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1 INTRODUCTION

Lignin is an amorphous, cross-linked complex natural polymer in plant cell walls
that binds cellulose and hemicellulose fibres [1,2]. Lignin provides structural
support, pathogen resistance, water impermeability and vascular integrity [3].
Previously, industrially produced lignin was considered a waste product or a low-
value by-product of paper and pulp industries, primarily used as a fuel source in
pulping process boilers for energy generation [4]. Lignin, constituting 30% of
Earth’s organic carbon, i.e., more than 3 x 10'! metric tons, is the second most
abundant source of biomass after cellulose [5—7]. Due to lignin's abundance in
biomass, it has the potential to serve as a suitable replacement for a significant
amount of aromatic petrochemicals [8].

Lignin exhibits significant heterogeneity that varies depending on plant
species, extraction methods, and processing methods. Therefore, precise charac-
terisation in terms of molecular weight, functional groups (e.g., phenolic hydroxyl
and methoxy groups), moisture content, and thermal stability is essential for its
utilisation in polymers, biofuels, and other value-added chemicals [9-12].

In natural products, water content is critical for determining stability, quality,
shelf-life, and efficacy. Lignin in particular exhibits inherent hygroscopic be-
haviour due to the presence of numerous hydrophilic groups [13]. The moisture
content of lignin varies widely with changes in the manufacturing process and
surrounding environmental conditions, especially changes in temperature and
humidity [14]. Therefore, accurate measurement of lignin's water and/or moisture
content is necessary for the efficient utilisation of lignin across industries, in-
cluding chemical production, biofuels, and bioplastics. To increase efficiency and
productivity, moisture/water determination methods should be rapid, inexpen-
sive, and minimally labour-intensive. These criteria can be met by Fourier trans-
form infrared (FTIR) spectroscopy, a widely used analytical technique.

Instrumental analysis techniques play critical roles in quantitative and qualita-
tive analysis of lignin. In the solution phase, spectroscopic techniques such as 'H
NMR, BC NMR, *'P NMR [8,15-19], two-dimensional (2D) NMR, high-resolu-
tion mass spectrometry (HRMS), atmospheric pressure chemical ionisation mass
spectrometry (APCI-MS), matrix-assisted laser desorption/ionisation—mass spectro-
metry (MALDI-MS), electrospray ionisation—mass spectrometry (ESI-MS),
atmospheric pressure photoionisation mass spectrometry (APPI-MS), high-
performance liquid chromatography (HPLC) [20] and ultraviolet—visible (UV—
Vis) spectroscopy are predominantly used to assess lignin's hydroxyl and mono-
lignol content [15,21,22]. In contrast, solid-state characterisation of lignin in-
volves a variety of methods: FTIR spectroscopy [23], thermogravimetric analysis
(TGA), Raman spectroscopy, gas chromatography—mass spectrometry (GC-MS)
and pyrolysis—GC-MS [21,24]. Solid-state characterisation is generally simpler
in terms of sample preparation; however, it can lead to significant variability in
results due to factors such as the method used to isolate the lignin from its source,
water content, and the molecular weight of the lignin [21]. Attenuated total
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reflectance (ATR) FTIR combined with partial least squares regression (PLS-R)
can be employed to determine the water and moisture content of lignin. Although
various analytical methods exist for this purpose, each has its own advantages
and limitations [13,25,26]. Nuclear magnetic resonance (NMR) measurements
have attracted growing interest as a reliable technique for analysing and charac-
terising lignin [8,16-19,27]. NMR proves to be an effective analytical tool for
quantifying complex organic materials, including lignin.

In previous studies, the use of various types of lignin in different measurements
and the diversity in providing precision and trueness data have made it difficult to
compare the accuracy achieved throughout the procedure. In many published
reports, insufficient information was supplied regarding precision, trueness, and
measurement uncertainty, and recent reviews highlight inconsistencies in how these
factors are reported [15,28,29]. Although lignin is often treated as a relatively
homogeneous material in analytical studies, it remains a solid, natural product
and, like all such substances, exhibits a certain degree of inherent inhomogeneity,
and therefore sampling uncertainty represents an important component of mea-
surement uncertainty [30].

This dissertation aims to:

1. Evaluate the accuracy and uncertainty of quantitative lignin analysis using
gNMR, including a critical assessment of how accuracy has been reported in
the literature and a quantitative evaluation of sampling uncertainty and its
contribution to overall measurement variability (Articles I and II).

2. Develop and optimise reliable methods for the determination of water and
moisture content in lignin, using ATR-FTIR combined with a PLS-R-based
predictive approach, and to optimise the oven temperature for vaporisation—
coulometric Karl Fischer titration (vap-C-KFT) using a “sigmoid curve”
approach (Articles III and IV).
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2 LITERATURE OVERVIEW

This study utilised various lignin samples, obtained via different processes and
from diverse sources. These samples include dealkaline lignin (DAL), two types
of Kraft lignin (KL), and different Lignova lignin samples from Fibenol OU.

2.1 Lignin

Since ancient times, humans have depended on plants for food, shelter, medicine,
energy and various environmental benefits [31]. Plants are primarily composed
of cellulose, hemicellulose, and lignin, which serve as the main structural com-
ponents of the cell wall, providing strength, flexibility, and resistance to degrada-
tion. Lignin is a significant constituent of lignocellulosic biomass. Lignin ac-
counts for 15-40% of lignocellulosic biomass, which depends on the source and
type of biomass [32-35].

The term lignin was first introduced in 1813 by the Swiss botanist A. P. de
Candolle [36] and is derived from the Latin word l/ignum, meaning wood [37].
Lignin is a structurally complex, heterogeneous polymer composed of aromatic
units with varying compositions depending on plant species, tissue type, and cell
wall layer. Lignin is the largest renewable source of aromatic compounds on earth
[38]. Lignin is primarily built by interlinking in different ways three distinct
phenylpropane units: guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units,
as depicted in Figure 1. These monolignols are connected through various inter-
unit linkages, predominantly f—0—4, o—O—4, B—, p—5, 5-5 bonds [39,40]. Soft-
wood lignin (e.g., pine and spruce) primarily consists of G units, whereas hard-
wood lignin (e.g., birch, poplar, eucalyptus) contains both G and S units [41]. In
most plants, coniferyl alcohol is the most abundant monomer (50-95%), followed
by sinapyl alcohol (5—50%), and p-coumaryl alcohol (0—5%) [38].

The structural complexity of lignin, arising from its diverse interunit linkages
and irregular polymerisation, makes its depolymerisation into value-added pro-
ducts challenging. The presence of ether and carbon—carbon linkages often
require advanced and energy-intensive processes for efficient conversion. In
addition, chemical modifications introduced during pulping further hinder the
utilisation of lignin as a renewable resource for biofuels and chemicals [38,42—
44]. Nevertheless, the wide variety of functional groups in lignin offers signi-
ficant potential for chemical modification [21].
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Figure 1. Schematic representation of structural composition of the lignin units: (A)
representation of a lignin polymer, (B) the major interunit linkages present in lignin, (C)
structure of the major monolignol precursors of lignin: (1) p-coumaryl alcohol/p-hydro-
xyphenyl (H) unit, (2) coniferyl alcohol/guaiacyl (G) unit, and (3) sinapyl alcohol/syringyl
(S) unit [45-48].
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A detailed structural analysis of lignin has been an important issue in wood and
pulping chemistry. For years, lignin chemists focused extensively on under-
standing lignin polymers [1]. Due to its complexity, lignin cannot be fully
characterised using a single analytical technique, and different methods may yield
varying results. Therefore, a combination of approaches is recommended for a
more comprehensive characterisation [49]. Both destructive and non-destructive
methods are used to characterise lignin. The most commonly employed destruc-
tive methods include thioacidolysis [50,51], nitrobenzene oxidation [52], deriva-
tisation followed by reductive cleavage (DRFC) method [53], and pyrolysis—GC-
MS [16]. In contrast, non-destructive methods include spectroscopic methods
such as ultraviolet-visible spectroscopy [54], FTIR spectroscopy [55] and NMR
techniques [56]. The characterisation techniques used to reveal and understand
the chemical structure of lignin include '3C NMR [18,29,57], *'P NMR, 2D NMR
[19,27,58,59] and FTIR spectroscopy [13,15,55,60,61]. After over a century of
study, many aspects of lignin structure remain unresolved [62].

Lignin can be extracted from softwood, hardwood, and grasses, and its com-
position varies significantly across different plant sources [63]. The lignin content
in wood varies among plant species, and softwood typically contains 27-33%
lignin, hardwood 18-25%, and grasses 17-27% [38]. Due to its aromatic, poly-
meric structure, it is a sustainable alternative to fossil-based resources for the
production of valuable chemicals, materials, biofuels, bioplastics, and food
flavouring agents [64—66].

2.1.1 Kraft Lignin

The Kraft pulping process, also known as the sulphate process, remains the most
widely used chemical pulping method, accounting for approximately 90% of total
lignin production capacity due to its efficiency and ability to produce high-quality
pulp [4,38]. In this process, cellulose fibres are separated by dissolving the lignin
and hemicellulose in a sodium hydroxide solution and sodium sulphide [38]. The
Kraft pulping process was first developed in 1879 by the German chemist Carl F.
Dahl [4].

In the Kraft pulping process, wood chips are treated with white liquor, a
mixture of sodium hydroxide and sodium sulphide, at temperatures between 140—
170 °C for approximately 3—4 h [67,68]. This high temperature, highly alkaline
environment (pH 13—-14) enhances the cleavage of ether bonds such as f—O0—4
linkages in lignin, resulting in its dissolution and the formation of phenolic hydro-
xyl groups, which enhance lignin’s solubility. Lignin is subsequently precipitated
by acidifying the solution to pH 5-7.5, typically using sulphuric acid [69-71].

2.1.2 Dealkaline Lignin

Dealkaline lignin (DAL), which is derived from the dealkalisation of paper-
making black liquor (a dark alkaline by-product generated during wood pulping
that contains dissolved lignin), may contain a significant amount of sulphonate
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functionality in its salt form, depending on the processing conditions [72]. This
functionality arises from the chemical processes involved in dealkalisation and
contributes to the distinct chemical properties of DAL, making it different from
other lignin types [72]. Commercially, DAL can be further modified through
chemical modification processes such as partial desulphonation, oxidation,
hydrolysis, and demethylation [73].

DAL has attracted considerable attention due to its potential applications in
catalysis, energy production, and advanced materials [74]. The DAL-based cata-
lyst has been utilised in acid-catalysed reactions, where the sulphonate groups
can be converted via ion exchange to the —SO3H group, which acts as the primary
acidic site in solid acid catalysts [72].

2.1.3 Lignova Lignin

Lignova™ is a high-purity hydrolysis lignin produced by Estonian biotech com-
pany Fibenol OU. It is obtained using an extrusion-based fractionation techno-
logy that separates lignin, wood sugars, and specialty cellulose from hardwood
residues. The resulting lignin can be used for biochemical coatings and adhesive
resins, whereas cellulosic sugars can be used for fuel or bulk chemical production
[75,76]. Fibenol offers lignin in two grades: Lignova™ Crude, which contains
88-95 % lignin and <6% carbohydrates. Lignova™ Pure consists of 92-96%
lignin, with total carbohydrates <2% and minimal impurities. Due to its higher
purity, functionality, and reactivity, Lignova™ Pure is well-suited for diverse
industrial applications, including adhesives, thermosetting resins, and coatings.
Lignova™ Pure shows good solubility in a range of solvents [76].

The process of Lignova™ lignin production starts with a mechanical process
in a twin-screw extruder, where biomass or feedstock is treated with a strong acid
or exposed to high-temperature or high-pressure conditions. The combination of
steam explosion and chemical action disrupts the lignocellulosic structure, pro-
moting the solubilisation of hemicellulose. Simultaneously, mechanical shearing
by the screws reduces the particle size to approximately 15-25 pm, facilitating
downstream processing. This step separates the biomass into a solid fibrous
fraction (containing cellulose and lignin) and a liquid fraction (containing sugars
from hemicellulose) [77,78]. Thereafter, enzymatic hydrolysis is applied to the
cellulose and lignin-rich solid fraction. Cellulases are used to break down cellu-
lose into fermentable sugars. The remaining residue is crude lignin (Lignova™
Crude). This crude material is further purified by removing cellulosic residues to
obtain Lignova™ Pure lignin [76-78], safe for use in demanding applications,
such as cosmetic products [79].

