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Abstract 

Oxidised cellulose nanofibrils (OCNF) prepared from renewable sources of cellulose, 

one of the largest biopolymers, have applications in various fields. In this thesis 

research towards developing a sustainable electro-chemical method for the selective 

oxidation of cellulose to increase the dispersibility of the corresponding OCNF in 

aqueous solutions is reported, and some potential applications of OCNF explored. 

Initial work involved developing a facile method for rapid voltammetric screening of 

mediators, pH and buffer solutions in order to optimise the reaction conditions for 

electro-oxidation of cellulose. The electro-oxidation of cellulose was optimised based 

on the voltammetric screening results (using a TEMPO mediator in carbonate buffer 

at pH 10), and the reaction was accomplished in a comparable amount of time (2-3 h) 

to that used in the chemical oxidation. The electro-oxidised cellulose particles 

possessed a similar fibril-like morphology to chemically oxidised cellulose, although 

higher aldehyde contents were observed (a post-polishing step was required to 

convert aldehydes into carboxylates).  

OCNF were shown to stabilise the hexadecane-water interface without the addition 

of other emulsifiers, producing Pickering emulsions with oil droplets of ca 2 µm in 

diameter in the aqueous phase, which remained stable for a period of weeks. The 

behaviour of OCNF at the oil-water interface under various salt concentrations was 

explored in situ by small angle scattering, demonstrating that salt addition thickened 

OCNF shell in the Pickering emulsion, which allowed the release of oil-soluble drug 

from the emulsion to be controlled. The study showed the potential of OCNF to be 

developed into an ingredient in cosmetic products and to reduce the use of some 

irritating surfactants (e.g. sodium lauryl sulfate) in formulations.  

Two metal organic frameworks/OCNF (or bacterial cellulose) composites were 

prepared at ambient temperature via facile synthesis methods, forming self-standing 

membranes upon drying. [Cu3(benzene-1,3,5-tricarboxylate)2]n was investigated for 

the CO2/N2 sorption property, and (Ni(NCS)2(para-phenylpyridine)4 was explored for 

the separation of xylene isomer vapours. The cellulose based composites allow 

incorporation of selected particles for various applications (e.g. catalysts, purification), 

while enabling the metals used to be recycled easily after the use of the composites. 
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Chapter 1 Introduction 

Cellulose, the most abundant natural resources of wood bio-mass at present,1 has 

long been utilized by humans for more than million years.2 Humans use cellulose 

containing materials for textiles,3 papers,4 construction5 and wound dressings,6 after 

mechanical and/or chemical treatment.7 

The chemical structure of cellulose is a homogenous linear polymer of D-glucose 

(Chart 1.1), containing an average degree of polymerization (DP) varying from 200 

(e.g. regenerated cellulose) to 10,000 (e.g. native cellulose) anhydroglucose (1→4)-

β-glycoside bond linked units, contingent on the type of cellulose.
8
 

 

Chart 1.1 Structure of cellulose 

In nature, the cellulose polymer chains are assembled to form crystalline microfibrils 

by hydrogen bonding and van der Waals Interactions,9 which are further bundled into 

macrofibrils and fibres in a hierarchical structure (Figure 1.1). The cellulose 

microfibrils are semi-crystalline and there are also some amorphous regions and 

some irregularities such as twists of the microfibrils.10 This results in the partial 

hydration of cellulose fibres by water.11 

There are four types of cellulose structure,12 which vary according to the relative 

orientation of the cellulose chains: Cellulose I (a mixture of two polymorphs Iα and Iβ), 

also known as native cellulose, is the form existing in nature. Cellulose produced by 

primitive organisms (e.g. Acetobacter xylinum) is enriched in Iα (triclinic structure) 

while cellulose Iβ (monoclinic structure) is predominant in higher plants. Cellulose II, 

can be obtained irreversibly from cellulose I by either regeneration, which is the 

process of solubilisation of cellulose I in a solvent (e.g. ionic liquid, LiCl/DMSO) 

followed by re-precipitation using an anti-solvent (e.g. water, methanol),13 or 

mercerization (the process of swelling cellulose in concentrated sodium hydroxide to 

yield cellulose II). Cellulose I has a parallel chain alignment, while cellulose II has 

anti-parallel chain alignment in a two-molecule unit cell.14 This refers to the chain 
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direction with regards to the position of the reducing and non-reducing ends of the 

polymer (Chart 1.1). Cellulose IIII and IIIII can be obtained in a reversible process by 

the treatment of cellulose I and II correspondingly, using liquid ammonia. Cellulose 

IV (IVI and IVII) is formed by heating cellulose III (IIII and IIIII) to 206 °C in glycerol. 

 

Figure 1.1 Hierarchical structure of wood biomass and the characteristics of cellulose 

microfibrils.
15

 Reproduced from Ref. 15 with permission from The Royal Society of Chemistry. 

Nanocellulose (including nanofibrillated cellulose, NFC) are fibres with at least one 

nano-dimension (1-100 nm). In the past 20 years, there has been a growing interest 

in the use of nanocellulose from both academics and industry, with the increasing 

demand for products produced from renewable, non-toxic, abundant and non-

petroleum based resources.1,16 Mechanical, or chemical-assisted nanofibrillation is 

required to prepare NFC by breaking the strong hydrogen bonding between the 

microfibrils.16 High energy consumption is inevitable when preparing NFC by 

mechanical nanofibrillation. Therefore, chemical-assisted methods (acid hydrolysis,17 

enzymatic pretreatment18 and chemical oxidation19) are often used to assist the 

nanofibrillation process and reduce the overall energy consumption of NFC 

production, as only mild mechanical treatments are required to disintegrate the 

chemically modified cellulose.  

The acid hydrolysis and enzymatic hydrolysis processes result in needle shaped 

cellulose nanocrystals, as the amorphous regions are removed faster than the 

crystalline regions.20 The hydrolysis reaction is dependent on the reaction time, 
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temperature and concentration of the acid used, which control the yield and the 

physical properties of the nanocrystals.21 The resulting hydrolysed suspension is 

then diluted with excess water to stop the reaction followed by repeated washing 

with centrifugation.
22

 The obtained suspension is then dialysed against distilled water 

to remove any free acid. These cellulose derived nanomaterials, known as cellulose 

nanowiskers (CNW) or cellulose nanocrystals (CNC), have been used for various 

applications including composite materials,23,24 chiral nematic films for sensors,25 and 

electrodes for chemical detection.26  

Further modification of CNC could deliver new surface properties to the nanocrystals 

and a range of modifications has been reviewed by Eyley and Thielemans.27 Surface 

modifications can render cellulose compatible with many polymers, for example, 

esterification or amidation may be used to allow ‘grafting to’ or ‘grafting from’ 

cellulose surfaces.28  

In contrast to CNC, oxidised cellulose nanofibrils contain amorphous cellulose 

materials as well as the crystalline portions and can be produced from cellulose by 

the action of a wide range of oxidising agents, such as chlorine,29 hydrogen 

peroxide,29 nitrogen dioxide,30 permanganate,31 hypochlorous acid32 and metal oxide 

(e.g. CuO).33 Oxidised cellulose may contain carboxylate, aldehyde, and/or ketone 

groups, in addition to the original hydroxyl groups, depending on the nature of the 

oxidant and reaction conditions.34-36 The oxidised cellulose materials produced are 

mainly used as surgical hemostats,37 but in many cases, the oxidising chemicals 

used are rather toxic, and the reactions are accompanied by substantial degradation 

of the cellulose and non-selective oxidation, which limits the application of the 

oxidised cellulose.38 

 

Chart 1.2 Molecular structure of TEMPO 

A promising selective oxidation of primary alcohols was first reported by 

Semmelhack et al., using 2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPO, Chart 
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1.2) as mediator, which is oxidised in situ and regenerated by a primary oxidant.39 In 

the following report, the cellulose that is selectively oxidised at the C6 hydroxyl group 

(Chart 1.3) by TEMPO mediated oxidation is referred to as ‘oxidised cellulose’ or 

‘oxidised cellulose nanofibrils’. 

 

 

Chart 1.3 Molecular structure of C6 oxidised cellulose 

The selectively oxidised cellulose, once mechanically dispersed, is in the form of 

nano-fibres (one diameter < 100 nm) which are 3-4 nm in width and a few microns in 

length.40 Due to electrostatic repulsion between anionically charged cellulose 

microfibrils, the zeta potentials of which are approximately -80 mV in water,41 

completely individualized oxidised cellulose nanofibrils may be obtained.42 

Oxidised cellulose nanofibrils (OCNF) have larger surface area, higher aspect ratio 

and flexible fibrils, which are different from the bulk cellulose and CNC. The 

properties of oxidised cellulose nanofibrils impart distinctive rheology behaviour43 

and better mechanical performance in composites,44 compared to CNC, making 

OCNF more desirable in certain applications. In this study, we investigate the 

greener and more sustainable production of oxidised cellulose and its use in various 

applications. 

1.1 TEMPO Mediated Oxidation of Cellulose 

The partial C6 oxidation of cellulose mediated by TEMPO with NaClO as the primary 

oxidant was first introduced by Isogai in 1998.45 The aqueous TEMPO mediated 

system selectively oxidised primary hydroxyl groups over secondary hydroxyl groups 

in the oxidation. This system is not only applicable to carbohydrate substrates like 

cellulose,46 starch,47 hyaluronan,48 paramylon and curdlan,49 but also can be applied 

to many hydroxyl group containing compounds. Such derivatives yield 
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polyelectrolytes and valuable intermediates (e.g. production of DHA from glycerol).50-

52  

Cellulose (Chart 1.1), as the most abundant natural biopolymer, has been 

extensively investigated by many researchers for various purposes due to its relative 

cheapness, abundance, recyclability and diversity of sources.53 In addition, use of 

cellulose as a feedstock does not, in general, compete with food production and thus 

cellulose is more attractive to academia and industry than other carbohydrates like 

starch.54  

The aqueous NaClO/NaBr/TEMPO system to selectively oxidise cellulose at the C6 

hydroxyl groups and has been widely used as a method for selective cellulose 

oxidation in a basic medium since it was first introduced (the reaction is proposed as 

a two-step oxidation: aldehyde groups are formed from hydroxyl groups in the first 

stage and transformed into carboxylate groups in the second stage).45,55,56 In the 

oxidation system, NaClO serves as the primary oxidant, while NaBr is a cocatalyst, 

and TEMPO is a mediator (Scheme 1.1). 

 

Scheme 1.1 Scheme of TEMPO-mediated oxidation of cellulose
57

. Reproduced from Ref. 57 

with permission from Elsevier (© Elsevier 2006). 

In the TEMPO mediated system, only catalytic amounts of TEMPO are required for 

the reaction, as the mediator is constantly regenerated by the primary oxidant and 

the NaBr co-catalyst; TEMPO:NaBr ratio is 1:10.40 The content of carboxylate groups 
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formed on the fibrils surface is dependent on the amount of NaClO per gram of 

cellulose (ratio of NaClO/anhydroglucose unit), and typically 1.3-5.0 mmol NaClO per 

gram of cellulose is used in the oxidation. The maximum amount of the carboxylate 

groups available on the OCNF surface (which varies from 0.5 to 1.7 mmol∙g
-1

) is 

dependent on the crystal size of cellulose, where higher carboxylate contents are 

achieved in the oxidised cellulose with smaller crystal size, as proportionally more 

C6 hydroxyl groups are exposed on the fibril surface for oxidation in the smaller 

crystals.42 

Several variables affect the reaction: pH, mediator type (TEMPO analogue), 

temperature, cellulose type and reaction time. 

Amongst these variables, pH seems to be the most important factor affecting 

reaction rate: The reaction has been demonstrated to be fast under basic conditions, 

and much slower in a neutral or acidic environment.58 However, side reactions did 

occur under more alkaline conditions (pH >10), resulting in the degradation of the 

cellulose chain caused by hydroxyl radicals formed from NaBrO and TEMPOH in 

NaClO/NaBr/TEMPO system (Scheme 1.2).59 

 

Scheme 1.2 Hydroxyl radicals (HO·) formed in NaClO/NaBr/TEMPO system 

The possible mechanisms of TEMPO oxidation of alcohols at different pHs have 

been investigated both by studying intermediates and considering the hydrogen 

isotope effect (measure the change in the reaction rate when hydrogen atoms in the 

reactants are substituted with deuterium).60,61 The difference in reaction rate under 

alkali and acidic conditions could be explained by the mechanism proposed by de 

Nooy shown in Scheme 1.3:62 In the catalytic cycle, TEMPO or TEMPOH is first 

oxidised to TEMPO+ by primary oxidant (NaClO, enzyme, or electro-oxidation). At 

higher pH (> pH 8), the reaction is hypothesized to proceed via the intramolecular 

cyclic elimination and the formation of the oxoammonium/alkoxide complex is the 

rate determining step, which is directed by the steric effect (primary alcohols react 
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faster than secondary alcohols).15,38 Under acidic or neutral conditions, 

intermolecular hydrogen transfer is the rate limiting step for the oxidation, where the 

rate of abstraction of the α-proton of the alcohol substrate by the anion determines 

the rate of the oxidation.
63,64

 The hydroxyl groups are first oxidised to aldehyde 

groups by TEMPO+, and the hydrated aldehydes are further oxidised to carboxylates 

(the reaction can be halted at the aldehyde stage in non-aqueous media, which can 

be used to form useful intermediates by proper choice of the reaction media).63 

A hydride transfer mechanism has been postulated under very acidic conditions (pH 

<4),
65

 supported by the result that the oxidation of isopropyl alcohol was faster than 

the oxidation of methanol.66 The hydride mechanism was demonstrated to occur 

when the reaction was carried out in different solvents (e.g. CH2Cl2).
67 

Scheme 1.3 TEMPO catalysed oxidation of primary alcohols under different pH regimes  

Many TEMPO nitroxide analogues show similar catalytic effects to TEMPO in alcohol 

oxidation.68-71 In a study comparing cellulose oxidation using a range of TEMPO 

analogues under alkali conditions, TEMPO itself was shown to be the most active 

mediator providing the shortest oxidation time and yielding product with the highest 

carboxylate content and yield.69 It was proposed that the reaction rate depended on 

the rate of formation of the nitrosonium ion from TEMPO (the actual oxidising 

species in NaClO/NaBr/TEMPO system), which was predicted to be dependent on 

redox potential (e.g. the redox potential vs. MSE, Hg/Hg2SO4, was 0.108 V for 

TEMPO and 0.211 V for 4-acetamido-TEMPO), explaining the better performance of 

TEMPO under basic conditions.69 Under neutral or acidic conditions, the 
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NaClO/NaBr/TEMPO system was no longer viable since NaClO decomposes under 

low pH. Therefore, the NaClO2/NaClO/TEMPO system was found to be effective for 

cellulose oxidation (the aldehydes were converted to carboxylates by NaClO2, 

resulting in NaClO, and the reduced TEMPO was again oxidized to the N-

oxoammonium ions by NaClO), and 4-acetamido-TEMPO was found to oxidise 

cellulose more effectively than TEMPO under both neutral and acidic conditions.72 It 

should also be noted that only TEMPO and some derivatives bearing substituents at 

the 4 position (Chart 1.4) are commercially available at affordable prices for industrial 

production of oxidised cellulose. This restricts the choice of mediator for cellulose 

oxidation at scale. 

 

Chart 1.4 TEMPO and its analogues 

Some TEMPO analogues were shown to be stable under the conditions of the 

oxidation reaction and were considered to be recyclable,64 although no recyclability 

test was carried out to determine the reusability and efficiency of the recycled 

mediator. Patel studied the stability of 4-acetamido-TEMPO during the oxidation, 

showing that degradation proceeded under both alkali and acidic conditions.73 This 

result suggested that the recyclability of 4-acetamido-TEMPO was rather limited, 

indicating that quantities of the mediator would need to be increased, or mediator 

added periodically when scaling the oxidation reaction for continuous production. 

Therefore, a stable mediator with a high efficiency over several reaction cycles is 

desirable for a green oxidation (the synthesis of mediator involves much energy and 

the synthesis procedures were not always environmentally friendly).74 However, no 
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systematic work has been carried out to increase the life time of the mediator. Last 

but not least, some naturally derived N-oxyl radicals may serve as catalysts, e.g. 

from nortropane,75 but have not been tested in cellulose oxidation systems. 

The degree of polymerisation (DP) of oxidised cellulose nanoparticles was found to 

be strongly correlated to the reaction temperature and the DP value affects the 

mechanical properties of the bulk materials.76,77 Higher temperatures shortened the 

oxidation time, but resulted in a low degree of polymerisation due to β-elimination, or 

oxidation, by hydroxyl radicals formed in situ (Scheme 1.2), of aldehyde-containing 

oxidised cellulose (formed in the first step of the oxidation, Scheme 1.1).
78

 Using low 

temperature avoided such side reactions during the oxidation reaction, but a longer 

reaction time was necessary.45 The possible depolymerisation mechanism is 

illustrated in Figure 1.2. 

 

Figure 1.2 Schematic model of disordered regions of wood cellulose fibrils, and depolymerization 

pathways of oxidised cellulose or depolymerization-avoidable mechanism of oxidised 

cellulse−NaClO2 in alkaline copper ethylenediamine (CED) solution.
79

 Reprinted with permission 

from Ref. 79 with permission from American Chemical Society (© American Chemical Society 

2011). 
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The kinetics of oxidation of cellulose from different sources was studied50 and it was 

found that cellulose I was the most difficult to oxidise due to the inaccessibility of the 

polymer chains (cellulose I has a highly ordered crystal structure with few hydroxyl 

groups exposed for reaction). It was easier for TEMPO to penetrate into the fibres 

with the more accessible surface area, resulting in a higher carboxylate content and 

shorter oxidation time. 

Apart from chlorine containing oxidants like NaClO and NaClO2, which are 

suspected carcinogens for humans,80 many other primary oxidants were also 

investigated in the TEMPO mediated system for cellulose oxidation.
71,81

 After review 

of a range of possibilities, the use of enzymes such as laccases82 or electro-

chemistry83 were considered to be sustainable and promising approaches to green 

primary oxidants in the TEMPO mediated oxidation system. 

The main issue associated with using laccases as co-oxidants (reduction of oxygen 

from air) is the stability. It was shown that laccase (EC 1.10.3.2) deactivated during 

TEMPO mediated oxidations, particularly at high TEMPO concentration and this was 

ascribed to the oxidation of the enzyme itself.84 Therefore, maintaining a low TEMPO 

concentration with respect to laccase and rapidly removing the oxoammonium ion 

from the enzyme catalyst would be desirable. A laccase-membrane reactor (a 

laccase “tea bag”85) may be a suitable technology to oxidise TEMPO continuously 

particularly if redesigned as a flow reactor, although various parameters of the 

reactor are yet to be determined and optimised. 

Compared with the lacccase/TEMPO system, electrochemistry seems to be an 

attractive option, obviating issues of enzyme stability and high costs, while providing 

a “clean” oxidation method (electro-oxidation could be considered a green method 

contingent on the energy source being sustainable e.g.—wind energy, solar energy, 

etc.). Previously described electrochemical methods for cellulose oxidation require 

relatively large amounts of TEMPO (or other mediator) and take considerable 

periods of time (more than 24 hours) for the completion of reaction,86 which is not 

efficient or desirable for industrial applications. In addition to the factors affecting the 

reaction of oxidised TEMPO with cellulose mentioned above, the surface area of the 

working electrode is also an essential variable in cellulose oxidation. However, to the 
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best our knowledge, influence of electrode surface area has not been investigated in 

the work published so far.83,86,87 

It has been reported that the major difference in the cellulose products prepared 

using the laccase system, electro-oxidation or the NaClO/NaBr/TEMPO system is a 

higher content of aldehyde groups formed on the surface of the resultant cellulose 

fibrils for laccase and electro-oxidation.86,88,89 Therefore, a further step may be 

necessary if low aldehyde content is essential in the final product. This could be 

achieved by using non-chlorine based oxidants, H2O2 for a further oxidation 

“polishing” step,
90

 or by the action of NaOH.
89

 The latter was reported to induce 

formation of carboxylate groups by the Cannizzaro reaction (base-induced 

disproportionation of aldehydes, forming corresponding alcohols and carboxylates).89 

While this reaction normally requires absence of an α-hydrogen atom (the presence 

of which would allow formation of the enolate), Patel et al argued that α-alkoxy 

aldehydes can undergo disproportionation and the conversion of aldehyde to 

carboxylate in the presence of 1 M NaOH without added oxidants suggested that this 

may occur.91 

 

1.2 Applications of Oxidised Cellulose 

Oxidised cellulose can be dispersed into nanofibrils 3–4 nm (Figure 1.3) in width 

after various mild mechanical and/or chemical treatment of cellulose fibres from a 

range of sources.15 The nanofibrillation process can be achieved by mechanical 

disintegration of oxidised cellulose aqueous slurries using a household blender for 

10 days,40 a blender-type homogenizer for 2 min,92 or an ultrasonic homogenizer for 

3 min.93 The prepared oxidised cellulose nanofibril dispersion is transparent (Figure 

1.3) if the carboxylate content of the oxidised cellulose is above 1.5 mmol∙g-1.40 
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Figure 1.3 TEM images of dried dispersions of TEMPO-oxidized celluloses with carboxylate 

contents of 1.5 mmol∙g
-1

, the inset shows the corresponding aqueous dispersions.
40

 

Reproduction of images from Ref. 40 with permission from American Chemical Society 

(©American Chemical Society 2007). 

Various applications of oxidised cellulose exploit the properties of its nanofibril 

structure and the negative surface charge in the form of carboxylate groups. Ion-

exchange behavior of the carboxylate groups formed on oxidised cellulose fibres has 

been studied to explore the possibility of using this abundant and renewable 

biopolymer to remove and recover toxic metal ions from wastewater.94 Oxidised 

cellulose was also used to improve the wet strength of paper,95,96 and as a 

reinforcing filler for composites.
7
 Shear thinning gels formed by oxidised cellulose in 

the presence of salts or surfactants were investigated to provide a novel method for 

thickening aqueous formulations, using a much lower concentration of the oxidised 

cellulose compared to the surfactant required to achieve the same result,97 and has 

been patented by Unilever.98 In addition, highly dispersed, oxidised cellulose 

nanofibrils were found to stabilise oil in water emulsions along with other surfactants 

and claimed as ingredients in novel “greener” personal care products to reduce the 

use of petro-derived chemicals.99 However, the role of oxidised cellulose nanofibrils 

in the emulsion was not clear. Other particles (e.g. enzymes, nanoparticles) could be 

incorporated into oxidised cellulose matrices for various applications, including green 

catalysts and composites used in loudspeakers.100-103 In this study, an attempt was 

made to immobilise metal organic frameworks onto oxidised cellulose to form self-

standing membranes. It should be also pointed out that non-oxidised bacterial 
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cellulose (ca. 100 nm in width) can also be used to immobilise various particles with 

high loadings,104,105 indicating that hydrogen bonding or metal-oxygen coordination is 

viable to bind particles effectively onto to the high surface area fibre surfaces (for 

cellulose obtained from wood, it is necessary to oxidised the surface of the fibres to 

provide high surface areas). 

In order to illustrate the possible applications of the oxidised cellulose nanofibrils, 

dispersed oxidised cellulose nanofibrils suspension were exploited in stabilising 

Pickering emulsions (it was pointed to by the Unilever patent, but not elaborated 

on
106

), and metal organic frameworks on the cellulose self-standing supporting 

membranes were synthesised that could be used for molecular 

recognition/sensor/capture. 

 

1.2.1 Metal-Organic-Frameworks 

Metal-organic frameworks (MOFs) are crystalline compounds (dependant on the 

coordination of metal ions with linkers to form 1-3D structures,107 Figure 1.4) with 

large pore size and high surface areas, consisting of transition metal ions and 

organic linkers.108 The highest specific surface area of MOFs obtained 

experimentally was ca 7000 m2∙g-1 determined by the Brunauer–Emmett–Teller 

method, and the proposed maximum surface area was calculated to be ca 14600 

m2∙g-1 computationally.109 

Some of the main driving forces for research on MOFs are the potential applications 

in interdisciplinary research areas, including gas storage,110 chemical  sensors 

(based on, for example, solvatochromic behaviour, Figure 1.5),111 catalysts for 

chemical reactions,112 and separation (based on selectivity),73,74 due to the tunable 

surface area and pore size of MOFs, which allow certain guest molecules to diffuse 

into the MOFs and adsorb onto the surface or interact with the metal ions in the 

framework. 
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Figure 1.4 Representation of one- (1D), two- (2D) and three (3D) dimensional MOFs. 

 

Figure 1.5 The UV-vis spectra and photograph of the synthesised MOF, (WS4Cu4)I2[3,6-di-

(pyridin-4-yl)-1,2,4,5-tetrazine)]3, with solvents.
111

 Reprinted with permission from Ref. 111 with 

permission from American Chemical Society (© American Chemical Society 2011). 

Versatile synthetic methods have been developed to achieve MOFs with high yield, 

and a short summary is given here. MOFs are conventionally and most frequently 

synthesized in large quantities (gram scale) by solvothermal synthesis at elevated 

temperature due to the ease of the set-up in the laboratories, although other assisted 

methods (e.g. microwave, ultrasonic, electrochemical and mechanical approaches) 

have also been investigated (Figure 1.6).113 Meanwhile, some MOFs synthesized by 

these approaches often require special apparatus or set-up and the precursors may 
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be unstable and break down under the synthesis conditions, which is not desirable 

for manufacture on industrial scale.114,115 Therefore, room temperature synthesis in 

green solvents (e.g. aqueous solution) are sustainable and industrially preferred 

synthesis conditions.
115

 

 

Figure 1.6 Overview of synthesis methods, possible reaction temperatures, and final reaction 

products in MOF synthesis.
113

 Reprinted with permission from Ref. 113 with permission from 

American Chemical Society (© American Chemical Society 2015). 

MOFs are crystalline powders, making them very difficult to handle in practice (fine 

powders tend to form dust released in the air and cause health and safety problems). 

Immobilisation is normally required, and MOFs may be coated onto a substrate to 

make various devices via (i) direct growth of MOFs thin films, (ii) assembly of 

controlled-size nanocrystals, or (iii) layer-by-layer growth of films.116 The MOF-based 

devices can achieve some specific functions (e.g. gas storage, separation and 

catalysis) based on the functional properties, which could be used in different 

applications (e.g. water purification, CO2 capture).117,118  
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However, these immobilisation processes can be quite time consuming and labour 

intensive. In addition, substrates used to support MOFs are frequently not renewable 

materials (e.g. silicon, gold).119 It was therefore postulated here that renewable 

materials derived from nature with high surface area (e.g. bacterial cellulose, which 

also exhibited excellent tensile strength120), could be used to prepare self-standing 

MOFs rearing membranes.  

Among many MOFs available, one MOF was of particular interest in this study due to 

the ease of synthesis, robust structure and widely investigated properties. MOF-199, 

also known as HKUST-1 or Cu-BTC, is a copper based nano-porous material first 

reported by the Williams group in 1999.121 MOF-199 can be obtained under 

solvothermal conditions at elevated temperature or in mixed solvents 

(DMF/ethanol/water) at room temperature and the surface area and porosity of the 

synthesised MOFs are dependent on the reaction conditions.122  

MOF-199 shows a wide range of applications in various areas. The solvatochromic 

behaviour of MOF-199 in the presence of certain molecules (e.g. benzaldehyde, 

Figure 1.7) indicates the coordination of molecules with the metal ions (although the 

difference of change in colour is small).123 To make a readily distinguishable change 

in colour, ligands with strong π-acceptor properties and labile electronic structure 

responsive to solvent polarity are essential in the solvatochromic response.111 Apart 

from the colour change with different molecules, the change in resistance response 

in the presence of distinctive molecules can also be used as an indicator mechanism 

relying on molecular recognition.124 MOF-199 with a hollow capsule structure was 

synthesised by micro-emulsion template and shown to possess selective 

permeability for molecules with different size.125 The nanostructured materials 

obtained from the pyrolysis of MOF-199 were demonstrated to be a good anode 

candidate for rechargeable Li-ion batteries.126 
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Figure 1.7 Colour changes during the dehydration (activation) of Cu3(BTC)2(H2O)3 · xH2O to give 

Cu3(BTC)2, and subsequent re-adsorption of the aldehyde to give Cu3(BTC)2(C6H5CHO)x.
123

 

Reproduction of images from Ref. 123 with permission from Elsevier (© Elsevier 2004). 

 

1.2.2 Pickering Emulsions 

Emulsions are part of a general classification of condensed matters known as 

colloids, found in various daily products (e.g. cosmetics, agricultural products, food 

and medicine).127 Understanding the physical principles which determine the stability 

of emulsions is essential for industry, allowing adoption of suitable compounds to 

stabilise or destabilise emulsions depending on their use and leading to develop 

greener products. 

An emulsion consists of two pure, incompletely miscible liquids mixed into each other 

by agitation induced by mechanical forces (shaking, stirring, homogenization, or 

exposure to ultra-sonication).128 An emulsifier is usually added to stabilise an 

emulsion against flocculation, creaming or sedimentation, Ostwald ripening and 

coalescence (Figure 1.8).129,130 Flocculation is the process where emulsion droplets 

aggregate together and form flocs. Creaming is the migration of emulsion droplets 

towards the top of an emulsion, while sedimentation is the migration of emulsion 

droplets towards the bottom of an emulsion. Coalescence is the process where 

several emulsion droplets move closer and merge to form a bigger droplet. Ostwald 
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ripening is the process where smaller droplets deposit on larger particles and result 

in a more thermodynamically stable state (larger droplets have lower surface energy 

with the lower surface to volume ratio, compared to smaller droplets).131  

 

Figure 1.8 Mechanisms of emulsion instability process 

The stability of an emulsion can be explained by: (i) interfacial tension theory: 

emulsions can form spontaneously (∆G𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ≤ 0 ) upon lowering the surface 

tension ( 𝜎𝑂𝑊 ) at the oil/water interface (Equation 1.1). Because the break-up 

energy ∆G𝑏𝑟𝑒𝑎𝑘 = −∆G𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛, low surface tension at the interface stabilises the 

droplets against coalescence; (ii) repulsion theory: stable emulsions can be created 

by forming a barrier between the droplets and the continuous phase (charge 

stabilization or steric stabilization); and (iii) viscosity modification theory: emulsions 

are more stable in viscous media which slows creaming.132-134 

∆G𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = ∆𝜎𝑂𝑊 ∙ ∆𝐴 − 𝑇 ∙ ∆𝑆 (1.1) 

Where ∆G𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛  and ∆𝑆 are the change in Gibbs free energy and entropy before 

and after the emulsification, 𝜎𝑂𝑊 is the change in surface tension at the oil/water 
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interface, ∆𝐴 is the change in interfacial surface area and T is the temperature in 

Kelvin. 

The macroscopic behaviours of emulsions are indicators of the emulsion stability and 

can be characterised by various techniques. For instance, the formation of emulsions 

could be easily identified optically, as the turbidity of the emulsion would increase 

when the formed emulsion was stable.135 The change of the volume fraction of 

emulsions was used to evaluate the stability of the emulsion over time.136 

Rheological measurements were conducted at constant shear rate to evaluate the 

effect of temperature on emulsion stability, based on the change of the viscosity.
137

 

A Pickering emulsion relies on solid particles as the emulsifier (rather than 

surfactants or polymers used to stabilise normal emulsions), arrayed at the interface 

between phases, to stabilise the emulsion.138 The solid particles assemble on the 

surface of the droplets and form barriers between droplets, preventing the 

coalescence of the droplets (Figure 1.9).139,140 

 

Figure 1.9 Schematic showing the spontaneous formation of a gel emulsion stabilized by 

core−shell particles.
141

 Reprinted with permission from Ref. 141 with permission from American 

Chemical Society (© American Chemical Society 2010). 

Pickering emulsions occur widely: milk is a representative example of Pickering 

emulsion, where casein acts as a surfactant to adsorb milk fat at its interface. 

Pickering emulsions have been used for controlled polymerisations, creating 

valuable new materials,142 and for drug delivery purposes where the solid particles 

surrounding the droplets are considered as capsules.143 

As illustrated in Figure 1.10, a particle at the interface (oil-water) exhibited a contact 

angle θow, which indicates how the particle adsorbs at the interface (wettability). 
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Hydrophilic particles tend to make contact angles smaller than 90° (form oil-in-water 

emulsions) while hydrophobic particles tend to make contact angles greater than 90° 

(form water-in-oil emulsions). However, particles that are either too hydrophilic or 

hydrophobic tend to remain dispersed in the aqueous or oil phase, resulting in 

unstable emulsions experimentally.144 

 

Figure 1.10 (upper) Position of a small spherical particle at a planar oil–water interface for a 

contact angle (measured through the aqueous phase) less than 90° (left), equal to 90° (centre) 

and greater than 90° (right). (lower) Corresponding probable positioning of particles at a curved 

interface. For θ<90°, solid stabilised o/w emulsions may form (left). For θ>90°, solid-stabilised 

w/o emulsions may form (right).
144

 Reproduction of images from Ref. 144 with permission from 

Elsevier (© Elsevier 2003). 

The energy required (-ΔintG) to remove a particle (small enough to neglect the effect 

of gravity) of radius r from an oil-water interface of tension γow is given by Equation 

1.2.145 

−∆𝑖𝑛𝑡𝐺 = 𝜋𝑟2𝛾𝑜𝑤(1 − |𝑐𝑜𝑠𝜃𝑜𝑤|)2 (1.2) 

At room temperature, for a droplet with 1 µm of radius, 𝜃𝑜𝑤  = 30° and 𝛾𝑜𝑤= 40 

mN∙m-1, the energy required to remove the particle from the oil-water interface is 

approximately 105 kT (k is Boltzmann’s constant and T is absolute temperature), 

which suggests that the particles are trapped on the oil-water interface (i.e. that the 

particles are irreversibly adsorbed at the interface). If the particles are very 

hydrophilic (𝜃𝑜𝑤 < 20°), then the particles are more likely to desorb from the interface 

at equilibrium. At higher temperature, the Gibbs free energy of the desorption 
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process becomes more negative, as the exothermic physical adsorption process is 

unfavourable at elevated temperature. Therefore the particles are more likely to 

desorb from the interface.  

The plots of the relative energy of particle detachment (energy of particle 

detachment at 𝜃𝑜𝑤  over the maximum energy of particle detachment,  RG =

 −∆𝑖𝑛𝑡𝐺(𝜃𝑜𝑤)/−∆𝑖𝑛𝑡𝐺(90°)) versus the contact angle at oil-water interface 𝜃𝑜𝑤  are 

displayed in Figure 1.11. The radius 𝑟 is set to 1 µm and the surface tension γow is 

set to 40 mN∙m-1, although the values are found to have little effect on the overall 

trend of the plots. In agreement with the experimental results, the amphiphilic particle 

(20<𝜃𝑜𝑤<160) irreversibly attaches to the interface and the particle adsorbs most 

strongly at the oil-water interface if the contact angle 𝜃𝑜𝑤  equals to 90°.146 The 

emulsion becomes unstable if the particle adsorbs and desorbs at the oil-water 

interface reversibly (0<𝜃𝑜𝑤<20, or 160<𝜃𝑜𝑤<180). 

