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ABSTRACT 
________________________________________________________________ 

Wood is a natural resource that has been an integral part of society for as long as humans have 

been on Earth. From serving as fuel for fire and construction material the applications of wood 

has been developed in modern times and only surged as a consequence of societal strive for 

sustainability and usage of green resources. The idea of disintegrating the cell wall of wood 

into its cellulosic nanoscale components is one venue that have been explored and garnered 

intense research activity over the past two decades. The product, referred to as cellulose 

nanofibrils inherits many of the excellent properties of wood and have subsequently been 

envisioned in a large variety of applications.  

When attempting to isolate cellulose nanofibrils from native wood the need for multistep 

processes are frequently encountered. This reduces the commercial feasibility and makes 

product characteristics difficult to control. The starting material for academic and commercial 

endeavors is for this reason often pulp from paper mills. Although less demanding in the form 

of processing cost, the prospect of controlling and understanding nanofibrils as a function of 

initial wood properties remains scarcely studied. Subsequently it is difficult to bridge the gap 

between the properties of wood and the properties of isolated nanofibrils and what processes 

are required when using wood as a feedstock. 

This thesis work aims to fill this knowledge gap through i) development of an experimentally 

robust framework that is feasible for isolation and characterization of nanofibrils from raw 

wood and ii) implementation to isolate nanofibrils from wood that has been carefully selected 

through field-grown and genetically engineered aspen trees with varieties in ultrastructure, 

chemical composition and mechanisms involving cellulose biosynthesis. 

A one-pot chemical oxidative treatment based on the catalyst 2,2,6,6-tetramethylpiperidine 1-

oxyl was adopted, modified and subsequently used for the different wood samples comprising 

the studies in this work.  Wood with a larger cellulose content due to cell wall structural 

alteration (tension wood) was more difficult to fully disintegrate into fine nanofibrils, and 

resulted in networks that were twice as tough and comprised of more cellulose with a larger 

degree of crystallinity and fibril diameter. Wood with a variety in initial lignin content (17 – 

30 %) resulted in nanofibrils that were more fibrillated in the case of the highest lignin 

containing wood despite slightly less degree of oxidation. Estimated surface area of 

corresponding nanofibrils was higher which implicated wood cell porosity following chemical 

treatment as a factor of influence on the fibrillation process. Wood from transgenic trees with 

a reduction in the expression of one of the proteins that is involved for normal cellulose 

microfibril synthesis (cellulose synthase interacting 1) gave rise to lower aspect ratio 

nanofibrils with corresponding decreased network toughness and degree of polymerization. 

Similar characteristics was shown for the initial wood which showcased the possibility to 

influence nanofibril product quality through genetic engineering of the original tree. 



 

The results from this thesis work shows on the possibility to greatly impact nanofibril product 

quality through the simultaneous design of initial wood properties and appropriate use of 

processing conditions. This work thus considers a fundamental approach in the sense of having 

wood as a central feedstock for nanofibrils, something which gives insight in processing and 

behavior of final nanofibrils and model products. This work opens up for future processing 

designs which consequently influences further development and final applications of cellulose 

nanofibrils.    

Keywords: cellulose nanofibrils; wood; TEMPO-oxidation; nanofibril network; lignin; 

tension wood; transgenic trees 
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Chapter 1 

Introduction  

1.1 BACKGROUND  

rees have been present on Earth since the Devonian, approximately 390 million years 

ago (Pace and Angyalossy 2013). From having simple vascular systems, these early 

ancestral trees evolved over time to give rise to the hierarchical recalcitrant structure 

that we know today. Having been ubiquitous throughout a significant portion of the 

world’s history, wood has served a crucial role for as long as humans have been around. From 

fuel for the warming fires of early man to the paper of which this text is written, applications 

of wood are inherent to societal development. 

A strive to decrease the reliance on fossil fuel-based resources has made wood a feedstock of 

increasing importance. There are an estimated three trillion trees on Earth (Crowther et al. 

2015) which together with other plants make up 80 wt. % of the biomass on the planet (Bar-

On et al. 2018). With the establishment of large-scale industrial pulping approximately 15 % 

of all harvested wood is currently being processed into pulp (Oliver et al. 2014) that is used 

for paper and board applications (Coffey et al. 2016). Most of the wood is still used for 

traditional applications such as construction material and energy recovery. There has been a 

large drive to find new ways of utilizing wood biomass by developing new materials with 

potential applications that extend beyond that of the traditional pulp and paper. One of these 

prospects is the material referred to as cellulose nanofibrils (CNFs). It was discovered that 

upon passing wood pulp through a high-pressure homogenizer the cellulose that comprise the 

wood cell wall can be delaminated and isolated into smaller nanoscale constituents (Turbak et 

al. 1983). Further development revealed that these CNFs have excellent properties across a 

broad spectrum. The combination of wide application potential with the inherent sustainability 

associated with wood biomass has developed into a topic that has seen a surge in research 

activity, especially during the past two decades. This has ultimately manifested in application 

prospects ranging from barriers and packaging material (Lavoine et al. 2012; Abdul Khalil et 

al. 2016; Stark 2016; Ferrer et al. 2017) to sensors and advanced electrochemical applications 

(Chen et al. 2018; Nguyen et al. 2019). 

The evolutionary nature of trees has made the prospect of valorizing wood into CNFs a task 

that runs into issues pertaining to commercial endeavors. This manifest primarily as i) energy- 

and chemical resource cost and ii) uncertainty in CNF properties because of the top-down 

manufacturing process. Researchers have two theoretical ways of tackling these issues; i) 

Develop process technologies to make CNFs readily accessible from wood or ii) Optimize the 

T 
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characteristics of wood to make processing more feasible through less resource requirement 

or by resulting in superior CNF products that are inherited from the original feedstock. 

Current status quo revolves around aspect i) through processing emphases where novel and 

continuously improving methods are commonplace in literature with hundreds of articles 

appearing annually on the topic. The alternate way includes a biotechnological approach where 

tree breeding and forest management are central in order improve wood as a feedstock. This 

approach has emerged in other fields of value-added products from wood, notably the pulp & 

paper industry and biofuel synthesis, where for instance increased yield, quality and reduced 

resource requirement have been demonstrated (Sticklen 2006; Ek et al. 2009). A similar 

prospect can be extended to encompass CNFs, where the effect of raw materials on the 

characteristics and isolation processes currently are largely unexplored. The research topic of 

investigating different wood pulps is a resembling topic where wood pulp often is viewed as a 

starting material for the scientific inquiry regarding cellulosic nanomaterials (Kuramae et al. 

2014; Chen et al. 2017; Fall et al. 2014).  

This thesis deals with the challenges and opportunities that arises by studying CNF isolation 

from the perspective of the feedstock in its most primitive state – the tree.  
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1.2 THE HIERARCHICAL STRUCTURE OF WOOD 

Trees are complex organisms that are comprised largely of wood – a structural tissue that 

provides the organism with structural integrity and facilitates the transport of nutrients and 

water throughout the tree (Groover et al. 2010). This has been a feature of evolutionary benefit 

as to allow the trees to grow tall and resist the plethora of environmental factors that chemically 

and mechanically stresses the structure (Duchesne and Larson 1989). The cell walls that 

comprise wood is made up primarily by three organic components; cellulose, lignin and 

hemicellulose, each with a specific role that together make up the honeycomb nanocomposite 

structural tissue (Gibson 2012). The structure of wood varies from macro to microscale 

according to the hierarchical nature of the material where the components are biosynthesized 

on a molecular scale and assembled into a variety of structures controlled largely through 

biological processes (Ek et al. 2009).  

The central component, cellulose is a load-bearing biopolymer and comprises of β(1→4) 

linked D-glucose chains that are synthesized in the cellulose synthase complex (CSC) of the 

plant. After synthesis, the glucan chains crystallize into elementary fibrils and ultimately larger 

microfibrillar structures (Nishiyama et al. 2002; Klemm et al. 2005). Multiple proteins are 

involved in this process (Polko and Kieber 2019), although the exact mechanism for cellulose 

biosynthesis is still a mystery (Saxena and Brown 2005). One of the proteins that have been 

identified is cellulose synthase interactive 1 (CSI1) (Gu et al. 2010; Li et al. 2012). The 

function of CSI1 is to tether the moving CSC to the cortical microtubules (MTs) during 

primary cell wall biosynthesis (Bringmann et al. 2012; Li et al. 2012), and during initial phase 

of secondary cell wall formation (Schneider et al. 2017). 

The corresponding elementary fibrils that comprise the cell wall structure are the most 

primitive crystalline structure of native cellulose and have been described as bundles of 24 or 

36 parallel aligned cellulose chains that together make up a structure of approximately 3 nm 

in height (Saxena and Brown 2005; Ding and Himmel 2006; Fernandes et al. 2011). These 

elementary fibrils further exist in an aggregated state in the form of cellulose microfibrils 

(CMF) which have been described as having a size of between 15-20 nm (Fernandes et al. 

2011; Thomas et al. 2013). The CMFs are further assembled into larger architectures in the 

cell wall as microfibril aggregates, these are >100 nm across and are surrounded by a matrix 

of lignin and hemicellulose (Fahlén and Salmén 2005). It is further these structures that are the 

main constituents in the cell wall which contains two layers; The primary wall (P) and the 

secondary wall (S). The secondary wall is further distinguished by three separate layers; S1, S2 

and S3, where the S2-layer holds the majority of the cell wall biomass (Ek et al. 2009). The 

hierarchical structure of wood is illustrated in Figure 1.1.  
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Figure 1.1 Illustration of the hierarchical structure of wood showcasing the cell wall structure 

(a) with corresponding structural layers (b). Components of the biomass rich S2 layer 

comprising of microfibril aggregates (c) that are surrounded by a crosslinked matrix of the 

constituting lignin monomers (monolignols). Individual microfibril (d) surrounded by 

branched hemicelluloses and comprising of smaller elementary fibrils (e) that are 

fundamentally built up by parallel crystallized cellulose molecules (f) which are 

biosynthesized in the plant. 

For trees that are subjected to gravitational and mechanical forces there is a response in the 

growth of the wood tissue. Depending on whether the tree is an angiosperm (hardwood) or 

conifer (softwood) the response will either be to form compression wood or tension wood. 

These are abnormal wood growths and for hardwoods the corresponding tension wood is 

characterized by areas on the upper side of the stem that has a significantly increased cellulose 

content (Felten and Sundberg 2013). In the cell wall structure, there is also a development of 

a gelatinous (G-layer) that is almost pure cellulose (Timell 1969). The stem appearance and 

corresponding cell wall structure of tension wood in aspen trees in shown in Figure 1.2. For 

softwood the response is compression wood and is characterized by increased growth on the 

lower side of the stem with an increased lignin content in contrary to that of tension wood. 
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Figure 1.2 Appearance of a wood stem (left) that has pronounced tension wood growth (red) 

with corresponding transmission electron micrograph (right) of the cell wall structure with the 

reference normal wood (blue). Note the increased whiteness along the outer part of the stem 

compared to the opposite side. 