2.1.4 Chemical Properties and Thermal Behaviour of Lignin

As discussed in Section 2.1, lignin has a complex, heterogeneous, and highly
branched structure containing hydroxyl and methoxy groups capable of forming
hydrogen bonds with water. Its amphiphilic nature results in limited solubility
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under acidic or neutral conditions, whereas under alkaline conditions, lignin
becomes more hydrophilic and readily absorbs water [80]. Under elevated
pressure, lignin exhibits increased solubility and stronger interactions with water
through both chemical bonding and physical interactions [80].

The thermal behaviour of lignin is highly dependent on temperature and
heating duration, because of its structurally complex and heterogeneous com-
position [81-83]. Thermal treatment induces a series of physical and chemical
transformations beginning already at around 100-120 °C, where free and bound
water are removed, and lignin undergoes thermal softening as the temperature
approaches its glass transition temperature (typically 90-160 °C, depending on
lignin origin and moisture content) [84,85]. In this temperature range, the sodium
or alkaline form of lignin can also undergo significant changes during dry-oven
heating [86]. Continued heating up to approximately 240 °C may cause structural
modifications, including changes in molecular weight due to chemical rearrange-
ments and thermal decomposition, together with changes in FTIR absorption near
1730 cm™, a region typically associated with carbonyl groups such as carboxylic
acids and esters [87]. Under inert conditions, heat treatment induces simultaneous
condensation and depolymerisation reactions in lignin, resulting in mass loss due
to the release of phenolic compounds. These transformations are driven by the
cleavage of B—O—4 linkages and structural rearrangements, which modify the
structural and thermal behaviour of the lignin macromolecules [71]. At higher
temperatures (150-300 °C), lignin begins to lose volatile compounds such as
water, carbon dioxide, and low-molecular-weight fragments due to side-chain
degradation, while prolonged heating promotes condensation reactions and
cleavage of p—O—4 linkages, leading to the formation of low-molecular-weight
phenolic compounds such as guaiacol-type phenolic products containing side-
chain hydroxymethyl groups [66,70,88]. At elevated temperatures, functionalities
such as hydroxyl, methoxy, and carboxyl groups degrade, which makes lignin
more hydrophobic in nature [89].

Recent studies have shown that drying can significantly reduce the hydroxyl
group content in lignin, indicating that heating alters the chemical structure of
lignin with the release of water [71,88]. A possible route for the loss of hydroxyl
groups is presented in Eq. (1).

~CH,-CHOH- — —CH=CH- + H,0 (1)

This reaction suggests that thermal treatment facilitates reactions such as de-
hydration and condensation, which consume —OH functionalities, contributing to
a reduction in hydroxyl group content and increased hydrophobicity of lignin
[88,89]. Quantitative studies have shown that hydroxyl group content may
decrease by 50-70% upon prolonged heating [88]. Molecular fragments of the —
CH,—CHOH- type are abundant in the lignin structure.

These structural and chemical changes are directly relevant to moisture deter-
mination, as oven drying at approximately 105 °C, although widely recognised
as a standard method for biomass [90], may not exclusively measure water
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content. Instead, the observed mass loss can also include contributions from
volatilisation of organic compounds, residual sulphur species, and thermally
induced reactions such as dehydration and condensation [90-92]. At excessively
high drying temperatures, a significant fraction of the released water may addi-
tionally originate from lignin decomposition and cleavage of oxygen-containing
functional groups rather than from the removal of pre-existing moisture.

2.2 Applications of Lignin

In recent years, lignin chemistry has advanced significantly due to the growing
interest in valorising this abundant yet underused biopolymer. It possesses several
properties that make it ideal for polymer application, such as high thermal
stability, biodegradability, antioxidant and antimicrobial activity, and widespread
availability [21]. Lignin is increasingly recognised as a renewable feedstock for
producing high-value materials, solvents, chemicals, chemical reagents, polymers,
and energy [93].

2.2.1 Lignin as a Feedstock for Bio-Based Chemicals

Lignin has a carbon content of more than 60% by mass and a high abundance of
aromatic units, together with various functional groups and linkages, which
makes it an attractive renewable feedstock [94]. It is increasingly regarded as a
renewable alternative to fossil-based chemicals. Vanillin is one of the few lignin-
derived compounds already produced at a commercial scale [95]. Other
monomers and derivatives, such as vanillic acid, vanillic alcohol, and phenolic
aldehydes, are being studied for scalable production [21,96]. Research focuses on
catalytic depolymerisation techniques, including hydrolysis, pyrolysis, and
hydrogenolysis, to break down lignin into valuable chemical intermediates [97].
The depolymerisation into low-molecular-weight bioactive compounds shows
promising applications in the food, cosmetics [79], and pharmaceutical industries,
as it exhibits antioxidant, antimutagenic, hepatoprotective, and anti-inflammatory
properties [2].

2.2.2 Lignin in Polymer and Material Science

Lignin’s biodegradability, and antioxidant properties make it an ideal component
for bio-based materials. Its applications include rigid and flexible polyurethane
foams, phenol-formaldehyde resins and adhesives, coatings, and packaging
materials. These materials benefit from lignin’s ability to partially or fully
substitute petroleum-derived aromatic compounds [21].

2.2.3 Lignin-Based Carbon Materials

Lignin-based carbon biomaterials are recognised for their eco-friendly nature and
good thermal conductivity [98,99]. The aromatic backbone of lignin makes it an
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excellent precursor for carbon-rich materials, including activated carbon used in
filtration and catalysis, carbon fibres for lightweight composites, and electrode
components for batteries and supercapacitors. Introducing functional groups such
as carboxyl, sulphonic acid group (—-SOsH), amine, and hydroxyl enhances
lignin’s catalytic and adsorptive properties. For instance, lignin-derived activated
carbon with acidic groups can serve as a metal-free catalyst for esterification and
dehydration reactions [80,100—102]. Moreover, these materials act as bio-
adsorbents for removing heavy metals and organic pollutants, offering a green
solution for environmental remediation [80].

2.2.4 Energy and Fuel Applications

While direct lignin valorisation into fuels remains technically challenging due to
its resistant structure and energy-intensive processing, progress in catalytic
upgrading is enabling its use in biofuel production. In many biorefineries, how-
ever, lignin is still primarily used as a combustible energy source, limiting its
potential. The advanced biorefinery approach enables the production of sustain-
able jet fuel by preserving the C9—C15 carbon structure of lignin, making the
conversion more efficient [103].

2.3 Nuclear Magnetic Resonance

NMR spectroscopy is one of the most informative techniques for lignin analysis,
providing detailed molecular-level information on lignin structure in a non-
destructive manner [104]. It is widely used to characterise interunit linkages such
as p—0-4, B-5, and B—P linkages, the distribution of aromatic S, G, and H units
(S/G/H ratio), the degree of condensation, and the presence of functional groups
such as methoxy, carbonyl, and hydroxyl groups [104,105]. Multidimensional
and heteronuclear techniques, particularly HSQC and HMBC, further enhance
structural elucidation by improving signal assignment and resolving overlapping
resonances. Although conventional HSQC experiments are primarily qualitative,
they provide valuable information on lignin substructures and functional-group
distributions [19,27,106—108].

In addition to structural analysis, quantitative NMR (QNMR) methods are
widely applied for compositional analysis of lignin [109,110]. Quantitative NMR
has been used for the determination of methoxy groups using 'H and *C NMR
spectroscopy [8,15,29,109]. Phenolic and aliphatic hydroxyl groups are com-
monly quantified using *'P NMR after phosphitylation, while lignin—carbohyd-
rate linkages, interunit linkages such as f—O—4, f—f, and B—5, and S/G unit ratios
are obtained from 2D NMR signal integration [15,17,27,57,109-113].

Among one-dimensional techniques, "H NMR provides quantitative informa-
tion on aliphatic, aromatic, and phenolic regions, although signal overlap and
peak broadening can limit resolution, particularly in technical lignins [17,114].
"H NMR can also be used for hydroxyl groups the quantification, typically after
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acetylation, although non-acetylation-based methods have also been reported
[16,57,115].

13C NMR techniques have been extensively employed for quantitative charac-
terisation of lignin substructures and carbon environments [58,114,116]. They
can also be used to identify and quantify hydroxyl functionalities after deri-
vatisation. However, quantitative *C NMR requires relatively long acquisition
times because of the low natural abundance and sensitivity of *C nuclei, the need
for a large number of scans, and sufficiently long relaxation delays to ensure
complete relaxation. Although paramagnetic relaxation agents can reduce relaxa-
tion times, comparatively large sample amounts are still required to obtain an
adequate signal-to-noise ratio [57,117]. In addition, one-dimensional spectra may
suffer from signal overlap, which can affect baseline correction, signal integra-
tion, and quantitative accuracy [118].

Over the years, extensive work has been done using *'P NMR to quantify
aliphatic and aromatic hydroxyl groups in lignin following derivatisation with
different phosphorylating agents [8,17]. 3'P NMR is higher in sensitivity than
many other heteronuclear NMR-active nuclei, such as *C or N, due to 100%
abundance in nature, moderately high gyromagnetic ratio, and quick relaxation
properties. In addition, the wide chemical shift range in 3'P NMR reduces signal
overlap [119]. When measuring lignin hydroxyls in a single spectrum, the *'P
approach offers a distinct advantage over other NMR techniques. *'P NMR
provides qualitative and quantitative data on different types of major hydroxyl
groups in a comparatively short acquisition time, even with a small sample
amounts [117]. The main limitations arise in the phosphitylation procedure rather
than in *'P NMR experiment itself. For accurate measurement, samples should be
free of sulphur, contain a sufficiently high concentration of hydroxyl groups, and
exhibit minimal contamination from carbohydrates and moisture [17].

2.4 Measurement Uncertainty

Measurement uncertainty describes the range of values around a measured value
within which the true value of the measurand is expected to lie with a predefined
probability [120,121]. It is a fundamental concept of metrology and scientific
research, as it quantitatively characterises the reliability and accuracy of mea-
surement results.

The overall uncertainty of a chemical analysis can be attributed to sampling (or
subsampling) uncertainty and to the uncertainty associated with analysing the
collected sample (or subsample). Sampling uncertainty arises from the variability
introduced when selecting a representative portion of a bulk material. It represents
an important contributor to the overall measurement uncertainty in analytical
chemistry [30]. Sampling uncertainty is introduced because samples or subsamples
taken for characterisation may have a somewhat different composition from the
whole batch or bulk materials. This uncertainty becomes more relevant in the
chemistry of natural products, such as lignin, due to their inherent heterogeneity
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[122]. When the measurement result is presented for the bulk (as opposed to a
sample), the uncertainty from the sampling stage is an inherent uncertainty com-
ponent and only with its inclusion is it possible to obtain an accurate and realistic
estimate of total measurement uncertainty, as opposed to relying only on un-
certainties derived from laboratory-based analytical procedures [123]. In lignin
research, sampling uncertainty has been largely ignored in most quantitative
studies.

Accuracy is often considered a qualitative concept, but it can be quantitatively
assessed through numerical expression of measurement uncertainty [124].
Deviations from the true value arise from both systematic and random effects,
which together influence the measured result and contribute to measurement
uncertainty. Both systematic and random effects on the measurement procedure are
accounted for by accuracy. Precision, commonly reported as the standard deviation,
is used to quantify random influences that contribute to variability. Trueness, often
expressed as bias or recovery, reflects systematic deviations from the true value.

In this thesis, measurement uncertainty is evaluated for sampling using QNMR,
water content determination with vap-C-KFT, and water/moisture determination
using FTIR spectroscopy. The specific details relevant to each application are given
in the respective sections.

2.5 Water and Moisture Content Determination

Accurate water and/or moisture determination in materials is essential in pro-
duction, research, and development, as it directly influences product stability, effi-
cacy, shelf-life, and regulatory compliance. Depending on the sample type, various
analytical methods are used to determine moisture or water content [125—-127].
Water and moisture are closely related concepts, but they are not identical. Water
content refers to the amount of H,O present in a sample, i.¢., the absolute or relative
abundance of water molecules, which is often represented as concentration or
percentage [125,126]. The KF titration is explicitly employed for water content
analysis [128]. In contrast, moisture content includes not only water but also other
volatile components that may be lost during drying [91,92], and is commonly mea-
sured using gravimetric methods such as freeze-drying or oven-drying [86,88].

In this thesis, the term water content of lignin refers to the water physically and
chemically bound to the lignin structure, excluding water formed by the thermal
decomposition of lignin. The analytical approaches focus on quantifying water
molecules initially present in or associated with the lignin material, rather than
water generated during lignin degradation.

