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Till mamma och pappa

"Den matta dagen, den ar aldrig storst.
Den basta dagen ar en dag av torst.”

Ur I rorelse av Karin Boye






Abstract

Oxygen delignification is a critical stage in modern kraft pulp production,
enabling significant reductions in chlorine-based bleaching chemicals and
environmental emissions while maintaining fiber quality. The process remains
limited by challenges in efficiency and selectivity, governed jointly by chemical
reactions and mass transport constraints. This thesis investigates the interplay
between these mechanisms and explores the properties and valorisation
potential of oxidized lignin (oxlignin) extracted from oxygen-stage wash liquors.
Experimental results demonstrate that lignin removal during oxygen
delignification is driven by a combination of rapid early-stage oxidative
reactions and diffusion-controlled leaching. High oxygen pressure and sufficient
alkalinity promote lignin depolymerization and oxidation, improving selectivity,
while insufficient chemical conditions lead to lignin redeposition and cellulose
degradation. Upstream factors such as brownstock washing efficiency and
storage conditions significantly influenced lignin leaching and pulp quality,
highlighting the importance of integrated process control. Oxlignin, isolated
from industrial filtrates, differed markedly from conventional kraft lignin,
exhibiting higher carboxylic acid content, improved water solubility, and a
narrower molecular weight distribution. These properties suggest potential
applications as dispersants or additives in biopolymer formulations.
Ultrafiltration proved to be a viable approach for fractionating oxlignin. By
connecting process optimization with resource valorisation, this work
contributes to more sustainable kraft pulp production and supports the
development of new lignin-based value streams in future biorefineries.

Keywords: oxygen delignification, lignin valorization, oxlignin, mass
transport, kraft pulp, ultrafiltration






Sammanfattning

Syrgasdelignifiering ar ett viktigt steg i modern sulfatmassaproduktion och
mojliggér en betydande minskning av klorbaserade blekkemikalier och
miljoutslapp samtidigt som fiberkvaliteten bibehélls. Trots att processen ar vil
etablerad finns begransningar i effektivitet och selektivitet, vilka paverkas av
bade kemiska reaktioner och masstransportfenomen. Denna avhandling
undersoker samspelet mellan dessa faktorer samt utforskar egenskaperna och
vardepotentialen hos oxiderat lignin (oxlignin) som extraherats frin
tvattvitskor i syrgassteget. Studierna visar att ligninavlagsnandet styrs av en
kombination av oxidativa reaktioner och diffusionsbegriansningar. Faktorer
uppstroms, sdsom massatvitt och lagringsférhallanden, paverkar lakning av
lignin och massakvalitet, vilket understryker vikten av integrerad
processkontroll. Oxlignin, isolerat fran industriella tvattvatskor, uppvisade
tydliga skillnader jamfért med konventionella svartlutslignin, hogre halt av
karboxylsyror, forbattrad  vattenloslighet och mer homogen
molekylviktsfordelning. Dessa egenskaper innebidr potential for anvindning
som till exempel dispergeringsmedel. Ultrafiltrering visades vara en mgjlig
metod for fraktionering av oxlignin. Genom att koppla processoptimering till
resursviardering bidrar detta arbete till en mer hallbar massaproduktion och
utveckling av nya viardeflden i bioraffinaderier.

Nyckelord: syreblekning, ligninviardering, oxlignin, masstransport,
sulfatmassa, ultrafiltrering
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1

Introduction

1.1 The forest and pulp industry

Historically, the forest industry has been of high importance to the Swedish
economy, driving development and export growth since the 19th century. Today,
it remains one of Sweden’s most important industrial sectors, employing
thousands and contributing significantly to the GDP (gross domestic product)
(Kumar et al., 2021; Swedish Government Official, 2020).

The pulp and paper industry is a central pillar of the forest sector (The Swedish
Forest Industries, 2021), one of the largest biomass-processing industries
globally. It provides renewable, recyclable, and biodegradable alternatives to
fossil-based materials, with products such as fiber-based packaging, tissue, and
paperboard increasingly replacing plastics and other non-renewable materials
in a range of applications.

Oxygen delignification shows how the pulp and paper industry innovates. By
lowering the reliance on chlorine-based bleaching chemicals and the
environmental burden of effluents (Axegaard et al., 1993), oxygen
delignification leads to cleaner production practices (Popp et al.,, 2011;
Reinstaller, 2005) while preserving fiber quality. Continued research and
optimization of this process are essential to contribute to a more sustainable
pulp and paper industry.



1.2 Industrial relevance of oxygen delignification

The growing demand for sustainable materials and cleaner industrial practices
has intensified efforts to reduce the environmental impact of pulp and paper
manufacturing. A key area of improvement has been the bleaching sequence,
where traditional chlorine-based chemicals, such as chlorine gas and
hypochlorite bleaching, have been phased out in favor of more environmentally
compatible alternatives (McDonough, 1995; Popp et al., 2011; Rooks, 2001).

In the past, pulp bleaching relied heavily on chlorine-based chemicals, which
effectively removed lignin but generated chlorinated organic compounds in the
effluent. Increasing environmental regulations (Reinstaller, 2005) and growing
awareness (Galloway et al., 1989; Smith & Rajotte, 2001) of these pollutants
have driven the industry to adopt more sustainable bleaching alternatives. This
shift has made oxygen delignification a key technology for reducing the use of
chlorine-based chemicals and minimizing harmful emissions (Lancaster et al.,
1992) . The adoption of oxygen delignification in modern pulp mills has reduced
emissions of adsorbable organic halides and other persistent pollutants
(Axegaard et al.,, 1993). Moreover, the concept of extended oxygen
delignification has been introduced to achieve higher overall selectivity. This
means that the pulping stage is shortened, and the delignification continues in
the oxygen stage (Li et al., 2016; Parsad et al., 1994; R60st, 2004; Zhang et al.,
2006).

1.3 Challenges in delignification processes

Although oxygen delignification is widely implemented in modern pulp mills
(Stratton et al., 2004), the process still faces important limitations in terms of
both delignification efficiency and selectivity (van Heiningen et al., 2018). In this
context, efficiency refers to the extent of lignin removal, typically measured by
the reduction in kappa number, while selectivity describes the ability to remove
lignin without degrading the cellulose, evaluated by the reduction in pulp
viscosity.

Achieving both high efficiency and high selectivity is challenging, since the
conditions that promote high and fast lignin removal, such as high temperature
and alkali charge, can also accelerate cellulose degradation (Jafari et al., 2015;
Tao et al., 2011). As a result, optimizing the process requires a balance between
chemical reactivity and fiber preservation.



Also, the oxygen delignification stage is governed by physical phenomena,
particularly mass transport. The process involves gas—liquid—solid transfers
(Hsu & Hsieh, 1988; Iribarne & Schroeder, 1997) in which oxygen must dissolve
into the liquor and diffuse through the porous fiber wall to reach residual lignin
(Li et al., 1997b). Mass transport limitations can restrict the reaction rate and
directly influence the extent of lignin extraction from the cell wall (Kron et al.,
2025), reducing overall efficiency of the lignin extraction. The interplay between
mass transport and reaction kinetics remains not fully understood, which makes
it more difficult to predict and control lignin removal.

Oxygen delignification produces a lignin fraction that becomes dissolved in the
process liquor (Asgari & Argyropoulos, 1998) and continues with the black
liquor after brownstock washing. While this fraction has not been characterised
independently, it is expected to form part of the total black liquor lignin.
Improved knowledge about its properties is relevant for lignin valorisation and
optimisation of the oxygen delignification stage.

Together, a fundamental understanding of both the transport phenomena and
the characteristics of lignin from the process could yield important knowledge
for improving the delignification process.



1.4 Motivation for this work

141 Aimand objectives

The overall aim of this thesis is to deepen the understanding of lignin extraction
during oxygen delignification and to characterize the oxidized lignin fraction,
referred to as oxlignin, to evaluate its potential for utilization and valorization.
The work specifically examines how mass transport phenomena and chemical
reactions influence the efficiency and selectivity of the delignification process
and investigates the structural and chemical features of the extracted lignin that
may enable new applications.

To achieve these aims, the following specific objectives were defined:

e Assess how mass transport of reactants affects lignin removal during
oxygen delignification.

¢ Examine the relationship between mass transport limitations and lignin
extraction kinetics during oxygen delignification under varying operating
conditions.

e Isolate and characterize oxlignin with respect to its structural and
chemical properties.

o Evaluate potential applications and feasible industrial isolation methods
of oxidized lignin.

1.4.2  United Nations Sustainability Goals

This thesis relates to several United Nations Sustainable Development Goals
(SDGS) (Lee et al., 2016; United, 2015) by addressing several challenges related
to increasing the sustainability of processes. The pulp and paper industry
processes large volumes of biomass and is central to the transition to a bio-based
circular economy. By focusing on oxygen delignification, this work contributes
to SDG 9 - Industry, innovation, and infrastructure through the development
and optimization of efficient and environmentally friendly production
technologies.