1.3 TREE BREEDING AND FOREST MANAGEMENT 

Tree breeding is an important constituent of silviculture, which pertains to increase the 

economic profit of forest trees through application of forest biotechnology to seek favorable 

wood characteristics (White et al. 2007). Targeted characteristics include wood growth rate, 

wood properties, wood quality and pest resistance (Ek et al. 2009). The usage of forest 

biotechnology was enabled after key developments in recombant DNA technology (Cohen et 

al. 1973), which made genetically modified trees a new tool for tailoring wood characteristics 

(Fillatti et al. 1987). This prospect has since grown where the library of genetic modifications 

relating to the structural components of the cell wall have become diverse (Chang et al. 2018). 

Attractive prospects are generally investigated through profiling of various gene expressions 

with the analysis of corresponding phenotypes initially being performed. Phenotypes in this 

context refer to visually or experimentally observable physical properties of the trees where 

attractive phenotypes then can be tested in a larger field-trial setting, which is a step closer to 

commercial applications and potential domestication of the tree (Ek et al. 2009). An example 

of promising tree phenotypes that relates to the pulp & paper industry involves suppressing 

the production of cinnamyl alcohol dehydrogenase and caffeate/5-hydroxyferulate O-

methyltransferase in the tree, which are enzymes directly linked with normal lignification. In 

field-trials it was observed that the required amount of pulping chemicals was reduced whilst 

also yielding a higher quality pulp (Lapierre et al. 1999; Pilate et al. 2002). Hemicellulose 

synthesis in hybrid aspen was targeted by reducing the acetylation of xylan, which resulted in 

the cellulose becoming more accessible/exposed to chemical deconstruction and hence 

increased the yield from enzymatic hydrolysis (Derba-Maceluch et al. 2020). For cellulose 

synthesis there have been less obvious progress in the sense of identified phenotypes directly 



 

20 

 

related to beneficial wood characteristics. The understanding of how cellulose synthesis occurs 

in the CSC is still not fully understood (Joshi and Mansfield 2007), and so attractive 

phenotypes that comes because of altering the cellulose synthesis machinery is at the forefront 

of forest biotechnology (Brown 2004). Decreased CSI1 transcription in hybrid aspen has for 

instance been linked with decreased mechanical properties of trees, although benefits 

regarding top-down processing have not yet been investigated further (Bünder et al. 2020). 

1.4 CELLULOSE NANOMATERIALS 

The cellulose microfibril (CMF) structures that are described in 1.2 are susceptible to 

mechanical and chemical deconstruction into smaller entities. The resulting material, referred 

to as cellulose nanomaterials (CNM) is an umbrella term that encompasses primarily two 

groups (when derived from lignocelluloses) of morphologically distinct materials; cellulose 

nanocrystals (CNC) and cellulose nanofibrils (CNFs). Both types of materials adhere to the 

ISO standard definition of a nanomaterial in the sense of having an external dimension in the 

nanoscale (range of 1-100 nm) (ISO 2015). This feature gives the CNM characteristics that are 

distinguishable from both cellulose in its polymer molecular form and in the form of isolated 

wood cells (as pulp) (Foster et al. 2018). These features include high crystallinity, mechanical 

strength, stiffness, biocompatibility, biodegradability, optical transparency and high surface 

area (Moon et al. 2011). CNCs and CNFs have as such both been subjects of large individual 

research bodies and have been thoroughly described in literature in terms of characteristics, 

applications, and isolation processes (Dufresne 2012, 2019; Kargarzadeh et al. 2017; Lee 2018; 

Huang et al. 2019). 

The primary difference between CNCs and CNFs is the aspect ratio, which is lower for CNCs 

due to the usage of reactions with strong hydrolytic agents, e.g. sulphuric acid. These reactions 

gradually cleave the β-1,4-glycosidic bonds of cellulose and results in shorter particles that 

reach approximate lengths of 100 nm with a significant reduction in degree of polymerization 

(Meija et al. 2020). CNFs retain more of the inherent CMF structure and are generally >1 µm 

in length with a larger retention of the native DP. This in turn is dependent on the state of the 

feedstock and the nature of the chemical-mechanical processing conditions that has been used.  

1.5 ISOLATION OF CELLULOSE NANOFIBRILS 

The first reported instance of CNF production in the context of materials science was reported 

by (Turbak et al. 1983). Wood pulps were processed through a homogenizer and the resulting 

product had a characteristic smooth opaque gel-like appearance, indicative that the pulp fibers 

were disintegrated by the treatment. Energy demand for this process and clogging of the 

homogenizer was early acknowledged as an impediment and was consequently a focal point 

of future research. 

   

A variety of alternative mechanical disintegration processes have since been implemented 

including grinding (Taniguchi and Okamura 1998), blending (Uetani and Yano 2011), high-

pressure homogenization (Pääkko et al. 2007), ultrasonication (Chen et al. 2014), 
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microfluidization (Ferrer et al. 2012), aqueous counter-collision (Kondo et al. 2014), extrusion 

(Rol et al. 2017) and steam explosion (Kaushik and Singh 2011). 

For the past two decades, there has also been a wide implementation of pretreatments of the 

feedstocks prior to the fibrillation step. The term “pretreatment” refer to a chemical treatment 

that is performed independently of prior pulping processes in order to make mechanical 

fibrillation step more efficient or even superfluous. These pretreatments facilitate fibrillation 

by inducing swelling in the cell wall, often through ionic charge (Scallan 1974), or through the 

reduction of the molecular weight of the feedstock. This effectively reduces the structural 

integrity of the cell wall and makes the energy input from the mechanical treatment enough to 

overcome the forces that keep the cell wall together. The most important pretreatments revolve 

around enzymatic hydrolysis (Henriksson et al. 2007), carboxymethylation (Wågberg et al. 

2008), and oxidation using the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical (Saito 

et al. 2007, 2009). As a result of the overcoming the recalcitrance of the wood cell wall, the 

obtained CNFs can be tuned to resemble the elementary fibrils of the CMFs using a fraction 

of the energy requirement compared to untreated wood feedstocks (Lindström 2017). The 

major transformation (microscopical and visual) that wood goes through after being subjected 

to pulping, pretreatment (TEMPO-oxidation) and mechanical disintegration is shown in Figure 

1.2.  

 
Figure 1.2 Microscopical (upper) and visual appearance (lower) of the major material types 

that are encountered during modern processing of wood to final CNFs with raw wood powder 

(a) wood pulp (b) pretreated and swollen (oxidized) pulp (c) and final viscous CNF suspension 

after mechanical disintegration (d).      

The factors that are involved in whether a wood cell wall will disintegrate into CNFs can be 

summarized using Equation 1 where the favorability of cell wall swelling, ∆𝐺𝑠𝑤𝑒𝑙𝑙 is the sum 

of the contribution from three quantities; i) osmotic pressure induced through the interaction 

between water and the cell wall, ∆𝐺𝑚𝑖𝑥  ii) osmotic pressure induced through presence of 
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charged groups, ∆𝐺𝑖𝑜𝑛  and iii) network energy of the physically cross-linked cell 

wall ∆𝐺𝑛𝑒𝑡𝑤𝑜𝑟𝑘 (Wågberg and Larsson 2020). 

∆𝐺𝑠𝑤𝑒𝑙𝑙 = ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑖𝑜𝑛 + ∆𝐺𝑛𝑒𝑡𝑤𝑜𝑟𝑘  (1) 

In order to maximize the favorability for nanofibrillation one can maximize ∆𝐺𝑚𝑖𝑥 through 

preserving hemicellulose, ∆𝐺𝑖𝑜𝑛 by introducing charge to the cell wall (e.g. through TEMPO- 

oxidation) and ∆𝐺𝑛𝑒𝑡𝑤𝑜𝑟𝑘 by subjecting the fibers to high force (e.g. homogenization). These 

process developments have been considered pivotal for further academic and commercial 

endeavors where rapid development has since taken place. Optimized processes, for instance 

through the usage of less chemicals (Serra et al. 2017; Im et al. 2018), more environmentally 

friendly alternatives (Isogai et al. 2011; Jiang et al. 2017; Li et al. 2017) and novel types of 

pretreatments are commonly reported. Recently investigated pretreatments include periodate 

oxidation (Abou-Zeid et al. 2018), oxalic acid oxidation (Henschen et al. 2019), esterification 

(Kang et al. 2017), quaternization (Ru et al. 2019), sulfoethylation (Naderi et al. 2017), 

cationiziation in deep-eutectic solvents (Sirviö 2018), phosphorylation (Ghanadpour et al. 

2015; Noguchi et al. 2017), ionic liquids (Berglund et al. 2017) and deep-eutectic solvents (Li 

et al. 2017), to name a few. 

As a result of the multistep nature of CNF isolation and the multitude of both chemical 

pretreatments and mechanical disintegration steps there is subsequently a large variety in 

possible sequences that can be used to obtain CNFs. This is reflected in Figure 1.3 where the 

sequence of reported process steps in going from wood to CNF is shown. 
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Figure 1.3 Flowchart showing the process steps and sequence used in literature (2017-2019) 

to process wood feedstock to final CNF. Numbers refer to the number of articles using a 

specific step. For instance, out of the 93 studies, 56 were pulp feedstocks processed by industry 

and 19 of these further had an enzymatic pretreatment step of the cellulose. Enzymatically 

treated feedstocks were processed using mainly grinding but also microfluidization and 

homogenization. The data was obtained from scopus using search terms “nanocellulose OR 

microfibrillated cellulose OR cellulose nanofibrils OR cellulose nanofibers OR nanofibrillated 

cellulose AND fibrillation or isolation AND wood. Flowchart was made using tools from 

sankeymatic.com.  
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From the excerpt of the academic trend above it is apparent that enzymatic treatment and 

TEMPO-oxidation of prior pulped wood feedstock is most encountered with grinding (for 

enzymatic) and homogenization (for TEMPO-oxidation) being common final disintegration 

steps. This is also reflected in the commercial setting where the current largest production 

facility of CNFs (Nippon Paper, Japan) is operating using TEMPO-oxidation of wood pulp 

with a final homogenization step (Isogai 2018). The cost for this process has been reported in 

the range of 40-100 USD/kg with the starting material (pulp) currently being in the prize range 

of 500-1600 USD/ton (NRCAN, 2021). This is interesting since a cost of 4-11 USD/kg of CNF 

have previously been estimated as necessary for future commercial prospects (Cowie et al. 

2014) with recent more optimistic estimates lying around 100 USD/kg. Consequently, cost of 

CNF isolation despite the emergence of novel processing technologies is still a contributing 

factor to the impediment of widespread commercial feasibility. This is further made 

problematic by the multistep nature of CNF isolation which makes appropriate comparison 

between processes and feedstocks a difficult task. These problems manifest when attempting 

to make progression based on previous academic work where lack of standards makes 

continuity difficult outside the scope of respective academic paper. Attempts to tackle this 

problem includes the initiative to implement standards for CNM characterization and isolation 

(Bilodeau 2014). 