When lignin samples are heated at elevated temperatures, some other volatile
components may also co-evaporate with water. The presence of volatile organic
compounds depends on both the origin and the processing method used for lignin
production, including lignin pulping and other methods. Typical volatile com-
ponents in lignin are solvent residues, low molecular weight phenolic moieties,
organic acid residues, sulphur-containing compounds, and degradation products.
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Water, together with these co-evaporating volatile compounds, is commonly
referred to as moisture in lignin.

2.5.1 Gravimetric Analysis

Gravimetric analysis is one of the oldest analytical techniques, with its origins
tracing back to the early days of experimental science [129]. Moisture content can
be determined gravimetrically by heating the sample under controlled conditions
in oven-drying or thermogravimetric analysis and calculating the mass loss on
drying. The accuracy of such determinations can be influenced by factors including
oven design, temperature uniformity, airflow, sample size, and exposure time [130].
Gravimetric analysis using oven-drying is reliable for determining moisture
content, especially in non-volatile organic materials. This method is inexpensive
and is preferred when the sample has high moisture content and is not heat-
sensitive. However, the accuracy of the results can be affected by factors such as
sample size, sample container, oven temperature variations, and time [131]. To
determine the moisture content of lignin, the oven-drying method is employed at
the conditions prescribed in standard methods for moisture determination at 105 +
2°C for 7h and 48 h [86].

Lyophilisation, commonly known as freeze-drying, is used to stabilise and
preserve materials that are sensitive to moisture, and it is effective for a wide range
of products that degrade when exposed to water [132]. In lignin analysis, this
method is useful because it avoids the risk of altering its chemical structure at
elevated temperatures via condensation reactions between lignin functional groups
or decomposition. In addition, freeze-drying helps to avoid the loss of volatile
organic matter [86]. Besides its uses in sample preparation, it is a valuable tech-
nique for determining moisture content in natural products, polymers, food
samples, and pharmaceutical products [133], as it preserves the structural integrity
of thermosensitive materials [86].

2.5.2 Karl Fischer Titration

Karl Fischer (KF) titration is a widely recognised analytical technique that utilises
volumetric or coulometric titration to determine water in a sample. This technique
was developed in 1935 by the German chemist Karl Fischer [128,134]. The
method is straightforward, accurate, reliable, robust, rapid, sensitive, applicable
to a wide range of sample types, and can be automated. As a result, KF titration
has become the standard method of water determination in a wide range of
materials. It can determine water content at the ppm level and works with liquid,
solid, and gas samples [128,135]. KF titration specifically determines water
content, rather than total moisture content (i.e. water together with other volatile
components) [136]. This method is versatile because it can accommodate
different levels of water content through two distinct process modes. Coulometric
Karl Fischer titration (C-KFT) is suitable for trace amounts of water and offers
higher precision, whereas volumetric KF titration is typically used for moderate
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to high water contents [137,138]. KF titration can measure bound and free water,
such as water within crystals or on their surfaces [139].

KF titration uses a redox reaction in which iodine oxidises sulphur dioxide
(SOy) in an alcohol medium, with water being quantitatively consumed. In C-
KFT, iodine is produced electrochemically at the anode of the generator
electrode. The Karl Fischer reaction proceeds via a two-step reaction mechanism
can be represented by Egs. (2) and (3) [136,140,141].

ROH + SO, + R°N — [R°NH]-SO;R ©)
[R’NH]-SO;R + H,0 + I, + 2 R°N — 2 [R'NH]I + [R"NH]-SOsR 3)

where ROH represents an alcohol, typically methanol or 2-methoxyethanol, and
R’N is a base (typically imidazole).

In C-KFT, iodine required for the reaction is produced electrochemically at
the generator electrode according to the following reaction (Eq. 4) [141]:

217 - I, + 2e” @)

The key principle of the KF titration method is that one mole of water reacts
stoichiometrically with one mole of iodine (I,) in the measured sample. The
iodine generated at the anode participates in the Karl Fischer reaction (Eq. 3), in
which one mole of water is consumed per mole of iodine formed. An indicator
electrode detects the titration endpoint once all the water present in the sample
has reacted and excess iodine appears in the system [140].

At the cathode of the generator electrode, hydrogen ions are reduced by
electron uptake, leading to the generation of hydrogen (Eq. 5):

2HY + 2e” > H, 1 )

In C-KFT, water content is quantified from the electric charge required to electro-
chemically generate iodine, which reacts stoichiometrically with water. This
charge, obtained by integrating the current over time until the endpoint, is
converted to the corresponding amount of water using Faraday’s law of electro-
lysis (Eq. 6) [140,142].

m =
H,0 zF (6)

where my, o is the mass of water, My, is the molecular weight of water, Q is

the measured electric charge, z denotes the number of exchanged electrons (z =
2), and F is the Faraday constant (¥ = 96485 C/mol). Based on Faraday’s law of
electrolysis, the mass of water is directly proportional to the total charge passed
through the system, determined by integrating the measured current over time. C-
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KFT can be regarded as a primary measurement method, as the amount of iodine
generated is directly proportional to the measured electric charge. Therefore,
metrological traceability can be established through measurements of time and
current and no analyte-specific calibration is required [143—145]. The titration
endpoint is reached when excess iodine is generated and detected voltametrically
once the reaction has consumed all the water in the sample.

KF titration is extensively utilised to determine water content in various
samples across the pharmaceutical, food, chemical, and petrochemical industries,
as well as in the electronics, paper, polymers, and cosmetics industries, where
water content can significantly affect processing results, product behaviour, and
performance.

Despite its accuracy, the Karl Fischer technique has some limitations. It is
incompatible with real-time water content monitoring and uses potentially
hazardous chemicals such as methanol, pyridine or imidazole, iodine, and sulphur
dioxide [143].

Direct determination of water content in solid materials can be achieved by
coupling KF titration with a vaporisation oven, resulting in the vap-C-KFT
method. It is a direct, accurate chemical method used for quantitatively deter-
mining water content in samples for which the direct injection method is im-
practical.

However, during vaporisation, the sample may degrade, yielding water, which
leads to overestimation of water content. For example, it was shown that in plant-
based materials, the measured water content depends on the chosen KF vaporisa-
tion oven temperature [146], which makes it important to select appropriate oven
temperatures for a material. In this thesis, optimal temperatures for various
sample types are determined. The dependence of experimental water content
values on KF oven temperatures is approximated with the “sigmoid-curve” model
described in detail in Section 4.3.1.

2.6 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is one of the most versatile analytical techniques for iden-
tifying and characterising materials, as well as quantifying their components
[147,148]. This technique determines a sample’s absorption of infrared radiation
based on the principle that molecular bonds vibrate at specific frequencies,
producing a distinct absorption spectrum which acts as a molecular fingerprint;
this information is used to reveal the molecular constituents of the material
[60,149]. This absorbance behaviour enables the application of FTIR spectro-
scopy for quantitative analysis, provided that the Beer—Lambert law is obeyed;
that is, the absorbance is proportional to the concentration of the absorbing
species under the selected measurement conditions [150,151]. A significant
development in FTIR sampling was the introduction of the ATR method, which
enables direct sample analysis for solid, liquid and semi-solid samples with
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minimal sample preparation and provides reproducible and consistent results
[152,153].

FTIR spectroscopy is simple, non-destructive, relatively inexpensive, and
rapid [154,155]. It offers several advantages, including good sensitivity, in some
cases good selectivity, good accuracy and reproducibility of results [61,156—158].
Its broad applicability makes it a vital tool for identifying and characterising the
molecular composition of different substances [159]. Many organic and inorganic
compounds containing covalent bonds can absorb electromagnetic radiation at
various infrared frequencies, making them IR-active and allowing them to be
identified and quantified using FTIR spectroscopy [160].

FTIR spectroscopy has been widely employed in the investigation of ligno-
cellulosic materials [161] to characterise chemical structures and compositions
[61,162]. FTIR spectroscopy enables qualitative and quantitative analysis of
functional groups, such as hydroxyl, carbonyl, and methoxy groups [61,163], as
well as various phenolic and aromatic compounds and related molecular inter-
actions [61,154].

FTIR spectroscopy has been used for water determination in different mate-
rials. Water absorbs IR radiation primarily in the O—H stretching vibrational region
around 3600-3200 cm™! and the H-O—H bending region near 16551640 cm™ [13].
In FTIR spectroscopy, different vibration bands are not specific to particular
functional groups, and overlapping of absorption bands therefore often occurs. In
the region 3600-3200 c¢cm™, functional groups such as hydroxyl groups from
aromatic and aliphatic compounds, carboxyl groups, and water fall in similar
regions. In contrast, the H-O-H bending vibration of water around 1650 cm™!
may overlap with e.g. the carbonyl stretching band [13,14,164].

The influence of water on lignin spectra extends beyond the O—H stretching
and H-O—H bending regions, as water interacts with lignin through adsorption
and hydrogen bonding. The band near 1670 ¢cm™!, which is attributed to C=0
stretching vibrations, shows increased intensity with increasing water content,
suggesting that carbonyl groups may act as additional water sorption sites. Simi-
larly, bands in the 1200 cm™ region, corresponding to C—C and C-O stretching
vibrations, also show increased intensity with increasing water content, reflecting
interactions between water molecules and lignin macromolecules [13,14,165].
The presence of water molecules can alter the lignin spectra, in wavenumber
regions including C=0, C-O, C—O—C functionalities, due to hydrogen bonding,
which changes the local environment of lignin functional groups, shifting their
vibrational frequencies [165].

Because of the high probability of overlap between bands of components in
infrared spectra of mixtures, the traditional univariate calibration is usually
insufficient for quantitative FTIR analysis. Instead, multivariate chemometrics
methods, such as PLS-R, are often used with FTIR spectroscopy to enable robust
quantitative analysis.

FTIR spectroscopy has been used to quantify water and moisture content in
various materials, including natural fibres, cellulose, lubricating oils, and hydro-
carbon lubricants [166—168]. Although ATR-FTIR spectroscopy combined with
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PLS-R has been widely used in the moisture determination of various bio-
materials, based on the available literature, it has not been applied to lignin. There
is only one report, to our knowledge, that demonstrates moisture absorption
behaviour in lignin at nanogram-scale resolution, employing FTIR with PLS-R,
and that report did not use ATR [13]. The authors employed only one reference
method, Dynamic Vapour Sorption (DVS), to determine reference values and did
not elaborate on the accuracy or limitations of moisture quantification. They
developed three calibration models spanning different spectral regions of the
FTIR range and discussed the relative advantages and disadvantages of each [13].

2.7 Partial Least Squares Regression

Chemometrics is the application of mathematical and statistical methods to
extract relevant chemical information from complex data. Chemometric techni-
ques are widely applied in analytical chemistry to interpret complex multivariate
datasets. The term “chemometrics” was first introduced in the 1970s [169,170].
Chemometrics relies on multivariate data, i.e. measurement of multiple variables
for each sample, resulting in large, complex datasets. These techniques facilitate
the interpretation of such data, supporting improved understanding, classifica-
tion, quantification of analyte concentrations and prediction of chemical pro-
perties [169]. Multivariate calibration enables the use of rapid, inexpensive, and
non-destructive analytical techniques, such as FTIR and near-infrared spectro-
scopy (NIR), to accurately predict chemical properties of complex materials
[169,171]. Chemometric models have been widely employed in various fields,
including food science [172,173], pharmaceuticals [174], petrochemicals [168],
biomass analysis [26,175—-177], and polymer characterisation [169,178].

Among multivariate calibration methods, PLS-R is one of the most widely
used approaches for modelling relationships between spectral data and corre-
sponding variables of interest (e.g., analyte concentration). PLS-R is applicable
to data generated by liquid chromatography—mass spectrometry (LC-MS), GC-
MS, NMR, FTIR, and NIR spectroscopy [169].

