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Abstract

Lignins have polyphenolic structures, making them candidates to replace phenols and polyphenols
in polymers. Lignins are highly recalcitrant, making their refining challenging, requiring harsh
temperatures and pressures. Lignins could be partially modified under milder conditions for their
use in biopolymers. The main purpose of this research was to upgrade Indulin AT, a kraft pine
lignin, to enhance its properties.

The first part of this thesis dealt with formic acid aided pressurized hot water extraction
(FAPHWE) of hemicelluloses from birch hardwood as the first step in separating the components
of a lignocellulosic feedstock (LCF). More than half of the hemicelluloses were extracted as
hydrolysis products, while keeping the cellulose hydrolysis products in the extract under 5% and
the lignin under 3%.

In the second part of this work, a method to determine the amount of phenolic hydroxyl groups
(OHph) in lignins was assessed. The Δε IDUS method was found to be useful for comparing the
OHph of pine kraft and birch milox lignins, albeit not as precise as carbon-13 nuclear magnetic
resonance spectroscopy (13C-NMR).

The third part of this thesis explored the tuning of the molar mass (MM) and OHph of Indulin
AT by aqueous ethanol fractionation. The results showed that a higher water content favored the
extraction of fractions with low MM and low OHph. A high ethanol content favored the extraction
of fractions with medium MM and high OHph. A 50–60 wt% ethanol content allowed for near
complete solubilization of Indulin AT, which could be beneficial for a single-phase chemical
reaction.

The fourth part of this research dealt with the depolymerization of Indulin AT in an ethanol-
water solvent with formic acid as hydrogen donor. The properties of interest were MM,
polydispersity (PDI), OHph, and formaldehyde uptake capability (FUC). The results of the
reaction were affected predominantly by temperature. Higher temperatures led to lower MM and
PDI, and higher OHph and FUC.

The results of this thesis suggest that, in a biorefinery, the first step before delignification of an
LCF could be FAPHWE. It was found that the properties of Indulin AT (OHph, FUC, and MM)
could be enhanced by chemical depolymerization and physical fractionation. Modified lignins
with higher OHph and FUC could be utilized in biopolymer applications such as phenolic resins
and polyurethanes.

Keywords: biopolymers, biorefinery, depolymerization, hemicelluloses, hydroxyls,
lignins
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Tiivistelmä

Ligniini on rakenteeltaan polyfenoli, mikä tekee siitä mahdollisen fenolien korvaajan polyfenoli-
en valmistuksessa. Ligniinin rakenne on hyvin kestävä, mikä tekee sen jalostuksesta haastavaa
vaatien usein korkean lämpötilan ja paineen käyttöä. Tästä huolimatta ligniiniä voidaan tietyssä
määrin muokata miedommissa olosuhteissa, mikä lisää sen käyttökelpoisuutta biopolymeerien
raaka-aineena. Tämän tutkimuksen tarkoitus oli jalostaa Indulin AT -kraft ligniiniä siten, että sen
ominaisuudet paranevat.

Aluksi väitöstyössä tarkasteltiin puun hemiselluloosan muurahaishappokatalysoidun kuuma-
vesiuutton soveltuvuutta lignoselluloosaraaka-aineiden fraktioinnin ensimmäiseksi vaiheeksi.
Yli puolet hemiselluloosasta voitiin uuttaa monosakkarideiksi samalla, kun selluloosasta uuttui
alle 5 % ja ligniinistä alle 3 %.

Seuraavaksi arvioitiin fenolisten hydroksyyliryhmien määritysmenetelmää. Δε IDUS meto-
din havaittiin olevan hyödyllinen ainakin sulfaattimenetelmän havupuuligniinien ja Milox-pro-
sessin koivuligniininäytteiden vertailussa, vaikkakaan se ei ole yhtä tarkka kuin ydinmagneetti-
seen resonanssispektroskopiaan (NMR) perustuva analyysi.

Tämän jälkeen tutkittiin mahdollisuuksia tuottaa etanoli-vesiliuosfraktioinnilla jakeita, joissa
ligniinillä on haluttu molekyylikoko ja fenolisten hydroksyyliryhmien pitoisuus. Tulokset näytti-
vät, että korkea vesipitoisuus suosii pienen molekyylikoon ja matalan OHph -pitoisuuden sisältä-
viä jakeiden uuttumista. Korkea etanolipitoisuus suosii keskikokoisen molekyylikoon jaetta, jos-
sa ligniinillä on korkea OHph -pitoisuus. 50–60 m-% etanolipitoisuudessa Indulin AT liukenee
lähes täydellisesti, mikä voi olla edullista kemiallisten reaktioiden toteuttamiseen yhdessä faasis-
sa.

Lopuksi tutkimuksessa tarkasteltiin ligniinin osittaista depolymerisointia etanoli-vesiliotti-
messa muurahaishapon toimiessa vetylähteenä. Tarkasteltavat tuotteen ominaisuudet olivat
molekyylikoko, polydispersiteetti, fenolisten hydroksyyliryhmien määrä ja formaldehydin sito-
miskapasiteetti. Lämpötilan havaittiin olevan merkittävin depolymerisointireaktioon vaikuttava
tekijä. Korkea lämpötila johtaa pienempään molekyylikokoon ja kapeampaan molekyylikokoja-
kaumaan sekä suurempaan hydroksyyliryhmien määrään ja formaldehydin sitomiskykyyn.

Tämän työn tulokset viittaavat siihen, että hemiselluloosan vesiuutto happamissa olosuhteis-
sa voi olla biojalostamon ensimmäinen vaihe, ennen delignifiointia. Lisäksi havaittiin, että lig-
niinin ominaisuuksia voidaan muokata kemiallisella depolymerisoinnilla ja fysikaalisella frakti-
oinnilla. Korkeamman hydroksyyliryhmäpitoisuuden ja formaldehydin sitomiskyvyn muokattu-
ja ligniinejä voidaan hyödyntää biopolymeerisovellutuksissa, kuten fenolisissa hartseissa ja
polyuretaaneissa.

Asiasanat: biojalostamo, biopolymeeri, depolymerisointi, hemiselluloosa,
hydroksyyliryhmä, ligniini
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Symbols and abbreviations 

Greek symbols 

Δa Difference mass absorptivity / Difference mass attenuation 

coefficient (L/g-cm) 

ΔA Difference absorbance (dimensionless) 

Δε Difference molar absorptivity / Difference molar attenuation 

coefficient (L/mol-cm)  

λ Wavelength (nm) 

Latin symbols 

AU Absorption units (dimensionless) 

C Concentration (mg/mL, mg/L, g/L)  

B Molar concentration/Molarity (mmol/mL, mol/L, M) 

P/F Phenol to formaldehyde molar ratio 

FUC Formaldehyde uptake capability of lignin (mgFormaldehyde/gLignin) 

m Mass (mg, g) 

mf Free formaldehyde in mass (mg) 

meq Milliequivalents 

n Moles (mmol, mol) 

nf Free formaldehyde in moles (mmol) 

MM Molar mass (mg/mmol, g/mol) 

Mn Number average molar mass (Da, kDa) 

mol% Mole percent 

mw Wood sawdust mass (g) 

Mw Mass average molar mass (Da, kDa) 

S/L Solid-to-liquid ratio (gLignin/LSolvent) 

t Time (hours) 

T Temperature (°C) 

V Volume (mL, L) 

x Mass fraction 

 



12 

Units 

Da Dalton (mg/mmol, g/mol) 

kDa kiloDalton (1000 mg/mmol, 1000 g/mol) 

M Molar (mol/L) 

Subscripts 

1 Ionization level 1 (pH 12) 

2 Ionization level 2 (pH 13.3) 

cel Cellulose 

free Unreacted formaldehyde 

form Formaldehyde 

Fur Furfural 

Glc Glucose 

Gunit Glucan unit 

hem Hemicelluloses 

i Data point 

k Chemical compound 

phe Phenol 

saw Sawdust 

up Reacted formaldehyde 

vol Volume (mL) 

Xyl Xylose 

Xunit Xylan unit 

Abbreviations 

C.I. Confidence interval 

DMSO Dimethyl sulfoxide 

EYR Extraction yield ratio  

FA Formic acid 

FAPHWE Formic acid-aided pressurized hot-water extraction 

FUC Formaldehyde uptake capability 

GDE Glycerol diglycidyl ether 

GPC Gel permeation chromatography 

HACL Hydroxylamine Hydrochloride 
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HEM Hemicelluloses 

HDI Hexamethylene diisocyanate 

HMF Hydroxymethyl furfural 

HPLC High-performance liquid chromatography 

IDUS Ionization difference ultraviolet spectrophotometry  

IPDI Isophore diisocyanate 

KL Kraft lignin 

LCF Lignocellulosic feedstock 

LPR Lignin-derived phenolic resin  

MM Molar mass 

MDI Methylene diphenyl diisocyanate 

NMR Nuclear magnetic resonance spectroscopy 

OH Hydroxyl  

OHI Primary aliphatic hydroxyl group 

OHII Secondary aliphatic hydroxyl group 

OHph Phenolic hydroxyl group  

PDI Polydispersity (dimensionless) 

PEG Polyethylene glycol 

PF- Phenol formaldehyde- 

PFR Phenyl-formaldehyde resin 

PHWE Pressurized hot-water extraction 

PLA Polylactic acid 

PU Polyurethane 

RID Refraction index detector 

RIU Refractive index units (dimensionless) 

RRU Relative response units (dimensionless)  

RT Retention time (min) 

RU Response units (dimensionless) 

TDI Toluene diisocyanate 

UV Ultraviolet  

UVD Ultraviolet detector 

vol% Volume percent 

WL Wavelength 

wt% Weight (mass) percent 
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1 Introduction  
The following section explains the background and scope of this work and justifies 

the need to research valorization of lignins. 

1.1 Background 

For centuries, humanity has developed and utilized petroleum refineries to process 

crude oil into platform products and chemicals, which have become staples of 

human civilization. Some old-fashioned products such as lamp oil and mineral oil 

lubricants are still being used to this day (Russel & Holmes, 2016). Petrochemicals 

that are more specialized include ethylene, propylene, butadiene, benzene, toluene, 

xylene, and phenol. With these platform chemicals, humankind has been able to 

synthesize products such as plastics, rubbers, resins, and gasoline (Matar & Hatch, 

2001). Some of the most important platform chemicals are phenolic and polyolic 

compounds, of which the simplest are phenol and ethylene glycol.  

Phenol and acetone can be used to produce bisphenol A, which can be used to 

produce epoxy resins and polycarbonates. On the other hand, phenol and 

formaldehyde form the so-called phenol-formaldehyde resins (PFRs). Ethylene 

glycol and water can be mixed to make antifreeze. Additionally, ethylene glycol is 

the simplest polyol with which polyurethanes (PUs) can be synthesized.  

The most common phenol production process is the cumene process, by which 

benzene and propylene are reacted into phenol and acetone (Zakoshansky, 2007). 

Ethylene glycol can be synthesized from the reaction of ethylene oxide and water, 

the former of which is produced from the oxidation of ethylene (Rebsdat & Mayer, 

2000).  

Precursors like cumene and ethylene are usually obtained from petroleum 

refining. One way to offset the non-renewable (petroleum-based) production of 

platform chemicals is to use biomass as a raw material. Ideally, this biomass would 

be non-food biomass such as residual lignocellulosic feedstock.  

Lignocellulosic feedstocks (LCFs) are raw materials that contain mostly 

cellulose, hemicelluloses, and lignin. These LCFs may also contain trace amounts 

of extractives and inorganics. Among the most important residual non-food LCFs 

are forestry residues (woody biomass) and agricultural residues (e.g., corn stover 

and wheat straw) (Saini, Saini, & Tewari, 2015).  

LCFs have a high energy value and are thus frequently used for energy 

generation, particularly in developing countries. Woody LCF is also commonly 
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used in wood-related industries such as pulp and paper to supply energy (Balat & 

Ayar, 2005). However, they can also be processed in a biorefinery, which is an 

LCF-based analog to conventional refineries. In a biorefinery, LCFs are processed 

and refined to obtain value-added products. An example pathway for LCF refining 

can be seen in Fig. 1, where possible valorization routes are presented. 

 

Fig. 1. Example of a possible valorization pathway for LCFs. 

Delignified cellulose can be used to make fiber products. Cellulose fibers can be 

used, for instance in chemical filters. Highly purified cellulose can be used in 

bioethanol production.  Hemicelluloses, on the other hand, can be depolymerized 

into simple sugars such as xylose, which can then be used to produce chemicals 

such as xylitol and furfural. Lignins, however, have not found widespread use, 

despite accounting for between 15 and 40 wt% of the composition of LCFs 

(Ghorbani et al., 2016). 

Lignins have polyphenolic structures with an abundance of aliphatic hydroxyls, 

which makes them prime candidates for refining into simpler and more valuable 

phenolic compounds. However, to this day, lignins have normally been used as a 

low-grade fuel for recovery boilers in pulp mills. Lignins are highly branched three-

dimensional polymers, which make them mostly unusable as specialty chemicals, 

offering fewer active sites than simpler molecules like phenol and ethylene glycol. 

Moreover, lignins are highly recalcitrant. In other words, lignins are highly resistant 

to chemical treatment that could potentially increase their value (El Mansouri, 

Farriol, & Salvadó, 2006). 
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 The reactivity of lignins can be increased by thermochemical modifications 

such as phenolation, demethoxylation, and demethylation (L. Hu, Pan, Zhou, & 

Zhang, 2011). Partial depolymerization of lignins by solvolysis has also been 

employed to enhance and activate lignin molecules (Huang, Mahmood, 

Tymchyshyn, Yuan, & Xu, 2014; Xu, Arancon, Labidi, & Luque, 2014). If properly 

treated, lignins could be used for applications such as resins, glues, foams, and fuels, 

where petroleum-based chemicals currently remain dominant. 

1.2 Scope and objectives 

The main purpose of this work was to valorize kraft pine lignin through physical 

and chemical methods, as well as to determine the extent of activation (namely 

OHph, MM, and FUC) of the valorized kraft lignin for its potential use in 

biopolymer applications, particularly polyurethanes and phenol-formaldehyde 

resins.  

Cellulose has mature technologies and processes, while hemicelluloses and 

lignins are still under intense research. Thus, extraction of hemicelluloses from 

hardwood LCF by acid catalyzed hot water extraction was also investigated. 

Hemicelluloses normally accompany lignins as waste in the black liquor in 

kraft pulping. The objective was to remove hemicelluloses from wood LCF by 

formic acid aided pressurized hot water extraction (FAPHWE), obtaining a liquid 

product with a low cellulose and lignin content and high content of hemicelluloses. 

