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Effect of Thermal Treatment on LignoBoost Lignin
Aiming at understanding the reasons for improved filtration properties
Hampus Johansson & Henrik Sarge
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Transforming lignin into valuable products that can substitute fossil-based materials
is crucial for the economic viability of lignocellulosic biorefineries, further enhancing
their role in the shift towards a more sustainable world. The LignoBoost process,
which extracts lignin from kraft pulp mill black liquor, has been modified by in-
corporating a thermal treatment step during the final acidification phase. This
study investigates the impact of thermal treatment on the filtration properties of
LignoBoost lignin, focusing on changes in colloidal properties and structural fea-
tures. Lignin samples were treated at various temperatures (55, 75, 85, and 95°C)
and characterized in terms of particle size distribution (PSD), particle shape, sur-
face charge, molecular weight, molecular structure, and glass transition temperature
(Tg). Results indicate that thermal treatment influences both structural and col-
loidal properties of lignin by increasing degree of condensation and consequently also
molecular weight, along with increasing particle size and decreasing surface charge,
thereby improving filtration efficiency. The findings provide valuable insights for
optimizing the LignoBoost process, ultimately enhancing the utilization of lignin in
industrial applications.

Keywords: lignin, LignoBoost, softwood, thermal treatment, filtration, characteri-
zation, NMR, zeta potential, particle size distribution
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1
Introduction

Approximately half a billion years ago, the transition of plants from aquatic algae
to terrestrial forms marked the establishment of the foundation for life on land.
However, the true dominance of land plants in terrestrial ecosystems came with the
ascent of tracheophytes, commonly known as vascular plants. These plants had ac-
quired the ability to synthesize and incorporate one important macromolecule into
their cell walls: lignin. Lignin played a pivotal role by imparting physical rigidity
to the early tracheophytes, allowing them to stand upright, reinforcing the water-
conducting cells for efficient long-distance water transport, as well as providing a
defensive barrier against co-evolving pathogens and herbivores [1]. The adaptation
of lignin was hence the key for larger plants like grasses, bushes, and perhaps most
importantly, trees, to evolve.

Lignin, from the latin Lignum for wood, is one of the most abundant biopolymers
on Earth, only second to cellulose, and is found in the cell wall of almost all ter-
restrial plants. Its structure is one of the most complex among naturally occurring
polymers with a large structural variation, thus difficult to process into lucrative
products [2]. As of 2020, the annual global production of industrial lignin exceeded
50 million tons, primarily derived from pulping and bioethanol processes. Despite
this substantial output, the utilization of lignin remains significantly limited. Ap-
proximately 95% of produced lignin is incinerated for heat and power generation,
with the remaining 5% finding application in potential uses such as surfactants, addi-
tives, binders, and dispersants. The restrained utilization of lignin stems from large
structural variations depending on both the biological source and the extraction
process, leading to differences in material properties and processability, rendering it
commercially impractical [3]. Hence, transforming lignin intermediates into valuable
chemicals represents a key approach to make lignocellulosic biorefineries financially
viable. Since lignin from lignocellulosic biomass is constituted of aromatic struc-
tures as suitable building blocks in many petroleum-based products, it emerges as a
highly convenient and sustainable substitute in the production of materials [4]. As
the impacts of extensive use of fossil-based products - including climate change, air
and water pollution, ocean acidification, and reliance on non-renewable resources
- have become apparent, it is increasingly clear that a shift towards more sustain-
able alternatives is not only desirable but imperative. One promising strategy to
meet the demand for materials with characteristics similar to fossil-based products
involves the adoption of bio-based materials derived from renewable resources like
plants. This transition offers significant potential for mitigating the aforementioned
environmental challenges while also promoting the development of a more sustain-
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1. Introduction

able and circular economy [5].

A technology with the primary goal of valorizing lignin, turning it into a valuable re-
source rather than treating it as a waste product, is the LignoBoost process, used to
extract lignin from kraft pulp mill black liquor. The LignoBoost process was initially
developed by Chalmers and RISE (former Innventia), but has been commercialized
and further developed by Valmet. The world’s largest plant for extraction of Kraft
lignin was Stora Enso’s Sunila Mill in Kotka, Finland before it closed in 2023. Using
Valmet’s LignoBoost process, the annual production capacity amounted to 50 000
tons [6].

Filtration is an important element of the LignoBoost process. Valmet has intro-
duced a modification to the process by incorporating a thermal treatment on the
lignin slurry in the final acidification phase before filtration [7]. Despite achieving a
more efficient filtration, the challenge lies in the lack of understanding regarding the
underlying reasons for the effectiveness of this heat-treating step. To gain insights
into how the thermal treatment impacts the final filtration stage, a comprehensive
study including characterization of the heat-treated lignin is required. By uncov-
ering the structural and colloidal changes induced during the thermal treatment,
Stora Enso and Valmet aim to optimize filtration properties and enhance the overall
efficiency of the LignoBoost process.

1.1 Aim
The aim of this project is to gain an understanding of the reasons for improved
filtration properties of the acidified lignin slurry following thermal treatment in
terms of colloidal and structural changes. The focus includes investigating changes
in the particle size distribution of treated lignin, analyzing variations in particle
surface properties, exploring shifts in the molecular weight distribution of the treated
lignin, and characterizing modifications in structural features, including linkages and
functionalities. Ultimately, this would allow for tailoring of filtration properties and
a more efficient process design. The main research question investigated is: what are
the reasons for enhanced filtration properties of LignoBoost lignin with a thermal
treatment of the acidified lignin slurry?

1.2 Limitations
In this work, some limitations have been set in order to define the project. Merely
lignin that has undergone CO2 precipitation has been used, and not black liquor.
This ensures the lignin is equivalent to that used on industrial scale. Moreover,
only a selection of conditions including temperature and treatment time has been
analyzed; lignin has been thermally treated at 75°C, 85°C, and 95°C for 60 minutes.
These have been established in consultation with Valmet and Stora Enso, and have
been compared to a reference that has been processed at 55°C.
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1. Introduction

Two different sets of softwood lignin samples, lignin A and lignin B, were investigated
in this project. The aim is not to compare them, but to find similar trends between
the two. The differences between them arise from one being extracted in a pilot-scale
equipment and the other in an industrial-scale mill, with varying mill conditions.

3
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2
Theory

2.1 Lignin
Being one of the main components of the plant cell wall, lignin is the most abundant
naturally occurring aromatic polymer, with the aromatic rings contributing to its
rigidity. The structure of the lignin macromolecule is highly convoluted due to its
heterogenous, three-dimensional, and randomly cross-linked matrix of three phenyl-
propanoid monomers called monolignols: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol [8], seen in Figure 2.1. The sole difference between the monolignols
is the degree of methoxylation at the C3 and C5 positions of the aromatic ring.
The complex matrix arises from a wide variety of linkages between the monolignols,
contributing to the absence of repeated units [2].

Figure 2.1: Molecular structure of a) p-coumaryl alcohol, b) coniferyl alcohol, and
c) sinapyl alcohol.

The monolignols are precursor molecules in the biosynthesis of lignin, and are re-
lated to specific lignin units: p-coumaryl alcohol corresponds to p-hydroxyphenyl
(H), coniferyl alcohol to guaiacyl (G), and sinapyl alcohol to syringyl (S). Lignin is
biosynthesized through enzymatic dehydrogenation of the monolignols, which is a
one-electron oxidation catalyzed by enzymes such as peroxidase or laccase. Radicals
generated from a mix of monolignols within the cell wall react to form a dimer, sub-
sequently undergoing radical coupling with either a monolignol, another dimer, or
an oligomer. This sequence of radical couplings continues, leading to the formation
of the lignin macromolecule [9].