FTIR spectroscopy combined with PLS-R has become an important tool for
lignin characterisation, rapid quantification of lignin content and functional
groups, and determination of molecular properties [179,176,180]. PLS-R is parti-
cularly effective for extracting information from large sets of complex spectral
data, most importantly, with overlapping bands and bands belonging to unknown
components. This capability has enabled e.g. the prediction of the lignin, cellu-
lose, and hemicellulose concentrations in lignocellulosic materials [61,171,181,
182]. In wood chemistry, PLS-R has been widely employed to determine lignin
content [179], to quantify major wood chemical components (i.e., % of lignin,
cellulose and hemicellulose in wood) [175,179], and to predict biomass thermal
reactivity, energy content and chemical composition [26]. PLS-R has been
applied to the characterisation of lignins, including molecular weight distribution,
inter-unit linkage abundance, functional group content, and S/G ratios [177].
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FTIR spectroscopy with PLS-R has also been used for the determination of
water/moisture in various materials [168,183,184], including lignin [13]. Water
has distinct IR absorbance bands, but they overlap with absorbance bands of other
functionalities, as explained in Section 2.6, so univariate calibration is not
sufficient. The spectral response of water is distributed over several wavenumber
regions, each of which is influenced by chemical interactions, including hydrogen
bonding [13,14,165]. Multivariate PLS-R calibration approach overcomes the
overlap between different absorption bands by using latent variables that have
been composed to maximise the covariance between the observed spectral
features and water or moisture content, providing greater robustness than single-
band approaches, particularly in complex systems such as lignin.
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3 EXPERIMENTAL SECTION

3.1 Chemicals and Materials

Two KL (product numbers 471003 and 370959) were purchased from Sigma-
Aldrich (Saint Louis, USA), while dealkaline lignin was procured from TCI
Chemicals (Tokyo, Japan). Fibenol Lignova was supplied by Fibenol OU
(Tallinn, Estonia). The dimethyl sulphoxide-ds (DMSO-ds) (99.8%, containing
0.03% tetramethylsilane (TMS)) was acquired from Deutero GmbH (Kastellaun,
Germany). The a-D-lactose monohydrate (with a water content of 5.00%) was
obtained from Acros Organics (Geel, Belgium). Hydranal Coulomat AG anolyte
for C-KFT (methanol-based) was purchased from Honeywell Fluka (Seelze,
Germany). Additional non-commercial lignin samples were provided by Dr. Siim
Salmar’s research group. For the remaining materials see papers [-IV.

3.2 Samples, Sampling and Sample Preparation

3.2.1 Sampling and Sample Preparation for Uncertainty
Evaluation (Paper II)

A total of 15 lignin samples were prepared from a 1.0 kg container of KL
(471003) by systematic sampling from defined spatial regions of the container.
Specifically, five samples were taken from each layer: top, middle, and bottom.
For proton nuclear magnetic resonance (‘H NMR) analysis, 5.0 mg of each
sample was weighed on an analytical balance (Sartorius CPA225D-0CE, Re-
peatability standard deviation for 0—100 g: 0.02 mg) and dissolved in 0.6 g of
deuterated dimethyl sulphoxide (DMSO-ds) inside an NMR tube. A small amount
of sample and low concentration of the solution was deliberately chosen to ensure
complete dissolution, to avoid the need for large volumes of solvent and in some
cases to address limited sample availability. Weighing a small amount of sample
mass did not compromise measurement accuracy, as the study relied on peak area
ratios and accurate sample mass was not needed in the calculations.
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Figure 2. (A) Representative example of an acquired 'H NMR spectrum of a KL (471003)
sample dissolved in DMSO-ds. (B) Detailed view of the aliphatic region ranging from
0.70 to 2.30 ppm.

3.2.2 Preparation of Calibration Samples for Water and
Moisture Determination

Commercial lignin samples obtained from different pulping techniques described
in Section 3.1 were selected for analysis to ensure robust and externally valid
calibration of the predictive model by including a broad spectrum of chemical
compositions and moisture profiles. Different subsamples of 60—70 g were either
dried or hydrated under controlled conditions to obtain a broad set of calibration
samples with a range of moisture levels. Samples with low water content were
prepared using a rotary evaporator under reduced pressure. Drying was conducted
at 3540 °C under a reduced pressure of 1-3 mbar for varying durations, ranging
from 10 minutes to 4 h, to achieve different levels of water content.

To increase water content, two controlled conditioning approaches were em-
ployed. In the first approach, lignin samples were placed inside a desiccator
containing a saturated potassium nitrate solution at the bottom. The samples were
kept under these conditions at room temperature for 24—72 h, allowing varying
amounts of water to be absorbed. In the second approach, samples were placed in
a Weiss Umwelttechnik GmbH WK 111-340 climate chamber, where they were
exposed to controlled humidity levels between 75% and 95% at a stable
temperature of 20 = 1 °C. The exposure duration varied from 8-72 h, during
which lignin samples were homogenised to ensure uniform moisture distribution
[111].
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3.3 Instrumentation and Methods

3.3.1 Sampling Uncertainty Estimation

Sampling uncertainty was evaluated using 'H NMR spectroscopy by analysing
variability in signal intensity ratios across independently prepared subsamples. The
measurements were conducted using a Bruker Avance-III 700 MHz NMR spectro-
meter equipped with a 5 mm BBO (broadband observe) probe. The field strength
of the superconducting magnet was 16.4 T. The sample temperature was maintained
at 25 °C for all measurements. The NMR spectra were recorded with 81920 data
points, a 30° pulse, and a recycle time of 5.91 s (acquisition time 2.9 s and relaxa-
tion delay 3.0 s) [19]. Each spectrum was obtained with 2048 scans, preceded by
4 steady-state scans.

Data processing was performed with Bruker TopSpin 3.2 software. The spectra
were zero-filled to 262144 points, and an exponential line broadening of 0.1 Hz
was applied. Fourier transformation, manual phase correction, and baseline cor-
rection were performed using the spline baseline correction method. Two refe-
rence peaks were identified for analysis, both sufficiently separated and suitable
for reliable baseline correction. The first reference peak, between 8.40-8.65 ppm,
was assigned to formate salt in the lignin product, while the second, between
1.56-1.60 ppm, was attributed to aliphatic fragments. These reference signals
were used to calculate relative signal intensities of selected lignin structural
peaks. All peaks in both the aliphatic and aromatic regions were integrated, and
separate data analyses were performed using each of these reference integral
peaks. As shown in Figure 2, 11 different signal intensities, listed in Table 1, were
used for the quantitative study. To understand the impact of sample preparation
on integral variability relative to NMR measurement and integration, only
spectral signals and ranges that were fully separated, had moderate signal
intensity, and enabled reliable baseline correction were selected for further
analysis. Due to the high-intensity signal at 2.80—4.10 ppm, corresponding to
combined methoxy and hydroxyl groups, these peaks were excluded, whereas
peaks at 9.18-9.20 ppm were excluded because of low intensity.

The NMR tubes were sealed and placed in an ultrasonic bath for 10-15
minutes to promote complete dissolution. All samples were prepared using a
consistent protocol over 2—3 days. Each '"H NMR spectrum was recorded in
quadruplicate from the same solution, with individual measurements randomised
and distributed over more than a week to account for day-to-day instrument
variability and to evaluate the intermediate precision of the method, helping to
reduce the influence of systematic measurement timing effects and support more
reliable results [II]. The variability of these relative signal intensities across
subsamples was used as a measure of sampling-related heterogeneity, providing
an estimate of the sampling contribution to overall measurement uncertainty.
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3.3.2 Determination of Moisture and
Water Content Reference Values

Three different methods were employed to determine the reference values of
moisture and/or water content in the lignin calibration samples that were sub-
sequently used for calibrating the FTIR method using the PLS-R approach.

3.3.2.1 Oven Drying Method

In the gravimetric oven drying method the reduced weight, attributed to the eva-
poration of water and possibly other volatile components, is used to calculate the
moisture content. The procedure described in the ISO 6350:2024 standard was
implemented to determine moisture content in lignin samples [86]. Lignin samples
weighing 1.5-4.0 g were weighed on the analytical balance (Sartorius CPA225D-
0CE) and then heated in an oven at 105 & 2 °C for 48 h. The samples were heated
for up to 48 hours, and their masses were recorded after 2, 4, 7, 24, and 48 hours of
drying. Prior to weighing, samples were allowed to cool in a desiccator to minimise
moisture reabsorption.

The mass losses at 7 h and 48 h were used to calculate two different moisture
contents using Eq. (7). To evaluate between-day reproducibility, selected experi-
ments were repeated two or three times on different days. For each sample, the
mean moisture content was calculated at both 7 h and 48 h drying times.

mo—mq

Whnoisture = ( ) x 100% (7

mo

where Woisture represents the moisture content (%), mo denotes the mass of the
sample before drying (g), and m; indicates the mass of the sample after drying
(g). Some experiments were conducted twice or thrice to assess repeatability.

3.3.2.2 Freeze-drying (Lyophilisation) Method

The freeze-drying method involved weighing the lignin samples (1.5-3.0 g), pre-
cooling to -80 °C for 3—4 h, and freeze-drying in SCIENTZ-10N freeze-dryer
(Ningbo Scientz Biotechnology Co., Ltd., Ningbo, Zhejiang, China) at a reduced
pressure of 0.06—0.08 mbar for 72 hours [86].

The samples were weighed before and after the process to determine the
moisture content using Eq. (7). This method was effective for removing moisture
without thermal degradation of lignin. To determine both repeatability and
between-day reproducibility, the selected samples were analysed two or three times
consecutively to assess repeatability, while measurements were performed on
separate days to assess between-day reproducibility. The mean moisture content
values were calculated from the replicate determinations.
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3.3.2.3 Coulometric Karl Fischer Titration Method

The main measurement parameters in vap-C-KFT comprised oven temperature,
carrier gas flow rate, extraction time, drift correction, and endpoint criteria. The
carrier gas (dry nitrogen) flow rate was set to 50 mL min™!, and the minimum
analysis time (also known as extraction time) was 600 s per sample vial, with the
analysis continued until the predefined endpoint criteria were met. Drift correc-
tion was applied by determining the water drift rate using a conditioning vial and
subtracting the corresponding contribution from the measured water content. The
oven temperature was specifically optimised to balance incomplete water release
and thermal decomposition effects, with the optimisation methodology discussed
in Section 4.3.

The vap-C-KFT measurements were validated using o-D-lactose monohydrate
as a reference material (with water content 5.00% by mass) to confirm correct
instrument performance and accurate water determination. All the measurements
were repeated three times to evaluate the method’s repeatability. The standard
deviation of the measurement falls within the acceptable range, indicating that
measurements show high precision and consistency. The repeatability precision
of the process was expressed as a pooled standard deviation, which was 0.08%
by mass. Further experimental details can be found in Article III.

3.3.3 Analysis of Lignin with ATR-FTIR Spectroscopy

The ATR-FTIR spectroscopic method was developed to determine both water
and moisture content in the lignin samples. ATR-FTIR spectra were recorded on
a Bruker Alpha II spectrometer (Ettlingen, Germany). Spectra were recorded in
the range 3997-350 cm™ with 4 cm™ resolution and 32 accumulated scans. A
single-bounce diamond ATR crystal (2 mm spot diameter) was employed, en-
suring consistent contact via a pressure applicator. Before the measurement, all
the bulk lignin samples were mixed thoroughly to ensure uniformity and re-
presentativeness. Further experimental details can be found in Article I11.

The multivariate data analysis was performed using Opus Quant software. All
lignin samples were stored in airtight glass containers and thoroughly homo-
genised by shaking prior to ATR-FTIR analysis. Three replicate measurements
with three separate subsamples were performed with each lignin sample on the
same day.

The ATR sampling area is not isolated from the atmosphere. In order to eva-
luate the possible interference from the atmospheric moisture on lignin samples
during FTIR measurements, the water content of some samples was determined
before and after FTIR measurement using vap-C-KFT. The determined water
contents of the lignin samples (before and after FTIR measurement, respectively)
were as follows: Lignova 1 (Fibenol): 2.88%, 2.60%; KL (370959): 3.03%,
2.96%; KL (471003): 5.31%, 5.28%; DAL: 11.03%, 9.34%. Except for the DAL
sample, the water content variation was minor and within acceptable limits before
and after the measurement. The decrease in water content of the DAL sample was
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significant. However, as presented in Figure 3, it affected only the surface of the
sample pile, not the portion of the sample which is in direct contact with the ATR
crystal and the applicator. The change in water content might be due to higher
moisture content compared to the other lignin samples. The validity of this
assumption is confirmed by the very good agreement of the spectra obtained from
replicate measurements of the subsamples of the same lignin sample.

Pressure
Applicator

Pressure
Applicator
Compressed lignin layer

at the ATR crystal contact

Outer lignin layer reducing moisture
exchange with ambient air

Lignin Sample —|

ATR Crystal ATR Crystal

Figure 3. Cross-sectional schematic of the ATR-FTIR pressure applicator setup: (a)
pressure applicator before contact with the ATR crystal; (b) pressure applicator after
contact with the lignin sample.

