheets were reduced with hydroiodic acid,
hydrazine or any suitable reducing agent to form reduced graphene oxide (rGO), the
compact stacking of GO nanosheets was successfully avoided. The rGO was observed
to have improved in vitro photo-thermal sensitivities than CNTs. Reduction enables the
lowering in vertical resistivity of the multilayer as well as boosts the low capacitance of
rGO. The reduction mechanism proposed for hydroiodic acid is shown on figure 2.13

below.
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Figure 2.14: Reduction mechanism of GO (a) with hydro-iodidic acid
and ring-opening of an epoxy group and (b) Halogenation substitution reaction of
a hydroxyl group (Songfeng et al., 2010)
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Chapter 3: Experimental procedures and analysis techniques

3.1 Raw materials and Characterisation Instruments

The following materials and analytical techniques were used for the synthesis of

electrical conductive cellulose

Materials

- Eucalyptus grandis pulp (92 alpha) supplied by Sappi Saiccor Ltd. RSA

- TEMPO (2,2,6,6-tetramethylpipiridine-1-oxyl) Supplied by Sigma-Aldrich, USA.
- Graphene Oxide supplied by Sigma-Aldrich, USA

- Sodium bromide supplied by Merck

- Sodium hypochlorite solution purchased from Rochelle Chemicals, RSA

- Hydro-iodic acid, supplied by Sigma-Aldrich, USA

- Cupric Sulphate supplied by Merck

These reagents were analytically pure grades and were used without further

purification.

Analytical techniques

- Morfi Fibre Wall Thickness (MFWT)

- Scanning electron microscopy (SEM)

- Transmission electron microscope (TEM)

- Fourier Transform Infra-Red (FTIR) Spectroscopy
- Hounsfield Tensile Strength Tester, and

- Multimeter for the electrical resistance measurement
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3.2 Synthesis of microfibrilated cellulose (MFC)

The variables and settings of the Pilot Refiner used for the preparation of cellulose
microfibrilated fibres are in Table 4.1. The microfibrilated cellulose (MFC) was achieved
by mechanical fibrillation of the suspension of eucalyptus grandis (E.grandis) pulp - 92
alpha in water at a consistency of 3%. The Pilot Refiner used as fibrillating equipment is
shown in Figure 3.1. The process involved introducing in the disintegrating tank dry pulp
sheets into water. The total batch size was 243 kg. The disintegration of fibres,
hydration and agitation lasted for 30 minutes. The fibre slurry was pumped through the
grooved metal disks i.e. rotor and stator from the disintegrating tank using the hydraulic
pump. The fibre suspension was drawn from the bottom of disintegrating tank and
travelled through the refining loop and returned back into the tank (Figure 3.2). The fibre
suspension was pumped through the centre of the stator plate positioned face to face
with the rotor plate as shown in appendix Figure 3.3. The pulp slurry spread over the
bars and grooves of the closed refiner plates and moved outwards exiting at the small
outlet opening at the end of the disks. The gap between disks during operation was
adjusted and maintained between 0.2 mm and 0.5 mm to achieve maximum fibrillation.
The refining power was maintained at 26 kW for fibrillating E. Grandis pulp. The Pilot
Refiner was equipped with a carousel that periodically sampled pulp into beakers
according to the set program. During fibrillation process the cell walls of the fibres were
peeled off and formed microflbrils (Figure 4.4); this process is often accompanied by

undesirable shortening of the fibres.

3.3 Synthesis of CNF and [CNF/Cu?*/rGO]n

The modified procedure described by Isogai (Saito, et al., 2006) cited in Cellulose
nanofibres/reduced graphene oxide flexible transparent conductive paper by (Gao et
al.,2013) was used to process MFC into transparent cellulose nanofibres (CNFs). The
procedure followed stated that: a 400 ml batch should consist of 2 g E grandis cellulose,
0.033 g TEMPO, 0.33 g sodium bromide, 30 mmol of sodium hypochlorite and the
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balance being water. The batch was constantly stirred in a water/ ice bath mixture
controlled at 10°C. The pH was adjusted to 10 using 0.5M sodium hydroxide solution.
The reaction mixture was allowed to stand for 6 hours. The product was washed three
times using distilled water and centrifuged at 10 000 rpm. A 0.2% nanocellulose solution
was sonicated for 45 minutes at 540 watts using a bench Sonicator. The final product
was stored in a fridge set at 4°C. The wet CNF gel was dried at 25°C on a PET tray
overnight in the laboratory oven. The dried sheets were cut into strips using a pair of
scissors. The dimensions of the strips were 90 mm in length and 15 mm in width. The
dried cellulose were characterised using SEM. The nanocellulose gel was characterised
using TEM. The strips were also tested for tensile strength using the Hounsfield
instrument. The CNF gel was also mixed with the Cu?* ions solution (Img/ml, pH 4.5),
and dried in the oven to form a copper impregnated CNF sheet at 65 °C. Subsequently
the strips were dipped in Graphene Oxide (GO) (1 mg/ml) hence termed CNF/ Cu?*/GO.
The CNF/ Cu?’GO strip were reduced with hydro-iodic acid (HI) and termed
[CNF/Cu?*/rGO]n where n is the number of dipped layers here. The blank CNFs strips
(i.e. cellulose strips without treatment with Cu®* ions, GO and Hl) strips were tested for

electrical resistance using the Multimeter together with the [CNF/Cu®*/rGO]n.

3.4 Process flow diagrams of the Pilot Refiner

Figure 3.2 shows the process flow diagrams for Pilot Refiner equipped with a
disintegrating tank, hydraulic pump, 12 inch refiner with mechanical disks (rotor and

stator), carousel, hot water geyser and electrical DB.
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Figure 3.1: Photograph of the Pilot refiner

Table 3.1: Process variables of pilot refiner

Refiner parameters

Measurements

Diameter of the refining disk plates

12 inch plates (both stator and rotor)

Plates bar width

1.5 mm

Plates groove width 1.5 mm

Plates bar height 4 mm

Gap between the plates during refining average 0.2 mm
Refiner inlet pressure 1.6 bar

Refiner outlet pressure 2.7 bar

Pulp flow rate 8 m*h

Fibre swelling time in water before refining 1 hour

Refining intensity (energy distribution per bar length) | 0.3 J/m

Specific refining energy (energy transferred to fibre) 588 kWh/ton
Shopper Riegler of the pulp before fibrillation (°SR) 21 °SR

Shopper Riegler of the pulp after fibrillation ((°SR)

Above 95 ’SR
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Figure 3.2: Process flow diagram of the Pilot refiner
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Figure 3.3: Rotor and stator disks of the Pilot refiner

3.5 Analytical Techniques

3.5.1 Morphological Fibre Wall Thickness Analysis (MorFi WT)

The size distribution of refined and unrefined E. grandis pulp was determined using the
Morphological Fibre (MorFi) Analyzer (Techpap, France). The measurement resolution
is down to 0.7 um and gives complete information with regards to average cell wall
thickness and distribution (Eymin-Petot-Tourtollet, 2000). The fines content was

measured in term of the thickness in the prepared samples.