The monomeric composition of lignin exhibits considerable variation across different
species. In softwood trees, the primary constituents are G units, accompanied by
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2. Theory

minor quantities of H units. In hardwood trees, the composition includes variable
ratios of S and G units. In contrast, grasses and herbaceous materials display diverse
ratios of H, S, and G units, contingent upon the specific plant species and tissue
[10]. Softwood trees belong to a group called gymnosperms, and hardwood trees
belong to angiosperms. The primary distinction between these lies in the manner
in which their seeds undergo development. Angiosperms produce seeds within the
ovaries of flowers, which are then enveloped by a protective fruit. On the other hand,
gymnosperms typically generate seeds within unisexual cones, called strobili, and
these plants lack both fruits and flowers [11]. Lignin contents range from 25–35% in
softwood, 20–25% in hardwood, and 15–25% in herbaceous plants [12].

Native lignin refers to the unaltered lignin that is present within the cell walls of
plants. The structure of lignin exhibits significant variability, depending on factors
such as season, species, geographical location and even location within a plant [13].
Monolignols are connected by various interunit linkages, with the β-O-4 ether linkage
being the most prevalent. This type of linkage constitutes about 45% of all interunit
bonds in softwood native lignin. Other significant interunit linkages in lignin include
the α-O-4 type, resinol (β-β´), phenylcoumaran (β-5), 5-5´, and 4-O-5 moieties. The
abundance and distribution of these linkages can vary considerably among different
types of lignin. The molecular structures of these are found in Figure 2.2 [14].

Figure 2.2: Main interunit linkages in softwood native lignin.
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2. Theory

2.1.1 Technical lignin and valorization of lignin
The kraft process is a chemical process to produce wood pulp, which is the raw
material used for production of paper, textiles, cellulose derivatives, etc. It uses a
combination of sodium hydroxide and sodium sulfide called white liquor to fragment
and solubilize lignin that binds the wood fibers together by cooking at elevated tem-
peratures and pressures. The resulting mixture after the cooking is called brown
stock, consisting of cellulose fiber and black liquor, the latter consisting of dissolved
lignin, hemicellulose and chemicals.

During kraft pulping of wood, the structure of lignin is altered. This lignin - which
has been extracted and processed from lignocellulosic biomass using an industrial
method - is referred to as technical lignin, or in this case more specifically kraft
lignin, and is different from native lignin. Softwood kraft lignin can be expected to
be more uniform between different softwood species compared to hardwood, which
is due to guaiacyl being the predominant building block [15].

Aryl-alkyl ethers, or β-O-4 bonds, are the main linkages in both softwood and hard-
wood lignin. During kraft pulping, most of these β-O-4 bonds are cleaved, yielding a
large amount of phenolic compounds of lower molecular weight [16]. This results in
kraft lignin having a lower molecular weight than the native lignin. Apart from the
phenolic compounds, some carboxyl and aliphatic hydroxyl groups are also formed.
With the change to lower molecular structures containing more phenolic groups, the
lignin becomes more hydrophilic, which is also strongly promoted by the deprotona-
tion of the phenolic groups in the highly alkaline solution, facilitating the separation
from the rest of the lignocellulosic material [8].

Besides lignin, hemicelluloses are an ample constituent of wood, of which a small part
can remain bound to lignin after kraft pulping. Softwood contains mostly two types
of hemicelluloses: glucomannans, with the backbone consisting of D-glucose, and
D-mannose units and xylan, consisting of D-xylose units [17]. Covalent bonds exist
between hemicellulose and lignin, which likely influence the properties of the isolated
lignin. During kraft pulping, xylan undergoes reactions which affects its structure
and solubility. During cooking, it sustains alkaline hydolysis which cleaves some
of the glycosidic bonds. It is also subjected to degradation during the peeling-off
reaction by splitting off the reducing end groups of the carbohydrate chain. A pre-
vious study by Durruty et al. [8] have proved that xylan have a significant impact
on the filtration properties of kraft lignin, as it increases the filtration resistance.
One of the proposed explanations was that xylan is adsorbed on the surface of the
lignin agglomerates and makes the lignin structure more porous locally, increas-
ing the contact area between water and lignin. The sorbed xylan might also hinder
the formation of a more dense filter cake which lowers the solidosity of the filter cake.

The perception of lignin has shifted from considering it a waste product to recog-
nizing its potential as a valuable raw material. There are generally two approaches
to valorizing lignin: one method involves utilizing lignin as a macro-polymer to
create valuable materials, while the other method focuses on depolymerizing lignin
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2. Theory

into low-molecular weight building blocks. To make use of lignin, it must first be
separated from biomass through various processes, resulting in what is known as
technical lignin. Since each method of lignin extraction alters its native structure
differently, it is crucial to understand how these processes impact lignin structures
in order to develop efficient lignin valorization technologies [18]. Table 2.1 lists some
of the potential applications of lignin in several areas [8].

Table 2.1: Potential applications of lignin.

Fuel and syn-
gas products

Macromolecule-
derived prod-
ucts

Hydro-
carbons Phenols Oxidized

products

Methanol Carbon fibres Benzene Phenol Vanillin

DME Polymer exten-
ders Toluene Substituted

phenols B-keto adipate

Ethanol Polyols Xylene Catechols Vanillic acid
Fischer-Tropsch
liquids

Thermoset
resins Cyclohexane Resorcinols DMSO

C1-C7 gases Composites Styrene Eugenol Aromatic acids
Adhesives Biphenyls Syringols Aliphatic acids
Binders Coniferols Syringaldehyde
Preservatives Guaiacols Aldehydes
Pharmaceuticals Quinones

Cyclohexanol

2.2 The LignoBoost process
Different kinds of processes to extract kraft lignin from black liquor exist, such
as Westvaco, LignoForce and LignoBoost, all of which are applicable on industrial
scale, and sequential liquid-lignin recovery and purification (SLRP), which in the
present is not applicable on industrial scale. All the processes use black liquor with
20-40% dry content of lignin as raw materia.

The extraction method of the lignin utilized in this project is based on the Ligno-
Boost process. It involves two distinct steps: precipitation and washing. In the first
step, lignin is separated from the mill’s black liquor by lowering the pH using CO2,
causing lignin to precipitate. It is then separated from the black liquor with a press
filter. In the second step, lignin is purified by washing, after additional acidification
with sulfuric acid, in a low pH solution and then dewatered and further purified in
a second filter press, yielding high purity lignin.

A schematic of the ordinary LignoBoost process, as well as the slightly modified
one applied in this project is shown in Figure 2.3. The alkaline stage in the figure
is the first step of the LignoBoost process and the acidic stage is the second step
where the lignin is purified in a low pH solution. The intermediate steps are the

8



2. Theory

separation steps by dead-end filtration. The difference between them is the order of
the thermal treatment and filtration toward the end of the extraction. Recently, a
thermal treatment of the lignin at 85°C was introduced which resulted in improved
filtration. For practical reasons the experimental work conducted for this master’s
thesis was done on lignin that had already been acidified and washed. Preparing
acidified and heat-treated lignin from black liquor or alkaline stage lignin would
have added considerable time to the experimental work.

Figure 2.3: Schematic of the ordinary LignoBoost process and the modified version
used in this project.

