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Abstract: The glass transition temperatures (Ty) of native,
residual, and technical lignins are important to lignocellu-
lose pulping, pulp processing and side stream utilization;
however, how the structural changes from native to residual
and technical lignin influences T, has proven difficult to
elucidate. Since the T, of macromolecules is greatly
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influenced by the molecular weight, low-molecular-weight
fractions, such as milled wood lignin (MWL), are poor rep-
resentatives of lignin in the cell wall. To circumvent this
problem, lignins of both high yield and purity were isolated
from Norway spruce and softwood kraft pulp using the
enzymatic mild acidolysis lignin (EMAL) protocol. Technical
softwood kraft lignin was also fractionated into groups of
different molecular weights, to acquire lignin that spanned
over a wide molecular-weight range. A powder sample
holder for dynamic mechanical analysis (DMA), was used to
determine the T, of lignins, for which calorimetric methods
were not sensitive enough. The T,s of EMAL were found to be
closer to their in situ counterparts than MWL.

Keywords: dynamic mechanical analysis; lignocellulose;
kraft pulping: thermoplastic properties

1 Introduction

Developing materials derived from biomasses is crucial to
reduce reliance on fossil resources. Among the biomasses
used for industrial material production, those sourced from
plants containing substantial amounts of lignin, such as
woods and grasses, are particularly interesting due to their
large global production. The lignins in these plants play an
important role in both their material properties and pro-
cessing (Back and Salmén 1982); hence, a thorough under-
standing of the properties of lignin is essential for enabling a
shift to sustainable material production. The thermo-
mechanical properties of lignin are especially important, as
they play a large role in many aspects of lignocellulosic
processing, both conventional and novel.

Industrially, lignins can be divided into three categories:
native lignin in untreated biomass, residual lignin in pulped
biomass, and technical lignin, which has been isolated from
biomass during pulping. As pulping alters the lignin struc-
ture, these different types of lignin vary in properties.
Likewise, due to chemical and molecular differences, lignins
from different botanical origins also vary in properties. To
successfully develop new materials from lignin-containing
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biomasses and side streams, and to develop and optimize
pulping processes, the structure-property relations for
these lignins have to be established.

One of the most fundamental thermophysical properties
of amorphous polymers such as lignin is its glass transition
temperature (T;) - the temperature where the polymer
transitions from a glassy solid state to a material where
segmental motions of polymer chains facilitate plastic
deformation. Lignins generally have a high T, due to their
stiff aromatic backbone and strong secondary interactions
(Hatakeyama and Hatakeyama 2010). However, many fac-
tors affect the T, of polymers, including molecular weight
and polymer architecture. During kraft pulping, both depo-
lymerization reactions, via the cleavage of the abundant and
relatively flexible B-O-4 bonds, and condensation reactions
occur. These processes lead to branching and the accumu-
lation of shorter and stiffer linkages, such as 5-5" and 4-0-5
(Crestini et al. 2017). It is thus obvious that the transition
from native to residual and technical lignin drastically
changes the thermomechanical properties of lignin. How-
ever, the differences in T, caused by chemical and molecular
changes during pulping have not yet been disentangled.

The study of native and residual lignin thermoplasticity
is complex: it must be studied either within the cell wall or as
an extract. In the cell wall, lignin is held within a complex
matrix, and even with sensitive mechanical techniques, it
is difficult to differentiate the properties of the different
components (Ashaduzzaman et al. 2020). If lignin is extrac-
ted, the thermomechanical properties can be studied
without influence from other components, and the structure
and size of the polymers can be more easily determined, but
it is challenging to achieve quantitative non-degrading
isolation of lignin.

The T, of isolated native lignin is typically found to
range between 120 and 180 °C (Back and Salmén 1982; Kelley
et al. 1987; Pan and Sano 2000), whereas dry wood and pulp
softens at temperatures over 200 °C (Salmén and Back 1978;
Startsev et al. 2017). The softening of dry wood and pulp has
been shown to involve the T of lignin (Salmén 1982). The
discrepancy in T, between isolated and in situ lignin is likely
due to the low yields of many isolation techniques. This is
reflected in an early study on the glass transition of lignin by
Goring (1963), where successive extractions of lignin from
spruce with dioxane isolated successively higher-molecular-
weight fractions with increasing T, (127-172 °C).

In the wake of these earlier studies, new isolation pro-
cedures for native and residual lignin have been developed,
which extract lignin at a high yield and with little apparent
degradation (depolymerization and coupling reactions)
(Du et al. 2013; Giummarella et al. 2016, 2019; Wu and
Argyropoulos 2003). The enzymatic mild acidolysis lignin
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(EMAL) protocol developed by Wu and Argyropoulos (2003)
is of interest as it isolates with high yield without fraction-
ation, but the thermomechanical properties of EMAL, which
would better represent the native material, still need to be
determined.

The thermomechanical properties of residual lignins
from pulp are also understudied, even though they play a
crucial role in the further processing of pulp (Vishtal and
Retulainen 2014). Several dynamic mechanical analysis
(DMA) investigations have been conducted on water or
ethylene glycol-saturated wood samples before and after
pulping (Havimo 2009; Heitner and Atack 1984; Vikstrom and
Nelson 1980), which enables differentiation of the T, of lignin
and carbohydrates. These reports typically see a downward
shift in T, after pulping; however, the univocal assignment
of transitions in multicomponent systems with DMA is
challenging, and plasticizers might plasticize different
types of lignins (native or residual) to different degrees,
which makes glass transition comparisons uncertain.