1.6 NANOFIBRIL NETWORKS AS A BENCHMARK FOR CNF 

CHARACTERISTICS 

From an applicatory perspective, CNFs are often transformed into dense dry networks to 

evaluate the quality of the final CNF and their potential in acting as reinforcing agents in 

composites (Lee et al. 2014). Multiple characteristics of the CNFs and corresponding isolation 

processes manifests in the networks as a variety in mechanical performance. These include 

diameter of the CNF (Zhu et al. 2015), CNF orientation in the network (Sehaqui et al. 2012), 

density of the network (Henriksson et al. 2008; Sehaqui et al. 2011; Jonoobi et al. 2012), DP 

of the CNFs (Shinoda et al. 2012), CNF length (Fukuzumi et al. 2013), moisture content of the 

networks (Wang et al. 2018), CNF residual lignin content (Bian et al. 2018), and hemicellulose 

content (Spence et al. 2010b; Galland et al. 2015). The importance of starting material has also 

been emphasized where different types of pulps give rise to variety in network performance 

after a given processing condition (Stelte and Sanadi 2009; Rodionova et al. 2013; Kuramae 

et al. 2014; Chen et al. 2017; Zhao et al. 2017; Zhai et al. 2018). The usage of network 

mechanical performance as a benchmarking metric for comparing different process routes or 

different feedstock choices is widespread in literature and used as a complement to traditional 

suspension CNF characterization. The effect that various CNF characteristics has on the 

mechanical performance (tensile strength, elongation-at-break and Young’s modulus) of 

manufactured networks is shown in Table 1.1 
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Table 1.1 Effect of CNF characteristics on the mechanical behavior of dry networks with 

arrows indicating an increased (↑), decreased (↓) or unchanged (→) quantity. 

CNF 

characteristics 

Tensile strength  Elongation-at-

break 

Young’s modulus 

Diameter        ↑ ↓ (Zhu et al. 2015) ↓(Zhu et al. 

2015) 

→ (Zhu et al. 2015) 

Orientation     ↑ ↑ (Sehaqui et al. 2012) ↓ (Sehaqui et al. 

2012) 

↑ (Sehaqui et al. 

2012) 

Density           ↑ ↑ (Henriksson et al. 

2008) 

↑(Henriksson et 

al. 2008) 

↑ (Henriksson et al. 

2008) 

DP                  ↑ ↑ (Henriksson et al. 

2008; Fukuzumi et al. 

2013) 

↑ (Henriksson et 

al. 2008; 

Fukuzumi et al. 

2013) 

→ (Fukuzumi et al. 

2013) 

Moisture         ↑ ↓ (Benítez et al. 2013) ↑ (Benítez et al. 

2013) 

  ↓ (Benítez et al. 

2013) 

Lignin             ↑ ↓ (Rojo et al. 2015; 

Bian et al. 2018) 

↓ (Rojo et al. 

2015; Bian et al. 

2018) 

↓ (Rojo et al. 2015; 

Bian et   al. 2018) 

Hemicellulose ↑ ↓↑ (Arola et al. 2013) 

↑(Galland et al. 2015) 

↓↑ (Arola et      

al. 2013) 

↑(Galland et al. 

2015) 

→ (Galland et al. 

2015) 

 

1.7 RESEARCH GAP 

Isolation and applications of CNFs are today largely outside the scope that deals with emphasis 

on raw feedstock for predicting or modifying CNF product quality. The processes that deal 

with CNF isolation are complex and with the presence of pulp and paper industries there is a 

tendency and incentive for studies and commercial endeavors to be conducted on refined 

materials in the form of pulps, which are distinctive to the tree from which the wood was 

derived. Although this prospect has commercial validity in today’s landscape there is no 

guarantee that the status quo regarding CNF isolation will remain considering the cost and 

multistep processes that currently is associated and widely acknowledged as main obstacles. 

A way that provides an interesting contrast to this is tree breeding and forest management. 

Although relatively prominent in the field of biofuels and pulping, the perspective of 

increasing the potential for CNF isolation and applications by modifying and emphasizing the 
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wood feedstock has not yet been investigated. A summarizing large-scale description of the 

research gap subsequently involves bringing wood biology and CNF research (from the 

perspective of materials science) closer. 

1.8 AIM AND OBJECTIVES OF STUDY 

The main aim of this work is to rationalize and exemplify the idea of influencing CNF isolation 

and applications through the usage of wood from trees that have been derived through tree 

breeding and forest management methodologies. To accomplish this, the first objective 

includes experimentally investigating suitable processing methods for raw wood (Paper I). 

Second objective is to apply the investigated methodology on selected trees (Paper II-IV) and 

explore the effect of relevant wood characteristics on the isolation and applicatory potential of 

CNFs. The wood characteristics that have been considered reflects the influence of wood cell 

structure (Paper II), cellulose content (Paper II), lignin content (Paper III) and expression of 

the relatively recently discovered protein CSI1 (Paper IV).   

Figure 1.4 Summarizes the content of this thesis work more in detail pertaining to the variety 

in wood characteristics that have been emphasized. 

 
Figure 1.3 An overview of the thesis work as illustrated through the hierarchical structure of 

wood. Paper I focuses on appropriate processes for isolating CNFs from raw wood (i.e. 

transforming the CMF aggregates into CNFs). Paper II focuses on tension wood, which has a 

contrast pertaining to different cellulose content and cell wall structure. Paper III focuses on 

the influence of lignin content of field-grown trees that are selected candidates in a commercial 

environment (SweTree Technologies AB). Paper IV focuses on the effect of wood from 

transgenic trees with alterations to the expression of the CSI1 protein, which is involved in 

fundamental aspects of cellulose biosynthesis. 
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Chapter 2 

Experimental work 

According to the aim and objectives, processing of wood into CNFs is the central aspect of 

this thesis work and consequently has to be investigated prior to subjecting wood from various 

types of trees to nanofibrillation. As mentioned, another fundamental point of this work aims 

to look at this process from the context of the initial wood. It is therefore of importance to 

ensure that the experimental processes that are used to transform wood into CNF are 

appropriate in the sense of preserving the characteristics that may be of interest when 

evaluating the final CNF product and looking at the suitability for a wood sample to be 

nanofibrillated. 

This is the subject of the first investigation of this thesis work, where different traditional 

pretreatment methodologies have been applied to field-grown aspen trees. These have been 

compared with an experimentally robust method involving direct TEMPO-oxidation of the 

wood in its raw form. The remaining parts are dedicated towards expanding on this explored 

method and further applying the process to wood with distinct differences. 

This chapter describes the experimental steps that have been used for CNF isolation and how 

the proposed method of direct TEMPO-oxidation have been adapted and performed in order 

to investigate the effect of wood characteristics on the final CNF suspension and dry network 

behaviour. An emphasis is put on CNF suspension and network characterization so description 

of how the CNF suspensions have been characterized and further transformed into networks 

is also described. Information regarding the raw materials is provided to give context according 

to the aim of tying the wood characteristics to final CNF suspension and CNF network 

behaviour.  

2.1 RAW MATERIALS AND SAMPLING  

The raw materials used in this work are exclusively aspen trees from various sources including 

wild, transgenic and field-grown aspen. For exploring the suitability of direct TEMPO-

oxidation relative traditional pretreatment methods, a 5-year-old field grown aspen (populus 

tremula x tremuloides) was supplied by SweTree Technologies AB (Umeå, Sweden) and 

served as a reference tree in the sense of representing wood from aspen trees that can be 

obtained through field trials. Aspen trees also represent a fast-growing feedstock that is an 

important tree in the context of tree breeding, and a promising feedstock for the Swedish 

forests (Heilman 1999). 

For investigation on the effect of cell wall structure and cellulose content, tension wood (which 

produces a cellulose rich G-layer) was compared to normal wood and were obtained from wild 

aspen (populus tremula). The tension wood (TW) was obtained after leaving the trees in a 
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tilted position over the summer, which equated to two month’s tension wood growth. The TW 

was manually delaminated from the normal wood (NW). 

For investigation of the effect of native lignin, wood from six field-grown aspen trees (populus 

tremula x tremuloides) were supplied by SweTree Technologies AB. Six different samples 

were used to construct an experimental setup with lignin as the central variable. The trees were 

sampled from a larger collection of field-grown trees and were chosen based on preexisting 

data on the lignin/carbohydrate content as obtained through pyrolysis (Gerber et al. 2012). The 

lignin content of the trees ranged between 17 and 30 wt % and therefor represents a large 

natural variation that also is available within the same type of tree species, which should 

minimize variables regarding unknown structural variations that otherwise can be found (for 

instance by comparing generic softwood and hardwood). 

The final investigation includes three samples of greenhouse grown transgenic aspen (populus 

tremula x tremuloides) with a reduction in CSI1 transcript. Two mutant trees (T1, T2) were 

compared with the reference (wild) tree (WT) that had normal transcription of protein. The 

chemical and structural properties of these trees were previously explored in a paper by 

(Bünder et al. 2020) where it was concluded that solely mechanical properties and DP of T1 

and T2 were lower compared to WT. Consequently, it was of interest to analyse the effect of 

this mutation on the processing and properties of corresponding CNFs.  

All the wood samples that were used in this thesis were ground and sifted through a 300-500 

µm mesh prior to further processing. The starting weight of the wood was determined after 

oven-drying for 24 h at 95 °C. The appearance of the tree/wood samples that serve as raw 

materials for the experimental work is shown in Figure 2.1. 

 

 
Figure 2.1 Field grown aspen (a), cross section of wild aspen with two month’s tension wood 

growth highlighted (b), cross section of six field grown aspen trees with different lignin 

content  (c), and transgenic greenhouse grown aspen trees with a reduction in CSI1-expression 

with the left tree corresponding to WT (d). 

2.2 SUITABILITY OF PRETREATMENT METHODS 

Four pretreatments were investigated in attempts to optimize the experimental process when 

going from wood to final CNFs. Three of the pretreatments involved traditional pulping as a 

prior step which was performed using i) dewaxing in soxlet extractor (methanol/acetone 1:2 

mixture) followed by mild alkali treatment (2 wt % NaOH, 45 °C, 2 h) and chlorite bleaching 
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(three additions of 1 g NaClO2/g wood + 0.2 mL acetic acid with 1 h intervals) according to 

(Wise et al. 1947). The subsequent pretreatments included carboxymethylation according to 

(Wågberg et al. 2008), TEMPO-oxidation in neutral conditions according to (Saito et al. 2009), 

and soaking in DES according to (Sirviö et al. 2015). The fourth novel treatment pertaining to 

direct TEMPO-oxidation of wood was similar as described by (Saito et al. 2009) but with the 

alteration regarding amount of primary oxidant and usage of raw ground wood instead of 

traditional wet pulp. 

