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Abstract 

To fulfill the United Nations’ 17 sustainable development goals, there is a need 

to transition from a petroleum-based society toward a more sustainable one which 

requires new solutions and the production of materials, chemicals, and energy from 

renewable resources. Using side-stream products from industries to produce value-

added products will be economically beneficial. Furthermore, finding more 

environmentally friendly process routes will aid industries in achieving their goal 

of reducing carbon dioxide emissions and contributing to a more sustainable 

society. 

Tree bark is the outer protective layer of a tree and today, mills and factories 

incinerate the bark to produce energy. Norway spruce (Picea abies) bark consists 

of cellulose, lignin, hemicellulose, and extractives. Applying the biorefinery concept 

makes it possible to extract and isolate these compounds in the bark and utilize 

them to produce high-value materials and chemicals.  

This thesis applies the biorefinery concept to isolate cellulose and lignin from 

spruce bark by using mild extraction processes and more eco-friendly chemicals.  

Cellulose is the most abundant compound in spruce bark and has great 

potential to be used in various applications. The isolation of cellulose fibers from 

bark was in the present work carried out by first removing the extractives and non-

cellulosic polysaccharides via sequential extractions using acetone and subcritical 

water. Nanocellulose was isolated from the bark cellulose and used to produce 

Pickering emulsions successfully. This proves that using side-stream products such 

as bark is feasible to produce high-value products like emulsions.  

Lignin is the second most abundant compound in the spruce bark. Following 

the acetone and subcritical water extractions, a mild cyclic organosolv extraction 

sequence was applied to be able to recover spruce bark lignin. The lignin extracted 

was comparable to lignin extracted from wood. Stilbene glucosides incorporated in 

the bark lignin provide the lignin with additional beneficial properties, i.e., 

antimicrobial and antioxidative. This elevates the value of the lignin further and 

makes it suitable for a variety of different applications. 
 

Keywords: sustainability, bark, biorefinery, Norway spruce, nanocellulose, 
Pickering emulsion, organosolv, extraction, lignin.  
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Sammanfattning 

För att kunna uppnå Förenta Nationernas 17 globala hållbarhetsmål behöver 

det ske en förändring från ett oljebaserat samhälle till ett mer hållbart samhälle. 

Detta innebär att det finns ett behov för nya hållbara lösningar och material, 

kemikalier och energi som produceras med förnybara råvaror. Att utnyttja 

sidoströmmar från industrier för att producera högvärdiga produkter kommer vara 

ekonomiskt fördelaktigt. Dessutom, att finna mer miljövänliga processer kommer 

att bidra till att hjälpa industrier att uppnå deras mål med att minska koldioxid-

utsläppen och bidra till ett mer hållbart samhälle. 

Trädbark är det yttersta skyddande lagret på ett träd och idag förbränner bruk 

och fabriker den för att skapa energi. Granbarken består av cellulosa, lignin, 

hemicellulosa, och extraktivämnen. Att använda bioraffinaderikonceptet gör det 

möjligt att extrahera och isolera komponenterna i barken och vidare producera 

högvärdiga material och kemikalier.  

Denna avhandling applicerar bioraffinaderikonceptet för att isolera cellulosa 

och lignin från den inre granbarken genom att använda milda extraktions-

processer och mer miljövänliga kemikalier. 

Cellulosa är den vanligaste förekommande komponenten i bark och har stor 

potential att användas för olika tillämpningar. Isoleringen av cellulosafibrer från 

bark genomfördes i detta arbete först genom att avlägsna extraktivämnen och icke-

cellulosahaltiga polysackarider via sekventiella extraktioner med aceton och 

subkritiskt vatten. Nanocellulosa isolerades från barkcellulosan och användes för 

att producera Pickering emulsioner med framgång. Detta visar att det är möjligt att 

utnyttja en produkt såsom bark från en sidoström till att skapa högvärdiga 

produkter som emulsioner.  

Lignin är den näst mest vanligt förekommande komponenten i bark. Efter 

extraktion med aceton och subkritiskt vatten genomgick barkfibrerna en 

sekventiell cyklisk organosolv-extraktion för att erhålla gransbarkslignin. Det 

extraherade ligninet var jämförbart med lignin som extraherats från ved. Stilbene 

glykosider som är inkorporerade i barkligninet ger ligninet ytterligare fördelaktiga 

egenskaper, exempelvis antimikrobiella och antioxidativa. Detta förhöjer värdet 

ännu mer och gör den lämplig för flera olika tillämpningar.  

 
Nyckelord: hållbarhet, bark, bioraffinaderi, gran, nanocellulosa, Pickering 
emulsioner, organosolv, extraktion, lignin.  
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1. Introduction 

Mankind has for generations used coal and petroleum resources to produce 

energy and materials. However, considering the worsened environmental situation 

over the past decades regarding carbon dioxide emissions, extreme climates, and 

depletion of fossil-based resources, the mindset of people worldwide has changed, 

and their concern for the environment has increased drastically. Actions are much 

needed to find new solutions and precursors to preclude the worsening 

environmental situation.  

In 2015, the United Nations (UN) adopted “The 2030 Agenda for Sustainable 

Development” where the 17 Sustainable Development Goals (SDGs) are at the 

center. These goals include among others eliminating poverty, improving gender 

equality, health and education, promoting economic growth, protecting the planet, 

and tackling climate change.1, 2 Three of the SDGs have been prioritized in this 

thesis: number 9 (Industry, innovation, and infrastructure) by utilizing a side-

stream product, and by the development of facile and scalable greener process 

routes, number 12 (Responsible consumption and production) by using renewable 

resources to produce value-added products which may replace fossil-based 

materials, and number 13 (Climate action) by using green chemicals and solvent 

recovery via low-temperature distillation to decrease carbon dioxide emissions. To 

transition from a fossil-based society to a bio-based one, new solutions together 

with renewable and sustainable alternatives are needed. Lignocellulosic biomass 

from plants is an excellent alternative as it originates from a renewable and 

sustainable resource. 

Lignocellulosic biomass is available in large quantities and is used in many 

various types of products such as paper, packaging material, hygiene products, 

pharmaceuticals, cosmetics, and textiles. The pulp and paper industries are the 

largest producers and consumers of lignocellulosic biomass. However, as society is 
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moving forward, there is a need for new innovative strategies to utilize the complete 

biomass, including the side-stream products. One such product is the bark.  

Previous studies have investigated the bark’s structure and composition of 

different tree species and found that it is a source filled with unique compounds, 

which may have a wide range of applications. Tree bark is generated in large 

amounts. Thus, globally the amount was approximately 359 million m3 in 20153 if 

assuming that the bark represents approximately 10% of the tree. Due to the high 

availability of tree bark, it is suitable to be utilized as a renewable raw material for 

sustainable solutions to replace petroleum-based products. 

 

1.1. Thesis Objectives 

In this thesis, bark from Norway spruce (Picea abies) is used as raw material, 

and different compounds are isolated via the bark biorefinery concept. The 

research objectives are 1) to find suitable applications for the extracted compounds 

from spruce bark, and 2) to extract these compounds with as high purity as 

possible. In addition to these two objectives, the thesis also focuses on using as 

green chemicals and processes as possible when obtaining the desired compounds. 

In paper I, objective number 1 is in focus where nanocellulose is isolated from 

the spruce bark and used to produce Pickering emulsions. Paper II focuses on 

objective number 2, thus, using the cyclic ethanol organosolv process to extract 

lignin from the bark.  
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2. Background 

2.1. Hierarchical structure of wood 

Wood is an anisotropic material that has hierarchical structural levels organized 

in specific orientations, and the dimensions of wood extend from the nanoscale to 

the macroscale.4, 5 Due to the hierarchical structure with different orientations and 

dimensions, wood has great mechanical strength and stiffness which supports the 

tree’s growth and resistance toward environmental stress6. The structural 

composition is different between different tree species, softwood or hardwood, but 

also within species. Nevertheless, the main compounds wood is comprised of are 

cellulose, hemicellulose, lignin, and extractives.7 To access these compounds 

individually, the wood structure must be disintegrated with mechanical and 

chemical treatments, also known as pulping.8 Depending on which chemicals are 

used and the ratio of these chemicals, one may control the amount of lignin and 

hemicellulose left in the pulp, i.e., the quality of the pulp.  