 

Figure 1.11 Relative energy of particle detachment calculated by Equation 1.2 versus contact 

angle. 

While oxidation and the introduction of charged carboxylate groups to the cellulose 

surfaces would be expected to decrease contact angle, potentially making OCNF 

poorer Pickering emulsion stabilisers, OCNF still have an intermediate wettability, 

similar to that of hydrolysed cellulose nanocrystals.147,148 OCNF is preferred in 

formulations of personal care products as the particles may be prepared by relatively 

low energy mechanical dispersion,106 and have been found to give a pleasant skin 
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feel when used in such formulations. In addition, the thickening response of OCNF to 

added electrolyte and surfactants makes it a preferred formulation ingredient 

(rheology modifier) in some applications.98 Thus it brings multiple functionalities 

(emulsion stabilization, thickening) without need for use of multiple species, reducing 

the number of necessary ingredients in such formulations. 

The content of the particles in suspension influences the droplet size formed in the 

emulsion, which is essential in emulsion stabilisation. A decrease in droplet size is 

generally accompanied by an increase in particle concentration, since a larger 

interfacial area can be stabilised (smaller droplets have a higher area to volume ratio) 

when more particles are present.149 The droplet diameter can be quantitatively 

determined by Equation 1.3: 

D =
6ϕ𝑣𝑉

𝐴
 (1.3) 

Where ϕv is the volume fraction of the dispersed phase in the emulsion and A/V 

represents the interfacial area per unit volume fraction of emulsion. 

There are several methods to measure the droplet size experimentally. Microscopic 

observation (optical and electron microscope) allows one to directly obtain the shape 

and size of the emulsion droplets.
150,151

 Light diffraction (static light scattering) is one 

of the most common methods used to obtain the sphere equivalent diameter from 

submicron up to hundreds of micron size, based on the intensity change over 

scattering angles.137,152 The dynamic light scattering method allows calculation of the 

sphere equivalent diameter of the emulsion droplet undergoing Brownian motion, 

using the Stokes-Einstein equation (Equation 1.4).153,154  

D =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 (1.4) 

Where D is diffusion coefficient in m2∙s-1, 𝑘𝐵 is Boltzmann’s constant, T is absolute 

temperature in Kelvin, η is dynamic viscosity in Pa∙s, 𝑟 is radius of diffusing particle 

in m. 
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This method is viable for droplet sizes up to submicrons, as larger entangled 

particles do not follow Brownian motion. Therefore, light diffraction is used for 

measuring the emulsion droplets size in the thesis. 

There has recently been a growing interest in Pickering emulsions studies for several 

reasons. First, it is essential for a wide range of applications from food to oil recovery 

processing, to understand the role of particles at the oil-water interface.155 Second, 

particles assembled at the oil-water interface provide direct experimental models for 

the study of crystal orders on curved surfaces,156 which helps to understand the 

interaction of particles on curved surfaces, and has potential application in direct 

self-assembly.157 Third, Pickering emulsions offer novel functional scaffolds for 

various applications.158,159  

Recent developments in Pickering emulsions include the use of magnetic,158 

thermal137,161and pH responsive160 Pickering stabilisers, and the synthesis of new 

materials and structures (e.g. Janus particles161) driven by liquid-liquid interfacial 

self-assembly of solid particles. For instance, a magnetic-responsive Pickering 

emulsion underwent macroscopic phase separation under an external magnetic field, 

and the emulsion could be recovered by remixing the components by mechanical 

agitation.162 A thermally responsive emulsion stabilised by silica nanoparticles with 

poly(2-(dimethylamino)ethyl methacrylate) brushes grafted to the surfaces became 

unstable above specific temperatures. This provided tuneable materials for 

controlled drug release applications.161 

In addition, the use of solid particles from more renewable sources, such as natural 

polysaccharides, is also on the rise, playing an important role in food, cosmetic, and 

pharmaceutical industries.163 The biodegradability, nontoxicity and abundant 

availability of these polysaccharides particles, which may be derived from agricultural 

by-products, and the relative ease of production are the driving factors that stimulate 

the use of these nanoparticles as sustainable stabilisers to replace synthetic 

surfactants.164  

Non-oxidised cellulose nanofibrils, cellulose nanocrystals and modified cellulose 

nanocrystals have also been used to stabilise oil-in-water and water-in-oil Pickering 



CHAPTER 1 

 

 
 

24 
 

emulsions.137,165,166 Oxidised cellulose was also used to stabilise o/w emulsions due 

to the similarity in structure with cellulose nanocrystals, although the reasons for the 

stabilisation by oxidised cellulose have not been studied in detail.99,106 In addition, 

since the surface of the oxidised cellulose nanofibrils are negatively charged, 

emulsions stabilised by oxidised cellulose could have a better stability over time, due 

to the electrostatic repulsion.167 

Oxidised cellulose, as the emulsifier in the Pickering emulsion, has the potential to 

replace the petroleum-based surfactants (e.g. sodium lauryl sulphate) used in 

cosmetics, which might have undesirable effects to human skin.
168

 In addition, solid 

polymer particles typically used in Pickering emulsions could also be replaced by 

oxidised cellulose to provide a biodegradable,169 non-toxic (long term toxicity on 

human health is yet to be verified170) and sustainable substitute.19  

 

1.3 Organization of the Thesis 

The PhD project focuses on the production of innovative nanomaterials from 

cellulose using ‘green’ and sustainable synthetic methods, and the applications of 

the oxidised cellulose nanofibrils for composite materials and personal care products 

(e.g. shampoo and creams), as a replacement for polymers from petrochemical 

sources and non-biodegradable materials, such as silicones. 

The thesis is arranged as follows: In Chapter 1, the background to oxidised cellulose 

is introduced, and relevant studies pertaining to oxidised cellulose are described, 

with a focus on the synthesis of the oxidised cellulose and applications for MOFs 

immobilisation and stabilising Pickering emulsions. In Chapter 2, the methodology 

used in the research is presented. Chapter 3 shows the results of the experiments of 

voltammetry optimisation for reaction conditions. Chapter 4 shows the results of 

electro-oxidation of cellulose. Study on oil-in-water emulsions stabilised by oxidised 

cellulose is described in Chapter 5. The synthesis of MOFs/cellulose composites for 

gas sorption is presented in Chapter 6. In Chapter 7, a summary is provided of 

findings to date and future work proposed. All the supporting information is listed in 

Chapter 8.  
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Chapter 2 Experimental 

2.1 Principles of Analysis 

Various techniques have been used to characterise oxidised cellulose and its 

corresponding materials. Mediator screening for oxidised cellulose synthesis was 

investigated by cyclic voltammetry (CV), Fourier transform infrared spectroscopy 

(FTIR); and possible buffer competition mechanism was probed by nuclear magnetic 

resonance (NMR) study. Bulk oxidised cellulose was synthesised using 

electrochemistry.  

Metal-organic-frameworks/oxidised cellulose composites were characterised by 

nitrogen adsorption, scanning electron microscope (SEM), transmission electron 

microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR) and thermogravimetric analysis (TGA).  

Characteristics of emulsion stabilised by oxidised cellulose were investigated 

additionally using laser diffraction, small angle scattering and rheology studies.  

The theories and instrumentation used in these techniques are explained in this 

Chapter. 

2.1.1 Cyclic Voltammetry1 

Cyclic voltammetry (CV) is an electrochemical technique, which linearly and 

reversibly scans the potential of an electrode immersed in an unstirred solution, 

against that of a reference electrode (RE) (usually a saturated calomel electrode 

(SCE) or a silver/silver chloride electrode (Ag/AgCl)), and measures the 

corresponding current passing through the system using the counter electrode (CE) 

(Figure 2.1). The typical shape of the controlled potential (also known as excitation 

signal) over time is a triangular waveform (Figure 2.2a). The slope of the straight line 

in a potential versus time plot is defined as the scan rate (20 mV∙s-1). Single or 

multiple cycles can be used (the second cycle is indicated by the dashed line in 

Figure 2.2a).  
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Figure 2.1 Schematic model of a three electrode system  

 

Figure 2.2 (a) Typical excitation signal for CV and (b) CV of 1 mM TEMPO in 0.1 M carbonate 

buffer pH 10, scan rate at 20 mV∙s
-1

.  

The cyclic voltammogram is a display of current as a function of potential measured 

at the working electrode. A typical cyclic voltammogram is illustrated in Figure 2.2b 

for a 3 mm diameter boron-doped diamond working electrode in a solution containing 

1 mM TEMPO as the electro-active species in 0.1 M NaCl aqueous solution as the 

supporting electrolyte. In CV, mass transport of the electroactive species occurs only 

through diffusion. Therefore, practically, a ca 0.1 M solution of supporting electrolyte 

is used to avoid migration effects (charged species close to the electrode surface will 

be attracted or repelled by electrostatic forces, which is dependent on the ionic 

strength of the solution) and ensure conductivity.2 
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The potential excitation signal used to obtain this voltammogram is that shown in 

Figure 2.2a, with a positive switching potential of 1 V. The initial potential is set at 0 

V (the redox potential of TEMPO is around 0.5 V) to avoid any electrolysis of the 

TEMPO radical when the electrode is switched on. The potential is then scanned 

positively. When the potential is sufficiently positive to oxidise TEMPO, anodic 

current increases, as indicated at (i) in Figure 2.2b, due to the oxidation process 

(Scheme 2.1). 

 

Scheme 2.1 TEMPO oxidation process 

Since the electrode potential is now sufficiently strong to oxidise TEMPO to TEMPO+, 

the anode current increases rapidly (i → ii) until the concentration of TEMPO at the 

electrode surface is substantially diminished, causing the current peak ii. The current 

then decays (ii → iii) as the solution surrounding the electrode is depleted of TEMPO 

due to its electrolytic conversion to TEMPO+. The scan direction is switched at 1 V 

(the flat section around 1 V in the curve indicates the depletion of excess TEMPO 

close to the electrode) iii for the reverse scan. The potential is still sufficiently positive 

to oxidise TEMPO (iii → iv), therefore anode current remains (arising from diffusion 

of TEMPO to the electrode) even though the potential is now scanning back in the 

negative direction. When the electrode becomes a sufficiently strong reductant, 

TEMPO+ accumulated at the surface of the electrode can now be reduced by the 

electrolytic process (Scheme 2.2). 

 

Scheme 2.2 TEMPO
+
 reduction process 

The reduction causes the rise of the cathode current (iv→v). The cathode current 

rapidly increases until the surface concentration of TEMPO+ is diminished, causing 
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the current to peak v. The current then decays (the cathode process is the reverse of 

anode process). The single cycle is completed when the potential returns to 0 V.  

Electron transfer to solution redox species at solid electrodes is a heterogeneous 

process. If the transfer occurs quickly, it is called electrochemically reversible 

(∆𝐸𝑝 = 𝐸𝑝,𝑎 − 𝐸𝑝,𝑐 =
59

𝑛
 𝑚𝑉 , 𝑛  is the number of electrons involved). Slow electron 

transfers are referred to as electrochemically irreversible. Intermediate rates of 

electron transfer are known as quasi-reversible ( ∆𝐸𝑝 >
59

𝑛
 𝑚𝑉 , with the value 

increasing with increasing scan rate). 

The redox process for TEMPO (Scheme 2.1 and Scheme 2.2) is chemically 

reversible, as the redox couple TEMPO/TEMPO+ is stable on the time scale of the 

voltammetric experiment. The redox couple will become chemically irreversible if the 

reduced or the oxidised form cannot be converted back by direct electron transfer on 

the time scale of the voltammetric experiment. Limited chemically reversible 

reactions occur if the redox couple is converted back only very slowly by direct 

electron transfer. 

The half wave potential (𝐸1/2) for a electrochemically reversible couple is the mean 

value of Ep,a and Ep,c (Equation 2.1), obtained from CV. 

𝐸1/2 =
𝐸𝑝,𝑎 + 𝐸𝑝,𝑐

2
 (2.1) 

The Nernst equation describes the relationship between the potential applied to the 

working electrode and the concentration of the redox species at the electrode 

(Equation 2.2). 

𝐸 = 𝐸0 +
𝑅𝑇

nF
𝑙𝑛

𝛼𝑜𝑥

𝛼𝑟𝑒𝑑
 

(2.2) 

 

Where 𝐸0  is the standard redox potential, 𝑅  is the ideal gas constant (8.314 

J∙mol-1∙K-1), 𝑇 is the temperature in Kelvin (K), n is the number of electrons involved,  

𝐹 is the Faraday constant (96485.3365 C∙mol-1), 
𝛼𝑜𝑥

𝛼𝑟𝑒𝑑
 is the activity ratio of the redox 

species. The activity ratio is usually replaced by concentration ratio 
𝐶𝑜𝑥

𝐶𝑟𝑒𝑑
 at low 
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concentration of redox species, and then 𝐸1/2 is considered to be replaceable for 𝐸0 

if the ratio of diffusion coefficient (
𝐷𝑜𝑥

𝐷𝑟𝑒𝑑
) for the redox species is close to 1.3 

The peak current for a reversible system is described by the Randles-Sevcik 

Equation 2.3. 

𝑖𝑝 = 0.4463𝐹𝐴 [
𝐹

𝑅𝑇
]
1/2

𝑐∗𝐷1/2𝑣1/2 (2.3) 

Where 𝐹 is the Faraday constant (96485.3365 C∙mol-1), 𝐴 is the electrode surface 

area (cm2) (obtained using geometric measurement, or, more accurately, by 

chronocoulometry (measurement of the charge versus time)), 𝑅  is the ideal gas 

constant (8.314 J∙mol-1∙K-1), 𝑇  is the temperature in Kelvin (K), 𝐷  is the diffusion 

coefficient (cm2∙s-1), 𝑐∗ is the concentration of the electroactive species in the bulk 

solution (mol∙cm-3) and 𝑣 is the scan rate (V∙s-1).  

The values of ip,a (anodic current) over ip,c (cathodic current) for a simple reversible 

(fast) electrochemistry active couple should equal 1 (Figure 2.2b). 

The electrolysis reaction process, particularly that which occurs “following catalytic 

reaction”, is introduced here as it is an essential method used in the research. 

A catalytic reaction occurring during an electrochemical process is commonly known 

as an EC’ reaction, where E represents for a heterogeneous electron transfer at the 

electrode and C’ stands for a catalytic process. The EC’ mechanism can be written 

as: 

 

The catalytic process is the reaction of B with substrate Y in the solution. B is 

oxidised/reduced back to the starting material A (catalytic cycle) yielding products.  

A typical cyclic voltammogam of an EC’ reaction is illustrated in Figure 2.3. 
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Figure 2.3 Voltammograms of a vitreous carbon electrode in 0.2 mol∙L
−1

 carbonate buffer (pH 

10), recorded at 50 mV∙s
−1

 in the presence of TEMPO (dashed line) and TEMPO + methyl α-D-

glucopyranoside (42 mmol∙L
−1

) (solid line), at 22 °C.
4
 Reproduction of image from ref. 4 with 

permission from Springer (© Springer 2010). 

In Figure 2.3, the CV of TEMPO alone (before the addition of methyl α-D-

glucopyranoside) indicates a quasi-reversible process (ic / ia ≠ 1, but the process is 

still reversible). A significant increase in the current is observed after the addition of 

42 mmol∙L-1 methyl α-D-glucopyranoside. The increase of the anode current and the 

disappearance of the cathode peak (reduction of TEMPO+ to TEMPO) indicate an 

electro-catalytic reaction between the TEMPO oxoammonium ion (TEMPO+) and the 

carbohydrate. This catalytic curve is very important in analysing the reaction rate and 

mechanism by comparing the catalytic current with different scan rate (e.g. reaction 

rate can be obtained using the scan rate when the catalytic current diminishes). 

2.1.2 Electron Microscopy 

In an electron microscope, a beam of energetic electrons is used to examine 

specimens and produce magnified images. This has advantages over optical 

microscopy in magnification and resolution (electrons have wavelengths about 

100,000 times shorter than visible light photons). The electron microscope image is 

recorded by a charge-coupled device (CCD) detector. 

The maximum resolution, R , obtained with a light microscope is limited by the 

wavelength (λ) of the photons that are being used to probe the sample, and the 
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numerical aperture (𝑁𝐴, a number to characterise the range of angles over which the 

system can accept or emit light) of the system (Equation 2.4). 

R =
λ

2𝑁𝐴
 (2.4) 

 

As electrons have both wave and particle properties (De Broglie wavelength  

λ = h
𝑝⁄ = h

𝑚𝑣⁄  and E =
1

2
𝑚𝑣2 ), higher resolution can be obtained by using high 

energy electron beams. 

Two types of electron microscopy have been used in this research, namely scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). Both 

microscopes offer higher magnification, greater depth of field and greater versatility 

than the light microscope. 

2.1.2.1 Scanning Electron Microscope 5 

A scanning electron microscope (SEM) is a type of electron microscope that images 

a sample by scanning it with a focused beam of electrons (scanned electron beam 

rather than a fixed beam). As is illustrated in Figure 2.4, the electron beam focused 

by the condenser lens passes through a pair of scan coils to deflect the beam in the 

x and y axes and then interacts with the specimen over a rectangular area of the 

sample surface. The electrons interact with atoms in the sample, producing various 

signals that contain information about the sample's surface topography obtained by 

secondary electron emission (inelastic scattering of electrons by the electrons in the 

atom), and sample composition, by back scattered electrons (elastic scattering of 

electrons by nuclei of the atom) based on the average atomic number. Ideally, SEM 

can achieve a resolution better than 20 nm (for ideal samples under high vacuum 

conditions).  
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Figure 2.4 Schematic illustration of a SEM instrument.
5
 Adapted from reference 5. 

The advantage of using SEM is that it provides topographic information about 

samples down to the nano-scale. SEM is also easy to operate with minimal sample 

preparation and the data acquisition is fast, compared to other electron microscopy 

techniques. 

Many variables should be considered to obtain the best image from SEM. Generally, 

high vacuum is still required in SEM to give good resolution as the molecules in air 

scatter electrons, however many samples may become unstable under very low 

pressure, which limits the applicable sample types. Lowering the accelerating 

voltage (the voltage difference between the cathode and the anode) could also 

provide an image with a clearer surface structure, because a higher accelerating 

voltage causes electrons to penetrate deeper into the sample and therefore less 

sample surface information is obtained.6 Lower accelerating voltages also result in 

less charge-up (good for insulating samples) and thus less beam damage, despite a 

minor decrease in resolution.  

Modern SEM is normally equipped with Energy-dispersive X-ray spectroscopy (EDX), 

which allows the determination of the elemental composition of a material from an 

area as small as 50 nm2. 
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For SEM sample preparation, an electrically conductive coating (gold or chromium 

coating) is required for insulating samples (e.g. cellulose) at high voltage. Thus, 

samples measured using SEM are not reusable for other experiments. The SEM 

used in the MAS at the University of Bath is a JEOL SEM6480LV. 

2.1.2.2 Transmission Electron Microscopy 7 

Transmission electron microscopy (TEM) was the first type of electron microscopy 

developed. It operates in a similar fashion to light transmission microscopes except 

using electrons as the focused beam instead of light to visualize the specimen, which 

is analogous to a slide projector. 

The difference between TEM and SEM lies in the fact that electrons are transmitted 

through the sample in TEM rather than scattered from the sample surface (as are the 

electrons collected for visualisation in SEM). 

The TEM can be divided into a few main components (Figure 2.5): electrons 

produced from the gun (typically a tungsten wire anode) are focused by the 

electromagnetic condenser lens system to form the probe beam transmitted through 

the specimen. Thin specimens are important for TEM to obtain a satisfactory result. 

Objective lenses are used to magnify the image (projector) on a fluorescent screen 

to form an image, which is recorded by direct exposure of the transmitted electrons 

onto a special photographic film or digitally by a CCD detector. 

 

Figure 2.5 Schematic illustration of a TEM instrument.
7
 Adapted from reference 7. 

The TEM used in the MAS at the University of Bath is a JEOL JEM1200EXII with an 

accelerating voltage of 120 kV. The accelerating voltage determines the velocity, 
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wavelength and hence the resolution (ability to distinguish the neighbouring 

microstructural features) of the microscope (the higher the better). The limiting 

resolution for TEM is ca 0.22 nm. 

Sample preparation for TEM requires expertise to obtain the desired results 

compared to other characterization techniques (i.e. light microscope). Staining of the 

sample with heavy metal salts or labelling with gold is normally required to give 

better contrast, as atoms with higher atomic weight scatter electrons more 

significantly than the lighter atoms. Significant sample degradation can occur during 

imaging, even in inorganic materials, due to the high energy of the electron beam. 

2.1.3  Laser Diffraction for Particle Size Analysis8 

Scattered patterns of light (also applied to other electromagnetic waves) can be used 

to determine particle size and shape as the scattering is controlled by the distribution 

of dipoles in the molecule.9 A diffraction pattern from a crystalline structure alone is 

easy to analyse. However, there are other interactions possible when light 

illuminates particles (Figure 2.6), creating a complex scattering pattern. 

 

Figure 2.6 Overview of scattering phenomena which occur if a particle is illuminated with light: 

from left to right: absorption, diffraction, refraction and reflection.
10

 Reproduction of images from 

Ref. 10 with permission from Elsevier (© Elsevier 2008) 

Depending on the particle diameter (d) over light wavelength (λ), three distinctive 

scattering effects occur: Fraunhofer scattering (λ<d, strong forward scattering and a 

relatively weak backward scattering), Mie scattering (λ≈d, ratio of forward scattering 
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to backward scattering is much smaller than Fraunhofer scattering) and Rayleigh 

scattering (λ>d, comparable forward scattering with backward scattering). It is not 

possible for a detector to distinguish between these patterns. In addition, other light 

scattering phenomena (Figure 2.6) also need to be taken into account (e.g. 

adsorption of a particle is adjusted using refractive index). 

Fortunately, Gustav Mie, a German physicist, developed a theory (known as Mie 

theory) in 1908 to describe all the phenomena. A simplified version is given in 

Equation 2.5, applicable to spherical particles, which is a solution to the Maxwell 

equation with limiting conditions (i.e. the continuity of tangential electric and 

magnetic fields across the boundary) to allow for analytical solutions.10-12 Thus, a 

particle radius can be calculated based on the equation if the scattered angle and 

the optical parameters (complex refractive index) are known. 

 

Where 𝐼 is the intensity of scattered light, 𝐸 is flux per unit area of incident light, 𝑘 

and 𝐾  are constants, 𝐴  is particle radius, 𝐽1(W) is the first order Bessel function of 

first kind, and 𝑊 is the angle of scattering (the equation follows Keck and Müller10). 

Since laser diffraction only provides a size which gives the same diffraction pattern 

as a sphere, it cannot provide information for anisotropic or irregularly-shaped 

particles (shape, aspect ratio). Laser diffraction instead measures an equivalent 

sphere diameter which is the diameter of a sphere with equivalent volume as an 

irregularly shaped object.  

Image analysis of TEM or SEM micrographs is therefore frequently used for the size 

measurement of anisotropic particles.13  

Due to its simplicity and accuracy (well established technique, ISO13320), laser 

diffraction is used to measure particle size by measuring the angular change in 

scattered light at small angles. Small particles scatter light at large angles relative to 

the incident beam, while large particles scatter light at smaller angles (Figure 2.7). 

𝐼 (𝑊) = 𝐸 𝑘2𝐴4 𝐽1(𝑊) 2𝑊−1 +  𝐾1𝑊 1 +  𝐾2𝑊 3+ 𝐾3𝑊 5 

               +𝑘4𝐴6(𝑚 − 1)2𝑊6/8𝜋2  

 (2.5) Fraunhofer Term 

Rayleigh Term 
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The angular scattering intensity data is then analysed to calculate the size of the 

particles responsible for creating the scattering pattern, using the Mie theory.11,12 The 

particle size is reported as a volume equivalent sphere diameter (D [3,2], assuming a 

spherical particle model, see 2.2.2.9 for reference). The range of the scattering 

angles measured in this study is from 0.03° to 50°. 

 

Figure 2.7 Scattering of light from small (upper) and large (lower) particle 

Particle size and distribution were characterized using a Mastersizer X (Malvern, UK). 

The lens used can detect diameters ranging from 0.5 µm up to several mm. 

2.1.4 Zeta Potential14  

Zeta potential, ζ, is also known as the electrokinetic potential in colloidal systems. It 

is the potential drop across the mobile part of the double layer and is a function of 

surface charge density.  In a colloidal system, the inner region of the liquid layer 

surrounding the particle is called the Stern layer, where ions absorb strongly, while 

the outer diffuse layer is where the ions are less firmly attached. Therefore, an 

electrical double layer exists for each particle. When the particle moves, there is an 

inner boundary where any ion beyond the boundary travels with the particle. The 

potential at the boundary is known as the zeta potential (Figure 2.8). 
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Figure 2.8 Illustration of the electrical double layer. 

Zeta potential can be calculated by assuming that the particle is spherical and 

determining the electrophoretic mobility (𝑈𝐸) of the particle (using Equation 2.6 and 

then Henry’s equation in Equation 2.7).15 The electrophoretic mobility is obtained by 

using laser Doppler velocimetry (LDV) to measure the velocity (𝑣) at the applied 

potential 𝐸. 

𝑈𝐸 = 𝑣/𝐸 (2.6) 

𝑈𝐸 =
2휀ζ𝑓(𝑘𝑎)

3𝜂
 (2.7) 

Where 𝑈𝐸  is the electrophoretic mobility, ζ is the zeta potential, 휀  is the dielectric 

constant 𝜂 is viscosity, 𝑓(𝑘𝑎) is Henry’s function (which has a value dependent on 

particle size 𝑎 and Debye length 𝑘−1). A full form of the Henry’s function has been 

described in the literature, and the value of 𝑓(𝑘𝑎) is calculated from the limit of a thin 

or thick double layer (which determines the stability, diffusional and electrostatic 

properties).16 Typically, 1.5 is used for particles in polar media (with a thin double 

layer, 𝑘𝑎 ≫ 1, known as the Smoluchowski approximation), or 1.0 was commonly 

used for particles in non-polar media (thick double layer, 𝑘𝑎 ≪ 1, known as the 

Hückel approximation)). For a cylindrical particle, the alignment of the long axis or 

short axis with the electric field would give different mobility (the mobility becomes a 
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weighted sum of the two different mobility values if the particle randomly orients), but 

the relative change in the zeta potential is still viable. If the particles have a large 

positive or negative zeta potential then they tend to repel each other and remain 

thermodynamically stable. Particles with zeta potentials ≥ +30 mV or ≥ -30 mV are 

generally considered stable while particles with zeta potential between +30 mV and -

30 mV may coalesce or precipitate. The most important factor that affects zeta 

potential is pH (pH could alter the nature of surface charge of the particles). Ionic 

strength (normally salt concentration) of the media also has an influence on the zeta 

potential by altering the charges in the double layer. 

2.1.5 Thermogravimetric Analysis 17 

Thermogravimetric analysis (TGA) is a common technique used to measure the 

change of weight in sample as a function of temperature. A sample is heated at a 

constant heating rate, or held at a constant temperature, while a sensitive balance is 

used to monitor sample weight changes due to physical or/and chemical reactions. 

The atmosphere used in the TGA experiment plays an important role and can be 

reactive, oxidising (e.g. air) or inert (e.g. N2).  

The results are usually displayed as a curve where mass or mass percentage is 

plotted against temperature. A sample losing or gaining mass may be caused by the 

following factors: (1) Evaporation of volatile constituents (e.g. solvent); (2) Oxidation 

of metals in the atmosphere; (3) Oxidative decomposition of samples in air or oxygen 

or (4) Thermal decomposition of samples in an inert atmosphere. Thus, information 

about the composition of the samples can be obtained by using TGA together with 

other techniques (e.g. mass spectroscopy). 

2.1.6 Powder X-ray Diffraction
18

 

Powder X-ray diffraction (XRD) is a technique to determine the atomic and molecular 

structure of a crystal. Every crystalline substance gives a unique pattern. Thus, the 

X-ray diffraction pattern of a pure substance is the fingerprint that substance in a 

specific crystalline form and is used for characterization and identification of 

polycrystalline phases.  
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The basic theory behind XRD is Bragg’s law (Equation 2.8). Therefore, atomic 

crystal structure can be obtained from the θ value. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (2.8) 

Where n is an integer, λ is the wavelength of incident wave, d is the spacing between 

the planes in the atomic lattice, and θ is the angle between the incident ray and the 

scattering planes. 

When the periodic plane in the crystal meets Bragg’s law, a sharp peak will appear 

on the XRD pattern. Amorphous materials produce a broad background signal, and 

crystallinity is determined by comparing the integrated intensity of the sharp peaks to 

that of the background.  

2.1.7 Fourier Transform Infrared Spectroscopy 19 

Fourier transform infrared spectroscopy (FTIR) is a technique used to identify the 

functional groups in pure or mixed samples.  

When infrared radiation (typical wavenumber ranges from 550 cm−1 to 4000 cm−1) is 

passed through a sample, some of the infrared radiation is absorbed by the sample 

(functional groups) and some of it passes through. If the frequency of the radiation 

source matches the vibrational or bending frequency of the particular functional 

groups, the amplitude of molecular vibration will change and the radiation will be 

absorbed. The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample.  

Typically, alkyl C-H stretches occur at ca 2900 cm-1 and the weak peak at ca 3000 

cm-1 is the aromatic C-H stretch. A peak at ca 1600 cm-1 is the stretch of C=C bond, 

and the region for C=O bond is at ca 1700 cm-1. The O-H stretches occur from 3200-

3500 cm-1. These values were important to identify the respective functional groups 

in the compounds studied in this work. 

2.1.8 Small-angle scattering20 

X-rays are a form of relatively short wavelength, high energy electromagnetic 

radiation, while a neutron is a subatomic particle with no net electric charge. In 



CHAPTER 2 

 

 
 

45 
 

quantum mechanics, X-rays or neutrons are characterised by either their energy 𝐸 or 

frequency 𝑓, which can be interconverted by Plank’s hypothesis using the following 

equation. 

𝐸 = ℎ𝑓 (2.9) 

Where ℎ is a constant value called Planck's constant, and frequency 𝑓 is the number 

of peaks which pass a point per second (phase velocity 𝑣 of the wave divided by the 

wavelength 𝜆 of the wave), 

𝑓 = 𝑣
𝜆⁄  (2.10) 

The scattering of an X-ray or a neutron by a sample is described by its change in 

momentum, 𝑷, and energy, 𝐸. 

𝑷 = ħ𝒌𝒊 − ħ𝒌𝒇 = ħ𝒒 (2.11) 

Where ħ is known as the reduced Planck constant or Dirac constant ħ =
ℎ

2𝜋
, k is the 

wavevector |𝒌| =
2𝜋

𝜆 
. 

Therefore, 

𝒒 = 𝒌𝒊 − 𝒌𝒇 (2.12) 

Similarly,  

𝐸 = ħ𝜔𝑖 − ħ𝜔𝑓 (2.13) 

Where ω is the angular frequency ω =
2𝜋

𝜆 
𝑣. 

Small-angle scattering is used to study structures with a typical size on the order of 

10 Å or larger. Information on size, shape and structure of a sample can be obtained 

at small angles (<10°) for scattered X-rays or neutrons. A full derivation of the small 

angle scattering principles is beyond the scope of this brief overview and can be 

found in standard textbooks.21 However, a brief description of scattering theory is 

available in this section. 
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In the following discussions, the scattering experiment is restricted to the special 

case of elastic scattering (𝐸 = 0), where there is no energy exchange. This condition 

implies that the modulus of wavevector, also known as wavenumber, is also 

unchanged (Equation 2.13 leads to Equation 2.14). 

|𝒌𝒊| = |𝒌𝒇| = 𝑘 (2.14) 

In an elastic scattering experiment, if the scattering angle is 2𝜃 (Figure 2.9), then 

Equation 2.12 is converted to  

𝑞 = |𝒒| = |𝒌𝒊 − 𝒌𝒇| = 2𝑘𝑠𝑖𝑛𝜃 =
4𝜋𝑠𝑖𝑛𝜃

𝜆 
 (2.15) 

Equation 2.15 links the magnitude of the momentum transfer to the wavelength and 

scattered angle. 

 

Figure 2.9 Representation of neutrons or X-rays being scattered by a sample. 

 

Combining Equation 2.15 with Bragg’s law (Equation 2.8), then  
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𝑞 =
2𝜋

𝑑
 (2.16) 

Therefore, scattering from large scale structures is contained at small angle (typically 

<2°) for scattered X-rays or neutrons, which is known as small angle X-ray scattering 

(SAXS) and small angle neutron scattering (SANS). 

In SAS experiments, the observed scattering intensity I from isotropic systems is 

described as 

𝐼 = 𝑁𝑃𝑉𝑃
2(𝜌𝑃 − 𝜌𝑆)

2𝑃(𝑞)𝑆(𝑞) + 𝐵 (2.17) 

Where 𝑁𝑃 is the number of particles, 𝑉𝑃 is the volume of particles, 𝜌 is the scattering 

length density (SLD) of particles P and solvent S, 𝑃(𝑞) is the form factor dependant 

on the particle shape, 𝑆(𝑞) is the structure factor dependant on the interactions of 

particles (𝑆(𝑞) = 1 at low particle concentration), and 𝐵 is the background constant. 

The difference between SAXS and SANS is how X-rays and neutrons interact with 

matter. X-ray photons interact with the electrons and so higher atomic number 

elements will have large interaction with X-rays, while neutrons interact with nuclei 

and this interaction varies randomly from isotope to isotope. The scattering 

interaction of X-rays or neutrons with a single “fixed” atom is quantified by the 

numerical constant 𝑏  (scattering length). Scattering length density (SLD) from a 

material is calculated by 

𝜌 =
𝑁𝐴𝑑

𝑀𝑊
∑𝑏𝑖

𝑖

 
(2.18) 

 

Where 𝑁𝐴 is the Avogadro’s constant in mol-1, 𝑑 is the density of the compound in 

g·cm-3, 𝑀𝑊 is the molecular weight of the compound in g·mol-1, 𝑏𝑖 is the scattering 

length of element i in cm. The unit for SLD is cm-2. 

One advantage of SANS is that the scattering from hydrogen is distinct from that of 

deuterium, which is important for the studying of soft materials using contrast 

variation to change the components to be highlighted in SANS, therefore selectively 

visualizing the structure (Figure 2.10).22 
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Figure 2.10 An example of contrast variation using solvent deuteration in SANS.  

The models used for data fitting will be discussed below in section 2.2.2.13. 

2.1.9 Nitrogen sorption23 

Nitrogen sorption measurements are widely used determining the specific surface 

area (total surface area of a solid per unit of mass) and pore size distribution of solid 

materials. 

In physical adsorption, adsorption isotherms are classified into 6 types (Figure 2.11). 

 

Figure 2.11 IUPAC definitions of types of physisorption isotherms.
24

 

Type I isotherms are given by microporous (pore diameter up to 2 nm) solids (e.g. 

activated carbon); type II and type III isotherms are from nonporous materials with 
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strong (type II) or weak (type III) interactions between the solid surface and 

adsorbate; type IV isotherms are given by mesoporous (pore diameter between 2 to 

50 nm) solids (e.g. silica), the hysteresis is associated with capillary condensation 

taking place in pores.; type V isotherms represent mesoporous or microporous 

materials with weak interactions with the sorbate; type VI isotherms are from 

nonporous solids with strong gas-solid interaction. Some actual samples do not fit 

into this adsorption classification, which is a result of mixed types of adsorption 

isotherms. 

