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Lignins inside and outside the cell wall:
Inherent and modified thermoplasticity

AKE HENRIK-KLEMENS

Department of Chemistry and Chemical Engineering
Chalmers University of Technology
Abstract

Lignins are a group of irregular polyphenolic macromolecules found in vascular plants which, together with
cellulose and hemicellulose, form highly robust materials. In the pulping process, individual wood cells are
separated either by thermomechanical shearing or by chemically removing the lignified material that binds
them together. Thus, from an industrial perspective there are three categories of lignin: native lignin in
biomass, residual lignin in pulp and technical lignin extracted from biomass during pulping. This thesis
concerns itself with all three categories of lignin, with the aim of understanding how the varying chemical
structures of these lignins affect their properties — both inherent, and when modified for improved
processability. It is especially the thermomechanical properties of these lignins that are in focus, as one of
their potential uses is as thermoplastic components in biomass, in blends with synthetic polymers, or on
their own. However, the glass transition temperature (Ty) of lignins is high, and their flow properties are
poor due to the aromatic backbone, hindering thermal processing. But if the thermoplastic potential was
realized, reliance on fossil-based thermoplastics could be overcome.

To investigate the thermomechanical properties, a powder sample holder for dynamic mechanical analysis
(DMA) was employed, which allowed the determination of the T; of isolated lignin as well as the T; of in situ
lignin in pulp and milled wood. By constructing Flory-Fox plots, the T;could be compared beyond the effects
of molar mass for the isolated lignins. Native structures appear beneficial for lower processing temperatures:
residual lignin in softwood kraft pulp and softwood kraft lignin were projected to have a higher T; at a given
molar mass than native Norway spruce lignin. Upon modification with either external plasticizers or
quantitative esterification (C.-4), the response was uniform: external plasticizers were more efficient in
reducing the T; on a weight-addition basis for all lignins; however, the solubility of the plasticizers in the
different lignins varied, with generally better compatibility with small flexible aprotic compounds.
Additionally, plasticization was found to homogenize the physical properties of compositionally
heterogenous lignins as well as increase coalescence of the otherwise brittle lignin materials.

Lastly, the external plasticization of softwood kraft pulp was investigated by probing which components the
plasticizers were interacting with and their effect on the thermoformability of the cell wall. By employing
optical photothermal infrared spectroscopy (O-PTIR) and solid-state NMR, plasticizers were found to be
distributed throughout the fibers and interacting with all the major components — cellulose, hemicellulose
and lignin. With DMA, the T; of lignin was found to have dropped from around 230 °C to 120 °C. The
plasticized pulp was hot pressed above and below this temperature, and the cell wall organization was
investigated using X-ray scattering. Cellulose elements were found to aggregate; however, this was achieved
without a reduction in crystallinity only in the presence of plasticizers and at higher temperatures. This
indicates that the displacement mechanism for cellulose units during hot-pressing was more plastic when
operating above the T of lignin.

Keywords: lignin, lignocellulose, kraft lignin, glass transition, plasticization, thermoformability
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“They played a movement of Haydn, some pages of Mozart, a sonata of Beethoven.
Then, while Gerda was picking out some music, with her violin under her arm, a
surprising thing happened: Herr Pfihl, Edmund Pfihl, organist at St. Mary’s, glided
over from his easy interlude into music of an extraordinary style; while a sort of
shame-faced enjoyment showed upon his absent countenance. A burgeoning and
blooming, a weaving and singing rose beneath his fingers; then, softly and dreamily
at first, but ever clearer and clearer, there emerged in artistic counterpoint the
ancestral, grandiose, magnificent march motif — a mounting to a climax, a
complication, a transition; and at the resolution of the dominant the violin chimed
in, fortissimo. It was the overture to Dze Meistersinger.”

Buddenbrooks by Thomas Mann
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1. Introduction

Without the evolution of lignin, higher plants would not be possible. Cellulose is an
excellent structural component, but it was only when paired with lignin, that skyward
heights were attainable. Lignin complements cellulose mechanically but also protects
against UV radiation and microbiological attack, and aids in the transportation of
water through the vascular system (Weng and Chapple, 2010; Pesquet et al., 2025).
Thus, the utility of lignin for plants is clear; however, how useful lignin is for man is
still an open question. Scientists try to break it down chemically to form new
platforms or look for innovative ways to use its surface or bulk properties. But the

question remains, is it fire brought down from Olympus, or just fuel for a fire?

In pulping, the aim is to separate wood into its cellular components: fibers. This can
be done by chemically removing the lignified middle lamella that glues them
together, or by thermomechanically ripping the fibers apart. Lignin inside the cell
wall can then be further removed via chemical treatment, but there are
environmental and economic advantages to keeping it in pulp. Thus, we have three
types of lignin at hand: native lignin in untreated biomass, residual lignin in pulp and
technical lignin extracted from biomass during pulping. These lignins differ in their
chemical and molecular structure as decoupling and coupling reactions take place
during processing (Froass et al., 1996). In this thesis, the terms chemical structure
and molecular structure are used interchangeably, as they are closely interrelated in

the case of lignin.

This thesis concerns itself with all three categories of lignins, with the aim of
understanding how their varying structures affect their properties. It is especially the
thermomechanical properties of these lignins that are in focus, as one of their
potential uses is as thermoplastic components in biomass, in blends with synthetic

polymers, or on their own.



As amorphous polymers, lignins are thermoplastic, but due to their aromatic
backbone and strong secondary interactions, they have poor flow properties, and
their glass transition temperature (1,) is high. This means that lignins often need
some kind of modification, either physical or chemical, prior to thermal processing.
Modifications of the thermoplastic properties of technical lignins, due to their
abundance and availability, have been extensively investigated (Parit and Jiang,
2020). In contrast, native and residual lignin have received considerably less
attention. Moreover, there remains a lack of understanding regarding the extent to

which insights gained from one type of lignin can be transferred to another.

The need to replace fossil-based plastics with bioplastics has sparked interest in the
plasticization of pulp (Eliasson et al., 2023; Eliasson et al., 2025) and the thermal-
processing of lignin-containing pulp and paper (EIf et al., 2025; Pettersson et al.,
2017; Oliaei et al., 2021; Sanchez-Salvador et al., 2024). Lignin forms the largest
amorphous domains in the fiber cell wall, stretching up to tens of nanometers
(Terashima et al., 2009; Donaldson, 2022). In the unmodified cell wall, lighin restricts
the movement of cellulose elements and transfers stress between them (Jin et al,,
2015; Salmén et al., 2016), but upon pressing these materials above the T, of lignin,
more dense and plastic-like materials can be molded (Oliaei et al., 2020; Oliaei et al.,
2021; Elf et al., 2025). These observations would suggest that lignin is flowable under
such conditions, but does the softening of lignin allow for a different deformation
mechanism inside the cell wall? Improved plastic deformability of the cell wall,
including slippage of load-bearing cellulose elements, has been suggested to be
crucial for improving the formability of pulp materials (Vishtal and Retulainen,
2014); however, too soft fiber materials from weak product (Afshariantorghabeh,
2024). Thus, lignin may function as a thermally activated component that imparts
stiffness to the fiber at room temperature while enabling plastic deformation upon

heating.



Water is an efficient plasticizer for carbohydrates (Back and Salmén, 1982), but its
miscibility with lignin is limited (EIf et al., 2025) and steam generation can cause
damage to fiber materials (Cavailles et al., 2024; Pintiaux et al., 2019). Thus, the
plasticization of pulp using small non-volatile organic molecules is of interest, as
these could surpass the performance of water, allowing for more advanced
thermoformability of paper. The mechanical properties change greatly upon
plasticization with compounds such as ethylene glycol and glycerol (Salmén et al.,
1984; Eliasson et al., 2023), but there is a lack in mechanistic understanding: where

is the plasticizer and what role does it play?

My doctoral work has been part of the IZnnova competence center FibRe, which, at
the time I started, was aimed at developing understanding in the field of
lighocellulosic thermoplastics, with a focus on fiber (pulp) materials with minimal
modification. My project aligns with the center’s second hypothesis: that
modification of the amorphous phase in the pulp cell wall can unlock the

thermoplastic potential of these materials.

One aim of this thesis has been to develop understanding concerning how lignin’s
chemical structure, transformed from its native state, via kraft pulping, to residual
and technical lignin, influences its thermomechanical behavior. And, continuing
from this, how plasticization changes those properties so that lignin can be
processed as a thermoplastic component in materials. This aim is associated with the

tollowing hypothesis:

H1: Lignins with different chemical structures will have different correlations

between molar mass and T,.

H2: Lignins with different chemical structures will require different

modifications to be efficiently plasticized (T, reduction).



A second aim has been to study the interactions between plasticizers and the
components of the pulp cell wall and their effect on thermoformability. This aim is

associated with the following hypothesis:

H3: Plasticizing lignin in lighin-containing pulp will enable a more plastic

displacement of cellulose elements.



2. Background

2.1. Wood structure and components

Wood is composed of elongated cells, of which most are oriented in the growth
direction. The main functions of these cells are to provide mechanical support, store
nutrients, and transport fluids. Softwoods, needle-bearing trees, and the major focus
of this thesis, are evolutionarily older than their leaf bearing counterparts, the
hardwoods, and generally have a less diverse cell organization. In softwood, up to
90-95 % of the cells are long and sturdy cells called tracheids, commonly referred to

as fibers (Sjostrom, 1981).

The two softwood species used in this study, Norway spruce (Picea abies) and Scots
pine (Pinus sylvestris), generally have long fibers: 2-4 mm with a diameter of about 20-
50 pm. The fibers formed early in the year, when large quantities of fluids need to
be transported to the crown, are termed eatlywood and have large diameters and
thin cell walls (2-4 um), maximizing the lumen — the central channel for fluid
transportation. Latewood has smaller diameters, thicker cell walls (4-8 um), and
smaller lumens. The lumens form networks via nanometer-sized channels called pits.
These channels are covered by thin semipermeable membranes, which allow fluids

to pass (Duchesne and Daniel, 1999; Hanley and Gray, 1994; Esteban et al., 2023).

The fiber cell wall is a hierarchical and multilayered structure (figure 1). The fibers
are joined by an adhesive layer, termed the middle lamella (ML), which in softwood
is 0.2-1 um thick and consists of mainly lignin with some pectic compounds. Moving
in from the ML the layers and their approximate thickness are as follows: primary
layer (P, 0.1 um thick), first secondary layer (S1, 0.2 um), secondary layer (52, 1-2
um) and the inner layer (83, 0.1 um) (Sjostrém, 1981).
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Figure 1. From macro to the nano-organization of the wood cell wall. Reprinted from (Montanari
et al., 2021) licensed under CC BY. CML refers to the compound middle lamella, which also

incorporates the primary cell wall layers.

The layers outlined above contain cellulose, hemicellulose, pectin, extractives and
lignin, though with variations in composition and ordering. S2, which makes up the
largest part of the cell wall, and has the most influence on its mechanical properties,
has its cellulose microfibrils oriented longitudinally, but with an angle (typically 10-
30° in softwoods)(Donaldson, 2008). This angle allows for both compression and
extension to take place, without irrevocable damage. The microfibrils in P1 form an
irregular interwoven network (Brindstrom, 2002), whereas microfibrils in S1 and S3
are oriented at a greater angle, to give strength in the transversal direction (Reza et
al., 2017). The topic of cell wall ultrastructure will be revisited in more detail in

section 2.1.3 when kraft pulp is discussed.

The cells and their connecting tissue consist mainly of three polymeric materials:
cellulose, hemicellulose and lignin. Other compounds, such as pectin and various
extractives and proteins, are also present in small amounts, but they are of little
concern in this thesis. Cellulose and hemicellulose are polysaccharides whereas lignin

is a polyphenol.

Cellulose is the main load carrying component of wood. It is a semi-crystalline and
isotropic polymer of D-glucose. The glucose is joined by alternating 3(1-4) glycosidic

bonds, forming a linear chain (figure 2). Several cellulose molecules are secreted



simultaneously in the cell wall by terminal complexes, forming microfibrils (MF,
sometimes also referred to as elementary fibrils or fibrils). MF are commonly
described as consisting of a continuous crystalline core, with a disordered outer layer
(Cosgrove et al., 2024). In softwoods, the dimensions of MF are about 3 nm in

diameter, and the length is in the micrometer-range (Kesari et al., 2021).