2.1.1. Cellulose 
Cellulose is the most dominant (40-50%) and important polysaccharide in 

wood and consists of β-(1→4) linkages (Figure 1a) forming linear D-glucose 

chains.7, 9, 10  Each glucose unit has three hydroxyl groups, hence, secondary 

hydroxyl groups at the C2 and C3 position and primary hydroxyl groups at the C6 

position. The hydroxyl groups are bound together via inter- and intra-hydrogen 

bonds between the chains, and along with van der Waals interactions, nanofibril 

structures are created with high aspect ratios.9, 11 These fibrils have both disordered 

and crystalline domains which are affected by the molecular orientation of the 

chains. The orientation also determines the characteristic properties of the 

cellulose.12, 13 The fibrils aggregate into fibers (20-40 µm in diameter and >2000 

µm long), embedded with hemicellulose and lignin, forming the wood fiber wall.14  
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Figure 1 – a) cellulose, b) cellulose derivative where R represents various groups that can be attached 
during modifications, and c) simplified reaction of cellulose oxalate. 

Chemical modification of cellulose fibers 
Once pulp has been obtained, the cellulosic material is often further treated 

with different chemical modifications. The chemicals will activate the cellulose by 

interfering with inter- and intra-interactions between the chains and making the 

hydroxyl groups more accessible for reactions. Substituting one or several of the 

hydroxyl groups will form cellulose derivatives, and depending on which chemicals 

are used, different derivatives will be provided (Figure 1b). The possibility of 

tailoring the modifications will have a positive impact on the use of cellulosic 

materials. For example, the properties of materials may be improved, the cellulose 

interactions with other materials may be improved, but further processing will also 

be facilitated.  

The chemical modification used in this thesis (Paper I) is a simple hydrolysis 

and esterification reaction between cellulosic material and oxalic acid dihydrate 

where the hydroxyl group at C6 is substituted with an oxalic acid group (Figure 

1c). The obtained product is called cellulose oxalate (COX) and appears in powder 

form.15 Oxalic acid is an organic compound that can be produced from plant-based 
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material and is therefore a sustainable reagent. The reaction is carried out under 

relatively mild conditions and in the absence of solvent, which is possible because 

the oxalic acid dihydrate contains 29% crystallized water. Overall, the reaction is 

therefore considered more eco-friendly than for example 2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) mediated oxidation of the fibers. Most of 

the chemical modifications only take place on the surface of the cellulose fibrils, 

which will preserve the cellulose structure and properties, as in the case of 

producing COX. Furthermore, crosslinking does not happen, unlike some other 

chemical modifications, due to that the esterification reaction does not proceed 

through an anhydride mechanism which requires two adjacent carboxylic acids16.   

Nanocellulose 
Research on cellulose in nanoscale, i.e., nanocellulose, has increased over the 

past decades. Interesting properties such as high stiffness and strength, specific 

surface area, biocompatibility, and high aspect ratio make nanocellulose suitable 

for a variety of applications.17, 18  

Nanocellulose from wood and plants is commonly divided into two types; 

cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs) where the main 

difference is the morphology. CNFs are thin, long fibrils with twists and kinks, and 

have a high aspect ratio (4-20 nm wide and 0.5-2 µm long19). CNFs contain both 

disordered and crystalline domains which provide great strength and stiffness. 

CNCs are stiff, rod-shaped, and short particles with a low aspect ratio (3-5 nm wide 

and 0.05-0.5 µm long19). The crystalline domain is the most abundant since the 

chemical pretreatment includes acid hydrolysis which removes the disordered 

regions of the cellulose.20  

 The cellulose fibers are separated into individual nanofibrils by applying shear 

forces. However, the processing of nanocellulose is energy-demanding, especially 

if the fibers are only separated mechanically11. Mechanical shearing methods 

include microfluidization, high-pressure homogenization, and friction grinding 

(Masuko grinder). To lower energy consumption and increase fibrillation 

efficiency, the cellulose fibers are usually pretreated chemically (or 

enzymatically).11, 17, 20 These pretreatments include among others: TEMPO-

mediated oxidation21, carboxymethylation22, enzymatic hydrolysis23, and 
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esterification with oxalic acid15. Most treatments include adding a charged group 

(cation or anion) to the cellulose which makes the fibrils repulse each other and 

facilitates fibrillation24. The choice of pretreatment will affect the properties of the 

nanocellulose, and therefore it is important to choose the treatment according to 

the desired application. Due to the high surface area, aspect ratio, and cellulose’s 

high affinity to water, hydrogels with high viscosity may be obtained. As CNFs have 

a higher aspect ratio, viscous hydrogels are easily formed even at low 

concentrations. In contrast, CNCs have a lower aspect ratio and form less viscous 

hydrogels at low concentrations. 

2.1.2. Lignin  
Lignin is the second building block of wood and comprises 20-30% of the 

biomass (depending on species)25. Lignin has a complex three-dimensional 

molecular structure, and even until today, researchers have not been able to fully 

determine the structure. Although, lignin has an important role in the cell wall; it 

provides stiffness, keeps the cell together, hinders swelling, and is resistant to 

microbial attacks. The three lignin monomers (monolignols) are p-coumaryl 

alcohol (hydroxy phenol (H) units, Figure 2a), coniferyl alcohol (guaiacyl (G) 

units, Figure 2b), sinapyl alcohol (syringyl (S) units, Figure 2c). These 

monolignos are covalently bonded to each other via ether and carbon-carbon 

bonds, where the β-aryl ether (β-O-4’) is the most common. The monolignols are 

also covalently bound to other polysaccharides available in the cell wall.26 A 

purposed general lignin structure (softwood) is illustrated in Figure 2d. 

Lignin is commonly divided into softwood (SW) lignin, hardwood (HW) lignin, 

and grass lignin where the content of the H-, G-, and S-units varies between each 

type. SW lignin consists mainly of G-units with small traces of H-units. HW lignin 

consists of an even mixture of S- and G-units with small traces of H-units. Grass 

lignin consists of all three units but with a higher amount of H-units than the other 

two.26 
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Figure 2 – Lignin monolignols where a) p-coumaryl alcohol (H-unit), b) coniferyl alcohol (G-unit), and c) 
sinapyl alcohol (S-unit). d) General chemical structure of lignin from softwood. 

Most pulping methods produce wastes such as black liquor that contains a 

relatively high amount of lignin and hemicellulose. The black liquor is combusted 

in the recovery boiler in the processing system to recover cooking liquors. However, 

lignin is an interesting compound and can be used for value-added applications. 

Therefore, lignin is extracted from the liquor, and technical lignins are produced. 

The more traditional technical lignins include kraft lignin (from kraft pulping), 

soda lignin (from soda pulping), and lignosulfonate (from sulfite pulping). 

Drawbacks with these traditional pulping processes include the use of hazardous 

chemicals, sulfur emissions into the air, polluted wastewater streams, and most 

importantly degraded lignin. To overcome these drawbacks, a greener processing 

method is desired, i.e., the organosolv process.  Instead of cooking liquor, the 

process uses organic solvents (e.g., ethanol) mixed with water with or without a 

catalyst to extract the lignin.27 The Canadian pulp and paper mill factory Repap 
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Enterprises Inc. developed the alcohol cellulose (Alcell) process which is based on 

the organosolv process28. The extractions are commonly carried out with 20-80 

wt% alcohol, at 180-210 °C, and 20-35 atm29. The catalysts used can vary between 

acid, alkali, and inorganic salts, but also other pretreatment methods such as 

biological (bio-organosolv), steam explosion, extraction in the presence of sub-

/supercritical CO2, and oxygen (oxiorganosolv) can be used27. The original Alcell 

process did not include the use of a catalyst28. However, adding a catalyst, usually 

a mineral acid (sulfuric (H2SO4) or hydrochloric (HCl)), at low concentrations (0.1-

2.5 wt%) will improve the efficiency of the delignification27. The obtained 

organosolv lignins are of high purity, have low glass transition temperature, and 

have low-molecular weight and are therefore beneficial in consideration to certain 

applications30. This thesis focused on applying a cyclic ethanol organosolv process 

with an acid catalyst to extract bark lignin (Paper II). 

2.1.3. Hemicellulose 
Hemicellulose is the third building block in wood and it is carbohydrate 

polymers of relatively low molecular weight. The carbohydrate sugars are arranged 

in different configurations forming long polymer chains with the two dominant 

compounds being (gluco-)mannans (5-10%25) and xylans (6-10%25).31 A purposed 

general hemicellulose structure is illustrated in Figure 3.  

During the cooking and bleaching process of wood fibers, the hemicelluloses 

are broken down into their monosaccharides in the black liquor (along with 

degraded lignin)32 which means that the recovery of hemicellulose is approximately 

zero. The hemicellulose that is not removed during cooking is strongly bound to the 

surface of cellulose fibrils, and this may affect the properties of cellulose such as 

mechanical strength and viscosity31, 33. 
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Figure 3 – Example of a purposed general structure of hemicellulose. 