3.4 Data Analysis

3.4.1 Statistical Techniques Used for Sampling Uncertainty
Evaluation

Sampling errors, baseline irregularities, and partially overlapping peaks in gNMR
measurements were identified as the primary sources of uncertainty. Two appro-
aches were used to estimate sampling uncertainty—analysis of variance (ANOVA)
and a simplified estimation approach, which is explained in 4.2.1.1.

Pooled standard deviation [185] was used to combine standard deviations from
multiple datasets to estimate a more reliable standard deviation, especially when
assuming that the variability across the groups is the same. It is employed when the
sample size is small, unstable samples for a long period, or it is difficult to make a
sufficient number of samples. The pooled standard deviation can be applied when
the measurements involve the same analyte/measurand, follow an identical method,
and are performed on similar samples and on similar analyte concentrations.
Depending on the purpose, it can be employed on samples analysed within a day
or over a period of time.

Outlier detection in the collected data was performed using the Dixon Q test
[186,187] at a 95% confidence level without applying p-value adjustment. The
test was performed separately for each type of integral corresponding to each
sample category, that is, the top, middle, and bottom layers of samples, with data
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from five replicates pooled together. This procedure resulted in a total of 30
Dixon tests, each involving 20 data points. To assess the normality of the data
distribution, all integral values were normalised, and the resulting dataset was
pooled into 600 data points. The normality of the distribution was then evaluated
through visual comparison with a cumulative normal distribution curve and a
linearised normality plot. The detailed analysis process is documented in the
Excel file, which is available as Supporting Information of Article II.

The overall variability of the results, as relative standard deviation (RSDrota1)
(see 4.2.1.1) for each individual intensity ratio, was calculated by determining the
relative standard deviation (RSD) from all replicates across the 15 samples. To
obtain the variability caused by measurement (RSDwecas) for each signal ratio, a
pooled RSD was calculated based on the results of four replicate measurements
of the same signal intensity ratio from all 15 samples, following the procedure
outlined in ref [185].

3.4.2 Multivariate Data Analysis for Water and
Moisture Determination Using ATR-FTIR

A quantitative evaluation of water and moisture content in lignin samples from
ATR-FTIR spectra was carried out using PLS-R as implemented in the Bruker
Opus Quant software. The calibration models were developed using 30 samples for
vap-C-KFT and 27 samples for other methods (4 samples were available in small
amounts and were used only for the vap-C-KFT method), with an independent test
set of 5 samples. Despite the small number of calibration and test samples, this
number of samples is considered adequate for this proof-of-principle study.

Reference values of water content were determined by vap-C-KFT as explained
in 3.3.2.3. Reference values of moisture were determined by three methods — air
oven-drying (7 h and 48 h) as explained in 3.3.2.1, and freeze-drying, as explained
in 3.3.2.2. The models were optimised by minimising root mean square error of
cross-validation (RMSECV) by adjusting spectral ranges (within the 3997-350 cm™!
range); applying the following preprocessing methods: standard normal variate
(SNV) or SNV + the first derivative, Multiplicative scattering correction (MSC),
First derivative + MSC and the second derivative; and selecting the optimal number
of latent variables. Outlier spectra were detected by software and excluded from
the calibration model, ensuring at least two spectra remained for each sample. The
models were then re-optimised after removing the outlying spectra. The quality of
the final models was evaluated by the root mean square errors of prediction
(RMSEP) obtained from the analysis of the test set samples. Further details can be
found in Article II1.
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4 RESULTS AND DISCUSSION

4.1 Accuracy of qNMR for Lignin Quantification

4.1.1 Analysis of Published Data:
Insights from Literature Review

A targeted literature review was conducted to identify reports that mainly focused
on the accuracy of the qNMR lignin analysis. As highlighted in the literature,
gNMR spectroscopy has garnered significant attention and has been extensively
employed for the quantitative analysis of various functional groups in different
types of lignin, utilising a range of NMR techniques. In contrast to research that
just used gNMR to resolve different technical issues, this part of the thesis
attempted to evaluate studies specifically focused on assessing the accuracy of
lignin qNMR analysis. The selection was narrowed down to 21 most relevant
papers out of several hundred potential candidate’s [I]. The selection was based on
predefined criteria, prioritising studies that explicitly addressed accuracy, valida-
tion, or uncertainty in QNMR lignin analysis. These selected studies were cate-
gorised into two groups: (i) studies primarily focused on quantifying lignin com-
ponents through the novel qNMR approach and (ii) studies explicitly addressing
the accuracy of qNMR quantification [I].

4.1.2 Sources of Measurement Uncertainty

The selected 21 reports demonstrate multiple variables that contribute to mea-
surement uncertainty in quantifying different structural subunits in lignin using
gNMR analysis. The familiar and recognised uncertainty sources in proton NMR
include inaccuracies in the integration of the signals, baseline distortions, spectral
noise, and overlapping of spectral signals of different structural units, which
cause complications in the integration of signals [8,188]. Furthermore, in 2D
NMR techniques such as HSQC, more specific contributors to uncertainty have
been observed, including variations in coupling constants, resonance offset
effects, the effect of proton T relaxation, 'H and heteronuclear T relaxation, and
proton-proton coupling [19]. Beyond these recognised sources, several un-
certainty sources have been missed or underappreciated in most reports, yet they
are important sources of uncertainty. These are:

(1) Variability due to sampling and subsampling: Although commercially pro-
cured lignin is typically considered a relatively homogeneous solid,
compositional variation may still arise between subsamples derived from the
same bulk sample, particularly if adequate mixing is not performed.
Although repetition of measurements is a common practice, many reports
provide insufficient data to specify whether these repetitions were from the
same or different subsamples. A failure to account for this might signi-
ficantly underestimate the overall measurement uncertainty. The data from
ref [189] allow for the back-calculation of the RSD associated with sample
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preparation, yielding values of 5% for '3C and 8% for *'P. These values were
significantly higher than the RSD values associated with actual NMR mea-
surement, which are 3% and 5%, respectively. These values highlight the
significance of sampling and sample preparation as a major source of un-
certainty. The elevated RSD in *'P NMR may be attributed to the additional
derivatisation step required, which is unnecessary for '3C NMR. These
values were higher than the RSD, which was attributed to the NMR mea-
surement.

(2) Carbohydrate impurities: The lignin samples contain carbohydrate impuri-
ties such as cellulose and hemicellulose. The signals of these compounds
overlap with signals originating from lignin in the aliphatic region in the
NMR spectrum of lignin samples and can lead to an overestimation of
results.

(3) Chemical alteration in the production of lignins: In the pulping process,
lignin often changes its chemical composition and degrades aliphatic bonds
and aromatic rings in a few cases. These changes must be addressed expli-
citly in uncertainty assessment frameworks, as leaving them out can lead to
significant quantification errors.

The literature survey results are presented in Table 1 of Article 1.

4.1.3 Accuracy and Trends in the Quantification
of Lignin Analysis

In the structural analysis of lignin using NMR, some specific structural fragments
yield higher measurement accuracy in their quantification than others due to their
relative abundance and distinctive spectral data. The important functional groups,
such as the methoxy group, hydroxyl group, and aromatic hydrogens, along with
the quantification of S and G units and their ratio (S/G), are generally determined
with high reliability. The accuracy is good because these features produce strong,
well-distinct NMR signals, making them easy to quantify. In contrast, linkages
such as B—f, B—5, and B—1 exhibit lower signal intensity and significant spectral
overlap, leading to increased integration uncertainty and reduced quantification
reliability. Different NMR methods influence accuracy; for example, for
hydroxyl-group quantification in lignin *C NMR has been reported to provide
higher accuracy than *'P NMR [8]. In *'P NMR, the selection and stability of
internal standards are vital for ensuring the reliability and accuracy of results [8].
The most commonly used standards are cyclohexanol, endo-N-hydroxy-5-
norbornene-2,3-dicarboximide, trioxane, and N-hydroxy-1,8-naphthalimide. An
unsuitable standard has lower chemical stability or overlapping chemical shifts,
which can compromise spectral resolution and quantification. For example,
benzoic acid is generally avoided in lignin studies because its chemical shift
overlaps with the resonance of carboxylic acid (COOH) groups in lignin, leading
to inaccurate peak assignments and distorted quantitative data [8]. While early
studies often overlooked detailed accuracy assessments, more recent research,
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particularly the work of Balakshin and Capanema, has systematically addressed
these issues, highlighting the advancement of gNMR techniques in lignin analysis
[8,56,188]. Recent publications demonstrate reduced standard deviation and bias,
which is reflected in reduced RSD and improved reproducibility compared to
articles published in 1980-2000.

The accuracy of lignin quantification using qNMR methods is affected by
several issues. Firstly, variations in industrial extraction and treatment ap-
proaches of lignin might change its chemical composition. As identified earlier,
this uncertainty source becomes particularly significant with lignins that have
undergone extensive treatment during processing. In such cases, defining the
measurand can become problematic, as the nature of the sample may have
partially or fully changed during processing. For partly decomposed or processed
lignins, the question arises: what exactly is being measured? Is it the ratio of
structural units in the original, unaltered lignin, or is it the ratio in the partially
decomposed lignin, which has undergone chemical transformations and/or loss
of functional groups? This distinction is crucial, as it directly impacts the inter-
pretation of the measurement and its relevance to the intended analysis. Secondly,
several studies report replicate measurements but often provide insufficient infor-
mation about experimental conditions, raising the question of what exactly the
meaning of the reported RSD or other precision estimates is. Finally, bias is
inconsistently reported in the literature, often described as an “error”, and
frequently not taken into account. There is often no consideration of whether the
reference models used truly reflect the complex structure of lignin, leading to
potentially inaccurate bias estimates.

Additionally, most reports do not differentiate between within-day and long-
term bias. Within-day bias refers to systematic errors observed within a single
day of measurements, which may be random errors over a long time period (i.e.
on different days, the magnitude and direction of bias may be different), while
long-term bias persists across extended periods. This lack of differentiation
affects the accuracy of lignin analysis by failing to address systematic errors
optimally.

Based on the analysis of the literature sources, three main approaches are
proposed in article I that can advance the field of lignin gqNMR analysis. First, the
measurand must be clearly defined: whether it reflects bulk lignin or a specific
sample, and whether it refers to treated or untreated lignin, as this affects the
uncertainty involved. Second, when reporting qNMR results, essential details
should be included: number of replicate measurements, timing and within-day or
over a long period of timing of measurements, repetition of sample preparation
steps, and if comparison with reference values, it is important to assess bias
accurately. Lastly, there is a need for reliable reference values.

At the time of this research, the COMAR database does not list any certified
reference materials. which would be closely related to lignin. Although certified
lignin reference materials are lacking, studies show consistent results across
certain lignin types like Alcell and Indulin [188], suggesting that these materials
could be formalised and distributed as reference materials for certification, e.g.
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via an interlaboratory comparison. This way, these lignins could become stan-
dardised reference materials, providing a strong base for future lignin quanti-
fication efforts. This approach could help reduce variability between laboratories
and offer a pathway to creating a widely accepted set of certified lignin reference
materials, which can be used in further research work. In addition, future research
may focus on creating a range of reference materials representing various types
of lignin, treated under various conditions, from different technologies to support
a broader range of analyses and applications. Such initiatives would significantly
enhance the reproducibility and standardisation of gNMR results in lignin studies,
advancing both fundamental research and industrial applications of lignin.

4.2 Sampling Uncertainty in qNMR

Sampling uncertainty is crucial to overall measurement uncertainty, especially in
quantitative analysis of complex solid materials like lignin, which are inhomo-
geneous to some degree. However, as became apparent in the previous part of
this thesis, sampling uncertainty has been largely neglected or inadequately
addressed in most previous studies involving gNMR [I].

In this study, a comprehensive investigation into sampling and subsampling
variability was explicitly conducted for commercial lignin. Sampling uncertainty
is not limited to the gNMR technique. It is inherent to any other quantitative
technique, arising before the measurement starts. Thus, essentially any quantita-
tive technique could be used to investigate sampling uncertainty. However, for
several reasons, qNMR is a very suitable technique for this purpose. It provides
non-destructive, reproducible and accurate measurement results without the need
for reference standards. By evaluating the contributions of sampling and
measurement-related variability, this research aimed to elucidate the significance
of sampling uncertainty in the quantitative analysis of lignin and provide two
different calculation approaches for its assessment.