Technical lignins, being readily available and the focus
of a lot of material development, have been the subject of
extensive research. Their T, values typically fall within the
90-170 °Crange, with kraft and soda lignins at the higher end
and organosolv lignins at the lower end (Wang et al. 2016).
The low T of technical lignins can be ascribed to the low
molecular weights of these lignins. Organosolv lignins are
typically less condensed than kraft lignin (Crestini et al. 2017;
El Hage et al. 2010; Karlsson et al. 2023), so it could be
expected that these lignins would have a lower Tg, but they
are also of a lower molecular weight, which prevents a
straightforward correlation.

High-yield and high-molecular-weight lignins often
lack information on their T, in the literature. One of the
reasons for this could be the difficulty in determining them
calorimetrically. Lignin is compositionally heterogeneous
and at high molecular weights, the change in heat capacity
(ACy) over the glass transition is often not detectable with
differential scanning calorimetry (DSC) (Clauss et al. 2015;
Fox and McDonald 2010; Souto and Calado 2022).

An alternative technique to calorimetric determinations
of the T, is the above-mentioned DMA. In DMA the
mechanical stiffness and energy dissipated in the material
under either oscillating stress or strain is measured. These
properties change much more drastically over the glass
transition than C,, which makes DMA more sensitive; how-
ever, the mechanical properties of lignin are difficult to
study, as most lignins cannot be cast into continuous shapes,
or only very brittle ones. There are examples in the liter-
ature of DMA measurements of lignin powders or pressed
pellets, typically in a parallel plate setup (Karaaslan et al.
2021; Li and McDonald 2014; Sevastyanova et al. 2014;
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Shrestha et al. 2017; Sun et al. 2016). From these measure-
ments, the T, can be easily determined, and a detailed
understanding of the transition is gained. So far, only
technical lignins have been subjected to these kinds of DMA
measurements, perhaps due to the large sample sizes
needed (~500 mg).

This study aims to follow how the kraft pulping process
changes the thermomechanical properties of lignin and
discern the role of molecular weight and chemical structure
on the T, A powder sample holder for DMA has been
adopted to study the thermomechanical properties of lignin
isolated in high yield from Norway spruce, and softwood
kraft pulp. The powder sample holder allows for the study of
small amounts of non-self-supporting amorphous polymers
(25-100 mg) (Mahlin et al. 2009), simplifying the study of
lignins isolated from biomass. Softwood kraft lignin was also
fractionated into groups of different molecular weights, to
acquire lignin that spanned a wide molecular-weight range,
which could be modeled with the Flory-Fox equation
(Fox and Flory 1950). Wheat straw lignin is included as it is a
potential source of renewable material, and even though
wheat straw lignin has been thoroughly characterized
(Zhang et al. 2022), it has never been subjected to thermo-
mechanical characterization at higher yields.

2 Materials and methods
2.1 Materials

Wood chips were cut from the outer centimeters (sapwood) of Norway
spruce (Picea abies) timber with a diameter of approximately 15 cm that
had been dried for 6 months in-house. Wheat straw (Triticum aestivum)
was kindly supplied by Lantmadnnen ekonomisk foérening (Stockholm,
Sweden), sourced from farms in Sweden. Softwood kraft lignin from the
LignoBoost® process was provided from a Swedish pulp mill. The pulp
used in the study was an unbleached, never-dried softwood kraft pulp
with a lignin content of 13wt% kindly supplied by Stora Enso AB
(Karlstad, Sweden). The softwood kraft lignin and softwood kraft pulp
were derived from Norway spruce and pine (Pinus sylvestris) of
unknown proportions. The cellulase enzyme blend Ctec2® was kindly
provided by Novozymes A/S (Bagsvard, Denmark).

2.2 Lignin isolation

Lignin from Norway spruce, wheat straw and unbleached softwood
kraft pulp were isolated according to the EMAL protocol (Figure 1)
(Guerra et al. 2006a,b; Jadskeldinen et al. 2003). Milled wood lignin
(MWL) was also isolated from the Norway spruce meal (Bjorkman 1956).
The isolations were conducted according to the references, with some
adjustments given below.

Wheat straw leaves and husks were separated by hand, and the soil
was washed out with water. Wheat straw and Norway spruce were
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milled in a knife mill to mesh 40. Extractives were then removed by
Soxhlet extraction for 18 cycles in acetone (Fischer scientific, 299.8 %),
after which the materials were ball milled in a planetary ball mill
(Retsch PM 400). Wheat straw was milled for 6 h, and Norway spruce for
18 h. The milling was done in intervals to avoid heating: 30 min milling,
and 30 min cooling. The milling was done in air and with no additives.

When received from the mill, the unbleached softwood kraft pulp
was slightly alkaline (pH ~ 8) and was subsequently washed repeatedly
with tap water until pH neutralized.

The enzymatic hydrolysis was performed in 2L glass bottles, and
the loaded substrate (5% wt/wt of dry mass (DM)) was suspended in
0.15M acetate buffer pH 5. The enzymes were loaded based on their
activity. Using the filter paper unit (FPU) assay (Ghose 1987) with some
adjustments (Novy et al. 2021), the cellulolytic activity in Ctec2® was
determined to be 148 FPU/mL. Ctec2 was added at 10 FPU/g DM and
after 24 h it was added again using the same loading. The reactions
were carried out at 50 °C for 48 h in an incubator with an orbital rotation
(INNOVA2100™; New Brunswick Scientific, UK) at 140 rpm. To terminate
the reaction, the mixture was boiled for 10 min.

The lignin was then extracted in water and 1,4-dioxane
(Sigma-Aldrich, 299%) (15:85 v/v) solution acidified with HCI
(Sigma-Aldrich, ACS reagent, 37 %) 10 mM under reflux at 86 °C for 2 h.
Pulp lignin was also isolated using 50 mM HCL

The spruce MWL was extracted according to Bjorkman (1956), but
only the first purification step — dissolution in glacial acetic acid-water
solution (Sigma-Aldrich, 299.7 %) (90:10) and precipitation in ultra-pure
water — was performed.