The research also contributes to SDG 12-Responsible consumption and
production by investigating the valorisation of oxlignin, a solubilized lignin
fraction generated during oxygen delignification. Although this lignin is
currently routed to the recovery cycle and used as renewable fuel, many pulp
mills operate with a surplus of energy from the recovery boiler. Characterizing
the structural and chemical properties of oxlignin may therefore identify other



ways to utilize this stream, other than combustion. Such utilization would
support the transition toward renewable materials and would create an
additional value stream for the mill.

Furthermore, by increasing the understanding of the process, the work
contributes to SDG 13-Climate action. Fiber lines with reduced chemical loads
and more efficient energy usage result in lower greenhouse gas emissions and
reduced environmental impacts associated with pulp production.

1.5 Structure and content of the thesis

The thesis is a summary of five articles that are either published in peer-
reviewed scientific journals, submitted to such journals, or in the process of
being submitted. Each study addresses different aspects of lignin extraction
kinetics, oxlignin characterization, and process conditions. Together, they offer
an evaluation of both the fundamental delignification mechanisms and the
valorization potential of the solubilized lignin fraction.

The thesis is structured as follows: Section 2 presents the theoretical
background, including an overview of wood chemistry, pulping and oxygen
delignification, and mass transport. Section 3 describes the experimental part of
the thesis. Section 4 summarizes the results and discusses the findings. Finally,
section 5 concludes the thesis.






2 Background

2.1 The wood matrix

As trees grow, they build wood as a strong material that supports the trunk and
branches while transporting water and nutrients. Wood is made up of different
types of cells, and among them, fibers form the structural framework that gives
wood much of its strength (Fengel & Wegener, 2011; Sjostrom, 1993c). Each
fiber is surrounded by a layered cell wall composed of cellulose, hemicelluloses,
lignin, and extractives. The outer middle lamella binds neighboring cells
together, while the primary wall is a thin, flexible layer with cellulose
microfibrils arranged in a more random pattern (Sjostrém, 1993c) . Most of the
fiber’s characteristics, however, come from the secondary wall, divided into S1,
S2, and S3. These structural features vary between species and determine how
fibers respond to mechanical forces and different processing conditions (Rowell
et al., 2005).

2.1.1 Carbohydrates

Carbohydrates constitute the major fraction of wood, accounting for roughly
two-thirds of its dry weight. They provide both structural integrity and a
renewable source of polymers for chemical and material applications. The two
dominant groups are cellulose and hemicelluloses (Ebringerova & Heinze,
2000; Sjostrom, 1993a), which differ in amount, bonding patterns, and
chemical reactivity.

Cellulose is the most abundant biopolymer in nature and represents the primary
component of wood. It consists of chains of D-glucose units linked by -(1—4)-
glycosidic bonds (Fengel & Wegener, 2011; Fry, 2011).



These linear chains are assembled through intra- and intermolecular bonding,
forming microfibrils (Nishiyama, 2009). The high degree of order in cellulose
gives it high tensile strength (Krissig & Kitchen, 1961), insolubility in water, and
resistance to enzymatic attack, properties that are important to the plant but are
also reasons for many challenges in the processing industry.

2.1.2  Lignin

Lignin is among the most abundant polymers in nature, and wood typically
contains 20-30%. Softwoods have higher lignin content compared to
hardwoods. Lignin is, compared to the repetitive and linear cellulose, an
aromatic and phenolic polymer with a, not fully understood, more random
structure. It provides the plants with rigidity, hydrophobicity, and resistance
against microbial attack (Rowell et al., 2012). In wood, the highest concentration
of lignin is found in the middle lamella, although the majority of the lignin is
found in the secondary cell wall (Rowell et al., 2005).

OH
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Coniferyl alcohol Sinapyl alcohol p-coumaryl alcohol

Figure 1. The primary monolignols.

Lignin is formed by radical coupling of three primary monolignols (illustrated
in Figure 1): coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol. In
addition to this, lignin may also contain several minor monolignol. The primary
monolignols give rise to guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)
units, respectively (Boerjan et al., 2003; Sjostrom, 1993b). The relative
abundance of these units varies between species. Softwoods have higher
amounts of guaiacyl units, whilst hardwoods contain both guaiacyl and syringyl
units, and grasses additionally have significant amounts of p-hydroxyphenyl
units (Sakakibara & Sano, 2000). These variations strongly influence the
chemical reactivity and degradability of lignin, due to the difference in
chemistry.



Lignin contains a wide variety of linkages, both carbon—oxygen and carbon—
carbon bonds. The most common linkage is the —O—4 aryl ether linkage, but
other important bonds include B-5, f—f, 5—5, and 4—O—5 connections (Ralph
et al.,, 2004). This bond diversity, combined with the lack of a repeating
structure, makes lignin chemically complex and highly resistant to
depolymerization (Adler, 1977). This structural irregularity presents major
challenges for controlled fractionation and valorisation in biorefinery processes
(Argyropoulos et al., 2023).

2.2 Pulping processes and their side streams

2.2.1 The kraft pulp mill

The kraft pulp mill is a chemical pulping facility for converting wood into
cellulose fibers while separating and recovering lignin and other wood
components. A typical kraft mill, Figure 2, includes wood handling, debarking
and chipping, cooking, pulp washing, chemical recovery, bleaching, and drying.
Unique to kraft mills is the integrated chemical recovery system, which recycles
the pulping chemicals and generates energy, enabling highly efficient
production. The mill produces not only pulp for paper and board but also
valuable products such as tall oil (Aro & Fatehi, 2017b; Dogaris et al., 2019),
lignin (Al et al., 2024), and energy, making it a versatile biorefinery.

o
Oxygen ¥
delignification U

‘Wood handling

A = =
@
Heat and power production %

Figure 2. Overview of a kraft pulp mill illustrating the main process stages, including wood
preparation, pulping, oxygen delignification, washing, chemical recovery, and bleaching. Property of
Valmet.



2.2.2 Kraft process

The kraft process, developed and introduced in the 19th century and
industrialized on a large scale in the early 20th century, revolutionized the pulp
and paper industry by enabling the efficient and scalable separation of lignin
from wood fibers (Danielewicz, 2025). Its name comes from the German word
kraft, meaning strength, reflecting the superior mechanical properties of the
resulting pulp compared to earlier methods such as soda and sulphite pulping.

Kraft pulping is the dominant chemical pulping method globally. It aims to
selectively remove lignin from the lignocellulosic matrix while preserving as
much of the cellulose (and hemicellulose, depending on the final application of
the pulp) as possible. This is achieved by cooking wood chips in white liquor, a
strongly alkaline solution containing sodium hydroxide (NaOH) and sodium
hydrosulfide (NaSH), at elevated temperatures (typically 160—170°C) and
pressures (Brannvall, 2009).

During kraft cooking, lignin undergoes fragmentation and depolymerization
through both alkaline hydrolysis and nucleophilic reactions with hydrogen
sulfide ions. As the bonds between lignin units are cleaved, many of the resulting
fragments become soluble in the cooking liquor and are separated from the
fibers. However, not all lignin is removed during this stage. A fraction of
modified lignin remains in the fiber matrix, either trapped within the cell walls
or chemically bound to carbohydrates via lignin-carbohydrate complexes
(LCCs) (Lawoko et al., 2004; Lawoko et al., 2005).

The pulp produced after kraft cooking, commonly referred to as brownstock,
contains residual lignin and various degradation products. This material is
washed to remove the spent cooking liquor (black liquor)(Favis, 1981; Favis et
al., 1983; Santos & Hart, 2014) and then subjected to further delignification and
potential bleaching steps. Oxygen delignification is typically the first stage in this
post-cooking sequence, targeting the remaining lignin with a higher degree of
selectivity and efficiency (Parsad et al., 1994).

2.2.3 Oxygen delignification

2.2.3.1 Historical background

The initial research efforts on oxygen delignification systems began in the 1960s,
focusing on identifying and understanding the key processing parameters that
influence delignification.



Early research highlighted variables such as temperature, pressure, and alkali
charge as critical factors affecting the process (Samuelsson & Stolpe, 1969),
providing insights into process optimization. Despite these advances,
widespread industrial application remained limited until the discovery of the
beneficial effect of magnesium salts in preserving carbohydrates during the
process, a breakthrough that significantly improved process economics and
enabled practical industrial implementation (Traynard et al., 1968). Oxygen
delignification was first industrially introduced in the 1970s (McDonough, 1989)
and later adopted in modern pulp mills due to its cost-effectiveness and ability
to reduce lignin content prior to bleaching. Typically applied after brownstock
washing, the process contributes to improved pulp brightness and reduced
bleaching chemical demands (Stratton et al., 2004). Modern implementations
typically employ medium-consistency, two-stage oxygen delignification (Hart,
2019), combining efficient mass transfer, improved selectivity, and
compatibility with elemental chlorine-free (ECF) bleaching sequences
(McDonough, 1995). Historical milestones of the oxygen delignification process
are summarized in Figure 3.