4.2.1 Evaluation of Sampling Uncertainty Using qNMR Analysis

Sampling uncertainty arises from the variability introduced while selecting the
samples and subsampling from bulk samples, without accounting for errors
arising from sample preparation or measurement procedures. In gNMR spectro-
scopy, this type of uncertainty shows up as signal intensity fluctuations. To ensure
accurate analysis, it is crucial to distinguish between variability due to sampling
and other sources of variability.

In order to ensure that as large a share as possible of the variability in the
signals was due to the variability in sampling, the variability due to NMR mea-
surement needed to be minimal. In order to ensure this, only particular signals
and spectral ranges were selected (as shown above in Figure 2) for analysis to
assess the effect of sample preparation on the variability of integrals, where the
variability caused by NMR measurement and integration would have as low
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effect as possible. Because of this, the following criteria for the selection of
suitable signals were established: the signals should (1) be well separated and not
overlap, (2) be sufficiently intense to provide reliable data without being
excessively strong, and (3) enable satisfactory baseline correction. Because of
these peak selection criteria, many peaks were omitted from the analysis. The
selection process aimed to minimise errors caused by poor baseline correction or
weak signals and to enhance the accurate evaluation of sampling-related
uncertainties.

4.2.1.1 Data Analysis to Evaluate Sampling Uncertainty

The primary objective of the data analysis was to dissect the overall variability of
relative peak intensities into two distinct components: variability arising from
measurement and variability attributed to sampling. This data analysis was per-
formed separately for the ten intensity ratios described in Section 3.3.1, and the
ratios are presented in Table 1. Two analytical approaches were employed for this
purpose. The first approach was the traditional Analysis of Variance (ANOVA)
approach, comprehensively described in reference [190]. The second approach
was a simplified approach, breaking the total variability down into two distinct
parts: variability due to sampling (RSDsampling) and RSDweas [I1]. The relationship
between these components is described by the following Eq. (8):

RSDrota) = \/ RSDZ,mpling + RSDficas (8)

From this Eq. (8), the RSDsampiing can be expressed as follows:

RSDSampling = \/RSD%otal - RSDI\Z/Ieas €))

Both RSDrotal and RSDwieqs are directly available from the experiment. The total
variability (RSDrott), calculated as the standard deviation of results obtained from
all samples drawn from the bulk material, encompasses both sampling-related
variability and measurement-related variability. In contrast, the variability deter-
mined from replicate measurements of the same sample (RSDweas) reflects only
the variability introduced by the measurement process itself.

Both methods yielded consistent results, confirming the robustness of the
analysis. The calculated pooled RSD values (averages from the two data analysis
approaches) are presented in Table 1. Full details, data of the individual
approaches and calculation files are available in the Appendix of Article II.
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Table 1. Overall Relative Standard Deviations of Signal Ratios (RSDrot1), RSD due to
measurement (RSDwmeas), and RSD due to sampling (RSDsampling), the values represent
averages from the two data analysis approaches.

Signal Integrals Used for Calculating the
Ratios against Signal at 8.40-8.65 ppm RSDrotar RSDweas | RSDsampling
(Formate Salt Integral-2)
Individual
RSD Values
Aldehyde Integral-1 (9.18 to 9.30 ppm) 3.5% 2.7% 2.3%
Aromatic Region Integral-3 (5.80 to 8.00
ppm) 4.8% 3.4% 3.4%
O-CH/O—CH; Integral-4 (4.13 to 5.10 ppm) 7.4% 6.3% 3.9%
Integral-7 (1.77 to 1.79 ppm) 3.7% 3.1% 2.0%
Integral-8 (1.56 to 1.60 ppm) 3.5% 2.7% 2.2%
Integral-9 (1.40 to 1.45 ppm) 4.5% 4.0% 2.1%
Integral-10 (1.26 to 1.32 ppm) 4.5% 4.1% 1.7%
Integral-11 (1.19 to 1.23 ppm) 5.7% 5.5% 1.6%
Integral-12 (1.12 to 1.15ppm) 6.7% 6.4% 1.9%
Integral-13 (1.03 to 1.08 ppm) 3.3% 2.8% 1.8%
Integral-14 (0.76 to 0.79 ppm) 5.4% 5.0% 1.9%
Pooled RSD
Values
| 50% | 44% | 2.4%

The RSD values for individual signal intensity ratios, as presented in Table 1,
ranged from 3.3% to 7.4% for RSDrotl, 2.7% to 6.4% for RSDheas, and 1.6% to
3.9% for RSDsamping. According to this data, measurement-related variability
usually surpassed sampling variability, which is RSDsampiing. However, despite the
observed variability, no evident pattern or outliers were identified, suggesting that
statistical fluctuations cause the differences.

The pooled RSD values under the used experimental conditions (Table 1)
indicate that the RSD related to NMR measurements (including peak integration)
and sampling differ approximately by two times. Thus, although not the dominant
uncertainty source under our conditions, sampling uncertainty contributes signi-
ficantly to overall measurement uncertainty, as shown by this result. Unlike the
common practice up to now [I], it should always be considered.

Minor variations in peak shape and chemical shift were observed in replicate
NMR measurements, but these issues were resolved by the increasing number of
scans, which enabled a precise assessment of sampling uncertainty. Future studies
could benefit from exploring sampling variability in lignin derived from different
production technologies and other natural materials. It is expected that raw
industrial samples have a higher level of inhomogeneity and, consequently, more
significant sampling uncertainty is expected, compared to the relatively homo-
geneous, commercially sourced fine lignin powder used in this research.

39



4.3 The “Sigmoid Curve” Approach of Water Content
Analysis

4.3.1 Sigmoid Curve Modelling

A model termed “sigmoid curve” was applied to describe temperature-dependent
water release and to identify the optimal oven temperature in vap-C-KFT. Water
content in lignin reference samples was measured using a vap-C-KFT equipped
with a sampling oven. A key parameter of this method is the oven temperature.
Using different oven temperatures leads to different water content results. In vap-
C-KFT, the oven temperature influences the amount of water released from lignin
samples. As explained in 2.1.4, low oven temperatures may result in incomplete
water release, while excessively high temperatures can lead to the release of an
excess amount of water due to sample decomposition. A typical example of such
decomposition process is presented by the elimination reaction in Section 2.1.4.
Optimisation of the oven temperature for accurate determination of water content
in lignin using the sigmoid curve approach was represented by Eq. (10).

C =Co—aje 1T + ayebT (10)

where C represents the concentration of water found from the vap-C-KFT
measurement, 7 is the oven temperature, a; is the offset of the lower curve (see
Figure 4), a; is the offset of the higher curve, b; determines the shape of the lower
curve, and b, determines the shape of the higher curve. The lower curve (Figure
4) represented by the red line corresponds to insufficient water release due to low
oven temperatures, whereas the higher curve represented by the green line
corresponds to the higher water release due to the decomposition of samples. The
constant term (Cp) represents the “plateau”, indicating the best estimate of the
actual water content of the sample where a balance is achieved between in-
complete water release and water generated from partial decomposition of the
material. The Cy value provides an estimation of the non-chemically bound water
content within the samples. The oven temperature that results in this equilibrium
is considered the optimal temperature for conducting vap-C-KFT of the material,
ensuring unbiased moisture determination.

The optimal analysis temperature T, is defined as the temperature where the
negative bias from incomplete release is compensated by the positive bias from
decomposition, i.e., where C = C,. Equating C and Cy in Eq. (10) and rearranging
yields:

In (a1)—In (az)

(11)

Topt =

Water content in different lignins was measured at oven temperatures ranging
from 50 °C to 250 °C to investigate the effect of oven temperature. The obtained
water content values were plotted against the corresponding oven temperatures,
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and the experimental data were fitted using the model described in Figure 4. To
achieve the best fit of Eq. (10) to the experimental data, the constants Co, a1, a2,
b1, and b, were systematically adjusted. The value of Cy, representing the plateau
in the curve, was interpreted as the actual water content of the sample.

Figure 4 shows an example of the graph used to determine the optimal oven
temperature, which in this case is 130 °C. The sigmoid graphs of all the main
types of lignin—KL (471003 & 370959), Lignova Fibenol, and DAL results are
published in article IV. In all four studied lignin types, the model equation fits the
experimental data points at a satisfactory level.
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Figure 4. Representative water vap-C-KFT water content measurement results for KL
(471003) across varying oven temperatures. The red line indicates insufficient water
release, the green line signifies sample decomposition, and the black line represents the
overall model described by Eq. (10).

Based on these graphs, oven temperatures were selected for the different types of
lignin using the vap-C-KFT method. Table 2 gives an overview of the oven
temperatures and vap-C-KFT results obtained for four lignin reference samples.

4.3.2 Optimisation of Temperatures for Lignin Materials and
Measurement Uncertainty

Table 2 presents for every lignin type the determined optimal analysis tempera-
ture (°C), the corresponding water content in different lignin types (%), and the
combined standard uncertainty of water content. The optimal temperature for
Fibenol Lignova was determined to be 114 °C; however, a round temperature 110
°C was used for the vap-C-KFT measurements. Likewise, for KL (471003), the
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optimal temperature was 129 °C and 130 °C was used during analysis. In the case
of KL (370959), the sigmoid-curve model initially indicated an apparent optimal
temperature of 130 °C. However, the data points for this type of lignin do not fit
the model very well, and after further investigation, another optimal temperature
estimate was found to be 164 °C. Because the sigmoid curve for KL (370959) did
not fit well all experimental data points and because the temperature 164 °C is
very different from the temperature 130 °C found for the other type of KL, as
well as very different from the temperature used for any other lignin, the
temperature was not further adjusted, and the same analytical temperature used
for KL (471003) was retained for determining the water content in KL (370959).
The suitability of this decision is demonstrated in section 4.4.2.3. The combined
standard uncertainty (see next subsection) for all lignin samples was 0.2—0.3 %,
which is suitably low. Table 3 presents the optimal parameters found for the
different lignin sample types.

Table 2. Different studied lignin materials, the optimal vap-C-KFT temperatures, water
contents Cyaeer (Yo by mass) and combined standard uncertainties.

Material Toptimal (OC) Cwater (%) uc(Cwater) (%)
Lignova lignin 114 3.2 0.2
Kraft lignin (471003) 129 5.6 0.3
Kraft lignin (370959) 130/164 34 0.3
Dealkaline lignin 130 11.5 0.3

Table 3. Summary of fitted parameters for sigmoid graphs in different lignin samples.

Plant-derived Samples Lignova | Kraftlignin |Kraft lignin| Dealkaline
Fibenol (471003) (370959) lignin
Parameters
Plateau, C: 3.17% 5.61% 3.35% 11.52%

Lower offset, a;: 0.0129 0.0490 0.0202 0.0454

Lower shape, bi: 0.0259 0.0221 0.0170 0.0350

Higher offset, ax: 2.36x107 1.41x10* | 2.03x10°6 2.87x10°

Higher shape, b.: 0.0295 0.0233 0.0390 0.0395
Optimal temperature (°C): 114 129 164 130

42



4.3.3 Uncertainty Evaluation and Suitability
of the Sigmoid Curve Approach

The water content at the optimal analysis temperature, C(7op), is described by
using the following mathematical model:

C(Topt) = CO + 5Csamp1 + 5Cmodel (12)

where Cy corresponds to the plateau value of the sigmoid curve model, (6 Csampi)
denotes the possible correction arising from the variability between measurement
results of subsamples analysed at the same temperatures, and (8Cyogdel)
represents the possible correction of the mismatch between model values and
experimental values. The values of both of these corrections (6Cgmp) and
(6Cpoder) are estimated as zero, but their uncertainties differ from zero.

The principal sources of uncertainty include the following: sampling un-
certainty (difference in water content between individual subsamples), modelling
uncertainty (mismatch between the experimental data points and the model) and
a systematic uncertainty component accounting for deviations of the Karl Fischer
titrator response from the reference water content of a-D-lactose (5.00% by
mass). Other potential uncertainty sources, such as blank correction and tempe-
rature measurement accuracy, were considered less significant and are at least
partly encompassed within these three primary uncertainty components.