For carboxymethylation the pulp was solvent exchanged from water to ethanol using two 

centrifugation steps. Chloroacetic acid (0.15 or 0.60 g/gwood) was then dissolved in isopropanol 

and added to the pulp-ethanol suspension. The slurry was soaked for 30 min and added to a 

solution of NaOH in methanol. The final suspension was kept under reflux for 2 hours at 75°C. 

The carboxymethylated pulp was pH adjusted using NaHCO3 to transform the 

carboxymethylated hydroxyl groups of cellulose to its more stable sodium form and then 

filtered thoroughly to obtain the final swollen pulp fibers. Two levels of chloroacetic acid was 

used in order to get a view of how the severity of the carboxymethylation influences the final 

CNF characteristics. 

Soaking in DES was performed by putting a pressed pellet of pulp (20-30 wt %) into a 

dissolved mixture of molten salts (ChCl/Urea 1:2 (DES #1) and ChCl/Imidazole (DES #2) 3:7 

molar ratio) and letting it soak for 2 hours (DES #1) or 4 hours (DES #2) prior to extensive 

filtration and dilution to appropriate solid content.  

TEMPO-oxidation of pulp was performed by dissolving NaClO2 (0.7 g/g cellulose) and 

TEMPO in the pulp in the presence of a phosphate buffer (pH = 6.8). The flask was submerged 

in an oil bath at 60°C in a stoppered flask. After equilibration of the temperature NaClO was 

added and the reaction was initiated and kept under stirring for 72 h. Direct TEMPO-oxidation 

of the wood was performed in a similar way but with the usage of 1.25, 2.5 and 5 g NaClO2/g 

wood instead of 0.7 g NaClO2/g cellulose in order to account for the lignin that needs to be 

removed prior to carboxylation. All pretreated samples were fibrillated using a high-shear 

microfluidizer (LM10, Microfluidics, MA, USA) at a pressure of 1000 bar at a suspension 

consistency of 0.2 wt %. In total six different CNF samples were compared and evaluated in 

regard to the suitability of the novel direct TEMPO-oxidation process. This section is derived 

from work that can be found in appended paper I. 

2.2 NANOFIBRIL ISOLATION FROM DIFFERENT WOOD SAMPLES  

For the comparison of TW and NW, three treatment routes were performed prior to fibrillation; 

oxidation in i) neutral (mild) conditions (Saito et al. 2009), ii) alkaline (harsh) conditions (Saito 

et al. 2007), and iii) acidic (weak conditions) (Wise et al. 1947). For the harshly oxidized wood 

magnetic stirring was used to liberate the CNFs whereas an APV-2000 high-pressure 

homogenizer (SPX Flow Inc, Silkesborg, Denmark) was used for all the other samples. Harsh 

oxidation of TW and NW is further described in section 2.4 since it was also used as means to 

characterize the chemical accessibility of the wood samples. This simultaneous exploration of 
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severity of oxidation conditions and comparison of NW and TW constitutes appended paper 

II. 

For the remaining two groups of wood samples [with lignin variation (constituting paper III) 

and CSI1-expression (constituting paper IV)] the nanofibrillation was performed using solely 

direct TEMPO-oxidation in mild conditions (Saito et al. 2009) with a high-pressure 

homogenization step (1000 bar). The difference in experimental setup was the implementation 

of a batch-wise process. This process involved submerging all sample-containing vessels in a 

shaking water-bath throughout the duration of the TEMPO-oxidation. This was done in order 

subject all the samples to identical experimental conditions in order to distinguish the final 

product with minimum amount of experimental nuisance. This was viewed as an improvement 

where the differences in CNF behaviour more easily can be traced back to differences in 

feedstock and not related to deviating experimental conditions (e.g. stirring procedure, 

temperature profile and other hard-to-control parameters). The overall pretreatment 

methodologies that was used in this thesis work is illustrated in Figure 2.2. 

 
Figure 2.2 Process variations that have been used throughout the thesis work, with separate 

pulping (NaClO2/NaOH-pulping) and pretreatment steps (upper), simultaneous pulping and 

pretreatment (middle), simultaneous pulping and pretreatment with multiple samples being 

treated at the same time (lower). 

2.3 NETWORK MANUFACTURING 

CNF suspensions as obtained after aforementioned fibrillation processes were degassed for 30 

min in a vacuum oven prior to vacuum filtration on hardened filter paper (Whatman, Grade 

52, GE Healthcare, Machelen, Belgium, Pore size: 7 µm). Filtration continued until the CNF 

suspension cake had a consistency of 14 wt %, which took up to 10 hours (depending on the 

degree of fibrillation). The cohesive network was peeled of the filter and placed between two 

blotting papers and pressed (2 kN·m–2) for ≥ 10 hours. The relatively dry networks were further 

compression molded using Fontijne Grotnes LPC-300 (Vlaardingen, Netherlands) between 
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two mylar films (Lohmann Technologies, Knowl Hill, UK) at a pressure of 0.32 MPa and at a 

temperature of 120 °C. This last step ensured final drying with proper surface finish and 

homogenous thickness which in turn made thickness measurements (and mechanical property 

estimation) more reliable. The dried networks were lastly cut using a punch with the 

dimensions 40 x 5 mm. The samples were stored at 50% RH for at least 48 h prior to further 

characterization. The network manufacturing process is illustrated in Figure 2.3. The networks 

were manufactured and characterized for all studies in this thesis work and served as a 

representation of a dry CNF product. 

 
Figure 2.3 Illustration of the network manufacturing process, with filtration of the CNF 

suspension followed by drying, hot-pressing and final cutting of the network into sample 

specimens.   

2.4 CHARACTERIZATION 

In this section, the techniques that were used for the characterization of the materials is 

presented. These include characterization for raw wood, pretreated wood, final CNF 

suspensions, and corresponding dry and wet networks. The techniques are listed in table 2.2 

and further described more in detail.  
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Table 2.2 Summary of the characterization techniques that were used in the study. 

Technique(s) Characteristics Material type Paper 

Wet chemistry  Cellulose, hemicellulose & 

lignin content  

Wood, CNF & 

network 

I,II & III 

Monosugar analysis Hemicellulose sugar 

composition 

CNF I & II 

TEMPO-oxidation 

(pH=10) 

Chemical accessibility Wood II 

Atomic Force 

Microscopy 

CNF morphology & diameter, 

network surface character* 

CNF & network I, II*, III 

& IV 

Centrifugation, 

gravimetry 

Yield from wood & CNF yield 

from from fibrillation 

CNF I, II, III 

& IV 

UV/Vis, BET, dye 

adsorption 

Surface area estimation & 

comparison 

Oxidized wood & 

CNF* 

III & 

IV* 

SEM Microscopical appearance of 

network surface, cross section 

& TEMPO-oxidized wood*  

Network & 

TEMPO-oxidized 

wood* 

II &III* 

Conductometric titration Degree of oxidation of CNF & 

ions in suspension metric 

CNF III & IV 

Transmittance Degree of fibrillation CNF and 

network* 

I & II* 

POM Presence of residues & state of 

pretreated wood 

Pulp and CNF I,II 

TGA Thermal stability of materials Pretreated pulp & 

CNFs 

I,II, & 

III 

XRD Degree of crystallinity & 

crystallite size* 

Network II* & III 

Mechanical testing Network performance and 

indirect metric of CNF quality 

Network I,II,III 

& IV 

Viscometry Degree of fibrillation & degree 

of polymerization* 

CNF & Dissolved 

cellulose* 

II,III & 

IV* 
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Chemical composition of materials 

Composition of the initial wood and final CNFs in this study were studied using primarily two 

standard methods; Klason lignin (Tappi 2011) and alpha, beta and gamma-cellulose content 

(TAPPI 1999a). Monosugar analysis according to the methodology described by (Sweeley et 

al. 1963) was additionally performed (Paper I & II) to get a more detailed understanding of the 

differences between raw wood and final CNF. For Klason lignin the material (wood and dry 

CNF) was hydrolyzed using 24 N H2SO4 with further filtration and gravimetric estimation of 

lignin content. Alpha, beta and gamma-cellulose of the wood and CNFs were estimated by 

first delignifying the wood using sodium chlorite (Wise et al. 1947) and extraction using 17.5 

wt % NaOH. The gravimetrically determined residues after filtration was categorized as alpha 

cellulose whereas the dissolved fraction was categorized as hemicellulose and partly low 

molecular weight fractions of cellulose. Chemical composition of the materials used in paper 

III was determined prior to the study through pyrolysis data (Totte Niittylä group, Umeå Plant 

Science Center) which is available in appendix (paper III). In paper IV the chemical 

composition of the trees was determined and studied previously (Bünder et al. 2020). 

Atomic force microscopy (AFM) 

Tapping-mode atomic force microscopy (AFM, Veeco MultiMode scanning probe, Santa 

Barbara, CA, USA), was used to confirm the presence of nanofibrils and analyze their 

morphology and diameter. Antimony-doped silicon cantilevers (TESPA-V2, Bruker, 

Camarillo, CA, USA) with a spring constant of 42 N·m–1 and a nominal tip radius of 8 nm 

were used for the analysis. Samples were prepared by depositing a small droplet of the CNF 

suspension (0.001 wt %) on a freshly cleaved mica plate and letting it air dry for ≥ 5 h. A 

minimum of 100 fully individualized nanofibrils, total from four micrographs were analyzed 

for each sample and presented as a mean. Height responses (z-axis) were solely used for 

height-determination of the CNFs in order to avoid misleading dimensions due to tip 

broadening effects which tends to overestimate the dimensions as estimated from the x-y axes 

(Ricci and Braga 2004). Obtained AFM micrographs were analyzed in the open-source 

software Gwyddion (Nečas and Klapetek 2012). The data was presented after image correction 

comprising of mean plane subtraction and polynomial background removal. Calibration of the 

z-axis was performed using a silicon calibration grating with a pit depth of 21.3 nm where 

after the deviation between measurement and pit depth was less than 3 %. The height response 

as it appears in the software for each individual CNF is exemplified in Figure 2.4. 
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Figure 2.4 Characterization of a representative CNF (1.5 nm height) in the software 

Gwyddion. 

Chemical accessibility/harsh TEMPO-oxidation 

Wood powder was soaked for 24 h prior to TEMPO-oxidation (pH=10) to induce harsh 

oxidization and map the chemical accessibility of the raw wood samples. TEMPO (35 mg) and 

sodium bromide (0.2 g) were dissolved in the wood powder slurry. The reaction was started 

through the addition of sodium hypochlorite (20.8 mmol) and by adjusting pH to 10. Sodium 

hydroxide was then added as the pH of the suspension gradually dropped as the reaction 

proceeded. pH was kept in the range of 9.7–10 and the reaction was terminated once the pH 

no longer was decreasing over time. The suspensions were filtered and processed further. 

