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In this thesis we explore several strategies for the valorization of forestry residues, which account for 30% of lignocellulosic
biomass from forestry operations and are currently incinerated, due to the lack of feasible methods of fractionation of the
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In the first chapter, valorization of spruce wood from tops and branches (T&B) was investigated. A fast fractionation
method was applied to obtain three main fractions from spruce T&B: solid residue, organic, and aqueous fractions. The
solid residue, comprised mainly cellulose, lignin, and small amounts of hemicellulose was converted to textile fibers. The
organic fraction, rich in lignin, was converted into hydrocarbons. The environmental sustainability of the process was
studied by life-cycle assessment (LCA) and demonstrated better scores in four out of five footprint categories benchmarked
to cotton production.

In the second chapter, conversion of spruce bark into different high-value compounds, such as starch, lipophilic
extractives, lignin, tannins, and cellulosic pulp is presented. Pulping under alkaline conditions was chosen as a methodology
to delignify bark and obtain cellulosic pulp. To enhance the efficiency of extractions and soda pulping process, a flow-
through system was used. The flow-through system demonstrated tunability in the pulping step to achieve either high
yields of lignin or pulp depending on the applied temperature. The process also allowed for the mechanical separation of
condensed tannins from the cellulosic pulp. LCA showed that conversion of bark into valuable products is more climate-
beneficial than combustion.

In the third chapter, the possibility of fractionating a mixture consisting of birch bark and wood, that represents T&B
was demonstrated. Two different catalytic approaches allowed us to sequentially isolate monophenols, suberin and yield
a cellulose-rich pulp, showing that valorization of complex mixtures could offer a more resource-efficient alternative to
incineration.

Overall, chemical conversion approaches for efficient fractionation of barks and T&B to a variety of compounds that
can substitute fossil-based products on the market, was investigated in this thesis.
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Abstract 

In this thesis, we explore several strategies for the valorization of forestry res-

idues, which account for 30% of lignocellulosic biomass from forestry opera-

tions and are currently incinerated due to the lack of feasible methods for the 

fractionation of the complex feedstock. To address this challenge, chemical 

conversion methods capable of processing different components have been 

developed. 

In the first chapter, valorization of spruce wood from tops and branches 

(T&B) was investigated. A fast fractionation method was applied to obtain 

three main fractions from spruce T&B: solid residue, organic, and aqueous 

fractions. The solid residue, comprising mainly cellulose, lignin, and small 

amounts of hemicellulose, was converted to textile fibers. The organic frac-

tion, rich in lignin, was converted into hydrocarbons. The environmental sus-

tainability of the process was studied by life-cycle assessment (LCA) and 

demonstrated better scores in four out of five footprint categories bench-

marked to cotton production.  

In the second chapter, conversion of spruce bark into different high-value 

compounds, such as starch, lipophilic extractives, lignin, tannins, and cellulo-

sic pulp is presented. Pulping under alkaline conditions was chosen as a meth-

odology to delignify bark and obtain cellulosic pulp. To enhance the efficiency 

of extractions and soda pulping process, a flow-through system was used. The 

flow-through system demonstrated tunability in the pulping step to achieve 

either high yields of lignin or pulp depending on the applied temperature. The 

process also allowed for the mechanical separation of condensed tannins from 

the cellulosic pulp. LCA showed that conversion of bark into valuable prod-

ucts is more climate-beneficial than combustion. 

In the third chapter, the possibility of fractionating a mixture consisting of 

birch bark and wood, that represents T&B was demonstrated. Two different 

catalytic approaches allowed us to sequentially isolate monophenols, suberin 

and yield a cellulose-rich pulp, showing that valorization of complex mixtures 

could offer a more resource-efficient alternative to incineration.  

Overall, chemical conversion approaches for efficient fractionation of 

barks and T&B to a variety of compounds that can substitute fossil-based 

products on the market, was investigated in this thesis. 
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Populärvetenskaplig sammanfattning 

Skogsbruk genererar stora mängder restbiomassa, såsom bark, grenar 

och trädtoppar. Idag förbränns en stor del av detta material för energi-

utvinning, trots att det innehåller värdefulla komponenter som kan an-

vändas för att framställa hållbara material och kemikalier. Denna av-

handling undersöker kemiska metoder för att omvandla skogsrester till 

högvärdiga produkter som kan ersätta fossilbaserade alternativ. 

Arbetet visar hur restmaterial från gran och björk kan separeras och om-

vandlas till produkter såsom textilfibrer, kolväten, lignin, tanniner och 

cellulosamassa. Olika katalytiska metoder och kokprocesser utveckla-

des för att effektivt behandla dessa komplexa biomassablandningar för 

att utvinna värdefulla produkter. 

Resultaten visar att skogsrester kan utgöra en viktig förnybar resurs i en 

framtida biobaserad ekonomi. Livscykelanalyser visade dessutom att 

omvandling av dessa material till värdefulla produkter kan ge större 

miljö- och klimatnytta gentemot deras förbränning. 
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1. Introduction 

As we address the challenges of rapid population growth1,2 and the depletion 

of natural resources3,4 it has become increasingly clear that our current ap-

proach towards resource use is unsustainable. To meet the increase in demand 

without worsening environmental impacts is a major challenge for humanity. 

One solution to overcome this is to use current resources more effectively. A 

viable feedstock to consider are biomass residues, by-products that are cur-

rently incinerated or left to decay. While incineration is often considered as 

carbon-neutral, it still releases significant amounts of carbon dioxide and af-

fects climate change.5 By utilizing the biomass side streams we can substitute 

problematic, fossil based materials on the market on the one hand, and make 

more efficient use of available bioresources on the other hand.  

Pulp wood and timber typically contain about 10 wt% bark, which is cur-

rently burned for low-value heat and power generation in pulp and sawmills. 

Barks are non-woody external tissues, that cover tree stems and branches.6 

These widely available and low-cost solid residues are rich in various compo-

nents, making them promising feedstocks for valorization with possible eco-

nomic and environmental benefits.7  Given the potential value of this forestry 

by-product it would be advantageous to find better ways to utilize it. The chal-

lenge in utilizing this biomass results from its chemical composition, which 

varies considerably from that of wood. While wood mainly consists of cellu-

lose, hemicelluloses, lignins, and small amounts of lipophilic extractives, bark 

includes additional components beyond those found in wood.7,8 Spruce bark 

has higher lignin and lipophilic extractives content compared to that of spruce 

wood. Additionally, spruce bark contains hydrophilic extractives such as pec-

tin and condensed tannins, a polymer characterized by strong carbon–carbon 

bonds.9–12 Birch bark is another feedstock rich in lipophilic extractives, such 

as triterpenes, including betulin and its derivatives, and suberin, a complex 

two-domain biopolymer that acts as a protective barrier for plants.13,14 There-

fore, developing efficient methods for bark valorization could greatly improve 

the overall efficiency of forest biomass processing and utilization. Finding ef-

ficient methods for bark valorization would also open up the potential to val-

orize T&B, which constitute a significant proportion of forest residues.  

Utilization of forest residues has the potential to increase yields from exist-

ing forestry by 50% without land use change and thus aid in addressing the 

challenges described above. Forest residues (excluding roots) account for 
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about 1/3 of total harvested biomass including T&B, left after both thinning 

and final harvesting.15–18 T&B are currently  incinerated due to  difficulties 

associated with mechanical debarking of thin branches.19,20 While a portion of 

the T&B should remain in forests to support recarbonization and biodiversity, 

leaving excessive amounts in forests to decay, results in greenhouse gas 

(GHG) emissions and can hinder regrowth.21–24 Due to the low economic re-

turn of incineration and the high costs of collecting and transportation of T&B, 

a large amount of it is left to decompose in forests. Therefore, finding higher-

value uses for this underutilized residues would offer both economic benefits 

and help reduce CO2 emissions, especially if fossil-based products on the mar-

ket can be substituted (Fig. 1).25 

 

Figure 1. Current route for biomass utilization and suggested alternative. 

 

Lignocellulosic biomass (LCB) refers to the non-edible part of biomass. The 

main components of LCB are cellulose, hemicelluloses, and lignins. Other mi-

nor components include extractives and ash.26 The relative abundance of these 

components varies depending on the biomass source, influencing its physical 

and chemical properties.27 Chemical composition of wood and bark corre-

sponding to the same tree species are significantly different from each other. 

The main differences are described in the following chapters.  

 

Woody biomass mainly consists of carbohydrates and lignins, while extrac-

tives and ash are present in relatively small amounts, usually, not exceeding a 

total of 10 wt% (Fig. 2).28,29 The composition and quantities of minor compo-

nents usually varies depending upon the tree species.30  
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Figure 2. Distribution of main components in wood. 