To attain powders of similar properties and consistent loading of
the DMA sample holder, the isolated lignins were solvent cast from
methanol (Thermo Scientific, 299 %) and grounded in a mortar to a fine
powder.

2.3 Kraft lignin fractionation

The fractionation of softwood kraft lignin was conducted according to
Duval et al. (2016) — successive dissolution in small amounts of organic
solvents (in the following order: ethyl acetate (Sigma-Aldrich, >99 %),
ethanol (VWR, analytical grade), methanol (Thermo Scientific, 299 %),
and acetone (VWR, analytical grade)) — which isolated fractions in
different molecular-weight groups. The fractions used in this study have
been characterized previously (Ghaffari et al. 2023).

2.4 Yield, purity and density

Combustion elemental analysis was conducted using a MICRO cube
(Elementar, Germany), which quantifies the atomic content of C, H, N,
and S. All samples were run in triplicates. Based on the N content, the
protein contamination was calculated with a factor of 8, which is
roughly the nitrogen factor of some cellulases (Kumar and Wyman
2008).

Ash content was determined using thermogravimetric analysis
(TGA/DSC 3+ STAR System, Mettler Toledo, Switzerland) according to
Aldaeus et al. (2017), Klason lignin contents of isolated lignin samples
were assessed according to Aldaeus et al. (2011) and Klason lignin con-
tent of biomass was assessed according to Schwanninger and Hinter-
stoisser (2002). The acid-soluble lignin was determined with a Cary 60
UV-Vis spectrophotometer (Agilent Technologies Inc, USA) at 205 nm
using the coefficient of 110 L/g cm. All analyses were done in duplicate.
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Figure 1: Flow chart of the isolation and fraction of lignin from various sources. The solvents used for the successive fractionation are specified for the
given fraction. The yields of extraction are given in parentheses (wt/wt, see Table 1 for details).

True particle density was measured with a He Pycnometer
(AccuPyc II 1340, Micromeritics, UK). As large sample sizes were
needed, only the kraft lignin fractions were measured. The system
was purged 10 times, and the apparent density was determined based
on the average of the last five stable analysis cycles (relative standard
deviation < 0.1 %). The samples were prepared just as for DMA.

2.5 Chemical structure analysis

A Spectrum One FTIR Spectrometer (PerkinElmer instruments, USA)
fitted with an attenuated total reflectance (ATR) accessory was used to
record Fourier transform IR (FTIR) spectra. Each material was
measured with five replicates. The absorbance was recorded in the
range of 4000-400 cm™! with 32 scans and a resolution of 4.0 cm™. The
replicate spectra were mean averaged. The averaged spectra were then
baseline-corrected using a moving-average smoothing algorithm and
scaled with standard normal variate (SNV) in SpectraGryph 1.2.

%P nuclear magnetic resonance (NMR) quantification of hydroxyl
groups was conducted according to Balakshin and Capanema (2015).
A 116 solution of pyridine-ds (Sigma-Aldrich) and chloroform-d;
(Chemtronica) was prepared. Standards of relaxation agent, chromium
(II) acetylacetonate (Sigma-Aldrich) (11.4mg/mL), and the internal
standard (0.12M), endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(Sigma-Aldrich), were prepared with the solvent solution. 40 mg of the
sample was dissolved in 0.4 mL of the solvent solution, and 0.1 mL of
the two standards were added. Finally, 0.1 mL of phosphorylation reagent,
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Sigma-Aldrich), was

added, and the flask tightly closed and vortexed for a few minutes.
Measurements were conducted between 1 and 3 h after the addition of
the reagent.

The solutions were transferred to 5 mm tubes, and the NMR spectra
were recorded on a Bruker Avance 500 MHz utilizing inverse gate
detection and a 90° pulse width. Acquisition and relaxation times
were 1.0 and 5.0's, respectively, and 256 scans were performed. The
spectra were chemical shift calibrated using the anhydride product at
132.2 ppm. Baseline correction was done with a linear function.
Unfractionated kraft lignin was run in duplicate with an average rela-
tive error of the quantified OH groups of 3.5%, all other samples
were measured once. The kraft lignin fractions were analyzed using
the same method, but on a Bruker Avance III HD 400 MHz (Ghaffari
et al. 2023).

2.6 Gel permeation chromatography (GPC) analysis

The molecular weights of the lignins were investigated with an L-GPC 50
Plus Integrated GPC system (Polymer Laboratories; Varian Inc., UK)
equipped with two PolarGel-M columns (300 x 7.5mm) and one
PolarGel-M (50 x 7.5mm) guard column. The system was run on
dimethyl sulfoxide (DMSO, Sigma-Aldrich, >99.7 %) with 10 mM LiBr
(Sigma-Aldrich, >99 %) at 0.5mL/min and the temperature of 50 °C.
Samples were prepared as follows: 10 mg of lignin was dissolved in 1 mL
eluant solution, it was then diluted to a final concentration of
0.24 mg/mL and filtered with a 0.2um syringe filter. Samples were
prepared in duplicates. An ultraviolet light detector scanning at 280 nm
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was used. The data analysis was carried out using Cirrus GPC Software
3.2. A calibration curve was constructed from 9 pullulan standards
(L2090-0100, Varian) spanning 800-0.3 kDa. Pullulan calibrations tend
to undervalue the molecular weight of the lignins, as the hydrodynamic
radius of lignins and pullulans in DMSO are not the same, but as the
undervaluation is linear, comparisons can be made within the same
series (Zinovyev et al. 2018). Based on the duplicates, the average relative
error of all M, determinations was 1.8 %.

