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Abstract

The inherent hydrophilic characteristics of cellulose wood fibre compromise the dielectric
properties of kraft paper insulation that is used mainly in oil-insulated power transformers.
This thesis, therefore, presents a novel material design model of nanocomposite kraft paper
with improved hydrophobic properties for power transformer insulation applications. The
concept of nanodielectric kraft paper design was used. Rutile-titanium dioxide nanoparticles
(rutile-TiO2 NPs) were selected as the nanofiller. Compared with other metal-oxides, rutile-
TiO2 NPs are stable in chemical reactions, have good thermal stability and also have high
electrical resistivity. Rutile-TiO, of 19.72 nm diameter were fabricated using the sol-gel
method and then used in reinforcing the kraft paper to produce a nanocomposite kraft paper
with improved dielectric properties. Since the nanoparticles are inherently hydrophilic, and
the intention is to produce a hydrophilic nanocomposite kraft paper, a technique was devised
to make the NPs hydrophobic. The rutile-TiO> NPs were surface conditioned with two
alternative surfactants; Alkyl ketene dimer (AKD) and alkenyl succinic anhydride (ASA).
Various quantities of the two surfactants were investigated to determine the optimal amount.
The resultant surface-modified rutile-TiO> NPs were studied to understand their
hydrophilicity and thermal stability properties. It was found that the unmodified rutile-TiO;
NPs absorbed more moisture, compared with the surface-modified nanofiller, the mass
increased by about 4% due to moisture absorption. The surface-modified rutile-TiO2 NPs
with 5% AKD had 45% more thermal resilience than the unmodified rutile-TiO2 NPs surface
and this is a significant knowledge contribution of this thesis. Using an unbleached kraft
pulp, nanocomposite kraft paper specimens were fabricated with nanoparticles having
varying surfactant loading. The specimens were then characterized to reveal various critical
properties such as hydrophobicity, thermal, dielectric losses and dielectric strength. The
version of the nanocomposite kraft paper that gave the most improved water and moisture
absorption properties was that with 5vol/vol% ASA surface-modified NPs. The moisture
absorption rate dropped by 74% compared to the unfilled kraft paper, and the water vapor
transmission rate decreased by 30%. The contact angle of water droplets improved by 12%,
and water absorption rate improved by being 4 times slower. The dielectric loss
measurements showed that the nanocomposite kraft paper containing rutile-TiO2 NPs (5
vol/vol% ASA) also had 40% lower dielectric losses than the reference (unfilled) samples.
The breakdown voltage of the nanocomposite kraft paper increased by about 15% while
thermal withstand was improved by 5.4%. This research, therefore, has successfully
improved the hydrophobic properties of kraft paper by filling it with surface-modified rutile-
TiO2 NP. It can be argued from the results that for power transformer application, the novel
nanocomposite kraft paper developed in this thesis will improve power transformer
insulation reliability design by mitigating the main agents of insulation degradation which
are water and thermal stress.
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Chapter 1: Introduction

In power systems, a power transformer is a critical equiptment. It is critical in voltage
transformation; used at the point of transmission, the sub-transmission station, and the
distribution end for consumer application [1], [2]. The power transformer comprises
components such as the current carrying conductor, insulation system (solid and liquid),
magnetic system, cooling system, bushings, tap changer and the tank [3]. The work of this
thesis focuses on the power transformer's solid dielectric (kraft paper winding insulation),

which is a critical component of the insulation system.

1.1 The Background

Historically, it is nearly impossible to single out the period when cellulose wood fibre was
discovered as raw material for kraft paper. However, it is known that kraft paper was the
insulating material in capacitors and cables before introducing it as winding insulation in
power transformers [4]. Kraft paper and pressboard are the two major solid dielectrics in
power transformers. The transformer winding insulation around the conductor is the kraft
paper which confines the alternating current in the desired path [5]. The pressboard is
insulation material placed between the low and high voltage winding to provide high
mechanical strength, stability and further insulation around the windings [6]. In a power
transformer, the combination of liquid and solid insulation began around the 1930s [4]; the
liquid dielectric (oil) in the transformer provides improved dielectric strength between the
windings; by filling the pores of the void within the kraft paper winding insulation and the
presshboard. The oil also serves as a heat-dissipating medium in the power transformer
cooling system [4], [5], [7], [8]. Figure 1.1 of page 2 shows a cut-out view of a power

transformer with winding insulation, pressboard and oil insulation space.
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Figure 1.1: A cut-out view of power transformer.

Each component that makes up the power transformer contributes to its reliability.
Therefore, abnormality or fault on any of these components threatens the reliability of the
power transformer [9], [10]. Insulation degradation, defective insulation and short circuit are
the common causes of transformer failure [5]. Dielectric breakdown in power transformers
is a common cause of power transformer failures compared to others as depicted in Figure
1.2 (page 3). The conditions resulting in dielectric insulation failure are most concerned with
solid insulation and this include moisture ingress, oxidation, pyrolysis and hydrolysis.
Consequently, failure due to solid insulation (kraft paper) is more frequent in insulation
breakdown [8]-[19].
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Figure 1.2: Causes of transformer failure [9].

Over the years, the efforts to improve kraft paper technology to produce quality and reliable
insulation have been a consistent research focus. Around the 1950s t01960s [4], synthetic
fibres through chemical and physical methods were used for the first time to improve the
thermal property of the dielectric insulation. Cyanide ethylation and Amine compounds are
chemicals often used to improve the thermal withstand of electrical grade unbleached kraft
paper insulation. The modified papers are referred to as the thermally upgraded oil-
impregnated paper insulation. This reduces the effect of pyrolysis on the kraft paper
insulation by replacing the hydroxyl group with a stable functional group having enduring
thermal withstand [4], [20].

It is notable that among insulation technological development, the application of
nanoscience and nanotechnology to improve dielectric properties of cellulose kraft paper for
power transformer application is one of the most progressive achievements in recent times
[7]. The performance limitation exhibited by the conventional raw materials triggered the
quest for this alternative technology. In the area of kraft paper insulation, nanotechnology

has presented potential for better insulation properties and performance compared with kraft



paper made purely from traditional raw material. The electrical, thermal and mechanical
properties of kraft paper modified with nanoparticles (NPs) can be greatly improved [7].

The synthetic fibres and kraft paper modified with nanoparticles have changed the old
narratives of kraft paper technology for power transformer application. However, the toxic
byproduct associated with thermally upgraded kraft paper and the hydrophilic nature of the
cellulosic fibre (kraft paper insulation) and nanocomposite kraft paper insulation is a
significant challenge to the improvements recorded so far [20]-[22]. Reseach for solutions
to the setback associated with nanocomposite kraft paper insulation is the main focus of this

thesis.

1.2 Problem Statement

Recent efforts in using nanotechnology on kraft paper insulation have availed a new method
for improving the properties of kraft paper insulation. Nano-metal oxides such as ZnO, SiO»,
MgO and TiO> nanoparticles have been reinforced in kraft paper to enhance their dielectric
properties. Also, it is on record that modifying cellulose paper with sizing chemicals
(Alkenyl Succinic Anhydride (ASA) and Alkyl Ketene Dimer (AKD)) or nanoparticles with
AKD increases the resistance of the material to water absorption. Sizing agents are water
resistive chemicals that reduce the surface energy of a material [7], [20]. However, a
significant knowledge gap exists on the hydrophilicity of the modified kraft paper. Kraft
paper being cellulosic material is inherently hygroscopic [23]-[26] and the surface oxygen
vacancies associated with metal oxides NPs (nanofiller) acts as active sites in the dissociative
absorption of water [27]-[30].

Water/moisture in kraft paper speeds up its structural decomposition. Consequencies
include; increased dielectric loss (loss factor) due to absorbed moisture, increased
susceptibility to partial discharge degradation, and loss of thermal and mechanical
properties. In power transformers, the degraded kraft paper eventually results in complete
failure of the equipment [20], [31], [32]. So far there are no significant attempts that have

been made to address the hydrophilic limitation of nanocomposite kraft paper successfully.



Therefore, this thesis sought for possibilities of nanocomposite kraft paper material designed
for improved hydrophobicity.

1.3 The Research Questions

1. To what extent can the hydrophilicity of nanocomposite kraft paper be improved?
2. To what extent does the modification influence other important dielectric properties
of the modified kraft paper?

1.4 The Research Objectives

The following milestones characterized the work of this thesis;

1. Rutile-TiO2 NPs were synthesized and surface-modified with AKD in one case and
ASA in another case. The surface modification was to achieve rutile-TiO2 NPs with
improved resistance to water absorption.

2. The nanoparticle characterization, moisture absorption and thermal examination
were conducted to investigate the properties of the synthesized and the modified
nanoparticles.

3. Fabricate the nanocomposite kraft paper insulation material. The cellulose pulp was
reinforced with the surface-modified and unmodified rutile-TiO> NPs. For the
control test (reference sample), kraft paper specimen without nanoparticles filler
were also prepared.

4. The fabricated kraft paper insulation specimens were characterized. The breakdown
strength, thermal stability and mechanical property were investigated. The
hydrophilic properties of the fabricated kraft paper were tested and effect of absorbed

moisture on the dielectric dissipation factor was studied.

1.5 The Research Road Map

The research work was conducted in collaboration with the following disciplines at the
University of the Witwatersrand, Johannesburg: Molecular Science Institute (School of
Chemistry), Microscopy and Microanalysis Unit (MMU), School of Chemical and

Metallurgical Engineering and School of Electrical and Information Engineering. The



nanocomposite kraft paper and the control specimens were manufactured at the Sappi™

Technology Centre (Innovation Hub, Pretoria). Figure 1.3 depicts the road map of the

research methodology. The research work was in three major stages;

First stage was the synthesis and surface modification of the rutile-TiO:
nanoparticles. This was done in the molecular science institute laboratory at the
Wits University School of Chemistry. The samples were then characterized in
the Microscopy and Microanalysis Unit (MMU) as well as at the School of
Chemical and Metallurgical Engineering.

The second stage was the fabrication of the unbleached kraft paper with and
without the surface-modified rutile-TiO> nanoparticles, followed by
characterization. These were done at the Sappi™ Technology Centre laboratory
(Innovation Hub, Pretoria).

Then the moisture absorption characteristics, thermal property and electrical
breakdown voltage test were investigated. This was done in the School of
Chemical and Metallurgical Engineering and Electrical High Voltage laboratory.
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1.6 Thesis Structure

Chapter 2 reviews the kraft paper technology and structural characteristics of cellulose fibre
used for power transformer insulation. The chapter highlights the hydrophilic nature of
cellulose and its effect on the dielectric properties of the kraft paper. It also discussed how

moisture is found in power transformers and how it accelerates insulation degradation.

Chapter 3 discusses nanocomposite kraft paper technology. It reviews the application of
nanoparticles in kraft paper insulation and the shortfalls associated with the modification.
The chapter also presents different nanofillers used for kraft paper insulation and discussed

in detail the titanium dioxide nanoparticles as superior nanofiller compared with others.

Chapter 4, discusses various methods of synthesizing rutile-TiO2 NPs. The synthesis and
surface modification of rutile-TiO, NPs is then presented. Also, chemicals used to
hydrophobize the nanoparticles are highlighted, including the procedure for the surface
modification of the rutile-TiO2 NPs. The chapter also presented the characterization of the

nanoparticles and tests the samples against moisture absorption and thermal stability.

Chapter 5 presents the fabrication of the kraft paper insulation and the fibre characterization.
The nanofiller retention and dispersion of the fabricated nanocomposite kraft paper are
presented. The mechanical and thermal properties of the fabricated kraft paper are measured.

Also investigated are the moisture absorption characteristics of the fabricated kraft paper.

Chapter 6 of the report presents the impact of moisture on the dielectric dissipation factor of

the kraft paper and also studies the electrical breakdown strength.

Chapter 7 concludes the thesis. The new knowledge contribution and limitation are

presented.



Chapter 2: Kraft Paper Insulation Technology; a

Critical Review

2.1 Introduction

Paper science and engineering technology provide the fundamental knowledge and
understanding to design and fabricate paper for different applications. However, there is still
a knowledge deficit in improving the paper's insulation reliability properties for power
transformer applications. This chapter presents the kraft paper technology and associated

challenges in water absorption.

2.2 Kraft Paper Raw Material

All varieties of vegetable fibres can make different grades of paper [33]. However, the most
commonly used cellulose fibres are wood from trees, cotton or grass [34]. Unique purpose
papers, kraft paper, tissues, newsprint and corrugated boards are produced using pure,
synthetic, or recycled fibres [33]. For power transformer applications, the cellulose wood
fibres from trees are commonly used [35], [36]. Wood fibres from trees are the most
abundant raw material for cellulose [4]. They are renewable and biodegradable, and this
makes wood fibre a sustainable raw material in a society that advocates for environmentally
friendly products. Cellulose from wood fibres is a good component for composite materials.
The wood fibres are either softwood or hardwood [4], [33]-[35], [37]. Compared to
hardwood fibres, softwood has longer and stronger fibres. Hardwood fibres are bleached and
used for smooth printing [38]. The softwood unbleached kraft pulp is used for oil-

impregnated paper insulation due to its strong fibre-fibre bond [39].

2.3 Overview of Kraft Paper Insulation

Kraft paper is the insulation used for power transformer winding. The winding is wrapped
with kraft paper and impregnated in transformer oil, usually mineral or organic oil such as
ester [5], [40]. The softwood varieties used for oil-impregnated paper consists of 33-45%
cellulose, 22-35% hemicellulose, 27-35 lignin, and 2-3.5% extractives [41], [42]. Through



“sulphate” or “kraft pulping”, the cellulose is refined from the softwood. The process
removes the hemicellulose and lignin. After pulping, the unbleached skraft pulp will contain
78-80% cellulose with a small percentage of hemicelluloses and lignin; this improves the
mechanical property of the insulation paper [8], [42], [43].

Cellulose molecules contain glucose rings connected in a peculiar format, as in Figure 2.1
[5]. It is represented as [CsH100s]n [36], where n stands for the degree of polymerization
(DP). The degree of molecular polymerization is simply the average number of glucose links
in the polymer chain. The DP of kraft paper ranges from 1100 to 2000; this implies cellulose
fibre comprises 1100 to 2000 glucose molecules [35].

CH,OH

OH H Glucose Molecule

Structure of Cellulose

CH.OH H OH

[0 OH H O

Figure 2.1: Glucose molecule and cellulose polymer [36].

In the structure, glucose (CsH1206) ring is joined by glycosidic oxygen (O- glycosidic), and
linked together via the hydroxyl groups (OH) to form a cellulose [6]. Hydrogen bonds are
formed between the OH of the CsH120s monomers within the cellulose. The hydrogen atoms
of the CeH1206 monomer and oxygen atoms of another C¢H120s monomer form the hydrogen
bond. Electrons are attracted to oxygen in these groups due to the high electron affinity of
oxygen [44], [45]. Since opposite polarities attract, O- and H* in the groups form a hydrogen
bond, as shown in Figures 2.2 and 2.3 of page 10, demonstrating the hydrogen bonding with
the fashion of the parallel arrangement of cellulose. The cellulose chains are linked through

a hydrogen bond, which contributes to the electrical and mechanical strength of the kraft



paper insulation [35]. The inherent characteristic of celluolosic material to moisture
absorption is presented in the following unit

[Hydrogen bond

Figure 2.2: Hydrogen bond formation [45].
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Figure 2.3: Demonstration of the hydrogen bonding that allows the parallel arrangement

of the cellulose polymer chains [45].
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2.4 Moisture Absorption in Paper Insulation

The factors that influence the ageing of kraft paper insulation were studied by Fofana et al.
[19]. In their experiment, they concluded that the ageing rate of oil-impregnated paper is
directly proportional to moisture content. Also, according to the studies done by Arekelian
and Fofana on the water in high voltage equipment [46], they realized that cellulose kraft
paper is the most water vulnerable insulation The experiments by Martin et al. [39] on
moisture absorption of kraft paper insulation revealed that when kraft paper is exposed to
atmospheric air, the surrounding moisture is absorbed; this accelerates the deterioration of
the kraft paper insulation. Sutan et al. [35] studied the effect of moisture on oil-impregnated
paper on 43 distribution transformers. Moisture was confirmed as a catalyst for the
degradation of kraft paper insulation. From Omicron™ [24] , Martin presented a dielectric
frequency analysis as a reliable method of assessing water content in an oil-impregnated
paper. it is concluded that water is dangerous to the solid insulation of the transformer, and

the mechanical properties are compromised when paper absorbs moisture.

Therefore, the life span of a power transformer is largely dependent on the amount of
moisture content in the insulation. The moisture content of solid insulation is between 0.5
and 1% (by dry weight) after factory drying [47]. As the transformer is used, moisture
content tends to increase over time and aslo migrate to the surface of the paper, as vapour,
as free water in the capillaries and as bound water to the kraft paper [35], [47], [48]. Several
factors facilitate moisture production within the insulation during the transformer's life and

these includes;

a) Left over moisture on the oil-impregnated paper after factory drying [47].

b) Water ingress from the atmosphere [5], [47].

c) Kiraft paper decomposition: small amounts of moisture are produced as a byproduct
of the decomposing cellulose. The hydroxide (OH) molecule is released when the
solid insulation (cellulose chain) heat stressed and electrically stressed. During the
transformer operation, the liquid insulation becomes hydrogen source (since most
insulting fluids are hydrocarbon-based). And water is formed in chemical reactions
involving oxygen and hydrogen [19], [35], [47]-[49].
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Therefore, water is usually found in the transformer due to the leftover moisture in the paper
(after drying), moisture ingress from the atmosphere and kraft paper decomposition. Water
solubility in transformer oil is usually low; therefore, water is more adsorbed by the oil-
impregnated paper (>>98% of the water). But as the temperature of the transformer
increases, the solubility of water in the liquid insulation is experienced [24], [49]-[52].

