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Abstract 

Nanocellulose (NC) composite derivatives are a class of materials with many advantageous properties 

that can be exploited for various industrial applications. This is especially pertinent considering the 

mandate to adopt bio-based technologies as alternatives to environmentally damaging materials in 

current commercial products. However, the utilisation of nanocellulose is currently limited by several 

factors including the cost of production, harmful chemicals and pollutants produced via its production 

process, lack of research into the capacity for nanocellulose functionalisation and the characteristics 

of such derivatives, poor mechanical properties of nanocellulose composites, the high hydrophilicity 

and high thermal conductivity. This thesis describes novel approaches to overcome the stated 

limitations by detailing the characteristics and mechanisms involved in the production of high 

performing nanocellulose based composites. The thesis outlines: (I) A unique TEMPO-free oxidation 

method for achieving a transformed nanocellulose and the mechanism for in-situ grafting of alien 

nanoparticle substrates; (II) A chlorine-free bleaching alternative for nanocellulose production and the 

commercial applicability of the developed nanocellulose via adoption into pulp paper packaging and 

films; (III) the applicability of nanocellulose as an aerogel composite across different aspects including 

the optimal production process (for example, shear rates) and constituent ratios with polyvinyl alcohol 

(PVA); (IV) The effect of the oxidation treatment on the mechanical properties of cellulose-based 

aerogels; (V) the properties of NC-PVA aerogel crosslinked with water-soluble coupling agents, where 

a nine-fold and three-fold enhancement in storage modulus and strength were achieved respectively; 

(VI) the properties of cellulose aerogels functionalised with graphene oxide. Overall this thesis paves 

the way for the commercialisation of novel functionalised nanocellulose materials. 
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Chapter 1 Introduction 

1.1 Introduction 

Climate change and the persisting global environmental degradation have placed significant pressure 

on the world population to resolve the unstainable nature of contemporary human societies. 

Materials science serves as the critical underpinning that will ultimately determine the success and 

pace of this development towards sustainability. The offer of sustainable, environmentally friendly 

materials facilitates the replacement of their unsustainable counterparts and opens up the potential 

for novel applications. Cellulose is one such material as the most abundant biological polysaccharide 

in the world. It is an inexpensive and sustainable natural polymer that presents an attractive material 

choice for researchers attempting to create environmentally friendly products. Functionalised nano- 

and micro-scale cellulose offer immense potential for scientists in creating advanced nanomaterials, 

reinforcements or to simply enhance the structure of macroscopic cellulose [1,2]. Existing methods of 

producing nanoscale fibrillated cellulose require high acid concentrations and energy consumption to 

produce relatively low yields of less than 30%. These methods, such as mechanical defibrillation, can 

damage the microfibril structure by reducing the degree of crystallinity and molar mass, and its 

performance requires high energy consumption (700-1400 MJ/kg) depending on the number of passes 

through a mechanical homogeniser [3–5]. Expensive pre-treatments, mainly TEMPO-NaBr-NaClO 

[6,7], are used to overcome such limitations presented by mechanical defibrillation despite removing 

non-cellulose composition and demanding treatment of liquid waste. The nano component of 

cellulose offers access to innovative tailoring in its material chemistry. The macroscopic structure of 

cellulose can thus be considerably enhanced by functionalising the nanoscopic unit, nanocellulose 

(NC), enabling existing cellulose products to be improved. Nanocellulose has extraordinary potential 

in various industry sectors, especially in paper and packaging. Depending on where it is added in a 

typical papermaking process, nanocellulose can enhance both the wet and dry strength of paper. 

Moreover, as a nanofibre, nanocellulose will mesh the pulp together in the stock preparation. Thus, 

improved material utilisation may be achieved from nanocellulose acting both as a strength agent and 
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retention aid. Nanocellulose may be used to create a porous, ultralight material called an aerogel. 

Aerogels a class of nanomaterials possessing very desirable properties including high porosity, low 

density and low thermal conductivity [8]. They are typically produced using a supercritical extraction 

technique to replace the liquid component of a gel with a gas [9] and hold promise for applications in 

many industries including absorbents, gas sensors, energy storage and supercapacitors [10]. Their 

application has, thus far, been limited however due to the high costs of the raw materials required 

[11] and the high energy consumption needed for the supercritical production process. Inorganic 

aerogels have been the primary focus of research into aerogels in the past with these being very brittle 

and thus limited in their applicability [12–14]. This has encouraged research into the development of 

different composite aerogels that offer superior properties that overcome current limitations [15–18]. 

The use of cellulose within aerogels as part of a composite has been widely studied [19–25] with 

results revealing that such aerogels that incorporate cellulose fibrils possess higher elasticity and 

surface area [24]. This is a result of the high aspect ratio of cellulose fibres and the strong hydrogen 

bonds present which create networks that enhance stress transfer [24]. Cellulose may be 

functionalised with other compounds to impart desired material characteristics into a composite 

aerogel. The hydroxyl groups in the glucosyl units of cellulose (-1,4-D-anhydroglucopyranose) at 

positions 2, 3 and 6 presents many possibilities for functionalisation to create useful derivative 

materials. The hydroxyl group at position 6 is considered the most reactive group with C-2 OH 

possessing a lower reactivity and C-3 OH being the weakest due to nearby oxygen atoms forming 

hydrogen bonds [26]. These hydroxyl groups can be functionalised through different reactions 

including polycondensation, acetalisation and esterification among others. A chemical substance may 

be used with at least two reactive groups to form covalent bonds between cellulose polymer chains 

by reacting with the hydroxyl groups. It may also bind weakly linked cellulose layers. Numerous 

substances have been found to act as crosslinking agents for cellulose such as glyoxal, dichloroethane, 

formaldehyde, vinyltrimethoxysilane (VTMS) and (3-Aminopropyl) triethoxysilane (APTES) [27]. 

Cellulose-based aerogels coated with methyltrimethoxysilane have exhibited high porosity, high oil 
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absorption capacity, super-hydrophobicity and very high flexibility [28]. Moreover, glyoxal is an 

environmentally friendly crosslinking agent that can improve the wet mechanical properties of 

cellulose [27]. Furthermore, VTMS may crosslink with cellulose to create compounds with increased 

permeability, lower crystallinity and higher flexibility [29]. APTES, on the other hand, is a toxic 

aminosilane that’s commonly used to functionalise surfaces with alkoxysilane molecules in a process 

known as silanisation. APTES has previously been functionalised with nanocrystalline cellulose (NCC) 

where the thermal stability of the APTES modified NCC was increased with the decomposition of 

modified NCC occurring at a temperature of about 10 °C higher. APTES has also been found to increase 

the hydrophobicity of cellulose fibrils with a 90% reduction in the surface polarity of NFC observed 

[30]. 

1.2 Aims of research 

The project aims to develop the enhanced nanocellulose, discern its potential as functional additives 

and explore its capacity for surface functionalisation. It also aims to develop functionalised 

nanocellulose aerogels and determine optimal production techniques. It intends to characterise these 

aerogels and ascertain their assorted properties for various industrial applications. 

1.3 Specific objectives 

To meet the aims of the research project, specific objectives have been set and are detailed as follows: 

- Investigate and optimise the processing parameters for producing nanocellulose and 

graphene oxide as well as for preparing aerogels. 

- Characterise the individual constituents of nanocellulose and graphene oxide for enhanced 

optimisation as well as develop an understanding for growing graphene on cellulose – 

observing the physical and chemical bonding structures.  

- Inspect novel techniques in enabling the produced nanocellulose to be grafted with alien 

nanoparticles. 

- Differentiate the different aspect ratios of nanocellulose fibres produced and determine their 

role in influencing the mechanical/physical property of aerogels. 
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- Explore the influence of tailoring the constituents using suitable crosslinkers and mechanism 

in influencing the mechanical and physical properties of the formulated nanocellulose 

aerogels. 

- Synthesise the functionalised nanocellulose-graphene aerogel with the use of crosslinkers and 

optimise the formulation of the hybrid systems. 

1.4 Outline of thesis 

The presented thesis consists of ten chapters as illustrated in Figure 1.1. A brief overview of the 

chapters is outlined as follows: 

Chapter one: Introduction 

This chapter outlines an overview of the current interests revolving nanocellulose and aerogel 

materials with a scope of the research aims and objectives. 

Chapter two: Literature review 

This chapter presents a comprehensive review of nanocellulose and graphene aerogels, identifying 

the bottlenecks and potential capabilities of such materials. The review comprises full properties of 

both nanocellulose and graphene allotropes as well as the influence of tailoring these constituents 

with other nanomaterials and polymers on the aerogel functionality. 

Chapter three: Methodology 

This chapter describes the experimental works conducted for the preparation of nanocellulose and 

graphene oxide production as well as to prepare aerogel composites. It also details the 

characterisation techniques carried out for the prepared materials. This chapter also includes the 

methodologies for a pilot trial in strengthening recycled paper packaging using the produced 

nanocellulose as an additive. 

Chapter four: Morphological and chemical transformation of nanocellulose to enable successive 

alien nanoparticle in-situ grafting 

This chapter thoroughly investigates the use of TEMPO-free oxidation via hypochlorite bleaching to 

formulate a unique NFC capable of accommodating in-situ grafting of alien nanoparticles. 
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Characterisation of the developed NFC was used to determine the chemical and morphological effects 

of the TEMPO-free oxidation process. 

Chapter five: Functionalised nanocellulose as functional additives and films 

This chapter outlines the commercial applicability of the developed NC via adoption into pulp paper 

packaging and films. The addition of NC as an additive in recycled fibre was investigated for the 

mechanical and physical properties of brown paper. An alternative TEMPO-free oxidation in the form 

of peroxide bleaching was used to produce an NC additive which was also analysed and compared. 

Additionally, NC films were developed and tested to determine an optimal composition with low-

density polyethylene. 

Chapter six: Optimisation of cellulose-PVA aerogel content 

This chapter studies the applicability of NC as an aerogel composite across different aspects, including 

the determination of the optimal production process, such as shear rates and constituent ratios for 

mechanical property performance and thermal conductivity. The effect of freeze-casting on the 

morphology and mechanical property of PVA aerogels was explored. The extent of moisture uptake 

and its effect on the aerogel performance was determined. 

Chapter seven: Empowered cellulose aerogel composites via Tempo-free oxidation 

This chapter details the effect of TEMPO-free oxidation treatment on the physical and mechanical 

properties of the cellulose-based aerogels. The resulting NC-PVA composites were analysed and a 

description of the structure and chemistry in relation to packing arrangement was provided. 

Chapter eight: Functionalising cellulose aerogel composites with water-soluble dialdehyde and 

organosilanes 

This chapter involves crosslinking NC-PVA aerogels with water-soluble coupling agents to amplify the 

mechanical properties. The functionalised composites were characterised with FTIR to identify the 

chemical profile and a description of the reaction mechanisms was presented. SEM imaging and 

mechanical testing were used to identify the morphology and performance characteristics of the 

composites with different thickness profiles. 
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Chapter nine: Functionalising cellulose aerogel composites with graphene oxide 

This chapter discusses the functionalisation of cellulose-based aerogels with graphene oxide in 

relation to the mechanical properties. The composite was developed with the addition of components 

including NC, GO, PVA and GLY and the effect on the mechanical properties of the aerogels were 

compared with the addition of each component. 

Chapter ten: Conclusion and future work 

This chapter summarises the overall thesis findings, reflecting the significance to the research 

community as well as discussing prospects and recommendations. 
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Figure 1.1 Thesis layout  
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1.5 Novelty of research programme 

 Research significance 

The research presents a comprehensive study into the development of nanocellulose via a novel 

TEMPO-free oxidation procedure in the form of NaClO including an analysis of the characteristic 

structural and physical properties exhibited. The treatment was found to cause the cellulose crystal 

structure to partially convert to an alternative arrangement. The treated NC was then functionalised 

with alien nanoparticles to test its capacity for surface functionalisation, namely with copper 

nanoparticles. For the tested case, it enables the development of conductive cellulose. The treated 

NC was investigated for its ability to serve as an immediate packaging additive where it was found to 

elevate the paper grade due to significant strength and retention enhancement. NC-PVA aerogels 

were then developed and investigated for optimal production techniques to achieve maximum 

property enhancements and test the effect of moisture absorption. Moreover, the aerogel 

functionalisation of PVA with different aspect ratios of nanocellulose was investigated including that 

of amalgamated nanocellulose aspect ratios to ascertain effects of each aspect ratio. It was 

determined that incorporating both aspect ratios into the aerogel imparts desirable properties from 

each form of cellulose aerogel including polydispersion and high mechanical toughness. Finally, the 

optimised NC-PVA aerogel was coupled with different crosslinking agents including Glyoxal and 

Graphene Oxide revealing significant compressive modulus, strength and toughness improvement. 

The study establishes multiple approaches towards enhancing the properties of nanocellulose and 

nanocellulose based aerogels and promotes the industrial applicability of such materials.  

 Contributions to the research community 

1.5.2.1 Peer‐reviewed journals (Appendix) 

1. Hassan Ahmad, Mizi Fan, Interfacial properties and structural performance of resin-coated 

natural fibre rebars within cementitious matrices, Cement and Concrete Composites (March 

2018). https://doi.org/10.1016/j.cemconcomp.2017.12.002 

https://doi.org/10.1016/j.cemconcomp.2017.12.002
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2. Hassan Ahmad, Mizi Fan, David Hui, Graphene oxide incorporated functional materials: A 

review, Composites Part B Engineering (July 2018).  

https://doi.org/10.1016/j.compositesb.2018.02.006 

3. Hassan Ahmad, Aimée Hutton, Nanocellulose strength additives for recycled fibre, Paper 

Technology International, The Journal of the Bioforest Products Sector (November 2018). 

4. Ao Li, Dezhong Xu, Lu Luo, Yalan Zhou, Wen Yan, Xin Leng, Dasong Dai, Yonghui Zhou, Hassan 

Ahmad, Jiuping Rao and Mizi Fan, Overview of nanocellulose as additives in paper processing 

and paper products, Nanotechnology Reviews, (May 2021).  

https://doi.org/10.1515/ntrev-2021-0023 

1.5.2.2 International conferences 

1. Hassan Ahmad, Mizi Fan, Graphene oxide enhanced nanocellulose aerogel for highly insulated 

building materials, 25th International Conference on Composites/Nano Engineering (July 2017). 

2. Hassan Ahmad, Mizi Fan, Nanocellulose for enhanced packaging papers, PITA PAPERmatters 

Conference (September 2018). 

3. Hassan Ahmad, Functionalised nanocellulose & its enhanced products, CEPI Blue Sky Young 

Researchers & Innovation Award (November 2019). 

1.5.2.3 Book chapter 

1. Hassan Ahmad, Chapter 11 - Nanocellulose based composites, Plant Fibre: its chemistry, 

structure and advanced products (2020).  

https://doi.org/10.1016/j.compositesb.2018.02.006
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Chapter 2 Literature review 

2.1 Introduction 

This chapter provides a comprehensive review of nanocellulose and graphene, identifying the 

limitations and potential capabilities of such materials. The review details the characteristics and 

properties of both nanocellulose and graphene allotropes as well as the influence of tailoring these 

constituents with other nanomaterials and polymers on the material functionality as aerogel 

composites. Cellulose, an organic polysaccharide with a linear chain of repeating β-D-glucopyranose 

units, was first extracted and identified by Anselme Payen in 1838 from plants. It is a substance found 

naturally in plants and wood, working as a significant structural component of the primary cell wall. It 

is the most abundant organic polymer present in earth representing 40-50 wt% of the content of wood 

(around half is in nanocrystalline form with the other half being amorphous) as well as a large portion 

of other plants including 90 wt% of cotton fibres. The annual production of cellulose is estimated to 

be around 7.5 x 1010 tonnes. The increasing demand for renewable and sustainable products has put 

the spotlight on cellulose which also has the advantage of being non-toxic and biodegradable. Due to 

the hierarchical structure and semicrystalline nature of the material, nanoparticles can be isolated 

using mechanically or chemically induced processes. These nanoparticles, termed nanocellulose has 

attracted a lot of interest as functional nanomaterials and as reinforcing materials. The intensive 

research into the capabilities of nanocellulose has revealed many desirable properties including a 

reactive surface that can be used for surface modification, hydrophilicity, high modulus and specific 

strength. Nanocellulose was first isolated by Turbak et al in the early 1980s [31,32]. One of the main 

challenges in utilising nanocellulose is its strong tendency for self-association due to the presence of 

many surface hydroxyl groups causing aggregation during the preparation of a nanocomposite limiting 

its capability for mechanical reinforcement. 

2.2 Nanocellulose: Types and properties 

 Nanocellulose via the top-down approach 

The type of cellulose extracted varies depending on the material source and the approach to isolation. 
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A top-down approach encompasses the disintegration of lignocellulosic biomass (plant materials), the 

most abundantly obtainable raw material, and dates back to 1946 where Wuhrmann et al. is said to 

have used sonication methods to break down and separate natural cellulose fibres into finer fibrils 

while maintaining the fibrous texture [33]. Contemporary top-down methods toward producing 

nanocellulose may include the use of grinders to grind wood pulp using high shear fibrillation [34–38]. 

Nanocellulose produced through such an approach is termed nanofibrillated cellulose (NFC) where it 

is broken down from the parent microfibrillated cellulose (MFC). However, there are some 

misconceptions in the literature of distinguishing MFC from NFC fibres and has therefore somewhat 

broadened the aspect ratio range, thus overlapping each other. The high aspect ratio of NFC is 

considered to be at 500-2000 nm in length with a width of 4-20 nm, whereas the aspect ratio of MFC 

is about 500-10000’s nm in length and width of 50-400nm. Microcrystalline cellulose (MCC) can be 

broken down from MFC fibres where its aspect ratio ranges at 10-50 µm in length with a width of 10-

50 µm, therefore you can expect the length MFC to reach a length of up to 50 µm. Cellulose 

nanocrystals with lengths of 50-500 nm length of 3-5 nm widths can also be produced by further 

mechanical or chemical procedures (see Figure 2.1). Typically, NCC is achieved through acid hydrolysis 

of cellulosic fibres. NCC has higher crystallinity relative to NFC with hydroxyl accessibility on its surface, 

giving rise to further functionalisation through surface modification. 
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Figure 2.1 Visual comparison via SEM/TEM images of (a) MCC, (b) MFC, (c) NFC, (d) NCC, and e) BC 

[39–42] 

 Nanocellulose via the bottom-up approach 

The bottom-up approach towards producing nanocellulose involves biosynthesis through cellulose-

producing bacteria such as the Komagataeibacter species. The nanocellulose produced in this way is 

called bacterial cellulose (BC) and features pure cellulose fibrils without any lignin or pectin content 

and possesses lateral dimensions between 25 and 85 nm with lengths up to several micrometres (see 

Figure 2.1). While the dimensions of BC and NFC are similar, differences in the fibrils mainly comprise 

the purity and crystallinity of the material. Whereas BC is pure cellulose, NFC is often a composite 

composed of cellulose and hemicellulose and is based on plant cell wall microfibrils. The two types of 

cellulose also possess different proportions of Ia and Ib crystal structures where BC consists of a high 

proportion of Ia (one chain triclinic unit cell crystal structure) while NFC is mainly composed of Ib 

(monoclinic unit cell). The two crystal structures coexist and form the intrinsic structure of natural 

cellulose. Bacterial cellulose may be produced by several species of bacteria including and principally 

that of Komagataeibacter xylinus (formerly known as Acetobacter xylinum and Gluconacetobacter 

xylinus) which is a highly pervasive species that is found in fermentation processes involving sugars 

and plant carbohydrates. Komagataeibacter xylinus has the ability to use several sugars to synthesise 

a) b)

c) d) e)
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cellulose, of which glucose is commonly used in labs where a four-enzymatic step process has been 

characterised in the conversion. One of the key issues in the commercial production of BC is that a 

significant portion of the glucose supplied to Komagataeibacter xylinus is converted into gluconic acid, 

an undesired by-product, while around 50% of glucose is converted into cellulose. Komagataeibacter 

xylinus can produce nanocellulose with diameters between 10-30 nm. The bacterium can be guided 

to produce a network of fibrils of nearly any architecture. 

 Nanocellulose properties 

In view of the different approaches to producing nanocellulose, there are also numerous processing 

techniques that could be adapted to utilise the desired nanocellulose for different purposes (see 

Figure 2.2). These processing techniques could also complement each other to feature different 

structural properties, increase functionality, or even to further reduce the energy consumption of 

manufacturing nanocellulose. For example, enzymatic treatment could be used before mechanical 

processing, such as high-pressure homogenisation, to reduce energy consumption by up to 15 folds 

[43]. One can, therefore, expect that the properties of nanocellulose are also variant between these 

approaches.  
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Figure 2.2 Various processing routes to achieving nanocellulose particles [44] 

 Mechanical and thermal properties 

The mechanical properties of nanocellulose have been determined using AFM and spectroscopic 

techniques. However, the properties measured may be influenced by several factors that must be 

considered before comparing the properties of different samples including crystallinity, defects, the 

measurement techniques used, crystal structure and anisotropy. A summary of the mechanical 

properties of some cellulose types and the measurement instrument used is provided in Table 2.1. 

The difficulty associated with testing such small samples can be seen to have impacted the results 

with a high probability of errors. 

Table 2.1 Mechanical properties of notable cellulose particles [42] 

Material EA (GPa) ET (GPa) Instrument used Ref 

MCC 25 ± 4  Raman [45] 

NCC – plant 57, 105  Raman [46] 

NCC – wood  18-50 AFM indentation [47] 

t-NCC 143  Raman [48] 

t-NCC – acid 151 ± 29  AFM 3-pt bend [49] 

t-NCC – TEMPO 145 ± 31 9 ± 3 AFM 3-pt bend; & indentation [49,50] 

BC 78 ± 17; 114  AFM 3-pt bend; & Raman [51,52] 
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Where: EA = modulus of elasticity in axial direction, ET = modulus of elasticity in transverse direction 

The elastic properties of nanocellulose have been the focus of a lot of research on the mechanical 

properties of nanocellulose where differences in the properties are observed for NCC due to its 

anisotropic nature causing different properties to be measured at different directions [53]. The elastic 

properties of cellulose I crystals have been examined both through theoretical estimations and 

experimentally where the latter has commonly involved measurements using X-ray diffraction (XRD) 

techniques coupled with in situ tensile tests [54]. These tests involve loading bulk specimens of parallel 

microfibrils axially and measuring the strain produced using XRD before calculating the elastic modulus 

in the axial direction (EA). This allows the measurement of the crystalline properties because XRD only 

measures the displacement in the crystalline regions, although, the method assumes a seamless load 

transfer and orientation of cellulose crystals within fibrils along the loading axis. These assumptions 

are unlikely to be true and can thus lead to a lower modulus result than is actually the case. A different 

method used to measure axial elasticity that overcomes the concerns surrounding XRD involves the 

use of inelastic X-ray scattering to measure sound velocity as a function of phonon dispersion within 

the crystalline portions. This results in much larger elasticity results than that of XRD with around EA = 

220 ± 50 GPa compared to EA = 120–138 GPa with the XRD. It also allows the measurement of elastic 

modulus in the transverse direction (ET) which has been found to be ET = 15 ± 1 GPa. NCC, which is the 

crystalline particles that have been isolated from the microfibrils, may possess different properties 

due to the influence of the extraction process on the particles [55]. NCC derived from plant material 

is very small in size and individual NCC particles cannot currently be tested for the elastic modulus. 

However, among the natural sources of cellulose, there exist a single known marine animal species 

that could produce cellulose in the outer tissues. This cellulose is structured in the form of microfibrils 

similar to plant cellulose with almost pure monoclinic structured beta-cellulose (Iβ) where the 

particles have longer lengths, cross-sections, uniform morphology and higher crystallinity. This allows 

tunicate NCC, unlike plant-based NCC, to be tested mechanically for the elastic modulus of the 

individual crystals which has been found to be EA = 151 ± 29 GP for particles extracted using acid 
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hydrolysis and EA = 145 ± 31 GPa for that extracted using a method called TEMPO-mediated oxidation. 

Atomic force microscopy (AFM) was used to perform a three-point bending test to determine these 

values. These measurements are subject to errors associated with the difficulty in calculating the 

cross-sections of the samples which are used to determine the modulus. Raman spectroscopy and in 

situ tensile tests have also been used to determine the axial elastic modulus of tunicate NCC which 

was found to be EA = 143 GPa. The transverse elastic modulus of individual wood NCC and tunicate 

NCC was determined using high-resolution AFM indentation and modelling which was found to be ET 

= 18–50 GPa and ET = 9 ± 3 GPa, respectively. Yet, these results are subject to large uncertainties due 

to modelling assumptions and AFM sensitivity limits [42]. The elastic modulus for BC was determined 

using the same methods as that used for tunicate NCC which is possible because of the similar 

properties including large length, high crystallinity and large cross-section. An axial elastic modulus of 

EA = 78 ± 17 GPa was found when using the AFM three-point bending test and EA = 114 GPa using 

Raman spectroscopy with the divergence likely being a result of the use of assumptions and difficulties 

in measuring the properties due to the small nature of the particles [42]. The coefficient of thermal 

expansion of NCC in the axial direction has been estimated at ~0.1 ppm/K which is similar to other 

anisotropic fibres with a high modulus like carbon fibre. The thermal chemical degradation of 

nanocellulose occurs usually between 200 and 300 °C depending on the type of cellulose, such as ~260 

°C, for freeze-dried samples of NCCs. This degradation temperature also depends on other factors 

including surface modification and heating rate [42]. 

 Liquid crystallinity and optical properties 

NCC displays liquid crystalline behaviour because of the asymmetric rod structure. NCC may exhibit 

nematic behaviour due to the stiff rod-like structure when the rods align. The interaction between 

individual crystals is strong although they easily disperse in solution and exhibit lyotropic phase 

behaviour as a result. The lyotropic phase is a phase transition from an isotropic liquid into a liquid 

crystal that occurs by altering the concentration. The crystals possess a helical twist that results in a 

chiral nematic structure with a cholesteric phase across multiple planes with each plane rotated at a 
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phase angle along a perpendicular axis. This causes optical band gaps and creates a fingerprint texture 

in NCC suspensions. In addition, when nanocellulose is exposed to a magnetic field, its long axis 

becomes perpendicular to the magnetic field direction and the distance between the rods in a nematic 

plane is longer than that between nematic planes across the cholesteric axis [56]. This characteristic 

was explored further where nanocellulose based composites were found to possess much stronger 

mechanical properties in the direction perpendicular to an applied magnetic field relative to its parallel 

counterpart. The aspect ratio of nanocellulose is a major factor in the liquid crystallinity exhibited as 

higher aspect ratios cause increased anisotropy, resulting in increased liquid crystallinity at lower 

concentrations. Although, at copious lengths, the stiffness of the particles may be overcome causing 

the rod-like structures to behave more like strings thereby eliminating any ordering of the suspension 

[53]. Ionic strength is also a major factor where an increase in ionic strength would lead to less 

ordering, a higher critical lyotropic concentration, a reduction in separation and thus the 

agglomeration of the particles. The inclusion of an electrolyte into the suspension would reduce the 

repulsion between the particles and decrease the effective diameter. Furthermore, nanocellulose 

optical properties differ from that of other cellulose materials because of a few features including the 

nanoscale size, the anisotropic morphology and the ability to display lyotropic liquid crystalline 

behaviour depending on the structure and conditions. NCCs in suspension may develop a chiral 

nematic phase at a certain concentration where the suspension may be evaporated to attain a semi-

translucent film that retains the crystal structure formed in the suspension [57]. New applications can 

be adopted using NCC films as they display particular optical properties including iridescence which is 

defined by the refractive index as well as the chiral nematic pitch. The NCC films can be red-shifted 

using ultrasound treatment where the chiral nematic pitch is increased in the suspension with 

increasing energy. The iridescence colours may be decided from the spectrum ranging from blue-violet 

to red by tuning the sonication treatment and electrolyte addition with the effects being permanent 

[58]. NCCs are also birefringent with a refractive index of 1.618 in the axial direction and 1.544 in the 

transverse [57]. 
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2.3 Fabrication of nanocellulose 

Nanocellulose may be isolated through mainly two different methods including mechanical or 

chemical fabrication. These methods result in different forms of nanocellulose produced depending 

on the pre-treatment and cellulose source used. The methods include high-intensity ultrasonication, 

acid hydrolysis, and high-pressure homogenisation. This is further illustrated in Figure 2.3. 

 
Figure 2.3 Method routes to isolate nanocellulose fibrils and crystals 

The sources used for the production of nanocellulose fall into three main types including plant 

cellulose, animal cellulose and bacterial cellulose. Plant cellulose is the most popular raw material for 

producing nanocellulose source and is usually derived from herbaceous plants, bast fibres, agricultural 

waste and wood. Animal cellulose is almost exclusively derived from tunicates including ascidians 

whose tunic possesses a polysaccharide named tunicin that is similar to cellulose. Bacterial cellulose 

is produced by acetic bacteria through oxidative fermentation with the gram-negative Acetobacter 

xylinum being the most studied and efficient BC producer [59]. BC is identical chemically to β-1,4-

glucan cellulose produced by plants but differs in that the secreted protofibrils aggregate together to 

form cellulose nanofibril ribbons. BC exhibits many excellent properties including high water holding 

capacity, high degree of polymerisation, high mechanical strength with an elastic modulus of 78 GPa 

and high crystallinity of up 84 to 89% [44]. BC is a promising material for a wide variety of applications 

with demonstrated use in food packaging, high strength paper, multiple electronics-based 

applications and biomedical applications including bone scaffolding and tissue engineering [60]. 
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However, the production of BC at an industrial level to meet potential demand for commercial 

applications is limited by the high costs and low yield produced. 

 Mechanical fabrication 

Mechanical fabrication methods to produce nanocellulose include ultrasonication, grinding, high-

pressure homogenisation, cryo crushing among others with homogenisation being a popular choice 

[61]. During high-pressure homogenisation, cellulose passes through a small nozzle into a vessel at 

high pressure where the shear rate of the steam used reduces the size of cellulose to a nano-sized 

scale. This approach has proven effective due to its simplicity and efficiency while also being desirable 

because of the lack of solvents used. Mechanical treatments can cause the nanocellulose to be longer 

and entangled with other fibres which may lead to strong fibre networks and gels, albeit, it also tends 

to reduce the degree of crystallinity and molar mass causing damage to the microfibril structure. 

Moreover, when increasing the number of passes through the homogeniser, energy consumption is 

increased. Thus, pretreatments are often used to overcome these problems and reduce energy 

consumption with enzyme assisted and the chemo-mechanical pretreatments being the main 

approaches [62]. One such pretreatment is named alkaline-acid pre-treatment which is used to 

remove undesired hemicellulose and lignin. It involves different stages including removing lignin using 

an acidified sodium chlorite solution multiple times until the pulp becomes white before treating the 

pulp with 3 wt% potassium hydroxide and then 6 wt% potassium hydroxide separately for a set period 

of time. The latter stage is for the purpose of removing hemicellulose, pectin and residual starch. The 

samples are then washed with distilled water and filtered. Ionic liquid is another pretreatment 

approach that dissolves cellulose into a liquid to prepare it for a stage of nanocellulose production 

called electrospinning [63].  

 Production of cellulose nanocomposites 

The performance and properties of composites rely on the constituents, i.e. the matrix and 

reinforcement, used and how their strengths or interfacial mechanisms interact. The composite 

property is also affected by the processing technique used to create the composite structure. The 
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dilemma with the preparation of NC as a reinforcement is the desire to avoid agglomeration whilst 

maximising the reinforcing ability of NC composites via the formation of a network structure. Primitive 

processing procedures need to be adopted to achieve closer proximities of a homogeneous NC 

dispersion; thereby enhancing composite performance significantly as well as achieving more 

reproducible results. This also reduces the effective NC particle sizes and thereby widens the 

interfacial area between the NC and matrix. These procedures could be adopted through mechanical 

processing techniques or through chemical means, e.g. enhanced biocompatibility and dispersion 

could be adopted using organic matrices, by functionalising the surface of NC. However, as this 

tampers the reinforcing ability of NC, modification may be unfavourable and thus a water-soluble 

polymer matrix may be considered, due to the intrinsic hydrophilic nature of NC, to maximise the 

reinforcement mechanical property. A number of processing techniques have been adopted over the 

years in the making of various types of NC composites. Processing techniques such as solution casting, 

melt-compounding, partial dissolution and electrospinning have been used to create polymer matrix 

composites reinforced with NC [64–75]. Here, some of these techniques will be discussed. The 

‘solution casting’ processing method is usually used in the making of composite films or aerogels and 

is dependent on the mixing process. Generally, this technique involves dispersing a known quantity of 

NC in a specified solvent, e.g. water. NC loadings normally range between 0–10 wt% in solution, 

though, this can be varied to specific applications. Both the NC and polymer solutions are then mixed 

together under vacuum or ultra-sonication to minimise the presence of air bubbles. The suspension is 

ordinarily stirred at room temperature, though it can be increased to treat the polymer used and 

occasionally to enhance the NC/polymer interfacial bonding. The compositions of both constituents 

are subject to property prerequisites and thus the wt% ratio of NC/polymer composites can be as high 

a difference of 0/100 and vice versa [76,77]. These mixtures then undergo different processing 

techniques to produce the desired composite. For example, if thin films are the desired composite to 

be produced, the generic process that the mixture undergoes is as follows: the mixture is initially 

poured into a suitable mould which is then either evaporated, lyophilised and compression-moulded; 
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or is first lyophilised, then extruded and finally compression-moulded. Suitable moulds that may be 

selected include ones made from glass, Teflon or PP so that minimal damage is dealt to the film when 

detaching it from the mould. To strengthen the NC and polymer interactions, cross-linkers are 

commonly also added as reinforcement agents [78–83]. Otherwise, if aerogels or solid foams were the 

desired composite to be produced, the mixture could undergo various procedures. One of these 

procedures could be, to rapid freeze the suspension once it's poured into the desired mould. 