This extract could then be utilized e.g., for the hydrolysis of hemicelluloses to 

xylose, etc. The new low-hemicellulose product could be delignified (pulped) to 

ultimately obtain the three separated main fractions of LCFs: hemicelluloses, 

cellulose, and lignin. Hardwood birch wood was chosen as the model LCF for 

FAPHWE due to its availability in Finland and the fact that hardwood 

hemicelluloses contain mostly xylan. Thus, the initial question was: can a low-

hemicellulose LCF be obtained by the pressurized hot water extraction (PHWE) of 

hemicelluloses from wood with formic acid as the catalyst? This was the focus of 

Paper I. 

The characterization of the properties of lignin is no trivial matter. Even though 

lignins have comparable properties, each different lignin (and even lignins from the 

same raw material) can exhibit different properties, which makes developing 

standard analysis and characterization methods challenging at best. One of the most 

important characteristics of lignins for their use in chemical applications is the 

phenolic hydroxyl group content. The neighboring carbons of the phenolic 
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hydroxyls are particularly reactive and can be bound with, for example, 

formaldehyde to make lignin-derived phenolic resins (LPRs). Paper II attempted to 

answer the question of whether it is possible to reliably determine the phenolic 

hydroxyl group content in pine kraft lignin by utilizing a relatively simple method. 

Pine kraft lignin Indulin AT was used as a model lignin due to it being commercially 

available, commonly studied in the literature, and originating from the predominant 

kraft pulping process. 

Paper III dealt with valorizing pine kraft lignin through physical means, 

namely solvent fractionation. Aqueous ethanol was used as the extracting agent due 

to the relative safety and widespread usage of ethanol, and because it can be 

produced in a biorefinery from cellulose. The hypothesis was that since lignin 

fractions with different properties would have different affinities to each solvent, 

some of the fractionated products would have superior properties compared to the 

original pine kraft lignin.  

The final manuscript included in this thesis (Paper IV) explored the effect of 

process variables on pine kraft lignin depolymerization by solvolysis. The main 

objective was to find suitable conditions to enhance the lignin reactivity as much 

as possible. These properties were molar mass, polydispersity (PDI), the phenolic 

hydroxyl group content (OHph), and the formaldehyde uptake capability (FUC) of 

the lignin. The main questions were whether pine kraft lignin could be upgraded 

significantly within reasonable temperatures and pressures (i.e., 300 °C and 100 

bar) to be used in phenolic resins, and whether other parameters (such as formic 

acid concentration) significantly affected the lignin solvolysis. A visual summary 

of the scope of this work can be seen in Fig. 2. 
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Fig. 2. Research scope of this thesis. FAPHWE was carried out on birch (hardwood), 
while fractionation and solvolysis were carried out on pine (softwood) kraft lignin. 

This thesis consolidates the research presented in Papers I–IV and provides some 

additional information. For instance, an upstream pathway could be possible where 

hemicelluloses are first separated from LCFs and valorized independently before 

the processing of cellulose, usually pulping, when the lignin would be separated. 

Lignins in turn, could be valorized independently from pulp processing. 
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2 Pressurized hot water extraction  
A possible upstream process in biorefineries could be the so-called pressurized hot 

water extraction (PHWE), by which hemicelluloses can be extracted from LCFs 

using water under pressure. During this process, cellulose, hemicellulose, and 

lignin are extracted from LCFs. Additionally, cellulose and hemicelluloses undergo 

hydrolysis reactions, in which they are depolymerized to simpler sugars. A reaction 

pathway of hardwood hemicellulose extraction and unwanted cellulose hydrolysis 

and lignin extraction can be seen in Fig. 3. Since lignin and cellulose are also 

partially extracted during the process, the goal would be to maximize the extraction 

of hemicelluloses from hardwood (with mostly xylans) in the form of oligomers 

and xylose, and minimize cellulose and lignin extraction. 

 

Fig. 3. PHWE extract pathway for hardwood LCF with xylan-rich hemicelluloses. 

 



26 

2.1 Structure of cellulose and hardwood hemicelluloses 

Hemicelluloses are heteropolymers (polymers with different units) that surround 

the cellulose fibers in most plants. Representative hardwood hemicelluloses and 

cellulose molecules can be seen in Fig. 4 and Fig. 5, respectively. Unlike cellulose, 

hemicelluloses are shorter and slightly branched. In the predominant pulping 

process, kraft, some of the hemicelluloses are removed during delignification.  

 

Fig. 4. Representative structure of hardwood glucuronoxylan. Adapted from 
(Henriksson, Gellerstedt, & Ek, 2009).  

Hardwood hemicelluloses make good model materials for research due to their 

relative simplicity in comparison to softwood hemicelluloses. In hardwood, most 

of the hemicelluloses are predominantly pentoses, made up of glucuronoxylan 

(xylose with glucoronate residues) and, to a lesser degree, glucomannan (glucose, 

mannose). On the other hand, softwood hemicelluloses are a mixture of pentoses 

and hexoses, made up of arabinoglucuronoxylan (arabinose, glucuronic acid, and 

xylose) and galactoglucomannan (galactose, glucose, and mannose).  

 

Fig. 5. Representative structure of cellulose. (modified from Henriksson et al., 2009). 
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2.2 Hydrolysis of polysaccharides in PHWE 

Hardwood hemicelluloses can be hydrolyzed to xylose and further dehydrated to 

furfural. Cellulose can be hydrolyzed to glucose and further dehydrated to HMF. 

Xylose, glucose, and their dehydration products can undergo repolymerization into 

undesired side-products called humins.  

As stated above, during PHWE, cellulose and hemicelluloses are hydrolyzed 

to simpler sugars, including monosaccharides. In hardwood, these 

monosaccharides are predominantly xylose. Fig. 6 shows the simplified hydrolysis 

reactions of cellulose and xylan-type hemicellulose, as well as the dehydration 

reactions of the monosaccharides. 

 

 

Fig. 6. Simplified hydrolysis reactions of cellulose and xylan-type hemicelluloses and 
dehydration of monosaccharides. (modified from Kobayashi, Kaiki, Shrotri, 
Techikawara, & Fukoka, 2016). 

PHWE can be catalyzed with acids, such as sulfuric acid and formic acid. The acids 

dissociate and promote the hydrolysis of polysaccharides (cellulose, hemicelluloses) 

and the dehydration of monosaccharides (glucose, xylose) to furans (furfural, 

HMF). Sulfuric acid, H2SO4, is a strong acid and dissociates completely in water 

into hydrogen ions H+ and hydrogen sulfates HSO4– and further dissociates 

reversibly into H+ and sulfates SO4–2. Formic acid, on the other hand, is a weak 

acid, which reversibly dissociates into the formate ions HCOO– and H+. In practice, 

this means that the pH of the solution during PHWE will vary more when aided by 
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sulfuric acid than with formic acid, i.e., formic acid will have a buffering effect. 

This makes formic acid a suitable catalyst for PHWE in biorefineries. Additionally, 

by using formic acid rather than sulfuric acid, no additional sulfur is added to the 

LCF. Moreover, formic acid is a byproduct of biorefineries (Liu, Li, Liu, & Cao, 

2015). 

2.3 Formic acid aided hot water extraction 

In formic acid aided PHWE (FAPHWE), formic acid is used as a catalyst for the 

extraction of hemicelluloses from LCFs. As previously explained, the acid 

catalyzes the hydrolysis reactions, leading to a higher yield of monosaccharides 

such as xylose. In other words, the main objective of FAPHWE is to obtain 

hydrolyzed hemicelluloses. As the amount of formic acid increases, the process 

approaches what is known as organosolv pulping, in which the main objective is to 

delignify LCFs, and hemicelluloses are removed as a consequence of the 

delignification. 

In organosolv pulping with formic acid, LCF is cooked with an aqueous 

solution of formic acid to remove lignin from the LCF. However, during pulping, 

some of the cellulose and hemicelluloses are hydrolyzed. Tu, Fu, Zhan, Chai, & 

Lucia (2008) performed pulping of bagasse with 50–90 vol% formic acid. They 

found that the content of hexoses in the liquid was 0.02 mol/L (approximately 10 

mol% of the original cellulose) at 50 vol% FA and 10 min reaction time, and 0.115 

mol/L (approx. 62 mol% of the original cellulose) at 90 vol% FA and 180 min 

reaction time. It was noted, however, that some of the hexoses might have come 

from hemicelluloses. The authors suggested that an extensive delignification with 

good pulp yield could be achieved at 90 vol% FA and 80 mins, with 0.06 mol/L of 

hexoses in the liquid (approx. 32 mol% of the original cellulose). 
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3 Basics of lignins  
Lignins are a part of all woody and plant biomass. Lignins are the glue that binds 

hemicelluloses and cellulose together, giving the plant support and strength. In pulp 

mills, wood chips are first delignified before obtaining pulp, which can then be 

bleached. The most common pulping method is kraft pulping. In kraft pulping, the 

wood chips are cooked (reacted) with a solution of sodium hydroxide (NaOH) and 

sodium sulfide (Na2S) called white liquor. Most of the kraft lignin and some of the 

hemicelluloses are removed in the liquid phase during cooking. The liquid is then 

called black liquor. Normally, the black liquor is then dried and burned in the 

recovery boiler for its energy content (Henriksson et al., 2009). The kraft lignin in 

the highly alkaline black liquor can be precipitated out by decreasing the pH of the 

black liquor to acidic conditions. 

The native structures of lignins are not well known. However, the structure of 

isolated lignins has been studied thoroughly. The following section explains the 

basic concepts and nomenclature of lignin molecules, as well as the advantage of 

depolymerizing lignins. 

3.1 Structure of lignins 

Lignins are heterogeneous polymers (heteropolymers), which means that when we 

refer to a specific lignin, we are actually referring to a mixture of molecules. To 

clarify this, consider how the LCF fractions can be described: cellulose can be 

described as a linear polymer of α-glucose (glucan); hemicelluloses can be 

described as shorter heteropolymers of arabinoglucuronoxylan (arabinose, 

glucuronic acid, and xylose) and galactoglucomannan (galactose, glucose, and 

mannose) in softwood. In hardwood, the polymer structures are mostly comprised 

of glucuronoxylan (xylose with glucoronate residues) and, to a lesser degree, of 

glucomannan (glucose, mannose). Lignins, on the other hand, can have distinct 

categorizations depending on their origin (e.g., pine lignin, wheat straw lignin), 

isolation method (e.g., kraft lignin, organosolv lignin), solubility (e.g., water-

soluble lignin, acid-soluble lignin), or predominant molecular structure (e.g., 

guaiacyl lignin, syringyl lignin). Additionally, isolated lignins can exhibit different 

sugar and metal (ash) impurities. Table 1 shows a comparison of impurities between 

different technical lignins. In the case of kraft lignins, sulfur can be found bound in 

the lignin structure as sulfites and sulfates (Han et al., 2018).  
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Table 1. Sugar and ash content in technical lignins. 

Lignin name Process Type Sugars (wt%) Ash (wt%) 

Indulin AT kraft Softwood 2.00 3.06 

Curan 27-11P kraft Softwood 2.00 17.00 

Alcell organosolv Hardwood 0.20 0.05 

Sarkanda soda Non-wood 5.00 3.26 

Note. Data from Cateto, Barreiro, Rodrigues, Brochier-Salon, Thielemans, & Belgacem (2008). 

Lignins from the same raw material and delignification process can have different 

properties (e.g., phenolic hydroxyl group content) depending on the process 

conditions. In eucalyptus kraft pulping, it was found that higher pulping 

temperatures increased the phenolic hydroxyl content of the isolated lignin, while 

higher pulping alkalinity decreased the OHph (Ventorim, Comelato Favaro, & 

Frigieri, 2016). 

Unlike the linear molecules in cellulose and the slightly branched molecules of 

hemicelluloses, lignins are composed of molecules with a high degree of branching 

and cross-linking. This makes lignins particularly difficult to modify chemically 

due to steric hindrances in comparison with cellulose and hemicelluloses. Fig. 7 

shows a representative illustration of a softwood lignin. 



31 

Fig. 7. Representative illustration of a softwood lignin. (modified from Henriksson et al., 
2009). 

Lignins are polyphenolic polymers; i.e., polymers formed by phenol-like units. The 

monomers of lignins are phenyl-propanoid molecules, namely coniferyl, sinapyl, 

and p-coumaryl alcohols (Fig. 8). The aromatic portions of the molecules of lignins 

are named based on the methoxy (-OCH3) substitutions at positions 3 and 5 (see 

Fig. 9 for numbering). If there is no methoxy substituent, the portion is p-

hydroxyphenyl (H); if there is one methoxy at position 3 or 5, the aromatic portion 

is guaiacyl (G); and if there are methoxy groups at both positions 3 and 5, the 

aromatic portion is syringyl (S). This is why lignins with high content of these 

aromatic portions can be named accordingly, such as guaiacyl lignin. The lignin 

utilized in this study is commercial Indulin AT lignin, which is a kraft pine 

(softwood) lignin with high content of G units (a guaiacyl lignin). Examples of the 

unit types can be seen in Fig. 10. 
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Fig. 8. Monophenolic precursors of lignins. 

Fig. 9. Unit types and nomenclature of lignins. A. Uncondensed/Unconjugated, B. 
Uncondensed/Conjugated, C. Condensed(C5-substituted)/Unconjugated, D. 
Condensed/Conjugated. (reprinted by permission from Paper II, Periodica Polytechnica 
Chemical Engineering under CC-BY license). 

In addition to the phenolic hydroxyl groups and methoxy groups, lignins can also 

have aliphatic hydroxyls at the alpha (α), beta (β), and gamma (γ) positions (see 

Fig. 9). Alpha hydroxyls are also known as primary hydroxyl groups (OHI); beta 

and gamma hydroxyls are known as secondary hydroxyl groups (OHII). Moreover, 

regarding phenolic hydroxyl groups, the units of lignins can be classified as in Fig. 

9, where, depending on the C5 substitution and α-carbon conjugation, the unit can 

be given the appropriate name accordingly.  
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Fig. 10. Aromatic portions of lignins.  

3.2 Depolymerization of lignins 

The main reason for depolymerizing lignins is to activate them by increasing the 

free phenolic hydroxyl group content and reducing steric hindrances. A lignin with 

increased phenolic hydroxyl content can be used in polyurethanes. If the phenol 

moieties are unsubstituted (H and G), they can be used as phenol analogs in phenol-

formaldehyde resins. However, a merely isolated lignin like Indulin AT is less 

suitable for phenol replacement than an activated lignin. Some values of OHph for 

technical lignins are presented in Table 2.  

Table 2. Phenolic hydroxyl group content in technical lignins by 13C-NMR. 