Brunauer-Emmett-Teller (BET) theory refers to multilayer physical adsorption, and is 

used to calculate the specific surface area of adsorbent.25 The BET theory was 

based on three hypotheses: 1) Adsorption sites on the adsorbent surface have the 

same adsorption energy. 2) No lateral interaction occurs between adsorbed 

molecules. 3) Adsorption energies of layer 2 and above are equal to the 

condensation energy of the adsorptive (also known as heat of adsorption). 

 

Figure 2.12 Multilayer adsorption on the surface 

In Figure 2.12, 𝑁0, 𝑁1, 𝑁2… 𝑁𝑖   … are the adsorption sites covered by 0, 1, 2 … 

𝑖 …layers of adsorbed molecules. At equilibration, 𝑁0, 𝑁1, 𝑁2… 𝑁𝑖  … remain constant 

(adsorption site 𝑁𝑖−1 is illustrated in Equation 2.19). 

𝑘−𝑖𝑁𝑖 = 𝑘𝑖𝑝𝑁𝑖−1 (2.19) 

Where 𝑘−𝑖 is the rate of evaporation to form the ith layer, 𝑘𝑖 is the rate of adsorption 

to form the 𝑖 th layer, 𝑝  is the adsorbate pressure, 𝑁𝑖  is the adsorption site with  𝑖 

layers of adsorbate molecules. At equilibrium, a constant 𝑥  is defined such that 

𝑥 = 𝑁𝑖 𝑁𝑖−1⁄ = 𝑝 𝑘𝑖 𝑘𝑖−1⁄ , then 𝑁𝑖 = 𝑥𝑁𝑖−1 = 𝑐𝑥𝑖𝑁𝑜 (𝑖 ≠ 1), and c is a constant. 
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The total surface coverage can be expressed by the following equation.  v vm⁄ =

∑ iNi
∞
i=0 ∑ Ni

∞
i=0⁄ = cN0 ∑ ixi∞

i=1 N0(1 + c ∑ xi∞
i=1⁄ ) , and ∑ xi∞

i=1 = x (1 − x)⁄ . Where 𝑣  is 

the total volume adsorbed, 𝑣𝑚 is the volume adsorbed when all the adsorption sites 

are covered with a complete monolayer. Then the surface coverage equation is 

written as 𝑣 𝑣𝑚⁄ = 𝑐𝑥 (1 − 𝑥)⁄ (1 − 𝑥 + 𝑐𝑥) . Replacing 𝑥  with 𝑝 𝑝0⁄  and rearranging 

gives the BET equation which is then shown below.25 

p

𝑣(𝑝0 − 𝑝)
=

1

𝑣𝑚𝑐
+

𝑐 − 1

𝑣𝑚𝑐
(

𝑝

𝑝0
) 

(2.20) 

 

Where 𝑝 is the pressure of the adsorbate, 𝑝0  is the saturation pressure, 𝑣  is the 

adsorbed amount. Plotting 𝑝 (𝑣(𝑝0 − 𝑝))⁄  against 𝑝/𝑝0, the two constants (𝑣𝑚 and 𝑐 

can be calculated by Equation 2.21 and Equation 2.22 from the intercept (𝑏) and 

slope (𝑘) of the straight line (known as a BET plot). 

𝑣𝑚 =
1

𝑘 + 𝑏
 

(2.21) 

 

𝑐 =
k

𝑏
+ 1 

(2.22) 

 

In practice, 𝑣𝑚 and 𝑐 are commonly evaluated in the pressure rage (𝑝 𝑝0⁄ ) of 0.05 to 

0.35 from the BET plot because the approximations made in deriving the BET 

equation no longer hold above this point and the plot deviates from linearity.  

The specific surface area (𝑆𝐵𝐸𝑇) of the solid material can be calculated by Equation 

2.21 and 2.23. 

𝑆𝐵𝐸𝑇 =
(
𝑣𝑚

𝑉𝑚
𝑁𝐴𝜎)

𝑚
 

(2.23) 

 

Where is the volume of the molecules adsorbed in the solid, 𝑉𝑚 is molar volume of 

the adsorbed molecules, 𝑁𝐴is the Avogadro constant, m is the mass of the solid, 𝜎 is 

the cross section of the adsorbed molecules (𝜎(𝑁2) = 0.162 𝑛𝑚2 at 77 K). Due to its 
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convenience and well known properties, nitrogen at 77 K is recommended for BET 

measurement. 

The BJH (Barrett-Joyner-Halenda) method and DH (Dollimore-Heal) method were 

used to characterise the pore size distribution of the material in the capillary 

condensation region of an isotherm, based on different assumptions (BJH method 

assumes all pores are filled with liquid; DH method assumes a cylindrical pore 

geometry).26  

2.1.10 Rheology27 

Rheology, the study of deformation and flow of matter, links the macroscopic 

behaviour of material to its internal structure. Rheology extends the disciplines of 

Continuum mechanics to materials whose mechanical behaviour cannot be 

described with the classical (e.g. elasticity and Newtonian) theories. 

In 1687, Isaac Newton proposed the postulate (Figure 2.13) to introduce viscosity as 

a measure of resistance to flow, obeying Equation 2.24. Later, Navier and Stokes 

independently developed the three dimensional theory for Newton’s postulate, 

known as the Navier-Stokes equations. 

 

Figure 2.13 Two parallel planes of area A filled with sheared fluid. The upper plane moves at 

velocity u. 
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σ = F
𝐴⁄ = η

𝜕𝑢

𝜕𝑥
 

(2.24) 

 

Where F is the external force applied to the system, σ is the shear stress, η is the 

viscosity (more specifically, the dynamic viscosity) of the fluid, ∂u/∂x is the shear 

velocity gradient at a plain with surface area A, this is referred to as the shear rate, 

denoted by 𝛾. 

Therefore, 

 𝜎 = η𝛾 

(2.25) 

 

For Newtonian fluids (e.g. glycine and water), shear viscosity is independent of shear 

rate, and is sometimes called coefficient of viscosity. For most of the liquids, shear 

viscosity is a function of the shear rate (known as non-Newtonian fluids), and is often 

referred to as apparent viscosity or dynamic viscosity. Shear-thinning non-Newtonian 

fluids (e.g. emulsions, dispersions and polymer solutions) are when fluid viscosity 

decreases with increasing shear rate (shear-thinning behaviour or pseudoplasticity). 

Shear-thickening non-Newtonian fluids (e.g. sand in water) show behaviour where 

the fluid viscosity increases with increasing shear rate. 

Viscoelastic materials exhibit both viscous and elastic properties under constant 

shear stress or shear rate. To measure the viscoelastic behaviour of materials, a 

sinusoidal shear deformation (휀 ) was induced and the resultant stress (𝜎 ) was 

measured, known as oscillatory rheology. The time scale of the effect is determined 

by the oscillation frequency, ω, over the shear deformation.  

For a sinusoidal strain deformation 휀(𝜔, 𝑡) = 휀0sin (𝜔𝑡) , the stress response of a 

viscoelastic material is given by  σ(ω, t) = ε0G
′(ω)γ0 sin(ωt) + ε0G

′′(ω)γ0 cos(ωt) . 

The storage modulus 𝐺′ =
𝜎0𝑐𝑜𝑠𝜑

𝜀0
 describes the elastic properties, and the loss 

modulus G′′ =
σ0sinφ

ε0
 describes the viscous properties, where 𝜑  is the phase lag 

between stress and strain. 
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The visco-elastic behaviour originates from molecular rearrangement in the material. 

When a stress is applied to a viscoelastic material, some of the molecules change 

positions in order to compensate the stress, generating a back stress in the material. 

The material remains solid when the back stress is the same magnitude as the 

applied stress, and the material no longer creeps. When the external stress is taken 

away from the material, the accumulated back stress will cause the molecules to 

return to their original position.  

2.2 Materials and Methods 

2.2.1 Materials 

Cotton samples (Phoenix Calico, US) were woven non-fluoresecent, non-desized 

and non-mercerised, obtained from Unilever.  TEMPO (98 %), 4-acetamido-TEMPO 

(for EPR spectroscopy), 4-carboxy-TEMPO (97 %) and 4-hydroxy-TEMPO (97 %) 

were obtained from Aldrich, while 4-methoxy-TEMPO (>98 %) was from TCI.  

Oxidised cellulose was obtained as a freeze-dried powder from Croda, and was 

prepared using the method described in a previous publication.28 Bacterial cellulose 

was produced by Acetobacter aceti in apple cider vinegar (Omega Nutrition,UK), 

using a culture medium of black tea (1g tea bag heated with 100 mL water for 30 min) 

and 5 vol% of sucrose. Copper (II) acetate (98%), ethanol (>99.8%) were obtained 

from Sigma-Aldrich, while 1,3,5-benzenetricarboxylic acid (trimesic acid, >98 %) and 

N,N-dimethylformamide (DMF, >99.5%) were from TCI. Hexadecane (99%) was 

obtained from Sigma-Aldrich and was washed thoroughly with water to remove any 

remaining surfactants. 

All other chemicals were obtained from Sigma-Aldrich and used as received without 

further purification. 

In Chapter 3, carbonate buffer (CBS) pH 10; borate buffer (BBS) pH 9.5, 9 and 8.5; 

phosphate buffer (PBS) pH 5 and 7; acetate buffer (ABS) pH 6, 5 and 4; and citrate 

buffer pH 7 were used to maintain the pH of the reaction solution. All the buffers 

were of 0.1 M concentration unless otherwise specified. Mediators (Chart 3.2) were 

of 1 mM concentration unless otherwise specified. Voltammetric experiments were 

carried out in buffered solutions prepared with ultrapure water (18.2 MΩ cm) from a 
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PURELAB Classic system (EGLA, UK). 

2.2.2 Methods of Analysis 

2.2.2.1 Cyclic Voltammetry 

For voltammetric studies an Autolab PGSTAT12 system (EcoChemie, NL) was 

employed with a KCl-saturated calomel (SCE) counter electrode (REF401, 

Radiometer, Copenhagen), and a Pt counter electrode.  The working electrode was 

a 3 mm diameter boron-doped diamond electrode (DiafilmTM, Windsor Scientific). 

Following a methodology developed previously,29 a 5 mm disk of cotton fabric was 

placed in close contact with the working electrode, held in place with a fine nylon 

mesh and immobilised by an O-ring illustrated in Figure 2.14.  The voltage range 

used was from 0 to 1 V and scan rates were as indicated for each experiment. 

 

Figure 2.14 A disk of cotton fabric is placed in intimate contact with the working electrode and 

secured by means of a fine nylon mesh. 

2.2.2.2 Fourier Transform Infrared Spectrometry 

Attenuated total reflection Fourier transform Infrared spectrometry (ATR-FTIR) was 

used at room temperature on a diamond single-crystal parallelepiped internal 

reflection element in a PerkinElmer Frontier IR system to characterize freeze-dried 

non-oxidized and oxidised cotton derived from multiple oxidation cycles at pH 10. 

The spectra were recorded with a width ranging from 4000 to 600 cm-1, with an 

accumulation of 10 scans and a 1 cm-1 resolution. Of particular importance was the 

evolution of the C=O stretching band at ca 1650 cm-1 following oxidation. 

Cotton 

immobilisation 
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2.2.2.3 Conductometric Titration 

Freeze-dried oxidised cellulose (30-40 mg) was dissolved or suspended in 20 mL 

0.01 M aqueous HCl solution and titrated with aqueous 0.01 M NaOH solution in 

aliquots of 200 µl each time. The conductivity was measured after every addition of 

NaOH solution and the titration proceeded over the pH range of 2–12. The volume of 

NaOH solution required determined based on the conductometric titration curve and 

the degree of oxidation (DO) was calculated according to 

DO =
162 × VNaOH × c

m − VNaOH × c × 36
 (2.26) 

Where VNaOH is the used volume of aqueous NaOH solution in L, c is its 

concentration (mol∙L-1) and m is the weight of dried OC sample in g (formula weight 

of cellulose “monomer” = 162 and of HCl = 36). 

 

Figure 2.15 Conductometric titration curve of an oxidised cellulose sample 

A typical titration curve for DO determination is presented in Figure 2.15. There are 

two end points in the titration curve. The first corresponds to the neutralization of HCl 

(at ca 8 mL). To discern the endpoint, the best fit straight line of scattered points 

from 0 mL to 7 mL is determined (the difference in the calculated carboxylate content 

is smaller than 0.1 mmol∙g-1 if the experimental data is fitted over the range  of 0-3 

mL instead of 0-7 mL). The second endpoint corresponds to the neutralization of 

weak acid (at ca 17 mL), following which the conductivity increases due to the 

excess of NaOH. The transition from weak acid titration to excess strong base is 
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easily identified on the curve and the endpoint determined. The first straight line was 

fitted for the same data range (0-7 mL) for all samples in order to minimise the 

variation. 

For the determination of aldehyde content, the TEMPO-oxidized cellulose fibres (0.2 

g) were further oxidized with NaClO2 (0.2 g) at pH 4-5 (20 mL HCl solution) and room 

temperature for 2 days to selectively convert aldehyde groups in the samples to 

carboxylate groups. Carboxylate content was determined directly for the TEMPO-

oxidized material and then complete oxidation (of CHO groups to COOH) was 

achieved by further NaClO2 oxidation, after which the total degree of oxidation of 

cellulose fibrils was determined by the above conductometric titration method. The 

difference between these values provides a measure of the number of aldehyde 

groups present in the sample. 

2.2.2.4 Viscometric Degree of Polymerization 

Cellulose, or oxidised cellulose samples (0.04 g each) were dissolved in 0.5 M 

copper ethylenediamine solution (CED, 20 mL) for 30 min. Intrinsic viscosities of the 

solutions were obtained by using a Cannon−Fenske capillary viscometer, and these 

values were converted to the viscometric degree of polymerization (DPv) values by 

using the Mark−Houwink−Sakurada equation, for  η  =  0.57 × DP𝑣.30 

The relationship between DPv, DPn (number-average degree of polymerization) and 

DPw (weight-average degree of polymerization) can be described as DP𝑛  =

DP𝑣

1+𝑎(
DP𝑤
DP𝑛

−1)
 where 𝑎 is the constant.31 It has been found experimentally that the value 

of DP𝑣 is very close to DP𝑤 for OCNF.30 

 

2.2.2.5 Nuclear magnetic resonance 

Solutions of oxidised cellulose (0.0202g, 2 wt%) were prepared by heating a mixture 

of the respective oxidised cellulose, DMSO-d6 (0.6285g, 68.5 wt%) and the ionic 

liquid (EMIMAc, 0.28 mL, 29.5wt%) to 100 °C with constant stirring. Upon dissolution, 

the samples were transferred to 5 mm quartz NMR tubes. The 13C spectra were 
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collected at 90 °C on a Bruker AVANCE 400 NMR spectrometer operating at a 13C 

frequency of 100.61 MHz. A total of 15 000 scans were collected. 32,33 

Other NMR experiments were recorded on Agilent 500 MHz NMR spectrometer at 

298 K if not specified, and referenced to the residual solvent signals for 1H NMR and 

13C NMR. 

2.2.2.6 SEM / Field Emission-SEM and TEM 

Morphology was characterised using a scanning electron microscope (JEOL 

SEM6480LV or JEOL FESEM6301F, Japan) equipped with an energy dispersive X-

ray spectrometer (Oxford INCA X-ray analyser, UK) operating at an accelerating 

voltage of 5 kV. Samples were coated with chromium. 

The transmission electron microscope (TEM) images were obtained on the JEOL 

IEM1200EXII instrument with the operating voltage of 120 kV. Before image 

acquisition, samples were deposited on copper grid and negatively stained using 

uranyl acetate. 

2.2.2.7  X-ray diffraction 

X-ray diffraction (XRD) patterns of the materials were recorded on a Bruker AXS D8 

Advance X-ray diffractometer with Cu Kα radiation (λ = 1.542 Å), equipped with a 

Vantec-1 detector. The accelerating voltage was 40 kV and the applied current of 40 

mA. The spectra were recorded with a step size of 0.0156° and at a scanning rate of 

2°∙min-1. Capillary mode and flat plate mode were used for XRD contingent on the 

sample forms). The size of the crystallite is calculated using Scherrer equation (the 

smaller the crystallite, the broader the peak will be).34 

𝐷ℎ𝑘𝑙 = 𝐾𝜆 (𝛽
1/2

𝑐𝑜𝑠𝜃)⁄  (2.27) 

Where 𝐷ℎ𝑘𝑙 is crystallite size in the direction of the lattice plane ℎ𝑘𝑙, 𝜆 is the radiation 

wavelength ,𝛽1/2 is the half-maximum of the diffraction peak at the diffraction angle 𝜃. 

𝐾  is a dimensionless shape factor, ranging from 0.62 to 2.08, depended on the 

shape of the crystal.
35

 For cellulose materials, 𝐾 was set to 0.94, a value that is 

widely used, based on the geometry of a cylindrical crystallite.36,37  
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The cellulose crystallinity index (CI) has been used to describe the relative quantity 

of crystalline material in the bulk cellulose. The cellulose crystallinity has been 

measured using several different techniques including XRD, solid-state 13C-NMR, 

infrared spectroscopy and Raman spectroscopy.
38

 XRD is the most widely used 

techniques to determine cellulose crystallinity and there have been several methods 

used for calculating crystallinity from the raw XRD data.  

One common method, known as Segal’s method, allows rapid empirical comparison 

of cellulose samples. CI is calculated from the ratio of the height of the 002 peak 

(I002) and the height of the minimum (I𝑎𝑚, at ca 18.5° of 2𝜃 for OCNF used in this 

work) between the 002 and the 101 peaks, CI =
I002−I𝑎𝑚

I002
.39 This method is useful for 

comparing the relative differences between samples from the same source, but the 

results should be only considered as a rough estimation.40 The Rietveld method uses 

the full diffraction pattern to simultaneously fit unit cell, crystal structure, peak 

parameters and background, using a least-squares fitting procedure.41The use of the 

correct cell parameters for cellulose, a rigorous data collection method and good 

signal-to-noise ratio in the measured XRD pattern are all essential to a proper 

refinement.42  

Segal’s method is used in Chapter 4 to provide an estimation of the crystallinity of 

OCNF before and after oxidation.
 
The Rietveld refinement was also applied here to 

measure the change in crystallinity of OCNF in Chapter 4, and to measure the MOF 

fraction in the composites in Chapter 6. The Rietveld refinement was conducted 

using Match! version 3.1.1, following the procedures described by Eyley et al.43 The 

experimental data of cellulose are fitted by a polynomial background, one scale 

factor, two peak profile parameters and two cell dimensions (a and b).43 The 

crystallinity of cellulose and MOF was calculated as described by Thygesen et al.44 

For the refinement, the crystallinity of the cellulose, or MOF fraction, was calculated 

by ∫ 𝐼𝑐(𝑠)
𝑠1

𝑠0
𝑠2𝑑𝑠 ∫ 𝐼

𝑠1

𝑠0
(𝑠)𝑠2𝑑𝑠⁄ , where 𝑠 = 2𝑠𝑖𝑛𝜃 𝝀⁄  is the scattering vector, 𝐼𝑐(𝑠)is the 

intensity at a particular vector due to crystalline material and 𝐼(𝑠) is the total intensity 

at a particular vector, and 𝑠0,𝑠1 are the limits of the integration.The crystal structures 

used for fitting were Iα
45 and Iβ

46 from Nishiyama et al, cellulose II from Langan et 
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al,47 MOF-199 from Chiu et al, 48 and Ni-MOF from Zhang et al.49 The Rietveld 

refinment patterns are attached in the appendices. 

2.2.2.8            TGA 

TGA experiments were performed on a Perkin Elmer TGA 4000 Thermogravimetric 

Analyser. The samples were heated from 45 °C to 600 °C at a heating rate of 10 °C 

/min, under a flow of air or nitrogen (20 mL/min). 

2.2.2.9 Laser diffraction for particle size measurement 

Particle sizes in the emulsions were characterized using a Mastersizer X (Malvern, 

UK). The optics used can detect sizes ranging from 0.5 -180 µm. The range of the 

scattering angles measured is from 0.03° to 50°. Each sample was measured 3 

times. A liquid dispensing system was used to circulate the emulsion droplets in the 

laser diffraction instrument. Before each measurement, the diffraction of pure water 

was taken and subtracted as background.  

The obtained result is displayed as a volume equivalent sphere diameter, which is 

calculated using the derived diameter D (m,n) defined below. 

D (m, n) = [
∑Vidi

m

∑ Vidi
n ]

1
m−n

 (2.28) 

Where Vi is the volume of class i with the mean diameter di. Letters m and n are the 

integer values that describe the type of D (m, n) , where m denotes the type of 

distribution (m=1, 2, 3 for number-weighted, surface-weighted and volume-weighted 

respectively) and m-n denotes the type of average (arithmetic mean if m-n=1 and 

quadratic mean if m-n=2).50 In this thesis, the surface weighted mean diameter D 

(3,2) is used to characterise emulsion droplets. 

2.2.2.10 Zeta potential for droplet charge measurement 

A Zetasizer Nano from Malvern Instruments was used to determine the zeta potential 

of the droplets in emulsions. Practically, 1 mL of the emulsion or suspension was 

placed in disposable capillary electrode cells, situated in the Zetasizer Nano, and the 

zeta potential was measured 20 times per sample. 
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2.2.2.11 Surface tension 

The surface tension at the oil/water interface was determined using a Du Noüy ring 

method in a Sigma 701 instrument (Attension, Sweden).51 A platinum ring with a 

radius of 9.58 mm was used in the experiment. The ring was cleaned by rinsing it in 

methanol followed by burning off the residues between measurements. Each 

experiment was performed at least 10 times. The temperature remained constant at 

23 °C during the experiments.  

2.2.2.12 Contact Angle 

The water contact angle (WCA) and hexadecane contact angle (HCA) of spin-coated 

films of both salt form oxidised cellulose (Oxcell-COONa, pH ca 7.3) and acid-form 

oxidised cellulose (Oxcell-COOH, pH ca 4.3) on glass slides was determined using 

the sessile droplet method. The modified substrate was placed on the goniometer 

and static images were captured using a Discovery VMS-001 USB microscope 

(Veho). The subsequent images were used to calculate the contact angle of the 

droplet, utilizing Dropsnake software with the ImageJ imaging process package. 

Contact angle measurements were conducted at room temperature after the 

samples had been dried in an oven at 100 °C for 3 h. 

2.2.2.13 Confocal Laser Scanning Microscopy (CLSM) 

For CLSM visualization, the oxidised cellulose was stained with fluorescein. Images 

were acquired using a LSM510META confocal microscope (Zeiss, Gottingen, 

Germany) using an x60 lens with an optics section thickness around 2 μm. 

Experiments were carried out at room temperature. 

2.2.2.14 Small Angle X-ray / Neutron Scattering (SAXS / SANS) 

SAXS experiments were carried out on an Anton Paar SAXSess instrument (Graz, 

Austria) with a line-collimation mode on a PANalytical X-ray generator using a Cu Kα 

source with a wavelength of 1.54 Å at the University of Bath. 30 vol% of hexadecane 

and 70 vol% of H2O with various NaCl or CaCl2 concentrations were used for SAXS 

experiments. The q range for the experiment covered from 0.02 Å
-1

 to 0.3 Å
-1

. The 

system was maintained at 25 °C. Reusable Europium excitation based image plates 



CHAPTER 2 

 

 
 

61 
 

(size: 66 x 200 mm) with a 42.3 µm2 pixel size were used to detect the scattered X-

ray, and the plates were then read by a Perkin Elmer cyclone reader using 

OptiQuant software. SAXSquant program was used to generate SAXS profiles, data 

processing (background subtraction, and desmearing from a line to a point source 

using the Lake method).52 

SANS experiments were carried out at the time-of-flight SANS2D instrument on 

Target Station II at the ISIS Spallation Neutron Source (Rutherford Appleton 

Laboratory, UK). Technical information about the instrument has been reported in 

literature by Heenan et al.
53

 The q range for the experiment covered from 0.00243 Å
-

1 to 0.3 Å-1. Background correction was carried out using a quartz cell filled with the 

corresponding aqueous solutions (D2O, H2O and 50/50 vol D2O/H2O) for the 

emulsions. All the experiments were conducted at 25 °C. Mantidplot was used to 

process the raw data for the linearity and efficiency of the detector response.54  

A summary of the SLD (scattering length density, refer to section 2.1.8 for details) of 

the materials for SAXS and SANS used in the experimental data analysis is 

displayed below. These were calculated using Equation 2.18. 

Table 2.1  X-ray and neutron scattering length densities of materials used in this work. 

Name 
Chemical 

formula 

Density 

(g/mL)a 

SANS SLD 

(x10-6 Å-2)b 

SAXS  SLD 

(x10-6 Å-2)b 

water H2O 1 -0.56 9.47 

deuterated water D2O 1.11 6.39 9.45 

hexadecane C16H34 0.77 -0.43 7.52 

deuterated 

hexadecane 
C16D34 0.887 6.83 7.52 

oxidised cellulosec (C6H10O5)n 1.5 1.7 13.5 

a
 data obtained from MSDS forms on Aldrich website. 
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b
 calculated by Irena SAS macros in Igor Pro software 

c
 data of cellulose from as chemical compositions and the nanofibril density remain the similar.

55
 

For the fitting model, the ‘polyCore_and_Nshells’ model56 in the NIST SANS Analysis 

package within Igor Pro was found to best fit the data and give realistic results.57 The 

model calculates the form factor for polydisperse spherical particles with a core-shell 

structure (a polydisperse core with either one or two concentric shells of constant 

thickness in this study). The SLD of each shell is specified individually. The 

polydispersity is described by a Schulz distribution because it can provide a 

reasonable description of the polydispersity of emulsion system.58 

The form factor is normalized by the average particle volume shown in Equation 2.29. 

The structure factor was set to 1, as no interparticle interference of the emulsion 

droplets would be observed in this q range. 

𝑃(𝑞) = 𝑎 ×
𝑓2(𝑞)

𝑉𝑝
+ 𝐵 (2.29) 

Where 𝑎 is the scale factor (between 0 and 1), 𝑓(𝑞) is the scattering amplitude of a 

single particle related to the SLD of particles (detailed correlation equation was not 

describe here as it was not the focus for this study but it can be found in literature),56 

and 𝑉𝑃 is the volume of particles averaged over the Schulz distribution of core radius 

(Equation 2.30). 

𝑉𝑃 =
4𝜋

3
𝑟3 (2.30) 

 

𝑟3 =
(𝑧 + 3)(𝑧 + 2)

(𝑧 + 1)
𝑟 (2.31) 
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𝑧 =
1

𝑝2
− 1 (2.32) 

Where 𝑟 is the radius of the particle, 𝑧 is the width of the Schulz distribution, 𝑝 is the 

polydispersity constrained between 0 and 1 (𝑝 = 𝜎 𝑟𝑐⁄ , where 𝜎  is the standard 

deviation of the radius distribution and 𝑟𝑐 is the mean core radius).  

The input parameters for the model were displayed in Table 2.2. 

Table 2.2 Input variables for the ‘Polycore_Nshell’ model. 

Parameters Initial value Constraint 

scale 0.1 (0.0001,1) 

core radius (A) 10000 hold 

Core Polydispersity (0,1) 0.3 hold 

Core SLD (A-2) ρc hold 

Shell 1 thickness (t1) 10 (0.001,100) 

Mole fraction of oil (ρ1) 0.5 (0.0001,1) 

Shell 2 thickness(t2) 10 (0.001,100) 

Mole fraction of water(ρ2) 0.5 (0.0001,1) 

Solvent SLD (A-2) ρs hold 

background (cm-1) set from data hold 

  

The model was visualised in Figure 2.16. ρc and rc are the SLD and radius of the core. 

ρ1 and t1 are the SLD and thickness of the inner shell. ρ2 and t2 are the SLD and 

thickness of the outer shell. ρs is the SLD of the solvent. For ‘polyCore_and_1shell’ 

model, t1 is considered as zero. 
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Figure 2.16 Illustration of a polydisperse core-shell sphere with two shells.  

2.2.2.15 Sorption Isotherms 

The sorption isotherms of N2 at 77 or 273 K and CO2 at 273 K were conducted by 

BELSORP Mini-II (BEL, Japan) instrument. The sample was pre-conditioned at 

160 °C for 6 h prior to the sorption experiment. The specific surface area of the 

samples was calculated by the Brunauer-Emmett-Teller (BET) method in the P/P0 

range of 0.05-0.1. The selectivity of the material for CO2 over N2 sorption was 

calculated from the single gas isotherms by the CO2 adsorption capacity over that of 

the N2 at the relative pressure of 1. 

The xylene sorption study was carried out in a sealed vial of mixture to be absorbed, 

as is illustrated in Scheme 2.3. Typically, ca 40 mg of MOFs were weighed and 

placed in a solvent containing vial where they were equilibrated for 12 hrs at room 

temperature (1 week for MOFs / BC composites due to slow sorption), until the 

weight of the particles remained constant. The particles were then taken for TGA and 

XRD measurements. For selectivity determination, the corresponding particles were 

washed with deuterated methanol and then filtrated for 13C NMR. 
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Scheme 2.3 Competitive adsorption experiment on Ni-MOF exposure to xylene mixtures. 

Measurements of sorption kinetics reactions were carried out using a pre-evacuated 

microbalance at 25 °C (in-house purpose-built instrument in Professor Len Barbour’s 

group at University of Stellenbosch, South Africa). The data recorded as mass vs. 

time were used to extract the kinetics results. 

2.2.2.16 Rheology 

Rheology experiments were conducted on a Bohlin C-VOR 200 range of rheometer 

equipped with cone–plate geometry (1◦ cone angle, 40 mm diameter and 0.5 mm 

gap). Oscillatory stress experiments were conducted over an oscillatory stress range 

of 0.1–10 Pa at the frequency of 1 Hz (terminated when strain exceeded 300%), with 

a pre-conditioning step of 20 s at zero-shear before each measurement. Shear 

viscosity data were collected with a conditioning step of 30 s at zero-shear and 

measurement over a shear rate range of 1 s-1 to 300 s-1 (15 s shearing at each shear 

rate and the viscosity was averaged over the last 3 s of each point. All experiments 

were conducted at a regulated temperature of 25 ◦C. 

2.2.3 Electro-oxidation of cellulose  

α-Cellulose (1 g) was suspended in 0.1 M carbonate buffer pH 10 (100 mL) 

containing 10 mM TEMPO (0.1562 g).  The electro-oxidation was conducted using a 

three-electrode system in a single cell (Figure 2.17).  For electro-mediated oxidation 

studies, an Autolab PGSTAT12 system (EcoChemie, NL) was employed with a KCl-

saturated calomel (SCE) counter electrode (REF401, Radiometer, Copenhagen), 

and a platinum counter electrode.  The working electrode was a 50×50 mm glassy 

carbon plate (Alfa Aesar, UK), 1/2 or 2/3 of the total electrode was immersed into the 

aqueous solution. Potential was controlled at 1.0 V versus SCE with continuous 

stirring (1000 rpm) for a certain period (2-3 h). The mixture was stirred at 600 rpm.   
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Upon completion, the reaction was quenched by adding an excess of ethanol.  The 

white precipitates formed were washed thoroughly with water, ethanol and acetone 3 

times each using sequential (re)suspension and centrifugation (Eppendorf Centrifuge 

5804R, UK), at 11000 rpm and 20 °C for 10 min.  

 

Figure 2.17 (a) Schematic model of three electrode system and (b) oxidation system set-up 

2.2.4  Synthesis of MOFs / Cellulose Composites 

Synthesis of MOF-199 and MOF-199 / cellulose composites: Copper acetate 

anhydrous (860 mg, 0.24 mmol) was mixed in 12 mL of a solvent mixture 

DMF:ethanol:water (1:1:1) and left overnight reacting in the presence of oxidised 

cellulose/bacterial cellulose (0.12 g dried sample). Then, 1,3,5-benzenetricarboxylic 

acid (500 mg, 0.12 mol) previously dissolved in 12 mL of the same solvent mixture 

was added dropwise into the previous sample (For MOF-199 synthesis, no cellulose 

was added in the first step) within 30 min and stirred for another 24 h.  

For purification, the samples were washed subsequently with ethanol 3 times. For 

MOFs / oxidised cellulose composites, the washed samples were collected by 

centrifuge at 8000 rpm for 30min. The purified samples were then freeze-dried 

(composites were pressed between two porous Teflon plate) and weighed. 

Synthesis of Ni-MOF: 10 mmol Ni(NO3)3∙6H2O (2.9g) was dissolved in 50 mL 

methanol and then added to 20 mmol (1.9g) KNCS. The mixture was stirred 

overnight and filtered to remove KCl precipitate. About 50 mL methanol was added 

to the filtrate to a final volume of 100 mL. 

(a) (b) 
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4,4’-Bipyridyl of 2 mmol (0.6248 g) was dissolved in 20 mL methanol. The prepared 

solution was added dropwise to 10 mL of the 0.1 M Ni(NCS)2 solution and a bluish 

slurry was observed. The mixture was stirred at r.t. for 24 hrs, and then filtered and 

washed with methanol 3 times. The residue was freeze dried.  

Synthesis of Ni-MOF / BC composites: 4,4’-Bipyridyl of 120 mmol (18.744 g) was 

dissolved in 600 mL methanol. About 200 g (99 wt% methanol retention) methanol 

soaked BC membrane was immersed in 300 mL of the 0.1 M Ni(NCS)2 solution for a 

week by orbital shaker. The prepared 4,4’-Bipyridyl solution was then added 

dropwise to the Ni(NCS)2 / BC mixture and a bluish slurry was observed. The mixture 

was stirred at r.t. for a week, and then washed with methanol 3 times. The 

membrane was freeze-dried (pressed between two porous Teflon plate) and 

weighed.  

2.2.5 Oxidised cellulose dispersion preparation 

Oxidised cellulose (2 g) was dispersed in 100 mL water and stirred for 10 min. The 

dispersion was then sonicated with a probe ultrasonicator (Vibracell VC300) with a 

tapered titanium microprobe (6.5 mm diameter) at an intensity of 10 W∙cm-2 applied 

power determined by heat balance), alternating 1 s sonication with a 1 s standby for 

4 x 15 min. Unfibrillated/partly fibrillated fractions were removed from the dispersion 

by centrifugation at 8000 rpm for 30 min. The dispersed fractions collected by the 

centrifuge were dialysed sequentially with HCl (aq), NaOH (aq) and water to remove 

impurities. The purified suspension was then obtained at pH ca 7.3. 

2.2.6 Pickering emulsion preparation 

The o/w emulsions were prepared using hexadecane and the oxidised cellulose 

suspension at the required concentration. All the emulsions were prepared using an 

oil/aqueous phase ratio of 30/70.  

The typical procedure for emulsion preparation was: 0.3 mL of hexadecane was 

mixed 0.7 mL of oxidised cellulose suspension in a vial and then sonicated with an 

ultrasonic device (Vibracell VC300) with a 3 mm diameter tapered titanium tip at an 
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intensity of 17 W∙cm-2 applied power, determined by heat balance), alternating 1 s 

sonication with a 1 s standby for 15 s. 