Lyophilisation is used to freeze-dry the frozen mould, extracting out the water in ice form, to achieve 

the final light-weight aerogel composite. Rapid freezing could include the use of liquid nitrogen for 

increased control over the direction of freezing and thus establish a more uniform layered aerogel 

composite. Other typical processing techniques can be seen in  

Figure 2.4.  

 

Figure 2.4 Processing routes to achieving aerogels and foams from nanocellulose [78] 

Another way of incorporating NC within composites is through the melt-compounding method, 

whereby, the reinforcement, in this case, NC, is thermal-mechanically mixed/compounded into 

thermoplastic polymers followed by extruding the melt suspension. For some applications, further 

processing may be implemented whereby compression moulding is used directly after extrusion 

[65,68,69,74]. In view of this processing technique, the reinforcing ability of NC would be affected by 

the high temperatures and shear pressures that may be required. Therefore, these parameters may 

well need to be adjusted/controlled to suit the NC reinforcement, which is otherwise prone to 
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degradation. This processing method also requires some investigation into the dispersion quality of 

NC in the thermoplastic used. As an example, the use of NC within polylactic acid (PLA) has been 

examined [84,85]. 

 Modified cellulose and polymer aerogels 

Cellulose possesses favourable properties when used as a precursor for the preparation of aerogels. 

They are rich in hydroxyl groups that can form intramolecular and intermolecular hydrogen bonds to 

create a stable 3D network structure, dismissing the need for crosslinking agents and simplifying the 

preparation process. The method of extraction, cellulose source and treatment process determine the 

type of crystallinity, out of the 6 different types, expressed by the cellulose [86]. Cellulose aerogels 

suffer from low mechanical strength and modulus, however, chemically modifying cellulose to 

enhance the mechanical and structural properties of the aerogel is relatively simple. Modification of 

cellulose aerogels can be achieved via 3 main approaches: inserting components into the cellulose 

solution/suspension, using a sol-gel method to apply components onto the cellulose gel surface and 

using one of several techniques to modify the surface of cellulose aerogels. For example, the 

lipophilicity and hydrophobicity of cellulose aerogels can be enhanced through surface modification 

via methods such as chemical vapour deposition, cold plasma treatment and atomic layer deposition 

[87]. 

2.4 Applications of nanocellulose and its polymer nanocomposites  

Nanocellulose is a class of materials that represents the quest for developing green technology 

through nanotechnology. It’s desirable material properties along with its minimal environmental 

impact is ideal in the pursuit of replacing environmentally damaging materials with those that cause 

less harm. It has received much attention as a cost-effective and green nanoscale filler alternative to 

materials including glass fibre, silica and carbon black in the reinforcement of polymer composites. 

Nanocellulose was initially used to reinforce such polymers as polypropylene and polyethylene before 

their reinforcing potential became apparent [88]. They have been reported to enhance the properties 

of a range of different polymer matrices including thermoplastic and thermoset polymers. These 
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polymers include poly(butylene adipate), poly(vinyl chloride), polylactic acid, chitosan, starch among 

others [89]. The properties of the nanocomposite may depend on several factors such as the aspect 

ratio, nanocellulose dispersion homogeneity, the processing method used, interfacial bonding, type 

of matrix and percolation threshold. Presently, NCC and NFC has attracted the attention of researchers 

as a reinforcement because of favourable mechanical characteristics, optical properties, surface 

chemistry and crystallinity. The addition of these as a reinforcement has proven to enhance the 

reinforcing capacity and mechanical properties of various composites for different industrial 

applications. Some notable examples of nanocellulose derivatives incorporation in polymer matrices 

(i.e. thermoplastics/thermosets/bio-matrices) as well as the property enhancements of the developed 

composites are given in Table 2.2. 

 

Table 2.2 Property enhancements of several nanocellulose-based polymer nanocomposites [90] 

NC/polymer composite Property enhancement Ref 

NCCs/WBPU 

Incorporation of NCCs improved the thermomechanical stability 

and hydrophilicity of developed nanocomposites through the 

solvent casting technique. It also increases moduli and stress at 

yield by 3 wt.% NCCs loading 

[91] 

NFCs/Biobased epoxy 

composites (LCM 

process) 

Fabricated nanocomposites showed improved mechanical and 

tribological properties with respect to pure epoxy composites 
[92] 

NC-sugarcane bagasse/ 

semi-IPN of poly(vinyl 

alcohol)/polyacrylamide 

Remarkable improvement in tensile strength, % elongation at 

break, modulus and toughness of composite films by adding 5 

wt.% of nanocellulose 

[93] 

NC-oat husk/WPI 

WPI-based nanocomposites containing 5% oat-NC has the best 

tensile strength, Young’s modulus, solubility along with the 

lowest elongation at break and moisture content. But increasing 

the content (7.5 wt.%) of oat-NC leads to a decrease in the 

mechanical properties due to growing filler agglomeration 

[94] 

3-Aminopropyl 

triethoxysilane silanized 

NFCs and dodecanoyl 

chloride esterified NCCs- 

blue agave bagasse/PLA 

Treated NFCs and NCCs addition at 0.5 wt% shows better 

mechanical properties by more than 20% of PLA composites 
[95] 

TEMPO-oxidised NFCs/ 

PVA and PPy 

Oxidised NFCs incorporation improved the antibacterial activity 

of composites films, found in food 
[96] 
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NC-wood 

pulp/graphene/ PVA 

Developed hybrid nanocomposite (PVA/NFC/ rGO) films show 

improved mechanical as well as conductivity properties with 

effective humidity sensors 

[97] 

NC-raw jute fibres/NR 

Improved and better morphology, XRD and tensile strength 

indicate a strong interaction between filler and NR. The rate of 

biodegradation by vermicomposting is comparatively higher in 

non-crosslinked composites than in their crosslinked 

counterparts 

[98] 

NC-sugarcane bagasse/ 

PVA (linear and 

crosslinked state) 

TGA indicates higher thermal stability of nanocomposites 

NC/crosslinked PVA with respect to NC/linear PVA. Tensile 

strength increases at 5wt.% and 7.5wt.% NC addition of 

crosslinked PVA and linear PVA respectively 

[99] 

NCCs/PLA 

TGA shows that decomposition temperature increases by NCCs 

incorporation at (5 wt.%) of PLA/NCCs nanocomposites 

compared to pure PLA composites 

[100

] 

NC-jute fibres/NR latex 

Considerable improvements in Young's modulus and tensile 

strength of the nanocomposite were observed by adding NC in 

the NR latex as a matrix 

[101

] 

NFCs/PCL/epoxy 

Both healing efficiency by 26% and mechanical properties 

(tensile strength, elongation at break, and impact strength were 

improved by about 27%, 38%, and 38%, respectively) improved 

by the homogenous dispersion and bridging effect of added 0.2 

wt% of NFCs to the polymer matrix. The glass transition 

temperature (Tg) of epoxy also increased by 12.8°C 

[102

] 

NFCs-dry cellulose waste 

of softwood (Pinus sp.) 

and hardwood 

(Eucalyptus sp.)/UPR 

Dynamic mechanical properties and thermal stability improved 

by the incorporation of NFCs particles 

[103

] 

NFCs-bleached kraft 

eucalyptus fibres/ 

biobased epoxy 

Low fracture toughness at interfaces observed for the developed 

NFCs/bio-based resin composites. Porosity also increased with 

increasing nanofiber content 

[104

] 

NCC-wood/waterborne 

epoxy 

Wood-NCC/waterborne epoxy nanocomposites show improved 

storage modulus, loss modulus, tensile strength, Young’s 

modulus and Tg with increasing NCC content 

[105

] 

NCCs-RS, WS, and BS/ 

CMC 

Tensile strength increased by 45.7%, 25.2%, and 42.6%, and the 

water vapour permeability decreased by 26.3%, 19.1%, and 

20.4% by adding 5 wt.% of NCCs obtained from RS, WS, and BS, 

respectively 

[106

] 

NFCs-wood/UPR 

Tg increases substantially with NFC content. Modulus and 

strength of UPR increase about three times at 45 vol% NFCs 

whereas ductility and apparent fracture toughness are doubled 

[107

] 

m-CNWs-castor oil-

based polyol/BPU 

Incorporation of stiffer and rigid m-CNWs increases the tensile 

strength and modulus of BPU composites, compared with the 

BPU composites. DMA results showed increased in storage 

[108

] 
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modulus and loss tangent peak shifted toward higher 

temperatures by incorporation of m-CNWs 

Where: WBPU= waterborne polyurethanes; NFCs= cellulose nanofibers; LCM= liquid composite 

moulding; semi-PIN= semi-interpenetrating polymer network; WPI= whey protein isolate; PLA= 

polylactic acid; PVA= polyvinyl alcohol; PPy= polypyrrole; NR= natural rubber; NCC= nanocrystalline 

cellulose; NC= nanocellulose; MCC= microcrystalline cellulose; PCL= poly(ε-caprolactone); NFC= 

nanofibrillated cellulose; UPR= unsaturated polyester resin; RS= rice straw; WS= wheat straw; BS= 

barley straw; CMC= carboxymethyl cellulose; BPU= bio-based polyurethane; m-CNWs= modified 

cellulose nanowhiskers. 

The commercialisation of nanocellulose is yet to reach a considerable size in scale with the 

applications normally consisting of high-volume products such as automotive components and 

construction materials or low-value products and novel applications (see Figure 2.5). The latter 

applications may involve photonics where a chiral mesoporous material can be formed by compositing 

NCCs with a material of interest [109,110]. These materials have the potential to be applied as optical 

filters, chiral plasmonics, soft actuators, antireflective coatings and flexible electronics [111–116]. The 

liquid crystalline behaviour of NCCs may also be used to create iridescent and optically transparent 

films and NFC may be used as films for optoelectronics and as coatings [117–119]. Nanocellulose may 

also be used as films or foams where NCC films have been suggested for a wide variety of applications 

from electronics to packaging. NCC foams and aerogels could potentially be used as insulation in 

construction, as supercapacitors, in water filtration and other interesting applications, however, such 

foams have been not yet been investigated as thoroughly as NCC films [120]. Moreover, nanocellulose 

has been the subject of intense research into its use in medical applications due to the excellent 

biocompatibility and inherent low toxicity [121–124]. BC is generally considered as non-toxic, 

although, NCC and NFC may exhibit toxicity depending on the particle size, purity and surface 

chemistry [121]. Nanocellulose composites have been used to create tissue-engineered scaffolds and 

wound dressings using BC due to its suitability for cell adhesion and minimal rejection during cellular 

contact [125,126]. 
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Figure 2.5 Potential application areas of different types of nanocelluloses based on their specific 

structure-properties relationships [127] 

Nanocellulose is regarded as a renewable alternative to expensive, non-renewable reinforcement 

fillers and has been used to reinforce polymers, paper and other materials to improve the properties 

and biodegradability of composites. Nanocellulose may be interwoven to create mechanically strong 

bulk materials including papers and films [128,129]. The global market for nanocellulose has been 

projected to reach $808.30 million by 2022 due to its potential as an alternative material to synthetic 

polymers and chemicals that require energy-intensive processes while petroleum costs are projected 

to increase.  

 Incorporation and performance of nanocellulose in construction 

There are a wide variety of cementitious materials for different industries such as roads, buildings and 

waste management with a large amount of cement production annual at around 4 billion metric tons. 

The desired qualities in cement in these different industries are usually to achieve lower costs, higher 

durability, increasing sustainability, higher strength and faster setting times [130]. Additives are 

usually the primary means of achieving these qualities including fibre reinforcements, chemical 

admixtures and supplementary cementitious materials where the use of natural fibres has seen 

increasing attention in the push towards sustainability and renewable materials [131,132]. Examples 

of this may include the use of fibres in non-structural building material such as cladding and fibre 

cement boards and functionalised fibres in shrinkage cracking control and internal curing [133,134]. 

The use of natural fibres as an alternative to metals for reinforcement is disadvantaged by the reduced 

mechanical abilities in reinforcement, although, they prove favourable in other respects including the 
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lower costs and sustainability. Nanocellulose possesses properties that are more favourable compared 

to cellulose that is of other size scales for use in cementitious products such as the higher surface area 

to volume ratio and higher stiffness compared to microscale cellulose [42]. Using nanocellulose as 

additives in cement has been found to modify the setting times, mechanical properties and rheology 

of cement where low volumes of nanocellulose additives were found to increase the strength and 

stiffness of the composite due to changes in the hydration reactions [135,136]. This offers the 

possibility of improving the mechanical performance of cement by perfecting the hydration kinetics. 

However, thus far, no commercial cementitious product containing nanocellulose has been 

successfully developed and introduced to the market. Considering the patent literature regarding 

nanocellulose applications in cement, most of the literature revolves around the use of nanocellulose 

as an additive in concrete and cementitious composites. The incorporation of nanocellulose in fibre-

cement boards has been a focus among patents where nanocellulose is added for the purpose of 

internal curing and using NFC within the composite where an even dispersal of the NC is accomplished 

[137]. Such composites were found to possess a higher toughness and elastic modulus, lower shrinking 

during cement setting and reduced water adsorption [137–139]. Nanocellulose may also be used as 

an additive to improve concrete and cement properties which have also been a focus of many patents. 

The addition of nanocellulose may improve the strength, provide stability to self-compacting concrete 

and modify the viscosity and water retention of different cementitious products [140–143]. It has been 

found that the use of NCC additives to cement pastes may improve the flexural strength while NFC 

has been found to be able to raise the solidification delay time while sustaining good liquidity which 

reduces the porosity of the paste by enabling the release of entrapped gas [140,141]. This led to the 

enhancement of the mechanical properties of the slurry. Moreover, nanocellulose may be used as a 

substitute for cellulose ethers in cementitious materials [142]. Nonetheless, nanocellulose must 

overcome several challenges to significantly penetrate the cementitious material industry. Currently, 

the long-term durability of cementitious materials incorporating cellulose products has not been 

studied and requires further understanding as cellulose fibres are known to degrade in high alkali 
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conditions. Furthermore, the production of nanocellulose products needs to be increased significantly 

to become a viable additive and satisfy the potential demand in the cement industry due to the 

enormous scale of the industry. At present, there is a global annual production output of 4 billion 

metric tons of cement while the upper estimates of nanocellulose potential for use in cement are 

thought to be around 4.1 million metric tons [144,145]. For perspective, the global production of NCC 

is presently 650 tons per year and 1700 tons per year for NFC [146]. There also needs to be standards 

developed to quantify the material enhancements that would result as a consequence of using 

nanocellulose as an additive in cementitious composites along with supporting metrology, which is 

difficult to achieve considering the nanoscale size of the cellulose. These developments will accelerate 

the adoption of nanocellulose in the cement industry. The addition of nanocellulose in cementitious 

products is intended to attain a preferred particle packing and achieve desired properties due to the 

high specific surface area of the nanocellulose which can promote chemical reactions and act as nuclei 

within cement to increase the degree of hydration [147]. NFCs show potential as a reinforcement in 

cementitious products because of the high aspect ratios, tensile strength and moduli of elasticity. 

However, dispersion procedures need to be established for nanocellulose and other nanomaterials to 

be incorporated as there is a tendency for nanoparticles to agglomerate which can cause stress 

concentrations when loading is applied. Cement is the primary binder in concrete and its production 

is responsible for 2 to 3% of energy consumption and 5% of CO2 emissions globally [148]. 

Nanocellulose may improve the sustainability of cementitious materials as an additive where the 

resulting composite shows improved mechanical properties and durability. Nanocellulose may 

potentially be produced by the paper industry where a high volume of product can be produced at a 

low cost using renewable sources. NFC from softwood pulp added to general use limestone cement 

at 0.05%, 0.1%, 0.2%, and 0.4% loadings of cement weight was found to increase the setting time and 

degree of hydration in all loadings. These results were attributed to internal curing of NFC causing an 

increase in the degree of hydration and an increase in setting time because of alkaline hydrolysis of 

cellulose producing organic acids and other products [149]. The 0.1% NFC loading demonstrated an 
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optimum increase in flexural strength with microscopic data showing lower fibre agglomeration than 

higher loadings. NFC produced by high pressure homogenisation from eucalyptus pulp was 

incorporated within Portland cement and studied at 0.01%, 0.05%, 0.1%, 0.2%, 0.3%, and 0.5% 

loadings of cement weight [150]. The resulting composite at 0.3% loading showed a desirable strength 

increase of 43% in comparison with a control sample lacking NFC. An investigation into the autogenous 

and drying shrinkage of cement paste for high-performance fibre-reinforced cementitious composites 

found that NFC does not have the internal curing capacity compared to other larger cellulose fibres 

because of its nano-sized nature [151]. Although, it was theorised that the porous and hydrophilic 

nature of NFC may encourage self-healing behaviour within the cementitious composites. NFC 

produced in laboratory conditions with high numbers of hydroxyl groups (1.85 mmol/g) and a high-

water retention capacity (3700%) were incorporated within Type I cement paste of 0.50 w/c at 0.15 

wt% loading of NFC [140]. The resulting compressive strength increased by 20% and flexural strength 

by 15% with an increase in the degree of hydration and delay in the hydration reaction. The 

enhancement of the composite properties was attributed to the small size of the NFC facilitating crack 

bridging and the hydroxyl groups that increase the interaction between NFC and cement. NCCs were 

added to Type V cement paste with 0.04%, 0.1%, 0.2%, 0.5%, 1.0%, and 1.5% volume loadings and the 

resulting composites showed increased DOH with increased loadings [136]. The composite also 

displayed a 20% to 30% increase in flexural strength compared to cement paste lacking NCC with the 

0.2% volume loading showing optimum results. The strength was also found to decrease with 

increasing loading which was likely because of increased agglomeration at increased loading. The 

dispersion of NCC within a cement composite is an important factor in trying to achieve ideal property 

enhancements. The critical concentration of NCC in a simulated cement pore solution to achieve the 

lowest possible yield stress was determined to be 0.18% of volume loading and the use of 

ultrasonication to improve dispersion and reduce agglomeration was found to increase the critical 

concentration to 1.38 vol% [152]. The ultrasonication treatment increased the flexural strength of the 

composite by up to 50% and Energy-dispersive X-ray spectroscopy attributed these results to 
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increased concentration of NCC at interfacial regions between cement paste and particles with 

increased NCC dispersion in the paste. In addition, nanoindentation tests found higher elastic moduli 

in cement paste regions with higher NCC concentrations. 

 Other notable applications of nanocellulose incorporation 

2.4.2.1 Insulation 

Nanocellulose may also be incorporated into aerogel structures for many different potential 

applications including as insulation in the construction industry. Aerogels are materials with very low 

densities (0.01–0.4 g/cm3), high surface areas (30–600 m2/g), high porosities and low thermal 

transport [90,153]. The abundance of surface hydroxyl groups found in nanocellulose and 

nanostructure parameters/dimensions serves as an ideal building block for functionalising and 

constructing novel hybrid nanomaterials. Aerogel composites composed of GO and TEMPO oxidised 

NFC has shown to have superior compressive strength than that of individual GO (more than 15-fold) 

and NFC (more than 5-fold) aerogels. With the addition of polyvinyl alcohol (PVA) and crosslinks, 

crosslinked PVA/GO/NFC aerogels have been reported to have more than quadruple the strength of 

GO/NFC aerogels. Nanocellulose degradation at elevated temperatures and reduction of mechanical 

properties at such temperatures limits its applicability. Nanocellulose usually degrades thermally at 

temperatures between 200 and 300 ±1 °C but can be chemically modified to alter the onset of thermal 

degradation. 

2.4.2.2 Automotive 

Nanomaterials including nanocellulose based materials are being adopted for use in the automotive 

industry to improve performance and meet regulatory requirements [154]. Thermoplastic matrices 

used in the industry are being modified with nanocellulose materials where plastic composites 

reinforced by nanocellulose are being applied as dashboards, bumper beams and underbody shields 

in automotives. The use of these composites reinforced by nanocellulose in automotive has increased 

considerably over the last few years due to the low costs and weight, corrosion resistance and design 

flexibility with the most common use of these composites being in the exterior body panels [155,156]. 
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2.4.2.3 Medical 

Nanocellulose shows potential for use as reinforcement in biocomposites due to the performance 

enhancement that is offered [157]. NFCs incorporated in biodegradable polymers have been found to 

be really versatile and applied to a variety of medical applications including tissue engineering 

scaffolds, articular cartilage repair, artificial skin, blood bags, urethral catheters, adhesion barriers 

among many others (see Figure 2.6) [158]. A report found that reinforcing polyvinyl alcohol with BC 

forms biocompatible nanocomposites similar to that of cardiovascular tissues [159]. Another study 

found that polyurethane with 5 wt% of nanocellulose increases the strength and stiffness of the 

composite while nanocellulose polyurethane vascular grafts have also reportedly been developed 

[160,161]. Bionanomaterials such as those incorporating nanocellulose have been applied in the 

development of applications across multiple medical sectors including veterinary, dental and 

pharmaceutical industries [162–164]. They may be applied in drug delivery, wound dressings, medical 

implants and tissue engineering [165–169]. 

 
Figure 2.6 3D bio-printed cartilage structures using Nanocellulose (left) and other applications 

where nanocellulose can be incorporated (right) [44,170] 

2.4.2.4 Packaging 

Nanocellulose has also been used in composites for packaging of different food types including 

beverages, frozen and fresh food [171]. This is, in addition, to use as pharmaceutical packaging 

[172,173]. Ideal packaging materials are those that offer durability, recyclability and non-

contaminants. Nanocellulose has been found to improve the gas barrier properties and heat stability 

when incorporated in polymer composites which may be used in packaging [42,174–178]. 
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2.5 Graphene Oxide incorporated functional materials 

This section provides a comprehensive review of the latest advances in the preparation, properties 

and applications of graphene oxide (GO) and GO-based materials. The review shows that GO has been 

used to create a range of different composite structures and catalyse numerous reactions: GO could 

be incorporated as a composite filler through different fabrication techniques including melt blending 

for thermoplastics to enhance desired properties, such as fusing GO with polyethylene terephthalate 

to increase the electrical conductance from 1×10-14 to 2.11 S/m with 3.0 vol% GO content; GO may act 

as a metal-free catalyst and could catalyse reactions, such as the hydration of alkynes, oxidation of 

alkenes and alcohols with mild conditions to achieve excellent yields of desired products with simple 

catalyst recovery. Challenges in the development of GO applications are also presented, including the 

need for a better understanding of the GO structure, and for high catalyst loading in oxidative 

reactions and limitations of GO in supporting electrocatalysts due to a high density of defects. The 

review provides a comprehensive and most useful database for further innovations and understanding 

of GO-based materials for potential applications. 

 Graphene and Graphene Oxide 

The discovery of graphene marks the beginning of a new era in material sciences research and may be 

the hallmark of a potentially new material age. The introduction of a new frontier in materials science 

by creating the first known 2D material allows scientists to probe a whole new set of theoretical 

predictions and create applications we have yet to conceive. Moreover, the material has been proven 

to exhibit especially good characteristics pertaining to condensed matter physics. Graphene is a one-

atom-thick sheet of carbon atoms arranged in a honeycomb lattice. It acts as the building block for all 

other graphitic materials through the increased layering or through shaping into spherical and tubular 

forms. It was found that graphene contains exceptional quantum electrodynamic properties including 

‘relativistic’ electrons travelling close to the speed of light, that are termed massless Dirac fermions 

[179]. The presence of these electrons was confirmed by scientists after the material’s discovery, 

thereby attracting much of the scientific community’s attention. It was thought that graphene could 
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not realistically exist because it was believed that 2D materials were thermodynamically unstable 

[180–182]. This was due to the proven phenomenon of decreasing melting temperatures with 

decreasing material thickness and increasing instability where individual or groups of atoms separate 

from each other. It was thought that 2D materials only existed as part of a larger 3D structure [179]. 

These predictions were invalidated after the material’s discovery by Andre Geim and Konstantin 

Novoselov in 2004 using scotch tape to separate graphite layers and obtain graphene crystals [183]. 

These crystals are of high quality and could be obtained on top of non-crystalline substrates, in liquid 

suspension and as membrane suspensions. It is believed that they do not decompose due to 

thermodynamic instability as predicted because of the strong interatomic bonds between the carbon 

atoms thereby preventing crystal dislocations and defects. Thin layer graphite research dates back to 

1960 when the high conductivity of the intercalated graphite materials was discovered. At the time, 

the closest anybody got to the discovery of graphene was Fernandez-Moran, an electron microscopist, 

who endeavoured to create a thin graphite crystal. Graphite sheets of 5 nm thinness, about 15 

graphene layers, were extracted through his micromechanical exfoliation method [184]. He did not 

realise how close he was to achieve a single layer graphene sheet. During the next 30 years, graphitic 

material research grew slowly until the early 1990s where the discovery of nanotubes and fullerenes 

led to the renewed interest in exploring various experimental studies of carbon materials. Before long, 

an exponential increase in research papers related to carbon nanostructures started and in 2004, the 

ingenuity of the simple ‘scotch tape’ method marked the ground-breaking discovery of the 2-

dimensional monolayer graphite sheet, now called graphene. The method involved using adhesive 

tape to repeatedly split a graphite crystal (about 6 times) and thereafter isolating graphene by 

transferring the residue to an oxidised silicon wafer. Other techniques of producing graphene were 

discovered soon after within a few months. Epitaxial growth of graphene layers on electrically 

insulating surfaces (a substrate) by sublimation [185,186] and chemical vapour deposition were 

another two approaches of producing graphene [187,188] that were later discovered. 2D graphene 

has been designated by scientists to mean graphene sheets that reach up to 10 layers after which it 
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should be termed 3D graphite. This classification appeared partially due to the fact that the electronic 

structure rapidly evolved with increasing layers as the number of layers approached 10 and the 

electronic spectrum becomes increasingly complicated. 

 Graphene-organic composites 

Considering the graphene-organic polymer interface within the 3D lattice, graphene and GO-organic 

composites are effectively categorised into 3 types of arrangement, which are classified as graphene-

filled organic composites, layered graphene-organic films, and organic-functionalised graphene 

nanosheets. The focus of this section examines the modification/development of GO-based materials 

via their reactive functional groups. The presence of oxygen functionalities in GO allows it to disperse 

more easily in water, organic solvents and different matrices which is advantageous for combining GO 

with ceramic or polymer matrices to improve the material properties. For instance, GO can be 

functionalised with amines for use in biodevices, drug delivery and optoelectronics applications [189]. 

2.5.2.1 Graphene and GO-filled composites 

In recent years, graphene has been considered as a more promising filler for enhancing the desired 

properties, rather than the conventional carbon nanotubes, which have been regarded as the most 

effective filler materials, but with relatively high cost. Thus, the interaction via the dispersity and 

bonding of graphene-organic matrix needs to be unveiled, in order to achieve optimal properties of 

graphene-filled composites. Enhancements for the characteristic property of graphene induced 

composites rely on their specific fabrication method, in which good dispersity can be found between 

the compatible reagents. Some of the most common preparation methods for the production of 

graphene-organic composites include solution-phase mixing [190–195], melt blending [196–198], and 

in situ polymerisation [199–210]. Due to the hydrogen attracted oxygen functional groups of graphene 

oxide, a simple approach would be to dissolve GO in polar protic/aprotic solvents with known 

concentrations of water-soluble organic compounds, such as polyvinyl alcohol. This preparation 

method is known as solution-phase mixing. Sonication or high-speed shearing has been presented in 

conjunction with solution-phase mixing to optimise the dispersity as well as enabling GO/rGO to have 
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better solubility with non-polar solvents, such as poly(methyl methacrylate) (PMMA) [192], 

polyaniline (PANi) [195], polycaprolactone [193] and polyurethane (PU) [194,211]. Other than 

ultrasonication in polar water; ethylene glycol, N,N-dimethylformamide (DMF), N-methyl-2-

pyrrolidone, and tetrahydrofuran solvents have also been examined to exhibit good dispersion 

behaviour and long-term stability with full exfoliation of single-layered GO sheets realised after 

solutions were immersed in ultrasonication baths for 1 h [212] (Figure 2.7a and b). The thickness of 

the single GO sheets produced is between 1 and 1.4 nm. This is represented by the line profile taken 

along the green line for the two overlapping GO sheets within the magnified panel of the atomic force 

microscopy (AFM) images in Figure 2.7b. GO sheets are thicker than graphene sheets (which have a 

thickness of 0.345 nm) due to the oxygen functional groups and the sp3 bonds [213–217]. Rather than 

mechanical stirring, sonication is reported to also diminish the large GO flakes/sheets from several 

microns to several hundred nanometre sizes (Figure 2.7c). This includes the breakdown of graphitic 

fragments due to oxidation [212,218,219]. Although this breakdown is reviewed as a disadvantage in 

certain applications; it would be greatly beneficial and compatible when in need of bonding with other 

nanoparticles/materials, which are of nanometre sizes [220]. In addition, the larger variation of GO 

sized flakes created through sonication could be filtered to narrow/shorten the polydispersity index 

within the desired size limits to be used as a filler constituent [213,214,216]. 
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Figure 2.7 GO dispersed in water and 13 organic solvents (a), AFM image of GO sheets deposited 

onto a mica substrate (b) and UV-vis absorption spectra (c). Reprinted with permission from [212] 

(Copyright (2008) American Chemical Society) 

Nonetheless, the reduction in the surface area of graphene nanosheets due to agglomeration is 

inevitable, therefore graphene-fillers would need to be pre-functionalised to provide sufficient 

solubility with the other numerous solvents [221]. For example, the hydrophilic nature of GO can be 

reduced by treatment with isocyanates, whereby GO surface and edge bonded hydroxyl and carboxyl 

groups respectively substitute into amide and carbamate groups, to promote the solubility of GO in 

aprotic solvents, such as DMF or dimethyl sulfoxide, as well as diminish agglomeration due to the 

presence of amides and carbamate ester functional groups and hence show improved homogenous 

dispersion [222]. Furthermore, the solution-phase mixing of isocyanate-treated GO with styrenic 

organic compounds, such as polystyrene (PS), in DMF has been shown to also stimulate electrical 

conductivity of GO-organic composites [213]. Similarly, GO can become amphipathic and dispersible 

in both DMF and water through coupling diisocyanate modified GO with an amphiphilic oligoester 

(short analogue of polyester) [223]. Alternatively, GO can be fused together with thermoplastics 

through melt compounding of the organic matrix via high-temperature shear mixing. Owing to its large 
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specific area and high aspect ratio, GO-filled thermoplastic composites signify enhanced electrical 

conductance with increasing GO filler content as well as achieving percolation thresholds at very low 

filler loadings. Incorporation of 0.47 vol% reduced graphene oxide (rGO) filler to strongly electrically 

resistive polyethylene terephthalate resulted in a sharp increase in conductivity, reaching a terminal 

value of 2.11 S/m at filler content of 3.0 vol% [197]. Similar results were shown in solution mixed 

graphene-PS composites with only 0.1 vol%, reaching conductivity of ~1 S/m at 2.5 vol% [213]. 

