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Black liquor is often considered a low-value by-product of the pulping process and is
typically combusted for energy. However, black liquor contains a significant proportion of
lignin, which enhances its potential value and makes it a promising feedstock for higher-
value application. The separation of lignin from black liquor, for example by precipitation,
involves several challenges related to process parameters, such as the hardwood-softwood
ratio in the feedstock.

The objective of this master’s thesis was to identify a suitable online or rapid offline
analytical method for determining the composition of black liquor entering the lignin
separation process. Several analytical techniques were evaluated, including FTIR, UV-VIS,
NMR and Raman spectroscopy as well as Py-GC/MS.

Among the methods investigated, the most promising results were obtained from UV-VIS
and NMR spectroscopy. Benchtop NMR spectroscopy enabled accurate determination of the
syringyl/guaiacyl (S/G) ratio; however, its application in online monitoring is limited due to
extensive sample pretreatment requirements. In contrast, UV-VIS spectroscopy exhibited a
trend that can be used to estimate the hardwood proportion in the black liquor. Furthermore,
when combined with PLS model, UV-VIS provided accurate and reliable predictions.

Overall, UV-VIS spectroscopy coupled with chemometric modelling is identified as a
promising and efficient approach for rapid monitoring of black liquor composition in
industrial applications.
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Mustaliped ndhdéddn usein selluteollisuuden véhdarvoisena sivuvirtana, jota hyodynnetddn
tyypillisesti energian tuotannossa polttamalla. Mustaliped sisdltdd kuitenkin merkittdvén
madrdn ligniinid, mikd lisdd mustalipeén arvoa ja tekee siitd kiinnostavan raaka-aineen
korkeamman lisdarvon sovelluksia varten. Ligniinin erotus mustalipedstd esimerkiksi
saostamalla sisdltdd kuitenkin haasteita, jotka liittyvét prosessiparametreihin, kuten sydtteen
lehti- ja havupuun suhteeseen.

Tdmdn diplomityon tavoitteena oli 10ytd4 sopiva online- tai nopea offline-
analyysimenetelmd mustalipedn koostumuksen méérittdmiseksi ennen ligniinin
erotusprosessia. Tutkimuksessa tarkasteltiin useita analyysimenetelmid, mukaan lukien
FTIR, UV-VIS, NMR ja Raman spektroskopia, sekd Py-GC/MS.

Tutkituista menetelmistd lupaavimmat tulokset saatiin UV-VIS ja NMR spektroskopialla.
Poytdmallinen NMR mahdollisti syringyyli/guaiacyyli (S/G) suhteen tarkan maédrityksen,
mutta sen soveltuvuus online-mittauksiin on rajallinen laajojen niytteen esikisittely
vaatimusten vuoksi. Sen sijaan UV-VIS spektroskopia osoitti selkeédn trendin, jonka avulla
voidaan arvioida mustalipedn lehtipuuosuutta. Lisdksi UV-VIS yhdistettynd PLS-malliin
tuotti tarkkoja ja luotettavia ennusteita.

Kokonaisuudessaan UV-VIS spektroskopia yhdistettynd kemometrisen mallinukseen
tunnistettin lupaavaksi ja tehokkaaksi ldhestymistavaksi mustalipedn koostumuksen
nopeaan seurantaan teollisissa sovelluksissa.
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SYMBOLS AND ABBREVIATIONS

Symbols

C concentration mol/L
Hz hertz Hz

L optical path length cm

M molarity mol/L
m? cubic meter m?
mg milligram mg
mL millilitre mL
m/z mass-to-charge ratio -

ppm parts per million -

S second s

ng microgram ng
pL microliter pL
pm micrometer pm

€ molar absorptivity L-mol*-cm™
Abbreviations

AL Alkali Lignin

ATR Attenuated Total Reflectance

BL Black liquor

CA Coniferyl alcohol

CDCls

Deuterated chloroform



CI-TMDP  2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
Cr(acac)s  Chromium (IIT)acetylacetonate

DMSO dimethyl sulfoxide

EHL Enzymatic Hydrolysis Lignin

e-HNDI Endo-N-hydroxy-5-norbornene-2,3- dicarboximide

FTIR Fourier Transform Infrared spectroscopy
G Guaiacyl

HF High Field

H P-hydrophenyl

HW Hardwood

IR Infrared Radiation

K2COs3 Potassium carbonate

KL Kraft lignin

L Lignin

MLR Multiple Linear Regression

MWL Milled Wood Lignin

NIR Near Infrared

NMR Nuclear Magnetic Resonance spectroscopy
PBL Precipitated Black Liquor

PFP Pentafluoropyridine

PLS Partial Least Squares

PLSR Partial Least Squares Regression

Py-GC/MS Pyrolysis-Gas chromatography/Mass spectrometer

RF Radiofrequency



SA

SD

SL

S/N

SW

TFP

TGA

TIC

UP

UV-VIS

Syringyl

Sinapyl alcohol
Spirodienone

Sulfonate Lignin
Signal-to-noise ratio
Softwood
Tetrafluoropyridyl
Thermogravimetric analysis
Total Ion Chromatogram
Ultrapure

Ultraviolet-visible light
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1 Introduction

Forests cover approximately one third of the world’s land surface and contain an estimated
3 x 10" m? of timber, of which about 2.6 X 10° m? is harvested every year (Calvo-Flores,
2015). Timber is primarily utilized for various wood-based products, after which the residual
wood is used, for example, in pulping processes (Pellet Fuels Institute, 2025). Roughly half
of this wood biomass consists of cellulose and hemicellulose, while the remaining fraction
is mainly lignin. During chemical pulping, most of the lignin is separated from the wood and
ends up in black liquor, a by-product of pulp mills. The production of 1 m? of pulp generates
approximately 7 m* of black liquor. Currently, black liquor is primarily burned for energy
recovery due to limited higher-value utilization options. However, black liquor contains
around 30 % lignin, often referred to as nature’s own glue. (Calvo-Flores, 2015.) Lignin,
especially its separation from black liquor, has been subject of extensive research, and new

potential applications for this biopolymer continue to be explored.

One way to separate lignin from black liquor is precipitation. Precipitation process from
black liquor is a complex process with multiple variables to monitor and control. In Finland
most pulp mills produce pulp from softwood (SW) e.g. conifer and hardwood (HW) e.g.
birch. If a mill produces both kinds of pulp, the black liquor obtained from the processes can
be a mixture of SW and HW prior to the lignin separation process. The key challenge lies in
separating lignin from black liquor when it contains both softwood and hardwood fractions.
Softwood and hardwood lignin require very different precipitation conditions thus causing
fluctuation with the end product. With advanced online analytic methods, the HW/SW ratio
needs to be predicted before the black liquor is fed into the precipitation process, so right
variables can be chosen. Rapid process monitoring is crucial for the precipitation process,
because incorrect parameters in precipitation may lead to various quality issues and yield

fluctuations. At the current knowledge there is no method developed to resolve this issue.

This thesis focuses on finding an online or a rapid offline application that could tell pulp mill

operators the consistency of the black liquor entering the lignin separation process.

The objective of this thesis can be defined with the following research question:
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- Can black liquors hardwood/softwood ratio be determined from process stream using

online or rapid offline application?

The novelty of this thesis lies in evaluating the feasibility of determining the
hardwood/softwood ratio of black liquor directly from the process stream using online or
rapid offline methods. This enables real-time or near real time characterization of feedstock

composition for improved control of the lignin separation process.

This thesis includes two parts: literature review and experimental part. Literature review
covers the basic properties of lignin and black liquor. Literature review identifies several
online methods that could be utilised in the process, as well as potential rapid offline methods
that could be applied by pulp operators in the mill environment or in the mill laboratory. Last
literature review chapter is about chemometric PLS-regression model. The model is
investigated with the objective that it could be integrated with online method to obtain direct

results of the HW/SW ratio without requiring manual data analysis by the operator.

The experimental part of the thesis investigates whether the online methods presented in the
literature review are applicable for black liquor. The experimental part includes testing of
the methods presented in the literature review. In addition, experimental part includes PLS-
regression simulation carried out using MATLAB, which is used to predict the HW/SW

lignin ratio of the samples.
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Literature review

2 Fundamentals of lignin and black liquor

This chapter provides an overview of lignin as a key structural component of biomass. It
goes through the basic structure of lignin and the different monolignols. The chapter also
explains what black liquor is, what it contains, and why it plays such an important role in
chemical recovery and lignin extraction during pulping. Altogether, these topics help to build
a clear picture of how lignin behaves in industrial processes and why it’s valuable for further

use.

2.1 Lignin

Lignin is a plant-derived biopolymer and a structural constituent of wood and other plant
materials. Lignin is mainly formed by three basic building blocks, called monolignols.
Lignin that appears in its natural form, before any chemical pulping process is called native
lignin. There is no single, universally accepted definition of lignin. This is not due to a lack
of research on the subject, as it has been extensively examined from a variety of perspectives.
It 1s mostly because of lignin intrinsic molecular complexity and its diverse structural
composition, that makes it challenging topic. The name lignin is also used to a by-product
from the separation of different components of plant biomass in paper industry. By-products
size and structure differ significantly from native lignin. By-product lignin is referred as

technical lignin. (Calvo-Flores, 2015.)

Some of the research focuses on native lignin, which refers to unprocessed polymer
structure. In literature native lignin has been referred to as milled wood lignin (MWL).
(Balakshin et al., 2020.) Much of the remaining research regarding lignin focuses on
technical lignin, which refers to lignin that has gone through pulping process, such as kraft.
This literature part of this thesis focuses on native lignin, because the chemical process lignin
goes through in pulping affects strongly its composition and properties. (Giardino etal.,

2024.) The research part of this thesis focuses on investigating kraft lignin.



15

2.1.1 Lignin structure

Most comprehensive definition for lignin to this date is made by Brunow et al., in 1999.
They define lignin as a polymer with following features: biopolymers containing an oxygen
atom in the para-position of phenylpropanoids and none, one, or two methoxyl groups in the
position para to this oxygen atom. The phenylpropanoid building units are connected by a
series of characteristic linkages. The structural building blocks do not follow one specific
order in the structure. Native lignin is cross-linked to other cell wall components. All
structural elements identified in lignin are consistent with those generated during the

lignification. (Calvo-Flores, 2015.)

Lignification is the process of forming the collective of phenylpropanoid macromolecules,
lignin. Bond formation in lignin in generally considered to occur through oxidative, radical-
mediated reactions, where activated monolignol radicals couple with a growing oligomer or
polymer. As a result of these oxidative coupling reactions, monolignols can connect in
multiple ways resulting multiple different inter-unit bonding patterns. The most common
linkage in native lignin is B-O-4, whereas for lignins formed in vitro by mixing coniferyl
alcohol, hydrogen peroxide and peroxidase, the content of B— and -5 linkages is notably

higher. (Hatfield & Vermerris, 2001.)

Lignin structure has three precursors: coniferyl alcohol (CA), sinapyl alcohol (SA), and p-
coumaryl alcohol. These are called monolignols and they contribute to guaiacyl (G), syringyl
(S) and p-hydrophenyl (H unit) propane units in lignin. (Kishimoto et al., 2010; Schoenherr
et al., 2017) These units have different amount of methoxyl groups: H unit has none, G unit
has one methoxyl group in position C3 and S unit has two, in positions C3 and C5
(Schoenherr et al., 2017). Typically, the carbon where phenol is linked would be numbered
as the first carbon, but in lignin the first carbon is the side-chain attachment carbon. (Heitner,

Dimmel & Schmidt, 2010.)