2.5 The Problem Associated with wet Kraft Paper Insulation

The nano-porous structure with exposed hydroxyl sites (adsorption sites) of cellulose makes
it a strong H2O-absorbing (hygroscopic) as in Figure 2.4. Water adsorption in cellulose paper
causes permanent deformation in its physical and chemical structure, which is identified as
hygroscopic growth and failure of mechanical tautness of the kraft paper. The exposed OH
site with a large dipole moment attracts water (polar molecules) through Coulomb force [25],
[26].

Water Molecule
/O\-—"A ________ ol
________ H oo {2\
P i =" §
Hq B OH \ P HO

Insulation Paper
(Cellulose fibre)

Figure 2.4: Attraction of water molecules to hydroxyl groups on the cellulose surface.

There are also several other degradation mechanisms that water cause in wet kraft paper
insulation. The dielectric withstand strength [24] is decreased, speeds up cellulose
decomposition [35], dielectric loss (loss factor) increased [19], partial discharge initiation
level is decreased [46], conductivity is increased and causes the emission of bubbles at high
temperatures [47], [49]. The thermal degradation of mechanical properties of the kraft paper
is increased with the existence of H>O in the kraft paper [46]. In the worst case, transformers

can breakdown due to extreme water in the insulation. As the paper's water content increases,
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the paper's ageing rate is accelerated [52], [53]. Moisture content diagnosis of power

transformer insulation is therefore imperative.

2.5.1 Moisture Content Diagnostic Methods in Kraft paper Insulation

Water content in a paper is a relation between the water mass and the insulation mass. The
typical range of water content in cellulose insulation is 0.5% under new conditions and 5%
under-aged conditions [47]. To determine water content in a power transformer, coulometric
Karl Fischer titration has been the popular method. This method now serves as a yardstick
(standard scale) for other approaches [47], [54]. Karl Fischer titration in chemistry is used
to identify a sample's water trace. It is a chemical method of water analysis using water
reaction in a reaction cell. It can measure very precisely how many water molecules react in
the cell. However, this method is described to be influenced by moisture interference and
temperature variation [47], [54]-[57].

Using temperature (T) and vapour pressure (B, ), the water content in a paper (WCP) using

Fessler equation is calculated thus using the equation 2.1 [58];

WCP = 2.173 x 1077 x P, %6685 x (4725677 (2.1)
Where,

WCP = water content in the paper,

P_(v) = vapor pressure of water in atmosphere and,

T = temperature in Kelvin.

The capacitive probe is an alternative method of measuring the water saturation in cellulose.
It is easy to use both online and on-site [59]. Water molecules cause the change of
capacitance measured in this process. The water molecules migrate into the capacitor's
dielectric, change the capacitance, and the moisture exchange can be measured [54], [60].
This method only gives moisture saturation but cannot provide moisture content. Using the
equilibrium is another method of measuring the water content but has been challenged on

the accuracy of measurement and moisture and temperature influence [54], [59], [60].
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Dielectric Response Method (DRM) is a method that uses the dielectric properties of the
insulation to examine the moisture content in a kraft paper. It is applicable for on-site
assessment of moisture content in power transformers. These dielectric properties include
recovery voltage, polarization and depolarization current, and Frequency Domain
Spectroscopy [47], [54]. Dielectric Response Analyzer (DIRANA) is a new and improved
DRM for moisture content study developed by Omicron™. DIRANA determines the water
content in kraft paper without the need for oil sampling. To measure water content using the
DIRANA, the measurement voltage is applied to the voltage winding. The main insulation
of the power transformer is situated between the high voltage (HV) and low voltage (LV)
windings and has a cylinder shape. The current flowing from HV to LV winding is measured
to measure the dielectric properties. The measurement is influenced by the cellulose and oil
conductivity and the interfacial polarization. The DIRANA combines Frequency Domain
Spectroscopy (FDS) and Polarization Depolarization Current (PDC) [24], [54], [61]. Since
the DIRANA does not requires oil samples, it was used to study the dielectric dissipation
factor of the developed nanocomposite kraft paper in this thesis.

2.6 Influence of Moisture on the Ageing and Degradation Mechanisms of Kraft Paper
Insulation in Power Transformers

When an insulation paper ages in a transformer, the polymeric chains that makes up the
cellulose breaks over time. The ageing mechanism of paper insulation in a power transformer
starts when hydrogen peroxide (H20>) is produced due to the interaction of metal cation
Cu*/Cu?* or Fe*/Fe?*, water, oxygen, and heat [6]. The H202 will decompose to create an
HO radical and accelerate oil and paper oxidation. The oxidation leads to the generation of
water and R-COOH acids. The R-COOH acids are of two types; the Higher Molecular
Weight Acid (HMA) and Lower Molecular Weight Acid (LMA). Dissociation of specific
acids such as LMA will generate H+ ions and accelerates the hydrolysis of the paper [6],
[62], [63].

The study on the degradation of oil-impregnated paper in power transformers has been on
for decades. The factors accelerating the degradation and ageing of paper insulation are

temperature, water and oxygen. These three factors are categorized into the following
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mechanisms: Hydrolysis, Oxidation and Pyrolysis as reviewed in the following sub-sections
[51, [36], [43], [63], [64].

Hydrolysis:

Hydrolysis is simply the accumulation of water in the transformer insulation. The source of
water and carboxylic acids (R-COOH) in a power transformer are traced to originate from
the atmosphere, ageing of kraft paper and oil [5], [65]. The presence of water breaks the
hydrogen bond and oxygen between the glucose rings, as in Figure 2.5; and this leads to the
decomposition of the cellulose, producing free glucose [5], [8], [36]. The insulation paper
will eventually depolymerize, weakening its fibre and mechanical properties [63]. The
presence of water in the power transformer accelerates the hydrolysis of the kraft paper; this
occurs between 60 to 150 °C [8]. It is notable that the process is catalyzed by thermal stress
which is a typical operation of power transformers.

Kraft paper insulation (cellulose structure )
CH:0H H OH CH:0H

OH H H H

Decomposed kraft paper insulation
(dissociated cellulose structure )

Figure 2.5: Hydrolytic degradation reaction of cellulose [61].

Oxidation:
Thermal degradation and ingress from the atmosphere (small water molecules) cause
oxidation of transformer insulation and it is supported by oxygen and copper. When

oxidation reactions occur on both primary and secondary alcohol groups (-OH) of the
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cellulose chain, the oxygen attacks the carbon atoms in the paper molecules. Thus aldehydes
(R-CHO), ketones (RC(=O)R), and carboxylic acids (R-COOH) are established [5], [66].
The oxidation of the kraft paper insulation instigates the hydrolysis reaction owing to the
production of moisture and acids [8], [66]. The acids produced through the oxidation of the
oil insulation also incite the hydrolysis of kraft paper insulation in the presence of water. The
moisture molecules produced are easily absorbed by the kraft paper insulation; this opens
the glucose ring and disrupts the cellulose chain leading to lower DP [5], [64], as shown in
Figure 2.6. A power transformer’s oxidation mechanism is experienced at temperatures less
than 65 “C [8].

Kraft paper insulation (cellulose structure )
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Figure 2.6: Oxidation degradation of cellulose [8], [66], [67].

Pyrolysis:

When the operating temperature of a transformer is higher than 150 °C, thermal degradation
(Figure 2.7 of page 17) on the cellulose called pyrolysis tends to occur. The process often
happens without water, oxygen, or both. Pyrolysis occurs at a minimum temperature of 150
°C, at this temperature and above, the glycosidic bonds (oxygen linkage) will be broken at
the same time the glucose rings will open. This process creates moisture and gases such as
carbon monoxide CO and carbon dioxide CO; [5], [60], [63], [67], [70].
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Kraft paper insulation (cellulose structure )
CH:0H H OH

+ thermal stress

Figure 2.7: Thermal degradation of cellulose [68].
In summary, paper degradation accelerates due to moisture in the transformer. The presence
of water could either be due to leftover moisture on the paper after factory drying, moisture
ingress and thermal reaction in the insulation paper. Among the three thermal degradation
reactions experienced by the kraft paper insulation, the oxidation and hydrolysis of the kraft
paper quickly initiate moisture/water at a lower temperature. This research aims to present
the possibilities of modifying the characteristics structure of the cellulose to withstand the

experience of moisture created in the transformer due to hydrolysis, oxidation, and pyrolysis.

2.7 Chapter Conclusion

From the literature, the application of softwood fibre for fabricating kraft paper insulation is
widespread because cellulose softwood fibre has more robust mechanical properties than
hardwood. The chemical structure of cellulose wood fibre has been reviewed and discussed
with emphasis on its vulnerability to moisture and implication thereof on power
transformers. The review elaborated on the impact of moisture on the kraft paper insulation.
The degradation of kraft paper insulation is facilitated by the hydrolysis, pyrolysis and
oxidation of the kraft paper. However, hydrolysis and oxidation of kraft paper occur at a
lower temperature, initiating moisture/water presence which eventually damages the

cellulosic structure of the polymer and reduces the degree of polymerization of the kraft
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paper insulation. The pyrolysis happens at a much higher temperature. The quest to improve
the quality of the insulation paper in terms of thermal stability brought about the application
of synthetic fibres; this only address the heat resistance of the kraft paper and produces a
toxic byproduct. The compromised dielectric properties of kraft paper insulation due to its
moisture absorption becomes a significant concern. The next chapter discusses the
application of nanotechnology on kraft paper insulation and the successes achieved in this
frontier of technological development.
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Chapter 3: Nanocomposite Kraft Paper Technology: a

critical review

3.1 Introduction

Chapter two presented the raw material and structural characteristics of kraft paper
insulation. The chapter also discussed the degradation of the internal mechanism of kraft
paper insulation due to absorbed moisture. The shortfall is associated with its strong affinity
to polar materials, which poses a severe compromise on the final properties of the kraft paper
insulation. The resultant effect could be breakdown of the power transformer. This chapter
presents the application of nanotechnology in producing nanocomposite kraft paper that has
improved insulation properties. The knowledge that still exists in the technology is hylighted
as the rational of the thesis work.

3.2 The Concept of Nanotechnology

Nanotechnology application has recorded unprecedented recognition and acceptance in
several fields of engineering. Due to the limitations of conventional materials to meet
modern technology demands, many areas of science and engineering are using
nanotechnology to improve their material quality [7], [69], [70]. In transformer winding
insulation, nano-cellulose made from cellulose fibres, including nano-fillers (nanoparticles)
used to modify kraft paper insulation, attracts attention because of their unique properties.
These include excellent flexibility, superior surface smoothness, thermal stability, high
optical transmittance and robust tensile strength [68], [69]-[74].

Nobel Prize laureate Richard Feynman introduced nanotechnology in 1959; however, the
late Norio Tanigucha in 1974 initially used the expression nanotechnology to describe the
skill of engineering a matter precisely at a nanometer scale [78]. Nanotechnology is simply
the process of manipulating material properties at its nano-metric level [7]. In the application
of nanotechnology, nanoparticles are essential as they connect the tiny materials contained
in a matter to the bulk materials. They are defined as objects ranging from1-100 nm particle

size as classified in Figure 3.1 (page 20). Nanoparticles are used for different applications
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with distinctive mechanical, photonic, optical, electrical, and catalytic properties. For
example, nano-metallic particles produced with zinc, titanium, gold, silver, copper,
magnesium and alginate are used in electrical engineering as nano-fillers in insulation. They
are also used as insulation barriers in earthing systems. Other areas of application are in
medicine, chemical engineering, material science [69], [70], [75], [79]-[81]. Figure 3.2 of
page 21 shows the typical dimensional shapes of the nanoparticles. The one-dimensional
(1D ) nanoparticles are particles with one of their dimension <100 nm. They originate in the
form of nanosheets, nanoplates, nanoprism and nanodisk. However, the common 1D
nanoparticles are nanogrephene platelets and Montmorillonite clay. They find application in
areas such as sensors, coating, electrical, microelectronics and biomedical [75], [82]-[84].

Nanoparticles

oL Nanofibres 1D
NEEZEIE Nanowires -
Nanopowder Nanothin film

Nanotubes
Quantum dots
Fullerence
Dendriment
Nanocapsules

Figure 3.1: Nanoparticles Classification.

The whiskers and rod-shaped are two-dimensional (2D) nanoparticles with two dimensions
<100 nm. This nanoparticle class applies to electronics, optolectronics, nanoreactors, and
energy sensors. 2D nanoparticles have better flame retardant than 1D and 3D, and higher
reinforcement levels than 3D. The most common examples of 2D nanoparticles are; clay
nanotubes, cellulose whisker, boron carbon nitride tubes, silver or gold nanotubes, and 2D
grapheme [75], [82]-[84].

The three-dimensional (3D) class of nanoparticles is referred to as nanoparticles or

isodimendional nanoparticles. The quais-spherical particles (3D) have all dimensions in
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nanometer. Because of their inbuilt properties, 3D nanoparticles have good advantages in
blending of polymer nanocomposites. Some of these nanoparticles have a high refractive
index, hydrophilicity, low cost, high photocatalytic activity, and good transparency. 3D
nanoparticles are also called nanocrystal, nanoshares and nanogranules. They find
application in separation and purification, electrical insulation and biomedicine. Examples
of these nanoparticles (3D) are; nano-AlOz, nano-TiO2, nano-Fes04, nano-ZnO, Ag,
semiconductor nanocluster, carbon black, silica, nanosilica and quantum dots [75], [82]—
[84].

One dimension (1D) Two dimension (2D) Three dimension (3D)

Figure 3.2: Typical dimensional shapes of the nanoparticles.

3.2.1 Structure of Nanoparticles

In nanoparticles, the core structure of the material is distinctly different from the outer layer.
This makes the surface of individual nanoparticles an essential part of the material structure.
This unique property of nanoparticles is due to their large surface area-to-volume ratio [83],
[85], [86]. The structural layer of nanoparticles is divided into three; the core, the shell and
the surface.

As illustrated in Figure 3.3 (page 22), the core is the nanoparticles, which is the material's
centre. The composition of the core gives rise to the unique properties of the nano-material.
Therefore, the chemistry of the nanoparticles is a product of their core. The shell makes the
first layer that surrounds the core. It has surface chemistry that is usually distinct from the
core. For example, iron nanoparticles are found to form iron oxide in their shell after
preparation. And this does not tend to penetrate the core resulting in different surface

chemistry that gives rise to a surface that can be functionalized (producing nanoparticles
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with required surface properties). The final layer is the surface which is often functionalized
with polymers, surfactants or sizing agents to form a composite [69], [86]. As in the present
research, the surface (final layer) of rutile-TiO> NPs will be modified with a surfactant to
reduce its hydrophilicity. The nanoparticles filled into the host material to produce the

resultant material referred to as a nanocomposite.
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Figure 3.3: Nanoparticles Structure.

3.3 Nanocomposite Material

The modification of polymer with nanoparticles (nanofiller) has brought more interest in the
area of developing composite material [7], [70]. The use of nanofillers in composite goes
way back, but it was first recorded in research carried out by Toyota in 1990 using nylon-6
with clay nanofiller. Ever since, the application of nanofillers in various fields has been
studied [69]. In nanocomposites of electrical kraft paper insulation, the reinforcement of
nanoparticles to improve the material's properties and performance depends on its interaction
and dispersion in the host polymer [87]. Meanwhile, the fabrication of polymer
nanocomposites has challenges that might affect the modified material's final properties.

These challenges are;

1. Nanoparticles tend to form microscopic clusters (agglomeration of atoms and
molecules) with the host polymer; this is due to their higher specific surface area to
volume ratio and poor interfacial adhesion. The agglomeration is due to Van der

waals force.
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2. Hydrophilic characteristics of nanofiller strongly influence the water absorption rate
of the resultant nanocomposite.

3. The fabrication procedure or synthesis of the nanocomposites also influences the
final properties of the modified material [75], [88].

3.4 Modification of Kraft Paper Insulation with Nanopatrticles

Different nano-metal oxides have been used to modify kraft paper insulation in the
technology area of transformer insulation. Kraft papers reinforcement with nanoparticles has
shown better and improved dielectric proprieties. Liao et al. in [71] and [76] reinforced kraft
paper insulation with nano-titanium dioxide (nano-TiO2). The breakdown strength of the
modified insulation increased by 21%, and the injection of space charge reduced by 50%.
In [74], the partial discharge inception voltage (PDIV) of the modified kraft paper insulation
was reported to improve by 23%. Also, Liu et al. [14] reported that adding TiO2> NPs
suppresses partial discharge (PD) of modified kraft paper insulation and increases the
breakdown strength. When Montmorillonite (MMT) was used by Yuan & Liao in 2014 [89]
to modify a cellulose wood pulp for transformer winding insulation, the breakdown voltage
of the modified insulation paper increased by 13%. In the same experiment, kraft-MMT's
resultant properties were influenced by the nanofiller's percentage content and its uniformity
of dispersion. When silica nanoparticles (SiO2 NPs) were used to modify kraft paper
insulation in Hollertz et al. [90] and Tan et al. [91], the mechanical property of the insulation
paper increased. Alumina nanoparticles (nano-Al>Os) in kraft paper speed up the dissipation
of space charge under low or high field strength [92] and [93]. The modified kraft paper
indicated deformation resistance and improved mechanical properties.