Process and nanofibril yield estimation 

Process yield was calculated as the washed gravimetric yield relative initial dry wood mass 

(95 °C, ≥24 h) after all chemical treatments had been performed. The fraction of the process 

yield that comprised individual, colloidally stable nanofibrils were further quantified through 

centrifugation of the suspensions at 12000 × g (Avanti J25i, Beckman Coulter Inc. Brea, CA, 

USA) for 20 min at an approximate consistency of 0.2 wt %. The suspensions were decanted, 

and the solids retained in the sediment were dried for 24 h at 95 °C. This was repeated three 

times and the nanofibril-fraction Φ, was then calculated according to the Equation (2) where 

mp and ms is the dry precipitate and supernatant mass in the sample, respectively.  

Φ = 1 −
mp

mp+ms
  (2) 

Viscosity 

The viscosity of oxidized and homogenized suspensions was measured using a Vibro 

Viscometer (SV-10, A&D Company Limited, Tokyo, Japan) with a tuning for vibration 

method at a vibrational frequency of 30 Hz. The method was used as a comparative metric of 
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degree of fibrillation between the different samples in each study. The solid content was 

verified three times and standardized with respect to the suspension with the lowest solid 

content. In Paper IV a dilution series was also introduced with variation in solid content 

between 0.12-0.30 wt %. After dilution each sample was left to rest 15 minutes prior to 

measurements in order to let the suspensions recover from shear-thinning (through shaking). 

Surface area estimation 

Intact wood samples were oxidized in an identical manner as the wood powder used for CNF 

isolation (Paper III). The oxidized samples were carefully washed by submerging the samples 

into 20 litres of distilled water. The fragile delignified and carboxylated samples were left to 

equilibrate for four hours and the process was repeated three times with fresh distilled water. 

BET SSA analysis of the samples were performed by first freezing the wet samples at - 20 °C 

for 10 hours prior to freeze-drying for 72 hours using Alpha 1-2 LD plus (Martin Christ 

Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). The samples were degassed 

overnight at 120 °C followed by N2 physiosorption using a BET Micromeritics Gemini VII 

surface area analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). 30–60 mg 

of oxidized wood sample was analyzed for respective sample. The appearance of the wood 

sample after oxidation and freeze-drying is shown in Figure 2.5 

 
Figure 2.5 Visual appearance of a wood sample in its raw form (left) and appearance after 

TEMPO-oxidation (pH = 6.8) and freeze-drying. 

Surface area of the oxidized wood (Paper III) and oxidized wood powder (Paper IV) was also 

estimated in the wet state by analyzing congo red absorption of the never-dried cellulosic fibers 

as described by (Spence et al. 2010a). Briefly, the absorbed dye was quantitatively assessed 

using a UV-vis spectrophotometer (GENESYS, 10 UV, Thermo Scientific, Schwerte, 

Germany) at the absorption maxima 500 nm. Differences in concentration was then translated 

to specific surface area (SSA) using Equation (3) and (4), where E is the solution concentration 

of congo red at equilibrium (mg·ml–1), Amax is the absorbed amount of congo red on the sample 

(mg·g–1), Kad is the equilibrium constant, N is Avogadro’s constant, SA is the theoretical 

surface area of a congo red molecule (1.73 nm2) and MW is the molecular weight of congo red 

(697 g·mole–1).  

E

A
=  

1

KadAmax
+

E

Amax
   (3) 
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SSA =  
Amax×N×SA

MW ×1021
  (4) 

Carboxylate content 

Carboxylate content (Paper III & IV) was analyzed through the electric conductivity titration 

method adapted from (Saito and Isogai 2004). 150 mL of respective CNF suspensions (≈ 0.2 

wt %) were protonated through addition of 0.1 M hydrochloric acid and 0.01 M NaCl. The 

suspensions were titrated with fresh 0.01 M sodium hydroxide through 0.5 mL increments 

until pH 10 was reached. The amount of carboxylate groups (mmol·g−1) that was induced from 

TEMPO-oxidation was calculated through Equation (5), where c is the concentration of the 

sodium hydroxide, V2 and V1 is the volume of added sodium hydroxide at the end and start of 

the carboxylic acid deprotonation, m is the mass of the cellulosic material in the sample. This 

mass was calculated through subtraction of added acid, base and salt mass from the oven-dried 

suspension mass. 

 

Carboxylate content (
mmol

g
) =

c(V2−V1)

m
 (5) 

 

The measurements were repeated three times and presented as a mean value. A typical titration 

curve is shown in Figure 2.6, which highlights how V2 and V1 were derived from the graph. 

Prior to addition of NaOH there is a mixture of strong acid (HCl) and weak acid (COO- from 

oxidation of C6 OH) present in the suspension. Initially the conductivity decreases as HCl is 

neutralized. After full neutralization (first breakpoint) the weak acid groups are neutralized 

(second breakpoint). Once this has occurred conductivity continues to increase as the addition 

of excess amount of OH- continues.  

 

 

 

Figure 2.6 Example of titration curve that was used to estimate the amount of carboxylate 

groups (mmol/g) that was induced from TEMPO-oxidation.  

Transmittance 
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The transmittance of CNF suspensions at a consistency of 0.164 wt % (Paper I) and dry 

networks at a thickness of 50-100 µm (Paper II) were analyzed using a UV-vis 

spectrophotometer (GENESYS, 10 UV, Thermo Scientific, Schwerte, Germany) and Perkin 

Elmer Lambda 2S UV/Vis spectrometer (Überlingen, Germany). Triplicate measurements 

were performed and presented as mean. Scanning was performed on quartz cuvettes with 

distilled water as reference in the scanning range between 800 and 200 nm with a data interval 

of 0.50 nm. The scan speed was set at 240 nm/min with a smooth setting of 2 nm. 

Polarized optical microscopy (POM) 

A Nikon Eclipse LV 100 Pol (Kanagawa, Japan) polarized optical microscope with a 530 nm 

filter was used to characterize the pulp (Paper I) and the pretreated pulp prior to (Paper I, II) 

and after fibrillation (Paper II) 

Thermogravimetric analysis (TGA) 

Thermal stability of wood (Paper I, II), pulp (Paper I, II) and resulting CNF (Paper I,II,III & 

IV) was investigated using thermogravimetric analysis with a TA Instruments TGA-Q500 

(New Castle, USA). The analyses were performed at a heating rate of 10 °C/min from room 

temperature to 900 °C. Measurements were performed in a nitrogen atmosphere and the data 

is showcased in this thesis by the comparison of retained mass residues at specific temperatures 

whereas the thermogravimetry and differential thermogravimetry graphs are available in 

appended publications.  

X-ray diffraction (XRD) 

An X-ray diffractometer (PANalytical, Almelo, Netherlands) equipped with a PIXcel3d 

detector was used to measure the degree of crystallinity of the dried networks (Paper II & III). 

Cu-Kα radiation (λ=0.154 nm) was used during analysis with operation voltage of 45 kV and 

a current of 40 mA. The crystallinity index (CI) was calculated according to the peak height 

method after baseline correction (Segal et al. 1959). This was done according to Equation (6), 

where I200 is the intensity of the crystalline (200) peak at 2θ = 22.4, and Iam is the intensity 

minimum between nearby crystalline peaks at 2θ = 18. 

CI (%) =
I200−Iam

I200
× 100 (6) 

 

The crystallite size (D) of the samples were calculated according to Equation (7) (Scherrer 

1918) where B is the full width at half maximum of the 200 peak in radians, obtained from a 

Pseudo-Voight fit (OriginPro 8), λ is the wavelength of the x-rays (1.54 Å) and θ is the Bragg 

angle (2θ=22.4).  

𝐷 =
0.9 × λ 

B cos θ
  (7) 

Data from x-ray diffractograms are presented as CI and D whereas the x-ray diffractograms 

from which the quantities were derived are available in appended publications. 
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Scanning electron microscopy (SEM) 

A SEM JEOL JSM-IT300 (Tokyo, Japan), was used to image the fractured surfaces of the 

networks (Paper II) and wood ultrastructure after direct TEMPO-oxidation (Paper III). The 

structures were studied using Carl Zeiss Merlin field emission FE-SEM (Oberkochen, 

Germany) at an acceleration voltage of 5 kV. A 15 nm layer of platinum was sputtered on the 

samples prior to analysis. The oxidized intact wood pieces (Paper III) were cut in the wet state 

prior to freeze-drying in order to not mechanically strain the relatively weak wood aerogel that 

was created after TEMPO-oxidation.  

Mechanical properties 

The dry networks were cut into rectangular samples (40 mm x 5 mm) using a mechanical 

punch. The samples were then stored at 50% RH for at least two days prior to mechanical 

characterization. Mechanical testing was performed using a Shimadzu AG-X universal testing 

machine (Kyoto, Japan) with a 500 N load cell. Testing was performed at a crosshead speed 

of 10 %·min–1, with the strain being measured using a video extensometer (high-speed camera, 

HPV-X2). The gauge length was set to 20 mm for each measurement. Seven specimens were 

analyzed for each network batch. The tensile strength was reported as the maximum strength 

at break. Young’s modulus was calculated from the slope of the stress-strain curve at early 

strain (0.1 – 0.5 %). Toughness was calculated from the area under the stress-strain curve. 

Porosity and moisture content 

Density of the networks were measured by calculation based on the specimen volume and 

weight. Porosity (P) was derived using Equation (8), where ρs and ρc is the density of the 

specimen and cellulose (1.5 g·cm−3), respectively (Sehaqui et al. 2011). Moisture content of 

the specimen was calculated from the immediate difference in mass after 24 h in oven at 105 °C 

𝑃 = 1 −  
ρ𝑆

ρ𝐶
 (8) 

DP measurement 

DP of the cellulose comprising the CNFs (Paper IV) was estimated through calculation of 

limiting viscosity after dissolution of the dry networks in 0.5 M Copper (II)-ethylenediamine 

complex and measurement using an ISO 17025 certified Ubbelohde viscometer. The viscosity 

at infinite dilution (limiting viscosity, [η]) was estimated according to (TAPPI 1999b) using 

Equation (9) where η is the viscosity of the solution, η0 is the viscosity of the solvent and c is 

the concentration of the dissolved cellulose. The limiting viscosity was used to estimate DP 

according to Equation (10) where H and C is the mass fraction of hemicellulose and cellulose, 

respectively. An assumption of a DP of 140 for the hemicellulosic fraction was made. 

Triplicate experiments were performed for each sample.  

[η] = lim
𝑐→0

(
η−η0

η0𝑐
)  (9) 
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DP = (
1.65·[η]−116H 

C
)

1.11

 (10)
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Chapter 3 

Influence of wood properties on CNF and network 

characteristics 

In this chapter, a summary of the main results obtained in this thesis work is presented. Further, 

more detailed description is available in appended papers (I-IV). The first chapter investigates 

different processing conditions to first rationalize chosen oxidative conditions for the wood 

samples that subsequently comprises the remaining chapters. 