2.3 Thermal treatment of lignin
It is well-established that subjecting lignin to elevated temperatures induces alter-
ations in its chemical composition and inherent properties. This phenomenon has
been recognized in numerous prior studies [19, 20, 21]. However, no studies in-
vestigating thermal treatments in similar settings regarding temperature range and
slurry conditions were identified in the existing literature, and neither were any re-
lated to filtration properties. The lowest thermal treatment temperature found in
literature was 100°C, and no investigated lignins were suspended in a slurry during
thermal treatment; rather, they were either dried or subjected to heat while being
in its native state in the source plant.

One demonstration of thermal treatment applied to a lignocellulosic material was
showcased by Brosse et al. [19], who treated beech wood at 230°C for 7 h, and
compared Klason lignin and milled wood lignin extracted under acidic conditions
before and after treatment. An extensive cleavage of α- and β-aryl-ether linkages
was ascribed to the decrease in intensity of the NMR signals assigned to the carbon
atoms of the lateral chain (Cα,Cβ and Cγ). Moreover, reduced amounts of proto-
nated aromatic carbons (Ar-H) and elevated levels of condensed aromatic carbons
per aromatic ring (Ar-C) translate to a more condensed structure. This suggests
that hydrolytic cleavage and polymerization by condensation occur concurrently,
at least at 230°C. Overall, the average molecular weight decreased, indicating that
thermal treatment degraded the macromolecular structure of lignin.
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2. Theory

To reach a more comprehensive understanding of how lignin is affected by heat, Kim
et al. [20] exposed hardwood samples of milled wood lignins isolated under acidic
conditions according to the Bjorkman method, to temperatures between 150 and
300°C with an increase of 50°C, for 10 minutes each. Coupled to a GC-MS system,
26 compounds of monomeric phenols of four different types (C6C3, C6C2, C6C1,
and C6) were identified. However, none of these were visible below 250°C, at which
they were in very low amounts compared to at 300°C. This trend likely occurs as a
result of there being an increased breakdown of terminal phenolic groups, attached
by thermally labile β-O-4 linkages within the lignin polymer, as volatile compounds
evaporate during thermal treatment. This corresponds well to research conducted
by Nge et al. [21] on softwood-derived glycol lignins, where Klason lignin analysis
showed no apparent degradation at temperatures up to 220°C, with treatment du-
ration of 1 h.

Further, observed as a general pattern among heat-treated lignins is that thermal
gravimetric analysis (TGA) results showed a positive correlation between treatment
temperature and thermal stability, with onsets of this enhanced stability at treat-
ment temperatures between 140 and 160°C [20, 21].

A contrasting trend to the studies mentioned above regarding molecular weight was
observed by Wojtasz et al. [22, 23]. In their experiments, lignin from birch and
spruce was extracted using hot water extraction under acidic conditions and in the
temperature range more relevant for this work (130-170°C). In both cases, the molec-
ular weight was observed to increase with elevated temperature and treatment time,
suggesting that the aqueous medium, or lack thereof, as well as temperature range
are of great importance for how the molecular weight of lignin is changed during
thermal treatment.

It should be emphasized that structural and hence physical properties of lignin
are altogether dependent on origin and extraction method, meaning results from
corresponding measurements can vary significantly between different types of lignin.

2.4 Filtration of kraft lignin
Filtration stands as a pivotal unit process across numerous industries, facilitating
the segregation of liquids and solids. This function serves various purposes, such as
isolating the reaction medium from the product and achieving purification [24].

Dead-end filtration operates by subjecting the suspension to a pressure gradient,
allowing only the liquid and particles smaller than the pore diameter to permeate
through a filter medium. This results in the gradual formation of a filter cake as
liquid is extracted. Separation demands that the pressure difference across the filter
cake exceeds the resistance of both the filter medium and said cake. The resistance
of the filter cake originates from the frictional and form drag forces experienced
during the flow of liquid through interstitial space between the solid particles [24].
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2. Theory

Materials have different filtration properties, and the filterability of a component de-
pends mainly on two factors: cake solidosity, which characterizes the solid content of
the filter cake, meaning the volume-based proportion of solids within it, and filtra-
tion resistance, meaning the pressure drop across a filter at a stated flow and under
given conditions. Enhanced filterability is associated with increased solidosity and
decreased filtration resistance. These properties are, in turn, influenced by factors
such as particle size and shape, as well as the mechanisms of particle-particle/slurry
interactions that operate during the cake build-up stage, such as friction, interlock-
ing between particles, electrostatic forces and van der Waals forces. These factors
affect the solid structure of the filter cake, hence influencing its filtration properties
[8]. Other factors such as particle size distribution, porosity, surface characteristics,
molecular weight distribution, and molecular structure may also have an impact on
filtration properties.

The two main forces that act between particles themselves, as well as between par-
ticles and the liquid medium, are attractive van der Waals forces and repulsive
electrostatic forces. When discussing the impact of charge and electrostatic forces,
it is crucial to differentiate between surface charges and bulk charges. Charged col-
loidal particles dispersed in an electrolyte solution attract ions of opposite charge,
which form an electrical double layer. These regions are known as the Stern layer, a
thin layer of immobile counterions closest to the charged surface, and the diffusive
layer, an ionic cloud close to the surface where the concentration of counterions is
higher relative to coions. In effect, the net repulsive force between particles is rep-
resented by the ζ potential [25].

A study conducted using model particles, consisting of a polystyrene core with vary-
ing ratios of charged and uncharged stabilizing polymers covalently attached to the
surface, revealed that both porosity and specific filtration resistance increased with
particle charge. Typically, higher porosity would lead to lower filtration resistance;
however, this study demonstrated that the influence of surface charge surpasses that
of porosity. Existing models even failed to predict the specific cake resistances of
highly charged filter cakes, as these cakes exhibited resistance levels orders of mag-
nitude higher than expected. Deviations from traditional behavior, likely stemming
from the confinement of charged particles by charged walls or pores, offer a poten-
tial explanation. This scenario permits the interpretation of elevated resistances as
resulting from increased osmotic pressure due to the dispersion of counterions in the
pores [26]. While a ζ potential closer to 0 mV yields more rapid filter cake forma-
tion and higher filtration rate, the moisture content of the filter cake is generally
higher. This result is attributed to particle aggregation within the suspension when
interparticle repulsion forces are diminished [27].

Separation behavior can also be altered by controlling the concentration of non-
adsorbing electrolytes in the liquid medium to change the distribution of solution
ions around the particle. With increasing ionic strength of the bulk, the diffusive
layer attenuates due to an increasing concentration of counterions, thus causing the
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2. Theory

surface charges to become shielded. This weakens the repulsive electrostatic forces.
If the potential energy of the repulsive forces is reduced to the point where the at-
tractive van der Waals forces dominate, particle agglomeration is promoted, making
the dispersion more easily separated [28].

The effect of interactions between a particle and the liquid medium in which it
is suspended is most significant when the particle size is smaller than around 10
µm. Nevertheless, particle size influences filtration properties in additional man-
ners. In practical terms, feeds are rarely composed of monosized particles; instead,
they typically encompass a distribution of sizes. Regarding filtration properties, it
is the smallest fraction of the size distribution that present the greatest contribu-
tion. These particles are small enough to migrate through the interstitial spaces
of larger particles in the flow direction and concentrate in the cake layers closest
to the filter. Since bodies of a given shape have a higher surface area to volume
ratio with decreasing size, smaller particles have the biggest impact on the specific
surface area [27]. Larger specific surface area being subjected to the flow of the
liquid medium implicates higher frictional drag forces and therefore, higher filtra-
tion resistance [24]. Small particles can occupy interstitial spaces between larger
ones, thus decreasing cake porosity, which positively correlates to the permeability
of a material [29]. However, porosity is not determined by particle size. Rather, it
depends on the distribution of particle sizes; a broader size range allows particles to
pack more densely [27].