For the preparation of the emulsions containing salts, the desired amount of the salt 

was premixed with oxidised cellulose suspension and then sonicated with 

hexadecane using the same condition described previously. 
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Chapter 3 Voltammetry Study of TEMPO Mediated Oxidation 

of Cellulose 

3.1 Introduction 

Oxidized cellulose, one of the cellulose derivatives, has the characteristics of 

biocompatibility, biodegradability, environmental friendliness and non-toxicity.1,2 

Oxidized cellulose has been used as a carrier in drug delivery and as a hemostat to 

stem bleeding in open wounds.3,4 In addition, selective oxidation of cellulose is an 

effective method to produce distinctive new products and intermediates. Cellulose 

partially oxidised at the C2, C3 and/or C6 position (Chart 3.1) could be used as a 

fluorescent agent,5 an ion exchange resin in chromatography,6 in medical 

treatments,7 reinforcement8 and as an organic template to stably fabricate metallic 

nanoparticles.9 Hence, studies on the ‘green’ synthesis of partially oxidized cellulose 

and its applications are becoming the academic frontier of cellulose studies. 

 

Chart 3.1 Structure of cellulose 

TEMPO was first adopted in the TEMPO/NaBr/NaClO system to selectively oxidize 

soluble polysaccharides by de Nooy et al in 1995.10 Later on, the 

TEMPO/NaBr/NaClO system and TEMPO/NaClO/NaClO2 system were applied to 

the oxidation of water-insoluble cellulose at the C6 position under alkali conditions 

and acid-neutral conditions respectively.11-16 However, depolymerisation of cellulose 

was unavoidable during the TEMPO mediated oxidation using chlorine-containing 

chemicals.17 

An alternative approach to obtain C6-oxidized cellulose is by electrochemical 

oxidation, where TEMPO is continuously oxidized to the corresponding N-

oxoammonium ion at the anode at suitable potential.18 In the electrochemistry 

system, cellulose is oxidized by the direct electron transfer rather than via a chemical 
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oxidant such as NaClO, or NaClO2. Direct transfer of electrons is considered as a 

sustainable route, and may also prevent cellulose depolymerisation and other 

possible side reactions (e.g. promoting the stability of the catalyst over time).17,19 The 

existing electrochemical method of cellulose oxidation requires relatively large 

amounts of TEMPO and also takes a considerable amount of time for the completion 

of the reaction (more than 10 hours) compared to chemical oxidation (less than 2 

hours) using chlorine-based oxidants,20 which is not desirable for the evaluation of 

mediators on a small scale or for optimisation of reaction conditions (largely due to 

the need for titrimetric analytical methods to discern the degree of oxidation). 

In this study, therefore, the aim was to develop a cotton modified electrode for rapid 

screening of mediators and optimisation of reaction conditions. TEMPO (R=H), 4-

acetamido-TEMPO (R=NHCOCH3), 4-methoxy-TEMPO (R=OCH3), 4-carboxy-

TEMPO (R=COOH) and 4-hydroxy-TEMPO (R=OH) were used here as typical 

mediators for evaluation (Chart 3.2). Buffer and pH were also taken as variables to 

investigate the impact on the reaction. 

 

Chart 3.2 TEMPO-derivatives used in the experiment 

 

3.2 Results and discussion 

3.2.1 Fabric Voltammetry I: Reaction of TEMPO with Cellulose 

Initial studies were carried out at pH 10 in aqueous carbonate buffer solution (CBS) 

to explore the reactivity of TEMPO with cellulose (cotton fabric with ca. 270 µm 

thickness) immobilised at the electrode surface. Comparison of cyclic voltammetry 
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traces of CBS alone, cotton fabric in CBS, TEMPO in CBS and cotton fabric in CBS 

with TEMPO, Figure 3.1a, revealed that the oxidation of a substrate (green curve) 

was readily distinguished from reversible oxidation/reduction of TEMPO alone (blue 

curve). The diminution of the cathode current peak in the presence of cotton and 

mediator was a result of reaction of the TEMPO oxoammonium cation (TEMPO+) 

with cellulose, i.e. chemical rather than electrochemical reduction of TEMPO+. A 

significant increase in measured current resulted from the rapid diffusion of the 

reduced TEMPO back to the surface of the working electrode in the confined region 

between the cotton and electrode interface. Indeed, it was important to ensure that 

the cotton was held in close proximity to the working electrode to avoid elevated 

noise in the measurements.   

 

Figure 3.1 Cyclic voltammograms of (a) CBS, cotton with CBS, 1 mM TEMPO and cotton with 1 

mM TEMPO at pH 10; potential scan rate 1 mV∙s
-1

; (b) cotton with 1 mM and 2 mM TEMPO in 

CBS pH 10, potential scan rate 10 mV∙s
-1

; (c) cotton with 1 mM TEMPO in CBS pH 10 at 

potential scan rates of 1 mV∙s
-1

, 10 mV∙s
-1

 and 20 mV∙s
-1

; (d) cotton with 1 mM TEMPO in CBS 

pH 10, at potential scan rate of 1 mV∙s
-1

, 10 mV∙s
-1

, 20 mV∙s
-1

, 50 mV∙s
-1

 and 100 mV∙s
-1

. 
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Doubling the mediator concentration resulted in an approximate doubling of the 

anodic current peak (Figure 3.1b), suggesting that the rate of oxidation of cellulose 

by TEMPO is proportional to the TEMPO concentration, in accordance with previous 

results for both cellulose
21

 and methyl α-D-glucopyranoside.
10

 Therefore, the reaction 

could be accelerated by increasing the concentration of mediator. 

The effect of altered scan rate on voltammetric response provided a means of 

probing the transport processes and rate of chemical reaction. The measured current 

is a function of rate of reduction of TEMPO+ upon reaction with cellulose and rate of 

diffusion of TEMPO to and from the electrode surface (and to and from the cellulose 

surface).  Thus, a change in measured current could signify:  

1. a change in the binding of TEMPO+ to the cellulose surface (or release of 

TEMPOH from the surface);  

2. a change in rate of the chemical oxidation reaction; or 

3. a change in the rate of transport of TEMPO+, TEMPO and/or TEMPOH through 

the electrolyte. 

Together these processes (binding, chemical reaction, release) comprise the 

effectiveness of oxidation of cellulose by a given mediator. (The reasonable 

assumption was made that, water-soluble small-molecule mediators bearing the 

same charge exhibited similar rates of diffusion in water.)  An increase in scan rate 

from 1 to 10 mV·s-1 resulted in a significant increase in measured current, but a 

further increase to 20 mV·s-1 had less effect (Figure 3.1c). Moreover, further increase 

in scan rate resulted in appearance of a reduction peak, until, at 100 mV·s-1, the 

shape of the reversible TEMPO voltammogram is recovered (purple curve, Figure 

3.1 (d)), suggesting that the chemical reaction between TEMPO+ and cellulose no 

longer serves to remove TEMPO+ in an irreversible chemical reaction process, on 

the timescale of a single cycle.  In other words, the reaction was slow compared to 

scan rate, either because it is limited by the rate of diffusion of TEMPO+, or by the 

binding and chemical reaction with cellulose of TEMPO+.   
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Figure 3.2 Schematic drawing of mediator generation and reaction in the cotton fabric with 

diffusion layer thickness δ. 

The rate constant of the chemical reaction between TEMPO+ and cellulose could be 

quantified by comparing the diffusion layer thickness δdiff and the reaction layer 

thickness δreact using dimensionless analysis (the method to identify the relationships 

between different physical variables by their dimensions). 

)/()( vFDRTdiff   (3.1) 

𝛿𝑟𝑒𝑎𝑐𝑡 = 𝐷 𝑘⁄  (3.2) 

Where D is diffusion coefficient in m2∙s-1, 𝑘 is reaction rate constant in m∙s-1 (the units 

result from the definition of surface reaction rate r = 𝑘 × 𝑐 in mol∙m-2∙s-1, where c is 

the concentration of redox species in mol∙m-3),22 v  is scan rate in V∙s-1, R is gas 

constant (8.314) in J∙K−1∙mol−1, T is absolute temperature in K, F is the Faraday 

constant (96485) in C∙mol−1. At room temperature (25 °C), RT/F can be treated as a 

constant in unit V. 

Two limiting cases had to be considered with: 

(i) Very fast scan rates where the diffusion layer thickness δdiff (Figure 3.2) was too 

small to allow interaction with the cellulose. The smallest diffusion layer thickness 

was set as 4 µm, taking into consideration the possible gap between the working 

electrode and the cotton fabric. 
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From Equation 3.1, the higher limit for scan rate can be estimated as νupper < 1 V·s-1.  

(ii) Very slow scan rates where the diffusion layer thickness extended beyond the 

fabric into solution (with δ = 270 µm, the lower limit for scan rate can be estimated 

as vlower > 10 mV∙s-1).  

Within this range of the upper and lower limits of the scan rates the competition of 

diffusion and reaction at the cellulose surface allowed the apparent rate constant 

kcellulose to be estimated from the change arising from changes in the transition scan 

rate vtrans for chemically irreversible to reversible voltammetric features.  

For data in Figure 3.1(d) this occurred at ca. vtrans = 50 mV∙s-1, which suggested that 

𝑘𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 under these conditions was )/()( RTFDvk transcellulose  = 4 × 10-5 m·s-1 (from 

Equation 3.1 and Equation 3.2, when δdiff = δreact). This value had to be regarded as 

an estimate due to the reaction front gradually moving into the cellulose fibres and 

thereby slowing down the apparent rate constant.  

 

Figure 3.3 Cyclic voltammograms of first (i), second (ii), third (iii), fourth (iv) and fifth (v) cycle of 

cotton with 1 mM TEMPO in CBS pH10 ; potential scan rate 10mV∙s
-1

. 

In Figure 3.3, the peak current decreased significantly with the increasing number of 

scanning cycles, showing that the chemical reaction rate slowed down over time, 

either due to the decreased amount of original cellulose over time (exposed primary 

hydroxyl groups on cellulose being consumed in the previous cycle), or due to the 
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reduced mobility of the TEMPO+ which had interacted/neutralised with the 

negatively charged carboxylates formed on the cotton. Once an electron is 

withdrawn from TEMPO at the working electrode (electrons move towards the 

counter electrode), the diffusion of TEMPO
+
 through the negatively charged cotton 

cloth could be reduced due to electrostatic interactions between TEMPO+ ions and 

the cotton surface, thus reducing the measured rate of reaction (it may also shift the 

peak position, but the position of the peak is not distinguishable from the graph).   

 

Figure 3.4 Cyclic voltammograms of 1 mM TEMPO (red) and cotton with 1mM TEMPO (black); 

in ABS pH 4, potential scan rate 1 mV∙s
-1

. 

The effect of change of pH on the reaction was quite marked: while the cyclic 

voltammagram of TEMPO was unaltered, the voltammetric response in the presence 

of the cotton fabric was attenuated, shown in Figure 3.4.  More importantly, there 

was no evidence of the chemical reaction and it appeared that the cotton acted only 

to either absorb TEMPO/TEMPO+, or to block the diffusion of TEMPO/TEMPO+ 

between the bulk solution and the electrode. This presented the possibility of quick 

and easy scanning across a range of pHs with the aim of maximising reactivity, or, 

indeed, to select a mediator for use at a specific pH. Details of the pH scanning are 

discussed in section 3.2.3. 
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3.2.2 Characterisation 

 

Figure 3.5 FT-IR spectra of cotton starting material (black) and cotton oxidised by TEMPO using 

multiple electrochemical cycles.   

Evidence for the bulk-oxidation of the cotton fabric is obtained from ATR-FTIR 

(Figure 3.5, see peaks at 1600 or 1700 cm-1 corresponding to the stretching of 

COONa and COOH, which are in agreement with values previously reported23) for 

cotton discs removed from the electrode surface after electrochemical oxidation. 

Other signals may also be assigned: the broad band at 3500-3000 cm-1 was 

attributed to O-H stretching vibrations (although care must be taken to ensure that 

samples are rigorously dry if any significance is to be attributed to either intensity or 

position, due to overlap with water signals in this region); signals due to C-H 

stretching occurred at ca 2900 cm-1 and the band around 1400 cm-1 was ascribed to 

C-H bending vibrations. The signal observed at ca 1100 cm-1 was due to C-O 

stretching vibrations. In the FTIR spectra, the most significant change between the 

non-oxidized cotton and oxidized cotton was the appearance of the carboxyl groups 

(C=O) stretching band at around 1650 cm-1 corresponding to sodium carboxylate 

groups (COONa) and carboxyl groups (COOH), while the band was relatively small 

in the spectra of original cotton. The formation of carboxylate groups was therefore 

evidenced by the increase of transmittance at about 1600 cm-1. 
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3.2.3 Fabric Voltammetry II: Comparison of TEMPO Derivatives 

The effect of inclusion of various substituents at the 4 position of TEMPO (Chart 3.2) 

at pH 10 was compared (Figure 3.6). Mediator 4-hydroxy-TEMPO was not used 

because it was unstable at high pH. As expected from the results of chemical 

oxidation,24 TEMPO, exhibited a higher reactivity towards cellulose at pH 10 than its 

substituted analogues. The sequence in reversible potentials was TEMPO < 4-

carboxy-TEMPO < 4-methoxy-TEMPO < 4-acetamido-TEMPO consistent with the 

electron withdrawing nature of the hetero-atom substituents. Interestingly, the 

mildest oxidant, TEMPO, was also found to give the fastest oxidation reaction, 

possibly due to penetration speed of the mediator into the cellulose fibres (the 

diffusion coefficient of TEMPO 
126 scm106.1D    at pH 10 was higher than other 

mediators, the value was close to the literature value25). The detailed calculation of 

the diffusion coefficient of TEMPO is shown later in this section. 

7  

Figure 3.6 Cyclic voltammogram of mediators TEMPO, 4-acetamido-TEMPO, 4-methoxy-

TEMPO and 4-carboxy-TEMPO (1 mM) without and with cotton in CBS pH 10; scan rate 1 mV∙s
-1

.  
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Figure 3.7 Cyclic voltammograms of 1 mM TEMPO in CBS pH 10, at potential scan rates of 1 

mV∙s
-1

, 10 mV∙s
-1

, 20 mV∙s
-1

, 50 mV∙s
-1

, 100 mV∙s
-1

 and 500 mV∙s
-1

. 

Figure 3.7 shows the reversible redox reaction of TEMPO on the electrode, where 

the peak current can be described by the Randles-Sevcik equation (Equation 3.3).  

𝑖𝑝 = 0.4463𝐹𝐴 [
𝐹

𝑅𝑇
]
1/2

𝑐∗𝐷1/2𝑣1/2 (3.3) 

The diffusion coefficient D can be derived from the equation by plotting the values of 

ip,a (anodic current) and ip,c (cathodic current) over the square root of each scan rate 

(𝑣1/2) . The plotted data and the fitting curves are shown in Figure 3.8. The diffusion 

coefficient could be retrieved from the average value of the slope obtained from the 

fitted lines. Similarly, diffusion coefficients of other mediators can be calculated and 

compared (results pertaining to other mediators can be found in appendices). 
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Figure 3.8 Plot of peak current over square root of scan rate; red lines represented the fitted 

straight lines. 

The effect of inclusion of various substituents at the 4 position of TEMPO (Chart 3.2) 

at pH 7 was compared (Figure 3.9). Contrary to the result at pH 10, 4-acetamido-

TEMPO, exhibited a higher reactivity towards cellulose than other mediators. In 

addition, the current of all the catalytic curves was lower compared to the reaction at 

pH 10, indicating that the reaction was much slower at neutral pH. This phenomenon 

was consistent with the results of chemical oxidation at neutral pH.16 TEMPO, with 

the larger value of diffusion coefficient compared with 4-acetamido-TEMPO, was not 

the most effective catalyst. The reason behind this is not yet fully understood. It has 

been briefly discussed later in the chapter. 

 

Figure 3.9 Cyclic voltammogram of mediators TEMPO, 4-acetamido-TEMPO, 4-methoxy-

TEMPO and 4-carboxy-TEMPO (1 mM) without and with cotton in PBS pH 7; scan rate 1 mV∙s
-1

.  
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3.2.4 Fabric Voltammetry III: Optimisation of pH and Buffer 

To allow comparison of the efficiency of cellulose oxidation by TEMPO derivatives 

(Chart 3.2), the ratio Icat/Ilim was defined, where Icat was the anodic peak catalytic 

current measured in the presence of the cotton and N-oxyl mediator and Ilim was the 

limiting current of the diffusion controlled anodic peak in the presence of the N-oxyl 

mediator alone. Ilim was determined by the peak current in the presence of cotton 

and TEMPO derivatives (Chart 3.2) at pH 4 (scan rate 1mV∙s-1), where no reaction 

with cotton was noted on the time scale of the voltammetric scan (Figure 3.4).  This 

was required as the presence of the cotton, in close contact with the working 

electrode, resulted in attenuation of the measured current by blocking diffusion of N-

oxyl mediator from the bulk solution.  

In agreement with previous reports, all TEMPO derivatives tested exhibited a higher 

rate of reaction with cotton at elevated pH and all became significantly less effective 

as pH dropped (Figure 3.10). Mediator 4-acetamido-TEMPO retained higher activity 

at lower pH than either TEMPO or 4-methoxy-TEMPO, in accordance with previous 

reports of chemical oxidation.12,16  

The method can be used to screen different mediators over a range of pH, allowing 

comparison of the catalytic efficiency. Thus, the optimum pH for a particular mediator 

can be easily identified.  

 

Figure 3.10 Influence of pH on efficiency of N-oxoammonium oxidation of cotton by electro-

oxidised TEMPO (black), 4-acetamido-TEMPO (red), 4-methoxy-TEMPO (blue) and 4-carboxy-
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TEMPO (green). (Lines joining points serve only to guide the eye; error bar is the standard 

deviation of three measurements) 

The rate of oxidation of cotton did not increase monotonously with increase in pH, in 

accordance with the two distinctive reaction mechanisms described to occur under 

different pH regimes. Under basic conditions the rate of formation of the complex 

and subsequent elimination via a cyclic transition state are similar, while, under 

acidic conditions, intermolecular abstraction of the α-hydrogen atom becomes rate 

limiting, Scheme 3.1.26,27 Therefore, TEMPO was found to be the most effective 

mediator at alkali pH due to its fast diffusion to cellulose to form the complex. 

 

Scheme 3.1 TEMPO catalysed oxidation of primary alcohols under different pH regimes. The 

oxoammonium cation (TEMPO
+
) formed by 1 electron oxidation of the N-oxyl radical, under basic 

conditions, is attacked at nitrogen by an alkoxide derived from the primary alcohol, leading to 

reversible formation of an oxoammonium/alkoxide complex (supported computationally
28

), 

followed by oxidation of the alcohol, releasing the reduced hydroxylamine form of TEMPO 

(TEMPOH). Under acidic conditions the accepted mechanism
27

 entails proton abstraction from 

the complex cation by a base (the TEMPO
+
 counterion, or a buffer component). 

Further effects of increase in acidity could include: suppression of alkoxide formation 

that must precede (or occur with) complex formation; the effect of the counterion, 

which would also be the base effecting α-proton abstraction; and protonation of 

species derived from TEMPO at various points in the catalytic cycle. The counterion 

effect is further described below and protonation of TEMPOH will also serve to slow 

the reaction, Scheme 3.2. 
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Scheme 3.2 Protonation of various species in the catalytic cycle of TEMPO like mediators, 

depicted for TEMPO.  The protonated radical, eqn. 1, need not be considered (pKa = -5.8
29

), but 

TEMPOHH
+
 (pKa = 6.9-7.5

30
), eqn. 2, serves to decrease the concentration of TEMPOH 

available for reoxidation, potentially slowing turnover under acidic conditions. Deprotonation of 

TEMPOH to TEMPO
-
 is likely to require very strongly basic conditions (pKa assumed to be 

similar to H2NOH = 13.7
30

). 

The appreciable increase in rate of oxidation of TEMPO with cotton at ca pH 7 

(Figure 3.10) agreed with a pKa of close to 7 for the protonated form, TEMPOHH+ of 

TEMPOH and was in accordance with the effect noted by Israeli et al. in a study of 

comproportionation of TEMPO and 4-carboxy-TEMPO.30 Hence, the protonated 

mediator was removed from the oxidation cycle so reducing the concentration of the 

active mediator for the reaction at low pH. The sequence of the pKa for the 

mediators used in this study was estimated to be 4-acetamido-TEMPO ≈ 4-methoxy-

TEMPO < TEMPO < 4-carboxy-TEMPO,31 in agreement with the catalytic trend at 

low pH. This correlation is useful to design new mediator reacted under neutral or 

acidic conditions. 

In these electrochemical reactions pH is controlled by an appropriate buffer, but the 

buffer may not be innocuous in the reaction, particularly at acid pH where a base is 

implicated in proton abstraction from the intermediate complex (Scheme 3.1). To test 

the hypothesis, the identity of the buffer was changed from phosphate to citrate with 

the same concentration, at pH 7 with 4-acetamido-TEMPO as the mediator. This 

resulted in a decrease in efficiency of oxidation of cotton, with the change of buffers 

from phosphate to citrate buffer (Figure 3.11a).  Similarly, doubling the concentration 

of the phosphate buffer also decreased the efficiency of 4-acetamido-TEMPO 

oxidation of cotton (Figure 3.11b), indicating that the buffer was participating in the 

oxidation reaction. In a multicomponent system all interactions must be considered, 
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including: cellulose/buffer, 4-acetamido-TEMPO+/buffer, and 4-acetamido-

TEMPO+/cellulose. Although adsorption of positively charged moieties onto non-

modified cellulose surfaces in aqueous solutions is known32, binding between 

cellulose and buffer anions, in competition with 4-acetamido-TEMPO
+
/cellulose 

interactions, is unlikely to lead to the observed reduction in current on increase in 

buffer concentration as strong electrostatic interactions are absent (cellulose starting 

material bears a negative surface charge which increases with oxidation14). In 

addition, the buffers, at 0.1 M concentration, were present in >100 times of molar 

excess relative to anhydroglucose units (50 mL buffer containing 5 mmol of salt 

anion to <0.005 g cotton containing <3 x10-2 mmol anhydroglucose units), thus any 

surface sorption sites would be saturated and doubling of concentration would be 

expected to have little effect. In contrast, interactions between 4-acetamido-TEMPO+ 

and buffer anions are enhanced by electrostatic attraction and thus it is suggested 

that competitive binding between 4-acetamido-TEMPO+ and buffer anions leads to 

the observed decrease in current, reflecting a decreased reaction rate. 

 

Figure 3.11 Cyclic voltammograms of cotton with 1 mM 4-acetamido-TEMPO in (a) 0.1 M 

phosphate buffer pH 7 (black), 0.1 M citrate buffer (red) and in phosphate/citrate mixed buffer pH 

7 (blue); potential scan rate 1 mV∙s
-1

; (b) 0.1 M (black) and in 0.2 M phosphate buffer (red), pH 7, 

potential scan rate 1 mV∙s
-1

. 

To investigate the buffer effect in more detail, phosphate buffer with different cations 

was tested. As expected, the change from potassium to sodium did not influence the 

catalytic activity of TEMPO significantly under the experimental conditions (Figure 
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3.12). The effect of buffer anions was tested by comparing the rate of oxidation in the 

presence of various sodium salts at pH7 (Figure 3.13) 

 

Figure 3.12 Cyclic voltammograms of cotton with 1 mM TEMPO in potassium phosphate buffer 

pH 7 (black) and in sodium phosphate buffer pH 7 (red); potential scan rate 1 mV∙s
-1

. 

Having noted that the buffer anions had an impact on the oxidation reaction, the 

effect of addition of different anions was tested using a range of sodium salts at pH 7 

and pH 10. The difference in the current of the selected salt solutions suggested that 

the anion effect had a significant influence on the reaction rate under neutral 

conditions (Figure 3.13). The potential window of 𝑁𝑎𝐵𝑟 was controlled at 0-0.8 V to 

avoid the oxidation of 𝐵𝑟− to 𝐵𝑟𝑂− (tested experimentally). The fact that the catalytic 

efficiency was the highest with 𝑁𝑎2𝑆𝑂4 suggested that the anion effect was not solely 

a charge effect, as the measured current should be the lowest if the effect was only 

due to electrostatic effects (although delocalisation of the sulfate anion reduces the 

negative charge on the oxygen atom, sulfate still had the highest surface charge 

density amongst the selected anions33). A cathode current was observed for the 

𝑁𝑎𝑁𝑂3 solution, suggesting that some of the 4-acetamido-TEMPO+ generated did 

not participate in the oxidation reaction on the time scale investigated. This result 

was in agreement with the prevailing mechanism under neutral/acid environments 

(anions could affect the reaction rate, Scheme 3.1), and the same effect has been 

also reported in the use of oxoammonium salts with different anions (𝐶𝑙− and 𝐵𝑟−) 

for alcohol oxidation.34 Interestingly, the current was observed to follow the 

Hofmeister Series (the hydration of anions in aqueous solutions, 𝑆𝑂4
2− > 𝐶𝑙− >
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𝐵𝑟− > 𝑁𝑂3
−),35 where the catalytic efficiency increased with more hydrated anions. 

As anions became more hydrated, the effective surface charge density of the 

hydrated anions would decrease and radius of the hydrated anions would increase, 

due to the association with more water molecules.
36

 Both the decrease in effective 

surface charge density and the increase in size would reduce the binding of anions 

with 4-acetamido-TEMPO+, resulting in a higher catalytic efficiency. 

 

Figure 3.13 Cyclic voltammograms of cotton with 1 mM 4-acetamido-TEMPO in different salt 

solution at pH 7; potential scan rate 1 mV∙s
-1

. 

 

Figure 3.14 Cyclic voltammograms of cotton with 1 mM 4-acetamido-TEMPO in NaCl solution at 

pH 7; potential scan rate 1 mV∙s
-1

. 
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A cathode current was also observed when doubling the concentration of the salts in 

solution (Figure 3.14), along with a slight decrease in the catalytic current. It also 

suggested that the increased concentration of anions slowed the oxidation reaction 

between 4-acetamido-TEMPO
+
 and cellulose. 

Interestingly, the catalytic current remained the same and was almost identical for all 

four sodium salt solutions at pH 10 (Figure 3.15), in contrast to the result obtained at 

pH 7. The difference was proposed to be related to the change of the reaction 

pathway under a different pH regime (Scheme 3.1).  

Under acidic pH, the rate limiting step was the proton abstraction from the complex 

cation by a base (i.e. the anion in the solution); while under a basic environment, the 

rate was determined by the formation of the complex and subsequent elimination via 

a cyclic transition state (which is identical for different salt environments). Therefore, 

it was expected that the counterion effect would be more significant under acidic 

environments, and the reaction rate was directly related to the concentration of the 

anions. However, it was observed from CV that the reaction rate decreased when 

increasing the concentration of anions, which was opposite to the proposed 

mechanism in Scheme 3.1. The contradiction here suggested that another hidden 

factor could play an important role in determining the reaction rate. 

 

Figure 3.15 Cyclic voltammograms of cotton with 1 mM TEMPO in different salt solution at pH 10 

adjusted by addition of NaOH; potential scan rate 1 mV∙s
-1

. 
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The counterion effect has been noted previously,27 but not fully explored. Noting the 

deleterious effect of β-oxygen atoms on TEMPO mediated oxidation of alcohols36 

and the postulated formation of a complex that slows oxidation, either by reducing 

the positive charge on the nitrogen atom, or by forcing the hydrogen atom out of 

plane in the transition state,37 it is suggested that, in addition to changes in basicity 

of the anions, competitive complexation by the buffer anions may also lead to 

decreased reactivity of the oxoammonium cation (Figure 3.16). Thus, in optimising 

such reactions, buffer composition could be important, especially in a low pH 

environment, and the voltammetric method described here allowed this to be probed 

with relative ease 

The competitive complexation between TEMPO+ and the corresponding anion in the 

solution could reduce the concentration of free TEMPO+ available to bind with 

cellulose to catalyse the oxidation reaction, thereby slowing the rate of reaction. The 

competitive complexation effect provides a possible explanation for the difference in 

catalytic currents seen at pH 7, but does not account for the identical catalytic curves 

observed at pH 10 (Figure 3.15). It might be expected that the buffer anions would 

still interact with TEMPO+ to slow the reaction under basic conditions, but clearly this 

is not the case.  

This apparent contradiction may be resolved by careful consideration of the species 

present in solution and the reaction mechanism. It is postulated that the 

complexation of TEMPO+ species with buffer anions is in competition with the 

formation of the intermediate in the rate determining step (Figure 3.16). Thus, if the 

equilibrium constant for the exchange of cellulose (RCH2OH) and buffer anion (B-) 

Kacidic is greater than Kbasic, the concentration of reactive intermediate is reduced and 

the rate of conversion of alcohol to aldehyde (or aldehyde to acid/acid salt) is slowed. 

Based on this hypothesis, the intermediate in the rate determining step (the 

TEMPO+/alkoxide complex) was favoured under basic pH, resulting in a higher rate 

of oxidation (acceleration of the rate of reaction between TEMPO+ and alcohol with 

the increasing pH21,38) relative to that occurring under acidic or neutral conditions. (It 

is recognised that the anion speciation at the specific pH would also need to be 
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taken into account (e.g. 


42POH , 
2

4HPO  and 
3

4PO  for phosphate buffer), but these 

effects cannot be deconvoluted with the data in hand. 

 

Figure 3.16 Proposed competitive complexation effect of TEMPO
+
 with anion and cellulose. 

HB/B
-
is the acid/base anion used, RCH2OH represents cellulose. 

The interaction of oxoammonium cation with anions has been well described in the 

solid state and reflected in the crystal structures of oxoammonium salts39), but the 

association constants of oxoammonium salts in aqueous solutions have not been 

determined. Nonetheless, if the oxoammonium cations were associated with anions 

this might be discerned using appropriate NMR experiments in D2O solution. 

Specifically, it was considered reasonable to expect that the electronic environment 

of nitrogen and carbon atoms of TEMPO+ would be altered upon complexation with 

anions. In addition to the direct charge neutralisation of the positive nitrogen atom 

with anion, many authors have suggested an interaction between the anion and the 

oxygen atom of TEMPO+ due to the sterically unfavourable direct contact with a 

nitrogen atom surrounded by two methyl groups.40,41 

In both situations (interaction of anion with N or O), the positive charge on N would 

decrease due to the charge neutralisation (the electrostatic interaction between 

TEMPO+ and anion was not illustrated as a specific bonding, Figure 3.16). 13C NMR 

was used to indirectly probe the changes in the electronic environment of N, as the 

electronic environment of the α-carbon atom was expected to be altered if the 

complex was formed.42 The salts of TEMPO+ with phosphate and citrate counterions 

were prepared by electrolysis in the corresponding (phosphate or citrate) buffer 
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solutions for 2 h, followed by freeze drying. These salts were then dissolved in D2O 

and 13C NMR spectra obtained. As the TEMPO radical cannot be detected by NMR 

(the free electron would accelerate the relaxation time of the coupled nuclei and 

broaden the signals), the signals in the NMR spectra belong to TEMPO
+
 and the 

possible complex.  

Two chemical shifts ascribed to the α-carbon atom were observed at 67 and 56 ppm 

for TEMPO+ in phosphate buffer solution at pH 7 (Figure 3.17), suggesting that there 

were likely to be at least two different forms of TEMPO+ with a mole ratio close to 1:1. 

The result suggested that the phosphate anions actually interacted with TEMPO
+
 

and changed the chemical environment of the entire complex (otherwise only one 

peak corresponding to the α-carbon should be observed as the two α-carbon atoms 

are chemically identical). Since there were only TEMPO+, phosphate buffer (excess) 

and D2O in the NMR sample, phosphate anions were the species considered most 

likely to interact with TEMPO+. The fact that two individual signals instead of one 

peak were seen suggested a slow rate of interconversion, on the NMR time scale 

between free TEMPO+ and that complexed with phosphate buffer anions. 

 

Figure 3.17 
13

C NMR spectrum of TEMPO
+
 in 0.1 M PBS at pH7. The two α-carbon atoms are 

chemically identical, so the two signals in the circle suggest the presence of two distinct TEMPO
+
 

species, ascribed to free TEMPO
+
 and TEMPO

+
 bound with the anion. 

In order to obtain more information about the chemical structure of the complex, 

heteronuclear multiple-bond correlation spectroscopy (HMBC), which allows 
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detection of heteronuclear correlations over ranges of 2–4 bonds, was used here to 

discern correlation of the α-carbon atom with the hydrogen atoms of the methyl 

groups. In practice, the 1H, 13C NMR-HMBC spectrum is displayed as a two-

dimensional NMR spectrum (giving data on one graph using two frequency axes 

instead of one): the 1H NMR spectrum in the horizontal direction and 13C NMR 

spectrum in the vertical direction (Figure 3.18).  

Three signals (outlined in black in Figure 3.18) are assigned to the α-carbon atoms 

as these indicate correlation between the α-carbon atom and protons of the methyl 

groups separated by 2 bonds (Figure 3.18). The presence of multiple signals 

suggested that more than one form of TEMPO+ existed in the NMR sample and 

these are suggested to be the complexes of TEMPO+ with 
2

4HPO  and 


42POH  

(based on pKa values for phosphoric acid: pKa1=2.16, pKa2=7.21, pKa3=12.3243). 

 

Figure 3.18 
1
H,

13
C-NMR- HMBC spectrum of TEMPO

+
 in 0.1 M PBS at pH7. The black outline 

highlights the three signals ascribed to the α-carbon atoms suggesting three possible discrete 

species in solution in the presence of excess phosphate buffer. 

To discern which of the signals was associated with the complexes and which was 

due to free TEMPO+, diffusion-ordered spectroscopy (pulsed field gradient NMR), 

also known as DOSY was employed. DOSY provides a means to separate the NMR 

signals of different species according to their diffusion coefficient, which is an 

indicator of molecular weight. Molecules or complexes with smaller weight move 

faster, therefore a higher diffusion coefficient value would be measured for free 
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TEMPO+ versus TEMPO+ complexes in the DOSY experiment.44 

Analysis of the diffusion coefficients associated with the three signals ascribed to α-

carbon atoms of various complexed and uncomplexed TEMPO+ identities allow 

these to be deconvoluted (Figure 3.19). Two species with larger molecular weights 

(and similar diffusion coefficients) were postulated to be TEMPO+ associated with 

the phosphate buffer derived anions (TEMPO+/
2

4HPO  and/or TEMPO+/


42POH  

complexes) and the species with the faster diffusion coefficient ascribed to free 

TEMPO+. Thus, the results of both 13C NMR (Figure 3.17) and HMBC (Figure 3.18), 

analysis both suggested that anions could interact with TEMPO+ leading to formation 

of TEMPO+/anion complexes, as proposed and illustrated in Figure 3.16.  

 

Figure 3.19 2D DOSY spectrum showing TEMPO
+
 in PBS characterised by different diffusion 

coefficients. 

A similar study was also made for TEMPO+ in citrate buffer solution (CBS), in order 

to compare the results with the phosphate buffer. For TEMPO+ in CBS at pH 7 

(Figure 3.17), only one peak at about 56 ppm was visible in the 13C NMR spectrum. 