1.1.1.1. Cellulose 

Cellulose is a linear polysaccharide composed of ᴅ-glucose molecules linked 

by β-1,4-glycosidic bonds (Fig. 3), with the chemical formula (C6H12O5)n. Cel-

lulose typically constitutes about 35–50% of lignocellulosic biomass.31–33 

Chains of cellulose can have a degree of polymerization of up to 15,000 units 

and are found in higher plant cell walls as a structural material.33 These glu-

cose units are tightly held together by extensive networks of intra- and inter-

molecular hydrogen bonds. β-Glycosidic covalent linkages and intramolecular 

hydrogen bonds are responsible for the rigidity of the cellulose polymer. This 

structural stiffness also adds to cellulose's strong tendency to crystallize or 

form fibrillar structures.34 Intermolecular hydrogen bonds, in turn, create 

strong interactions between cellulose chains, facilitating the formation of lay-

ered structure of cellulose.35  

 

Figure 3. Schematic representation of cellulose molecule. 

1.1.1.2. Hemicelluloses 

A group of polysaccharides, known as hemicelluloses, differ from cellulose 

by their composition and structure. Hemicelluloses have shorter (500–3,000 

sugar units), branched molecular chains composed of various sugar units, in-

cluding pentoses (like xylose or arabinose), hexoses (including mannose, glu-

cose, galactose, or rhamnose), hexuronic acids, and deoxy-hexoses (Fig. 4) 

and typically comprise about 15–25% of lignocellulosic biomass by 

weight.36,37 Hemicelluloses are classified as homopolymers or heteropolymers 

based on the composition of the main chain. Homopolymers, such as xylans, 

consist of a single type of sugar unit, while heteropolymers, like glucoman-

nans, are composed of two or more types of sugar units.31 

Softwoods and hardwoods differ not only in the total percentage of poly-

oses but also in the proportions and composition of individual polyoses. In 
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terms of non-glucosic sugar units found in wood, softwoods are characterized 

by a higher content of mannose and galactose units compared to hardwoods. 

Hardwoods, on the other hand, contain a higher proportion of xylose units and 

more acetyl groups than softwoods.31  

 

Figure 4. Potential structure of the xylan-type hemicelluloses.40 

1.1.1.3. Lignins  

Lignins are one of the major constituents of lignocellulosic biomass, making 

up 15–30% by weight.38 Lignins are a three-dimensional amorphous polymers 

primarily biosynthesized from three main 4-hydroxyphenylpropane monolig-

nols: p-coumaryl, coniferyl and sinapyl alcohols (Fig. 5). These monolignols 

vary in the degree of methoxylation on their aromatic rings, leading to the 

formation of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) phenylpro-

pane units within the lignin polymer.31 

 

Figure 5. Monolignols, building blocks of lignin. 

Hardwood lignins are mainly composed of G and S-units, with only trace 

amounts of H-units. Softwood lignins consist primarily of G-units, along with 

small quantities of H-units. The main components of grass lignins are G and 

S-units, with the minor quantities of H-units.39 The H, G and S units in lignin 

are interconnected by various linkages, including β–O–4, 5–5, β–5, 4–O–5, 

β–1, dibenzodioxocin and β–β linkages (Fig. 6).40 Among these, the β–O–4 

linkage is the most prevalent, accounting for more than half of lignin's struc-

tural connections.31 In both softwoods and hardwoods, the β–O–4 linkage is 

dominant, comprising approximately 50% of the linkages in spruce and up to 

70% in birch and eucalyptus.41–43  
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Figure 6. Schematic representation of lignin structure. 

Together with hemicelluloses, lignin is chemically combined with hemicellu-

loses through covalent bonds, such as phenyl glycosides, γ-esters and benzyl 

ethers bonds, to form lignin-carbohydrate complexes that embed cellulose fi-

brils, protecting them from biodegradation (Fig. 7).44  

 

Figure 7. Bonds in lignin-carbohydrate complex. 

 

Barks of different tree species contain significant amounts of extractives, su-

berin, and ash, which makes characterization of barks more complicated.29 

According to the Neiva et al., bark species can be classified into two groups, 

based on their suberin content (Fig. 8): high-suberin (such as Betula pendula) 

and low-suberin barks (such as Picea abies), both of which were studied in 

this thesis.7,45,46 In the low-suberin group, some species exhibit relatively low 

extractives but high lignin and polysaccharide contents, like in spruce bark 

(Picea abies), while others are characterized by a high extractives content and 

comparatively low tannin and carbohydrate content.46,47  
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Figure 8. Possible classification of barks (adapted from Neiva et al.).46 

1.1.2.1. Extractives 

Extractives are classified into two groups: lipophilic and hydrophilic extrac-

tives. The lipophilic group includes resin acids, free fatty acids, acylglycerols, 

sterol esters, free sterols, as well asmono-, di- and triterpenoids. Meanwhile, 

the hydrophilic category includes sugars, simple phenols, polyphenols, flavo-

noids and tannins (Fig. 9).48  

 

 

Figure 9. Examples of extractives found in barks. 
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1.1.2.2. Suberin 

Suberin is a complex lipophilic biopolymer found in suberized cells, that acts 

as a protection barrier between the plant and its environmental surrounding.49–

51 It consists of two domains, interconnected via esterified glycerol: polyphe-

nolic, comprising lignin monophenols, and polyaliphatic, comprising the va-

riety of poly-functional long-chain fatty acids (mainly α,ω-diacids and ω-hy-

droxyacids) responsible for the hydrophobicity of the polymer, which are co-

valently connected to the adjacent carbohydrates, while the highly cross-

linked structure provides suberin with resistance to biodegradation (Fig. 

10).50,52–54 Suberin is known for its low oxygen content, which makes it a po-

tential feedstock for biofuels14 and a precursor for the preparation of aliphatic 

biopolyesters.55 

 

Figure 10. Respresentative structure of suberin where both domains are pre-

sent. 

 

Industrial pulping involves processes that transform wood or other lignocel-

lulosic materials into pulp, using chemical, mechanical, or a combination of 

these methods. Among these, chemical pulping represents 70% of total pulp 

production. The soda pulping process introduced in 1851 was the first chemi-

cal pulping method, that employs a highly concentrated aqueous sodium hy-

droxide solution as the cooking liquor.56 The sulphite pulping process, which 

was developed in 1857, used to be main pulping technology.57,58 The process 

utilizes sulphurous acids and its salts for the efficient cleavage of lignin-car-

bohydrate bonds, resulting  in lignin sulfonation and cellulosic pulp.58,59 Both 

processes were replaced by Kraft pulping, that prevents hemicelluloses deg-

radation due to the addition of Na2S, which allows a reduced NaOH concen-

tration.60 In the Kraft process, lignin in biomass stoichiometrically reacts with 

hydroxide and hydrosulfide anions and is depolymerized into smaller frag-

ments, soluble in alkali media.61 The Kraft process is the most widely used 

commercial chemical pulping technique that produces pulp.56,62 The spent 

chemicals, known as black liquor, which contain lignin, hemicelluloses, and 
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extractives (such as oils, resins and terpenes), are directed to a chemical re-

covery plant where the dissolved Kraft lignin is used as reducing agent to re-

generate process chemicals.63 

Beyond conventional sulfur-based processes such as the Kraft method, a 

variety of pulping techniques are currently under evaluation. These ap-

proaches aim to reduce environmental impact, provide sulfur-free alternatives, 

and include methods such as organosolv and “lignin-first” processes. 