The second chapter applies oxidative processing conditions on tension wood (Paper II) which 

serve as a model system for cellulose- and ultrastructural variation in the wood. In this chapter, 

there is also an emphasis on the severity of the oxidative treatment as to further validate the 

methodology and make oxidative conditions a more generally applicable term.  

The third chapter deals with the effect of a variable initial wood lignin content (Paper III) on 

the processing and CNF behavior after being subjected to TEMPO-oxidation. The trees from 

which the wood came from represents field-grown trees that are closely linked with 

commercial prospects.  

The final, fourth chapter showcases the study of transgenic trees where the effect of a reduced 

expression of CSI1 is studied in relation to CNF suspension and network behavior. This 

represents trees that have experimentally observed phenotypes that may be of interest for 

future field-grown trials.   

3.1 INVESTIGATION OF WOOD-CNF PRETREATMENT METHODS  

Direct TEMPO-oxidation of wood was introduced as a novel treatment where it initially was 

observed that more primary oxidant NaClO2 was needed to account for the simultaneous 

delignification that needed to occur alongside cellulose carboxylation. The occupied volume 

of the oxidized wood (before and after homogenization) at three levels of initial NaClO2 is 

shown in Figure 3.1, where it is apparent that suspension stability due to increasing cellulose 

oxidation increases. At 1.25 g/g there was very little swelling of the cellulose and that the 

usage of a homogenization step only marginally increased the occupied volume (from 6 to 30 

vol %). This is similar to mildly pulped wood where the lack of surface oxidation keeps the 

wood cell walls recalcitrant towards nanofibrillation. At 2.5 g/g the contrasts are clearer where 

there also is a large difference before and after homogenization. This indicates a significant 

impact of using both chemical and mechanical treatments. At the more excessive 5g/g NaClO2 

there was full volume swelling both before and after homogenization although the suspension 

transparency increased substantially compared to 2.5 g/g, indicating the continued benefit of 
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a mechanical disintegration step. Given the mild nature of the treatment with respect to 

cellulose depolymerisation (Isogai et al. 2018), the seemingly high NaClO2 loading of 5 g/g 

wood was used to represent D-TOCNF when compared to more traditional pretreatment 

processes. 

 

 
Figure 3.1 Suspension appearance before and after homogenization of direct TEMPO-

oxidized wood. Three levels of amount of NaClO2 used is compared where there is a strong 

dependency on the amount of oxidant used in TEMPO/NaClO/NaClO2 system. 

Comparison between the novel D-TOCNF and the remaining pretreatments (Table 3.1) reveal 

process yield relative dry wood that ranges between 44 and 55 wt % with an estimated CNF 

yield above 85 wt % for the cellulose-derivatizing treatments whereas CNFs from the non-

derivatizing DES-treatments were exclusively coarse, and as such susceptible to full 

sedimentation. A reduced degree of fibrillation was also corroborated by the transmittance of 

the suspensions where both DESCNF suspensions were relatively opaque. The transmittance 

of TOCNF and D-TOCNF was similar which corresponds well with the CNF yield of above 

85 wt %. The estimated diameter of the smallest fibrous structure was indistinguishable for all 

derivatizing treatments whereas the DESCNFs had a larger diameter with a larger standard 

deviation, indicating a larger spectrum of CNF grades. The thermal stability of DESCNF was 

the highest and similar to native cellulose compared to CMCNFs, which had a slightly reduced 

stability. TOCNF and D-TOCNF had similar, lower stability. The stability of these relatively 

mildly oxidized CNFs is however, significantly higher compared to more harshly 

(TEMPO/NaBr/NaClO) oxidized celluloses (Isogai et al. 2018).  
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Table 3.1. Characteristics of the CNF suspensions as obtained using different pretreatment 

processes, with process yield, CNF yield, diameter, transmittance and retained mass fraction 

remaining during TGA at 300°C. Data represents mean ± SD (n = 3). 

Sample ID Process yield 

(%) 

CNF yield 

(%) 

CNF diameter 

(nm) 

Transmittance 

(λ=550 nm) 

Φ300°C 

DESCNF #1 52.2 (0.4) - 2.2 (1.1)* 7 - 

DESCNF #2 43.4 (4.3 ) - 2.3 (1.5)* 4 0.88 

D-TOCNF 47.4 (0.7) ≤ 85 1.6 (0.6) 41 0.64 

TOCNF 55 (1.0) ≤ 95 1.7 (0.6) 44 0.64 

CMCNF #1 50.2 (0.6) ≤ 80 1.7 (0.7) 32 0.75 

CMCNF #2 44.3 (0.8) ≤ 85 1.8 (0.9) 47 - 

 *Disregarding the courser fraction of CNFs present in the suspension 

The high process yield relative cellulose content of aspen indicates preservation of 

hemicellulose. Monosugar analysis of the dried CNFs corroborates this (Figure 3.2) where 

large quantities of xylose with residual glucuronic acid, 4-0-Methyl-D-glucuronic acid and 

mannose is present. Interestingly there is a larger presence of glucuronic acid for TOCNF 

compared to the rest, including D-TOCNF. This is a result of the TEMPO-oxidation of 

cellulose (Shibata and Isogai 2003). There is likely a reduced retention of glucuronic acid for 

D-TOCNF due to the usage of raw wood as feedstock, which may influence oxidation 

selectivity and/or composition of retained solids. This can also be seen in Figure 3.2 where the 

percentage of total dry sample weight that is susceptible to derivatization (silylation) for 

monosugar analysis is higher for D-TOCNF compared to the other CNFs. 

 
Figure 3.2 Monosugar yield relative initial dry mass from the different CNFs with wood and 

wood pulp shown as reference. Note the overall increased sugar yield from D-TOCNF and the 

high glucuronic acid content of TOCNF. Figure reprinted from appended paper I. 
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The AFM micrographs of the CNFs is shown in Figure 3.3 where a larger fibril diameter (Table 

3.1) for DESCNF is apparent, including the presence of larger CNFs (>20 nm) that share more 

resemblance with the native CMFs of wood. The micrographs for TOCNF, D-TOCNF and 

CMCNF #1 are all characterized by the exclusive presence of thin (< 2 nm) CNFs. For 

CMCNF #2 there is further a presence of irregular and amorphous looking structures (blue 

arrows).    

 
Figure 3.3 AFM micrographs of DESCNF #1 (a), DESCNF #2 (b) TOCNF (c), D-TOCNF 

(d) CMCNF #1 (e) and CMCNF #2 (f) with corresponding suspension appearance (0.1 wt %) 

through cross-polarizers. Figure adapted from appended paper I. 

Carboxymethylation of the elementary fibrils (cellulose crystallites) is likely occurring with 

larger amount of reagent during carboxymethylation, something which has been observed and 

characterized through loss of crystallinity (Eyholzer et al. 2010). This is in contrary to 

TEMPO-oxidation where the specificity of the treatment towards the C6 primary hydroxyl 

group of cellulose prevents significant deconstruction of the crystallite entities at reasonable 

oxidative conditions (Isogai et al. 2018). From the AFM measurements there is, however, a 

significant reduction in the diameter of the smallest individual fibril structure for the 

derivatized CNFs compared to the DESCNFs (Table 3.1). This has been reported previously 

and have been described as cleavage of polymer layers of the crystalline fibrous structure (Li 

and Renneckar 2009; Usov et al. 2015; Nyström et al. 2018).  

The mechanical properties of the manufactured CNF suspension networks is shown in Table 

3.2 where the difference pertains to a higher elongation-at-break and tensile strength for 

derivatized CNF-networks, with a slightly reduced modulus. CMCNF #2 interestingly shows 

an even lower modulus compared to CMCNF#1, which corroborates the odd morphologies 
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present in Figure 3.3. The behaviour of networks made from TOCNF and D-TOCNF is 

indistinguishable, showing on the suitability of TEMPO-oxidation despite absence of prior 

purification and pulping steps. The decreased elongation-at-break for DESCNF networks 

indicates reduces homogeneity for the comprising CNFs and potential fiber fines that partly 

constitute the networks, something that would manifest as defects for the network and lead to 

lower elongation-at-break (Meng and Wang 2019). 

Table 3.2 Mechanical properties of networks made from the different CNF suspensions. Data 

represents mean ± SD (n = 5). Mean values that do not share letters are significantly different 

(p<0.05).  

Sample ID Tensile strength 

(MPa) 

Modulus 

(GPa) 

Elongation-

at-break (%) 

DESCNF #1 142 (35)a 12.1 (0.3)a 2.4 (0.8)a 

DESCNF #2 119 (19)a 12.9 (0.4)a 2.1 (0.5)a 

D-TOCNF 201 (30)b 10.7 (0.9)b 5.7 (1.8)b 

TOCNF 213 (24)b 10.5 (1.0)b 6.1 (2.2)b 

CMCNF #1 219 (27)b 10.1 (0.7)b 5.3 (1.5)b 

CMCNF #2 178 (38)b 6.7 (0.6)c 6.3 (1.5)b 

 

3.2 EFFECT OF TENSION WOOD AND OXIDATIVE CONDITIONS ON CNF 

ISOLATION AND NETWORK CHARACTERISTICS 

The direct oxidative treatment showcased in 3.1 was further developed by exploring more 

varied oxidative conditions, including weak (Wise et al. 1947), mild (Saito et al. 2009) and 

harsh (Saito and Isogai 2004) oxidation. The contrast between tension wood and normal wood 

further allows these processes to be applied to a model system that emulates a varied cell wall 

structure and cellulose content of the feedstock. In addition to representing harsh oxidative 

conditions, TEMPO-oxidation through titration with NaOH (pH=10) was used to map the 

accessibility of the cellulose within the cell wall of the two woods. Three consecutive titrations 

were performed and the response in NaOH consumption together with visual and 

microscopical transformation of the wood is shown in Figure 3.4. 

Initially (Figure 3.4a) there was a very rapid consumption of NaOH coupled with little change 

to the integrity of the wood cell walls. The second titration (Figure 3.4a’) resulted in increased 

titration time although NW and TW were indistinguishable in absolute consumption. The 

suspension also started appearing bleached with little change to the occupied volume 

compared to the first titration. The third titration (Figure 3.4a’’) showed a larger time 

dependency where the consumption of NaOH for TW was approximately 25% higher. After 

washing, it was also apparent that NW occupied a larger suspension volume (Figure 3.4b). 

This was further highlighted by the sudden viscosity increase and decreased opaqueness of the 

suspension after further stirring. The presence of intact wood cell walls was apparent for TW 

(Figure 3.4c) whereas NW appeared fully nanofibrillated based on the absence of 

microscopical fines/cell wall residues. 
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Figure 3.4 Response after TEMPO-oxidation of wood using the TEMPO/NaBr/NaClO-

system with three consecutive oxidation events versus time (a-a’’), visual appearance after 

each titration (b) and representative optical micrographs after the third oxidation (c). Figure 

adapted from appended paper II. 