H OH
O 0 1-
2 @)
5%?
OH

Figure 2. Structure of cellulose with carbon numbering. The repeating cellobiose unit consists of

two B-D-anhydroglucose units.

In spruce, which is one of the most studied wood species, the number of chains
secreted and making up the MF is still controversial; even though a consensus
around 18 chains is forming (Jarvis, 2018; Daicho et al., 2025; Cosgrove et al., 2024),

there is evidence for larger aggregates (Tai et al., 2023).

Hemicelluloses are less ordered and more varied in chemical structure compared to
cellulose. In both Norway spruce and Scots pine, galactoglucomannan (GGM) and
arabinoglucuronoxylan (AGX) are the two major hemicelluloses, comprising
approximately 20 and 5-10 wt%, respectively (Bertaud and Holmbom, 2004;
Sjostrom, 1981). GGM consists of randomly distributed glucose and mannose units
with galactose attached to the mannose via a 1-6 linkage. AGX has a backbone of
xylose, but with glucuronic and arabinose side chains. Both hemicelluloses are linear
with B(1-4) linkages and are partly acetylated (Berglund et al., 2020). The chemical
structure of lignin will be dealt with in detail in later sections, but for now,

conceptually, it can be regarded as an amorphous and irregular polyphenol.



2.2. The ultrastructure of the S2 in softwood and kraft pulp

As described in the previous section, MF are secreted in different patterns in
different parts of the cell wall. The spaces between MF are then occupied by
hemicelluloses and lignin which are polymerized in place. The organization of the

hemi-lignin phase between cellulose elements is an area of much active research

(Donaldson, 2019).

The occurrence of covalent bonds between the hemicelluloses and lignin, commonly
termed LCC (lignin carbohydrate complexes), suggests that they are in close
molecular contact (Sapouna and Lawoko, 2021; Giummarella et al., 2019; Lawoko
etal., 2004), but in recent NMR studies they are found to possess different relaxation
rates as well as limited through-space contact, suggesting different phases at the low-

nanometer range (Kang et al., 2019; Terrett et al., 2019).

Salmén (2022) proposed a compelling model of the softwood S2 organization
(figure 3), drawing in part on the above observations. According to this model, the
MF are essentially coated with monolayers of hemicelluloses, with GGM primarily
coating the surfaces between MF, and xylan located between the MF and the lignin

phase.
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Figure 3. Illustration of softwood S2-layer in cross section before and after kraft pulping. The
softwood S2 model is largely adopted from Salmén (2022), whereas the pulp S2 is based on the
sources cited below as well as on the compositional and morphological analysis of the unbleached
softwood kraft pulp used in this thesis. The MF bundles are here only shown in part with six MF
in each. In contrast to wood, the pulp S2 sees a reduction in hemicellulose (mainly GGM) and
lignin content, an increase in porosity, and aggregation of MF. The MFs are also in direct contact
with lignin which has been redeposited to a certain extent; however, the exact extent and
localization of these phenomena are not completely known, and the illustrations should be seen

as idealized qualitative descriptions.

An early model on the organization of MF was put forward by Kerr and Goring
(1975), which suggests radially lamellar structures, where the MF alternate between
forming bundles and separating forming voids. This point of view has been
strengthened in multiple later studies (Fromm et al., 2003; Ruel et al., 1978; Fahlén
and Salmén, 2002). Both MF bundles and the lignin filled spaces between them have
diameters between approximately 5 and 30 nm (Donaldson, 2022; Penttild et al.,
2020).



In a recent article, Fernando et al. (2023) used electron tomography to study the
ultrastructure of the Norway spruce S2. By selectively removing lignin and labelling
hemicellulose, they were able to differentiate the three components, as well as pore
volumes. They found a non-lamellar, random distribution of the MF. The
distribution and domain sizes described above hold relatively well, apart from the

hemicelluloses, which were aggregated in larger nanometer domains.

We will now look at how the softwood S2 changes with kraft pulping. Kraft pulping
proceeds by reacting wood chips under high temperature and high pressure with an
alkaline water solution with the nucleophile, sulfide. The solution diffuses through
the pits and fills the lumens, so that the reaction starts from the lumen outwards. A
more detailed account of the reactions of lignins during kraft pulping is given in
section 2.5 on technical lignin, but the main mechanism is fragmentation and

dissolution (Espinoza-Acosta et al., 2014).

Depending on variables, such as time and temperature, pulps with varying lignin and
hemicellulose content can be obtained. Some lignin is often redeposited on the fiber
surfaces during pulping, influencing the formation of fiber joints (i and and Reeve,
2005). Of the hemicelluloses, it is primarily GGM that is lost — the hemicellulose
that serves as a barrier between MF (Henriksson et al., 2024). As a result, MF start

to aggregate as well as come in direct contact with lignin (Salmén et al., 2016; Fahlén

and Salmén, 2003; Duchesne et al., 2001; Liitid, 2002).

The nature of the LCCs appears to change with pulping. Residual lignin in softwood
has been found to retain more bonds to GGM than xylan (Lawoko et al., 2004). In
hardwoods, there is evidence of both LCC formation and cleavage during kraft
pulping (Nicholson et al., 2012; Nicholson et al., 2017). It is conceivable that the
breaking and forming LCC bonds, and partial solvation of the amorphous cell wall
compounds have led to more intermixing, or possibly, to aggregation of larger

hemicellulose phases.

10



In the doctoral thesis by Liitid (2002), she investigated the phase morphology of
fines and isolated residual lignin using relaxation ssSNMR. In the isolated residual
lignin, the polysaccharide content was too low for accurate determinations of
relaxation constants. But in the fines, both Tipand T (see section 3.4.3 for
definition) could be determined for polysaccharides (mainly cellulose) and lignin. T}
of lignin and polysaccharide did not match in any of the fines analyzed (Liitia et al.,
2001); however, in some cases, Tip was found to match for both lignin and
polysaccharides (Liitid, 2002). The matching T, and mismatching T of lignin and
polysaccharides, suggest that at the local level, spanning a couple of nanometers,
there is sometimes close contact between lignin and polysaccharides, but that they
are separated at larger length scales. This suggests a system, where the interphases
are partly either in close contact or moderately intermixed at the molecular level,

while larger-scale phase separation is still present.

2.3. Micromechanical properties of the cell wall

A comprehensive micromechanical understanding of the pulp and wood cell wall
has not yet been achieved, especially in the transversal direction, but based on
molecular dynamics simulations, investigations of the cell wall organization and

mechanical experiments, some general statements can be made.

The stiffness of cellulose is much greater than both lignin and hemicellulose (Zhang
etal., 2021; Salmén, 2004); thus, as cellulose MF form a non-covalent interconnected
network, large scale deformations require that the cellulose network is disrupted.
Disruption can mean both reconfiguration of MF (straightening or curving) but also
relative displacement (sliding or delamination), where the former is more elastic and
the latter more plastic, as has been found when simulating S2 (Zhang et al., 2021; Jin
et al., 2015) and primary cell walls (Zhang et al., 2025). The plastic deformation via
sliding, termed stick-slip, has also been used to explain experimental data: the
relaxation of MF in wood after straining them beyond the yield-point (Keckes et al.,

2003).
11



The matrix polymers are important for the mechanical stability, as they both lock
the network in place and, in the case of hemicelluloses, appear to increase cohesion
between MF (Zhang et al., 2025). In the undulated cellulose network, stretching the
cell wall in the fiber direction is resisted by the strong interactions of the cellulose

bundles, but also as straightening of MF leads to a compression of lignin (Salmén et

al., 2016).

The S2 layer is known to dominate the mechanical properties in the longitudinal
direction; however, this is not necessarily the case in the transverse direction. In the
latter, the nearly transverse orientation of MF in the S1 and S3 layers may play a
more significant role (Reza et al., 2017; Donaldson, 2008). The organization of these
layers is less studied, and their complex layering adds further challenges, which helps
to explain why modeling the mechanical properties in the transverse direction have

proven difficult (Salmén, 2018).

Water affects the components of the cell wall differently. The outer layer of cellulose
can absorb water and swell, but it is hemicelluloses that absorb the largest amounts,
causing significant swelling in wood and pulp. Water absorption separates
polysaccharide chains, decreasing the energy cost of sliding elements across each
other (Zhang et al., 2021; Jin et al., 2015; Zhang et al., 2025; Kulasinski et al., 2017).
Lignin on the other hand absorbs a limited amount of water, leading to some
softening and mobilization of lignin, but not to the same extent as the
polysaccharides (Zhang et al., 2021; Vural et al., 2018b). The T, of water-saturated
cellulose and hemicellulose is typically found to occur around room temperature,
whereas the T, of water-saturated lignin plateaus at around 100 °C (Okugawa et al.,
2023; Havimo, 2009; Akerholm and Salmén, 2004; Back and Salmén, 1982; Kelley
et al., 1987). In the next section, we will examine the molecular structure and
properties of lignin, as well as the transformations it undergoes during the pulping

process.
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2.4. Native lignin

Lignin is a phenolic polymer with a lower hydrophilicity and lower degree of order
compared to the wood polysaccharides, which allows it to both aid water
transportation and protect against microbiological attack (Sjostrom, 1981;
Laschimke, 1989; Weng and Chapple, 2010). Lignin makes up about 25-35% of the
dry mass of most woods (and 5-25 % in many monocots), but is unevenly distributed
within the cell wall: the middle lamella contains the highest concentration, but due
to the thickness of the S2 layer, most of the total lighin in wood resides there (Iiyama

and Wallis, 1990; Rowell, 2013).

Lignin is an amorphous polymer made up of various phenylpropane-based
monomeric units (figure 4). Its composition varies across plant types: softwood
lignin is primarily composed of guaiacyl units, while hardwoods and monocots
contain varying proportions of guaiacyl (G), syringyl (S), and 4-hydroxyphenyl (H)
units (Tian et al., 2017; Pereira et al., 2017; Faleva et al., 2021). In its native form,
lignin is synthesized through enzyme-initiated — though not enzyme-controlled —
radical polymerization (Ralph et al., 2019). This process results in irregular polymer
chains, with certain linkages occurring more frequently than others. Additionally, the
radical mechanism leads to the formation of covalent bonds between lignin and

carbohydrates, the previously discussed LCCs.
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Figure 4. Chemical structure of lignin phenyl propane monomers (top) and respective lignol units
(bottom). The conventional numbering and lettering scheme for lignol carbons is illustrated using

p-coumaryl alcohol.

Among all plant types, the most prevalent linkage in lignin is the 3-O-4 ether bond.
This linkage occurs in roughly 80 % of aromatic units in monocot lignin, and in
about 50 and 60 % in hardwood and softwood lignin, respectively (Zhang et al.,
2022). Figure 5 presents model structures of monocot and softwood lignins. These
models illustrate the distribution of lighin monomers (H, G, and S units) and
highlicht common bonding motifs such as 3-O-4, 4-O-5, and B-5 linkages. The
models are not quantitative, but they offer an approximate visualization of native

lignin macromolecules.

Monocot lignin has a larger diversity in building blocks than softwood lignin. Apart
from the difference in lignol units H, G and S, monocot lignin also contains the
tflavonoid tricin and p-coumaric acid (p-CA). Polymerization of many monocots is
believed to start with tricin, whereas p-CA is attached as a side chain (Ralph et al.,

2019).
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Figure 5. Softwood (left) and monocot lignin models (right), adapted from Ralph et al. (2019).

The models are not to be seen as quantitative, but the approximate content per 100 aromatic units

of certain linkages are given.

When Anselem Payen first isolated lignin in 1838, polymers were not yet a concept
and lignin was believed to form a single crystal within trees (McCarthy and Islam,
1999). However, to this day, the molar mass of lignin in the cell wall is not known.
This is partly due to the difficulty in isolating lignins and partly due to the

experimental difficulty in the determining absolute molar mass of lignins (Souto and

Calado, 2022).
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2.5. Technical lignin

Technical lignins are those that are removed from biomass during pulping or other
delignification processes. They are either named after their processing origin, such
as kraft and organosolv lignin, or named after their chemical structure, such as
lignosulphonates. Despite strong economic and environmental incentives to pursue
higher-value applications, technical lignins are still commonly burned for energy
(Jarnero et al., 2024). In many respects, this situation is analogous to the early use of
petroleum: a heterogeneous, polyaromatic resource that initially served primarily as

a fuel before its chemical versatility unlocked vast commercial value.