The study of kraft paper reinforced with nanoparticles revealed that the nanofiller's size
dramatically influences new material's properties. The interaction, dispersion and adhesion
of nanofiller depend on its particle size. Therefore, the nanoparticles' size affects the degree
of interaction between the matrixes of the host material [83], [86], [94]. Literature also shows
that the method of synthesis, percentage loading, nanofiller retention and rate of dispersion
influence the properties of modified kraft paper. Table 3.1 (page 24) summarises

improvements recorded on modified kraft papers with different NPs.
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Table 3.1: Improvements recorded with the application of different nanoparticles on kraft

paper insulation.

Nanoparticles Modified Kraft paper

Nano-TiO2 Improvement in breakdown voltage, tensile strength and dielectric constant were recorded.
[14], [76], [42],[95]
The space charge distribution of modified kraft paper was improved.

Reduction in distortion rate of the internal electric field in modified kraft paper was recorded

Optimum particle size and mass fraction of TiO2 nanoparticles were achieved.

With TiO2 NPs, the PDIV and break-down properties of modified insulating paper were greatly

improved

Homogeneous dispersion within the cellulose pulp was achieved, building a firm internal
structure arrangement of the kraft paper.

New chemical bonds were formed between the matrix of the kraft pulp and TiO2 NPs.

Nano-SiO2 With SiO2 NPs, low dielectric losses and improvement in-plane tensile properties were

[91],[96], [90] produced.

The mechanical, thermal and electrical properties of the Kraft paper modified with SiO2 NPs
were improved

Nano-Al203 Adding Al203 NPs to kraft paper; prevents injection, movement and accumulation of space
[92], [93] charge in modified insulation, making the space charge distribution more homogeneous in kraft
paper.

With Al20s NPs, the number of hydrogen bonds increased in modified insulation, thereby
increasing its thermal stability. A decline in the degree of polymerization was recorded in the
modified paper (having Al20s NPs) with a record of improvement in breakdown strength.

Nano-ZnO [96] ZnO NPs can potentially improve kraft paper's surface partial discharge behaviour at AC
voltages and under impulse stresses. Other properties like tensile strength and electrical
properties were recorded to have improved for insulations have ZnO NPs.

Montmorillonite The breakdown voltage and dielectric constant improve for Kraft paper modified by MMT
(MMT) [89]
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3.4.1 Selection of most suitable Nanoparticles for Modification of Kraft Paper
Insulation in Power Transformer Application

The selection of a particular nanofiller depends on the resulting nanocomposites' desired
properties. In insulation for power transformers, the desired electrical, mechanical and
thermal properties of the insulation are influenced by its application [7], [69], [70], [75].
Therefore, the required type of nanofiller that enhances a specific insulation performance
without significantly affecting the rest of the insulation properties is necessary. Among the
nanoparticles used for modification of kraft paper insulation, metal oxides nanoparticles are
commonly used and these include TiO2, Zn0O, SiO, and Al>Os [14], [74], [92], [96], [97].
Of the options, TiO2 NPs are reported to be superior among other possibilities [81]. Its
compatibility and ability to improve the performance of kraft paper are notable. TiO; is
reported to be more stable in reactions, nontoxic, has a strong polarity, low cost, and can
withstand higher temperatures. The rutile phase of nano-TiOz has high electrical resistivity,
thermal stability and good mechanical strength. In contrast to the other common phases of
the TiO2 NPs (brookite and anatase), the rutile is chemically stable. It can exist in very high
temperatures and pressure without transforming or decomposing. Rutile- TiO2 has a
relatively high dielectric constant, making it suitable for some dielectric applications [81],
[98]-[103]. Although TiO2 NPs is an attractive nanofiller for kraft paper insulation, it has a
major weakness in being hydrophilic [20], [27], [75], [96], [104], [105]. The hydrophilic
properties of TiO2 is a major challenge to be mitigated furthermore. It is notable that in the
literature, most studies on modifying kraft paper insulation with TiO, have been with the
anatase phase and not the rutile, and this is the knowledge gap to be addressed by the present

work. Therefore, in this thesis, the nanoparticles investigated are of the rutile-TiOx.

3.4.2 Titanium Dioxide (TiO2) NPs fillers in Kraft Paper Insulation

Discovered in 1791, TiO2 is a naturally existing mineral referred to as titania. As a well-
known metal oxide, titania is mainly used because of its electronic and optical properties,
low cost, nontoxic, and chemically stable. TiO2 (an inorganic solid) has found application in

stabilizers in food, paper, plastic, coating and ceramics, amongst others [81], [102], [106].
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Recently many findings revealed encouraging results in applying TiO2-nanoparticles as filler
in engineering materials. Because of its high electrical resistivity and thermal and
mechanical properties, TiO2 nanoparticles improve the performance and properties of kraft
paper insulation in power transformers.

TiO> has three intrinsic polymorphs, which are anatase (tetragonal), rutile (tetragonal) and
brookite (orthorhombic), as depicted in Figure 3.4 of page 27. Anatase and rutile are more
stable than brookite and have more applications. Because of the distinctive nature of anatase
and rutile, they have found tremendous application in engineering. Anatase TiO, remove
organic pollutants in H2O. Since it has small band gap energy, anatase absorbs a high
percentage of sunlight radiation, making it a better phase for photocatalytic study. The rutile
is more stable at high temperatures and pressure than the anatase phase. The rutile TiO2 has
a high dielectric constant (¢ = 114 [107]) and electrical resistivity (vary in the rage of 10*°
to 10*2 mQ [81]); this makes it useful in the field of electrical and electronic engineering. It
is also used in the power circuit, filter, temperature compensating condensers and capacitor.
Rutile TiO2 is chemically stable compared to other phases of TiO2 NPs [103], [106], [108].
However, rutile-TiO2 NPs, like other metal oxides, have surface oxygen vacancies that act
as active sites in the dissociative absorption of water. The process of water absorption to the
rutile-TiO; surface could be molecularly or dissociative. It is an interaction between the
surficial Ti and hydroxyl group of the water molecule while the bridging oxygen forms a
bond with the H atom as depicted in Figure 3.5 of page 27 [20], [27], [104]. How to mitage
the hydrophilic properties of TiO. for use as a nanofiller to improve hydrophilic properties

of the nanocomposite kraft paper becomes a major research question in the present work.
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3.5 Chapter Conclusion

This chapter has reviewed and discussed the application of nanotechnology on kraft paper
insulation for transformer application. Nanoparticles are classified into one-dimensional
(1D), two-dimensional (2D) and three-dimensional (3D) particles. Among these classes, the
3D blends better in composites; therefore, kraft paper insulation is modified with the 3D
particles. Nanocomposites of kraft paper insulation are affected by particle size, method of
synthesis, nanoparticle dispersion and retention within the host polymer. Nano-metal oxides
made from Ti, Mg, Zn, Cu, Al, and Si are commonly used to modify the cellulose pulp for
the application of kraft paper insulation. However, TiO> NPs have shown superior
improvement when used in modification. The major setback associated with metal oxides,
including the TiO2 NPs, is their being hygroscopic. In the present research work, the rutile
phase of TiO2 NPs was chosen due to its good thermal endurance and stability in a chemical
reaction. The next chapter presents the synthesis of rutile-TiO> NPs and a possible technique

to mitigate the hydrophilic characteristic of the rutile-TiO2 nanoparticles.
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Chapter 4: Synthesis, Surface Modification and
Characterization of Rutile-TiO2 Nanoparticles for use in

Power Transfomer Kraft Paper

4.1 Introduction

As discussed in the previous chapter, polymer nanocomposites are organic polymers with
reinforced inorganic nanofiller particles. Nanofillers tend to form clusters in the
nanocomposite of kraft paper insulation, affecting a uniform dispersion of the particles
within the host polymer. This is often influenced by the method of synthesis and nanoparticle
size. Therefore, producing a kraft paper insulation modified with nanoparticles demands on
a very reliable method of synthesizing the filler nanoparticles. This chapter presents the
synthesis, surface modification (to reduce vulnerability to surrounding moisture) and
characterization of rutile-TiO2> NPs to fabricate nanocomposite kraft paper insulation. The
findings in this chapter have been published in the scholarly knowledge domain titled;
“Improving thermal stability and hydrophobicity of rutile-TiO2 nanoparticles for oil-

impregnated paper application”.

4.2 Synthesis of TiO2 Nanopatrticles

The synthesis of TiO2 nanoparticles involves two approaches. The first is bottom-up
technique, which consists of assembling atoms onto one another to synthesise
nanostructures. The second approach is top-down and it involves the breaking of atoms from
the substrate. The building blocks are removed from the substrate to produce the
nanostructure, as illustrated in Figure 4.1 (page 30) [7], [110]. Fabrication of proper particle
size and shape of nanoparticles is difficult with methods unders the top-down approach
[111]. However, the most frequent methods of synthesizing TiO. nanoparticles are the
caterogries of the bottom-up approach such as: Sol-gel, hydrothermal, Solvothermal, Direct
Oxidation, Sonochemical synthesis, Microwave synthesis, Chemical Vapor Deposition
(CVD)/ Physical Vapor Deposition (PVD) methods; all these methods have been used in

different experiments to synthesize nano-TiO. [102].
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Figure 4.1: Bottom-up and Top-down approaches to synthesizing TiO2 nanoparticles

[110].

The merits and the demerits of the commonly used methods of synthesizing TiO2 NPs are

presented in Table 4.1, including the sol-gel process.

Table 4.1: Merit and demerits of different methods of synthesizing TiO2 NPs.

Methods of Synthesis

Merit

Demerit

and
(801,
[100], [109], [112].

Hydrothermal
Solvothermal

Sonochemical
[100], [102], [109],
[113].

Microwave
[109], [113].

[102],

It provides a simple mode of operation; it can

grow sizeable high-quality crystals

The method is faster and consumes far less
energy compared to other  conventional

methods of synthesis

It has uniform heat on the solution, and it
saves energy due to the short thermal
induction selective

period, heating,

manageable control and low cost

Impossibility of  observing the reaction

process and the need for expensive

autoclaves and Teflon

This method is still limited in application
because of its uncontrollable rapid reaction,
and most precursors are not suitable for this
kind of synthesis

Unfeasible for reaction monitoring, limited
that

microwave and lack of scalability

applicability to materials absorb
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Table 4.1 cont.’

Methods of Synthesis

Merit

Demerit

Sol gel method [114],

[115], [116, p. 4],
[117]
CVD/PVD  [102],
[113].

Easy to perform in the laboratory, able to get

uniform and small particles, uniform
distribution of components and porosity,
control of reaction path way and feasible for

reaction monitoring
Lower power input

Lower temperature rage, PVD doesn’t require

a special precursor
Produce a relatively pure product

PVD is environmental friendly

Moisture sensitive, hard to fabricate in large
scale, high temperature required to form,

anatase and rutile, expensive.

CVD precursors are often hazardous and
toxic, producing a by-product that is harmful

to health and is a slow process

CVD precursors are expensive

Not all precursors can be used with CVD
PVD is a costly method

and requires a skilled operator

Compared to other methods, sol-gel is easy to perform, and the process involved can be

monitored and controlled; as such, the sol-gel method was chosen for the synthesis. In the

present work therefore the sol gel method was chosen for the of the rutile-TiO2 NPs.

Sol-gel method:

Sol-gel is a wet chemical method of synthesis. It involves two steps: hydrolysis and

condensation, then obtaining the TiO. nano-crystalline particles through annealing. The

precursor (Ti(OBu)4, TiCl4, TiCI3 or TiBrd) are dissolved in some suitable solvent

(example, distilled water, de-ionized water or ethanol) to form a solution called sol; the sol

is then converted to gel. The gel is then dried to get the required nanoparticles. This method
has been used in much literature to synthesise TiO, NPs [105], [106], [107]-[109]. The

process is shown in the following equations:
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Hydrolysis

Ti(OR)4 + 4H,0 — 2Ti(OH)4 + 4ROH 4.1
Condensation

Ti(OH)4 + Ti(OH)4 — 2TiO2 + 4H.0 4.2
Ti(OH)4 + Ti(OR)s — 2TiO> + 4ROH 4.3
In the equation, R can either represent n-butyl, ethyl, i-propyl and so on [123].

Sol-gel approach is a well-developed fabricating method to synthesise inorganic (metal
oxide) NPs and also for the preparation of organic and inorganic nanocomposites [75], [100].
The rest of the section presents the procedures for synthesizing and characterising the

nanoparticles.

4.3 The Overview Process of Synthesizing Rutile-TiO2 Nanoparticles using the Sol-gel
Method

The steps followed in the present work in synthesizing rutile-TiO2> NPs via the sol-gel

method are shown in Figure 4.2. The water in the sol-gel creates a reaction between the

Ti(OBuU)4 (precursor). The process decomposes the solvent and the solute (precursor) and

the reaction is referred to as hydrolysis. This later condenses the precursor into Ti-O-Ti;

which will then be suppressed due to Ti-OH formation. Annealing is necessary in a furnace

to remove the organic molecules from the process to complete the crystallization [102].

TiO: NPs
Powder

Figure 4.2: Steps involved in synthesizing TiO2 NPs via the sol gel.
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4.3.1 The Designed and Implemented Process of Fabricating TiO2 Nanoparticles of
Specific Size (19.72nm)

To optimally synthesize the rutile phase of TiO2 nanoparticles size, 10 ml, 20 ml and 30 ml

of Ti(OBu)4 were drop-wise in a beaker containing distilled water (ice water). As shown in

Figure 4.3 of page 34, the synthesis sequence involves continuous stirring of the mixture

after dropping the precursor. After 30 minutes of stirring, the samples were heated and

sonicated to reduce agglomeration. The samples were then rinsed, centrifuged and dried in

an oven at 80°C for 24 hours.

To obtain the rutile phase, 500 mg of each dried sample was weighed and annealed in a
muffle furnace. Different temperatures, ranging from 300°C to 900°C were selected to
produce the rutile phase. For each temperature chosen, the ramping and holding period were
varied several times. This process was repeated until an optimal mixing ratio, temperature,
ramping and holding period were identified. The following ratio of precursor to the solvent,
annealing temperature, ramping and holding period was finally optimal to produce the rutile-

TiO2 NPs with a resultant NPs size of 19.7 nm on average;

a. 30 ml of Ti(OBu)4dropped wise in 30 ml of distilled water

b. The mixture was continuously stirred for 30 minutes

c. Then was heated to remove impurities

d. The obtained solid sample was sonicated, washed and centrifuged

e. The sample was dried at 80°C for 24 hours in an oven

500 mg of the dried powder was annealed in a muffle furnace at 700°C, ramped for 2 hours
and held for 2 hours resulting in the formation of the rutile phase of TiO2 NPs. Figure 4.4

(page 34) shows the practical images of the experiment.
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Ti(OH) ,+ Ti (OH) ; - 2TiO,+4H, O
Ti(OR),+4 H, O — 2Ti(OH) ; + 4ROH
Ti(OH) , + Ti (OR) ; — 2TiO , + 4ROH

k Hydrolysis
Condensation

q__.

Meter Ultrasonic
© ©

Stir for 30 minutes then heat to
dry (continue stirring)

Distilled solution

Sonication

Drop wise 30ml of Ti (OBu) 4 in 30ml of
ice H,O while stirring
Purification

Anneal to obtain the desired
phase

Dry at 80 degrees for 24 hours to obtain fine Rinse with d-H,O and
powder using an oven centrifuge

Figure 4.3: Sequence of synthesizing rutile-TiO2> NPs.

Distilled water

Beaker containing 30 ml of
distilled ice water

Drop wise of Precursor (Ti(OBu)4) into the beaker

Beaker containing 20 ml of 2 T X 5 S
containing distilled ice water using pipette

distilled ice water

3 oo OBY o Y Maencic i

f o S -
Annealing sample to produce rutile phase
Titanipm dioxide NPs

Several synthesized samples at different
annealing temperatures to optimally
arrive at rutile phase Titanium dioxide
NPs

Dried sample from the oven after 24 hours

Figure 4.4: Images of various stages of the synthesis.
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4.3.2 Characterization of the obtained Rutile-TiO2 Nanoparticles

The obtained nanoparticles were taken through various characterization techniques to review
important parameters as summarized in Table 4.2. The detail procedure for each
characteristic technique are explained in subsequent sub-sections.

Table 4.2: Summary of characteristic techniques.

Characterization Examination
X-ray Diffraction Phase identication, particle size and phase composition
(XRD)

Raman Spectroscopy | Phase identification

Fourier Transform Identification of unknown sample through its fingerprints or new functional
Infrared (FT-IR) group.