The equipment, as shown in Figure 3.4 integrates a digital camera and a software
package, which can automatically measure fibres in suspension. This equipment can
analyze low concentration of pulp suspensions and required a specified fibre
dimensions to measure the analysed parameters. Samples were taken offline, from an
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automatic carrousel containing 9 sample cells controlled by a PC as shown in Figure
3.5.

Measuring cell

IR

Light Lens

emitting Camera
head —

Figure 3.4: Diagram illustrating the KEY components of the Morfi MWT

Figure 3.5: TECHPAP Instrument to measure MFWT
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3.5.2 Scanning electron microscopy (SEM)

The surface morphology was recorded with Scanning Electron Microscope (Model: S-
4300, Japan). The electron beam traverses a series of lenses, and the reflected one on
the specimen is collected by detectors. The transferred electron signal had colors
intensity depending to the strength of the detected signal. The samples used in this
analysis should be conductive to avoid charging artifacts; which affect the image quality.
Samples were mounted on metal stubs in a coater unit, and placed into the SEM with
higher energy electrons between 2 to 1000 keV. The schematic diagram of key

components of SEM instrument is shown in Figure 3.6

Electron gun

y Vacum chamber
2 Anode

|

|

|

|

I

I

I

o |
Condenser lens _Ei Electron beam :
Condenser Iens—[ ) ] |
- I

Objective Iens——‘S |
|

|

|

I

Backscatter detecto
X-ray detectovi}
0:) — Secondary detector

| I A R Py GRSV VRN . d

Figure 3.6: KEY components of SEM instrument (Skoog et al., 2014)
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3.5.3 Transmission electron microscope (TEM)

TEM works on the same fundamental laws that govern the operation of light microscope
except that it achieves more magnification than what light microscopes achieve
because light is restricted by its wavelength whereas TEM uses electrons. The
wavelength of light is approximately 600 nm and the wavelength of an electron is 6 pm.
The shorter wavelength gives higher resolution or the magnification. The light used by a
TEM instrument originates from the electrons (Microscopemaster.com, 2015). TEM
analysis was used to visualize the change in the morphology of the nano cellulose fibre
sample. In this study, TEM measurements were done on a Jeol model 1200EX
instrument operating at 80 kV. Electrons are easily deflected and accelerated using an
external field and potential, respectively. The electrons travelled through the sample,
and are either scattered or transmitted. The non-uniform distribution of electron
contained the details structured of the sample analyzed. The TEM consists of the
following critical components that lead to the formation of an image (Figure 3.7):

Electron gun

Condenser lens—

aperture lens

Intermediate
lens
Projectore lens

Flourescent screen

[
[
[
[
|
|
|
|
I
I
[ Objective
[
[
|
|
|
|
|
I
I
[

Figure 3.7: Key components of TEM instrument (Skoog et al., 2014)
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3.5.4 Fourier Transform Infra-Red (FTIR) Spectroscopy

In this technique, the infrared beam after leaving the interferometer passes through an
optically dense crystal with higher reflective index. After its interaction with the sample,
the infrared spectrum is obtained. The total reaction time of the cellulose with oxidizing
agents was six hours. The concentrations (concentrations) of the oxidizing sodium
hypochlorite (NaOCI) and the catalyst sodium bromide (NaBr) were also doubled and
halved. The FTIR spectra of all cellulose nanofibres obtained were determined and
analyzed. The energy absorbed by the organic groups and subsequent vibrations,
stretching, rotation, and bending of functional groups was recorded at specific

wavenumbers against absorbance. The scans were carried out between 650 and
-1 -1
4000cm at the resolution of 4cm . A schematic diagram of an FTIR instrument is

shown in Figure 3.8.

Stationary
mirror
A A'
B
BN A
B
R <>
Source Beam splitter Movable
A' B mirror

| I
Sample

Detector

Figure 3.8: Schematic diagram of FTIR spectroscopy (Skoog et al., 2014)
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3.5.5 Hounsfield TensileTester

It has been reported that the tensile strength of the sheet produced from the CNF
material was very high. As part of the objective of the research it was important to
characterize the tensile strength of the CNF synthesized with the TEMPO mediated
oxidation method. In order to achieve this objective the concentrations of the NaBr
catalyst and NaOCI solution were varied twice from the normal concentration. The
concentration of each chemical was doubled and also halved from the normal inclusion
level in the process. Sheets were prepared from the CNF gels under pressurized
condition to avoid creeping using the Rapid Kdéthern Drier instrument. Several strips with
lengths of 90mm and 15mm in widths were cut using the customized cutter designed to
cut the tensile strips for tensile strength tests. Data generated from tensile strength tests
was evaluated using the minitab statistical program.

The procedure involved preparation of nine to ten replicas of CNF strips from each of
five samples produced with varying NaOCI and NaBr concentrations as shown in Table
3.2.The tensile strength of the CNF was measured with Hounsfield Tensile Tester
(Figure 3.9).

Table 3.2: Concentrations of NaOCI and NaBr used to produce different CNFs

Chemical name Concentration used per 400ml| Comment
batch
NaOCI 8 mmol Standard NaOCI concentration
NaOCI 16 mmol Doubled NaOCI concentration
NaOCI 4 mmol Halved NaOCI concentration
NaBr 0.33g Control NaBr concentration
NaBr 0.669g Doubled NaBr concentration
NaBr 0.165¢g Halved NaBr concentration
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The upper clamp moves
up the track while
bottom clamp is
stationary. The upper
clamp exerts a pulling
force on the sample
strip.