The chemical structure of technical lignins varies depending on the raw material and
on the delignification process, but they are often found to have a smaller molar mass
than native lignin. This is because depolymerization is often needed for
solubilization; which is typically achieved under either acidic or basic conditions,
with or without an additional nucleophile. Depolymerization in most pulping
processes is achieved by cleaving the abundant 3-O-4 bond (Espinoza-Acosta et al.,
2014). Kraft lignin, one of the focuses of this thesis, is solvated under high NaOH
concentrations with sulfide acting as an additional nucleophile. An absolute method
tfor determining lignin molar mass — gel permeation chromatography (GPC) coupled
with multi-angle laser scattering — was used to determine number and weight average
molar mass (M, and M) of softwood kraft lignin (Zinovyev et al.,, 2018). They
reported a M, of 3.4 kg/mol and a M, 16 kg/mol, corresponding to approximately
20 and 90 lignol units — significantly lower than the molar mass observed for

analytically isolated native lignin with the same GPC system.

The majority of the native lignol linkages are broken during kraft pulping, but
substantial coupling reactions also take place. Nucleophilic attacks by deprotonated
phenols and alcohols are possible, but only lignin-carbohydrate ether bonds have
been found in significant amounts, suggesting that it is not a major pathway (Crestini
et al., 2017). Instead, coupling reactions via phenoxy radicals appear to be more
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common, resulting in, e.g., 5-5' or 4-O-5 linkages. While the reaction mechanisms
of many coupling reactions remain only partially understood and the structure of
kraft lignin is not fully elucidated, these condensation reactions generally result in
short atomic distances between the aromatic rings (Crestini et al., 2017; Balakshin et
al., 2003; Gellerstedt and Zhang, 2001). In figure 6, a softwood kraft lignin model
has been adapted from (Crestini et al., 2017).

,o

Figure 6. A model structure of softwood kraft lignin adapted from Crestini et al. (2017). The
relative abundances of the various groups and bonding motifs are not specified, as they can vary

considerably; however, 5-5' and 4-O-5 linkages are often among the most prevalent.

During kraft pulping, the hydroxyl group composition of lignin changes. The
cleavage of B-O-4 linkages leads to an increase in phenolic OH groups, whereas the
aliphatic OH content often decreases due to side-chain degradation reactions such

as eliminations, oxidations, and rearrangements occurring under pulping conditions.

(Crestini et al., 2017).
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2.6. Residual lignin

Residual lignin, i.e. the lignin left in the fiber after pulping, has received less attention
than its native and technical counterparts. Structurally, it is often found to be in-
between, as it has intermediate phenol and alcohol content as well as both native
and condensed linkages (Argyropoulos et al, 2002; Balakshin et al., 2003;
Jaiskeldinen et al., 2003; Froass et al., 1996); however, the absence of molar mass
determination in many of these studies hampers comparison. It remains an open
question whether it is condensation reactions during pulping which hinder
depolymerization and solvation, or if it is the original structure of residual lignin that

makes it resistant to pulping reactions.

2.7. The glass transition phenomena in polymers and in lignin

The glass transition is an important property of amorphous materials, such as
polymers, but also for supercooled liquids such as glycerol. In polymers, large-scale
movements of longer chain segments are restricted below the T,, resulting in
stiffness and elastic behavior. Above T, in the rubbery state, segmental mobility is
possible, causing the material to soften and exhibit greater viscous behavior. For
liquids, the glass transition is typically accompanied by a change in viscosity of more

than 10 orders of magnitude (Ediger, 2000).

The glass transition is a phenomenon that is challenging to explain theoretically. It
is not a first-order thermodynamic transition in the sense that it does not occur at a
single, well-defined temperature at a given pressure — the transition temperature
depends on the rate of temperature change, as well as on the frequency of the
probing technique used. But the transition has easily measurable thermodynamic
consequences: when going from the glassy to the rubbery state, the heat capacity of
the material increases, as the degrees of freedom increase (Biroli and Garrahan, 2013;

Cavagna, 2009).
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One theory that explains the changes in polymer properties upon heating is the Free-
volume theory. According to this theory, polymers occupy a certain volume, but
there is also unoccupied space — known as free volume — between the polymer chains.
Molecular movement can only occur when there is sufficient free volume to allow
chain segments to shift into these spaces. Therefore, the amount of free volume in
the system is a key factor in determining molecular mobility. At higher temperatures,
free volume increases due to enhanced molecular vibrations, which expand the
distances between chains. Below the T, the free volume is insufficient to permit

large-scale chain mobility, whereas above T,, segmental rearrangements become

possible (Cavagna, 2009; Biroli and Garrahan, 2013).

The theory of Free volume is often good for predicting polymer behavior. An
example of this is the Flory-Fox equation (eq. 1), which is an empirical relationship
between molar mass and T,, that has been interpreted with the concept of free
volume. Chain segments have less free volume than chain ends, and therefore, M,
which is a measure on the chain-end concentration, is inversely correlated to T, (Fox

and Flory, 1954; Fox and Flory, 1950).

—T K

T, g™ M_n (1)

9

where T,e is the T, at infinitely high M,, and K is a constant related to the free
volume in the sample and that relates M, to T,. Ogawa (1992) has offered a modified
version of eq. 1, which considers the molecular-weight dispersity by replacing M,

with the geometrical mean of M, and My, (MHMW)V ,

The free-volume theory, however, cannot fully account for all glass-forming
phenomena. For example, some liquids have a drastic increase in viscosity upon
approaching the glass transition without a change in density (Ferrer et al., 1998). The
Adam-Gibbs theory takes better account of such phenomena, as it is built on
cooperative dynamics: molecules or molecular segments form cooperative

rearranging regions, which to relax, must cross local energy barriers (Adam and
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Gibbs, 1965). Thus, it is the thermal energy in the system, and not packing, that
dictates movement. This theory, as we shall see, also takes better account of how
heterogeneous dynamics can arise in glassy materials, as properties between local

regions may differ (Ediger, 2000).

With the development of polymer chemistry and physics in the post-war era, a new
theoretical framework and toolbox became available to wood scientists, and in the
1960s, 70s, and 80s, there was a substantial interest in understanding the viscoelastic
properties of lignin (McCarthy and Islam, 1999). Dry wood and pulp soften around
ot above 200 °C (Salmén, 1982; Startsev et al., 2017). Upon removing first lignin and
then hemicelluloses, the softening lessens successively, but the onset temperature
remains relatively unchanged (Salmén, 1982). As the corresponding isolated
materials have T,s in the same range (Goring, 1963), these transitions are likely a
combinatory effect of either the cooperative or individual transitions of some of the
amorphous wood components (lignin, hemi- and unordered cellulose). However,
there is evidence for lignin having an individual glass transition not coupled with

that of the polysaccharides (Kelley et al., 1987; Olsson and Salmén, 1997).

A major challenge in many early studies was the difficulty of isolating lignin in high
yield while maintaining a structure representative of its native, 7 situ form. The
isolated lignins typically exhibited T, between 125 °C and 175 °C (Goring, 1963;
Back and Salmén, 1982), significantly lower than those attributed to 7 situ lignin.
This discrepancy is likely stemming from the low yield of the isolated fractions —
typically only 10-30 wt% — which largely consisted of low molar mass components.
In effect, such isolates can be considered a result of fractionation rather than the
true representation of the whole lignin structure. The challenges associated with

isolating representative lignin are further explored in the following section.

The structure-thermal property relationships of technical lignins have been widely
studied due to their availability and central role in material development. Their T,s

typically fall between 100 and 160 °C, with kraft and soda lignins usually at the higher
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end, while organosolv lignins tend to have lower T, values (Wang et al., 2016). The
lower T, of organosolv lignins is could likely be attributed to efficient chain cleavage
and low degree of recoupling reactions. Technical lignins often exhibit a high degree
of heterogeneity, which is why they are frequently fractionated prior to further
processing (Gioia et al., 2018; Karaaslan et al., 2021; Ebrahimi Majdar et al., 2019).
In molar mass-fractionated lignins, T, increases significantly with molar mass,
tollowing the Flory-Fox relationship (Ebrahimi Majdar et al., 2020; Yoshida et al.,
1987).

2.8. Lignin isolation

The analytical isolation of lignin from the plant cell wall is one of the main challenges
in lignin science. To accurately determine chemical structure and molar mass,
isolation would ideally be both quantitative and non-degrading; however, the
complex, hierarchical architecture of wood necessitates some degree of physical or

chemical breakdown to access the lignin.

In an early attempt by Brauns (1939), about 10% of the lignin content was isolated
trom wood, by milling it to millimeter size and extracting with ethanol. Bj6rkman
(1956) was able to isolate 20-30% of the lignin from wood ball milled to a
submillimeter powder, by extracting with dioxane with small additions of water. This
latter method, known as Bjorkman’s lignin or milled wood lignin (MWL), quickly
became a standard protocol for isolating cell wall lignin, as it is considered to
maintain much of the native molecular structure. Although the method has certain
limitations — such as recovering only up to one-third of the lignin and inducing some
depolymerization of wood polymers through ball milling (Sapouna and Lawoko,
2021) — it remains the most frequently and comprehensively studied lignin type, with

data available from a wide variety of sources (Lupoi et al., 2015).

To avoid depolymerizing milling, techniques utilizing chemical degradation of the
carbohydrate structure have been developed. In the 1950-60's, scientists managed

close to quantitative isolation of lignin from wood degraded with fungi (Browning,
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1967). A decade later, a more refined enzymatic treatment was developed, with
similar yields (Pol¢in and Bezich, 1978). A disadvantage of these techniques is that

they entail high carbohydrate and protein contamination.

While many lignins, even those with relatively high molar mass, are soluble in
solvents such as dioxane and dimethyl sulfoxide (DMSO) (Sameni et al., 2017),
lignin-carbohydrate complexes (LCCs) tend to be less soluble and thus more difficult
to isolate (Balakshin et al., 2014). Nonetheless, near-quantitative extraction of these
complexes has been achieved using sequential dissolution in a series of solvents
(Giummarella et al., 2019). Although this approach facilitates structural analysis of
tractions, it should be noted that the bulk properties of these isolated fractions may

not be representative of native lignin.

At the turn of the last century, a combination of these techniques (ball milling,
enzymatic hydrolysis of carbohydrates and dissolution in acidified dioxane) was used
to isolate lignins of high yield (~70 %) and a structure very similar to MWL (Wu and
Argyropoulos, 2003). These lignins are termed enzymatic mild acidolysis lignin
(EMAL). The utilization of ball milling, known to depolymerize lignins, and the
acidified dioxane, used to break LCCs, are obvious disadvantages; nevertheless, this
protocol has been used to isolate several types of lignin, and it is generally considered
to provide a reasonable representation of the bulk properties in many respects
(Argyropoulos et al., 2002; Jaaskeldinen et al., 2003; Wu and Argyropoulos, 2003;
Guerra et al., 2006b; Guerra et al., 2007; Asikkala et al., 2012). Though much
attention has been given to the chemical and molecular structures of EMAL, their

thermophysical properties have yet to be studied.

2.9. Plasticization of lignin and lignin-containing pulp

Due to the high T, and poor flow properties of lighins, some modification is needed
before thermal processing becomes possible, of which external plasticization is the
simplest and most cost-effective. The first investigation into the external

plasticization of lignin using small organic molecules was conducted by Sakata and
22



Senju (1975), focusing on two types of lignin: softwood thiol lignin (heavily
condensed) and dioxane lignin (an isolated native lignin). The study examined the
effects of three different types of plasticizers: phthalic, phosphoric, and aliphatic
esters, with varying aliphatic chain lengths. Among these, phthalates were the most
effective in reducing the T,. Across all plasticizer types, shorter aliphatic side chains
led to greater T, depression, whereas molecules with chains of seven to eight carbon
atoms ceased to act as plasticizers, likely due to phase separation. Both lignin types
exhibited the same trend in response to side chain length; however, the study did

not clarify whether they responded differently to the three types of plasticizers.