 

Organosolv processes utilize a variety of organic solvents, ranging from low-

boiling-point solvents such as methanol, ethanol, acetone and ethyl acetate, 

which are readily recovered by distillation, to high-boiling-point solvents such 

as ethylene glycol. While the latter is more challenging to recover, it enables 

operations at low pressures. These solvents can be used either in pure form or 

as aqueous solutions with or without added catalysts (acids, bases, or salts).64–

66 The process employs organic solvents as delignifying agents and yields cel-

lulose and a solution, commonly known as "liquor," that contains hemicellu-

loses degradation products and dissolved, sulfur-free lignin.67,68 

The most used organic solvents for pulping are alcohols, especially ethanol, 

which offers a high delignification rate under optimal conditions and is easy 

to recover. Primary alcohols are generally more selective for delignification 

compared to secondary and tertiary alcohols, with ethanol currently yielding 

the best results.64  

Organosolv lignins differ significantly from other lignin types.67 It is sul-

fur-free, unlike kraft lignin and is less condensed.25 

 

Most of the aforementioned pulping processes are designed to provide high-

quality cellulose, leaving lignins out of focus.69,70 The harsh pulping condi-

tions alter native lignin structure, converting it to technical lignins with even 

more complex structure due to the cleavage of ether bonds and formation of 

new recalcitrant C–C bonds.71,72 Due to the modified structure, the conversion 

of technical lignins to value-added chemicals like phenolics and aromatics re-

mains challenging, therefore, technical lignins are usually combusted for en-

ergy and to regenerate inorganic pulping chemicals.72  
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Recently, strategies to enhance the valorization of lignocellulosic biomass 

have gained attention. Among them, integrated “lignin-first” approaches pri-

oritize lignin isolation while preventing its condensation.69,70,72,73–76 These ap-

proaches are based on the similar principles, in which lignin is solubilized 

from the biomass via solvolysis or acid-catalysed reactions, occurring inter-

mediates are immediately stabilized by the catalyst to prevent recondensation, 

and subsequently depolymerized.74  

Reductive catalytic fractionation (RCF) is the most reported methodology 

among “lignin-first” approaches. It is a solvent-based extraction of lignin in 

the presence of a transition metal catalyst under hydrogen atmosphere or in 

the presence of hydrogen donor, that yields a viscose lignin oil comprising 

phenolic monomers, dimers, and oligomers as the main product (Fig. 

11).69,73,74  

The structure of the obtained aromatic monomers and their yields depend 

on the source of the lignocellulosic biomass, as the relative abundance of the 

different linkages in lignin is defined by the proportions of its constituent mon-

omer units. As was mentioned earlier, softwood lignins are mainly composed 

of G-units and contain larger amounts of more resistant β–5, 5–5 and 5–O–4 

linkages due to the availability of C5 sites. Therefore, the monomer yield of 

softwood lignins is low, compared to hardwood lignins, which are mainly 

composed of S-units77 and exhibit high β–O–4 ether bond content (up to 

70%)72,78 yielding up to 50% of phenolic monomers.73,79,80 

 

Figure 11. Difference between pulping techniques and lignin-first appro-

aches.  
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Lignin-derived bio-oil, a product of lignin depolymerization, is composed of 

various phenolic compounds, including monomers, dimers and oligomers.81,82 

Chemically it is similar to petroleum, which makes it suitable as a source of 

renewable fuels, but its disadvantage is high oxygen content.83 Due to the high 

oxygen content, large molecular weight and poor thermal stability, lignin-de-

rived bio-oils are unsuitable for use as transportation fuels. Therefore, addi-

tional hydrodeoxygenation (HDO) would be required for conversion into hy-

drocarbon liquid fuels.84,85 Another challenge in catalytic upgrading of bio-

oils is caused by the deposition of carbonaceous material, known as coke for-

mation at elevated temperatures which causes deactivation of the catalyst.82, 
83,86 Therefore the HDO of lignin-derived biofuels has not yet been commer-

cialized.  

HDO is a catalytic hydrogenolytic process where oxygen atoms are re-

moved in the presence of hydrogen. This reaction is particularly useful for 

converting bio-oils, many of which contain different oxygen functional 

groups, into various chemicals.87,88 Such functional groups can be removed 

under harsh conditions (200–400 °C and 100–200 bar pressure) through sev-

eral mechanisms including hydrogenation, hydrogenolysis, decarboxylation, 

decarbonylation, cracking/hydrocracking, and polymerization reactions, that 

can lead to coke formation (Fig. 12).87,89 

 

Figure 12. Reactions occuring under HDO conditions. 

 

Suberin represents an insoluble polymer, which can be removed from suber-

ized tissues by depolymerization reactions, that cleave ester bonds.49 The most 

common method is alkaline methanolysis,45,90–95 which leads to suberin depol-

ymerization to its monomers and oligomers. The main drawback is that it re-

quires large amount of solvent followed by neutralization of basic media, 
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which negatively affects the sustainability of the process. Organocatalysis of-

fers a more sustainable solution to these challenges by using small organic 

molecules, such as amines, in benign solvent systems for depolymerization.96 

The catalyst can be easily recovered by distillation, leaving the resulting pulp 

uncontaminated.   

 

LCA is a tool to evaluate the environmental impact of a product system 

throughout its entire life cycle.97 LCA focuses on products throughout their 

entire life cycle, that helps prevent burdens from being shifted from one stage 

of the product’s life-cycle to another, or from one type of environmental im-

pact to another.98 The LCA framework consists of four phases, that should be 

performed in an iterative procedure (Fig. 13):  

1. Goal and Scope Definition: The goal definition is the initial phase of an 

LCA, in which the purpose of the study is outlined in detail. The scope 

definition follows the goal definition, specifying which product systems 

will be evaluated and the approach for conducting the assessment. 

2. Inventory Analysis is often the most time-consuming. It is directed by the 

goal and scope definition, focusing on gathering and organizing data on 

reference flows within the studied product system(s), using a variety of 

sources. As a result, a compiled inventory of flows is generated, forming 

the foundation for the next phase: the life cycle impact assessment. 

3. Impact Assessment phase converts the life cycle inventory data on ele-

mentary flows into midpoint impact scores. 

4. Interpretation is the concluding phase of an LCA, where the outcomes of 

the previous phases are collectively examined and analysed, considering 

data uncertainties and documented assumptions throughout the study.99 

 

Figure 13. LCA framework 
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The aim of this thesis is to take the first steps towards valorization of tops and 

branches, enable further upgrading of complex, inseparable mixtures without 

mechanical debarking of woody biomass. 

The objectives of the thesis are to: 

• develop a valorization strategy of woody part of biomass residue to both 

textile fibers and biofuels; 

• develop methods for isolation of valuable compounds from bark of differ-

ent species to allow its further conversion; 

• develop a chemical fractionation-depolymerization approach for the con-

version of biomass containing both wood and bark; 

• implement a flow-through system to improve the efficiency of the frac-

tionation; 

• assess the environmental sustainability of the developed processes. 

These results will contribute to the development of efficient, sustainable, 

and integrated future biorefineries. 
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2. Valorization of Wood Part of Tops and 

Branches (Paper I) 

 

Over the past decade, new fractionation methods under the "lignin-first" ap-

proach have emerged, focusing on lignin valorization.100–102 One such method, 

RCF, has successfully been used on hardwoods, with up to 70% β–O–4 inter-

unit linkages content in lignin, where up to 50% of the lignin fraction can be 

depolymerized into valuable monophenolic compounds.103 However, soft-

woods, with lower β–O–4 interunit linkages content (35–40%) in lignin, yield 

below 15% of monophenols. Recent efforts by researchers using different cat-

alytic methods on softwoods have resulted in monophenol yields between 9 

wt% and 17 wt% based on lignin.104–107 Due to lignin, which accounts for only 

about one-third of the biomass, the monophenol yields remain below 5% of 

total biomass (Fig. 14). Hydroprocessing of lignin to hydrocarbons, that would 

crack C–C bonds is a potential strategy to increase product yields, but current 

methods often result in incomplete conversion of lignin. Even with full con-

version, lignin alone would not generate enough revenue to cover the costs of 

valorization.25 In addition to that, none of these studies above focus on valor-

ization of cellulose, highlighting the need for further research. Therefore, find-

ing high-value uses for cellulose in concert to lignin valorization is essential.  

Beyond enzymatic digestion, limited research exists: Sixta and co-workers 

produced dissolving pulp from softwood using sulfur dioxide promoted frac-

tionation, however lignin was not valorized.108 Recent work by our group on 

the conversion of poplar into dissolving pulp and biofuels showed limited  im-

provments in land use and climate change footprint categories.109 In contrast 

to that, forestry residues like beetle infested spruce, offer greater potential for 

sustainable valorization, highlighting that the choice of feedstock plays an im-

portant role.110   
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Figure 14. State-of-the-art in fractionation of softwoods 

In this chapter, valorization of softwood residues, producing both textile fibers 

and biofuels is presented (Fig. 15). In addition, the environmental sustainabil-

ity of this value chain was evaluated through a LCA. 

 

Figure 15. Schematic representation of the project. 

 

The chemical composion of woody part of spruce T&B was analyzed. First, 

the moisture content of biomass was determined by oven drying to be 5.4 wt%. 