Further, particle shape is also a determining factor for filtration efficiency, as it
governs its specific surface, S0, defined as the surface area divided by volume. It
is worth noting that solid particles are rarely regular in shape or uniform in the
distribution of shapes. Instead, suspensions are oftentimes comprised of a range
of shapes, with varieties in surface roughness, surface chemistry and porosity, to
mention a few [30]. However, general trends in said range can be related to the
specific resistance of the filter cake. Figure 2.4 demonstrates how common particle
shapes affect the specific surface. For cylindrical particles, two cases can emerge
depending on the length to diameter ratio. If a >> b, the particle is fibrous, and
yields a low specific surface, while if a << b the particle is flaky and yield a high
specific surface. The specific resistance α of the filter cake is proportional to the
square of the specific surface [27].
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Figure 2.4: Effect of particle shape on specific surface.
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3
Methodology

To evaluate different aspects affecting the filtration properties of LignoBoost soft-
wood kraft lignin, different analytical measurements and performance measurements
were utilized.

3.1 Thermal treatment and filtration
LignoBoost softwood kraft lignin with a dry content of 42.9%, lignin A, and Lig-
noBoost softwood kraft lignin with a dry content of 63.2%, lignin B, were received
from Stora Enso. The received lignin had been filtrated prior to treatment, in con-
trast to the industrial process where the lignin is filtrated after treatment. Lignin
A was suspended in 100 g H2SO4 pre-acidified tap water at pH 2.5 to make a 20
weight% lignin suspension. Lignin B was suspended to the same weight% with 80 g
pre-acidified tap water. The pH was measured and adjusted to 2.5 with H2SO4.
The suspension was left to stir with a propeller magnet for 60 min. The suspension
was then transferred to a 500 mL round bottom flask in an oil bath with a magnetic
stirrer. Attached to the round bottom flask was a condenser and a temperature
probe. The suspension was heated up to 55°C and let stabilized for 5 min under
1000 RPM stirring. It was then adjusted to the desired temperature of 55, 75, 85,
or 95°C and treated for 60 min. After thermal treatment the suspension was cooled
down to 60°C in a water bath and was poured into a 7 cm vacuum filter and filtrated
for seven min. The time was noted when the top of the filter cake dried. The dry
content of the lignin was measured before and after treatment with a moisture ana-
lyzer at 160°C. For lignin A, three replicates per treatment temperature were made
while for lignin B, only one per treatment temperature was made due to shortages
in the supplied material.

Before every measurement performed with lignin slurry, the slurry was either shaken
thoroughly or vortexed to disrupt phase separation. For every measurement with
lignin powder the samples were either dried in an oven at 50°C or vacuum-dried
to achieve >95% dry content. Most of the measurements were performed on two
different varieties of lignin samples, A and B. Note that the concentration of the
slurries were the same but the volume when heat treating lignin B was lower than
when heat treating lignin A. A flowchart of the methodical process can be seen in
Figure 3.1.
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Figure 3.1: A simplified overview of the methodical process, also illustrating the
types of samples used for various analysis methods.

3.1.1 Yield measurement
A solid yield test was conducted, where the filter cake was weighed after filtration
with samples that had been heat-treated at all mentioned temperatures for 15 min,
and one sample at 85°C for 60 min.

Filtrate from samples that had been heat-treated for 60 min was collected. The
filtrate was then analyzed by UV-Vis from 700 to 200 nm to observe if any lignin
was transferred to the filtrate during the filtration.

3.2 Colloidal properties

3.2.1 Particle size distribution (PSD) analysis
To measure the particle size distribution of the treated lignin (PSD), a Mastersizer
2000 with a Hydro 2000s module attached from Malvern Industries was utilized,
based on laser diffraction with a detection range between 0.02 and 2000 µm. Samples
were extracted directly from lignin slurry during heat treatment and mixed with
deionized water after it had reach its desired temperature and been treated for 0,
15, 30, 45, or 60 min. The samples were then inserted into the Hydro 2000s until
the obstruction of the laser was between 9-10%. RPM for the mixer was set to 1750
and ultrasound to 100%. The refractive index of lignin was set to 1.61.

3.2.2 Optical microscopy
Optical microscopy analysis was conducted to confirm the results seen with PSD
and to observe changes in the particle shape. 20 µL of lignin slurry was diluted with
2 mL pH 2.5 H2SO4. 20 µL of the diluted sample was mounted onto a glass slide to
be optically analyzed with a Zeiss Discovery V.12, using a Zeiss KL1500 LCD as a
light source. The magnification used was 230x for all samples.
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3.2.3 ζ potential
The ζ potential was analyzed to understand how the surface charge affects the
colloidal properties in terms of agglomeration behavior, as well as connecting this
to the filtration properties of the lignin. Slurry samples were extracted after 60 min
of heat treatment and were diluted 4000 times. The samples were then transferred
to a disposable ζ potential cuvette and analyzed with a Malvern Zetasizer Ultra.

3.3 Structural properties

3.3.1 Gel permeation chromatography (GPC)
Gel permeation chromatography (GPC) was used to determine the molecular weight
distribution of the samples. 10 mg of dried lignin sample was dissolved in 1 mL of
DMSO containing 10 mM LiBr. The solution was vortexed and left to fully dissolve
for 24 hours. 100 µL of the solution was diluted with a filter syringe into a 4 mL vial
with 10 mM LiBr DMSO. The molecular weight distribution was measured with UV
and refraction index detection. The GPC instrument used was a PL-GPC 50 from
Polymer Laboratories, attached with a Polargel-M Guard 50*7.5 mm guard column
and two 300*7.5 mm PolarGel-M columns.

3.3.2 Nuclear magnetic resonance (NMR)
Both 13C NMR and heteronuclear single quantum coherence (HSQC) 1H 13C 2D
NMR were performed on lignin A to investigate whether there were any structural
changes affecting the filtration after heat treatment affecting the filtration proper-
ties. Samples for 13C NMR were prepared by dissolving 150 mg of lignin sample
in 1 mL of d6 DMSO with 3 mg of Cr(III) acetylacetonate and 10-15 mg of 1,3,5-
trioxane working as an internal standard. Samples for HSQC NMR were prepared
by dissolving 50 mg of lignin in 500 µL DMSO. HSQC integration was performed
according to a study by Lancfield et al. [31].

3.3.2.1 Acetylation for NMR characterization

For improved complementary NMR analysis, the lignin samples were peracetylated
according to the following procedure. 300 mg of lignin was added with 9 mL of
acetic anhydride and 9 mL of pyridine in an Erlenmeyer flask to stir for 24 hours.
The sample was then added to 200 mL of 0.01 M HCl (aq), and filtered using a
vacuum filtration. It was rinsed once with 200 mL of 0.01 M HCl and three times
with deionized water. The resulting filter cake was oven-dried at 50°C for 4 days.
The dried samples were prepared the same way as the non-acetylated 13C NMR
samples described in Section 3.3.2. Calculations to quantify specific structures with
the help of acetylation were performed according to a study by Balakshin et al. [32].
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3.4 Thermal properties

3.4.1 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis was carried out on both lignin A
and B to provide complementary information about occured chemical reactions and
aid in understanding the NMR results. Moreover, it allowed for the examination of
the glass transition temperature (Tg) of the samples, which can be affected by the
amount of crosslinking of the molecules. Samples were weighed between 2 to 5 mg
into a hermetic aluminum sample pan. The DSC had a N2 gas flow of 50 mL/min.
The temperature at the start was 25°C, then increased to 220°C and then decreased
to 0 °C at a rate of 10°C min−1. This cycle was then repeated one more time. The
DSC instrument utilized was a Mettler Toledo DSC5+.
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Results and discussion

4.1 Thermal treatment and filtration
Thermal treatment was performed at four different temperatures, 55, 75 85, and
95°C, each for the two different varieties of lignin. For both lignin A and lignin B,
the filtration time decreased with increasing temperature between 55 to 85°C, and
then an increase in filtration time for the thermal treatment performed at 95°C,
relative to treatment at 85°C. This change in filtration time can be observed in Ta-
ble 4.1. However, the dry content of the filter cake was observed to increase with
increased temperature, with a drastic change between 85 and 95°C.