Figure 1 presents the precursors of the lignin building blocks. In literature these monolignols
are also referred to as phenylpropane or C9 units, with the hydroxyl group at the para position

C4. (Lourengo & Pereira, 2018).
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Figure 1. Chemical structures of the primary precursors of lignin and the units formed
upon polymerization (Schoenherr et al., 2017).

Common categorization is to divide lignin into three groups: gymnosperm lignin (softwood
lignin), angiosperm lignin (hardwood lignin) and grass lignin. This categorization divides
different lignin into groups based on the type of the tree or plant they are from. All these
plants have different chemical structure and different amounts and types of monolignol units.
Main difference compared softwood to hardwood is that hardwood contains mainly S units
and significant amounts of G units, while softwood contains mainly G units, and a small
amount of H units, but none of S units. (Calvo-Flores, 2015.) Table 1 presents approximate

monolignol compositions of hardwood, softwood and grasses.
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Table 1. Approximate monolignol composition of native softwood lignin, native hardwood
lignin and grasses (Calvo-Flores, 2015).

Scientific name Common p-Coumaryl Coniferyl Sinapyl
name alcohol (%), H alcohol (%), G alcohol (%),
S
Coniferous Softwoods <5 >95 0
Eudicotyledonous Hardwoods  0-8 25-50 45-75
Monocotyledonous Grasses 3-35 35-80 20-55

Monolignols are the primary structural units analysed in lignin. Lignin does contain a variety
of functional groups that strongly influence its chemical properties. These include aliphatic
hydroxyl, phenolic hydroxyl, methoxyl, carbonyl, and carboxylic acid groups. Ratios of
these functionalities vary depending on the plant’s origin. In native lignin carbonyl and
carboxyl acid content is quite low, but after native lignin is processed the occurrence of the
linkages and functional groups is changed. (Kalliola, 2015.) Different functional groups are

presented in Figure 2.

Alcohol

CH,0 V| ,

Aryl ether —l o— CH Aliphatic group

Aryl group

Methoxyl -'l CH,0
Phenol 4 ©oH

5 b
(R) l' “Condensed” group

Figure 2. Different functional groups of lignin (Kalliola, 2015).
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Lignin structures include large variety of different linkage types between lignin
phenylpropane units. These linkages connect phenylpropane units together creating complex
structure. Linkages have significant affect to the lignin three-dimensional structure. (Lu et

al., 2020.) Most common linkage types are presented in Figure 3.

HO
y OH /’ R
. R -
R Bf a/ A oL
dibenzodioxocin
R=H or -OCH,
L = Lignin
-l:nurnaryl cnnlferyl alcohol smapyl alcnhol

pnhyr.lrnxyphenyl H guaiacyl, G syrlngyl s
o ,5-0-4

HO a-o-al and -5

OH
B 4-0- 5

Figure 3. Most common bonds in lignin (Lu et al., 2020).

As mentioned, the most common linkage type for native hardwood and softwood lignin is
the B-O-4’ bond (Kalliola, 2015). It covers approximately 40-60 % of all native lignin
linkages depending on the wood species. Especially in dicots like HW it is clearly the most
frequent linkage type. All linkage types do not always present in every lignin. Of these
linkages the radical coupling reaction generally favours the B-position, that leads to
formation of arylglycerol-f-aryl ethers (B-O-4), phenylcoumarans (-5”), pinoresinols (-
), diphenylethane dimers (B-1"), and spirodienones (SD). The coupling reactions take place
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at positions 4 and 5 producing diaryl ethers (4-O-5’) and biphenyls (5-5"). The 5-5° dimer
undergoes a-B-0-4-4 coupling mode to form dibenzodioxocine. The dibenzodioxocine and
4-0O-5’ oligomers act as branching points, which cause the lignin molecules to have a helical
structure. (Lu et al., 2020.) Most of these interunit linkages are non-conjugated, meaning
that the phenylpropane units are mainly connected through ether or saturated carbon—carbon
bonds, which prevent effective n-electron delocalisation between aromatic rings and thus
keep the m-electrons localized within individual aromatic units. As a result, the degree of
conjugation in lignin is relatively low at the covalent molecular scale. (Xiang et al., 2024.)

Percentage of different linkages are presented in Table 2.

Table 2. Percentage of different linkages in native softwood and hardwood (Lu et al.,
2020).

Percentage of total linkages (%)

Linkage type Dimer structure Softwood Hardwood
B-O-4 B-Aryl ether 42-50 45-65
5-5 Biphenyl 10-25 4-10
B-5’ Phenylcoumaran 9-12 5-6
B-1° 1,2-Diaryl propane  3-10 5-7
a-0-4’ a-Aryl ether 6-12 4-8
4-0-5° Diaryl ether 4-8 6-7
B-p’ Resinol 2-3 3-6
Dibenzodioxocin Diary propane 3-7 1-2
diether
Spirodienone 1-2 3-5

Native lignin’s most common bond -O-4 is also the most common bond to break during the
kraft pulping process. This leads to large amounts of phenolic hydroxyl groups in the kraft
lignin structure. (Kalliola, 2015.)
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2.1.2 Softwood lignin

Gymnosperms are also called as softwoods. They are needle leaved evergreen trees, e.g.,
pines and spruces. Softwoods have approximately 25-35 % lignin of wood dry matter content
and consists mainly of G units with also small amounts of H units (Lourenco & Pereira,
2018). Structure can compose up to 90 % of G-unit and because of high G-unit count the

methoxyl content is only 15-16 %. (Lourengo & Pereira, 2018; Schoenherr et al., 2017.)

Neish proposed the first structural model for softwood lignin in 1968, based on the
experimental data available for spruce lignin at that time, representing 18 monolignol units
to approximate a native polymer estimated to contain more than 100 units. (Calvo-Flores,

2015.) This structure is presented in Figure 4.
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Figure 4. Native softwood lignin structure according to Neish (Calvo-Flores, 2015).

As seen from the Figure 4 most of the structural components are guaiacyl units (e.g. number
1). Structure does contain also H units (e.g. number 5) and one S unit that is number 16 in

the figure.
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2.13 Hardwood lignin

Angiosperms are called hardwoods, e.g., birch. They variate greatly between species that
causes differences in the syringyl-guaiacyl ratio. As mentioned, hardwood consists of more

syringyl than guaiacyl.

One of the first proposed structures for hardwood lignin was created by Nimz, in 1974. The

model was created for beech wood and is presented in Figure 5.
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Figure 5. Native beech wood lignin structure according to Nimz (Calvo-Flores, 2015).
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Figure 5 demonstrates that native beech lignin consists of syringyl (S) units (e.g., component
2), guaiacyl (G) units (e.g., component 7), and one H unit (component 21). The S/G ratio

varies depending on the tree.

2.2 Black liquor

Black liquor (BL) is a byproduct of the kraft pulping process, generated during cooking
when white liquor dissolves lignin and other organic compounds present in wood. White
liquor contains the cooking chemicals used in the pulp and paper industry and consists
mainly of sodium hydroxide and sodium sulphide, which makes black liquor strongly

alkaline. (Bajpai, 2008.)

2.2.1 Composition

Black liquor is a dark, viscous liquid and contains roughly half of the wood’s original dry
solids and nearly all the cooking chemicals. Of the dry solids, about 65-70 %, consists of
organic material, mainly lignin, wood extractives, degradation products of hemicellulose and
small amounts of dissolved polysaccharides. The dry solid contents of black liquor can vary
significantly depending on the pulping process. Depending on its concentration, black liquor
is classified either as weak black liquor, with a dry solids content of approximately 15-20
%, or as strong black liquor when concentrated to around 65 % dry solids. Of these dry
solids, about two-thirds are organic materials, while the remaining one third consists of
inorganic substances such as sodium salts. These inorganic components are combined with

organic matter. (Bajpai, 2008.)

222 Physical properties and energy content

Black liquors density and viscosity are strongly dependent on temperature. Black liquor
behaves as a non-Newtonian fluid whose viscosity depends on both concentration and
temperature, and this behaviour varies between black liquors due to the differences in both
process conditions and wood species. As dry solids content increases, viscosity rises sharply,

while higher temperatures significantly reduce it. These properties impose practical
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limitations on handling and pumping black liquor. (International Flame Research

Foundation, 2004.)

In addition to temperature and concentration effects, viscosity can be altered through process
treatments. In certain cases, viscosity can be reduced through heat treatment processes within
the evaporation plant. Treatment at approximately 180 °C breaks long organic molecular
chains into shorter fragments, producing an irreversible decrease in viscosity and thereby
improving the processability of the liquor, but at the same time changing the chemical

structure. (International Flame Research Foundation, 2004.)

These factors are important not only for handling and processing, but also for the combustion
behaviour and overall utilization of black liquor. Black liquor has favourable energy content,
which explains why it is widely used as an energy source. It is burned in recovery boilers to
generate steam and electricity for mill operations, with a typical calorimetric heating value

of approximately 15 MJ/kg of dry solids (International Flame Research Foundation, 2003).

223 Analytical challenges

Black liquor analysis has been complicated for a long time by the liquor’s challenging and
highly variable chemical and physical properties. Factors such as temperature, processing
time, pressure, white liquor composition, and the quality and species of the wood introduce
substantial variability, making black liquor a particularly challenging material to analyse.

(International Flame Research Foundation, 2004.)

High alkalinity can cause problems with chemical analysis devices, especially with those
that require direct touch to the sample. Usually, chemical analysis devices are planned to
analyze multiple different samples. The metal probe or plate that sample is in touch with
must be inert to the sample. In cases like high alkalinity the metal might not handle it, and
sample can cause corrosion to the metal (TFT Pneumatic, 2023), that causes inaccurate

results.

Black liquor has heterogenous composition (Bola et al., 2022). Local variations in viscosity
and solid content mean that samples may not be fully representative. Differences in the
composition of black liquor can cause problems in the sample measurements. Reliable

analytical results are usually gotten from homogeneous and representative samples. If the
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sample is not homogeneous, the more viscous fractions can have different analysis results

than the rest of the sample, leading to wrong results.
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3 Measurement Techniques for Lignin and Black Liquor

Lignin and black liquor have been analysed in various ways. The accurate lignin and black
liquor content analysis is difficult because of their complex structure and large variety
between different wood species. Santos et al., (2012) pointed out that the challenge at
hardwood lignin analysis is the absence of a simple and accurate method for S/G ratio
determination without alternating the structure of the sample. This chapter presents possible
analytical approaches for black liquor and lignin analysis. The basic principles of the
analytical methods are described, and current online and rapid offline applications developed

for these analyses are reviewed.

3.1 Fourier-Transform Infrared Spectroscopy

Every compound, whether it is organic or inorganic, has its own specific chemical structure
composed of covalent bonds. Because each structure is unique, FTIR spectrometer produces
a characteristic spectrum for every sample. Each spectrum is composed of multiple peaks or
bands, each exhibiting properties that are characteristic for the sample. These properties
include band position, band width, and band intensity or area. FTIR spectroscopy is simple,
versatile and widely used analytical method, that gives primarily qualitive information of the
sample and requires minimal sample preparation. It has been used to identify materials and
to collect information about functional groups in various chemical structures. (Franca &

Oliveira, 2022.)