Laboratory Double-stage
experiments of Broad oxygen
oxygen-alkali implementation, delignification
delignification. MgSO, introduced established as
to protect cellulose. industrial norm.
() | ()
First industrial trials Double-stage
and commercial configuration
adoption begins. became standard.
1980 2010

Figure 3. Historical timeline of the development of the oxygen delignification process.

2.2.3.2 State of the art

Oxygen delignification is carried out by treating brownstock pulp with oxygen
under alkaline conditions in a pressurized reactor. The alkaline environment,
typically maintained by the addition of sodium hydroxide (in the form of
oxidized white liquor), promotes lignin fragmentation through oxidative
cleavage reactions. Due to oxygen’s inherently low solubility in water (Tromans,
2001), the process operates as a three-phase system, at elevated pressures
(typically 4—8 bar) and temperatures (around 9o—110 °C) to ensure adequate
oxygen transfer and reactivity (Iribarne & Schroeder, 1997).



Recent research has shown that oxygen delignification can also enhance pulp
fibre properties. It was demonstrated that oxygen delignification increases fibre
swelling and total fibre charge, which improves fibre-fibre bonding and
ultimately enhances tensile strength, highlighting that the process affects not
only delignification but also pulp quality and mechanical performance (Esteves
et al., 2020; Esteves et al., 2021).

2.2.3.3 Chemistry of oxygen delignification

Lignin solubility in aqueous systems is governed by both its molecular structure
and the chemical environment. Oxidative modification generally enhances
solubility by reducing molecular weight and introducing ionizable groups,
Figure 4, such as carboxylates and phenolates (Asgari & Argyropoulos, 1998;
Gierer et al., 2001a; Robert et al., 1984), which increases hydrophilicity and
electrostatic repulsion (Graztl et al., 1987).

Figure 4. Proposed reaction pathways for oxidative degradation of lignin during oxygen delignification.
Phenolic lignin units (top) are oxidized by oxygen and superoxide radicals to form phenoxy radicals,
leading to aromatic ring opening and the formation of carbonyl- and carboxyl-containing products.
Non-phenolic f—0O-4 structures (bottom) undergo one-electron oxidation and subsequent bond
cleavage, yielding smaller fragments.

Although oxlignin remains soluble over a wide pH range, local drops in pH
during oxygen delignification (due to consumption or production of acidic
structures) can slow down or inhibit the oxidative reactions responsible for
lignin breakdown. Maintaining sufficient alkalinity is therefore critical to ensure
efficient delignification and consistent pulp quality (Ragnar & Backa, 2005).



2.2.4 Pulp washing

After kraft cooking, the brownstock is washed to remove dissolved lignin, alkali,
and degradation products before entering oxygen delignification. Washing is
typically arranged in a counter-current sequence, where the cleanest wash water
contacts the cleanest pulp, and the most contaminated filtrate meets the
unwashed pulp from the digester (Santos & Hart, 2014). This setup maximises
washing efficiency while minimising water use.

The filtrate from each stage is recycled backward, and the final spent liquor, rich
in dissolved lignin and sodium compounds, is returned to the recovery cycle. A
schematic representation of the counter-current washing in kraft pulp mills is
represented in Figure 5.

BLACK WASH
LIQUOR LIQUOR

Figure 5. Schematic representation of counter-current washing stages in a kraft pulp mill. The wash
filtrate used to wash the pulp after oxygen delignification is then used upstream to wash the brown-
stock. The resulting black-liquor is transferred to the chemical recycling facility to preserve chemicals
and energy.

Washing relies on displacement and diffusion, ensuring effective removal of
residual black liquor from fibres (Favis, 1981). The amount of carryover of black
liquor solids into the oxygen delignification stage has a high impact on the final
kappa number. Efficient counter-current washing reduces chemical carryover,
stabilises alkali levels entering oxygen delignification, and improves overall
process efficiency (Hart & Brown, 2017; Senthilkumar et al., 2024).

2.2.5 Technical lignins

In the pulp and paper industry, technical lignin refers to the lignin fraction
obtained after removing cellulose and hemicellulose by chemical, thermal, or
enzymatic processes, resulting in a structurally altered form (Matsushita, 2015).
These lignins are produced on a large scale, tens of millions of tonnes annually
(Libretti et al., 2024), as by-products of pulping and cellulosic biorefineries.



Major industrial sources include the sulphite, kraft and soda pulping processes,
each yielding distinct chemical modifications and residual functionalities (Li &
Takkellapati, 2018).

Compared to native lignin, technical lignins are more condensed and degraded,
with lower f-O-4 linkage content due to cleavage and recondensation during
pulping. Their molecular weight and dispersity vary widely with feedstock and
isolation method. (Constant et al., 2016) Functional groups such as phenolic
hydroxyl, methoxyl, carboxyl, and carbonyl remain present in variable amounts,
while impurities like ash, sulphur, and carbohydrate residues are often
introduced. These features strongly influence their reactivity and suitability for
valorisation (Vishtal & Kraslawski, 2011).

Kraft lignins are typically more condensed and degraded than native lignin, with
lower [-O-4 linkage content and variable molecular weight and dispersity. They
may contain residual sulfur, ash, or carbohydrate fragments (Georgs et al., 2025;
Mun et al., 2021). Lignosulfonates are water-soluble, sulfonated lignins with
lower condensation and higher content of functional groups such as sulfonic
acids, making them suitable for dispersing and binding applications (Constant
et al., 2016). Soda lignins, obtained from soda pulping of non-wood biomass, are
sulfur-free and relatively pure, with lower condensation than kraft lignins, often
retaining a structure closer to native lignin (Karthiuser et al., 2021).

Because of their abundance, technical lignins are promising feedstocks for
biobased materials, chemicals, and fuels. Their largest commercial use is as
dispersing agents, particularly lignosulfonates, due to their water solubility and
functional groups (Ruwoldt, 2020). Other applications include phenolic resins,
binders, carbon materials, and composites, where their aromatic nature is
advantageous (Aro & Fatehi, 2017a; Azadi et al., 2013; Chakar & Ragauskas,
2004; Gordobil et al., 2016). However, structural heterogeneity, impurities, and
high condensation limit broader utilization and complicate process design.
Although lignin is produced in large quantities, most is still burned for energy
in pulp mills, with only a small fraction used for higher-value products.



2.2.5.1 Ultrafiltration of technical lignins

Membrane-based separation technologies, particularly ultrafiltration, are an
alternative for lignin recovery in kraft pulp mills. Unlike acid precipitation,
ultrafiltration allows lignin concentration and fractionation without disturbing
the sodium-—sulfur balance of the recovery cycle (Ebrahimi et al., 2016;
Keyoumu et al., 2004; Wallberg & Jonsson, 2006).

This pressure-driven process retains high-molecular-weight components, such
as lignin, while permitting salts and low-molecular-weight organics to pass
through, as shown in the schematic representation in Figure 6. The figure shows
larger fragments in pink and smaller fragments in grey as they interact with the
membrane. During ultrafiltration, the sample is pushed through a membrane
with a defined molecular weight cutoff. Smaller molecules pass through the
membrane and form the permeate, while larger molecules are retained and form
the retentate. The process separates the mixture by size and allows recovery of
chemicals and water in the permeate. At the same time, it enriches higher molar
mass material in the retentate and yields more homogeneous fractions without
changing the chemical structure of the lignin. Ultrafiltration has been
extensively studied for black liquor (Aminzadeh et al., 2018; Holmgqyvist et al.,
2005; Jonsson & Wallberg, 2009), where it is used to concentrate and
fractionate kraft lignin prior to precipitation or conversion (Sevastyanova et al.,
2014).

‘)
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Figure 6. Schematic overview of the ultrafiltration concept.
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2.2.6 Water-soluble lignin

Water-soluble lignin has a long industrial lineage beginning with
lignosulfonates, the sulfonated lignin fractions produced by sulfite pulping that,
since the early 20th century, have been used commercially as dispersants,
plasticizers, and binders in concrete, ceramic, and agricultural formulations
(Aro & Fatehi, 2017a; Ruwoldt, 2020). Recent advances in oxidative and
carboxylating treatments have created non-sulfonated lignin fractions with
enhanced water solubility and increased carboxyl content, making them
functionally similar to lignosulfonates while offering routes to tailor molecular
weight and surface activity (Andriani & Lawoko, 2024; Ruwoldt et al., 2025).
Several applied studies and patent filings demonstrate these oxidized or
carboxylated lignins acting as effective dispersants and plasticizers in cement
and concrete systems and as biobased additives in suspension formulations, in
some cases matching or exceeding the performance of traditional
lignosulfonates (Magina et al., 2021; Pehu-Lehtonen et al., 2019). Parallel work
has explored chemical derivatization such as carboxyalkylation to tune rheology
and stability in challenging slurries for example coal water fuels and mineral
suspensions (Qulatein et al., 2024). Meanwhile, lignin nanoparticles have
become a promising way to make use of water-soluble lignin in higher-value
applications. They can provide controlled release of actives, improved
performance in coatings and composites, and new options for environmental
cleanup (Andeme Ela & Heiden, 2024; Pylypchuk & Sipponen, 2022).