2.1.4. Other components – extractives  
The extractives in wood only represent a few percent (5-10%) depending on 

species and geographical location34. Moreover, the amount of extractives also 

varies significantly within different parts of the tree. Wood extractives influence 

several characteristics of the tree, i.e., color, fragrance, and microbial resistance35. 

Due to its varying properties, commonly comprising a mixture of both low- and 

high-molecular-weight compounds, the chemical composition of extractives is 

complex36. 

Wood extractives are commonly extracted using hot water or organic solvents. 

The type of solvent should be chosen with care as different solvents extract different 

extractives. In certain cases, sequential extraction with different solvents is 

required to remove as many extractives as possible. In general, the extractives are 

divided into lipophilic and hydrophilic extractives. Lipophilic extractives include 

aliphatic compounds and terpenes and hydrophilic extractives include phenols.36, 

37  
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2.2. Tree bark 

In Scandinavia, Norway spruce (Picea abies), Scots pine (Pinus sylvestris), and 

birch (Betula pendula/nana/pubescens) are the most common tree species. Due to 

the high quantity of extractives in the bark, it may cause problems during the 

pulping process. Therefore, sawmills and pulp and paper mills remove the bark 

from the logs before chipping and cooking. Instead, the bark is incinerated to 

produce heat, electricity, and steam for the mills. The bark represents 

approximately 10% of the tree, and considering the annual wood pulp produced in 

Sweden year 2021 of ca 11,700 tons38, 1170 tons of industrial bark was generated. 

Since the bark is a side-stream product from mills, it is cheap, has high caloric 

value, and is economically beneficial to incinerate to produce energy. This is also 

valuable for industries to reduce their dependence on fossil-based fuels and carbon 

footprint by utilizing the whole biomass. However, there are drawbacks to burning 

bark. It has a low sintering point and high ash content which may cause 

agglomeration problems in the incineration hatch39. Bark and other biomass fuels 

contain compounds such as chlorine and alkali metals that will also corrode and 

damage the combustor40. In addition, the bark incinerated at the mills is wet (ca. 

40% moisture content) and this lowers the heating value of bark, meaning that less 

energy is produced as if the bark was dry or if the wood was burnt41, 42.  

Other than incinerating the bark for energy production, there have been studies 

on alternative uses for the whole bark, not to mention that tree bark has been used 

since ancient times in medicine, agriculture, and food3. Bark-based wooden panels, 

bark as a polyol feedstock to produce polyurethane (PU) foams, and thermal 

insulation panels are only a few examples of the use researchers have investigated39, 

43-46.  

Previous research has proven that bark contains unique chemical compounds 

such as tannins, non-cellulosic polysaccharides (e.g., pectin and starch), stilbene 

glucosides, suberin, and betulin47-49. The bark is divided into outer and inner bark 

(Figure 4), and some compounds are only found in either the outer or the inner 

bark, and others are found in both. With the transition to more sustainable 

materials, bark has been used as a resource to produce value-added products such 

as ethanol, pulp, nanocellulose, adhesives, and insulation material39, 50-53.   
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Figure 4 – Cross-section of wood (© Merriam Webster). 

2.2.1. Norway spruce bark 
Norway spruce (Picea abies) is the most common tree species in Sweden, 

together with Scots pine (Pinus sylvestris), and represents approximately 40% of 

the Swedish forests54. In general, tree bark contains the same building blocks as 

wood with a difference in chemical distribution. For example, bark from spruce 

contains a higher amount of extractives (32%) than wood but a lower amount of 

cellulose (27%), hemicellulose (9%), and lignin (12%)55. Much of the published 

research on spruce bark has focused on isolating individual compounds from the 

whole bark assuming the chemical composition of the outer and inner bark was the 

same56, 57. However, Krogell et al.48 proved that there is a difference in the 

composition of the outer and inner spruce bark, especially the chemical distribution 

(Figure 5). By selecting the solvent with care in combination with the extraction 

method, the extractives may be separated into individual compounds with only 

small traces of other extractives.  
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Figure 5 – Chemical composition of Norway spruce bark. Figure reproduced with permission from J. 
Krogell48. 
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2.3. Biorefinery concept 

The more conventional oil refinery implies separating crude oil from water and 

impurities before fractionating (via distillation) the crude oil into among others gas, 

naphtha, gasoline, kerosene, diesel, lubricant oils, and bitumen before further 

processing and utilization58, 59. The biorefinery concept is similar as it also implies 

separating the raw material (biomass) into its constituents (cellulose, 

hemicellulose, lignin, and extractives) that may be used to produce value-added 

products such as energy, chemicals, and fuels59, 60. Biomass is seen as a carbon-

neutral resource as it commonly originates from renewable resources (e.g., 

agriculture and forestry) which if combusted produces the same quantity of carbon 

dioxide emissions as plants adsorbs during photosynthesis61, 62. Using biomass 

instead of petroleum as a raw material to produce materials and chemicals 

promotes the circular bio-economy and a sustainable society.  

2.3.1. Bark biorefinery concept 
Using tree bark as a raw material and isolating its constituents applies the bark 

biorefinery concept (Figure 6). To fully apply the concept, the whole biomass 

feedstock should be used efficiently, i.e., the whole tree should be used to produce 

energy, materials, and chemicals. As the separation of the outer and inner bark is 

tedious, and if the bark biorefinery is to be applied by large industries, the whole 

bark should ideally be used as is from the debarking process, which means that it 

will have a certain moisture content. As aforementioned, the moisture content, 

along with the high ash content, lowers the thermal efficiency41, 42, 63 which raises 

the debate on the economic efficiency of direct incineration of bark39.  There have 

been bioeconomic studies on factories that pass the bark through the steamer 

before reaching the incineration hatch to increase the heating value.  
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Figure 6 – Schematic illustration of bark biorefinery.  

The vision of this thesis is not solely to apply the concept but also to use as many 

green chemicals as possible to reduce any hazardous residues and reduce 

environmental impact. For example, peracetic acid (PAA) is used as a 

delignification solvent as it is more sustainable than the common chlorine-

containing solvents and does not produce hazardous residues containing 

chlorites64. The organosolv process uses milder chemicals (ethanol, water, and mild 

acid catalyst) than the sulfur-containing cooking liquors used during the pulping 

processes and is considered a greener process65. Furthermore, the hazardous 

emissions formed during conventional kraft and sulfite pulping and bleaching are 

avoided with the organosolv process66 and the organic solvents used are usually 

easily recovered27.  
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2.4. Emulsions 

Emulsion systems are formed when two immiscible liquid (“oil” and “water”) 

phases are mixed constituting kinetically stable droplets in the presence of surface-

active agents, i.e., surfactants67-69. Without the surface-active agent, the formed 

emulsion droplets are unstable and phase separate. There are two main types of 

emulsions, oil-in-water (O/W) and water-in-oil (W/O) depending on which phase 

the surfactant is soluble in. Thus, O/W is obtained if the surfactant is soluble in the 

water phase and W/O is obtained if the surfactant is soluble in the oil phase.  

Emulsions are used by many industries in products such as food, 

pharmaceuticals, and cosmetics70-72, and it is necessary to use surfactants in these 

products to prolong their shelf lives. A surfactant is an amphiphilic molecule which 

implies a hydrophilic head group and a hydrophobic tail (Figure 7a). This head 

group can be non-ionic, cationic, anionic, or zwitterionic (Figure 7b). Due to the 

characteristics of surfactants, an oil droplet in water is surrounded by the 

surfactant (Figure 7c). This lowers interfacial tension at the liquid-liquid interface 

which will prevent or slow down the emulsion from creaming, flocculation, 

coalescence, and/or Ostwald ripening.69  

Several factors affect the properties of emulsions. Production process, oil 

purity, pH, ionic strength, and water-to-oil ratio are some factors that affect the 

emulsion. Other important factors are the type and concentration of the surface-

active or emulsifying agent used.73, 74  

One method commonly used by industries is to investigate or calculate the 

hydrophilic-lipophilic balance (HLB) number to select the right emulsifying agent 

for the intended application75. HLB was first developed in 1949 by Griffin76 and is 

a semiempirical scale based on the hydrophilic and lipophilic ratio in non-ionic 

surfactants. This was further developed by Davies in 195777 to include different 

types and more complex surfactants. 
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Figure 7 – Illustrations of a) amphiphilic molecule with a hydrophilic head group and hydrophobic tail group, 
b) different variations of headgroups of an amphiphilic molecule, c) “traditional” emulsion (O/W) where 
surfactant surrounds an oil droplet, and d) Pickering emulsion where solid particles surround the oil droplet.  