Lignin name Process Type OHph (mmol/g) 

Indulin AT kraft Softwood 3.90 

Curan 27-11P kraft Softwood 3.53 

Alcell organosolv Hardwood 3.82 

Sarkanda soda Non-wood 2.46 

Note. Data from Cateto, Barreiro, Rodrigues, Brochier-Salon, Thielemans, & Belgacem (2008). 

One method of depolymerization is through a thermochemical reaction such as 

solvolysis. Solvolysis is a nucleophilic reaction, in which the nucleophilic agent is 

the solvent. In this thesis, the solvent in question was a mixture of ethanol and water. 

Ethanol is a better solvent for Indulin AT than water, and water is a better 

nucleophile than ethanol (Ouellette & Rawn, 2014).  

During lignin depolymerization by solvolysis, ether bonds are cleaved and 

some demethoxylation occurs, where the methoxy (-OCH3) is ultimately replaced 
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with hydrogen (-H). The reactions include complex recombination reactions, which 

can in fact repolymerize and further polymerize the lignin into char. Using a 

hydrogen donor prevents some of the recombination reactions and promotes 

demethoxylation (removal of -OCH3) and demethylation (removal of -CH3).  

However, if the conditions are not harsh enough (400 °C and above), the 

demethoxylation and demethylation might be minimal or not occur at all 

(Kawamoto, 2017; Kim, Brown, Kieffer, & Bai, 2014). A simplified depiction of 

an ideal version of this process can be seen in Fig. 11, where all ethers are cleaved 

and all methoxyl groups are removed. The arrows represent the ether cleaving and 

the circles represent the demethoxylation. In actuality, the reactions will likely be 

a combination of depolymerization (ether cleaving), demethoxylation, 

demethylation, and recondensation (repolymerization). Recondensation reactions 

lead to undesired char formation. 

 

Fig. 11. Ideal ether cleaving and demethoxylation of a kraft lignin fragment (modified 
from Paper II). 
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4 Applications of lignins 
Isolated lignins have not yet found a universal use other than as energy sources. 

However, there could be several niche uses for isolated lignins and activated 

isolated lignins, particularly in biopolymers. Some of the most promising lignin 

applications for biopolymers are phenolic resins and polyurethanes. 

4.1 Phenol-formaldehyde resins (PFRs) 

Phenolic resins are the oldest synthetic polymers, the first of which was called 

Bakelite after its inventor Leo Baekeland in 1907. This was the beginning of 

plastics as we know them today. Phenolic resins have been used in a myriad of 

applications such as adhesives, binders, circuit boards, as well as consumer 

applications like telephones, radios, and kitchenware (ACS, 1993; Pilato, 2013).  

Phenolic resins are synthetic polymers obtained by the reaction between a 

phenolic compound and an aldehydic compound, the simplest of which is the 

reaction of phenol with formaldehyde (Fig. 12). The resulting 

hydroxymethylphenol reacts with another phenol or another hydroxymethylphenol 

and the molecule grows step-wise in a process called polyaddition. Examples of 

this are shown in Fig. 13. Phenolic resins, formed by the reaction of phenol and 

formaldehyde, are thus called phenol-formaldehyde resins or PFRs. 

Fig. 12. Simplified phenol-formaldehyde reaction. (modified from Conner, 2000). 

PFRs are thermosetting polymers (thermosets); that is, once they have cured, they 

cannot be reworked or melted unlike their thermoplastic counterparts 

(thermoplastics) like polyethylene, which can be remolded when heated above its 

melting point. 
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Fig. 13. Polyaddition step examples. Water is formed as part of the reactions. (modified 
from Hesse & Lang, 2011). 

4.1.1 PFR types 

There are two main phenol-formaldehyde resin types: novolacs (or novolaks) and 

resoles (or resols). Despite both being products of the reaction between phenol and 

formaldehyde, their synthesis and resulting resins differ from each other. The 

following sections in which novolacs and resoles are defined and their synthesis 

shortly summarized is based on the works by (Fink, 2013; Hesse & Lang, 2011; Lu, 

Luo, Lin, Su, & Hu, 2004; Pilato, 2013; Pizzi & Ibeh, 2014). 

Novolacs 

Novolacs are known as two-step resins because they do not cure on their own. They 

require a curing agent that allows the resin to cure. Therefore, before they are cured 

they are thermoplastics and can be melted.  Novolac resins are prepared under 

acidic conditions, i.e., with an acid catalyst like hydrochloric acid (HCl). These 

types of resins are synthesized with an excess of phenol, with a molar ratio of 

phenol to formaldehyde of above 1 (P/F > 1). Formaldehyde itself can be used as a 

curing agent, which is why an excess of phenol is used during synthesis. During 

novolac synthesis, formaldehyde substitutes phenol in ortho (o) or para (p) position 

as shown in Fig. 14. When the resin is to be used, a curing process is used such as 
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the reaction with hexamethylenetetramine. During this process, the novolac 

molecules cross-link, forming a cured resin. 

Fig. 14. Novolac structure. o: ortho, p: para. Only methylene (-CH2-) bridges present. 
(modified from Fink, 2013). 

Resoles 

Resoles, unlike novolacs, are known as one-step resins because the curing step 

(cross-linking) occurs by heating without the addition of a hardener. Before they 

are heated to their curing point, resoles are considered to be thermoplastics. When 

resoles are heated above their gel point, resoles cure. Resole resins are prepared in 

alkaline conditions, i.e., with an alkaline catalyst like sodium hydroxide (NaOH). 

These types of resins are synthesized with an excess of formaldehyde with a phenol 

to a formaldehyde molar ratio of below 1 (P/F < 1). Like in novolac synthesis, 

during resole synthesis, formaldehyde substitutes phenol in ortho and para 

positions. However, unlike novolacs, in resole synthesis there is also a formation 

of ether bridges (-CH2-O-CH2-) in addition to methylene bridges (-CH2-). 

Additionally, hydroxymethyl groups (-CH2OH) are available for further reaction. 

The main differences between novolacs and resoles are summarized in Table 3. 
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Fig. 15. Resole structure. o: ortho, p: para. Methylene (-CH2-) and ether (-CH2-O-CH2-) 
bridges present, as well as hydroxymethyl (-CH2OH) groups. (modified from Fink, 2013). 

Table 3. Comparison between novolacs and resoles. 

Attribute  Novolacs  Resoles 

P/F  > 1  < 1 

Catalyst  Acid  Alkaline 

Curing agent  Needed  Not needed 

Methylene bridges  Present  Present 

Ether bridges  Not Present  Present 

Hydroxymethyls  Not Present  Present 

Shelf life  Indefinite  1 year 

Product phase  Solid  Liquid 

Common use  Molding  Casting, bonding 

Note. Data from Pizzi & Ibeh (2014). 

4.1.2 Lignin-derived phenolic resins (LPRs) 

Lignins, as previously explained in Section 2, have polyphenolic structures, making 

them prime candidates for phenol replacement. Lignin phenolic ends can react with 
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formaldehyde, similarly to phenol (Fig. 16). However, the use of lignins in phenolic 

resins has been limited, due to the lower reactivity of lignins in comparison to 

phenol.  

Fig. 16. Formation of LPR. (modified from Sen, Patil, & Argyropoulos, 2015). 

Studies have shown that lignins can be successfully used to replace phenol in the 

synthesis of phenolic resins at different lignin wt%. Table 4 shows a summary of 

these findings.  
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4.2 Polyurethanes (PUs) 

Polyurethanes have a myriad of applications: panels, foams, flooring, furniture, 

textiles, paints, coats, rigid structures, adhesives, electronics, and thermoplastics, 

among others (ACC, 2018; BASF, 2018). PUs share two particular traits: the 

urethane (carbamate) group (Hope, 2016), and the process of polyaddition of 

(poly)isocyanates and typically poly(alcohols) by which they are formed (Adam et 

al., 2005). The basic urethane reaction from an isocyanate and an alcohol can be 

seen in Fig. 17. A simple reaction scheme of PU synthesis is presented in Fig. 18. 

Fig. 17. Urethane (carbamate) synthesis from alcohol and isocyanate. (modified from 
Adam et al., 2005). 

Fig. 18. Example of PU synthesis from MDI and ethylene glycol. (modified from Adam et 
al., 2005). 

4.2.1 Common polyisocyanates in PU synthesis 

The most common polyisocyanates used in PU synthesis are aromatic 

polyisocyanates (such as MDI), the simplest of which is toluene diisocyanate (TDI). 

Aromatic polyisocyanates are used to make elastomers, thermosets, and adhesives. 

Industrially, TDI is used as an isomeric mixture of 2,4-TDI and 2,6-TDI (see Fig. 

19). Other important polyisocyanates are aliphatic and cycloaliphatic such as 
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hexamethylene diisocyanate (HDI) and isophore diisocyanate (IPDI), as shown in 

Fig. 20. Aliphatic and cycloaliphatic polyisocyanates are used in PU synthesis for 

paints and coatings etc. (Adam et al., 2005) 

Fig. 19. Toluene diisocyanate isomers. 

Fig. 20. Example of aliphatic and cycloaliphatic diisocyanates. 

4.2.2 Common polyols in PU synthesis 

Polyols are molecules that contain multiple hydroxyl groups, usually two (diols) or 

three (triols). The most common polyols used in PU synthesis are the so-called 

polyether polyols. Less frequently used polyols include polyester and 

polycarbonate polyols. Other polyols with thiol (-SH), carboxyl (-COOH), and 

amine (-NHR) groups are also used.  
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Polyether polyols are synthesized from a cyclic ether and a so-called starter 

molecule. The most common polyether polyols are synthesized from the starter 

molecules ethylene glycol (EG) and propylene glycol (PG), and the cyclic ethers 

ethylene oxide (EO) and propylene oxide (PO). The polyether polyol synthesis can 

be seen in Fig. 21 (Adam et al., 2005). In Fig. 22, an example of polyurethane 

synthesis from a polyether polyol and a diisocyanate is shown. 

Fig. 21. Polyether polyol synthesis. R=-C2H5- (EG), -(CH3)C2H3- (PG). R’=H (EO), CH3 (PO). 
(modified from Adam et al., 2005). 

Fig. 22. Example PU synthesis from a diisocyanate and a polyether polyol. 

4.2.3 Lignin-derived polyurethanes 

Lignins and derivatized lignins have been used in polyurethane synthesis as a 

partial replacement for polyols. Pan & Saddler (2013) found that partially (50 wt%) 

replacing petroleum-polyols in rigid PU foams with an ethanol organosolv lignin 

caused a decrease in density of about 30% and a 25 wt% replacement reduced the 

compressive strength of the foam by 40% when compared to the pure PU. Luo, 
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Xiao, Wu, & Zeng (2018) mixed between 0–25 wt% of a mixed-LCF enzymatic 

hydrolysis lignin into rigid PU foams, and also found that the density decreased 

with the addition of lignin; additionally, they found that a 5 wt% of lignin increased 

the mechanical properties of the PU foam when compared to higher lignin loads or 

no lignin addition. Bernardini, Cinelli, Anguillesi, Coltelli, & Lazzeri (2015) 

utilized a soda lignin Protobind 1000 and oxypropylated lignin in flexible PU 

synthesis. The lignins were first liquefied in glycerol and PEG 400 with the help of 

microwave radiation and the PU prepared with PMDI. The resulting flexible PU 

exhibited properties suitable for interior packing such as furniture and automobiles.  

4.3 Other applications of lignins 

Lignins are versatile materials with many potential uses. There is ongoing research 

on several other applications than the ones elaborated in Chapters 4.1 and 4.2. Kraft 

lignin can be used as filler in polylactic acid (PLA) to increase its thermal stability 

without significantly affecting the mechanical strength when used in concentrations 

below 10 wt% of the lignin (Gordobil, Delucis, Egüés, & Labidi, 2015). A sulfur-

free soda lignin has been used in the successful production of mortar with superior 

properties compared to commercial alternatives (Nadif, Hunkeler, & Käuper, 2002). 

On the other hand, a kraft lignin has been successfully used to make epoxy resins 

with the cross-linking agent glycerol diglycidyl ether (GDE) (Li et al., 2018). 

Additionally, a soda lignin NovaFiber has been utilized as a UV stabilizer in 

polyethylene with comparable performance to commercial stabilizers (Gosselink et 

al., 2004). Other potential uses of lignins include metal sequestration for water 

treatment, as binders for agglomeration (Stewart, 2008), and as precursors for 

carbon fibers (Dallmeyer & Kadla, 2014).   
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5 Materials and methods 
This section briefly summarizes the methods utilized in this research, as well as the 

experimental setups and analysis procedures. More detailed descriptions can be 

found in the original papers.  

5.1 Extraction of hemicelluloses from hardwood 

The extraction of hemicelluloses from silver birch (hardwood) was carried out by 

formic acid-catalyzed hot water extraction. Birch is readily available in Finland and 

the hemicelluloses in hardwoods are mostly pentoses, which made birch a simple 

model LCF. The method could be extended to softwood LCF; however, the content 

of the hydrolysis products would be different due to the significant amount of 

hexoses in the hemicelluloses. The extractions were carried out in zirconium 

reactors, equipped with screw caps and fluoroelastomer O-rings, as well as a 

polytetrafluoroethylene (PTFE) coating for the K-type thermocouple (Fig. 23).   

Fig. 23. Hemicellulose extraction reactor setup. 

The preheating of the reactors was carried out in a ceramic heater block. After 

preheating, the reactors were moved to a temperature-controlled fluidized sand bath 

(Fig. 24). After the reaction time, the reactors were quenched in a chilled water 
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container. Detailed methodology can be found in Paper I. The liquid samples were 

analyzed by high-performance liquid chromatography (HPLC). The compounds 

analyzed were xylose, glucose, furfural, and HMF. For the analysis, an Agilent 

1200 series chromatograph equipped with an ICSep ICE-Coregel 87H3 

(Transgenomic) column was used. 5 mM sulfuric acid was used as the mobile phase 

with a flow rate of 0.8 ml/min. The column was operated at a temperature of 60 °C. 

Compounds were detected with a refractive index detector (RID) and a diode array 

detector (DAD) operated at a wavelength of 210 nm. The quantification of the 

compounds was based on multiple-point external calibration.  

Fig. 24. Pre-heating block and sand bath setup. A) Heating block, B) Sand bath. 

5.2 Solvent fractionation of pine kraft lignin 

Pine kraft lignin solvent fractionation was carried out in ethanol-water mixtures. 

Ethanol is a benign and easily accessible chemical, particularly as a product of 

biorefineries. Thus, ethanol was selected for use in lignin fractionation. Mixtures 

of ethanol and water were tested as solvents in Indulin AT solubility. The tested 

concentrations were between 0 and 100 wt% ethanol in increments of 10 wt%. 