FTIR spectroscopy is based on the principle that molecular vibrations absorb infrared
radiation (IR) within a defined region of the electromagnetic spectrum. When IR radiation
interacts with a material at specific frequencies, it induces molecular bonds vibrations, and
the selectively absorbed frequencies form a spectrum characteristic of the sample. (Agilent,

n.d.; Moore, 2017.)

Every functional group consists of different atoms that have specific bond strengths;
therefore, their vibrational behaviours are unique. The analysis is based strictly on the
wavenumbers (cm™') that determines placements of the peaks in the spectrum, while the

amount of absorbance energy determines the size of the peak. (JASCO, n.d.) Peak intensity
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can be expressed as transmittance or absorbance: transmittance (T) is defined as the ratio of
the transmitted light intensity to the incident light intensity, while absorbance (A) describes
how much light is absorbed. Higher absorbance corresponds to lower transmittance and
stronger absorption and increasing concentration results in higher peak intensity. (Edinburgh
Instruments, n.d.) The wavenumber is the reciprocal of the wavelength, as wavelength and
frequency are inversely proportional. By interpreting these variables, the chemical

composition of a sample can be determined. (JASCO, n.d.)

FTIR spectroscopy obtains information in the mid-IR region between 4000 and 400 cm™.
This region is divided roughly to four sub-regions that gives information about the functional
groups in the sample. These four groups and the wavenumbers they present are illustrated in
the Figure 6. Largest region of the four (4000-2500 cm™) corresponds mainly to single bond
vibrations. After single bond region follows triple bond region (2500-2000 cm™), double
bond region (2000-1500 cm™) and fingerprint region (1500-650 cm™). Last region is called
fingerprint region, because at the low wavenumbers the vibration of the molecule gives a
complex pattern about the whole molecule. This region specifically helps to identify

molecular structures. (Mohamed et al., 2017.)
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Figure 6. Different molecular bonds vibrate at different wavelengths, creating peaks that are
specific for each molecule (Mohamed et al., 2017).

FTIR spectroscopy is efficient and fast analysis, with simple sample preparation and non-
destructive analysis. It can analyse wide range of different samples with variety of sample

types, and it able to detect even low concentrations. (Agilent, n.d.)

However, FTIR spectroscopy has couple significant limitations. Moisture interferences
strongly in the IR region causing overlapping with the sample peaks and the water peaks.
Also, molecules like nitrogen and oxygen cannot be detected, because they do not absorb IR
radiation. Other significant difficulty is in result reading. It can be a problem with complex
samples. Some peaks can overlap or combine if they occur in the same wavelength region,

causing difficulties analysing the results. (Agilent, n.d.)
3.2 Nuclear Magnetic Resonance Spectroscopy

The most popular off-line analysis method for lignin characterization is nuclear magnetic
resonance (NMR) spectroscopy (Adebayo & Olanrewaju, 2025). NMR spectroscopy can

provide quantitative and qualitative information simultaneously and it can be used to analyse
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variety of samples. Figure 7 demonstrates what types of samples NMR spectroscopy can

analyse and what kind of applications it can be used for.
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Figure 7. Different sample and application types of nuclear magnetic resonance
spectroscopy can be used to analyse (Simmler et al., 2014).

NMR spectroscopy is physiochemical analysis technique, that is based on the interaction of
an externally applied radiofrequency (RF) radiation with atomic nuclei. It’s a phenomenon
that is exhibited when certain atomic nuclei are placed in a strong magnetic field. (Carreras,

2024; Rial, 2023.)

The technique focuses on nuclei with a non-zero magnetic moment, such as hydrogen ('H),
carbon-13 (13C), phosphorus-31 (*'P) and fluorine-19 (*°F) (Kenny, Medlin & Beckhams,
2023; Rial, 2023). The fundamental principles underlying these methods include nuclear
spin and magnetic moment, application of external magnetic field, absorption of

radiofrequency energy and NMR spectroscopy signal detection. (Rial, 2023.)

NMR spectroscopy focuses on analyzing the nuclei of the atoms. Every nuclei that has odd
number of protons or neutrons has specific property known as nuclear spin. Spin causes
small magnetic field around the nucleus. When the sample is placed in strong external
magnetic field, the nuclear magnetic moments align either parallel or antiparallel to the field,
creating two energy states. By applying a radiofrequency pulse perpendicular to the external
magnetic field, the nuclei absorb the RF energy and transitions between the two energy

states. As soon as the RF pulse is turned off, the nuclei return to their starting states and



30

release the absorbed energy in form of RF signals that NMR spectroscopy detects. (Atta-ur-
Rahman & Choudhary, 2021; Rial, 2023.)

NMR spectroscopy can be used to determine the chemical structures and conformations of
molecules (Atta-ur-Rahman & Choudhary, 2021). In addition, it is applied to identify
physical and chemical properties of atoms and molecules, assess the purity of various
samples, monitor reactions, and study cellular metabolism (Vukovi¢ & TiSma, 2024). Other
advantages of the method include compatibility with many different sample types, the
possibility to analyze molecules in their native state, its non-destructive nature, high

reproducibility, and simple and inexpensive sample preparation (Carreras, 2024).

However, NMR spectroscopy has limitations. The equipment and its maintenance are
expensive, some experiments can be time-consuming, and instrumental optimization is often
required. Furthermore, spectral assignment and data analysis may be complex for certain
types of samples, and impurities or solvents can cause spectral interferences (Carreras,

2024).

Figure 8 illustrates the regions where different components are detected in *C nuclear
magnetic resonance spectroscopy analysis. The chemical shift scale is in parts per million
(ppm) and it decreases from left to right. At the lowest ppm values (green regions) can be
detected alkanes and heteroatom-substituted carbons. The middle region (pink) represents
unsaturated carbons, like aromatic carbons. The highest ppm values (purple region) represent

carbonyl containing functional groups. (Carreras, 2024.)
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Figure 8. '3C NMR spectroscopy chemical shifts illustrated (Carreras, 2024).

3.3 Raman spectroscopy

Light scattering can be divided into two types: elastic (Rayleigh) scattering and inelastic
(Raman) scattering. Monochromatic light is directed onto the sample; elastic scattering
occurs when photons are scattered in different directions without any changes in their
energy. In contrast, in inelastic scattering the energy of the photon changes because of the
interaction, leading to a shift in the frequency of the scattered light. In inelastic scattering

this is known as the Raman effect. (Shah et al., 2023.)

Raman spectroscopy is an analytical technique based on inelastic light scattering,
specifically the Raman effect. In this technique, the sample is illuminated with a
monochromatic laser beam, which interacts with the molecules and generates scattered light.
The frequency-shifted portion of this scattered light is collected and used to form a Raman
spectrum. Each molecule has characteristic vibrational modes that appear as peaks in the

Raman spectrum, enabling chemical identification. (Bumbrah & Sharma, 2016.)
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Figure 9 illustrates the different light-scattering processes that occur when a sample is
irradiated with monochromatic laser light. The photons, with an energy of hv0, promote
molecules temporarily to a virtual excited state through an interaction with the molecular
electron cloud. In Rayleigh scattering, the molecules return to the same vibrational energy
level as they were before the interaction. In Stokes Raman scattering the irradiated light
excites the molecules to the virtual excited state, but in this case the part of the photon energy
is transferred to the molecule, leading the molecules to return to higher vibrational state,
producing scattered light with lower frequency. In contrast, in anti-Stokes Raman scattering,
molecules initially in an excited vibrational state transfer energy to the photons, producing

scattered light with higher frequency. (Shah et al., 2023.)
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Figure 9. Basic principle of Raman spectroscopy (Shah et al., 2023).

Raman spectrum is presented as an intensity-wavelength shift. It can be recorded over a
range of 4000-10 cm™, but Raman active normal modes of vibration of organic molecules
occur in the range between 4000-400 cm™. (Bumbrah & Sharma, 2016.) Raman

spectrometer can be classified as dispersive or non-dispersive. Dispersive Raman
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spectrometers use visible light, such prism, whereas non-dispersive Raman uses an
interferometer like Michelson interferometer in Fourier Transform Raman spectrometer.

(Bumbrah & Sharma, 2016; Shah et al., 2023.)

More than 15 different Raman spectroscopy techniques exist to address specific analytical
needs. (Shah et al., 2023.) Due to its versatility, Raman spectroscopy is widely used for
material characterization, molecular identification, reaction monitoring, and a range of
biological and pharmaceutical applications. Importantly, water has only a weak Raman
response, making the technique particularly suitable for studying aqueous and biological

samples. (Bumbrah & Sharma, 2016.)

3.4 UV-VIS Spectroscopy

Ultraviolet-visible (UV-VIS) spectroscopy is a well-established analytical chemistry
technique. It has been used widely in different areas of science, ranging from bacterial
culturing to drug identification (Tom, 2023) and lignin characterization (Skulcova et al.,
2017). The UV region covers approximately the wavelength range from 10-380 nm, while
the VIS region is from 380-750 nm. UV region is commonly divided into three sub-regions:
320-370 nm is UVA, 280-320 nm is UVB, and 10-200 nm is UVC. (Picollo, Aceto &
Vitorino 2018.)

UV-VIS spectroscopy measures the intensity of discrete wavelengths of UV or VIS that are
absorbed by or transmitted through a sample, and the results are typically expressed as
absorbance as a function of wavelength. This data is compared to a reference sample or a
blank sample. The absorbance is related to the concentration of the absorbing compound
according to Beer-Lambert law, which makes UV-VIS spectroscopy suitable for quantitative

analysis. (Tom, 2023.) Beer-Lambert law equation is presented in Equation 1.
A =c¢lLc (1)

Where A is absorbance, € is the molar absorptivity [L-mol™-cm™], ¢ is the concentration of

the absorbing species of solution [mol/L], and L is the optical path length of the sample [cm].

Measurement is based on the light source, which must be able to emit light across a wide
range of wavelengths. (Tom, 2023.) Common double beam spectrophotometer is illustrated

in Figure 10.
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Figure 10. Illustration of double beam optical system, with dual detectors (Aireka Scientific,
2022).

UV-VIS spectrometer can have different types of setups, but common setup contains a
double beam spectrometer. The light is directed into the monochromator as shown in Figure
10 and the light emitted from there is split into two beams. The split is done with optical
component, such as a half-silvered mirror called a beam splitter. After the split, both samples

are measured at the same time. (Aireka Scientific, 2022.)

From a spectrum various chemical and physical properties of a sample can be determined.
UV-VIS enables the identification of molecules in liquid or solid-state samples, the
quantification of specific compounds in solution, and the analysis of absorbance,
transmittance or reflectance across a range of wavelengths. It can also be used to evaluate
surface colour characteristics and to monitor chemical reaction or biological processes over
time. By combining the spectrophotometer with different accessories and sample holders, a

wide variety of measurements can be performed. (Agilent, 2025.)

3.5 Pyrolysis-GC/MS

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is an analysis technique that
combines pyrolysis (Py), gas chromatography (GC) and mass spectroscopy (MS) into a
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single method. The sample undergoes thermal degradation under controlled anaerobic
conditions, after which resulting compounds are separated in a chromatographic column and
detected by MS. The Py-GC/MS method focuses on the identifying molecular structures and
enables quantitative analysis of targeted compounds. These results provide an understanding
about the chemical structure of the sample and how does it decompose while heating.