2.7 Thermal analysis

DMA measurements were conducted on a Q800 from TA instruments
(USA) with a liquid nitrogen cooling system and a dual cantilever clamp
with a powder holder (TA instruments). All measurements were con-
ducted with a heating rate of 3 °C/min and an amplitude of 5 um, within
the linear viscoelastic region. All measurements were conducted from
20°C to 50-70°C above their T, Samples were run with a 5min
annealing at 120°C to remove moisture. Measurements were done
with a frequency of deformation of 1 Hz. All samples were run in trip-
licates. The steel powder holder contributes to the storage (E') and loss
(E") moduli, but the steel doses do not have any transitions in the tem-
perature range, thus, the transitions observed belong to the polymer
in the sample holder. The T, was determined as the onset of the decline
in E' (the intersection of tangent lines from the glassy state and the
glass transition, Ty g onsed, the maximum of the E" (T g may) and
the maximum of the tan delta (T (an dgelta max)- TO facilitate comparison,
the E' values were normalized by division by its maximum value. Tan
delta, defined as the ratio of E"/E, is presented without modification.

DSC measurements were conducted on a DSC 2 STARe system
instrument (Mettler Toledo, Switzerland) in 70 uL aluminum crucibles.
All samples were run in triplicates of approximately 10 mg. The samples
were subjected to two successive heating ramps from 25°C to 50 °C
above T at 10 °C/min, with a 10 °C/min cooling ramp in between. The T,
was determined in the second run at the inflection point.

3 Results and discussion

3.1 Yield, purity and molecular weight of
lignins

To obtain lignins representative of their respective biomass,
the high yield and purity protocol of EMAL was used for
their extraction. EMAL lignin is isolated by ball milling,
enzymatic hydrolysis of holocellulose and extraction in a
mildly acidified dioxane-water solution. This method typi-
cally isolates more than half of the lignin but is still consid-
ered a mild method (Guerra et al. 2006a,b; Wu and
Argyropoulos 2003). For the pulp sample, the milling is
omitted, as the pulp is already separated into single fibers;
however, higher acid concentrations are often needed
(Argyropoulos et al. 2002; Jaaskeldinen et al. 2003), likely due
to the need to cleave the lignin-carbohydrate bonds that
form during pulping (Lawoko et al. 2004). In this study, we
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used both a lower and a higher acid concentration for
isolating pulp lignin (10 mM and 50 mM HCI, respectively), to
compare the effect of acidity on yield and lignin structure.
Spruce MWL was also prepared to include a lower-yield
spruce lignin for comparison.

The amount of lignin extracted from the various sour-
ces, as well as the purity and molecular weight, are shown in
Table 1. The yield of both EMAL and MWL reflects what is
commonly found in the literature: EMAL between 40 % and
70 % and Spruce MWL of around 20-30 % (Bjorkman 1956;
Guerra et al. 2006a,b; Jddskeldinen et al. 2003; Sun et al. 2005;
Wu and Argyropoulos 2003). The Pulp EMAL isolated with
10 mM HCl resulted in a yield of 12 %; by increasing the HCl
to 50 mM an isolation yield of 47 % was achieved.

The kraft lignin had the lowest molecular weight of the
non-fractionated softwood lignins, whereas the pulp lignins
had the largest, with the Spruce EMAL in-between. This
follows from the extraction process of kraft cooking: the
material that is extracted is cleaved and hydrolyzed into
smaller pieces. The lignin that is left in the material either
does not undergo reaction and solvation due to its high
molecular weight, or it is mostly subjected to condensation
reactions, which increase its molecular weight and insolu-
bility (Balakshin et al. 2003).

The absolute yield of the softwood kraft lignin fractions
was 77 %, meaning that 23 % was lost in the process, mainly
during filtering. The yields based on the total retained
material are shown in Table 1 and are similar to those
of Duval et al. (2016) but with less material in the last
insoluble fraction. As expected, the molecular weight of
the fractions increases from KL1 to KL5 (Figure 2), and
the dispersity (D) values are between 2 and 3. The true
particle densities of the kraft lignin fractions were between
1.31 and 1.41 103 kg/m”>.

All the EMALs have high number-average (M,) and
weight-average molecular weights (M,,), along with bimodal
distributions. This bimodality has previously been found for
EMALs in other chromatography setups (Guerra et al
2006a,b; Jadskeldinen et al. 2003). In a study by Guerra et al.
(2007), they found that aging acetobrominated EMAL in
tetrahydrofuran (THF) at room temperature without stirring
made the bimodality disappear. They proposed that the
bimodality is due to self-association. To minimize any
potential association, we performed an incubation in the
eluent for 20 days, but no significant differences were
detected from samples run after a few hours of their prep-
aration (Figure S1). The eluent used in this study, DMSO
with the addition of LiBr, deter association, but some
self-association cannot be ruled out (Clauss et al. 2015;
Ringena et al. 2006).
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Table 1: Yield, molecular weight and purity of lignin samples extracted from biomass and of kraft lignin fractions (KL1-5).
Sample name Yield (%) M, (kDa) M,, (kDa) b (M,,/M,,) Purity® (%) True particle
density (107 kg/m®)
Spruce MWL 21° 2.8 7.2 2.6 95.2 (0.4) -
Spruce EMAL 60° 3.8 275 73 92.6 (0.2) -
Wheat straw EMAL 68° 3.1 15.7 5.0 93.2(0.4) -
Pulp EMAL 50 47° 5.8 713 134 93.7 (0.1) -
Pulp EMAL 10 12° 4.7 37.0 7.9 90.3(0.5) -
Kraft lignin - 1.6 12.2 7.4 93.5(0.6) -
KL1 27° 0.7 1.8 27 - 1.31
KL2 29° 1.9 5.4 29 - 1.39
KL3 11° 26 6.1 24 - 1.41
KL4 14° 6.8 134 2.0 - 1.34
KL5 19° 14.8 425 29 - 1.40

3Yield = mass of extract/mass of Klason and acid-soluble lignin of biomass. ®Yield = mass of extract/sum of the mass of all fractions. “Purity = (Klason and

acid-soluble lignin - ash content - protein contamination)/mass of the sample
details.