90 mm length and 15
mm width strip of
sample is  clamped
between  the  lower
clamps before a pulling
tensile force is applied

Figure 3.9: Hounsfield instrument for testing tensile strength

Statistical analysis method of CNF tensile strengths data

The objective of the statistical analysis was to determine whether there are significant
differences between the tensile strengths of strips prepared from different NaOCl and
NaBr concentrations. This difference will be achieved by comparing the means

(averages) of the results obtained the groups of samples.
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The Null Hypothesis: The Null Hypothesis states that all means are statistical equal i.e.

there is no significance difference between the means of different formulations.

The Alternate Hypothesis: “States that at least one mean is statistically different”.

Statistical tests were performed under the following protocols:
Data type — Continuous

Comparisons — More than two means

Tests — One way ANOVA and test for equal variances

Alpha level (a) - 0.05
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Chapter 4: Results and discussion

4.1 Characterisation of the unrefined and the refined pulp with Morfi WT

The fibres of the unrefined and refined E.grandis pulp were dispersed in water and the
cell Mean Wall Thickness (MWT) was measured using the Techpap MorFi WT
instrument (Figure 3.5). The unfibrilated pulp had a fibre distributions as seen in Figure
4.1 lying between 3.09 and 3.26pum with the average thickness of 3.18 um (Table A.1
and A.3 in appendix). While the mechanically fibrilated fibres had a fibre distributions as
seen in figure 4.2 lying between 3.00 and 3.09um with the average thickness of 3.07um
(Table A.2 and A.4 in appendix). These values indicates that there was substantially
reduction in cell wall thickness as a result of mechanical fibrilation. Fibrilation refers to
the peeling and cutting process of the outer and inner layers of the cellulose fibre walls.
The net results of the fibrilation is the formation of both microfibrils, fines and nanofibrils.
Further oxidation with sodium hypochlorite/ TEMPO and sodium bromide converted
microfibrils into nanofibrils. The difference in size distribution between unrefined and

refined cellulose can be seen in the following Figures 4.1 and 4.2.
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Figure 4.1: Graph showing MWT distribution ofunrefined E.grandis pulp
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Figure 4.2: Graph showing MWT distribution ofrefined E.grandis pulp
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4.2. Characterisation of un-oxidised cellulose pulp with SEM

The virgin E. Grandis pulp was supplied as dry sheets at 90% consistency. A small
piece of sheet (5 mm X 5 mm) was characterised with SEM instrument. The average
fibre width of unrefined E. Grandis fibres was found to be approximately 3.18 um by
MorFI WT in Appendix (Table A.3). The average cross-sectional width of pilot refined
pulp fibres were found to be 3.07 um by MorFlI WT in Appendix (Table A.4). The
decrease in the average fibre width between the unrefined and the refined fibre was
caused by fibrilation action with refiner mechanical metal bars. The fibre walls around
the lumen collapsed during the refining process. From the SEM images (Figures 4.3
and 4.4), it was observed that the width of the flattened fibre ranged from less than 1
micron to about about 20 um. The fibres appears in different shapes i.e. straight,
curled and even kinked. The fibres consists of very little macrofibrils (bundles of
microfibrils). The image of the mechanically refined E. Grandis fibres (Figure 4.4)
showed frail and severely fibrillated fibres. The pulp has been forced through a small
gap of between 100 to 300 ym between the rotor and the stator (Figure 3.3) in
Appendix. The surface of the fibres no longer appeared smooth and intact after
mechanical fibrillation but they appear to have rattled structures characterised by many
macrofibrils (Compare Figures 4.3 and 4.4). The mechanically frail structure would
facilitate the ease of penetration by oxidising chemicals and the reaction thereof with

microfibrils.
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Individual unrefined fibres

Figure 4.3:SEM image of unrefined E.grandis pulp, 1400x resolution
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Individual refined frail fibres

Figure 4.4:SEM image of mechanically refined E.grandis pulp, 950x resolution

4.3 The SEM image of TEMPO-oxidised cellulose

The high resolution (1750x) transversal SEM images revealed that the TEMPO-oxidised
NFC repolymerised during the drying process as shown (Figure: 4.5) (Brinchi, et al.,
2013). The image showed a thick gel-like substance of dry nanofibrilated cellulose. The
high resolved SEM image (3800x) (Figure 4.6) showed multiple layers of both
microfibrilated and nanofibrilated cellulose fibres. The SEM image (Figure 4.7) showed
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the surface of the oxidised nanofibrilated cellulose fibre. The foam-like surface is
nanocellulose fibrils. It is this fine material that repolymerises when the water is
vaporised from the cellulose gel. Different magnification levels are shown in Figures
4.5 (Low magnification), 4.6 (moderated magnification) and 4.7 (Highly magnification).
Low magnification could not display a clear view; moderated can display few layers of
nanocellulose bonded together and highly magnification can be used to view a singly
nanocellulose fibre. The SEM confirms that the material produced was a nanocellulose

fibore as can be seen in Figure 4.7. A single isolated nanocellulose, which is not

degraded to glucose. _
Thick layer

g ¥¢3¥ , i

|—'—'—'—'—|;D 1750x 15kV -Point OCT 232014 12:02

50 pm 4] 155 um BSD Full Nanocellulose 6h 2

Figure 4.5: SEM image of gelled TEMPO-oxidized CNF
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Figure 4.6: SEM showing multilayers on dried CNF
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Figure 4.7: High resolution SEM image of TEMPO-oxidised CNF
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4.4 Topographical image of oxidised CNF

SEM image (Figure 4.8) shows the topographical appearance of the oxidised cellulose
fibre. Figure 4.8 revealed important sections on the surface of a collapsed fibre i.e. the
long crystalline regions and the folded sections of amorphous (non-crystalline) regions.
This topographical image displayed a real view of nanocellulose fibre that contains
weak spot (amorphous region) and a strong crystalline region. The amorphous
celluloses are more susceptible to chemical or mechanical treatment than the crystalline
region. Production of nanocellulose through mechanical means break cellulose fibre at
amorphous region; and similarly producing nanocellulose chemically expose the

amorphous area to chemical attack.