(Kusch, 2018.)

Pyrolysis typically requires extremely high temperatures, usually in the range of 550-1400
°C, so that the heat can break the chemical bonds and form smaller volatile compounds. The
way molecular bond break follows a predictable pattern, which depends on how much
energy the sample receives. One key advantage of Py-GC/MS is that it allows sample
analysis without any pretreatments. Pyrolysis enables the analysis of material that cannot be
directly analysed by GC/MS by thermally degrading them into volatile compounds suitable
for chromatographic separation. (Kusch, 2018.)

Commercially, there are three types of analytical pyrolyzers available: filament pyrolyzer,
Curie-point pyrolyzer and micro-furnace pyrolyzer. All pyrolyzers offer flash pyrolysis at
predetermined temperature within milliseconds. This ensures fast transition for the volatile

pyrolysis products from pyrolysis to GC column. (Kusch, 2018.)

Chromatography is a separation method where the sample is distributed between two phases.
In GC one of the phases is a stationary phase with a large surface area, and the other is a gas.
(Harold & Miller, 1997.) The pyrolyzer is commonly connected on top of the GC-unit (Hao
et al., 2025), where the sample is vaporized and then carried through the column by the gas.
The different components of the sample reach equilibrium with the stationary phase
according to their solubility. Each compound is separated from each other because they have
different vapor pressures and different affinities for the stationary phase. (Harold & Miller,
1997) After GC the fragments proceed into MS, which contain four steps: ionization source,
ion separation by a mass analyzer and ion detection system. Atoms and molecules coming
from GC must be ionized so they can be separated in the mass analyzer which sorts ions
according to their mass-to-charge ratio (m/z). Sorted ions are then measured and sent to
detectors where the m/z ratios are recorded together with information about the relative
amount of each ion. (Broad Institute, 2026.) Figure 11 illustrates common setup of Py-

GC/MS.
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Figure 11. Basic setup of Py-GC/MS (Hao et al., 2025).

This method enables the analysis of polymeric structures in both pure compounds and
complex polymeric systems. However, the analysis is destructive, and non-homogenous
samples can cause variable results. Since the analysis requires only a few milligrams of

sample, sample consumption is typically not a limiting factor (Kusch, 2018).

3.6 Lignin and Black Liquor: Online and Offline Methods and Studies

There are four different kinds of process monitoring systems: online, off-line, at-line and in-
line (Bliimich & Singh, 2018). For offline methods a sample needs to be taken from the
process and delivered to laboratory, while online method analyses sample in real time from
a sample taken from the process stream. At-line methods happen near the process, and in-
line methods are integrated directly to the process and requires no separate samples.
(Nikolskaya et al., 2019.) This chapter focuses on studies conducted for lignin and black
liquor with online applications, but as the topic is quite unknown, also rapid offline methods

with previously presented instruments are studied.
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3.6.1 FTIR spectroscopy

Online FTIR spectroscopy measurements enable real-time process monitoring. It is rapid
and reliable way to get analytical results during the process without slow and complicated
laboratory analyses. (ScienceGears, n.d.) Lignin has been analysed in laboratory FTIR
spectroscopy by multiple different points of view. For instance, Boeriu et al., (2004)
evaluated FTIR spectroscopy as an analytical technique for estimating chemical composition
and functional properties of lignin. Results showed that FTIR spectroscopy combined with
chemometrics could be used as a rapid and reliable non-destructive technique for
characterisation and quality control of lignin-based materials. Louhelainen, Alén, and
Pakkanen (2006) investigated the use of FTIR spectroscopy combined with chemometric
methods for analysing black liquor, with the aim of evaluating its potential as a rapid tool

for predicting combustion behaviour.

In addition to these studies, Gillgren and Gorzsas (2016) presented a “one-pot” experimental
setup that enables real-time monitoring of chemical reactions using FTIR spectroscopy
directly in the reaction vessel, eliminating delays associated with offline sampling. In their
study, they tested the approach using a reaction between a lignin model compound and a
sulphite salt. The results showed that the system allowed continuous tracking of the reaction
and provides information on the reaction kinetics, thermodynamic properties, and
intermediate species, improving reaction optimization and understanding. As mentioned, the
method is fast, cost-effective, and non-destructive, but its limitation lies in the relatively low
specificity of FTIR spectroscopy. Overall, it offers a useful tool especially for studying

solution-phase reactions and applications in biomass chemistry.

3.6.2 NMR spectroscopy

In recent years a cheaper, simpler, and more user-friendly benchtop NMR spectroscopy
instrument has been developed, offering a potential alternative to large laboratory-grade
NMR spectroscopy equipment in the process industry. Laboratory NMR spectroscopy
systems typically operate with magnetic fields in the range of 5-25 T, whereas the benchtop

version functions with fields of only 1-2 T. Although it does not provide as comprehensive
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analysis as the laboratory system, process industry applications often require information on
only a few specific properties of the process stream. This can be achieved using a benchtop
NMR spectroscopy system. (Ronnols et al., 2019.) Ronnols et al., (2019) investigated a
benchtop NMR spectroscopy system to quantify and identify structural features of lignin and
black liquor samples using 1D '"H NMR spectroscopy. The research showed that analyzing
black liquor, the spectra was dominated by water resonance. However, spectra obtained from
diluted HW black liquor and from SW black liquor analysis showed larger methoxy spike in
the hardwood sample than in the softwood sample. Syringyl has more methoxy groups than
guaiacyl, which explains the difference in the peak. Rénnols et al., (2019) concluded that 'H
NMR spectroscopy may not be suitable for determining the exact integration values for the
complex black liquor mixtures, however it can be useful for assessing trends when this

limitation is acknowledged.

Gracia-Vitoria et al., (2022) investigated low-field benchtop NMR spectroscopy for
measuring the hydroxyl content of lignins. They pointed out that in lignin characterization
3P NMR spectroscopy and 2D 'H -13C HSQC NMR spectroscopy outperforms 1D 'H and
3C NMR spectroscopy. Measurements indicates that no significant differences were
observed in total OH for the technical lignins compared to conventional 400 MHz high field
(HF) NMR spectroscopy. The study conducted by Gracia-Vitoria et al., (2022) indicates that

benchtop NMR spectroscopy is suitable for lignin characterization.

3IP NMR spectroscopy has a standard protocol that is accepted by the scientific community
for lignin analysis (Gracia-Vitoria et al., 2022). Kenny, Medlin and Beckham (2023)
reported a complementary method for accurately and quantifying phenolic groups in lignin.
The approach uses pentafluoropyridine (PFP) as a derivatization reagent, followed by '°F
NMR spectroscopy. Using this complementary method is safer, more cost-effective and
faster alternative than the *'P NMR spectroscopy method, since the lignin model compounds
are fully converted to tetrafluoropyridyl (TFP) ethers within one minute (Kenny, Medlin &
Beckham, 2023).

While both *!'P and "’F NMR spectroscopy have been proven effective for lignin analysis,
their application to black liquor analysis remains less explored and would require further
research. As stated, black liquor spectra were dominated by water resonance, when
measuring with 1D '"H NMR spectroscopy. However, *'P NMR spectroscopy outperforms
1D 'H NMR spectroscopy in lignin characterization, suggesting that *'P and '°F could be
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promising alternatives for black liquor analysis. Based on this, these techniques could
possibly be extended to online NMR spectroscopy measurement by combining them with

automated sampling system and chemometrics, for real time data analysis.

3.6.3 UV-VIS spectroscopy

Online UV-VIS spectrophotometers are capable of simultaneously measuring multiple
parameters. In theory, any compound that absorbs light in the UV-VIS region can be
detected. As an analytical technique, is versatile and has been widely applied, for example,
in assessing water quality and purity. (PMA Ltd, 2025.) Although various online and in-line
applications have been developed, there is limited information available regarding their use
for analysing black liquor or lignin. With extensive chemometric modelling, offline UV-VIS
spectroscopy could potentially be utilized for the analysis. Offline UV-VIS spectroscopy

methods have already been employed in lignin research.

According to Lu et al., (2020), lignin exhibits strong UV absorption due to n—m* transition
of its aromatic rings. This characteristic has been used for both qualitative and quantitative
determinations of native and technical lignins, as well as for monitoring delignification
during the pulping processes. Furthermore, UV-VIS spectroscopy enables the estimation of
phenolic hydroxyl group content by comparing absorbance at approximately 292 nm and
370 nm, the latter being associated with conjugated phenolic structures. Absorption near 370
nm is associated with conjugated phenolic structures. The UV-VIS spectra are influenced by
lignin composition: syringyl rich lignin typically shows a blue shift, meaning the absorption
maximum shifts to shorter wavelengths. Softwood lignin generally exhibits a maximum

absorbance at 280-285 nm; hardwood lignin is around 275 nm. (Lu et al., 2020.)

Based on the study by Lu et al., (2020), UV-VIS spectroscopy appears to be a potentially
suitable analytical method for lignin analysis due to the characteristic absorption behaviour
of lignin. However, the study does not address its applicability to black liquor. Therefore,
while the method shows promise for lignin characterization, its suitability for black liquor

analysis is uncertain and would require further investigation.
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3.6.4 Raman spectroscopy

Online version of Raman spectroscopy is developed for faster in real time process analytics
enabling more accurate identification in process environments. The technique enables
simultaneous monitoring of multiple components over a wide concentration range, from low
ppm levels to higher concentrations. The non-destructive analysis measures samples without

any dilution. (Horiba, n.d.)

Raman spectroscopy has been employed to determine the lignin S/G ratio using various
analytical methods. One approach combines Raman spectroscopy measurements with
thioacidolysis, followed by the development of a chemometric PLS model to predict the
lignin S/G-ratio. However, this approach has been shown to be complex and requires large

number of samples for reliable model development.

Another approach involves identification of characteristic S and G bands in FT-Raman
spectra. In this case, spectral deconvolution in the range of 1120-1530 cm™ is used to
separate the contributions of syringyl and guaiacyl structures. However, the samples did
show significant interference from fluorescence as well as overlapping signals from cellulose
and hemicellulose. Commercial lignins are particularly prone to fluorescence issues when
analyzed using linear Raman spectroscopy. (Agarwal, 2019.) This fluorescence could

possibly be suppressed with near-infrared (NIR) FT-Raman. (Agarwal, 2014.)

Based on Agarwal (2019), Raman spectroscopy can be considered a promising method for
lignin analysis due to its non-destructive nature, ability to provide in situ information, and
suitability for structural characterization. However, its applicability is limited by
fluorescence interference, particularly in commercial lignins. Consequently, while the
method is suitable for lignin under controlled conditions, its direct use for black liquor

analysis is challenging and requires further methodological development.

3.6.5 Py-GC/MS

Lin et al., (2015) investigated pyrolytic behavior and product composition of four different
isolated lignins to understand how lignin origin and isolation method affect its thermal

decomposition. The analyzed lignins were milled wood lignin (MWL), enzymatic
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hydrolyzed lignin (EHL), alkali lignin (AL) and sulfonate lignin (SL). Lignins were analyzed
using Py-GC/MS, thermogravimetric analysis (TGA) and FTIR spectroscopy. Figure 12(a)
compares different lignins Py-GC/MS products, while Figure 12(b) illustrates the main

compounds and their distribution.
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Figure 12. (a) Comparison of different lignins Py-GC/MS products and (b) specifies typical
compounds and their distribution (Lin et al., 2015).