Following this step, biomass was extracted with deionized (DI) water and 

EtOH to remove a total of 8 wt% of extarctives, both hydrophilic and lipo-

philic. The carbohydrate and lignin content of extracted starting material was 

analysed  by acid hydrolysis (Klason method), according to National Renew-

able Energy Laboratory (NREL) protocol111 (SI for Paper I, S2). The main 

determined components were found to be glucose, xylose, mannose, galactose 

and lignin in the amounts of 42.8, 5.5, 0.2, 6.2, and 28.2 wt% respectively. 

Thus, the woody part of spruce contains 8 wt% of extractives, 42.8 wt% of 



15 

cellulose, 11.9 wt% of hemicelluloses, and 28.2 wt% of acid insoluble lignin 

(AIL) (Fig.16).  

 

Figure 16. Compositional analysis of spruce wood. 

 

In a previous study from our group, we found that RCF did not increase the 

monophenol yields as compared to running an organosolv fractionation, thus 

it  was chosen as a fractionation technique to delignify spruce wood and obtain 

dissolving grade pulp. Performing fractionation in the absence of acid even at 

200 °C gave poor results. Addition of catalytic amounts of hydrochloric acid 

to the 1:1 ethanol-water mixture enhanced delignification of pulp.  

We found that delignification of pulp was rapid in the first 2 hours, reaching 

68%, but slowed significantly afterwards (Fig. 17). Extending the reaction 

time by 2 more hours increased delignification to 79% (Fig.17, SI for Paper I, 

S4). These results showed, that shorter reaction times are advantageous for 

preserving intrinsic viscosity of pulp, which drops from 785 mL/g after 1 hour 

to below 200 mL/g after 3 hours, indicating cellulose degradation. An intrinsic 

viscosity above 450 mL/g is needed for producing textile fibers. A 1.5-hour 

fractionation yielded pulp with delignification of 58%, that meet specifica-

tions for the production of textile fibers. Shorter reaction times resulted in 

lower isolated lignin yields, while the lignin remaining in pulp was discarded 

during bleaching. It was found that the produced lignin was less condensed, 

enabling the isolation of 8 wt% monophenols, which represents 74% of the 

theoretical maximum yield. This is noteworthy, as it is close to the state-of-

the-art using a metal catalyst. The pulp was subsequently bleached and treated 

with 2 M NaOH and ethylenediaminetetraacetic acid (EDTA) to meet dissolv-

ing grade pulp standards, achieving a brightness greater than 90%, a polydis-

persity index (PDI) of 10 or less and metal content below 50 ppm (Table 1). 
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Figure 17. Pulp delignification over time. 

White pulp was analysed on carbohydrate and metal content, ISO-brightness, 

intrinsic viscosity (Table 1 & 2) and molecular weight distribution.  

Table 1. Obtained dissolving grade pulp properties. 

Pulping 

conditions 

Pulp yields 

(wt %) 

Viscosity 

(mL/g) 

Brightness 

(%) 

PDI 

200 ºC 1 h 41.5 785 89.1 15.5 

200 ºC 1.5 h 39.9 560 92.7 10.3 

200 ºC 2 h 38.2 481 91.0 11.6 

200 ºC 3 h 36.6 194 90.2 5.6 

 

Table 2. Compositional analysis of the dissolving grade pulp. 

Pulping 

conditions 
Acid insoluble lignin 

(wt %) 
Glu 

(wt %) 

Xyl 
(wt %) 

200 ºC 1 h 0.15 - - 

200 ºC 1.5 h nd 91.8 2.3 

200 ºC 2 h nd 95.4 2.1 

 

The generated pulp was successfully processed into textile fibers using the 

viscose method, achieving a ball-fall time of 75.7 seconds, comparable to 

commercial spruce dissolving pulps. No adjustments were made to the dope 

preparation or spinning conditions. Mechanical testing (Table 3) revealed that 

viscose fibers from spruce biomass waste had an average tenacity of 4.84 

cN/tex, lower than the 6.37 cN/tex of fibers from conventional spruce pulp. 

Despite this, the mechanical properties of the waste-derived fibers were in the 
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same range as commercial fibers. Thus, the waste biomass can be effectively 

upcycled into textile fibers, with potential for quality improvement through 

optimization of the viscose process. 

Table 3. Mechanical properties of individual filaments derived from spruce 

T&B dissolving pulp (SWDP) and conventional spruce dissolving pulp 

(SDP). 
 

SWDP SDP 

Diameter (μm) 27.54 ± 6.29 21.43 ± 4.21 

Linear Density (dtex) 9.95 ± 4.02 6.10 ± 2.15 

Tenacity (cN/tex) 4.84 ± 0.82 6.37 ± 1.81 

Elongation (%) 9.08 ± 4.36 17.30 ± 7.01 

 

Lignin oil isolated from organic fraction by extraction with EtOAc in 18.5 

wt% yield, was analysed by gel-permeation chromatography (GPC) and gas 

chromatography (GC). The monophenol content determined by GC (SI for 

Paper I, S7) in a total yield of 2.4 wt% from wood showed derivatives from 

both propyl and ethyl side chains.  The obtained yield of monophenols, though 

corresponds to 80% of the teorethical maximum yield based on β–O–4 inter-

unit linkages in the lignin content of sotwoods, still remains low with respect 

to the initial biomass. Thus, the obtained oil was further upgraded to biofuels, 

to increase the yiled of the products with respect to the total biomass (chapter 

2.5.1and 2.5.2). GPC of the organosolv lignin oil showed that the average mo-

lecular weight of the isolated polymer was less than 3460 Da (Fig. 18).  

 

With the aim of producing hydrocarbons suitable for chemicals and biofuels, 

hydrotreatment could be a solution to achieve both depolymerization and 

HDO of lignin. Low dissolving ability of lignin in carrier liquids, leading to 

coke formation during exothermic reactions, is the main hindrance in hy-

drotreatment of lignin. One way to overcome this issue is to solubilize lignin 

in hydrocarbon-based carrier organic liquids by its esterification with tall oil 

fatty acids.112 Oleic acid, which is the main constituent of bio-based tall oil, 

was chosen as an esterifying reagent. The reaction was conducted in the pres-

ence of acetic anhydride and 4-methylpyridine as an organocatalyst for 2 

hours at 180 °C and resulted in a mixture of esterified lignin and fatty acid 

derivatives as products.113 The efficient esterification of lignin was confirmed 

by GPC (Fig. 18, shift towards higher molecular weight ranges (3400 Da and 
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above) compared to organosolv lignin) and its complete solubility in pentane 

(carrier liquid for further hydrotreatment). Acetic acid (by-product of the re-

action) and 4-methylpyridine could be distilled off during the reaction and 

recycled (Scheme 1). 

 

Figure 18. GPC of organosolv (grey) lignin and esterified lignin (red). 

 

Scheme 1. Lignin esterification. 

 

The mixture of esterified lignin and fatty acid derivatives was dissolved in 

pentane and subjected to HDO in the presence of commercial Ni-Mo catalyst 

(SI for Paper I, S9). The reaction was carried out for 24 h at 360 C and 25 

bars initial hydrogen pressure in batch and resulted in 72 wt% of liquid hydro-

carbons as a product. Gravimetric analysis of the product mixture revealed 

that the yield of hydrocarbons from lignin was established to 9 wt% corre-

sponding to 50 wt% yield based on initial loading of unesterified lignin.  
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Two-dimensional gas chromatography (2D GC) of the hydrodeoxygenated 

product mixture after HDO revealed its composition (Fig. 19). It was found 

that linear alkanes, derived from fatty acids, made up the majority of the prod-

ucts, followed by cycloalkanes and alkenes derived from lignin and 4 wt% of 

deoxygenated aromatic compounds (SI for Paper I, Table S11, S12). The pres-

ence of the latter in the mixture could significantly improve the quality of the 

resulting biofuel. 

 

Figure 19. Two-dimensional gas chromatogram of the product mixture. 

 

Elemental analysis of the product mixture also demonstrated the efficiency of 

HDO. A substantial change in oxygen content was noted when comparing the 

C:H:O ratio of lignin oil to that of hydrodeoxygenated oil (from 65:6:29 to 

84:16:0.1 respectively). Based on the elemental composition, the higher heat-

ing value of the product was evaluated to estimate its energy potential and was 

found to be in the range of 48–52 MJ·kg-1, comparable to that of commercial 

fuels (SI for Paper I, Table S8, S9). The boiling point profile analysis of the 

hydrodeoxygenated oil revealed that a significant part (62%) of the fuel falls 

within the diesel boiling point range of 180–360 °C (Table 4, Fig. 20). This 

suggests that our product has desirable properties for use as a diesel fuel sub-

stitute. 
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Table 4. Product distribution by boiling point range. 