Long
crystalline
region

Folded
amorphous
region

A2 »
. VA BN, RIS
15kV - Image MAY 12 2014 16:52
100 um 4] 426 pm BSD Full CC TEMPO

Figure 4.8: Topographical image of dried TEMPO-oxidised CNF
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4.5. Characterization of oxidized cellulose using TEM

TEM images indicate numerous CNF particles with several dimensions at nano-level
(Figure 4.9). As mentioned earlier under SEM characterization that it proved difficult to
isolate individual nanocellulose fibre from solution because of the polymerization that
takes place during the drying or evaporation process. From the image (Figure 4.10) it
was observed that nanofibres tend to aggregate themselves into bigger “cloud-like”
material. When the fibres agglomerate and form a dense mass the TEM image looks
darker and opaque compared to a more transparent image of less aggregated
nanofibres (Figure 4.10). The agglomeration was caused by hydrogen bonding between
adjacent oxygen (partially negative) and hydrogen atoms (partially positive) of the
adjacent polymer chains. During the TEMPO-oxidation the primary alcohol is oxidized to
an aldehyde that has a partial positive (carbocation). The carbocation will have an
affinity to highly negative oxygen on the surroundings. Therefore within this system
repolymerization is inevitable. From the TEM images (Figures 4.9 and 4.10), it was
observed that the dimensional sizes of the oxidized cellulose were at nano-level (as
agglomerated cellulose had also nano-size dimension). The aggregation of the
nanocelluse fibres was a result of the hydrogen bonding and the generated positive
carbocations, which attracted the negatively charged oxygen atoms from the adjacent
hydroxyl groups. The nanocellulose was produced at a concentration of 2% in water,
and it was enriched up to 10% by centrifugation. Concentrated nanocellulose gave dark

TEM images as seen in Figures 4.9 and 4.10.
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Figure 4.9: TEM image of re-polymerised CNF

In Figure 4.10, few “clouds” of CNF aggregates and individual wool-like strands were
observed. Small spacing within the CNF “cloud” which separated the strands of the
repolymerising nanofibres was observed. These individual strands are as small as

1.4 nm and below as shown in the TEM image Figure 4.10.
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80 nm

Figure 4.10: A “cloud” of CNF aggregating fibres
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4.6 Characterization of CNF using FTIR

FTIR spectrum of the un-oxidized fibrillated cellulose (Figure 4.11) showed two
prominent peaks at 3338.15 and 2885.64 wavenumbers characteristic of —OH (alcohol
groups) vibrational frequencies. There was a missing peak between 1720 to 1740 cm™
wavenumbers that is characteristic of —-C=0 (carbonyl) stretch band (Costa et al., 2015;
Rosli et al., 2013). The carbonyl stretch peak was observed on FTIR spectrum (Figure
4.12) of the TEMPO-mediated oxidation of fibrillated cellulose. The peak that developed
at 1720 to 1740 cm™ wavenumbers confirmed the oxidation of the primary alcohol
groups to aldehydes. There was no further change in the observed structure of the
cellulose other than peak at 1720 to 1740 cm™ and it is assumed that there was no
further oxidation beyond the aldehyde stage as there was no carboxylic stretch bands

observed (Costa et al., 2015; Rosli et al., 2013).

When the concentration of NaOCl was halved, keeping the concentrations of other
chemicals constant, the carbonyl stretch peak at 1720 to 1740 cm-1 was dramatically
reduced in size (Figure 4.13). This suggested that this oxidation process of CNF is
driven by the concentration of the NaOCI. When the concentration of NaBr was halved
but maintaining the concentrations of other chemicals constant, it was observed that the
carbonyl stretch peak at 1720 to 1740 cm™ remained unaltered (Figure 4.14). This
suggested that at halved concentration, the NaBr catalyst is sufficient to perform its
catalytic function. When the concentration of NaOCI was doubled it was observed that
carbonyl stretch peak slightly increased (Figure 4.15). When the concentration of NaBr
was doubled it was observed that a second peak developed at the slightly upper
wavenumbers approximately 1760 cm™ (Figure 4.16). This peak or stretch is a
carboxylic carbonyl stretch; the increase in NaBr concentration by doubling the
concentration accelerated the oxidation of some of the aldehydes group to carboxylic

acid group. This was not observed with the change in concentrations of NaOCI.
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4.7 Characterization of the CNF with tensile tester

The tensile strengths results showing the impact of changing chemical

concentrations are tabulated on table 4.1. It can be seen that the tensile strength

of the produced CNF was very high for both chemicals used. Increasing the

concentration of NaOCI| and NaBr, reduce the tensile strength of the produced
CNF. Halved NaBr enhanced the strength of CNF compared to NaOCI. Below

are more discussion on the effect of chemical concentration of NaBr and NaOCI.

Table 4.1: Tensile strengths results of different CNF samples

Tensile of standard Tensile of Tensile of Tensile of Tensile of
procedure Doubled Halved NaOCI | Doubled of NaBr Halved NaBr
NaOCI & NaBr NaOCI
kN/m kN/m kN/m kN/m kN/m
4.40 5.52 5.09 3.38 7.97
3.20 3.78 5.05 3.73 9.77
5.08 1.92 4.55 4.58 7.22
4.18 2.85 4.16 3.45 7.92
4.13 5.63 4.25 3.79 10.0
44,74 2.90 3.34 3.46 6.47
4.25 3.41 5.36 0.63 8.49
4.82 1.99 4.82 1.92 4.75
5.95 4.11 3.81 1.32 2.81

Average 4.51

Average 3.57

Average 4.63

Average 2.92

Average 6.81
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4.7.1 Statistical analysis of CNF tensile with different NaOCI concentration

Test for Equal Variances: Normal Hypo, Double Hypo, Half Hypo Do

Multiple comparison intervals for the standard deviation, a = 0.05

Multiple Comparisons
P-Value 0.294

Normal Hypo Dosage |—| Levene's Test

P-Value 0.239

Double Hypo Dosage I |

Half Hypo Dosage |—|

0.5 10 15 2.0 25

Figure 4.17: Comparisons of CNF tensile with varied NaOCI concentration

Interval Plot of Normal Hypo , Double Hypo, ...
95% CI for the Mean

5.5
5.0 —

45

Sample means

4.0

3.5

3.0

Normal Hypo Dosage Double Hypo Dosage Half Hypo Dosage

Figure 4.18: Interval plot of CNF tensile with varied NaOCI concentration
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4.7.2 Discussion of the results of varied NaOCI concentration