2.3 Transport phenomena in oxygen delignification

Previous research on oxygen delignification has focused on the investigation of
the chemical reactions during oxygen delignification. The use of model
compounds allowed for the mapping of reaction pathways (Gierer & Imsgard,
1977; Johansson & Ljunggren, 1994b; Ljunggren & Johansson, 1990; Reitberger
et al., 2001), while kinetic studies conducted at ultra-low pulp consistencies
minimized mass transfer resistance, enabling precise analysis of intrinsic
reaction rates (Hsu & Hsieh, 1988; Olm & Teder, 1979).

An important advancement was the recognition that oxygen delignification
cannot be explained only by chemical kinetics. Instead, the process must be
understood as a combination of reaction rates and mass transfer phenomena
(Rewatkar & Bennington, 2000; Rewatkar & Bennington, 2008).
Differentiating between these two contributions highlighted the critical role of
transport processes in governing overall delignification rates.



2.3.1 Three-phase system

Oxygen delignification consists of a heterogeneous three-phase system
consisting of gas, liquid, and solid, illustrated in Figure 7. Oxygen gas must first
dissolve at the gas—liquid interface, then diffuse through the surrounding liquor,
and finally penetrate the fiber wall to react with lignin. Once the lignin has
reacted and become solubilized, it must diffuse through the fiber wall and into
the liquor to then be removed during the subsequent wash stage. Each of these
steps introduces a potential resistance and potentially limits the overall rate of
delignification (Susilo, 2006; Susilo & Bennington, 2007).
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Figure 7. Schematic of the three phases during oxygen delignification. Gaseous oxygen bubbles, liquid
alkali, and solid fibers.

The transport of oxygen and solubilized lignin through these phases is governed
by Fick’s law of diffusion, which states that the flux Jis proportional to the
concentration gradient:

_ D6C
/= ox

where D is the diffusion coefficient, C is the concentration, and x is the spatial
coordinate. In the context of oxygen delignification, diffusion occurs over
multiple length scales: from millimeter-scale gas bubbles in the liquor (Kayhko
et al., 2021), to micrometer-scale fiber walls, and down to nanometer-scale
pores within the cell wall matrix (Andersson et al., 2003).



Each scale introduces its own resistance, making the overall process highly
sensitive to structural and morphological factors. The diffusion coefficient of
lignin fragments within the fiber wall is significantly lower than in bulk liquor
(Li et al., 1997a) due to the dense, heterogeneous structure of cellulose and
hemicellulose. Reported values for lignin diffusion in cellulose range from
approximately 1072 to 107'*m?/s (Ghaffari et al., 2023), compared to
1072 m? /s for small molecules, such as oxygen, in water (Kihara et al., 2014).

The complexity of this multistage transport sequence makes delignification
sensitive to factors such as bubble size distribution, fiber swelling, and the
accessibility of lignin domains within the cell wall. Industrial studies have shown
that oxygen mass transfer limitations in retention towers and mixers can reduce
delignification efficiency by approximately 20% (Rewatkar & Bennington,
2000), underlining the importance of reactor design and operating conditions.

More recent approaches, such as cavitation-assisted mixing, have demonstrated
the potential of overcoming these limitations. At medium pulp consistencies,
cavitation reactors drastically reduce residence times, from 30—-60 minutes to
about 5 minutes, by improving gas-liquid—solid contact and accelerating
oxygen penetration (Hart et al., 2006).

2.3.2 Modelling lignin extraction during delignification

Mass transfer modelling has been central to understanding and predicting the
kinetics of oxygen delignification. Early models often relied on simplified
assumptions such as low pulp consistencies (Olm & Teder, 1979), and idealized
fiber geometries. Under these conditions, flow-through reactor experiments
provided valuable insights by enabling precise control of alkali and oxygen
concentrations and real-time measurement of lignin extraction kinetics (Jiet al.,
20009; Ji et al., 2007). Other studies that incorporated lignin model compounds
with higher and lower reactivities of lignin concluded that a large portion of the
delignification takes place in the mixing stage in industrial mills (Susilo &
Bennington, 2006; Susilo & Bennington, 2007). However, these models do not
fully replicate the conditions of industrial reactors, which operate at high
consistencies and involve highly turbulent flow. In practice, turbulence
influences oxygen bubble breakup, fiber suspension rheology, and local
concentration gradients, all of which have major effects on oxygen availability at
the fiber surface. More recent work has emphasized the need to incorporate
turbulence, higher consistencies, and non-ideal mixing into modelling
frameworks (Kayhko et al., 2022).



3 Materials and methods

3.1 Materials

3.1.1  Wood, pulps and wash liquor

Two types of unbleached softwood kraft pulps were used. Both were mixtures of
Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). One, with an
initial kappa number of 35 (50% pine and 50% spruce, pulp 1), was obtained
from the Ostrand kraft pulp mill (SCA, Sweden) and used in the oxygen
delignification experiments. The other pulp had a lower initial kappa number of
28 (50% pine and 50 % spruce, pulp 2). In addition, Norway spruce chips were
kraft-cooked in the laboratory and served as raw material for washing and
storage studies. Industrial liquor was collected at the Ostrand kraft pulp mill
after the second wash press of the double oxygen delignification stage.

3.1.2 Ligninreferences

Commercial reference lignins were included for comparison: LignoBoost lignin
from softwood black liquor (Sunila mill, Stora Enso, Finland), Indulin AT, a pine
kraft lignin produced by Mead-Westvaco (USA), and lignosulphonates from
Borregaard (Norway).
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3.2 Methods

3.2.1 Oxygen delignification of pulps after storage

The oxygen delignification experiments in this section were performed on pulps
that had been kraft-cooked, rinsed, stored, and washed as part of a collaborative
study published as:

Senthilkumar, E. R., Sjostrom, J., Henriksson, G., Vikstrom, T., & Sevastyanova,
0. (2025). Effect of storage conditions on the brownstock washing and oxygen
delignification of kraft pulps. A brief summary of the cooking and washing
procedures is provided below to give context to the oxygen delignification
experiments.

Spruce chips were sorted manually and cooked in 2 L rotary autoclaves
immersed in a steam-heated polyethylene glycol bath. Prior to cooking, the chips
were evacuated for 30 min to remove air. The effective alkali charge was 20%
and the sulfidity 35%, at a liquor-to-wood ratio of 4:1. Cooking was carried out
at 165 °C for 9o min (H-factor 950). The autoclaves were cooled in a water bath,
and the brownstock was disintegrated in an L&W Pulp Disintegrator (2000
revolutions) with added deionized water. Moisture content was then adjusted by
centrifugation in an Electrolux 240 centrifuge.

Pulps were then either unrinsed, rinsed with cold water (5 °C), or rinsed with
warm water (40 °C). After rinsing, the pulps were sealed in plastic bags and
stored at 5 °C or 60 °C for 1 day or 1 week before washing. Washing experiments
were conducted on 20 g pulp samples using a Biichner funnel (128 mm
diameter, 2.1 mm pore size). Washing was carried out in two stages with a 10
min interval and a dilution factor of 20 m3/ADT. The washing filtrates were
analyzed for lignin concentration by UV-Vis spectroscopy (Shimadzu UV-
2550), measuring absorbance at 280 nm with an absorption coefficient of 24.6
dm3 g~' em™ for softwood lignin.

Oxygen delignification was performed in electrically heated steel autoclaves
rotated in a glycerol or steam-heated bath. The pulp was adjusted to 10%
consistency and mixed with sodium hydroxide at 2.5% on pulp and magnesium
sulfate, 0.25% on pulp. Oxygen at 5 bar overpressure was used. Reactions were
conducted at 95 °C for 9o minutes. After reaction, the autoclaves were quenched
in cold water, and pulps were filtered, washed with deionized water until filtrate
conductivity was below 25 uS cm™, and either dried at 40 °C overnight or stored
at 4 °C before analysis.
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3.2.2 Oxygen delignification of industrial pulps

Oxygen delignification experiments on industrially cooked pulps (pulp 1) were
performed as described in 3.2.1 with the following exceptions. The autoclaves
were charged with either oxygen at 5 bar overpressure, air at atmospheric
pressure, or nitrogen at 5 bar after evacuation of air. The reaction time was 20—
120 minutes.