The results demonstrate that during pyrolysis, lignins S-, G- and H-units decompose into
phenolic compounds, and their distributions are strongly dependent on the lignin source. For

instance, MWL mainly produced S- and G-types of phenols, whereas the other lignins
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generated mixtures containing S-, G- and H-type compounds in varying proportions.
Furthermore, it was shown that the relative abundances of these phenolic compounds could
be estimated from peak area ratios, enabling the determination of the G/S/H ratio (Lin et al.,

2015).

Currently, there is no implementation of the online application of Py-GC/MS. The analysis
requires multiple components, making the online version most likely too complex for a
reliable real-time result. The analysis could possibly be utilized to a rapid offline method,
that could be used near the process, but it won’t be fully online or inline process with the

current technology.
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4 Chemometric Methods for Spectroscopic Data Analysis

Chemometrics is a field of chemistry that combines mathematical and statistical tools to
improve how measurements are planned and how chemical data is interpreted. It helps to
select suitable experimental methods and ensures that collected data provides as much useful
information as possible. Because modern instruments generate large and complex data sets,
chemometrics offers practical ways to process, simplify, and understand this information.
With these tools, chemometrics can reveal patterns in data, build predictive models, support
automated laboratory procedures, and link analytical signals to chemical properties such as
concentration or structure. Typical applications include interpreting spectroscopic data,
optimizing analytical methods, and developing models that predict chemical or biological

behavior. (Otto, 2023.)

4.1 PLS-regression

Partial Least Squares (PLS) projection to latent structures, is a multivariate analysis method,
that uses a two-block predictive PLS model to simulate relationships between two matrices,
X and Y. PLS-regression (PLSR) is a developed generalization of multiple linear regression
(MLR), offering improved performance in situations where data contain many strongly
correlated or noisy predictor variables. PLS models has been used to analyse mixture data.
It is particularly suited for cases when the matrix of predictions has more variables than
observations, and when there is multicollinearity among X values. (Wold, Sjostrom &

Eriksson, 2001.)

In the PLS method X and Y blocks are decomposed into a sum of latent variable h. X block
is a n X p matrix, where n is the number of samples and p is the number of measured
variables, such as absorbance or transmittance at specific wavelengths. (Franca & Oliveira,

2022.) PLS method can be expressed with the following Equations 2 and 3:
X=TP'+E=Ytyp,+E ()

Y=UQ'+F =Yuuq,+F 3)
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where T and U are the score matrices derived from the X and Y blocks, P and Q represent
the loading matrices of X and Y, and E and F are the residuals of X and Y. (Franca &
Oliveira, 2022.)

Equation 3 shows that the linear regression coefficient b correlates the X and Y blocks

linearly:
Up = bpty “4)

The regression coefficients b is collected into a diagonal matrix B, which represents the
linear relationship between the score matrices T of X and U of Y. In PLS modelling, the
model must balance how much variation in the X block is captured with how strongly the
model can relate X to Y. The most effective linear relationship between the score matrices
of the two data blocks is achieved by slightly rotating the latent variables of both X and Y.
(Franca & Oliveira, 2022.)

In case of FTIR spectroscopy, large amounts of data are generated during measurements.
Because of this large amount it can be complicated to visualize data and find patterns and
correlations. Because of the model makes these small rotations, the latent variables are no
longer perfectly independent of each other. The predicted values for the new sample (Y?)

can then be calculated with equation 4. (Franca & Oliveira, 2022.)
Yt =T*BQ (5)
where T is the score of a new sample.

This method could be powerful tool when combined to online analytics. In the most effective
way, the online method combined to PLS model would give clear percentage result. By
giving the spectrum obtained from online analysis to the PLS model, the model could do all

necessary spectrum analysis and give results in needed accuracy.

4.1.1 PLS combined to FTIR spectroscopy measurement

Riddell et al., (2025) pointed out that technical lignin characterization in process
environment is slow and requires multiple analysis devices. They investigated whether could
attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy be

combined with PLS chemometrics to have a rapid and accurate methods that can predict both
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lignin chemical structure characteristics, such as linkage abundance and molecular weight,
but also physicochemical properties of technical lignins. Objective was to combine various
slower offline chemical analysis to the PLS model, so the routine analysis would only require

ATR-FTIR spectroscopy measurements.

Method is based on that the PLS model handles ATR-FTIR spectra as the explanatory
variables, while the predicted properties are first determined using separate reference
analytical methods. Based on the multiple target-property-specific PLS models are

constructed, with the number of latent variables that are optimized using cross-validation.

Study showed that the PLS model can predict multiple properties. PLS models built in the
study worked with a few latent variables, which improves their robustness. With the model
analysing one sample only takes couple of minutes, which is much faster compared to
common offline laboratory instruments, such as NMR spectroscopy. Riddell et al., (2025)
conclude that the joint application of a carefully built PLS models and ATR-FTIR
spectroscopy analysis may allow at-line or online analysis of lignin properties directly from

black liquor or lignin process streams.
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Experimental part

5 Material and Methods

The experimental part of this thesis focuses on investigating different online and rapid offline
methods that could provide the softwood-hardwood ratio with 10% accuracy in black liquor
in process environment. Three types of samples are investigated: lignin obtained from a
pilot-scale lignin separation process, black liquor from a kraft pulp mill, and lignin
precipitated from black liquor under laboratory conditions. Samples and example of sample

labelling is presented in Figure 13.
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Figure 13. Samples analysed and example of labelling.

Lignin was investigated to see if there are any significant differences between softwood and
hardwood lignin when using different methods. As black liquor forms a complex matrix
around the lignin it contains, analysing the lignin first provides clearer understanding of its

structure and helps identifying the HW/SW ratio in black liquor under process conditions.

Softwood black liquor was obtained from a kraft pulp mill that produces pulp from softwood,

and the hardwood black liquor was obtained from pulp mill that only uses hardwood as
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feedstock in the production. For all experiments the same batches of hardwood and softwood

black liquors are used to minimize variation between the samples.

5.1 Samples and sample preparation

The lignin samples to be analysed were separated and ground from hard lignin cakes

originating from pilot scale lignin separation process. First cakes were broken down to

smaller pieces and dried in 60 °C for approximately 24 hours. Dry lignin was milled with

Fritch Universal Cutting Mill with blade size of 1 mm.

Mixtures with different ratios were prepared from dry, milled HW lignin and SW lignin.

Same ratios were mixed from black liquors. Black liquor mixtures were calculated to

correspond the dry solid content. Ratios and weighted samples are presented in Table 3.

Table 3. Lignin and black liquor mixtures.

Ratio (%) HW lignin (g) SW lignin (g) HW BL (g) SW BL (g)
0/100 0 100 0 100
10/90 5 45 50 457
20/80 10 40 100 407
30/70 - - 150 356
40/60 10 15 202 305
50/50 10 10 251 254
60/40 30 20 301 203
70/30 - - 351 152
80/20 40 10 201 53
90/10 45 5 113 13
100/0 100 0 100 0

From this point forward, samples are referred to using the HW/SW ratio, meaning that a

sample containing 40 % hardwood and 60 % softwood is referred as 40HW/60SW. A prefix

is used to indicate the sample type: L for lignin, BL for black liquor, and PBL for precipitated

black liquor.
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5.1.1 Ash content and dry matter

Ash and dry matter contents of black liquors were measured to confirm the sample similarity
between HW and SW and to understand the sample compositions as well as possible. The
dry matter content was measured by weighing wet sample, drying it for 3 hours in 105 °C
and cooling it in exicator before weighing it again. The oven used for determining dry matter

content was Memmert UN 55.

The ash content of black liquor is the mass remaining after the sample has been burned and
ignited. It is expressed as a percentage of the sample’s dry matter. The black liquor sample
was first charred and rapidly combusted to prevent the alkaline salts from melting before
organic matter has been combusted. After combustion, the residue of the sample is ignited
at 700 °C to obtain the final mass of the ash, where the left-over carbon reacts with oxygen
forming carbon dioxide. The furnace used for determining ash content was Nabertherm
LT15/11 with temperature program. Temperature was increased from 20 °C to 200 °C
within the first 30 minutes, after which it was increased from 200 °C to 600 °C in the next
hour and then from 600 °C to 700 °C in the next hour. Table 4 presents the dry matter and
ash contents of 100 % black liquors.

Table 4. The dry matter and ash contents of HW and SW black liquors.

Determination 100 % HW BL 100 % SW BL
Dry matter content (%) 39.86 39.37
Ash content (%) 52.3 51.8

Literature stated that approximately 1/3 of black liquors dry matter content is inorganic
matter (Bajpai, 2008). In this thesis black liquor does not contain soaps anymore, since they
were separated before black liquor was collected for the analysis. This changes the ratio
between organic and inorganic matter to more equal ratio. Ash content analysis showed that

both HW and SW black liquors contain approximately 52 % ash of their dry matter content.

Ash consists of alkaline salts from inorganic cooking chemicals. After the ash determination,
the ash was white with a hint of turquoise. White colour points that the determination was

successful because there was no carbon left, which would appear as dark spots in the sample.
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Turquoise colour is possibly cupper. Elemental analysis wasn’t conducted for the ash, but

cupper is known to appear as turquoise when it has reacted with alkaline salts.

5.1.2 Precipitation of black liquor

Precipitation was conducted to evaluate whether the complex matrix surrounding lignin in
black liquor could be rapidly and efficiently reduced. Three lignin precipitation experiments
were conducted, in which lignin was precipitated from black liquor using 40 % sulfuric acid.
The black liquor was continuously mixed with Heidolph overhead stirrer, and the pH value
was measured after each acid addition with a pHenomenal pH1000 H meter. In the first and
second experiments, the pH was decreased to approximately 9.5, whereas in the third

experiment it was reduced further to approximately pH 2-3.

Lignin precipitation was observed to begin when the pH decreased below 10. At pH values
between 9 and 10, the smaller lignin components likely remained unprecipitated, and the
samples appeared more liquid-like form with relatively low solid content. At pH levels
around 7-8, precipitation clearly increased and occurred quickly, resulting in a thicker,
slurry-like mixture with higher solid content. When the pH was further reduced below 3,
nearly all lignin was expected to precipitate. However, the high volume of used sulfuric acid
diluted the samples and formed more aqueous samples. This behaviour can be explained by
changes in the chemical groups of lignin. The amount of precipitated lignin increases as pH
decreases, with two key pH regions where changes have a strong effect (Hubbe et al., 2019).
Above pH 7, this behaviour is mainly due to the protonation of phenolic groups, whereas at
lower pH values around 3-4, additional precipitation occurs due to the protonation of
carboxylic groups (Hubbe et al., 2019). Reaching this lower pH range requires the use of a
strong acid, such as sulfuric acid, as weak acids like carbon dioxide are not sufficient to
decrease the pH to levels where carboxylic acid groups become protonated (Hubbe et al.,

2019).