 

Many surfactants used today in the industries (e.g., sodium dodecyl sulfate 

(SDS), per- and polyfluoroalkyl substances (PFAS), and cetrimonium bromide 

(CTAB)) are fossil-based. In high concentrations, these are toxic both for humans 

and the environment. It is, therefore, necessary to find more sustainable 

compounds that originate from renewable sources, non-toxic, yet surface-active78-

80. Bio-based and naturally occurring amphiphiles are for example pectin (usually 

from fruits and vegetables), saponin (from soapbark tree (Quillaja Saponaria) 

bark)81, and coco betaine (from coconut oil)82. Other compounds such as tannins 

and betulin can be modified into amphiphilic molecules83. 

a) b) 

c) d) 
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2.4.1. Pickering emulsions  
Emulsions that contain solid particles instead of surfactants to increase stability 

are called Pickering emulsions (Figure 7d). Ramsden84 and Pickering85 first 

discovered the use of solid particles in the early 20th century, and it has since then 

been studied by different researchers who have used various types of solid particles 

to stabilize emulsions. One benefit of solid particles is that they can be modified 

and tuned to the requested application70. Particles such as clay, silica, and metals 

may be good stabilizers, but for some applications (biomedical, food, and 

cosmetics) it may be troublesome regarding the toxicity and bio-degradability.86 

Therefore, more sustainable alternatives are desired. Starch, proteins, lignin, and 

cellulose are non-toxic, sustainable, and bio-degradable alternatives for fossil-

based particles.87 

Cellulosic material, and especially nanocellulose, has caught researchers’ 

interest in producing Pickering emulsions. An important parameter that the 

particles should have is wettability, i.e., the particle should be able to be wetted by 

both the continuous and the dispersed phase70. Nanocellulose fulfills this 

requirement as cellulose is both lipophilic and hydrophilic. Already in 1986, Oza 

and Frank88 demonstrated the possibility of using microcrystalline cellulose to 

stabilize emulsions. The first work to use nanocellulose (bacterial nanocrystals) to 

prepare Pickering emulsions was presented by Kalashnikova et al.89 in 2011, and 

since then the investigation of using nanocellulose from different sources has taken 

off. Cranston and co-workers90 summarized the use of various nanocelluloses to 

produce Pickering emulsions, and the study on using CNC for emulsions is 

dominant. However, there is a debate on whether CNF or CNC is the better choice 

as the aspect ratio is a parameter that affects the droplet size formed which in turn 

affects the stability. Jiménez Saelices and Capron91 compared Pickering emulsions 

produced from CNC and CNF and found that due to the larger aspect ratio of CNF, 

the emulsion droplets formed were larger than the ones formed with CNC. They 

also saw that the CNF emulsions formed networks between the droplets while the 

CNC emulsions formed individual droplets. This may be explained by the 

morphology of the nanocelluloses. The long fibrils of CNF provide large interfacial 

coverage of emulsion droplets and facilitate fibril entanglements between the 

emulsion droplets via electrostatic interactions. This forms stable emulsions 



Background 

18 
 

(emulsion gels) which are not prone to coalesce. The shorter fibrils of CNC are not 

able to form entanglements. Instead, a dense interfacial coverage of the droplets is 

formed that stabilizes the emulsion. However, this coverage by CNC is not as stable 

against coalescence as CNF, and over time the emulsion will phase separate. Thus, 

a low concentration of salt is necessary to screen the surface charge to allow the 

particles to pack at the droplet surface and hinder electrostatic repulsion.92-96 Bai 

et al.93 used a mixture of CNC and CNF to stabilize Pickering emulsions and 

discovered that there is an optimal concentration of CNFs to stabilize emulsions. 

Kalashnikova et al.96 investigated the effect of the aspect ratio of rod-shaped 

nanocellulose (i.e., CNC from various sources) and found that the aspect ratio had 

a considerable influence on the surface coverage density. Mixing different aspect 

ratios and combining CNCs and CNFs will be beneficial when producing Pickering 

emulsions as advantageous properties from both nanocellulose types will be 

applied.  
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3. Materials and Methods 

In this chapter, a brief description of the experimental methods and 

characterization techniques are presented. More details are found in the appended 

papers. 

3.1. Materials 

Bark from Norway spruce (Picea abies) was used as raw material and gathered 

in the Stockholm area, Sweden. The bark was harvested manually using a scalpel 

and stored in a freezer at -20 °C until use. 

All purchased chemicals were used as received unless stated otherwise.  

3.2. Experimental Methods 

The spruce bark was dried in an oven at 70 °C for at least 48h before manually 

separating the outer and inner bark, and the inner bark was selected to be in focus 

to reduce the complexity of the spruce bark. The inner bark was cut into 

matchsticks before Wiley milled (3383 L70, Thomas Scientific, New Jersey, USA) 

to 20 or 40 mesh. The chosen extraction sequences were based on previous 

studies.53, 97  

3.2.1. Preparation of spruce bark cellulose fibers  
Soxhlet extraction with acetone (90%) for 40 cycles was performed to remove 

extractives from the raw inner bark (40 mesh). A second extraction of the acetone-

extracted bark (AEB) using subcritical water was performed using an Accelerated 

Solvent Extractor ASE350 (Dionex, California, USA). The extraction was carried 

out at a pressure of 100 bar and temperatures 100, 140, and 160 °C with 3 cycles of 

20 min for each temperature. The subcritical water-extracted bark (SWB) and 

subcritical water extractives (SWE) were freeze-dried before further use. 
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Delignification of the SWB was performed using peracetic acid (PAA) solution 

(10 wt%, pH 4.5). The delignification was carried out at 65-70 °C for 4-5h until the 

bark became white. After the reaction, the delignified bark (DB) was washed 

thoroughly with deionized water until the filtrate was neutral (ca. pH 6-7) to 

remove excess PAA and then freeze-dried before further modifications. 

3.2.2. Preparation of cellulose oxalate and nanocellulose  
Cellulose oxalate (COX) was prepared by mixing molten oxalic acid dihydrate 

with DB (acid:bark ratio of 4:1) at 110 °C for 5 min under reflux. The product slurry 

was washed with ethanol (96%) via vacuum filtration to remove excess acid. When 

the conductivity of the filtrate was below 10 µS cm-1, the washing was terminated 

and the product was left to air dry at room temperature.  

A nanocellulose suspension was prepared by mechanical disintegration via 

homogenization in a microfluidizer (M-110EH, Microfluidics Corp, USA) of the 

COX dispersion (10 g L-1). The samples were passed through the chambers 

(400/200 µm and 200/100 µm, respectively) a total of six times. The nanocellulose 

suspension obtained was stored at +4 °C.  

A homogeneous nanocellulose dispersion was prepared via high-shear mixing 

(UltraTurrax, IKA, Germany) for 20 min, probe sonication (Vibra-Cell VC 750, 

Sonics, USA) for 10 min at 75% amplitude, and lastly centrifugation (Rotina 420, 

Hettich Zentrifugen, Tuttlingen, Germany) for 2h at 4688 G. The dispersion was 

stored at +4 °C until further use. 

3.2.3. Pickering emulsion (Paper I) 
There are many different process routes to produce Pickering emulsions, i.e., 

different research groups use different procedures.70, 90 The following procedure 

and concentrations were selected for the current project.  

Three nanocellulose concentrations, i.e., 0.1, 0.5, and 1 wt%, were tested to 

investigate how the emulsion stability was affected by nanoparticle concentration. 

Two types of oils were tested, i.e., almond oil and hexadecane, to investigate how 

the oil purity affected the emulsion stability. 
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Oil-in-water (O/W) Pickering emulsions were produced using high-shear 

mixing (T18 UltraTurrax, IKA, Germany) for 5 min at 13,000 rpm. The water-to-

oil ratio was selected to 14 to 6 v/v, and the nanocellulose was present in the water 

phase. Carboxymethyl cellulose nanofibrils (CNFs) were used as reference 

nanocellulose. The produced emulsions were stored in a ventilated cabinet at room 

temperature. 