Different lignin-to-solvent ratios (L/S) were also tested, between 25 g/L and 250 

g/L. Indulin AT samples were fed into 100 mL Erlenmeyer flasks with magnetic 

stirring, and 40 mL of the solvent mixture was added (Fig. 25). The heterogeneous 

mixtures were stirred overnight at room temperature, after which they were vacuum 

filtered through 0.45 μm fiberglass filter papers. The precipitate (solid) was 
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oven-dried and the filtrate (liquid) was utilized as is for analyses.  A detailed 

description of the extraction process can be found in Paper III. 

Fig. 25. Pine kraft lignin fractionation setup. 

5.3 Pine kraft lignin depolymerization by solvolysis 

The experiments were carried out in a 50/50 wt/wt mixture of ethanol and water. 

Formic acid was added to the reactors right before the pre-heating and closing of 

the reactors. The final formic acid concentration was 5 wt%. Semi-micro stainless 

steel reactors were utilized (10 mL effective volume).  
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Fig. 26. Lignin solvolysis setup. A) Sand bath, B) Reactor, C) Spiral wound gasket. 

The lignin solution was preheated in the ceramic heater depicted in Fig. 24 A, after 

which they were moved to a sand bath at the required temperature (Fig. 26). After 

the reaction, the reactors were quenched in a chilled-water container. When they 

had reached less than 40 °C, the reactors were carefully opened in a fume hood to 

avoid sulfur-derived gases (sulfur is present in kraft lignin). A detailed procedure 

can be found in Paper IV.  

In order to assess the effect of scaling up the reaction, a scaled-up experimental 

setup was utilized. The setup consisted of a 1 L stainless steel autoclave 

(high-pressure) reactor. The temperature was set to 250 °C, the ethanol 

concentration to 50 wt%, the formic acid concentration to 5 wt%, the lignin load to 

50 g/L, and the reaction time to 2 hours. The experimental setup is depicted in Fig. 

27. After the reaction had completed, the reactor was quenched by the water cooling 

coil and the contents of the reactor were poured into drying trays, which were then 

oven-dried at 65 °C overnight for complete solvent evaporation. The dried 

solvolysis lignin was scraped off and stored for analysis.   
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Fig. 27. Scaled-up lignin solvolysis setup. 

5.4 Lignin analysis methods 

The analysis and characterization of lignins are essential to determine the degree of 

usefulness of the lignins. The following section deals with the analysis methods 

utilized in this work and some of their working principles. Detailed methodologies 

can be found in Papers II–IV. 

5.4.1 Ionization spectra ultraviolet spectrophotometry (Δε-IDUS) 

Ultraviolet (UV) spectrophotometry has been used in the detection of lignins and 

their quantification. Zakis (1994) developed a method to determine the phenolic 

hydroxyl content of a lignin sample based on the absorption spectra of the lignin 

under UV light at different pH levels. Lignins exhibit characteristic absorption 

curves under UV light. These absorption values (absorbance), measured in 

dimensionless absorption units (AU), increase when the lignin sample is dissolved 

in an alkaline solution (pH 12), and may further increase in a more alkaline solution 

(pH 13.3). The absorption values at wavelengths of 300 and 360 nm in the neutral 

(pH 6) solution are subtracted from the alkaline solutions to obtain the so-called 

difference absorbance (ΔA) values. These difference absorbance values can be 

used to estimate the phenolic hydroxyl groups present in the analyzed lignin. Fig. 

28 shows an example of Indulin AT spectra. A detailed methodology can be found 
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in Paper II and updates to the methodology can be found in Paper IV. An illustrative 

example of the application of Δε-IDUS is presented in Appendix 2. 

 

Fig. 28.  UV spectra of Indulin AT in ethylene glycol A) UV spectra in different buffers, B) 
UV difference spectra. Concentration 25 mg/L. 

Each lignin sample is analyzed at three concentration levels and three pH levels. 

Using a double-beam spectrophotometer, the ΔA values can be directly determined 

between the reference and the sample, as shown in Fig. 30. The ΔA values and the 

concentrations are plotted with zero intercept, where the slope is the difference 

absorptivity (Δa) in L·g-1·cm-1, as seen in Fig. 31. Finally, the phenolic hydroxyl 

groups are calculated with formulas developed by Zakis (1994), who divided the 

lignin structures into four types, namely Types 1–4, depicted in Fig. 29 as T1–T4. 

 

Fig. 29. Phenolic structures of lignins according to Zakis. (modified from Zakis, 1994). 

Eq. 1 is used to determine the total amount of phenolic hydroxyl groups in the 

sample (T1+T2+T3+T4). 
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 ℎ = 0.250Δ + 0.107Δ  (1) 

where OHphtotal is the total amount of phenolic hydroxyl groups in mmolOH/gLignin, 

Δa is the mass absorptivity at 300 and 360 nm for pH level 2 (pH 13.3). Besides 

Eq. 1, specific structures (T1–T4) can be estimated with the other equations 

reported by Zakis (1994). However, for the purpose of this thesis, only the total 

phenolic hydroxyl content is relevant.  

The Δε-IDUS method relies on being able to completely solubilize the lignin 

sample in a suitable solvent, after which the liquid sample is analyzed in a quartz 

cuvette with typically a 1 cm path length. The solvent in question must completely 

dissolve the lignin sample and not significantly absorb UV radiation in the 

wavelengths of interest (300 and 360 nm) in order for the measurements to be 

reliable. 

 

Fig. 30. Δε-IDUS method representation. 
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Fig. 31. Example determination of difference absorptivities in L·g-1·cm-1. 

If the solvent (matrix) absorbs UV radiation in the aforementioned wavelengths, 

there will be matrix interference. A good solvent for UV analysis will have a UV 

cutoff wavelength below the wavelengths of interest. The UV cutoff wavelength is 

the wavelength at which the solvent has an absorbance of 1 AU for a 1 cm path 

length (NPL, 2005), after which the absorbance dramatically decreases. 

Appropriate solvents for Indulin AT are ethylene glycol and dimethyl sulfoxide 

(DMSO) since they dissolve Indulin AT completely and have UV cutoff 

wavelengths of 210 nm (ethylene glycol) and 265 nm (DMSO). Although 

impurities in the analyzed lignin could potentially affect the results, the sugar 

content in Indulin AT is only about 2 wt% and the ash content about 3 wt% (as 

previously presented in Table 4). Cellulose and hemicelluloses do not present 

significant UV-light absorption capabilities, thus they would not affect the 

determination (S. Wang et al., 2016). Moreover, extractives like terpenes and 

turpentines have characteristic UV absorption below 280 nm (Qiao, Li, & Xu, 

2016). However, if the ash content were high enough, there would be interference 

from transition metals, which absorb UV light in the range of the Δε-IDUS method 

(Buck, Singhadeja, & Rogers, 1954). Naturally, extractive polyphenolic 

compounds such as tannins would also affect the determination (dos Santos Grasel, 

Ferrao Flores, & Wolf, 2016). 

5.4.2 Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance spectroscopy or NMR has become one of the preferred 

methods for the analysis and characterization of lignins due to its ability to elucidate 

specific structures of lignins. The most common methods are 1H-NMR, 13C-NMR, 
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and 31P-NMR. Normally, the lignin sample has to be first derivatized (e.g., 

acetylated, phosphorylated, phosphitylated) to improve spectral resolution.  

The 13C-NMR method is able to identify carbon atoms, allowing it to 

differentiate between primary and secondary aliphatic hydroxyl groups (OHI and 

OHII) and phenolic hydroxyl groups (OHph). In this work, the lignin samples were 

acetylated with a mixture of acetic anhydride and pyridine for three days at room 

temperature under magnetic stirring in complete darkness. The acetylation was 

based on the classic acid-catalyzed acetylation with perchloric acid (HClO4) as 

catalyst (Schenk & Fritz, 1960). 

After acetylation, the NMR analyses were carried out by the NMR Research 

Unit of the University of Oulu. An example of the 13C-NMR spectrum of Indulin 

AT can be seen in Fig. 32. The compound curve is first deconvoluted 

computationally by estimating several curves, which make up this compound 

curve. The deconvolution of the spectra in the acetylated hydroxyl group region 

required a total of 10–12 components and the positions of the peaks corresponded 

well with previously reported regions (Choi & Faix, 2011). Detailed 13C-NMR 

methodology can be found in Paper II and Paper IV. 

Fig. 32. 13C-NMR spectrum of acetylated Indulin AT. 

5.4.3 Gel permeation chromatography (GPC) 

The molar mass (MM) distributions of the lignin samples were measured by gel 

permeation chromatography (GPC). GPC uses tubes filled with porous solids called 

packed columns, which separate the molecules of a sample based on their size. The 
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molecules then pass through a detector, which measures the response of the passing 

molecules as a function of the time it takes them to pass through the column 

(retention time or RT).   

Common detectors in GPC setups are the refractive index detector (RID) and 

the ultraviolet absorption detector (UVD). The RID measures the change in 

refractive index in refractive index units RIU, while the UVD measures UV 

absorption intensity in absorbance units AU. This yields a chromatogram, which is 

a plot of response with respect to RT. By calibrating with standards of known molar 

mass (Dalton units kDa), an estimate of MM at each RT can be made. Thus, a plot 

of response versus MM can be obtained.  

In this work, the calibration was done with polyethylene glycol/oxide 

(PEO/PEG) standards. The lignin samples were dissolved in DMF with 0.05 wt% 

LiBr and analyzed. More details can be found in Paper III. 

The GPC results were normalized to 100 relative response units (RRU) based 

on the maximum value of response in each sample as per Eq. 2. This was done to 

improve the visual clarity of the plotted curves when comparing different samples 

overlaid in the same figure. An example of this figure can be seen in Fig. 33 where 

the plot of Indulin AT has been overlaid with the plot of a 40 kDa PEO/PEG 

standard. 

 = (100/ ) ·  (2) 

where RRUi is the relative response value at molar mass i, RUmax is the maximum 

value of response in the sample, and RUi is the response value at molar mass i.  

Fig. 33. Example of overlaid plots of unmodified Indulin AT and a 40 kDa PEO/PEG 
standard. 
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The above graph (Fig. 33) shows an example of two overlaid GPC plots, which 

shows the RRU with respect to MM. As can be seen, the MM distribution in 

unmodified Indulin AT is broader than in the PEO/PEG standard.  

In principle, the higher the RRU is at a particular molar mass, the more 

molecules will have that particular molar mass. The highest point is known as the 

peak molar mass Mp. In standards of linear polymers such as PEO/PEG, this peak 

represents the majority of the molecules in the sample. However, in complex 

heteropolymers like lignins, we cannot accurately describe the molar mass as 

simply its Mp. In these cases, the average molar masses (Mn and Mw) and 

polydispersity (PDI) are used. Mn is the number average molar mass (a statistical 

average of the MM distribution), Mw is the mass average molar mass (an MM 

average more sensitive to larger molecules), and PDI is the polydispersity of the 

sample (a measure of the broadness of molar mass).  The following equations were 

used to calculate Mn, Mw, and PDI (Eqs. 3–5). 

 Mn = ∑ ∑( ⁄ )⁄  (3) 

 Mw = ∑( ) ∑⁄  (4) 

 = ⁄  (5) 

where RUi is the response value at a corresponding molar mass MMi for a specific 

data point i. 

5.4.4 Formaldehyde uptake capability (FUC) 

Formaldehyde uptake capability conveys to what extent lignins can react with 

formaldehyde. This parameter is important when trying to replace phenol with 

lignins in phenolic resins.  

The FUC of the lignin samples was determined by a free-formaldehyde 

determination based on the methods described by Wooten, Sellers, & Tahir (1988), 

El Mansouri, Farriol, & Salvadó (2006), and ISO 9397 (1997). A detailed 

description of the method can be found in Paper IV. 

First, an alkaline formaldehyde-lignin reaction was carried out at 

approximately 50 °C with a formaldehyde/lignin ratio of 0.38 (wt/wt) and a 

NaOH/lignin ratio of 0.2. Next, the pH was adjusted to 3.5 with aqueous 

hydrochloric acid (HCl), and the unreacted (free) formaldehyde was reacted with 

hydroxylamine hydrochloride (HACL) at room temperature. After the reaction with 
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HACL, the solution was titrated with an aqueous sodium hydroxide (NaOH) 

solution until the pH returned to 3.5. 

The HACL method of determining free formaldehyde is based on the reaction 

of formaldehyde and HACL at room temperature in acidic conditions where HCl is 

released as one of the products. The released HCl can be determined by titration 

and thus the free formaldehyde can be determined indirectly by the NaOH 

equivalents used for the titration (Eqs. 6–10).  

 +  → + +  (6) 

  = · =  =  (7) 

 =  · MM ℎ  (8) 

 =  · MM ℎ  (9) 

 = ( − )/  (10) 

where nf is the free formaldehyde in the sample expressed in mmol, VNaOH l is the 

volume of titrant used in mL with concentration B in mmol/mL. Eq. 7 yields the 

milliequivalents (meq) of NaOH and thus the milliequivalents of HCl, which are 

stoichiometrically equivalent to the molar amount of free formaldehyde nf. The 

mass amount of free formaldehyde mf (mg) is calculated by using the molar mass 

of formaldehyde Mformaldehyde (Eqs. 8–9). Finally, FUC in mgFormaldehyde/gLignin is 

obtained by subtracting the free formaldehyde of the sample from the blank and 

dividing the result by the lignin mass mLignin (Eq. 10). 
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6 Results and discussion 
In this section, the main results and findings are shown and explained. Each 

sub-chapter and its respective Paper deals with one of the research questions: 

1. Can hemicelluloses be removed effectively from birch hardwood LCF with 

formic acid aided hot water extraction while minimizing cellulose and lignin 

extraction? 

2. Can a relatively simple method be utilized to reliably and routinely determine 

the amount of phenolic hydroxyl groups in pine kraft lignin? 

3. Can pine kraft lignin properties be improved by simple solvent fractionation at 

room temperature? 

4. Can pine kraft lignin properties be significantly improved by solvolysis with a 

hydrogen donor at conditions below conventional pyrolysis (<400 °C) without 

a catalyst? 

6.1 Extraction of hemicelluloses 

Hemicelluloses were extracted from silver birch sawdust by pressurized hot water 

extraction (PHWE) using formic acid as catalyst (FAPHWE). The sawdust load in 

the solvent was 12.5 wt%. In preliminary studies, the birch wood was found to have 

33 wt% of hemicelluloses. Fig. 34 shows the breakdown of the sawdust 

composition.  

Fig. 34. Birch sawdust composition in mass percent. 