Following precipitation, the samples were filtered with vacuum filtering system, using
Whatman Hardened Ashless filtering paper. The pores of the paper became easily blocked
during the filtration. Precipitated lignin did form a layer on top of the paper, which it was
transferred to a sample cup. Because of the pores became blocked so easily the washing of

the sample was limited.
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The first precipitation set was conducted using black liquor samples containing 0 %, 50 %,
and 100 % hardwood black liquor. These samples were analysed with FTIR spectroscopy in
both wet and dried states, after drying overnight in 60 °C. The second and third sets included
the full range of black liquor mixtures presented in Table 3. In these cases, washing was
performed using a Fisher GT1 centrifuge. The washing procedure involved adding ultrapure
(UP) water to the samples, followed by mixing and centrifugation for 10 minutes at 3000
rpm. The liquid was separated from the solid matter by decanting, after which the solid

matter was dried in 60 °C. Finally, the dried samples were ground using a mortar.

5.1.3 NMR spectroscopy

Two independent external operators analysed samples with NMR spectroscopy. First
external operator measured HW and SW lignin, HW and SW BL and BL mixture samples
(BL-20HW/80SW, BL-40HW/60SW, BL-S0HW/50SW, BL-70HW/30SW) using HF NMR
spectroscopy in a laboratory environment. The second external operator conducted set of
measurements with benchtop NMR spectroscopy and the samples analysed were HW and
SW BL samples and BL mixtures (BL-20HW/80SW, BL-50HW/50SW, BL-70HW/30SW).
The external operators provided detailed reports about sample preparation, handling

procedures and measurement equipment.

In laboratory HF NMR spectroscopy approximately 20 mg of each sample was dissolved in
400 pL of a 1:1.6 mixture of CDCls:pyridine after which 100 pL of an internal standard
solution (e-HNDI, Endo-N-hydroxy-5-norbornene-2,3-dicarboximide, 0.12 M in
CDCli:pyridine 1:1.6) was added, followed by 50 uL of a relaxation agent (Cr(acac)s ), 11.4
mg/mL in (CDCls):pyridine 1:1.6). Finally, 100 pL of a phosphitylation reagent CI-TMDP
(2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) was added and the solution was
stirred for one hour to ensure complete derivatization before transferring the samples to
NMR spectroscopy tubes. The black liquor samples were sonicated after the addition of the
derivatisation reagent to achieve full solubility. The more SW the sample contained, the
longer the sonication time needed was. 100 % and 80 % SW samples needed an overnight

dissolution time.

In benchtop NMR spectroscopy measurements, the external partner performed derivatization

according to the method reported by Kenny, Medlin & Beckhams (2023) with small
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alterations. In the article the derivatization was carried out as follows: sample was weighted
20-40 mg into a 10 mL vial with a stir bar. Following addition of potassium carbonate
(K2CO3), internal  standard  (4,4-difluorobenzophenone), solvent and PFP
(pentafluoropyridine) to the vials. The vials were briefly shaken and stirred at 800 rpm to
initiate the reaction. After the desired reaction time, samples were withdrawn by filtration
through a 0.2 um PTFE syringe filter. For reactions in H O/DMSO, 2 mL of acetone was
added to each vial before sampling to resolubilize the lignin. For kraft lignin, the vials needed
to be shaken for approximately 1 minute to ensure the sample was fully dissolved. After this,
0.3 mL of the filtered sample was combined with of acetone-d6/Cr(acac)s. Initial
concentration of the d6-acetone solution was 2 mg/mL. Final concentration of Cr(acac)s,
solution in the sample was 1 mg/mL. In the measurements conducted for samples in this

thesis, the amounts of used samples and chemicals differ from the article’s method.

5.14 UV-VIS spectroscopy

For lignin measurements, 0.55 g of HW lignin and SW lignin were weighed to 50 mL
volumetric flasks and dissolved to 0.1 M sodium hydroxide. 0.5 mL of the dissolved lignin
sample was diluted to 50 mL with UP water in a volumetric flask. Before UV-VIS
spectroscopy analysis, dilutions were filtered with 5 um syringe filters to remove all non-

soluble particles.

Black liquor required a 5000x dilution with UP water, to obtain the absorbance values within
the range between 0.8-1.2 which is considered as reliable measurement range. Black liquor
dilutions were prepared for samples containing 0 %, 10 %, 20 %, 30 %, 40 %, 50 %, 60 %,
70 %, 80 %, 90 % and 100 % of hardwood.

The dilutions were carried out in three steps. First, 1 mL of black liquor was pipetted into a
10 mL volumetric flask using a viscous pipette and diluted to volume with UP water.
Following, 1 mL of this solution was transferred to a 50 mL volumetric flask and diluted to
volume with UP water. Finally, 5 mL of the resulting solution was pipetted into a 50 mL
volumetric flask and filled to the mark with UP water. The pH of diluted samples was
measured to confirm that the UP water didn’t cause any precipitation in the dilutions,

considering that the volume of used UP water was quite large.
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5.1.5 Py-GC/MS

Two sets of Py-GC/MS analyses were conducted; one performed internally in the laboratory
and the other by an external operator. The internal measurements were carried out on HW
and SW lignin samples as well as on the full set of dried black liquor mixtures, using a
sample mass of 500 pg for each analysis. The external analyses focused on lignin and black

liquor samples.

5.2 Experimental equipment

5.2.1 FTIR spectroscopy analysis

The FTIR analyser used was a Shimadzu IRTracer 100 equipped with QATRI10 single-
reflection ATR with a diamond crystal. The number of scans was set to 32, the range of
wavenumbers was 4000-400 cm™' and the spectral resolution was 4 cm™. The used FTIR
spectrometer was an offline laboratory instrument, rather than online system. Since the
operating principle of the devices is the same, a laboratory version of the device was used to
investigate whether differences between softwood and hardwood lignins and black liquors

could be detected.

5.2.2 Offline NMR spectroscopy

Offline NMR spectroscopy was measured with external operator, who conducted the
measurements with a Bruker Avance Il HD spectrometer operating at 500.10 MHz ('H) and
202.5 MHz (*'P) equipped with a Prodigy BBO CryoProbe™ with high sensitivity towards

3P nuclei.

The data were acquired using a standard pulse program for quantitative *'P NMR, using
inverse-gated decoupling. The relaxation delay was set to 10 s, and the acquisition time to
3.3 s, resulting in a total repetition time of 13.3 s to ensure complete relaxation between
scans. A total of 64 scans were acquired on each sample. Spectra were recorded from 117 to
166 ppm to place the region of interest (approximately 130-154 ppm) in the centre of the

spectrum. The spectra were processed using a 5 Hz exponential line-broadening for
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increased signal-to-noise ratio (S/N), after which phase-correction was carried out manually
and baseline correction automatically. The chemical shifts were calibrated by setting the
chemical shift of the derivatized residual water peak to 132.2 ppm, and the spectra were
integrated approximately according to the following: internal standard, 153-151 ppm;
aliphatic hydroxyl groups, 150-144 ppm; phenolic hydroxyl groups, 144-137 ppm;
syringylic hydroxyl groups, 143.2-142.4 ppm; guaiacyl hydroxyl groups, 140.2-139.0 ppm;
p-hydroxyphenyl hydroxyl groups, 138.8-137.1 ppm; carboxylic acids, 137-133.5 ppm. The
integral of the internal standard was set to 12, as the total amount of internal standard in each
sample was 12 pmol and therefore the integrals directly give the amount of each type of
hydroxyl group in the sample in umol. This value was then divided with the mass of each

sample to get the amount in mmol/g.

523 Benchtop NMR spectroscopy

Benchtop NMR analyses were conducted with two Magritek Spinsolve Ultra Multi X F
NMR spectrometers, with operating frequencies of 80 MHz and 90 MHz. Number of scans
was 16, pretreatment time was approximately 30 minutes, and measurement time was under
2 minutes. The instruments performance is specified by high S/N measured using 1 %
ethylbenzene in CDClI3 with a linewidth at 50 % height of less than 0.2 Hz and a linewidth
at 0.55 % height of less than 8 Hz, indicating high spectral resolution and good data quality.

524 Raman spectroscopy

Raman measurements were performed externally by using two instruments: a HORIBA
LabRAM Soleil Raman microscope and a HORIBA PI 200 L Process Raman spectrometer.
The LabRAM Soleil system was equipped with a 405 nm laser operating at a power of 71
mW, while the PI 200 L spectrometer was equipped with a 785 nm laser with an excitation

power of 450 mW.

Measurements using the 405 nm laser were conducted exclusively on the HW BL sample.
Approximately 100 pL of the undiluted sample was placed into a microvial, and the laser
beam was focused directly onto the sample. An integration time of 2 seconds was used, and

a total of 10 spectra were collected.
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Measurements at 785 nm were performed by transferring approximately 10 mL of sample
into 40 mL scintillation vials, with spectra collected through the sidewall of the vial. The

integration time was set to 125 ms, and 100 spectra were accumulated.

5.2.5 UV-Vis spectroscopy

Two sets of UV-VIS spectroscopy analyses were conducted. First set was performed
internally in laboratory scale using offline UV-VIS spectroscopy, whereas the second set
was performed by an external operator using an instrument suitable for online UV-VIS
spectroscopy determinations. Laboratory measurements were performed with a UV-VIS
Hitachi U-2910 Spectrophotometer laboratory instrument. Online measurements were
conducted with Optoseven FSA-CT1000 liquid analyzer. Black liquor samples and lignin
samples were measured with UV-VIS spectroscopy. These dilutions were measured in range

of 190-700 nm.

5.2.1 Py-GC-MS

Two sets of Py-GC/MS analyses were conducted. First set analyses were carried out using a
system equipped with an automatic sample injector (Frontier Lab, AS-1020E). The pyrolyzer
was Frontier Lab EGA/PY-3030D and operated at a pyrolysis temperature of 600 °C with a

residence time of 6 seconds.

The gas chromatograph (Agilent Technologies, 7890B) was operated with the following
oven temperature program: an initial temperature of 70 °C held for 4 minutes, followed by a
temperature increase of 10 °C/min to 300 °C, which was maintained for 20 minutes. The
total run time for a single sample was 47 minutes. The split injector temperature was set to

250 °C, with a split flow of 20 mL/min and a split ratio of 20:1.

Separation was achieved using a high-resolution HP5-MS UI capillary column with a length
of 30 m, an internal diameter of 0.25 mm, and a film thickness of 0.25 um. The column flow
rate was 1 mL/min and the inlet pressure to 8.8 psi. Mass spectrometric detection was
performed using an Agilent Technologies 5977A detector. Instrument control and data

processing were conducted using GCMSD Enhanced MassHunter and MSD ChemStation
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Data Analysis software using the spectral databases NIST 2008 and data collected by Abo
Academy.

Second set of measurements were conducted with an external operator, who provided a
report about the measurement equipment. Used pyrolyzer was Pyrola 2000 MultiMatic
(filament pulse pyrolyzer) (Pyrol AB, Lund, Sweden). The pyrolysis products were analysed
by gas chromatography/mass spectrometry. Used GC was Agilent 7890B, used MS detector
was Agilent 5977B and column was HP-5SMS capillary GC column 25 m X 0.2 mm, with
0.33 pm film thickness.

The samples were analysed as black liquor solids (BLS) after drying, as wet black liquor and
as dry lignin. Around 50 pg of sample was placed on platinum filament and pyrolyzed at
650 °C for 2 s. The injector temperature of the GC system was kept at 280 °C, and the oven
temperature was programmed from 50 °C (hold 0.5 min) to 320 °C (hold 4 min) with a
heating rate of 8 °C/min. Masshunter software, the spectral databases Wiley 10th/NIST
2014, and the database created by the Laboratory of Natural Materials Technology (Abo

Akademi University) were applied to recognize the pyrolysis products.
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6 Results and Discussion

This chapter presents results obtained from analytical methods presented in the literature
part of this thesis. All methods are discussed separately and conclusions about the methods

suitability for the black liquor HW/SW ratio determination are made.