3.2.4. Lignin extraction of spruce bark (Paper II) 
Soxhlet extraction and ASE were performed on the raw inner bark (20 mesh) as 

mentioned previously (section 3.2.1). For the lignin extraction, the SWB was not 

freeze-dried but extracted again in the ASE for 15 cycles for 5 min each at 160 °C 

and 100 bar using a solvent mixture of ethanol/water (70:30 v/v, 1.5 wt% sulfuric 

acid (H2SO4)). Lignin was precipitated by adding MilliQ water to the extracts and 

ethanol was removed via rotary evaporation under reduced pressure. The 

remaining aqueous solution was centrifuged for 30 min at 4688 G, and the 

precipitate was washed twice with MilliQ water. The obtained organosolv lignin 

(OSL) was freeze-dried before further analysis. The collected supernatant from the 

precipitation and centrifugation was neutralized, rotary evaporated, and oven-

dried. The obtained organosolv bark residue (OSR) was freeze-dried. 

Acetone extracted bark (AEB) and OSR were ball milled (Retsch PM400, 

Dusseldorf, Germany) for 24h at 300 rpm in 1h intervals with 30 min breaks. The 

ball-milled bark was dioxane extracted (25 mL solvent/g ball-milled bark) for 72h 

at room temperature under constant mixing98. The milled bark lignin (MBL) and 

milled residue lignin (MRL) were centrifuged to remove the supernatant before 

freeze-drying. No further purification was performed on the lignin after the drying. 
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3.3. Characterization Techniques 

Carbohydrate analysis. The chemical composition, including Klason lignin 

(KL) and acid-soluble lignin (ASL), of the samples was determined according to the 

standard TAPPI T222 om-0699. Carbohydrate analysis was performed using high-

performance anion-exchange chromatography (HPAEC) connected with pulsed-

amperometric detection (PAD) (Dionex ICS 300, Thermo Scientific, USA). KL was 

determined gravimetrically and ASL was determined with an ultraviolet (UV) 

spectrophotometer (Shimadzu, Japan) at the wavelength 205 nm. 

 

Conductometric titration. The free carboxyl content (FCC) or total fiber charge 

was determined using conductometric titration according to SCAN-CM 65:02100 

with slight adjustments. Titration curves were obtained using a conductometer 

(856, Metrohm, USA) and evaluated using the software tiamo (Metrohm, USA). 

The total fiber charge was calculated according to equation (1): 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑔𝑔−1] = 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁×𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚

   (1) 

where 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the consumed volume (L) of NaOH, 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the NaOH 

concentration (mol L-1) and 𝑚𝑚 is the dry weight (g) of the sample. 

 

Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectra were recorded 

using a Spectrum 100 FT-IR Spectrometer (Perkin Elmer, Connecticut, USA) 

equipped with a Golden Gate single attenuated total reflection (ATR) diamond 

(Gaseby Specac Ltd., Kent, UK). Number of scans per sample was 32 at a resolution 

of 4 cm-1 between wavelengths 4000 and 600 cm-1. 

 

Atomic Force Microscopy (AFM). AFM images were obtained using a 

MultiMode 8 AFM (Bruker, Santa Barbara, California, USA) with ScanAsyst in air 

mode with ScanAsyst-Air HR cantilevers with a resonance frequency of 130 kHz, 

spring constant of 0.4 N m-1 and tip radius of 2 nm. The scan size of the images was 

2 x 2 µm and the nanocellulose suspension was adhered to a mica sheet using 

polyethyleneimine (PEI). The images were analyzed with NanoScope Analysis 

(Bruker, Santa Barbara, California, USA) and ImageJ. 
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Viscosmetry. The viscosity was measured using a cone-and-plate viscometer 

(CP1, TQC Sheen B.V., Netherlands) equipped with a 0-10 poise cone. The 

measurements were carried out for 30 seconds at 20 °C and 750 rpm.  

 

Optical microscopy. The emulsion droplets (nanocellulose concentration of 1 

wt%) were studied using a Standard 25 ICS optical microscope (Zeiss, Germany). 

For comparison, all images were captured using x10 magnification with a Nikon 

D5000 (Nikon Corp., Japan) and analyzed with the software ImageJ. 

 

Emulsion index (EI). Emulsion stability was studied in two ways, 1) via 

centrifugation and 2) over time via gravitation. The emulsions were centrifuged at 

4688 G for 30 min and digital images were captured before and after the 

centrifugation. Over time stability was studied by capturing digital images of the 

emulsions shortly after produced (day 0) and on days 1, 7, and 27. For both cases, 

the emulsion index (EI) was calculated according to equation (2): 

𝐸𝐸𝐼𝐼 [%] = 𝐻𝐻𝐻𝐻
𝐻𝐻𝐻𝐻

 × 100  (2) 

where Hc is the height of the cream (emulsion) layer and Ht is the total height of 

the emulsion.  

 

Size Exclusion Chromatography (SEC). The molecular weight of the different 

lignin samples was analyzed using SEC, with tetrahydrofuran (THF, HPLC grade) 

as eluent. The separation was carried out on a Waters system (Waters Milford, 

Massachusetts, USA) using Waters Ultrastyragel HR4, HR2, and HR0.5 (4.6 x 300 

mm) solvent-efficient analytical columns coupled in series with a Styragel guard 

column (4.6 x 300 mm). The detectors used were a photodiode array detector 

(PAD, Waters-2998) operating at 254 and 280 nm. For the calibration, polystyrene 

standard solutions with molecular weights between 176 kDa and 266 Da were used 

along with a UV detector at 254 nm. The samples were acetylated101, dissolved in 

THF, and filtered before being injected into the SEC system. 
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Nuclear Magnetic Resonance (NMR) spectroscopy. NMR analyses were 

performed with a Bruker Avance III HD 400 MHz instrument (Bruker Corporation, 

Massachusetts, USA) at 300 K equipped with a 5 mm Z-gradient BBFO broadband 

smart probe. The gradient (e/a TAPPI) was used to improve the sensitivity. 

Heteronuclear single quantum coherence (HSQC) experiments were performed 

using the “hsqcetgpsi” pulse program with a minimum of 80 scans and the solvent 

used was deuterated dimethyl sulfoxide (DMSO). For the semiquantification, the 

aromatic C2 signal in the lignin was selected as the internal standard102. 
31P NMR was carried out using the “zgig30” pulse program with a minimum of 

256 scans. Lignin samples were prepared according to Argyropoulos103 where the 

hydroxyl groups in lignin are phosphorylated with 2-chloro-4,4,5,5-tetramethyl-

1,3,2-dioxaphospholane. The solvent used was deuterated chloroform (CDCl3) and 

the internal standard selected was endo-N-hydroxy-5-norborene-2,3-

dicarboximide. 

All obtained spectra were processed and analyzed with the software 

MestReNova (version 9.0.0, Mestrelab Research, A Coruña, Spain)). All spectra 

were Fourier transformed, baseline corrected, and manually phase corrected.   
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4. Results and Discussion 

4.1. Nanocellulose of cellulose oxalate from spruce bark 
(Paper I) 

The isolation of cellulose from bark was performed via acetone extraction, 

subcritical water extraction, and peracetic acid (PAA) delignification. The 

extractions are important to remove extractives (stilbene glucosides, tannins, etc.) 

and non-cellulosic polysaccharides (pectin and starch) that can be used for other 

applications. The delignification was performed to remove lignin, and by using PAA 

the process is more sustainable as it is chlorine-free and the residue product is non-

toxic64. The delignification may be optimized to control the remaining lignin 

content, but this was not within the scope of this thesis.   

The process of producing nanocellulose is energy-demanding. However, a 

chemical pretreatment, i.e., attaching a charged group on the surface of the 

cellulose fiber, lowers the energy demand. Therefore, cellulose from spruce bark 

was modified with molten oxalic acid where an oxalic acid group is attached to the 

C6 position to produce cellulose oxalate (COX). COX from dissolving pulp was also 

analyzed and used to prepare nanocellulose. The free carboxyl content (FCC), i.e., 

fiber charge, and esterification were determined via conductometric titration 

(Table 1) and FTIR (Figure 8).   

The FCC of COX bark was measured to 1.6 mmol g-1, and of COX dissolving pulp 

to 0.7 mmol g-1. This is a rather large difference between the samples. Moreover, 

the charge for COX dissolving pulp was lower than what has been reported 

previously104. The charge of COX bark was in alignment with what had been 

reported previously53. Two reasons why the charge may differ are the esterification 

process and the washing of the product. According to Benselfelt et al.105, the optimal 

fiber charge is approximately 0.6 mmol g-1 to yield a good nanocellulose dispersion 

that is colloidally stable.  
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Table 1 – Free carboxyl content (FCC) of cellulose oxalate (COX) and viscosity of organic phases (pure 
solutions) and nanocelluloses (1 wt%). The values are an average of two measurements for FCC and ten 
measurements for viscosity, with the corresponding standard deviation. Table reproduced from Paper I106. 