Transmission Electron | Morphlogy on particle shape and dispersion
Microscopy (TEM)

4.3.2.1 Phase ldentification of the obtained Nanoparticles using X-ray Diffraction
Spectrometry

X-ray powder diffraction (XRD) of the synthesized nanoparticles was done on the Bruker
MeasSrv (D2-205530)/D2205530 diffractometer using CuKa radiation (A = 1.5406 A) at 30
kV/10 mA. The synthesized nanoparticle crystallinities were studied using the X-ray
diffraction technique with a computerized data acquisition facility and analytical tools. 30
kV operating voltage and 10 mA of filament current was used for the X-ray source. All
samples were scanned at a speed of 5°/min in the 20 range between 10° and 90° for
diffraction pattern

From the results, the XRD pattern exhibited distinct diffraction peaks at 20 0f27.18°, 35.96°,
38.92°, 40.96°, 43.68°, 53.98°, 56.34°, 62.87°, and 63.91° correspond to (110), (101), (200),
(111), (210), (211), (220), (002) and (310) planes. This matches the standard rutile-TiO>

reference peaks; all peaks are in good agreement with the standard spectrum (JCPDS no.:
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88-1175). As shown in Figure 4.5, the diffraction depicted sharpness of the peaks indicates
highly crystalline nanoparticles [108], [124], [125]

211)

(110

20 4

Intensity (a.u)

10 15 20 25 30 35 40 45 50 55 60 65

2 theta (degree)

Figure 4.5: XRD pattern (signature) of the obtained rutile-TiO2 nanoparticles.

4.3.2.2 Raman Spectrometry of the obtained Nanopatrticles

Raman spectroscopy was done on the Bruker Infinity 1 spectrometer fitted with a 50x
objective lens for imaging. Four random spots were scanned on each sample. Raman
spectroscopy was used to check the quality and phase of the synthesized rutile-TiO2 NPs.
From the results obtained, the spectrum in Figure 4.6 (page 37) shows the Raman peak shifts
for the rutile-TiO> NPs. The rutile-TiO2 has four characteristic phonon modes at 143 £ 2
cm! (Bug), 44545 cm™! (Eg), 610+1 cm™! (Ayg), and 2355 cm™!. From Figure 4.6 (page 37),
rutile exhibits dominated peaks at 448.16 cm™ and 611.04 cm™. These peaks are attributed
to Eg and Ayg active modes of rutile-TiO2 correspondently. The graph's third most active
optical phonon mode of rutile is the 144.06 cm™ which is attributed to Big. The peak at
825.16 cm ! is the weakest and poorly observed. This peak is assigned Bzg. A visible broad
band at 235.76 cm™! as observed on the graph does not correspond with any fundamental
rutile phase modes. This may be assigned to the disorder-induced scattering or second-order

effect (SOE) as a consequence of multi-phonon processes [126]-[130].
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Figure 4.6: Raman peak shifts of the obtained rutile-TiO2 NPs.

4.3.2.3 Average Crystallite Size and Phase Composition of the obtained Rutile-TiO>
Nanoparticles

Crystallite Size:

The crystallites and average size were calculated from the XRD data using the Scherrer
equation [20] as given in equation 4.4.
Lz
Lcos@

where, S = crytsallites size (nm),

(4.4)

K = 0.9 (Scherrer constant),

A = 0.15406 (wavelength of the X — ray source ),

L = Full Width — Half Maximum — radains (FWMH) and,

0 = peak position
The XRD data determined the peak position and FWMH using the OriginLab. OriginLab is
a program that runs on Microsoft Windows and is produced by OriginLab Corporation. It is
used for graphing and data analysis [131]. The values were then substituted in the equation
in excel to calculate the crystallites and average crystallite size of the obtained rutile-TiO;
NPs. Table 4.3 (page 38) shows the particle size from the Scherrer equation.
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Table 4.3: Particle size of the synthesized rutile-TiO2 NPs.

Peak Position (2 0) FWMH Crystallite Size (nm)
27.17508 0.57616 14.19
35.95979 0.4924 16. 96
38.91545 0.52005 16. 20
40.96045 0.45061 18.82
43.67634 0.41322 20.71
53.97556 0.43772 20.37
56.340028 0.35633 25.29
62.32229 0.42764 21.71
63.90541 0.41364 22.64
68.62027 0.47475 20.26

Average crystallites size: 19.72

Phase Composition:

Also, the amount of phase composition was calculated using the Spurr formula [125].
X=(1+0.81a/lr)* (4.5)
Where Iaand Irare the peak intensities of Anatase (101) and Rutile (110)

(110) rutile intensity at 27.18 is 16.7
(101) Anatase intensity at 25.29 is 0.185
Substituting the values into equation 4.5
X=(1+08Ialr)* =99.13%

A (%) =100/ {1+1.265(I1a/1r)} = 0.87

R (%) = 99.13-0.87 = 98.26%

This indicates that only small traces of anatase (0.87%) are in bulk. The percentage could be
due to factors affecting the kinetics of phase transformation between the two main
polymorphisms of TiO. (anatase to rutile). This includes heating rate, sample volume,

impurities, measurement technique, atmosphere and particle size [126].
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4.3.2.4 Fourier Transform Infrared (FT-IR) Spectroscopy of the obtained Rutile-TiO-
Nanoparticles
The FT-IR spectroscopy was performed using a Perkin Elmer Fourier transform-attenuated
total reflectance — infrared spectrometer (FT-UATR-IR-2). The instrument was used to
identify the synthesized nanoparticles and new functional groups after surface modification.
The FT-IR spectra of the samples were obtained in the wavelength range of 4500-420 cm
and was recorded at room temperature. As shown in Figure 4.7, the spectrum of the obtained
sample (rutile-TiO2) was examined and compared with the rutile-TiO2 FT-IR spectrum in
the literature. The appearance of a band in the region 531 cm™ of the TiO, NPs spectrum
indicates the presence of metal to oxygen bonding which corresponds to O-Ti-O bonding.
Compared with what is available in the literature, the characteristic of the -OH group (3650-
3200 cm?) is not evident in the TiO2 spectrum. This could be due to the annealing
temperature and time; leading to the removal of the hydrolysable surface group, thereby
fabricating ligand-free TiO> NPs [20]. The FT-IR results confirm the the fabricated

nanoparticle is a rutile-TiOx.
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Figure 4.7: FT-IR spectrum of the obtained rutile-TiO2 NPs.
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4.3.2.5 Transmission Electron Microscopy (TEM) of the obtained Rutile-TiO;
Nanoparticles Mophology
Transmission electron microscopy (TEM) was done on the FEI Technai T12 microscope. At
an accelerating voltage of 120 kV, the TEM was used to examine the morphological features
of particles. The TEM specimens were prepared by sonicating in ethanol to disperse the
samples. A drop of the solution was then added to an SPI-carbon coated copper grid and
dried in the air before inserting into the microscope. After insertion into the microscope, the
beam was aligned, and sample images were taken. As shown in Figure 4.8, the particles are
agglomerated; therefore, particle size distribution cannot be ascertained from the images
obtained. However, as earlier reported in the XRD analysis using the Scherrer equation, the
average nanoparticle size of 19.7 nm was calculated. The agglomeration obtained in the
particles could be due to the high temperature used during calcination (that exists between
the transitions of the two polymorphous of TiO,). Also, for small particles, Van dar Waals
attraction force between the NPs leads to agglomeration [20]. From the TEM images, a
hexagonal like shape is evident. For effective uniform dispersion in the host kraft pulp and
to reduce it affinity to water/moisture, the particles had to be surface conditioned as

presented in the next section.

Nano-TiO: particle

shape

Image magnification

Figure 4.8: TEM images of the obtained rutile-TiO2 NPs.
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4.4 Surface Modification of the obtained Rutile-TiO2 Nanoparticles

In the paper manufacturing technology such as the ones used in printing, writing and
packaging, Alkyl ketene dimer (AKD), alkenyl succinic anhydride (ASA), rosin products
and copolymer are used to make the paper to be hydrophobic for different applications [132].
AKD and ASA are water resistive agents (sizing) most commonly used. The sizing agent
reduces the surface-free energy of the material. The mechanism involves anchoring the
hydrophilic head of the agents (AKD and ASA) with the host material while the hydrophobic
tail extends out to repel water, as illustrated in Figure 4.9. As far back as the 1960s, AKD
and ASA have been used to control the wettability of a paper. The hydrophobicity of
modified kraft paper depends on the interaction of sizing chemicals [132]-[134]. Paper
sizing provides resistance or limits the water absorption rate by adding chemicals to a slurry
of cellulosic fibres to produce a kraft paper that resists water penetration. Sizing agents are
the chemicals used in sizing a kraft paper [132], [135].

Hydrophobic
Tail
. s 4 Hydrophilic
Water ZIng agen anchor

v
molecule Hydroxyl molecule
group

Un-sized polymer
(interacting with water)

Sized polymer (repelling
water)

Figure 4.9: Sizing agent and mechanism of sizing orientation [20].

The rosin products, usually called “acidic sizes”, have been used for many years for sizing.
However, papermaking condition has changed from an acidic approach to neutral and
alkaline. This has displaced the applicability of rosin-type sizing agents in most paper

manufacturing. Meanwhile, copolymer products are applicable where a tough sizing degree
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is needed. They are used as surface sizing and require the combination of conventional sizing
agents (AKD and ASA) [132], [133], [135]. The next section review ASA and AKD,
respectively.

Alkenyl Succinic Anhydride (ASA):

First mentioned in 1959 and patented in 1964 as a sizing agent [134], ASA structured as
shown in Figure 4.10, is an oily and hydrophobic liquid. As a neutral/alkaline agent, it
applies over a wide pH-range (5-9) and has a high degree of ageing resistance. The structure
of ASA comprises two parts; the reactive succinic anhydride (the hydrophilic anchoring part
with cellulosic material) and the alkenyl rest (the tail), which provides the needed
hydrophobicity to the composite material. The tail (alkenyl rest) consists of iso-olefin having
a chain length from C16 to 22 [132]-[134].

Ri R:
(9)

O

Figure 4.10: ASA Structure.

Alkyl Ketene Dimer (AKD):

Alkyl ketene dimer (AKD) was developed before ASA [132]. Like ASA, AKD components
are a hydrophilic anchor ([3-keto lactone ring) and a hydrophobic tail (consisting of two
hydrogen chains with chains of C7 to C22). The structure of AKD is shown in Figure 4.11
of page 43. When AKD is used as a sizing agent, the hydrophilic anchor component forms
B keto ester bonds with polymer, and the surface free energy is reduced as the hydrophobic
groups align. They are use in pH range of 7-10 with melting point of about 50 °C [136],
[137]. In the present research, AKD and ASA were chosen to be used to limit the surface

free energy of the kraft paper insulation through surface modification of the nanoparticles.
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R:

Figure 4.11: AKD Structure.

The presence of moisture in transformer insulation forms hydrogen bonds with the cellulose
exposed OH group, thereby decomposing the glucose chain. However, by reinforcing the
kraft paper insulation with surface-modified nanoparticles, the surface properties could be
transformed from a high energy state to a reduced free energy surface, thereby increasing its
contact angle. In this form, the ease of penetration of H.O and formation of hydrogen bonds
becomes difficult [132]. The following section presents the process involved in surface

modification of the rutile-TiO2 nanoparticles.

4.5 The Theoretical Concept of Surface Modification of the Rutile-TiO, Nanoparticles

Bonding of inorganic nano-fillers such as rutile-TiO. NPs with an organic sizing agent can
be difficult. A coupling agent is often used to bond the two [138]. The coupling agent can
be represented by the formula R (CH2) n SiXs [75]. The “X” is the hydrolysable group
forming bonds with TiO2> NPs. “R” is the functional group; it bonds with the polymer
(cellulose) or organic material, which is the sizing agent in this case. Figure 4.12 (page 44)
illustrates the interface bonding of organic (sizing agents) and inorganic (TiO2 NPs) material
with silane. The nanofiller reacts with “X” to produce silanol (forming metal hydroxide)

while “R” produce a covalent bond with organic material [20], [75], [138]-[140].
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Figure 4.12: Silane interface bond between organic and inorganic material [20].

The block diagram of Figure 4.13 illustrates the modification stages of TiO, NPs with the
water-resistive agents (AKD and ASA). The silane coupling agent is employed to connect
the dissimilar material, while due to the oily nature of ASA, alum is used to fuse the

components further together.

Paper Sizing Chemicals
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Figure 4.13: lllustration of surface modification mechanism of rutile-TiO2 NPs [20].

The reaction model of surface-modified TiO2 NPs is shown in Figure 4.14 a &b (page 45);
for AKD modified and ASA modified, respectively. During the hydrolysis of silane (Si-OH),
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the hydrolysable group ((OH)sSi) reacts with rutile-TiO2 NPs, and the organofunctional
group reacts with sizing agents (AKD and ASA) [20], [138].

//0 OR Hydrolysis (H:0)

/ Ti
o R: + X/\M/\Si OR + // \\
\\ K \
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Figure 4.14a: Reaction model of surface-modified rutile-TiO2, NPs/AKD.
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Figure 4.14b: Reaction model of surface-modified rutile-TiO2 NPs/ASA.
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45.1 The Practical Procedure Implemented in Surface Modification of Rutile-TiO-
Nanoparticles

Three portions of 10g of TiO2 nanoparticles were dispersed in 32 ml of distilled water and
sonicated for 30 minutes. Three portions were made comparising of 5 vol/vol%, 3 vol/vol%
and 1 vol/vol% of AKD, making X, Y and Z. The same procedure was repeated for ASA,
making samples A, B, and C. After 35 minutes of stirring, 1.5 vol/vol% silane was added to
each mixture to connect the dissimilar compounds and was stirred for 1 hour. For ASA, alum
was added to the solution to further fuse and retain the ASA with the TiO». Both mixtures
were heated for 20 minutes at 60°C with continued stirring. The samples were centrifuged,
rinsed with distilled water to remove the impurities, and dried at 80°C. Figure 4.15 shows
the block illustration of the modification model.

The obtained surface modified nanoparticles were then characterized for (a) constituent
composite using FT-IR, (b) thermal stability using thermogravimetric analysis (TGA), and

(c) water absorption using an experimental procedure as presented in the next section.

1% of AKD and ASA Coupling and retention
added separately chemicals added

32 ml of H20 + 20g of
rutile-TiO2 NPs

C? e

Heating and Stirring

Stirring

Centrifuge

. / Oven dry at 80 degrees

Figure 4.15: Schematic illustration of surface modification of rutile-TiO2 NPs.
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4.5.1.1 Fourier Transform Infrared Spectroscopy (FT-IR) of the Surface Modified
Rutile-TiO2 Nanoparticles

The FT-IR was recorded at room temperature using a Perkin Elmer Fourier transform-
attenuated total reflectance — infrared spectrometer (FT-UATR-IR-2) ranging from 4000-
420 cm™. The FT-IR of the modified TiO, NPs was conducted to examine the spectra of
each sample. Figure 4.16a (page 48) shows the FT-IR spectra of pure AKD. From the plot,
a weak and broad peak is evident between 3041 and 3565 cm™ which is characteristic of
(OH) vibrations in the AKD spectrum [20], [141]. Comparing Figures 4.16a and 4.16b of
the modified TiO2 NPs, the modified TiO2 NPs show the presence of AKD features in their
structure. The double bond carbon-carbon stretching vibration absorption peak at 1708 cm™
relates to the absorption band characteristic peak 1846 and 1633 cm™in the spectrum of
AKD, which usually correspond to C=0 and C=C [20]. However, the OH frequency
absorption band was absent in the modified TiO2 NPs, suggesting the dehydration of water
molecules in the complexes. The appearance of double bond carbon stretching at 1708 cm™
is very weak (almost not existing). This indicates that the functional group is very
symmetrical but does not imply that the functional group is absent [20].

The adsorption bands at 2849 and 2916 cm™of the modified TiO2 NPs are from —CH2-
symmetric and asymmetric stretching vibration [20], [142]. Therefore, the spectra of the
modified TiO2 NPs with AKD show that new absorption bands are present, evidence of new
chemical bonds formed through modification. There is a reaction and connection between
the TiO2 NPs and AKD.

The FT-IR spectrum of ASA is shown in Figure 4.16¢. The spectrum peaks for ASA arising
from anhydride carbonyl stretching were identified at 1778 cm™ and 1863 cm™ which
correspond with the literature. The 1778 cm™represents the stretching vibration of (C=0),
which conforms with 1785 + 5 cm 1. At 916 cm™?, the stretching vibration band of five-
membered cyclic anhydrides (succinic anhydride) is identified. In Figure 4.16d, which
characterizes the modified TiO2 NPs with ASA, there is an absence of succinic anhydride
grouping (1778 cm™ and 1863 cm™). This is due to the hydrolysis of the anhydride, which
results in the appearance of a band at 1689 cm™. The band corresponds to the stretching
vibration of the C=0 bond [20], [143]-[145]. The absence of the bands at 1863 to 1778 cm
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lindicates that the composite is free of an un-reacted modifier (ASA). The adsorption bands
at 2849 and 2919 cm™of the modified TiO, NPs are also from —CH2- symmetric and

asymmetric stretching vibration [142]. Figure 4.16d demonstrates that new adsorption bands

and chemical bonds are formed after modification. The signatures shows the presence of

both ASA and rutile-TiO., confirming the success of the modification process.
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Figure 4.16: FT- IR Spectra; (a) pure AKD (b) AKD surface-modified rutile-TiO2 NPs (c)
pure ASA (d) ASA surface-modified rutile-TiO2> NPs.
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4.5.1.2 Moisture Absorption Characteristics of the Surface Modified Rutile-TiO>
Nanoparticles

Each sample of the surface-modified TiO2 NPs, including the unmodified, was weighed
using an analytical weigh balance. 10 ml of distilled water was dropped in each piece and
left exposed to air for three (3) days. The experiment was triplicated, and the average values
and the error deviations are summarized with initial sample mass of 500 mg as in Table 4.4.

Table 4.4: Change in mass due to absorbed moisture.