6.1 FTIR spectroscopy

6.1.1 Lignin

FTIR analysis presented clear differences between SW and HW lignin. Figure 14 presents
the FTIR spectra of hardwood and softwood lignins and their mixtures in the fingerprint
region. The spectra were baseline-corrected using automatic zero baseline correction that is

basic procedure in FTIR data analysing. FTIR results are presented in transmittance.



57

Lignin mixtures measured with FTIR, with zero baseline

correction
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Figure 14. FTIR spectra of softwood, hardwood, and their mixtures (L-OHW/100SW to
L-100HW/0SW) in the fingerprint region.

All peaks visible in the Figure 14 are explained in Table 5.
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Table 5. FTIR spectra peaks assignment (Beisl et al., 2018; Popescu et al., 2007; Safou
Tchiama et al., 2017; Sammons et al., 2013).

Peak number in Figure 14 Band (cm™) Assignment

1 1603 Aromatic skeletal vibrations

2 1513 Aromatic skeletal vibrations

3 1457 Asymmetric bending deformation of

methyl and methylene groups

4 1424 Aromatic skeletal vibrations

combined with C-H in plane deform

5 1327 C-O stretch of syringyl ring

6 1262 C-O stretch of guaiacyl ring

7 1214 C-C plus C-O stretch

8 1110 Aromatic C-H in-plane deformation
9 1031 C-O stretching in primary alcohols
10 919 C-H out of plane aromatic

11 830 C-H out of plane in position 2 and 6

of S, and in all positions of unit H

As seen in the Figure 14 the baseline drift varies depending on the sample. Baseline drifting
1s common for FTIR spectroscopy. One of the most common causes of drift is instrumental
noise (Peak Spectroscopy, n.d.). Instrumental noise refers to all instrumental-related factors
that can cause variation in results. The intensity can be seen from the size of the peaks, but
in this case the peaks do not align into clear trend based on the intensity, because baseline
does not start from the same point for every spectrum. In addition to instrumental factors,
the physical nature of lignin samples can cause variability in the results. As the lignin
samples are in form of fine powder, particle size may affect the quality of contact with the
diamond. There is always a possibility that a larger particle, whose contact with the diamond
differs from smaller particles affects the measurements. This causes variability in the results,
since FTIR spectroscopy requires direct contact with the sample. With improper contact the
results do not present the actual conditions. With liquid samples it is easier to get proper
contact to the diamond because there are no hard particles that need to be pressed to the

diamond.
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Lignin FTIR spectrum has approximately 11 peaks in the fingerprint area. Although most of
the peaks look similar, there are significant differences between spikes 5, 6, and 8. Peak 5
observed at 1327 cm™ is a characteristic peak for syringyl units. It originates from C-O
vibrations in S ring. (Sammons et al., 2013.) In the spectra, a clear shape related to the HW
percentage of the sample can be identified: samples with over 80 % hardwood have a clear
peak at 1327 cm™, samples with 40-60 % of hardwood show a small shape indicating the
presence of syringyl, and all samples whit less than 40 % hardwood show no signs of this
peak. The higher concentrations of hardwood have higher amounts of syringyl rings and
those can be detected with the FTIR spectroscopy. Roughly said, hardwood contains 50 %
syringyl and 50 % guaiacyl of aromatic units. In other words, sample that contains only 10
% of hardwood, contains only 5 % syringyl. FTIR spectra showed that sample needs to have

over 20 % syringyl content that there can be signal observed in the 1327 cm™.

Peak 6 is a characteristic peak for guaiacyl. Peak is observed at 1265 cm™, and it is
originating from C-O stretch of guaiacyl ring. (Sammons et al., 2013) Both hardwood and
softwood lignin contain guaiacyl units, however hardwood dominated samples generally
contain fewer G-units than softwood-dominated samples. The spectra shows that all samples
have a peak at the 1265 cm™'. Samples that have over 80% of HW have clearly smaller peak

compared to the rest of the samples.

Largest variation can be seen in the peak 8, approximately at 1110 cm™. The peak is indicator
of aromatic C-H in-plane deformation. (Sammons et al., 2013.) C-H in-plane deformation
means that the C-H bond bends sideways within the flat plane of the ring. Some studies
connect the peak directly to syringyl or to guaiacyl, but the deformation is same for both.
(Sammons et al., 2013; Reyes-Rivera & Terrazas, 2024.) Syringyl has two methoxyl groups
which likely enhances the intensity of the in-plane deformation band for samples that contain
more syringyl than guaiacyl. The largest peak is clearly observed in the 100% HW sample.
This means that because syringyl has two methoxyl groups and guaiacyl only one, the
bending is stronger in the hardwood samples, and the intensity of the peak is larger. Reyes
& Rivera, 2024 pointed out that the in-plane deformation for guaiacyl is at 1130 cm™, which
implies that it has shifted little left. This can be seen in the Figure 14.

Because of the baseline shifting, it is hard to see clear regression with the HW/SW-ratio and
the peak intensity straight from the spectra. In the experimental part, the objective was to

combine PLS-regression with the regression observed in the spectra peak 8, once they are
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aligned to the same baseline. PLS-model combined with online FTIR spectroscopy analytics

could be rapid way to get results from the process.

The PLS-model was first tested for the whole spectra after the baseline correction. PLS-
model predicts Y-values, that are in this case hardwood percentual concentrations based on
FTIR spectra data. The model provides three figures: regression coefficients, original FTIR
spectral data and original Y vs estimated (Figure 15). The regression coefficient curve shows
which wavenumbers (X-axel) has the strongest influence on the predicted values, while the
Y-axel represents the intensity of the regression coefficients. A positive coefficient indicates
that Y-value increases, while a negative coefficient indicates decrease in Y. The original
FTIR spectra data represents the input data used by the model to predict the Y-values. The
Original Y vs. estimated plot compares the measured Y-values with the model predictions.
When the stars align with the orange line, the model should be able to predict the samples

with good accuracy.

Figures 15 and 16 presents both 3 plots obtained from PLS models. The whole spectra model
was built with six latent variables, while the peak 8 model required only 3 latent variables.
The base data consisted of FTIR spectra of the lignin sample set presented in Table 3, with
each sample measured twice using a laboratory FTIR spectrometer. Regression coefficient
plot shows that there is positive correlation both sides around 1100 cm™'. Original Y vs
estimated plot shows blue stars aligning close to the orange line, which indicates that the

predictions could give promising results.
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Figure 15. PLS model results for the whole FTIR spectra.

PLS model was tested with the same lignin mixture set that was used to build the model.
Samples were measured third time with FTIR spectroscopy. Predictions for the samples were
mainly incorrect. Model predicted almost all values 10 % off. A couple of samples deviated
by only 2-5 %-units; however, no clear trend was observed regarding whether the model
systematically over- or underestimates the values. This can be caused by the shifting baseline
that can be seen in the Original FTIR data -plot. The data is baseline corrected, but the

correction is not strong enough to force all the spectra baselines to 100 %.

Figure 16 shows that a strong correlation was observed around peak 8 based on the
regression coefficients. Peak 8 has positive correlations to both sides and negative
correlations at the peak placement. This confirms that the PLS model can over- and

underestimate the values. A second PLS model was defined to apply only to that peak (Figure
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16) and then the peaks baseline was corrected. Best result for the second PLS model was for

sample 40 % SW that was only off by 1.2 %-unit.
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Figure 16. PLS results for peak 8.

Table 6 compares the PLS estimates obtained from the whole spectra and the peak 8 results
with the correct value that the model was supposed to predict. Both PLS models either
underpredicts or overpredicts the values. Whole spectra PLS model predicts 20 %, 60 % and
80 % HW samples within 4 %-units variation from the actual value. Peak 8 predicts 0%, 40
%, 80 % and 90 % HW samples within the same 4%-units but all other samples go over by
5 %-units or more. Table 6 presents all values obtained from the PLS model by analyzing

the whole spectra and only peak 8.
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Table 6. PLS predictions of whole spectra and peak 8.

Actuals percentage of HW Whole spectra (%) Peak 8 (%)
in the sample (%)

0 -10.9 34
10 16.6 -3.3
20 18.8 15.4
40 32.9 38.8
50 423 41.4
60 63.5 54.5
80 77.1 78.6
90 100.9 93.7
100 110.6 110.6

Analyzing the FTIR spectra with PLS-model didn’t provide accurate results. PLS-model was
also tested using derivative spectra data. Derivation was done for the whole spectra and for
the peak 8. Both data had poor correlation coefficients. Plots of derivative PLS-model can
be seen in Appendixes 1 (Figures 39 and 40). Appendix includes table where predicted
percentages are compared (Table 10). They didn’t provide more accurate results than the

PLS model presented above.

PLS models only focus on the peaks and their shape. There can also be regression between
the peak areas. Figure 13 shows that the largest area for peak 8 is the sample that has 100 %
hardwood. Peak 8 is typical for samples that contain syringyl, which makes sense that the
largest peak is for the sample that contains most syringyl. Peak 8 areas show clear differences
between different HW/SW-ratios. Peak areas could be used to analyse the ratio between
different samples. Areas are obtained between 1135-1060 cm™. Figure 17 presents

regression between different HW/SW-ratio ratios and their areas.
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Figure 17. Correlation between the logarithm of the integrated FTIR peak area and
concentration.

Figure 17 presents correlation between the logarithm of the integrated FTIR spectrum peak
area and hardwood concentration. Natural logarithm is taken from the absolute values of the
peak areas. Absolute value is taken to change the area value to positive, because the
transmittance area is given as a negative value. Base data is average values of three parallel
measurements. Trendline fitted to the points is polynomial with order number 2. Trendline
has 0.9982 R-squared value. The trendline equation was tested with two samples that wasn’t
in the base data. Sample that contained 35 % hardwood was measured twice with FTIR
spectroscopy, and the HW%-results calculated with the equation were 35 % and 36 %.
Second sample contained 70 % hardwood and the calculated HW% results were 75% and 77
%. First set of samples gave extremely accurate results. However, the second results were
off by 5 %- and 7 %-units. Needed accuracy is 10 %, which means they still fit into the
needed range. As the results are promising and behave as expected, we will proceed to

investigate whether a similar approach can be applied to black liquor.



65

6.1.2 Black Liquor

HW and SW black liquors gave almost identical FTIR spectra. Black liquor spectra are
presented in Figure 18. There are small differences in the fingerprint region. However, the
differences are extremely small between HW and SW black liquors, which indicates that
differences in possible mixtures made from black liquors wouldn’t be recognizable. The
peaks are broader than in the lignin spectra. Broad peaks indicate of a complex mixture or a
compound with multiple overlapping absorptions. (Universal Lab, 2024.) This is most likely

caused by water, inorganics and other organic components that black liquor contains.
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Figure 18. Softwood (BL-OHW/100SW) and hardwood (BL-100HW/0SW) black liquors
FTIR spectra.