The results showed that when NaOCI concentration was halved or doubled the multiple
comparisons intervals overlapped (Figure 4.17) which meant that there was no
significant difference between the tensile strengths based on the difference in
Hypochlorite concentrations (Dai et al,. 2014; Rodriguez-Castellanos et al. 2015). The
overall multiple comparison p-value was found to be 0.123 which is greater than 0.05.
This also confirmed that there was no statistical significant difference between the
standard deviations of the means of all concentrations of hypochlorite (Figure 4.18).
Therefore the Null Hypothesis was accepted which stated that “all means are
statistically equal” and the Alternate Hypothesis were rejected. Plots of probabilities of
hypochlorite means are attached in Appendix (Figures B.18 to B.23). Different sodium
hypochlorite concentrations did not yield any noticeable increase or decrease in tensile
strengths of the CNF material. It was observed (Figure 4.18) that the doubled sodium
hypochlorite concentration slightly reduced the tensile strength of the CNF material. The
result suggested that the doubled sodium hypochlorite concentration had aggressive
oxidation action on CNF and most of nanofibrils were dissolved into gel as shown by the
SEM image (Figure 4.19). The presence of nanofibrils (Figure 4.20) seemed to perform
interlock function between the nanoparticles and hence assist in strength improvement.
This was observed when the microfibrils were partially oxidised as was the case with
halved NaBr catalyst (Figure 4.24) (Dai et al,. 2014; Rodriguez-Castellanos et al. 2015).
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Figure 4.19: SEM image of CNF Figure 4.20: SEM image of CNF
produced from doubled NaOCI. produced from halved NaOCI

4.7.3 Discussion of the results of varied NaBr concentration

Results obtained after varying NaBr concentrations are shown in Figures 4.21 and
4.22. There was no overlap of multiple intervals between normal and halved
concentrations of bromide (Figure 4.21) i.e. the corresponding standard deviations was
significantly different. Therefore there was significant difference between the tensile
strengths of the normal bromide and halved bromide tensile strengths. The pooled
multiple comparison p-value of the CNF means was found to be 0.029, which was
smaller than a of 0.05. That meant that there was at least one mean that was statistical
different from the means of CNF tensile strengths produced from different concentration
of NaBr (Figure 4.21). From the interval plot (Figure 4.22) it was observed that there
was no overlap between the standard deviations of the means of halved NaBr and
doubled NaBr. From these results the Null Hypothesis was rejected and the Alternate
Hypothesis accepted that “At least one mean was statistically different”. Plots of
probabilities of NaBr means are attached in Appendix (Figures B.1 to B.8). The rate of
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cellulose oxidation process appeared to be driven by both the concentration of NaOCI
(oxidant) and NaBr (co-catalyst) (Rodriguez-Castellanos et al. 2015). The
disappearance of fibrils and the formation of CNF gel were observed with doubled
concentration of NaOCI| and doubled concentration of NaBr (Figures B.11 and B.31).
The presence of nanofibrils was still visible with halved concentrations of NaOCI| and
NaBr. However it was also observed that the presence of nanofibrils was more
prominent with halved NaOCI than in NaBr (Figures 4.19 and 4.24). This provided some
explanation why the doubled concentration had lower tensile strengths (the absence of
fibrils) than the halved concentrations.

Test for Equal Variances: Normal Bromi, Double Bromi, Half Bromide
Multiple comparison intervals for the standard deviation, a = 0.05

Multiple Comparisons
P-Value 0.019

Normal Bromide Dosage |—| Levene's Test

P-Value 0.044

Double Bromide Dosage |—|

Half Bromide Dosage I |

Figure 4.21: Comparison of CNF tensile strengths with varied NaBr

61



Interval Plot of Normal Bromi, Double Bromi, ...
95% CI for the Mean

wawa

Sample means

Normal Bromide Dosage Double Bromide Dosage Half Bromide Dosage

Figure 4.22: The interval plot of CNF tensile strengths with varied NaBr

concentration.
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Figure 4.23: SEM image of CNF produced  Figure 4.24: SEM image of CNF produced

from doubled NaBr concentration from halved NaBr concentration
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4.7.4: Electrical resistance tests of oxidized CNF and rGO paper

The images of the control CNC paper (oven dried TEMPO-oxidised E.grandis pulp) and
the conductive CNC/Cu®*/rGO]n paper (oven dried TEMPO-oxidised E.grandis pulp)
treated with reduced graphene oxide) are shown on Figures 4.25 and 4.26 respectively.

Figure 4.25: Dried sheet of Figure 4.26: Dried sheet of
TEMPO-oxidised CNF TEMPO-oxidised CNF treated with
rGO

It was observed that the colour of the CNC/Cu®*/rGO]n paper was somewhat greyish-
to-black as a result of the colour of Graphene Oxide and hydro-iodic acid (greyish to
black liquids). Both the control paper strips and the [CNF/Cu®*/rGO]n paper strips (test
samples) were tested for electrical resistance using the Multimeter. Three paper strips
with dimensions of 4 mm width and 20 mm in length were cut from each sample and
tested for resistance. The results of the resistance measurements of the control sample
are on Table 4.2. From these results it was observed that the untreated paper strip had
very high resistivity. The results of the resistivity measurements of CNF/Cu®*/rGO]n

(reduced Grapheme Oxide treated paper) are on Table 4.3.
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Table 4.2: Electrical resistance measurements of the TEMPO-oxidised paper

Control Resistivity/ | Strip width | Strip length | Remarks
sample (MQ) (m) (m)

Replical Infinity 0.004 0.005 Very large
Replica 2 Infinity 0.004 0.010 Very large
Replica 3 Infinity 0.004 0.015 Very large

Table 4.3: Electrical resistance measurements of CNF/Cu®*/rGO]n paper

Strip Strip Strip Strip L .
Control | Average R/ width/ | height/ | length/| area/ Resistivity Condug}w!}y
sample MQ 2 (p) Q.m 1lp/ (Q"m™)
m m m m
1.1 0.004 | 0.0001 | 0.005 | 4x10~ 88 0.011
2 1.2 0.004 | 0.0001 | 0.01 | 4x10” 48 0.021
1.5 0.004 | 0.0001 | 0.015 | 4x10” 40 0.025

When the paper was coated with reduced Graphene Oxide, the resistivity was reduced.