. Values in parentheses are the pooled standard deviations. See Table S1 for
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Figure 2: Min-max normalized GPC chromatograms of isolated lignins (left)

3.2 Chemical structure

In this study, the difference between softwood and mono-
cot, specifically Norway spruce and wheat straw, lies in
both monomer content and internal linkages. This is
confirmed in band shifts in both the vibrational spectra
(Figure 3), as well as, by the *'P NMR analysis (Figure 4).
Both wheat straw and softwood lignins contain guaiacyl
(G) units, which are reflected in the FTIR spectra with peaks
at 855 and 820 cm™. The presence of syringyl (S) units in
wheat straw can be seen at 835 cm™?, the C-H bending of S
(Faix 1991; Sammons et al. 2013).

Wheat straw also contains many conjugated carbonyls,
of which the flavonoid tricin and hydroxycinnamic acids
make up a large part (del Rio et al. 2012). Together with the

Retention time (s)

and KL fractions (right).

acetyl and aldehydes groups of wheat straw lignin, as many
as 15 conjugated carbonyls per 100 aromatic rings have
been found (Zhang et al. 2022). This is reflected in the FTIR
spectra, where Wheat straw EMAL has the most intense
conjugated carbonyl stretching band at 1660 cm ™ (Bock et al.
2020).

In this study, the axis ranging from Spruce MWL and
EMAL to Pulp EMAL and kraft lignin represents the transi-
tion from more native to degraded; however, these differ-
ences are more subtle in the vibrational spectra. The spectra
of Spruce MWL and Spruce EMAL and Pulp EMAL 10 and 50
were close to identical, and hence, only Spruce EMAL and
Pulp EMAL 50 are shown in Figure 3. The IR band at 1330
and 1369cm™ have been assigned to condensed
lignin structures, such as 5-5 and other C5-substitutions
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Figure 3: ATR-FTIR SNV normalized spectra. The peaks discussed in the
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(Bock et al. 2020; Faix 1991), and both Pulp EMAL and kraft
lignin have higher absorbance in the region, than the iso-
lated native lignins. Likewise, FTIR confirms the presence of
conjugated carbonyls (1660 cm ™) in both Spruce EMAL and
Pulp EMAL, but less so in kraft lignin, which indicates that
the coniferyl aldehyde is intact in the former, but not the
latter. The content of unconjugated carbonyls (1720 cm™) is
higher in both kraft lignin and Pulp EMAL than in Spruce
EMAL, which could indicate that new carbonyls have formed
in both Pulp EMAL and kraft lignin due to oxidation.

In P NMR of phosphorylated lignin, OH groups
belonging to different structures can be quantified in rela-
tion to an internal standard. In Figure 4, the integration

Aliphatic C5-substituted Gne
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mode used, as suggested by Balakshin and Capanema (2015),
to quantify the different structures is shown. Aliphatic,
carboxylic and phenolic OH can be easily differentiated.
Within the group of phenolics, C5-substituted (i.e., S and
condensed G), non-condensed G (Gy,), and p-hydroxyphenyl
(H) units can be differentiated. Softwood lignin only contains
minimal amounts of S units, so the integral of C5-substituted
compounds is primarily composed of condensed G units.

For wheat straw lignin, the picture is a bit more com-
plex. Wheat straw lignin contains significant amounts of H,
G, and S units, as well as the hydroxycinnamic acids of
p-coumaric acid (pCA) and ferulic acid (FA) and the flavonoid
tricin (Zhang et al. 2022). Tricin is believed to be an end
group, and FA is a link to hemicelluloses. pCA is less likely
to undergo radical coupling and should therefore exist as
a side group with a free phenolic OH (Ralph et al. 2019). The
OH groups of tricin have been assigned in a previous study
and are annotated in Figure 4 (Heikkinen et al. 2014). pCA
will appear in the H region, whereas FA, if there is any with
free OH, would likely be found under G,.. Tricin has only
been found in monocot lignin (Li et al. 2016).

The integrated values for the isolated lignins can be seen
in Figure 5. The isolated native lignins have high aliphatic
OH content, and low phenolic and C5-substituted content,
whereas the opposite is true for kraft lignin. The high
phenolic OH content of kraft lignin reflects the cleavage
of B-0-4. The low amount of aliphatic OH is due to the ret-
roaldol reaction, in which the nucleophilic attack by
hydroxide or bisulfide ion on the methide quinone leads to
the loss of the aliphatic side chain (Crestini et al. 2017).
The Pulp EMALSs are intermediate in both aliphatic and

H COCH

Kraft lignin

Pulp EMAL 50

Spruce EMAL ‘L {1\

Wheat straw EMAL

et AR AR AWl
/T"ic"‘ Figure 4: >'P NMR spectra of selected lignins.
/ Integration was done according to Balakshin
and Capanema (2015). G, is the integral of the
non-condensed G unit and IS the internal

standard. Tricin, present in monocot lignin, is

144 142 140

ppm

152 150 148 146

138

136 134 marked in the spectrum of Wheat straw EMAL

(Heikkinen et al. 2014).
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Figure 5: OH functional groups of kraft lignin fractions (left) and isolated lignins (right) determined with *'P NMR.

phenolic OH content, suggesting that they have been sub-
jected to kraft pulping reactions to some degree. The struc-
ture of unbleached softwood kraft pulp lignin has previously
been found to be an intermediary between native softwood
lignin and kraft lignin (Balakshin et al. 2003).