Boiling point range Composition, wt% 
Gasoline (< 200 °C) 19 

Diesel (180−360 °C) 62 

Waxes (> 360 °C) 20 

 

 

Figure 20. Simulated distillation curve of the obtained biofuel. 

 

The mass balance of the T&B textile fibers and biofuel value chain (Fig. 21) 

combines results from fast fractionation at 200 °C for 1.5 hours with the hy-

drotreatment of lignin oil. The fast fractionation produced a carbohydrate-rich 

pulp accounting for 49.9 wt% of the initial biomass (41% cellulose, 1.3% 

hemicellulose and 6.2% lignin). This pulp was subsequently bleached to re-

move the remaining lignin and hemicelluloses, resulting in dissolving grade 

pulp that constitutes 38.5 wt% of the initial biomass. The monophenols con-

tent of lignin oil from fast fractionation was found to be 2.4 wt%, while the 

hydrotreated lignin oil yielded 9 wt% of hydrocarbons based on the initial bi-

omass. Monosaccharides and their derivatives, yielding a total of 8.7 wt%, 

were obtained from hydrolysis of hemicelluloses during pulping. Of the cel-

lulose from spruce wood, 84 wt% was converted to viscose fibers, while 50 

wt% of the lignin was converted to biofuel. 
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Figure 21. Overall mass balance of viscose fibers production from spruce tops 

and branches. 

 

A cradle-to-gate LCA focused on footprint categories was conducted to eval-

uate the environmental sustainability of a value chain converting T&B into 

textile fibers and biofuel. The study compared cellulose-based viscose fiber 

with cotton fiber, using 1 kg of cellulose-based textile fiber as the functional 

unit, and compared to the production of 1 kg of cotton. The analysis utilized 

primary data from pulping and HDO processes, and secondary data for pre-

treatment (collection, transportation, debarking-chipping), bleaching, and 

spinning. By-products like reject fiber, bark, and biofuel were managed 

through a substitution approach, with incineration credited for generating heat, 

electricity, and transportation fuels. While the data were preliminary and some 

key parameters like conversion efficiencies were based on laboratory meas-

urements, sensitivity analysis for the pulping process (worst-case scenario: 

+10% of the input data) indicated the conclusions remained stable under var-

ying conditions.  

The designed value chain showed lower environmental impact in four out 

of five footprint categories compared to cotton production, with improve-

ments in climate change and land use due to utilizing forestry residues. Bene-

fits in climate change (measured as CO2 equivalents) from avoiding decay of 

residue were not modelled in this study. However, it performed poorly in re-

source depletion, mineral and metals, highlighting the need for enhanced dis-

solution processes to produce textile fibers (Fig. 22).  
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a)                                                   

b)  

Figure 22. Results from impact assessment: a) comparison of viscose fiber 

from T&B compared to cotton; b) contribution analysis of viscose fiber from 

T&B. 

 

The developed fast fractionation process for the wood part of T&B offers a 

sustainable alternative to meet future textile demands without additional de-

forestation or expanding cotton plantations. Key innovations include the or-

ganosolv fractionation of softwood residue, upgrading cellulose to textile-

grade pulp, and converting the entire lignin fraction into biofuel through es-

terification and HDO. Unlike previous methods requiring costly catalysts and 
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hydrogen gas to transform below 5 wt% of biomass to monophenols, this ap-

proach achieves similar yields of monophenols without catalysts. Esterifica-

tion of lignin, followed by HDO, allowed transformation of the whole lignin 

fraction to hydrocarbons, i.e. biofuel mostly in diesel fuel range. This study 

advances the fractionation of softwoods with respect to both carbohydrate 

fraction as well as the lignin fraction. Noteworthily, it shows that the wood 

part of T&B can indeed be valorized to textile quality pulp. Additionally, the 

LCA results indicate low environmental impact in four out of five footprint 

categories. However, it would still rely on a mechanical separation of bark and 

wood that currently is not economically feasible.   
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3. Valorization of Bark Part of Spruce Tops 

and Branches (Paper II)  

 

While there are many reports on wood fractionation, there is less focus on bark 

valorization (Fig. 23). Notable studies include Pereira and co-workers' re-

search on pre-extracted barks using autohydrolysis and enzyme treatment to 

produce oligosaccharides, glucose and lignin residue.114 Willför and co-work-

ers demonsted extraction of lipophilic extractives, polysaccharides, tannins 

and stilbene glucosides from Norway spruce bark.115 Ek and Rietzler proposed 

a biorefinery concept for sequential extraction of bark under mild conditions 

followed by chlorine-free delignification to yield nanocellulose.116 Ek and co-

workers also studied mild organosolv extraction methods for efficient ex-

tractration of lignin and its recovery;10 isolation of cellulose nanocrystals;117 

and detailed the complex structure of pectins from Norway spruce bark10 in 

related studies. 

 

Figure 23. State-of-the-art in fractionation of bark. 

This chapter is focused on the sequential extraction of spruce bark in a con-

tinuous flow-through system to generate distinct streams for further valoriza-

tion (Fig. 24). 
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Figure 24. Schematic representation of the project. 

 

The moisture content of the raw bark was determined to be 6 wt% by drying 

raw bark in the oven overnight. Analysis of the dry bark composition, follow-

ing the NREL111 protocol, identified lignin (30 wt%), cellulose (20 wt%), 

hemicelluloses (12 wt%) and ash (1 wt%) (Fig. 25). Further procedures will 

assess the presence of lipophilic extractives and non-cellulosic sugars, which 

we classify as pectins, according to the definition by Ek and colleagues.12 

 

Figure 25. Composition of spruce bark. 
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In sequential extractions using a batch setup, it is necessary to change vessels 

and transfer components after each step. To address these limitations, a flow-

through system was applied (Fig. 26). This system not only allowed for pre-

cise control over flow rate, temperature and pressure of the process. By com-

paring reactions conducted in the continuous flow system with those in batch, 

we were able to assess the effectiveness of the flow system.  

There are four main components of interest in bark, namely lipophilic and 

aqueous extractives, lignins, tannins, and pulp. With the implementation of 

the flow system, all reactions could be conducted in the same percolation ves-

sel, with only the solvent and reaction temperature being changed.  

 

Figure 26. Schematic illustration of the three-step extraction in a flow system, 

where the first step is lipophilic extraction with EtOAc, the second step is ex-

traction of sugars with H2O, and the third step is extraction of lignin with 

NaOH.  

 

Previous studies have used heptane, hexane,118 or acetone12 to isolate lipo-

philic compounds such as terpenes and fatty acids. To make this process more 

sustainable, we chose EtOAc instead.119 In batch set-up, 6 hours and a solvent-

to-solid weight ratio of 12:1 were required to remove the extractives (2 wt% 

terpenes and fatty acids, 5% sugars and lignin). In contrast, the continuous 

flow-through system achieved the same extraction efficiency (2 wt% of fatty 

acids and terpenes, analysed by GC/MS (SI for Paper II, Figure S6) in just 60 

minutes at a flow rate of 1.5 mL/min at 100 °C. Pressure screening indicated 

that the extractions were robust under varying pressures. Analysis of the re-

sidual bark (90 wt%) revealed the presence of lignin (30 wt%), cellulose (20 
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wt%), hemicelluloses (11 wt%), and ash (0.5 wt%). Additionally, a weight 

loss of 8 wt% was observed during removal of extractives in flow (Fig. 28).  

Continuous recirculation of the solvent was implemented to reduce overall 

solvent usage (90 mL) and enhance the sustainability of the process. The prod-

uct flow was recirculated back into the input flow, with a total volume of 5 

mL (the system's void volume was 2.5 mL). An additional 5 mL of fresh sol-

vent was used to wash out the system after each cycle. Since recirculation did 

not affect the yield of extractives, the procedure was repeated five times with 

a total solvent-to-solid ratio of 13.5:1 and no observable changes in yield or 

product distribution.  

 

To extract pectins (non-cellulosic sugars) from bark, 2 hours at 120C with 

solvent-to-bark ratio 15:1 wt% were needed in a batch setup. The procedure 

yielded around 16 wt% of sugars (HPLC analysis identified glucose, galactose 

and arabinose–parts of pectins in accordance with previous studies (SI for Pa-

per II, S4.2.2)).  

For flow extractions, the temperature was the only screening parameter, as 

the yield of lipophilic extractives was stable under varying pressure. Extrac-

tions required 60 minutes, a flow rate of 1.5 mL/min and temperatures ranging 

from 80 to 200 °C (SI for Paper II, Table S1). The results indicated that the 

optimal temperature for sugar extraction, while preventing cellulose degrada-

tion, was 120 °C, where approximately 12 wt% of sugars were extracted. 