 

58 

The amount of birch lignin present in the FAPHWE extracts was determined by 

UV spectrophotometry at a wavelength of 280 nm, where in every case, the lignin 

extraction remained below 2.3 wt%. In order to estimate the extraction of 

hemicelluloses and cellulose based on their extraction products, the following 

assumptions were made: 

1. Hardwood hemicelluloses are composed mostly of long xylan chains. 

2. Hardwood cellulose is composed mostly of long glucan chains. 

3. The final hydrolysis step where a sugar dimer is broken down into two 

monomers is neglected (taken as a single monomer) due to the length of the 

sugar chain.   

4. The yields are calculated in mol% to be able to combine yields of xylose and 

furfural or glucose and HMF. 

5. The change in pH during extraction will be relatively small due to the use of 

weak acid (formic acid). 

When a polysaccharide (e.g., xylan) is hydrolyzed, a water molecule is added, while 

during dehydration of the monosaccharide (e.g., xylose), three molecules of water 

are lost (see Fig. 6 in Chapter 2.2). In order to determine the mol% of the extract 

yield, the molar mass of the xylan and glucan units was estimated by subtracting 

the molar mass of water from xylose and glucose (Fig. 35). The following equations 

(Eqs. 11–14) were used to calculate the yields of xylose, furfural, glucose, and HMF, 

based on the total available hemicelluloses and cellulose. Additionally, an 

extraction yield ratio (EYR) was introduced to determine the selectivity of the 

extraction between hemicelluloses and cellulose (Eq. 15). A detailed description of 

the results of this study was published in Paper I and is summarized in Appendix 1. 
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Fig. 35. Estimation of the molar mass of xylan and glucan units. The MM is written inside 
each molecule. 

 =  ( ℎ )⁄ 100% (11) 

 =  ( ) ( ℎ )⁄ 100% (12) 

 =  ( ) ( )⁄ 100% (13) 

 =  ( ) ( )⁄ 100% (14) 

 EYR= + ( + )⁄  (15) 

where Yk is the yield in mol% of compound k, Mk is the molar mass of compound 

k, mk is the mass in grams of compound k in the liquid extract, x is the mass fraction 

of hemicelluloses (hem) or cellulose (cel) present in the initial wood sawdust, and 

mw is the mass of wood in grams of sawdust utilized in the experiment. 

6.1.1 Formic acid aided hot water extraction 

Formic acid greatly increased the extraction of the monosaccharide xylose and its 

dehydration product furfural when compared to uncatalyzed PHWE. Fig. 36 shows 

the effect of temperature and formic acid in FAPHWE for a one-hour reaction time.  

It became clear that increasing temperature and increasing formic acid amount 

improved the extraction of xylose and glucose. However, the EYR was higher at 

lower temperatures and formic acid concentrations above 5 wt%.  Additionally, 
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higher temperatures and formic acid concentrations promoted the dehydration of 

xylose into furfural. 

 

Fig. 36. Effect of temperature and formic acid concentration in FAPHWE (t = 1 hour). 

The EYR appeared to be high with a high temperature (170 °C) with uncatalyzed 

PHWE (0 wt% FA). However, as can be seen in Fig. 37, the xylose and furfural 

extraction and the EYR opposed each other, meaning that in order to remove a large 

amount of hemicelluloses, a large amount of cellulose would be destroyed. This is 

in line with the findings of Chen, Fu, Wang, & Qin (2015) where, in the HWE of 

aspen wood, the remaining holocellulose in the solid product decreased as the 

pentosan content also decreased. The EYR gap between 0 and 5 wt% FA is probably 

due to lack of data between the values. 
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Fig. 37. Hemicellulose extraction and EYR in uncatalyzed PHWE. 

The effect of temperature and time combined for different concentration of formic 

acid above 5 wt% is shown in Fig. 38. At all acid concentrations, the best 

hemicellulose extraction results occurred at a combination of short times and high 

temperatures, or longer times and lower temperatures. However, as the formic acid 

concentration increased, the EYR improved at lower temperatures and shorter 

reaction times. A good compromise between hemicellulose extraction and EYR 

was reached at 7.24 wt% FA, 140 °C, and 2–3 hours (59–60 mol% hemicelluloses, 

11.7–12.5 EYR), or at 130 °C and 4 hours (53 mol% hemicelluloses, 13.2 EYR). 

This suggests that a careful balance of formic acid, temperature, and time could 

maximize the hemicelluloses extraction while extracting a relatively small amount 

of cellulose. In other words, it is possible to remove a large portion of the 

hemicelluloses in woody biomass by FAPHWE and still keep a solid product with 

high cellulose content. Moreover, given that the birch lignin in the extract in all 

cases was below 3 wt% of the original lignin content, the solid product would also 

retain most of its original lignin content.  
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Fig. 38. Effect of temperature and time on FAPHWE at different FA concentrations. White 
spaces indicate no data. 

Kilpeläinen, Leppänen, Spetz, & Kitunen (2012) carried out uncatalyzed PHWE 

on Finnish birch at temperatures between 140 and 190 °C and between 50–70 bar. 

They found that about 70 wt% of the hemicelluloses could be extracted at 180 °C 

with a lignin and cellulose extraction yield below 10 wt% of wood. It can be 

speculated that a higher pressure catalyzed system could lead to a higher extraction 
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yield, since the system utilized in the present thesis was pressurized to the vapor 

pressure of water (2.7 bar at 130 °C, 7.9 bar at 170 °C).  

6.1.2 Consideration of oligomers in FAPHWE 

The extent of the extraction of hemicelluloses and cellulose was based on the 

monosaccharides xylose and glucose, and their dehydration products furfural and 

HMF, respectively. Thus, it is possible that the data presented could have 

underestimated the extent of both hemicellulose and cellulose extraction if 

acid-soluble oligomers were present in the extracts. There was evidence of this in 

the HPLC chromatograms, where small peaks suggested the presence of oligomers. 

Nevertheless, these peaks were negligible compared to xylose, although 

comparable to glucose, as shown in Fig. 39. 

 

Fig. 39. HPLC chromatogram of FAPHWE extract. 7.24 wt% FA. 

These oligomers could be dimers (such as cellobiose, xylobiose, maltose, and 

lactose) trimers, higher order oligomers, or a mixture of the two. As seen in Fig. 40, 

a higher temperature could be better if a smaller amount of oligomers is desired 

and the furan content is not an issue. Low temperature and long times could be a 

promising technique for increasing the overall hemicellulose extraction as 

previously discussed. Additionally, a low temperature would keep the furan content 

low. Characterization of oligomers would be necessary to ascertain that a large 

amount of cellulose is not also being extracted as oligomers.  
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Fig. 40.  Oligomers and furfural content. 7.24 wt% FA. Oligomer mol% is a rough 
approximation based on HPLC data for lactose, cellobiose, maltose, maltotriose, and 
raffinose. 

6.1.3 FAPHWE vs organosolv 

As explained in Chapter 2.3, organosolv pulping is an alternative to LCF separation. 

However, pulping requires a greater amount of formic acid (50–90%) and a 

relatively large amount of cellulose is hydrolyzed (5–10 wt%) (Tu et al., 2008).  
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Thus, the two main advantages of FAPHWE over organosolv are that less formic 

acid is used in the process and subsequently a smaller amount of hexoses is 

extracted in the liquid. The main disadvantage is that an additional delignification 

step would be required after hemicellulose extraction by FAPHWE. 

6.1.4 Further processing of the LCF 

Once hemicelluloses are removed from birch hardwood, the next logical step would 

be delignification. Lagerquist et al. (2018) performed sodium hydroxide pulping of 

birch (soda pulping) after hot water extraction of hemicelluloses. The lignin was 

precipitated with 1 M HCl. The isolated lignin exhibited a phenolic hydroxyl 

content of 3.74 mmol/g, molar mass parameters of Mn = 2999, Mw = 5274, and 

PDI = 1.76, as well as a methoxyl (-OCH3) content of 6.78 mmol/g. 

In the present thesis, the delignification of birch was not pursued. Instead, Indulin 

AT, a model softwood pine kraft lignin, was utilized due to the predominance of 

kraft pulping and the extensive research available on Indulin AT. 

6.2 The Δε-IDUS method 

Indulin AT kraft lignin was analyzed by ultraviolet spectrophotometry, namely by 

the Δε-IDUS method. The aim was to identify and assess a method that could be 

routinely used for the phenolic hydroxyl group content in lignin. Different batches 

were used in Paper II (PK03) and Papers III and IV (SC13). Additionally, the 

solvent used in Paper III was ethylene glycol, while dimethyl sulfoxide (DMSO) 

was used in the other papers. Moreover, a revised and faster variation of the method 

was used in Papers III and IV.  The results of the determinations have been 

presented in Papers II–IV. 

6.2.1 Variation in results between Δε-IDUS variants 

The amount of determined phenolic hydroxyls was similar in Paper III (2.07 

mmol/g) and Paper IV (2.12 mmol/g); however, in Paper II it was significantly 

larger (2.88 mmol/g). Ethylene glycol, used in Paper II, was replaced with DMSO 

in the subsequent studies as DMSO dissolves Indulin AT more effectively, and 

ethylene glycol has a significantly larger viscosity than DMSO.  It is possible that 

the choice of solvent had a non-linear effect on the Δε-IDUS method; otherwise, 

the results would not change.  Additionally, as discussed in Chapter 5.4.1, the 
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choice of using the peaks or the exact values at the 300 and 360 nm can influence 

the determination.  

In Paper II, the Indulin AT came from batch PK03, and in Papers III and IV, 

the Indulin AT came from batch SC13. A synopsis of the Indulin AT lignin batches, 

solvents, and method variants is summarized in Table 5. However, as seen in 0, the 
13C-NMR determination of phenolic hydroxyls for both batches was about the same. 

This strongly suggests that there is no batch effect, but rather a method effect on 

the Δε-IDUS determination. Nevertheless, the difference in the determined OHph in 

Papers III and IV was minimal; leading to the conclusion that the method can be 

applied consistently in pine kraft lignin, as long as the determination conditions 

remain the same. However, the OHph calculated in Paper II is confirmed by 

previous research by Hu, Du, Liu, Chang, & Jameel (2016) where the OHph 

determined by UV-spectroscopy was 2.7 mmol/g. Utilizing ethylene glycol seemed 

to give higher values of OHph, as shown in Table 5 and Fig. 42. However, these 

differences could be attributed to experimental variation.  

The Δε-IDUS method gave consistently lower values than 13C-NMR. 

Balakshin & Capanema (2015) determined the content of phenolic hydroxyls in 

Indulin AT by 13C-NMR to be 3.73 mmol/g, which validates the values determined 

by 13C-NMR in Paper II and Paper IV (3.84 ± 0.28 mmol/g and 4.10 ± 0.3 mmol/g 

respectively). 

In addition to the possible expected differences between Δε-IDUS and 
13C-NMR, it has been reported that the UV analysis of phenolic hydroxyl groups in 

lignins underestimates the OHph due to the difficulty of ionizing the second 

phenolic hydroxyl within the same molecule (catechol-type units). Consequently, 

Δε-IDUS consistently underestimates the amount of phenolic hydroxyls (Schmidt, 

2010). The 31P-NMR method would show a clear signal for catechols (Jiang, 

Argyropoulos, & Granata, 1995). Thus, as previously reported in Paper II, the Δε-

IDUS method is useful for comparing lignin samples, but not for determining the 

absolute values of phenolic hydroxyl groups, making it a semi-quantitative method. 
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Table 5. Indulin AT batch, solvents, and variants of the method used. 

Paper Batch Solvent Δε-IDUS variant Total OHph (mmol/g) 

Paper II PK03 Ethylene glycol Peak wavelengths 2.88 ± 0.25 

Paper III SC13 DMSO Exact wavelengths 2.07 ± 0.15 

Paper IV SC13 DMSO Exact wavelengths 2.12 ± 0.12 

Replicate SC13 Ethylene glycol Peak wavelengths 2.52 ± 0.20 

Replicate SC13 Ethylene glycol Exact wavelengths 2.36 ± 0.19 

Replicate SC13 DMSO Peak wavelengths 2.41 ± 0.19 

Replicate SC13 DMSO Exact wavelengths 2.28 ± 0.18 

 

Fig. 41. Phenolic hydroxyl groups of Indulin AT kraft pine lignin. 

Fig. 42.  Δε-IDUS analyses. Repl.: Replicate, ΔAmax: peak, λ: exact. 
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6.2.2 Limitation of Δε-IDUS with phenol  

The equivalent phenolic hydroxyl group content in phenol would be 1 

molOH/molPhenol, i.e., 10.63 mmolOH/gPhenol. By the exact wavelength Δε-IDUS 

method, this value was experimentally determined to be 3.05 mmolOH/gPhenol, which 

is significantly lower than the real value. Using the peak Δε-IDUS method resulted 

in a value of 6.82. Therefore, this method is not suitable for characterization of 

monophenols or to compare phenol to lignins, but as a comparison tool between 

lignin samples. Additionally, for different lignins, the method would have to be 

fine-tuned in terms of the solvent used and verified against more accurate methods 

such as 13C-NMR. One aspect that influences determination is the extinction 

coefficient of the lignin sample, which determines how strong the absorbance will 

be at a specific concentration. Mass extinction values (mass absorptivities) in water 

have been reported to be 11.9 L·g-1·cm-1 for a softwood lignosulfonate lignin, 24.6 

L·g-1·cm-1 for a pine kraft lignin, and 10.4 L·g-1·cm-1 for a beech lignosulfonate 

lignin (Lin & Dence, 1992). 

6.3 Fractionated pine kraft lignin 

Fractional precipitation of kraft lignin was pioneered several years ago. Research 

has demonstrated that narrow fractions can be obtained by dissolution of kraft 

lignins in acetone and subsequent separation of the acetone-insoluble fraction, 

followed by addition of hexanes to the solution with further separation steps (Cui, 

Sun, & Argyropoulos, 2014). In this thesis, Indulin AT kraft lignin was fractionated 

into soluble and insoluble fractions with ethanol-water solvent mixtures. The main 

assumption was that particles smaller than the 0.45 μm filters were solubilized 

(soluble fraction). The molar masses and phenolic hydroxyl group content of the 

fractions were determined. The results of this study were published in Paper III and 

listed in Appendix 3. 

6.3.1 Solubility of Indulin AT 

Ethanol is not effective at dissolving sulfate (kraft) lignins, such as Indulin AT. 

Similarly, water is a poor solvent of Indulin AT. However, when mixed, ethanol and 

water exhibited synergistic effects in their capability to solubilize Indulin AT. A 

solubility maximum was obtained at 60 wt% ethanol, where the amount of soluble 

Indulin AT was higher than 90 wt%, as seen in Fig. 43. The solubility decreased at 
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above and below 60 wt% ethanol. When the initial lignin used in the fractionation 

was increased (i.e., the S/L increased), the dissolved amount decreased, indicating 

possible saturation of the solvent. Nevertheless, when pure water was used (0 wt% 

ethanol), the fraction of dissolved lignin did not decrease considerably with 

increasing S/L. This could indicate that Indulin AT had a very small amount of 

water-soluble molecules, which had not saturated the water at the lower S/L values. 