Sample Average triplicated Mass change (%)
sample mass after 3
days exposure to
moisture
T(unmodified) 519.40 £ 0.46 3.88+0.09
A (5%ASA) 494.40 + 0.62 -1.12+0.12
B(3%ASA) 497.00 £ 0.36 -0.60+ 0.07
C(1%ASA) 497.70 £ 0.70 -0.46+ 0.14
X(5%AKD) 486.70 £ 0.20 -2.66+ 0.04
Y (3%AKD) 492.30 £0.44 -1.54+ 0.09
Z(1%AKD) 494.00 £ 0.30 -1.20+ 0.06

After being exposed to air, the unmodified rutile-TiO2 NPs (sample “T”) absorbed moisture
and had a weight increase of 3.88%. In contrast, the modified samples generally lost weight
by releasing water into the atmosphere. These results demonstrate the hydrophilic nature of
TiO2 and the effect of sizing agents on reducing the hydrophilicity behaviour of TiO,. The
hydrophilic rutile-TiO. nanoparticles were therefore successfully converted into being
hydrophobic by surface modification. Another method of water affinity characterization of

the nanoparticles is presented in the next section.

4.5.1.3 Thermal Stress Induced Weight Loss of Surface Modified rutile-TiO>
Nanoparticles

To determine thermal stress induced weight loss characteristics, 300 mg portion of each
sample were measured separately and placed in a furnace. The furnace temperature was set

to ramp up to 400°C in 20 minutes and then stayed constant for 40 minutes. The samples
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were then placed in a desiccator with silica gel to avoid moisture absorption as the samples
cooled off. Analytical weight balance was used to measure each sample mass change. This
experiment was triplicated, and Table 4.5 shows the average value of each case's weight loss

and error deviation. Note, the initial smaple mass was 300 mg.

Table 4.5: Weight loss analysis of surface-modified rutile-TiO2 NPs under thermal stress.

Sample Average triplicated sample Weight loss (%)
mass after 3 days

T(unmodified) 298.80 £ 0.78 0.40+0.26
A (5%ASA) 293.00 £ 0.50 2.33+0.17
B(3%ASA) 292.30 £ 0.61 257+0.21
C(1%ASA) 291.50 £ 0.50 2.83+0.17
X(5%AKD) 295.60 + 0.53 147+0.18
Y (3%AKD) 296.70 £ 0.20 1.10+£0.07
Z(1%AKD) 297.20 £ 0.36 0.93+0.12

From the table, the surface-modified samples lost more weight than the unmodified samples,
and the amount lost is directly proportional to the percentage content of the sizing agent
applied to each sample. The weight loss of the composites can be attributed to the breakage
or disintegration of the bond between organic and inorganic compounds [146]. This indicates
that the modified samples contain more than one compound. In essence, the weight loss
under heating is predominated by the decomposition of the surfactants. This phenomenon is

further confirmed in the thermogravimetric analysis presented in the next section.

4.5.1.4 Thermogravimetric Analysis (TGA) of the Surface-Modified Rutile-TiO;
Nanoparticles

Perkin Elmer STA 4000 analyzer was used to study thermal stability of the nanoparticles. A
constant flow rate of 10 mL/mm and sample mass (10 mg) were maintained in all
investigations to reduce the error. The instrument temperature was set at 900°C at a rate of
10 °C/min in a controlled environment. The TGA data profile was come with the derivative
curve (DTG) to determine the oxidation and decomposition temperature.

The thermogravimetric analysis (TGA) of the samples was conducted under nitrogen gas.

From the graph of pure TiO2> NPs (Figure 4.17a page 52), a rapid loss of moisture occurred
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between 75-90°C, followed by a significant degradation at about 186°C, which is attributed
to the decomposition of the TiO2 [20], [147], [148]. The initial steep gradient (representing
a rapid loss of moisture) and the subsequent steep depression on the graph further confirm
the results obtained in Table 4.3 about moisture absorption of the unmodified sample. As
for the 5% AKD modified rutile-TiO2 NPs, there is drastic thermal decomposition at 270°C,
which is about 45% higher than that of pure rutile-TiO2 NPs. For the reduced AKD content
of 3%, the decomposition of modified rutile-TiO> NPs occurs at a lower temperature of
261°C, which is about 40% higher than that of the pure rutile-TiO2> NPs. A further reduction
of the AKD to 1% resulted in the modified rutile-TiO> NPs decomposing drastically at
253°C, which is about 36% higher than that of pure rutile-TiO2 NPs. For AKD, in all cases
of surface medication of rutile-TiO2 NPs, there is increased thermal stability of at least 36%.
In the case of ASA-modified NPs, the temperature at which the modified NPs drastically
decomposed were 211°C, 194°C, and 187°C for 5%, 3% and 1% ASA content, respectively.
Notably, for all cases of ASA modification, the temperature at which drastic decomposition
occurred was lower than the least % AKD content modified sample. This shows that AKD-
modified samples are more thermally stable than the ASA. However, the ASA-modified
samples show improvement in thermal stability except for 1% content, whose thermal
stability is the same as that of the pure rutile-TiO2 NPs. Table 4.6 (page 53) summarizes the
effects of surfactant content and type on the thermal stability of the resultant modified

samples.
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Figure 4.17: Thermogravimetirc Analysis of the nanoparticles (TGA) graph; (a) pure TiO2
NPs (b) 5% AKD/TiO2 NPs (c) 3% AKD/TiO2 NPs (d) 1% AKD/TiO2 NPs (e) 5%
ASA/TIO2 NPs (f) 3% ASA/TIO2 NPs (g) 1% ASA/TiO2 NPs.
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Table 4.6: Effects of surfactant content and type on thermal stability.

Sample The temperature at which drastic The difference in temperature to the pure
decomposition occurred ('C) rutile-TiO2 NPs (%)
T(unmodified) 186 0
A (5%AKD) 270 45.2
B(3%AKD) 261 40.3
C(1%AKD) 253 36.0
X(5%ASA) 211 13.4
Y (3%ASA) 194 43
Z(1%ASA) 187 0.5

The decomposition of the modified rutile-TiO> NPs samples at higher temperatures is
attributable to improved heat resistance associated with the long-chain organic compounds
from surfactants [117], [145], [149], [150]. Both cases of the modified TiO2 NPs show that
the modified samples have better thermal stability than pure rutile-TiO2 NPs. The thermal
resistance of the surface modified rutile-TiO2 nanoparticles is major improvement recorded

in the present research.

4.6 Chapter Conclusion

This chapter has presented the successful synthesis, surface modification and
characterization of rutile-TiO2 nanoparticles. The sol-gel method of nanoparticles synthesis
was used. Rutile-TiO2 NPs of 19.72 nm in size were successfully fabricated and then surface-
modified using sizing chemicals. The surface-modified rutile-TiO2 NPs are less vulnerable
to surrounding moisture/water and have higher thermal stability. The surface modification
of rutile-TiO2 NPs using the sizing chemicals is a novel approach to mitigate the hydrophilic
characteristic associated with nanoparticles used for kraft paper insulation, and this is a
major new knowledge contribution of this thesis. The next chapter presents the development

of the nanocomposite kraft paper insulation.
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Chapter 5: Fabrication and Characterization of Rutile-
Ti102 Nanocomposite Kraft Paper for Power Transformer

Application

5.1 Introduction

The previous chapter discussed the synthesis and surface-modification of rutile-TiO2 NPs.
The surface-modified rutile-TiO2 NPs exhibited better thermal and hydrophobic properties
than the unmodified surface of TiO> NPs. The inherent hydrophilic characteristics of
cellulose fibre and that of metal oxide NPs are regarded as a threat to the viability of
nanocomposite kraft paper technology. This chapter presents the possibility of reducing the
hydrophilicity associated with kraft paper insulation. The synthesized and surface-modified
rutile-TiO2 NPs are filled into unbleached kraft pulp to fabricate a nanocomposite kraft paper
insulation. The findings in this chapter have been presented at a conference and also

published in the scholarly knowledge domain.

5.2 Papermaking

In papermaking, cotton, wood, and grass are the typical raw material used, and for special
purposes, synthetic fibres are commonly used [33], [34], [151]. The process of making a
paper involves the production of kraft pulp, refining and treatment of the pulp. Where
necessary modification with chemicals is done, the pulp could be reinforced with filler or

coated and finally cast using a handsheet former machine [151]-[153].

The characteristics of a kraft paper are better described as a ‘reconstituted wood’ [154].
Before 1719, kraft paper was made from disintegrated cotton rags. However, after observing
the creative skill of an insect, using maceration of trees to build their nests, Antoine de
Reamur suggested the same technique for papermaking [154], [155]. Kraft paper consists of
cellulose, hemicellulose and lignin; all these fibre constituents are a buildup of a living plant.
Cellulose is the major constituent of the wood fibre used in forming paper; the cellulose fibre

is detached from the wood by chemical or mechanical means. The fibre is then dissolved in
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water and sprained. The water absorption characteristics of the cellulose wood fibre lead to
fibre contraction, forming hydrogen bonds between the separate fibres. This mechanism
forms a matrix referred to as paper. The final properties and the nature of the fabricated kraft
paper depend on the species of the plant used, and the chemical and mechanical treatment
of the pulp [154]-[156]. The following section presents the bonding of the nanocomposites
kraft paper insulation.

5.3 Bonding and Structural Mechanism of the Fabricated Nanocomposites Kraft Paper
Insulation

This section describes the bonding and structural mechanism between the cellulose, rutile-

TiO2 NPs and the surface modifying rutile-TiO2 NPs.

Cellulose has an intrinsic affinity for self-adhesion, with a material containing hydroxyl
groups (-OH). It forms inter-molecular and intra-molecular hydrogen bonds. For inter-
molecular and intra-molecular bonding of cellulose, a hydrogen bond is formed between O
and H* [44], [157]-[160]. The interaction and bonding between the cellulose and the surface-
modified rutile- TiO2 NPs can be established because cellulose wood fibre is hydrophilic
and can contain or attract water from surrounding moisture even under room temperature.
These attracted molecules of water can react to hydrolyze the silane (the coupling chemical).
According to Zhang et al. [142], the dioxygen complex nature of TiO2 NP attracts H20 to
complete its number of the crystal lattice. The rutile-TiO2 NPs have surface oxygen
vacancies which act as an active site in water absorption. During this process, the silane
coupling agent's hydrolysable group (alkoxy) is activated, forming a reactive surfactant and
setting free the alcohols. The hydrolyzed silane group (organic functional group) has a high
affinity with one another and the organic functional group on the cellulose wood fibre,
forming a fibre-filler-fibre bond. The amount of hydrolysable groups influences the bond
between the silane, rutile-TiO2 NPs and the cellulose fibre (kraft paper) [138], [142], [161],
[162]. However, For the unmodified TiO2 NPs, hydrogen bonds are formed between the
oxygen atom and the hydrogen atom of the TiO2 NPs and the cellulose [71]. The interactions
between TiO2 NPs with cellulose and surface-modified TiO> NPs with cellulose are shown

in Figure 5.1a-c (page 56 and 57).

55



Rutile-TiO:2 NPs

A Inter-molecularbond
with cellulose

Kraft pulp (Cellulose)

Figure 5.1a: Interaction mechanism of cellulose kraft paper with unmodified rutile-TiO>
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Figure 5.1b: Interaction mechanism of cellulose kraft paper with surface modified rutile-
TiO2 NPs having ASA.
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Figure 5.1c: Interaction mechanism of cellulose kraft paper with surface-modified TiO-
NPs having AKD.

5.4 Procedure for the Fabrication of the Kraft Paper Insulation

The papermaking procedure can be divided into three major steps: wood preparation, wood
delignification (pulping) and paper fabrication. Historically, in AD 104, Ts’ai Lun in China
invented paper by removing and grounding into fibres and sheets the outer tissues (bark) of
a mulberry tree [163]. The early fibrous materials used in papermaking were the old rags
(clothes), remnants of hemp, fishing nets and fabric bags. To separate the fibres, the
materials were boiled and beaten. The beating was done using mallets from wood on a stone
or pestle and mortar. To produce a sheet of paper, the fibres suspended in a pool of water are
either poured into a mould or the mould immersed in the vat container, usually made of
wood. This early procedure forms the modern technology of fabricating paper [155], [163].
In the present research, the wood preparation and pulping will not form part of the protocols
to be considered for making the kraft paper insulation. Meanwhile, the kraft pulp (the
electrical grade unbleached) used in this work was donated by Sappi™ Technology Centre
(Pretoria, South Africa).
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Electrical grade unbleached kraft pulp (wood pulp) is commonly used for power transformer
insulation. It is produced in a controlled condition and environment (laboratory) using
handsheet former machine for research and experimental purposes [72, ], [86], [92], [157].
Different paper insulation specimens are fabricated, including the reference (unfilled kraft
paper) sample, nanocomposite kraft paper with unmodified rutile-TiO> NPs and surface-
modified rutile-TiO2 NP samples.

5.4.1 Materials and Chemicals used to Fabricate the Kraft Paper Insulation

The raw materials for the kraft paper fabrication process were electrical grade unbleached
kraft pulp (unbleached sulphur) as supplied by Sappi™ Technology Centre (Pretoria, South
Africa), distilled water, surface-modified rutile-TiO> nanoparticles (the nanoparticles were
surface modified with AKD and ASA to condition the surface against water; refer to section
4.4. and 4.5 of chapter 4), and the filler retention aid; the retention aid was used to retain the

nanofiller due to the particle size.

5.4.2 Experimental Procedure for Fabricating the Kraft Paper Insulation

The procedure involved two experiments: the fabrication of the control (reference/unfilled
kraft paper) sample and the fabrication of samples filled with nanoparticles (with rutile-TiO>
NPs). The procedure of the handsheet making complied with procedures in TAPPI T 205
[153]. The rutile-TiO2 nanocomposite kraft paper was fabricated following the process
illustrated in Figure 1. The same procedure was followed for the control (reference) sample
but without adding the nanofillers and retention aid. Detailed experimental calculations and
steps are presented in Appendix A of this thesis. Figure 5.2 of page 59 shows the process of
the paper fabrication, while Figure A (Appendix A) presents some images taken at some
stages of the process. The following section presents the characterization and results

obtained from the kraft paper specimens.
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Figure 5.2: Steps involved in fabricating the kraft paper insulation.

5.5 Fibre Characterization and Scanning Electron Microscope (SEM) Analysis of the
Fabricated Kraft Paper Insulation

Characterization of the fibre in kraft paper reveals in detail the internal features of the fibres

that make up the paper. The features such as fibre length, fines, coarseness and fibre wall

thickness are best seen and analyzed by special machines having a microscopic lens. The

fibres' characteristics of kraft paper insulation significantly influence the modified and

unmodified kraft paper insulation performance.

5.5.1 Fibre Analysis of the Fabricated Kraft Paper Insulation

The L&W FT+ tester was used to determine morphological characteristics of cellulose fibres
and fine elements through size criteria. L&W FT+ (Code 912+) has different optics and uses a
camera with higher resolution; these features allow for better measurement of small particles in
the pulp, fines or macro fibrils. Up to six beakers containing disintegrated pulp samples can be
placed on the sample-changer carousel. After a test is started with the software, the sample is
drawn into the tester and diluted to the proper concentration for testing. The fibre suspension

is pumped through a measuring cell, where it is photographed. The photographs are then
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processed in an image-analysis program for further analysis [165]. The procedures involved in
sample preparation and analysis using the L&W FT (Code 912+) are presented in Appendix B.
The characteristics results of fibre length, fines, coarseness and fibre wall thickness of the kraft
paper specimens are presented in the next subsections.

Fibre Length:

The results on the fibre length are plotted as shown in Figure 5.3. From the graph of the fibre
length distribution, the fibre length of all the sampled specimens falls within the fibre length
class of softwood. The fibre length analysis also shows that the nanofiller does not influence
the fibre length. Unbleached softwood cellulose fibres have a length measured between 1.8
to 4 millimetres. These woods are more robust and have a longer length compared to
hardwood. This makes it a preferred raw material for fabricating kraft paper insulation for
power transformers [34], [37]-[39], [166]-{168].

—*= Control —®— KP/T-Pure KP/T-AKD 1% —* KP/T-ASA 5%
—o KP/T-AKD 5% KP/T-ASA 1% —*— KP/T-ASA3% —* KP/T-AKD 3%

30

Amount of fibre (%)

KP = Kraft paper

T=TiOz NPs Fibre-length class (uum)

Figure 5.3: Graphical representation of the fibre length constituents in the various

specimens.

Fines:
Fines are detached fibrils from the fibre [38], [169]. They are the smallest component of the
fibre and are defined as particles that can pass through a 200 mesh screen with a hole

diameter of 76 um [170], [171]. Fines are of two types; the primary fines which are produced
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during pulping and bleaching, and the secondary fines are generated during refining of pulp
which is a mechanical process. Primary fines comprise less than 2% of the entire fines
content, the rest secondary fines [38]. Concerning Figure 5.4, the percentages of secondary
fines content are approximately twice that of the primary, which conforms with the literature
[38]. Compared to other samples, the control (unfilled) sample has less fines content. This
could be due to the filler retention aid added to the other samples containing nanofillers.
Fines increase the bond between fibre by filling the voids during the dewatering. The fibre-
fibre interaction increases the sheet density, resulting in an increase in tensile strength. [34],
[38], [172]-[175].
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Figure 5.4: A graph representing fines in different test specimens of the kraft paper.