New bonds are also formed during kraft pulping. This is
reflected by the much higher content of C5-substituted
phenolics for the softwood lignins that have undergone kraft
pulping. These C5-substitutions are known to consist of 5-5
and 4-0-5 (Argyropoulos et al. 2021; Granata and Argyr-
opoulos 1995), but others are likely possible. The residual
lignin in pulp is also subjected to these condensation
reactions, either with itself or with solubilized fractions, and
it is believed to be one of the reasons why it has such high
molecular weight (Majtnerova and Gellerstedt 2006).

The OH group content of Spruce MWL and Spruce EMAL
are found to be very similar in this study. This suggests that
EMAL has not undergone more aryl-ether cleavages or
condensation reactions than MWL, and chemically it is a
good representative of native lignin. Guerra et al. (2006a,b)
made similar findings; they also found no or only a very
slight significant difference in B-O-4 content between EMAL
and MWL for several wood species.

The OH content of the fractionated lignins is relatively
uniform, except for KL1 and KL5. KL1 has the highest phenol
content of all, whereas KL5 appears to be more similar to
the pulp lignins with lower C5-substitution and phenolic
content and higher aliphatic OH. A detailed study has also
reported the same trend on the same type of fractionated

softwood kraft lignin (Gioia et al. 2018). It is thus clear that
the solvent fractionation does not only isolate according to
molecular weight but also due to chemical affinity.

3.3 DSC and DMA reproducibility

The only lignins in this study that gave clear and reproduc-
ible T, determinations with DSC were Spruce MWL and
kraft lignin, and its fractions. The lignins of intermediate
molecular weight, Spruce EMAL and Wheat straw EMAL,
have the start of an endothermic event at around 170-200 °C,
which was then obscured by an exotherm, preventing
the formation of a baseline for determining the T, (Figure 6).
The exothermic event is likely coupling reactions taking
place at high temperatures (Moustaqim et al. 2018; Shrestha
et al. 2017). The pulp lignins extracted with the EMAL pro-
tocol had no distinct endothermic transitions. The determi-
nation of the T, using DSC appears to be hindered by both the
high molecular weight, which reduces the AC, of polymers
(Andreozzi et al. 2005; Wu et al. 2021), and the high dispersity
in composition, causing a broadening of the transition.
These factors, coupled with the previously mentioned
exothermic reactions, collectively hinder the determination
of Tg.

The powder sample holder for DMA gave clear Tgs for all
lignins in the study (Figure 7). The precision of the two
techniques can be seen in Figure 8 and Table S2. The curve
profiles in Figure 7 are representative of the replications,
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but to get a complete overview of the reproducibility, we
refer to Figure S3 where replications have been collected.
The T, determinations based on E” maxima had smaller
standard deviations compared to those based on E’ onset,
especially for KL fractions with low B, likely due to the
methodological ease of determining a maximum. The E'
onset of the transition is also more sensitive to aging
effects, e.g., overshooting due to sudden stress relaxations
(Menard 1999).

It should be noted that the annealing at 120 °C to remove
moisture led to an increase in T, of about 5 °C. Whether this
is due to water having left the system or condensation
reactions is difficult to discern; however, no exothermic
reactions were observed in the DSC thermograms under
200°C. When kraft lignin and Spruce EMAL lignin were
run without annealing but with two heat runs to 230 °C, a
shift of the T, upwards of about 20 °C was observed between
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Figure 7: Thermograms of max-normalized £’ and tan delta. The unit of the storage modulus is Pascal (Pa), whereas the tan delta is unitless. The T

determination by the £’ onset is illustrated for Spruce MWL.
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the first and the second run. It is evident that condensation
reactions occur at elevated temperatures, which increases
the T, as is often observed (Souto and Calado 2022). This
will lead to a slight overestimation of the T, values of
the high-T, samples in this study, but likely not more than
5-10°C. As the Ty g onse; Of all samples is below 205 °C, and
therefore subjected to less condensation, these values will
be used for modeling in the following section.

3.4 Influence of molecular weight and
chemical structure

The effect of molecular weight on the T of lignin is easily
discernible when looking at the KL fractions (Figure 9). The
T, increases rapidly with increasing molecular weight and
then reaches a plateau. This Flory—Fox behavior of kraft
lignin fractions has also been observed by other groups
(Clauss et al. 2015; Ebrahimi Majdar et al. 2020; Sevastyanova
et al. 2014). The Flory-Fox Equation (1) is an empirical
relationship, which is interpreted with the theory of free
volume: M, is a measure of the number of chain ends in a
given volume, and chain ends have more free volume
(Fox and Flory 1950; 1954). Ogawa (1992) offered a modifi-
cation of the Flory-Fox Equation (2) that considers the
molecular-weight dispersity. Ogawa did not offer any ratio-
nale for using the geometric mean, but higher T, values for
polymers with high P can be understood as that the longer
chains will require more thermal energy to move (Gentekos
et al. 2019).

K
Ty = Tgo 31 0
K
Tg=Tge— Niymy® 2

where T, ., is the T, at infinitely high M, and K is a constant
that relates My to T

The T, was plotted against the reciprocal M, and
/MM, to obtain linear relationships (Figure 9B and D). The
Ty £ onset 18 sensitive to the width of the transition, which in
turn is largely impacted by molecular weight dispersity and
molecular composition, as will be elaborated on below.
Although T; g max poOsitioned at the transition’s centre,
might offer better T, modelling, our choice was Ty g onset, @S
discussed earlier, to avoid degradation effects. Nevertheless,
similar correlations were found using T g max. The Flory-
Fox and Ogawa equations are here used to study how the
isolated lignins relate to each other and the kraft lignin
fractions. The two constants of the equation (T and K) are
related to the free volume of the polymer but can be
understood in a more general way, as describing the stiffness
of the polymers and the strength of the interactions between
polymer chains — higher values correspond to stiffer chains
or stronger secondary interactions or both (Boyer 1974).