 The absolute solubility of Indulin AT in the solvents is depicted in Fig. 44. The 

figure shows that the absolute concentration of lignin in the solvent increased as 

the S/L increased. This effect was the most significant at 60 wt% ethanol. In other 

words, despite the overall decrease in dissolved lignin at 60 wt% ethanol, the 

absolute concentration still increased. Thus, even if some of the lignin molecules 

had already reached the saturation point in the solvent, other molecules could still 

be dissolved. 

 

Fig. 43. Soluble Indulin AT lignin at different solid-to-liquid ratios (S/L [=] gLignin/LSolvent) 
as a percentage of the original lignin. (reprinted by permission from Paper III © 2019 
Elsevier). 
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Fig. 44. Soluble Indulin AT lignin at different solid-to-liquid ratios (S/L [=] gLignin/LSolvent) 
in absolute values (g/L). (reprinted by permission from Paper III © 2019 Elsevier). 

As previously explained in Chapter 3.1, the origin and the delignification method 

will affect the properties of isolated lignins. This is also true for solubility. 

Solubility tests were carried out on eucalyptus lignin from a bioethanol plant, on 

Indulin AT, and on non-wood soda lignins (Sameni, Krigstin, & Sain, 2017). It was 

found that pure ethanol dissolved the eucalyptus and non-wood soda lignins better 

than Indulin AT. 

6.3.2 Molar mass distribution of fractionated pine kraft lignin 

In Fig. 45, the molar mass distributions for the soluble and insoluble fractions of 

lignin at three ethanol concentrations are shown. It can be seen that the water-

soluble fraction of lignin was composed of mainly lower molar mass molecules 

(below 1 kDa), while the ethanol-soluble fraction was mainly composed of 

molecules between 0.1 and 10 kDa. At the maximum solubility (60 wt% ethanol), 

the distribution was nearly identical to the original Indulin AT. Fig. 45 B shows the 
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remaining insoluble fraction where at maximum solubility (60 wt% ethanol), the 

remaining molecules had a size mostly above 10 kDa. On the other hand, with pure 

ethanol, the remaining insoluble lignin had most of the molecules around 10 kDa. 

Finally, the water-insoluble fraction had a distribution similar to the original Indulin 

AT. This is to be expected since the water-soluble fraction was relatively 

 small, causing a small change in the molar mass of the solid residue. 

Fig. 45. Molar mass distribution of Indulin AT lignin: A) soluble liquid fraction, B) 
insoluble solid fraction. S/L = 25 gLignin/LSolvent. (reprinted by permission from Paper III 
© 2019 Elsevier). 

6.3.3 Average molar masses and PDI of fractionated pine kraft lignin 

The original Indulin AT lignin used in this study had average molar mass values 

Mn of 1.33 kDa, Mw of 4.72 kDa, and a PDI of 3.54. These values are represented 

as dashed lines in Fig. 46. 

The soluble fractions started from a low average molar mass at low ethanol 

concentrations and increased up to a maximum at 60 wt% ethanol, where the values 

were near-tangential to the values of the original lignin. Considering that most of 

the lignin is soluble at 60 wt% ethanol, the soluble fraction would likely have 

similar properties to the original lignin. 

As previously stated in Chapter 6.3.2, the pure water solvent retained mostly 

the lower molar mass molecules and at the highest solubility point, the distribution 

was practically the same as in the original lignin. Pure ethanol did not dissolve the 

higher molar mass molecules. Starting at 80 wt% ethanol, the amount of molecules 

with molar mass above 10 kDa decreased considerably. At 100 wt% ethanol, there 

were relatively few molecules above 10 kDa.  
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The insoluble fractions exhibited larger average molar masses at all ethanol 

concentrations, compensating for the lower molar masses from the soluble fractions. 

Between 0 and 50 wt% ethanol, the amount of higher molar mass molecules (>10 

kDa) increased with an increasing concentration of ethanol. At 60–70 wt% ethanol, 

a large amount of larger molecules had been dissolved, which caused a decrease in 

the average molar mass of the insoluble fraction. After 70 wt%, the average molar 

masses of the insoluble fraction increased once more, before finally decreasing as 

the concentration of ethanol approached 100 wt%. This can be explained by the 

solubility of lignin decreasing gradually and thus the insoluble fraction retains more 

of the lower molar mass molecules. 

PDI is the quotient of Mw and Mn. It is a measure of the width of the polymer 

molar mass distribution. A lower PDI means a narrower distribution and a more 

homogeneous material. At 20 wt% ethanol, both soluble and insoluble fractions 

had a similar PDI to the original lignin. The best results in terms of PDI appeared 

to be above 80 wt% ethanol, where the PDIs of both soluble and insoluble fractions 

were smaller than the original lignin. The minimum PDI for either fraction was 

achieved at 100 wt% ethanol. 

From Fig. 45 A, it would appear that the soluble fraction at 0 wt% ethanol had 

a low PDI (narrow distribution). The numerical results show, however, that the PDI 

was actually larger than the original lignin. This is explained by the calculation of 

PDI (PDI = Mn/Mw), where Mw is highly sensitive to larger molar mass molecules 

(see Eq. 4 in Chapter 5.4.3). Additionally, the horizontal axes in the molar mass 

distribution figures are in logarithmic scale to increase visual clarity. Thus, even 

though there is a relatively sharp peak at low molar mass values, the relatively 

smaller amount of large molar mass molecules affects the PDI significantly. The 

PDI as a function of the binary solvent composition confirms the earlier efforts 

carried out in kraft lignin with acetone-hexanes (Crestini, Lange, Sette, & 

Argyropoulos, 2017), ethanol-water (Jääskeläinen, Liitiä, Mikkelson, & Tamminen, 

2017), and acetone-water (Sadeghifar et al., 2017), where the PDIs of the fractions 

depended on the composition of the binary solvents. Additionally, with the acetone-

hexanes system, a PDI of 1.1 can be achieved. 
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Fig. 46. Molar mass parameters for Indulin AT. S/L = 25 gLignin/LSolvent Dashed line 
denotes the original Indulin AT. (reprinted by permission from Paper III © 2019 Elsevier). 

6.3.4 Phenolic hydroxyl groups of fractionated pine kraft lignin 

The phenolic hydroxyl group content for the original lignin was determined by 

Δε-IDUS to be 2.07 mmol/g ± 0.15, which is shown by the dashed line in Fig. 47.  

Below 20 wt% ethanol, the soluble fraction had a lower OHph than the original. 

Above 20 wt% ethanol, the majority of the phenolic hydroxyls stayed in solution. 

The highest OHph was reached at 100 wt% ethanol (2.79 mmol/g). At the highest 

solubility point (60 wt% ethanol), the soluble fraction had almost the same amount 

of OHph as the original lignin. Again, this is probably due to the soluble fraction 

being composed of more than 90 wt% of the original lignin, thus exhibiting similar 

properties.  

Up to 10 wt% ethanol, the OHph content in the insoluble fraction was higher 

than the original lignin. At 20 wt% ethanol and above, the OHph decreased up to 60 

wt% ethanol. The highest increase of OHph was seen at 100 wt% ethanol for the 

soluble fraction. This suggests that ethanol has a larger affinity for phenolic 

hydroxyls than water. Thus, a solvent mixture of water and about 90–100 wt% 
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ethanol is a promising approach for increasing the OHph content of pine kraft lignin 

without a chemical reaction.  

Fig. 47. Phenolic hydroxyl groups at S/L = 25 gLignin/LSolvent. Dashed line denotes the 
original Indulin AT. (reprinted by permission from Paper III © 2019 Elsevier). 

Lignin fractions with a higher content of phenolic hydroxyls could be more reactive 

with formaldehyde per unit mass. One pathway toward lignin valorization would 

be to use a 95 wt% ethanol for lignin fractionation, where the low OHph fraction 

could be depolymerized or burned, while the recovery of the solvent could be 

achieved by simple evaporation and distillation. It is noteworthy that this would be 

limited by the S/L, since pine kraft lignin solubility decreases at higher values of 

S/L.  

6.4 Solvolysis lignin from Indulin AT 

Indulin AT lignin was depolymerized by solvolysis in an ethanol-water solvent with 

formic acid as the hydrogen donor. It was found that temperature played the most 

critical role in the lignin depolymerization by solvolysis as measured by the 

solvolysis lignin properties: molar mass and its distribution, PDI, OHph, and FUC. 

Time had a lesser effect than temperature, and the effects of the other reaction 

parameters were negligible within the tested ranges shown in Table 6. The results 

showed that increasing the temperature decreased the molar mass and 
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polydispersity while increasing the OHph content and formaldehyde uptake. 

Detailed results of this study can be found in the manuscript of Paper IV and 

Appendix 4. Chapters 6.4.1–6.4.3 deal with the semi-micro reactor (10 mL) 

solvolysis lignin. Chapter 6.4.4 deals with the scaled-up experiments in the macro 

(1 L) reactor. 

Table 6. Parameters tested in semi-micro lignin solvolysis and their ranges. (reprinted 
from Paper IV manuscript). 

Variable  Temp. (°C)  time (h)  ethanol (wt%)  FA (wt%)  Lignin Load (g/L) 

Temp (°C)  200–300  4  50  5  50 

time (h)  250  2–6  50  5  50 

Ethanol (wt%)  250  4  40–70  5  50 

FA (wt%)  250  4  50  3–5  50 

Lignin Load (g/L)  250  4  50  5  50–150 

6.4.1 Molar mass of solvolysis lignin 

The distribution of solvolysis lignin clearly shows a shift toward lower molar mass 

molecules as the reaction temperature was increased (see Fig. 48). The highest shift 

toward low molar mass distribution was achieved at 300 °C.  

 

Fig. 48. Chromatograms of solvolysis lignin at different temperatures. t = 4 h, 5 wt% FA, 
50 wt% ethanol, 50 g/L lignin load. (reprinted from Paper IV manuscript). 



 

76 

The average molar masses in solvolysis lignin were less than the original Indulin 

AT at all temperatures tested at a reaction time of four hours (see Fig. 49), and 

decreased with increasing temperature. The PDI also decreased with increasing 

temperature. However, at 200 °C, the PDI appeared larger than in the original lignin. 

This could be simply experimental variation; although there is also the possibility 

that depolymerization at such a low temperature is more selective toward smaller 

molecules, which would increase the PDI.  

Fig. 49. Average molar masses and polydispersity of solvolysis lignin. t = 4 h, 5 wt% FA, 
50 wt% ethanol, 50 g/L lignin load. (reprinted from Paper IV manuscript). 

Fig. 50 shows the combined effect of time and temperature. It is clear that the effect 

of temperature dominates the results. However, it also appears that at a given 

temperature, there is no significant benefit in increasing the reaction time above 

four hours and it could in fact detrimentally impact the lignin properties. In other 

words, as the reaction time increased at a given temperature, the average molar 

masses would not decrease and the PDI would increase. 
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Fig. 50. Effect of time and temperature on molar mass indicators. 5 wt% FA, 50 wt% 
ethanol, 50 g/L lignin load. 

6.4.2 Phenolic hydroxyl groups in semi-micro solvolysis lignin 

As seen in Fig. 51 A, the phenolic hydroxyls increased with increasing temperature 

after the four-hour reaction time. With this experimental setup, the  largest amount 

of OHph (2.60 mmol/g) was reached at 300 °C. There was, however, a decrease in 

the OHph at 200 °C. The decrease in OHph at 200 °C can be most likely explained 

by experimental variation. There is the possibility that the reaction at low 

temperatures causes a decrease of free phenolic hydroxyls by e.g., polymerization. 

Nevertheless, there was no clear evidence of this. 
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Fig. 51. Effect of temperature and time on OHph of solvolysis lignin. 5 wt% FA, 50 wt% 
ethanol, 50 g/L lignin load, A) 4-hour reaction time, B) Temperature and time combined. 

Fig. 51 B suggests that higher temperatures and shorter times could prove beneficial 

in increasing the OHph in pine kraft lignin. However, more data would be required 

to confirm this hypothesis. The increment in OHph could be due to an increase in 

phenolic units without methoxyl groups neighboring them (H-type) or as guaiacyl 

(G)- or syringyl (S)-type units (see Fig. 10). Demethylation could be another source 

of the increase in OHph as Indulin AT is relatively depleted in β-O-4 ether bonds 

(Crestini et al., 2017). However, as previously explained in Chapter 6.2.1, the 

second phenolic hydroxyl in catechol-type units is harder to ionize and thus the 

method cannot accurately determine the increase in catechols. 

6.4.3 Formaldehyde uptake of solvolysis lignin 

The FUC for unmodified Indulin AT was experimentally determined to be 26.9 

mgformaldehyde/glignin ± 2.45 (C.I. 95%). The highest FUC for solvolysis lignin was 

54.3 mgformaldehyde/glignin, which was obtained at 300 °C and after a four-hour reaction 

time. 

The formaldehyde uptake capability of lignin increased with an increase in 

temperature and time (Fig. 52 A). At 200 °C and after four hours, there was no 

discernible change in the FUC value. However, as the temperature increased, the 

FUC increased semi-linearly for the same reaction time. The highest tested 

temperature was 300 °C. Further increases in temperature were not investigated 

due to experimental setup constraints, safety concerns, and to keep the char 

formation low. Fig. 52 B shows the combined effect of temperature and time on the 

FUC of solvolysis lignin. This figure suggests that not only are higher temperatures 
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beneficial to the increase in FUC, but also that longer times could further increase 

the lignin reactivity with formaldehyde. Nevertheless, it appears that times longer 

than four hours at a given temperature could actually be decreasing the FUC. 

Fig. 52. Effect of temperature and time on FUC of solvolysis lignin. 5 wt% FA, 50 wt% 
ethanol, 50 g/L lignin load, A) 4-hour reaction time, B) Temperature and time combined. 

If the complete reaction between formaldehyde and phenol is considered, the 

maximum possible formaldehyde uptake would be 319.05 mgFormaldehyde/gPhenol. 

However, the reaction of phenol and formaldehyde is complex and kinetically 

controlled. Mitsunaga, Conner, & Hill (2002) determined a simplified second-order 

average rate constant of the aqueous alkaline reaction of a stoichiometric mixture 

of phenol and formaldehyde in alkaline conditions at 30 °C to be 0.0513 L/mol-h; 

at four hours, this would give 76.15 mgFormaldehyde/gPhenol. This value still does not 

account for the temperature of 50 °C in the FUC method. Atthariyakul & 

Vanichseni (2001) determined Arrhenius parameters for the reactions taking place 

between phenol and formaldehyde and the intermediate products. They found the 

activation energy to be 79.5 kJ/mol for the first hydroxymethylation in ortho 

position and 81.6 kJ/mol for the first hydroxymethylation in para position. With 

the modified version of the Arrhenius equation (Eq. 16), it is possible to estimate 

the average rate for an aqueous alkaline reaction of phenol and formaldehyde at 50 

°C. 