However, solvent blending yields better dispersion of GO fillers as well as resulted in an increase in 

mechanical properties, such as the tensile modulus of composites more than that of composites 

prepared through melt compounding [224]. The high shear mixing in melt compounding has also 

shown to fissure the filler material [198]. 3 wt% of GO filled PVA composites prepared via solution 

mixing and vacuum filtration resulted in young’s modulus of 4.8 GPa with a tensile strength of about 

110 MPa. This improvement may be lower than what would be expected from monolayer graphene 

as a filler material, with young’s modulus of 1.0TPa and breaking strength of 42N/m [225], which may 

be due to the compatibility and type of bonding with the matrix material. Optimal strength may not 

be achieved under a physically interacted composite due to the inefficient load transfer, as shown to 

be the case under external forces in GO-PVA composites. Hence, the need for chemical 

bonding/interactions at the filler-matrix interface should be realised. As a comparison, Young’s 

modulus and hardness of GO-PU composites are shown to be superior by about 900% and 327%, 

respectively [194]. This increase is primarily due to the presence of the isocyanate functional group in 

the PU matrix which formulates covalent bonding with the oxygen groups of GO. This chemical 

bonding interlinks the strong features of graphene as a filler material, allowing more efficient load 

transfers, whilst diminishing dislocation lines formed via the physical interaction within the composite 

lattice microstructure. Other than solution mixing, graphene filler can be incorporated in organic 

polymer matrices, such as epoxy, PANi, PS and silicone, through in situ polymerisation. By simply 

adding a known/suitable curing agent after high shear mixing graphene with the polymer matrix, 

polymerisation can be initiated. This method has been used in efficiently enhancing the thermal 
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conductivity of graphene-epoxy composites by 30 folds, reaching values of k = 6.44W/mK at 25 vol% 

filler loading, as opposed to conventional fillers, e.g. SiO2, that require 70 ±20 vol% loading to 

apprehend a similarity [199]. In comparison to the other fabrication methods, similar results were 

achieved in enhancing the electrical conductivity of rGO modified poly(vinyl chloride/vinyl acetate) 

copolymer composites at low percolation thresholds of 0.15 vol% filler loading [202]. In addition to 

the above property enhancements of organic polymer composites, functionalised graphene has been 

used to increase the thermal stability of thermoplastics and elastomers due to the strong filler-matrix 

interaction caused by the branched morphology of graphene. Thermoplastics including graphene 

modified PMMA or poly(acrylonitrile) composites, whereby their glass transition/degradation 

temperature was increased by 30C/40C with a filler loading of 0.05 and 1 wt%, respectively [190]. 

Graphene modified elastomers showing similar enhancements in degradation temperature with 

examples like silicone composites increasing by 55C at a filler loading of 0.25 wt% [210]. Some further 

notable examples of GO incorporation in polymer matrices (i.e. thermoplastics/thermosets/bio-

matrices) as well as the property enhancements of the developed composites are given in Table 2.3. 

Table 2.3 Property enhancements of several graphene-based polymer composites 

GO/polymer composite Property Enhancement Ref 

Pluronic F127 (PF127)-

rGO/Polyethylene glycol 

plasticise gum arabic 

(PGA) 

Functionalising rGO with PF127 surfactants show improved 

dispersion in the PGA matrix due to significant interfacial 

interaction between the filler and polymer matrix as indicated 

by FESEM, WAXS and FTIR. Addition of 7.5 wt% PF127-rGO 

strengthens the stress at break and Young’s modulus of the 

nanocomposite by 124% and 185%, respectively. 

[226–

228] 

GO/Poly(ethylene glycol) 

diacrylate (PEGDA) 

Using GO in PEGDA for 3D printing polymer composites 

features tailoring of mechanical and electrical properties with 

increasing GO content by low-cost UV-light induced Digital 

Light Processing. The developed composite structure can be 

thermally treated to enhance electrical conductivity due to 

the reduction of GO. 

[229–

232]  

rGO/piperazine-based 

DOPO-phosphonamidate 

(PD-rGO)/Epoxy 

Hybridising rGO with flame retardant compounds and 

incorporating in epoxy resin result in enhanced thermal 

stability of the developed nanocomposite at elevated 

temperatures whilst also improving the storage modulus and 

tensile strength, due to graphene’s exceptional stiffness. 

[233–

240] 

GO/Chitosan-Poly(vinyl Incorporating GO in biopolymer matrices show highly [241–
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alcohol) (CHT-PVA) interconnected homogenous porosity of the overall 

biocomposite, reducing the density due to the increased 

porosity as indicated by SEM. CHT-PVA/GO also features 

potential bone regeneration due to its ability to grow 

hydroxyapatite (HA) crystals depending on the GO quantity. 

245] 

Ethylenediamine 

modified GO (EDA-

mGO)/Polyurethane (PU) 

+ triethylenetetramine 

modified GO (TET-

mGO)/PU 

Intercalating GO with EDA and TET features enhanced 

dispersibility in polar organic solvents due to the reduced 

oxygen groups of GO. Using varying amounts of both modified 

nanofillers alongside PU as a composite coating on nylon films 

exhibit strong adhesion. The coated films may be used as 

hydrogen gas barriers due to the significant reduction of 

hydrogen gas transmission rate by 93% with 22 wt% TET-

mGO/PU as compared with unmodified nylon film. 

[246–

249] 

Fe2O3–reduced graphene 

oxide (FG)/Polypyrrole 

(PFG) 

Oxidative polymerisation of pyrrole on FG composite surface 

exhibit high specific capacitance of 140 Fg-1 with exceptional 

capacitance retention of 93% after 5000 cycles at 1 Ag-1. This 

enhancement may be associated with the synergistic 

interaction between the polypyrrole and FG composite. 

[250–

253] 

GO/Polyimide (PI) Using RGO as a catalyst in PI has shown to improve the 

graphitisation properties of PI films at 2300 °C as well as 

enhancing the electrical properties with increasing RGO filler 

content. The resistivity of graphitised films with 3 wt% RGO 

sheets reached values of 4.8 × 10-2 Ωm. 

[254–

259] 

GO–short glass fibre 

(SGF)/Polyethersulphone 

(PES) 

Coating GO on SGF surfaces as reinforcement for PES matrices 

show improved tensile and flexural properties. This is due to 

the enhanced interfacial adhesion between the SGF and PES 

that GO coating has adopted as well as the fact that GO has a 

higher modulus than the PES matrix. 

[260–

264] 

GO–Poly(p-

phenylenediamine) 

(PDA)/Epoxy 

Modified GO with PDA as a nanofiller for epoxy exhibit 

enhanced strength, fracture strain and toughness at relatively 

low GO-PDA content (up to 0.2 wt%) when testing the 

cryogenic fracture behaviour at -120 °C due to the improved 

filler/matrix interfacial strength. 

[265–

267] 

GO/Poly(vinylidene 

fluoride) (PVDF) 

Partially reduced GO/PVDF composites exhibit high dielectric 

constant and low dielectric loss with only 1 wt% GO content 

which proves exceptional dielectric properties. This 

enhancement may be attributed to the interfacial polarisation 

of GO, the formation of polar PVDF crystallites and the 

formation of local GO network structures. 

[268–

272] 

Where: FESEM= field emission scanning electron microscopy; WAXS= wide angle X-ray scattering; 

FTIR= Fourier transform infrared spectroscopy; SEM= scanning electron microscopy. 
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2.5.2.2 Layered graphene-based films 

Some graphene derivatives can also be layered in composite structures as opposed to graphene fillers 

being dispersed at random. These layered graphene structures can be used to obtain favourable 

characteristics suitable for different applications including as electrodes in supercapacitors and 

photovoltaic devices as well as dielectrics and other structural and functional applications. A study 

incorporated graphene films, produced by a spin-coating method using graphene solutions, into bulk 

heterojunction polymer organic photovoltaic (OPV) cells as a transparent electrode (anode) to replace 

indium tin oxide (ITO) as an inexpensive alternative. The resulting photovoltaic device displayed power 

conversion efficiency (PCE) of 0.13%, with suggested possibilities for improvement, compared to that 

of ITO with 3.59% PCE under the same conditions [273]. A similar study with graphene films produced 

by chemical vapour deposition and functionalised non-covalently with Pyrenebutanoic acid 

succinimidyl ester improved the PCE to 1.71%, which represents a considerable step towards replacing 

ITO [274]. rGO layers have also been used as an acceptor in quantum dot (QD) based solar cells by 

initially coating ITO glass with a thin layer of graphene through electrophoretic deposition from 

aqueous solution. Subsequently, a layer of Cadmium Sulfide (CdS) QDs is then directly synthesised on 

the pre-deposited graphene layer by sequential chemical bath deposition. These two steps of 

graphene layer deposition followed by a layer of CdS QDs are repeated continuously to produce the 

photovoltaic device. The resulting device performed better than all reported carbon/QD solar cells 

with an incident photon-to-charge-carrier conversion efficiency of 16% and photoresponse of 1.08 mA 

cm-2 under light illumination of 100 mW cm-2 [275]. Moreover, rGO films have been used as the hole 

transport and electron blocking layer in OPVs by incorporating them between the photoactive poly(3-

hexylthiophene) (P3HT), phenyl-C61-butyric acid methyl ester (PCBM) layer and ITO. Uniform 2 nm 

thin films of rGO were deposited on top of ITO coated glass by spin coating to achieve OPV efficiencies 

of 3.5% PCE, which is comparable to devices fabricated with 30 nm of poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) as the hole transport layer that has efficiency 

values of around 3.6%. rGO films could, therefore, be a simple solution-processable alternative to 
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PEDOT:PSS as the effective hole transport and electron blocking layer in OPV and light-emitting diode 

devices [276]. All measurements were simulated under A.M. 1.5 illumination at 100 mW/cm2. This 

phenomenon depicts chemically derived rGO thin films as promising alternatives with single sheet rGO 

(1-1.4 nm) being particularly promising as opposed to a bilayer of rGO (2 nm), represented in Figure 

2.8. As illustrated, one would expect greater OPV efficiency and further optical transparency of single 

sheet rGO in comparison to pristine single layers of graphene, which show up to 2.3% white light 

absorbance (97.7% light transmittance) as seen in Figure 2.9 [277]. 

 
Figure 2.8 Photovoltaic device structure (a) and corresponding energy level diagram between the 

top (Al) and bottom (ITO) electrode (b). Current-voltage characteristics of photovoltaic devices 

with no hole transport layer (ITO only), with 30 nm PEDOT:PSS layer, and 2 nm thick GO film (c). 

Current-voltage characteristics of ITO/GO/P3HT:PCBM/Al devices with different GO thickness (d). 

Reprinted with permission from [276] (Copyright (2010) American Chemical Society) 
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Figure 2.9 A 50 µm aperture partially covered by graphene and its bilayer. The line scan profile 

shows the intensity of the transmitted white light along the yellow line. Inset: Transmittance of 

white light as a function of graphene layers (squares). Reprinted with permission from [277] 

(Copyright (2008) American Association for the Advancement of Science) 

A layered GO-polymer composite supercapacitor has been created by placing polymers in between 

GO layers. The GO layers were made using a modified Hummers method and different polymers were 

used with different morphologies before a GO-polypyrrole composite was found to have the best 

performance. The polypyrrole polymer showed better results when used in a fibre form with a high 

specific capacitance of over 500 F g-1 and good electrochemical stability after retaining 70% of the 

original capacitance at 1000 cycles [278]. Graphene nanosheets prepared through a liquid exfoliation 

technique have also been dispersed in thermoplastic polyurethane to create strong dielectric films 

with a high dielectric constant of 3.53 × 107 and a high dielectric tangent loss of 2515 for 0.1909 Vf 

[279]. A composite nanomembrane showed enhanced directional elastic modulus when using GO to 

encapsulate polyelectrolyte multilayers through layer-by-layer assembly via the Langmuir–Blodgett 

technique. The Langmuir–Blodgett technique was used to deposit GO sheets onto films of 

polyelectrolyte poly(allylamine hydrochloride) and poly(sodium 4-styrene sulfonate) multi-layers, 

which led to an increase in elastic modulus from 1.5 to 20 GPa compared to pure layer-by-layer 

membranes [280]. 



 43 

2.5.2.3 Functionalised nanosheets 

Graphene products can also be functionalised with specific polymers to create hybrid nanosheets 

through primary or secondary bonding. The reactions during covalent functionalisation are mainly 

located between the functional groups of the polymer and the oxygenated groups on the rGO or GO 

surfaces. GO has been modified by esterification with PVA via the carboxylic groups in GO and the 

hydroxyl groups in PVA. The degree of esterification is mainly governed by the tacticity of PVA, while 

the resulting product showed a large decrease in the degree of crystallinity of the polymer and 

improved thermal stability due to the covalent bonds between the GO and PVA [281]. Amino 

functionalised GO (GO-NH2) has been further functionalised with polyimide via in situ polymerisation 

and thermal imidization to create strong interfacial covalent bonds between GO-NH2 and the 

polyimide matrix [282]. Carboxylic groups at the surface boundaries of GO sheets have also been 

conjugated to polyethylene glycol (PEG) via carbodiimide catalysed amide formation for the delivery 

of SN-38 as a hydrophobic anti-cancer drug. It has demonstrated the ability of GO-PEG to deliver 

aromatic water-insoluble drugs [283]. Another process of functionalising graphene products including 

GO involves grafting polymers using non-oxygenated functional groups on the GO. Graphene 

nanosheets, using GO synthesised by the modified Hummers method, have been functionalised with 

polystyrene chains through a grafting reaction involving a diazonium compound and an initiator 

(Methyl 2-bromopropionate) during atomic transfer radical polymerisation. The resulting product 

exhibited an increase in the glass transition temperature of up to 18C and an increase in thermal 

conductivity that depends on the weight percentage of the graphene nanosheets added in the 

composite [284]. A different study managed to covalently graft a fluorene–thiophene–

benzothiadiazole polymer onto rGO via diazonium coupling with phenyl bromide, followed by Suzuki 

coupling [285]. A polyethylene grafted GO hybrid material has also been fabricated using gamma-

aminopropyltriethoxysilane to coat GO sheets before maleic anhydride grafted polyethylene was 

grafted onto the coated GO sheets [286]. Furthermore, CH2OH-terminated regioregular poly(3-

hexylthiophene) has been chemically grafted onto the carboxylic groups of GO via an esterification 
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reaction [287]. Graphene derivatives can be functionalised covalently in a variety of processes with 

different polymers and compounds, as shown in the previous examples, due to the diverse surface 

chemistry of graphene-based products. However, it can also be functionalised by non-covalent 

bonding including through dispersive forces, electrostatic interactions and π-π interactions, which are 

often easier and can create useful composite materials for the improved and new applications. GO 

has been used as means for targeted drug delivery of the drug named docetaxel (DTX) by covalent 

bonding before being functionalised with transferrin (Tf)-poly (allylamine hydrochloride) (PAH) 

through electrostatic interactions. The functionalisation of GO was based on the electrostatic 

interactions between negatively charged GO-DTX particles and positively charged PAH chains [288]. 

In addition, Graphene sheets have been functionalised non-covalently with PANi for the treatment of 

toxic hexavalent chromium [289]. rGO has also been functionalised non-covalently with l-tryptophan 

through π–π interaction with enhanced interaction and increased maximum water dispersibility by 

cleaning the oxidative debris of GO with the ammonia wash process [290]. 

 Graphene derivatives as a catalyst support 

The recent discovery of graphene holds promising results for the future of metal-free catalysis. 

Scientists have been searching for alternatives to precious metal catalysts with increasing desperation 

as supplies of these metals dwindle while their use remains widespread as common catalysts. The 

prospect of their replacement with low cost and abundant carbon materials is a major step towards 

achieving a sustainable future [291,292]. However, carbon materials, in general, are currently used 

mainly as heterogeneous catalyst supports, especially to support noble metal catalysts for fuel cell 

electrocatalysis and organic synthesis. Graphene is attractive for use as a catalyst support as it has 

proved compatible with many catalytically active species and demonstrated improved characteristics. 

The growing interest in its use stems partly from the chemical stability and high surface area that 

enables high catalyst loading and its use in basic and acidic environments without degrading. The 

chemical activity of supported catalysts depends in large part on the interaction between the catalyst 

and the support. However, the interaction between graphene and the supported metal catalyst is 



 45 

usually weak due to the chemically inert nature of graphene, and thus defects and functional groups 

are instilled to improve this interaction. For example, it was found that tensile-straining graphene by 

10%, improved the adsorption energies of various metal clusters (including isotopes of gold, platinum 

(Pt), silver, palladium and aluminium) by more than 100%. This was explained by the weakening of the 

π bonding between the carbon atoms caused by straining the graphene as schematically illustrated in 

Figure 2.10, where the arrows show the direction of stretching. This weakened bonding may 

strengthen the interaction between the carbon 2pz orbitals and the molecular orbitals of the adsorbed 

clusters, thus enhancing the chemical reactivity of graphene. The catalytic activity was probed by the 

chemical reaction of the CO oxidation of these clusters, where the application of strain led to a 

reduction in the reaction barrier of the catalysed CO oxidation from around 3.0 eV to less than 0.2 eV 

[293,294]. 

 
Figure 2.10 Schematic view of various metal clusters adsorbed on a stretched graphene sheet. 

Inset: The strain is applied uniformly in graphene along both zigzag and armchair directions. 

Reprinted with permission from [293] (Copyright (2010) American Chemical Society) 

Point defects including vacancy defects have been found to also improve metal catalyst adsorption to 

graphene supports. Single metal atoms of common metal catalysts were observed to have an affinity 

toward single vacancy defects on graphene sheets with the trapping ability being significantly higher 

on the defective graphene than the pristine graphene [295]. Point defects were found to help bind Pt 
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clusters more strongly in graphene by several electron-volts compared to pristine graphene with 

unreconstructed defects being the strongest binding traps and reconstructed defects displaying strong 

trapping ability. A Bader analysis was also performed which revealed a positive correlation between 

the strength of the binding to the defect and the amount of charge transferred from Pt clusters to the 

graphene substrate. The Pt–carbon bonds at the defects also resulted in a significant downshift of the 

d-band centre in the Pt clusters [296,297]. GO is generally seen as a more advantageous catalyst 

support than pristine graphene due to the functional groups and defects inherent within its structure 

enabling active catalysts to easily bond through surface functionalisation [298]. These features help 

serve as anchoring and nucleation sites for the active species of the catalyst or its precursors. GO is 

usually more cost-effective and commercially available than its pristine counterpart with distinctive 

qualities including an amphiphilic nature with better dispersibility in aqueous and organic solvents 

making the supported catalyst more accessible to different reactants. GO also has higher binding 

energy to metal molecules leading to higher stability with a lower reaction barrier [220,299]. On the 

other hand, these structural defects and functional groups within GO hinder the excellent electronic 

properties inherent in pristine graphene as they present obstacles to the movement of electrons 

within the material. Thus, using GO to support electrocatalysts may be significantly more 

disadvantageous than its pristine counterpart, as a key principle for choosing a support for 

electrocatalysts involves high electric conduction with low electrical resistance resulting from a low 

density of defects. Studies supporting this conclusion include one where palladium electrocatalysts 

supported on low defect graphene were found to have doubled the electrochemically active surface 

area compared to that of palladium supported by rGO. The low defect graphene supporting palladium 

catalyst was supposedly achieved by a “soft chemistry method” involving the dispersion and 

exfoliation of bulk graphite on N-methyl-2-pyrrolidone before applying an ultrasonic treatment and 

oxidising the carbon sheets with NO3
- and H+. The concentration of the oxidising agents used was low 

and not as strong as other oxidising agents traditionally used (including sulphuric and nitric acid) which 

is why the author of this study terms this a “soft chemistry method” [300]. Graphene and its 
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derivatives have also been used to support semiconductor photocatalysts and the presence of defects 

also exhibited a significant influence on the performance of the supported catalyst. Semiconductors 

such as zinc oxide can be used as photocatalysts because of the electronic structure involving a full 

valence band, where photons with the bandgap energy can excite the electrons from the valence band 

to the conduction band resulting in a ‘hole’ in the valence band. These photo-generated holes and 

electrons underlie many photocatalytic applications including the degradation of pollutants, solar 

energy conversion, hydrogen production and disinfection [301]. The graphene support is thought to 

act as an acceptor to the photo-generated electrons leaving the supported semiconductor, which 

improves the separation between the electrons and the holes preventing recombination and 

improving the photocatalytic efficiency. With the good electron conductivity, large specific surface 

area and high adsorption of graphene, it would seem to be an ideal catalyst support of photocatalytic 

applications. This photocatalytic efficiency is, therefore, dependent upon the electron conduction of 

the graphene support which is significantly influenced by surface defects as mentioned earlier. The 

defects on graphene are in turn dependent on the preparation method. A study compared two main 

solution-based methods for producing graphene for supporting titanium dioxide, including oxidation-

reduction and solvent exfoliation, which result in different defect densities. It was found that the 

titanium dioxide (TiO2) supported by the solvent-exfoliated graphene with 0.27 wt% TiO2 had higher 

photo-reductive activity than unsupported TiO2 by 4.5 times under ultraviolet light and 7.2 times 

under visible light. This is in comparison to the rGO supported TiO2 with no improvement under 

ultraviolet light and 2.3 times improvement under visible light compared to unsupported TiO2. The 

high electron mobility of graphene and solvent-exfoliated graphene, in particular, greatly facilitates 

the diffusion of photogenerated electrons to the reactive sites [302]. 

 GO as a catalyst 

Carbon materials can also function as catalysts in their own right. There has been a large growth 

recently in the use of graphene derivatives as primary catalysts because of several unique properties 

that influence the catalytic reactions including the two-dimensional structure, high porosity, excellent 
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electronic properties, high thermal and mechanical stability, defects and heteroatom functionalities. 

The scope of reactivity can, therefore, be expanded by exploiting surface modifications and edge 

defects in graphene derivatives. Such defects and functional groups can provide performance benefits 

such as increased dispersibility in solvents. Most studies relating to carbocatalysis have focused on 

using GO and rGO which is also amphiphilic where the resulting chemical nature is influenced by the 

base or acid treatment applied to it. GO can be used as a carbocatalyst to replace precious metals in 

certain catalytic reactions including those specified in Table 2.4. The intrinsic catalytic activity of 

graphene-based carbocatalysts is thought to stem from the several features including functional 

groups, defects and doping (especially by oxygen and nitrogen containing groups which can be done 

through different methods). Moreover, steps into the potential replacement of commercial metal 

catalysts with novel graphene-based catalysts have shown promising results, notably electrocatalysis, 

fuel cells and organic synthesis [303–305]. 

Table 2.4 Catalytic reactions using GO as a catalyst 

Group Reaction 

GO 

mass 

mg 

Temp 

°C 

Time 

h 

Conversion 

% 

Yield 

% 

No. of 

reuse 
Ref 

Alkyl 
 

25  

(2.5 

wt%) 

22 4 100 - 
5 ~ 9.2% 

reduction 
[306] 

Epoxide 
 

5 r.t.p 1 99 96 
3 ~ no 

reduction 
[307] 

Amine 

& 

Ketone  

15 70 0.5 - 95 
5 ~ 10% 

reduction 
[308] 

Where: r.t.p= room temperature and pressure (~20°C) 

GO and rGO have been the focus of research into the potential of carbocatalysts as pristine graphene 

does not exhibit any catalytic activity in and of its own. GO contains many hydroxyl and epoxy 

functional groups on its basal plane, while its complete structure has been difficult to determine due 

to its non-stoichiometric amorphous nature, unlike graphene. Despite the widespread use of GO, its 
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poorly understood structure has led to six different structural models being proposed (see Figure 2.11) 

including the Lerf–Klinowski model which is the most popular and accepted model after using NMR 

spectroscopy to identify two basal plane regions composed of pristine aromatic regions separated by 

aliphatic 6-membered rings containing hydroxyls, epoxyls (1,2-ethers), and C=C double bonds 

[220,309–311]. The model was later refined with the addition of small quantities of carboxylic groups 

at the edge sites before the Dékány model further proposed the existence of tertiary alcohols, quinone 

groups, phenols ketones and 1,3- ethers [312,313]. Later, it was shown that lactols were present at 

the peripheral edges of GO, while the latest model proposed by Tour suggests GO to be a system that 

experiences structural changes after interacting with water [314,315]. However, Tour agrees with the 

earlier models about the presence of the different functional groups including various oxygen 

functionalities, such as the epoxyls, carboxyls, carbonyls and hydroxyl groups [316]. Schematic models 

of graphite oxidation methods based either on chlorate or permanganate oxidation routes can be seen 

in Figure 2.12. 

 
Figure 2.11 Proposed structural models of GO, including the most recent Lerf–Klinowski and 

Dékány model. Reprinted with permission from [311] (Copyright (2014) Royal Society of 

Chemistry) 
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Figure 2.12 GO model, demonstrating various oxygen functional group types distributed across 

aromatic regions (a) and graphite oxidation methods based either on chlorate or permanganate 

oxidation routes (b). Reprinted with permission from [316] (Copyright (2015) Royal Society of 

Chemistry) 

The reduction of GO can remove many of the hydroxyl and epoxy groups, however, topological defects 

are usually observed as a result at the basal plane, while stable carbonyl and ether groups may remain 

at the surface edges [317]. It is these topological defects and functional groups that underlie the 

catalytic activity of GO and rGO. The role of different GO active sites during some catalytic reactions 

is still debated by scientists. It was found that GO could catalyse reactions including the hydration of 

alkynes, the oxidation of alkenes and alcohols with relatively mild conditions and produce excellent 

yields of the desired product with simple catalyst recovery [318]. A computational study was later 

performed to understand the reaction mechanism behind the oxidation and hydration reactions while 

using the oxidation of benzyl alcohol to benzaldehyde as a model. Density functional theory 

calculations later revealed that the reaction occurred using the transfer of hydrogen atoms from the 

organic molecules to the epoxide groups on the GO basal plane which was followed by the production 

of diols and dehydration resulting in a partially reduced GO, which could be restored and recycled as 

a catalyst using molecular oxygen. Graphite was found to have much higher reaction barriers because 

of the lack of functional groups present in GO [319]. GO could also be used as a carbocatalyst for the 

polymerisation of different olefins monomers including n-butyl vinyl ether, N-vinyl carbazole, styrene, 

and sodium 4-styrene sulfonate with average molecular weight (Mn) of 5000-8100 Da observed under 

varied GO loading for the first olefin and low Mn polymers obtained for the others including 400 Da 

for styrene and 1900 for N-vinyl carbazole. Table 2.4 shows the polymerisation reaction of N-butyl 
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vinyl ether under optimised conditions of 2.5 wt% GO loading with Mn of 5700 Da and a polydispersity 

index of 9.45. The catalytic activity of GO is found to have endured after five polymerisation cycles 

with these olefins without the need to regenerate the catalyst [306]. Carboxyl-modified GO (GO–

COOH) was found to be able to catalyse 3,3,5,5-tetramethylbenzidine (TMB) in the presence of H2O2 

to produce a blue colour reaction similar to the biocatalyst peroxidase with an even higher catalytic 

activity to TMB than the natural enzyme. This ability has been used to create a colorimetric method 

for the detection of glucose as a medical diagnostic. The reaction mechanism involves the transfer of 

electrons from graphene to the H2O2 and the adsorption of TMB to the graphene surface to donate 

lone-pair electrons from the amino groups to the graphene. GO–COOH works as a good alternative to 

peroxidase due to the ease of preparation, stability, cost-effectiveness, GO–COOH and high affinity to 

organic substrates [320]. There are studies that suggest that the introduction of sulphate groups into 

GO, that has been prepared by the Hummers oxidation of graphite, helps facilitate the GO catalysis of 

certain reactions including the ring-opening of epoxides (Table 2.4) with methanol at room 

temperature and other primary alcohols. This sulfation establishes enough acidity into the GO to make 

it an active acid catalyst, which is helped by its high solubility in water and alcohol and the abundance 

of active sites found in GO [307]. It has also been found to promote the acetalisation of aldehydes in 

methanol with these sulphate groups introduced spontaneously during Hummer's oxidation, being 

the sites responsible for the catalysis [321]. rGO has also been shown to have some intrinsic catalytic 

activity as a metal-free catalyst. It was found to be able to catalyse the hydrogenation of nitrobenzene 

at room temperature with high catalytic activity and stability. The ability to catalyse this reaction by 

rGO was attributed to the zigzag edges of the rGO containing unsaturated carbon atoms, which may 

act as catalytic active centres to activate reactant molecules by interacting with the two terminal 

oxygen atoms of nitrobenzene according to Density Functional Theory calculations [322]. Theoretical 

calculations suggest that smaller crystals of GO and rGO would improve the catalytic activity of 

oxygen-involving reactions due to the association with an increasing number of zigzag edges and 

oxygen-containing groups within these edges, where the activity seems to originate [323]. The 
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carboxylic acid groups and unpaired electrons at the edge defects of rGO was found to play a key role 

in carbocatalysing the oxidative coupling of various amines to imines. A base and acid treatment were 

found to greatly enhance this catalysis by activating the catalytic sites through increasing the density 

of edges with localised spins and recovering carboxylic groups. This treatment was found to improve 

yields to 98% at 5 wt% catalyst loading, under solvent-free, open-air conditions [324]. 

 Conclusions 

The continued research into graphene and its derivatives including GO has resulted in the 

development of a variety of graphene-based composites using multiple fabrication techniques. 

Graphene derivatives, particularly GO, have also been found to be effective catalyst supports and 

carbocatalysts with the preparation conditions identified. Graphene-based organic composites are 

mainly arranged in three different ways including, layering graphene components within composites 

– to improve the performance of different applications such as electrodes and dielectrics when used 

as films; using graphene as a filler material – to aid in electrical and thermal conduction, load transfer 

and the functional groups that improve the surface interaction due to their large surface area; and 

functionalising graphene derivatives to specific polymers to create hybrid nanostructures – such as 

conjugating the oxygenated groups of GO/rGO surfaces to create GO-polyethylene glycol for drug 

delivery or non-covalently bonding with polyaniline for treating toxic hexavalent chromium. GO also 

shows promise as metal-free catalysts and catalyst supports due to the presence of topological defects 

and functional groups: The functionalities of the former includes the hydration of alkynes, the 

oxidation of alkenes and alcohols, the polymerisation of olefin monomers, the hydrogenation of 

nitrobenzene; whereas the latter may support electrocatalysts for excellent electronic properties or 

support semiconductor photocatalysts to achieve high adsorption, large specific surface area and 

good electron conductivity for applications such as the degradation of pollutants and solar energy 

conversion.  
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Chapter 3 Methodology 

3.1 Introduction 

This chapter provides the specifications of the raw materials used throughout the study, including 

cellulose, polymers, crosslinkers/coupling agents, and water-repellents. The methodologies of 

producing cellulose-based aerogel composites through an environmental lyophilisation process are 

comprehensively explained and illustrated. Characterisation and standardised testing procedures are 

thoroughly reported. 

3.2 Materials 

 Cellulose 

For analytical and consistency purposes, untreated microcrystalline cotton cellulose (MCU) (Figure 

3.1) powder from cotton linters was purchased from Sigma Aldrich (CAS Number 9004-34-6). The 

cellulose powder was processed and untreated with a mean particle size of 20 µm. 

 
Figure 3.1 Chemical monomer structure of cellulose 

 Polyvinyl Alcohol and Polyethylene Oxide 

99+% hydrolysed Polyvinyl alcohol (PVA) (Figure 3.2) with a molecular weight of 146,000‐ 186,000 

Daltons (Da) and a density of 1.19‐1.31 g/cm3 with a melting point of 200 °C was obtained from Sigma 

Aldrich (CAS Number 9002‐89‐5). Polyethylene oxide powder with an average MV of 100,000 was also 

obtained from Sigma Aldrich (CAS Number 25322-68-3) and used to create films similar to low-density 

polyethylene found in the inner lining of disposable coffee cups. 
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Figure 3.2 Chemical monomer structure of polyvinyl alcohol 

 Chemicals 

Sodium hypochlorite (NaClO), 12.5% and sodium hydroxide (NaOH), analytical grade 98% were 

obtained from Sigma Aldrich and Fisher Scientific, respectively. Sulphuric acid (98%), hydrogen 

peroxide (30%) and potassium permanganate were all purchased from Sigma Aldrich. 

 Graphite (inorganic filler) 

Powdered graphite with particle sizes <325 mesh (equivalent to 44 m) was purchased from 

easycomposites. 

 Crosslinkers  

Coupling agents: Glyoxal (GLY) solution 40 wt% in H2O (CAS Number 107-22-2), Vinyltrimethoxysilane 

(VTMS) 98% (CAS Number 2768-02-7), and (3-Aminopropyl)triethoxysilane (APTES) ≥98% (CAS 

Number 919-30-2) were bought from Sigma Aldrich (Figure 3.3). 

 
Figure 3.3 Chemical structure of (a) glyoxal, (b) vinyltrimethoxysilane, (c) (3-Aminopropyl) 

triethoxysilane 
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 Deionised water 

Purified deionised water, 0 S was used throughout this study via a Biopure 600-unit (Veolia Water 

Technologies). 

3.3 Methods 

The methodologies presented are procedures revolving aerogels. Aerogel production involves three 

predominant steps, as follows:  

1. Preparation of suspensions,  

2. Freeze-casting through liquid nitrogen (supercooling),  

3. Lyophilisation (freeze-drying). 

Specific details of alterations to the experimental method are noted where applicable in the chapters. 

 Preparation of stock suspensions  

Material suspensions for the preparation of aerogels are prepared separately before combining 

desired amounts of each material for freeze-casting. The preparation of these suspensions is described 

below and depicted in Figure 3.7. 

3.3.1.1 Nanocellulose production 

Microcrystalline cellulose was suspended in de-ionised water. The suspension was swelled and later 

oxidised using NaOH (4 wt.%) and NaClO (20 wt.%), respectively. The oxidation reaction was high-

shear mixed using a Polytron system PT 2500 E (Kinematica ag) while an IKA HB 10 heating bath kept 

the mixture at 45 °C for 30 min. The homogenised slurry was then washed to pH 7 through cycles of 

centrifugation, using de-ionised water, followed by dialysis cycles for 48 hours to remove any salts and 

achieve an electrical conductance of <100 S. Approximate yield of 40% nanocellulose crystals (NCC) 

is produced through this process with the remainder yielding nanocellulose fibrils (NFC). The 

difference in density makes it easy to differentiate between NCC and NFC after centrifuging, as shown 

in Figure 3.4. The supernatant NCC was decanted after centrifugation to separate the NCC from NFC. 