 FCC Viscosity 
 [mmol g-1] [mPa.s] 

COX bark 1.6±0.004 10.2±0.9 
COX dissolving pulp 0.7±0.005 16.1±1.2 
CNF n.a. 54.3±2.4 
Almond oil n.a. 80.1±1.3 
Hexadecane n.a. 10.9±2.3 

n.a. – no analyzed.  

The viscosity of the nanocellulose and oil phase was analyzed and the result is 

shown in Table 1. When comparing the two COX samples, dissolving pulp had a 

slightly higher viscosity, i.e., 16 mPa·s, while bark had a viscosity of 10 mPa·s. A 

contributing factor to this is the hemicellulose content (Table 2). Thus, the higher 

the hemicellulose content, the nanocellulose becomes more aggregated, which 

results in stiffer nanocellulose hydrogels. The aggregation is due to that 

hemicellulose is able to form hydrogen bonds with the cellulose, which will 

facilitate the network-forming of the fibrils.33 Another contributing factor to the 

higher viscosity may be the carboxyl content. With higher fiber charge, stronger 

electrostatic interactions occur, which gives more stable gels. For COX bark, the 

viscosity is lower than for dissolving pulp despite the charge, and this may be due 

to the fiber charge being too high which results in the fibers repulse each other. For 

COX dissolving pulp, the hydrogen bonding between hemicellulose and cellulose 

had an impact on the slightly higher viscosity. For CNF, the gel was very viscous, 

i.e., 54 mPa·s, which was due to the long fibrils forming stable entanglements and 

networks107. 

From the FTIR spectra (Figure 8), the marked band at 1730 cm-1 indicates the 

stretching vibration of the carbonyl (C=O) group in esters (–COO) and of carboxyl 

groups (–COOH). The small peak is visible for both COX samples which indicates 

that the reaction was successful. The peak shown in raw bark at the marked 

wavelength is due to non-separated compounds such as extractives, pectins, and 

lignin. 
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Figure 8 – FTIR spectra of unmodified dissolving pulp (green), non-extracted raw bark (black), and COX 
from dissolving pulp (DP, blue) and bark (B, red). The indicated peak at 1730 cm-1 corresponds to the 
stretching vibration of a carbonyl (C=O) group. Figure obtained from Paper I106. 

The COX’s chemical composition was analyzed via carbohydrate analysis. 

Table 2 shows the chemical composition of the two COX samples where it is 

assumed that the glucose content equals the cellulose content, xylose and mannose 

equals the hemicellulose content, and the Klason lignin together with the acid-

soluble lignin (ASL) represents the lignin content. COX dissolving pulp is 

composed of 82% cellulose, 8% hemicellulose, and 5% lignin. In comparison, COX 

bark is composed of 68% cellulose, 5% hemicellulose, and 7% lignin. The total 

amount analyzed for both samples was not 100% and this is because not all 

components were analyzed with this analysis method. Additional analyses such as 

ash content and methanolysis would increase the total percentage of sample 

analyzed.   
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Table 2 – Chemical composition of cellulose oxalate samples analyzed via carbohydrate analysis. The 
shown values are averages of 3 measurements with the corresponding standard deviation. Table obtained 
from Paper I106. 

 COX dissolving pulp COX bark 
 [% w/w] [% w/w] 

Arabinose 0.0±0 0.08±0.05 
Rhamnose 0.0±0 0.0±0 
Galactose 0.0±0 0.08±0.1 
Glucose 81.5±1.5 68.1±0.07 
Xylose 4.9±0.3 4.1±0.3 
Mannose 3.6±0.3 1.0±0.05 
Klason lignin 4.2±1.2 5.0±1.5 
ASL 1.3±0.06 1.6±0.2 

Total 95.5±1.2 80.0±1.4 

 

The morphology of the nanocelluloses was analyzed by capturing height images 

with AFM (Figure 9) and studying the size distribution of the fibrils (Table 3). 

For COX dissolving pulp (Figure 9a), the fibrils were thin and long with kinks and 

splits which indicates CNF. However, fibrils that were rod-shaped and shorter were 

also present which indicates CNC. This yielded a large size distribution with an 

aspect ratio of 68. In comparison, in COX bark (Figure 9b), the fibrils were rod-

shaped and short but also thin and long fibrils were visible, and the aspect ratio was 

66. The aspect ratio of CNF is between 50-100 or above and for CNC it is between 

6-7019, 108. In conclusion, the COX samples contain a mixture of both CNF and CNC. 

The carboxymethylated CNF (Figure 9c) had an aspect ratio of 230 which is 

within the range of what is reported in the literature. It should be noted that the 

length of the fibrils may be underestimated due to fiber entanglements and the 

limiting scan size of the AFM images.  
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Figure 9 – AFM images of a) COX dissolving pulp, b) COX bark, and c) CNF. The nanocellulose 
concentration was 0.01 g L-1 and the scan size was 2 x 2 µm. Figure obtained from Paper I106. 

Table 3 – Average length and width distribution (in nm) and the according standard deviation of the 
nanocellulose particles. Over 100 particles were measured for each nanocellulose. Table obtained from 
Paper I106. 

 Length Width 
Aspect ratio  [nm] [nm] 

COX bark 257±212 4±2 66 
COX dissolving pulp 372±277 6±2 68 
CNF 564±287 3±1 226 
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4.2. Pickering emulsion with nanocellulose from spruce 
bark (Paper I) 

Pickering emulsions were produced with three nanocellulose concentrations, 

0.1, 0.5, and 1 wt%, and two oil phases, almond oil and hexadecane. The chosen 

concentrations were chosen because according to the literature, the higher the 

particle concentration the more stable emulsion93. Almond oil was used as the oil 

phase as it is a more sustainable choice while hexadecane is one of the most used 

in the literature to produce emulsions due to its purity. After producing the 

emulsions, droplet size was studied and emulsion stability was analyzed by 

calculating the emulsion index (EI).  

The droplet size for the different emulsions varied significantly for the two oil 

phases (Figure 10). The droplets formed with almond oil were larger than those 

formed with hexadecane and this may be due to the purity and polarity of the oil 

phases. Almond oil consists of a mixture of fatty acids while hexadecane is a 

homogeneous carbon chain. The purer the oil used, the more stable are the 

emulsions which slows down the susceptibility of Ostwald ripening70, 74, 109-111.  
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 Almond oil Hexadecane 

   

COX bark 

  
 Droplet size: 0.3-10 µm Droplet size: 0.3-2 µm 
   

COX dissolving 
pulp 

  
 Droplet size: 0.3-7 µm Droplet size: 0.3-2 µm 
   

CNF 

  
 Droplet size: 0.4-7 µm Droplet size: 0.2-6 µm 

Figure 10 – Microscopy images of emulsions with a nanocellulose concentration of 1 wt%. The images 
are captured with x10 magnification and the scale bar is 5 µm. Figure reproduced from Paper I106. 
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The emulsion stability was analyzed with gravitational testing over time 

(Figure 11) and via centrifugation (Figure 12). The emulsion index (EI) is a ratio 

that indicates the emulsion’s ability to resist structural changes over time. Thus, 

the higher the EI value, the more resistant to changes is the emulsion. The EI was 

affected by the concentration and aspect ratio of nanocellulose, but also the oil 

phase used. The concentration of nanoparticles indicated that a higher 

concentration, i.e., 1 wt%, produced more stable emulsions regardless of oil phase, 

which is consistent with what has been reported in the literature. The low 

concentration of nanocellulose did not yield stable emulsions due to insufficient 

surface coverage of the droplets112. Nanocellulose with a high aspect ratio will be 

able to entangle with neighboring droplets via electrostatic interactions92 which 

creates more stable emulsions, i.e., high EI value, that hinders the droplets from 

coalescence/Ostwald ripening. The long fibrils are also beneficial as they are able 

to bend and surround the droplet surface yielding efficient interfacial coverage95. 

When particles with a high aspect ratio, e.g. CNF, are used to produce emulsions, 

so-called emulsion gels are easily formed93. Once emulsion gels are formed, they 

are very stable which is beneficial for products that require a long shelf life. The 

emulsions produced with CNF (Figure 11c, blue symbols) at high particle 

concentration, irrespective of the oil phase used were very stable which indicates 

that emulsion gels were formed. The COX produced from bark and dissolving pulp 

had characteristics of both CNF and CNC which created sufficient interfacial 

coverage to yield moderately stable emulsions (Figures 11a-b), especially for 1 

wt% nanocellulose. However, as no emulsion gel was formed for the COX 

emulsions, these were not stable against centrifugal forces (Figure 12, black – bark 

and red – dissolving pulp). It should be noted that other factors also affect emulsion 

stability such as water/oil phase ratio and salt concentration, but these were not 

within the scope of the study. 
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Figure 11 – Emulsion index (EI) over time for a) COX bark, b) COX dissolving pulp, and c) CNF. The result 
is an average value of two duplicates. Almond oil (AO), hexadecane (Hex), D# represent the day after the 
emulsion was produced. The displayed results are the average values of two duplicates of each sample. 
Figure obtained from Paper I106. 
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Figure 12 – Emulsion index (EI) after centrifugation where the result is an average of two duplicates. Black 
– COX bark, red – COX dissolving pulp, blue – CNF, almond oil (AO), hexadecane (Hex). Figure obtained 
from Paper I106. 