This could imply either that only one form of TEMPO+ existed in the solution, or that 
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the concentration of other forms was too low to be detected using this relatively 

insensitive spectral technique. It was safe to say that one TEMPO+ form was 

dominant in the solution, based on the peak intensity. 

 

Figure 3.20 
13

C NMR spectrum of TEMPO
+
 in 0.1 M CBS at pH7. The strong signals at ca 46, 76 

and 180 ppm are due to citrate buffer, which is present in large excess. 

Similarly, 1H,13C-NMR-HMBC for TEMPO+ in the presence of citrate showed only 

one peak in the correlated area, and the possible chemical structure was drawn on 

the spectrum (Figure 3.21), confirming that one TEMPO+ form was dominant in the 

solution.  

 

Figure 3.21
1
H,

13
C-NMR- HMBC spectrum of TEMPO

+
 in 0.1 M CBS at pH7.  
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The DOSY NMR obtained (Figure 3.22) showed 3 peaks for possible TEMPO+ 

identities (similar to the DOSY NMR for TEMPO+ in PBS), with the free TEMPO+ 

diffusing faster than the suggested TEMPO+/
3

756 OHC  and/or TEMPO+/
2

766 OHC  

complexes (
3

756 OHC  and 
2

766 OHC  were the two possible anions in CBS at pH7; 

pKa for citric acid43: pKa1=3.13, pKa2=4.76, pKa3=6.4). The NMR results for TEMPO+ 

in CBS suggested that citrate anions also interacted with TEMPO+, but that the free 

TEMPO+ was the dominant form in the solution.  

 

Figure 3.22 2D DOSY spectrum showing TEMPO
+
 in CBS. The three signals assigned to the α-

carbon atoms of TEMPO
+
 are characterised by different diffusion coefficients, suggesting three 

discrete forms (two larger species with similar molecular weights and one smaller species) 

present in solution. 

The NMR results suggested that both phosphate and citrate anions could interact 

with TEMPO+, which is consistent with the postulate illustrated in Figure 2.16. The 

anion effect has also been observed for TEMPO mediated oxidation of hyaluronan.45 

It was not possible to derive association constants for TEMPO+ and buffer anions 

from the NMR data obtained here, and significant further detailed experimentation 

would be required to correlate these with the rates of reaction derived from cyclic 
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voltammetry.  

3.2.5 Fabric Voltammetry IV: Robustness of TEMPO Derivatives 

Finally, the cotton modified electrode could be used for the evaluation of the stability 

of the mediators as side reactions modify the shape and reproducibility of the cyclic 

voltametric trace recorded.  4-Hydroxy-TEMPO, was reported to be unstable under 

basic conditions24 and comparison of voltammograms recorded at pH 6, 7 and 8 

clearly showed the transition to an irreversible reaction at higher pH (Figure 3.23a). 

Increasing the scan rate allowed recovery of the reversible N-oxyl/oxommonium 

equilibrium (Figure 3.23b) with no evidence of mediator decomposition, suggesting 

that it was possible to select conditions such that the relatively slow decomposition 

reaction did not deleteriously affect the use of this mediator. 

 

Figure 3.23 Cyclic voltammograms of cotton with 1 mM 4-hydroxy-TEMPO at (a) pH 6, 7 and 8; 

potential scan rate 1 mV∙s
-1

; (b) at pH 8; potential scan rates 1, 10 and 20 mV∙s
-1

. 

3.3 Conclusions 

Here, a simple voltammetric method is demonstrated for screening the efficacy of 

mediators in TEMPO electro-mediated oxidation. The voltammetric method, applied 

here to TEMPO and its derivatives, is sensitive, easy to deploy and yields 

information pertaining to relative rates of substrate oxidation, as well as stability of 

mediators under a range of conditions.  As very small amounts of mediator are 

required for testing, this provides a means for fast screening of new synthetic or 
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natural mediators and selection of optimal conditions of pH and buffer.   

From the results of cyclic voltammetry, the buffer (counterion) effect was believed to 

have a significant impact on the catalytic efficiency of mediator at neutral pH, and no 

counterion effect was observed in a basic environment, as the kinetics of the 

TEMPO mediated reaction of alcohols accelerated with the increase of the pH value. 

The counterion effect was probed by NMR spectroscopy and an interaction between 

TEMPO+ and anions was shown to be likely to exist. The details of the competitive 

binding, TEMPO+/cellulose versus TEMPO+/buffer anions, could not be 

deconvoluted using the techniques here. Meanwhile, CV results illustrated that the 

buffer used could alter the rate of the oxidation reaction under neutral/acid conditions, 

in agreement with the accepted mechanism (Scheme 3.1) and the use of CV 

provided valuable information for new buffer screening.  

While oxidation of cellulose is of wide interest due to developing applications of 

oxidised cellulose nanofibrils, the method described is also applicable to a range of 

other insoluble substrates (e.g. chitin) and need not be limited to polysaccharides. 
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Chapter 4 Electro-oxidation of cellulose 

4.1 Introduction  

Selective oxidation of cellulose in an NaClO/NaBr/TEMPO aqueous solution was 

proved to be able to selectively oxidise primary hydroxyl groups in the presence of 

secondly hydroxyl groups under mild reaction conditions,1,2 resulting in a stably 

dispersed nanofibril suspension following ultra-sonication.3 However, chlorine based 

oxidants used in the chemical oxidation are deemed undesirable for a variety of 

reasons (e.g. concerns from consumers over using chlorinated chemicals in personal 

care products;4 stoichiometric quantities of chlorinated oxidant are undesirable in 

industrial processes5), and a chlorine-free primary oxidant is desired (Figure 4.1).  

 

Figure 4.1 Schematic model of oxidation of C6 primary hydroxyl on cellulose microfibril 

surfaces.
6
 Reproduction of image from Ref. 6 with permission from Elsevier (© Elsevier 2004). 

 

REPLACE 
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Reported chlorine-free oxidation systems, allowing selective oxidation of the 

cellulose C6 primary alcohol groups, include those relying on enzymatic process (e.g. 

with laccases,7 a possible reaction pathway is displayed in Scheme 4.1), or 

electrochemical oxidation of a mediator (e.g. TEMPO being oxidised by an 

electrochemical reaction8). Other methods (e.g. NO2-HNO3
9 or CuCl/TEMPO10 

oxidation systems), have also been shown to be effective to selectively oxidise the 

primary hydroxyl groups in the presence of other hydroxyl groups, but  concern over 

toxicity and sustainability of the regents involved limits a wider application.  The 

enzymatic- or electro-oxidation may also prevent cellulose degradation by 

depolymerisation, during the oxidation process, as NaClO used in the reaction may 

attack the end groups on cellulose chains.8 Between these two alternatives, 

electrochemistry seems to be an more attractive option, obviating the issues of 

inhibition of enzyme by some metal impurities in the starting material, enzyme 

stability during reaction and high cost of the enzyme,9,10 while providing a “clean” and 

sustainable oxidation method. In addition, the enzymatic reaction requires a long 

oxidation time to produce reasonable density of carboxyl groups on the cellulose 

surface,11 as both the reaction rate of enzyme oxidising TEMPO and cellulose 

oxidation by TEMPO+ at low pH were too slow (refer to Chapter 3).12,13 Previously 

described electrochemical methods for cellulose oxidation required relatively large 

concentration of TEMPO (400 mmol∙L-1) compared to that required in the chemical 

oxidation (1 mmol∙L-1 for TEMPO), and also required considerable periods of time 

(more than 24 hours) for the completion of reaction,14 which is not efficient, and not 

practical for industrial applications. A kintecis study of the elctro-mediated TEMPO 

oxidation has been conducted on a soluble substrate and a possible mechanism was 

proposed: the reaction pathway was similar to the oxidation reaction in the 

NaClO/NaBr/TEMPO system, with the exception that the aldehyde groups formed in 

electro-oxidation needed to be hydrated before being converted into carboxylate 

groups, while the aldehydes could be directly oxidised by NaClO, or NaBrO in the 

latter.15 A similar result was also observed for electro-oxidation of benzyl alcohol in 

ionic liquid using TEMPO as catalyst, where the forming aldehyde intermediate 

remained unhydrated, and benzyl aldehyde with 100% chemical selectivity was 

obtained.16 This mechanism could also explain the reason for forming higher 
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aldehyde/carboxylate ratio of cellulose in laccase- and electro-oxidation compared to 

chemcial oxidation, as water diffuses slowly into the crystlline region of cellulose and 

slows down the hydration of the aldehyde groups.17 

 

Scheme 4.1 laccase/TEMPO oxidation of cellulose.
18

 

Therefore, a more efficient method that completes the reaction in a reasonable time 

period (preferably within several hours or less) and reduces the quantity of mediator 

used is essential to make the reaction cost effective, while minimising possible side 

reactions. It was considered that the previously published long reaction times and 

apparently inefficient electrochemically mediated oxidation were probably due to the 

small area of the working electrode,8,19 or excess starting material,14 and 

modification of these parameters in this study has allowed development of a more 

viable process. Based on the results in Chapter 3, the optiumum reaction conditions 

(TEMPO in 0.1 M carbonate buffer) was identified by cyclic voltammetry and used 

here to produce oxidised cellulose in bulk quantities.  

4.2 Results and discussion 

Electro-oxidation at elevated pH (pH 10) using TEMPO (chosen as the most efficient 

catalyst at pH 10 from the results of the cyclic voltammetry study in Chapter 3) as the 

mediator for cellulose oxidation was carried out for varying periods of reaction time 

and consumption of charge measured as a first approximation of the likely degree of 

oxidation. A much larger working electrode was adopted here, compared to the 

previous study in Chapter 3, to provide more surface area for the electron transfer 

between TEMPO and the electrode and so reduce the reaction time. Temperature 

was also investigated here to evaluate the influence on the reaction. The relative 

quantities of carboxylate and aldehyde groups were determined by conductometric 

titration of material as recovered and post NaClO2 treatment (to convert aldehyde to 

carboxylate) respectively.20 Analyses of crystallinity and degree of polymerisation 
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(DP) of cellulose and its corresponding oxidised form were evaluated by XRD and 

viscosity measurements to reveal the structure change of cellulose before and after 

electro-oxidation.  

4.2.1 Variation of the reaction time 

The initial reaction time was set to 2 h (Figure 4.2), comparable to the reaction 

period in chemical oxidation using the NaClO/NaBr/TEMPO system, in order to test 

the viability of producing oxidised cellulose by electro-oxidation. The surface area of 

the working electrode in contact with the mixture was ca. 25 cm2. The steady current 

over the reaction period implied a continuous generation of TEMPO+ on the working 

electrode to react with cellulose. Electro-oxidation systems reported in literatures 

using 1 mM TEMPO took more than 20 h to reach completion, which was not 

practical and probably resulted in undesired side reactions.17,19 Therefore, the 

concentration of TEMPO used was set at 10 mM to keep the reaction time within a 

reasonable period, based on the concentration effect results measured in the cyclic 

voltammetry study (increased concentration of mediator resulted in increased 

reaction rate).  

 

Figure 4.2 Relationship between 10 mM TEMPO electro-mediated oxidation current of 1 g α-

cellulose in CBS at pH 10 over the corresponding time (left axis) ,and quantities of consumed 

charge versus oxidation time (right axis). 

The total consumed charge for 2 h electro-oxidation was 341 C. The carboxylate 

groups and aldehyde groups formed in the oxidised cellulose were 0.8 mmol∙g-1 and 

0.3 mmol∙g-1 as determined by conductometric titration. The Faraday efficiency for 
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the production of carboxyl groups was 86 % (calculated based on the number of 

electrons required for the resulting carboxyl formed over the number of electrons 

consumed during the process), which was higher than the reported value for similar 

electrochemical oxidation of cellulose. The efficiency gradually decreased as the 

time evolved, due to the current loss by the electrolytes and gases formed during the 

reaction.21 Therefore the reduction of the overall reaction time was very important to 

increase the efficiency.17 The mass recovery was 93 % (ratio of solid sample weight 

before and after oxidation), which was comparable to the value in 

NaClO/NaBr/TEMPO system (over 90%), so the oxidised cellulose from the electro-

oxidation could be recovered in the same way as chemically oxidised cellulose.22  

The carboxylate content of the oxidised cellulose formed in the electro-oxidation 

system was lower and a higher content of aldehyde groups was measured, 

compared the NaClO/NaBr/TEMPO system. This indicated that NaClO may not only 

act to oxidise TEMPO, but also served to convert aldehyde (hydrated or non-

hydrated) to carboxylic groups more effectively in the chemical oxidation system,23 

as was mentioned previously in the introduction.  

In order to increase the carboxylate content of electro-oxidised cellulose (a greater 

density of the negative charge on the fibril surface), thus improving the dispersibility 

of the OCNF,22 a longer oxidation time or higher current (faster reaction rate) would 

be required and this was tested in this Chapter.8  

 

Figure 4.3 Relationship between 10 mM TEMPO electro-mediated oxidation current of 1 g α-

cellulose in CBS at pH 10 over the corresponding time (left axis), and charge consumed against 

oxidation time (right axis). 
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The total consumed charge for a 3 h electro-oxidation was 539 C (Figure 4.3). The 

surface area of the working electrode was ca 30 cm2.The current and reaction time 

were higher and longer than the previous experiment to evaluate the effect on the 

oxidised product. The carboxylate groups and aldehyde groups formed in the 

oxidised cellulose were 1.1 mmol∙g-1 and 0.5 mmol∙g-1, determined by 

conductometric titration. The Faraday efficiency for the production of carboxyl groups 

was 89 %. The mass recovery ratio was 91 %. 

The carboxylate content was comparable to that achieved in the 

NaOCl/NaBr/TEMPO chemical oxidation process in a similar time scale, but the 

aldehyde content was higher, suggesting that that electro-oxidation may require a 

“polishing step” post oxidation to convert aldehyde groups to carboxylate via further 

oxidation of aldehydes by oxidants,24 if low aldehyde content is required (the 

aldehyde groups may actually be beneficial to some application, e.g., protein 

immobilisation).25,26 The results showed that electro-oxidation may be a promising 

“clean” alternative to chemical oxidation, producing oxidised cellulose within 

reasonable time without adopting chlorine-based chemicals.   

It was noticeable that, although the current varied between the 2 h and 3 h electro-

oxidation, which could be adjusted by the area of the working electrode or stirring 

speed, the consumption of charge versus time was always a linear relationship and it 

was shown from cyclic voltammetry study that turnover of TEMPO occurred at a 

constant rate dependent on applied potential, which in turn suggested the oxidation 

of TEMPO+ with cellulose was the rate limiting step in the reaction rate law under the 

conditions tested. 

Focus now turned to determining the reproducibility of the process with samples 

subjected to the consumed charge and measured with respect to carboxylate and 

aldehyde contents.  

Therefore, the charge consumption was monitored and controlled here. The total 

consumed charge was 535 C (Figure 4.4). The electro-oxidation was conducted at a 

lower current to evaluate the effect of time on oxidation (it was not purposely set to 

react at the lower current, but this occurred due to the variance of electrode surface 
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area in the mixture and was not able to controlled precisely with the set-up here, The 

surface area of the working electrode was ca 22 cm2).  It was obvious from the graph 

that the reaction took a much longer time to complete due to a lower current, 

compared to the reaction shown in Figure 4.3. Therefore, a higher current was 

desirable to complete the reaction within a short time, and this could be achieved by 

increasing the surface area of the working electrode.  

The carboxylate groups and aldehyde groups formed in the oxidised cellulose were 

1.1 mmol∙g-1 and 0.5 mmol∙g-1 determined by conductometric titration. The result was 

similar to the reaction shown in Figure 4.3. Therefore, it was the consumed charge 

affecting the conversion ratio of cellulose within short period of the reaction time (< 3 

h).  

The Faraday efficiency for the production of carboxyl groups was 85 %. Noticeably, 

an increase in temperature was also observed after the reaction (temperature 

measured at the end of the reaction was 30 °C), suggesting that some efficiency loss 

was due to energy conversion. The mass recovery ratio was 80%, lower than the 

previous results, probably due to the increased amounts of soluble substrates 

formed at higher temperature, led by the degradation of cellulose chains.27 

 

Figure 4.4 Measured oxidation current for 10 mM TEMPO electro-mediated oxidation of 1 g α-

cellulose in CBS at pH 10 over the corresponding time. 

4.2.2 Variation of the total consumed charge 

Since it has been determined that the carboxyl contents of electro-oxidised cellulose 

was influenced by the total consumed charge, the focus was to correlate the 
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carboxylate and aldehyde contents of the oxidised cellulose with different total 

amounts of consumed charge, and its impact on the degree of polymerisation (DP) 

and the crystallinity of the oxidised cellulose. The method for DP value determination 

has been described in Chapter 2.  

Both the carboxylate and aldehyde contents in Figure 4.5 increased with the 

increasing consumption of charge as expected (higher charge consumption, more 

conversion). Although the change in carboxyl content did not follow a linear 

relationship with the consumption of charge, it was still possible to estimate the 

carboxyl content if the charge consumption is known. It was also noticed that the DPv 

value of the oxidised cellulose dropped significantly during the beginning of the 

reaction (probably due to the removal of amorphous cellulose region) and remained 

relative stable afterwards. The DPv value was found to be in a positive relationship to 

the length of the OCNF, and hence the decrease in the DPv value here suggested 

that OCNF shortened during the reaction.28 

 

Figure 4.5 Carboxylate and aldehyde contents (left axis), viscosity-average degree of 

polymerization (right axis, DPv) of the oxidized cellulose versus charge consumption by electro-

mediated TEMPO oxidation at ambient temperature in CBS at pH 10. Lines here are only for 

guidance. 

4.2.3 Other variables 

Two variables (counter electrode type and temperature) were also probed here to 

determine the impact on the reaction and the oxidised product, although it was also 
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noticed that type and form of the working electrode,29 and the geometry and form of 

the electrochemistry cell would also change the efficiency of the reaction. 30 

The set-up of the electro-oxidation system was the same as above, with the 

exception that the cathode was replaced by a glassy carbon electrode of 3 mm in 

diameter instead of a platinum electrode. The surface area of the working electrode 

was ca 35 cm2. Since glassy carbon is much cheaper than platinum, it was deemed 

useful to determine whether a change in cathode material would greatly influence the 

outcome of the reaction (the function of the cathode here was to allow current to flow 

through the system and hydrogen was produced on the glassy carbon), and it was 

expected that the chemically inert carbon electrode should not change the TEMPO 

oxidation.  All the other parameters were the same as was mentioned above. 

 

Figure 4.6 Relationship between 10 mM TEMPO electro-mediated oxidation current of 1 g α-

cellulose at CBS pH 10 over the corresponding time. 

The reaction was ended when the total charge consumption reached 540 C (Figure 

4.6). There were 1.1 mmol∙g-1 carboxylate content and 0.5 mmol∙g-1 aldehyde 

content formed in the oxidised cellulose, as determined by conductometric titration. 

The Faraday efficiency for the production of carboxyl groups was 85 %, and the 

mass recovery ratio was 87%. The resultant product is comparable to that obtained 

in the 3 hour electro-oxidation process using a Pt counter electrode with respect to 

the COOH and CHO content, but the reaction proceeds more rapidly (complete 

within 2.5 hours), due to the higher current. Therefore, replacement of Pt electrode 

with glassy carbon was considered viable. A similar oxidised product resulted and 
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the cheaper electrode led to slightly more rapid reaction. A slight increase in 

temperature was also observed (30 °C at the end of the reaction). 

It was suggested from other research result that cooler temperatures might avoid the 

depolymerisation reaction (with increasing temperature in the chemical oxidation, the 

reaction produced oxidised cellulose with lower DPw).31 Therefore, temperature 

variation was also investigated here with an expectation that the reaction would slow 

down at lower temperature, thus increasing the reaction time. 

Set-up of the temperature controlled electro-oxidation system was configured by 

immersing the electro-oxidation cell used at ambient temperature into an ice bath 

equipped with a thermometer, to monitor temperature change of the reaction mixture, 

and so maintain the temperature at ca 4°C. When the temperature was higher than a 

set value (ca 4 °C) and the ice in the bath melted, extra ice was added into the bath 

to reduce and maintain the temperature. The cathode used here was a glassy 

carbon electrode. The effect of higher temperature was not tested here, as it was 

suggested that both the crystallinity and the yield of the product would decrease at a 

higher temperature.27 

The total consumed charge was 350 C (Figure 4.7), and the surface area of the 

working electrode was ca 30 cm2. The charge value was set lower than 540 C, as 

the reaction rate was too slow to consume such amount of charge within a 

reasonable time scale.  

It was expected that the electro-oxidised cellulose contained ca 0.8 mmol∙g-1 and 0.3 

mmol∙g-1 for carboxylate and aldehyde content respectively, based on the results in 

Figure 4.5. Meanwhile, it was surprising to observe increase in both carboxylate and 

aldehyde contents to 0.9 mmol∙g
-1

 and 0.5 mmol∙g
-1

, as determined by 

conductometric titration. The carboxyl content was much higher than the oxidation 

with same charge consumption at ambient temperature, and the Faraday efficiency 

for the production of carboxyl groups reached 97 %, which was much higher than the 

experiment at ambient temperature. The mass recovery ratio was 88 %.  The DPv of 

the oxidised cellulose was about 385, which was also higher than the reaction taking 

place at ambient temperature. 
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These results suggested that the electro-mediated TEMPO oxidation resulted in a 

higher efficiency of the reaction and longer polymer chains of the oxidised cellulose 

under lower temperature conditions. This occurred because the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

absolute reaction rate of the low temperature reaction, reflected by the speed of 

charge consumption, was much slower compared to the reaction rate at ambient 

temperature. This was consistent with other results of TEMPO mediated electro-

oxidation of alcohols, as lowering the temperature resulted in an increase in 

selectivity of primary hydroxyl groups over secondary ones,32 thus increasing the 

electrical efficiency.  

 

Figure 4.7 Relationship between 10 mM TEMPO electro-mediated oxidation current of 1 g α-

cellulose in CBS at pH 10 over the corresponding time (left axis), and charge consumed against 

oxidation time (right axis). 

4.2.4 Characterisation of electro-oxidised cellulose 

The formation of carboxylate groups at C6 primary hydroxyl alcohol groups during 

electro-oxidation was confirmed by 
13

C NMR experiments (Figure 4.8), using 

oxidised cellulose completely dissolved in EMIM AC/DMDO-d6 with data collected at 

90 °C to compensate for the high viscosity of the solution at lower temperatures (a 

detailed sample preparation method for 13C NMR can be found in Chapter 2). The 

signals due to the EMIMAC must be disconnected, as the ionic liquid used to 

achieve full dissolution of cellulose also resulted in signals in the 13C NMR (but did 

not overlap with the signals of cellulose, Figure 4.8). As the achievable cellulose 

concentration was low, the signal to noise ratio was poor in the 13C NMR, and the 
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signal of aldehyde groups was too poor to be observed.33 Existence of aldehyde 

groups formed in the oxidised cellulose could be identified by reacting the oxidised 

cellulose with 2,4-dinitrophenylhydrazine, followed by spectrophotometric 

measurement.
34

 

The signal at 158.84 ppm indicated the formation of C6 carboxylate groups, while the 

signal for non-oxidised C6 carbon atoms was detected at 60.14 ppm.35 The C1 

carbon signal occurred at 102.29 ppm. The C4 carbon signal was observed at 78.70 

ppm and the C2, C3 and C5 signals were between 73.66-76.51 ppm (Scheme 4.2). 

Therefore, the selective TEMPO mediated electro-oxidation at C6 hydroxyl groups of 

cellulose was confirmed by 13C NMR and was in consistent with the spectrum of the 

chemically oxidised cellulose.36 

 

Scheme 4.2 Molecular structure of C6 partially oxidised cellulose. 

 

Figure 4.8 
13

CNMR spectrum of 2 wt% oxidised cellulose in EMIMAc/DMSO-d6 measured at 

90 °C. 
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Crystallinity of the cellulose before and after electro-oxidation reaction was 

compared to determine the influence of the reaction on the cellulose structure 

(Figure 4.9). The original cellulose was labelled as α-cellulose (cellulose type I), 

obtained from Sigma. However, the XRD spectra suggested that it was actually 

cellulose type II (Rietveld refinement in the later section below shows that it was a 

mixture of type I and II), as determined by the difference in the peak position.37,38 

This cellulose was used as the starting material in electro-oxidation, noting that the 

difference in the hydrogen bonding between cellulose I and II would affect the 

reaction rate (different accessibility of crystalline region of cellulose to mediator).39 

Mediator would diffuse faster into cellulose II, therefore it was expected that both 

cellulose I and II would show a similar trend in the change of reaction rate (faster in 

cellulose II), carbonyl content (higher in cellulose II), crystallinity (lower in cellulose II). 

The crystallinity was 56% for the original cellulose and 65% for the oxidised cellulose 

(1.1 mmol∙g-1 carboxylate groups and 0.5 mmol∙g-1 aldehyde groups, Figure 4.9), 

calculated by Segal’s method.
40

 Rietveld refinement was also applied here to 

compare the crystallinity change following the method of Thygesen et al.41 The 

Rietveld fitting for the cellulose starting material was illustrated in Figure 5.10 (see 

appendices for the result of the oxidised cellulose). This method is considered to 

give more realistic results than Segal’s method, allowing comparison of cellulose 

from different sources. The proportion of different cellulose polymorphs could also be 

extracted from the data. The crystallinity was determined to be 41% for the original 

cellulose sample (cellulose II : Iα : Iβ = 3 : 2 : 2, and 58% for electro-oxidised cellulose 

(where cellulose II : Iα: Iβ = 1 : 1 : 1). The increase in the crystallinity of cellulose after 

electro-oxidation, which was confirmed by both Segal’s method and Rietveld 

refinement, was in agreement with the result of the decrease DPv value after the 

reaction, showing that some amorphous cellulose was removed during the reaction 

(probably due to the formation of water soluble products resulting from a higher 

degree of oxidation in the amorphous regions of cellulose42) and therefore a higher 

degree of crystallinity was observed. The change in proportion of different cellulose 

polymorphs, determined by Rietveld refinement before and after electro-oxidation, 

suggested that the cellulose II has reacted with TEMPO more rapidly than cellulose I, 

yielding a water soluble product. 
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Figure 4.9 X-ray diffraction patterns of original cellulose and oxidised cellulose. 

 

Figure 4.10 Rietveld refinement pattern of the X-ray diffraction data for alpha cellulose. Dark 

blue line shows the experimental profile and yellow line shows the calculated profile. The light 

blue line at the bottom shows the residual difference.  

The morphology of OCNF obtained from electro-oxidation was studied by TEM, in 

order to compare it with the OCNF using chemical oxidation. The cellulose after 

electro-oxidation process (1.1 mmol∙g-1 carboxylate groups and 0.5 mmol∙g-1 

aldehyde groups) was further oxidised using NaClO2, to convert all aldehyde groups 

to carboxylate groups, then diluted and ultra-sonicated to yield 0.1 wt% OCNF 

aqueous suspension.38 The sonicated suspension was centrifuged to remove large 
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particles at 8000 rpm. TEM images of OCNF suspensions obtained from electro-

oxidation and chemical oxidation were displayed in Figure 4.11. Both OCNF from 

electro-oxidation and chemical oxidation processes presented fibril-like structure with 

a high aspect ratio, and the nanofibrils entangled with others. The electro-oxidised 

OCNF resulted in an average fibril width of ca 7nm, corresponding to the crystallite 

size in Figure 4.9, calculated by the use of Scherrer equation.43 Therefore, it was 

demonstrated for the first time that the electro-oxidation process could produce 

OCNF comparable to chemically oxidised cellulose, with similar morphology.  

 

Figure 4.11 TEM of OCNF obtained from (a) electro-oxidation and (b) NaClO/NaBr/TEMPO 

oxidation. 

 

Figure 4.12 TGA of cellulose before and after electro-oxidation. 

The thermal stability of the electro-oxidised cellulose (1.1 mmol∙g-1 carboxylate 

groups and 0.5 mmol∙g-1 aldehyde groups) after the NaClO2 “polishing” process is 

shown in Figure 4.12. The mass loss at ca 100 °C for both samples was ascribed to 

(a) (b) 
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the loss of free water moieties. The degradation temperature of electro-oxidised 

cellulose (ca 220 °C) was lower than that of the original cellulose, but similar to that 

of the chemically oxidised cellulose (ca 222 °C).44 The higher residue of the electro-

oxidised cellulose was ascribed to the incomplete carbonization of the oxidised 

cellulose in the presence of sodium atoms in the sample, as the acid treated oxidised 

cellulose resulted in a similar residue value as the original cellulose.45 

 

4.3 Conclusions 

A simple, clean electro-oxidation method for the selective oxidation of cellulose 

under chlorine-free conditions has been established. With the working electrode 

surface area / cellulose weight at ca 30 cm2 / 1 g, potential at 1 V and 10 mM∙g-1 of 

TEMPO to cellulose in 100 mL 0.1 M carbonate buffer at pH 10, electro-oxidation of 

cellulose was accomplished with controllable carboxyl content in a reasonable time 

(2-5 hours). The reaction rate was reflected by the measured current level: higher 

current indicated a faster reaction. Faraday efficiency of the electro-oxidation was 

significantly improved by lowering the temperature, although a slower reaction rate 

was inevitable. 

The DP, carboxylate/aldehyde content, Faraday efficiency, mass recovery ratio and 

crystallinity for selected samples are summarised in Table 4.1. The results were 

obtained using a platinum counter electrode at room temperature, unless specified in 

the table. Generally, the DP decreased (from 1088 to 340) and the crystallinity 

increased (from 41% to 58% as determined by Rietveld refinement) as the oxidation 

proceeded. The amorphous phase and type II cellulose was partially removed during 

oxidation, suggesting that these were oxidised more completely with TEMPO, 

yielding some water soluble products. This is reflected in the change in the relative 

quantities of cellulose polymorphs (the ratio of cellulose II : Iα : Iβ changed from 3:2:2 

to 1:1:1) derived from Rietveld refinement. Lowering the temperature could help to 

increase the efficiency, but it would also slow the reaction and extra energy would 

also be required to maintain the low temperature. The change of the counter 

electrode from platinum to glassy carbon resulted in no significant difference in the 
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conversion of C6 hydroxyl groups, which could be used when scaling up the reaction 

as glassy carbon is much cheaper than platinum.  

In addition, the carboxylate and aldehyde contents were shown to be identical when 

the charge consumption was ca 540 C using platinum or glassy carbon counter 

electrodes. This result suggested that the degree of oxidation could be controlled by 

the charge consumption, based on Figure 4.5. The carboxylate/aldehyde ratio 

formed in the electro-oxidation increased with increasing charge consumption (from 

1 to 2), but the value was lower than that in the NaClO/NaBr/TEMPO system 

(carboxylate/aldehyde is typically >5
46

) and post-oxidation polishing process may be 

required to convert the aldehyde groups into carboxylate groups if necessary. 

Quantitative analysis of 13C NMR signals was not conducted to evaluate the 

carboxylate/aldehyde content (calibration of the carbon signal would be required to 

correlate the peak intensity to the carboxylate/aldehyde content). It was used to 

qualitatively compare the conversion of C6 hydroxyl groups to carboxylates based on 

comparison to previously published data,31 but this could be applied in the future to 

cross-check with the results from conductometric titration.   

Table 4.1 Summary of the electro-oxidation results for α-cellulose in the presence of 10 mM 
TEMPO in 0.1 M carbonate buffer at pH 10 

  

The potential limitation for this method to be scaled up would be the intial investment 

in the electrodes used in the system and the replacement cost of the electrodes after 

the life cycle. Meanwhile, the expensive platinum cathode could be replaced by a 

cheaper glassy carbon electrode, leading to a similar result of carbonyl content and 

Segal's method Rietveld refinement

0 0 0 - 1088 100 - 56 41

77 0.1 0.1 1 399 - - - -

163 0.1 0.2 1 370 - - - -

249 0.3 0.2 1 356 - - - -

341 0.7 0.3 3 339 93 86 - -

350 (t=4 °C) 0.9 0.5 2 385 88 97 - -

539 1.1 0.5 2 344 91 89 65 58

540 (glassy carbon counter electrode) 1.1 0.5 2 340 85 87 - -

Crystallinity / %Charge consumption 

/ C

Mass recovery

 / %
DPv

Faraday efficiency 

/ %

Carboxylate 

/ g∙mol-1

Aldehyde

/ g∙mol-1

Carboxylate

/Aldehyde
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efficiency. It is also worth mentioning that membrane separation is necessary 

between the cathode chamber and the anode chamber to avoid reduction of 

TEMPO+ (or other side reactions) when the reaction is scaled up, otherwise a 

significant decrease in efficiency would be expected
47

. 

Oxidised cellulose produced by electro-oxidation and chemical oxidation showed 

similar fibrils morphology and thermal stability. The difference between electro-

oxidation and the chemical oxidation in the NaClO/NaBr/TEMPO system was a 

higher content of aldehyde groups formed on the surface using electrochemistry, due 

to the lack of efficient oxidant converting aldehydes into carboxylate. Therefore, a 

post-polishing step is necessary if low aldehyde content is essential for the final 

product. 
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Chapter 5 Pickering emulsion stabilised by oxidised cellulose 

Nanofibrils 

5.1 Introduction 

Pickering emulsions rely on solid particles (the emulsifier), adsorbed at the interface 

between two immiscible phases, to stabilise the emulsion.1 Pickering emulsions are 

kinetically stable due to the steric hindrance or/and electrostatic repulsion of solid 

particles acting as barriers between droplets to prevent coalescence.2 The difference 

in wettability of particles (hydrophilic or hydrophobic nature of the surfaces) changes 

the formation of emulsions significantly. Oil-in-water (o/w) emulsions form favourably 

when the emulsifiers are more hydrophilic, while water-in-oil (w/o) emulsions are 

stabilised if the emulsifiers are hydrophobic.3  

O/w emulsions stabilised by surfactants or solid particles (e.g. polymers, proteins) 

occur widely in daily life. However, common surfactants add burden to waste water 

treatment and suitable polymers tend to be expensive and synthetic, so may not be 

environmental friendly and bio-compatible.4 Some natural polymers can be used as 

alternatives, but they are generally from food competitive sources or hard to 

process.5,6 Oxidised cellulose nanofibrils (OCNF), prepared by selective oxidation of 

cellulose via chemical-, electro-, or enzymatic-oxidation, followed by mild mechanical 

treatment, is a new type of renewable bio-material. It is used as a rheology modifier, 

an alternative emulsifier to surfactants from petrochemical sources and can replace 

non-biodegradable materials, such as silicones.7-9 While OCNF cost will depend on 

economies of scale, production processes are currently being scaled up (Nippon 

Paper), or have been tested at scale (Croda), so the cost is expected to become 

more competitive. Full cost/benefit analyses would need to be conducted before 

OCNF are used in formulations to replace polymers, but this is beyond the scope of 

this thesis. 

O/w Pickering emulsions stabilised solely by OCNF have not been reported so far. 