Low-shear mixing for the oxidation reaction was also investigated using an overhead mixer at 900 rpm 

combined with an ultrasonic heating bath for continuous sonication under 65 °C for 5 hours. For the 
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purpose of brevity, the untreated microcrystalline cellulose is termed MCU and once treated, the final 

slurry includes micro-fibrillated cellulose, NFC and NCC. The NCC appears as a separate layer at the 

top after centrifuging (supernatant) and the remainder is termed MCT because in addition to the NFC, 

there is a small amount of micro-fibrillated cellulose (yielding typically between 2-5%) present at the 

bottom of the NFC layer (precipitate). This is apparent in the micrographs in Figure 3.5 and Figure 4.1. 

The majority of NFC is in the form of a network of branches with the micro-fibrillated cellulose at the 

core as well as a small proportion of trapped NCC in the network.  

 
Figure 3.4 Process of NC purification (a) Sigma 6k15 500 ml centrifuge flask displaying the salty 

water before decanting (b) Dialysis tube immersed in a 5L water tank and a conductivity meter (c) 

Centrifuge flask displaying supernatant NCC and NFC precipitate after purification (d) Yields of 

NCC:NFC ratio produced at different swelling agent dosages during oxidation reaction and (e) 

Analytical balance used to measure the concentration of purified NC produced  
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A schematic of the tempo-free reaction mechanism is depicted in Figure 3.5a and the resulting SEM 

images of the two Nanocellulose derivative profiles, NFC and NCC, is shown in Figure 3.5b and 3.5c, 

respectively. The width of the nanocellulose fibrils range between 5-20 nm as apparent in Figure 3.5bi 

and bii. Figure 3.5d shows the size distribution by intensity of nanocellulose using a ‘dynamic light 

scattering particle size and zeta potential analyser’ with a sample size of 2 microlitres (precision of 

±1%). This was conducted periodically for quality checks with the peak averages presented in Table 

3.1 and an overall Z-average of 346.5 d.nm. 

 

Figure 3.5 (a) schematic of the tempo-free NC fabrication process; (b) TEM micrographs of the NFC 

network with the graphs in bi and bii corresponding to the width of the fibrils; (c) TEM micrograph 

of NCC; (d) size distribution of NC analysed by intensity 

 

Table 3.1 Quantitative measurements of the peak sizes in Figure 3.5d 

 Size (d.nm) % Intensity St Dev (d.nm) 

Peak 1 361.6 94.9 164.5 

Peak 2 5082 5.1 561.3 

Peak 3 ~90 n/a n/a 

 



 58 

3.3.1.2 Graphene oxide production 

Graphene oxide was prepared according to the modified Hummer’s method from graphite. In a 

nutshell, 10 g of graphite powder (easycomposites) was stirred with 5 g of sodium nitrate and 230 ml 

of sulphuric acid (98%) (Sigma Aldrich), H2SO4 for 30 min. The mixture was transferred into an ice bath 

and 30 g of potassium permanganate (Sigma Aldrich), KMnO4 was added to the mixture. This was 

stirred for 30 min raising the temperature to 35 °C. Once 460 ml of water was added to the mixture, 

the temperature was raised to 98 °C for 15 min adding an additional 800 ml of water along with 100 

ml of hydrogen peroxide (30%) (Sigma Aldrich), H2O2. The final mixture was washed with 200 ml of 

hydrochloric acid (37%), HCl and centrifuged/dialysis till pH 7 was achieved (Figure 3.6). A sample of 

the GO was heat-treated overnight at 30 °C to evaporate the water to turn the suspended GO into a 

thin cake. This was for use to characterise the GO purity using analytical techniques. 

 
Figure 3.6 Schematic illustration of GO production via modified Hummer’s method 

3.3.1.3 Polyvinyl Alcohol solution 

To achieve a 5% stock solution, desired amounts of polyvinyl alcohol was dissolved in deionised water 

in a round-bottom flask and stirred at low shear speeds for 3 h in a heating bath at 90 °C. An overhead 

mixer was used for stirring at 300 rpm and was halted when the solution was clear with no remaining 

PVA solutes (Figure 3.7). When quenched, the solution was left to cool to room temperature before 

use. 
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Figure 3.7 Stock suspension of PVA 

 Preparing mixed suspensions and freeze-casting 

Specific mixture compositions are detailed in each chapter. As an example, the preparation of NC-PVA 

suspension is detailed as follows: After preparing 5 wt% stock solutions, NC and PVA were mixed and 

diluted to a final composition of 2.5:2.5 weight by weight percent (wt.%) using Equation 1 [325]. Two 

mixing techniques were investigated at ambient temperatures:  

- Low-shear mixing (LSM) via magnetic stirrers at 700-900 rpm for 24 hours, allowing 

constituents to fully blend together. 

- High-shear mixing (HSM) at 7,000-10,000 rpm for 10 min to maximise the cellulose dispersion 

due to the deagglomeration caused by the electrostatic forces within the vortex and 

homogenise the final suspension 

The mixing technique used is highlighted in the respective chapter. 

 𝑐1𝑚1 = 𝑐2𝑚2 Equation 1 

Where, c is the concentration (wt.%) and m is the mass (g) 

The final mixed suspension was later slowly poured (to avoid air bubbles) into aluminium foil moulds. 

Any surface air bubbles seen was removed using a pipette. For consistency, the poured suspensions 

were weighed to equal weightings. Two aerogel thickness panels were investigated using mould 
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dimensions of 10010010 mm and 10010015 mm and is specified where used in the respective 

chapters. The moulds were then placed on an aluminium tray of 3 mm thickness that holds a maximum 

of 6 sample moulds. The tray is designed to rest in a polystyrene box that is filled with liquid nitrogen 

enough to only allow vertical freezing (bottom to top) to occur from the underside of the aluminium 

tray. Once frozen, the sample moulds are placed in a freezer until a full batch of 21 moulds are frozen 

and ready to be lyophilised (N.B. the freeze-dryer can fit 22 samples) (Figure 3.8). 

 
Figure 3.8 Procedure of producing aerogels (a) mixed NC-PVA suspensions poured in aluminium 

moulds and being weighed using tray (b) freeze-casting through liquid nitrogen with inset a 

thermal image of suspensions being frozen (c) lyophiliser freeze-drying the frozen sample (d) GO-

NC (top) and NC-PVA (bottom) aerogels after freeze-drying 
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 Lyophilisation (freeze-drying) 

A Martin Christ Alpha 1-2 LD freeze-dryer was used to sublime the ice for all aerogel preparations. The 

lyophiliser chamber has a max ice condenser of 2kg/24hr at -55 °C. The temperature is set to -55 °C 

an hour before inserting the frozen aerogel samples for main drying. When the lyophiliser was ready 

and all the frozen samples were loaded, the vacuum pump was turned on to begin the main drying for 

120 hours. This drying process is to allow the intrinsic gel structure to stay intact while the residual 

solid ice is sublimed and vacuumed out, to attain an aerogel composite (Figure 3.8 and Figure 3.9). 

Once the drying is complete, the aerogels are decanted, placed in resealable plastic and stored in a 

desiccator until ready for characterising and testing.  

 
Figure 3.9 Phase diagram of water 

 Alien nanoparticle incorporation into nanocellulose 

An aliquot of 8ml 4% untreated cellulose (MCU) and oxidised cellulose (MCT) were added to 2ml 

CuNO3 0.25 mol in separate flasks. Six solutions were produced in total (3 of MCU and MCT) before 
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being heated to 60°C on a hotplate. An MCU and MCT solution each were removed from the hotplate 

after 5, 10 and 30 minutes. An Eppendorf of each solution was frozen using liquid nitrogen and 

lyophilised using a PowerDry LL3000 Freeze Dryer for EDX, FTIR and RAMAN analysis (Figure 3.10). The 

copper-incorporated samples are termed MCU-Cu and MCT-Cu in Chapter 4. 

 
Figure 3.10 Copper incorporated solutions and freeze dryer used to lyophilise the Eppendorf’s of 

each sample for characterisation 

 Nanocellulose additive for recycled paper production and nanocellulose as a film 

Old corrugated containers (OCC) or Kraft liner shaving (KLS) pulp was received from a 100% recycled 

paper processing papermill at a 4% consistency, this was then diluted to a 1% consistency for ease of 

use and accuracy in the laboratory setting. The Axform Dynamic Sheet Former (DSF) replicates a 

papermachine process in that pulp is sprayed on to a wire producing a 900x250mm sheet of paper, 

with the ability to alter the efflux ratio via changes to the drum speed, the pressure of the pulp pump 

and diameter of the nozzle used (Figure 3.11a). The sheet is then couched and pressed using the 

Axform Press and Dryer and dried at 120°C on an oil-filled drum dryer (Figure 3.11b and c). Three 100 

gsm sheets were produced for each type of nanocellulose tested (NCC via Hypochlorite treatment, 

NCC via Peroxide treatment, NCC & NCF via peroxide) as well as for each concentration of 

nanocellulose type ranging from 0.5-2.5% (Figure 3.11d). LDPE films were produced using powder 

according to the method outlined by [326]. The powder was mixed with de-ionised water for 3 h and 

a further 3 days with the NC suspension. The composite film was produced after drying for 24 h at 70 

°C before being hot-pressed into a film. 
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Figure 3.11 Displays the production of recycled paper through (a) the Axform Dynamic Sheet 

Former, (b) Axform Press, (c) Axform Dryer and (d) the final 100 gsm paper sheets with varied 

nanocellulose dosages 

3.4 Characterisation and testing 

 Physical properties 

3.4.1.1 Apparent density 

An analytical balance precise to ±0.005 mg and a digital Vernier calliper precise ±0.005 mm was used 

to measure the dry mass and volume of aerogel samples, respectively. Using Equation 2 (dry mass 

over volume), the density was calculated in accordance with ASTM D1622-98/D1622M-14 [327]. 

Average densities of six samples per composition were calculated. 

 𝜌 =
𝑚

𝑣
 Equation 2 

Where, p is density (g/cm3), m is mass (g) and v is volume (cm3) 

3.4.1.2 Particle size analysis 

Particle size distributions of cellulose fibres were retrieved through a light-scattering based system 

using a NanoSight LM10. Cellulose suspensions were diluted to 2 wt% and homogenised using the 

shear mixer at 10,000 rpm. A 0.45 µm filter was used to limit/control the range of fibre inlets for 

samples with larger fibre aspect ratios. A 1 ml aliquot of the filtered suspension was extracted and 

inlet into the Nanoparticle Tracking Analysis (NTA) whereby 5 cycles of 90 s was recorded, and particle 

paths tracked under Brownian motion analysed using the NTA 3.2 software. The aliquots were slowly 
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injected into the chamber at an angle, to avoid the formation of air bubbles that affect the detection 

of particles due to secondary light scattering. The temperature of the inlet suspension was constant 

at 22° C (Figure 3.12). 

 
Figure 3.12 NanoSight LM10 Microscope and schematic illustration of NanoSight operation 

3.4.1.3 Thermal conductivity 

A FOX 200 instrument was used to measure the thermal conductivity of 100x100x10 mm samples 

based on a hot-cold plate setup according to standards (ASTM C518, ISO 8301 and EN 12667) [328–

330]. The active area of the integrated heat flux transducer is 75x75 mm. The mean temperate was 

set to 10 °C (0 °C for the upper plate and 20 °C for the lower plate). The auto-thickness feature was 

used to measure the full aerogel thickness as well as keep the inserted aerogels air-tight when the 

system is in operation. Average thermal conductivity readings of three samples for each composition 

were taken across the thickness (Figure 3.13). 

 
Figure 3.13 TA Fox 200 instrument and schematic illustration of thermal conductivity operation 
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3.4.1.4 Surface charge and sizing analysis 

An Emtec Fibre Potential Analyser (FPA) was used for the measurement of the Zeta Potential of fibre 

suspension according to the Helmholtz-Smoluchowski equation by simultaneously measuring 

conductivity, pressure and the streaming current potential. An Emtec Charge Analysing System (CAS) 

was also used to measure the Streaming Potential of the water taken from the pulp (Figure 3.14a). 

Hach Sension+ was used to analyse the pH, conductivity and redox of the pulp and nanocellulose. 

 
Figure 3.14 Displays (a) Emtec fibre potential analyser on the left and Emtec charge analysing 

system on the right, (b) L&W burst strength tester and (c) L&W Bendsten porosity tester 

3.4.1.5 Burst and porosity index 

Four 10x10cm squares were cut from each 100 gsm sheet with respect to the dosage of nanocellulose 

(0.5-2.5%). Each square was weighed for indexing the results and three burst tests were carried out 

on each square. A hydraulic paper L&W Burst Strength Tester was used for the measurement of 

pressure at which the sheet bursts and measured as kilopascal (kPa), indexed to kPa per basis weight 

in grams (g) (Figure 3.14b). An L&W Bendsten Tester was used to assess the porosity properties of the 

paper measured via the air permeability through the paper, measured via airflow millilitres per minute 

(ml/min) (Figure 3.14c). The same square samples used for burst testing were used and three porosity 

tests were carried out on each square. The porosity index was calculated and averaged. 

3.4.1.6 Thermogravimetric analysis (TGA) 

A TGA was used to define the thermal stability of nanocellulose and low-density polyethylene 

composite films by determining the temperature at which they decompose. The test was conducted 

at 5°C/min increments with a gas flow rate of 50ml/min. The temperature range was set at 25-600 °C. 



 66 

 Mechanical properties 

3.4.2.1 Compressive strength 

Aerogel composite samples were cut to 20x20x10 mm via a diamond band saw for compression testing 

(Figure 3.15). The test was conducted using an INSTRON 5900 series in a controlled environment of 

23 °C and relative humidity of 45%. The applied load rate was set to 1 mm/min until a 50% strain was 

realised. The load was applied perpendicular to the axial grain orientation of the aerogel samples. 

Mean compressive modulus and yield strength of samples were taken. Due to foam-like behaviour, 

compressive moduli were determined from the most linear stiffness region before yielding using 

Equation 3. Specific modulus and specific strength were calculated by dividing the mechanical 

property (i.e. modulus and compressive stress at yield point) over the composite density to compare 

between compositions. 

 𝐸 =
𝜎2 − 𝜎1

𝜀2 − 𝜀1
 Equation 3 

Where, E is modulus (MPa), σ is stress (MPa) and ε is strain (mm/mm) 

 
Figure 3.15 Aerogels cut to cuboid specimens using a diamond band saw and compression testing 

using Instron 5900 series 

3.4.2.2 Tensile and compressive strength index 

A Lloyd LRX Tester was used to measure the tensile strength of the paper sheets (Figure 3.16a). Six 15 

mm wide by 150 mm long specimens were punched from each paper sheet in the machine direction 

and another six specimens were punched out in the cross-direction of each paper sheet using a 



 67 

Messmer TMI 22-22 Sample Punch (Figure 3.16b). The specimens were weighed before tensile tested. 

The tensile index was calculated by dividing the tensile strength over the weight of the specimen. 

Averages of each paper sheet were taken and thereafter averages of the three repetitive paper sheet 

samples were taken for each set of nanocellulose dosage. An L&W compressive strength tester STFI 

was used to measure the compressive strength index (Figure 3.16c). After tensile testing, the same 

specimens for machine- and cross-direction were used to measure the compression strength and 

calculate the compression index using the specimen weight. 

 
Figure 3.16 Displays (a) Lloyd LRX tensile strength tester, (b) Messmer TMI sample puncher and (c) 

L&W compressive strength tester 

 Analytical techniques 

3.4.3.1 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

A Perkin Elmer Spectrum One was used to analyse and characterise the functional groups of the 

cellulose derivatives and their composite material composition spectra (Figure 3.17). 30 scans were 

recorded per sample at a wavenumber range of 4000–600 cm-1 with a resolution of 4 cm-1. Prior to 

testing, FTIR samples were stored in a desiccator and known quantities used to cover the ATR crystal. 

OriginPro was used to analyse the peaks and convolute a curve fit via the Gauss distribution. 
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Figure 3.17 Perkin Elmer machine and schematic illustration of the ATR-FTIR mechanism 

3.4.3.2 X‐ray powder diffraction (XRD) 

X-ray diffraction patterns of tested samples were obtained using the Bragg-Brentano Bruker D8 

Advance equipped with Copper tube and LynxEye position sensitive detector (Figure 3.18). Samples 

were scanned between 2θ of 5° to 60° with increments of 0.01° at a scan speed of 1.2 sec/step using 

the Cu Kα radiation (λ = 1.540596 Å). The XRD patterns were interpreted using software’s, Bruker 

Evaluation Diffrac, Topas and GSAS 2. The Crystallinity Index (CrI) and d-spacing were calculated using 

Equation 4 and Equation 5 (Bragg’s law) [331]. 

 
CrI=

(I002-Iam)

I002
×100 

Equation 4 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 Equation 5 

Where, n is number of wavelengths (=1), λ is X-ray wavelength (Å), d is interatomic spacing (Å), and θ 

is diffraction angle (°) 
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Figure 3.18 X-ray diffractometer Bruker machine and schematic illustration of Bragg’s law 

reflection 

3.4.3.3 Raman spectroscopy 

Raman spectra of tested samples were obtained using a Renishaw InVia Micro Raman system fitted 

with a 514 nm laser (Figure 3.19). Raman maps were scanned across 100 – 3200 cm-1 every 10 min. 

WiRE and OriginPro software’s were used to analyse peaks and convoluted using Gaus distribution. 

D/G ratio was calculated using Equation 6. 

 𝐼𝐷

𝐼𝐺
 

Equation 6 

Where, ID is intensity at Raman shift D and IG is intensity at Raman shift G 

 
Figure 3.19 Renishaw inVia Raman microscope and schematic illustration of Raman scattering 

 Microstructure characterisation 

3.4.4.1 Scanning electron microscope (SEM) and Energy-dispersive X-ray (EDX) 

The developed microstructures were characterised through scanning electron microscopy using a 

Zeiss Supra 35VP FEG-SEM (Figure 3.20a). Cross-sections of the aerogel samples were cut to 1 by 1 cm 
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cubes via single-edge razor blades. The electron high tension was set at 5 kV and imaging was carried 

out using the SE2 detector. Due to the non-conductive nature, samples were sputter-coated with a 

thin layer of gold prior to imaging using a Polaron-SC7640 Sputter Coater for 2 min. Several areas were 

analysed for each examined sample under the microscope to determine the dominant motif and 

structure. EDX analysis was used to acquire images and data to highlight inorganic nanoparticles and 

evaluating any impurities. 

 
Figure 3.20 Displays (a) Polaron-SC7640 Sputter Coater, (b) Agar Turbo Carbon Coater, (c) Zeiss 

Supra 35VP SEM with an EDX attachment and (d) JEOL JEM-2100F TEM 

3.4.4.2 Transmission electron microscopy (TEM) 

The structure of nanofibers, flakes and colloidal suspensions were examined using a JEOL JEM-2100F 

microscope operated at 200 kV (Figure 3.20b). Cellulosic suspensions were negatively stained using 

1% uranyl acetate before they were drop-cast on to carbon holey film support copper 200 mesh grids. 

The holey carbon grids had been glow-discharged beforehand for 20 s using an Agar Turbo Carbon 

Coater set at 10mA. Excess sample and stain were wicked away with blotting paper. Prior to entry into 

the microscope, samples were plasma cleaned for 30 s using a Gatan Solarus. Fast Fourier transform 

(FFT) images were also obtained to measure distances between atomic planes. TEM lattice structures 

were analysed via the GMS 3 Gatan software. 
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 Wettability 

3.4.5.1 Moisture absorption 

A controlled environmental chamber was used to measure moisture uptake of tested aerogels over a 

long duration of 31 days and to evaluate the impact on the aerogel microstructure and mechanical 

property as a result. The samples were subjected to a fixed temperature of 23 C and 60% relative 

humidity. Analytical balance precise to ±0.005 mg was used to measure the mass of samples and the 

moisture absorption calculated using Equation 7 [332].  

 % 𝑚𝑎𝑠𝑠 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =  
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
× 100 Equation 7 

Where, mw is wet mass (g) and md is dry mass (g) 

3.4.5.2 Contact angle 

The contact angle was measured using a 10 Ångstrom FTA 1000 drop shape analyser (Figure 3.21a). 

The static contact angle was determined from the shadow of a 3.5 µl sessile drop of distilled water. 

The test was conducted in ambient conditions of 19 ± 2°C to minimise the error of contact angle 

associated with water evaporation. Average contact angles across both planar sides of the paper sheet 

surfaces were calculated and classified according to Figure 3.21b. 

 
Figure 3.21 Displays (a) drop shape contact angle analyser and (b) contact angle classification 
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Chapter 4 Morphological and chemical transformation of nanocellulose to 

enable successive alien nanoparticle in-situ grafting 

4.1 Introduction 

The push towards a more sustainable society has attracted researchers to explore cellulose to create 

environmentally friendly products. However, macro scale cellulose offers few applications that can be 

developed due to its limited set of properties. This is why nano- and micro-scale cellulose are being 

explored that offer alternative properties and show promise in creating advanced nanomaterials, as a 

reinforcement product or to simply enhance the structure of macroscopic cellulose [1,2]. Such 

cellulose materials may be functionalised in a targeted manner to achieve desired properties for a 

specific application thus enabling this sustainable material to be utilised in a larger selection of 

applications. However, current production methods for nanoscale fibrillated cellulose present 

limitations including the need for high acid concentrations, high energy consumption (700-1400 MJ 

kg-1) and low yields of less than 30% due to excessive degradation from the high acid concentrations 

[3–5]. Pre-treatments in the form of TEMPO-NaBr-NaClO are often used to overcome these problems 

associated with mechanical defibrillation despite being costly (approximately £20/g), removing non-

cellulose composition and demanding treatment of liquid waste [6,7,333]. A novel TEMPO-free 

treatment has been developed recently without these shortcomings, albeit, its effectiveness is yet to 

be determined. Here we show a transformation of micro-cellulose (MCU) to MCT, via a TEMPO-free 

oxidation, where expanded thin microcrystals are formed with a branched nano-fibrillated cellulose 

network. This NC bonds with other cellulose particles to create a 3D gel, forming a film when dried. 

Moreover, the treatment is revealed to partially convert cellulose Iβ to cellulose II, possible due to 

mercerisation. Consequently, the NFC within the MCT is capable of functionalising with alien 

nanoparticles, such as Cu, enabling the development of conductive cellulose. These findings offer us 

the freedom to further develop MCT in light of its ability to form composite aerogels and films. 
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4.2 Experimental work 

Stock solutions of nanocellulose and PVA, as well as the preparation of NC-PVA aerogels, are described 

in section 3.3.1. The approximate yield of 40% NCC produced through the process described in section 

3.3.1.1 was consequently separated through centrifugation for this study. The remaining 60% 

nanocellulose fibrils termed treated micro-cellulose (MCT) in this chapter, was used for this 

investigation and consequent aerogel preparation. For this study, untreated microcrystalline cotton 

cellulose was not able to form an aerogel because of its intrinsic incapability of forming a nano-scale 

3D network. Nanoparticles were incorporated as described in section 3.3.4. Characterisation and 

testing are carried out according to section 3.4. 

4.3 Results and discussion 

 Morphology of oxidised cellulose sol-gels 

TEM micrographs were taken of the individual MCU and MCT fibres to observe their appearance and 

morphology (Figure 4.1a and b). It is clear that the MCU fibres are bulkier with a lower aspect ratio 

than MCT fibres. This means that the oxidation treatment may have split the individual fibrils, which 

were bonded together to make a single MCU fibre, though the fibrils are not fully detached from the 

original fibre. This splitting of the fibrils increases the surface area which in turn increases the number 

of unbounded – OH functional groups (Figure 4.3). The treatment seems to have also cut the 

longitudinal fibrils into shorter lengths as observed in Figure 4.1b. Thus, these fibrils form a branched 

network, adopting a larger area that is more susceptible to collide with other singlets due to their 

volume capacity. This is similar to the Sol-gel process, where the monomers are the MCU particles 

which are converted into a colloidal solution (sol) via oxidation (MCT) and these oxidised MCTs cluster 

together to form an integrated 3D network (gel). The MCT suspension forms a sheet layer when drying 

a droplet onto a glass slide, forming a film (Figure 4.1c). This is caused by the coalition of MCT clusters 

overlapping and depositing together due to the evaporation of the water solvent. Conversely, the 

MCU particles form the same powder that was originally mixed in with the water solvent, showing no 
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changes from the original morphology (Figure 4.1d). A branched network of MCT fibres is visualised in 

Figure 4.1b. These branched MCT networks are less dense than MCU fibres due to the branched 

network occupying a larger volume. This relates to the dispersion of the celluloses when suspended 

in water. After homogenising the suspensions at high shear speeds of 10,000 rpm for 5min, settlement 

starts occurring for MCU suspensions after a minute’s observation. This phenomenon was not 

observed for MCT suspensions even after an hour’s observation, whereas most of the MCU fibres were 

fully settled due to Stokes law. Homogenised MCT suspensions also seem less turbid than MCU 

suspensions. 
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Figure 4.1 Comparative visual analysis of MCU and MCT via TEM micrographs of (a) MCU particles 

and (b) MCT particles; SEM images of (c) an MCT sheet layer and (d) MCU particles; NTA particle 
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distribution graph of (e) MCT particles and (f) MCU particles; SEM cross-sectional images of (g) an 

MCT aerogel showing the distinct morphological profiles 

 Analytical and morphological study of treated cellulose gels  

The treatment of cellulose resulted in a shift of the overall particle distribution (Figure 4.1e and f). The 

distributions of MCT particles have a narrow size range with a mean and standard error of 200.3 ± 9.0 

nm measured across concentrations of 4.78 × 108 ± 2.78 × 107 particles/ml (Figure 4.1e). MCU 

particles, on the other hand, have a very broad size range with a mean of 294.4 ± 37.4 nm measured 

at concentrations of 3.30 × 108 ± 4.85 × 107 particles/ml (Figure 4.1f). Even though, the concentration 

is supposed to be a control variable the concentration for each particle type cannot be completely 

controlled and thus there is some discrepancy between the concentrations. This particle analysis 

offers a quantitative measurement while the TEM micrograph provides qualitative results which show 

a size spread of the treated cellulose fibrils. It is worth to note that several 450 nm filters were used 

for MCU to achieve the desired test volume due to the large particle sizes blocking the filter, which 

may have forced some of these larger particles through the filter as shown by the MCU distribution. 

Contrarily, only one filter was sufficient for MCT filtration. A higher concentration was filtered out 

from MCT than MCU, however, the concentration was less than the 2 wt% suspension (NTA requires 

a low particle concentration to measure effectively), which may be due to the branch-like shapes of 

MCT that increase the overall particle sizes and thus may get trapped in the filter. The trapped MCT 

particles may also reduce the pore size of the 450 nm filter. Due to the network structure, MCT 

particles are likely to merge together to form a larger-sized particle. This increases the retention of 

MCT particles through the filter as well as reducing the pore size of the filter in the areas where these 

particles were retained. This reduces the accuracy of the results. Also, the NTA instrument will treat 

the merged MCT particles that were inlet as one particle when tracking which reduces the accuracy of 

the particle size distribution. Another factor that may have reduced the result accuracy is the fact that 

the particles may not have been filtered correctly due to the high aspect ratios of MCU in comparison 

to the MCT where the latter is more spherical in nature due to its branched 3D network structure 
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whilst the former is more cylindrical. For example, in Figure 4.1f, the reason why sizes larger than 450 

nm is recorded is that some larger particles were oriented across a smaller sized plane when being 

filtered before the larger sized plane was recorded by the NTA. Thus, Figure 4.1f may include the 

lengths and widths of different particles without differentiating between the two. On the other hand, 

for Figure 4.1e, the sizes recorded may not vary much across different planes due to the more 

spherical MCT. Thus, the accuracy of the results are limited by the NTA technique. When lyophilised, 

the freeze-casted MCU suspension was not able to form an aerogel structure. Instead, only MCU 

powder was formed with the same characteristics as the original powder, similar in effect to Figure 

4.1d. On the other hand, lyophilised MCT formed a light aerogel with no powder formation. Figure 

4.1g depicts the result of freeze-casting MCT to create the aerogel. The Figure can be seen to contain 

two distinct morphological profiles including a steady-state zone (SSZ) in the top region and a 

transition zone (TZ) comprising the majority of the image. The crystal morphology transition into the 

SSZ occurs due to an increased thermal buffer resulting from the growing ice front leading to the 

solidification velocity to decrease over time. This allows for more time for the ice crystals to grow 

perpendicular to the freezing direction causing the lamellae to possess a higher thickness as seen inset 

of Figure 4.1g [334]. The thermal gradient and particle redistribution determine the pore sizes and 

crystal morphology, where particle redistribution is defined by factors including the solidification front 

velocity, the angle between temperature gradient and crystal growth as well as the particle size. 

However, the most influential factor is the temperature gradient as a function of distance and time 

which governs the morphological structure of the lyophilised aerogel [335,336]. The TZ in Figure 4.1g 

can be seen to possess a homogenous and porous house-of-card layered structure. This is due to a 

higher solidification velocity during freeze-casting whereby the ice crystals are aligned parallel to the 

vertical thermal gradient along the ice front [337–339]. 

 Influence of oxidation on the crystal structure of nanocellulose 

Results of MCU powder diffraction pattern can be identified with cellulose type Iβ crystalline structure 

with a calculated crystallinity of 68 %. However, MCT powder X-Ray diffraction pattern shows some 
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changes. The crystallinity decreases to 54%. Cellulose-Iβ peaks are fully recognisable, however, the 

ratio between (0 0 2) and the peaks (-1 0 1) and (1 0 1) decreases from 4:1 in the MCU to 2:1 in MCT 

indicating a change in molecular orientation of the cellulose, which normally crystallises in the (0 0 2) 

direction. Furthermore, full width at half maximum (FWHM) of 1.723 was observed on the (0 0 2) peak 

of MCU and FWHM of 1.502 was observed for the same peak for MCT. The width indicates crystallites 

sizes ranging ~50/60Å for both. Further differences are visible between the MCU and the MCT XRD 

patterns (Figure 4.2), in particular in the region of 12-13 degrees, where a pronounced tale of the (-1 

0 1) peak is visible. An initial identification of this feature and the peak at 20.5 has been made with 

cellulose II, indicating respectively the (-1 1 0, 30% intensity) and (1 1 0, 100% intensity) of cellulose II, 

the other main peak of cellulose II being the (0 2 0, 80% intensity) which is at 2θ = 23.6 hence overlaps 

with the strongest line of cellulose Iβ (0 0 2). To confirm the interpretation, the calculation of a 

theoretical pattern of cellulose Iβ and cellulose II mixed was obtained using the MCU measured 

pattern and published measured pattern of cellulose II (PDF 2 ICDD database, entry 00-063-1436). The 

calculation showed the possible presence of ~10% of cellulose II. A further simulation was carried out 

using TOPAS and the structural data for cellulose Iβ (PDF 2 ICDD database, entry 00-056-1718) and 

cellulose II (PDF 2 ICDD database, entry 00-063-1436 and 00-056-1). The simulation resulted in R=3.63, 

confirming the co-existence of cellulose Iβ and II. Consequently, the treatment induces partial 

transformation of cellulose Iβ into cellulose II, possibly due to partial mercerisation in the presence of 

NaOH during reaction, and changes in molecular orientation in MCT compared to MCU and oxidation. 
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Figure 4.2 XRD spectra comparing MCU with MCT. The theoretical pattern of 90% cellulose Iβ + 

10% cellulose II was also constructed using the cellulose II pattern from the ICDD database to 

signify its similarity to the MCT curve 

The confirmation of the presence of cellulose II indicated that some of the chemical structures of 

cellulose strands (inter and intra bonding) are changed. In particular, the overall indication obtained 

by XRD and FTIR analysis shows that part of the inter-molecular bondings O(6)H-O(3) present in 

cellulose Iβ and new intra-molecular O(6)H-O(2) are formed. This structural change generates wider 

unit cells: 662.6 Å3 in cellulose Iβ [340] and 754.1 Å3 in cellulose II [341–343]. This increase in inter- 

and intra-molecular bonding fosters the decrease of density of the structure and increases the 

potential of the MCT to include alien materials in its structure, i.e. composite formation, 

functionalisation, quantum dots grafting. Furthermore, changes in crystal orientation of cellulose Iβ 

can be observed through the diffraction pattern, indicating a change from the preferential (0 0 2) 

crystallisation direction to a (0 0 2) and (-1 0 1) directions fostering a less fibrous crystal structure. This 

is confirmed by the data acquired using FTIR analysis (Figure 4.3). When observing the IR spectra for 

MCT, it can be seen that there is an increase in the O-H absorption peak, ranging between 3330-3230 

cm-1, in respect to the MCU spectra. MCT has both cellulose Iβ and cellulose II present. This means 

that the intermolecular O-H bond is different. Cellulose Iβ has O(6)H-O(3’) intermolecular bonds, 

whilst cellulose II has O(6)H-O(2’) intermolecular bonds in their unit cells. Conversely, both cellulose 
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Iβ and cellulose II have the same amount of O(5)H-O(3’) intramolecular bonds present in their unit 

cells. Therefore, the O-H peak range should not be reduced in absorption because of the same total 

amount of O-H bonds present in the unit cell of both cellulose types, unless there is an increase 

amount of O-H functional groups present in the cellulose. This would be the case in MCT with a higher 

overall absorption change, which may reflect the oxidation process breaking down the cellulose chains 

with increased O-H functional groups. An alteration in the peak shape should also be observed due to 

the transformation of the intermolecular O-H bonds, from an O(6)H-O(3’) in cellulose Iβ to an O(6)H-

O(2’) in cellulose II, which causes a shift in the absorption peak. However, the MCT O-H peak does not 

seem to show a major alteration in peak shape in respect to MCU, which may be due to the low 

quantity transformation of cellulose II (~10%) from cellulose Iβ (~90%). A similar divergence is 

observed for the 2850 cm-1 peak, corresponding to the C-H bond, in MCT. The MCU spectra contains 

a 1642 cm-1 absorption peak, corresponding to the C=C bond, suggesting the likely presence of lignin 

content.  
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Figure 4.3 FTIR spectra displaying (a) the overall peaks of MCU, MCT, MCU-Cu and MCT-Cu, (b) 

convoluted curves of MCU to highlight the peaks in the OH and double bond regions against the 

structure of cellulose Iβ, (c) convoluted curves of MCT to mark the shifts in the peaks against MCU 
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and compare against the structure of cellulose II, and (d) convoluted peaks of the MCT and MCT-

Cu with proposed structure of cellulose II + Cu particles 

The MCT spectrum, on the other hand, displays a large absorption peak corresponding to R-C=O(O)- 

at 1606 cm-1. Initial observation of this difference in the MCT spectra may be interpreted as a shift in 

peak from 1642 cm-1 to 1606 cm-1, suggesting that the C=C bond in lignin has been broken down. 