Sampling uncertainty, u(8Csamp1), 18 inherently random in nature, and its
effect can be estimated for each material as explained in Section 4.2.1.1.
Modelling uncertainty, u(§C0q.) Was estimated as the RMS deviation of the
mean experimental values at the same temperatures from the model curve.
Clearly, the data points closest to the optimal temperature contribute the most to
the result. Therefore, the five data points closest to the optimal temperature were
used for evaluating this uncertainty contribution. The uncertainty component
u(Cy) was determined by calculating the relative deviation from the reference
value of 5.00% for a-D-lactose and applying this relative difference to the water
content of the material under investigation. The combined standard uncertainty
(u.) was subsequently calculated as follows:

U = \/u(acsampl)z + U(8Comoqen)? + u(Co)? (13)

The estimated combined standard uncertainties for the various studied lignins are
summarised in Table 2. Water content uncertainties for different lignin samples
range from 0.2% to 0.3%. These values facilitate an assessment of the method's
suitability across the different lignin types.
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4.4 Evaluation of Moisture and Water Content in Lignin

The aim of this part of the thesis was to assess whether water and moisture content
in lignin can be accurately measured using ATR-FTIR combined with PLS
modelling, and if possible, create a proof-of-principle ATR-FTIR method for
water and moisture content of lignin.

To achieve this, a set of lignin reference samples with known moisture or
water content was required for calibration. The water and moisture content refe-
rence values were determined using three different established techniques. The
water content was determined using vap-C-KFT, whereas the moisture content
was determined by gravimetric analysis combined with oven-drying (7 h and 48
h) and freeze-drying. Then, using these reference values, four PLS-R models
were developed for ATR-FTIR data, and the performance of the models was
evaluated using an independent test set of samples.

4.4.1 Water and Moisture Content Analysis of the Samples

The water content of the lignin samples was determined using vap-C-KFT under
the optimised measurement parameters described in Section 4.3.2 and is
presented in Table 4.

Table 4. Overview of the water content measurement results in lignin samples with vap-
C-KFT.

No. Sample Name Temperature used for | Water content
vap-C-KFT (°C) (% by mass)
Calibration samples (training set samples)
1 | Fibenol Lignova 1 Sample-2 110 0.57
2 | Fibenol Lignova 1 Sample-1 110 1.30
3 | Kraft lignin (370959) Sample-1 130 1.00
4 | Dealkaline lignin Sample-4 130 1.39
5 | Fibenol Lignova 2 110 2.21
6 | Kraft lignin (471003) Sample-1 130 2.38
7 | Fibenol Lignova 6 110 1.90
8 | Fibenol Lignova 1 110 2.86
9 | Dealkaline lignin Sample-1 130 3.18
10 | Kraft lignin (370959) 130 2.94
11 | Fibenol Lignova 1 Sample-4 110 4.03
12 | Fibenol Lignova 3 110 3.78
13 | Fibenol Lignova 1 Sample-9 110 4.39
14 | Dealkaline lignin Sample-3 130 5.16
15 | Kraft lignin (471003) 130 5.35
16 | Kraft lignin (370959) Sample-3 130 5.60
17 | Kraft lignin (471003) Sample-3 130 5.33
18 | Kraft lignin (370959) Sample-5 130 6.46
19 | Fibenol Lignova 1 Sample-3 110 7.00
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No. Sample Name Temperature used for | Water content
vap-C-KFT (°C) (% by mass)

20 | Fibenol Lignova 1 Sample-7 110 7.47

21 | Fibenol Lignova 1 Sample-8 110 7.56

22 | Fibenol Lignova 1 Sample-5 110 8.68

23 | Dealkaline lignin Sample-5 130 10.17

24 | Fibenol Lignova 1 Sample-6 110 9.69

25 | Kraft lignin (370959) Sample-4 130 10.32

26 | Kraft lignin (471003) Sample-5 130 10.19

27 | Dealkaline lignin (TCI) 130 11.10

28 | Kraft lignin (471003) Sample-2 130 1.10

29 | Fibenol Lignova 4 110 2.70

30 | Fibenol Lignova 5 110 3.02
Test set samples

31 | Dealkaline lignin Sample-2 130 4.13

32 | Fibenol Lignova 7 110 3.90

33 | Fibenol Lignova 1 Sample-10 110 5.99

34 | Kraft lignin (471003) Sample-4 130 6.95

35 | Kraft lignin (370959) Sample-2 130 9.04

Gravimetric analysis was used to determine the moisture content of the lignin
reference samples. In this study, the drying process with gravimetric analysis
involved oven-drying and freeze-drying. The moisture content of lignin samples
was calculated as a percentage of moisture content using Eq. (7).

The precision of the methods was calculated by pooled standard deviation of
replicate results obtained over different periods ranging from weeks to months.
For vap-C-KFT, results collected over 3—6 weeks were used, whereas for the
oven-drying and freeze-drying methods, results obtained within 2—-3 months.
Precision was presented as mass % of moisture or water. The pooled standard
deviation was 0.08% vap-C-KFT, 0.13 % for freeze-drying, 0.25% for oven-
drying (48 h), and 0.30% for oven-drying (7 h).

The moisture contents of the reference samples are presented in Table 5.
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Table 5. Overview of the moisture content results in lignin samples with the Gravimetric

analysis methods (all values in mass percent).

No.

Sample Name

Freeze-
drying

Oven-drying
(48 h)

Oven-drying
(7h)

Calibration samples (training set samp

les)

1 Fibenol Lignova 1 Sample-2 0.24 0.74 0.66
2 Fibenol Lignova 1 Sample-1 1.07 1.69 1.66
3 Kraft lignin (370959) Sample-1 0.58 1.76 1.67
4 Dealkaline lignin Sample-4 0.53 1.78 1.21
5 Fibenol Lignova 2 2.19 2.21 2.34
6 Kraft lignin (471003) Sample-1 1.01 3.12 2.68
7 Fibenol Lignova 6 1.84 3.43 2.33
8 Fibenol Lignova 1 2.86 3.43 3.52
9 Dealkaline lignin Sample-1 2.58 3.87 3.23
10 | Kraft lignin (370959) 3.08 3.87 3.72
11 | Fibenol Lignova 1 Sample-4 4.16 4.60 4.50
12 | Fibenol Lignova 3 4.02 4.81 4.36
13 | Fibenol Lignova 1 Sample-9 4.56 5.14 4.89
14 | Dealkaline lignin Sample-3 4.98 5.92 5.52
15 | Kraft lignin (471003) 4.86 6.26 5.98
16 | Kraft lignin (370959) Sample-3 5.61 6.64 6.44
17 | Kraft lignin (471003) Sample-3 3.32 6.84 6.41
18 | Kraft lignin (370959) Sample-5 6.90 7.47 7.43
19 | Fibenol Lignova 1 Sample-3 7.36 7.76 7.68
20 | Fibenol Lignova 1 Sample-7 7.87 8.07 7.96
21 | Fibenol Lignova 1 Sample-8 7.99 8.28 8.17
22 | Fibenol Lignova 1 Sample-5 9.18 9.58 9.27
23 | Dealkaline lignin Sample-5 10.01 10.61 10.38
24 | Fibenol Lignova 1 Sample-6 10.55 10.90 10.73
25 | Kraft lignin (370959) Sample-4 10.93 11.54 11.40
26 | Kraft lignin (471003) Sample-5 8.81 11.81 10.85
27 | Lignin Dealkaline (TCI) 11.23 12.03 11.69
28 | Kraft lignin (471003) Sample-2 - - -

29 | Fibenol Lignova 4 - - -

30 | Fibenol Lignova 5 - - -
Test set samples

31 | Dealkaline lignin Sample-2 3.68 4.60 4.24
32 | Fibenol Lignova 7 4.27 5.58 4.69
33 | Fibenol Lignova 1 Sample-10 6.28 6.66 6.47
34 | Kraft lignin (471003) Sample-4 6.40 7.96 7.54
35 | Kraft lignin (370959) Sample-2 10.28 10.32 10.20
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4.4.2 ATR-FTIR Combined with the Partial Least Squares
Regression Method

4.4.2.1 Infrared Spectra of Lignin Samples

In FTIR spectra, water is characterised by absorption bands in the 3600-3200 ¢cm'!
region, corresponding to the O-H stretching vibration, and in the 1655-1640 cm'!
region, attributed to the H-O—H bending vibration [13,150,167,191]. A broad and
intense peak in the 3600-3200 cm™ region is typically observed and varies
depending on the moisture content due to the hydrogen-bonded O—H stretch. The
absorption ranges of water largely overlap with the absorption ranges of
hydroxylic groups in lignin. Moreover, the main functional groups in lignin, such
as hydroxyl, methoxy, carbonyl, and carboxyl, can influence water absorption.
These functional groups can interact with water molecules by forming hydrogen
bonds, affecting the intensity and position of the water absorption bands and
thereby influencing the overall FTIR spectrum of lignin.

Figure 5 represents the ATR-FTIR spectra of lignin samples that belong to the
calibration model. Different colours were used for lignins produced by different
technological processes. The spectra presented for the dataset show differences
between the lignin samples caused by different water contents and compositional
differences resulting from the different origins and technological processes.
These variations can be attributed to factors such as different botanical origins,
different extraction processes, impurities introduced during pulping, and che-
mical modification. The lignin samples that were included in the model contained
water in the range of 0.24—11.23%. The variation in the range of water strongly
influences the IR spectra of different lignins. The technological processes used to
extract, treat, or modify lignin also strongly impact the IR spectrum. For example,
lignins were extracted from different wood types using various extraction pro-
cesses, temperatures and treatment conditions, leading to structural diversity and
differences in functional group composition and their interaction with water
molecules. Contaminants introduced during the extraction process, such as
residual acids, bases or any other chemical, may be attributed to spectral diffe-
rences.

The spectral variations caused by the inherent structural differences in lignin
complicate determining water using IR spectra, as it becomes challenging to
distinguish between spectral changes caused by water content versus those
resulting from the inherent variability in lignin structure due to processing
methods. Due to this overlap and structural variability, univariate calibration
approaches are insufficient for accurate quantification of water in lignin. By
extracting latent variables that maximise the covariance between spectral data and
the reference water or moisture content values, PLS-R enables robust calibration
even in the presence of extensive spectral overlapping and where spectral
variability is influenced by the concentration of the analyte and also by other
sources of variability.
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Figure 5. ATR-FTIR spectra of all the training set samples.

4.4.2.2 Developing and Optimising Calibration Models

The PLS-R calibration method was developed using reference values from the
vap-C-KFT method and from gravimetric analysis to determine water and
moisture content independently. Four different PLS models were developed:
using the vap-C-KFT reference values for water, and the other three for moisture
determination.

The set of samples was divided into a training set and a test set. The test set,
explicitly used for validating the model's predictive performance, consisted of
five samples. To select these samples, all 35 lignin samples were first ranked in
ascending order. Samples with very low or high moisture content, i.e. below 1.8%
and above 10.2%, were avoided due to the danger that the test-set samples will
be outside the calibration ranges. This reduced the pool of possible test set
samples to 22 suitable candidates. From this list, every fourth sample was selected
to form the test set and to ensure an even distribution across the mid-range of
moisture/water values. These samples are indicated in Table 4 and Table 5 and
were used to assess the model's accuracy in predicting water and moisture
content.

The same division between calibration and test sets was applied consistently
across all four measurement methods. These five test set samples were utilised to
validate all four water/moisture content determination ATR-FTIR methods to
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ensure uniformity and comparability in model evaluation. The training set for the
PLS model used in vap-C-KFT water content determination consisted of 30
samples. The training set comprised only 27 samples for the other three
measurands due to the limited amount available of samples numbered 28 to 30,
which were used exclusively for vap-C-KFT measurements. While the number
of calibration samples is relatively small, it is considered adequate for this proof-
of-principle study.

The PLS methods were optimised to achieve the lowest root mean square error
of cross-validation (RMSECV) by systematically varying key parameters,
including the spectral range (within 3997-350 cm™), preprocessing techniques
within the calibration regions and the number of principal components used in
the model. The optimal parameters were determined through the optimisation
process in the Opus Quant software. This optimisation process involved selecting
the spectral ranges that best correlate with the water content in the sample. The
software uses statistical techniques to identify which spectral bands provide the
most relevant information for the calibration model. The model’s efficiency was
evaluated by the squared coefficient of correlation (R*) and RMSECV. Different
spectral ranges were used in the development of the models. The vap-C-KFT
method demonstrated the lowest RMSECV of 0.53% with a high R? value of
0.973, utilising the spectral ranges of 3997-3267, 2538-2172, 1810-1442, and
1080-350 cm™'. The freeze-drying method, which employed spectral ranges of
3997-1442 and 1080-350 cm™', achieved an R? value of 0.973 with an RMSECV
of 0.57%. Two separate calibration models were created for the air-drying oven
method for reference values of 7 h and 48 h. The oven-drying for 7 hours utilised
spectral regions of 3997-3267, 2538-2172, 1810-1442, and 1080-350 cm'!
resulting in an R? of 0.974 and RMSECV of 0.53%, whereas for 48 hours
employed spectral ranges from 3997-3267, 2905-2536, and 1810-1442 cm™,
resulting in an R? of 0.964 and an RMSECV of 0.66%.