A wide range of compounds has been shown to reduce the T, of technical lignin,
provided they exhibit some degree of polarity (Ayoub et al., 2021; Banu et al., 2000;
Milotskyi et al., 2019; Sakata and Senju, 1975). Bouajila et al. (2006) demonstrated
that effectively lowering T, requires saturation of the OH groups of lignin. In their
study, water acted as a plasticizer only up to the point where the lignin-OH and H,O
were molar equivalent. Furthermore, acetylation of lighin — replacing OH groups
with acetyl groups — lead to a T,-reduction comparable to that achieved by adding
an equivalent amount of water. These findings highlight the critical role of disrupting
internal hydrogen bonding in decreasing lignin’s T,. An inverse correlation between
lignin-lignin hydrogen bonds and T, vs moisture content has also been found in

molecular dynamics simulations (EIf et al., 2025; Vural et al., 2018a).

There has been some interest in looking at how different plasticizers affect the
viscoelastic properties of 7z situ lignin (Sadoh, 1981; Miyoshi et al., 2018; Chowdhury
and Frazier, 2013; Salmén, 1984). As previously stated, it is generally held that under
saturated conditions, the T, of the polysaccharide components of wood and pulp is
around room temperature (Havimo, 2009), whereas the T, of lignin remains around
100 °C. Generally, water, ethylene glycol, formamide and glycerol are good
plasticizers for iz situ lignin in wood, but DMSO, dimethyl formamide and N-

methyl-2-pyrrolidone have been found to reduce the glass transition temperature
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even further (Chowdhury and Frazier, 2013). The specific interactions have not been
tully elucidated, but the aprotic nature appears important, and possibly, the solubility

of the solvent/plasticizer in the lignin.

Changes in stiffness and strain at break were observed for both high-yield paper
(Salmén et al., 1984) and bleached kraft pulp (Eliasson et al., 2023) when plasticized
with ethylene glycol and glycerol, respectively. However, for the study on high-yield
pulp, it was only upon heating that these changes were observed, and when
delignifying the paper, the changes were much less pronounced. These findings
suggest an intricate relationship between the mechanical properties of the papers,
and the distribution and interactions of the plasticizers with the components of the

pulp; however, the exact distribution of the plasticizers was never investigated.

Two compounds whose molecular distribution and interactions in wood and pulp
have been investigated to a larger degree are water and poly(ethylene glycol) (PEG).
Water is often described as being either free or bound, meaning either present in
liquid form (in smaller or larger voids) or molecularly dispersed in the cell wall
matrix, respectively (Thybring et al., 2022; El Hachem et al., 2020; Penvern et al.,
2020). 2D relaxometry NMR has found that bound water occupies two distinct
chemical environments in wood (Jeoh et al., 2017; Gezici-Kog et al., 2017). Given
the spatial and chemical contrast between the lignin and polysaccharide-rich phases,
it is likely that the two chemical environments bound water finds itself are

represented by these, which Gezici-Kog et al. (2017) also suggest.

PEG is interesting as it is larger and less polar than water, and more like plasticizers
of interest to this thesis. PEG in oligomeric sizes has been shown to penetrate the
wood cell wall (Jeremic et al., 2007) via water submergence. In PEG impregnated
archaeological wood, PEG has been found to both exist as phase separated and
dispersed molecularly in lignin via ssNMR CP-kinetics experiments (Bardet et al,,

2007). In a later study, penetration of the cell wall was again shown via Raman
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microscopy, as well as the effective swelling of the amorphous matrix via SAXS

(Penttila et al., 2020).

Based on these previous studies on water and PEG, it appears reasonable to assume
that the plasticizers used on pulp would distribute themselves in similar ways:
molecularly dispersed in lignin, in polysaccharides or as a phase separated liquid. The
two former would act as plasticizers, whereas the latter has potential as lubricant,
hindering fiber-fiber joint formation (Vishtal and Retulainen, 2014). It is however
interesting to note that water appears to distribute itself in both lignin and
polysaccharide-rich phases, whereas PEG appears to largely interact with lignin —

suggesting that selective plasticization is possible.
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3. Methodology

3.1. Lignin isolation, fractionation, and characterization

To investigate the influence of chemical structure on the thermomechanical
properties of lignins, lignins were isolated from Norway spruce, wheat straw, and
unbleached softwood kraft pulp (USKP, composition in section 3.3) following the
enzymatic mild acidolysis lignin (EMAL) protocol (Wu and Argyropoulos, 2003;
Argyropoulos et al., 2002). The isolation process consists of three main steps: first,
the biomass undergoes ball milling; second, holocellulose is enzymatically
hydrolyzed; and finally, lighin is extracted using a mildly acidic dioxane solution

(figure 7). A MWL was also isolated from Norway spruce. A more detailed

description of the method is provided in Paper I.
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Softwood kraft lignin (Lignoboost) was fractionated following the method described
by Duval et al. (2016), which involves sequential dissolution in small volumes of
different organic solvents: ethyl acetate, ethanol, methanol, and acetone. This
approach separates the lignin into five distinct fractions, mainly characterized by
different molar mass. Further details on the procedure can be found in Paper I and

(Ghaffari et al., 2023).

These close-to-standard isolation and fractionation protocols have been used in this
work to obtain established categories of lignin. Thus, characterization is mainly
performed to confirm the success of the isolation of these categories, rather than for

a full structural elucidation.
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Figure 8. OH functional groups of kraft lignin fractions (left) and isolated lignins (right)
determined with *'P NMR according to Balakshin and Capanema (2015). Adopted from Paper L.

Details of the characterization are found in Paper I. In short, molar mass
distribution was determined using pullulan-calibrated GPC in DMSO with 10 mM
LiBr. Although pullulan calibration in DMSO tends to underestimate the size of
lignin, this underestimation is linear, allowing for consistent comparisons within the
same study (Zinovyev et al, 2018). See table 1 for results. Hydroxyl group
quantification was performed through *'P NMR analysis of phosphorylated lignin,

tollowing the method described by Balakshin and Capanema (2015) (figure 8).
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Table 1. Yield, molar mass, and purity of lignins.

Lignin (abbreviation) Yield M, (kg/mol) M, (kg/mol)  Purity"
Spruce MWL 21% 2.8 7.2 95.2% (0.4)
Spruce EMAL (SL) 60%" 3.8 275 92.6% (0.2)
Wheat straw EMAL (WL) 68%* 3.1 15.7 93.2% (0.4)
Pulp EMAL 50 (PL) 47% 5.8 77.3 93.7% (0.1)
Pulp EMAL 10 12%" 4.7 37.0 90.3% (0.5)
Kraft lignin (KT.) - 1.6 12.2 93.5% (0.6)
KL1 27% 0.7 1.8 -

K2 29%" 1.9 5.4 -

KL3 11%" 2.6 6.1 -

KL4 14%" 6.8 13.4 -

KL5 19%" 14.8 42.5 -

7Yield = mass of extract/mass of Klason and acid soluble lignin of biomass.

bYield = mass of extract/sum of the mass of all fractions.

<Purity = (Klason and acid soluble lignin - ash content - protein contamination)/mass of sample. Values
in parentheses are the pooled standard deviations (n=3). See Paper I for details.

The results in table 1 and figure 8 confirm the expected structures discussed in
section 2.4-2.6: the molar mass increases following technical<native<residual lignin,
whereas phenol content increases native>residual>technical lignin. The KL
fractions successively increase in molar mass (with relatively large dispersity) and
relatively uniform OH composition (KL1 and KL5 differentiate somewhat). Wheat
straw and Norway spruce EMAL also differ as expected, with a higher diversity of
constituents in the former (Paper I). For Paper III and this thesis, CP "C NMR
relaxation experiments were carried out to investigate the phase morphology of
Spruce EMAL, kraft lignin and Pulp EMAL 50, which will be discussed later, but
their respective spectra can be found in figure 9. The relative amount of aromatic
(160-100 ppm) against aliphatic carbons (100-0 ppm) shifts successively (from native
to residual to technical), demonstrating the loss of side chains during kraft pulping

as discussed in section 2.5. The shift in increasing Gs.s follows the same trend,
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indicating condensation reactions. A deeper analysis of the representativity of the
lignins can be read in the first results section of Paper I, but by large, the isolated

lignins represent their respective categories well.
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Figure 9. CP “C spectra of three softwood lignins with some general assignments based on

(Hawkes et al., 1993).
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3.2. Lignin modification

Four lignins were chosen for further modification based on the disparity in their
chemical structure: spruce EMAL (SL), wheat straw EMAL (WL), pulp EMAL 50
(PL) and kraft lignin (KL).

3.2.1. External plasticization

These lignins were plasticized with glycerol (GLY), triacetin (TA) and diethyl
phthalate (DEP) (figure 10. For procedure, see Paper II). The plasticizers were
selected based on their functional groups, where GLY is protic, TA and DEP are
aprotic, and DEP is aromatic. GLY can both donate and accept hydrogen bonds,
whereas the other two can only accept. The electron deficient aromatic ring of DEP
could also potentially interact with the electron rich aromatic ring of lignin,

competing with its n-n stacking (Hackenstrass et al., 2025; Martinez and Iverson,

a1
»oﬂ ©¢

Plasticizer Glycerol (GLY) Triacetin (TA) Diethyl phthalate (DEP)
Molecular weight 92 g/mol 218 g/mol 222 g/mol
Typsc -83°C -71°C -89 °C

Figure 10. Molecular structure, weight and T, of plasticizers. The T, of the plasticizers was

determined with differential scanning calorimetry (DSC) (Paper II).
3.2.2. Lignin esterification

Lignins were esterified with acetic, propionic and butyric anhydride by adopting a
method developed for quantitative acetylation of lignins for analytical purposes
(Mansson, 1983). The success of the esterification was evaluated with attuned total
reflectance Fourier-transform IR (ATR-FTIR) and *'P NMR. IR found a close to
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complete loss of OH stretching and the appearance of phenyl and alkyl esters (Faix
et al,, 1994) (figure 11). NMR confirmed the degree of esterification to about 94-
100 wt%; however, some remaining acid impurities were also found (0-5 wt%. See

Paper II for details).
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Figure 11. ATR-FTIR spectra of acetylated lignin normalized to the aromatic stretching at 1509
cm (left) and *'P NMR spectra of esterified SL (right). The figure is adopted from Paper II.

3.3. Pulp modification and characterization

The pulp used in this thesis was an unbleached softwood kraft pulp (USKP) made
of an unknown ratio of Norway spruce (Picea abies) and Scots pine (Pinus sylvestris).
The pulp was kindly supplied as never-dried by Stora Enso, who also carried out
compositional analysis (Paper IV, table S1): 13 % lignin and approximately 10 %
GGM and 9 % AGX.

The pulp was plasticized by suspending the never-dried pulp in water solutions
containing 1-5 wt% of plasticizer (figure 12). The ratio of plasticizer to pulp ratio
varied between 1:2 and 1:10, resulting in pulps of varying plasticizer content. The
suspensions were heated to 50 °C and stirred vigorously for 48 hours to achieve

dynamic equilibrium. For details on clean-up procedure, see Paper IV.
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Figure 12. Plasticization of pulp and following characterization.
3.4. Characterization techniques

The unmodified and modified pulps and lignins were characterized using a range of
techniques, with the three most relevant to this thesis — DMA, SAXS/WAXS, and

NMR - described in the following sub-sections.

3.4.1. DMA

In DMA, a sample is subjected to a sinusoidal stress (o), and the phase lag (J)
between the applied stress and the resulting strain (¢) is measured. In a purely elastic
material, deformation occurs immediately when stress is applied, whereas viscous
deformation causes a delay in the material’s response. Based on the phase lag, the
dynamic modulus can be divided into one elastic (E' = 6,/¢&, cos §) and one viscous
component (E" = o,/¢, sin ), where & is the maximum stress, w is the frequency of
the oscillation, and 7 is the time. The elastic modulus (E'), or storage modulus,
represents the energy stored elastically in the material during deformation, while the
viscous modulus (E”), or loss modulus, reflects the energy dissipated through
viscous deformations. In older instruments, the primary output was the tangent of
the phase lag, known as tan & or tan delta, which remains frequently cited in the
literature (Menard, 2008). This value is often interpreted as the fraction of viscous

over elastic deformation, i.e. 2 measure on molecular motion.