Although this may be possible to some extent, it is not the full explanation. Observing the overall 

change in spectra, the increase in absorption for O-H and C-H as well as the formation of a new peak 

in 1606 cm-1 strongly correlates to the oxidation treatment in chemically breaking up the 1-4 glycosidic 

bonds to form an increase in reducing ends of carboxylic functional groups. In addition, cellulose Iβ in 

its natural state has R-C=O(H) functional groups present in its reducing end (Figure 4.3b). However, 

MCT has C-OH instead of C-H functional groups in this case (Figure 4.3c). This change in functional 

groups may be the fundamental reason for promoting the alteration in the intermolecular hydrogen 

bonding from an O(6)H-O(3’) in cellulose Iβ to an O(6)H-O(2’) in cellulose II and hence the 

transformation in the cellulose type (Figure 4.3). Observing the IR spectra for the addition of copper 

(Cu) nanoparticles (Figure 4.3d) shows alterations in the MCT absorption peaks inferring that chemical 

bonding has occurred. Conversely, no change was observed for the MCU peaks after the addition of 

C, inferring that the oxidation/cellulose transformation has favoured bonding with Cu. The MCT-Cu 

spectrum displays a divergence in both the 3300 cm-1 and the 1055 cm-1 absorption peaks, which refer 

to the –O-H and –C-O-H bonds, respectively. 

 Effect of copper nanoparticle incorporation on nanocellulose  

The MCU and MCT processed in combination with copper nitrate were investigated to ascertain: if 

nanoparticles were formed using the procedures, what was their composition (ionic or metallic) and 

size, and what was their position in relation to the cellulose. The MCU showed the nanoparticles 

formed during the process, however, only a few of the particles were present on the surface of the 

MCU (Figure 4.4a) with a size ~30nm, while most of them were free in solution, hence they deposited 

on the sample holder substrate (Figure 4.4b), in aggregate about 30 nm in size while the single 
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particles showed an average size of 10nm. Conversely, the MCT showed dispersion of particles on the 

surface of the cellulose (Figure 4.4c). All the particles showed an average size of 10nm and can be 

observed as individual particles and small aggregates of ~30 to ~50 nm. 

 
Figure 4.4 EDX images showing (a) nanoparticle on the surface of MCU (Inlens detector), (b) 

nanoparticles (bright spots) on the sample holder substrate (Inlens detector) and (c) copper 

nanoparticles (bright spots), individual and in aggregates, diffused on the surface of MCT 

Raman investigation was conducted using a wavelength of 514nm to investigate if copper was in 

metallic form and if any changes occurred on the surface of the cellulose, in particular of MCT. It can 

be seen that the region below 1600 cm-1 (especially below 700 cm-1) is most sensitive to the 

conformation of the cellulose backbone, whereas the region above 2700 cm-1 is more sensitive to 

hydrogen bonding [344]. In the use of 514 nm laser, the most highlighted area is the region below 

1600 cm-1. The processing with copper nitrate seems to show a loss of crystallinity of MCT, the peaks 

at 1095 and 1124 cm-1 showing a broadening effect. These bands correspond to the COC stretching 

symmetric, as identified by Attalla and Wiley [345] and Schenzel and Fischer [346]. Furthermore, two 

new peaks are visible in the MCT treated with copper nitrate at 380 and 461 cm-1, corresponding to 

δ(CCC), δ(CCO), ring deformation (Schenzel and Fischer [346]). Additionally, peaks at 2106 and 2168 

cm-1 are visible in the MCT powder, while they cannot be further detected in the MCT treated with 

copper nitrate. These peaks are identified as indicating (C≅C) functional group [347]. Conversely, the 

MCU shows an increase in crystallinity after treatment with copper nitrate, and shows the presence 

of the peaks at 380 and 461 cm-1, corresponding to δ(CCC), δ(CCO), ring deformation (Schenzel and 

Fischer [346]), and the ones at 2106 and 2168 cm-1 indicating the (C≅C) functional group [347]. CuO 

and Cu2O Raman peaks should be visible at 300, 350, 555 and 605 [348], or 520 and 630 [349] or 400 
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cm-1 for Cu(OH) [350]. However, these peaks are neither detected on MCT or MCU. Metallic copper 

Raman shift is observable in the region 1300-1360 and 800 cm-1 [351]. As these regions overlap with 

cellulose, the peaks are not fully identifiable (Figure 4.5). 

 
Figure 4.5 Raman spectra analysis of Cu nanoparticles on MCU against MCT 

4.4 Conclusion 

In conclusion, we reported the increased aspect ratios and surface area with the formation of a 

branched network as a result of oxidation treatment on cellulose fibres. MCT had the capacity to form 

xerogel films as well as a homogenous house-of-card structured aerogel when lyophilised. Cellulose 

Iβ was partially transformed to cellulose II (~10%) in MCT with changes in molecular orientation. 

Quantitative measurements indicated the formation of new intramolecular O(6)H-O(2’) bonds and 

intermolecular hydrogen bonding of O(6)H-O(3’) in MCT. We attributed these results to the apparent 

reduction in density and manifested the potential of MCT to incorporate alien materials in its 

structure, i.e. composite formation, functionalisation, quantum dots grafting. Moreover, the 

treatment was found to break up 1-4 glycosidic bonds to form an increase in reducing ends of 

carboxylic functional groups in MCT.  
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Chapter 5 Functionalised nanocellulose as functional additives and films  

5.1 Introduction 

This chapter reveals a chlorine-free bleaching alternative for nanocellulose production and identifies 

the commercial potential of functionalised nanocellulose for several markets, including chemical 

industries that supply additives for bulk paper packaging producers. Nanocellulose films and coatings 

are also explored for disposable cup producers using an alternative lining to address the need for 

sustainable lining within products. The addition of the NC as an additive in recycled fibre was found to 

enhance the burst index pressure of brown paper by 91 % using only 2 wt.% as well as reduce the 

porosity index by 53 %. An alternative TEMPO-free oxidation in the form of peroxide bleaching was 

utilised due to commercial production needs to produce an NC additive. This alternative NC was found 

to enhance the properties further such as increasing the burst index of plain brown paper by 270 %. 

Developed NC films show low-density polyethylene (LDPE) lining currently used can be significantly 

reduced to an 80-20 % composition of NC-LDPE. 

5.2 Experimental work 

Nanocellulose additives for the recycled paper were prepared as described in section 3.3.5. Stock 

solutions of NFC, NCC and mixture of both nanocellulose types (NFC&NCC) were formulated (section 

3.3.1.1). The recycled paper sheets and the NFC-LDPE composition films were characterised and tested 

according to section 3.4. 

5.3 Results and discussion 

 Nanocellulose as coatings and as additives for paper stock preparation 

Over the last two decades there has been a significant increase in the recovery and recycling of old 

corrugated containers (OCC), often referred to as Kraft liner shavings (KLS). From 1997 to 2017, an 

increase in the rate of recovery was recorded from 67.7% to 88.8% [352]. With increasing numbers of 

cycles a fibre is recycled, there is a reduction in the mechanical properties of paper and board due to 

a reduction in fibre bonding. Arguably, one of the main causes for the reduction in fibre bonding is the 

use of fillers commonly used for optical brightening. These negatively charged filler particles reduce 
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bonding between anionic cellulose fibres due to increasing ionic repulsion and consequent increase in 

bond length [353]. Therefore, it is critical to introduce dry strength agents; cationic polyacrylamides 

and cationic starch are often used to increase the bonds between fibres and attract anionic trash, 

increasing the strength of recycled paper. 

Trials conducted at Axchem UK using their facilities involved the addition of NC in the wet end (stock 

preparation) show very promising results (Figure 5.1). It can be seen that both NC types give rise to an 

approximately 50% increase in burst strength with only a 0.5% addition and positive correlation with 

increasing NC increments thereafter (Figure 5.1). Similarly, the porosity index also shows a negative 

correlation with NC increments, inferring that more fines of the recycled pulp stock are likely to be 

retained (Figure 5.1b). Moreover, the NFC results show that around double (91%) the burst strength 

is reached with only a 2% addition of NFC. At the same time, the addition of 2% of NFC also halves the 

porosity index of paper sheets which as explained above, showing NC to be an excellent retention aid. 

NFC was found to exhibit a larger burst index than NCC when reinforcing paper sheets (100 gsm blank 

sheets). The results at an initial glance may seem to indicate that NFC is a better option relative to 

NCC, however, when the burst index is divided by the porosity index, NCC gives a higher burst strength 

for every reduction in porosity. This means that if more NCC were to be retained, it may be more 

effective and significant. This trial, therefore, presents positive results and offers the possibility for 

further advancement. This could either be to further treat the chemistry of NC to suit the intended 

application of enhancing the paper strength and retention ability or to combine both NFC and NCC 

together to complement each other for an all-in-one commercial additive. 
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Figure 5.1 Comparative results of NFC (green) and NCC (blue) against blank paper sheet as control, 

displaying (a) burst index and (b) porosity index 

Blank paper sheets were also sprayed with three layers of NC coat to further examine its effectiveness. 

Trials conducted with NC addition as a spray coat show an alternative route to its addition in the wet 

stock (Figure 5.2). The paper sheets were characterised through SEM which show a smoother surface 

when an NC coat is applied in comparison to uncoated paper. It can also be seen that there are fewer 

pores when an NC coat is applied. This means that as well as adding NC in the wet section, NC can also 

be applied in the dry section of the papermaking machine alongside starch coating or as a replacement 

to starch due to its abundance and renewability. 

 
Figure 5.2 Brown paper sheets coated with NC and SEM micrograph displaying stained NC to 

differentiate between NC coat and uncoated region 

Overall, the data presented indicate that the addition of NC in the wet mix enhanced the dry strength 

of paper and thus may reduce breaks in papermaking machines. The data also indicates that the 

patented technology is able to increase retention and enhance the strength, consequently increasing 
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the number of times the recycled fibres can be used without the addition of virgin fibre. One may 

envisage that with developments in technology, cellulose fibrils in the quantum scale may be isolated 

for further innovations. 

 Unveiling a totally chlorine-free nanocellulose additive alternative 

As these results provided a motive to commercialise NC as an additive product, certain issues needed 

to be addressed and resolved for industrial manufacturing feasibility. This included the use of other 

chlorine-based bleach methods, such as sodium chlorite (NaClO2), to produce NC since chlorinated 

chemicals are a health and environmental concern due to their corrosive and toxic nature at high 

exposures [354]. Therefore, hydrogen peroxide (H2O2), an alternative oxidant, was trialled as a totally 

chlorine-free bleach replacement for a greener process since its decomposition is only oxygen and 

water. For a comparative study, all conditions were kept the same, including keeping the peroxide in 

excess yet at a tolerable level to not exceed a hazardous concentration of 30 wt.%. This was important 

to understand whether this change in the oxidant impacts the ability of the produced NC to provide 

dry strength. Suspensions of NC prepared from hypochlorite bleach and peroxide were tested using 

pH metres, charge and fibre potential analysers since these factors are critical for optimal paper 

production. These results are displayed in Table 5.1 and Figure 5.4. Firstly, pH measurements display 

the suspensions to be neutral except for NC prepared from peroxide displaying low alkalinity of 8.83. 

This may suggest the need for extra centrifugation cycles, however, considering the preparation of NC 

with both peroxide and hypochlorite being in excess, it also suggests peroxide to have a higher 

oxidation power. This would be true for the use of hydrogen peroxide in the presence of sodium 

hydroxide due to its conversion to sodium peroxide which has a higher oxidation potential than 

sodium hypochlorite. This means in optimal conditions of preparing NC, lower concentrations of 

peroxide than hypochlorite bleach may be required for oxidation to realise NC. In other words, for the 

same number of centrifugation cycles to realise a neutral pH state, a lower amount of peroxide results 

in the same pH of NC prepared from the hypochlorite bleach. However, this suggestion can be argued 

to not be fully accurate as the study has not considered optimising the pH of the reaction. While it is 
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true that the oxidation reaction is pH-dependent for achieving the highest oxidation-reduction 

potential (ORP), the purpose of this study was to reveal a suitable alternative to the use of sodium 

hypochlorite bleach that is also environmentally friendly and commercially feasible. The conclusion of 

this comparison may provide further research opportunities for optimisation of working conditions to 

develop this reaction and NC production further. A pH meter was used to measure the values in Table 

5.1 for each sample, including the conductivity and ORP values. 

Table 5.1 Comparative quantitative measurements of suspensions 

 pH  
Conductivity 

(µS/cm) 

ORP 

(mV) 

Pulp 6.45 2050 -147.7 

NCC (Hypochlorite) 7.34 149.9 283.0 

NCC (Peroxide) 8.83 107.9 181.0 

NCC & NFC (Peroxide) 7.57 17.04 269.0 

 

In comparison to pulp, suspensions of NC prepared by hypochlorite and peroxide bleaching methods 

show positive ORP values (see Table 5.1), which indicate their oxidising ability and thereby potentially 

aiding the pulp from alkaline degradation (peeling). Again, these ORP values would be higher if the 

optimal working pH (as well as temperature and pressure) was considered for these bleaching 

chemicals. Since, the ORP value is directly proportional to the oxidising potential, increasing the ORP 

value increases the oxidation potential of the chemical used. For example, when comparing gaseous 

chlorine to sodium hypochlorite as oxidising agents, the oxidising effect is the same. That is, both 

produce hypochlorous acid, the oxidising agent present for disinfection in water and wastewater 

application. When chlorine gas is dissolved in water, the reaction forms hypochlorous acid and 

hydrochloric acid: 

Cl2 (chlorine gas) + H2O = HOCl (hypochlorous acid) + HCl (hydrochloric) 

When a hypochlorite is added to water, the reaction forms hypochlorite ion and hydroxide: 

NaOCl (sodium hypochlorite) + H2O = OCl¯ (hypochlorite ion) + OH (hydroxide) 

Hypochlorous acid and hypochlorite ion are both disinfection agents. These forms can exist together, 

but their concentration depends on the pH of the solution. As can be reflected in Figure 5.3, HOCl ⇌ 
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OCl¯ + H+ at 25° C and pH of 7.5, half of the chlorine present in a solution of OCl¯ and half is HOCl. At 

higher pH values, the quantity of OCl¯ increases at the expense of HOCl and at lower pH values, the 

shift is toward the conversion of OCl¯ to HOCl. At a pH of about 5, nearly all the chlorine is present as 

HOCl, and at pH 8.5, nearly all the chlorine is present as OCl¯. 

 
Figure 5.3 Relationship between hypochlorous acid (HOCl) and hypochlorite ion (OCl¯) at various 

pH values (which is inversely proportional to the ORP) 

The activity of hypochlorous acid as a disinfectant/oxidiser (i.e. higher ORP value) is greatly superior 

to that of the hypochlorite, being almost 80-100 times more effective [355]. Chlorine gas lowers the 

pH of the solution, thus more HOCl is present and is more effective. At pH 7, 76% of the chlorine is in 

solution as HOCl. Whereas, hypochlorite raises pH, losing its oxidation effectiveness. This may 

contribute to deposits on equipment and residues in hard water. Hypochlorites also produce NaCl 

(salt) which may have an adverse effect on the quality of the water or solution. Furthermore, 

hypochlorites are more sensitive to the organic matter in the water and thus lose their oxidation 

effectiveness faster. In order to reduce the pH, peroxy acids such as acetic acid need to be used which 

aids in secondary oxidation. On the other hand, the efficacy of hydrogen peroxide bleaching is directly 

proportional to increasing its pH. The significant increase in bleaching outcomes occurs at pH 6, with 

maximum effectiveness achieved at pH 9 [356]. Here, sodium hydroxide can be used to aid this 

increase and may help initiate the production of peroxy acids in the presence of hydrogen peroxide. 

Peroxy acids have an even greater oxidation potential than hydrogen peroxide and are capable of 

selectively oxidising lignin as well as brighten the NC pulp produced [354]. Since sodium hydroxide 

increases the resultant pH of oxidised NC suspensions, acetic acid can be used to neutralise the 
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suspension and minimise the use of centrifugation. Diminishing the need for centrifugation also 

reduces energy and loss of NC product through centrifuging cycles. Table 5.1 also shows the difference 

between the ORP of the pulp as a negative value and NC as a positive value. This is to be expected 

since the pulp is chemically unmodified cellulose, which is naturally anionic. When treated, cellulose 

is being oxidised which is the process of losing electrons or gaining hydrogen ions and making the 

overall/resultant oxidised cellulose cationic. In other words, the glycosidic bond C-O-C of anionic 

cellulose gets broken down in oxidation to C-O-H bonds by introducing two respective hydrogen ions. 

However, the positive value also includes excess residual of the bleaching chemicals which greatly 

contribute to the ORP value. Therefore, the positive ORP values may be ambiguous as to which is the 

major contributing factor even after several centrifugation cycles were made for purity of NC. 

 
Figure 5.4 Comparative results of zeta potential and particle charge detection against anionic 

blank paper sheet as control 

The zeta potential (mV) was measured to identify the surface charge strength of the stock suspensions. 

In the papermaking process, the zeta potential is measured to determine the optimal dosage of 

chemical additives that adsorb on the anion pulp fibre to stabilise the pulp suspension. The negatively 

charged pulp fibre (anionic) is normally in suspension with anionic trash (charged contaminants like 

pectic acid). The anionic trash affects the dosage quantity because the cationic chemical aids get 

caught by the anionic trash and are therefore not adsorbed. This means initial dosages of cationic 
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additives may not or only marginally change the zeta potential of the fibre due to the anionic trash 

content present in the suspension. Therefore, an increased dosage of cationic additives is required to 

neutralise the anionic trash and beyond which zeta potential starts to change to a larger voltage. 

Increasing zeta potential shows retainment of the cationic additives on the anionic pulp fibre. Figure 

5.4 displays the pulp fibre suspension labelled as ‘blank’ with a zeta potential of -8.43 mV in a 

concentration of 163.33 µeq/l charged particles. The zeta potential is increased when adding retention 

aid to -8.07 mV and further still with NCC & NFC addition at -7.77 mV. These results in conjunction 

suggest that the NCCs are being successfully retained on the fibres are not in the water phase of the 

pulp. NCC Hypochlorite produces the most negative zeta potential recorded at -10.03 mV while the 

NCC Peroxide produces the lowest negative zeta potential at -7.50 mV. Interestingly, the addition of 

NCC Hypochlorite to pulp fibre is displaying a more negative zeta potential than Blank pulp fibre 

without any additives, even though NCC Hypochlorite is identified to be cationic due to oxidation and 

is displayed in Table 5.1 with a positive ORP voltage. The zeta potential is affected by pH whereby the 

zeta potential becomes more negative when the pH is more alkaline. However, the NCC Hypochlorite 

is neutral at a pH of 7.34 meaning there is about a half of hypochlorous acid and hypochlorite ions 

present. Beside the conductivity conceivably affecting zeta potential, a possibility for the more 

negative voltage might be that the hypochlorous acid is reacting with the anionic trash present in the 

pulp suspension. Nevertheless, the zeta potential of NCC Peroxide is displayed to be the least negative 

of all the additives at -7.50 mV even though its pH is 8.83. This means that the zeta potential of the 

NCC Peroxide dosage should be even more positive and therefore the true voltage is not known due 

to its alkalinity. 
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Figure 5.5 Comparative mechanical and physical property results of NC additives against retention 

aid additive, displaying (a) tensile strength index, (b) compressive strength index, (c) burst 

strength index and (d) air permeability index 

Mechanical test results show overall enhancement in mechanical strength when comparing tensile 

and compressive strength indices of NC additives against the standard retention aid additive used 

commercially (Figure 5.5). The mean tensile strength index when using the retention aid additive gives 

values of 0.294 N/gsm and 0.598 N/gsm for paper tested at the cross direction (CD) and machine 

direction (MD), respectively (Figure 5.5a). In comparison, the NCC hypochlorite additive is shown to 

have the highest improvement in tensile strength over the other additives tested. This is found at 4.4 

% increase in CD and 6.2% increase in MD tensile strength. The NCC Peroxide gives similar results of 

4.1 % and 5.5 % increase for CD and MD, respectively. On the other hand, the NCC & NFC additive 

shows the lowest increase in tensile strength at 2.7 % and 0.8 % for CD and MD, respectively. Results 

for the short-span compression test (SCT) show a similar overall trend to the tensile index expect for 

the NCC Peroxide displaying a higher average strength than NCC Hypochlorite (Figure 5.5b). NCC 

Peroxide addition gives a 7.02 % CD increase and 5.29 % MD increase to the retention aid, which has 

a compressive strength index of 11.4 N/gsm and 20.8 N/gsm at CD and MD, respectively. Results also 
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show that the resistance to rupturing is also increased using NCC over the Retention Aid when 

comparing the burst strength index (Figure 5.5c). The burst strength for the retention aid is found at 

0.907 kPa/gsm while the NCC Hypochlorite, NCC Peroxide and NCC & NFC additives are found to have 

a higher index at 8.4, 21.2 and 24.9 % increase, respectively. The use of the longer NFC fibrils alongside 

the NCC seems to have supported the increase burst strength as would be expected, however, it is 

found to increase the air permeability by 13.1 % in comparison to the Retention Aid, which has an air 

permeability index of 14.41 ml/min.gsm (Figure 5.5d). This means that the NFC fibrils in the NCC & 

NFC additive may not be aiding the reduction of the air permeability since the NCC Hypochlorite and 

NCC Peroxide additives show a reduction of 12.0 and 12.8 %, respectively. Figure 5.5, reveals the 

overall benefit of NCC additions to enhancing the mechanical property of paper, with NCC Peroxide 

additives exhibiting to be the most promising. 

To conclude, no significant difference can be observed between NCC Hypochlorite and NCC Peroxide 

bleaching for tensile strength. A significant difference can be observed between NCC Hypochlorite and 

NCC Peroxide for SCT, however, this difference is mainly in the cross-direction samples, arguably no 

significant difference can be observed between the machine direction samples. NCC Peroxide provides 

higher burst strength than NCC Hypochlorite. No significant difference can be observed between NCC 

Hypochlorite and NCC Peroxide for air permeability. For both tensile strength and SCT, NCC & NFC can 

be observed to provide the least amount of increase in strength and the highest amount of air 

permeability through the sheet. However, NCC & NFC provides the highest overall burst strength. In 

conclusion, the use of Peroxide as a replacement of Hypochlorite does not impact the ability of the 

nanocellulose crystals to provide dry strength. It also means that the need for retention aid, which 

includes polyacrylamide and bentonite, can be reduced for a sustainable and less harmful NCC 

additive. 
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 Investigating nanocellulose films as a potential alternative to polyethene lining of disposable cups 

5.3.3.1 Realising optimum drying method and condition for NFC-based films 

To produce NFC films, drying conditions of each NFC concentration was inspected through desiccating 

and air-drying at temperature- and humidity-controlled environment. It was established that the NFC 

films in the desiccator dried at a faster rate (faster water evaporation rate) than identical samples 

dried in a humidity‐controlled environment set at the average room humidity, most likely due to the 

removal of moisture from the air surrounding the pots in the desiccator, compared with a constant 

(but mild) humidity in the humidity‐controlled environment. Figure 5.6 displays the different 

concentrations of NFC films after air-drying to be compared with other drying methods. An NFC film 

with a concentration of 1.5 wt.% was also trialled, however, the suspension was relatively too viscous 

and produced an opaque film. The differences in thickness and strength of the NFC films were only 

apparent to the touch with clear visual transparency. As would be expected the opacity of the films 

increased with increasing concentrations due to increased fibril crosslinking which occludes light from 

transmitting through. Moreover, agglomerations of fibrils were visually found on the NFC films with 

concentrations above 0.8 wt.% NFC content. This may indicate to be unsuitable for oven-drying at 

concentrations of 0.8 wt.% and above since it may lead to excess agglomeration, affecting the 

uniformity of the film. Also, films with concentrations below 0.3 wt.% were torn too easily. 

Concentrations between 0.4-0.6 wt.% seemed to be suitable intervals, whereby no impurities were 

identified on the films and possessed reasonable tensile resistance.  



 96 

 
Figure 5.6 Displays (a) NFC films at increasing NFC wt% concentration and (b) 0.4 wt% NFC film 

treated at varying drying conditions 

A transmittance test was conducted for this interval, using a light transmittance meter, for drying 

through desiccating and oven drying. As seen in Table 5.2, oven drying is observed to be the most 

transparent due to the higher transmittance and as would be expected the lowest concentration of 

the interval (0.4 wt.%) exhibited the highest transmittance at 85.7%. 

Table 5.2 Transmittance of NFC films at varying concentrations 

NFC concentration (wt.%) 
Light transmittance (%) 

Dried via a desiccator Oven-dried at 70 °C 

0.4 72.1 85.7 

0.5 71.4 85.4 

0.6 71.1 85.1 

NFC concentrations of 0.4 wt.% and 0.5 wt.% were also air-dried in ambient conditions as well as oven-

drying at 10 °C increment from 30 °C to 140 °C. The dried samples are illustrated in Figure 5.6 and 

show overall promising results as the films appear to decolourise to a brown shade due to oxidation 

beyond 110 °C. The samples dried at 100 °C only slightly hints a crispy feel after 24 hours but do not 

show signs of decolourisation. The oxidised samples increase in brittleness with increasing oven 

temperatures. Brittleness and decolourisation are undesired and unsuitable for application as a lining 

for disposable coffee cups, even if it is argued that the samples were exposed at high temperatures 

for a long duration of 24 hours. Also, some impurities were found in samples dried at temperatures 

below 50 °C. The optimal drying temperature is inspected to be within 70-90 °C to evaporate any 

moisture whilst also not causing any decolourisation and impurities to appear. Samples oven-dried at 
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70 °C were realised as optimum drying in accordance with mechanical strength after determining the 

highest tensile stiffness and strength out of the tested 70, 80 and 90 °C dried samples. Low-density 

polyethylene was introduced to NFC suspensions once optimum drying conditions were determined 

as 70 °C oven-drying for 24 hours for a weight concentration of 0.4 wt.%. LDPE was incorporated with 

NFC at various concentrations to inspect the opacity of the samples. Figure 5.7 displays the contrasting 

sample compositions and reveals increasing opacity with increasing LDPE addition. Moreover, 

compared to an NFC film, an LDPE film is observed to be fully opaque. 

 
Figure 5.7 Compares the transparency of NFC-LDPE compositions to the pure LDPE film 

5.3.3.2 Surface morphology and thermal stability of NFC-based films 

NFC was also modified with (3‐glycidoxypropyl)trimethoxysilane (GPTMS) to review the 

hydrophobicity of NFC-GPTMS films and any effect GPTMS incurs when modifying NFC as films. The 

surface structure of the NFC, NFC-LDPE, NFC-LDPE-GPTMS and NFC-GPTMS films were reviewed 

through SEM. Figure 5.8 shows overall smooth surfaces with minor impurities in the form of 

agglomerate clumped NFC fibrils after drying. These agglomerates are caused by irreversible hydrogen 

bonds formed between the nanofibrils and can potentially be resolved through the utilisation of a 

solvent exchange process with acetone to prevent the fibrils from sticking together. Freeze‐drying the 

NFC can also prevent fibrils forming irreversible hydrogen bonds and thus create wrinkle-free NFC 

films as shown by Qing et al. [357]. The oven-dried pure NFC films appeared considerably smoother 

than the air-dried samples and those dried in a desiccator. The 0.4% NFC film oven-dried at 70 °C is 

presented in Figure 5.8a. Whilst this is not a perfectly smooth sample, the porous film was found to 
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be the most optically viable drying mechanism, time and cellulose concentration for the purpose of 

coating coffee cups. LDPE and GPTMS incorporated NFC films are displayed in Figure 5.8b and c, 

respectively. The incorporation of the LDPE matrix seems to allow for a greater level of isotropy across 

the surface of the composite, which allows for uniformity in strength tested at different directions. 

The NFC-GPTMS seem to be less porous than the pure NFC film in Figure 5.8a with no visible impurities. 

 
Figure 5.8 SEM surface micrographs of (a) a 0.4 wt% NFC film treated at 70 °C, (b) NFC-LDPE 90-

10% film and (c) NFC-GPTMS film 

Thermogravimetry analysis (TGA) was conducted to quantitively analyse the thermal stability of the 

different film compositions as well as the value of integrating LDPE in NFC. Figure 5.9a and b display 

TGA results of the pure LDPE and pure NFC films, respectively. The LDPE sample is seen to withstand 

high temperatures, reaching 372 °C without loss of any mass. This means that there are no volatile 

components within its composition such as moisture or monomers (ethylene). The thermal resistance 

of 372 °C is one of the reasons why LDPE is desirable in its use for coffee cups since the liquid within 

the cup is not expected to resist temperatures beyond 150 °C. The ideal water temperatures for 
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brewing coffee is normally between 90-96 °C which LDPE is capable to resist. Time of heat resistance 

is another factor to add here and since the TGA machine test rate runs at 5 °C increment per minute, 

the LDPE sample withstood temperatures beyond 100 °C for about an hour (54 minutes, 24 seconds) 

without decomposing. This is significantly longer than required. Using newton’s law of cooling, hot 

coffee initially at 90 °C cools to 80 °C in the first five minutes and 50 °C in 20 minutes while in room 

temperature of 20 °C. The LDPE sample fully decomposed at 499.6 °C leaving ash weight content of 

1.8 %. This infers that the decomposition of the LDPE occurs over a temperature range of 127.6 °C and 

a time interval of ~25 min (between 372 °C and 499.6 °C). The NFC, on the other hand, displays loss of 

volatile components which is likely to be moisture or trapped water content within NFC. Most of this 

moisture is lost at 100 °C and fully lost at 140.39 °C with a weight loss of 7.55 %. This is a concern when 

considering coffee cups due to the sorption capability of NFC and thus needs to be modified potentially 

by surface treatment with a hydrophobic agent. The NFC sample starts to decompose beyond 240 °C, 

displaying decomposition of 67.25 % at 354.8 °C and full decomposition at 443.6 °C. This infers an 

overall higher decomposition reaction temperature of 203.6 °C (443.6 – 240 °C). The appearance of 

different degradation rates could be due to the presence of hemicellulose or the decomposition of 

functional groups (e.g. -OH groups), structural depolymerisation and chains breaking along the 

polysaccharide (e.g. glycosidic linkages) which decomposes relatively early [358,359]. The NFC-GPTMS 

sample in Figure 5.9c displayed almost identical characteristics to the pure NFC film with only reducing 

the volatile components, such as the moisture content, present in the NFC to below 5 %. The LDPE 

incorporated NFC samples show interesting results. The NFC-LDPE 90-10 % composition sample in 

Figure 5.9d shows a shift in the loss of volatile components beginning at 150 °C instead of at 28.64 °C 

for pure NFC. This is phenomenal considering only a 10 % LDPE incorporation and shows a better result 

than incorporating GPTMS. The thermal stability of the NFC has also increased with the decomposition 

initiating at 352 °C. The initial temperature for volatile component loss is significant in the NFC-LDPE 

80-20 % composition shown in Figure 5.9e with a 6.1 % weight loss at 354.2 °C before the sample 

begins to decompose. The NFC-LDPE 70-30 % composition in Figure 5.9f is almost indistinguishable 
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compared to the pure LDPE sample with a weight loss of 6.89 % at 379.4 °C before decomposition. 