The characteristics of the CNF suspensions as obtained from this harsh treatment (NW/TW-

C) and other oxidative conditions is shown in Table 3.3. TW gave rise to a higher process yield 

with a corresponding decreased CNF yield when compared with NW. Viscosity of the 

suspensions reflect a similar observation where the different NW-CNF suspensions were more 

viscous compared to corresponding TW-CNF. For the different process conditions, mild 

oxidative conditions gave rise to the highest viscosity. This is a consequence of the 

preservation of DP after processing whilst still resulting in high nanofibrillation, which leads 

to an increased aspect ratio of the isolated CNFs (Shinoda et al. 2012; Iwamoto et al. 2014). 

The variation in thermal stability in relation to harshness of the oxidative treatment was also 

apparent where harsher oxidation lead to more pronounced thermal degradation compared to 

that of mild and especially weak oxidized wood. The degree of crystallinity for TW-CNF was 

higher with a corresponding larger percentage of cellulose comprising the final CNF product. 

In addition to comprising of a larger percentage of cellulose, the cellulose has also been 
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reported as being more crystalline compared to NW cellulose (Foston et al. 2011). The smallest 

fibrillar structure was significantly thinner for TW as observed from AFM measurements 

although there was an obvious increased abundance of larger CNF present in the TW-CNF 

suspensions. For the mild oxidation there was further no apparent influence of treatment time 

above 42 h, something which is corroborated by reports that reach maximum oxidation after 

approximately 20-40 h (when applied to standard wood pulp) (Saito et al. 2010).    

Table 3.3 Characteristics of the CNF suspensions as obtained after subjecting NW and TW to 

weak (M), mild (CM) and harsh (C) oxidative conditions prior to homogenization, with 

process yield, CNF yield, viscosity, mass fraction at 300°C, average fine CNF diameter, 

crystallinity index and mass fraction of cellulose presented. Data represents mean ± SD (n = 

3) 

Sample ID Yield 

(wt %) 

CNF-

yield 

(wt %) 

Viscosity 

(mPas) 

Φ300°C CNF 

diameter 

(nm) 

CI 

(%) 

Φcellulose 

NW-M 71 (5) 4 (0) 2.2 0.86 - - - 

NW-CM42 49 (9) 29 (3) 10.3 0.65 1.6 (0.4) 86 0.70 

NW-CM72 57 (6) 35 (1) 11.3 - - - - 

NW-CM120 40 (5) 31 (4) 23.1 - - - - 

NW-C 37 (4) 32 (1) 14.3 0.51 - - - 

NWaverage 51 (7) 32 (4) 12.2 0.67 - - - 

TW-M 82 (6) - 1.0 0.89 - - - 

TW-CM42 51 (5) 31 (3) 6.5 0.64 1.2 (0.3) 78 0.84 

TW-CM72 61 (5) 21 (3) 3.6 - - - - 

TW-CM120 75 (12) 29 (2) 3.3 - - - - 

TW-CM168 71 (7) 32 (1) 2.8 - - - - 

TW-C 63 (5) 30 (2) 2.0 0.51 - - - 

TWaverage 65 (9) 21 (2) 3.2 0.68 - - - 

 

The morphology of the small and large CNF structures obtained from TW and NW is shown 

in Figure 3.4 where it can be seen that the morphology of the thinnest CNFs were similar 

whereas the presence of larger CNFs for TW was obvious. TW gave rise to CNFs that 

resembles native CMFs with an approximate diameter of 10 nm that further seem to be 

comprised of 5, 3 and 1.5 nm fibrils. This has been observed before and elucidated through 

small and wide-angle x-ray scattering techniques where an increased crystalline diameter has 

been observed for TW derived cellulose (Sawada et al. 2018). The decreased diameter for the 

thinner TW-CNFs seems to contradict this. From the perspective of previously explained 

mechanism of polymer peeling (Chapter 3.1) it was thus hypothesized that locally increased 

peeling may occur for TW, which is more represented during AFM-analysis.    
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Figure 3.4 AFM micrographs of CNFs made from NW (a) and TW (b) with morphology of 

the thinnest CNFs (upper) and larger CNFs (middle & lower). Note the different hierarchies 

of CNFs that comprise the larger CNF for TW (b, lower). Figure adapted from appended paper 

II. 

The mechanical behaviour of the CNF networks is shown in Figure 3.5 where the largest 

difference pertains to the increased toughness for TW-CNF networks, which is a consequence 

of the increased elongation-at-break. The harshly oxidized TW-C gave rise to more brittle and 

weak networks whereas NW-C was more similar to NW-CM CNF networks, although with a 

slightly increased stiffness and decreased toughness. This is indicative of significant 

depolymerisation occurring for the harshly oxidized samples. The large difference of TW-C 

compared to NW-C is a result of the presence of large cell wall residues (See Figure 3.4c) that 

exist despite there being severe oxidation occurring for cellulose. For weak oxidation (NW-

M) the tensile strength was lower, corresponding to a lack of homogeneity among the CNFs 

comprising the networks. Even with increased mechanical energy input (0.8-3.0 MWh/kg 

NW-M1 through M3) there was only a minor indication of increased fibrillation, which 

subsequently limited tensile strength, although gave rise to quite similar network toughness.  
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Figure 3.5 Mechanical properties of networks prepared from CNF suspensions obtained after 

weak (NW-M), harsh (NW-C/TW-C), and mild (NW-CM/TW-CM) oxidation of NW and TW. 

Data represents mean ± SD (n = 6). Figure reprinted from appended paper II. 

3.3 EFFECT OF WOOD LIGNIN CONTENT ON CNF ISOLATION AND 

NETWORK CHARACTERISTICS  

To investigate the effect of native lignin content on the isolation and behavior of CNF, six 

wood samples with a lignin content range between 17-30 % were analyzed. Obtained CNF 

suspension characteristics is shown in Figure 3.6. The smallest average CNF diameter was 

similar (<2 nm) for all samples with a difference only significant for CNFs obtained from low 

lignin wood. The morphology of all CNFs were similar with characteristic kinking and 

twisting nature apparent (Figure 3.6a). The carboxylate content ranged between 0.44 – 0.68 

mmol/g where high lignin wood gave rise to less oxidation of the retained solids. The degree 

of oxidation corresponds well with that obtained after similar pretreatment of pulps where the 

upper limit (after 60 hours) approaches 0.8 mmol/g with values close to 0.4 mmol/g occurring 

already after less than five hours (Saito et al. 2010). In a study by (Sjöstedt, 2014) it has further 

been estimated that all CMF surfaces have been oxidized at 0.4 mmol/g. This could then 

indicate that there is a difference in the state of the smaller elementary fibril-resembling CNFs. 
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Interestingly, the CNF yield (Figure 3.6f, red) was larger for high lignin wood despite slightly 

decreased degree of oxidation, with a variation between 40 and 70 wt %. The corresponding 

variation in suspension viscosity further corroborates this observation where the difference 

between high and low lignin was significant (Figure 3.6e). The variation in process yield was 

in line with initial lignin content and decreased with increased initial lignin content and ranged 

between 36 – 44 wt %. The correlation of this value with respect to initial lignin content was 

also the strongest in this study. 

 
Figure 3.6 CNF suspension characteristics as obtained after TEMPO-oxidation of wood with 

a variety in initial lignin content, with AFM micrographs (a), corresponding height (b) and 

size distribution (c), degree of oxidation (d), viscosity (e), process and nanofibril yield (f). 1-

6 denotes sample from lowest to highest lignin content. The correlation coefficient (𝑅𝑎𝑑𝑗
2 ) 

between characteristics and initial lignin content is also indicated in the graphs. Data represents 

mean ± SD (n = 3). Figure adapted from appended paper III. 

Suspension characteristics indicates strong contrasts between the samples on the extreme of 

initial lignin content whereas CNFs from medium content lignin appears to vary to a larger 

extent, indicating more factors than lignin content as potential influencing parameters. Even 

then, by the most conservative estimations, it appears that increased lignin content of the initial 

wood does not impede nanofibrillation when performed after direct TEMPO-oxidation and 

seems more likely to be beneficial. This is interesting when looking at wood as a starting 

material that is subjected to an equal, set amount of primary oxidant (NaClO2). Lignin 

oxidation needs to occur in addition to cellulose carboxylation. One could then assume that 

oxidation of more lignin would lead to less oxidative power being allocated for the targeted 
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cellulose, something, which ultimately would lead to less degree of oxidation and ultimately 

decreased fibrillation metrics.  

To further elucidate why high lignin wood instead gave rise to enhanced degree of fibrillation 

despite less degree of oxidation, intact pieces of wood (Sample 1 & 6) were oxidized in a 

similar manner as the wood powder samples. SEM micrographs of the oxidized and freeze-

dried structures is presented in Figure 3.7 where a compromised ultrastructure (µm-mm scale) 

in the case of high lignin wood is apparent as more disorder of the wood cells in the structure. 

This was also observed when handling of the samples were the wet oxidized high lignin wood 

piece was noticeably more fragile than the low.  

 
Figure 3.7 Structure of TEMPO-oxidized wood samples with low lignin wood (a) and high 

lignin wood (b). Upper figures showing the structure in the direction of the wood fibers and 

the lower showing corresponding cross sections. Note the disorder of the wood cells in (b) 

compared to (a) which retains more of its initial wood structure after oxidation and freeze-

drying. Figure reprinted from appended paper III. 

This supports the idea of enhanced fibrillation due to higher lignin/lower cellulose content of 

initial feedstock because of variation in mechanical integrity of the wood structure. This 

hypothesis was further corroborated by the observation of an increased surface area of the 

oxidized high lignin wood as estimated through dye adsorption to the cellulosic surfaces (See 

Table 3.4). Surface area of the freeze-dried structure through BET-analysis was on the other 

hand inconclusive due to significant hornification occurring that gave surface area in the <10 

m2/g range for both samples, which means that the majority of pores were blocked after drying 

and therefore not accessible by N2. Other physical properties of manufactured networks is 

presented in Table 3.4 and indicates no significant difference in cellulose content, network 

density, moisture content or crystallinity index. Residual Klason lignin was furthermore not 

detectable after hydrolysis, which indicate that full delignification (excluding potential acid 

soluble lignin) took place during TEMPO-oxidation of all samples. Interestingly, there was a 

difference in char residues after TGA-analysis where final mass fraction ranged between 0.18-

0.39. In the absence of lignin [which leads to more char formation (Ramiah 1970)] the 

variation was ascribed to differences in residual ions because of chemical treatment and 

partitioning of residues in hard-to-access areas within the cell wall of treated wood. 
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Table 3.4 Physical properties of the dry CNF networks. Data represents mean ± SD (n = 3). 