Higher temperatures led to cellulose degradation. Analysis of residual bark 

revealed the presence of lignin (32 wt%), cellulose (20 wt%), hemicellulose 

(10 wt%) and ash (0.5 wt%) (Fig. 27). 

To reduce the amount of water used, recirculation was also applied at this 

step. After each cycle, 5 mL of fresh water was used to wash out the remaining 

products from the bark. The process was repeated three times, without affect-

ing the composition of the sugars, with a total solvent-to-bark ratio of 20:1 (20 

mL: 1 g). Thus, the continuous flow-through system allowed us to achieve 

near-perfect extraction, considerably reducing the time required for the pro-

cess.     
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Figure 27. Composition of spruce bark before and after two-steps extraction 

with EtOAc and water. 

 

After two-step extraction, soda pulping was performed on the bark. First, the 

reaction was performed in the batch set-up. Pre-treated bark and sodium hy-

droxide solution were placed in a stainless-steel reactor, with the reaction run-

ning for 2 hours at 200 °C. After the completion, the liquor was separated from 

the pulp and acidified to isolate 17 wt% lignin with an average molecular 

weight exceeding 500 Da, as determined by GPC (Fig. 28–yellow). The com-

position of remaining pulp showed 72.6 wt% glucose, 4.7 wt% xylose and 

16.7 wt% lignin, indicating a 50% delignification rate. With the batch setup 

as a baseline, we then compared the outcomes to those in the flow system. 

Temperature was the main screening parameter, ranging from 100 to 200 °C 

in 20 °C increments. Efficient delignification was achieved within just 30 

minutes at a flow rate of 1.5 mL/min, even at lower temperatures. For exam-

ple, at 140 °C, 22 wt% of lignin was isolated (16 wt% as a non-precipitated 

fraction with an average molecular weight of 248 Da and 6 wt% as a precipi-

tated fraction with an average molecular weight of 3400–3500 Da (Fig. 29)), 

resulting in 67% delignification.  



29 

 

Figure 28. GPC of the isolated lignin (precipitated–green, solubilized–orange, 

batch–yellow). 

Thus, the efficiency of delignification was directly related to temperature: be-

low 120 °C, around 50% of the lignin was removed with minimal cellulose 

degradation. However, at 200 °C, 80% of lignin was removed, but half of the 

cellulose was also degraded. This shows that higher temperatures can cause 

cellulose degradation (Fig. 29). The process is “tunable”, allowing for adjust-

ments to prioritize different products. The solvent-to-solid ratio used was 

150:1, higher than the batch ratio of 60:1, as solvent recirculation was not 

applied. 

 

Figure 29. Composition of pulp after soda pulping in flow system process. 



30 

 

A key difference between running pulping in flow versus batch mode was the 

ability to mechanically isolate condensed tannins, yielding 2 wt%. On the fil-

ter paper on the picture below, a pulp after soda pulping is shown (left). The 

color and the texture of the pulp is uneven, with solid particles distributed in 

the pulp. These solid particles were mechanically separated (using tweezers) 

from the pulp (Fig. 30) and analyzed using solid state NMR. The solid-state 
13C CPMAS NMR spectrum (Fig. 31) confirmed the presence of tannins, with 

signals between 110 and 160 ppm from aromatic carbon atoms, while signals 

from cellulose were also detected (55 to 105 ppm). Analysis of the 1H MAS 

NMR spectrum estimated that around 32% of the recorded proton NMR signal 

came from aromatic protons. 

 

Figure 30. Mechanical isolation of tannins. 

 

Figure 31. Solid-state 13C CPMAS NMR spectrum of isolated tannins. 
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The mass balance (Fig. 32) for processing of 1 kg of dry bark would result in 

20 g of lipophilic extractives (mainly terpenes and fatty acids), 117 g of non-

cellulosic sugars (such as glucose, galactose and arabinose), around 400 g of 

cellulose-rich pulp, approximately 160 g of lignin, and about 20 g of tannins. 

 

Figure 32. Mass balance of the entire flow process. 

 

When assessing the technologies, that are not yet commercialized, prospective 

LCA is the recommended methodology, designed to look at the future envi-

ronmental impacts associated with the technologies and related products.120  

The objective of this LCA was to evaluate the potential environmental im-

pacts of the novel route for the valorization of spruce bark in a flow-through 

system and compare these impacts to the combustion, a traditional method of 

utilization of waste biomass. This study was guided by the question of how 

bark biorefining using a continuous flow system may affect future environ-

mental impacts, in comparison to its current use as a source of energy, a cur-

rent use in pulp mills that is used to cut external demands in energy and costs 

of production. To assess the future environmental impacts of this novel tech-

nology, prospective consequential LCA was conducted.  

Prospective LCA that uses predictive scenarios reflecting technical and so-

cio-economic developments under best- to worst-case assumptions was used 

to assess the future environmental impacts of biorefineries. To understand the 
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effect of valorizing bark instead of burning it, consequential LCA was con-

ducted. As the study compares two biomass conversion pathways, input-re-

lated functional unit (i.e. 1 kg of bark) was selected. The absorption of CO2 

from the atmospehere during the growth stage of spruce was not considered, 

as the selected system boundaries were defined as gate-to-grave. The selected 

system boundaries, which do not account for carbon sequestratration,  may not 

fully align with the claims of carbon neutrality. However, since the focus of 

this study was to compare the pathways of conversion of this major biomass 

sidestream, the exclusion of CO2 uptake during growth is consistent with the 

objective of this study. 

The collected data allowed for the quantification of the biogenic carbon 

content of bark-based products over their full life-cycle. To complement the 

study, cradle-to-grave boundaries were applied to study the effect of carbon 

storage, that included the CO2 capture during the spruce growth. For all other 

aspects, time-dependent climate impact scores do not include the absorption 

of biogenic carbon (Fig. 33).  

Two biorefinery configurations were analysed: standalone and integrated. 

The main difference between these two configurations lies in the energy de-

mand and CO2 requirements for the fractionation process. A standalone bio-

refinery depends on electricity from the Swedish grid  mix and an external 

supply of CO2, whereas integrated biorefinery utilizes the surplus medium-

pressure steam from a co-located pulp mill and recirculated CO2 from lime 

kiln.  

The results of the study indicate that bark biorefining is environmentally 

preferable to combustion when the fractionation is integrated with a co-located 

pulp mill, noting that the initial carbon uptake during spruce growth is not 

accounted for, due to the system boundaries. An integrated biorefinery can 

meet the energy requirements for bark fractionation without additional bur-

dens, as excess medium-pressure steam generated during the pulping of de-

barked  wood is utilized instead. In addition, recirculation of the CO2 from 

lime kiln operations eliminates the need for an external supply of liquid CO2. 

In total, utilization of these sidestreams allows to reduce time-independent cli-

mate impacts of the integrated biorefinery from 22 to 60% compared to the 

stand-alone configuration.  
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Figure 33. Comparison of time-independent climate impacts of the stand 

alone and integrated biorefinery with the combustion. 

 

Through implementation of a flow-through system, we successfully trans-

formed bark into high-value streams, thereby valorizing a low value resource 

effectively. We could significantly reduce the time needed to perform the ex-

tractions. Also, it was possible to perform soda pulping in a continuous flow 

mode at reduced temperatures compared to the process in batch, thus prevent-

ing the sugar degradation and at the same time obtaining a good delignification 

of pulp. 

Performing extractions and pulping in the flow-through system allowed us 

to achieve yields comparable to the batch process. The flow-through system 

proved to be tunable in the pulping step to achieve either high pulp yields or 

high lignin yields depending on the temperature applied. The molecular 

weight of lignin was significantly lower than that of lignin isolated in the batch 

process. Pulping in the flow-through system allowed isolation of tannins, 

which was not possible to achieve in batch. 

According to gate-to-grave LCA of the spruce bark fractionation, it could 

be environmentally preferable to combustion when integrated with a co-lo-

cated pulp mill, where an excess medium pressure steam and recirculation of 

CO2 from lime-kiln operations would cover the energy requirements and re-

place external supply of CO2. 

Since bark represent a significant proportion of T&B and is the main reason 

for the incineration of T&B, the development of methods for the fractionation 

of barks could enable the valorization of the entire T&B fraction without the 

need for debarking.  
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4. Valorization of birch tops and branches 

containing mechanically inseparable wood 

and bark (Paper IV) 

 

Numerous studies focus on the fractionation of wood, among which the “lig-

nin-first” approaches have recently gained considerable attention.121–127 One 

of these approaches is RCF that yields lignin oil comprising monophenols. 