One patent by Unilever described the use of OCNF to form an emulsion along with 

other surfactants, but the role of OCNF in the emulsion was not fully investigated.10 

Most papers regarding Pickering emulsions stabilised by cellulose derived materials 
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concern the use of microfibrillated cellulose (also referred to as nanofibrillated 

cellulose), hydrophobised OCNF (to form a w/o emulsion) or cellulose nanocrystals 

which have very different aspect ratios and surface properties to OCNF.11,12 The 

morphology of the cellulose fibrils or rods at the oil/water interface also has not been 

explored in the real environment. Most investigations used SEM, or AFM on dried 

emulsion samples, where the drying process could potentially change the 

morphology. Optical microscopy does not give high enough resolution to identify the 

individual particles at the interface.13,14  

In this work, an OCNF suspension, prepared by TEMPO mediated oxidation followed 

by ultrasonication, was used to stabilize the hexadecane/water interface to form o/w 

Pickering emulsions. The stability of the emulsions, droplet sizes, and shell 

thicknesses under different conditions were investigated to provide a clear 

understanding of the structure of the emulsions and to elucidate the effects of 

addition of formulation ingredients. 

5.2 Results and discussion 

5.2.1 OCNF characterisation 

 

Figure 5.1 TEM image of 0.01 wt% OCNF dispersion, negatively stained by uranyl acetate. 

Analysis of the dimensions of OCNF particles, visualised using TEM (Figure 5.1), 

yields a number average value of the width of 4.5 ± 1.5 nm (Figure 5.2) and several 

microns in length. This result is in accordance with most other authors working on 
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OCNF who reported sizes for the individual nanofibres.7,15 Characteristic features of 

the OCNF dispersion are the negatively charged fibrils, large aspect ratios and 

entangled interactions which cause formation of a mesh of nanofibrils upon drying 

onto the TEM grid, compared to cellulose nanocrystals, which dry as individual 

rods.16-18  

 

Figure 5.2 Histogram of width distributions of OCNF from TEM image analysis using imageJ, a 

total measurement of 100 particles was conducted. 

5.2.2 Emulsion characterisation 

A range of o/w emulsions were formed at a 30 to 70 volume ratio of oil (hexadecane) 

to aqueous OCNF dispersion, with no added surfactant. The aqueous dispersions 

consisted of OCNF at concentrations ranging from 0 to 15 g∙L-1 and emulsification 

was achieved by ultrasonication, resulting in stable o/w Pickering emulsions (Figure 

5.3). The emulsion pH remained at ca 7 (matching that of the input OCNF 

dispersions) and was not adjusted.  

The stability of the emulsion, droplet size, and thickness of the OCNF shell at the 

hexadecane-water interface were investigated. Centrifugal force was used to 

accelerate the creaming process of the emulsion. The excess aqueous phase was 

excluded from the emulsion after this process, resulting in close packing of the 

droplets (Figure 5.3). A rotational speed of 4000 revolutions per minute (rpm) was 

found suitable for the emulsion stability test. The volume change of the emulsion 

layer was recorded before and after centrifugation.  



CHAPTER 5 

 

 
 

123 
 

Before centrifugation, the emulsion layer (Figure 5.3a) increased gradually with the 

increased concentration of OCNF in the suspension (illustrated by the white layer 

formed in the Eppendorf tubes in the figure), indicating that oil droplets were 

effectively surrounded by OCNF at higher solid particle content and that these were 

effectively distributed throughout the continuous phase. After centrifugation (Figure 

5.3b), excess OCNF aqueous dispersion was excluded from the emulsion, and the 

concentrated emulsion layer formed was resistant to the force induced by 

centrifugation for all except the lowest concentrations of OCNF. The emulsion layer 

remained stable after centrifugation for all concentrations above 3 g∙L-1 OCNF, 

suggesting strong adsorption of OCNF at the oil-water interface. The critical OCNF 

concentration for stabilising the emulsion is dependent on the effective surface 

coverage of the solid particles on the oil droplet surface. This variable has been 

extensively studied by the group of Capron et al (ca 44% coverage value was 

essential for the emulsion stabilised by CNC,13 and this value decreased with 

increasing crystal length19). The critical surface coverage was calculated to be ca 45% 

for Pickering emulsion stabilised by OCNF, similar to the value for CNC.  

 

Figure 5.3 Photographs of o/w emulsions with increasing concentrations of OCNF in the 

aqueous phase from 0 to 15 g∙L-1
 taken (a) 24 h after emulsification and (b) after centrifugation 

at 4000 rpm for 30 min. 

Droplet diameter measurements (Figure 5.4) indicated the occurrence of 

coalescence at low concentration of oxidised cellulose, which supports the 

appearance of an un-emulsified oil phase following centrifugation (Figure 5.3b). A 
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favoured droplet size of ca 1.9 ± 0.2 µm was observed for the stable emulsions 

containing more than 3 g∙L-1 OCNF in the aqueous phase (the droplet size is an 

indicator of emulsion stability which is also dependent on the size of the solid 

particles and the viscosity of the mixture).
20

 

 

Figure 5.4 Droplet diameter D(3,2) measured as a function of OCNF concentration in the 

aqueous phase. 

 

Figure 5.5 Confocal laser scanning micrograph of droplets stabilized by OCNF with fluorescent 

staining. The sample is taken from the emulsion layer produced post centrifugation of an 

emulsion formed using 8 g∙L
-1

 of CONF. 

The assembly of oxidised cellulose at the oil/water interface was probed by confocal 

laser scanning microscopy (CLSM). Fluorescent staining of OCNF allowed the 

existence of the OCNF particles adsorbed at the hexadecane/water interface to be 
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clearly identified, visualized as green particles using CLSM. In Figure 5.5, the green 

boundaries indicated the formation of the OCNF shell, preventing the oil droplets 

from coalescence. It should be noted that the image was taken using the condensed 

emulsion layer after centrifugation. An as-made emulsion was also taken for CLSM 

and the green boundaries were observed visually, but the difference in colour was 

not distinguishable using the CCD camera. 

 

Figure 5.6 Time-lapse image of emulsion stabilised by OCNF upon adding 1 vol% ethanol. 

When small amount of ethanol was added into the emulsion (after the emulsion 

formed), the emulsion droplets became unstable and merged together over a short 

time (Figure 5.6). The result indicated that the OCNF shells, formed on the surface of 

the emulsion droplets, were porous and permeable (ethanol dissolved hexadecane 

and formed a miscible solution). This will be further discussed in detail in the later 

section. 

In order to determine the emulsion type (o/w or w/o), the contact angle of OCNF at 

the hexadecane/water interface was calculated using Young’s equation (Equation 

5.1). The result confirmed that an o/w emulsion (contact angle 𝜃 < 90°) was formed 

in the presence of OCNF.21,22  
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cos 𝜃𝑜𝑤 =
𝛾𝑜𝑠 − 𝛾𝑤𝑠

𝛾𝑜𝑤
=

𝛾𝑤𝑣 cos 𝜃𝑊𝐶𝐴 − 𝛾𝑜𝑣 cos 𝜃𝐻𝐶𝐴

𝛾𝑜𝑤
 

=
72 cos 33 − 27 cos 12

44
= 0.77 

𝜃𝑜𝑤 = 39° 

(5.1) 

Where 𝜃𝑜𝑤 is the contact angle of OCNF at the oil/water interface, 𝛾𝑤𝑣 is the surface 

tension at water/air interface, 𝛾𝑜𝑣 is the surface tension at the oil/air interface and 𝛾𝑜𝑤 

is the surface tension at the water/oil interface in the presence of OCNF. The surface 

tension for OCNF suspensions was determined by the Du Noüy ring method (see 

Chapter 2 section 2.2.2.11). 

5.2.3 Droplet diameter response to NaCl and pH 

To test the stability of the emulsion in the presence of salt (commonly used in 

formulations for personal care products), different amounts of NaCl were added into 

the emulsion to make the required concentration in the aqueous solution (0.1 M, 0.5 

M and 1.0 M). The stability of the emulsion was evaluated by measuring the 

diameter of the emulsion droplets via laser diffraction. For a stable emulsion the 

droplet diameter should be constant and would be expected to be similar to that of 

the emulsion stabilised by OCNF without NaCl, i.e. ca 2 μm, based on the results 

shown in Figure 5.4. 

The diameter of the emulsion droplets changed rapidly in the low oxidised cellulose 

concentration region (from 0.5 g∙L-1 to 5 g∙L-1) in the presence of NaCl in the 

aqueous phase, similar to the phenomenon observed in the salt-free emulsion 

(Figure 5.7). Once the concentration of OCNF reached a critical value, the droplet 

diameter remained constant despite the increasing OCNF content (the diameter was 

dependant on the interfacial tension, the power input and the viscosity of the 

continuous phase),23,24 and the emulsions were stable against centrifuge force (see 

appendices). The diameter of the emulsion droplets in the presence of salt followed 

a sequence of: D (0.1 M NaCl) > D (0.5 M NaCl) > D (1 M NaCl) > D (0 M NaCl), 

which corresponds to the surface tension of the oxidised cellulose suspension at 
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hexadecane/water interface (Figure 5.8). The result was in agreement with Tolman’s 

study suggesting that the droplet size increased with increasing surface tension.25 

 

Figure 5.7 Droplet diameter measured as a function of salt concentration in the aqueous phase 

and oxidised cellulose concentration in the suspension.  

 

Figure 5.8 Surface tension at the hexadecane/water interface measured as a function of OCNF 

and NaCl concentration in the aqueous phase. 

With the increased concentration of NaCl, it was expected that the surface tension 

should increase accordingly due to the increasing attraction among surface 

particles.26 However, the presence of OCNF at the hexadecane/water interface, 

resulted in lowered surface tension (Figure 5.8), probably due to the disruption of 

hydrogen bonding of water. It was noted that the highest surface tension in the 

presence of OCNF was measured at 0.1 M NaCl rather than at higher salt 

concentrations. The surface tension decreased gradually with increasing amounts of 
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salt, due to charge screening of OCNF. This suggested that OCNF became both less 

hydrophilic and more able to overlap with other OCNF fibrils at the interface. At the 

highest salt concentrations flocculation was expected, which would remove material 

from the interface due to sedimentation under gravity, allowing surface tension to 

increase, although this was not observed at the salt concentrations measured here. 

We noted that non-oxidised cellulose nanofibrils were reported to flocculate when 

exposed to 0.1 M NaCl,27 while CNC underwent sedimentation when the 

concentration of NaCl exceeded 0.05 M.28 It is hypothesised that these phenomena 

could be ascribed to direct repulsion and a charge neutralisation mechanism. It is 

suggested that the repulsion between Cl- and negatively charged OCNF but lower 

charge density particles “pushed” the entangled oxidised cellulose fibrils towards the 

interface,8 hence lowering the surface tension. A similar effect has also been 

observed for graphene oxide (GO) at the toluene / water interface, where the GO 

became more hydrophobic and decreased the interfacial tension when the pH 

dropped.
29

 In addition, increased ionic strength (more Na
+
 and Cl

-
 in the aqueous 

phase) resulted in the screening of the surface charge on the fibrils, causing a 

decrease in the Debye length (Figure 5.9). Thus more fibrils diffused to the interface 

thus lowering the surface tension more significantly. To test these hypotheses, SEM, 

AFM were used to visualize the evolution of OCNF at oil/water interface, while SAS 

and rheology experiments were used to in situ investigate the OCNF at the interface, 

under various NaCl concentrations. 

 

Figure 5.9 Zeta potential of 8 g∙L
-1

 OCNF suspension with varying NaCl concentration. 
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Figure 5.10 Droplet diameter in emulsions of hexadecane in water stabilised by OCNF (8 g∙L
-1

) 

measured as a function of pH, with error bars reflecting variation in triplicate measurements (too 

small to be visible). 

The effect of pH on the droplet size in the emulsion was also investigated, as many 

formulations required different acidic/basic environments. The droplet size remained 

stable over the pH values tested (Figure 5.10), suggesting the adsorption behaviour 

of OCNF at the hexadecane/water interface remains the same under the conditions 

tested (the functional groups on the OCNF surface are changed from COO- at 

neutral/basic pH to COOH at acidic pH). Emulsions at the four different pHs all 

maintained a condensed emulsion layer against centrifuge force, indicating the 

emulsion droplets’ stability against coalescence. This stability is ascribed to the 

similar amphiphilicity of OCNF over the pH tested, as the contact angle of OCNF at 

the hexadecane/water interface remained similar (𝜃𝑜𝑤 = 40° at pH 2, 𝜃𝑜𝑤 = 39° at pH 

7, as calculated by Equation 5.1). 

5.2.4 Shell Thickness of Emulsion Droplets 

The OCNF boundaries at the oil/water interface were also visualised by SEM. In this 

experiment, hexane was used as the oil phase as its low boiling point facilitated 

removal by freeze drying, and the emulsion droplet diameter was ca 2.5 µm. The 

sphere-like continuous shell, remaining after removing oil and water out of the 

system, confirmed that the OCNF formed a shell structure on the emulsion droplets 

surfaces (Figure 5.11a). The bigger droplet size (ca 4 to 10 µm) observed in the 

SEM image was ascribed to some merging of multiple smaller droplets (coalescence) 

during the drying process. Some sheet-like structures were also observed in the 
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SEM images, suggesting some OCNF remained in the aqueous phase (similar 

structures have been reported in OCNF gels without oil droplets30). 

 

Figure 5.11 SEM images of a freeze-dried Pickering emulsion stabilised by 8 g∙L
-1

 OCNF (a) 

showing spherical structures remaining once oil and water are removed and (b) showing the 

presence of some sheet like structures. 

 

Figure 5.12 SEM image of an emulsion stabilised by 8 g∙L
-1

 OCNF with 1 M CaCl2 after the 

freeze-drying process. 

The SEM image of the freeze-dried emulsion in the presence of salt (CaCl2 was 

used here to form a stronger interconnected network via ionic cross-linking,31 

compared to the aggregation induced by NaCl28) indicated that thicker shells formed 

at the hexadecane/water interface at high salt concentration (Figure 5.12), as the 

OCNF shell did not break up during the drying process. However, as mentioned 

previously, these images may not demonstrate the real structure of the shell before 

(a) (b) 
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drying as drying is known to induce formation of aggregated and sheet-like 

structures in dried OCNF dispersions.32  

Neither CLSM nor SEM represented the real morphology of the fibrils at the interface 

due to the low resolution for CLSM and aggregation effects of the fibrils in the shell 

during freeze-drying for SEM. To obtain a better understanding of the morphology of 

the OCNF shell at the emulsion surface, atomic force microscopy (AFM) was used to 

examine the emulsion with polymerizable styrene as the oil phase. OCNF showed a 

similar ability to stabilise styrene and hexadecane droplets, so it was assumed that 

the styrene/water emulsion could represent the hexadecane/water system (the 

diameter of the emulsion droplets was comparable, ca 2.5 µm for styrene/water 

emulsion).33 Since the oil phase was polymerized once the emulsion formed, the 

OCNF assembled at the emulsion droplet surface would be immobilised, showing a 

more realistic morphology of the shell. The AFM image illustrated that the OCNF 

shell did not form a continuous film at the emulsion surface as determined by the 

roughness of the oval surface, but entangled together as a flexible mesh bending 

onto the interface. The morphology of the OCNF was similar to that reported in the 

existing literature where Kalashnikova et al reported the morphology of OCNF on a 

flat surface,34 (Figure 5.13). This was similar to the TEM image of the OCNF 

suspension observed in Figure 5.1, but different from the morphology of a Pickering 

emulsion stabilised by cellulose nanocrystals. OCNF has a much larger aspect ratio 

and more flexibility compared to cellulose nanocrystals, which allow the fibrils to 

become entangled.35,36   

It was noted that the diameter of the emulsion droplet observed in AFM (Figure 5.13) 

was much smaller than that determined by laser diffraction (ca 2.5 µm), which was 

the ascribed to the shrinkage of the polystyrene droplets during polymerisation and 

during the drying process (although possible also due to the formation of smaller 

droplets in the initial stage after sonication).37 The apparently oval shape of the 

droplets were due to shape artefacts of the AFM tips on curved surfaces,38 which 

can be improved by adopting a shaper tip (with much higher cost).39 Combining this 

images with the results from confocal microscopy, laser diffraction and SEM, the 

AFM image was able to illustrate the assembly of OCNF on the droplet surface. 
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Figure 5.13 AFM image of a dried polymerized styrene/water emulsion stabilized by 8 g∙L
-1

 

OCNF in the absence of salt. 

Based on the previous results of the emulsion characterisation and the SEM images 

of freeze-dried emulsion with or without salt, it was proposed that, the OCNF shell, 

adsorbed at the oil/water interface, responded positively to the increase in ionic 

strength in solution. That is, the higher the salt concentration, the thicker the shell 

formed. The salt-responsive phenomenon of the OCNF shell is very interesting and 

has practical application for tuning emulsion stability and drug delivery.  

The focus here is to determine the evolution of the shell thickness in response to the 

increasing ionic strength (NaCl concentration). However, it was not viable to 

quantitatively determine the shell thickness by CLSM, SEM or AFM analysis, due to 

the low resolution, or the morphology change of the shell during the drying process. 

Small angle scattering (SAS) is a very reliable technique to probe core-shell 

structured systems based on the scattering length density (SLD) difference.40 In 

addition, SAS is a non-invasive technique to obtain in-situ structural information from 

a solution, which allows studies of the sample in its real environment. Therefore, the 

change of the OCNF shell thickness was probed directly using SAS in the presence 

of different NaCl concentrations.  

The physical model for the emulsion shell used to fit the data is illustrated in Figure 

5.14, based on the AFM study. The OCNF particles entangled with each other onto 
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the surface of the emulsion droplet as a mesh, where oil and/or water could 

penetrate into the pores of the mesh network. 

 

Figure 5.14 Cartoon of OCNF morphology on the emulsion droplet surface. 

The SAS data from the emulsion system was fitted using the 

“PolyCore_and_NShells” model in the NCNR SANS Analysis package within IGOR 

Pro which describes a sphere having a polydisperse core, surrounded by up to four 

shells of different SLD.41,42 For this data, a model containing two shells was used as 

it was envisaged that OCNF could be found at the interface, but largely in the 

aqueous phase, or at the interface and penetrated into the oil phase. The SLD for 

the shell was modified, (refer to Chapter 2 for details), since the OCNF was 

postulated to exist in both oil and aqueous phases due to its amphipathic nature, so 

the inner shell was described an OCNF/oil mixture, while the outer shell was 

composed of OCNF with water.  

In the model, as the size of the emulsion droplets was outside of the detection range 

of the SAS instrument, the fitting is insensitive to the size of the droplet core and the 

core radius was set at a constant value of 10000 Å. The core polydispersity was set 

as 0.3 (refer to Chapter 2 for the calculation), based on the laser diffraction pattern in 

Figure 5.15. It should be noted that the distribution patterns of the diameter varied 

among samples, affecting the corresponding polydispersity values. However, altering 

the polydispersity above 0.3 had little influence on the fitting results. 
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Figure 5.15 Histogram of diameter distribution of emulsion droplets from laser diffraction used to 

set the polydispersity value used in modelling of the SAS data. 

 

Figure 5.16 SAXS patterns of the hexadecane/water emulsion stabilised by ONCF (8 g∙L
-1

) at 

different NaCl concentrations (the scattered curves are offset for clarity); solid lines are the fits to 

the data using the model described above. 

Small angle X-ray scattering (SAXS) was initially adopted to evaluate the evolution of 

the OCNF shell in the presence of various amounts of NaCl, as the SAXS instrument 

was easier to access compared to SANS. In addition, the SAXS experiments 

provided rapid results, providing some preliminary information on the emulsion 

system.  

The SAXS data and the corresponding fitting curves are displayed in Figure 5.16. 

The fitting model in this case required only one shell of solvent/OCNF around the 

polydisperse droplet core instead of two shells, as the SLD for hexadecane and 

water is similar for X-rays therefore no difference would be observed for the two 
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shells. Fitting using a two shell model was also attempted, achieving a similar result, 

but was disregarded due to the extra parameters required to fit two shells, which 

were not justified for these data (only one dataset was available for each NaCl 

concentration). The fitting results showed that the OCNF shell thickness increased 

gradually (from 33 to 39 Å), which was not significant due to the poor contrast 

between the shell and aqueous phase, and the value of the water fraction in the shell 

was not reasonable (ca 1 vol%, suggesting the formation of a condensed shell). 

Therefore SAXS may not be sensitive enough to probe the structure changes in the 

shell composition.  

Small angle neutron scattering (SANS) is a very commonly used technique to 

characterise such core-shell structures, as it highlights contrast between a H-rich 

material and a D-rich solvent.43 Therefore, selective deuteration of the different 

components is frequently used to obtain a more detailed structural picture (Figure 

2.9).44 In Figure 5.17, the increase in intensity at low q, is correlated with increased 

NaCl concentration. The SLDs of the deuterated hexadecane and D2O were similar, 

therefore they were contrast matched and only OCNF was visible at this contrast. 

Thus the increase in intensity suggests increasing thickness or density in regions 

containing OCNF, i.e. that the shell between oil and aqueous phases became thicker. 

This was in agreement with the SAXS results. 

 

Figure 5.17 Experimental SANS patterns from a deuterated hexadecane/D2O emulsion 

stabilised by ONCF (8 g∙L
-1

) at different NaCl concentrations (scattered points). 
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SANS measurements using different contrasts (exploiting the differences in SLD for 

H and D) were conducted to provide more reliable fitting, using two or three data sets 

of data to simultaneously fit a single model for each NaCl concentration. For instance, 

deuterated hexadecane/D2O emulsion “detected” the structure of the shell as the 

SLDs were similar for the oil and aqueous phase, hexadecane/50wt % D2O emulsion 

highlighted the droplet core and hexadecane/H2O emulsion illustrated the entire 

droplet. Quantitative analysis of the change of the shell thickness was conducted for 

each NaCl concentration by fitting a model to the data. Figure 5.18 illustrates the 

SANS pattern and the corresponding fitting curves using the two shell sphere model 

for the emulsion in the absence of NaCl (refer to appendices for more SANS data in 

the presence of NaCl). 

The evolution of the OCNF shell with increasing ionic strength, based on the SANS 

fitting results (Table 5.1) is illustrated in Figure 5.19. When there was no salt present 

in the emulsion system, the OCNF tended to be located in the aqueous phase due to 

its hydrophilic nature, and formed a single layer of OCNF/water in the outer shell. At 

low ionic strength (0.1 M NaCl), a more thicker but still hydrated shell formed (Table 

5.1)  and more OCNF moved to the hexadecane/water interface, as indicated by the 

decreased surface tension (Figure 5.8) and surface charge (Figure 5.9). At high ionic 

strength (0.5 M NaCl), the outer shell compressed into a denser state and part of the 

OCNF diffused into the oil phase creating a second OCNF/oil inner shell. A similar 

result has also been shown for Pickering emulsions stabilised by CNC, using SANS, 

where a charged CNC monolayer of thickness 70 Å formed at the oil-water interface 

(but the water fraction and the shell response to ionic strength were not determined 

in that case).45 The densification of the shell by CNC aggregation was also 

demonstrated using uncharged CNC, which showed a very similar effect to the 

charge screening of OCNF, resulting in aggregation at the interface at high ionic 

strength.45 This result was in good agreement with the SEM results, which indicated 

more OCNF was located at the interface on the droplet surfaces with increasing ionic 

strength, forming thicker shells.  
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Figure 5.18 Experimental SANS patterns from a hexadecane/water emulsion stabilised by 

OCNF (8 g∙L
-1

) with different deuterated composition (circles); solid lines are the fitted curves. 

 

Figure 5.19. Evolution of ONCF shell thickness with increasing NaCl concentration. The red 

dashed circles show the boundaries for OCNF layers at the oil water interface. The OCNF 

formed a single-layer in the aqueous phase when no salt was added (left); in the presence of 0.1 

M NaCl the OCNF shell became thicker and more hydrated, but did not penetrate into the oil 

phase (middle); while, in 0.5 M NaCl, the aqueous shell compressed and a second shell was 

formed when some of the OCNF moved into the oil phase (right). 

Table 5.1 OCNF Shell thickness at hexadecane/water interface, T=25 °C.
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5.2.5 Rheology 

When NaCl was present in the emulsion, the sample started to gel. The rheological 

properties of the Pickering emulsions stabilised by OCNF at various ionic strength 

(different NaCl concentrations) are displayed in Figure 5.20a. The NaCl containing 

emulsions showed shear thinning behaviour, allowing them to easily spread across a 

surface under force and forming a thin layer of film when settled (similar to the 

personal care products used in daily life), which was consistent with the rheology 

behaviour of OCNF suspension (as OCNF was the actual rheology modifier in the 

emulsion that altered the viscosity).
46

 The viscosity of the emulsion increased with 

increased OCNF (Figure 5.20b), due to the formation of a more rigid OCNF 

network.47 In addition, the shear-thinning curve (Figure 5.20) can be divided into 

three distinctive regions over the shear rate: In region I, OCNF started to orient along 

the shear direction under the low shear force, resulting in a decrease in viscosity. In 

region II, a viscosity plateau was observed at low median rates, which was ascribed 

to the formation of a more entangled network due to the long aspect ratio of OCNF.48 

In region III, another shear thinning region at high shear rates corresponded to the 

disruption of the entangled network into more individual fibrils..49 Therefore, the use 

of OCNF emulsions stabilised by various OCNF concentrations under different 

formulations could increase the viscosity of the products by adjusting the aqueous 

network,19 and reduce the use of surfactants significantly. 

 

Figure 5.20 Steady shear viscosity versus shear rate of (a) hexadecane/water emulsions 

stabilised by 8 g∙L
-1

 OCNF at various NaCl concentrations, and (b) hexadecane/water emulsion 

stabilised by 4 g∙L
-1

 or 8 g∙L
-1

 OCNF with 0.5 M NaCl. 

(a) (b) 



CHAPTER 5 

 

 
 

139 
 

 

Figure 5.21 Storage modulus (G’) and loss modulus (G’’) versus stress curves for an 8 g∙L
-1

 

OCNF dispersion and hexadecane-in water emulsion stabilised by 8 g∙L
-1

 OCNF with varying 

quantities of NaCl. 

Oscillatory rheology was conducted here to study the OCNF network in the aqueous 

phase in the presence of NaCl (Figure 5.21). The crossover point of storage modulus 

(G’) and loss modulus (G’’) showed the yield stress of the sample deformation,
50

 

when the emulsion gel changed from an elastic-like solid to viscous liquid. For an 

OCNF dispersion (with no added oil), the yield stress increased with increased salt 

concentration (from 0.695 Pa at 0.1 M NaCl to 6.35 Pa at 0.5 M NaCl), implying that 

a stronger network formed due to the charge screening effect, which allowed greater 

contact interaction between fibrils at high ionic strength (Figure 5.9).46 Similarly, the 

storage modulus and the yield stress increased with increased OCNF content, as a 

more rigid network formed.51 However, the yield stress of the emulsion system 

decreased as the NaCl concentration increased (from 5.04 Pa at 0.1 M NaCl to 2.53 

Pa at 0.5 M NaCl), in contrast to the behaviour of the OCNF dispersion alone. This 

contrary effect indicates a weaker network in the emulsion system in a higher ionic 

strength environment. At first this appears to be counterintuitive, but this 

phenomenon would actually be expected if the interpretation of the SANS results is 
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correct. At higher ionic strength, more fibrils were to be found at the 

hexadecane/water interface, therefore fewer fibrils would remain in the continuous 

aqueous phase to hold the emulsion network structure. Since the rheology is 

dominated by that of the continuous phase, a weaker gel results. The rheology 

results were in good agreement with the results from SANS studies; in both cases, 

the results were consistent with a larger fraction of the fibrils located at the oil-water 

interface at higher salt concentration. In contrast, in OCNF dispersions without 

added oil, all the fibrils remained distributed throughout the aqueous phase and 

charge shielding led to greater interfibrillar interaction and a stronger gel. The 

change in the amount of OCNF remaining in the aqueous phase with increasing 

NaCl concentration is illustrated in Figure 5.22, based on the rheology results. 

 

Figure 5.22 Evolution of ONCF in the aqueous phase of a hexadecane/water emulsion with 

increasing NaCl concentration. 

5.2.6 Applications 

5.2.6.1 Drug release 

OCNF not only formed protective shells surrounding oil droplets creating stable 

emulsions, but also thickened the emulsion continuous phase leading to 

opportunities to tune rheology for various applications (e.g. lotions, creams) when 

adding salts, or surfactants (which were shown to enhance the stability of the 

emulsion52), in formulations. The responsive characteristics of the emulsion droplet 

shells, which exhibit thickening with altered ionic strength, have interesting potential 

applications in drug release control from emulsion formulations This proposal was 
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tested here by altering the NaCl content in a drug containing aqueous OCNF/oil 

emulsion and studying the effect on drug release rate. 

 

Figure 5.23 Set-up of the release experiment carried out using an emulsion containing an active 

ingredient. 

To test the release control property of the emulsion, salicylic acid (7 g∙L-1) dissolved 

in soybean oil (hexadecane was not used here due to the solubility problem of 

salicylic acid in hexadecane) was emulsified with an OCNF suspension (9 g∙L-1 with 

different NaCl concentrations) at an oil/aqueous phase ratio of 30/70 vol%, to 

prepare an emulsion containing the active ingredient (salicylic acid). A set quantity of 

the resulting emulsion (1.5 mL) was placed in a 1.5 mL container sealed with a 

dialysis membrane, and dialysed against a fixed volume of water, or the 

corresponding NaCl solution to avoid the influence of osmosis (water moves from a 

lower solute concentration region into a region of higher concentration through a 

semi-permeable membrane),53 with constant stirring (Figure 5.23). The concentration 

of salicylic acid in the external aqueous phase was measured over an extended 

period of time. The salicylic acid loaded emulsions at two different NaCl 

concentrations were evaluated for the release study. For the control experiment, 

salicylic acid (7 g∙L-1) dissolved in soybean oil alone (at an oil/water, or oil/saline ratio 

of 30/70 vol% and total volume of 1.5 mL in the container, to match the emulsion 

volume) was dialysed against water or saline. 
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Figure 5.24 Combined release profiles of salicylic acid over time (scatter plots); red lines are the 

fitted curves using a first order reaction rate law. 

The amount of salicylic acid released from the emulsion system was recorded over 

time recorded by UV measurements, as illustrated in Figure 5.24. The release 

kinetics followed first order kinetics and the rate constant was calculated by Equation 

5.2.  

ln(𝑄0 − 𝑄) = 𝑙𝑛𝑄0 − 𝑘𝑡 (5.2) 

Where 𝑄0 is the maximum released amount of the salicylic acid at equilibrium, 𝑄 is 

the released amount at time t and 𝑘 is the calculated rate constant. 

As the concentration of the salicylic acid the acceptor chamber (ca 0.05 g∙L-1) was 

much lower than the saturation concentration at 25 ºC (ca 3 g∙L-1),54 the movement 

of the salicylic acid solution in the acceptor chamber was regarded as simple dilution 

and the diffusion coefficient of the salicylic acid was considered unchanged under 

the various experiment conditions.55 Therefore, the rate difference observed was 

ascribed to the network of OCNF formed on the oil droplet surface and in the 

aqueous phase. The rate coefficients from the fitted release profiles were calculated 

to be 0.041 h-1 (control experiment) > 0.020 h-1 (emulsion) > 0.014 h-1 (emulsion with 

0.5 M NaCl) respectively. The results are summarised in Table 5.2. In other words, 

with increasing salt concentration, a delayed release of salicylic acid from the 

emulsion into the receptor chamber occurred, indicating that the salicylic acid was 

trapped in the emulsion droplets due to the thicker shells. The maximum release of 
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salicylic acid from the emulsion was calculated to be 94 % (control experiment), 87 %  

(emulsion) and 83 % (emulsion with 0.5 M NaCl). This was probably related to the 

partitioning (concentration of a molecule in the oil phase over that in the aqueous 

phase) of the salicylic acid between the oil and aqueous phase (an increased ionic 

strength decreased the solubility of salicylic acid in the aqueous phase, therefore 

more salicylic acid remained in the oil phase).56 The maximum release phenomenon 

was not investigated further, as the release rate provided more direct information on 

the permeability of the OCNF in the presence/absence of NaCl, which was used to 

demonstrate the shell responsive behaviour. Meanwhile, the maximum release 

phenomenon could be used to encapsulate the active ingredient in the oil phase by 

adding preservative electrolytes, especially when the active ingredient was unstable 

in the aqueous phase (e.g. vitamin C57). 

Table 5.2 Summary of rate constant and maximum release for drug release experiment. 

  k / h-1 maximum release % 

control experiment 0.041 94 

emulsion 0.02 87 

emulsion + 0.5 M NaCl 0.014 83 

 

Similar sustained release behaviour has also been observed for emulsions stabilised 

by silica nanoparticles, where the silica layer formed at the oil-water interface 

changed from permeable to semi-permeable in the presence of increasing NaCl 

concentrations.58 The change of the rate constant with increasing NaCl concentration 

in this study is very similar to that reported for emulsions stabilised by silica 

nanoparticles under low or high NaCl concentration, showing the possibility of 

formulating OCNF emulsions for sustained release.58  

5.2.6.2 Scaffolds for composite materials 

OCNF can also be used as a scaffold for composite materials, providing good 

mechanical performance.59 OCNF can be used to form an anisotropic foam (Figure 

5.25), which has a potential application in thermal insulators,59 or electro-mechanical 

devices,
60

 as the structure of the foam would provide distinctive flow, mechanical and 

electrical performances in different directions.61 The Pickering emulsion of hexane 
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stabilised by 8 g∙L-1 OCNF suspension was poured into a silicone or Teflon mould 

sitting on the surface of a copper rod in contact with a liquid-nitrogen bath, in a 

sealed container following the method of uni-directional freeze-drying applied to 

OCNF dispersions.
59,62

 This resulted in a temperature gradient and the emulsion 

started to freeze from the bottom of the mould, eventually forming a frozen material 

consisting of anisotropic ice crystals surrounded by “walls” formed by the free OCNF 

and frozen OCNF-coated oil droplets (Figure 5.28). The ice-templating process 

resulted in an ultra-light structured emulsion foam with a porosity of higher than 99%. 

The calculation of the porosity is based on the density of the freeze-dried foam 

(𝜌𝑓𝑜𝑎𝑚) and the density of OCNF (𝜌𝑂𝐶𝑁𝐹, 1.6 g∙cm-3), porosity = 1 − 𝜌𝑓𝑜𝑎𝑚 𝜌𝑂𝐶𝑁𝐹⁄ .63 

The resulting emulsion foam is biocompatible and biodegradable due to the 

properties of OCNF,64 making it an interesting scaffold suitable for some novel 

applications in biotechnology, such as tissue engineering for cell generation.65,66  

The aim here was to demonstrate the viability of producing the anisotropic emulsion 

form via ice-templating process, and to explore the possibility of attaching particles 

onto OCNF. 

 

Figure 5.25 Photo of uni-directionally freeze-dried Pickering emulsion stabilised by OCNF 
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Figure 5.26 SEM images of uni-directionally freeze-dried Pickering emulsion of hexane stabilised 

by 8 g∙L
-1

 OCNF at magnifications of  (a) x30, (b) x220, (c) x1500 and (d) x13000. 

Following the freeze-drying process, ice and oil crystals were removed from the 

emulsion to leave the OCNF network (Figure 5.26a). The aligned cylindrical pores of 

ca 30 µm (Figure 5.26b) were the positions where elongated ice crystals formed. 