Coarseness and Wall thickness

The coarseness of a fibre is the measure of its mass per unit length. A handsheet with a high
coarseness value affects its ability to form strong fibre bonds [176]. Such fibre forms weaker
fibre links that can easily be broken under stress [34], [176]. Concerning Figure 5.5, the
coarseness is directly proportional to the fibre wall thickness and inversely proportional to
fibre content (refer to table B1 of Appendix B). Although there is not much difference in
coarseness because the same pulp was used throughout, the reinforced handsheets were

slightly coarser than the pure sample sheet. Since coarser fibre has thicker walls, they are
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bulkier with a more open fibre network resulting in more porous sheets [174]. The wall
thickness of a fibre influences the paper's strength. The fibre wall thickness controls the
bonding potential of the kraft paper [34]. Thick walls are known to contain fewer fibre per
volume, as depicted in Figure 5.5 (refer to table B1 of Appendix B) [38]. The tensile strength
of a paper is affected by its wall thickness. From the specimen analysis, the wall thickness
of all the samples falls within the same range; however, the control sample has a smaller
thickness [174], [176]-[179].

KP = Kraft paper

T-Pure =Unmodified Rutile-TiO2 NPs
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T-AKD= Rutile-TiO2 NPs modified with AKD
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Figure 5.5: A graph representing coarseness, fibre content and the wall thickness of the

kraft paper developed in this thesis work.

5.5.2 Scanning Electron Microscope (SEM) Analysis of the Fabricated Kraft Paper
Insulation

The Phenom ProX SEM is a high-resolution desktop imaging tool that combines an optical
camera and a scanning electron microscope for detailed imaging of various samples. Custom
software allows analysis of fibres and particles, as well as elemental analysis and particle size
distribution analysis. The equipment consists of the Phenom microscope ProX with rotary
knob; flat panel monitor and mouse; Pre-vacuum pump; Power supply; ProX hard drive with
application system software, flat panel monitor and mouse. The steps involved in sample

preparation and visualization with an optical/electron microscope of the kraft paper specimen

62



are detailed in Appendix C. The images obtained from the fibre examination of the samples
are presented.

The images of Figure 5.6 are for the paper sheet with and without nanoparticles. The
handsheet without nanoparticles is represented in Figure 5.6a; no trace of nanoparticles
within the fibre web. Figure 5.6b shows a more even distribution of the nanoparticles within
the fibre matrix with small trace of agglomeration. The images of the selected handsheets
depict the general footprint of the rest sheets. The distribution of the nanoparticles influences

the final properties of the kraft paper.

Agglomerated rutile-TiO:
NPs

Figure 5.6: Surface morphology of the handsheets (a) without nanofiller (b) with

nanofiller uniformly distributed with trace of agglomerated nanoparticles.

5.5.3 Percentage of Filler Retention (Rutile-TiO2 NPs) in the Nanocomposite Kraft
Paper

Nanofiller retention is the amount of filler content in the composite kraft paper retained in the
manufacturing process [180]. The nano-filler retained in the sheets was determined using the
ash content method, in compliance with the procedures in International Standard 1SO
2144:1997(E) [181]. A muffle furnace set at 900 °C was used to determine the ash content.
The samples were weighed before and after heating using the analytical weigh balance. Figure
5.7 depicts the quantity of nanofillers that were retained. At least half of the nanofillers are
retained in all the samples within the kraft paper reinforced with surface-modified TiO2 NPs
and the unmodified rutile-TiO2 NPs. The kraft paper reinforced with unmodified nanoparticles
has the highest retention of 57%.
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The retention of the nanofillers is an indication of fibre-filler-fibre bond being formed between
the cellulose fibre and the nanofillers; the bonding is enhancesed by the retention aid. The
significance of the modification and the resultant performance of the nanocomposite kraft
paper depends on the amount of the nanofiller retained within the fibre web. Since on average
50% of the initial nanofiller loading was retained, this translates to percatntage loading of
about 1.5wt%. This optimal nanoloading is consistant with the literature.
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Figure 5.7: Percentage of nanofiller particles retained in the rutile-TiO2 nanocomposite

kraft paper.

5.5.4 Tensile Strength of the Fabricated Kraft Paper Insulation

The tensile strength is an indicator of the mechanical property of the kraft paper insulation.
It reveals the extent of the structural bonding. The tensile strength test is done by stretching
out the paper specimen. A steady pulling force at 10 mm/min speed was applied until the
kraft paper insulation mechanically broke. AIll tests were done using Testometric
(TC.PT.003) tensile machine. Tensile strength of the paper sheets were measured in
according with the 1SO 1924-2 standards [182]. Figure 5.8 shows the image of a failed

clamped strip of one sample kraft paper, while the results on the tensile index are plotted in
Figure 5.9.
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Figure 5.8: Image of mechanically failed sample strip.
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Figure 5.9: Tensile strength of the fabricated kraft paper samples.

From Figure 5.9, it is evident that the control sample has highest tensile strength compared
to all versions of the nanocomposite kraft paper specimens. The difference in tensile strength
of the modified and unmodified kraft paper is about 9%. In the work of Liao et al. [71], the
tensile strength of oil-impregnated paper reinforced with TiO2 NPs decreased by 3%. Yuan
and Liao [89], also recorded a decrease of about 12% in tensile strength when
montmorillontine was used to modify transformer insulation paper. However, Tang et al.
[91] reported that the tensile strength of aramid insulation paper reinforced with SiO2 NPs
increased by 8% at 1 wt% of nanofiller loading and declined as the percentage content
increases. The variation in the tensile strengths could possibly be due to the influence of

nanofiller and agglomeration. According to El Omari et al [183], nanoparticle dispersion and

65



agglomeration affects fibre sheet interaction resulting to decrease in mechanical property of
the composite kraft paper. Tensile strength in kraft paper insulation is related to its degree
of polymerization (DP of a kraft paper is defined on page 9 of this thesis).

The need to measure the tensile strength of oil-impregnated might be perceived as less
significant in the design of the electrical winding of the power transformer. However, The
hydrogen bond of cellulose fibres are form between the hydroxyl (OH) of glucose links,
which contributes to the tensile strength of the kraft paper. To this regard, the DP of a kraft
paper which is the number of glucose chain that forms cellulose can be measured by its
tensile strength [184]. It is important to note that the measure of DP is difficult and costly
therefore, tensile strength is often used to measure the remaining life of oil-impregnated
paper [185]. If the tensile strength drops to 20% of the initial value, DP is reduced to
approximately 200; this defines the end of life of the oil-impregnated paper [184]-[186].

Tensile strength mainly decreases with ageing which in turn is mostly influenced by moisture
content in the kraft paper. Although the designed nanocomposite kraft paper showed 9%
less tensile strength as dipected in Figure 5.9, this initial value however is not expected to
detoriate the kraft paper significantly due to ageing because it has better performance in
moisture. Meanwhile, the longtime ageing effect of the nanocomposite kraft paper need to

be pursued as future research work.

5.5.5 Thermal Stability of the Fabricated Kraft Paper Insulation

A thermogravimetric analyser (TGA701, LECOCorp. USA) was used to study the thermal
stability of the samples. Temperature rise in power transformer is a threat to its insulation
therefore, the measure of TGA will reveal the thermal withstand of the fabricated kraft
papers. 10 mg of each sample of the kraft paper insulation were weighed and placed in
ceramic crucibles. The temperature was set to ramp from 20 °C to 900 °C. The
thermogravimetric graph of the control sample (unfilled), kraft paper filled with unmodified
rutile-TiO2 NPs and kraft paper having surfaced modified rutile-TiO2 NPs are presented in
Figure 5.10.
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With reference to the TGA graphs (in Figure 5.10), the first sharp slope on each curve
indicates the release (removal) of absorbed water. Then the region of steady weight loss; at
this stage, a gradual thermal depolarization is seen. The kraft paper filled with modified
rutile-TiO2 NPs/5% AKD takes about 267 °C to give up its thermal strength, and at 370 °C
maximum thermal decompositions was obvious. Compared with the control sample
(unfilled), the kraft paper filled with rutile-TiO2 NPs/5% AKD is 5.4% more thermally
stable.

The sizing chemicals used in this thesis to surface modify the rutile- TiO2 NPs are described
in literatures to have high thermal resistance. This attribute is due to their characteristic long
organic chain length, resulting to a stronger van-der-waals interractions among the bonds.
Moreso, TiO2> NPs especially the rutile phase are known to have higer thermal resistance
compare to other nano-metalic fillers [20], [149], [187]-[190]. As such, the fabricated
nanocompiste kraft paper exhibits higher thermal resistance than the unmodified kraft paper
insulation Table 5.1 of page 69 presents the thermal stability of the fabricated kraft paper

samples from the TGA results.
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Figure 5.10: TGA of the sample papers (a) control sample, (b) kraft paper with unmodified NPs,
(c) kraft paper filled with rutile-TiOx/AKD1%, (d) kraft paper filled with rutile-TiO-/AKD3%,(e)
kraft paper filled with rutile-TiO2/AKD5%, (f) kraft paper filled with rutile-TiOx/ASA1%.
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Figure 5.10: cont.” (g) kraft paper filled with rutile-TiO2/ASA3% and (h) kraft paper filled with
rutile-TiO2/ASA5% .

Table 5.1: Thermal stability of the fabricated kraft paper samples.

Sample The temperature at which drastic The difference in temperature to
decomposition occurred ('C) the control (unfilled) kraft paper
specimen (in %)
Samaple A (Control) 351 0
Sample B (Rutile) Kraft paper 354 0.9
Sample C (Rutile/1%AKD) Kraft paper 360 2.6
Sample D (Rutile/3%AKD) Kraft paper 367 4.6
Sample D (Rutile/5%AKD) Kraft paper 370 5.4
Sample E (Rutile/1%ASA) Kraft paper 356 14
Sample F (Rutile/3%ASA) Kraft paper 363 34
Sample G (Rutile/5%ASA) Kraft paper 365 3.9

Oxidation, hydrolysis and pyrolysis mechanisms in power transformer all depend on
temperature rise and affects the insulation as shown in Figure 1.2 of chapter 1. The 5.4%
increase in thermal resistance entails that the fabricated nanocomposite kraft will withstand

more stress induced by thermal reaction than the unfilled kraft paper before degrading.

It can be argued that with the 5.4% increase in thermal resilience, the loading of power
transformers can be increased in order of 5%. This translates into significant savings in
power transformer assets investment. In this regard, this present reseach work has
successfully upgraded the thermal withstand capabilities of kraft paper using nanofiller and

surfactants for power transformer application. This work has also presented an alternative
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technique of producing thermally upgraded insulation materials. The following section
presents the tests on moisture and water absorption characteristics of the fabricated kraft

paper.
5.5.6 Hydrophilicity Test on the Fabricated Kraft Paper Specimens

The vulnerability of the fabricated kraft paper specimens to surrounding moisture and the
rate of water absorption is tested. The next subsections presents the experimental test
procedure and the results.

Moisture Absorption Test:

The fabricated kraft paper specimens were exposed to humid atmospheric air for 72 hours.
The atmospheric conditions were temperature and relative humidity were respectively 23
+3°C and 53 + 5%. At least three specimens of each specimen type were tested. The samples
were cured (dried) in a laboratory oven at 105°C for 20 minutes and weighed. They were
then exposed to the atmospheric air for 72 hours after which they were weighed again. This
approach to measuring moisture absorption characteristics of kraft paper has also been used
by other researchers such as; Gasser et al. [191], Cigre Working Group A2.30 [47] and Koch

[192]. Figure 5.11 represents the percentage increase in mass due to moisture absorption.
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Figure 5.11: Percentage increase in mass due to absorbed moisture of the fabricated kraft

paper samples.
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The results show significant increase in mass in all samples due to the absorbed moisture.
However, the reference (unfilled) and the nanocomposite kraft paper filled with unmodified
rutile-TiO2 NPs specimens show a significantly higher percentage increase in mass than the
rest of the samples. Specimens filled with AKD surface-modified nanofiller show more
hydrophilic properties than those with nanoparticles modified with ASA. After 72 hours, the
kraft paper specimens filled with surface-modified rutile-TiO> NPs (KP/T-ASA5%) absorbed
the least moisture; about 74% less than the unfilled paper.

The wvulnerability of celluose insulation to surrounding moisture has been reduced by
distributing the surface modified hydrophobic nanofillers within the fibre of kraft paper. This
outcome inferes that if the nanocomposite kraft paper is used for transformer insulation
winding, the moisture absorption and moisture ingress on the kraft paper will significantly be
reduced. This research work has therefore successfully fabricated a nanocomposite kraft
paper with hydrophobic characteristic for improved power transformer insulation design
possibilities.

Water Vapour Transmission Rate (MVTR):

The water vapour transmission rate (WVTR) of the kraft paper specimens were measured
following the 1SO 2528 standard procedure [193], and the conditions were as specified in
ISO 187 [194]. The experimental process is illustrated in Figure 5.12 and Figure 5.13

presents the results. The practical detail of the test is explained in Appendix D.
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Figure 5.12: Experimental setup and process of water vapor transmission rate test.
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Figure 5.13 presents the results of the WV TR of the samples, and each bar is an average of
three measurements on each specimen. The nanocomposite kraft paper filled with
unmodified rutile-TiO- has the highest transmission rate. Nanocomposite kraft paper filled
with modified rutile-TiO> with ASA has about 30% less transmission rate than the unfilled
kraft paper specimen. The kraft paper filled with 5 vol/vol% ASA surface-modified TiO:
nanoparticles proves to scale down moisture absorption tendencies of kraft paper. The long-
term sustainability of the effects, however need to be further investigated. There is a
possibility that the characteristics of the surfactant chemicals could change over time [137],
[195]-[197].
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Figure 5.13: Water Vapour Transmission Rate (WVTR) of the kraft paper specimens.

In addition to moisture absorption and transmission characteristics, the rate at which water
droplets (deposited onto the kraft paper surface) are absorbed into the kraft paper is an
important characteristic.

The WVTR further confirmed that the fabricated nanocomposite kraft paper filled with
suface modifed nanofiller are less hygroscopic to the surrounding moisture. The next

subsection presents the water cobb test and contact angle.

Water Cobb Test:

The Cobb test measures the quantity of water absorbed by a paper specimen. For the

experiment, three test determinations were carried out. The experimental procedures were in
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accordance with 1SO 535 [25], and all samples were preconditioned and conditioned in
accordance with ISO 187. Figure 5.14 shows the image of the test setup. A detailed
explanation of the test setup is presented in appendix D.

= Paper
Stopwatch

sample

Figure 5.14: Image of the water Cobb test setup.

The results from the water Cobb test are represented in Figure 5.15. The control sample has
the highest Cobb value indicating vulnerabilty to water. The value obtained from the kraft
paper reinforced with surface-modified rutile-TiO2 NPs shows an indication of sizing with
KP/T-ASA5% recording the least Cobb value; decreased by 21% as compared with the

control sample.

A Cobb value usually varies according to dosage and method of sizing. According to
Seppanen [195], about a 60% decrease in Cobb was recorded when the kraft pulp was
internally sized with AKD and ASA. Also Varshoei et al. [199] reported a 92% decrease in
Cobb value as they added 1% AKD internally to kraft pulp. In this present research, the kraft
pulp was not internally sized; instead, the rutile-TiO2 NPs were surface conditions. Internal
sizing implies that the sizing chemical is added to the pulp stock before fabricating the sheet.
In another development by Zhang et al. [142], TiO2 NPs were surface condition with AKD
and reinforced in a bleach kraft pulp. From the report, an 84% decrease in Cobb values was
recorded. In the experiment, kaolin a titanium oxide extender was added to the experiment.
When Al:SiOs (kaolin) is added to paper, it increases the covering power (coating), barrier

resistance, nanofiller quantity and resists the undesirable effect of liquids [200].
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T-ASA= Rutile-TiO2 NPs modified with ASA
T-AKD= Rutile-TiO2 NPs modified with AKD
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Figure 5.15: Graphical representation of Cobb test of the fabricated kraft paper samples.

There are no universal Cobb values for papers; however, cardboard, packaging and printing
paper are expected to have Cobb values ranging from 20-35g/m?. According to their
application, some kraft papers are moderately sized, and the Cobb value goes beyond 140
g/m? [201], [202]. In power transformer application, the required Cobb value can only be
identified when the paper undergoes accelerated laboratory ageing, which subjects the kraft
paper to a typical power transformer condition. With this, the response of the modified kraft
paper to ageing will be examined. The same verification is done on thermally upgraded kraft
papers (defined in IEEE C57.100) [203].

The Cobb test basically studies the wetting charactersistic of the kraft paper. In power
transformer, accumulation of water is usually due to moisture ingress (small water
molecules) and thermal degradation which results to oxidation as well as hydrolysis
mechanism. The water molecules produced in these processes are absorbed by the kraft
paper. The wet kraft paper will eventually disrupt the glucose rings thereby breaking the
hydrogen bond of the cellulose and compromising the mechanical property of the insulation.
The Cobb test and the results indicates the resistance of the fabricated kraft papers to water
however, this experiment are conducted on papers that are exposed to higher volume of water
and stress. The contact angle test which involves a droplet of water is presented in the

subsection.
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Contact Angle of the Nanocomposites Kraft Paper Insulation:

The Young’s model by Thomas Young described the interaction between the surface of a
dry fibre sheet and a wet droplet in 1805. His model under an ideal fibre sheet defines the
wetting characteristic as related to the contact angle of surface energy at three interphases.
The equation provided an interphase relation between contact angle 6, solid, liquid and gas
as in equation 2 and illustrated in Figure 5.16 [136], [204].