The resistivity results were used to calculate the electrical conductance of the CNF

paper. The calculated resistivity and conductivity were in agreement with the equation

2.3 in sections 2.3 (The resistivity was inversely proportional to the strip length). The

conductance was calculated from equation 2.4.

The resistance R is proportional to the length L of the conductor for a fixed area.

Resistivity p is the property of material that causes resistance to the flow of current.

Because the dimensional parameters of a semi-conductor (paper strip) were known

then the conductivity ¢ was calculated from resistivity. It was impossible to repeat the

experiment because there was not sufficient graphene oxide available.
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The graph below (Figure 4.27) shows the relationship that was observed between the
resistivity and conductivity of the semi-conductive strip of paper with increasing length.

From the graph it was demonstrated that when the length of the strip of paper was
extended, the conductivity also increased in line with the equation R = p%. as

discussed on the previous section.
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Figure 4.27: GraphS of the resistivity against strip length
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions

The morphological fibre widths of the starting and mechanically refined E.grandis pulp
were determine by TECHPAP Morfi MWT instrument. The average unrefined pulp had
cell wall widths of 3.18 microns. The average cell widths of the refined fibres were 3.07
microns. The SEM images also show the condition of the fibres before and after
mechanical treatment. The SEM and TEM images of the TEMPO-oxidized pulp showed
that the eucalyptus grandis pulp was successfully synthesised to cellulose nanofibre
(CNF) under the conditions of the experiment. From SEM images, it was observed that
on drying, the CNF repolymerised into a nanogel. When the TEM images were
investigated it was observed that microfibrilated cellulose (MFC) was reduced to CNF
with the dimensions ranging from 1.4 nm to 594 nm (nanoscale).

The FTIR spectra revealed that the TEMPO/NaBr/NaOCI oxidation did not go beyond
aldehyde stage. The new absorbance peak that was developed at wavenumber 1720 to
1740 cm™ was not present on the spectrum of the un-oxidised pulp. This new peak was
a characteristic of the carbonyl stretch of the aldehyde functional group. Although the
pH was decreasing during the oxidation of primary of alcohol, this was caused by the
generation of the hydrochloric acid from the NaOCI and the removal of the hydrogen ion
from the alcohol functional group of the carbohydrate. This peak also confirms that the
TEMPO targets the terminal primary alcohols. When the NaOCI concentration was
halved a decrease of the carbonyl stretch peak was observed. When the NaOCI
concentration was doubled an increase of the carbonyl stretch peak was observed.
When the concentration of NaBr co-catalyst was halved there was no change on the
carbonyl stretch peak observed. When the concentration of NaBr co-catalyst was

doubled a second peak developed at +/-1760 cm™ wavenumber that is suggested to be
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a carboxylic carbonyl stretch. It seems that the oxidation reaction of the alcohol of

cellulose to aldehydes is also driven by the concentration of NaOCI.

The Standard Laboratory Hounsfield Tensile Tester for measuring the strength of paper
samples was used to measure the tensile strength of the oxidized and dried paper strips
prepared at different concentrations of NaOCI and NaBr. The results of the doubled and
halved sodium hypochlorite did not show any significant difference in tensile strength at
95% confidence limit. The results of the halved sodium bromide showed significant
higher tensile strength for the halved bromide concentration than doubled sodium
bromide. The higher strength of the halved sodium bromide could be attributed to the
partial oxidation of MFC, which lead to overlapping and crosslinking during the
formation of a paper. The normal sodium bromide tensile strength was not significantly
different from halved bromide strength. When formulating for stronger CNF paper

consider partial oxidation of the cellulose pulp.

Two sets of translucent paper films were prepared from the washed and dried
nanocellulose gel. Three control paper films of different lengths were not coated with the
reduced graphene oxide solution. The other three paper films were coated with
graphene oxide and the graphene oxide was reduced with iodide ions to make it more
negative. The reason to prepare few strips of paper was a constraint caused by the
little quantity of graphene oxide that was available. The yellowish translucent film is an
image of the untreated film. The greyish dark film is graphene oxide treated film. The
multimeter was used to measure the resistance of the films. The results of the control
paper showed that the untreated paper had a very high electrical resistance which is
characteristics of wood. The meter gave the resistance reading to the infinity. The
results of the graphene coated paper showed that the high electrical resistance of paper
had been reduced to at least semi-conductor level. The resistivity of untreated pulp was
very large and the conductivity could not be calculated. The resistivity of the coated
paper was converted using a formula and found to be 2.27 X 10* m™ 2.08 X 10* m™
and 1.67 X 10*Q™*.m™ depending on the length of the strip which is in line with the fact
that says; conductivity is inversely proportional to length and directly proportional to

area.
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In conclusion the objectives of the Research Project were met and the positive results
were achieved. It is hoped that this fundamental work in the area of electrical conductive
polymers reinforces and adds some valuable information to a much already explored

research area.

5.2 Recommendations

Based on this project the following recommendations are made:

» The project should explore other oxidizing agents such as Hydrogen peroxide,
Ozone, Chlorine dioxide, Etc. and optimised

» More other organic materials should be explored

\4

The current challenge of scaling up the production of the CNC should be tackled
» The application area of the nanocellulose products should be investigated to
make use of the opportunity of the abundance of trees provided by Mother

Nature.
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Appendix

Appendix A: Tables

Table A.1: Percentage distribution of cellulose MWTof the unrefined pulp

Classes [um] Frequency Distribution [%)]
3.09-3.11 3 20
3.12-3.14 3 20
3.15-3.17 0 0
3.18-3.20 2 13.33
3.21-3.23 5 33.33
3.24-3.26 2 13.33

Table A.2: Percentage distribution of cellulose MWTof the refined pulp

Classes [um] Frequency Distribution [%]
3.00-3.02 3 20
3.03-3.05 1 6.7
3.06-3.08 4 26.7
3.09-3.11 6 40
3.12-3.14 1 6.7
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Table A.3: MWT data of the unrefined E.grandis pulp