Extrapolating from these results suggest that incorporation of 20-30 % LDPE might be enough to satisfy 

its application for coffee cups with increasing LDPE incorporation fully shielding NFC’s sorption ability. 

The higher LDPE incorporated samples in Figure 5.9g and h are shown to enhance the thermal stability 

by increasing the decomposition temperature beyond the pure LDPE sample exhibiting decomposition 

at 386 and 397 °C, respectively. The NFC-LDPE 60-40 and 50-50 % samples also fully decompose at 

higher temperatures. The 50-50 % sample is fully decomposed at 493.9 °C with weight loss of 95.1 % 

before combustion of carbon is initiated and inert ash content found at about 600 °C. The 

decomposition reaction temperature is calculated at 96.9 °C (493.9 – 397 °C). An NFC-LDPE 90-10% 

with GPTMS composition was also tested and is shown in Figure 5.9i. The sample is seen as the best 

alternative in comparison to the pure NFC and the NFC-LDPE 90-10 % composition since it starts 

degrading after 210 °C. This suggests a possible benefit in adding GTPMS in NFC compositions with 

increased LDPE content. 
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Figure 5.9 DSC-TGA graphs of (a) pure LDPE, (b) pure NFC, (c) NFC-GPTMS 98-2%, (d) NFC-LDPE 90-

10%, (e) NFC-LDPE 80-20%, (f) NFC-LDPE 70-30%, (g) NFC-LDPE 60-40%, (h) NFC-LDPE 50-50% and 

(i) NFC-LDPE 90-10% modified with GPTMS 

5.3.3.3 Wettability, mechanical performance and thermal conductivity of NFC-based films 

Wettability of the films is an important measure when considering its use as a barrier in coffee cups. 

A satisfactory boundary needs to be established for it to be suitable and is normally kept at contact 

angles above 90°. Table 5.3 displays the contact angle (CA) measurements of the film compositions. 
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Pure NFC film is expected to be hydrophilic with a CA of 49°, however, pure LDPE films were on the 

boundary of hydrophilicity-hydrophobicity with a CA of 89°. This signifies potential use in NFC content 

since the difference in wettability is not far apart and can be adjusted through modification of the 

NFC. Incorporating LDPE at set increments is seen to be proportional to the CA leading towards similar 

CA as pure LDPE. The highest difference change in CA was seen at NFC-LDPE 70-30% with an angle of 

78°. Further increase in LDPE only slightly increased the CA beyond the 70-30% composition reaching 

CA of 86° at NFC-LDPE 50-50%. Addition of GPTMS seems to boost the CA of NFC towards 

hydrophobicity with a CA reaching 84° which is only a few degrees from pure LDPE at 89°. A sample of 

NFC-LDPE 90-10% modified with GPTMS was also tested and was found to achieve a CA of 85° which 

is an increase towards hydrophobicity. This suggests the possible addition of GPTMS to the NFC-LDPE 

70-30% composition for its barrier application to be feasible. 

Table 5.3 Displays initial contact angle measurement, tensile strength, density and thermal 
conductivity for the varying composition films 

Film LDPE NFC NFC-GPTMS NFC-LDPE 

Composition (%) 100 100 98-2 90-10 80-20 70-30 60-40 50-50 

Contact angle (° ±1°) 89 49 84 57 64 78 81 86 

Young’s Modulus (GPa) 0.20 2.23 2.56 2.12 1.50 1.45 1.10 0.65 

Yield strength (MPa) 10 56 54 34 28 22 11 12 

Elongation at break (%) 1095 7 7 8 10 11 15 80 

Density (g/cm3) 0.92 0.017 0.048 0.11 0.20 0.29 0.39 0.47 

Thermal conductivity 

(W/mK) 
0.33 0.48 0.47 0.42 0.40 0.37 0.34 0.31 

 

Moisture absorption test was conducted to compare the sorption behaviour of the film composition 

(Figure 5.10). A general increase of moisture is seen for all sample composition and is more significant 

in pure NFC and least significant in pure LDPE with a moisture absorption at 48 hours of 15.1% and 

7.8%, respectively. NFC-GPTMS, NFC-LDPE 60-40% and NFC-LDPE 50-50% compositions exhibit close 

moisture absorptions to pure LDPE at 8.3, 8.3 and 8.0%, respectively which is within a 6% difference. 

The moisture absorption of NFC-LDPE 70-30% is also within range of the pure LDPE film at 8.7% after 

48 hours. Interestingly, the moisture absorption trend of pure NFC, LDPE and NFC-LDPE samples all 
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increase linearly with time except for the NFC-GPTMS which indicated stabilisation between 4 and 48 

hours.  

 
Figure 5.10 Moisture absorption comparison between the varied compositions after a 48-hour test 

Mechanical properties were studied through tensile testing. The test revealed a ductile nature for 

pure LDPE film at modulus and elongation at break of 0.20 GPa and 1095%, respectively (Table 5.3). 

Whilst the pure NFC film displayed toughness at modulus and elongation at break of 2.23 GPa and 7%, 

respectively. The NFC-GPTMS indicated a slight increase in stiffness with a modulus of 2.56 GPa. 

Addition of LDPE content reduces the stiffness of NFC-LDPE films displaying modulus of 0.65 GPa. This 

infers a 3-fold increase in stiffness compared to pure LDPE with some ductility characteristic 

demonstrating elongation at break of 80%, which is an 11-fold increase compared to pure NFC. The 

NFC-LDPE 70-30% displayed reasonable tensile performance in terms of young’s modulus and yield 

strength where this ratio achieved a 7-fold higher young’s modulus compared to the pure LDPE film. 

Although increasing the NFC constituent increases the stiffness, the ductility is hindered, therefore a 

compromise between the two aspects must be made. The elongation at break is an important 

property for the production of paper cups as a high value is required for the mouth roll forming 

process, a standard process during production. The elongation at break value increases dramatically 

with increasing LDPE beyond 40% composition ratio. This suggests that if no modifications were to be 
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made in NFC to improve its ductility, then a small addition, between 5-30%, of NFC in a NFC-LDPE 

composite may be a feasible material for use in coffee cups as the elongation is projected to be high 

enough. This is while the addition of NFC improves the other properties mentioned in Table 5.3 for 

the purpose of coffee cup use. 

A thermal conductivity test was undertaken, to ensure the pure NFC films and composites were 

suitably insulating to emulate LDPE. Whilst the primary function of the barrier film within coffee cups 

is not to insulate (one of the primary functions of the outer cardboard layer is to insulate), it is 

important to establish whether replacing LDPE film with NFC will cause considerable heat leaks, which 

could lead to health and safety risks (the cup becomes too hot to handle), or a decrease in function of 

the cup (the cup as a whole cannot keep hot liquids warm for a suitable period of time). Table 5.3 

displays the thermal conductivity results. The pure NFC shows an expected higher conductivity than 

pure LDPE at 0.48 and 0.33 W/mK, respectively. Interestingly, NFC-LDPE 50-50% demonstrated a lower 

conductivity than pure LDPE at 0.31 W/mK as well as lowering the density by half at 0.47 g/cm3. This 

indicates a good synergy between NFC and LDPE to produce an enhanced thermally insulating film 

whilst also reducing the weight of the cup. 

All in all, nanocellulose composited with increasing concentrations of low‐density polyethylene in the 

form of films, displays improved hydrophobicity and thermal stability compared to pure NFC films. 

The optimal concentration and drying temperature to fabricate pure nanofibrillated cellulose films 

was found to be 0.4% at 70C for 24 hours. TGA analysis of LDPE‐NFC composites showed that the 

initial degradation temperature was 32.2% greater for an NFC-LDPE 80-20% composition than for a 

pure NFC film. This figure rose to 36.7% for an NFC-LDPE 70-30% composition. Both concentrations 

mitigated the ‘immediate degradation’ effect that occurred at lower nanocellulose concentrations. 

NFC-LDPE composites could replace 100% LDPE at a concentration of NFC-LDPE 80-20%. However, 

when the nanocellulose was modified with GPTMS, the concentration of required LDPE halved to NFC-

LDPE 90-10% with GPTMS modification. Moreover, it was found that an NFC-LDPE 70-30% 

nanocomposite had a contact angle of 78, whilst NFC alone had a contact angle of 49. NC-GPTMS 
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films allowed for a contact angle of 84, only 5 less than pure LDPE. When NFC-GPTMS was 

composited with LDPE (at NFC-LDPE 90-10%), the contact angle rose slightly to 85. The minimum 

concentration of LDPE in NFC composites to function suitably in coffee cups was found to be 30%. 

Pure NFC films possess a 6-fold higher yield strength and 11-fold higher young’s modulus than pure 

LDPE where the introduction of LDPE into an NFC composite serves to decrease these mechanical 

properties. NFC modified with GPTMS performed similarly to unmodified NFC, highlighting the 

suitability of GPTMS‐modified NFC as a replacement for LDPE films. Therefore, it is possible to 

decrease polyethylene usage in coffee cups by 90% when LDPE is composited with nanofibrillated 

cellulose modified with (3‐glycidoxypropyl)trimethoxysilane.  
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5.4 Conclusion 

The addition of NC in the wet mix enhanced the dry and wet strength of paper made from recycled 

papers. This reduced breaks in papermaking machines and means papermaking may potentially be 

accelerated leading to a reduction in energy consumption. The data also indicated an increase in 

retention and strength, consequently increasing the number of times the recycled fibres can be used 

without the addition of virgin fibre. Secondly, the use of Peroxide as a replacement to Bleach did not 

impact the ability of nanocellulose crystals to provide dry strength. It means that the need for a 

retention aid, including polyacrylamide and bentonite, can be reduced for a sustainable and less 

harmful NCC additive. Peroxide bleaching offered several advantages over the use of hypochlorite 

including a higher burst strength index for paper sheets. Finally, the optimal concentration and drying 

temperature to fabricate pure nanofibrillated cellulose films was found to be 0.4% at 70C for 24 

hours. TGA analysis of NFC-LDPE composites showed that the initial degradation temperature was 

32.2% greater for an NFC-LDPE 80-20% composition than for a pure NFC film and could replace 100% 

LDPE at that concentration. However, when the nanocellulose was modified with GPTMS, results show 

that the concentration of required LDPE can be halved to a composition of NFC-LDPE 90-10%. 

Moreover, it was found that an NFC-LDPE 70-30% nanocomposite had a contact angle of 78, whilst 

NFC alone had a contact angle of 49. NC-GPTMS films allowed for a contact angle of 84, only 5 less 

than pure LDPE. When NFC-GPTMS was composited with LDPE (at NFC-LDPE 90-10%), the contact 

angle rose slightly to 85. The minimum concentration of LDPE in NFC composites to function suitably 

in coffee cups was found to be 30%. NFC possesses a higher yield strength (6-fold) and stiffness (11-

fold) than LDPE where the introduction of LDPE into an NFC composite serves to decrease these 

mechanical properties. NFC modified with GPTMS performed similarly to unmodified NFC, highlighting 

the suitability of GPTMS‐modified NFC as a replacement for LDPE films. Therefore, it is possible to 

decrease polyethylene usage in coffee cups by 90% when LDPE is composited with nanofibrillated 

cellulose modified with (3‐glycidoxypropyl)trimethoxysilane.  
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Chapter 6 Optimisation of cellulose-PVA aerogel content 

6.1 Introduction 

Nanocellulose forms hydrogels in water [360–362] which is exploited in the production of NC aerogels 

by removing the liquid through supercritical- or freeze-drying while preserving the solid aerogel 

network structure. However, cellulose aerogels suffer from low mechanical strength and modulus, so 

studies have focused on the production of composite cellulose-based aerogels to improve 

performance and impart desired properties. This includes composite constituents such as PVA which 

is a soluble, non-toxic, thermoplastic polymer that has a relatively low cost and possesses good 

mechanical properties [363]. This chapter details the effect of different production techniques on the 

properties of NC-PVA aerogels to determine an optimal approach that maximises the aerogel 

performance. The effect of content ratios of each constituent and the rate of shear mixing during 

aerogel production on the properties of the resulting NC-PVA aerogel was investigated. Moreover, the 

effect of the rate of freezing during freeze-casting on the aerogel was evaluated as well as the effect 

of moisture uptake on the aerogel mechanical properties. Optimal conditions were determined 

through high shear mixing of 60-40% NC-PVA aerogel composition and led to a three-fold increase in 

specific modulus to 37 kNm/kg and thermal conductivity of 32 mW/mK. 

6.2 Experimental work 

NC and PVA stock solutions were prepared according to section 3.3.1. Pure PVA aerogel suspensions 

and compositions of NC-PVA 50-50, 60-40 and 70-30% were formulated at HSM as well as LSM (section 

3.3.2). Characterisation and testing were carried out according to section 3.4. 

6.3 Results and discussion 

 Investigation of PVA aerogel morphology and mechanical property 

The effect of freeze-casting on the morphology of polyvinyl alcohol suspensions was evaluated. Firstly, 

the freezing temperature of alcohol is lower than that of water which enables thermally induced phase 

separation to take place on freeze-casting. The water crystallises and solidifies before PVA and directs 

the PVA particles according to the water freezing front. In addition, the PVA loaded is of a heavier 
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molecular weight (mol Mw: 146 – 186,000 ≈ 166 kDa), which greatly reduces the mobility of the 

polymer molecules with minute PVA addition in the solution. In other words, at 5% concentration, the 

PVA suspension is viscous. This viscosity impedes ice growth and inhibits ice nucleation [364]. This 

helps reduce the explosive crystal growth that normally occurs at nucleation which causes particle 

entrapment due to the engulfment of suspended particles by the oncoming ice front and thus 

producing a non-ordered structure. As seen by the lamellar morphological zone (LMZ) in Figure 6.1, 

the morphology appears ordered and anisotropic, evidencing nullified aggressive solidification 

velocities. With a slower rate of freezing the suspension particles have more time to redistribute and 

develop a spatially homogeneous lamellar crystal structure as represented in LMZ, portraying vertical 

lamellar ice growth along the direction of the ice front. This growth is seen to reach approximately 

28% in height of the overall aerogel cross-section found in Figure 6.1 until the morphology alters 

abruptly into the interstitial morphological zone (IMZ) with a clear boundary. The IMZ is seen to have 

lamellae with lateral bridges spanning out from either side making the lamellae seem thicker. This 

occurrence is related to the freezing rate reducing as the temperature difference between the 

suspension and that of the supercooling liquid (liquid nitrogen) is decreasing. The second competing 

ice crystal growth direction follows the lateral plane according to the thermal gradient. This feather-

like pattern morphology occupies about 36% before altering in the pattern again and displaying 

dendritic growth. This area that is responsible for about 30% is termed dendritic morphological zone 

(DMZ) and is represented in Figure 6.1 by the thick lamellae curving laterally. This growth transition is 

peculiar as it reveals the freezing rate to favour the second crystal growth population adopted in IMZ. 

Predominantly, the ice crystals have grown vertically along the thermal gradient until equilibrium (i.e. 

the suspension temperature is equal to the freezing temperature) is reached. When close to 

equilibrium the ice crystals reduce in solidification velocity parallel to the gradient and instead speeds 

up in lateral growth perpendicular to the gradient [365]. A thermal buffer is reached beyond the DMZ. 
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Figure 6.1 SEM micrograph of PVA aerogel and inset enlargements of the three distinct 

morphologies: Dendritic morphological zone (DMZ), interstitial morphological zone (IMZ), and 

lamellar morphological zone (LMZ) 

PVA aerogels were loaded under compression to examine the mechanical property. The stress-strain 

graph depicted in Figure 6.2 follows an interesting profile. The curve follows three stiffness regions 

(shown as dashed lines) before yielding and thereafter displaying densification. These regions seem 

closely related to the distinct microstructures of LMZ, IMZ, and DMZ discussed in observation of the 

PVA aerogel morphology shown in Figure 6.1. These are highlighted in Figure 6.2 revealing the 

progress of failure of each morphology region starting from DMZ showing the lowest density profile 

to LMZ displaying the highest density profile. The density seems to be the highest for LMZ based on 

the high compactness of the lamellae that’s observed in Figure 6.1 with scarcely any voids in between. 

In addition, it is thought that the colloid suspension may be prone to settle due to gravity which will 

lead to a denser region forming after freeze-casting. On the other hand, the IMZ region display voids 

located between the lamellae bridges, which probably reduces the overall density of the morphology 

zone. This is also the case for DMZ, albeit more profound and thus having a lower density region. The 
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density of the PVA aerogel studied in Figure 6.2 is found to be 0.060 g/cm3. The load during the 

compression test is shared across the entire profile of the aerogel sample. However, in Figure 6.2 there 

are characteristic regions that may relate to different structures within the sample including the 

aforementioned LMZ, IMZ, and DMZ. The shape of the first dashed line in Figure 6.2 is thought to 

relate partly to the stiffness of the DMZ with a modulus of 1.22 MPa which follows densification of the 

microstructure after yielding at approximately 0.04 MPa and 4% compressive strain and is shown by 

the solid yellow line. This is followed by a second dashed line where the IMZ is thought to play a major 

role in the stiffness with the line having a lower stiffness modulus of 1.09 MPa and compressive 

strength of 0.11 MPa before yielding at 13% compressive strain. The reason for this reduction lies with 

the microstructure in IMZ having more horizontal bridges that are easier to compress axially. After 

yielding, the IMZ microstructure collapses and becomes easier to compress. This is shown by the solid 

blue line. The final dashed line is thought to be associated with the stiffness of LMZ. The high stiffness 

modulus of 1.55 MPa and compressive strength of 0.31 MPa is matched with the compactness and a 

high number of lamellae in LMZ that are parallel to the load direction. It is worth to note that the 

densification of the DMZ beyond its yield point aids the increase in stiffness modulus of the IMZ. Thus, 

the true stiffness of IMZ is ambiguous and difficult to determine. The same case applies to the stiffness 

of LMZ (the final green dashed line) in that the increase in stiffness modulus is partially due to 

densification of both DMZ and IMZ after their respective yielding. Overall, the PVA aerogel may be 

compared to elastomer material composites due to the large compressive strain experienced by the 

aerogel before yielding at approximately 31%. The modulus of all the PVA aerogels was taken across 

the final stiffness and calculated to a mean specific modulus of 25.0 kNm/kg. The mean density of the 

aerogels was found to be 0.064 g/cm3 and the mean specific strength was calculated to 5.41 kNm/kg 

with mean yield compressive strain of 38%. The thermal conductivity of the PVA aerogels was 

measured at 38.7 mW/mK. This is not commercially appealing when considering standard thermal 

insulation and the energy input to produce the PVA aerogels. More importantly, although PVA 

aerogels display notable stiffness moduli the compressive behaviour suggests low elasticity before 
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microstructure starts to collapse. For this reason, aerogels need to be further modified and 

functionalised with additional properties to attract the commercial benefit of producing insulative 

aerogel composites. This is studied in the proceeding thesis sections with the use of nanocellulose. 

 
Figure 6.2 Compressive stress-strain plot of PVA aerogel and corresponding SEM cross-section of 

PVA microstructure to scrutinise the morphological zones’ effect on the mechanical property 

 Effect of high shear mixing on NC-PVA suspensions and aerogel mechanical property 

Oxidation treatment of cellulose into nanocellulose and thereafter the coalescence of NC and PVA 

suspensions were prepared through shear mixing. This was trialled at a range of increasing shear 

speeds to observe the final utilisation of NC yields as well as the homogenisation of NC for increased 

bonding contact with PVA. Two such speeds have been analysed here; Low shear mixing (LSM) speeds 

at 700 rpm (revolutions per minute) and high shear mixing (HSM) speeds at 7000 rpm. The use of HSM 

during treatment of cellulose included a greater visual reaction demonstrated by the high increase in 

the effervescence of the reaction suspension causing a thick layer of froth. This froth thickened very 

quickly trapping gases from escaping and thus had to be mixed thoroughly to stop the trapped gases 

from causing secondary reactions. When quenched and cleansed through centrifugation, two distinct 
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layers could be found. When conducting the preparation of NC using HSM revealed a greater 

supernatant when centrifuging. This supernatant is shown inset of Figure 6.3a and represents the 

attainment of nanocellulose crystals. The NCC is defined by a lower density as suggested by the 

centrifugation which also shows a denser precipitate revealing the attainment of nanocellulose fibrils. 

In addition, more NCC supernatant was found with successive centrifugation after extracting the 

primitive NCC supernatant. This suggests quantities of NCC trapped within the precipitate of NFC. This 

is in contrast with LSM which only exhibited a very fine layer of supernatant that was scarcely visible 

after centrifuging. TEM micrographs shown in Figure 6.3a reveals the NCCs with approximate average 

lengths of 250 nm. 

 
Figure 6.3 Displaying (a) TEM micrograph of the supernatant NCC shown inset with a red-dotted 

line of where the separation NCC and NFC can be seen, and (b) Stress-strain curves of compressed 

aerogels prepared via LSM and HSM 

The prepared NC was mixed with PVA via LSM and HSM to produce aerogels for comparative 

mechanical property analyses. Compressive stress-strain results display low density and tougher 

aerogels when produced through HSM (Figure 6.3b). In comparison to LSM aerogels, NC-PVA aerogels 

prepared via HSM show approximately triple the specific modulus at 26.8 kNm/kg and double the 

specific strength at 2.14 kNm/kg (Table 6.1). Notably, the yield strain of HSM aerogels has slightly 

decreased due to the increased stiffness. This means the preparation of NC, as well as aerogels 

through HSM, is more ideal for increased surface contact due to increased homogenisation of 

suspensions. An investigation into NCC and NFC properties as well as focusing on whether NCC 

supports NFC aerogels when combined has been studied in Chapter 7.  
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Table 6.1 Mean compressive property of LSM and HSM NC-PVA aerogels 

 Density 

(g/cm3) 

Specific Modulus 

(E/ρ) (±0.01 kNm/kg) 

Specific Strength 

(σ/ρ) (±0.01 kNm/kg) 

Yield Strain 

(%) 

NC-PVA 50-50 (HSM) 0.041 26.75 2.14 15.77 

NC-PVA 50-50 (LSM) 0.050 9.55 1.25 20.17 

 

 Effect of NC content on NC-PVA aerogel morphology 

The composition of NC-PVA aerogels has been studied to understand how increasing NC content 

interacts with PVA. Figure 6.4 displays the morphology of three NC-PVA aerogel compositions; 50-50, 

60-40, and 70-30%. For NC-PVA 50-50, the microstructure shows a layered systematic pattern 

resembling dendritic growth. In comparison, the 60-40 aerogel in Figure 6.4b reveals a more compact 

microstructure with a similar pattern to Figure 6.4a. NC-PVA 70-30, on the other hand, portrays a more 

distinct microstructure with a feather-like pattern. The NC-PVA 50-50 aerogel composition was left in 

ambient conditions to study the change in morphology with respect to the moisture uptake. Figure 

6.4d shows the profile of NC-PVA aerogel after freeze-drying with inset a magnification of the pattern 

lamellar structure. In contrast, Figure 6.4e shows the microstructure profile of Figure 6.4d after a 

month of exposure to ambient conditions. The aerogel microstructure is more compact due to 

shrinkage in Figure 6.4e. The long-term moisture absorption seems to have considerably damaged the 

microstructure, deforming and shrinking the lamellae. Thus, lowering the structural integrity. 
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Figure 6.4 SEM analysis displays to sets of comparative micrographs with a-c displaying different 

compositions of aerogels prepared via HSM: (a) NC-PVA 50-50, (b) NC-PVA 60-40, (c) NC-PVA 70-

30, and d-e displaying the before and after ambient moisture uptake of aerogels : (d) NC-PVA 50-

50 at day 1, (e) NC-PVA 50-50 at day 31. Note, the aberration of microstructure in d (and e) is 

caused by the blade cutter used to reveal the cross-section profile 

 Effect of NC content on NC-PVA aerogel mechanical property and thermal conductivity 

A range of aerogel compositions was compressively tested to examine the trend of the mechanical 

property with increasing NC content. Figure 6.5 shows three compositions ranging from 50-70% NC 

addition using the same NC-PVA aerogels observed through SEM (Figure 6.4). When loaded the 

aerogels follow general compressive stress-strain curves, yielding between 5-20% compressive strain 

and initiating exponential stiffness after about 30% strain. The NC-PVA 50-50 curve followed a slightly 

more distinct profile than the rest of the aerogels that had more NC content. The elastic region 

followed alterations in increasing stiffness before yielding. This phenomenon is closely correlated to 
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the PVA aerogels with no NC content as depicted in Figure 6.2, revealing an interesting hypothesis. 

The supposition of increasing PVA content initiates altered patterns towards dendritic growth as seen 

in Figure 6.1. This means that PVA impedes the growth of ice crystals towards crystallisation and 

requires increasing freezing temperatures to realise crystallisation shown by the subsequent morphed 

patterns [364,366]. Note that alcohols generally have lower freezing temperatures than water 

inferring PVA to have a higher resistance to solidification. Hence, the alteration in the aerogel 

microstructure due to freezing solidification affecting the effectiveness of resisting and distributing 

compressive stress.  

 
Figure 6.5 Comparison of differing aerogel compositions as well as the weathering effect through 

(a) stress-strain graph and (b) density and thermal conductivity bar chart of the aerogels 

The NC-PVA 60-40 aerogel is found to considerably increase in strength with greater stiffness and 

overall toughness than the 50-50 aerogel composition with specific modulus and strength calculated 

at 36.9 and 3.1 kNm/kg, respectively (Table 6.2). The mean yield strain marginally increased at 16.1%. 

The 70-30 aerogel, on the other hand, displayed a drastic decrease in mechanical property in 

comparison to both 50-50 and 60-40 aerogels. This may reflect the aerogel microstructures where the 

60-40 aerogel displayed a more compact structure with minimum gaps between the lamellae as well 

as showing a pattern that seems to converge in-between the 50-50 and 70-30 aerogel. The densities 

are found to negatively correlate with NC content, whereby increasing the NC content from 50-50 NC-

PVA loadings proportionally reduces the overall density of the aerogel at 0.041, 0.036 and 0.030 g/cm3, 
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respectively. In respect to the thermal conductivity of the aerogels, NC-PVA 60-40 aerogels displayed 

slightly lower conductivities at 32.3 mW/mK. Whereas both 50-50 and 70-30 aerogels had similar 

conductivities approximated to 32.9 mW/mK. Note that it may be expected for thermal conductivities 

to reduce with increasing NC content, however, this may not be the case between the tested 

composition since other factors, such as the microstructure of the aerogel, contribute in affecting the 

thermal conductivity. Overall, these data results show aerogels with a 60-40% NC-PVA composition to 

be optimal with respect to the mechanical property. The aerogels were also compression tested after 

a month of exposure to ambient conditions. Stress-strain curves show a significant drop in the 

mechanical property for all three compositions with reduced elasticity. Specific modulus and strength 

revealing about a five-fold decrease when compared to the same aerogels tested directly after 

lyophilisation (Table 6.2). The weathered aerogels were also denser as a consequence of moisture 

absorption. Both 50-50 and 60-40 aerogels reached approximately double their initial densities at 

0.080 g/cm3. Conversely, the 70-30 aerogel reached approximately 1.5-fold at 0.047 g/cm3, which 

interestingly is not as high considering the increased NC content. Thermal conductivities were also 

increased with values reaching 36.0, 35.0 and 34.1 mW/mK for increasing NC additions from 50-70%, 

respectively. This concludes the need for aerogel modification to increase hydrophobicity to diminish 

this limitation without hindering mechanical property. This has been critiqued in Chapter 8. 

Table 6.2 Mean compressive property of varied and weathered aerogel compositions 

NC-PVA 
Specific Modulus  

(E/ρ) (±0.01 kNm/kg) 

Specific Strength  

(σ/ρ) (±0.01 kNm/kg) 

Yield Strain 

(%) 

Day 1 

50-50 26.75 2.14 15.77 

60-40 36.89 3.07 16.10 

70-30 14.94 0.86 7.80 

Day 31 

50-50 4.83 0.75 19.20 

60-40 5.44 0.31 7.58 

70-30 3.17 0.49 13.10 

6.4 Conclusion 

PVA and NC-PVA aerogels have been extensively analysed, exploring the effect of freeze-casting on 

the morphology and mechanical property of PVA aerogels; achieving optimised shear mixing rates for 
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enhanced colloid suspensions and NCC yields as well as optimised compositions for NC loadings for 

superior mechanical property performance and low thermal conductivities; determining the extent of 

moisture uptake and its effect on the aerogel performance. PVA aerogels produced via freeze-casting 

resulted in three differing microstructures (LMZ, IMZ and DMZ) to be embedded. This led to a differing 

compressive stress-strain behaviour for each microstructure due to their varied densities. High shear 

mixing of 7000 rpm was found to significantly increase the NCC yields at roughly 30-40% as opposed 

to lower shear mixing which yielded a low NCC amount of <2%. HSM was found to also promote the 

NC-PVA aerogel mechanical properties by two-fold at specific modulus and strength of 26.8 and 2.14 

kNm/kg, respectively. When testing the optimal NC-PVA composition for maximising aerogel 

performance, the 60-40% NC-PVA aerogel displayed a 1.5-fold increase in specific modulus at 37 

kNm/kg when compared to PVA aerogels with no NC loadings. Furthermore, the 60-40 aerogel 

composition displayed thermal conductivity values averaging at 32 mW/mK. Finally, the limitation 

concerning moisture absorption was evaluated over 31 days under ambient conditions. The test 

findings revealed a considerable increase in density due to moisture uptake and consequently a 

significant reduction in mechanical performance by about seven-fold in specific modulus. This helped 

highlight the importance of modifying the aerogel further in order to null the limitation effect of 

hydrophilicity on the aerogels mechanical performance and is thus further investigated in Chapter 8. 
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Chapter 7 Cellulose aerogel composites via Tempo-free oxidation 

7.1 Introduction 

This chapter describes the development of cellulose-based aerogel composites enhanced via a new 

refinement process. The behaviour and microstructure of treated cellulose aerogel composites are 

examined including, how the constituents interact and contribute to the overall aerogel composite 

mechanism. The various forms of cellulose such as MCT, NCC and NC is also compared. Treated 

cellulose/Polyvinyl alcohol (PVA) aerogel composites show reinforced microstructural systems that 

enhance the mechanical property of the aerogels. The specific modulus of treated cellulose aerogels 

could be increased five-fold compared to the stiffness of untreated cellulose aerogels, reaching 

specific moduli of 21 kNm/kg. The specific strength of treated cellulose aerogels was also increased 

by four-folds at 1.7 kNm/kg. These results provide insight into the understanding of the morphology 

and structure of treated cellulose-based aerogel composites. 

7.2 Experimental work 

Untreated microcrystalline cellulose termed MCU was converted into four different products including 

(1) MCT – (thin microcrystalline cellulose with branched nano-fibrillated cellulose (NFC)) obtained by 

partial conversion of the MCU; (2) NFC – nanocellulose fibrils that are detached from MCTs and may 

be linked to other NFCs with branched nanocrystalline cellulose (NCC); (3) NCC – nanocellulose crystals 

that are detached from NFCs and may be linked to other NCCs; (4) NC – nanocellulose that includes 

NFCs and NCCs before separation methods through decanting the supernatant of the centrifuged 

nanocellulose. These were produced in accordance with section 3.3.1.1. Cellulose types were 

incorporated with PVA to compare the following aerogel compositions at 50-50%: MCU-PVA, MCT-

PVA, NCC-PVA and NC-PVA (sections 3.3.1.3, 3.3.2 and 3.3.3). Pure MCU, MCT and PVA were prepared 

to compare against. Characterisation and testing were carried out according to section 3.4. 



 119 

7.3 Results and discussion 

 Comparison of MCU and MCT suspensions in PVA dispersions 

Figure 7.1 shows TEM micrographs of MCT-PVA and MCU-PVA suspensions. It is clear that there is a 

significant difference between the two suspensions. MCT-PVA (Figure 7.1c) shows a homogenous 

suspension with a large, almost complete web-like network between the fibres. This is highlighted in 

the inset image of Figure 7.1c. The larger MCT fibres are small in number, however, are not separated 

from the network of the finer fibrils. Rather they are within the network structure due to their open 

surface of branched fibres, which are of similar aspect ratio to the surrounding finer fibrils, and 

therefore able to form a web-like network structure. In comparison, the suspension of MCU-PVA 

(Figure 7.1d) struggles to form a network structure, displaying large voids and bulkier fibres. Also, 

there seem to be a number of large grey sheets, depicting PVA, where more voids would otherwise 

be formed. This infers that there may also be MCU fibres without much bonding formed with PVA due 

to dispersion and/or characteristic of MCU fibres. Hence, this could be the reason for PVA 

preferentially bonding with itself to form the displayed grey sheets even though both suspensions 

were shear mixed at 10,000 rpm. These PVA sheets are not displayed in MCT-PVA. This may very well 

be due to the more homogenous network dispersion of MCT as well as the higher aspect ratio of the 

fibres granting more active –OH surfaces to bond with PVA. This also infers that the PVA is binding 

along the increased surface of the highly dispersed MCT fibres. Thus, the network of fibres is more 

strongly linked as displayed by the darker patches at the joints of the fibre network (inset image of 

Figure 7.1c). The darker shade of the MCU fibres explains a thicker dimension with very low aspect 

ratio compared to the MCT fibres whereby the shade of grey is marginally darker to the fine fibrils. 