121,123,124 Hardwood lignins, which contain up to 70% of β–O–4 bonds, have 

successfully been depolymerized into monophenols with yields up to 50% us-

ing RCF.128–130 Catalytic fractionation of bark has gained considerably less 

attention in comparison to wood.131–133 Bark fractionation has primarily fo-

cused either on the depolymerization of suberin under basic conditions134–137 

or the extraction of valuable compounds other than suberin.138–140 No studies 

have addressed the combined fractionation of both wood and bark, which 

would open up avenues to tops and branches, with the potential to increase 

forestry output by 50%.  

This chapter presents a sequential chemical fractionation-depolymerization 

approach for the valorization of  T&B, that allowed for the isolation of  dif-

ferent fractions selectively into well-defined streams susceptible for further 

processing (Fig. 34).  

 

Figure 34. Schematic representation of the project. 
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The samples of birch (Betula pendula) wood and bark were acquired from 

Björkträ Timber AB in Sweden. The T&B sample comprising a mixture of 

wood and bark with a ratio of 7:3 was used in this study. This ratio was based 

on literature studies,141 where samples were collected and the bark and wood 

were separated and gravimetrically analyzed.  

Compositional analysis of three feedstock types was performed: a T&B 

mixture, birch bark, and birch wood. T&B were oven-dried to determine the 

moisture content (SI for Paper IV, S2). It was determined to be 4.4 wt% for 

the mixture, which is close to the moisture content in both wood (4.2 wt%) 

and bark (2.8 wt%). The ash content of the mixture determined by combustion 

of organics was found to be 0.32 wt%, which is comparable to both wood 

(0.36 wt%) and bark (0.31 wt%). Extractives content determined by Soxhlet 

extraction with EtOH amounted to 11.6 wt% from initial biomass, where most 

of the extractives stemmed from the bark part (33 wt%) and only 3 wt% from 

the wood (SI for Paper IV, S3). Suberin content in the T&B was analyzed 

through basic hydrolysis and determined to be 12.6 wt% with respect to the 

original biomass, which originated solely from bark (42 wt%). Finally, carbo-

hydrates and AIL content were determined by Klason method (SI for Paper 

IV, S7).111 Cellulose content amounted to 27 wt% and was mostly originated 

from wood (44 wt%) with a small fraction derived from bark (1.4 wt%). Hem-

icelluloses content amounted to 11.3 wt%, and mainly originated from the 

woody part (20 wt%) with minor contributions from bark (2.5 wt%). AIL con-

tent amounted to 12.8 wt%, of which 70% originated from wood (17 wt%) 

and 30% from bark (13 wt%) (Fig. 35).  

 

Figure 35. Composition of the 7:3 wood-to-bark mixture. 
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Two approaches were envisioned to enable the valorization of both bark and 

wood in the mixture. The first was RCF, that has been shown to be effective 

on woody parts of hardwoods, and can yield around 50 wt% monophenols 

based on lignin content. However, RCF conditions are not efficient for suberin 

depolymerization. The other approach, organocatalysis, has previously been 

successfully applied in our group for the depolymerization of suberin from 

birch bark, however is not efficient for lignin.142 Therefore, a two process se-

quence strategies were screened:  

In the first approach, organocatalysis was applied to extract and to some 

extent depolymerize suberin from bark,  which then was followed by RCF of 

the remaining residue to convert lignin to monophenols and liberate cellulose. 

Organocatalysis in the presence of Et3N effectively extracted and depolymer-

ized suberin along with a portion of lignin, but the subsequent RCF did not 

yield any monophenols. Most likely, the lignin underwent recondensation re-

actions under the applied organocatalysis, known to be occurring during orga-

nosolv conditions, which limited the effectiveness of RCF on the remaining 

residue. However, the reverse sequence, RCF followed by organocatalysis of 

the solid residue, provided successful results. Gratifyingly, the organocataly-

sis step was not affected by the RCF. Thus, RCF was applied before the or-

ganocatalysis (Fig. 36). 

 

Figure 36. Comparison of approaches for valorization of the birch tops and 

branches. 

Prior the sequential valorization, extraction using EtOH in a Soxhlet apparatus 

for 12 h was applied to remove the extractives from the T&B. This step yielded 

11.6 wt% of extractives, which corresponds to 90% of the theoretical maxi-

mum yield and comprised mainly triterpenoids. Extractives were analysed by 

liquid chromatography-high resolution mass spectrometry (LC-HRMS) using 
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standards of betulin, lupeol, betulinic acid, and ferulic acid for the identifica-

tion and quantification. Details on the LC-HRMS analysis are presented in the 

SI (SI for Paper IV, S3).  Quantification of the main compounds found in the 

mixture showed that the extractives mostly consist of betulin (89.7 wt%), fol-

lowed by lupeol (5.3 wt%), betulinic acid (1.8 wt%), and trace amount of fer-

ulic acid (Fig. 37). These results align with the compositions reported in the 

literature.13  

   

Figure 37. Distribution of lipophilic extractives in product mixture. 

Extraction of the wood and bark mixture was followed by RCF. RCF was 

performed in a stainless-steel batch reactor in the presence of Pd/C catalyst 

and formic acid at 200 ⁰C for 4 hours (See SI for Paper IV, S4). GC-MS was 

used for the qualitative analysis, while GC-FID using tetracosane as an inter-

nal standard was used to quantify the monophenols. RCF yielded 26.5 wt% of 

monophenols based on lignin content in wood, including derivatives of S (sy-

ringyl) and G (guaiacyl) units, with 4-propylsyringol being the main product, 

which corresponds to 3 wt% yield of monophenols and 30% of the  theoretical 

maximum based on the total lignin content (Fig. 38).  

To gain more insights into the low yield – where the theoretical maximum 

yield  was around 45%, we studied RCF on wood and bark separately. Alt-

hough RCF on wood gave close to the theoretical maximum yield of mono-

phenols, RCF on bark gave no yield of monophenols. Thus, the RCF is only 

efficient for depolymerizing the lignin in the wood and this explains the lower 

yield of monophenols with respect to the total amount of lignin. The RCF 

product mixture was also examined for the presence of higher-molecular 

weight compounds using size exclusion chromatography (SEC). SEC of the 

product mixture revealed the presence of compounds with apparent molecular 

weights above 266 Da, corresponding to various-sized lignin polymers and 

oligomers in addition to monophenols with molecular weights below 266 Da 

(Fig. 39). 
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Figure 38. Distribution of monophenols in RCF product mixture. 

  

Figure 39. Molecular weight distribution of RCF product mixture. 

The pulp after RCF was analyzed by the Klason method,111 which revealed its 

carbohydrate composition, consisting of cellulose (22.2 wt% from original bi-

omass)  and AIL (3 wt% with respect to original biomass), the latter stemming 

from the lignin in the bark part. The observed 18% loss of cellulose (in com-

parison with extracted biomass) during RCF can be explained by its partial 

solubilization and carbohydrate transfer to the pulping liquor, which was not 
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analysed for carbohydrate content. The analysis did not detect any hemicellu-

loses in the solid residue after RCF either. Previous studies from our group 

have demonstrated that hemicelluloses solubilized under the applied RCF con-

ditions, acting as an internal hydrogen donor during lignin depolymeriza-

tion.143  

The remaining solid residue was subjected to organo-catalysis in the pres-

ence of Et3N using MeOH/H2O as solvent. The reaction yielded 28 wt% of 

suberin which corresponds to 67% of the theoretical maximum yield of fatty 

acids and oligomers from the depolymerization of suberin. This yield can be 

explained by the complex structure of suberin, where long-chain fatty acids 

are interconnected to phenolic domains by ester bonds, and 2/3 of the positions 

of the polyaromatic domains are most susceptible to the depolymerization 

(phenolic and allylic OH).54 

The obtained product mixture was analyzed by SEC, which revealed the 

presence of different molecular weight free fatty acids, with varying chain 

lengths and higher molecular weight oligomers, resulting from partial depol-

ymerization of suberin (Fig. 40). The overall yield of suberin from the original 

biomass corresponded to 8.4%, corresponding to 67% based on the total su-

berin content in the mixture.  

 

Figure 40. Molecular weight distribution of depolymerized suberin. 

To identify the monomeric composition of resulting suberin mixture it was 

subjected to hydrolysis in the presence of 3% KOH in MeOH to break suberin 

down into its corresponding fatty acids. Monomeric composition of hydro-

lysed suberin mixture was qualitatively determined by LC-HRMS (see SI, S6). 