Yie
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cos = ¥8EIsL 2)
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Figure 5.16: Contact angle illustration of a water droplet.

Where ys¢, Vs, and y,, are the surface energy at the interphase of solid and gas, solid and

liquid and gas and liquid, respectively.

The experimental test examined the contact angle and rate at which the contact angle changes
with time as the water is absorbed into the kraft paper surface. The measurements were
carried out using a Kruss EasyDrop (Model FM40Mk2). A droplet of distilled water was
placed on the sample and captured by a high-resolution camera. Five spots were tested on
each three replicated samples. The angle and the rate the contact angle changes were
recorded. The test was done in accordance with TAPPI T 558 standards [205].

As per the contact angle measurement (Table 5.2), the nanocomposite kraft paper specimens
filled with surface-modified rutile-TiO2 NPs (KP/T-ASA5%) have the biggest contact angle
manifesting the highest hydrophobicity. Compared with the control paper, the contact angle
improved by 12%. The results also show that the water absorption rate is 4 times slower in the

KP/T-ASA5% specimen than in the unfilled kraft paper specimen.
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Table 5.2: Contact angle and time taken to absorb water.

Sample | Contact with sheet | After 5 seconds | Water absorbed by the sheet
.8° B
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S 53.7° S nfrer 75
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85.4° After 8s

)
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89.6°

IR  ricr 115
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)
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>

92.5° After 19s

In summary, the examinations of the fabricated kraft paper insulation's moisture and water
absorption characteristics using various tests shows that the unfilled kraft paper and kraft
paper filled with unmodified nanofillers are more hydrophilic. The hydrophilicity is
attribable to the hygroscopic nature of kraft paper (cellulose) insulation due to its exposed

hydroxyl site [20] and the reinforced rutile-TiO2 NPs. The rutile-TiO2> NPs have surface
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oxygen vacancies which act as an active site for water absorption. The process of absorption
of water to the rutile-TiO2 surface could be molecularly or dissociative. This causes an
interaction between the surficial Titanium and the hydroxyl group of the water molecule
while the bridging oxygen forms a bond with the H atom [27]-[29], [104]. The characteristic
of cellulose and rutile-TiO> NPs being hydrophilic, in effect, made the control kraft paper
and the nanocomposite kraft paper filled with unmodified rutile-TiO2 NPs hygroscopically

to the surrounding moisture and water.

The hydrophobicity of the nanocomposite kraft paper filled with surface-modified rutile-
TiO2 NPs is attributed to the role of AKD and ASA sizing agents. How the sizing agents
interact with the surrounding moisture is illustrated in Figure 5.17. Consequently, the kraft
paper reinforced with the modified rutile-TiO2 NPs reacts more hydrophobically with the

surrounding moisture.
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Figure 5.17: Interaction of sized nanocomposite kraft paper with surrounding moisture.

It is essential to note that hydrolysis of the ester bond (of AKD and ASA) between the sized
molecules and polymer can result in sizing reversion over time. In the literature, it is
explained as a loss of size response [137], [195], [196], [201].

This thesis has produced a novel nanocomposite kraft paper with 74% less moisutre
absorption properties and 12% less water absorption rate capability compared to the

unfilled kraft paper. Moisture/water are the main agents of kraft paper degradation. With
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reference to Figure 1.2 in chapter 1, on average, moisture contributes 6% to power
transformer failure and also the deterioration of the insulation (insulation failure) are most
affected by the moisture which contributes 26% of the transformer failure. Therefore,
hypothetically if all the power transformers were to be installed using nanocomposite kraft
paper, the percentage of moisture induced faults will reduce to about 1.5% compared to 6%
with current kraft paper technology. Therefore, the improved moisutre performance of the
fabricated nanocomposite kraft paper translates into improved power transformer

reliability.

In summary, the achieved hydrophocity of the nanocomposited kraft paper samples filled
with surface modifed rutile-TiO. NPs produced in this present research work is an
unprecedented contribution to the kraft paper technology used for power transformer
winding insulation. The inherent hydrophilic nature of cellousic kraft paper material has

been a significant setback in its applications.

5.6 Chapter Conclusion

This chapter has presented the fabrication and evaluation of nanocomposite kraft paper
insulation. The application of surface-modfied rutile phase of TiO, NPs as filler in
fabricating composite kraft paper is a novel approach to reduce the hydrophilic characteristic
associated with cellulose kraft paper insulation. The fabricated kraft paper insulation were
tested for moisture absorption. The results show that kraft papers filled with surface-
modified nanoparticles has significantly improved hydrophobic properties. The thermal
stability of the kraft paper insulation filled with nanoparticles was also improved. However,
the tradeoff in the design of the nanocomposite kraft paper in the 9% decrease in its tensile
strength as compared with the unfilled kraft paper. The next chapter looks into the dielectric

properties of the fabricated kraft paper insulation.
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Chapter 6: Dielectric Characteristics of the Fabricated

Kraft Paper Insulation

6.1 Introduction

The previous chapter presented the fabrication of kraft paper insulation; three different
specimens were fabricated and characterized. The moisture absorption and rate of water
absorption of unfilled and filled kraft paper insulation were studied and analyzed. It was
shown that the kraft paper filled with surface-modified rutile-TiO2 NPs (KP/T-ASA5%) had
significantly improved in its hydrophobicity properties, and compared with the unfilled: (a)
moisture absorption rate dropped by 74%, (b) WVTR decreased by 30% and (c) the water
droplet contact angle increased by 12%. While moisture and water absorption properties are
important, the electrical properties of the resultant nanocomposite kraft paper are equally
important and are therefore evaluated in this chapter. The findings in this chapter also form
part of the published scholarly article.

6.2 Dielectric Dissipation Factor (Tan Delta) of the Fabricated Kraft Paper Insulation

Since moisture and water are detrimental to the insulation integrity of kraft paper, the
presence of moisture in kraft paper insulated equipment needs to be diagnosed. In that
regard, a dielectric loss measurement is a common tool for moisture condition diagnosis of
kraft paper-based insulation.

Dielectric dissipation factor (tan delta) or dielectric loss is a diagnostic tool used to indicate
the presence of moisture and contaminations in insulation. The measured value of tan delta
indicates the moisture effect in the kraft paper [32], [206]. For sound insulation, the tan delta
is very low (less than 0.5%), and high values imply the existence of moisture. Tan delta is a

non-dimensional value as in equation 6.1 [207].

currentloss _ Ijpss

Dissipationfactot(tand) = (6.1)

chargecurrent o Icharge
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To study the effect of moisture absorption on the paper samples, Omicron™ Dielectric
Response Analyzer (DIRANA) was used in this work. DIRANA combine the time domain
measurement (polarization and depolarization current) and frequency domain measurement
(dielectric dissipation factor) [61], [208]. The test specimens were dried in an oven at 105
°C for 20 minutes, and DIRANA was used to measure the value of the tan delta on the dry
specimens at about the same high temperature. The samples were then exposed to moisture
at a relative humidity of 53 +4% and at a temperature of 23 £2 °C for 72 hours. Figure 6.1
shows a schematic of the experimental setup and the data values from DIRANA are
presented in the table and Appendix E.
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Figure 6.1: Experimental setup of measuring dissipation factor using DIRANA.

Figure 6.2 presents the tan delta measurement set up at room temperature 72 hours after the
specimens were taken out of the drying oven. The results show that the kraft paper specimens
reinforced with surface-modified rutile-TiO2 NPs (KP/T-ASA5%) has the lowest tan delta
values. Notably, the difference with that of the unfilled is 40% which is quite significant.
Figure 6.3 presents the tan delta measurement results of the specimens at high temperature
immediately after oven curing. The tests were done at high temperature. As expected, the
test specimens' tan delta values were lower than the corresponding values after 72 hours of
exposure to the atmospheric air at room temperature. It is notable that instead of the KP/T -
ASA5% that of KP/T-AKD5% has the lowest tan delta value which manifests the tempreture
dependence of ASA and AKD surfactants.
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AKD efficiency depends on temperature and takes a longer time to cure. At a higher
temperature, AKD is expected to perform better [137], [195], [196], [201]. The efficiency
of ASA-sized handsheets could also be retarded by its speedy hydrolysis [197], [201].
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Figure 6.2: Absolute values of tan delta measured after 72 hours at 50 Hertz.
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Figure 6.3: Absolute values of tan delta measured after curing at 50 Hertz.

Figure 6.4. (page 82) shows the graphs of tan delta against the frequency. The kraft paper
insulation reinforced with surface-modified rutile-TiO> NPs has lower tan delta values for
both graphs plotted for high temperature and after 72 hours of direct exposure to humid

atmospheric air. However, the control (unfilled) sample and the sample containing
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unmodified rutile-TiO2 NPs increased more in tan delta towards the low frequency. In
general, moisture has a higher effect at lower frequency, and kraft paper with absorbed
moisture has an increase in conductivity [32], [192], [207]. It is worth noting that a dielectric

loss increase, especially in kraft paper, is largely attributed moisture presence.

It is evident from the graphs that all the curves appeared sloppy, while a typical tan delta
curve of oil-impregnated paper is usually in an S-shape (showing the moisture absorption,
oil-conductivity and geometry). This is because the experiment was done on a single
insulation material (kraft paper), and the dissipation factor curves of the kraft papers were
only displayed, excluding the steep slope of the oil. The graphs also show that the samples
that absorbed more moisture tend to move right (outward), This effect is assigned to moisture
presence, especially in the kraft paper [19], [47], [54].
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Figure 6.4: (a) tandgraph of kraft paper/T-AKD after curing, (b) tandgraph of kraft
paper/T-ASA after curing, (c) combined tandgraph of kraft paper/T-AKD and ASA after
curing, (d) tandgraph of kraft paper/T-AKD after 72 hours.
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Figure 6.4: cont’ (€) tandgraph of kraft paper/T-ASA after 72 hours, (f)
combinedtandgraph of kraft paper/T-AKD after curing and 72 hours later, (g) combined
tandgraph of kraft paper/T-ASA after curing and 72 hours later, (h) combined tandgraph

of kraft paper/T-AKD and ASA after 72 hours.

6.3 Electrical Breakdown Strength of the Fabricated Kraft Paper Insulation

One of the essential characteristics of kraft paper insulating material used in a power
transformer is its ability to withstand electric field stress without breaking down easily. Kraft
paper modified with nanoparticles has shown significant improvement in its breakdown
strength. Liao et al. [71] reinforced kraft paper insulation with TiO2 NPs, and the breakdown
voltage of the modified kraft increased by 21%. Yuan and Ruijin [89] modified kraft paper
insulation with montmorillonite (MMT), and the breakdown voltage of the oil-impregnated

paper increased by 13% . Tang et al. [93] used Al.O3 NPs to modify kraft paper insulation;
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it was reported that adding Al.Os NPs greatly improved the AC breakdown strength of the
kraft paper insulation. In a similar effort, Tang et al. [91] used SiO. NPs to modify kraft
paper insulation, and from the experimental results, the breakdown voltage of the modified
insulation increased by 14%. The breakdown voltage of modified kraft paper insulation was
reported to have improved when TiO2-NPs were optimized for power transformer
application [14]. The breakdown test of kraft paper specimens is presented in the next

subsection.

Experimental procedure for the Breakdown Strength of the Fabricated Kraft Paper
Specimens:

To determine the effect of modification on the new material, the dielectric breakdown
strength of each sample paper was studied. Before the breakdown tests were carried out, the
samples were oil-impregnated. This was done by drying the kraft paper at 90 °C for 48 hours.
Transformer oil (mineral) was added, and the oven temperature was controlled at 40 °C for
another 24 hours. The breakdown test was set up with homemade equipment as in Figure
6.5 and was done accordance with IEC 60243 standard [209]. Three replicates of each

sample were tested on seven different spots.
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Figure 6.5: Breakdown test setup.

From Figure 6.6, the breakdown strength of all the fibres containing either modified or
unmodified rutile-TiO> NPs increased while the control sample had a lower value. The

highest breakdown strength was 43.4 kV/mm. A 14.81% increase in breakdown strength
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was recorded as compared to the reference sample. It was however notable that the specimen
that gave the best result was kraft paper filled with surface-modifed rutile-TiO2> NPs (KP/T-
AKD3%) and not the surface-modified rutile-TiO> NPs (KP/T-ASA5%) which gave best
performance in other characteristics such as hydrophobicity. The result of having another
specimen performing better in other properties of the fabricated nanocomposite kraft paper
could be attributed to either loss of sizing chemical or rate of nanofiller dispersion within
the fibre web. It also worth noting that, the rate of nanofiller dispersion and particles size
has influence on the percentage increase of the breakdown strength.
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Figure 6.6: Breakdown voltage of the fabricated kraft paper.

Impact of the nanoparticles on the resultant breakdown strength of the fabricated
nanocomposite kraft paper

To understand the interaction between the nanofiller (rutile-TiO2 NPs) and cellulose fibre
which results in the suppression of the electric field stress and increases the breakdown
strength of the nanocomposite kraft paper, the proposed model by Tanaka et al. and Li et al.

are employed.

Tanaka [210], [211] 2005 proposed a model to explain the interaction around the polymer
and nanoparticles. In his work, a multi-layered core model for polymer nanocomposites

interface was presented for electrical insulation. His model including the New Potential
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Barrier model of Li et al. [212] could be used to explain the interaction that results in

improved electrical field withstand of the fabricated nanocomposite kraft paper.

The interface in the nanocomposite kraft paper is the channel that bonds the rutile-TiO2 NPs
with the cellulose fibre, from Tanaka model, the interface of the fabricated nanocomposite
kraft paper is made of three layers with the first corresponding to the layer that is bonded to
both rutile-TiO> NPs and cellulose fibre (kraft pulp). This connection is facilitated by the
unsaturated bond and organic groups (surfactants) on the surface of the rutile-TiO> NPs. The
rutile-TiO2 NPs then connect with the cellulose fibre by hydrogen, ionic and covalent bonds.
The second layer (transitional region) is a region within the model that consists of the
cellulose chain which bound with the surface of the rutile-TiO> NPs and the first layer. The
third layer (loose layer) interacts with the second layer. This layer comprises of various chain
structure/shape, chain mobility and free crystallinity from cellulose chain (polymer matrix).
The bonded and transition region (interaction zone) together define the electrical field
strength of the fabricate nanocomposite kraft paper as illustrated in Figure 6.7.

Based on the interaction zone, Li et al. proposed a new potential barrier model in 2011. The
proposed model considered the interaction zone (with in the nanocomposite kraft paper) as
an independent region and the thickness of the transition region to be smaller than the mean
free path of the carriers. According to the model, charge carriers are trapped in the interaction
zone when the rutile-TiO. nanoparticle is in scattered dispersion of the fabricated
nanocomposite kraft paper. This result to a decrease in mobility and density of carriers which
cause an increase in breakdown strength of the fabricated nanocomposite kraft paper by
15%.
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Figure 6.7: Interaction zone in nanocomposite kraft paper.
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The approximately 15% increase in breakdown strength of the nanocomposite kraft paper
can be translated into decrease in winding insulation failure due to transient overvoltage
caused by lightening. With this nanocomposite kraft paper, smaller power transformer can
be designed to withstand more electric field stress.

6.4 Chapter Conclusion

This chapter presented the dielectric properties of the fabricated kraft paper insulation. The
dielectric dissipation factor of the kraft paper were measured to study the impact of moisture
on the kraft paper specimens. The outcome shows that the samples reinforced with surface-
modified rutile-TiO> NPs had a lower tan delta value indicating higher hydrophobic
characteristics than the control and kraft paper reinforced with unmodified nanofillers after
modification. The electrical breakdown voltage of kraft paper reinforced with nanoparticles
increased. The following chapter presents the conclusion and recommendation for this

thesis.
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Chapter 7: Conclusion and Future Research Work

7.1 Introduction

The research work presented in this thesis is an effort to fabricate a novel nanocomposite
kraft paper insulation. This is to produce kraft paper insulation with improved hydrophobic
properties and for application in power transformer insulation. This was achieved by surface-
modifying the nanofiller (rutile-TiO2 NPs) with surfactants (sizing chemicals). The
surfactants reduced the surface energy of the modifed rutile-TiO, NPs thereby producing an
hydrophobic nanofiller. Kraft paper samples were then fabricated and filled with unmodified
nanoparticles in one hand, and with the surface-modified nanoparticles in the other hand for

the experimental investigation.

The following section of this chapter recaps the major findings of the research work. The
contributions and limitations of the research are presented in the second section. Lastly, the

possible areas for further research were presented.

7.2 Summary of Major Findings and Knowledge Contribution

The nanocomposite kraft paper insulation was fabricated through the reinforcement of the
nanoparticles into the kraft pulp. The nanoparticles were synthesized using the sol-gel
method. Temperature and time manipulation during the period of annealing produced the

required size of 19 nm of rutile-TiO2 nanoparticles.

The modification process of the obtained rutile-TiO> NPs produced a nanoparticle that has
its surface conditioned for protection against moisture absorption. The nanoparticles surface-
modification was done with two different sizing agents (surfactants); Alkyl ketene dimer
(AKD) and alkenyl succinic anhydride (ASA). The percentage loading of the sizing agents
was varied to investigate the optimal composition. Nanoparticles modified with the sizing
chemical were less hydrophilic and had better thermal stability than the unmodified
nanoparticles. The characteristics of the sizing chemicals results in modifying the surface

of the rutile-TiO2 NPs to be less vulnerable to the surrounding moisture, while the thermal
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stability of the surface-modified rutile-TiO. NPs is attributed to improved heat resistance as

a result of the long-chain organic compounds from the surfactants.