Figure 5.26d shows the shell of the emulsion droplet. However, the emulsion 

droplets were not well connected as, at this low concentration, not enough OCNF 

remained in the aqueous phase to bind the droplets together. This could be 

improved by increasing the amount of OCNF used to stabilise the Pickering emulsion. 

When the Pickering emulsion was stabilised by 18 g∙L-1 OCNF, more organized 

cylindrical pores were observed (Figure 5.27b-c). Emulsion droplets were pushed 

together during the freezing process and spherical pores of ca 5 µm formed on the 

walls after removing oil and ice crystals from the frozen emulsion.  

(a) 

(c) (d) 

(b) 
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Figure 5.27 SEM images of uni-directional freeze-dried Pickering emulsion of hexane stabilised 

by 18 g∙L
-1

 OCNF at magnifications of  (a) x90, (b) x200, (c) x500 and (d) x1000. 

 

 

Figure 5.28 Cartoon of the uni-directional freeze-dried emulsion stabilised by OCNF. 

(a) 

(d) 

(b) 

(c) 
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Figure 5.29 SEM images of uni-directional freeze-dried suspension containing (a) 5 g∙L
-1

 OCNF 

(b) 8 g∙L
-1

 OCNF (c) 18 g∙L
-1

 OCNF and (d) 18 g∙L
-1

 OCNF then modified with TiO2. 

The impact of OCNF content on the foam structure was also observed for a uni-

directionally freeze-dried OCNF suspension. When the OCNF concentration was low 

(5 g∙L-1), only fibrous structures remained after freeze-drying (Figure 5.29a). When 

OCNF concentration was medium (8 g∙L-1), aligned cylindrical structure existed with 

some defects (pores) in the walls after freeze-drying (Figure 5.29b). When OCNF 

concentration was high enough (18 g∙L-1), aligned cylindrical structures with thick 

walls were noted after freeze-drying (Figure 5.29c). Therefore, it could be concluded 

that a more defined cylindrical structure formed with higher OCNF concentration in 

the aqueous phase, which was useful to design stronger freeze dried emulsion 

foams.  

Attachment of titania particles onto OCNF was examined using uni-directionally 

freeze-dried OCNF suspensions (Figure 5.29C), since it was easier to visualise the 

TiO2 particles on the smooth surface of the OCNF foam, compared to the emulsion 

foam. The advantage of using OCNF as a template to grow nanoparticles was that 

(a) 

(d) (c) 

(b) 
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all the cellulose would decompose into CO2 and H2O during the calcination, and 

leave a network of sintered nanoparticles with large porosity, unidirectional 

macropores and high surface area.67 Hierarchically structured titania of this type 

could have potential applications in photocatalysis
68

 and dye sensitised solar cells
69

 

arising from the specific band gap of the anatase form of titania. Calcination of the 

OCNF foam produced by directional freezing provided more uniform and directional 

macropores than were present in OCNF or CNF dispersions. This could allow 

greater mass transfer through the pores in the final materials. Thus preparation of 

porous TiO2 on the OCNF foam scaffold was attempted. To prepare the materials 

the OCNF foam was soaked in neat titanium (IV) butoxide overnight, and then 

exposed to water vapour over a week to allow the precursor to hydrolyse and 

condense to form TiO2 slowly (Figure 5.29d). The resulting composite was then 

calcined at 500 °C for 2 h to form anatase TiO2 nanoparticles, as determined by 

XRD.70 It was interesting that the OCNF in the composites did not decompose 

entirely after the calcination (some OCNF was carbonized, giving a black colour to 

the sample), probably due to insufficient air flow in the oven. This result did however 

show that it was possible to attach particles onto the OCNF scaffold and, indeed, to 

carbonise the delicate structures formed, which could lead to other opportunities e.g. 

in porous catalyst supports. Research has shown that the cellulose network with a 

porous structure can enhance the transport of oxygen and electrons, which is a 

desirable candidate for a catalyst or catalyst supporter in lithium-oxygen battery.71 

5.3 Conclusions 

In this work, o/w Pickering emulsions were successfully prepared using OCNF as the 

stabilizer for the first time. The behaviour of OCNF emulsions and the structures of 

OCNF at the oil-water interface were investigated using surface tension, laser 

diffraction, contact angle, confocal microscopy, TEM, SEM, AFM, SAS, zeta potential 

and rheology.  

The OCNF was found to be surface active on the hexadecane-water interface, as 

determined by surface tension measurement, due to the amphiphilicity of the 

nanofibrils. The stability of the Pickering emulsion was investigated as a function of 

OCNF content in the aqueous phase and the resistance to centrifugal force, based 
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on the results from laser diffraction for particle size measurement. OCNF 

aggregation on the oil/water interface was visualised by confocal microscope, SEM 

and AFM measurements, providing essential information on the OCNF shell 

morphology. SAXS and SANS results indicated that the OCNF shell thickened with 

the increased salt concentration due to the screening of surface charge on the 

OCNF surface, and the oscillatory rheology results also confirmed the shell 

thickening phenomenon (weak network of OCNF in the aqueous phase at high NaCl 

concentration, as most OCNF migrated to the oil/water interface).  

It was also demonstrated that the Pickering emulsion stabilised by OCNF can 

potentially be used in drug delivery applications by controlling drug release rate via 

different shell thickness. A decrease in the maximum release of salicylic acid was 

observed with the increased NaCl concentration, which was due to the partitioning of 

salicylic acid between oil and aqueous phase, resulting in a higher content of the oil 

soluble encapsulated in the oil droplets. The self-assembled structure of OCNF in 

the Pickering emulsion could be used for making light-weight composite scaffolds 

with anisotropic mechanical properties for various applications.72  
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Chapter 6 Metal-organic Frameworks on Cellulose for 

Chemical Sorption 

6.1 Introduction 

Metal-organic frameworks (MOFs) are microporous (pore diameter<2 nm) crystalline 

compounds with high surface area, consisting of transition metal ions coordinating 

with organic linkers,1 with various applications from gas storage or separation to 

catalysts for chemical reaction.2,3 

MOFs occur commonly as polycrystalline powders, therefore they are very difficult to 

handle in practise and attaching MOF particles onto certain substrates (e.g. silicon, 

gold) via physical or chemical binding is often required.4 MOFs immobilised on 

cellulose (where the MOFs could potentially attach and either totally cover a fibril, or 

grow on the surface of a fibril or in the gaps between fibrils, Figure 6.1) could be 

used as sustainable self-standing membranes for continuous gas sorption and 

separation (e.g. of CO2, O2 and N2), or sensing applications, with low manufacturing 

cost, compared to the metal substrates used in MOFs devices at the moment.5,6 The 

MOF/cellulose composite membrane is expected be strong (high tensile strength) 

and could be easily scaled up to any size and shape on demand, based on the 

results from other cellulose based composites.7,8  

 

Figure 6.1 Cartoon of the attachment approach of MOFs onto cellulose. 

Two types of cellulose, oxidised cellulose nanofibrils (OCNF) and bacterial cellulose 

(BC), were adopted here to make MOF/cellulose composites. OCNF was chosen 

due to the large surface area, and active sites for binding to MOF particles (the 
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carboxylate groups with negative charge would be expected to interact with metal 

ions with positive charge, thus the MOF crystals could grow from the surface). BC 

has high surface area (due to its sub-micron sized fibril width) and high tensile 

strength,9 therefore it was expected that the combination of MOFs with BC would 

allow rapid flux through the macroporous (d>50 nm) structure of BC, while retaining 

good selectivity from the microporous structure of MOFs. 

In this chapter, a proof-of-concept method was developed to prepare MOFs/cellulose 

composites as self-standing membranes for gas sorption and separation (e.g. CO2 

and N2) via facile synthesis (in-situ synthesis of MOFs onto cellulose). In order to test 

the feasibility of attaching various MOFs onto cellulose, two types of MOFs with 

different metal ions and organic linkers were adopted here.  

MOF-199, [Cu3(benzene-1,3,5-tricarboxylate)2]n, was selected here due to the ease 

of synthesis and widely investigated properties, and the presence of MOF-199 on 

cellulose can be easily confirmed optically (change of the dried membrane colour 

from white to blue).10 MOF-199 consists of copper dimer units and benzene-1,3,5-

tricarboxylate linkers,  forming a 3D framework (Figure 6.2). 

 

Figure 6.2 Dicopper(II) tetracarboxylate building block for MOF-199 (atom shown as labelled).
11

 

Reprinted with permission from AAAS. 

[Ni(NCS)2(4,4’-bipyridyl)2]n (Ni-MOF) was used here as a nickel-based MOFs to form 

self-standing MOFs/cellulose membrane for xylene sorption and separation (a 

combined effect of xylene separation by binding to the Ni site, high surface area from 
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the porous MOF structure and fast flow through the cellulose membrane). This work 

was inspired by the study of xylene separation using a single Werner clathrate 

(Ni(NCS)2(para-phenylpyridine)4 that was shown to absorb the xylene isomers into a 

crystalline material and then desorb them, by Professor Len Barbour’s group.
12

 

Currently, industrial methods for xylene separation involve slow, energy-intensive 

and multi-step distillative processes.13 In the Ni-MOF, nickel coordinates with two 

4,4’-bipyridyl units and forms a 2D square network (Figure 6.3). The Ni-MOF was 

obtained by mixing Ni(NCS)2 and 4,4’-bipyridyl in methanol at ambient temperature, 

and is described in detail in Chapter 2. It was expected that the Ni-MOF would 

increase the adsorption of xylene and remain selective for different isomers. This 

work originated from the collaboration between Professor Len Barbour’s group and 

our own.  

 

Figure 6.3 Building block for [Ni(NCS)2(4,4’-bipyridyl)2]n (atom shown as labelled).
14

  

Reproduction of images from Ref. 
14

 with permission from Elsevier (© Elsevier 2000). 

The moisture content remaining in the cellulose fibrils could have a huge effect on 

the stability of a water sensitive MOF (e.g. MOF-5), so this narrowed the scope of 

the MOFs that could be used.15 MOF-199 used in this study and other MOFs 

reported in literatures are relatively resistant to water and the synthetic media for 

these MOFs may also contain water,16 therefore, it is possible to combine those 

water tolerant MOFs with cellulose to form the composite materials. 
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The presence of the MOFs on cellulose was confirmed optically, and studied using 

XRD, SEM, TEM, TGA and FTIR. The selectivity of the MOF/cellulose membrane for 

different gases or xylenes isomers was investigated using sorption studies and NMR.  

6.2 Results and Discussion 

6.2.1 MOF-199/Oxidised Cellulose Nanofibrils Composites 

The XRD of the MOF-199 synthesised here was identical to the simulated pattern 

from the crystal structure of MOF-199,11 confirming the formation of the same MOF 

structure using the method described in Chapter 2. The formation of MOF-

199/OCNF composites was confirmed optically and using XRD (Figure 6.4). The 

typical peak for oxidised cellulose (around 22°) was not obvious in the composites 

patterns, as it may be obscured by the much stronger MOF signals. The crystallinity 

of MOF-199 was obtained by Rietveld refinement and the MOF fraction in the 

composite (the sum of crystalline and amorphous MOF fractions) was also extracted, 

assuming no change in the crystallinity of cellulose when forming the composite 

(cellulose was only exposed to a water/solvent mixture). Cellulose Iβ was used here 

as this was the predominant form as judged from Rietveld refinement. The 

crystallinity of the bulk MOF-199 was 43%, and that of the OCNF starting material 

44%. In the composite, the crystallinity of the MOF-199 was calculated to be 61% 

and the MOF-199 fraction was 84%. In addition, it was noticed that the crystallite 

size of MOF-199 determined using the Scherrer equation, applied to the signal at ca 

12°, was larger in the presence of OCNF (6.8 nm) than the bulk MOF-199 (2.3 nm) 

alone, indicating that OCNF provided a preferential crystallization site for MOF-199 

under the synthesis conditions. The refinement results of the peak broadening were 

also used to determine the crystallite size here for comparison, and the result was 

5.3 nm for MOF-199 in the presence of OCNF and 3.2 nm for the bulk MOF, which 

was in agreement with the results from Scherrer equation. The carboxylate groups 

on the OCNF could provide nucleation sites for crystallization,17 and promote the 

formation of bigger MOFs crystals by competitive complexation of metal cations (by 

reducing the concentration of metal cations in the solution, thereby slowing the 

nucleation rate).18,19  
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Figure 6.4 XRD patterns of simulated MOF-199, MOF-199, OCNF and MOF-199/OCNF 

composites. 

In order to characterise the morphology of the MOF-199/OCNF composites, SEM 

was used. As illustrated in Figure 6.5, aggregate MOF particles around 50 nm were 

observed, but it proved impossible to discern the sizes of individual crystallites. The 

particles tended to aggregate during the drying process and no nanofibril could be 

observed in the SEM images (the fibres were about 4 nm in width, and not visible at 

this magnification – in all previous studies TEM was required to detect the OCNF). It 

should be noted that the crystallite size measured by XRD (Figure 6.4) is not directly 

comparable with these results from SEM (Figure 6.5) or TEM (Figure 6.6), as in all 

cases aggregates of small MOF crystallites are detected and in these samples, MOF 

crystallite size is clearly not the same as the aggregate particle size. 

 

Figure 6.5 SEM images of the MOF-199/OCNF composites at (a) 3,000x, (b) at 11,000x 

magnification. 

(a) (b) 
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TEM was used to visualise MOF-199 particles grown on the OCNF (Figure 6.6). 

MOF particles appeared to grow along the fibre direction (although some particles 

also existed separately), which was different to the form of MOF-199 alone,20 

indicating the attachment of MOF-199 onto the oxidised cellulose surface. The 

absence of metal nanoparticles and presence of MOF-199 is clear from inspection of 

the XRD trace in Figure 6.4, and the crystallinity of the MOF-199 was determined to 

be 61% by Rietveld refinement. A similar result was previously obtained for 

functionalization of silicon nanowire surfaces with MOF-199, where particles were 

visualised along the wire using energy dispersive spectroscopy (EDS) elemental 

mapping.21 However, in this case, it was not possible to separate MOF-199 signals 

from those of the OCNF, as the MOF was finely divided and spread out all over the 

cellulose thus it did not prove possible to achieve good spatial resolution. 

 

Figure 6.6 TEM image of MOF-199/OCNF composites. 

6.2.2 MOF-199/Bacterial Cellulose Composites 

6.2.2.1 Characterisation 

Since the characterisation of MOF-199/OCNF composites was difficult due to the 

size of the OCNF and limited by current techniques, BC was chosen as an 

alternative substrate due to its larger width (allowing visualisation using SEM, Figure 

6.7) compared to OCNF, and similar surface properties to OCNF (rich in hydroxyl 

groups which could coordinate with metal ions). Oxidised bacterial cellulose was also 

investigated and no significant difference was found for the MOF-199 attachment on 
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the oxidised and non-oxidised BC, therefore non-modified BC was used here as this 

required minimal treatment for the starting material. 

 

Figure 6.7 SEM images of (a) the layered structure of dried bacterial cellulose and (b) nanofibres 

of bacterial cellulose. The BC membrane was dried at 90 °C for 6 h. 

The MOF-199/BC composite was synthesised under the same conditions as MOF-

199/OCNF. A bluish jelly-like membrane was obtained after the reaction (Figure 

6.8a), and SEM analysis showed widely distributed MOF-199 particles on the 

bacterial cellulose membrane after thermal drying (Figure 6.8b). The particle size of 

MOF-199 (ca 100 nm in SEM, Figure 6.8b) was larger than that of the MOF-199 

formed on OCNF (ca 50 nm in TEM, Figure 6.6), as OCNF provided more nucleation 

sites for the MOF.22 However, the MOF on OCNF tended to be aggregated (Figure 

6.5) after drying due to the high surface energy, while the MOF on BC remained 

separated due to the robust network of BC.23,24  

 

(a) (b) 

(a) (b) 
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Figure 6.8 (a) Optical image and (b) FE-SEM image of MOF-199/BC membrane. The inset in (b) 

shows the composite at a higher magnification, where MOF particles are clearly visible on the 

cellulose fibres. 

 

Figure 6.9 XRD patterns of BC, MOF-199 alone and synthesized MOF-199/BC composite. 

XRD patterns also confirmed the formation of MOF-199 particles in the presence of 

bacterial cellulose (Figure 6.9). Similar to the MOF-199/OCNF composite, the 

crystallite size of MOF-199 was larger in the presence of BC (4.8 nm determined 

using the Scherrer equation, and 4.3 nm by Rietveld refinement) than the bulk MOF-

199 alone (2.3 nm determined using the Scherrer equation, and 3.2 nm by Rietveld 

refinement), indicating that non-modified BC also provided proper crystallization sites 

for MOF-199 under the synthesis conditions used. The bulk MOF particles 

precipitated from the solution were more likely to be ill-defined due to the lack of 

crystallization time,25,26 while the BC membrane acted as a barrier during the 

synthesis to reduce the effective concentration of the precursors (the crystallite size 

can also be controlled by varying the amount of starting materials) and the time for 

mass transport, resulting in slowing the nucleation and forming larger crystallites.27,28 

The crystallinity of MOF-199 was obtained by Rietveld refinement, and the MOF 

fraction in the composite (the sum of crystalline and amorphous MOF proportion in 

the composite) was also extracted, assuming no change in the crystallinity of 

cellulose when forming the composite. The crystal structure information used here 

has been described in Chapter 2. The crystallinity of the bulk MOF-199 was 43%, 

and the crystallinity of the bacterial cellulose starting material was 86%. In the 

composite, the crystallinity index of the MOF-199 was calculated to be 50%. The 
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MOF-199 fraction in the composite calculated by this method, was 33 wt%, 

comparable to the result of 28 wt% from TGA analysis (Figure 6.11). 

The introduction of MOF-199 onto the BC membrane was also confirmed by FTIR 

analysis. The strong absorbance in the region of 1300-1600 cm-1 (red curve, Figure 

6.10) was due to the C-C stretching in the aromatic ring and the C=O stretching from 

the benzene-1,3,5-tricarboxylate in MOF-199, while the peak at ca 730 cm-1 

corresponds to the out of plane C-H bending on the benzene ring of MOF-199. 

 

Figure 6.10 FTIR of BC (black) and MOF-199/BC (red). 

The thermal stability of the MOF-199/BC composite membrane in air was studied by 

TGA (Figure 6.11). Loading of MOF-199 on the composite membrane was 

determined by the remaining weight fraction of the sample at 600 °C (ca 30 wt% 

MOF-199, Equation 6.1). It was assumed that the remaining residue was CuO (not 

Cu2O since the colour of the ashes was black and Cu2O is not stable under heating) 

as all the organic parts should have been lost as CO2 and H2O. Determination of the 

composition of the residue may be required to obtain the loading with better 

precision, but it was not essential in this study as the loading here was only used as 

an indication of the successful attachment of MOF-199 onto the cellulose support. 

Variation of the loading of the MOFs in the composites could be achieved by 

changing the ratio of the metal salt, and organic linker to cellulose in the synthesis 

(the composite’s performance for gas uptake and separation may improve with the 

higher MOF loading). Since the focus of this work was to examine the feasibility of 
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in-situ synthesis of MOFs on the cellulose surface and investigate the sorption 

property of the corresponding composites, loading of the MOF-199 particles was not 

explored in this study. However it is reported in the literature that optimised 

syntheses can produce loadings of nanoparticles up to 95% on cellulose supports.
24

 

     𝐿𝑜𝑎𝑑𝑖𝑛𝑔% =
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒%

M𝐶𝑢𝑂
× 𝑀𝑀𝑂𝐹−199

=
1

3
×

𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒%

M𝐶𝑢𝑂
× 𝑀Cu3(𝑏𝑒𝑛𝑧𝑒𝑛𝑒−1,3,5−𝑡𝑟𝑖𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒)2

=
1

3
×

11%

80
×  (64 × 3) + (210 − 3) × 2 = 28% 

(6.1) 

 

Figure 6.11 TGA measurement of MOF-199/bacterial cellulose composite membrane under air 

over the temperature rage range 30-600 °C. 

6.2.2.2 Sorption study  

Nitrogen sorption measurements shown in Figure 6.12 revealed the microporosity of 

MOF-199 (microporosity was inferred from the significant adsorption at low relative 

pressure). The isotherm obtained was a type I adsorption isotherm in the IUPAC 

nomenclature.29 The micropore size was calculated to be 0.66 nm, by t-plot fitting. 

The hysteresis loop which occurs in the range of 0.5–1 relative pressure illustrates 

the existence of interparticle void space in the MOF-199 powder due to the packing 

of the particles. The nitrogen sorption behaviour of the MOF-199 made here was 

similar to that of MOF-199 prepared via hydrothermal synthesis, although the 

specific surface area of the MOF-199 made at room temperature (920 m2∙g-1) was 

much smaller than the MOFs made under elevated pressure and temperature, 
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calculated from BET analysis, probably due to the poor crystallinity of the MOF-199 

made at room temperature (as discussed above, the MOF-199 supported on BC has 

a crystallinity of 50% determined by the Rietveld analysis).30 

.  

Figure 6.12 Nitrogen adsorption isotherm for MOF-199 at 77 K. 

Interestingly, the nitrogen sorption isotherm for MOF-199/BC composites illustrated 

in Figure 6.13 is significantly different from that of MOF-199 alone. In the low relative 

pressure region (P/P0<0.01), significant adsorption occurs related to the micropore 

adsorption. The hysteresis loop is characteristic of a typical capillary condensation 

phenomenon for type IV mesoporous material in the IUPAC categories.29 The 

micropore size was calculated to be 0.66 nm by t-plot fitting demonstrating that the 

micropores of the MOF did not change when deposited on the cellulose surface. The 

mesopore size, calculated using the BJH method, however showed a broad size 

distribution ranging from 2-100 nm, with a maximum centred around 24 nm. The fact 

that the isotherm did not level off at relative pressures close to 1 indicates the 

presence of interparticle pores in these materials, of the size on the borderline 

between the mesopore and macropore ranges (in the magnitude of µm). The MOF-

199/BC composite showed a BET specific surface area of ca 358 m2∙g-1.  

The specific surface area of the thermally dried BC alone was negligible (ca 0.5 

m2∙g-1) using BET (see appendices), therefore, the increase in the specific surface 

area for the MOF-199/BC composites was mainly attributed to MOF-199 particles. It 

is noted that freeze-drying processing could form a BC aerogel with significant 
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increase in the surface area,31 however this is not currently easily scalable in 

industry, therefore thermal drying was used here. Based on the loading of MOF-199 

in the composites (ca 30%) and the specific surface area of the MOF-199 (920 m2∙g-

1
), the theoretical specific surface area of the MOF-199/BC composites should be 

276 m2∙g-1. The increase in the actual specific surface area for the MOF-199/BC 

composites (358 m2∙g-1) was ascribed to the improved crystallinity of MOF-199 in the 

composites (the crystallinity changed from 43% for MOF-199 to 50% for MOF-

199/BC composite according to the Rietveld analysis, Figure 6.9). The specific 

surface area of the composite is 360 m2∙g-1 mainly due to the addition of MOF 

particles (thermally dried BC has a specific area lower than 1 m2∙g-1), representing a 

significant increase in surface area upon formation of the composite, which is only 30% 

by weight MOF-199. 

 

Figure 6.13 Nitrogen adsorption isotherm for MOF-199/BC composite at 77 K.  

Selectivity of CO2 and N2 sorption properties for MOF-199 (Figure 6.14) and MOF-

199/BC composite (Figure 6.15) was carried out at 273 K. The selectivity result was 

important to evaluate the performance of the material for gas separation (the 

separation performance of a material improves as the selectivity increases). 

Although the absolute uptake of CO2 and N2 for MOF-199/BC composites was much 

lower than the uptake for MOF-199 (as the content of the MOF-199 particles 

decreased in the composites), the selectivity of CO2 over N2 for MOF-199/BC 

composite actually doubled compared to the MOF-199 alone (Table 6.1). This was 



CHAPTER 6 

 

 
 

165 
 

probably due to the increase of the polar groups (which enhance the sorption of CO2 

via dipole Interaction) on the surface of MOF-199 with the decreasing particle size.22 

Although it might be argued that water adsorbed to the surface of the BC could 

potentially also increase CO2 absorption, these samples were thoroughly activated 

by drying at 160 °C for 6 hours under vacuum prior to immediate measurement in 

airtight containers, so this was unlikely. MOF-199 particles grown in the presence of 

the larger diameter BC cellulose fibres were shown to be larger than those grown on 

cotton used in literature,32 or on the OCNF investigated here, therefore it may be 

possible to tune the size of MOFs in the composites in order to improve the 

separation performance. The results here showed that it might prove promising to 

explore the application of MOF-199/BC composites for gas separation. 

Table 6.1 Summary of CO2 and N2 sorption data for the MOFs based materials at 273 K. 

Sample CO2 uptake (mmol·g-1) N2 uptake (mmol·g-1) Selectivitya 

MOF-199 3.4 0.34 10 

MOF-199/BC membrane 0.9 0.04 22.5 

a
: The selectivity was calculated from the single gas isotherms by dividing the CO2 adsorption 

capacity over that of N2 at the relative pressure of 1. P0 is 101.33 kPa. 

 

Figure 6.14 CO2 and N2 sorption of the MOF-199 at 273 K. 
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Figure 6.15 CO2 and N2 sorption of the MOF-199 BC composites at 273 K. 

It should be noted that the selectivity measurement was not conducted in a real 

environment, and future experiments should evaluate the performance of the MOF-

199/BC composites in a real mixed gases environment rather than in separate 

measurements. 

6.2.3 Ni-MOF/Bacterial Cellulose Composites 

Since MOF-199 has been successfully immobilised onto the cellulose substrate to 

form composites and there was indication of the potential for gas separation using 

the MOF-199/BC composites, the following study focused on the attachment of a 

different MOF, [Ni(NCS)2(4,4’-bipyridyl)2]n (Ni-MOF),  to the cellulose network and 

evaluation of the selectivity in separation of isomers.  

6.2.3.1 Characterisation 

Ni-MOF has been previously prepared via hydrothermal synthesis33 and the structure 

has been fully characterized. In this study, a facile method was developed to form Ni-

MOF at room temperature, and the bulk Ni-MOF prepared by the new method was 

compared with the Ni-MOF prepared via hydrothermal synthesis using XRD, SEM, 

FTIR and TGA. 

The XRD patterns of the polycrystalline Ni-MOF prepared by Ni(NCS)2 and 4,4’-

bipyridyl in methanol at room temperature matched the simulated pattern from the 

literature (Figure 6.16).33 The crystallinity of Ni-MOF was determined to be 43% by 

Rietveld refinement. The crystallite size was calculated to be 2 nm using the 
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Scherrer equation (2.1 nm by the Rietveld refinement) for the peak at 2θ of ca 20°. 

Since Ni-MOF was obtained under similar synthesis conditions as that used for 

MOF-199, a direct comparison could be carried out to evaluate the viability of this 

approach to attach different MOFs to the composite materials. 

 

Figure 6.16 XRD patterns of the Ni-MOF made at r.t. and the simulated Ni-MOF. 

 

Figure 6.17 SEM of the freeze-dried Ni-MOF. 

SEM images show the aggregates of Ni-MOF particles after an oven-drying process 

(Figure 6.17). This shows a morphology typically seen in many nano-sized materials, 

which develops over time as the particles tend to aggregate in order to reduce the 

surface area and minimise the surface free energy.34 It was expected that the 

aggregation phenomenon would be significantly reduced in the MOF/BC composites 

(e.g. MOF-199/BC composites), as the MOFs are locally crystallized and were 

physically or chemically deposited on the fibre surfaces (which should prevent the 
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particles merging and aggregating after growth). The reduction in the aggregation 

behaviour of the MOFs particles could potentially increase the activity for chemical 

sorption and improve the shelf life of the composite materials. 

The TGA result showed a similar two-step thermogravimetric behaviour, but a better 

thermal stability of the Ni-MOFs (stable up to 250 °C, Figure 6.18), compared to 

[Ni(NCS)2(ppp)4], which was stable up to 170 °C.35 

 

Figure 6.18 TGA of freeze dried Ni-MOF under nitrogen. 

 

Figure 6.19 FTIR of the freeze dried Ni-MOF. 

In the FTIR spectrum (Figure 6.19), the adsorption at ca 2100 cm-1 indicated the 

existence of thiocynate groups (-N=C=S) in the synthesised material, and the peak 

at ca 1600 cm-1 corresponds to the stretch of C=C bond (the weak peak at ca 3000 

cm-1 is the aromatic C-H stretch). The FTIR pattern is in agreement with the 

expected chemical constitution of the Ni-MOF.  
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As the Ni-MOF was successfully synthesized using a room temperature method and 

the structure was confirmed, it was then introduced to the BC matrix using a similar 

method as that used to prepare the MOF-199/BC composites discussed above. 

After drying of the Ni-MOF/BC composites (Figure 6.20), the gel-like composites 

shrank to a thin membrane (the membrane could be rigid or flexible contingent on 

the thickness of the original BC membrane).  

 

Figure 6.20 Images of (a) as-made and (b) freeze-dried Ni-MOF/BC composites. 

Analysis of XRD patterns confirmed the formation Ni-MOF particles onto the BC 

membrane, with a similar peak at ca 20° from Ni-MOF and at ca 22° from BC (Figure 

6.21). The crystallinity of Ni-MOF in the composite was determined to be 61%, and 

the Ni-MOF fraction was calculated to be 58 wt%. The Ni-MOF fraction calculated by 

XRD is comparable to the result obtained from TGA (65 wt%). The crystallite size of 

the Ni-MOF in the composites was slightly larger than the size of Ni-MOF alone 

(calculated to be 2.4 nm using the Scherrer equation, and 2.2 nm by Rietveld 

refinement on the peak at 2θ of ca 20°), indicating that the existence of BC promoted 

the crystallization process of Ni-MOF in the composites (in agreement with the result 

of MOF-199/BC composites discussed above). It was also noticed that the relative 

peak intensity ratios of Ni-MOF changed significantly in the composite, indicating a 

preferential growth direction of the Ni-MOF crystals in the presence of BC. 

It should be noted that the peak at ca 29° of the BC pattern does not belong to the 

signal of BC, and it was likely to be a contaminant in the PXRD instrument as the 

peak was not observed when the using other instruments. 

(a) (b) 
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Figure 6.21 XRD patterns of BC, Ni-MOF and Ni-MOF/BC composites. 

FTIR spectra (Figure 6.22) also confirmed the existence of both BC (-OH group shift 

at ca 3400 cm-1) and Ni-MOF (-NCS group at ca 2000 cm-1) in the composite. It did 

not, however, illustrate the nature and strength of the binding between Ni-MOF and 

BC. X-ray photoelectron spectroscopy could potentially be used to probe the nature 

of the binding of the Ni-MOF to the BC surface based on the characteristic binding 

energy values that correspond to the configuration of electrons within the atoms,36 

and atomic force microscopy could be useful to measure the strength of the particle 

binding on the cellulose by measuring the force required to pull the particle away 

from the cellulose surface.37 

 

Figure 6.22 FTIR of Ni-MOF/BC composites. 

TGA analysis showed the decreased thermal stability of the Ni-MOFs/BC composites 

when heated under nitrogen, compared to BC and Ni-MOF alone (Figure 6.23). It is 
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difficult to determine the loading of Ni-MOFs in the composites, based on the weight 

percentage loss of the composite at ca 250 °C, as BC in the composite also started 

to decompose. Therefore, the loading calculation was carried out using results from 

TGA under air (Figure 6.24), using the same method as used for MOF-199/BC 

composites. The calculated loading for the Ni-MOF in the composites was ca 65% 

(Equation 6.2). 

 

Figure 6.23 TGA of Ni-MOF, BC and Ni-MOF/BC composites under nitrogen. 

 

Figure 6.24 TGA of Ni-MOF / BC composite under air flow. 
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     𝐿𝑜𝑎𝑑𝑖𝑛𝑔% =
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒%

M𝑁𝑖2𝑂3

=
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒%

M𝑁𝑖𝑂
× 𝑀Ni(𝑁𝐶𝑆)2(4,4’−𝑏𝑖𝑝𝑦𝑟𝑖𝑑𝑦𝑙)2

=
10%

75
× 487 = 65% 

(6.2) 

SEM images showed a change in the morphology of the BC membrane after the 

incorporation of Ni-MOF particles (Figure 6.25). Some small particles were observed 

on the cellulose fibres and merging of the fibres occurred. Based on the XRD results 

and the SEM image, it was proposed that the Ni-MOF particles may coat the 

cellulose fibres and grow as uniform layers on the surface of the fibres rather than as 

isolated particles as seen in the case of the MOF-199/BC composite above.  

 

Figure 6.25 SEM image of the Ni-MOF/BC composites.  

6.2.3.2 Sorption Study—Single Guest Sorption 

Adsorption of guest species (adsorbates) was initially studied using methanol, as it 

was observed that the colour of the as-made MOF from methanol was different to 

the freeze-dried MOF (Figure 6.26). 

(a) 
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Figure 6.26 Image of the (a) as made from methanol and (b) freeze dried Ni-MOF 

After 12 hours equilibration under methanol vapour in a sealed vial until the weight of 

the Ni-MOF stopped changing, the amount of methanol adsorbed was determined by 

TGA (Figure 6.27). TGA analysis showed ca 12 wt% of methanol was absorbed by 

MOFs (determined by the weight loss between 30 and 100 °C). The inclusion ratio of 

methanol in the Ni-MOF alone (not supported on bacterial cellulose) was calculated 

to be 2, forming the complex Ni-MOF∙2methanol (see appendices for calculation).  

It is interesting that the Ni-MOF can take up methanol into the porous structure, as 

the Werner clathrates Ni(NCS)2(ppp)4 did not adsorb methanol during the 

synthesis.12 This result was promising for the study of xylene sorption by Ni-MOF, 

since the pores of Ni-MOF demonstrated the capability of adsorbing organic 

molecules. 

 

Figure 6.27 TGA of Ni-MOF with adsorbed methanol 

(a) (b) 
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To compare the xylene sorption performance of the synthesized Ni-MOFs with 

Ni(NCS)2(ppp)4, the Ni-MOF polycrystals were subject to isometric xylene sorption 

(i.e. the volume of vapour remained constant). Three Ni-MOF samples, after 

exposure to ortho-xylene (o-xylene), meta-xylene (m-xylene) or para-xylene (p-

xylene), were then taken to investigate structural change of the complex and the 

guest release phenomenon from the complex as a function of temperature using 

TGA.  

The TGA results of Ni-MOF with three xylene isomers adsorbed are displayed in 

Figure 6.28. Ni-MOF could uptake ca 40 wt% xylene isomers, which was almost 

double the amount adsorbed by Ni(NCS)2(ppp)4. Among the three xylene isomers, p-

xylene seemed to be the least strongly adsorbed in the Ni-MOFs (since this guest 

was released from 50 °C), o-xylene was the most stable guest molecule (released 

from 150 °C) and m-xylene was intermediate between the two (released from 

100 °C). Interestingly, a two-step desorption behaviour was observed for m-xylene 

and p-xylene, indicating two possible binding sites of different strength in the 

complex. In addition, the thermal stability of the Ni-MOF remained after adsorption 

and removal of the xylene guest molecules. 