According to the analysis, the mixture mainly consisted of long-chain ω-hy-

droxycarboxylic and α,ω-dicarboxylic acids with the carbon chain lengths 

from C16  to C24 (Fig. 41). The presence of C16–24 monomers is consistent 

with previously reported suberin compositions.  The peak area was the largest 

for octadecanoic acid (C18H36O2), docosanedioic acid (C22H42O4), hy-

droxydocodanoic acid (C22H44O3), octadecenedioic acid (C18H32O4), epoxyoc-

tadecanoic acid (C18H34O3), dihydroxyoctadecanedioic acid (C18H34O6), dihy-

droxyhexadecanoic acid (C16H32O4), dihydroxyoctadecenoic acid (C18H34O4), 

trihydroxyoctadecanoic acid (C18H36O5), and trihydroxyeicosenoic acid 
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(C20H38O5) in their respective compound class. This can be used as a proxy for 

concentration distribution within the respective compound class, assuming 

minimal impact of carbon number on the responsiveness of the compounds.  

 

Figure 41. Composition of monomeric fatty acid from the hydrolysed suberin 

mixture. 

The remaining pulp was analyzed on carbohydrate and lignin content, which 

revealed the presence of small amount of lignin (< 3 wt%) and cellulose (22 

wt%) from the original biomass (Fig. 42). Thus, the overall yield of cellulose 

from the initial 7:3 mixture of wood and bark was 73%. 

 

Figure 42. Sequential fractionation of the extracted wood and bark mixture. 

 

Thus, the transformation of 1 kg of  T&B would result in variety of valuable 

products, such as: extractives (116 g) with a high content of betulin that has 

shown pharmaceutically interesting properties, such as cytotoxicity144 against 

a variety of tumor cells; monophenols (30 g) and phenolic oligomers (60 g ) 

that can be used to substitute phenol in resins;145 suberin-derived fatty acids 
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(84 g), with the potential to substitute crop-based fatty acids;146 high-cellulose 

content pulp (300 g), that could be used in various applications such as dis-

solving pulp or fermentation to ethanol (Fig. 43).23  

 

Figure 43. Tops and branches valorization mass balance. 

Birch is a major species in the Baltic region and is predicted to increase in 

importance due to spruce bark beetle spread and an increased demand of dis-

solving grade pulp for textiles. Only in the Nordic and Baltic region around 6 

M tons of birch are harvested every year, generating 3 M tons of tops and 

branches.147 As birch is also harvested during maintenance of softwood stands 

these numbers are underestimated.  Calculation of only 6 M tons of birch 

shows that valorization would give 0.6 M tons of betulin, 0.15 M tons of 

monophenols, 0.3 M tons of phenol substitute, 0.42 M tons of fatty acids and 

1.5 M tons of pulp.  

To put these numbers in perspective: Europe uses around 1.4 M tons of 

phenolic resins;148 current crude tall oil production capacity in the Nordic-

Baltic region is 0.65 Mtons per year;149 rapeseed oil production is around 10 

M tons.150 Dissolving pulp production in the same region is around 1 M ton.151 

Thus, by valorizing this side-stream, theres is a potential to supply a large 

portion of phenols; increase the production of fatty acids by more than 50% 

and increase the pulp production for textiles by 150%. Noteworthily, this in-

crease in production of these high-value products would not affect land use. 

Furthermore, by avoiding incinerating this raw material, carbon dioxide emis-

sions to the atmosphere are reduced by 7.34 M tons, without accounting mar-

ginal effects for substitutions of resins, fatty acids and pulp.  

 

Sequential fractionation has successfully been applied to valorize T&B with-

out the need to mechanically debark their woody parts. Lipophilic extractives 

such as terpenoids were efficiently removed. RCF allowed to convert lignin 
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from the woody part of the mixture to monophenols increasing the value com-

pared to its conventional use as a source of heat. Organocatalysis in the pres-

ence of Et3N further yielded suberin – a promising feedstock to produce bi-

obased polyesters or biofuels. The combination of extraction with these two 

approaches demonstrates an effecient strategy to valorize this underutilized 

biomass and enable the production of compounds that are traditionally derived 

from fossil resources. Upgrading an underutilized forestry residue would in-

crease resource efficiency and generate additional revenue streams for forestry 

sector, while reducing CO2 emissions to the atmosphere.  

 

 

  



43 

Concluding remarks  

This thesis demonstrates the potential for valorizing chemically complex re-

sidual biomass mixtures using different approaches. This methods contribute 

to sustainable production of bio-based chemicals, traditionally derived from 

fossil resources, without increasing land-use, while mitigating the climate 

change and increasing resource efficiency is demonstrated. 

In the first chapter we demonstrated initial steps towards integrated utiliza-

tion of woody biomass residues. We not only valorized lignin to monophenols, 

but also successfully converted cellulosic pulp into textile fibers. These results 

indicate that the economic value of woody residues can be increased by nearly 

70%. LCA results further showed that viscose production from tops and 

branches has a lower environmental impact in four out of five footprint cate-

gories compared to cotton production. Notably, improvments were observed 

in climate change and land use impacts, largely due to utilization of residual 

biomass. Despite these advancements, there is still room for improvments. 

Impact categories such as resource depltetion and mineral and metal use show 

higher impacts, suggesting that dissolution processes could be further opti-

mized to minimize these impacts.  

The next chapter focused on exploring pathways for the valorization of 

bark, which is the main reason residual T&B are often incinerated. In this 

study, we demonstrate that soda pulping performed in a  flow system offers a 

promising approach for the valorization of the sidestream. Implementation of 

a flow system enabled shorter reaction times, solvent recirculation, reducing 

solid-to-solvent ratios, and improved process tunability. By adjusting temper-

ature alone, we show that product yields can be effectively controlled. It 

should be noted, that the environmental benefits of bark fractionation are only 

realized when the process is integrated with co-located pulp mills. According 

to gate-to-grave LCA results, such integration significantly reduces energy 

consumption and CO₂ demand.  

The final chapter focused on the combined fractionation of two chemically 

different feedstocks. We have implemented an effective sequential fractiona-

tion-depolymerization strategy, that allowed the isolation of compounds, that 

are traditionally derived from fossil resources, such as suberin and monophe-

nols. But the challenges with this feedstock remain. It was confirmed by con-
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trol experiments, that RCF applied in the sequential approach could only con-

vert lignin in woody part of  birch, leaving bark lignin intact. Organocatalysis, 

though depolymerized bark suberin to fatty acids, has not depolymerized bark 

lignin, leading to its incomplete conversion during this sequence. Therefore, 

additional studies are needed to find more effecient ways to convert both wood 

and bark fractions simultaneously. Environmental sustainability of the de-

scribed process has yet to be evaluated.  

Overall the work in this thesis contributes to the field of biomass valoriza-

tion and sustainable production of chemicals by advancing both understanding 

and process development for underutilized feedstocks. It expands current 

knowledge of barks as a resource, by not only studying its composition, which 

varies depending on the species, but also demonstrating viable pathways for 

converting complex and heterogeneous feedstock into multiple higher-value 

product streams. This work highlights the potential of bark within integrated 

conversion concepts, showing that its utilization can reduce the need for de-

barking and avoid additional land use by relying on existing residual biomass. 

Furthermore, in this thesis we demonstrate,  that biomass valorization proces-

ses can move beyond conventional batch operations toward flow systems. The 

implementation of flow system in fractionation enables shorter processing ti-

mes, improved energy efficiency, allows for recycling and enhanced control 

over product yields, thereby offering a promising route toward more resource-

efficient biomass valorization.  

Together, these findings highlight the potential of integrated biomass va-

lorization strategies to support the transition toward a more sustainable and 

bio-based economy. 

Since the developed processes are relatively new, further optimization of 

operating conditions is required to fully realize their potential. Future work 

should further explore available fractionation strategies as well as develop-

ments of new ones for the combination of different feedstocks, such as spruce 

or birch bark together with wood. Oxidative catalytic fractionation (OCF) is 

one of the methods currently under investigation in our group. Preliminary 

results demonstrate its potential on one-pot fractionation of the birch bark and 

wood mixture, eliminating the need for debarking and avoiding additional 

steps for the isolation of suberin and monophenols. In contrast with RCF, OCF 

does not require the utilization of expensive Pd catalysts, and can rely on more 

abundant metal catalysts, such as Cu, instead. Such approaches could better 

reflect real industrial conditions, where feedstocks are not homogeneous. In 

addition, the environmental impacts of the newly developed processes should 

be evaluated through life cycle assessment to ensure that the proposed pat-

hways are sustainable.  
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