Table 4.1: Filtration time and dry content for the different thermal treatments of
lignin A.

Temperature
(°C)

Filtration
time (s)

Average
(s)

Dry content
(%)

Average
(%)

55 330 37.90
55 360 403.3 35.46 37.42
55 520 39.10
75 60 44.07
75 60 56.7 44.47 44.07
75 50 43.68
85 27 45.40
85 30 31.0 45.83 45.50
85 36 45.26
95 70 58.30
95 100 77.7 60.30 60.50
95 63 62.89

The same trends found for lignin A in Table 4.1 can also be seen for lignin B, al-
though it was sourced from slightly different process conditions in Table 4.2. The
filtration time decreased to 85°C and then increased again for 95°C and the dry
content increased with increasing temperature.
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Table 4.2: Filtration time and dry content for the different thermal treatments of
one replicate of lignin B.

Temperature (°C) Filtration time (s) Dry content (%)
55 50 46.49
75 24 46.06
85 8 67.23
95 13 72.76

The filtration time was lower for 95°C than for 75°C for lignin B, this could how-
ever be because of error in measurement of the filtration. The observed changes
in filtration time and dry content with increased temperature for lignin A and B
suggest that the lignin undergoes transformation during the treatment. This will be
explained in more detail with the forthcoming results.

4.1.1 Filtration yields after the thermal treatment
Gravimetric yield measurements in filter cakes and UV-Vis of the filtrates were con-
ducted at all heat treatment temperatures after 15 min of treatment and filtration,
including one measurement after 60 minutes of treatment. Measured solid yield can
be observed in Table 4.3, and can be seen to have decreased with increased temper-
ature. Before making these slurries for these samples, it was noted that mold had
started to form. It is unclear whether if and how this affects the results.

Table 4.3: Yield measurement of lignin A after thermal treatment.

Temperature (°C) Solid yield (%)
55 97.7
75 91.5
85 86.7
95 81.3
85 (60min) 89.2

Indeed UV-Vis measurements of the filtrates could confirm increased dissolution of
lignin structures with the increasing treatment temperature as can be seen in figure
4.1.The peak of interest is located around 275 nm, which is related to the absorption
of aromatic units. From Figure 4.1 it is evident that the amount of UV-absorbing
structures released to the liquid phase increases with the treatment temperature,
thus confirming the results from the solid yield measurements. This is likely ex-
plained by the cleavage of certain bonds followed by dissolution of these cleaved
structures, or by increased dissolution of existing lignin structures, or most likely
a combination of both. The fact that the solid yield is decreasing with increased
temperature can probably be attributed to increased solubility of the treated lignin
promoted possibly by decrease in molecular weight by linkage cleavage.

20



4. Results and discussion

Figure 4.1: UV-Vis spectra of the liquid filtrate from lignin A heat treatments.

4.2 Colloidal properties
In this section, results from an in-depth analysis of the colloidal properties of lignin
particles are presented and related to filtration properties, focusing on particle size
distribution, particle shape, and surface charge.

4.2.1 Particle size and shape
Initially, focused beam reflectance measurement (FBRM) was intended to be used
for determining the chord length distribution as it would allow for in situ real-time
monitoring. Unfortunately, it was observed to generate inconsistent results. Nu-
merous attempts were made to find the cause of and eliminate the errors. These
attempts included measuring suspensions of 1 weight% lignin to check if the high
concentration was causing the problem, and cleaning the probe window between
measurements as lignin was seen to adsorb to it. During these trials, the FBRM
instrument achieved equivalent particle counts in 20 weight% lignin suspensions as
in 1 weight% ones, as well as giving off signal when probing air. Therefore, FBRM
was discontinued.

Subsequent to discovering the incompatibility with the FBRM instrumentation, the
Malvern MasterSizer 2000 with a Hydro 2000s module was chosen instead as a means
of measuring the particle size distribution (PSD). Although, this implied that the
chronal resolution was heavily compromised as it shifted from virtually real-time
to 15 min. While this is a drawback of the MasterSizer, it instead allows for ob-
taining quantitative results of both the number- and volume-based size distribution
information of the particles. By considering both of these, a more comprehensive
understanding of the particle size distribution is gained. Number-based size dis-

21



4. Results and discussion

tribution emphasizes the particle count distribution, indicating the prevalence of
different particle sizes in terms of count. This aids in understanding the connection
to filtration, as this hinges on the significance of smaller particles, which, due to
their elevated surface-to-volume ratio, exert the greatest influence on filtration re-
sistance. However, if there are a few particles that account for a large volume, this
fraction may not be resolved by the number-based size distribution. This will be
addressed by the volume-based size, reflecting the contribution of each particle size
to the total volume of the sample, as well as agglomeration tendencies.

Displayed in Figures 4.2 and 4.3 are the PSDs of lignins A and B with respect to
the number percentage. It is evident that treatment temperatures up to 75°C do
not impact the particle size to a degree where it could account for the dramatic
differences in filtration properties. Hence, there must be another parameter that is
changed during the thermal treatment which explains the improvement in filtration
efficiency between 55 and 75°C for both lignins A and B, as observed in Tables
4.1 and 4.2. Above 75°C, the PSDs shift toward larger particles with increasing
temperature. Except for lignin B treated at 95°C, the majority of particles are
below 10 µm in size, the range in which the effect of interactions between particles
and the liquid medium is most significant. Above this size is where gravitational
forces tend to dominate. Therefore, it could be assumed that the effect of the ζ
potential on filtration properties will be non-neglible.

Figure 4.2: Particle size distributions of lignin A based on number particle count.
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Figure 4.3: Particle size distributions of lignin B based on number particle count.

Many of the same trends are, as could be expected, found when considering PSDs
measured as volume percentages, as shown in Figures 4.4 and 4.5. Worth noting is
the rise of the shoulder peak in the 75°C treatment of lignin A as time progresses,
which is seen to disappear after 15 min in the 85°C treatment. It is yet unclear
why this peak emerges, but it could possibly be explained by varying rates of de-
polymerization and crosslinking reactions, as will be discussed later in this report.
Examining the volume percentage for the 75°C it seems that the average particle size
decreases during the first 45 min of treatment, and then increasing again between
45 and 60 min. However, the number percentage discloses a continuous increment
in particle size. During thermal treatment, two physical processes also play signif-
icant roles: dissolution and agglomeration of particles. These processes are likely
to dominate at different temperature and time intervals, potentially in conjunc-
tion with chemical reactions such as depolymerization or crosslinking. Dissolution
might for instance be related to depolymerization as this can result in smaller lignin
molecules that are more easily dissolved. On the other hand, agglomeration in-
volves the clumping together of particles, which may become more prominent at
higher temperatures or later stages, possibly as a result of the increased mobility
and collision frequency of particles. Moreover, the volume percentages reveal that
most of the volume is occupied by particles larger than 10 µm in size, with many of
these not being accounted for by the number percentage to any extent.