3.2.3 Staged oxygen delignification of industrial pulps

Softwood kraft pulp (pulp 1) was used for all staged experiments. Each trial
involved 50 g oven-dry pulp placed in laboratory-scale autoclaves. The pulp
consistency was adjusted with sodium hydroxide solution, and the autoclaves
were charged with oxygen at 5 bar. The total accumulated reaction time was
120 minutes at elevated temperature. Different experimental protocols were
applied to study the effect of oxygen exposure, alkali recharge, and washing:

Oxygen Addition:

= Continuous oxygen addition in each cycle.
» Oxygen supplied only during the first 30 or 60 minutes.

Alkali Recharge and Washing:

» Full staged process with washing and fresh alkali/oxygen recharge
every 30 minutes.

» Single washing and recharge after 30 or 60 minutes.

» No washing or recharge.

After each reaction period, samples were taken of the pulp and liquor for
further analysis.

3.2.4 Oxygen delignification in a medium consistency mixer

The experiments were conducted in a 1.4 L batch cavity reactor equipped with a
rotor, the specifics and geometry is described in previous papers (Andersson &
Rasmuson, 2000; Pettersson et al., 2005). The reactor was jacketed and heated
using a polyethylene glycol heating bath set to 120 °C. Sensors for rotational
speed (RPM) and torque (force) were connected to a Dewesoft data acquisition
system for continuous monitoring of the mixing and energy input.
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Pulp (pulp 2) was first added to the reactor along with preheated water, and the
mixture was left to heat until the slurry reached 95 °C. Following this, the alkali
corresponding to 20 kg of NaOH per ton pulp was added. A premixing step of 5
seconds at 3000 rpm was performed to mimic mill conditions where the pulp is
disintegrated before entering the mixer. After the premixing, the reactor was
charged with oxygen to a pressure of 8 bar for 2 minutes.

The mixing sequence then proceeded according to the durations presented in
Table 1, all mixing stages lasted for 15 seconds. After each mixing trial, the pulp
was washed with water and the filtrate was collected for further analysis.

Table 1. Time and mixer information for mixer trials.

Trial Total reaction time Mixing stages Mixing interval
(min)
1 30 1 Initially
Initially, 10 min,
2 30 3 20 min
3 10 1 Initially
4 10 3 Initially, 3 min, 6

min

The change in kappa number based on energy input was determined by
performing mixer trials in a similar manner as described above, but with only
one mixing stage and longer reaction time (90 minutes). The parameter that
changed was the time of the mixing stage. The mixing stage lasted either o, 5, or
10 seconds. The pulp was collected after the trial for kappa number analysis.
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3.2.5 Ultrafiltration

Ultrafiltration of industrial wash filtrates from oxygen delignification was
performed in batch mode using membranes with molecular weight cut-offs
(MWCO) of 100 kDa, 10 kDa, 3 kDa, and 1 kDa. In each step, 250 mL of
centrifuged liquor was filtered in a stirred cell operated at 4 bar and a stirring
speed of 200 rpm. Filtration proceeded until 200 mL of permeate had been
collected, leaving 50 mL in the cell. The filtration time and permeate flow rate
depended on the membrane MWCO, seen in Table 2. Prior to use, all
membranes were rinsed and equilibrated with deionized water. The obtained
permeate and retentate fractions were collected separately and stored at 4 °C
until further analysis.

Table 2 Filtration time and flow rate are dependent on the membrane molecular weight cut-offs
(MWCO).

MWCO Filtration time Flow rate
(kDa) (min) (mL/min)
1 400 0.38
3 150 1.35
10 125 1.75
100 25 6.00

3.2.6 Pulp analyses

A range of standardized methods was used to evaluate residual lignin content,
cellulose degradation, and physical properties of the pulps.

Kappa number (ISO 302:2015): This method was used to determine
residual lignin content through oxidation with permanganate. It provided a
measure of the degree of delignification after oxygen treatment.

Intrinsic viscosity (ISO 5351:2010): The viscosity of cupri-ethylenediamine
(CED) solutions of pulp was measured to estimate cellulose chain length. The
degree of polymerization (DP) was calculated using the relation DP =

1.65 u*** (Evans & Wallis, 1989). This analysis reflected cellulose
preservation or degradation during delignification.
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Brightness (ISO 2470-1:2016, SCAN-CM 11:95): Brightness was determined
on handsheets prepared from the pulps. This property is sensitive to both
lignin content and chromophores and was used to evaluate pulp quality after
delignification.

Fiber charge (SCAN-CM 65:02): Conductometric titration was applied to
quantify the anionic charge of pulps. This parameter provides insight into
the chemical changes in pulp fibers during oxygen delignification.

Water retention value (SS-ISO 23714:2015): The water-holding capacity of
fibers was determined in centrifuge tubes equipped with filter inserts. WRV
reflects fiber swelling and accessibility.

3.2.7 Ligninisolation

Filtrates from laboratory oxygen delignification and industrial liquor were
filtered to remove solid residues and then acidified with concentrated sulfuric
acid to pH 2, left to precipitate overnight, and centrifuged at 4200 rpm for 10
min. The lignin pellet was redispersed with dilute sulfuric acid (pH 2),
centrifuged again, and freeze-dried.

3.2.8 Lignin analyses

The isolated lignins and filtrates were subjected to spectroscopic,
chromatographic, and thermal methods to evaluate functional groups,
molecular weight distribution, and physical properties.

UV-Vis spectroscopy: Absorbance at 280 or 340 nm was measured with a
Shimadzu UV-2550 to quantify aromatic lignin structures.

31P NMR spectroscopy: Hydroxyl groups were quantified after derivatization
with  2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane.  Derivatized
samples were dissolved in a pyridine/CDCI3 solvent mixture containing
chromium(III) acetylacetonate as a relaxation agent. N-hydroxy-5-
norbornene-2,3-dicarboximide was used as the internal standard. Spectra
were recorded on a Bruker Avance III HD 400 MHz instrument. This
method provided information on aliphatic, phenolic, and carboxylic groups
contents (Argyropoulos et al., 1993; Meng et al., 2019).
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Size exclusion chromatography (SEC): Molecular weight distribution of
lignin was determined using an Infinity 1260 system with GRAM columns
and DMSO/0.5% LiBr as eluent. Pullulan standards were used for
calibration. The analysis gave number- and weight-average molecular
weights and dispersity indices.

FT-IR spectroscopy: Spectra were recorded on a PerkinElmer Spectrum
2000 (ATR mode) between 600 and 4000 cm™". Characteristic peaks were
assigned to aromatic rings, carbonyl groups, and hydroxyl stretching
vibrations, highlighting structural differences between lignin types (Boeriu
et al., 2004).

Thermogravimetric analysis (TGA): Lignin thermal stability (Tagami et al.,
2019) was studied using a Mettler Toledo TGA/DSC1 from 30 to 800 °C
under N2 and O2. The onset of degradation, maximum decomposition
temperature, and residual char content were recorded.

Solubility tests: Lignins (1 g) were dispersed in 10 mL of water, methanol,
ethanol, or ethyl acetate. After stirring for 2 h and centrifuging, the soluble
fraction was quantified gravimetrically.
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4 Results and Discussion

4.1 Pulp characteristics after delignification in various gas
environments

This section compares oxygen, air, and nitrogen treatments to separate the
chemical effects of oxidation from physical leaching. The aim was to clarify how
different gaseous environments influence lignin removal, cellulose integrity,
and overall selectivity. Table 3 outlines how each treatment affects lignin
removal, cellulose integrity, and pulp properties from the comparison of oxygen,
air, and nitrogen treatments in softwood kraft pulp delignification.
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Table 3. Summary of the final changes in pulp and lignin after delignfication in different gaseous
environments. The experiments were conducted at 95 °C with an alkali charge of 1.8% on pulp and a
total reaction time of 120 minutes.