 ( ⁄ ) =  (− ⁄ )(1⁄ − 1⁄ ) (16) 

where k is the kinetic rate, Ea is the activation energy in joules, R is the gas constant 

8.314 J·mol-1·K-1, and T is the temperature in Kelvin. The activation energy was 

taken to be 80 kJ/mol. With this information, it is possible to estimate the reaction 
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rate at 50 °C to be approximately 0.366 L·mol-1·h-1, which yields a formaldehyde 

uptake of 137 mgFormaldehyde/gPhenol after a four-hour reaction time.  

Experimentally, the formaldehyde uptake of phenol as determined by the FUC 

method was between 50 and 58 mgFormaldehyde/gPhenol. This suggests that solvolysis 

lignin could achieve the same FUC as phenol or that phenol reacts slower than 

lignin. However, it is more likely that, since the FUC method is not designed to 

measure phenol reactivity, the experimentally obtained value should not be used to 

compare phenol reactivity to lignin reactivity. Additionally, during the FUC 

measurement of phenol, the values were systematically higher with each replicate, 

which could indicate that the phenol kept reacting with formaldehyde during the 

free formaldehyde determination. This makes sense given that phenol and 

formaldehyde react under both acid and alkaline conditions, and that phenol is 

soluble in both acid and alkaline solvents, unlike the lignin utilized in this study, 

which is not completely soluble in acid solvents.  

The results show that the depolymerization of pine kraft lignin by solvolysis 

with a hydrogen donor is a viable way to increase its reactivity with formaldehyde, 

and thus its potential to replace phenol partially or completely in PFRs.  

6.4.4 Scaled-up (macro) reactor solvolysis lignin 

The aim was to scale up a promising set of process conditions from semi-micro 

scale (10 mL) to macro scale (1 L). The temperature chosen was 250 °C, given that 

in semi-micro solvolysis at 250 °C there was a significant decrease in not only the 

average molar masses and PDI, but also an increase in OHph and FUC.  Additionally, 

the lignin properties showed no major differences between two and four hours at 

250 °C in the semi-micro experiments; thus, the time was set to two hours. The 

scaled-up process conditions for the macro (1 L) reactor compared to its semi-micro 

(10 mL) counterpart can be seen in Table 7. 

The molar mass distribution appeared to be narrower in the macro experiment 

than in the semi-micro experiment under the same conditions (Fig. 53). The macro 

reactor solvolysis lignin had practically no molecules over 20 kDa, while the 

semi-micro solvolysis lignin contained some molecules between 20 and 70 kDa.  
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Table 7. Comparison of reaction parameters between semi-micro and macro scales. 
(reprinted from Paper IV manuscript). 

Parameters Semi-micro Macro 

Temperature (°C) 250 250 

Heating time (min) 10 30 

Reaction time (h) 2 2 

Cooling time (min) 10 30 

Ethanol (wt%) 50 50 

Formic Acid (wt%) 5 5 

Lignin Load (g/L) 50 50 

Reactor volume (mL) 10 1000 

Solvent volume (mL) 5 700 

Mixing (RPM) - 300 

The results of the macro solvolysis compared to the semi-micro solvolysis are 

presented in Table 8. The Mn values of both macro and semi-micro solvolysis 

lignins were about 0.8 kDa, compared to the 1.3 kDa from the unmodified Indulin 

AT lignin. However, the Mw were dissimilar. The semi-micro reactor lignin had an 

Mw of 2.62, whereas the macro reactor lignin had an Mw of 1.95. This is due to 

the Mw being significantly more sensitive to larger molecules than Mn (see Eq. 3 

and 4 in Chapter 5.4.3). 

 

Fig. 53. Molar mass distribution of macro solvolysis lignin. (reprinted from Paper IV 
manuscript) 
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There was a 13% increase in OHph between the unmodified lignin and the semi-

micro reactor lignin. The macro reactor solvolysis lignin had a 22 % increase in 

OHph when compared to unmodified Indulin AT. This discrepancy could be 

attributed to experimental variation, since the semi-micro solvolysis lignin had an 

OHph range of 2.25–2.50 mmol/g, and the macro solvolysis lignin of 2.43–2.75 

mmol/g. The 13C-NMR determination of OHph indicates an increase of 17% in the 

macro solvolysis lignin when compared to unmodified original Indulin AT. This 

supports the values determined by Δε-IDUS, despite their being underestimated 

due to the limitations of the method. 

Table 8. Analysis results of macro and semi-micro solvolysis lignin. (reprinted from 
Paper IV manuscript). 

Parameter  Indulin AT  Scale 

 lignin  Semi-micro  Macro 

Mw (kDa)  4.67  2.62  1.95 

Mn (kDa)  1.29  0.8  0.77 

PDI  3.63  3.26  2.49 

OHph Δε-IDUS (mmol/g)  2.12 ± 0.12  2.40 ± 0.15  2.59 ± 0.16 

OHph13C-NMR (mmol/g)  4.1 ± 0.3  -  4.8 ± 0.5 

FUC (mg/g)  26.9 ± 2.4  44.1 ± 3.9  31.8 ± 2.7 

OCH3 13C-NMR (mmol/g)  4.68*  -  3.6–3.9 

*: Value reported by Xia et al. (2001) 

The FUC value was greater in both semi-micro and macro solvolysis when 

compared to unmodified Indulin AT. However, the macro solvolysis lignin had a 

significantly lower FUC value than the semi-micro solvolysis lignin. This could 

mean that, despite the macro solvolysis lignin having about the same amount of 

OHph as the semi-micro solvolysis lignin, the scaled-up solvolysis lignin had fewer 

active sites available for the reaction with formaldehyde. Formaldehyde reacts with 

phenolic structures at the neighbor positions of the phenolic hydroxyl (Hesse & 

Lang, 2011). In lignins, these neighboring sites can be occupied by methoxyl 

groups, as previously explained in Chapter 3.1. Thus, there were likely more of 

these aromatic methoxyl groups in the macro solvolysis lignin than in the 

semi-micro counterpart. Furthermore, the 13C-NMR determination of methoxyl 

groups (-OCH3) showed that, despite there being a significant decrease in the 

methoxyl groups, there was still a significant amount present in the macro 

solvolysis lignin. Nevertheless, at either scale, the FUC value was increased from 

the original Indulin AT value.  
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7 Conclusions 
Lignins are still to this day underutilized, despite having great potential as 

precursors for phenolic substances. Given that lignins are mixtures of polymers, 

rather than homogeneous substances, there is no “one-size-fits-all” type of solution 

for their valorization.  Each lignin of different origin will exhibit its own properties 

and response to physicochemical treatment. However, Indulin AT pine kraft lignin 

was a good model material due to the predominance of kraft pulping in paper mills.  

This thesis presented the benefit of the formic acid aided hot water extraction 

of hemicelluloses as the first step in LCF processing and valorization. More than 

half of the hemicelluloses can be extracted in this fashion at relatively low 

temperatures and acid concentrations, with a small amount of cellulose hydrolysis 

products and lignin in the liquid product.  

Additionally, a UV spectrophotometry method (Δε-IDUS) was used to estimate 

the phenolic hydroxyl groups in pine kraft lignin. The method proved useful for 

comparing different lignin samples. However, given its limitations, such as 

ignoring additional phenolic hydroxyls in the same aromatic ring, this method is of 

a semi-quantitative nature and should only be used to compare similar lignins rather 

than as an absolute determination of phenolic hydroxyls. Moreover, for different 

lignins, the method would have to be fine-tuned and verified before being used as 

a comparison tool.  

This work explored two methods of improving the properties of pine kraft 

lignin for its potential use in phenolic resins: namely, physical lignin solvent 

fractionation and thermochemical depolymerization by solvolysis. Fractions with 

increased phenolic hydroxyl concentration and decreased polydispersity were 

obtained through solvent fractionation. Indulin AT lignin depolymerization by 

solvolysis in the presence of formic acid as a hydrogen donor yielded partially 

depolymerized products with lower molar mass and polydispersity, as well as 

higher phenolic hydroxyl group content and formaldehyde uptake capability. 

Temperature was found to be the most critical reaction parameter in lignin 

solvolysis, followed by reaction time. Lignins enhanced by these methods could be 

utilized as phenol or polyol alternatives for phenolic resins and polyurethanes, for 

example. 

Even though the proposed valorization methods improve the quality of the 

lignin material, there are valorization paths that still require exploring, such as 

enzymatic treatment. Additionally, the study of different solvents other than ethanol 

and water could yield promising results in both lignin fractionation and lignin 
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solvolysis. Fine-tuning of the methods would also be required for different lignins. 

Further, ternary mixtures (such as water-ethanol-isopropanol), as well as multiple-

phase mixtures (such as water with hexanol) could be tested in both lignin 

fractionation and lignin depolymerization by solvolysis.  Regarding biopolymer 

products, the enhanced lignins would need to be assessed in biopolymer production 

to verify the properties of the resins, for example, and consequently verify the 

suitability of these lignins. The production of biopolymers was, however, beyond 

the scope of this thesis. 

This thesis presented a possible upstream pathway for separating 

hemicelluloses from birch wood LCF with simultaneous hydrolysis to 

monosaccharides. The liquid product could potentially be valorized independently.  

Additionally, the research showed that lignin obtained from the black liquor of kraft 

pulping plants could be valorized by separation (fractionation) and thermochemical 

treatment (solvolysis) without a catalyst. These could be feasible methods of 

processing LCFs to obtain additional valorized products in addition to cellulose 

derivatives.  
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Appendix 1. Detailed results for FAPHWE. 
Table 9. Results of FAPHWE in mol% of hemicelluloses (xylose, furfural) or cellulose 
(glucose, HMF). EYR is dimensionless. 

FA (wt%) T (°C) t (h) Xylose Furfural Glucose  HMF EYR 

0 130 1 0.96 0.03 0.70 0.03 1.38 

0 130 2 1.01 0.00 0.73 0.00 1.38 

0 130 3 1.03 0.08 0.67 0.05 1.53 

0 140 1 0.91 0.00 0.63 0.04 1.38 

0 140 2 1.01 0.20 0.50 0.06 2.15 

0 140 3 1.78 0.31 0.61 0.10 2.95 

0 150 1 1.01 0.08 0.58 0.05 1.73 

0 170 1 14.08 3.57 0.80 0.44 14.26 

0 170 2 25.89 11.19 1.83 1.02 13.02 

0 170 3 27.48 19.61 2.69 1.80 10.50 

2.43 105 0.65 0.78 0.00 0.57 0.01 1.36 

2.43 105 0.65 0.76 0.02 0.62 0.02 1.21 

2.43 130 0.5 1.70 0.03 0.73 0.04 2.23 

2.43 130 1.5 5.83 0.16 1.01 0.09 5.46 

2.43 150 1 27.06 1.85 2.03 0.31 12.33 

2.43 150 1.5 40.32 4.09 2.73 0.50 13.75 

2.43 170 0.5 40.29 7.02 3.22 0.77 11.86 

2.43 170 1.5 30.07 23.60 4.99 2.37 7.29 

4.85 130 2 24.98 0.93 1.76 0.18 13.34 

4.85 140 1 24.51 0.87 1.92 0.22 11.87 

4.85 140 1.5 35.01 1.85 2.35 0.32 13.79 

4.85 160 1 47.43 9.53 4.41 0.89 10.74 

4.85 130 1 7.55 0.15 1.13 0.09 6.31 

4.85 150 0.5 37.51 2.55 2.66 0.42 13.03 

4.85 150 1 43.29 3.69 2.92 0.48 13.82 

4.85 150 1 37.77 2.81 2.55 0.42 13.67 

4.85 150 1 36.97 3.30 2.64 0.45 13.04 

4.85 150 1 33.62 2.19 2.66 0.42 11.66 

4.85 150 1.5 44.09 5.87 3.22 0.64 12.93 

4.85 170 1 41.37 18.71 6.11 1.67 7.72 

7.24 105 0.65 0.99 0.02 0.52 0.02 1.87 

7.24 105 0.65 0.85 0.01 0.65 0.01 1.29 

7.24 130 0.5 9.51 0.16 1.34 0.10 6.72 

7.24 130 1.5 27.22 0.88 2.00 0.21 12.73 

7.24 130 2 30.99 1.42 2.05 0.24 14.19 

7.24 130 3 32.23 1.72 2.10 0.31 14.07 

7.24 130 4 49.04 3.64 3.51 0.49 13.16 
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FA (wt%) T (°C) t (h) Xylose Furfural Glucose  HMF EYR 

7.24 140 1 35.19 1.51 2.35 0.29 13.92 

7.24 140 2 53.86 4.77 4.08 0.59 12.54 

7.24 140 3 52.99 7.43 4.41 0.75 11.72 

7.24 140 4 45.01 8.42 3.97 0.70 11.46 

7.24 150 1 44.84 4.77 3.16 0.56 13.35 

7.24 150 1.5 50.40 7.79 4.31 0.73 11.55 

7.24 160 1 51.67 11.50 5.19 0.98 10.23 

7.24 170 0.5 47.47 11.91 5.45 1.16 8.99 

7.24 170 1 35.53 21.25 6.42 1.65 7.04 

7.24 170 1.5 25.90 29.20 7.52 2.56 5.47 

7.24 170 2 20.24 31.15 8.02 2.54 4.87 

7.24 170 3 11.23 33.24 8.67 3.13 3.77 

12.51 140 2 46.57 5.48 3.61 0.57 12.47 

12.51 140 3 45.06 8.66 4.10 0.68 11.24 

12.51 140 4 51.27 13.18 5.19 0.85 10.66 

14.352 160 1 49.33 16.77 6.41 1.18 8.71 

14.52 120 2 12.35 0.30 1.54 0.17 7.39 

14.52 120 3 27.35 1.15 1.80 0.25 13.93 

14.52 130 1 27.35 0.85 1.90 0.24 13.13 

14.52 130 1 44.05 4.11 3.17 0.47 13.22 

14.52 130 1 10.52 0.94 0.67 0.11 14.67 

14.52 130 1 47.64 5.60 3.57 0.56 12.87 

14.52 130 1.5 37.02 1.46 2.30 0.28 14.92 

14.52 130 2 42.17 2.52 2.61 0.36 15.07 

14.52 130 2 35.51 1.93 2.63 0.35 12.54 

14.52 130 2 37.80 2.04 2.69 0.36 13.07 

14.52 130 2 38.74 2.11 2.77 0.35 13.11 

14.52 130 3 39.22 3.52 2.99 0.45 12.42 

14.52 130 4 40.25 5.03 3.21 0.50 12.22 

14.52 140 1 43.42 2.89 2.84 0.42 14.18 

14.52 140 1.5 43.72 4.66 3.33 0.53 12.53 

14.52 140 2 42.99 6.46 3.53 0.58 12.04 

14.52 140 3 42.00 9.47 4.10 0.69 10.74 

14.52 140 4 42.71 13.61 4.67 0.84 10.24 

14.52 150 1 51.97 8.79 4.59 0.76 11.34 

14.52 170 0.5 47.30 17.90 6.90 1.37 7.88 

14.52 170 1 29.37 26.86 8.19 1.90 5.57 

14.52 170 2 13.79 33.13 10.61 2.71 3.52 

14.52 170 3 6.88 31.51 11.92 3.18 2.54 

21.76 120 2 23.30 0.86 1.69 0.25 12.45 

21.76 120 3 29.31 1.43 2.45 0.33 11.09 

21.76 130 1 37.26 1.70 2.51 0.37 13.52 
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FA (wt%) T (°C) t (h) Xylose Furfural Glucose  HMF EYR 