The KL fractions were fitted with a line in the Flory-Fox
and Ogawa plots (Figure 9B and D) with coefficients of
determination of 0.972 and 0.947, respectively. The goodness
of fit is likely suffering from the chemical heterogeneity of
the samples — i.e. it is not only the molecular weight that is
shifting. KL1 has a large impact on the fit due to its separation
from the other points. Fitting the line without KL1 shifts the
slope slightly but does not change the interpretation of the
data. As discussed earlier, the molecular weights are also
undervalued when determined with pullulan standards
(Zinovyev et al. 2018), but the undervaluation is linear, which
allows for comparison; still, it does not allow for correct
determinations of the K and Ty constants. It is however
clear that a Flory-Fox equation for softwood kraft lignin
determined with correct molecular weights, would have a
Ty over 200 °C which is indicative of a stiff and strongly
interacting polymer system.
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Figure 9: Flory-Fox (A and B) and Ogawa (C and D) plots. The kraft lignin fractions (black) have been fitted with a linear regression in the reciprocal plots,

whereas the dotted lines in the top plots are for guidance.

In the Flory-Fox and Ogawa plots (Figure 9B and D), the
isolated native lignins are positioned below the fitted line,
suggesting a less stiff polymer. This agrees with the higher
degree of flexible f-0-4 linkages in native lignin as compared
to kraft lignin. The isolated pulp lignins are positioned
slightly above the linear regression in the Flory-Fox plot,
which is surprising, as the pulp lignins are less condensed
than the kraft lignins. The Ogawa plot (Figure 9D), which
takes better account of molecular-weight dispersity, has the
pulp lignins on the fitted line. This would suggest that the
pulp lignins actually have flexibility more similar to that of
the kraft lignins, but their very high D obscures this corre-
lation in the Flory-Fox plot.

The proximity of Pulp EMAL and kraft lignin in the
Ogawa plot is still unexpected, as Pulp EMAL has a structure
intermediate between native and technical lignin and would

be expected to exhibit an intermediate T ... However, many
factors affect the T, of polymers. The hypothesis that
phenolic OH partakes in less hydrogen bonding than
aliphatic OH (Kubo and Kadla 2005), could help explain
the unexpected result. The higher phenol content of kraft
lignin depressed the T, of the rigid, condensed chains, while
the high T of the less rigid and condensed Pulp EMAL could
be attributed to its higher alcohol content.

Another factor to consider is the branching of lignins. It
remains a debated issue whether native lignin is branched
or not (Balakshin et al. 2020; Crestini et al. 2011; Ralph et al.
2019; Sapouna and Lawoko 2021), but technical kraft lignins
exhibit branching attributed to coupling reactions occurring
during kraft pulping (Crestini et al. 2017). Branching in
polymers introduces both stiffness, by restricting segmental
movements, and mobility, by increasing the amount of
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mobile chain ends (Khalyavina et al. 2012); thus, the net ef-
fect of branched chains on the T of a given polymer sys-
tem is not easily established. If the net effect of branching in
kraft lignin is depressing the Tg, a similar hypothesis as in
the paragraph above could be formulated —the stiff chains of
kraft lignin are counterbalanced by the increase in free
volume by the many chain ends of its branches.

In addition to the T, Figure 7 also provides information
on the width of the glass transition. All the lignins exhibit
wide glass transitions, with most samples spanning over
100 °C in tan delta, which is larger than what is typically
found for synthetic polymers. In synthetic polymers, broad
glass transitions are found when the material contains a
wide range of nanoscale compositional variations, typically
seen in certain kinds of copolymers (gradient copolymers) or
polymer blends (Mok et al. 2008). With the heterogenous
composition and structure of most lignins, it seems reason-
able to assume that their transitional width is due to the
same kind of variating nanodomains. As the processing of
thermoplastics is done at a temperature beyond the T, the
breadth of the transition poses another obstacle, together
with the high Tg, to lignin thermoforming; however, in some
applications, such as acoustic and vibrational damping,
broad glass transitions are desirable (Alam et al. 2019).

The E' and E" determined using the powder sample
holder are non-absolute as the geometry factor for powders is
not known and as straining the steel sample holder contrib-
utes to the signal. The question is whether any relative com-
parisons can be made based on the moduli values. The same
geometry factor and sample size were maintained for all
samples in all measurements. The factors that could then
affect the magnitude of the moduli are the packing conditions
and the material itself. To achieve similar packing conditions,
all lignins were solvent cast, ground in a mortar, spread out
evenly in the sample holder and clamped to avoid particle
movements. For the kraft lignin fractions, the moduli values
correlate to molecular weight, but not to the density, which
supports the claim that relative differences in modulus are
due to differences in polymer chain movements.

The dynamic mechanical properties of polymers in the
glassy state are not greatly affected by molecular weight,
as the molecular movements are limited. In the rubbery
state, however, the length of the polymer chains greatly
affects their movement and, hence, the viscoelastic proper-
ties of the material (Ward and Sweeney 2004). This behavior
can be seen in the KL fractions: similar amounts of force are
needed to deform KL1-5 before the Tg, but the magnitude of
the drop in E' over the glass transition decreases drastically
with increasing molecular weight. The tan delta also shows
that the dissipation of energy by polymer movements is
much greater in low-molecular-weight fractions. This trend
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has been found previously (Karaaslan et al. 2021; Sevastya-
nova et al. 2014). KL5 is the exception as it consistently has a
larger drop in E' than KL4, even though the molecular weight
is much higher. This could be because KL5 appears to have
gone through fewer kraft pulping reactions — it has a higher
aliphatic OH content and less condensed groups — and thus
retains more flexibility.