Parameter Oxygen Treatment Air Treatment Nitrogen Treatment
g Moderate decrease .
Kappa Significant decrease due . Minor decrease due to
S due to partial .
Number to oxidation oy . leaching only
oxidation
Largest loss due to Similar loss to .. .
. . C 1 . Minimal loss, possibly
Viscosity radical-induced oxygen, despite . .
. alkaline hydrolysis
degradation lower pressure
Largest decrease due to Slight decrease, Minimal decrease,
pH alkali consumption and despite lower possibly carbohydrate
acid generation in lignin ~ pressure degradation
Lower than
Highest (efficient lignin W ..
.. oxygen; Lowest, poor lignin
Selectivity  removal vs. cellulose
degradation) carbohydrates removal
& affected more
Carboxylic . .
. xy Clear increase over time .. ..
acids in . § Minimal change Minimal change
.. (oxidation confirmed)
lignin
Lignin Decreases over time . Stable or slight
g .r . vertt Decreases slightly T S1E .
molecular (oxidative L decrease (alkaline
. L (some oxidation) .
weight depolymerization) depolymerization)
. Highest increase due to . Lowest increase,
Brightness L. . Moderate increase .
oxidation and bleaching mostly from leaching
Total fiber  Slight decrease (due to
R 1g. (du Stable Stable
Charge lignin removal)
Wate: . .
.r Slight decrease; no major . .
retention . Slight decrease Slight decrease
difference
value
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Oxygen treatment was the most effective, as can be seen in Figure 8, showing a
strong reduction in kappa number and lignin molecular weight, along with
increased carboxylic acid groups in lignin (confirmed by NMR). However, it also
caused the greatest viscosity loss due to radical-induced cellulose degradation,
the kappa decrease against viscosity loss can be seen in Figure 8. Air had
moderate effects, while nitrogen mainly caused leaching of lignin with minimal
chemical changes. Despite some cellulose degradation, seen as a viscosity
decrease of around 100 units, oxygen treatment offered the best selectivity,
efficient lignin removal with an acceptable impact on pulp quality. Brightness
improved most with oxygen, and fiber charge and water retention showed only
minor changes across treatments.
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Figure 8. Relationship between intrinsic viscosity and kappa number during oxygen, air, and nitrogen
treatments. Each point represents a reaction time interval of 20 minutes, progressing from right to left.
The experiments were conducted at 95 °C with an alkali charge of 1.8% on pulp and a total reaction time
of 120 minutes.

In the presence of oxygen, kappa was reduced substantially, while in air or
nitrogen atmospheres, the change was lower but not negligible. This confirmed
the essential role of oxygen in initiating and sustaining the oxidative reactions
responsible for lignin breakdown (Johansson & Ljunggren, 1994a; Lachenal,
1996). This was also confirmed by the increase of carboxylic acids in the
extracted lignin. The kappa reduction for the nitrogen and air environments
could be attributed to leaching effects. Lignin fragments already solubilized
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during the pulping stage that have become reprecipitated on the fibers are re-
solubilized when it is redispersed in alkali. This result was also supported by the
amount of carboxylic acids (Table 3) which remained mostly constant through
the two-hour reaction time. However, looking at the viscosity decrease it is
evident that some reactions occurred. When oxygen is present, radicals are
formed, which degrade the cellulose (Gierer et al., 2001b). The experiments
conducted with air contain oxygen species, which may not only degrade cellulose
but also lignin. The same trend is seen for the nitrogen experiments, but to a
lesser extent. Alkaline degradation also contributes to the decrease in the
viscosity and is more probabledue to the lack of change in lignin structure
(Davidson, 1934; Knill & Kennedy, 2003; Lai & Sarkanen, 1967). It remains
difficult to separate the individual contributions from alkaline degradation,
oxidative reactions, and leaching.
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Figure 9. Molecular weight distribution of precipitated lignin from the filtrates of the different oxidative

treatments measured by size exclusion chromatography.

The molecular weight of the lignin, Figure 9 indicates that depolymerization
reactions have taken place, especially when high amounts of oxygen are present.
Towards the end of the reaction with high oxygen content, a slight increase in
molecular weight can be seen.
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The reason for this may be the slower diffusion of larger lignin fragments
(Ghaffari et al., 2022; Li et al., 1997b), or coupling reactions by phenolic radicals
(Gellerstedt & Zhang, 2001; Tamminen & Hortling, 2001).

4.2 Influence of washing and storage

Here, the impact of brownstock washing and storage conditions on subsequent
oxygen delignification was evaluated. The goal was to understand how rinsing
temperature and storage time affect lignin diffusion and pulp quality. The
washing and storage results showed that both rinsing conditions and storage
environment influenced the lignin extraction.

Storage conditions significantly influence lignin removal during brownstock
washing but have smaller effect on oxygen delignification. Longer storage times
and higher temperatures promote diffusion of lignin fragments from fiber walls,
leading to greater kappa number reduction during washing. Small lignin
molecules leach out first, while larger fragments require extended time and heat,
summary of the washing performance is shown in Table 4. However, if the pulp
was rinsed with warm water prior to storage, the size distribution was smaller
compared to the pulp that was rinsed with cold water. This suggests that a larger
fraction of high molecular weight lignin was removed during the rinsing with
warm water whereas they were re-precipitated on the pulp by the cold water to
then be removed by washing after storage.

Table 4. Wash conditions, molecular weight distribution of extracted lignin, and total lignin in filtrates
from washing of pulp that was rinsed and stored at different conditions.

Storage Storage Rinsing Mw Mn Total Extracted
Temp Time Temp (kDa) (kDa) Lignin
None Immediate None 11 0.53 Low

5°C 1 week Cold 47 2.6 Moderate

5°C 1 week Warm 39 2.2 Moderate
None Immediate None 12.8 2.0 Low
60°C 1 week Cold 69 3.0 High

60 °C 1 week Warm 39 2.9 High
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Oxygen delignification performance in kraft pulp was evaluated under different
storage conditions and rinsing temperatures, results in Table 5. Before oxygen
delignification, kappa values ranged from approximately 52 to 59, depending on
storage and rinsing. After treatment, kappa number was reduced to between 22
and 28, with Akappa serving as the key indicator of lignin removal efficiency.
Viscosity measurements showed that warm water rinsing caused the greatest
cellulose degradation, with values as low as 721 g/ml, while cold rinsing or no
rinsing preserved viscosity above 920 g/ml.

The proposed mechanism for the warm water effect involves accelerated
diffusion of residual alkali, which lowers the pH inside fibers. This pH reduction
promotes lignin fragment agglomeration, restricting outward diffusion during
washing and oxygen delignification. During oxygen treatment, the high pH
reverses agglomeration, but retained lignin fragments increase oxygen radical
formation, leading to greater cellulose degradation and lower viscosity.

Table 5. Effect of storage temperature, storage time, and rinsing conditions on kappa number before
and after oxygen delignification, and intrinsic viscosity.

Storage Kappa Kappa  Viscosity

St Rinsi Ob ti
orage . o nsing | ore after (g/ml) servations
Highest ligni 1,
5°C Immediate  None 59 23 964 1ghes 1g1.11.n remova
good selectivity
Moderat 1,
5°C 1 week Cold 57 21 926 ° era, € rer,nova
stable viscosity
Lower lignin removal,
5°C 1 week Warm 56 28 842 increased cellulose
degradation
High ligni 1,
60 °C Immediate  None 58 22 1017 8 l,g nln.remova
good viscosity
Moderate removal
60 °C 1 week Cold 2 22 2 . . ’
wee © 5 923 slight viscosity drop
Lowest selectivity,
60 °C 1 week Warm 53 24 815 significant cellulose

degradation
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Figure 10 shows that even though the Akappa indicates higher efficiency of
oxygen delignification after cold storage, the final kappa numbers remain the
same. This indicates that the oxygen stage is partly an additional wash stage,
removing agglomerated lignin fragments once they re-solubilize in high
temperature and alkali. Overall, storage conditions mainly influence washing
efficiency, which indirectly affects oxygen delignification. Warm water rinsing
reduces selectivity due to pH-driven lignin agglomeration and increased
cellulose degradation, whereas cold rinsing or no rinsing preserves pulp quality
and enhances delignification performance.
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Figure 10. Akappa values of pulp before and after oxygen delignification. Before the oxygen
delignifiation the pulp was subjected to different storage times, from no storage time to a week. Before
the storage and directly after the cooking stage the pulp was either rinsed with warm or cold water.
Overall, storage conditions mainly influence washing efficiency, which indirectly
affects oxygen delignification. Warm water rinsing reduces selectivity due to pH-
driven lignin agglomeration and increased cellulose degradation, whereas cold
rinsing or no rinsing preserves pulp quality and enhances delignification
performance.
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4.3 Staged oxygen delignification

The purpose of the staged oxygen delignification experiments was to gain insight
into the mechanisms governing lignin extraction during oxygen delignification,
particularly the relative contributions of oxidative reactions and subsequent
leaching. As discussed in section 4.1 it is suggested that lignin removal is strongly
influenced by leaching rather than prolonged oxygen exposure, indicating that
most oxidative reactions occur early in the process. Also, previous studies have
shown that variants of multistage oxygen delignification could yield high
delignification grades (Chirat & Lachenal). Building on this, we investigated
whether reducing oxygen treatment time and incorporating washing stages
could enhance lignin diffusion and extraction. According to Fick’s first law of
diffusion, the movement of lignin fragments from the fiber wall is accelerated
when their concentration in the surrounding liquor is low. Therefore,
intermediate washing was expected to maintain a favorable concentration
gradient. To explore these effects, we combined short oxygen stages with
washing and alkali recharge, followed by leaching under high temperature and
alkaline conditions. The results from the staged oxygen delignification trials are
shown in Table 6.
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Table 6. Kappa number and pH profiles during staged oxygen delignification experiments. Sample
codes indicate process variations: S = staged process with washing and alkali/oxygen recharge every
30 min; SO = staged process with washing and alkali recharge, but oxygen supplied only during the
initial part (30 or 60 min); O = one additional washing and alkali recharge after the first part, oxygen
supplied only initially; NO = no washing or alkali recharge, oxygen supplied only during the first part.