Table 6. Statistical parameters of PLS models were developed using moisture/water
content data and FTIR spectral data of lignin samples.

Component Spectral range (cm™) | Rank | R? RN;?/OE)CV
vap-C-KFT T | 10 oo | 0
Freeze-drying 3997-1442 / 1080-350 9 [0973| 057
Air oven-drying (7 h) ? z?gjﬁ; j fgggjé? 1 10 0974|053
Air oven-drying (48 h) ?g?gjﬁg; [2905-25367 1 g 1 oo96a |  0.66

@ R? is squared coefficient of correlation; RMSECYV is root mean square error of cross-
validation; Rank is the number of latent variables used.
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4.4.2.3 External Validation of the Calibration Model

The five test set samples cover a water content range of 3.68% to 10.28%, as well
as the main production technologies involved in the dataset, making the test set
representative of the used lignin types and moisture variation. The test set samples
used to validate the calibration model exhibit variations in their components and
structures, resulting in differences in the corresponding ATR-FTIR spectra of
these lignins, as presented in Figure 6.

The validation results summarised in Table 7. The obtained root mean square
errors of prediction (RMSEP) range between 0.33% to 1.00%, which are con-
sidered satisfactory for a fast, uncomplicated analysis method at the “proof of
principle” level. The results reported in Reference [13] demonstrated high
prediction accuracy using micro-FTIR combined with PLS-R, calibrated against
a DVS method under controlled conditions and, most importantly, using only one
type of lignin, with RMSEP 0.12-0.17% and R? 99.9%. In contrast, the present
work achieved satisfactory predictive performance (RMSEP 0.33-1.00%) across
a range of lignin samples from different production processes under ambient
(room temperature) conditions, highlighting robustness and its relevance to
routine analytical practice.

The RMSEP values obtained for the ATR-FTIR with PLS-R calibration
combined with uncertainties of reference values (u. approximately 0.3% by mass,
Table 2) can be used to estimate the combined standard uncertainty of the method
leading to u. values 0.8%, 0.8%, 1.0% and 0.4% for C-KFT, Freeze-drying, Air
oven-drying 7 h and Air oven-drying 48 h methods, respectively. This inter-
pretation is based on an experimental approach used to obtain the reference values
employed for model calibration and validation. Measurement data were obtained
from replicate measurements of independently taken subsamples for all four
reference methods, ensuring that the RMSEP incorporates all sampling-related
uncertainty. The small differences from reference values obtained for KL
(370959) demonstrate that employing 130 °C oven temperatures for vap-C-KFT
measurements was an appropriate choice. The selected temperature yields reli-
able reference values, which enable accurate PLS-R model predictions.
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Figure 6. Representative ATR-FTIR spectra of test set lignin samples.
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Table 7. External Test Set Validation of the PLS-R Method (all values in mass percent).

Reference values Predicted values Differences
Samples Air Air Air Air Air oven-| Air oven-
Freeze- | oven- oven- | C-KFT | Freeze- | oven- oven- Freeze- . .
C-KFT . . . . . . C-KFT . drying drying
drying | drying | drying drying | drying | drying drying Th 43 h
7h 48 h 7h 48 h
Dealkaline
lignin 4.13 3.68 4.60 4.24 4.71 4.42 4.66 4.75 0.58 0.74 0.06 0.51
Sample-2
Fl.benol 3.90 4.27 5.58 4.69 2.79 3.72 7.61 4.61 -1.11 -0.55 2.03 -0.08
Lignova 7
Fibenol
Lignova 1 5.99 6.28 6.66 6.47 6.66 6.93 7.20 7.00 0.67 0.65 0.54 0.53
Sample-10
Kraft lignin
(471003) 6.95 6.40 7.96 7.54 6.32 5.46 7.33 7.53 -0.63 -0.94 -0.63 -0.01
Sample-4
Kraft lignin
(370959) 9.04 10.28 10.32 10.20 9.17 9.73 9.84 10.13 0.13 -0.55 -0.48 -0.07
Sample-2
Root mean square errors of prediction (RMSEP)| 0.70 0.70 1.00 0.33




SUMMARY

This thesis is dedicated to enhancing the reliability of quantitative lignin analysis,
explicitly focusing on compositional characterisation by the gNMR approach and
on the assessment of water and moisture content in lignin. During this work,
methods based on ATR-FTIR spectroscopy combined with PLS-R calibration
models were developed to determine the water and moisture content of lignin.

The first part of this thesis addresses the accuracy of gNMR methods used for
quantitative lignin analysis. A critical analysis of reported qNMR studies re-
vealed significant inconsistencies in the reporting of precision, bias, and accu-
racy. Different measurands and reporting formats are often used without clearly
defining the type of accuracy or the source of the reported error. Measurement
uncertainty that would account for all relevant sources is rarely assessed, and the
contribution of sampling-related variability is often overlooked. These short-
comings make it difficult to compare and interpret quantitative data.

Based on this analysis, a study was carried out to assess sampling-related un-
certainty in lignin analysis. Although lignin is often considered relatively homo-
geneous, it is a solid natural material, and subsamples taken from the same bulk
material may differ in composition. The results demonstrated that variability
between samples constitutes a significant part of the total variability in gNMR
measurements. The relative standard deviation (RSD) due to sampling-related
variability was 2.4%, while other factors, such as baseline shifts and signal over-
lap, contributed 4.4%. The RSD accounting for all sources of variability was
5.0%.

The second part of the thesis focuses on determining the water and moisture
content of lignin. Accurate determination of water and moisture content is chal-
lenging due to the chemical complexity, heterogeneity, and highly branched
structure of lignin, as well as the presence of water in different forms.

To determine water and moisture content, a series of calibration samples was
prepared from lignins originating from different plant species and industrial
extraction processes. vap-C-KFT was applied to determine the water content of
the calibration samples, and a modelling approach based on sigmoid-shaped
temperature—water release curves was developed to identify optimal temperatures
for evaporating water from the sample. This approach enables the selection of a
temperature at which chemically unbound water is released while avoiding
significant additional water formation due to thermal degradation. At lower
temperatures, vap-C-KFT leads to incomplete water release, whereas at higher
temperatures, additional water may form due to lignin degradation. Gravimetric
methods—oven drying and lyophilisation were used to determine the moisture
content of the calibration samples.

The resulting calibration samples were used to develop a rapid and non-
destructive “proof of principle” method for determining water and moisture
content using ATR-FTIR spectroscopy combined with partial least squares
regression models. The resulting method has good predictive ability across a wide
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range of lignin types, requires only a small sample amount, and involves minimal
sample preparation.

In conclusion, this thesis demonstrates that in quantitative analysis, clearly
defining the measurand and providing sufficient information on precision and
trueness are essential. Sampling uncertainty was shown to be a significant, pre-
viously underestimated factor in the total measurement uncertainty in lignin
analysis. A simple and rapid ATR-FTIR method, combined with chemometric
analysis, was developed for the determination of water and moisture content in
lignin.
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SUMMARY IN ESTONIAN

Proovivotu ning vee- ja niiskusesisalduse maaramise
metroloogilised aspektid ligniini naitel

Kéesolev doktoritod on piithendatud ligniini kvantitatiivse analiiiisi usaldusvaér-
suse parandamisele, keskendudes eelkdige proovivotu maidramatuse hindamisele
gNMR-meetodi abil ning vee- ja niiskusesisalduse méadramisele. T66 kiigus
tootati vilja ATR-FTIR spektroskoopial ja PLS kalibreerimismudelitel pohine-
vad meetodid ligniini vee- ja niiskusesisalduse madramiseks.

Viimastel aastatel vaadeldakse ligniini itha enam kui potentsiaalselt olulist
taastuvat toorainet biotehnoloogia ja materjaliteaduse rakendustes. Seetdttu on
usaldusvéarsed analiiiisitulemused vajalikud nii teadus- kui ka t6dstusrakenduste
jaoks.

Doktoritd6 esimene osa késitleb gNMR-meetodite tipsust kvantitatiivses lig-
niini analiiiisis. Avaldatud gNMR-uuringute kriitiline hindamine néitas markimis-
vadrseid vastuolusid tdpsuse ja selle erinevate komponentide esitamisel. Sageli
kasutatakse erinevaid mdddetavaid suurusi ja tulemuste esitamise vorme ilma
selgelt midratlemata, millise tdpsuse tiilibi voi millise veaallika alusel tulemusi
esitatakse. Mooteméadramatust, mis vOtaks arvesse koiki olulisi allikaid, hinna-
takse harva ning proovivotuga seotud varieeruvuse panus jéetakse sageli tédhele-
panuta. Need puudujdéigid raskendavad kvantitatiivsete andmete vordlemist ja
tdlgendamist.

Selle analiiiisi tulemuste pdhjal viidi 1&bi uuring proovivotust tuleneva mééra-
matuse hindamiseks ligniini analiiiisis, kasutades gNMR-spektroskoopiat. Kuigi
ligniini peetakse sageli suhteliselt homogeenseks materjaliks, on tegemist loodus-
liku tahke ainega ning samast lahtematerjalist voetud alamproovid vdivad koos-
tise poolest erineda. Tulemused néitasid, et proovidevaheline varieeruvus moo-
dustab méarkimisvairse osa qNMR-mdotmiste koguvarieeruvusest. Tods pakuti
vilja kaks praktilist meetodit proovivotust tuleneva méadramatuse hindamiseks
kordusmodtmiste andmete pdhjal. Proovivotust tingitud varieeruvuse suhteline
standardhilve (RSD) oli 2,4%, samas kui muud tegurid, nagu baastaseme nihked
ja signaalide kattumine, andsid panuse 4,4%. Koiki varieeruvuse allikaid arvesse
vottev RSD oli 5,0%.

Doktoritdo teine pdhiosa keskendub vee- ja niiskusesisalduse méédramisele
ligniinis. Vee- ja niiskuse tdpne médramine on ligniini puhul keeruline ligniini
keemilise keerukuse, heterogeensuse ja tugevalt hargnenud struktuuri tottu,
samuti vee esinemise tottu erinevates vormides.

Niiskuse- ja veesisalduse méidramiseks valmistati kalibreerimisproovide seeria
ligniinidest, mis périnesid erinevatest taimeliikidest ja erinevatest td0stuslikest
eraldamisprotsessidest. Kalibreerimisproovide veesisalduse médramiseks raken-
dati aurufaasilist kulonomeetrilist Karl Fischeri tiitrimist (vap-C-KFT) ning
todtati vélja modelleerimisviis, mis pShineb sigmoidaalse kujuga temperatuuri—
vee eraldumise koveratel, et madrata optimaalsed vee proovist vélja aurustamise
temperatuurid. See 1dhenemine voimaldab valida temperatuuri, mille juures eraldub
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keemiliselt sidumata vesi, véltides samal ajal olulist vee lisandumist termilise
lagunemise tagajarjel. Madalamatel temperatuuridel annab vap-C-KFT allahin-
natud tulemused vee mittetdieliku eraldumise tottu, samas kui korgematel tempe-
ratuuridel voib ligniini lagunemise tottu tekkida téiendav vesi. Kalibreerimis-
proovide niiskusesisalduse madramiseks kasutati gravimeetrilisi meetodeid:
ahjukuivatamist ja liiofiliseerimist.

Saadud kalibreerimisproove kasutati kiire ja mittedestruktiivse vee- ja niiskuse-
sisalduse madramise meetodi esmasel tasemel véljatootamiseks, kasutades ATR-
FTIR-spektroskoopiat koos osalisel vdhimruutude regressioonil pohinevate
kalibreerimismudelitega. Saadud meetodil on hea ennustusvoime laia valiku
ligniinitiitipide puhul, piisab véikesest proovikogusest ja minimaalsest proovi-
ettevalmistusest.

Kokkuvaéttes nditab kidesolev doktoritd, et kvantitatiivses analiiiisis on mo06-
detava suuruse selge médratlemine ning piisava info esitamine tépsuse ja digsuse
kohta hédavajalik. Proovivotust tulenev madramatus osutus oluliseks ja seni ala-
hinnatud teguriks ligniini analiiiisi koguméédramatuses. Loodi ATR-FTIR p&hine
kiire ja lihtne ligniinis vee- ja niiskusesisalduse méaéramise meetod.
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