Although the PSDs measured as number percentage were similar between lignin A
and B, Figures 4.4 and 4.5 highlight the differences in size between them, arising
from different mill conditions during extraction, resulting in two distinct lignins. The
most substantial change in PSD for both varieties of lignin is observed around 85°C.
However lignin A begins to show significant alterations already at 75°C, indicating
that the thermal response of lignin varies depending on its type, with lignin A being
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more sensitive to heat at lower temperatures compared to lignin B.

Figure 4.4: Particle size distributions of lignin A measured as the volume percent-
age.

Figure 4.5: Particle size distributions of lignin B measured as the volume percent-
age.

The number and volume percentages in combination aid in uncovering the disper-
sity in the distribution of particle size, which contributes to the porosity of the filter
cake. Noting that Figures 4.2 – 4.5 are in logarithmic scale, it is observed that the
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broadness of the curves increase with increased temperature. This implies that fil-
ter cakes formed from slurries treated at higher temperatures would be able to pack
more densely and thus exert a higher resistance to filtration, although the average
particle size for those is larger. This is related to porosity and its dependence of
broadness of the distribution rather than the particle size, as described in Section
2.4, analogous to a container filled with a mixture of large marbles and small beads.
If only large marbles are present, they will leave significant gaps between them,
resulting in a loosely packed container with plenty of empty space. This represents
a system containing relatively large particles with a narrow particle size distribu-
tion. Now, if small beads are added to the container, these beads will fill the gaps
between the marbles, allowing for a much tighter packing. The smaller beads oc-
cupy the spaces that the larger marbles cannot fill, which reduces the overall void
space and increases the packing density of the mixture. This analogy illustrates
why porosity is independent of the average particle size but is strongly influenced
by the particle size distribution. When the particle size range is wider, the mixture
of large and small particles can pack together more efficiently, similar to how small
beads can fill the gaps between large marbles, resulting in a denser and less porous
structure. Therefore, a wider size distribution allows particles to pack more tightly,
reducing the overall porosity of the material. Despite the supposed reduced porosity
of the filter cakes, these slurries filter more easily. Consequently, beyond providing
indirect clues, it is not possible to accurately determine the filter cake porosity from
these results and prove that porosity does not have a significant impact on filtration.

One of the fundamental aspects of particle characterization involves observing their
shape and morphology. Microscopic analysis provides direct evidence of the size and
shape of the lignin particles, enabling elucidation of their structural features at the
microscale, which are tightly correlated with the filtration properties of the lignin
slurry. The rationale behind adopting microscopic analysis for this inquiry stems
from the fact that all recorded particles were within the detection range of optical
microscopy. Additionally, since the samples were not dry, they were not suitable for
electron microscopy as this technique operates under high vacuum.

Images of lignin A and B slurries treated at different temperatures are shown in
Figures 4.6 and 4.7, respectively. From these images, it is possible to deduce that
the particles are to some extent spherical, but mostly irregular in shape. Of greater
significance is that they do not change in shape with increasing treatment tempera-
ture, meaning it can be concluded that particle shape does not explain why filtration
properties improve by thermal treatment. Yet, these images visually verify the pat-
tern previously seen in the PSD results; particles shift to larger sizes with increasing
treatment temperature, both regarding number and volume percentage. This shift
is most distinctive between 75 and 85°, corresponding to b) and c) in Figures 4.6
and 4.7, where the smallest fraction of particles seem to have vanished.
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Figure 4.6: Microscopy images of lignin A slurries treated at a) 55°C, b) 75°C,
c) 85°C and d) 95°C, at 230x magnification.

Figure 4.7: Microscopy images of lignin B slurries treated at a) 55°C, b) 75°C,
c) 85°C and d) 95°C, at 230x magnification.

4.2.2 Surface charge
Thermal treatment of lignin suspended as particles can break and form bonds within
the lignin structure, ultimately altering the surface chemistry and possibly also the
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surface charge of the particles, which is closely interconnected with the ζ potential.
Decreasing the strength of the repulsive forces, closely associated to the ζ potential,
leads to instability in the dispersion, making the slurries more easily separated by
filtration.

Initially, the LignoBoost lignin typically exhibits negative ζ potential due to the
presence of the anionic functionalities. From Table 4.4, it is obvious that the ζ
potential approaches zero with increasing treatment temperature. Both lignins A
and B indicate a drastic drop between 75 and 85°C, which could possibly explain
the difference in filtration properties between those. However, they do not conform
with theory predicting that the dry content of the filter cake should be lower with
more neutral ζ potentials. That is under the assumption that all other parameters
stay constant, which is obviously not true for this particular case. For instance, the
thermal treatment led also to a broader particle size distribution, as discussed above.

The trend of increasing ζ potential implies that particles treated at higher tem-
peratures are more prone to agglomeration, which is reflected by the shift toward
larger particle sizes in Section 4.2.1, commencing between 75 and 85 °C. The altered
agglomeration behavior may be due to the significant drop in surface charge poten-
tial between the two treatment temperatures, which reduces electrostatic repulsion
and promotes particle agglomeration, resulting in increased particle size. The exact
cause of this change in surface charge is unclear, but it is likely linked to chemi-
cal reactions occurring above 75°C that modify the particle surface chemistry by
reducing the number of charged groups.

Table 4.4: ζ potentials for lignins A and B at different treatment temperatures.
Values are averages from 12 measurements on one replicate per sample.

Sample ζ potential (mV)
55A -16.2
75A -15.5
85A -10.0
95A -8.6
55B -17.1
75B -15.1
85B -7.9
95B -6.0

It should be noted that all measured values are relatively low. In literature, colloidal
dispersion with ζ potentials below ± 30 mV are considered unstable. From ± 10
to ± 30 mV, the stability behavior is classified as incipient instability, and below
± 10 mV indicates rapid coagulation or flocculation [33].
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4.3 Structural properties
Structural properties relate to the chemistry of the individual lignin macromolecule,
which comprises a number of different linkages and functionalities and as such in-
fluence both size, morphology and surface properties of the particles. Analysis was
made with regards to molecular weight distribution and molecular structure.

4.3.1 Molecular weight distribution
GPC measurements can be used to observe the extent of depolymerization and
polymerization or cross-linking of lignin. The GPC results shows an increase in
molecular weight with increased treatment temperature, as shown in Table 4.5.

Table 4.5: GPC results for lignin A, with weight average molecular weight (Mw),
number average molecular weight (Mn) and the polydispersity index (PDI).

Temperature (°C) Mw (Da) Mn (Da) PDI (Mw/Mn)
55 9086 1339 6.79
75 9376 1347 6.96
85 9850 1362 7.23
95 10738 1422 7.55

Most of the changes in Mw occur between 2000 and 100 000 Da, meaning molecules
below 2000 Da seem to not react significantly, as seen in the chromatogram pre-
sented in Figure 4.8. Guaiacyl, the primary monolignol in softwood lignin, has a
Mw of around 180 Da. This indicates that the lignin molecules that are most af-
fected by the heat treatment has at least 10-12 linkages. There are some, but very
few, changes in the molecular weight distribution occurring during the treatment.
Because of this, it can be concluded that the cause behind the change in filtration is
possibly not strongly related to changes in molecular weight, even though a modest
but consistent shift towards higher molecular weights has been observed when the
treatment temperature was increased.
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Figure 4.8: Chromatogram of lignin A samples treated at different temperatures.