Ti Ti
Sample (r::il:le) Kappa pH Sample tme Kappa pH
30 21 10.73 30 19 10.47
60 13 12.56 60 15 12.63
S S060
90 12 12.66 90 15 12.65
120 11 12.65 120 14 12.66
30 19 10.62 30 - -
60 17 12.65 60 15 10.23
SO30 060
90 16 12.66 90 14 12.66
120 15 12.66 120 14 12.58
30 20 10.7 30 - -
60 18 12.64 60 15 10.07
030 NO6o
90 17 12.54 90 15 9.96
120 16 12.52 120 16 9.9
30 19 10.6
60 18 10.36
NO30
90 19 10.21
120 18 10.12

The results, Table 6, indicate that staged (sample S) oxygen delignification does
not significantly promote lignin extraction beyond what is achieved in the first

reaction stage. The reference samples reached kappa numbers 11 and 10 at 2 and
4% alkali charge, respectively, after 120 minutes.
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The negligible consumption of recharged alkali, as seen in maintained pH,
across the S, SO and O experiments, suggests that most oxidative reactions occur
within the first 30 minutes of treatment. While adding a wash stage in the
middle of the process (030 and 060) provided a slight improvement in lignin
removal, this effect is likely due to enhanced diffusion of solubilized lignin
fragments, consistent with Fick’s law, rather than renewed chemical reactivity.
Further, in the experiments where the oxygen pressure is released after 30 or 60
minutes (NO30 and NO60) the pH continues to decrease. The reason for this
could be that we still have dissolved oxygen in the liquor that can still react at
elevated temperatures. Overall, the findings reinforce that oxygen
delignification is primarily governed by early-stage reactions and diffusion
limitations rather than extended oxygen exposure or chemical replenishment.

4.4 Influence of turbulent mixing on oxygen delignification

Since a large part of the oxidative reactions is expected to occur within the first
30 minutes, as seen in the staged trials, mixing trials were conducted for both
30 minutes and a shorter 10-minute period. Increasing the intensity of
turbulent mixing is expected to generate smaller oxygen bubbles and enhance
oxygen accessibility.

Table 7. Results from mixing trials, the absorbance at 280 nm, and concentration correspond to the

extracted lignin in the filtrates. The concentration was calculated by using a mass extinction coefficient
of 20 L g 1 em 1. The kappa number of the initial pulp was 28.

Trial A. Conc. Kappa Akappa Reaction Mixing
280 (g/L) number number time stages

1 45.7 2.3 18.1 9.9 30 min 1

2 51.4 2.6 17.7 10.3 30 min 3

3 22.7 1.1 22.6 5.4 10 min 1

4 34.1 1.7 21.4 6.6 10 min 3

The mixing trials showed a clear relationship between lignin extraction, as
measured by the absorbance at 280 nm, and the extent of delignification, as seen
in Table 7. At a reaction time of 30 min, increasing the number of mixing stages
from one to three resulted in higher absorbance values, 45.7 compared to 51.4
g/L, and a corresponding increase in extracted lignin, from 2.3 to 2.6 g/L.
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This was consistent with a slightly greater reduction in kappa number, where
Akappa increased from 9.9 to 10.3. Shortening the reaction time led to lower
absorbance and lower concentration of extracted lignin. For example, with three
mixing stages, reducing the reaction time from 30 min to 10 min lowered the
extracted lignin from 2.6 to 1.7 g L™1 and decreased Akappa from 10.3 to 6.6. It
is possible that the shorter reaction time would yield similar results as the 30-
minute reaction if a leaching stage were added after the mixing. It is, however,
clear that increasing the mixing input from one stage to three stages increased
the delignification in both the 10-minute reaction and the 30-minute reaction.
This indicates that the mixing increases the accessibility of oxygen and thereby
speed up the lignin extraction. It is however difficult to say at this stage if this is
due to shortened diffusion length, larger surface area, something non-identified
or, most probably, a combination of all.

Figure 11. Optical light microscopy images of pulp fibers subjected to oxygen delignification for (left) 30
minutes with 1 mixing stage and (right) 10 minutes with 3 mixing stages.

Observations of the optical microscopy images of the pulp subjected to either 1
or 3 mixing stages suggest that some damage is done to the fibers by the
turbulent mixing. Fibrillation can be seen on fibers from trials using three
mixing stages (Figure 11).
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In Figure 12 it can be seen that increased energy input, but the same amount of
mixing stages (1) yields a higher delignification degree. The difference between
each trial was the time of mixing which lead to the difference in energy input.
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Figure 12. Decrease in kappa number at different energy input levels during oxygen delignification of
softwood kraft pulp in a high shear mixer at medium consistency.

This iterates the previous finding that the mixing increases the accessibility of
oxygen and thereby increase the lignin extraction, but only to a certain point.
When sufficient mixing is added at the beginning the differentiation plateau at
around 45%. Continued research should focus on finding the balance between
energy input level and frequency. This could lead to a change in process
configuration in the industry.

4.5 Isolation and characterization of oxlignin

Industrial samples were collected at the Ostrand pulp mill after the second wash
press of the oxygen stage. After filtration and precipitation, the oxidized lignin,
referenced as oxlignin, was subjected to a number of analyses to characterize
structure and properties. The concentration of the starting filtrate (12 g/L) was
calculated from absorbance measurements. The mass extinction coefficient was
calculated by using the standard addition method (Burns & Walker, 2019; Kelly
et al., 2008) using precipitated oxlignin.
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A calibration curve, Figure 13, was developed by adding a known amount of the
precipitated lignin to a diluted sample of the industrial filtrate.
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Figure 13. Calibration curve used for standard addition method for characterization of the mass
extinction coefficient of oxlignin.

The graph in Figure 13 shows the absorbance at 280 nm plotted against the
added lignin concentration, where the x-intercept corresponds to the initial
lignin concentration in the diluted sample. The wash liquor was diluted 200-
fold before measurement, and the x-intercept value was multiplied by 200 to
obtain the concentration in the original liquor. The slope of the linear regression
was used to calculate the mass extinction coefficient, which was approximately
20 L g™! cm™1. This value is comparable to reported coefficients for kraft lignin
(18-25 for kraft lignin) (Dence, 1992). However, the estimated coefficient may
not be fully accurate because some lignin likely remained in solution after
precipitation.
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The functional group composition determined by 3'P NMR spectroscopy, Figure
14, showed that oxlignin contained fewer phenolic hydroxyl groups than kraft
lignins but exhibited a significantly higher content of carboxylic acids. This
pattern reflects oxidative modification, where phenolic structures are converted
into more oxygenated functionalities (Asgari & Argyropoulos, 1998; Johansson
& Ljunggren, 1994b). The increase in acidic groups has direct implications for
solubility and reactivity, as it enhances both hydrophilicity and potential for
ionic interactions (Ruwoldt et al., 2025).
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Figure 14. Functional group determination by P-NMR of oxlignin, LignoBoost and Indulin.

These findings were supported by FT-IR spectroscopy, Figure 15, which showed
stronger absorbance in the regions assigned to carbonyl stretching and carboxyl
vibrations in oxlignin compared with kraft lignins.

40



1705

1510
1425
1370

1030

Absorbance [a.u]

v

)

Oxlignin

LignoBoost

Indulin

T T T T
1800 1600 1400 1200

T T
1000 800 600

Wavenumber [cm™']

Figure 15. FT-IR spectrum for oxlignin, LignoBoost lignin and Indulin.

The normalization peak at 1030 cm™ was used to compare relative intensities.

Increased intensity at 1705 cm™ indicates higher carboxylic acid content, while

reduced aromatic and hydroxyl-related peaks suggest oxidative modifications
during oxygen delignification. A summary of the peak assignments (Boeriu et
al., 2004) can be seen in Table 8 (Boeriu et al., 2004).

Table 8. Peak assignment for relevant FT-IR bands used to characterize oxlignin. The 1030 cm ™ peak

was used for normalization.