Mean values that do not share letters are significantly different (p<0.05) 

Sample 

ID 

Initial 

lignin 

(%) 

Final 

lignin 

**(%) 

SSA-

CR* 

(m2/g) 

CI 

(%) 

Φ900°C 

(w/w) 

Moisture 

(wt %) 

Density 

(g/cm3) 

α-

cellulose 

(wt %) 

1 17.4 <1 76 81.5 0.18 9.1 (1.1)a 1.20 (0.10)a 74 

2 19.7 <1 - 81.8 0.24 7.9 (0.8)a 1.23 (0.07)a 71 

3 24.4 <1 - 77.5 0.39 7.8 (1.3)a 1.19 (0.09)a 76 

4 24.5 <1 - 78.3 0.34 6.8 (1.3)a 1.26 (0.10)a 70 

5 24.6 <1 - 80.4 0.38 8.0 (1.4)a 1.17 (0.11)a 69 

6 30.0 <1 114 79.5 0.33 7.5 (0.5)a 1.20 (0.09)a 76 

*measured on never-dried oxidized intact wood sample 

**non-detectable according to (Tappi 2011)  

The mechanical properties of the networks is shown in Figure 3.8 and reveals similar tensile 

strength, a higher modulus and a lower elongation-at-break for high lignin wood CNF 

networks. Since the variation in physical properties are negligible apart from the residues after 

TGA it is reasonable to assume that elongation-at-break decreases due to the presence of 

defect-inducing particles and that the modulus increases where these particles are stiffer than 

surrounding CNFs. 

 
Figure 3.8 Mechanical properties of dry CNF networks with specific strength (a), specific 

modulus (b), elongation-at-break (c) and representative stress-strain curves (d) that showcase 

the difference between the networks made from CNFs derived from low- and high lignin wood. 

Data represents mean ± SD (n = 7 replicates per sample). Figure reprinted from appended 

paper III. 
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3.4 EFFECT OF WOOD FROM TRANSGENIC TREES WITH REDUCED CSI1 

EXPRESSION 

The final investigation revolves around CNF isolation from transgenic trees that had a reduced 

level of CSI1 expression (Bünder et al. 2020). Wood from two of the transgenic trees (T1 & 

T2) were compared with wood from the wild type reference tree (WT) with normal expression. 

Viscosity at various concentrations after TEMPO-oxidation and homogenization is shown in 

Figure 3.9 and shows a higher viscosity for WT compared to T1 and T2. This trend of viscosity 

WT > T1/T2 was also repeatable after performing the TEMPO-oxidation on replicates which 

indicates that type of tree is significant and that inherent characteristics of the tree manifested 

in the obtained CNF suspensions. 

 
Figure 3.9 Viscosity of CNF suspensions obtained from WT (a), T1 (b) and T2 (c), with 

corresponding individual stable value of viscosity as a function of suspension concentration 

(d). Note the relatively faster increase in viscosity with increasing concentration for WT 

compared to T1 and T2.  

Factors that can influence viscosity include aspect ratio of CNFs (Iwamoto et al. 2014), volume 

fraction of fine CNFs (Lasseuguette et al. 2008), ionic strength and pH (Moberg et al. 2017; 

Arcari et al. 2020). The CNF suspensions were further characterized to more accurately 

pinpoint the origins for a higher viscosity of WT compared to T1/T2. Additional CNF 

suspension characteristics is shown in Table 3.5 and reveals a higher carboxylate content and 
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(wet) surface area for WT with a comparatively negligible increase in CNF yield. Process yield 

and suspension conductivity was similar for all three samples.  

Table 3.5 CNF suspension characteristics with process yield, nanofibril yield, carboxylate 

content, suspension conductivity and surface area estimate of the solids. Data represents mean 

± SD (n = 3). Mean values that do not share letters are significantly different (p<0.05). 

Tree 

ID 

Process yield  

(wt %) 

CNF yield  

(% of yield) 

Carboxylate 

content (mmol/g) 

Conductivity 

(mS/cm) 

 Surface area 

(m2·g-1) 

WT 45.2 (1.3)a 50.8 (0.3)a 0.69 (0.10)a 37 (5)a 100 

T1 44 (2.0)a 49.1 (1.0)b 0.55 (0.08)b 41 (8)a 83 

T2 43.9 (2.1)a 48.2 (0.8)b 0.50 (0.06)b 42 (10)a 79 

Surface area and carboxylate content indicate increased accessibility of the original CMFs for 

WT although CNF yield does not seem to reflect a similar trend. AFM of the corresponding 

CNFs is shown in Figure 3.9 and shows a similar thin diameter as reported previously (<2 nm) 

for all the samples. There is further an indication of more fragmented segments occurring for 

T1/T2, which is thought to be manifestation of a difference in DP of the cellulose that 

comprises the CNFs, which also could explain the viscosity differences in the absence of large 

differences in volume fraction of fine CNFs.   

 
Figure 3.10 AFM micrographs of CNF from WT, T1 and T2 (a), with close-up on 

representative individual thin CNFs and measured height (b), and size distribution of 

corresponding CNF diameters (c). Variation represent ± SD (n ≥ 30). 

The manufactured networks were analyzed for DP and compared to the values reported after 

SEC-MALLS analyzed PAA-extracted cellulose of the same samples (Bünder et al. 2020) . 

Physical characteristics of the networks is shown in Table 3.6 and indicates similarities in 

cellulose content, porosity and moisture content whereas there is a difference in both initial 

DP (as previously analysed) and DP of the final networks where WT exhibits a higher DP both 

prior to and after nanofibrillation. The observation of both DP differences and a higher degree 
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of carboxylation indicates that DP differences likely are inherent to the feedstock whilst also 

providing the CMFs of the wood with differences in chemical accessibility. It is therefore 

possible for the CMF of WT to have a higher initial DP whilst simultaneously being more 

susceptible to carboxylation through TEMPO-oxidation relative the transgenic lines with 

decreased CSI1.  

Table 3.6 Physical properties of the networks as determined prior to mechanical testing. 

Properties include average number degree of polymerization (DPn) for the initial wood 

cellulose, average viscosity degree of polymerization of final networks, moisture content, 

network porosity and cellulose content. Values in brackets indicate standard deviations. 

Mean values that do not share letters are significantly different (n = 3). 

Tree ID Initial 

cellulose DPn 

CNF DPv Moisture 

content (%) 

Porosity 

(%) 

α-cellulose 

(%) 

WT 1802 (214)a 1185 (64)a 10.3 (2.1)a  22 (2)a 80 

T1 1644 (137)b 995 (62)b 11.3 (2.8)a 21 (1)a 82  

T2 1637 (129)b 1061 (37)b 9.7 (1.9)a 23 (2)a 80  

 

The mechanical properties of the networks is shown in Figure 3.11 and further supports the 

DP differences where WT exhibits a higher elongation-to-break and tensile strength with a 

lower modulus compared to T1/T2. These are previously reported characteristics of networks 

comprised of lower DP CNFs (Henriksson et al. 2008), and was also observed (with more 

extreme contrasts) in chapter 3.2 where networks made from CNFs derived from the harsher 

TEMPO/NaBr/NaClO-treatment were approximately 30 % stiffer compared to those derived 

from TEMPO/NaClO/NaClO2. 

   
Figure 3.11 Mechanical properties of CNF networks with example stress vs. strain curves 

(a), relation between tensile strength and elongation-at-break (b) Young’s modulus and 

elongation-at-break (c). Error bars represent ± SD (n = 3). 
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Chapter 4 

Conclusions & future work 

This thesis work deals with the idea of influencing CNF isolation and mechanical behaviour 

of networks as a function of initial wood properties/characteristics. It has been demonstrated 

that applying direct TEMPO-oxidation of wood serve as a robust method to fibrillate wood 

and was successful in revealing differences in CNF behaviour as a function of wood 

characteristics that were induced through state-of-the-art forest management and tree 

breeding techniques. More specifically, it was concluded that: 

 Direct TEMPO-oxidation of raw wood is suitable for demonstrating the capacity 

for a wood sample to be chemically-mechanically susceptible to nanofibrillation.  

 TW with additional cellulose content through the formation of the G-layer is less 

accessible to oxidation and retains larger fibril structures with a lower degree of 

fibrillation across a wide spectrum of oxidative conditions  

 Networks made from TW-CNF suspensions exhibits higher toughness and has a 

higher degree of crystallinity.  

 Wood with increasing lignin content is harder to oxidize but showcases increased 

susceptibility to fibrillation as a result of the simultaneous removal of a larger 

amount of lignin 

 Networks made from high lignin wood has increased stiffness and reduced 

toughness as a consequence of the oxidation process 

 Transgenic trees with a reduced expression of CSI is less susceptible to oxidation 

and gives rise to CNF suspensions that share the initial characteristic of the trees of 

a lower DP and thus lower aspect ratio of the CNFs 

 Networks made from corresponding CNF suspensions has as a consequence 

reduced elongation-at-break, higher stiffness and a reduced tensile strength 

It has thus been demonstrated that it is possible to influence CNF characteristic and model 

product (networks) behaviour through the design of wood characteristics using both field-

grown and transgenic trees. Direct oxidation of raw wood is an interesting method that allows 

for these effects to persist because of the possibility to control and limit the severity of the 

process on the constituting CMFs. The usage of a minimum number of experimental steps to 

go from tree to CNF also has to be acknowledged as important. 

Concerning commercial endeavors, the method used herein can possibly inspire different 

ways of looking at the process of isolating CNFs from wood. Whilst the usage of excessive 

amount of chlorite has its obvious drawbacks, it is perhaps possible to design similar   

systems that uses more benign reagents yet allows for similar type of oxidation to occur. This 

would be appropriate to perform as future work where applying similar samples in different 
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process conditions would reveal how the presented results would translate to different types 

of experimental conditions. Another emphasis that could bring in another dimension to the 

results would be to investigate the relation more thoroughly between oxidation and 

mechanical energy input for respective wood sample. This would give a more complete 

picture of what it means for a wood sample to be more suitable for CNF isolation processes. 

Another interesting topic would be to investigate the mechanism behind increased fibrillation 

after TEMPO-oxidation of high lignin wood closer. One would be able to more accurately 

determine whether the porosity factor is solely responsible or if there is some additional 

chemical effects at play when native lignin and cellulose coexists in a sample that is being 

subjected to TEMPO-catalysed oxidation or other process that simultaneous delignify and 

oxidize the wood and wood cellulose. Ultimately treating wood in its native state as a 

feedstock for CNF could be a potential way of reducing the overall cost of the process wood-

to-CNF. Although there currently are clear limitations regarding wood-processing 

infrastructure and pulp existing as a large volume commodity (which warrants developing 

added-value products such as CNF) the prospect of taking a resource, such as wood, in its 

more primitive state has potential to lead to lower overall cost. This could perhaps inspire 

future prospects if CNFs becomes increasingly attractive to warrant transitioning from being 

a product predominantly derived from wood pulp to a product derived from the cheaper raw 

wood.       
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