Tests samples MWT results | Results Difference  of | Square of the
differences

(micron) mean results & mean
1

3.09 3.18 -0.08 0.007097
2

3.09 3.18 -0.08 0.0066584
3

3.09 3.18 -0.08 0.0067269
4

3.21 3.18 0.04 0.0014039
5

3.21 3.18 0.04 0.0014204
6

3.21 3.18 0.03 0.0011523
7

3.21 3.18 0.03 0.0010869
8

3.20 3.18 0.03 0.000801
9

3.18 3.18 0.00 3.527E-06
10

3.25 3.18 0.07 0.0047231
11

3.24 3.18 0.07 0.0042345
12

3.23 3.18 0.06 0.0034378
13

3.14 3.18 -0.04 0.0012377
14

3.14 3.18 -0.03 0.00106
15

3.13 3.18 -0.05 0.0024091
Average 3.18
Range 0.16
Variance 0.0029
Standard deviation | 0.054
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Table A.4: MWT data of the refined E.grandis pulp

Tests samples MWT results | Results Difference  of | Square of the
differences
(micron) mean results & mean

1

3.08 3.07 0.01 0.0001215
’ 3.09 3.07 0.02 0.0004128
° 3.09 3.07 0.02 0.0002621
) 3.09 3.07 0.02 0.0004099
° 3.08 3.07 0.01 0.00021
° 3.09 3.07 0.02 0.0002446
! 3.07 3.07 0.00 1.409E-09
° 3.03 3.07 -0.04 0.0014992
’ 3.06 3.07 -0.01 0.000137
w0 3.01 3.07 -0.06 0.0038365
H 3.00 3.07 -0.07 0.0044586
+ 3.02 3.07 -0.05 0.0028929
a 3.11 3.07 0.04 0.0014179
B 3.14 3.07 0.07 0.0055087
w 3.09 3.07 0.02 0.0005374
Average 3.07
Range 0.13
Variance 0.0015
Standard deviation | 0.038
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Table A.5: Tensile strength of the halved NaOCI concentration

Product Code: Temperature:
BatchNo:  CNF 54 Humidity:
Product Type:  Handsheets (age Length:
Operator.  Ronnie Grammage:
Test Speed:
MD / CD
Wet/ Dry

Width ~ Thickness Area  Tensile Strength  Stretch at Break TEA

mm i mm? kN/m % Jim?

150 NJF NJF 509 1.02 259

150 NIF NJF 505 1.21 273

150 NIF NJF 455 073 154

150 NIF NIF 416 0.60 n7

150 NIF NIF 425 1.08 26.1

150 NIF NJF M 057 8.60

150 NJF NJF 536 0.7 216

150 N/ NJF 482 072 182

150 NIF NIF 381 0.66 112

150 NJF NIF 5.90 0.90 253

Average 150 NIA N/A 483 083 192

D 0 NIA N/A 077 021 104

Maximum 150 N/A N/A 5.90 1.21 2713

Minimuny 150 NIA N/A M 057 8.60

Range 0 NIA N/A 256 064 187

Median 150 N/A N/A 468 0.80

76

90.0 mm

NIF

10.0 mm/min
N/A

Dry



Table A.6: Tensile strength of the doubled NaOCI concentration

Sile strength of

Product Code: Temperature:
Batch No:  CNF 55 Humidity:
Product Type:  Handsheets (age Length:
Operator.  Ronnie Grammage
Test Speed:
MD / CD:
Wet / Dry

Width Thickness ~ Area Tensile Strength  Stretch at Break TEA

mm mm mm? kN/m % Jim?

150 NIF NIF 552 0.70 19.7

150 N/F NIF 8.09 0.95 366

150 N/F NIF 378 047 8.02

150 N/F NIF 192 0.4 116

150 N/F NIF 285 046 369

150 NIF NIF 563 0.69 176

150 NI NIF 290 0.50 6.97

150 NIF NIF 4 046 513

150 NIF NIF 199 094 118

150 NIF NIF 411 0.68 521

Average 150 NiA N/A 402 0.68 130

SO 0 NIA N/A 191 0.20 972

Maximum 150 NIA N/A 8.09 0.95 366

Minimum 150 NiA N/A 192 046 369

Range 0 N/A N/A 6.17 049 29

Median 150 NIA N/A 360 0.69

7l

90.0 mm

NIF

10.0 mm/min
N/A

Dry



Table A.7: Tensile strength of normal NaOCI concentration

Product Code: Temperature:
Batch No:  JNCNF Humidity:
Product Type:  CNF S6 (age Length:
Operator:  Refilwe Grammage:
Test Speed:
MD / CD:
Wet / Dry:

Width  Thickness Area  Tensile Strength  Stretch at Break TEA

mm mm mm* kN/m % Jin?

150 NIF NIF 440 0.76 141

150 NIF NIF 320 057 141

150 NJF NIF 5.08 076 149

150 NIF NIF 4.13 059 103

150 NIF NIF 413 075 137

150 NIF NIF 474 078 169

150 NIF NIF 425 075 144

150 NIF NIF 482 068 145

150 NIF NIF 595 0.17 19.2

150 NIF NIF 3T 0.69 115

Average 150 NIA NIA 445 071 137

sD 0 NIA NIA 0.76 0.07 3

Maximum 150 NIA /A 59 078 192

Minimum 150 NIA NIA 320 057 741

Range 0 NIA /A 275 021 118

Median 150 NIA /A 432 0.75

78

90.0 mm

N/F

10.0 mm/min
N/A

Dry



Table A.8: Tensile strength of the doubled NaBr concentration

Froduct Code: lemperature:
Batch No:  Sample! Humidity:
Product Type:  Hsheets Gage Length:
Operator:  Ronnie Grammage:
Test Speed:
MD / CD:
Wet / Dry:

Width  Thickness Area  Tensile Strength  Siretch at Break TEA

mm mm mm?* kN/m % Jim?