In summary, using cellulose extracted from spruce bark, an industry side-

stream product to produce Pickering emulsions, is a promising substitute for fossil-

based surfactants and emulsifiers. Moreover, utilizing the bark to produce value-

added materials and products will be economically beneficial for industries that 

strive to lower their carbon footprint and produce climate-neutral products.  
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4.3. Physical and chemical properties of Norway spruce 
bark lignin (Paper II) 

Extracting lignin from wood biomass by using a mild, cyclic extraction method 

has been developed by Karlsson et al.97. However, investigations on lignin from 

spruce bark are limited, especially using mild methods that preserve the lignin 

structure.  

A mild extraction sequence was carried out to extract high-quality lignin from 

spruce bark which can be used in value-added products (Figure 13). The whole 

bark was separated into outer and inner bark in order to reduce the complexity of 

the investigation which focuses on the inner bark. The inner bark was milled before 

the first extraction step, Soxhlet extraction, which was used to remove hydro- and 

lipophilic extractives (e.g., fatty acids, stilbene glucosides, tannins, etc.). Acetone is 

a good choice of solvent as it is not only eco-friendly but also removes both types of 

extractives at the same time. The benefits of using a Soxhlet apparatus are the low 

amount of solvent used due to the cyclic extraction process and low temperature 

which yields a mild extraction. The second extraction step was subcritical water 

extraction at three temperatures (100, 140, and 160 °C) with constant pressure to 

recover different polysaccharides such as oligosaccharides, pectic polysaccharides, 

and hemicellulose with low degradation and good yield. 
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Figure 13 – Schematic illustration of the extraction sequence of Norway spruce bark. The percentage 
displayed represents the yield of each fraction in wt% (based on the initial mass of raw bark). Acetone 
extracted bark (AEB), subcritical-water extracted bark (SWB), subcritical-water extracts (SWE), milled bark 
lignin (MBL), organosolv extract (OSE), organosolv residue (OSR), milled residue lignin (MRL), organosolv 
lignin (OSL), polysaccharide-rich fraction (PRF). Figure reproduced from Paper II113. 
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The third extraction step was organosolv extraction to recover the lignin in the 

bark via precipitation. Performing the extraction in an additive-free, dynamic cyclic 

extraction process with ASE made it possible to keep the extraction mild and 

preserve the sensitive lignin bonds. From the organosolv extraction, 3.4% lignin 

(OSL) was recovered based on the initial mass of the raw bark. 

In order to investigate the lignin in the acetone extracted bark (AEB) and 

organosolv extracted fiber residue, ball milling was performed followed by dioxane 

extraction without further treatment. The ball milling is performed with the 

assumption of increasing the yield of lignin; however, the yield is also dependent 

on the milling time and conditions98.  

The efficiency of the extraction sequence performed was investigated with 

carbohydrate analysis on the raw bark and organosolv residue (Figure 14a, more 

information is found in the supporting information of the appended paper). After 

the extractions, 70.8% of the bark is extracted based on the initial mass of the raw 

bark, and the residue contained cellulose (18.7%), lignin (7.9%), non-cellulosic 

polysaccharides (0.6%), and other minor components (2.0%). While the cellulose 

content is preserved, approximately 63% of the lignin was removed from the raw 

bark which corresponds to 16.1% of the total lignin that was possible to be recovered 

from the organosolv extraction. 

The lignin yield of each extraction step is shown in Figure 14b which also 

includes the fraction of Klason lignin (KL) and acid-soluble lignin (ASL). The lignin 

content of the extracts after the subcritical water extraction was determined to be 

17.2%. The total lignin recovered after the subcritical water and organosolv 

extractions was 33.3%. The remaining lignin in the organosolv residue (OSR) was 

found to be 37.4% which leaves 29.3% that was not possible to separate. One 

explanation is that the lignin still remains in the polysaccharide-rich fraction (PRF) 

which is confirmed by further analysis of the PRF via 2D HSQC NMR (Figure S3 in 

the appended paper) and UV/Vis (Figure S4 in the appended paper). Another 

explanation could be that the total lignin content was overestimated in the bark due 

to that other extractives such as stilbene glucoside and tannins were condensed 

during the acid pretreatment and ended up in the Klason lignin, influencing the 

mass balance. 
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Figure 14 – a) Chemical composition of Norway spruce bark before (raw bark) and after (organosolv 
residue) organosolv extraction. b) Illustration of the amount of lignin extracted in each extraction step. 
Subcritical-water extracted bark (SWB), subcritical-water extract (SWE), organosolv extract (OSE), 
organosolv lignin (OSL), organosolv residue (OSR), polysaccharide-rich fraction (PRF). The percentage 
represents the total amount of lignin recovered in each fraction, with the representative amount of Klason 
lignin (KL) and acid-soluble lignin (ASL). Figure reproduced from Paper II113. 
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The mildness of the extraction sequence and lignin degradation was determined 

by analyzing the content of native linkages, especially the β-aryl ether (β-O-4’) 

linkage, contents in all three types of lignin (organosolv, milled bark, and milled 

residue). 

The interunit linkages content of the three lignin types is shown in Table 4 

where the values were obtained via 2D HSQC NMR (Figure 15 for OSL. MRL and 

MBL are found in the appended paper (Figure 7) and supporting information 

(Figure S1)), i.e., semiquantifying the interunit linkage per 100 aromatic units with 

the C2 lignin signal as internal standard. The β-O-4’ content is an indication of mild 

extraction and an amount of 30% of β-O-4’ aryl ethers were determined for the 

OSL. This is consistent with what has been reported for wood lignin extracted via 

the cyclic organosolv process97. It is commonly known that the β-ether linkage is 

easily cleaved during mild acidic extraction processes (e.g., the organosolv process 

with an acidic catalyst)27, 114, 115. The organosolv extraction process degrades the 

lignin which gives a lower β-O-4’ content and simultaneously, new phenolic -OH 

groups are formed. However, the β-O-4’ interunit linkage content is affected by the 

acid catalyst used and the extraction conditions. By using a cyclic organosolv 

extraction process, with the removal of hemicelluloses and extractives beforehand, 

it is assumed that a milder route is obtained where the β-O-4’ bonds are more 

protected and therefore not cleaved to as high extent as in a one-batch process.  

The amount of β-O-4’ aryl ethers for MBL was estimated to 31%. This is in 

correlation to what was determined for the OSL, which also proves the mildness of 

the organosolv process and low lignin degradation. For MRL, the β-O-4’ aryl ether 

linkage content was significantly lower, i.e., 17%, than what was found for MBL and 

OSL. This suggests that the lignin remaining in the residue was more degraded, and 

hence contained fewer β-O-4’ bonds. 
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Table 4 – Content of lignin interunit linkages from the integration of 2D HSQC NMR spectra of lignin 
extracted from the spruce inner bark. The result values of the organosolv lignin (OSL) linkages are the 
mean value of 4 measurements along with the corresponding standard deviation. The standard deviation 
also applies to the measurement of milled bark lignin (MBL) and milled residue lignin (MRL). The interunit 
linkages were semi-quantified per 100 Ar units, using the C2 region in the aromatic region on lignin as 
internal standard. Table obtained from Paper II113. 

 OSL MBL MRL 

β-O-4’ aryl ethers  30±2 31 17 
β-5’ phenylcoumarans  12±1 12 6.2 
β-β’ resinols 1.9±0.2 2.2 1.9 
5-5’ dibenzodioxocins (DBDO) 0.5±0.2 3.8 0.1 
Enolether 1.3±0.1 1.0 n.d. 
Coumaraldehyde 2.3±0.2 0.8 n.d. 
Hibbert’s ketone 2.0±0.1 1.2 2.1 
Stilbene-β1’ 3.5±0.5 1.4 1.1 
Stilbene-β5’ 3.0±0.3 0.4 1.5 

n.d. – no data  

From the HSQC NMR of organosolv lignin (Figure 15), the β-O-4’ Cα position 

of the extracted lignin (δC/δH 79.7/4.5 ppm) is both hydroxylated and etherified. 