The glass transition is characterized by a drop in storage modulus E’, as illustrated
in figure 13, indicating a reduction in the material's resistance to elastic deformation.
Conversely, the loss modulus E" forms a peak at the glass transition, (as does tan d),

that eventually plateaus at a lower magnitude. These peaks arise because energy
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dissipation is maximized at the glass transition, where there is sufficient chain
mobility to allow deformation, but the material still exhibits significant internal
resistance. All these three definitions of the T, (T £ onscts L £ max A0d T an 6 max) Will
be used in this thesis. The maximum of E" is sometimes preferred, as it is suggested

to be more directly related to the transition to freer molecular movement (Hagen et

al., 1994).

Response

Temperature

Figure 13. Schematic DMA thermogram illustrating the glass transition of an amorphous

polymer.

Most isolated lignins cannot be cast or molded into continuous shapes, making them
incompatible with standard DMA setups. Likewise, pulp that is not to be prepared
as a paper will be difficult to measure as well. Over the past two decades, the
development of powder sample holders has made it possible to analyze these kinds
of non-continuous samples (figure 14). However, because the steel of the holder is
strained along with the powder and the geometry factor is not well-defined, the
moduli are non-absolute. Despite this, these setups have been shown to provide

reliable and accurate determination of thermal transitions (Mahlin et al., 2009).
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POWDER
SAMPLE
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Figure 14. Illustration of powder sample holder for DMA (adopted from Henrik-Klemens (2023).

The DMA measurements in Paper I and II were performed on a Q800 (TA
instruments) with liquid nitrogen cooling. In Paper IV, the measurements were
performed on DMA 850 (T'A instruments) with a cooling accessory and ventilation,
which allowed high-temperature runs. The standard measurement on lignin was
performed from 25 °C to 50 °C above the T, g, or as high as was possible before the
sample started off gassing. Pulp samples were run up to 300 °C. A heating rate of 3
°C/min was applied to all samples. Lignins and pulp samples were run with a strain
of 5 and 10 pum, respectively, with a frequency of 1 Hz. Unmodified lignin and all
pulp samples were run with an annealing of 5 min at 120 and 80 °C, respectively, to
remove moisture. Plasticized and acetylated lignins could not be annealed, as many
of the samples started to flow out of the holder at higher temperatures, resulting in
non-comparative force readings. However, samples ran with and without annealing
had very similar transition temperatures, so the moisture content (typically around 3
wt%) did not appear to affect the modified lignins very much. The moduli values
are non-absolute, but relative comparisons are possible. To enable this, E' are max-

normalized.
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The apparent activation energy (FE,) of the glass transition was determined by
measuring with the same conditions as above but alternating the frequency of
deformation between 1, 2, 5, 10, and 30 Hz. The E, was then calculated by plotting
the natural logarithm of the frequency against the reciprocal temperature of the glass
transition and using a rearranged form of the Arrhenius equation (Barral et al., 1994;
Mabhlin et al., 2009):

a(in f)
E,=-R|-—= 2
4 [a(l/rg) P @

where R is the universal gas constant, and fis the frequency of deformation. The E,
of the glass transition is temperature dependent and therefore non-absolute, but

determined using the same frequency interval, it can be used to compare systems

(Chowdhury and Frazier, 2013).

3.4.2. X-ray scattering

X-ray scattering is a non-invasive technique used to probe fine structural features of
materials. It enables the determination of distances between scattering centers, such
as atoms or particles, based on their diffraction patterns. Wide-angle X-ray scattering
(WAXS) is sensitive to atomic-scale distances in the Angstrém range. In contrast,
small-angle X-ray scattering (SAXS) examines structural features in the nanometer

regime such as interfaces, particles or pores.

WAXS profiles of crystalline materials exhibit sharp, well-defined peaks that can be
readily interpreted. In amorphous materials, however, the profiles typically consist
of one or a few broad Gaussian-like distributions, the origins of which are either
inter- or intramolecular distances. SAXS profiles are sensitive to the size, shape,
distribution, and contrast of electron density in nanoscale domains. In many
practical systems, SAXS data may exhibit only subtle features, making interpretation
challenging. To extract meaningful structural information, modeling is often needed;
however, proper interpretation of models requires prior knowledge of the system,

such as its composition, morphology, or contrast conditions (Roe, 2000).
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One of the main strengths of X-ray scattering lies in its statistical power: it provides
rapid, average structural insights over large sample volumes, something that would
be time-consuming, or even impossible, with microscopy-based techniques. In this
thesis, SAXS and WAXS are used to investigate both lighin and pulp, and how their

structures alter upon plasticization.

The peaks and shoulders in the scattering curves can be related to real distance via
Bragg’s law, duiry = 210/ qnkry (eq- 3), where hk/ are the Miller indices, which
specify the orientation of lattice planes in a crystal. In WAXS, the size of crystalline
domains can be estimated via the Scherrer equation, Lipxy = 2K /Aq iy (eq- 4),
where K the Scheerer constant (K=1 in this work) and Ag, is the line broadening at
the half maximum (Garvey et al., 2005). The line broadening at the half maximum
was determined by fitting Gaussian functions to the cellulose lattice places of (110),
(1-10), (004), and (200) and one peak accounting for amorphous scattering centered
at 1.31 A", The unordered cellulose, hemicellulose, lignin, and plasticizer all have
different amorphous halos; thus, a single gaussian will not be able to accurately
account for all the amorphous materials. However, as the (200) signal is so intense,
and its narrowing could be visually observed, L) was considered possible to
determine with some certainty. The crystallinity index (Ctl) was estimated using the

Segal method (Segal, 1959), eq. 5:

Crl = (200" fam )
1200)

where Ly is the intensity (peak height) for the (200) peak at ~1.59 A" and I, the
intensity at 1.3 A™!. The Crlsg overestimates the crystallinity of cellulose but can be

used comparatively (Salem et al., 2023).
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3.4.3. NMR

NMR spectroscopy takes advantage of the nuclear spin of atoms. As a charged
particle with a spin will generate a magnetic field, nuclei with non-zero spin, such as
'H, °C, and *'P appear as small magnets. If a magnetic field is applied (By), the spin
of the nuclei will orient themselves with or against the field. The energy difference
between these two states is related to the bonding environment of the atom (Mirau,

2005).

The energy difference is probed by a radio frequency pulse (creating an oscillating
magnetic field) that flips and aligns the magnetization vector (the orientation of spin)
of atoms/nuclei. When the magnets are relaxing back to their equilibrium positions,
they induce a current in a receiver coil. This signal is a decaying sine wave called the
free induction decay. It is decaying as the net magnetization perpendicular to the coil
is defocused, i.e. the spins are fanning out. This relaxation is referred to as spin-spin
relaxation, as it is governed by energy transfer between nuclei and is associated with
the time constant T5. Another, slower relaxation takes place simultaneously, where
the net magnetization vector is moving from perpendicular to parallel with the
applied magnetic field. This relaxation is referred to as spin-lattice relaxation and is

associated with the time constant T; (Mirau, 2005).

The T relaxation time is an important factor in NMR, as it determines the frequency
at which scans can be repeated, to achieve a higher signal to noise ratio. 'H nuclei
relax quickly, partly due to their high abundance, allowing for faster scanning. In

contrast, °C nuclei relax more slowly, which contributes to longer experiment times.

By using polarization transfer methods, where magnetization is transferred from a
fast relaxing to a slow relaxing nucleus, e.g. 'H to "°C, more scans can be collected
in a shorter time. Two types of polarization transfer experiments are used in this
thesis: cross polarization (CP) and insensitive nuclei enhanced by polarization

transfer (INEPT).
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In CP, the polarization is transferred by dipolar interactions, whereas INEPT
transfers over covalent bonds (J-couplings). CP is used in solid-state NMR (ssNMR)
as it is sensitive to rigid molecules but gives no signal for liquid compounds. INEPT,
on the other hand, is sensitive to mobile compounds and insensitive to slow-moving

molecules (Nowacka et al., 2010).

Polarization transfer can be used to increase the sensitivity of ?C NMR, but as hinted
above, it can also be used to study the dynamics and morphology of polymers. CP
and INEPT can be used to differentiate rigid and mobile components in a sample

(Nowacka etal., 2010), such as plasticizers that have phase-separated from a polymer
blend.

It is also possible to study the phase morphology of polymers via spin-diffusion: the
transfer of spin to neighboring nuclei by dipolar couplings, i.e. the mechanism active
in CP. Proton T; ,TY, is influenced by diffusion of spin arising from transfer of
magnetization to neighboring protons. The high abundance and strong coupling of
protons make spin diffusion a phase-dependent phenomenon; thus, it is possible to
differentiate phases based on their relaxation time. In this thesis, the phases of
interest are plasticized/unplasticized polymers, cell wall components in the same or
different phases, and biphasic relaxation behavior as an expression of morphological

heterogeneity.

Within this work, two relaxation experiments were performed: varied spinlock and
inversion recovery. In the former experiment the intensity is fitted to an exponential
decline (eq. 6) and spin-lattice relaxation in the rotating frame (T'p) is calculated,
whereas in the latter experiment, the intensity is fitted to an exponential growth and
TY is calculated (eq. 7). Unlike TV, which describes relaxation back toward
alignment with the static field By and is characterized by relaxation times on the order
of seconds, T1ip describes the faster relaxation of magnetization aligned with an
applied spin-lock field B ¢, with relaxation times on the order of milliseconds. In

this thesis, the relaxation time was probed in the carbon domain via CP, enabling
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the investigation of the relaxation behavior of all components in the blends. By using

mono- or biexponential versions of the equation, the heterogeneity of the phase

morphology can be probed.
I(ty) = Ipe t/Tib+ [ je~ta/T'%p ©)
I1(tg) = Io(1 — 2e~ /Ty 4 'y (1 — 2e~ta/T'T) )

where I is the initial (eq. 6) or equilibrium (eq. 7) signal intensity and # is the delay
time in the respective experiment, and the apostrophe denotes a second relaxation

phase.

Both time constants are associated with an upper limit on the length scale of mixing

(L= \/6D7T1), where D is the spin-diffusion coefficient). In a two-phase system, if
the length scale of the individual phase domain is less than I, then a single averaged
proton relaxation rate will be measured for both phases, i.e. they are not possible to
differentiate. For rigid polymers in the glassy state, L. will be about 20 nm and 2 nm
for TT and T1p, respectively. Thus, by studying both kinds of spin diffusion, the
phase morphology can be probed at different length scales (Meurer and Weill, 2008;
Mirau, 2005).
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4. Inherent properties: the softening of isolated and 7n situ

lignins and polysaccharides

4.1. Determining the T, of isolated lignins

As has often been described in the literature (Clauss et al., 2015; Fox and McDonald,
2010; Souto and Calado, 2022), determining the T, of lignin using DSC is not always
trivial. The change in heat capacity (C,) over the glass transition for lignin is not
large, and as G, is inversely correlated to molar mass for polymers (Wu et al., 2021),
the change becomes even smaller for high-molecular-weight samples. Lignins are
also associated with exothermic events close to their T, and temperatures above,

which further obscures the weak endotherm of the glass transition.

Of all the lignins isolated in section 3.1, only the T, of low-molecular-weight lignins
could easily be determined using DSC. All the higher-molar mass lignins either did
not exhibit an endothermic event, or it was obscured by an exothermic event (figure
15a); however, in the powder sample holder for DMA, the T, was possible to
determine for all lignins of the study (figure 15b), and their T, have been plotted in

(figure 15c¢). See appendix 1 for investigation of the linear viscoelastic region.