15.0 NIF NIF 338 0.76 1.3

15.0 NIF NIF LN 0.78 144

15.0 NIF NIF 458 0.93 20

15.0 NIF NIF 345 052 822

15.0 NIF NIF 379 0.59 832

15.0 NIF NIF 346 0.50 775

15.0 NIF NIF 0.63 0.29 0.8M

15.0 NIF NIF 192 0.45 307

15.0 NIF NIF 1.32 0.4 172

Average 15.0 A N, 292 057 873

sD 0 NA NI 1.1 0.21 6.69

Maximum 15.0 A N, 458 093 220

Minimum 15.0 A N, 0.63 0.29 0.8M

Range 0 NJA NIA 304 0.64 A1

Median 15.0 A N, 345 052

79

90.0 mm
N/F

10.0 mm/min
N/A

Ory



Table A.9: Tensile strength of the halved NaBr concentration

Product Code: Temperature:
BatchNo:  Sample2 Humidity:
Product Type:  Hsheets Gage Length:
Operator:  Ronnie Grammage:
Test Speed:
MD / CD:
Wet/ Dry:

Width ~ Thickness Area  Tensile Strength  Stretch at Break TEA

mm mm mm* kMN/m % Jim?

150 NiF NIF 797 1.01 410

150 NIF NIF 9.77 121 645

150 NiF NIF 722 0.92 s

150 NIF NIF 792 1.01 420

150 NiF NIF 100 1.25 66.0

150 NiF NIF 6.47 0.76 236

150 NIF NIF 849 0.94 393

150 NiF NIF 475 0.89 208

150 NIF NIF 281 0.77 728

150 NiF NIF 265 0.70 7.76

Average 150 NIA N/A 6.51 0.95 M6

SD 0 N/A N/A 263 0.18 209

Maximum 150 NIA N/A 100 1.25 66.0

Minimum 150 N/A NIA 265 0.70 728

Range 0 NIA N/A 7.38 (.55 608

Median 150 NIA N/A 757 0.93

80

90.0 mm
N/F

10.0 mm/min
N/A

Dry



Table A.10:

Tensile strength of normal NaBr concentration

Product Code: Temperature:
Batch No:  JNCNF Humidity:
Product Type:  CNF 56 (age Length:
Operator.  Refilwe Grammage:
Test Speed:
MD / CD:
Wet/ Dry:

Width  Thickness Area  Tensile Strength  Stretch at Break TEA

mm mm mm? kN/m % Jim?

150 NIF NIF 440 076 141

150 NIF NIF 30 057 741

150 NIF NIF 5.08 076 149

150 NIF NIF 418 059 108

150 NIF NIF 413 075 137

150 NIF NIF 474 078 16.9

150 NIF NIF 4.25 0.75 144

150 NIF NIF 482 068 145

150 NIF NIF 5.95 0.7 192

150 N NIF 371 069 15

Average 150 NIA N/A 445 0.1 137

sD 0 NA NI 076 007 377

Maximum 150 NA  NA 5.95 078 192

Minimum 150 NIA N/ 320 0.57 T4

Range 0 NA NI 275 021 118

Median 150 NIA N/A 432 0.75

81

90.0 mm

NIF

10.0 mm/min
N/A

Dry



Appendix B: Figures
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Figure B.1: FTIR Spectra of normal NaBr concentration
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Figure B.2: FTIR Spectra of normal NaBr concentration
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Figure B.5: FTIR of doubled NaBr concentration
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Figure B.6: FTIR of doubled NaBr concentration
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Figure B.7: FTIR Spectra of halved NaBr concentration:
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Figure B.8: FTIR Spectra of halved NaBr concentration
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Figure B.9: FTIR Spectra of halved NaBr concentration
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Figure B.10: FTIR of doubled NaOCI concentration
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Figure B.11: FTIR of doubled NaOCI concentration

88



Absorbance Units

0.02

0.04 0.05

0.03

0.01

0.00

——3818.73
——3731.%5

o~
132
<
o
I
132}

2892.55

~— 1599.00

O~ 4000 ®© 0 R
BSHITANS ®
Sowoagway
SRMASBI LN
SRk i b= i=E=]
ERERERER R ]

o 1202.48

796.45

658.94

599.07

555.46

518.84

458.55

432.96

42329

408.39

2500

Wavenumber cm-1

C:\Program Files\OPUS_65\MEAS\CNF-2xH Sample 5 3 of 10.0

CNF-2xH Sample &

ATR platinum Diamond 1 Refl

21/01/2016

Figure B.12: FTIR of doubled NaOCI concentration

89



geser —
8r1es —.
U185 —
99885

E€r'e99 —

9C'vS6T ———
¥0'600C ——

8SYITC ——

99'6v8¢ ———
€0°9T6C ——

E'62Ee ——

I I I I I I I I
¥1°0 ¢T'0 0T'0 800 900 ¥00 ¢00 000
SHUM 99URGIOSqY

500

1000

1500

2000

2500

3000

3500

Wavenumber cm-1

21/01/2016

CNF-1/2H Sample 4 2 of 10

C:\Program Files\OPUS_65\MEAS\.140

o oL

#EER

slun 9ouegIosqy

vest — g
15025 = s :
16955 - g g
15685 = -
65799 S :
S o
(@] ;
— wees i
© 02°620T — - 3
] gesor - — 8
c 00T —
8665TT .
% A —
o= TCYIEr
o 86'895T ——
AT
- L8
O 3
m LT09T
a N,
Pz
Y— )
VE'9G6T )
o 269867 — Y
o) g A— g ¢
()] 88'€0TC :
> [ard) rA— .m
c 2
e M
o
© 8% | ¢
g p
Mw S
o
0p] 96682 ; .
9 3
= 8 4
mn Y,
\\\
.. i )
B voveee —— { 3
) o 2
w
m s :
= e g
S M ,M,,
[ | °
! -
I I I T T T i W
¢T’0 O0T0 800 900 +¥00 <¢00 000 M

Figure B.14: FTIR Spectra of halved of NaOCI concentration
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Figure B.17: Minitab Statistical Test One-Way ANOVA
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Figure B.18: Normality test for doubled NaOCI concentration
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Figure B.19: Normality test for normal NaOCI concentration
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Figure B.20: Normality test for halved NaOCI concentration
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Figure B.21: Normality test for normal NaBr concentration
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Figure B.22: Normality test for doubled NaBr concentration
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Figure B.23: Normality test for halved NaBr concentration
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Figure B.24: SEM image of doubled NaOCI resolution 820x

SEM image of doubled NaOCI resolution 320x
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Figure B
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Figure B.26: SEM image of halved NaOCI resolution 820x
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Figure B.28: SEM image of doubled NaBr resolution 790x

Figure B.29: SEM image of doubled NaBr resolution 300x
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Figure B.31: SEM image of halved NaBr resolution 295x
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