4.3.2 Molecular structure
There are numerous types of linkages present in the lignin macromolecule, and be-
cause of this heterogeneity, extensive changes in the structure can occur during
thermal treatment. NMR enables for elucidation of any molecular alterations of
lignin with high precision, as well as quantifying them.

Listed in Table 4.6 are various lignin moieties along with the amounts per 100 aro-
matic units in lignin A. Additionally, all spectra are shown in Appendix B. These
indicate that there is a distinct increment in the degree of condensation upon thermal
treatment of lignin, which is related to the decline of protonated aromatic carbons
(Ar-H). This indicates that polymerization reactions possibly initiated by radicals
occur during thermal treatment, with a positive correlation between temperature
and extent of reaction, and an onset already before 75°C. There is however no clear
trend in the amount of β-O-4 linkages, despite the relatively low bond dissocia-
tion energy of 274.0 kJ mol−1 [34]. Additionally, this is consistent with the GPC
measurements, where an increase in molecular weight with elevated treatment tem-
perature was seen, possibly correlating to more condensation and less cleavage of
intramolecular linkages.

Moreover, a drop in carbohydrates (C1) content is seen with increasing treatment
temperature. The reduction is most likely due to reactive glycosidic bonds in the
carbohydrates getting cleaved as this hydrolytic reaction is acid catalyzed. The
residues would then be dissolved in the filtrate, passing through the filter paper.
Carbohydrates might be covalently bound to lignin, making it less hydrophobic
and thus weakening the repulsion between the solid and liquid phase. In this case
where carbohydrate content decreases, it is possible that the particles become more
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hydrophobic, which enhances the separation from the polar liquid medium that is
water.

It should be mentioned that the quantification of both β-O-4 and carbohydrates
(C1) in 13C NMR were found to be highly sensitive to baseline correction; even
minuscule adjustments yielded very different values. Further investigation into β-O-
4 and carbohydrate contents was done by HSQC analysis, detailed in Appendix C.
Further, thermal treatment does not seem to change the composition of functional
groups detectable with the employed NMR methods, namely hydroxyl, carbonyl,
and ester groups. Hence, from these results, it is not possible to elucidate if there is
a structural change in the surface chemistry of the particle that explains the decrease
in ζ potential with increasing treatment temperature.

Table 4.6: Amounts of lignin moieties per 100 Ar in lignin A quantified with
13C NMR. Non-acetylated samples are referred to as na, and acetylated ones as ac.

Structure Quantification 55°C 75°C 85°C 95°C
β-O-4 (I90−82.5)na-(I90−82.5)ac 2.90 3.84 2.91 4.65
Carbohydrates
(C1)

(I102−98)ac 2.14 1.89 1.20 0.80

Et-O (Extrac-
tives) [(I16.5−13)ac+(I16.5−13)na]/2 7.25 6.90 6.96 7.58

OMe [(I58−54)ac+(I58−54)na]/2 82.14 82.59 82.52 83.76
ArH (I127.1−102)ac 209.16 205.40 198.94 196.28
Degree of conden-
sation (200+OMe)-ArH 72.98 77.19 83.58 87.48

Primary aliphatic
OH (I172−169.7)ac-(I172−169.7)na 35.47 35.74 39.11 38.26

Secondary
aliphatic OH (I169.7−168.7)ac-(I169.7−168.7)na 21.56 21.49 23.06 23.77

5-free phenolic OH (I168.7−168.3)ac-(I168.7−168.3)na 34.61 34.96 35.77 25.64
5-subst. phenolic
OH (I168.3−166)ac-(I168.3−166)na 36.31 34.93 30.14 40.98

Non-conjugated
CO [(I215−200)ac+(I215−200)na]/2 8.30 6.67 5.31 7.45

Conjugated CO [(I200−185)ac+(I200−185)na]/2 7.29 6.64 4.14 8.82
Non-conjugated
COOR (I178−168.5)na 16.94 15.48 15.20 15.14

Conjugated
COOR (I168.5−165)na 1.44 1.34 1.24 1.16

4.4 Thermal properties
Thermal properties refer to the characteristics of a material that determine how it
responds to changes in temperature, which could be connected to the structure of
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the molecule, especially when considering polymers like lignin.

4.4.1 Differential scanning calorimetry (DSC)
DSC was conducted to further gain knowledge about how the treatments affected
the samples in terms of thermal stability and change in Tg, which can also help
strengthen conclusions drawn from NMR results. Variation in Tg can suggest differ-
ences in cross-linking, molecular weight and presence of different functional groups.
The DSC instrument was programmed in a Heat/Cool/Heat manner, in order to
eliminate any prior thermal history by initially heating the material above a signif-
icant transition point (such as glass transition or melting), allowing for relaxation
or molecular rearrangement. The material is then cooled at a controlled rate before
being reheated, ensuring any effects from previous thermal cycles are removed.

Presented in Figure 4.9 are DSC curves of lignins A and B. The first heating displays
the occurrence of an endothermic event up to approximately 75°C. Even though all
samples had been thoroughly freeze-dried prior to measurement, thin layers of water
rapidly condense on the lignin particles when transferring samples. Since the upper
limit of this endothermic event correspond to the boiling point of water, it can be
reasonably concluded that these are related. Beyond 75°C, the curves indicate an
exothermic event. It is, however, unclear exactly what it correlates to. Evidence
from GPC and NMR suggest it is some sort of condensation or cross-linking reac-
tion, both being exothermic. The slightly different shapes of the exothermic peak,
and in the case of lignin A a shift in temperature interval, for the lignins treated at
different temperatures also indicate deviations in their molecular structures possibly
generated during the thermal treatment, due to different temperatures.

Figure 4.9: Endo up DSC heat/cool/heat curves of lignins A and B. The tem-
perature cycle was programmed to first heat the sample from room temperature to
220°C, then cool down to 0°C, and finally heat back up to 220°C.

From DSC curves, it is also possible to determine the Tg of the lignin polymers.
During a DSC heat/cool/heat experiment, as the material is heated, the Tg appears
as an endothermic shift indicating the transition from a glassy state to a rubbery
state. This shift is typically observed as a change in the heat capacity of the material,
seen on the DSC curve as an inflection point. The temperature range in which this
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change appears is around 140 to 170°C, and is seen both in the cooling and second
heating. The Tg for all lignin samples were calculated and are shown in Table 4.7.
All values are presented as the average Tg from the cooling and the second heating.
It should be remembered that the Tg is a range of temperatures, and especially
wide for a heterogenous polymer like lignin. The values presented in Table 4.7 is the
inflection point of the range, meaning where the derivative has its maximum value.
Heating lignin in the range 55 to 95°C, which are relatively mild conditions, does
not seem to change the Tg of the lignin noteworthy. For lignin B, there is somewhat
of a trend of increasing Tg with treatment temperature. This increment could be
related to a supposed elevated Mw, assuming lignin B follows the behavior of lignin A
regarding GPC results. Larger molecules have stronger intermolecular forces, which
require more energy to break. Another explanation could be attributed to a higher
degree of condensation, as it restricts molecular motion and makes the polymer more
rigid. Again, this is under the assumption that lignin B behaves similarly to lignin
A, as NMR has not been performed on lignin B.

Table 4.7: Calculated Tg from DSC data for lignins A and B.

Sample Tg (°C)
55A 157.2
75A 156.5
85A 156.0
95A 158.5
55B 156.8
75B 157.5
85B 158.5
95B 158.9
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4.5 Future work
Work on extending the understanding and knowledge on how and why thermal
treatment of LignoBoost lignin affects its filtration properties has been carried out
in this thesis. An extensive analytical characterization of structural and colloidal
properties of particles was conducted. Nevertheless, there is still significant research
needed to fully comprehend the effects of heat on lignin. Potential directions for
future studies include:

• Optimizing the time needed for thermal treatment in order to increase both
energy and filtration efficiency.