Absolute moduli values are unobtainable with the powder sample holder, but relative
estimates are possible. All lignins in the glassy state had very similar £’ values (Paper
I, figure S1), but the drop in E over the glass transition varied. For both the KL
tractions (Paper I, figure 7) and the isolated lignins (figure 15b), the degree of
softening (drop in E’) correlated with the molar mass, suggesting that flowable
lignins are best obtained by chain scissioning. That is, if there is a net reduction in
molar mass, even if the lignin also condenses during the treatment, as in kraft
pulping, an increased flow in the rubbery state is to be expected. However, the same

is not true for the T,, as we shall see in the next section.
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Figure 15. DSC (a) and DMA (b) thermographs of isolated lignins with legend in (b). The T, of
all the lignin in the study determined by both DSC and DMA (c).

4.2. At what temperature do the components of wood and pulp soften and

why?

All three major components in wood and pulp — lignin, hemicellulose and cellulose
— soften upon heating. The question is when and why these materials soften, a matter
which their non-continuous and multilayered organization obscures. The main focus
of this thesis is the softening of lignin, but we will here start by looking at the thermal

softening of polysaccharides.
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Goring (1963) found that cellulose from different sources soften between 230-250
°C, using a plunger tool. He proposed three possible explanations for this softening:
the glass transition of the unordered part of cellulose, chemical decomposition or a
combination of the two. Later studies have, via molecular dynamics simulations,
tound that amorphous cellulose has a T, around 250 °C (Chen et al., 2004; Elf et al.,
2023). Likewise, by determining the T, of plasticized cellulose (cotton linters etc.)
and extrapolating to zero plasticizer content, several studies have proposed a T, of
pure celluloses in this region (Paes et al., 2010; Hancock and Zografi, 1994;
Szczedniak et al., 2008). A glass transition involves the onset of cooperative
movements, something which is difficult to imagine for the unordered surface layer
of cellulose (and hemicellulose), but the studies above indicate that the thermal
softening of semicrystalline cellulose above 200 °C involves a physical transition akin
to a glass transition. However, it remains unclear if chemical degradation also plays

a role in the thermal softening observed in holocellulose at these temperatures.

The pseudo-thermodynamic nature of the glass transition can be used to inquire
about the nature of the softening — T, is frequency dependent, whereas softening
due to chemical decomposition is not. Thus, by performing a frequency cycling over
a temperature ramp, softening due to the two phenomena should be possible to

differentiate.

As is evident from figure 16, cellulose powder (milled bleached kraft pulp, 97 wt%
glycose, see Paper IV for details) has a softening event taking place at ~275 °C, but
which has no frequency dependency. Isolated softwood GGM, characterized in
(Hirdelin et al., 2020), on the other hand, has a softening with Arrhenius behavior
and an apparent E, of 1150 kJ/mol, followed by a softening at the same temperature
as cellulose. The first is most likely a glass transition whereas the latter could be
related to chemical degradation. For cellulose, it is possible that physical and
chemical softening coincide. An increased mobility is often also seen to increase

thermal degradability, as the increased motion decreases the likelihood of
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recombination of heat-severed bonds and allows for greater oxygen diffusion —
behavior which has been observed in cellulose derivatives (Tsioptsias, 2021). It is
also possible that cellulose has a glass transition unconnected to this degradation,
which could not be detected under our conditions. Polysaccharides in wood and
pulp appear to contribute to softening in the measured temperature range through

both glass transitions and chemical degradation processes.
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Figure 16. Non-normalized E'as a function of temperature for cellulose powder and a softwood

GGM. The GGM composition is described in (Hirdelin et al., 2020). The inset shows the inverse

of T rronseras a function of the natural logarithm of the frequency of deformation.

Norway spruce, milled to millimeter size (mesh 60) and run in the same DMA set
up, has two softening events (figure 17): one at 219 = 12 (here termed Tiy) and one
at 275 * 8 °C (Thig)- The latter coincides with the thermal softening of cellulose and
the higher temperature softening of GGM, whereas the former would then likely be
related to the T, of hemicellulose or lignin or both. These results are in very good
agreement with those of Startsev et al. (2017), who performed DMA on Pinus
sylvestris, reporting 195 and 277 °C for the corresponding transitions, and providing

similar interpretations of their origin.
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Figure 17. E' as a function of temperature for milled Norway spruce (left) and USKP (right) and
their respective isolated lignin. Standard deviations are based on 3 and 5 observations for lignins

and lignocelluloses, respectively.

With the EMAL protocol, 60 % of the lignin from the Norway spruce was isolated.
Its T, is 171 °C, markedly lower than the softening of spruce, but still closer than
that of MWL. Guerra et al. (2006a) and myself (Paper I) found MWL and EMAL
to have very similar chemical structure, but with EMAL having a much higher molar
mass, which explains the discrepancy in T,. In the Ogawa plot (figure 18), which
takes better account of the high molar-mass dispersity in the samples than the Fox-
Flory, an extrapolated line between the two data points intersects the y-axis at
approximately 190 °C. This would mean that spruce lignin at infinite molar mass
(eq. 1) would be expected to have a T, around this value, which is consequently
closer to what we observe for Norway spruce. The accuracy of this is obviously
questionable, as there are only two data points and the molecular-weight
determinations are non-absolute, but it nonetheless points towards what others have
indicated (Salmén, 1982; Startsev et al., 2017) — that the thermal softening of dry

wood at around 200 °C encompasses the glass transition of lignin.

Another concern of this thesis is how the thermoplasticity of lignin fares during kraft
pulping. In the past, this has been studied by submerging wood and pulp samples in

water or ethylene glycol which shifts the T, of the holocellulose below zero, and
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brings the T, of lignin down to about 100 °C (Vikstrém and Nelson, 1980; Heituer
and Atack, 1984). The T, of lignin in pulp and wood can then be compared; however,
as is evident in Paper II, plasticizers affect different lignins differently — i.e. the
plasticization effect of water might be more efficient for the kraft cocked lignin —

which would hinder meaningful comparison.
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Figure 18. T, as a function of reciprocal molar mass, M, (left) and of the (M.M.)"(right). Kraft
lignin (grey), KL fraction 1-5 (black, fitted with a black line), isolated spruce lignin (green,
graphically extrapolated line) and Pulp EMAL (blue). Insert in right plot: Arrhenius plot with E,
reported in kJ /mol.

By comparing the first softening (Ti.) of Norway spruce and unbleached softwood
kraft pulp, USKP (figure 17), it is evident that USKP softens at a higher
temperature. This could be related to loss of hemicelluloses or changes in lignin
chemical structure. By isolating the USKP residual lignin with the EMAL protocol,
close to half of the lignin was extracted (sample name Pulp EMAL 50). The isolated
lignin has a high T, and a low degree of softening (drop in E’). In the plots in figure
18, the T, of the Pulp EMAL samples falls on the line for kraft lignins, suggesting a
comparable restriction of segmental movements. Thus, at a given molar mass,

residual kraft pulp lignin would be expected to have a higher T, than native softwood
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lignin. That is, native lignin structures appear to benefit segmental mobility, though

the comparatively high molar mass of isolated native and residual lignins mask this.

The softening of Norway spruce and USKP, and their respective isolated lignins,
were also investigated with the frequency cycles. The isolated lignins exhibited a clear
Arrhenius behavior with E, in the 300-1100 kJ/mol range (figure 18 and table 2);
however, for both Norway spruce and USKP, no correlation with frequency was
tound for either T,y or Thigh. The reason for not detecting a frequency dependence
in USKP and milled wood might be the insensitivity of probing the glass transition
in a material with no continuous amorphous phase, or simply that the amorphous
polymer content is too low for analysis of such detail. We will return to the question

of the T, of the wood components in, in section 5.2, when USKP is plasticized.

Table 2. E, of the glass transition based on Ty max and the effective T'ip.

Lignin E. (k] /mol) (n=3) T1pesr. (ms)°©
Spruce EMAL 300 * 75"
Softwood kraft lignin 380 £ 20 11.1£02°
Pulp EMAL 50 1050 £ 140 9.6*°

Single measurement due to lack of material. PDuplicated measurement with error calculated as the
difference between the values divided by 2.¢T i < was calculated as the sum of the population-weighted

average of the relaxation rates (1/T1}), as we shall see in section 5.1, lignin has heterogeneous spin

diffusion.
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NMR relaxometry in the rotating frame, T1p, was used to probe the phase
morphology of the lignins (see next section); however, the T values, measured
under identical conditions, also allow comparison of molecular dynamics. Although
T is dominated by spin diffusion and cannot be directly interpreted in terms of
correlation times, spin diffusion does depend on molecular mobility (Mirau, 2005).
Below T,, the mobility of lignin is governed by local motions such as ring flips
(Kang et al., 2019); therefore, in our samples, T is more likely to reflect local chain
dynamics. E, of the glass transition, on the other hand, is a measure of energy
barriers for segmental rearrangements (Aharoni, 1972; Ediger, 2000; Chowdhury
and Frazier, 2013). Thus, these two parameters probe polymer chain dynamics at
different length and time scales. As is evident in table 2, E, follows the molar mass
of the lignins, much like the degree of softening (drop in E') over the glass
transition did, which is not surprising, as segmental motion and molecular weight
are highly correlated below a certain molar mass. However, the T'p, probing local
motions, appears to be more correlated with the degree of condensation, as Pulp
EMAL 50 has an intermediate value. This would suggest that native structures,
such as 3-O-4, are beneficial for local mobility, whereas condensed structures, such

as 5-5') are detrimental.
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5. Modified properties: the softening of plasticized lignin and

pulp

5.1. Plasticization of isolated native, residual, and technical lignin

In the previous section, we observed that the chemical structure and molar mass
significantly influence the viscoelastic properties of lignins. However, it remains
unclear whether these structural differences are substantial enough to cause different
responses to different types of modifications. In this section, four lignins selected
from the original seven lignins isolated in section 3.1, spruce EMAL (SL), wheat
straw EMAL (WL), pulp EMAL 50 (PL) and kraft lignin (KL) — chosen for their
distinct structural characteristics — will be subjected to different plasticization

methods to explore this question (Paper II-11I).

Powder DMA was again employed to investigate the plasticized lignins, as they could
only be cast into very brittle films, if they formed films at all. Since the 1950s, the
standard DMA approach for examining the plasticization of synthetic polymers has
involved analyzing mechanical damping profiles (tan J) and modeling the T, using
more or less complex functions (Nielsen et al., 1950; Bishai et al., 1985; Vilics et al.,
1997; Gama etal., 2019). Standard DMA is less commonly applied to isolated lignins,
likely due to challenges in producing self-supporting samples and obtaining
sufficient quantities of isolated lignin. However, the use of a powder sample holder

helps to overcome these limitations.

One aim of this examination was to determine which plasticizer caused the least
broadening of the tan J peak — a measure of the glass transition width. In theory, the
plasticizer that distributes most homogeneously within the polymer matrix would
result in minimal peak broadening (Mok et al., 2008; Vilics et al., 1997). However,
contrary to expectations, a narrowing of the tan ¢ peak was observed across all lignin-

plasticizers blends. An example is shown in figure 19, where the normalized tan ¢
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of plasticized SL is plotted. This unexpected result suggests that, rather than studying
the distribution of plasticizers, we are instead observing how the system as a whole
is homogenizing. To confirm that this narrowing is not a phenomenon related to
measuring powders, an acrylic polymer powder was also plasticized with TA, but
here a broadening was instead observed (appendix 1). For all lignins except WL,
TA is the plasticizer that brings about the narrowest transitions, suggesting good

compatibility with many types of lignin structures.

—3SL
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— 20 wt% TA
30 wt% TA
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Figure 19. Tan ¢ for plasticized spruce EMAL (SL) as a function of temperature. The y-axis has

been normalized.

The evidence of this homogenization is indirect and there is an uncertainty in using
the glass transition to study populations, as the transition is based on cooperative
dynamics which are changing with temperature (Cavagna, 2009). To probe the phase
morphology directly, the homogeneity of spin diffusion of the two most structurally
distinct softwood lignins, SL. and KL, was investigated using CP ssNMR
relaxometry. Via varied spin lock experiments, the Tp was determined for lignins
and TA. TA was used as it produced to greatest narrowing of the glass transition

region and is clearly separated from lignin in the “C spectrum.
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Bayesian and Akaike information criterion, which reward low residuals and penalize
number of parameters (Brewer et al., 2016), were used to compare the fit of mono
or biexponential versions of eq. 6 (tables with the fitting statistics are find in Paper
I1I, table S4); however, the better fit is also evident from visual inspection (figure
20). Unplasticized SL and KL were found to have a heterogeneous spin diffusion —
that is, their relaxation was better fitted with a biexponential — with a rigid majority
and a mobile minority phase (figure 21). This indicates that there is some
heterogeneity in the material with disparate domains larger than a few nm. For KL,
tor which the relaxation experiment was duplicated on different aliquots (2x~70

mg), the fittings were close to identical.

e SL
e SL10%TA
SL 30% TA

- Monoexp.
— Biexp.