Wavenumber Assignment Observation in Interpretation
( cm_1) oxlignin
C-O deformation  Used for peak Reference point for
1030 in primary normalization comparing relative peak
alcohols intensities
C=0 stretch Stronger than in  Indicates higher
1705 (carboxylic acids, kraft lignins carboxylic acid content
aldehydes)
Aromatic ring Weaker in Reflects lower
1510, 1425, 1370 vibrations oxlignin aromatic/phenolic
content
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Thermogravimetric analysis indicated that oxlignin has lower thermal stability
compared to LignoBoost and Indulin AT kraft lignins. In both nitrogen and
oxygen atmospheres, Figure 16a and 16b respectively, oxlignin degraded at
lower temperatures, with a 5% weight loss occurring at 170 °C (N,) and 182 °C
(0,). Additionally, oxlignin showed a higher ash content (11.2%), which may be
due to residual salts or intrinsic material properties. The degradation profile,
DTG curves, of oxlignin displayed multiple peaks, indicating a more
heterogeneous product, while the kraft lignins showed more uniform thermal

behavior.
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Figure 16. Thermogravimetric analysis of oxlignin, LignoBoost, and Indulin (a) TGA curves in a nitrogen
atmosphere and (b) in an oxygen atmosphere, with corresponding DTG curves below.
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Size exclusion chromatography showed that oxlignin has a more homogeneous
molecular weight distribution compared to LignoBoost and Indulin AT, Figure

17.
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Figure 17. SEC chromatograms of oxlignin compared with LignoBoost and Indulin AT.

The number-average molecular weight (M,,) of oxlignin was slightly higher,
while its dispersity index was lower (3.8 vs. 5.9), indicating a narrower
distribution. This suggests that oxlignin is more uniform, size-wise. The reduced
dispersity of oxlignin further suggests that lignin fragments released in the
oxygen stage represent a slightly more homogeneous compared with kraft
lignins that have undergone strong condensation reactions.
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Figure 18. Solubility of lignins in water, methanol, ethanol, and ethyl acetate.

Oxlignin showed higher solubility in polar solvents, especially water, methanol,
and ethanol, compared to both LignoBoost and Indulin AT kraft lignins, as can
be seen in Figure 18. This enhanced solubility is attributed to oxlignin’s higher
content of polar functional groups, such as carboxylic acids.

Oxlignin shares key properties with lignosulfonates, including high solubility
across a wide pH range, a high content of anionic functional groups, and
dispersing capabilities. It has previously been shown that oxidizing kraft lignin
under alkaline oxygen conditions produces a water-soluble material with strong
dispersing and plasticizing performance (Kalliola et al., 2022; Kalliola et al.,
2015; Vikman et al., 2022), and because oxlignin forms through the same
chemistry, these results highlight its potential for similar high-value
applications. Its combination of functional groups, molecular weight, and ready
availability from kraft pulp mills suggests opportunities in dispersants, binders,
and other materials where charged, water-soluble polymers are valuable.

4 6 Ultrafiltration of industrial wash filtrate

Industrial liquors from oxygen delignification of softwood kraft pulp were
fractionated by ultrafiltration using membranes with molecular weight cutoffs
of 1, 3, 10, and 100 kDa. The UV-Vis spectra of both permeate and retentate
fractions showed molecular weight-dependent trends. The absorbance and
molecular weight determinations of the fractions are shown in Table 9.
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The UV-Vis spectra of the retentate fractions exhibited strong absorbance at
280 nm together with a distinct shoulder near 340 nm. Similar shoulders in the
340—370 nm region have been attributed to conjugated phenolic or carbonyl-
containing chromophores in lignin (Jablonsky et al., 2015; Lu et al., 2017). The
higher A280/A345 ratios observed in the retentates therefore indicate
enrichment in less oxidized, non-conjugated aromatic units.

The lignin concentration increased markedly in the retentates (Huang et al.,
2017; Keyoumu et al., 2004), particularly for the 1 and 3 kDa samples (52.9 g/L
and 47.5 g/L, respectively), compared to 12 g/L in the original liquor.
A280/A345 ratios were consistently higher in retentates (~2.1) than in
permeates (~1.4), indicating enrichment in less oxidized aromatic units in the
lower molecular weight fractions. This is aligned with the proposed
depolymerization reactions during oxygen delignification (Asgari &
Argyropoulos, 1998), more oxidized lignin fragments are also smaller.

Table 9. Absorbance values (A), lignin concentration, ratios and molecular weight averages from UV-
Vis-spectroscopy measurements and size exclusion chromatography, of retentates and permeates from
ultrafiltration of industrial wash filtrates from oxygen delignification. P is indicating the permeates and
the corresponding MWCO, R is indicating the retentates. OxL indicates the starting material.

Sample Awgo  Asgs Cone. A280/6345 M M b
(8/L) ratio - (g/mol)  (g/mol)

P1 80 62 4.0 1.30 27x103 6.8x103 2.5
P3 96 72 4.8 1.34 3.1x1035 9.3x103 3.0
P1o 116 78 5.8 1.49 2.0%x103 0.4 X103 3.3
Pi1ioo 163 o8 8.1 1.66 3.5 X103 12.6 x 103 3.6
R1 1058 492 52.9 2.15 4.2x103 1.8x10% 4.2
R3 949 453 47.5 2.09 4.8 x103 2.8x104 5.8
R10 688 330 34.4 2.08 5.7x10% 2.8 x104 4.8
R100 632 298 31.6 2.12 6.4 x 103 3.2 x104 5.0
OxL 246 128 12.2 1.97 4.1x103 1.5x 104 3.1

45



Ultrafiltration successfully separated the technical lignin into fractions with
different apparent molar mass distributions. The permeates consistently
showed lower M,,and M,,with narrower distributions, as can be seen in Table 9,
indicating that the smaller passed through the membranes. The retentates
contained higher—molecular-weight material and remained broad in size, which
reflects the natural heterogeneity of technical lignin. The steady increase in
molecular weight when moving from permeates to retentates shows that the
fractionation worked as intended.

Overall, ultrafiltration efficiently separated lignin from oxygen-delignification
liquors into fractions with different aromatic characters, apparent from the UV-
Vis spectra and molecular weight distribution, as apparent from the size
exclusion chromatography. However, selecting the optimal membrane cutoff
involves a balance between cost, filtration time, and yield of the retained
fraction. Filtration times and rates are shown in Table 2. Smaller cutoffs provide
higher lignin concentrations but require longer processing times and higher
energy input, while larger cutoffs enable faster throughput. The choice of
membrane, therefore, depends on whether the objective is product purity or
process efficiency.
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Conclusions

This research addressed four key objectives related to oxygen delignification and
lignin valorization.

Objectives 1 & 2: Mass transport strongly influences lignin removal during
oxygen delignification. Storage conditions prior to oxygen treatment affect
lignin diffusion from fiber walls, with elevated temperature and prolonged
storage enhancing lignin leaching and reducing kappa numbers before oxygen
treatment. Oxygen delignification occurs in a three-phase system where oxygen
solubility and diffusion into fibers are limiting factors. High oxygen pressure
accelerates lignin oxidation and depolymerization, improving process efficiency
and selectivity. Studies confirm that lignin removal is governed by both chemical
oxidation and physical diffusion: rapid initial removal slows after 60 minutes
due to pH drop and diffusion limitations. Trials with air and nitrogen
demonstrate that leaching alone contributes to lignin removal, but oxidation
significantly enhances the rate and selectivity. Staged oxygen delignification
trials, with replenishment of oxygen and alkali revealed that a large part of the
reactions occur during the initial 30 minutes and kappa number reduction in
the residual time is mainly due to leaching. By applying a novel mixer
instrument, it was possible to conduct oxygen delignification at different energy
inputs. It was shown that by increasing the mixing stage slightly more lignin can
be removed in the same period of time. It was also shown that by increasing
mixing input through longer steps delignification could be enhanced to a certain
point. Future research efforts should concentrate on identifying the optimal
balance between energy input levels and frequency.
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Objectives 3 & 4: Oxlignin, isolated from oxygen stage wash liquors, exhibits
distinct chemical and physical properties compared to conventional kraft lignin.
It contains higher carboxylic acid content, fewer phenolic hydroxyl groups, and
shows superior solubility in water. Its narrower molecular weight distribution
and lower thermal stability indicate a more homogeneous and oxidized
structure. These characteristics enable oxlignin to function as a dispersant
comparable to lignosulfonates, making it potentially suitable for applications
such as concrete plasticizers, dispersants, and components in biopolymer
formulations. Also, it was demonstrated that ultrafiltration is a viable method
for recovering oxlignin from oxygen delignification wash liquors without
disrupting the high-pH conditions essential for brown stock washing or the
sodium—sulfur-water balance of the kraft pulp mill.

Together, these findings demonstrate that controlling physical and chemical
parameters in oxygen delignification not only improves pulp quality but also
gives new opportunities for lignin valorisation. By linking process optimization
with resource innovation, this research bridges the gap between fundamental
understanding and industrial application, leading to sustainable and
economically viable biorefineries.
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