• Modeling how parameters such as temperature, duration of treatment and
type of lignin influence filtration properties.

• Further investigating the reasons for why there is a significant difference in
filtration efficiency between samples treated at 55 and 75 °C. One suggestion
would be to perform BET and BJH analysis to investigate specific surface area
and porosity.
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5
Conclusion

Through an extensive characterization and analysis of colloidal, structural, and ther-
mal properties of LignoBoost lignin following thermal treatment, several key findings
have been revealed and connected to filtration properties.

Thermal treatment of LignoBoost lignin at 75, 85, and 95°C was seen to greatly
improve filtration efficiency in terms of filtration time and dry content, when com-
pared to a reference sample treated at 55°C. The reasons for these improved filtration
properties can, according to the acquired results, mainly be attributed to changes
in colloidal properties, which with certainty are connected to structural changes.
An increase of particle size was observed with an onset at 85°C, which could also
be visually verified with optical microscopy, where the smallest fraction of particles
was seen to disappear between 75 and 85°C. This changed agglomeration behav-
ior could possibly be related to the large drop in surface charge between these two
treatment temperatures, causing a reduction in electrostatic repulsion and thus pro-
moting particle agglomeration, leading to an increase in particle size. The cause
of this change in surface charge is still unclear, but it might be linked to chemical
reactions occurring above 75°C, altering the surface chemistry of the particle by
decreasing charged groups. No drastic change in functional groups that could carry
a charge was nevertheless discovered in the 13C NMR results, even though a modest
but consistent decrease in carboxylic groups and carbohydrates could be observed.
However, they did reveal an increase in the degree of condensation, which was also
corroborated by GPC measurements showing an increase in molecular weight.
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A
d-values of the particle size

distributions

Table A.1: d-values of lignin A, measured as the number based size distribution.
Samples are named according to temperature_treatment duration (min)_number
percentage.

Sample (Lignin A) d (0,1) d (0,5) d (0,9)
55_t0_n 1,2 1,6 3,4
55_t15_n 1,2 1,6 3,6
55_t30_n 1,2 1,6 3,6
55_t45_n 1,2 1,7 3,6
55_t60_n 1,2 1,7 3,7
75_t0_n 1,2 1,6 3,0
75_t15_n 1,2 1,7 2,9
75_t30_n 1,2 1,7 3,0
75_t45_n 1,3 1,7 3,1
75_t60_n 1,3 1,9 3,3
85_t0_n 1,3 1,8 3,2
85_t15_n 1,6 2,8 6,5
85_t30_n 1,7 3,2 7,3
85_t45_n 1,7 3,2 7,4
85_t60_n 1,8 3,3 7,6
95_t0_n 3,4 5,5 10,4
95_t15_n 3,6 5,8 10,8
95_t30_n 3,6 5,7 10,7
95_t45_n 3,5 5,7 10,7
95_t60_n 3,5 5,7 10,6
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A. d-values of the particle size distributions

Table A.2: d-values of lignin A, measured as the volume based size distribution.
Samples are named according to temperature_treatment duration (min)_volume
percentage.

Sample (Lignin A) d (0,1) d (0,5) d (0,9)
55_t0_v 3,7 12,0 24,8
55_t15_v 4,0 11,9 23,4
55_t30_v 3,9 11,7 23,0
55_t45_v 3,8 11,8 23,6
55_t60_v 3,8 11,6 22,9
75_t0_v 3,2 11,8 24,4
75_t15_v 2,1 11,0 23,0
75_t30_v 2,2 10,9 23,3
75_t45_v 2,3 9,4 22,0
75_t60_v 2,1 10,0 22,7
85_t0_v 2,2 10,9 24,2
85_t15_v 4,1 10,8 22,9
85_t30_v 4,5 11,1 23,1
85_t45_v 4,7 11,4 23,8
85_t60_v 4,8 11,2 22,8
95_t0_v 5,5 11,6 24,1
95_t15_v 6,2 12,2 24,4
95_t30_v 6,2 12,1 23,8
95_t45_v 6,2 12,2 24,5
95_t60_v 6,1 12,0 23,4
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A. d-values of the particle size distributions

Table A.3: d-values of lignin B, measured as the number based size distribution.
Samples are named according to temperature_treatment duration (min)_number
percentage.

Sample (Lignin B) d (0,1) d (0,5) d (0,9)
55_t0_n 1,0 1,5 3,0
55_t15_n 1,0 1,5 3,0
55_t30_n 1,0 1,5 3,0
55_t45_n 1,0 1,5 3,0
55_t60_n 1,0 1,5 3,0
75_t0_n 1,0 1,5 3,0
75_t15_n 1,1 1,5 3,0
75_t30_n 1,2 1,6 3,2
75_t45_n 1,2 1,7 3,2
75_t60_n 1,2 1,6 3,2
85_t0_n 1,2 1,7 3,4
85_t15_n 1,8 3,0 6,3
85_t30_n 2,5 4,0 8,1
85_t45_n 3,3 5,2 10,2
85_t60_n 3,0 4,8 9,3
95_t0_n 3,8 6,0 11,5
95_t15_n 8,4 12,6 22,9
95_t30_n 8,5 12,6 22,9
95_t45_n 8,8 13,1 23,8
95_t60_n 8,7 13,1 23,8
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A. d-values of the particle size distributions

Table A.4: d-values of lignin B, measured as the volume based size distribution.
Samples are named according to temperature_treatment duration (min)_volume
percentage.

Sample (Lignin B) d (0,1) d (0,5) d (0,9)
55_t0_v 3,0 17,7 56,5
55_t15_v 2,9 17,5 55,9
55_t30_v 3,0 17,5 55,8
55_t45_v 2,7 15,0 51,8
55_t60_v 2,7 14,9 49,2
75_t0_v 2,9 16,8 52,9
75_t15_v 3,0 17,5 54,9
75_t30_v 2,9 16,9 53,5
75_t45_v 2,9 16,9 54,7
75_t60_v 2,8 16,0 51,9
85_t0_v 3,0 17,7 56,8
85_t15_v 4,4 18,5 64,6
85_t30_v 5,3 21,2 74,1
85_t45_v 6,0 19,6 71,2
85_t60_v 5,9 21,4 73,2
95_t0_v 6,5 22,1 82,2
95_t15_v 12,9 29,4 95,6
95_t30_v 13,2 29,0 86,6
95_t45_v 13,7 29,6 80,4
95_t60_v 13,8 29,8 81,2

IV



B
13C NMR spectra

(a) (b)

(c) (d)

Figure B.1: 13C NMR spectra of non-acetylated lignin A samples treated at (a)
55°C, (b) 75°C, (c) 85°C, and (d) 95°C.
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B. 13C NMR spectra

(a) (b)

(c) (d)

Figure B.2: 13C NMR spectra of acetylated lignin A samples treated at (a) 55°C,
(b) 75°C, (c) 85°C, and (d) 95°C.
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C
HSQC spectra

Figure C.1: HSQC spectrum of lignin A after thermal treatment at 55°C.

Figure C.2: HSQC spectrum of lignin A after thermal treatment at 95°C.
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C. HSQC spectra

Table C.1: Amounts of lignin moieties per 100 Ar in lignin A quantified with
HSQC 2D NMR.

Structure 55°C 95°C
β-O-4 3.29 3.30
β-β 2.34 3.18
β-5 1.08 0.92
Xylan 0.38 0.95
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