Ln ()
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Figure 20. The natural log of max-normalized intensity of lignin-OCHj as a function of spin lock
time (delay) for spruce EMAL (SL) with and without TA. As evident, the relaxation pattern of the

samples is better covered by a biexponential, indicating a heterogeneous chemical environment.

When plasticizer is introduced, the biexponential model continues to provide a
superior fit for both lignins, and the distinction between mono- and biexponential
fitting criteria becomes increasingly pronounced. At a plasticizer content of 10 wt%,
both rigid and mobile phases are still present, showing only minor alterations in their
dynamics. The T'A appears to have entered both phases, as indicated by the matching

T} values.
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At 30 wt% plasticizer, however, the phase morphology changes significantly. In KL,
the dominant phase now exhibits a Ty comparable to that of the previously mobile
phase, and a new, highly mobile minority phase emerges. This minority phase has
grown slightly in size and contains a greater amount of TA. In contrast, SL shows a
less dramatic transition: the overall mobility changes less but the two domains

become equal in relative abundance, each incorporating a similar proportion of TA.

15 15
97%
94% f ® KL ® SL
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Figure 21. T’} plots for KL (left) and SL (right), where the T}, of the lignins and TA are in orange
and blue, respectively. The percentages give the relative abundance of the two phases. See (Paper

ITI, table S4 for fitting statistics and parameters.

With plasticizer, the tendency was for both lignins to have a convergence of the T
of their two phases. Since both Tip and T, depend on molecular mobility and
interactions, they are expected to be correlated, consistent with reports in the
literature (Hill et al., 1999; Liu et al., 1990; Schaefer et al., 1987). Thus, the
morphology of these lignins is perhaps not homogenized, as evidenced by their
heterogeneous spin-lattice relaxation, but a convergence of the T'ip values of the two

phases suggests a convergence of local physical properties, such as T,.

The results above are discussed as two-phased systems, but this one or two-phase
dichotomy is forced on the samples by modeling spin-lattice relaxation as a mono-

or biexponential. There is no evidence in DSC or DMA for a two-phase polymer
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system. Two other possibilities, not based on phase separation, are that gradients in
the chemical environment exist within the material, with certain lignin structures
aggregating into something less well defined than a phase — akin to gradient
copolymers (Mok et al, 2008). The other explanation is the inherent spatial
heterogeneity of glass-forming materials. Below T, cooperatively rearranging
regions develop independently, causing even single-component liquids to exhibit
local variations in dynamics (Ediger, 2000). It could also be a combination of the
two: the inherent spatial heterogeneity of glasses is further enhanced by the
compositional heterogeneity of lignin. Nonetheless, the physical properties of these

local gradients appear to homogenize.

At 10 wt% plasticizer content, the T,-depression is relatively uniform for all the
plasticizers-lignin combinations (figure 22). It is only at higher plasticizer
concentrations that the curves start deviating, with some plasticizer-blends starting
to plateau. Such behavior would suggest that the plasticizer has phase separated, and
indeed, in both DSC and INEPT, these samples do exhibit a liquid plasticizer phase
(Paper III, table 3). As discussed in Paper II, the solubility of plasticizers in
different lignins could only be partly predicted using Hansen solubility parameters

(HSP).
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Figure 22. T, determined as the onset of £’ as a function of plasticizer content or weight increase

upon esterification.

The lignins were also quantitatively esterified to compare their efficiency to external
plasticization. Esterification was found to be much less efficient in reducing the T,
of lignins on a weight-addition basis. This has been observed for synthetic polymers
as well and, via molecular dynamics simulations, it was suggested to be due to the
lower dynamics of a covalently attached side chain compared to a small plasticizer
molecule (Klahn et al., 2019). It is interesting to note that the narrowing of the glass

transition was not observed upon esterification, suggesting that it is a solubilization
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effect that homogenizes the properties of lignins (Paper II, figure 3).
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The uniform T, at 10 wt% plasticization, would suggest that no superior
organization arises from any specific combination of lignin and plasticizer. However,
this is slightly misleading, as the plasticizers have different molar mass. On a molar
basis, TA and DEP are twice as effective as GLY at reducing the T,. This discrepancy
in molar performance suggests that there are specific plasticizer-lignin interactions
involved. Lignins have high cohesive energy and to achieve chain spacing and
mobility, strong lignin-lignin interactions must be overcome. Thus, one of the aims
of plasticization is to disrupt these interactions. Hydrogen bonding in lignin, both
inter and intramolecular, governs much of lignin mobility and conformation (Elf et
al., 2025; Petridis and Smith, 2016; Vural et al., 2018a). Aprotic plasticizers such as
TA and DEP can only accept hydrogen bonding, whereas GLY can both accept and
donate. This means that GLY could form hydrogen bonded bridges between lignin
molecules, restricting chain movement, as has previously been observed for both
synthetic and biopolymers with similar plasticizers (Song and Wang, 2020; Stukalin
et al.,, 2010; Ozeren et al., 2020). Such bridges are much less likely with aprotic

plasticizers.

To probe the mobility of the lignins at room temperature, CP NMR was again
utilized. As CP becomes less efficient with increasing molecular mobility, signal
intensity can be used to probe dynamics. The intensity of lighin resonance as a
function of contact time, i.e. the time that polarization is transferred from 'H to "°C,
is seen in figure 23. From this plot, it is evident that plasticization increases the
mobility of lignin, as all plasticized samples have a lower intensity than the respective
untreated lignin. Likewise, the aprotic plasticizer, TA and DEP, lower the intensity
to a greater extent than GLY does. This would then suggest that the hydrogen

bonding potential of GLY is antagonistic to lignin mobility.
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Figure 23. CP-build up and decay of O-substituted aromatic carbon resonance as a function of

contact time of plasticized kraft lignin (left) and spruce lignin (right). Adopted from Paper III.
5.2. Plasticization of pulp: interactions and thermal deformation

In this section, how plasticizers distribute themselves in the pulp cell wall and if
softening of the amorphous matrix changes deformation mechanisms will be
investigated. The unbleached softwood kraft pulp of this thesis, USKP, was
plasticized with TA and GLY via water submergence and subjected to spectroscopic
investigation. The amount of plasticizer in the pulp materials was quantified via
Soxhlet extraction and was found to be around 2, 5 and 15 wt% (the materials are
named USKP-wt%-plasticizer. See Paper IV, table 1 for details). The plasticized
pulp was then hot pressed, and the reorganization of the cell wall was examined with
WAXS and SAXS. GLY and TA were chosen as they were expected to lead to
selective plasticization, partly based on the high affinity of TA for lignin (Paper II
and IIT) and its immiscibility with amorphous cellulose (Elf, 2025), and the relatively
high affinity of GLY for all cell wall components, found in both molecular dynamics
simulations (Elf, 2025) and HSP (Hansen, 2000; Ni et al., 2016; Sun and Sun, 2024).
This hypothesized selectivity could then be used to further inform on the role of

plasticizers on thermal deformation.
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The first question to answer is if the plasticizer has transversed the entire cell wall
(i.e. from outer surface to lumen) and if the plasticizer is molecularly dispersed in
the cell wall or exists as a liquid phase. By performing line-scans of cross sections
using optical photothermal IR (O-PTIR), a confocal IR spectroscopic technique, the
impregnation could be studied with a 500 nm spatial resolution (i.e. ~6-13 points of
analysis per cell wall) (figure 24). In all TA-containing fibers analyzed, T'A was found
in all sites of analysis, indicating that 48 hours was sufficient time for impregnation;
however, the distribution was very uneven. GLY was not possible to differentiate
from the polysaccharides using O-PTIR, but there is no reason to assume that its

micro-scale distribution would look much different.
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Figure 24. Average of all USKP-6-TA and USKP spectra normalized to standard normal variate
(SNV) (left), with inset with the difference spectrum between USKP-6-TA and USKP, fitted with
three Voigt functions (pure TA is centered at 1748 cm™). Line scans of USKP-6-TA fiber cross
sections plotted as the ratio of carbonyl stretching (1765-1710 em™) to the vibrational band of

lignocellulose (1180-1140 cm™) as a distance from the outer surface (left).

As TA is aprotic, it does not engage in hydrogen bonding in its pure state; but upon
addition to the hydroxyl-rich environments of pulp, hydrogen bonding would be
expected. 'The carbonyl-stretching peak (1800-1650 cm™) shifts to lower
wavenumbers when hydrogen is being accepted (Oram et al., 2020), which was also

observed for the pulp samples. Upon plasticizing pure cellulose powder, and the
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lignin isolated form the pulp, PL, similar redshifts were observed; however, the shift
was slightly larger for PLL — most likely due to interactions with the more acidic
phenol OH groups (Paper IV, figure S4). A rough estimation of TA interacting
with either holocellulose or lignin in the pulp, calculated based on the integrated
carbonyl peaks of the plasticized pure compounds, suggests that a majority of the

TA (~70 %) is interacting with the holocellulose.

Several ssNMR experiments were performed to further investigate the pulp and the
distribution and interactions of the plasticizers. By conducting both CP and INEPT,
plasticizers behaving as either solids or liquids could be differentiated. The CP
spectra in figure 25a-b partly confirm the O-PTIR findings: a majority of the TA is
behaving like a solid, molecularly dispersed in the cell wall (assighment of the cell
wall components in figure 25d). However, a minority part has the dynamics of a
liquid, as evidenced by TA resonance in the INEPT spectra, indicating that it is
phase separated. GLY only resonated in CP, indicating its total molecular dispersion

in the cell wall, most likely due to its higher affinity for polysaccharides.
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Figure 25. CP spectra with CP and INEPT insets of the plasticizer region (a & b). In (b), the
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cellulose and part of lignin (c).

Relaxometry ssNMR was used to investigate changes in the chemical environments
of the cell wall components of USKP. As the carbon spectrum of GLY overlaps
with the polysaccharides, the following ssSNMR experiments will only be conducted
on TA-containing pulp. The integrals of Cy cryse, Canon-cryse. and of the OCH3 of lignin
all have relaxation patterns (in both T and T'ip) best fitted with a monoexponential,
indicating single phases (figure 26. Fitted data and fitting statistics in Paper IV,
figure S2 and table S2). The only exception was Ty for Cy non-crysi, Which is better
titted with a biexponential — perhaps due to the inclusion of hemicelluloses in the
integral range (see Paper IV for full experimental detail). The matching T1' of Cy eyt
and Cy non-cryse and the different value for lignin suggest that the polysaccharides and
lignin occupy distinct domains in the ~20 nm range, indicating that larger lignin

domains remain after pulping.
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Both T% and T relaxation changed upon plasticization. All carbons were now
better fitted with a longer single T, indicating a changed chemical environment. In
T, the polysaccharides appear to be partly plasticized by TA with a majority
populations remaining more or less unchanged, whereas the entire lignin population
appears to change. The new Tip matches those of TA (also biexponential decay),
further indicating their molecular mixing. T relaxations find that the entire
populations of the fitted carbons have changed, whereas T} relaxations indicate a
partial plasticization. The reason for this is likely the slower relaxation of T, which

homogenizes local differences.
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Figure 26. T (left) and T1' (right) of USKP with and without 15% TA. The percentages of the

phases are their relative abundances (In/I.) and should be considered semi-quantitative.