 

Figure 6.28 TGA of Ni-MOF adsorbed with o-xylene, m-xylene and p-xylene under N2. 

The inclusion ratio of xylene in the Ni-MOF complex was calculated from TGA data 

and the respective Ni-MOF complexes were Ni-MOF∙3o-xylene, MOF∙2m-xylene and 

MOF∙2.5p-xylene (see appendices for calculation). The distinctive inclusion ratio 
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indicated that Ni-MOF adsorbed selectively of one xylene isomer over the others, 

which is potentially useful for the application of xylene separation. 

XRD patterns illustrated the guest responsive behaviour of the Ni-MOF upon 

sorption of different molecules (Figure 6.29), where the adsorbed guest molecules 

seemed to expand the pore space within Ni-MOF since the observed diffraction 

peaks shifted to lower angle (increase in d-spacing). In the presence of o-xylene, the 

crystal structure became more symmetric, which may contribute to the strongest 

binding occurring between Ni-MOF and o-xylene. In addition, the structure change of 

Ni-MOF was reversible after removal of the guest molecules (see appendices), 

indicating that the adsorption-desorption process of xylene in Ni-MOF could undergo 

multiple cycles. Similarly, the change of MOF structure upon adsorption of xylene 

isomers has also been observed in the past, and was ascribed to the different host-

guest interactions.38 

 

Figure 6.29 XRD patterns of freeze dried Ni-MOF, Ni-MOF after exposure to methanol, o-xylene, 

m-xylene and p-xylene. 

The sorption kinetics curves of uptake of xylenes by Ni-MOF are shown in Figure 

6.30. The sorption process was fitted using a first order reaction rate law (the best fit 

was found empirically and rate constants were extracted). The first order kinetics 

equation is derived from the Langmuir adsorption isotherm when the initial 

concentration of the adsorbate is low and this is considered valid for gas-solid 

sorption processes.39 The rate constants fitted showed a similar trend to that of the 
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TGA results and showed that the guest molecules that adsorbed more rapidly into 

Ni-MOF also bound more strongly. Xylene isomers diffused into Ni-MOF more 

quickly compared to diffusion of the same isomers into Ni(NCS)2(ppp)4,
12 possibly 

due to the open pores in Ni-MOF. 

 

 

Figure 6.30 Sorption kinetics showing sorption progress, α, as a function of time for the sorption 

of the xylene isomers. Solid lines are the fitted curves using first order reaction rate law. 

 

Figure 6.31 TGA of Ni-MOF/BC composites adsorbed with o-xylene, m-xylene and p-xylene 

under N2. 

A different binding trend for xylene isomers adsorbed in Ni-MOF was observed for 

the Ni-MOF/BC composites (Figure 6.31). Among the three xylene isomers, o-xylene 

seemed to be weakly adsorbed in the Ni-MOF/BC composites (since the guest 

molecule was released from 50 °C), m-xylene and p-xylene showed similar binding 
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strength. The Ni-MOF/BC composites could uptake ca 20 wt% xylene isomers, 

proportional to the Ni-MOF loading in the composites. 

The guest responsive behaviour of the Ni-MOF upon sorption of different molecules, 

demonstrated by the XRD patterns persisted in the composites (Figure 6.32), and 

the adsorbed xylene molecules caused an expansion in the pore space of the Ni-

MOF, similar to that observed for the pure Ni-MOF samples.  

 

Figure 6.32 XRD patterns of Ni-MOF/BC composites after exposure to o-xylene, m-xylene and 

p-xylene. 

 

Figure 6.33 Sorption kinetics showing sorption progress, α, as a function of time for the sorption 

of o-xylene. 

The sorption kinetics of xylene uptake by Ni-MOF/BC composites is shown in Figure 

6.33. The sorption process was not completed even after 20 h. The slow sorption 

process may arise due to the requirement for the gas to move from the surface into 
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the composites. The uptake of o-xylene was ca 15 wt% at the end of the sorption 

experiment, so it was not practical to measure the kinetics rate of this reaction (as 

the rate was too slow to measure).  

6.2.3.3 Sorption Study—Competition Experiment 

Competitive adsorption was initially studied by exposing the Ni-MOF to the vapours 

from binary or tertiary liquid mixtures of the xylene isomers in a sealed environment. 

The changes in thermal stability and crystal structure of Ni-MOF after adsorption 

from different mixtures of xylene isomers were investigated. 

When o-xylene was present in the liquid mixture, only single step desorption 

behaviour (a second desorption step was not clear) was observed for the Ni-

MOF∙xylene complex (Figure 6.34), similar to the desorption behaviour of o-xylene 

and p-xylene alone (Figure 6.28). When the liquid mixture consisted of m- and p-

xylene (mp), a clear two-step desorption behaviour was observed for these species 

adsorbed into the Ni-MOF complex (Figure 6.34), similar to the desorption behaviour 

of m-xylene and p-xylene alone (Figure 6.28). The results indicated there was a 

possible selective sorption when o-xylene was present. It was noticed that the 

maximum capacity of Ni-MOF for xylene uptake (either a single guest vapour or a 

mixture) was ca 40 wt%. 

 

Figure 6.34 TGA of Ni-MOF competition sorption with mixtures of xylene isomers under N2. 

The XRD patterns of the Ni-MOF complexes after adsorption from xylene mixtures 

all seemed to be surprisingly similar (Figure 6.35) and matched the pattern of Ni-
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MOF with adsorbed o-xylene (Figure 6.29), which may be ascribed to the most 

thermodynamically stable structure. It was not obvious from the XRD results whether 

a selective sorption had occurred, as the structure of the different Ni-MOF samples 

became similar upon sorption of the mixtures, different from that of adsorption of 

individual xylene isomers (Figure 6.29). 

 

Figure 6.35 XRD patterns of Ni-MOF competition sorption with mixtures of xylene isomers. 

Similarly, in competitive adsorption experiments Ni-MOF/BC composites were 

exposed to the vapours from the liquid mixtures of the xylene isomers under the 

same conditions as used for the Ni-MOF alone. The change of thermal stability and 

crystal structure of Ni-MOF within the composite upon adsorbing different mixtures of 

xylene isomers was investigated. 

 

Figure 6.36 TGA of Ni-MOF/BC composite competitive sorption with mixtures of xylene isomers 

under N2. 



CHAPTER 6 

 

 
 

180 
 

 

Figure 6.37 XRD patterns of Ni-MOF/BC composite competitive sorption with mixtures of xylene 

isomers. 

The thermal stability of Ni-MOF/BC composites containing mixtures of xylene 

isomers can be divided into two groups. Mixtures of m- and p-xylene and mixtures of 

o-, m- and p-xylene were released from the structure at lower temperature, (Figure 

6.36), and the respective XRD patterns of the Ni-MOF/BC complexes also seemed 

to be similar (Figure 6.37). Mixtures of o- and m-xylene and mixtures of o- and p-

xylene were released from the structure at higher temperature, with similar peaks at 

ca 26° in the XRD patterns. It was also noticed that the maximum capacity of Ni-

MOF/BC composites for xylene uptake (single guest vapour or mixture) was ca 20 wt% 

for the composite (65 wt% Ni-MOF loading in the composites). However, it was not 

possible to determine the selectivity from these results. 

Based on the previous results, quantitative measurements of the competition 

experiments were undertaken to evaluate the selectivity of Ni-MOF for xylene 

isomers, using 13C NMR since the selectivity was not able to be determined using 

TGA and XRD. It should be noted that no sorption of xylene isomers was observed 

by on BC alone, therefore the uptake of xylene isomers was due to the presence of 

Ni-MOF in the composite. The results are summarized in Table 6.2.  

The ratio of xylene isomers in the mixtures did not change significantly before or 

after the competitive adsorption experiment for either Ni-MOF or Ni-MOF/BC 

composites, showing that Ni-MOF particles adsorbed xylene isomers non-selectively 

in contrast to Ni(NCS)2(para-phenylpyridine)4. The isometric sorption of Ni-MOF was 
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possibly determined by the size of the guest molecules, rather than kinetic (the rate 

constant of o-xylene was the largest) or thermodynamic factors (o-xylene was 

released at the highest temperature). 

Table 6.2 Summary of competition sorption of xylene isomers. 

Solution omp om op mp 

o-xylene:m-xylene:p-xylene 1:1:1 1:1:0 1:0:1 0:1:1 

in liquid (starting) 39:29:32 58:42:00 54:00:46 00:47:53 

in Ni-MOF 35:30:35 54:46:00 53:00:47 00:47:53 

in Ni-MOF/BC 36:29:34 54:46:00 56:00:44 00:48:52 

 

6.3 Conclusions 

A facile method for growth of MOF particles onto BC surfaces has been developed 

by in-situ synthesis at room temperature, and the method could be applied to other 

MOFs. The existence of MOFs attached to the BC membrane was confirmed 

optically, and also by use of SEM. TGA was used to calculate the loading of MOFs 

onto the BC membrane supports.  

The separation performance of MOF-199 for CO2/N2 was improved in the 

composites due to the decreasing particle size. Future experiments should be 

focused on the performance of the MOF-199/BC composites with different MOF-199 

loadings, tested in a real mixed gases environment. 

Ni-MOF was synthesized at room temperature for the first time, and the structure 

was shown to be the same as that of the Ni-MOF prepared via hydrothermal 

synthesis, as characterised by XRD, TGA, FTIR and SEM. The Ni-MOF 

demonstrated an increased uptake of xylene isomers, compared to Ni(NCS)2(para-

phenylpyridine)4. However, no selectivity was observed for this Ni-MOF with respect 

to xylene sorption, due to the non-selective pores introduced. The kinetic and 
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thermodynamic behaviour of the three xylene isomers adsorbed individually were 

varied, but in sorption of mixtures showed no preference.  

Robust MOFs (MOF-199, no distortion of the frameworks upon sorption) seemed to 

maintain their structure in the composites, while flexible MOFs (Ni-MOF, distortion of 

the frameworks upon sorption) adopted a polycrystalline structure which formed 

uniform coatings on the substrate used. The separation performance of MOF/BC 

composites was mainly dependant on the functionality of the MOFs attached, and 

separation of different chemical mixtures could be achieved by varying the MOFs 

used in the composites.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

In this thesis it is demonstrated that oxidised cellulose nanofibrils (OCNF) can be 

obtained from an electro-oxidation process, thus reducing the environmental impact 

of the oxidation process by adopting a more sustainable primary oxidant (electrical 

energy, where the renewable energy sources could be derived from wind, nuclear 

power and tidal energy1). OCNF possess a number of properties (e.g. large aspect 

ratio, negative charge on the fibril surface, and flexible nanofibrils) that render them 

useful in a range of applications (e.g. as the basis for composites or emulsifiers), 

replacing chemicals from petrochemical sources, potentially irritating surfactants (e.g. 

sodium lauryl sulfate) and non-biodegradable materials (e.g. silicones) used in 

personal care products and composite materials. The methods for optimising the 

electro-oxidation reaction conditions have been presented, and the potential 

applications of OCNF were explored.  

A facile voltammetric method using a cotton-covered electrode has been developed 

to optimise the reaction conditions of TEMPO-mediated electro-oxidation of cellulose, 

and the method described could be applied to other water insoluble substrates (e.g. 

chitin), using the corresponding substrate-fabric/film electrode. The method is very 

useful in fast screening of potential new mediators for cellulose oxidation, where only 

a small quantity of the mediator (ca 0.05 mmol) is required for the initial experiment, 

and the results can be achieved in less than a minute. This allows exploration of new 

catalysts, especially when the synthesis is difficult and only small amounts of the 

mediator are available to test, minimising labour and reducing energy consumption 

during the research process. 

It was found that the reaction rate of the cellulose oxidation accelerated at elevated 

pH, for all the mediators tested. At pH 10, TEMPO was found to be the most efficient 

catalyst in the oxidation of cellulose. On the other hand, 4-acetamido-TEMPO was 

more effective than TEMPO in the oxidation of cellulose under acid or neutral 

conditions. The results of the catalytic efficiency tests carried out in this study were in 

accordance with previous research, demonstrating that this novel, rapid method can 
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be used to replace the slower and more laborious chemical methods for catalyst 

testing.  

In neutral/acidic environments, the rate of the oxidation was found to be controlled by 

the disassociation constant of the mediator. When the pH was close to the pKa of 

TEMPOHH+ (pKa ≈ 7), a significant decrease in the reaction rate occurred. The pKa 

of 4-acetamido-TEMPOHH+ was ca 6, therefore a higher catalytic efficiency was 

observed for 4-acetamido-TEMPO under the same conditions as TEMPO at pH 7. 

The finding is useful to design new mediators which perform better under neutral or 

acidic conditions, where depolymerisation of cellulose during the oxidation can be 

avoided.2 

The anions of buffers, which were used during the electro-oxidation reactions, were 

also found to significantly alter the reaction rate under neutral conditions. This finding 

is very important, as all of the TEMPO mediated electro-oxidation reactions require 

buffer to stabilise the pH, or as background electrolyte (e.g. NaCl) during the reaction 

process, however the effect of the differing structure of these added electrolytes has 

not been investigated in detail before. This finding is especially useful for the enzyme 

driven laccase-TEMPO oxidation of cellulose, where citrate buffer is commonly used 

to stabilise laccase under acidic environments3 and the implications of this is 

discussed further in section 7.2.  

Buffer anions were found to participate in the cellulose oxidation reaction at neutral 

pH, affecting the efficiency of the mediator through electrostatic and steric effects:  

1) Direct interaction of the buffer anion with TEMPO+ was identified from NMR 

studies and the anion effect on the catalytic efficiency was shown to follow the 

Hofmeister Series (a combination of the effective surface charge and the 

diameter of the hydrated anion), based on the results of CV. 

2) Reducing the accessibility of TEMPO+ to cellulose. When the buffer 

concentration was increased, the equilibrium would be shifted towards the 

TEMPO+/anion salts or complexes with these anions effectively screening the 

TEMPO+ charge, reducing the interaction between TEMPO+ and cellulose, 
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which bears an increasing density of negative charge as the oxidation 

reaction proceeds.  

The reaction rate at neutral pH is a complex result that results from the balance 

between the electrostatic and steric effects, therefore an extensive study would be 

required to combine these factors into a single equation. However, it was possible to 

probe the effect of different buffers, or electrolytes, on the cellulose oxidation rate, 

using CV. Under basic conditions, the reaction rate between TEMPO and cellulose 

accelerated, suggesting that the competing equilibria (complexed TEMPO+ versus 

reactive intermediate TEMPO
+
/cellulose) were shifted towards the reactive complex 

with cellulose, such that the effect of the anions was negligible, therefore all anions 

resulted in an identical reaction rate at pH 10. 

Using the optimal reaction conditions obtained from the CV study (using a TEMPO 

mediator in carbonate buffer at pH 10), electro-oxidation of cellulose resulted in a 

controllable degree of oxidation of cellulose as this could be followed by monitoring 

the consumed electricity, and, most importantly, the reaction could be completed 

within a relatively short duration (ca 2 h, comparable to the NaClO/NaBr/TEMPO 

chemical oxidation route). The OCNF produced by electro-oxidation exhibited similar 

fibril morphology and thermal stability compared to the OCNF obtained from the 

chemical oxidation in the NaClO/NaBr/TEMPO system. However, the content of 

aldehyde groups formed on the OCNF surface using electro-oxidation was much 

higher than that formed during the NaClO/NaBr/TEMPO oxidation. The carboxylate 

to aldehyde ratio can be increased during the synthesis by lowering the reaction 

temperature, but the reaction rate will also be slowed. Thus, a post-reaction polishing 

step is necessary if low aldehyde content is undesirable for the final product. 

However, it is desirable to have high aldehyde contents for some applications, such 

as paper strength improvement4 and enzyme immobilization.5 

It was shown that the OCNF were able to stabilise o/w Pickering emulsions, using 

various formulations with different salt concentrations. The critical concentration of 

OCNF required to stabilise a hexadecane/water emulsion of 30/70 phase volume 

ratio was found to be ca 3 g∙L-1 of OCNF suspension in the aqueous phase, which is 

ascribed to the efficient coverage of the oil droplet surface by OCNF. The OCNF was 
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found to form a mesh-like shell at the oil-water interface, determined by AFM, and 

the shell thickness responded to the ionic strength in the aqueous phase as 

indicated by SEM. However, the drying methods of the emulsions for AFM and SEM 

resulted in the aggregation of OCNF, therefore did not provide accurate information 

about the OCNF shell structure in the real (wet) environments.  

The shell responsive behaviour was then studied in situ by small angle scattering, 

without drying the samples. It was found that the evolution of the OCNF shell 

underwent 3 stages: from the formation of single layer of OCNF mesh to a hydrated 

network, and eventually compressed to a more densely packed network, with 

increasing ionic strength in the aqueous phase. This finding was also confirmed by 

the rheology results, where a less connected network of the emulsion was observed 

at high ionic strength, indicating that fewer OCNF remained in the aqueous phase to 

support the network. Exploitation of the salt responsive behaviour was illustrated in a 

potential application of delayed drug delivery, and the freeze-dried emulsions 

resulted in structured porous networks which could be used as scaffolds for catalysts, 

supports for MOF crystals, or (following carbonization) for electrode applications. 

Oxidised cellulose was, for the first time, used to support MOFs onto the fibril 

surfaces. For the convenience of characterisation in the initial investigation, a self-

standing bacterial cellulose (BC) membrane was used as alternative to oxidised 

cellulose nanofibrils for MOF attachment. BC was used in a non-oxidised form, as 

the large surface area on the fibrils was able to form metal-oxygen coordination 

bonds, allowing the growth of MOFs on the site. However, for the production of 

OCNF, it was essential to form enough carboxylate groups on the cellulose surfaces, 

in order to facilitate fragmentation of the large initial cellulose fibres into nanoscale 

fibrils to provide a high functionalized surface area for MOF growth. These cellulose-

based MOF composites complement other metal- or polymer-based materials and 

can be produced at relatively low cost (compared to metal based substrates). BC 

provides a strong substrate for the production of self-supporting membranes or films 

and, as it is known that OCNF can also be fabricated into films, there are 

opportunities for production of various materials for specific applications. If the MOF 

components are environmentally acceptable, the biodegradability of the cellulose 
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substrates would allow for innocuous end of life treatment potentially improving 

sustainability of the composites. The effect of the MOF components on 

biodegradability would need to be ascertained if biodegradable materials are desired 

(see section 7.2). 

The successful immobilisation of two MOFs (MOF-199 and Ni-MOF) onto bacterial 

cellulose was visualised by colour changes of the membranes and SEM images. 

MOF-199 maintained the structure in the composites, while the Ni-MOF adopted a 

preferential growth which formed uniform coatings on the substrate, determined by 

XRD. The separation performance of MOF-199/BC composites with respect to 

CO2/N2 separation was improved due to the formation of smaller MOF particles, and 

the size of MOF particles was demonstrated to be adjustable, depending on the 

diameter of the cellulose fibres used. The Ni-MOF and Ni-MOF/BC composite did not 

show selectivity for xylene isomers, as the pores in the Ni-MOF were too large and 

therefore able to accommodate all xylene isomers without incurring any energy 

penalty. However, the uptake of xylene was ca 40 wt% due to the large pores 

present in the MOF – the potential for exploiting this is discussed in section 7.2. 

In summary, the reaction conditions of TEMPO electro-mediated oxidation of 

cellulose have been optimised using cyclic voltammetry, and possible impact of 

different buffer identities was elucidated. OCNF have been produced in bulk 

quantities (gram scale) by electro-oxidation in the lab. OCNF demonstrate promising 

applications for stabilising Pickering emulsion and making composite materials.  

7.2 Future work 

Increasing awareness of the importance of using sustainable materials for various 

applications (e.g. automotive parts, personal care products) in combination with the 

desire for low cost, light weight and high mechanical performance, has stimulated 

extensive research on biopolymer based materials. Cellulose derived materials are 

particularly attractive as cellulose is the most abundant biopolymer and is renewed 

rapidly in nature.6 In addition, it is obtainable from waste sources (e.g. food 

processing waste7) and is not a human food stuff, so the food versus chemicals or 

materials issue does not arise.8 There are few examples of OCNF commercial 
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products in the market at the moment, as the uptake may be hampered by the cost 

and availability of OCNF commercially (e.g. while Croda has tested production of 

OCNF at tonne scale for applications in personal care products, the product is not 

yet available at large scale; Nippon Paper Group produces OCNF pre-commercially, 

potentially for use in high end markets for electronics, composite and personal care 

products, although the focus is believed to be on the use of OCNF in films9). 

However, with the increasing market demand for sustainable products, it is expected 

that the price of OCNF will significantly reduce to a level low enough to compete with 

some synthetic polymers, due to improved economies of scale and investment from 

government and industry (this has already occurred in the UK via TSB and Innovate 

UK funding for collaborative research projects). In addition, new techniques 

developed for production will also contribute to the cost reduction and improved 

performance of new materials (e.g. Omya patented the production of CNF via 

mineral grinding, which could reduce the energy consumption and resulted in a 

better performance of the final product
10

). Therefore, it is also possible to combine 

disintegration of the OCNF during the TEMPO oxidation process, or in-situ 

nanofibrillate with polymer to form composites, and the combined synergetic effects 

of such processes should be investigated to optimize the manufacturing process. 

A long-term ambition of the research is to produce OCNF commercially (both the 

electrochemical method and the co-grinding method, described above, could be 

explored) and to apply OCNF to products beyond traditional paper applications, 

based on the fundamental understanding of properties and challenges of OCNF (e.g. 

mechanical, rheological, biological and optical performance). OCNF has potential for 

use in high end paper products, e.g., in specialty paper to increase paper strength, 

but there are also various new promising applications mentioned in Chapter 1. In 

future, OCNF may be used in many products in our daily life from creams and lotions 

(such as the Pickering emulsions described here) to composite materials, and some 

possible works are highlighted later in this section. Development of such applications 

requires understanding of the opportunities and limitation of OCNF in the specific 

materials and further developments to improve the performance. For instance, 

OCNF can be used as filler in plastics and this application would be particularly 

beneficial in plastics intended to be composted at end-of-life, such as polylactide.11 
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However, the hydrophilic characteristics of cellulose would lead to the 

inhomogeneous distribution of OCNF in the composite, resulting in poor mechanical 

performance.11 Therefore, further modification of OCNF would be required to 

increase the hydrophobicity of OCNF, either chemically or physically (e.g. by the 

adsorption of lignin, or by chemical modification of surfaces, including grafting of 

appropriate moieties12). Solvent exchange of OCNF in organic solvent (e.g. DMSO13) 

followed by mixing with polymer may also help to increase the homogeneity of the 

composite. For all of these large scale applications, cost effective, efficient 

productions of OCNF are required and it is suggested that the electrochemical route 

described here might be developed into a continuous process using flow cells. 

Transportation of OCNF suspension from the manufacturing plant to customer is a 

common requirement at present, but this is inconvenient and very costly, as over 90 

wt% of the sample is just water (OCNF suspensions would also require large areas 

for storage and the supply of such dilute dispersions limits the scope available to the 

formulator – most water in the formulation is already in the OCNF dispersion). Some 

research focused on the improvement of the redispersibility of de-watered CNF using 

different methods (e.g. freeze-drying,14 reducing aldehyde content15), and other 

possible drying methods (e.g. combination of freeze-drying with surface 

modification16) could also be explored. Evaluation of the rheological and/or 

mechanical performance of the rehydrated OCNF would then be required in the 

future.  

Last, but not least, different methods for cellulose research should be standardized 

and made comparable amongst the literature. For instance, reporting of crystallinity 

indices using powder XRD data, different fitting methods may lead to the 

discrepancies in results. Although the Rietveld method is considered to be accurate 

and comparable with results obtained from other measurements,17 the quality of the 

collected XRD data and the use of different crystal parameters in the fitting could 

also lead to differing results,18 FITR and solid state 13C NMR have also been 

demonstrated as methods applicable to the evaluation of the crystallinity of cellulose, 

but the differences in results obtained from different methods are often neglected 

(the trend of the crystallinity change may be consistent, but the absolute value is 
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often not).19 Therefore, a comparable and standard method is essential to 

understand and validate the results published in the cellulose research area. Cross-

checking of different methods used would be a useful way to correlate the results 

and evaluate the reliability of the method used. 

In this thesis, the possibility of producing OCNF by electro-oxidation has been 

demonstrated and thus OCNF obtained from electro-oxidation can be used as a 

green alternative to chemically oxidised cellulose for various applications. 

Furthermore, many possible research directions based on the results in this study 

are worthy of further investigation and these are listed: 

1) The effect of buffer type on laccase/mediator oxidation reactions of cellulose 

should be explored, as the results gained in this electrochemical oxidation 

study showing that the use of citrate buffer results in a much slower reaction 

rate compared to that of reactions buffered with phosphate buffer at pH 7. 

Thus, one would suggest that the use of citrate buffer is good for laccase 

stability, but not desired for cellulose oxidation. Therefore, a better buffer for 

laccase-TEMPO oxidation of cellulose is required. The rapid screening 

method described here could be used to test a range of buffers to optimise 

conditions for enzymatic oxidation. 

2) The impact of cellulose crystallinity on the electro-oxidation reaction should be 

investigated by CV, quantifying the relationship between crystallinity and 

reaction rate. The rates of oxidation of highly crystalline cellulose 

nanowhiskers versus OCNF, which contains both crystalline and amorphous 

segments, would provide insights into how important penetration into cellulose 

particles is in this process. This study could be extended, by considering 

cellulose with different degrees of crystallinity, which can be obtained by 

regenerating ionic liquid dissolved cellulose using different anti-solvents (e.g. 

methanol, ethanol and water).20 This will help to understand how the 

accessibility of cellulose functional groups alters the overall reaction rate, 

accurately and efficiently. 

3) Screening of a variety of buffers, or salts, in the TEMPO mediated cellulose 

oxidation reaction under neutral or acidic environments should be undertaken 
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to optimise the reaction rate. Concentration effects of the buffer should be 

further investigated using larger variations (e.g. from 1 mM to 0.1 M). TEMPO 

cations associated with different anions should be prepared and studied at 

different pH using NMR to better understand the interaction of TEMPO cations 

and salt anions. 

4) Testing of new mediators, with low pKa, which could be synthesised based on 

structures predicted using computational methods (e.g. DFT)21 would be 

facilitated by the rapid screening methodology described here. These 

mediators could be designed to increase the oxidation rate at low pH, thus 

avoiding depolymerisation of cellulose during the reaction under basic 

conditions. 

5) For the electro-oxidation, NaCl could be used as electrolyte in the system for 

in-situ generation of NaClO,22 which could act as an oxidant to oxidize 

TEMPO, and also to convert aldehydes into carboxylates. This avoids the 

addition of stoichiometric amounts of the NaClO, therefore reduces the 

hazards associated with transport and use of hypochlorite solutions.  

6) Grinding oxidised cellulose together with solid catalysts could be explored to 

convert cellulose into a valuable renewable chemicals.23 The process is 

expected to consume less energy than the direct conversion of un-modified 

cellulose, as oxidised cellulose requires much less energy to break down into 

smaller fragments compared to the un-modified cellulose, providing higher 

surface area for the reaction.24 However, as the oxidation process itself will 

add cost to the process, focus should be on relatively high value products.   

7) Emulsion foams stabilized by OCNF could be used as precursors to prepare 

porous carbon electrodes via pyrolysis.25 The emulsion can be formulated 

with other metal salts (e.g. Ni(NO3)2) or polymers (e.g. hyaluronan) to give 

different particle loadings or elemental doping for carbon electrodes used in 

sensor and energy storage applications. These foams also provide 

opportunities for templating metal oxides, such as TiO2, allowing modulation 

of bulk structure as the proof of concept results in chapter 5 illustrate. 
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8) Polymerizable resin emulsions stabilised by OCNF could be used as 

environmentally friendly aqueous based formulations for painting and coating, 

reducing the use of irritating and volatile organic solvents.  

9) Further studies of controlled delivery are necessary if these OCNF stabilised 

emulsions are to prove useful in for such applications, such as for delivery of 

agrochemicals, or flavours & aromas as well as pharmaceutically active 

compounds. The fact that the OCNF is biodegradable26 means that 

degradation of OCNF, as well as the changes of shell thickness in ionic 

strength, could be used to modulate release of actives from the emulsions. 

10) The CO2/N2 separation performance of the MOF-199/BC composite should be 

tested in a real mixture of gases to evaluate the selectivity. Variation of the 

MOF loading should be carried out to enhance the uptake/separation of the 

gases. Attempts should be made to immobilise different MOFs onto the BC 

membrane to test the scope of the particles that can be attached. In addition, 

the mechanical performance, lifetime, recyclability and the permeability of the 

composites towards various mixtures should also be investigated in order to 

optimise the composites for separations at an industrial level. 

11) The use of Ni-MOF and Ni-MOF/BC composite as hydrogenation catalyst for 

molecules of similar size to xylene could be further explored (the productions 

of aromatic-free solvents are desired due to environmental legislation),27 as 

the uptake of xylene was ca 40 wt% due to the large pores of MOF. The 

biodegradability of this composite and any others tested should also be 

investigated, or other end of life options (e.g. pyrolysis and metal recovery) 

tested. 

The main outcome of the project results in a more environmentally friendly electro-

mediated TEMPO oxidation of cellulose compared to the chemical oxidation system. 

This contributes to a partial replacement of polymers from fossil resources used in 

composites, in order to establish a sustainable society based on renewable 

resources. Clearly, further attention to the safety-issues and the biodegradability of 

the oxidised cellulose based composites is the current focus, to evaluate the overall 

impact of OCNF on the human society. 
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Chapter 8 Appendices 

8.1 Summary of diffusion coefficient of mediator 

Table 8.1 Diffusion coefficient of mediator at different pH 

Mediator pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 

TEMPO 4.3E-06 - 5.6E-06 5.2E-06 5.6E-06 6.1E-06 

4-acetamido-TEMPO - - 3.47E-06 3.86E-06 - 4.8E-06 

4-carboxy-TEMPO - - - 3.09E-06 - 4.6E-06 

4-hydroxy-TEMPO - 5.0E-06 5.0E-06 - - - 
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8.2 Nitrogen Sorption of BC 

 

Figure 8.1 Nitrogen adsorption isotherm for thermally dried BC measured at 77 K. The specific 

surface area was ca 0.5 m
2
∙g

-1 
using BET. 

 

 

Figure 8.2 Nitrogen adsorption isotherm for freeze-dried BC measured at 77 K. The specific 

surface area was ca 70 m
2
∙g

-1 
using BET. 
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8.3 TGA Calculation of Inclusion Ratio 

Table 8.2 Summary of inclusion ratio of Ni-MOF∙ 𝒂A (𝒂 is inclusion ratio, X is inclusion compound) 

A methanol o-xylene m-xylene p-xylene 

M(Ni-MOF) 487 

M(A) 32 106 

𝒂 2 3 2 2.5 

 

 

 

     𝑎 =

𝑚𝑙𝑜𝑠𝑠%
M𝐴

(1 − 𝑚𝑙𝑜𝑠𝑠)%
M𝑁𝑖−𝑀𝑂𝐹

⁄  (8.1) 

 

Where 𝑚𝑙𝑜𝑠𝑠 is the weight loss of the complex at 100 °C (for methanol) or 200 °C (for 

xylene isomers, M𝐴 is the molecular weight of the inclusion compound, M𝑁𝑖−𝑀𝑂𝐹 is 

the molecular weight of the Ni-MOF. 
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8.4 Photos of Pickering Emulsion 

 

Figure 8.3 Photo of o/w emulsions with 0.1 M NaCl (a) before centrifugation (taken one day after 

emulsified), (b) upside down before centrifugation (taken one day after emulsified) and (c) after 

centrifugation at 4000 rpm for 30 min with an increasing concentration of oxidised cellulose in 

aqueous phase from 0 to 15 g∙L
-1

. 

 

Figure 8.4 Photo of o/w emulsions 0.5 M NaCl (a) before centrifugation (taken one day after 

emulsified), (b) upside down before centrifugation (taken one day after emulsified) and (c) after 

centrifugation at 4000 rpm for 30 min with an increasing concentration of oxidised cellulose in 

aqueous phase from 0 to 15 g∙L
-1

. 

 

0 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 g·L
-1
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-1
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Figure 8.5 Photo of o/w emulsions with 1 M NaCl (a) before centrifugation (taken one day after 

emulsified), (b) upside down before centrifugation (taken one day after emulsified) and (c) after 

centrifugation at 4000 rpm for 30 min with an increasing concentration of oxidised cellulose in 

aqueous phase from 0 to 15 g∙L
-1

.  
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8.5 SANS fitting of Pickering Emulsion 

 

Figure 8.6 Experimental SANS spectra of hexadecane / water emulsion stabilised by ONCF (8 

g∙L
-1

) at 0.1 M NaCl concentration with different deuterated composition (scattered points); solid 

lines are the fitted curves.  

 

 

Figure 8.7 Experimental SANS spectra of hexadecane/water emulsion stabilised by ONCF (8 

g∙L
-1

) at 0.5 M NaCl concentration with different deuterated composition (scattered points); solid 

lines are the fitted curves.  
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8.6 XRD of Ni-MOF 

 

Figure 8.8 XRD pattern of Ni-MOF exposed to m-xylene and then re-evacuated. 

 

 

Figure 8.9 XRD pattern of Ni-MOF exposed to p-xylene and then re-evacuated. 
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8.7 Rietveld Refinement Patterns 

 

Figure 8.10 Rietveld refinement pattern of the X-ray diffraction data for electro-oxidised cellulose. 

Dark blue line shows the experimental profile and yellow line shows the calculated profile. The 

light blue line at the bottom shows the residual difference.  

 

Figure 8.12 Rietveld refinement pattern of the X-ray diffraction data for OCNF. Dark blue line 

shows the experimental profile and yellow line shows the calculated profile. The light blue line at 

the bottom shows the residual difference.  
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Figure 8.13 Rietveld refinement pattern of the X-ray diffraction data for BC. Dark blue line shows 

the experimental profile and yellow line shows the calculated profile. The light blue line at the 

bottom shows the residual difference.  

 

Figure 8.14 Rietveld refinement pattern of the X-ray diffraction data for MOF-199. Dark blue line 

shows the experimental profile and yellow line shows the calculated profile. The light blue line at 

the bottom shows the residual difference.  
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Figure 8.15 Rietveld refinement pattern of the X-ray diffraction data for MOF-199/OCNF 

composite. Dark blue line shows the experimental profile and yellow line shows the calculated 

profile. The light blue line at the bottom shows the residual difference.  

 

Figure 8.16 Rietveld refinement pattern of the X-ray diffraction data for MOF-199/BC composite. 

Dark blue line shows the experimental profile and yellow line shows the calculated profile. The 

light blue line at the bottom shows the residual difference.  
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Figure 8.17 Rietveld refinement pattern of the X-ray diffraction data for Ni-MOF. Dark blue line 

shows the experimental profile and yellow line shows the calculated profile. The light blue line at 

the bottom shows the residual difference.  

 

Figure 8.18 Rietveld refinement pattern of the X-ray diffraction data for Ni-MOF/BC composite. 

Dark blue line shows the experimental profile and yellow line shows the calculated profile. The 

light blue line at the bottom shows the residual difference.  

 