The MCU fibres also seem to have a much sharper and more distinct surface edge, contrast to the 

branched MCT fibre surface. The overall reduction in fibre dimension sizes, as well as the branched 

network structure of MCT particles, may aid in the packing arrangement with PVA as the smaller MCT 

particles may occupy the cavities between the larger particles during freeze-casting, entrapping longer 

chains of particles – i.e. forming more continuous and branched solid layers once lyophilised. This may 
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relate to a more a homogenous aerogel density and hence increased mechanical strength due to 

enhanced efficiency in load transfer. This distinction in the dispersity of both suspensions sets a 

significant discrepancy in freeze-casting and thus in the final aerogel morphology. 

 
Figure 7.1 Comparative visual analysis of MCU-PVA and MCT-PVA SEM cross-sectional images of 

(a) MCT-PVA aerogel with corresponding morphological profiles (ai)-(aiii) and (b) MCU-PVA 

aerogel with corresponding profiles (bi)-(biii); TEM micrographs of (c) MCT-PVA suspension and (d) 

MCU-PVA suspension 

 Morphology of MCU-PVA and MCT-PVA aerogel composites 

The microstructure of the lyophilised cellulose aerogels is an important consideration in distinguishing 

the mechanical and physical properties of the aerogel composites. The architectural structure of the 

aerogels determines its effectiveness to dissipate stress when loaded. It is apparent from Figure 7.1a 

and b that both MCU- and MCT-PVA aerogel composites form a layered architectural lamellar 

structure though are considerably different. The full cross-section of MCT-PVA aerogel in Figure 7.1a 

shows an ordered lamellar structure with a growing tree-like profile. It can be seen that when 

comparing the lower (Figure 7.1aii) and upper (Figure 7.1ai) sections of Figure 7.1a the vertical 

lamellae layers are increasingly separating in the lateral direction, displaying dendritic growth. This is 

due to the perpendicular growth of the layers. The thickness of the upper section can be linked to the 

freeze-casting stage, whereby the solidification velocity of the growing ice crystals in the vertical 

direction decreases which results in increased lateral growth. On the other hand, MCU-PVA aerogel 
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displays a more incoherent structure, containing ordered and disordered regions. The upper (Figure 

7.1bi) and lower (Figure 7.1bii) sections of Figure 7.1b portray a similar effect to the MCT-PVA in that 

the lamellar layers grow thicker in the upper region. However, the lamellar layers in Figure 7.1bi 

increase in thickness with wider cavities as opposed to the occurrence of dendritic growth in Figure 

7.1ai. Nevertheless, the thickness of the MCU-PVA layers is still a fraction of the MCT-PVA layers. As 

shown in Figure 7.1aiii, the MCT-PVA grow notable larger in thickness filling more of the voids in 

between in contrast to Figure 7.1biii where the layers grow up to half the thickness of MCT-PVA with 

slightly wider cavities. The larger voids are also displayed in the lower (Figure 7.1bii) section of MCU-

PVA in comparison to MCT-PVA where the lower (Figure 7.1aii) section shows an increased number of 

lamellar layers with a large number of bridges in-between the layers that occupy the majority of the 

voids. As discussed earlier, this may be due to the packing arrangement of PVA with the branched 

MCT network in suspension. This is desirable in reducing thermal conductivity, whereby the increased 

vertical layers increase lateral heat flow cycles of conduction and convection. The bridges act as struts 

providing a more tortuous heat flow path/system as well as give way to an increased number of air 

pockets whilst reducing the pocket size. In addition to increasing porosity, the struts also increase the 

sturdiness of the composite. Under stress, these bridges may aid in the energy distribution more 

efficiently and thus increase the aerogel stiffness. The overall microstructural observation of the two 

aerogels is linked back to the distribution of their suspensions before freeze-casting. The incoherent 

structure of MCU-PVA aerogel (Figure 7.1b) is similar to its irregular and cluttered suspension (Figure 

7.1d). Similarly, the layered and dendritic patterns of MCT-PVA aerogel (Figure 7.1a) are parallel to 

the homogenous network structure of its suspension (Figure 7.1c). Furthermore, a notable amount of 

fibres is perceived in the MCU composite. This may be due to the bulkiness of the MCU fibres in 

suspension, whereby the PVA binds around the low surface area of –OH active sites of MCU fibres. 

This means for a 50-50% ratio of MCU-PVA formulation excess PVA allows for more intra-PVA bonding. 

This may also mean that the PVA in the MCU aerogel composites contributes more towards the 
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strength of the composite as the MCU fibres do not form a network and that the needle-like patterns 

may represent PVA layers. 

 Influence of cellulose treatment on the basal spacing of MCT-PVA aerogel 

The MCU-PVA and MCT-PVA composites and individual raw materials (MCU, MCT, PVA) were analysed 

using XRD to ascertain whether the composite manufacturing process incurs structural (d-spacing) or 

crystallinity changes (Figure 7.2). It can be observed that the cellulose peaks both MCU and MCT shift 

once PVA is inserted in the structure. The shifts in the graph indicate the changes in d-spacing caused 

by the presence of PVA in the structure (Table 7.1). In particular, it can be observed that d-spacing 

decreases both in MCU and MCT, however, the phenomenon is more pronounced in the MCT (around 

3 times larger). The phenomenon is orientation-dependent, strongest along the (0, 0, 2) plane in both 

materials. Moreover, the MCU samples do not show changes in crystallinity (~80%) before and after 

the manufacturing of the composites as the cellulose and PVA crystallise separately. The full width at 

half maximum (FWHM) for the cellulose [0, 0, 2] plane calculated for each composite and raw material 

was found to be 1.58±0.03, indicating a crystalline size of ~60Å. However, small changes can be 

observed for the MCT. The crystallinity remains 50% both for MCT and for the MCT-PVA composite, 

however, the cellulose crystallite size seems to decrease from ~70, with a FWHM of 1.26 for the [0, 0, 

2] of the MCT to ~60Å with a FWHM of 1.6. Consequently, the results seem to indicate that the 

crystalline structure of the MCT allows for larger compressive stresses to its lattice which induces a 

relatively wider shift of d-spacing relative to the untreated cellulose. PVA has a semi-crystalline nature 

with a monoclinic unit, whereby is has both crystalline and amorphous domain in the matrix [367,368]. 

Observing the PVA spectrum against the other composite spectra, it can be seen that the (0, 0, 1) 

plane of the PVA is not visible in MCU-PVA, which means that the peak in MCT-PVA may not be 

attributed with the PVA (0, 0, 1) peak, rather more directly to the cellulose II of the MCT peak. The 

reduction of the (0, 0, 1) peak may be attributed to the random dispersion of cellulose, inferring that 

possible distortion of the structure has occurred in the (0, 0, 1) direction/plane and hence this would 
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be due to the bonding of PVA with cellulose. A similar reduction is shown for the (0, 4, 1) peak of PVA 

in MCU- and MCT-PVA, while the (1, 1, 0) peak can only be seen in MCT-PVA. 

 
Figure 7.2 XRD spectrums of PVA aerogel composites 

Table 7.1 D-value of the PVA aerogel composites 
  MCU-PVA MCT-PVA Overall change 

[HKL] Specimen 
d-value 

(Å) 

Δ d 

(Å) 

d-value 

(Å) 

Δ d 

(Å) 

d-value 

change 

Δ d MCT/ 

Δ d MCU 

[0,0,2] 
composite 3.93 

-0.03 
3.95 

-0.01 
0.03 

0.4 
cellulose 3.95 3.96 0.01 

[-3,1,1], 

[-2,2,2] 

composite 2.59 
-0.01 

2.64 
-0.05 

0.05 
-1.9 

cellulose 2.60 2.69 0.01 

[-1,0,1] 
composite 5.81 

-0.07 
5.88 

-0.19 
0.07 

2.5 
cellulose 5.88 6.07 0.18 

[1,0,1] 
composite 5.34 

-0.05 
5.41 

-0.03 
0.07 

-0.4 
cellulose 5.39 5.44 0.05 

 

 Compressive property of cellulose-PVA aerogels 

The compressive stiffness of aerogel composites is typically dependant on the effectiveness of the 

microstructure in its ability to efficiently transfer the applied stress and is also dependant on the solid 

content which increases the density resulting in a stiffer composite. It can be seen that the composite 

graphs follow a generic compressive profile where the composites yield between 10-20% strain and 
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plastic deformation occurs until the aerogels start to deform exponentially beyond ~30% strain (Figure 

7.3). MCT-PVA possesses significantly higher strength and stiffness compared to MCU-PVA with the 

data (Table 7.2). This is despite MCU-PVA possessing a higher density than MCT-PVA (Figure 7.3). 

There is a 3.6-fold higher specific modulus and a 2.9-fold higher specific strength in MCT relative to 

the MCU composite (Table 7.2). The increased stiffness and strength of MCT-PVA may be a result of 

the superior microstructure and bonding interface between MCT and PVA. Evidence for this may be 

found from the TEM micrographs (Figure 7.1) where the oxidised MCT fibres appear to possess higher 

aspect ratios and are more branched as per MCU bulk fibre. Firstly, the increased aspect ratio due to 

the splitting of cellulose fibrils via oxidation adopts additional surfaces of –OH active sites for PVA 

bonding to occur. This yields an increased number of PVA reinforced cellulose layers and thus stiffens 

the overall macro sheet layer, which stacks together to form the aerogel composite. Secondly, the 

chain of connected branched fibres adopts more effective load distribution which increases the 

stiffness and strength. The increased stiffness from these phenomena may also contribute to the 

increased mean yield stress of the MCT aerogel. 

 
Figure 7.3 Shows (a) stress-strain graphs of the different PVA aerogel composites and (b) 

comparing their densities 

NC-PVA was also investigated to understand how a composite MCT and NCC behave. It can be seen 

from Figure 7.3 that the mechanical properties of NC-PVA outperform that of NCC-PVA and MCT-PVA 

individually. NCC-PVA possessed the lowest density between the four composites and seems to have 

lowered the density of the overall NC-PVA composite. Combining NCC and MCT seems to have 
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improved the underlying microstructure of the composite possibly through crosslinks between the 

two agents and PVA. This has resulted in significantly higher stiffness and strength whilst reducing the 

density of the overall NC-PVA composite (Table 7.2). 

Table 7.2 Compressive property of the PVA aerogel composites 

 Specific Modulus 

(E/ρ) (±0.01 kNm/kg) 

Specific Strength 

(σ/ρ) (±0.01 kNm/kg) 
Yield Strain 

MCU-PVA 4.45 0.42 14.88 

MCT-PVA 15.79 1.24 12.90 

NCC-PVA 9.13 1.29 18.31 

NC-PVA 20.55 1.71 17.13 

 

7.4 Conclusion 

The behaviour and structure of their suspensions and the developed aerogels have been thoroughly 

investigated to determine their physical and mechanical properties. MCT-PVA suspensions showed 

expansive robust network structures due to the homogenous network dispersion of MCT as well as 

the higher aspect ratio of the fibres in comparison to MCU granting more active –OH surfaces to bond 

with PVA and adding to the packing arrangement with PVA. This has affected the architecture of the 

developed MCT-PVA aerogel showing ordered lamellar structures with dendritic growth that displayed 

superior strength and stiffness to the MCU-PVA aerogel composite. XRD and SEM explained the 

effective load distribution under compressive stress due to the formation of bridges in the 

microstructure, alteration of crystallinity in basal spacing and high aspect ratio. 
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Chapter 8 Functionalising cellulose aerogel composites with water-soluble 

dialdehyde and organosilanes 

8.1 Introduction 

Herein, cellulose-based aerogels have been functionalised using water-soluble coupling agents to 

amplify the storage modulus. The investigation focuses on the reaction mechanisms between each 

reagent, critiquing the effect of crosslinking on the morphology and mechanical properties of coupled 

aerogels. Furthermore, solidification of thicker aerogel profiles is evaluated and compared. Numerous 

substances have been found to act as crosslinking agents for cellulose such as glyoxal, dichloroethane, 

formaldehyde, vinyltrimethoxysilane (VTMS) and (3-Aminopropyl) triethoxysilane (APTES) [27]. Three 

of these crosslinking agents were tested when applied to create a nanocellulose-PVA-crosslink 

aerogel. Glyoxal is a non-toxic chemical that is endogenously produced during cellular metabolism and 

is metabolised by the glyoxylates’ enzymatic group. High concentrations of glyoxal favour the 

acetylation of cellulose. This leads to a lower water sorption and fibre strength where curing 

conditions (especially with higher temperatures) contributed to acetylation as glyoxal concentrates in 

the fibres. It is claimed, however, that the reaction mechanism between glyoxal and cellulose is more 

complicated than simply the development of acetal [26]. Glyoxal is biodegradable and can be acquired 

from renewable sources as a by-product of biological processes as well as the oxidation of lipids. Thus, 

it may be considered an environmentally friendly crosslinking agent for cellulose. Glyoxal has mainly 

been used in the textile industry to improve the wet mechanical properties of cotton fabrics. The 

mechanical properties of cellulose are diminished when exposed to water as the inter- and intra-

molecular hydrogen bonding of cellulose is disrupted, therefore glyoxalisation reduces the effect of 

the disruption by crosslinking the cellulose polymer chains [27]. VTMS is commonly used to modify 

polymers through grafting reactions where the grafted polymer undergoes crosslinking after 

fabrication and exposure to moisture. A study investigated the functionalisation of cellulose acetate 

with VTMS via the hydroxyl groups of the cellulose. The resulting compound was found to possess 
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increased permeability, lower crystallinity and higher flexibility than unmodified cellulose acetate. It 

would, therefore, be interesting to see the effect of VTMS when functionalised with the nanocellulose-

PVA to create the compound aerogel [29]. APTES is an aminosilane that’s commonly used to 

functionalise surfaces with alkoxysilane molecules in a process known as silanisation. It may also be 

used for other purposes including the synthesis of Octa(3-aminopropyl)silsesquioxane and to 

covalently bond thermoplastics to poly(dimethylsiloxane) [369,370]. APTES is a toxic compound with 

APTES fumes capable of damaging the upper respiratory tract [371]. APTES has previously been 

functionalised with cellulose nanocrystals and found no significant effect on the surface morphology 

characteristics of the nanocrystals while the thermal stability of the APTES modified NCC was 

increased with the decomposition of modified NCC occurring at a temperature of about 10 °C higher. 

APTES has also been found to increase the hydrophobicity of cellulose fibrils where a 90% reduction 

in the surface polarity of NFC has been observed when the maximum amount of the silane was added 

[30]. 

8.2 Experimental work 

5 wt% stock solutions of NC, PVA, GLY, VTMS and APTES were prepared (Chapter 3). The combined 

mixtures were diluted along with each respective coupling agent to compose final suspensions of NC-

PVA-GLY, NC-PVA-VTMS and NC-PVA-APTES at 2-2-2 wt% for each composition as well as NC-PVA at 

2.5-2.5 wt%. The suspension was later poured on 10010010 mm (s) and 10010015 mm (L) 

aluminium foil moulds and frozen in a liquid nitrogen bath (section 3.3.2). The frozen samples were 

freeze-dried according to section 3.3.3 to attain the aerogel composites. Characterisation and testing 

were carried out according to section 3.4. 

8.3 Results and discussion 

 Functional groups of crosslinked NC aerogels 

The FTIR spectrum of the NC-PVA and the crosslinked aerogels of GLY, VTMS and APTES are presented 

in Figure 8.1a. For clearer observation and comparison of peaks, a second NC-PVA spectrum (with 

higher absorption due to a larger mass of sample tested) was used in Figure 8.1b. The spectra 
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containing crosslink additions show only slight alteration in peak absorptions when compared to the 

NC-PVA spectrum. The IR peaks were analysed with reference to a number of IR charts, including 

George Socrates’ “Infrared and Raman Characteristic Group frequencies” [372–375]. The weak band 

at 3292 cm-1 is linked to the O-H stretch from the intra- and inter-molecular hydrogen bonds present 

between the hydroxyl-rich cellulose and PVA polymers. Similarly, GLY spectra in Figure 8.1b shows a 

strong broad band at 3400-3250 cm-1 corresponding to the O-H hydrogen bonding. The GLY spectra 

also display two sharp peaks at 1645 cm-1 and 1078 cm-1 corresponding to the aldehyde C=O and the 

C-OH stretch, respectively. These peaks are not visible in the NC-PVA-GLY spectra evidencing 

successful crosslinking reaction of the GLY with the NC-PVA. This is expected since the C=O group of 

the glyoxal fully breaks down to C-OH when saturated (in water). The C-OH then undergoes 

condensation whereby the glyoxal covalently bonds to the cellulose and PVA chains via a C-O-C bond 

(see Figure 8.2). This essentially bridges the polymer chains together with a more stable and higher 

bond enthalpy than hydrogen bonds. The C-O-C bond has several frequencies in the range of 1250-

1050 cm-1 which may not be clearly visible when observing the NC-PVA-GLY spectra due to the overlap 

of peaks. This is the same case with the 1078 cm-1 peak corresponding to the C-OH band. However, 

the full width at half maximum of the peaks between 1215-880 cm-1 is considerably larger in NC-PVA-

GLY than GLY and NC-PVA when compared/referenced against the O-H broad peaks (between 3700-

2980 cm-1) – this data obtained is within the consideration of the background spectra not being 

present. This infers a greater absorbance of C-O-C bonds present. Furthermore, the significant 

reduction of the broad O-H peak in NC-PVA-GLY compared to GLY evidences the reduction of C-OH 

bonds due to reduced absorbance of O-H hydrogen bonds, indicating that condensation has occurred. 

It is worth to note that the 1645 cm-1 peak may be argued to lie outside the range of 1740-1690 

corresponding to the C=O aldehyde stretch and inside the range of 1680-1620 cm-1 C=C Alkenyl stretch 

as well as in the range of 1670-1645 cm-1 C=O ketoaldehydes as enols. However, the C=C is identified 

by a strong and sharp peak whereas the peak displayed at 1645 cm-1 is broad and weak (u-shaped), 

therefore the 1645 cm-1 peak may be more implicated with the C=O stretch bond. Also, glyoxal is the 
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smallest dialdehyde denoted by RC(H)=O or RC(H2)-OH functional groups when saturated in water so 

is unable to adopt a ketone group in its chemical structure to comprise as a ketoaldehyde. 

Furthermore, unless saturated, the C=O is more stable (higher bond enthalpy) than the C=C bond. 

VTMS and APTES are both organosilanes with Si functional groups. This means they both share some 

similar peaks when bonded with cellulose, i.e. C-O-Si and Si-O-Si bonds. Since siloxanes are present 

(Si-O-Si), the Si-alkoxy (C-O-Si) is apt to be masked by the stronger Si-O-Si absorption. However, since 

the C-O-Si and Si-O-Si bands lie in the range of 1110-1000 and 1130-1000 cm-1, respectively, they are 

difficult to determine (hidden) due to the overlap from the C-OH and C-O-C abundance found in NC-

PVA. This overlap may also be due to the broader absorptions of Si-O-Si bonds when siloxane chains 

become longer or branched. This would be expected for both crosslinks when surface treating 

cellulose and PVA polymer chains (Figure 8.2). VTMS is identified in the spectra by its alkenyl functional 

group, in other words, the Si-CH=CH2 band. This is found in the NC-PVA-VTMS spectrum at 1602 and 

1410 cm-1 with sharp peaks.  
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Figure 8.1 FTIR spectra displaying (a) the overall peaks of NC-PVA, NC-PVA-GLY, NC-PVA-VTMS and 

NC-PVA-APTES, and (b) breakdown of NC-PVA-GLY spectra using NC-PVA and GLY peaks 

Also, since there are no other alkenyl and aryl groups present in the NC-PVA-VTMS composition, C-H 

bands at 3060 (3062) and 3020 (3023) cm-1 found in the spectrum help identify Si-CH=CH2 group [375]. 

Overall, the hydrated glyoxal enables bridging between cellulose and PVA chains, forming stronger 

chemical bonding between NC-PVA chains. This interaction differs considerably when considering the 
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organosilanes as crosslinkers. APTES and VTMS seem to only surface-treat NC-PVA chains and not able 

to bridge them together (Figure 8.2). This may not be an ideal option for reinforcing the lamellae. 

While silylation of cellulose may treat the composite, e.g. towards hydrophobicity, the organosilanes 

may alter the microstructure and thus affect the mechanical property of the overall composite 

[376,377]. 

 Reaction mechanisms of NC-PVA coupling 

With bond enthalpies in mind, the chemical reactions displayed give an insight into the mechanism of 

the resulting composite suspensions. When examining the reaction between cellulose and PVA, two 

different interfacial bonding may occur with the one in Figure 8.2a being the most likely, irrespective 

of other affecting factors, such as the differences in electronegativities or orientations. When 

calculating the bond enthalpy of the NC-PVA reaction, Figure 8.2a is found to have minimum total 

energy required to break the C-OH bond of cellulose and C-H bond of PVA at +771 kJ/mol (Table 8.1). 

The second possible reaction requires +821 kJ/mol to break the C-OH bond of cellulose and CO-H bond 

of PVA. This difference is due to the higher bond enthalpy required to break the O-H bond at +463 

kJ/mol as opposed to the lower enthalpy of breaking the C-H bond at +413 kJ/mol. It is worth noting 

that another such reaction mechanism that may occur includes the C-H of cellulose bonding to C-OH 

of PVA, resulting in the same bond enthalpy of +771 kJ/mol required to form a C-C bond between the 

organic polymers. This scenario is less likely to occur due to the electronegativity of oxygen being 

greater than carbon, therefore causing a larger polar effect between the O-H. In addition, the cellulose 

ring adds to the electronegativity of its hydroxyl groups, causing the overall chain to have a larger 

partial (delta) positive surface than the PVA hydroxyl surface. Hence, the attraction between the C-

OH of the cellulose and the partially negative surface, C-H, of the PVA over the partially positive 

hydroxyl surface of PVA. Figure 8.2b to d shows the reaction mechanisms that are a result of 

crosslinking NC-PVA chains when adding the respective dialdehyde and organosilanes.  
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Figure 8.2 Likely chemical reaction mechanisms of (a) NC-PVA (b) NC-PVA-GLY (c) NC-PVA-VTMS 

and (d) NC-PVA-APTES 

 

Table 8.1 Average bond enthalpies [378] 

Bond C-H C-C C-N C-O Si-C Si-O O-H 

Average Bond Energy (kJ/mol) 413 348 293 358 301 368 463 
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These compounds when hydrated react and form hydroxyl groups via nucleophilic 

addition/substitution. The hydrated molecules are then attached to the NC-PVA chains. In the case of 

Figure 8.2b, the hydrated glyoxal forms a C-O-C bond with the NC-PVA polymer chain and releasing 

water molecules in the process. When glyoxal is fully hydrated, i.e. having four hydroxyl groups, the 

molecule can form four C-O-C bonds (two C-O-C bonds with NC-PVA on each carbon side of glyoxal), 

allowing NC-PVA polymer chains to bridge together. Moreover, glyoxal may also align the NC-PVA 

chains due to its ability to form two C-O-C bonds on each NC-PVA surface. This is modelled in Figure 

8.2b with other crosslinking possibilities shown in reduced transparency. Conversely, silanol (hydrated 

VTMS) forms single Si-O-C bonds with NC-PVA and becomes polymerised through Si-O-Si bonds with 

other silanol molecules as demonstrated in Figure 8.2c. Furthermore, the alkenyl group present in 

silanol limits it from bridging NC-PVA chains together. Although less likely due to the disparity in 

molecular length, the second and third hydroxyl group present in silanol is also able to form Si-O-C 

bonds with NC-PVA. This may compact the NC-PVA chains, yet also disorder their orientation. 

Similarly, the reaction mechanism is also true for APTES (Figure 8.2d). Hydrated APTES only differs 

from silanol due to the amine group present instead of the alkenyl group, otherwise, APTES behaves 

the same as silanol. 

 Morphology of aerogel composites 

SEM micrographs of the aerogel composites were taken across the cross-section for observation of 

the microstructures (Figure 8.3). Observing the microstructure of Figure 8.3a, the architecture starts 

to develop dendritic growth at the top of the cross-section aerogel profile. This may be related to the 

freezing-casting conditions whereby the freezing front slows down as it ascends vertically upwards, 

possibly due to an existing thermal gradient profile with a higher temperature at the top surface. This 

may have activated the NC-PVA lamellar to grow dendritically near the top surface of the aerogel 

cross-sectional profile. The dendritic growth section seems to be at about 20° lateral to the vertical 

lamellar ice growth. In contrast, Figure 8.3b shows a more developed stage of the dendritic growth 

with lateral growth at an angle of about 60° to the vertical lamellar growth. This may be due to the 
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larger/taller profile of aerogel cross-section which means there is more area for dendritic growth to 

develop. The larger profile of NC-PVA (Figure 8.3b) may be weaker due to the dendritic growth causing 

increased lateral horizontal crystal growth hindering the structural resistance when its load is applied 

and as a result, the microstructure architecture is more susceptible to deformation – less stiff. 

Dendritic growth patterns are not found when observing aerogel composites with the addition of 

glyoxal (Figure 8.3c and d). Instead, struts perpendicular to the vertical lamellar is seen. These struts 

seem more profound in Figure 8.3d, bridging the layers together with an overall homogenous pattern 

structure. Glyoxal seems to strengthen the interfacial bonding crosslinking the lamellar layers and thus 

promoting enhanced/improved load distribution. Therefore, even if lateral horizontal growth was to 

occur, glyoxal seems to add vertical struts, bridging the layers together forming a 3D network 

structure. This again is similar to composites containing VTMS and APTES (Figure 8.3e and f) showing 

no dendritic growth with an overall pattern like NC-PVA-GLY. However, there are significantly fewer 

horizontal struts to bridge the lamellae together – only a small area of cross-links can be seen in the 

inset image of Figure 8.3f. This can be reflected to the molecular bonding as discussed in Figure 8.2 

whereby the glyoxal bridges the NC-PVA chains, empowering the overall structure through the new 

perk of load transfer. This is contrary to the organosilanes which only attach to the NC-PVA chains as 

a surface treatment. 
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Figure 8.3 Comparative visual analysis of NC-PVA with the addition of crosslinks via SEM cross-

sectional images of (a) NC-PVA(s), (b) NC-PVA(L), (c) NC-PVA-GLY(s), (d) NC-PVA-GLY(L), (e) NC-

PVA-VTMS and (f) NC-PVA-APTES. The scale on the inset SEM images is at 2 µm 

 Compressive property of cellulose-PVA aerogels 

When loaded, the NC-PVA aerogel samples follow a generic compressive profile, yielding at 10-20% 

strain before deforming plastically (Figure 8.4a). The profile is similar in effect with NC-PVA-VTMS and 

NC-PVA-APTES aerogel composites, displaying ductility with large straining at low stress. Interestingly, 

the NC-PVA-GLY composites follow a different profile, displaying toughness with a sudden peak in 
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stress reaching an elastic yield of ~0.4MPa at 4% strain. The composite elasticity is followed by 

secondary resistance before necking towards a similar profile to the other aerogels – whereby the 

composites plastically deform exponentially beyond ~30% strain. The morphological study of the 

aerogel composites offers a deeper understanding when observing the compressive behaviour. NC-

PVA(s) and NC-PVA(L) is observed to be directly related to their microstructure. Although both 

aerogels yield at similar stresses, NC-PVA(s) shows a larger specific modulus. As displayed in Figure 

8.3b, NC-PVA(L) has more developed branched dendritic growth which hinders axial stress resistance 

and thus favouring plastic deformation. Whereas the NC-PVA(s) is more compact (Figure 8.3a). This 

also explains the lower density of NC-PVA(L) in Figure 8.4b. The similarity in the stress-strain profiles 

may be due to the developed branching of NC-PVA(L) which may provide stress distribution and thus 

secondary resistance. In contrast, the NC-PVA-GLY(L) aerogel performs better than its thinner 

counterpart (NC-PVA-GLY(s)) with an 8-fold increase in specific modulus reaching 132.6 kNm/kg ( 

Table 8.2). Again, this can be reflected to the molecular structure as well as the microstructure of the 

aerogel where the NC-PVA-GLY(L) portray stacks of homogenous vertical lamellae compacted together 

by horizontal struts, reinforcing the structure and distributing stress. The aerogels with the addition 

of VTMS and APTES does not seem to enhance the overall mechanical property as well as the aerogel 

with GLY addition. In comparison to NC-PVA(L), VTMS doubles the specific modulus (2.5-fold) with a 

slight increase in strength, while APTES does not seem to add much value in stiffness with only a 

marginal increase in strength. The NC-PVA-GLY(L) on the other hand, shows a significant increase in 

stiffness (9-fold) and strength (3-fold). The GLY addition is also denser than the other aerogel 

composition. This may be linked to the crystallisation effect during solidification of the NC-PVA-GLY 

suspension via supercooling by which the coupled NC-PVA lamellae become highly ordered. This is 

reliant on the sol-gel (or hydrogel) which in the case of GLY coupling shows strong linkage between 

NC-PVA (Figure 8.2) that coalesces into a larger gel network (high degree of crosslinking) and results 

in faster cooling towards glassy state beyond glass transition due to conduction. This helps explain the 

larger storage modulus of NC-PVA-GLY aerogels as portrayed by its high stiffness (Figure 8.4). 
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Figure 8.4 Shows (a) stress-strain graphs of the aerogel composites and (b) comparing their mean 

densities 

Table 8.2 Mean compressive property of the aerogel composites 

 Specific Modulus 

(E/ρ) (±0.01 kNm/kg) 

Specific Strength 

(σ/ρ) (±0.01 kNm/kg) 
Yield Strain 

NC-PVA (s) 25.7 1.71 17.13 

NC-PVA-GLY (s) 16.2 1.77 21.17 

NC-PVA (L) 14.5 1.76 14.83 

NC-PVA-GLY (L) 132.6 4.95 5.55 

NC-PVA-VTMS (L) 36.2 2.51 9.67 

NC-PVA-APTES (L) 14.9 2.01 16.50 
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 Influence of crosslinkers on the basal spacing of NC-PVA aerogels 

The crystal structure of the coupled NC-PVA aerogels was examined to study any developments in the 

material properties. The XRD spectra of these aerogels are presented in Figure 8.5. A comparison of 

the different composites indicates that no shift is visible both on the PVA and cellulose components, 

pointing at the fact that there are no d-spacing changes in the different treatments. However, a 

detailed comparison between the NC-PVA-VTMS and NC-PVA aerogel indicates that the extraction 

process (to produce NC-PVA) enhances the presence of cellulose (Iβ) in the mixture, as shown by the 

increase in the ratio between the peak at 2ϑ 22.5° (cellulose) and the peak at 2ϑ 20° (PVA). On the 

other hand, NC-PVA-APTES shows an opposite behaviour with a decrease in the ratio mentioned 

above seeming to indicate a relative increase of PVA in the mixture. However, in NC-PVA-APTES we 

also observe the appearance of the peak at 2ϑ 10°, which might indicate the enhancement of the PVA 

molecular chain along the (0, 0, 1 direction), triggered by the addition of APTES in the mixture. The 

FWHM of the peaks also increases in this composite pointing towards a loss of crystallinity and a finer 

crystal size of both cellulose and PVA. The crystallinity is calculated at 8% compared to the NC-PVA 

which is calculated at 22%. The addition of Glyoxal in the mixture seems to have a lesser impact on 

the cellulose/PVA structure. The pattern profile does not show changes from the original composite 

A, aside from a minor loss of intensity on the (-1,0,1) peak at 2ϑ 14°, which might indicate a limited 

change in molecular orientation of the cellulose Iβ. The addition of VTMS, on the other hand, shows a 

behaviour mirroring the one investigated in the addition of APTES, with a more pronounced peak in 

the region of 2ϑ 10°, which seem to indicate the co-existence of cellulose II and cellulose Iβ. 
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Figure 8.5 XRD spectra comparing the peaks of coupled aerogels 

8.4 Conclusion 

NC-PVA aerogel composites were functionalised with different coupling agents including glyoxal, 

VTMS and APTES. The functionalised composites were characterised with FTIR to identify the chemical 

profile and, with the aid of bond entropy data, a description of the reaction mechanisms was 

presented. SEM imaging and mechanical testing were used to identify the morphology and 

performance characteristics of the composites with different thickness profiles. It was observed that 

the glyoxal functionalised composites possessed a densely packed, ordered structure displaying a 9-

fold stiffness and 3-fold strength enhancement relative to unfunctionalised NC-PVA. On the other 

hand, VTMS and APTES were found to only surface treat the NC-PVA chains with fewer cross-links 

bridging the lamellae together. As a result, the VTMS and APTES composites exhibited lower stiffness, 

strength and density than their glyoxal counterpart. In comparison to NC-PVA(L), VTMS doubles the 

specific modulus (2.5-fold) with a slight increase in strength, while APTES only marginally increases 

the strength. These features were subsequently rationalised in the context of the chemical 

composition identified for the composites.  
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Chapter 9 Robustness of graphene oxide amalgamated cellulosic aerogel 

composites 

9.1 Introduction 

Cellulosic aerogels have been developed as an alternative to inorganic aerogels due to their 

sustainable, environmentally friendly and flexible nature. Yet, their performance is hindered by their 

weak mechanical properties. Herein, a cellulosic aerogel has been functionalised with graphene oxide 

(GO), reduced GO (rGO), polyvinyl alcohol (PVA) and glyoxal (GLY) to enhance the performance 

characteristics, investigating the effect of each reagent. The effect of the magnitude of shear mixing 

during production was also studied where the resulting mechanical and morphological properties of 

the aerogels was discussed. The mechanical properties were found to vary depending on the type of 

functionalisation where NC-rGO-PVA-GLY aerogel had a specific modulus, specific strength and yield 

strain of 23.53 kNm/kg, 2.88 kNm/kg and 21.33% respectively, NC-GO-PVA aerogel with 28.3 kNm/kg, 

1.93 kNm/kg and 10.97%, and NC aerogel with 7.37 kNm/kg, 1.13 kNm/kg and 19%. High shear mixing 

(7000 rotations per minute [RPM]) was found to enhance the mechanical properties of the aerogels 

compared to low shear mixing (LSM) (700 RPM). This is exemplified by the NC-GO-PVA aerogel with 

specific modulus magnified by seven-fold and specific strength by six-fold relative to the aerogel 

produced by LSM. 