It would appear as if water-mediated plasticizer impregnation can be performed to
introduce plasticizers into the entire cell wall of pulp, even if the absolute amount
appears to vary greatly. TA and GLY were chosen with the aim of achieving selective
plasticization (lignin and lignin-holocellulose, respectively). As TA was found to
interact with all components (no direct TA-hemicellulose interaction was detected,
but cellulose is unlikely to be plasticized without the hemicelluloses), this aim does
not appear to have been achieved, at least not in a qualitative manner. But perhaps
quantitatively, as the change in Ty was only partial for the polysaccharides and parts

of the TA was phase separated.
60



To investigate the thermal transitions of the plasticized pulp, the powder sample
holder for DMA was again used. Upon plasticiation, Tio. shifts to lower values,
whereas Tiin remains (figure 27), which further strengthens the case for Ty, being
related to degradation and Ti, the glass transition of lignin. In most replicates of the
pulp containing ~15 wt% plasticized, a single Ti,, was found around 120 °C, but for
2 and 5 wt%, there was tendency for two drops in E'in the 100-200 °C range (Paper

IV, figure S7), possibly due to the uneven spread of the plasticizers.
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Figure 27. E' (left) and E" (right) as a function of temperature of USKP with and without

plasticizer.

To investigate the plasticizers effect on the thermomechanical induced deformation
on the fiber cell wall, USKP with and without 15 wt% plasticizer was hot pressed
below and above T, the supposed T, of lignin, and subjected to WAXS and SAXS
analysis. The hot-pressing was triplicated, and all samples were measured. The
scatter profiles displayed below are averages of these, but the calculated parameters

are based on the three individual measurements.
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Adding plasticizers to both wood and pulp leads to changes in the scattering plots
of WAXS. The amorphous halo of the plasticizers, just as the halos of hemicelluloses
and lignin, complicates the interpretation of the crystalline peaks of cellulose. The
halo of both TA and GLY center at around 1.3 A" (Paper IV, figure S8), contributes
more to the broad crystalline peaks of cellulose than an amorphous background,
which is the reason for the apparent increase in Ctl (figure 28). The higher I o) for
plasticized USKP is likely due to them retaining a more swollen system, as drying of
pulp typically reduces Lo due to drying-induced distortions of the crystal structure

(Paajanen et al., 2022).
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Hot-pressing untreated USKP with a pressure of 330 MPa reduced the Crl, with
lower values observed at higher temperatures. Cellulosic materials exhibit increased
crystallinity under compression at lower pressures (5-200 MPa) (Kumar and Kothari,
1999; Vaca-Medina et al., 2013; Ek et al., 1995), which at pressures around ~250
MPa then fall below the original crystallinity (Ek et al., 1995; Pintiaux et al., 2019;
Gravitis et al., 1991). Pintiaux et al. (2019) proposed that friction between cellulose
elements under heavy pressing generates enough heat to disrupt crystal structures
and cause depolymerization. It appears that the cellulose in the pressed USKP has

undergone similar amorphization.

Upon pressing the plasticized samples no, or only very minor, change in crystallinity
was observed (ANOVA in Paper IV, table S3). The exceptions were samples
pressed at 25 °C and, for UKSP-15-T'A, also at 100 °C, where CtI is reduced. This
would indicate that the plasticizers help preserve the cellulose structure under high
pressure, at least when operating at or above the T, of lignin. The preservation of
cellulose crystallinity would then be the result of the yielding of the lignin matrix, as
well as by the lower cohesion between MF or MF bundles or both, allowing for
displacement of cellulose elements, rather than fracture. The same trend in
crystallinity was observed for a subset of samples analyzed with CP ssNMR (Paper
IV, figure S3).

Close to all samples exhibit narrowing of the cellulose lattice plane (200) upon hot-
pressing, which via the Scheerer equation is interpreted as an increase in I ). This
increase could be due to MF aggregation as (200) is transverse to the MF axis, but
also the result from stress-induced lattice distortions. On reducing the crystallinity
of cellulose with ball milling, I is also seen to decrease (Ling et al., 2019; Avolio
et al., 2012); however, this is not necessarily the case upon compression, which
promotes chain packing. It is possible that, in the case of USKP, the fewer remaining
crystals have grown in lateral size. For plasticized samples, the same lateral growth

is possible, but with less disruption of MF crystallinity to achieve it. The
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reorganization of the cell wall and possible aggregation of cellulose will be further

analyzed with SAXS.

The SAXS data were initially considered to be modeled with the WOODSAS model,
with or without the extra form factor for randomly oriented MF (Hashimoto et al.,
1994; Penttila et al., 2019); however, the scattering of untreated or processed USKP
could not be fitted with either, thus, we’ve had to resort to more qualitative
assessments. A common approach to analyzing the scattering curves of wood and
pulp is to construct Kratky plots (figure 29, for log-log plots, see Paper IV, figure
9), where the peak centered around 0.2 A" has been interpreted as containing both
MF cross-sectional and lateral packing information (Bjorn, 2025; Virtanen et al.,

2015; Briannvall et al., 2021; Testova et al., 2014).

Paper in the wet state, or with plasticizers, has this peak shifted to lower ¢, suggesting
swelling of the system (Bjorn, 2025; Eliasson, 2025). With GLY, the same shift
occurs in our samples (figure 29). With TA, the peak at 0.2 A is lost, and a shoulder
instead appears at around 0.05 A (~13 nm in real space), possibly corresponding

to the scattering of phase separated TA.
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Figure 29. SAXS scatter displayed as Kratky plots of USKP (a), USKP-14-GLY (b), and USKP-
15-TA (c). The lines in (b) are fitted graphically.
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Upon pressing USKP, at both low and elevated temperatures, the 0.2 A" shoulder
disappears and a shoulder around 0.05 A becomes apparent. In wood, the shoulder
appearing in this region has been ascribed to MF bundles (Penttild et al., 2020;
Penttila et al., 2019), perhaps indicating increased scattering of MF bundles due to
densification and aggregation upon pressing, which obscures scattering from smaller

features.

Hot-pressed USKP-15-TA and USKP-14-GLY, has their respective features shifted
to lower ¢ — peaks clearly shifting from 4 to 5 nm in the case of GLY and shoulders
with a less pronounced shift (around 12 nm) for TA — indicating the formation of
larger aggregates. Another feature, unique to the plasticized samples, is a shoulder
appearing at the very low-¢g end in the log-log plots, which also suggest aggregation,

but in the 50 nm range.

The interpretation of these results is not univocal; however, the SAXS data cleatly
indicates a change in the organization of the cell wall, possibly involving aggregation.
The increase in Lo can therefore be more confidently attributed to a growth in

crystal size.
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6. Conclusion and future remarks

The molecular stiffness of isolated native, residual and technical softwood lignins
was evaluated by several means. When it comes to segmental chain mobility, molar
mass appeared to play a greater role than chemical structure, with PL having the
smallest change in E’ over the glass transition and the highest apparent E, of the
glass transition. Fox-Flory and Ogawa plots were used to allow comparison beyond
the effect of molar mass. KL. and PL appeared to have a more similar relationship
between molar mass and T, than SL. Thus, native structures appeared to be
beneficial for this larger-scale mobility. For local mobility, as evidenced by T'ip, PL
was found to be intermediate between KL and SL, likely relating to its intermediate
chemical structure. This would suggest that native, or less condensed structures, are
also beneficial for allowing local dynamics. In a recent molecular dynamics
simulation study on lignin dimers (Hackenstrass et al, 2024), B-O-4 linkages
exhibited a uniquely high degree of conformational freedom, which could likely

translate into higher dynamics at both local and segmental scales.

Even though the Fox-Flory and Ogawa plots were not fully satisfactory, in terms of
narrow dispersity, molar mass fractions for all included lignins and absolute molar
mass, they still gave insights, and the first hypothesis is not rejected. But it does open
for future investigations, such as fractionating EMALSs into molar-mass groups, and
constructing more reliable Fox-Flory plots, from which the actual T,» could be
determined. Compared to the softening of 7z situ lignin, these values could give
insights into how the physiochemical environment in the cell wall affects lignin

(LCC, confinement etc.).

External plasticization was found to be a more resource-efficient route for lowering
the T, and enabling flow of lignins, compared to esterification, for all lignins in the
study. Solubility of the plasticizer in the given lignin was more important than

specific plasticizer-lignin interactions; however, the aprotic and flexible TA was
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highly compatible with all lignins, enabling higher dynamics in both the glassy and
rubbery state. The second hypothesis was therefore not rejected but accepted with
a caveat: there are specific lignin-plasticizer compatibilities, but some plasticizers are

more universally compatible than others.

Plasticization was also found to increase homogeneity of physical properties,
suggesting that fractionation is not the only route for circumventing heterogeneity.
However, plasticization of all the various lignins in this thesis only produced brittle
powders or viscous pastes, indicating that plasticization is not sufficient for materials
where lignin is the matrix component; however, in the cell wall, where lignin is

locked into a cellulose network, this would be less of an issue.

Spectroscopic investigations of water-mediated impregnation of lignin-containing
pulp with GLY and TA, found molecular dispersion of the plasticizers within the
cell wall, and, for TA, complete distribution across the cell wall. GLY appeared to
have a greater affinity for the pulp material, with no phase separation detected,
whereas TA was less compatible; however, both O-PTIR and ssNMR indicated that
TA is indeed in contact with all the major components of the cell wall: holocellulose

and lignin.

DMA detected two reproducible softening temperatures in both milled Norway
spruce and the pulp, where the higher (275 °C) was ascribed to the degradation of
holocellulose. The lower softening temperature, 219 °C for spruce and 231 °C for
the pulp, are likely associated with the T, of lignin, partly due to the higher
temperature in the pulp (in accordance with the investigation of their respective
isolated lignin), but also due to its shift down to ~120 °C upon plasticization of the

pulp, which is commonly observed for 7z situ, plasticizer-submerged lignin.

Pressing the pulp at high pressure was found to destroy the crystalline structures of
cellulose, except in the presence of plasticizers and at temperatures around or above
the T, of lignin. The maintained crystallinity suggests that plasticized pulp is

deformed with less friction and fracture in the fiber wall, especially when lignin is
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softened. GLY appears to preserve the structure better than TA, especially at lower
temperatures. Since GLY is expected to act as a more effective plasticizer for the
holocellulose content — based on HSP, molecular dynamics simulations, and the
greater phase separation observed for TA — the improved preservation may be
attributed to reduced cohesion between GLY-plasticized holocellulose elements.
Our results, even if not completely proving the third hypothesis, that plasticization
of the lignin phase facilitates a more plastic displacement of cellulose elements, are

in line with its consequences.

The role of lignin in deforming the cell wall plastically is not completely elucidated.
Temperature dependence suggests that lignins need to soften for the observed
effect, but thermal softening of the polysaccharide constituents could, even if it was
not observable in DMA, also play a role. Another subject of great interest is the 7
sitn investigation of the glass transition of lignin and polysaccharides. The INEPT-
CP ssNMR tandem which proved effective in this thesis, has previously been
proposed as a powerful spectroscopic approach for studying glass transitions
(Nowacka et al., 2010). This method could be further utilized to univocally identity
which components contribute to the softening behavior observed in DMA

measurements.
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Appendix 1. Method validation: powder sample holder for DMA

At a lignin loading of 30 mg, the powder pocket reached a strain of 15 um before
the instrument’s maximum force limit of 18 N was exceeded. To evaluate whether
these amplitudes fell within the linear viscoelastic region, kraft lignin (KL) was
subjected to an amplitude sweep at room temperature at a frequency of 1 Hz. The
sweep was performed twice, and the resulting curves are shown in figure Al. The
identical responses in both repetitions indicate that the material behaved within the

linear viscoelastic range.

6000

5000

—— Amplitude sweep 1
4000 - Amplitude sweep 2

E' (MPa)

3000

2000 T T T T T T
0 2 4 6 8 10

Amplitude (um)

Figure Al. Amplitude sweeps of kraft lignin at room temperature.

To evaluate if glass transition regions broaden in the powder sample holder for
DMA due to friction between particles, a commercial poly(methyl methacrylate)
(PMMA) was run both as a powder in the pocket and as a hot-pressed film in tension
mode (figure A2). There was no significant broadening between PMMA measured
as a film or as a powder, but upon plasticization with 10 wt% TA (added with the
same procedure as for plasticization of lignin), there is a slight increase in

broadening, especially at onset.
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Figure A2. Tan 3 as a function of temperature of PMMA run as a film (tension) and as a powder

(powder sample holder) and as a powder plasticized with 10 wt% triacetin (T'A).
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