21.76 130 2 39.58 2.92 2.68 0.43 13.69 

21.76 140 1 43.32 3.88 2.91 0.47 13.96 

21.76 140 1.5 45.87 6.90 3.65 0.58 12.48 

21.76 160 1 45.20 21.15 7.32 1.34 7.67 

21.76 170 0.5 46.48 23.46 8.46 1.64 6.93 

21.76 170 1 22.48 29.99 9.79 2.19 4.38 

21.76 170 2 8.90 32.45 12.87 3.03 2.60 

21.76 170 3 4.97 28.26 14.09 3.32 1.91 

21.76 130 1.5 41.42 3.52 2.76 0.46 13.97 

21.76 130 3 43.16 5.28 3.36 0.51 12.51 

21.76 130 4 40.42 7.12 3.64 0.57 11.29 

21.76 140 2 46.95 9.18 4.14 0.66 11.69 

21.76 140 3 44.69 13.12 4.79 0.77 10.38 

21.76 140 4 44.58 17.62 5.50 0.88 9.75 
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Appendix 2. Example of the Δε-IDUS method 
applied to Indulin AT. 
Given a sample of technical pine kraft lignin Indulin AT, the Δε-method is applied 

as follows: 

1. A mass of 10 mg of lignin is dissolved in 10 mL of DMSO, giving a lignin 

concentration in solution of 1 g/L. 

2. Three cuvettes (preferably quartz) with 1.4 mL maximum volume and a 1 cm 

path length are set up in line. These will be referred to as Cref, C1, and C2. 

3. A volume of 20 μL of the dissolved sample is placed in each cuvette. 

4. 0.98 mL of the pH 6 buffer is added to the Cref, and the cuvette is placed in the 

UV spectrophotometer as the reference cuvette.  

5. 0.98 mL of the pH 12 buffer is added to C1 and the cuvette is placed in the UV 

spectrophotometer as the sample cuvette.  

6. The absorbances at 300 and 360 nm are measured immediately to minimize 

sample oxidation.  

7. C1 is removed from the UV-spectrophotometer; Cref remains as the reference 

cuvette. 

8. 0.98 mL of the pH 13.3 buffer is added to C2, and the cuvette is placed in the 

UV spectrophotometer as the sample cuvette. 

9. The absorbances at 300 and 360 nm are measured immediately to minimize 

sample oxidation. 

10. Cref and C2 are removed from the UV spectrophotometer. 

11. Cref, C1, and C2 are cleaned for the next measurement. 

12. Repeat steps 3–11, using 40 μL as the sample volume and 0.96 mL as the buffer 

volume. 

13. Repeat steps 3–11, using 60 μL as the sample volume and 0.94 mL as the buffer 

volume. 

14. The results for Indulin AT are presented below in Table 10. 

15. Determine the difference absorptivity Δa (L·g-1·cm-1) as the slope of a 

concentration vs ΔA with zero intercept. Fig. 54 shows a graphical 

representation. 

16. Take note of Δa1
300, Δa1

360, Δa2
300, and Δa2

360 

17. Use Equations 17–25 to determine phenolic hydroxyl groups by type (see Fig. 

29). The results are expressed in mmolOH/gLignin. 

18. The results can be expressed in wt% of lignin by multiplying by 1.7. 
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Table 10. Difference absorbance values (ΔA) for Indulin AT by the Δε-IDUS method. 

    pH 12 - pH 6  pH 13.3 - pH 6 

Sample  C (mg/L)  λ = 300 nm  λ = 360 nm  λ = 300 nm  λ = 360 nm 

Indulin AT  0.02  0.120  0.147  0.124  0.148 

Indulin AT  0.04  0.215  0.262  0.236  0.279 

Indulin AT  0.06  0.320  0.393  0.321  0.383 

 

Fig. 54. Calculation of Δa values in L·g-1·cm-1. 

 1 = 0.250Δ + 0.059Δ  (17) 

 2 = 0.048Δ  (18) 

 3 = 0.250(Δ − Δ ) + 0.059(Δ − Δ ) (19) 

 4 = 0.048(Δ − Δ ) (20) 

 5 = 3 + 4 (21) 

 = 1 + 2 (22) = 2 + 4                   (23) 

 = 1 + 3 (24) 

 = 1 + 2+ 3 + 4 (25) 
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Table 11. Phenolic hydroxyl group content in Indulin AT by the Δε-IDUS method. 

OHph mmol/g wt% 

Total 2.10 3.57 

T1 1.74 2.95 

T2 0.32 0.54 

T3 0.04 0.08 

T4 0.00 0.00 

C5 Substituted 0.05 0.08 

Unsubstituted 2.06 3.49 

Conjugated 0.32 0.54 

Unconjugated 1.78 3.03 
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Appendix 3. Detailed results of lignin 
fractionation 
Table 12. Indulin AT solubility in ethanol-water solvents at different S/L (gLignin/LSolvent). 

Ethanol  S/L = 25  S/L = 50  S/L = 100 

(wt%)  Rel (wt%)  Abs (g/L)  Rel (wt%)  Abs (g/L)  Rel (wt%)  Abs (g/L) 

0  12.60  3.15  12.00  6.00  11.75  11.75 

10  23.00  5.75  15.00  7.50  9.50  9.50 

20  29.00  7.25  25.50  12.75  18.50  18.50 

30  47.83  11.96  41.17  20.58  29.75  29.75 

40  69.93  17.48  61.74  30.87  56.25  56.25 

50  84.79  21.20  83.13  41.57  80.42  80.42 

60  93.00  23.25  91.50  45.75  90.00  90.00 

70  91.00  22.75  86.76  43.38  85.89  85.89 

80  78.00  19.50  61.00  30.50  58.50  58.50 

90  60.00  15.00  45.50  22.75  32.50  32.50 

100  37.00  9.25  27.50  13.75  27.25  27.25 

Table 13. Indulin AT solubility in ethanol-water solvents at different ethanol wt%. 

S/L  0 wt% Ethanol  60 wt% Ethanol  100 wt% Ethanol 

(gLignin/LSolvent)  Rel (wt%)  Abs (g/L)  Rel (wt%)  Abs (g/L)  Rel (wt%)  Abs (g/L) 

25  12.60  3.15  93.00  23.25  37.00  9.25 

50  12.00  6.00  91.50  45.75  27.50  13.75 

100  11.80  11.75  90.00  90.00  27.30  27.25 

150  11.00  16.50  87.60  131.47  23.80  35.75 

200  10.50  21.00  83.10  166.20  21.00  42.00 

250  9.80  24.44  78.30  196.77  19.90  50.02 

300  8.70  26.11  78.50  235.89  19.10  57.18 
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Table 14. Average molar mass at different S/L values for the SOLUBLE (liquid) fraction. 
Mn and Mw in Dalton. 

Ethanol  S/L = 25  S/L = 50  S/L = 100 

wt%  Mn  Mw  PDI  Mn  Mw  PDI  Mn  Mw  PDI 

0  236  1002  4.25  398  1909  4.79  394  2340  5.94 

10  390  1451  3.72  480  1797  3.74  402  1615  4.02 

20  466  1507  3.23  594  1928  3.25  507  1688  3.33 

30  512  1984  3.87  490  1872  3.82  756  2230  2.95 

40  619  2735  4.42  710  2738  3.86  1263  4787  3.79 

50  736  3808  5.17  757  3765  4.97  937  3729  3.98 

60  1295  5053  3.90  1339  5143  3.84  1249  4696  3.76 

70  1212  4680  3.86  1076  4264  3.96  1055  4179  3.96 

80  1065  3497  3.28  817  2696  3.30  978  2837  2.90 

90  881  2215  2.52  816  1911  2.34  795  1814  2.28 

100  686  1360  1.98  602  1100  1.83  624  1177  1.89 

Table 15. Average molar mass at different S/L (gLignin/LSolvent) for the INSOLUBLE (solid) 
fraction. Mn and Mw in Dalton. 

Ethanol  S/L = 25  S/L = 50  S/L = 100 

wt%  Mn  Mw  PDI  Mn  Mw  PDI  Mn  Mw  PDI 

0  1237  4323  3.49  1519  5235  3.45  1319  4796  3.64 

10  1602  5325  3.32  1630  5528  3.39  1435  5150  3.59 

20  1749  5803  3.32  1801  6178  3.43  1569  5415  3.45 

30  2239  7796  3.48  2056  7429  3.61  1897  6661  3.51 

40  3087  11321  3.67  2891  10969  3.79  3205  14419  4.5 

50  3128  14269  4.56  3030  14685  4.85  3163  13638  4.31 

60  2687  10668  3.97  4203  15256  3.63  4214  19531  4.64 

70  2918  12435  4.26  3275  14398  4.4  5063  17473  3.45 

80  5549  18733  3.38  4345  16897  3.89  3212  12555  3.91 

90  5094  13904  2.73  3839  10736  2.8  3367  10567  3.14 

100  3429  9358  2.73  2624  7535  2.87  2546  7323  2.88 
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Table 16. Average molar mass at different ethanol wt% for the SOLUBLE (liquid) fraction. 
Mn and Mw in Dalton. 

S/L  0 wt% Ethanol  60 wt% Ethanol  100 wt% Ethanol 

g/L  Mn  Mw  PDI  Mn  Mw  PDI  Mn  Mw  PDI 

25  236  1002  4.25  1295  5053  3.9  686  1360  1.98 

50  398  1909  4.79  1339  5143  3.84  602  1100  1.83 

100  394  2340  5.94  1249  4696  3.76  624  1177  1.89 

150  381  1717  4.51  930  4257  4.58  583  998  1.71 

200  362  1515  4.18  928  3910  4.21  588  1011  1.72 

250  285  1194  4.19  1132  4366  3.86  577  1006  1.74 

300  285  1163  4.08  1193  4639  3.89  578  1024  1.77 

Table 17. Average molar mass at different ethanol wt% for the INSOLUBLE (solid) 
fraction. Mn and Mw in Dalton. 

S/L  0 wt%  60 wt%  100 wt% 

(g/L)  Mn  Mw  PDI  Mn  Mw  PDI  Mn  Mw  PDI 

25  1237  4323  3.49  2687  10668  3.97  3429  9358  2.73 

50  1519  5235  3.45  4203  15256  3.63  2624  7535  2.87 

100  1319  4796  3.64  4214  19531  4.64  2546  7323  2.88 

150  1535  5309  3.46  2009  11287  5.62  2294  6947  3.03 

200  1548  5345  3.45  1616  9935  6.15  2268  6993  3.08 

250  1433  4945  3.45  2182  10220  4.68  2202  8429  3.83 

300  1382  4922  3.56  1780  7883  4.43  2216  8824  3.98 

Table 18. Phenolic hydroxyl groups in mmolOH/gLignin in fractionated lignin for S/L = 25 
gLignin/LSolvent. 

Ethanol  Soluble (Liquid)  Insoluble (Solid) 

wt%  OHphtotal C5-subs.  Uncond.  OHphtotal C5-subs.  Uncond. 

0  0.98  0.02  0.99  2.23  0.50  1.73 

10  1.74  0.15  1.60  2.17  0.52  1.65 

20  2.42  0.10  2.24  1.93  0.57  1.39 

30  2.39  0.18  2.10  1.78  0.67  1.21 

40  2.26  0.27  1.86  1.64  0.82  1.12 

50  2.23  0.46  1.77  1.20  0.33  0.88 

60  2.15  0.43  1.71  1.03  0.49  0.67 

70  2.16  0.38  1.72  1.24  1.00  0.74 

80  2.29  0.43  1.83  1.32  0.45  0.94 

90  2.31  0.41  1.89  1.71  0.47  1.26 

100  2.79  0.45  2.30  1.65  0.43  1.24 
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Fig. 55. Molar mass distribution of liquid fraction of fractionated Indulin AT at different 
ethanol concentrations (S/L = 25 gLignin/LSolvent). 
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Fig. 56. Molar mass distribution of solid fraction of fractionated Indulin AT at different 
ethanol concentrations (S/L = 25 gLignin/LSolvent). 
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Appendix 4. Detailed results of lignin solvolysis 
Table 19. Lignin solvolysis results. (reprinted from Paper IV manuscript). 

Load  Ethanol  FA.  T  t  Mw  Mn  PDI  OHph  FUC 

(g/L)   (wt%)   (wt%)   (°C)   (h)   (Da)   (Da)       (mmol/g)   (mg/g) 

50  40  5  250  4  2058  694  2.97  2.15  44.4 

50  50  3  250  4  2092  718  2.91  2.26  38.1 

50  50  5  200  4  3836  986  3.89  2.07  27.2 

50  50  5  250  2  2260  767  2.95  2.39  43.4 

50  50  5  250  4  2132  724  2.95  2.22  41.7 

50  50  5  250  6  2023  681  2.97  2.11  34.5 

50  50  5  275  2  1565  587  2.66  3.04  39.2 

50  50  5  275  4  1274  527  2.42  2.43  48.6 

50  50  5  275  6  1256  497  2.53  2.16  51.0 

50  50  5  300  4  929  393  2.36  2.60  54.3 

50  50  7  250  4  2185  728  3.00  1.98  38.2 

50  50  9  250  4  2204  698  3.16  1.96  41.8 

50  60  5  250  4  2207  724  3.05  2.00  59.3 

50  70  5  250  4  2090  723  2.89  2.03  53.5 

100  50  5  250  4  2174  719  3.03  2.57  53.1 

150  50  5  250  4  2425  767  3.16  2.29  42.8 
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