When integrating the signal, it is estimated that 57% of the β-O-4’ linkages were 

etherified. This agrees with previously reported results97. During acidic conditions, 

the β-O-4’ bond is cleaved and forms a benzylic carbocation that further hydrolyzes 

into a Hibbert’s ketone substructure115, 116. Another cleavage route, especially in the 

presence of ethanol, is a nucleophilic attack at the benzylic Cα position116, 117. The 

etherification increases the lignin solubility in ethanol, but it does not prevent the 

cleavage of the β-O-4’ bond. The cleavage is mainly avoided via cyclic extraction, 

hence the lignin extracted is more preserved and less degraded.  

The lignin extracted via organosolv had a high purity because the 

polysaccharide signals were low. However, stilbene glucoside signals were observed 

(stilbene-β1’: δC/δH 127/7, stilbene-β5’ δC/δH 120-130/7.2-7.5) suggesting there 

were traces of hydroxy stilbene glucosides incorporated in the lignin structure57. 

The stilbene glucoside has properties such as antioxidative and antibacterial which 

will elevate the lignin’s properties and make it suitable for more potential 

applications.  
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Figure 15 – HSQC NMR of lignin extracted by cyclic organosolv process. The main lignin inter unit linkages 
are depicted to the right of the spectrum: β-O-4’ aryl ethers; β-5’ phenylcoumarans; β-β’ resinols, 5-5’ 
dibenzodioxocins (DBDO); Hibbert’s ketone (HK); β-O-4’/3-O-α benzodioxane structure formed through 
coupling of coniferyl alcohol and astringin; 8-O-4’/3’-O-7 benzodioxane structure formed by stilbene 
glucoside units; Stilbene-β1’; Stilbene-β5’. The glucoside units of the hydroxystilbene glucosides were 
cleaved under the organosolv extraction. Figure obtained from Paper II113. 

 31P NMR is a quantitative analysis that was performed to investigate the 

hydroxy functionalities of the three lignin samples (Figure 16a). Generally, after 

the ethanol organosolv extraction, the total lignin content decreases along with the 

aliphatic OH content (due to cleavage of β-O-4’) while phenolic OH (in Figure 16a: 

guiacyl OH and p-hydroxy phenyl OH), phenolic condensed linkages (in Figure 

16a: C5 substituted OH), and carboxyl functionalities (in Figure 16a: carboxylic 

acid) increases116. The results show that the organosolv extracted lignin (OSL) 

followed this trend.  An interesting note is that the C5 substituted OH content of 

OSL was significantly higher than the milled bark lignin (MBL). This can be 

explained with the assumption that when the β-O-4’ bond is cleaved, β− and 

phenoxy radicals are formed, and from the phenoxy radicals, 5-5’ interunit linkages 

are formed leading to a higher amount of C5 substituted OH.  
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The molecular weight and polydispersity (PD) were analyzed with SEC using 

THF as the solvent and the result is shown in Figure 16b. The weight-average 

molecular weight (Mw) showed a significant difference between the lignins while 

the number-average molecular weight (Mn) was approximately the same. It was 

expected to find more low-molecular-weight lignin in MBL and MRL since the ball 

milling not only increases the lignin yield but also cleaves interunit bonds and 

degrades the lignin. This will also affect the polydispersity results. In conclusion, 

the obtained SEC result is therefore inconclusive. Solely SEC analysis, together with 

2D HSQC NMR, on lignin is commonly not enough as characterization methods. 

Karlsson et al.118 successfully used matrix-assisted laser desorption/ionization with 

time-of-flight mass spectroscopy (MALDI-TOF MS) to study the lignin structure, 

proving that the selected analytical method (along with HSQC NMR and density 

functional theory (DFT)) is suitable for characterizing lignin. 

In summary, by applying the bark biorefinery concept, lignin from spruce bark 

was successfully recovered using the cyclic ethanol organosolv process. The 

obtained lignin was of high purity, comparable to lignin extracted from spruce 

wood using the same method, and with additional antioxidative and antibacterial 

properties due to the incorporation of stilbene glucosides. This opens up a large 

variety of applications where the lignin can decrease the use of fossil-based 

resources and make the production of more eco-friendly materials possible.  
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Figure 16 – a) Comparison of hydroxy functionalities determined by 31P NMR between organosolv lignin 
(OSL), milled bark lignin (MBL), and milled residue lignin (MRL). The values are the mean of at least 2 
measurements. b) The weight-average (Mw) and number-average (Mn) molecular weight and 
corresponding polydispersity of the OSL, MBL, and MRL. The values are the mean of at least 2 
measurements. The standard deviation was only determined for OSL. Figure reproduced from Paper II113. 
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5. Conclusion 

Tree bark is generated in large quantities and is a great source for producing 

energy. However, unique compounds are found in the bark that can be used to 

produce value-added materials and chemicals. In this thesis, bark biorefinery was 

applied to separate cellulose and lignin from the inner bark of Norway spruce.  

The cellulose fibers from the bark were liberated via acetone and subcritical 

water extractions and delignification with peracetic acid. The cellulose was 

modified with oxalic acid dihydrate prior to the production of nanocellulose. 

Pickering emulsions were produced with two different oil phases with varying 

purity. The large size distribution of the nanocellulose along with the oil purity and 

nanoparticle concentration affected the emulsion stability. In general, a high aspect 

ratio, homogeneous oil, and high particle concentration are to strive for when 

producing stable Pickering emulsions. With this study, it has been proven that it is 

possible to use a side-stream product such as bark to produce an eco-friendly 

emulsifying agent that may replace petroleum-based surfactants and emulsifying 

agents via environmentally friendly routes and chemicals. 

Lignin was recovered from the spruce inner bark via sequential extraction steps. 

Acetone and subcritical water extractions were applied to remove extractives and 

non-cellulosic polysaccharides before exposing the bark fibers to cyclic organosolv 

extractions with an acid catalyst. This process route to recover lignin differs from 

the more conventional processes to produce technical lignins. From the study, 

high-purity lignin was able to be recovered. Additional properties (e.g., 

antibacterial and antioxidative) were also detected because of the incorporation of 

traces of stilbene glucosides in the lignin. This makes spruce bark lignin extracted 

via organosolv more interesting and may be more attractive on the market as it 

makes it possible to be applied in more materials and products. 

By using a side-stream product as a raw material, the environmental impact is 

decreased in comparison to if fossil-based resources were used. Moreover, by 

focusing on using more sustainable chemicals throughout the processes, the 

environmental impact is decreased further since fewer hazardous residues are 

generated. This may be beneficial for industries to reach carbon neutrality.   
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6. Outlook and future work 

This thesis has demonstrated that the bark biorefinery concept is indeed 

feasible but there is yet much to explore and many challenges to meet.  

Other components that are extracted during the sequential extractions such as 

extractives and pectic polysaccharides are interesting and may be studied further 

and used to produce various products or be used as valuable chemicals. The 

extractives from spruce bark contain a mixture of different compounds. Two of 

them are stilbene glucosides and tannins. These can for example be incorporated 

into the production of emulsions and serve as co-surfactants to aid emulsion 

stability. Pectin polysaccharides are naturally occurring surface-active agents that 

are suitable to produce Pickering emulsions. Another interesting continuation 

would be to use the recovered organosolv lignin to produce lignin nanoparticles 

which can be used to produce for example Pickering emulsions, coatings, and bio-

composites.  

Bark from Norway spruce was in focus of this thesis, but other tree species also 

contain unique compounds. One such species is birch. Birch bark contains 

interesting compounds such as tannins, suberin, and betulin. However, the 

research on birch bark is limited and the extraction processes to isolate these 

compounds are not particularly sustainable, especially during the purification step. 

It would therefore be of great interest to investigate greener production routes to 

obtain these highly interesting compounds. Moreover, combining the compounds 

from spruce and birch bark to produce all-bark composites is intriguing as great 

properties from both barks would elevate the properties of the end products.  

There are still challenges remaining with using bark as a resource industrially 

for the production of materials. The scale-up of a bark biorefinery is energy 

demanding and the runnability is questionable. Therefore, it is necessary to further 

investigate the feasibility of a bark biorefinery pilot plant. Another challenge is the 

competition with energy production of incinerating the bark. Currently, mills and 

factories use the bark to produce energy for themselves and a shift to start using 

tree bark to produce new products requires an alternative source for energy 

production. This may not be economically beneficial, and it is therefore necessary 

to perform techno-economically and environmental assessments.  
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