KL11is the only lignin in the study that started to flow out
of the pocket during the measurement. KL1 has a drop in E’
at 73°C, followed by another drop at around 120 °C. Just
before the second drop, the displacement reading of the
instrument falls rapidly. It would then appear as if the first
drop is the glass transition to the rubbery state and the
second drop is the transition to a viscous flow. These mea-
surements were conducted without annealing.

The isolated lignins in Figure 7 follow the same pattern
as the KL fractions. The lower molecular-weight kraft lignin
and Spruce MWL have a large drop in E, the intermediary
Spruce EMAL and Wheat straw EMAL fall in the middle, and
the very high molecular-weight Pulp EMALs have a small
drop in E'. The large discrepancy in structure between the
different lignins appears less important than their molecular
weight when it comes to their thermal softening.

Spruce EMAL would appear to be a better representa-
tive of native lignin than Spruce MWL as it contains 60 % of
the lignin in spruce, compared to 21 % for Spruce MWL. This
is also reflected in the fact that Spruce EMAL, with a Ty g max
slightly over 200 °C, is closer to the values found for dry
softwood determined in the same way (Startsev et al. 2017).
Both Spruce MWL and Spruce EMAL were ball milled, and it
is known that ball milling depolymerizes lignin to some
extent. In a recent study, evidence was found that ball
milling mainly depolymerizes lignin far from cellulose
(Sapouna and Lawoko 2021). This could also help describe
the difference between Spruce MWL and Spruce EMAL:
without enzymatic and acidic hydrolysis of the carbohydrate
matrix, mainly depolymerized, and possibly, slightly more
condensed lignin is isolated.

A problem inherent in the EMAL protocol, concerning
representativity, is the lignin-carbohydrate complexes
(LLC). As both the LCC linkages and the carbohydrate chains
themselves are hydrolyzed to a large extent, a fundamental
aspect of both native and residual lignin is lost. Some LCC
linkages in MWL and EMAL lignins have been found to be
retained upon isolation (~10 LLC linkages/100 aromatic
units) (Yuan et al. 2011), but the carbohydrate chains were so
short that they likely only had a small effect in this study.

Another difference between in situ and isolated lignin is
the morphology of the polymer. It is known that interfaces
of polymers are more confined than the bulk if the polymer
has strong interactions with the substrate, which leads to a
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local increase in T, (Napolitano et al. 2017). Lignin in the
secondary cell wall is polymerized into nanometer spaces,
and, thus, has a large surface-to-bulk ratio. There is evidence
that lignin in the cell wall has specific conformations, as it
maximizes its interactions with itself and its surroundings
(Kang et al. 2019; Terashima et al. 2009; Vural et al. 2018).
Based on these findings, one could suspect that lignin is
highly confined in the cell wall and has less flexibility than
isolated lignin and, consequently, a higher T,

Monocot Wheat straw EMAL and softwood Spruce EMAL
appear very similar in both T; and DMA curve profiles. In the
Flory-Fox plot, a straight line could almost be drawn between
Spruce MWL, Wheat straw EMAL and Spruce EMAL, which
indicates a similar relationship between T, and M,. This
clashes with the general conception that S-containing lignin is
more dynamic and generally has a lower T, (Olsson and Sal-
mén 1997; Vural et al. 2018). The reason for this might be the
bulky pCA side groups and the tricin end group, which likely
add to the stiffness of wheat straw lignin. Wheat straw EMAL
also had the highest amount of OH groups of all the lignins,
with 1.5 mmol/g more than the spruce lignins, which could
also have contributed to the stiffness and counterbalanced the
dynamic S unit.

4 Conclusions

By isolating lignin in high yield from Norway spruce and
softwood kraft pulp, and by fractionating softwood kraft
lignin, and subjecting them to DMA, a detailed thermo-
mechanical analysis of the transformation from native to
processed lignin was possible. A comparative analysis of
stiffness independent of molecular weight was possible by
applying the Flory-Fox and Ogawa equations to model the
T,. The models indicated that softwood kraft lignin and
softwood kraft pulp lignin have similar flexibility, whereas
native lignin appeared to be more flexible. Employing this
approach to investigate variations in T, yields more
comprehensive insights than the binary comparisons
commonly used in the examination of residual pulp lignin.

Softwood residual pulp lignin has the highest T, and
the lowest degree of thermal softening of all the lignins
due to the combination of high molecular weight and
relatively high degree of condensation. These poor
thermoplastic properties suggest that molding lignin-
containing kraft pulp requires refined plasticization tech-
niques. Apart from external and internal plasticization,
our study points towards depolymerization as an effective
measure to enhance the flow properties of lignin. Even if
condensation reactions take place alongside depolymer-
ization (as is often the case for lignin), as long as the net
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result leads to a reduction in molecular weight, a subse-
quent decline in E' in the rubbery region is expected.

Finally, the EMAL protocol isolated 60 % of the lignin
from Norway spruce, which was found to have a T, more
similar to what has been found for in situ lignin in softwood
(Startsev et al. 2017), which advocates for it being a better
representative of native lignin than MWL. Likewise, the Pulp
EMAL isolated had a T in the same range as the softening
temperature of kraft pulp (Salmén and Back 1978), which
would advocate for its representativity. However, EMAL
isolates very small amounts of LCC. To further understand
the structure-property relationship of lignin, it is necessary
to study lignin isolated with intact LCC.
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