The fibre characteristics of the fabricated kraft paper insulation were examined, and it was

observed that all the sample papers fall within the fibre length of softwood fibre; 1.8 to 4

millimetres. At least 50% of the nanofillers were retained within the composite kraft paper,

with some traces of agglomeration being observed. The retention of the nanofillers is

attributed to the retention aid added. The investigation on the resultant properties of the

fabricated nanocomposite kraft paper compared with the unfilled kraft paper is presented in
Table 7.1.

Table 7.1: Resultant properties of the fabricated kraft paper and implication on insulation
design for power transformer.

Hydrophilic properties Thermal Tensile index Tan delta Dielectric
stability strength
Moisture WVTR Contact angle
absorption
Percentage (%) 74% 30% 12% 5.4% 9% 40% 14.81%
improvement
compared to unfilled
kraft paper
Possible extrapolated The percentage of The percentage The percentage Thermal The The The increase in
implications on moisture to failure | of moisture to of moisture to endurance of the hydrophobic, conductivity the electrical
insulation design in of insulation as failure of failure of winding thermal and casued due to field strength of
power transformer well as the insulation as insulation as insulation will electrical the presence the
transformer will well as the well as the increase thereby properties of the of moisture in nanocomposite
reduce. The transformer will | transformer will | paving way to fabricated the kraft paper | entails that
nanocomposite reduce. The reduce. The increase the nanocomposite will decrease. smaller
kraft paper nanocomposite nanocomposite loading of a kraft paper will transfomers can
technology in this kraft paper kraft paper power reduce the be deisgned to
thesis therefore technology in technology in transformer of impact the withstand higher
presented a more this thesis this thesis the same decrease in voltage. And also
reliable technique. | therefore therefore capacity. tensile strength failure due to
presented a presented a will have on the lightening and
more reliable more reliable insulation surges on the
technique. technique. degredation. winding
insulation will
reduce.

In summary, the nanocomposite kraft paper insulation modified with rutile-TiO2 NPs/5%

ASA possessed better hydrophobic properties than the other kraft paper samples. However,

at a higher temperature, the nanocomposite kraft paper insulation modified with rutile-TiO>

NPs/5% AKD shows superior effectiveness.
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7.3 Contributions and Limitations

7.3.1 Contributions

An optimal procedure of synthesis rutile-TiO2 NPs via sol-gel to arrive at 19.72 nm
has been devised in the research work. The approach can be used to synthesise rutile-
TiO2 NPs to serve other application purposes.

The surface modification of rutile-TiO2 NPs using the sizing chemicals (surfactants)
in this research is a novel attempt to mitigate the hydrophilic characteristic associated
with nanoparticle used for kraft paper insulation. This can be used to address similar
shortfalls associated with polymer or polymer nanocomposites.

The application of surface-modified rutile-TiO, nanoparticles in kraft paper in this
research work is a novel attempt to reduce the hydrophilic characteristics of kraft
paper insulation for transformer application. The combination of ASA sizing
chemical, rutile-TiO2 NPs and kraft pulp to produce a kraft paper insulation is unique
to this research work.

Interms of kraft paper technology, this thesis has fabricated a transformer winding
insulation that can reduce the transformer failures attributed to moisture absorption,
overvoltage (due to lightening), overloading (causing thermal stress) as well as

insulation failure (due to oxidation, pyrolysis, hydrolysis).

7.3.2 Limitations

The rutile-TiO2 NPs were synthesized in small volumes for the purpose of the research work;

therefore, for applications that needs large volumes of rutile-TiO, the temperature and time

combination during annealing will not be helpful.

The nanocomposite kraft paper was fabricated in a laboratory using a handsheet maker for

the purpose of this research work. The procedure and mixing technique will defer for

industrial application, thereby influencing the resultant properties of the insulation. Also, the

rate of dispersion and agglomeration by the constraints of the laboratory equipment

influenced the final properties of the fabricated kraft paper insulation.

The ageing test for the suitability of the modified kraft paper insulation was not performed

due to the time limit.
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7.4 Recommendations for Future Work

The focus of the research work presented in this thesis is the possibility of reducing water
absorption characteristics of kraft paper insulation for power transformer applications. This
was achieved by reinforcing surface-modified rutile-TiO> NPs into a kraft pulp to fabricate
a nanocomposite of kraft paper insulation. The outcome of this research work appears
promising; however, perfection cannot be assumed to have been attained; therefore, further
work is necessary to establish its applicability. The areas recommended for further research

are given below;

1. The nanofiller retention, dispersion and agglomeration are significant factors
influencing the final properties of the fabricated nanocomposite kraft paper
insulation. In this regard, there is a need for interdisciplinary research collaboration
to control these factors for the desired outcome.

2. The sizing chemicals used in this research work could be affected by sizing reversion
over time, thereby comprising the effort. It is recommended that further work should
focus on alternative sizing chemicals or adhering chemicals to extend the time of
regression.

3. Inthis research work, rutile-TiO2 NPs were surface condition with a sizing chemical
and was then reinforced in the kraft pulp to reduce the water absorption
characteristics of the composite kraft paper insulation. The efficiency of this sizing
depends on the uniformity of the dispersed nanofiller within the host polymer. Given
this, further research on alternative means of sizing the nanocomposite kraft paper
should be explored.

4. Nanocomposites of kraft paper insulation are attracting more attention; however, the
ageing characteristics and likely byproducts of these composites and dielectric

properties are areas that need to be investigated.

In conclusion, the end goal of this research work was achieved by fabricating a
nanocomposite kraft paper with improve hydrophobic property. The investigation of
moisture/water absorption characteristics and dielectric properties of the fabricated

nanocomposite kraft paper suggests that the inherent hydrophilic nature of transformer solid
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insulation is reduced in this research work. However, the tradeoff in the fabrication of the
nanocomposite kraft paper is the decreases in its tensile strength as compared with the
unmodified kraft paper insulation.
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APPENDIX A:
Detailed calculation and experimental procedure for the fabrication of the kraft paper

1. Fabricating the control sample:

The screen of the handsheet maker (Rapid Kother at Sappi) has an area of 0.0314 m?. The
dry pulp required to fabricate 120g/m? of paper sheet therefore is;

Dry pulp (g) = Area (m?) x 120 (g/m?)
= 0.0314 X 120 = 3.768g weight of dry pulp

A pilot sheet was first produced to get the amount of wet pulp needed to fabricate a 120 g/m?
sheet. Wet pulp was weighed with an initial mass recorded as 146.61g. Water was added,
and the pulp was disintegrated at 2500 rpm to disperse the fibre bundles for 8 minutes
(20,000 revolutions). The filtration unit wires were carefully cleaned to remove tiny fibres
hanging on the surface. The pulp was then carefully poured into the filtration unit of the
handsheet machine, and the unit was half full with water; the start button was on to drain the
water through the mesh. The sheet was then placed between clean blotting paper with a
couch plate; it was rollover with five passes of a couch roller to remove the residual water
in the sheet within 10 seconds. The pilot sheet made was labelled using an indelible pencil,
pressed for 2 minutes at 4 bar pressure and dried at 92 °C for 8 minutes, and the final mass

after drying was 5.58g.

The dry matter weight (consistency) of the sheet was calculated as follows;

mass of the dry pilot sheet made

x 100

Dry matter weight (const.) = ass of wet pulp ()

_ 558
T 146.61

= 3.81%

Therefore 3.81% makes the dry matter (fibre) from the wet pulp of 146.61g used in
producing 5.58g of the pilot paper sheet.

106



The amount of wet pulp required, therefore, to produce a 120 g/m? sheet is;

_ 146.61 x 3.768

AT = 99.001g of wet pulp.
120 x 0.0314
Or = 98.897g of wet pulp
381
100

Therefore, to fabricate the control sample (reference), 99.001 g of wet pulp was used. The
exact steps for fabricating the pilot sheet were repeated for the reference sheets. For each
sample produced, the sheet's mass was weighed and divided by the area of the sheet (mesh
screen) by 0.0314 m? to get the grammage. The mass of the sheets produced was between
3.77g and 3.76g.

2. Making paper sheet with nanofiller:

To add 3 wt% of nanofiller to each sheet, the following was calculated;

3wt% of dry pulp = 3 wt% of 3.768 mass of dry pulp required to produce 120g/m? =
0.11304g of nanofiller added to the dry pulp.

The amount of dry pulp to fabricate the 120g/m? hence is 3.768-0.11403g = 3.6549g of dry
pulp. The mixing ratio of the nanofiller to distilled water is 1:100. Therefore, each 100g of

solution contains 1g of nanofiller. The wet content of the nanofiller is calculated thus;

0.11304
1%

= 11.3 g wet of nanofiller

The wet pulp required for the modified sheets is;
Wet pulp of control sample — wet solution of the nanofiller
= 99.001- 11.3 g = 87.701 g of wet pulp.

Preparation of the retention aid:
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The retention aid captures the nanofiller, fines and fiber branches to keep them together.
Perform PC8719 CPAM was used. 2 g of PC8719 was weighed, and a solution of 1:100 was
prepared. For each sheet made, 10 ml of retention aid was added.

Following the same procedure of fabricating the control samples, the sample modified with
reinforced nanofiller were prepared. Thus under stirring at 2500 rpm, 11.3 g of nanofiller
was added to the pulp slurry containing 87.701 g of pulp. The mixture was stirred for 8
minutes, then 10 ml of retention aid was added and allowed to stir for another 4 minutes
(total of 35,000). The filtration unit wires were carefully cleaned to remove tiny fibres
hanging on the surface. The pulp was then carefully poured into the filtration unit of the
handsheet machine, and the unit was half full with water; the start button was on to drain the
water through the mesh. The sheet was then placed between clean blotting paper with a
couch plate; it was rollover with five passes of a couch roller to remove the residual water
in the sheet within 10 seconds. The sheet made was labelled using an indelible pencil,
pressed for 2 minutes at 4 bar pressure and dried at 92 °C for 8 minutes, and the final mass
after drying was weighed. For each sample of the reinforced sheets, this procedure was
repeated.

Pulp filtration unit

Couch plate

Sheet dryer

Couch rol Blotting papers Sheet formed

Figure A: Images taken at some stages of fabricating the kraft paper insulation.
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APPENDIX B:

The procedures involved in sample preparation and analysis using the L&W FT (Code 912+)

Sample Preparation:

To analyse a pulp sample using the L&W FT+ fibre tester, 1 g of the fabricated kraft paper was
added to 1 L of water, and the pulp was transferred into a 1 L beaker. A 300 ml of water was
added, and a handheld blender was used to break up and mix the pulp. The pulp suspension
was transferred into a 1 L measuring cylinder, and then 700 ml of water was added to the 1 L
mark. The pulp was transferred back to the 1 L beaker, and three 100 g samples were weighed
off in 500 ml glass beakers to obtain three repeats containing 0.1 g of oven-dry pulp each. These

steps are repeated for each test sample.

Sample analysis:

The L&W FT+ PC was switched on, and the L&W FT+ software on the desktop of the PC was
started. The water valves were open, and the compressed air switch was on. 110 ml of water in
a glass beaker was placed on the sample-changer carousel, and the three 0.1 g pulp suspensions
on the sample-changer carousel. The sample names were entered in the various carousel
positions in the sample-changer window, and for fibre and fines analysis, the Pulp with Crill
method was chosen from the drop-down list for each sample, and the sample weight was
entered. The analysis starts by clicking the start button for each individual sample test. Table
B shows the fibre characteristic.

Table B: Fibre characteristics obtained from the L&W Fiber Analyzer.

Fibre characteristics KP/T- KP/T-
KP/T- AKD 1 KP/T- KP/T- KP/T- KP/T- ASA5
Control Pure % AKD 3% | AKD5% | ASA1% | ASA3% %
Mean length-weighted fibre length
(um 2029 2000 2052 1994 2016 2000 2001 1997
Primary (coarse ) fines (%) 10.333 10.700 10.100 10.567 10.567 10.700 10.367 11.000
Secondary (fine) fines (%) 19.633 25.267 21.700 25.967 24.967 25.500 24.700 24.433
Mean fines content % 30.000 35.933 31.800 36.600 35.567 36.200 35.067 35.367
Coarseness (mg/m) 0.213 0.238 0.235 0.215 0.216 0.231 0.221 0.221
Fibre content (10%/g pulp) 2.620 2.234 2.314 2.450 2.465 2.299 2.437 2.443
Fiber Wall Thickness (um) 3.500 3.967 3.900 3.567 3.600 3.933 3.667 3.700
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APPENDIX C:

The steps involved in sample preparation, visualization with optical/electron microscope of
the kraft paper specimen using the Phenom ProX SEM

Sample Preparation:

A test sample was cut into 25 mm in diameter and 30mm in height. Then a bare metal stub
was placed onto a sample tray, and a double-sided carbon adhesive pad was used to cement
the sample down to the sample stub. The sample was then placed on top of the exposed
adhesive surface with tweezers, and the material was distributed across the area for clear
visualisation. To remove any loose particles from the sample stub, the sample was gripped
with the stub-holding tweezers, and the stub was forcibly tapped on the side against the work
surface. The surface was sprayed with compressed air to remove any remaining loose
particles. The sample was then placed in the microscope, and the sample holder was inserted
into the microscope. The sample moved automatically to the optical imaging position after

the door of the microscope was closed.

Sample Visualization with Optical Microscope:

The optical camera displayed an image of the loaded sample in the main viewing window of
the image screen. The focus icon was clicked to activate focus adjustment then the
brightness/contrast was used to activate the brightness and contrast adjustment. The
magnification was adjusted and image was rotated in a desired direction. The area of interest
from the image was moved and centred on the main viewing window. In each position the
image is captured and shown in the optical overview window to produce an optical overview

of the entire holder content.

Sample Visualisation with Electron Microscope

After the area of interest had been centred in the optical overview window, the sample was
transferred to the electron imaging chamber for visualisation with the electron microscope. It
was displayed in the main viewing window at the lowest possible magnification. The image

was focused, and brightness/contrast was activated and adjusted. The sample was rotated, and
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the area of interest was moved to the centre. Images were captured using the electron overview

window's camera icon and stored on the Phenom USB flash drive.
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APPENDIX D:
Water vapour transmission rate and water Cobb experimental procedure
1. Experiment procedure on Water Vapour Transmission Rate (WVTR):

This experiment involved using a metal dish to determine the moisture penetration rate under
the influence of desiccant (calcium chloride anhydrous) when covered by the paper sheet.
An aluminium dish with a groove at the top as in Figure D(a) was used. The samples were
cut in to circular shapes using a cutting template to fit into the dish rim. Calcium chloride
was put into the different dish, and covered with the sample paper sheets. The sample was
sealed at the edges with hot wax; sealant (wax) was melted and distributed around the rims.
Three replications were prepared from each paper sheet. The sample was weighed and
recorded using the weighing balance. Figure D shows the experimental setup. The final mass

of each sample was weighed and recorded.

Desiccant (calcium
chloride)

Figure D: (a) Empty dish, (b) Dish containing desiccant and (c) Sample papers fitted into

the rim of the dishes.
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Table D: Water vapour transmission rate.

Sample MVTR (g/m?/24Hrs)
Control 730 £29
Kraft paper/T-Pure 734 +£39
Kraft paper/T-ASA 5% 561 £12
Kraft paper/T-ASA 3% 684 £29
Kraft paper/T-ASA 1% 728 £26
Kraft paper/T-AKD 5% 576 £11
Kraft paper/T-AKD 3% 697 £21
Kraft paper/T-AKD 1% 719 £32

2. Experiment procedure on water Cobb test:

The sample sheets were cut into a circular shape using the cutting template (10x10cm) and
were weighed. A sample was laid on a rubber mat, and a steel O-ring was placed on the test
sample. The ring was fastened firmly to avoid leakage between the test sample and the ring.
25 ml of distilled water was carefully but rapidly poured into the ring. The stopwatch was
started immediately and ran for 45s. The water was quickly taken out of the ring, and the
wing nuts were loosened to remove the ring. The wet test specimen was placed between

blotting paper and was subjected to two passes of a 20 kg metal roller before weighing.
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APPENDIX E:

Data results from DIRANA

Table E shows the tan delta values immediately after curing and the values after 72 hours

recorded at the nominal frequency of 50 Hz. The tan delta values recorded indicate that AKD

is more effective at a higher temperature than ASA.

Table E: Tan delta measured values with DIRANA.

Sample The absolute value of | Tan® after oven- | Absolute  Tan® | Tan® after 72
Tan? after oven-dry dry (%) after 72 hours hours (%)

Control 0.003156 0.3156 0.104452 10.4452

Kraft paper/ Pure TiO2 NP 0.004468 0.4468 0.112502 11.2502

Kraft paper/ TiO2 NP/AKD 1% | 0.003033 0.3033 0.093711 9.3711

Kraft paper/ TiO2 NP/AKD 3% | 0.002825 0.2825 0.077428 7.7428

Kraft paper/ TiO2 NP/AKD 5% | 0.001925 0.1925 0.069851 6.9851

Kraft paper/ TiO2 NP/ASA 1% || 0.003459 0.3459 0.090666 9.0666

Kraft paper/ TiO2 NP/ASA 3% || 0.003850 0.3850 0.066292 6.6292

Kraft paper/ TiO2 NP/ASA 5% || 0.002848 0.2848 0.058736 5.8736
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