9.2 Experimental work 

GO stock solution was prepared according to section 3.3.1.2. Aerogel suspensions were prepared 

according to the compositions set in Table 9.1 via LSM and HSM methods. Characterisation and testing 

were carried out according to section 3.4. 
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Table 9.1 Composition of suspensions mixed from 5% stock solution of the reagents 

Sample LSM (%) HSM (%) 

NC 5  

GO 5  

NC-GO 2.5-2.5  

NC-PVA 2.5-2.5 2.5-2.5 

GO-PVA 2.5-2.5  

NC-GO-PVA 2-2-2  

NC-GLY  2.5-2.5 

PVA-GLY  2.5-2.5 

NC-PVA-GLY  2.5-2.5 

NC-GO-GLY  2-2-2 

NC-GO-PVA-GLY  2-0.1-2-2 

NC-rGO-PVA-GLY  2-0.1-2-2 

 

9.3 Results and discussion 

 Purity of GO 

The prepared GO cake was characterised through analytical techniques and microstructure 

characterisations to analyse its chemistry and purity. These attributes/measurements are shown in 

Figure 9.1. Figure 9.1a displays the Raman spectra between 1100 – 1800 cm-1 where the D and G peaks 

lie. This was measured to scrutinise the overall Raman profile against the generic graphitic Raman 

spectra as well as to calculate the ratio of the D/G bands to measure the defects present in the GO 

structure. The G band at ~1600 cm-1 measures the in-plane vibrations of sp2 hybridised carbon bonds 

evidencing the presence of planar C=C stretch vibrations, while the D band at ~1350 cm-1 measures 

the out-of-plane vibrations of sp3 hybridised bonds attributing structural defects and thus evidences 

the presence of functional groups (these functional groups are inspected in the FTIR section). Both 

bands are present in the Raman spectrum as would be expected of GO analysis as opposed to pristine 

graphene which shows D/G ratio of approximately zero due to negligible defects from sp3 bonds 

present [379–381]. The diagram inset of Figure 9.1a serves as a visual of the G and D band explanation 

with the sp2 planar bonds displayed as outer blue arrows from the hydrocarbon ring and sp3 out-of-

plane bonds shown as vertical red arrows. OriginPro was used to plot a curve fitting that neglects the 

background and analyses the peaks to accurately define the position of the D and G peaks. This is 
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shown inset of Figure 9.1a along with peak coordinates. The D peak is observed at 1352 cm-1 with an 

intensity of 8132, while the G peak is observed at 1603 cm-1 with intensity 9008. This calculates to a 

D/G ratio of 0.90 (using Equation 6). This is higher than graphite which evidences the disruption of sp2 

bonds due to oxidative functional groups and thus concludes the success of graphite oxidation. The 

distribution of sp2 bonds infers that the sp2 bonds are broken due to oxidation which in turn means 

there are more sp3 bonds. It is worth to note that the original coordinates of the D and G peaks are 

also displayed to scrutinise the data lost from background removal through curve fitting. The D/G ratio 

for the original coordinates is calculated to be 0.93 which means the D/G ratio of 0.90 from curve 

fitting is a close approximation and thus acceptable. 

 
Figure 9.1 Analysis of GO flakes via (a) Raman spectra and inset peak intensities analysed via 

OriginPro, (b) FTIR spectra and functional groups colour-coded to respective wavelength peaks 

[372–374], (c) SEM micrograph showing edge and inset top surface of GO sheet (scale bar is 2 µm), 

and (d) TEM displaying enlarged micrograph of inset GO flake (scale bar is 200 nm) as well as a 2D 

FFT and an area line profile of the greyscale intensity as a function of distance with bright contrast 

as zero measured along the dashed area αβ 
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FTIR analysis was performed to inspect the chemistry of the GO prepared and the functional groups 

present. The GO spectrum is shown in Figure 9.1b along with the functional groups which are colour-

coded to the respective wavelength peaks. Generally, there are numerous medium to strong sharp 

peaks seen even though it may be more difficult to detect peaks when conducting FTIR on dark 

materials due to its tendency to absorb most of the IR. It can be seen that the GO sample has some 

unsaturated hydrocarbons as represented by the 1628 cm-1 peak belonging to a conjugated alkene 

that is cis-disubstituted (C=C stretch bond) and the 984 cm-1 peak which lies in the region of both 

monosubstituted and trans-disubstituted C=C bond. The 1628 cm-1 peak suggests the presence of 

polyaromatic hydrocarbons as would be expected with reference to the carbon to oxygen (C/O) ratio 

of 0.90 and the heat treatment of the GO analytical cake sample. The 775 and 795 cm-1 peaks also 

evidence the presence of alkenes that are trisubstituted since they belong to the 1,2,3-trisubstituted 

aromatic C-H bending bonds. Note that the trisubstituted C=C bond peak is more stable and is thus 

likely to be overlapped by the C-H peaks that have stronger intensities. The 865 cm-1 is associated with 

an isolated aromatic C-H as well as 1,3-disubstituted C-H bond which reinforces the presence of 

trisubstituted C=C and disubstituted C=C bonds (1628 and 984 cm-1), respectively. The aromatic 

molecules also contain hydroxyls as shown by the 1340 cm-1 peak conforming to O-H bending alcohols 

including phenols. This is supported by the C-O stretch bond at 1085 and 1176 cm-1 associated with 

primary and tertiary alcohols, respectively. However, these two C-O stretch peaks are ambiguous as 

they are also associated to aliphatic ether groups at 1085 cm-1 and ester groups at 1176 cm-1; both of 

which are present in an anhydride group. As seen in the IR spectrum, anhydrides are also present in 

the GO sample. This is represented by the C=O stretch bond at 1817 cm-1 as well as the CO-O-CO 

stretching bond at 1031 cm-1. Subsequently, the 1031 cm-1 peak may also confirm the presence of 

formate or α,β-unsaturated ester groups (R-OCOH) as well as aldehyde groups due to the presence of 

the 1728 cm-1 peak associated with a C=O stretch bond. The 1728 cm-1 peak may also be overlapping 

the C=O stretching bond peak associated to the presence of carboxyl groups. This is supported by the 

1397 cm-1 peak denoting O-H bending bonds of the carboxyl groups. A considerably large and broad 



 144 

OH peak ranging from about 3700 – 2500 cm-1 can be seen which overlaps most of the C-H peaks at 

2951 and 2890 cm-1. This is closely correlated with the O-H stretching band of carboxyl groups which 

is usually centred at about 3000 cm-1 with a strong and broad intensity. The stronger intensity peaks 

at 3362 and 3238 cm-1 denote the presence of intermolecular O-H stretching bonds while the 

overlapped sharp 3600 cm-1 peak denotes free O-H bonds. SEM micrographs of the GO cake were 

taken on the edge and surface as shown in Figure 9.1c. The micrograph shows numerous GO sheets 

stacked together which is expected since the drying of the GO suspension settled the GO flakes/sheets 

together. The sheets seem to be textured displaying wrinkles and folds. The surface micrograph inset 

of Figure 9.1c also displays some folds of the graphene sheet. EDAX was performed on the GO sheet 

surface to analyse the weight % of elements present and hence its purity. The GO sheet was found to 

contain approximately 52% carbon and 42% oxygen with the remaining 6% containing remnants from 

the oxidation reaction of graphite. These remnants include sodium, sulphur and potassium as well as 

the gold due to the coating applied in preparation for SEM analysis. The figures were analysed with an 

error margin of +/- 3%. The EDAX result indicates that the GO sample contains an approximate C/O 

ratio of about 80%. This may be linked to the D/G ratio of 0.90 calculated from Raman analysis, 

evidencing the oxidative disruption to the sp2 hybridised carbon bonds. GO flakes were also isolated 

under a TEM. The examined flake shown in Figure 9.1d contained a monolayer and a few-layer of GO 

folded together. When magnified, the sheet seemed to be distorted comprising a varied lattice 

structure with areas showing hexagonal arrangements separated by 1.4 Å representing the presence 

of graphene and rGO. Two-dimensional fast Fourier transform (FFT) taken from area αβ displays sets 

of distinct spots with lattice distances analysed at 0.9 and 0.7 Å suggesting AB Bernal stacked few-

layer graphene atomic arrangement [382]. 

 Interaction of GO with NC as aerogel composites via low shear mixing 

Prepared aerogel compositions were analysed through SEM to compare the microstructure and how 

this may affect the overall aerogel composite. When comparing the GO and GO-NC aerogels, the GO 

microstructure (Figure 9.2a) shows stacks of thin GO flakes that are ordered and connected by 
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aggregated GO particles whilst GO-NC (Figure 9.2b) shows two distinct microstructure patterns. The 

microstructure of GO-NC shows a cluster of thin layers homogeneously stacked together with random 

aggregated particles in between the layers and another cluster of compact thick layers. These thick 

layers seem more profound and uniform in GO-PVA (Figure 9.2c). The thick layers are noticeably more 

compacted together with minute gaps in between the layers due to the numerous bridges linking the 

layers together. When observing GO-NC-PVA aerogel (Figure 9.2d), the microstructure also shows two 

pattern clusters with most of the microstructure displaying a feather-like pattern. This seems to be 

overlaid with a similar pattern to the GO-PVA aerogel (Figure 9.2c), albeit with thinner sheets. These 

divergent pattern structures could relate to the loaded materials governing the formed 

microstructures, whereby the feather-like pattern belongs to NC and the latter thick layer pattern 

belonging to GO. Furthermore, the PVA addition in GO-NC-PVA could have aided the growth of the 

feather-like patterns as it is more distinct than the pattern observed in the GO-NC aerogel micrograph 

(Figure 9.2b). The same could be said about the compaction of the thick sheets due to the bridging 

effect seen in Figure 9.2c and d as opposed to Figure 9.2b where this is not seen. So, in effect, the PVA 

is binding the layers together in each type of pattern structure.  
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Figure 9.2 SEM micrographs displaying (a) GO (b) GO-NC (c) GO-PVA (d) GO-NC-PVA with inset 

enlargement of microstructural patterns at a scale of 100 µm 

The aerogel composites were loaded axially under compression. At first glance, Figure 9.3a 

demonstrates that with increasing compressive strain both GO and NC have relatively similar 

compressive stress. Whereas, when amalgamated the result is an increase in compressive stress by 

about two-folds. In contrast, Figure 9.3b shows that NC-GO-PVA is roughly a third the compressive 

stress of GO-PVA and NC-PVA aerogels. However, this is without considering the density of the loaded 

aerogel composites. Figure 9.3c displays the densities of the aerogels, showing GO to have a low 

density of 0.025 g/cm3 in comparison to NC with a density of 0.036 g/cm3. As would be expected the 

densities increase with the addition of PVA displaying a density of 0.064 g/cm3 for NC-GO-PVA which 

is about double the density of NC-GO aerogel at 0.030 g/cm3. This infers the mechanical properties to 

be more significant as displayed in Table 9.2. Generally, it is seen that the aerogels with the addition 

of PVA have higher compressive yield strain than the aerogels without PVA, apart from GO-PVA. As 

shown in Table 9.2, the GO-PVA aerogel is marginally stiffer than the GO aerogel at specific modulus 

of 12.0 kNm/kg albeit with lower specific strength and yield strain at 1.23 kNm/kg and 11.8%, 

respectively. Similarly, NC-PVA aerogels are stiffer than NC aerogels, however with lower specific 
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modulus than GO-PVA aerogels at 9.55 kNm/kg. GO-PVA and NC-PVA aerogels appear to have similar 

specific strengths though yielded at different strains. This may relate to the physical property of NC 

with its ability to form more advanced 3D network structures in comparison to GO and hence may 

explain the overall increase in yield strains. In respect to the combined NC-GO-PVA aerogel, Table 9.2 

demonstrates a large reduction in stiffness and strength in comparison to NC-GO aerogels at specific 

modulus and specific strength of 3.94 and 0.32 kNm/kg, respectively. This phenomenon is an 

unexpected result and may relate to the divergent microstructures, as displayed in Figure 9.2d, that 

may have altered the stress field around dislocation and thus favouring failure. 

 
Figure 9.3 Stress-strain graphs comparing aerogels prepared through LSM (a) without PVA and (b) 

with PVA; along with (c) a density bar chart of the aerogel composites 
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Table 9.2 Mean compressive property of GO aerogels 

 Specific Modulus  

(E/ρ) (±0.01 kNm/kg) 

Specific Strength  

(σ/ρ) (±0.01 kNm/kg) 

Yield Strain 

(%) 

GO 11.03 1.49 14.50 

NC 7.37 1.13 19.00 

GO-NC 14.69 2.78 24.90 

GO-PVA 11.96 1.23 11.83 

NC-PVA 9.55 1.25 20.17 

GO-NC-PVA 3.94 0.32 36.08 

 

 Strengthening NC-GO composites with glyoxal via high-shear mixing 

Addition of glyoxal seems to modify the microstructure of the aerogels. As shown in Figure 9.4a the 

GLY seems to layer the NC into smooth sheets. These layers become porous when coming together 

whilst progressing vertically along the freezing front. This phenomenon is also illustrated in NC-GO-

GLY (Figure 9.4b), though, with more layers converging together as well as forming horizontal links 

between the layers. PVA-GLY aerogels were also reviewed to see the effect glyoxal has on PVA. The 

micrograph in Figure 9.4c displays the cross-section of this aerogel and reveals bundles of randomised 

layer stacks. The layers also exhibit long bridges which could be associated with the glyoxal addition. 

Here, NC-GO-PVA aerogels were analysed again but with a minute amount of GO addition in the 

aerogel composition and prepared through HSM. The micrograph in Figure 9.4d shows a similar 

representation of feather-like layers dominating the microstructure in comparison to Figure 9.2d. 

These feather-like layers seem to be growing out of numerous thick lamellae which is different from 

the micrograph shown in Figure 9.2d. Addition of glyoxal to the NC-GO-PVA composition seems to 

distort the microstructure with layers hardly visible and defined. The microstructure in Figure 9.4e 

appears to show more of a network of lamellae randomly webbed together. It is worth to note that 

the holes shown in the micrograph correspond to the air bubbles that were present during freezing of 

the suspension. This is due to the HSM of the suspension which tends to foam up due to the glyoxal 

addition. It could be argued that the presence of air bubbles may act as nucleation sites triggering a 

distortion in solidification around the air bubble which could elucidate the pattern of the 

microstructure shown in Figure 9.4e. 
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Figure 9.4 SEM micrographs displaying (a) NC-GLY (b) NC-GO-GLY (c) PVA-GLY (d) NC-GO-PVA (e) 

NC-GO-PVA-GLY (f) NC-rGO-PVA-GLY with inset enlargement of microstructural patterns at a scale 

of 20 µm 

In the case of Figure 9.4f, the microstructure reveals an ordered anisotropic layered structure with 

lamellae linked by long bridges. These bridges stretching at about 60-80 µm in length may be reflected 

to the PVA-GLY aerogel shown in Figure 9.4c reinforcing the argument of glyoxal adopting these 

bridges. Note, that a form of bridging is also seen in Figure 9.4b when adding GO to the NC-GLY aerogel 
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which could infer that GO is adopting crosslinking between layers. However, this may only be an aid 

to bridging lamellae in the case of Figure 9.4f as only a minute amount of rGO is present in the 

composition of NC-rGO-PVA-GLY aerogels. 

 
Figure 9.5 Stress-strain graphs of aerogels prepared through HSM (a) investigating the inclusion of 

PVA in aerogels and (b) comparing GO and rGO amalgamated aerogels, and (c) density bar chart of 

the aerogel composites 

There is a considerable difference between the inclusion of PVA and the lack thereof. This is displayed 

in Figure 9.5a and b, whereby the PVA-GLY is seen to have a significantly greater increase in 

compressive strength than both NC-GLY and NC-GO-GLY aerogels. Moreover, the aerogels lacking PVA 

portray brittle behaviour and following no increase in compressive resistance when loaded beyond 

their yield point. This is in contrast to the addition of PVA in the composition of aerogels which show 

foam-like behaviour whereby the compressive resistance increases exponentially beyond the yield 

point. Yet PVA adds weight, forming PVA-GLY aerogels that are roughly double the density of NC-GLY 

(0.055 g/cm3) and NC-GO-GLY (0.057 g/cm3) at 0.097 g/cm3. Hence, the mean specific strength of the 
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PVA-GLY aerogels is calculated to be 2.5 kNm/kg, yielding at 31% as seen in Table 9.3. This is 

approximately triple the stress and strain of NC-GLY and NC-GO-GLY aerogels, however, NC-GLY is 

calculated to be stiffer at mean specific modulus of 35 kNm/kg which is approximately three-fold the 

PVA-GLY. This infers that GLY adopts stiffness and most effective when added to NC compositions, 

likely due to the effective chemical crosslinking. On the other hand, PVA adopts strength as all as 

prolonging the yield strain. This is demonstrated when considering NC-PVA with respect to NC-GLY 

whereby the aerogel is found to yield at a greater compressive stress of 1.7 kNm/kg and strain of 17%. 

Observing Figure 9.5a, NC-PVA follows a gradual increase in stress with respect to compressive strain 

before the aerogel stiffens and thereafter yielding. This contrasts with NC-GLY, where the curve 

follows a constant increase. Furthermore, when PVA and GLY are amalgamated with NC, the stress-

strain curve follows a stiffer gradual increase reaching superior strength compared to NC-PVA. 

Nevertheless, the specific modulus of NC-PVA-GLY aerogels is calculated to be lower than NC-PVA 

aerogels at 16 kNm/kg as seen in Table 9.3. This is because of the significant increase in density, due 

to more effective crystallisation as a result of GLY crosslinking between NC and PVA lamellae. As 

elaborated more thoroughly in Chapter 8, GLY-based aerogels grow stronger with thicker aerogel 

profiles. Therefore, this signifies the need for both PVA and GLY additions as a prerequisite of amplified 

aerogel stability as well as prolonging the yield point. A similarity is seen for NC-GO-PVA and NC-GO-

PVA-GLY in Table 9.3, whereby GLY addition enhances the specific strength while reducing the specific 

modulus and forming denser aerogels. In comparison to NC-PVA-GLY, the minute addition of GO is 

found to further improve the mechanical property, displaying increased toughness without 

compromising the aerogel density. Replacing lab-based GO with industrial-grade rGO improves the 

mechanical properties further still than both NC-PVA-GLY and NC-PVA-GO-GLY aerogels, 

demonstrating more superior toughness. This again is without compromising the aerogel density, as 

represented in Figure 9.5 and Table 9.3, inferring graphene oxide to be a suitable strengthening agent. 

The toe region of the stress-strain curves is unusual since they normally relate to the uncrimping effect 

of fibres. However, this is unlikely in this case since the aerogels are being compressed axially along 
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the lamellae rather than flexure tested. It could relate to the variant segments within the aerogel 

profile (see section 6.3.1 and Figure 6.2). 

Table 9.3 Mean compressive property of GO and GLY aerogels 

 Specific Modulus 

(E/ρ) (kNm/kg) 

Specific Strength 

(σ/ρ) (kNm/kg) 

Yield Strain  

(%) 

NC-GLY 34.8 0.82 10.67 

PVA-GLY 12.46 2.54 31.15 

NC-PVA 25.7 1.71 17.13 

NC-PVA-GLY 16.2 1.77 21.17 

NC-GO-GLY 14.9 0.73 9.33 

NC-GO-PVA 28.3 1.93 10.97 

NC-GO-PVA-GLY 18.9 2.58 27.87 

NC-rGO-PVA-GLY 23.53 2.88 21.33 

 

9.4 Conclusion 

Graphene oxide was produced from graphite via the modified Hummer’s method and the resulting 

purity and yield of graphene oxide were determined via non-destructive tests including Raman 

spectroscopy, FTIR, SEM and TEM. The D/G ratio was resolved to 0.90 denoting the extent of sp3 out-

of-plane bonds in the prepared GO. The FTIR results found that the GO sample was rich in variant 

oxygenated functional groups including anhydrides, carboxyls, aldehydes, phenolics among other 

functional groups. There are strong peaks in the results associated with the presence of aromaticity 

which correlates with the G-band (sp2 planar C=C bonds) in the Raman spectroscopy. GO flakes were 

isolated and visualised to verify the lattice structure via TEM micrographs. The GO was functionalised 

with nanocellulose using low shear mixing (700 revolutions per minute [RPM]) to create NC-GO 

composite aerogels that were investigated for their morphological and mechanical properties. The 

composite aerogels were found to have a compressive strength significantly higher (2.8 kNm/kg) than 

individual NC (1.1 kNm/kg) and GO (1.5 kNm/kg) aerogels. However, when introducing PVA into the 

NC-GO composite aerogel, the compressive strength was greatly reduced (0.3 kNm/kg) in contrast NC-

PVA (1.3 kNm/kg) and GO-PVA (1.2 kNm/kg) aerogel strength being enhanced considerably. This was 

attributed to the extensive agglomeration of GO when mixed in suspension with PVA for the NC-GO-

PVA aerogel composite, with agglomeration being more significant in the former case than for GO-
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PVA aerogels. The degree of shearing when mixing the suspensions was investigated to determine the 

effect on the resulting aerogels. High shear mixing (7000 RPM) enhanced the NC-GO-PVA aerogel 

specific modulus by seven-fold (28.3 kNm/kg) and the specific strength by six-fold (1.9 kNm/kg) 

relative to the aerogel produced with LSM. The addition of glyoxal into the NC-GO-PVA composition 

toughens the aerogel, increasing the specific strength by 34% (2.6 kNm/kg) and the density by two-

fold (84 kg/m3). Finally, industrial-grade reduced graphene oxide was compared to lab-based GO 

where similar properties were observed. The prepared GO was found to have 10% lower specific 

strength and 20% lower specific modulus than the rGO. 
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Chapter 10 Final appraisals  

10.1 Summary of the research 

This thesis presents an analysis of NC based materials including a description of NC transformation to 

enable in-situ grafting of alien nanoparticles as well as a new commercially feasible approach to NC 

production. The effectiveness of NC and NC based composites as alternatives to petroleum-based 

additives and films is also detailed. Moreover, the properties of functionalised NC aerogels including 

the chemistry and morphology is expounded. The positive results attained from these studies suggest 

that such NC based materials are promising constituents for functionalisation across a range of other 

applications. 

10.2 Major conclusions 

The major contributions of this thesis to the scientific community is summarised in the following six 

conclusive statements: 

(1) Oxidation treatment on cellulose fibres was found to result in the formation of a branched 

network where an increase in aspect ratios and surface area is observed. MCT had the capacity 

to form xerogel films as well as a homogenous house-of-card structured aerogel when 

lyophilised. Cellulose Iβ was partially transformed to cellulose II (~10%) in MCT with changes 

in molecular orientation. Quantitative measurements indicated the formation of new 

intramolecular O(6)H-O(2’) bonds and intermolecular hydrogen bonding of O(6)H-O(3’) in 

MCT. These results were attributed for the apparent reduction in density and the potential of 

MCT to incorporate alien materials in its structure, i.e. composite formation, functionalisation, 

quantum dots grafting. Moreover, the treatment was found to break up 1-4 glycosidic bonds 

to form an increase in reducing ends of carboxylic functional groups in MCT. 

(2) The addition of NC in the wet mix enhanced the dry and wet strength of paper. This reduces 

breaks in papermaking machines and means papermaking may potentially be accelerated 

leading to a reduction in energy consumption. The data also indicates an increase in retention 

and strength, consequently increasing the number of times the recycled fibres can be used 
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without the addition of virgin fibre. Secondly, the use of Peroxide as a replacement to Bleach 

did not impact the ability of nanocellulose crystals to provide dry strength. It means that the 

need for a retention aid, including polyacrylamide and bentonite, can be reduced for a 

sustainable and less harmful NCC additive. Peroxide bleaching offered several advantages 

over the use of hypochlorite including a higher burst strength index for paper sheets. Finally, 

the optimal concentration and drying temperature to fabricate pure nanofibrillated cellulose 

films was found to be 0.4% at 70C for 24 hours. TGA analysis of NFC-LDPE composites showed 

that the initial degradation temperature was 32.2% greater for an NFC-LDPE 80-20% 

composition than for a pure NFC film and could replace 100% LDPE at that concentration. 

However, when the nanocellulose was modified with GPTMS, the concentration of required 

LDPE halved to NFC-LDPE 90-10% with GPTMS modification. Moreover, it was found that an 

NFC-LDPE 70-30% nanocomposite had a contact angle of 78, whilst NFC alone had a contact 

angle of 49. NC-GPTMS films allowed for a contact angle of 84, only 5 less than pure LDPE. 

When NFC-GPTMS was composited with LDPE (at NFC-LDPE 90-10%), the contact angle rose 

slightly to 85. The minimum concentration of LDPE in NFC composites to function suitably in 

coffee cups was found to be 30%. NFC possesses a higher yield strength (6-fold) and stiffness 

(11-fold) than LDPE where the introduction of LDPE into an NFC composite serves to decrease 

these mechanical properties. NFC modified with GPTMS performed similarly to unmodified 

NFC, highlighting the suitability of GPTMS‐modified NFC as a replacement for LDPE films. 

Therefore, it is possible to decrease polyethylene usage in coffee cups by 90% when LDPE is 

composited with nanofibrillated cellulose modified with (3‐glycidoxypropyl)trimethoxysilane. 

(3) PVA and NC-PVA aerogels were investigated, exploring the effect of freeze-casting on the 

morphology and mechanical properties of PVA aerogels; achieving optimised shear mixing 

rates for enhanced colloid suspensions and NCC yields as well as optimised compositions for 

NC loadings for superior mechanical property performance and low thermal conductivities; 

determining the extent of moisture uptake and its effect on the aerogel performance. PVA 
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aerogels produced via freeze-casting resulted in three differing microstructures (LMZ, IMZ and 

DMZ) to be embedded. This led to a differing compressive stress-strain behaviour for each 

microstructure due to their varied densities. High shear mixing of 7000 rpm was found to 

significantly increase the NCC yields at roughly 30-40% as opposed to lower shear mixing 

which yielded a low NCC amount of <2%. HSM was found to also promote the NC-PVA aerogel 

mechanical properties by two-fold at specific modulus and strength of 26.8 and 2.14 kNm/kg, 

respectively. When testing the optimal NC-PVA composition for maximising aerogel 

performance, the 60-40% NC-PVA aerogel displayed a 1.5-fold increase in specific modulus at 

37 kNm/kg when compared to PVA aerogels with no NC loadings. Furthermore, the 60-40 

aerogel composition displayed thermal conductivity values averaging at 32 mW/mK. Finally, 

evaluating the moisture absorption over 31 days revealed a considerable increase in density 

due to moisture uptake and consequently a significant reduction in mechanical performance 

by about seven-fold in specific modulus. 

(4) The behaviour and structure of MCT-PVA suspensions and aerogels were thoroughly 

investigated to determine their physical and mechanical properties. MCT-PVA suspensions 

showed robust network structures due to the homogenous network dispersion of MCT as well 

as the higher aspect ratio of the fibres in comparison to MCU, granting more active –OH 

surfaces to bond with PVA and adding to the packing arrangement with PVA. This affected the 

architecture of the developed MCT-PVA aerogel where it was found to possess ordered 

lamellar structures with dendritic growth while displaying superior strength and stiffness 

compared to the MCU-PVA aerogel. XRD and SEM were used to rationalise the effective load 

distribution under compressive stress in the MCT-PVA aerogel where it was attributed to the 

formation of bridges in the microstructure which caused alterations in the basal spacing 

crystallinity and increased the aspect ratio. 

(5) NC-PVA aerogel composites were functionalised with different chemical agents including 

glyoxal, VTMS and APTES. The functionalised composites were characterised with FTIR to 
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identify the chemical profile and a description of the reaction mechanism was presented. SEM 

imaging and mechanical testing were used to identify the morphology and performance 

characteristics of the composites. It was observed that the glyoxal functionalised composite 

possessed a densely packed, ordered structure displaying a 9-fold stiffness and 3-fold strength 

enhancement relative to unfunctionalised NC-PVA. These features were subsequently 

rationalised in the context of the chemical composition identified for the composites. 

(6) Lab-based GO was successfully prepared. It was functionalised with nanocellulose to create 

NC-GO composite aerogels which were found to have a compressive strength significantly 

higher (2.8 kNm/kg) than individual NC (1.1 kNm/kg) and GO (1.5 kNm/kg) aerogels. However, 

when introducing PVA into the NC-GO composite aerogel, the compressive strength was 

greatly reduced (0.3 kNm/kg) in contrast NC-PVA (1.3 kNm/kg) and GO-PVA (1.2 kNm/kg) 

aerogel strength being enhanced considerably. This was attributed to the extensive 

agglomeration of GO when mixed in suspension with PVA for the NC-GO-PVA aerogel. The 

degree of shearing when mixing the suspensions was investigated to determine the effect on 

the resulting aerogels. High shear mixing (7000 RPM) enhanced the NC-GO-PVA aerogel 

specific modulus by seven-fold (28.3 kNm/kg) and the specific strength by six-fold (1.9 

kNm/kg) relative to the aerogel produced with low shear mixing (700 RPM). The addition of 

glyoxal into the NC-GO-PVA composition was found to considerably toughen the aerogel, 

increase the specific strength by 34% (2.6 kNm/kg) and the density by two-fold (84 kg/m3). 

10.3 Future work 

This thesis presents a considerable amount of knowledge contributing to our understanding of the 

materials investigated. Further research is required to fully exploit the potential applications of the 

developed materials reviewed in this study, including the following proposals:  

1) The potential electrical properties of the developed TEMPO-free nanocellulose may present 

interesting results as a sustainable conductive material. To explore the full potential of this 

nanocellulose in regard to its electrical properties it may be functionalised with various metal 
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nanoparticles and investigate its potential utilisation in electronic applications such as 

computer chips. 

2) The experiments described in chapter 5 may be further expanded upon by utilising 

functionalised nanocellulose grafted with hydrophobic nanoparticles before compositing with 

LDPE or alternative polymers to limit the use GPTMS, which is considered hazardous to human 

health. In addition, the experiments may be repeated with alternative treatments to GPTMS 

that are considered safe, such as beeswax and carnauba wax which can be used in coating the 

inner lining of coffee cups. 

3) The experiments carried out in chapter 8 and 9 helped partly to prove the ability of 

nanocellulose-based aerogels to be utilised as insulation products in the construction 

industry. They proved the mechanical robustness and thermal insulating ability of the 

aerogels. To establish the aerogels as suitable insulating materials, the flammability and 

hydrophobicity of the materials need to be further studied. The aerogels may be enhanced 

via in-situ grafting of the base nanocellulose with particles possessing the desired properties 

to impart these properties on the aerogel and ensure its applicability. The aerogels may also 

be useful as an electrically conductive material possibly for energy storage applications and 

this may similarly be accomplished via in-situ grafting of the nanocellulose with conductive 

particles. It would also be interesting to investigate such grafted nanocellulose as a composite 

with graphene allotropes in the form of aerogel for energy storage applications. 

4) A life cycle analysis could be performed to find out the effects on the environment and the 

energy consumption required in the production of nanocellulose and nanocellulose-based 

products at a large-scale. This will establish the environmental benefits of using such products 

on a commercial scale. 
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