Laboratory FTIR spectroscopy analysis of black liquor doesn’t seem to act the way lignin
acts. There are no significant differences in the spectra where the ratios could be analysed.
As seen, lignin gave clear results for the different mixtures, while the same method gave two
almost identical spectra for black liquors. Since the laboratory analysis was unsuccessful,

there is no justification to continue testing the online instrument.
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6.1.3 Precipitated lignin from black liquor

FTIR spectroscopy analysis did seem to give good result when analysing lignin, but not
when analysing black liquor. Black liquor has possibly too complicated matrix that disturbs
the FTIR spectroscopy measurement. This is why lignin was precipitated from black liquor

to see if precipitated part of the black liquor matrix would give clearer spectra.

FTIR spectroscopy results of precipitated lignin that was vacuum filtrated after acid
treatment is presented in Figure 19. The figure shows precipitated lignin from 100 % SW
and HW black liquors, and from a mixture where is 50 % HW and 50 % SW. In the first set

of precipitations pH was reduced to between 9 and 10.
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Figure 19. Wet precipitated lignin with minimal washing and pH over 9.

Figure 19 illustrates differences; however, there is clearly a factor interfering with the
mixture sample. Because the vacuum filtrating wasn’t working properly, the washing of the
samples was minimalistic. After filtration the samples were still either in a form of
suspension or in wet paste like form. 100 % SW sample and 100 % HW sample gave spectra

where peaks can be interpreted, but sample which contained 50 % HW and 50 % SW the
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fingerprint area was covered by a large peak. This peak could be residue salt, that wasn’t

washed away in the filtering.

Because the first precipitated samples showed signs that spectra could show differences
between different samples, a second set of precipitation tests was conducted, with the

washing step carried out by centrifugation. Spectra obtained from the second precipitation

round are presented in Figure 20.

Dry washed precipitated lignin without baseline correction,
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Figure 20. Precipitated lignin spectra, when pH is between 9-10.

All the spectra above in Figure 20 have the same shape. They all present same peaks, with
different intensities. All samples spectra that contain below 80% of hardwood starts to
overlap, which makes analysing the differences difficult. There is clear peak at 1110 cm™
(peak 3), that possibly indicates presence of aromatic C-H in-plane deformation. This is the
same peak that was used to build correlation curves for lignin samples. In this case
precipitated black liquors correlations curve built based on the areas integrated from the peak
did not give trustworthy results. Although the R-squared value was approximately 0.94 the

results were almost constantly over 10 %-units off. The change varied from overestimate to
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underestimate randomly so it is not possible to predict the value or is it over or under the

actual value.

At third precipitation round the pH was decreased to between 2-3. Spectra are presented in
Figure 21, where can be seen that all the spectra have the same shape. Small difference can
be noticed at 1327 cm™!, which is the syringyl peak. However, the difference seems to be so

small that there is no possibility to use them to analyze the hardwood percent in the sample.
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Figure 21. Precipitated lignin spectra, when pH is between 2-3.

While precipitating lignin under strongly acidic conditions has been reported to improve
lignin yield, however; such conditions can alter the chemical structure of lignin. These
changes include a decrease in the phenolic hydroxyl group content and an increase in
molecular weight, which are commonly associated with lignin condensation. These chances
are typically linked to reduced lignin reactivity, which may cause challenges in further

analysis. (Zhu, 2013; Zhu & Theliander, 2015.)

In this thesis, a precipitation pH of 3 may have been too low for the intended application.

Although the samples were washed after precipitation, the amount of sulfuric acid required
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to lower the pH value was relatively high. It is extremely likely that the samples contain

impurities, such as leftover acid and inorganic components.

Zhu, Westman & Theliander (2015) investigated the effects of pH, temperature and ion
strength in lignin precipitation and identified pH as the most significant factor in
precipitation. In this thesis the tested pH values represent extremes: lignin begins to
precipitate already below pH 10, whereas pH 3 is represents extremely harsh precipitation.
Further experiment could be done with different pH values to find what would be the

optimum for the FTIR spectroscopy analysis.

The samples required multiple washing rounds in centrifuge. In pH 9 samples one washing
round effectively reduced impurities, as seen from the Figures 19 and 20. In Figure 19, the
wet PBL-50HW/50SW sample showed interference affecting the measurement, whereas in
the Figure 20, the corresponding washed and dried sample produces significantly clearer
spectra, presenting characteristic features of lignin in FTIR spectroscopy analysis. In
contrast, the pH 3 samples exhibit clear peaks, but impurity level may have remained higher,
or the chemical structure of the sample may have changed. As mentioned, the pH 3 samples
required significantly more sulfuric acid in precipitation step, which means the fraction of

impurities is larger and multiple washing steps could be useful.

As the objective was to find online analysis or rapid offline analysis, black liquor
precipitation doesn’t fall under this category anymore. The need for multiple washing rounds

limits its suitability for such applications.

6.2 NMR spectroscopy

6.2.1 Offline NMR spectroscopy

External operators conducted high field *'P NMR spectroscopy measurements and the results
are presented in Table 7. Results present aliphatic OH groups, total phenolic OH groups,
syringyl OH groups, guaiacyl OH groups, p-hydroxyphenyl OH groups, carboxylic acid
groups and total OH groups. Total OH group is sum of aliphatic OH groups, total phenolic
OH groups and carboxyl acid groups.
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Table 7. Offline NMR spectroscopy results for lignin samples, and black liquor mixtures.
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L-100HW/0SW 1.84 4.11 2.04 0.80 0.24 0.42 6.38
L-0HW/100SW 1.82 4.48 0.53 1.82 0.40 0.51 6.81
BL-0HW/100SW 344 2.71 0.24 1.20 0.28 0.64 6.79
BL-20HW/80SW  3.53 2.96 0.41 1.11 0.32 0.63 7.12
BL-40HW/60SW 1.92 1.47 0.37 0.50 0.12 1.61 5.01
BL-50HW/50SW 193 1.43 0.36 0.49 0.11 1.56 492
BL-70HW/30SW  1.61 1.41 0.45 0.41 0.13 1.93 495
BL-100HW/0SW 1.30 1.17 0.52 0.26 0.10 2.60 5.06

Figure 22 illustrates the results from Table 7 as a column chart which compares

concentrations between different -OH groups in different hardwood concentrations.
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Black liquor samples offline NMR spectroscopy results
comparison
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Figure 22. Comparison of black liquor *'P NMR spectroscopy results.

Samples containing 0 % and 20 % hardwood showed significantly larger -OH concentrations
in Table 7. 100 % and 80 % SW samples required overnight dissolution, whereas the others
dissolved more easily. The sonication time increased with increasing softwood content.
Argyropoulos, Pajer & Crestini stated in 2021, that NMR spectroscopy sample needs to be
fully solubilized. In this case it might be possible that part of the black liquor samples wasn’t
fully solubilized in the shorter dissolution time, even if the sample seemed like it. Overnight
solubilized samples got enough time to perfectly solubilize and that might be the reason why
the values seem to be much higher. However, Meng et al., (2019) stated that sonication
improves lignin solubility, but can also cause a dramatic increase of the aliphatic and
phenolic OH groups. That is why sonication is not recommended according to Meng et al.,

(2019).

Ké&kola et al., (2007) stated that the amount of carboxylic acids in black liquor depends on
the type of the three species and pulping conditions. Based on the *'P NMR spectroscopy
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results that hardwood black liquor contains more carboxylic acid groups than softwood black

liquor, which explains the differences in carboxylic acid.

Despite the uncertainties in the measurements, a certain trend can be observed in the
syringyl/guaiacyl ratio. The amount of syringyl groups rises with increasing hardwood
content, whereas guaiacyl groups are more prevalent when softwood dominates, as

anticipated. Figure 23 presents S/G ratio in different HW% concentrations.
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Figure 23. S/G ratio determined from *'P NMR results.

Trendline has R-squared value of 0,9891 which is good even though the measurements
contained variety of uncertainties. Trendline is polynomial, with order number 2. Method
could possibly be optimized with multiple base data points and only analyzing the S/G ratio.
The S/G ratio should remain the same regardless of the dissolution or sonication time,
assuming that syringyl and guaiacyl dissolve at the same rate. While analyzing only one
component, such as syringyl the dissolution and sonication times would influence the results,

but by analyzing the ratio it shouldn’t cause problems.

Method will most likely have difficulties, because as noticed different hardwood
concentration samples require different sonication and dissolution time. It can be challenging

to create one method that could be used for all samples because the method would need to
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be altered always depending on the sample and how it acts during pretreatment. This would

require expertise on the topic and probably wouldn’t be possible to be automated.

6.2.2 Benchtop NMR spectroscopy

Benchtop 'F NMR spectroscopy presents clearly guaiacyl and syringyl contents in black
liquor. Figure 24 presents NMR spectra of all measured black liquor samples. Spectra are

cropped to focus only on the area where syringyl and guaiacyl appears.
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Figure 24. Black liquor samples '"F NMR spectra, percentual refers to the HW% in the
samples.

100 % HW (pink) and 100 % SW (yellow) presents results as expected. Hardwood contains
more syringyl, while SW contains only guaiacyl. Mixtures present clear regression: 20 %
HW has higher guaiacyl content than 50 % HW and for syringyl peak the order is opposite.
Below in Figure 25 is correlation curve built based on the S/G ratio in different HW%

samples.



74

Correlation between S/G ratio and HW%
120

100

. 70

S 56 . y =-43,031x2 + 154,02x - 37,613
E 60 50 Bl

36 .

20 .

0.
0 '3
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
Abs Int S/Abs Int G

Figure 25. Correlation curve between hardwood percentual fraction in sample and S/G ratio.

Benchtop NMR spectroscopy gave promising results. The trendline fitted to the measured
calibration samples gave R-squared value of 1 using a second-order polynomial function.
Two test samples were analysed to evaluate how accurately their hardwood content could be

determined using the calibration curve.

First test sample contained 90 % of hardwood. Calibration curve indicated the hardwood
content to 88 % (red dot). Sample was only off by 2 %-units, which is extremely accurate
result. The second test sample contained 40 % of hardwood. The calibration curve predicted
the HW% to 56 % (yellow dot), resulting in a deviation of 16 %-units. This level of deviation
is unexpected, particularly given the high accuracy for the first sample. One possible
explanation is that the particular sample may have been mixed in the process of labelling
and sending to the external operator, and the sample may actually contain 60 % of hardwood

as the result indicates. This sample will be reanalysed using a new sample to verify the result.

New measurements proved that the sample was mixed in the sending process, and new
analysis result indicates the sample to contain 36 % of hardwood (green dot), when the actual
value was 40 % of hardwood. This result is in line with the previous measurements, since it

seems that test samples vary only 2-4 %-units of the actual value.
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Calibration curve was also tested by only analysing area of S peaks. The results from the S
peak areas made linear trendline with R-squared value of 0.9813. In this method it is very
important to measure the same amount of solvent and reagents. When analysing the S/G
ratio the possible mistakes, such as wrong volume aren’t as significant as they are when

analysing only the S peaks.

Kenny, Medlin and Beckham (2023) highlight that sample stability over time is a critical
factor in *'P NMR spectroscopy lignin analysis, especially when derivatization methods are
used. Their findings showed that DMSO based samples resulted identical results after 14
days, however phenolic content in 40 % H20O/DMSO based samples increased by 3-6 % over
the next 24 hours. Below in Figure 26 is two measurements of hardwood black liquor

conducted for this thesis in two separate days.
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Figure 26. 90 MHz '°F NMR spectroscopy for hardwood sample to test measurements
stability overtime.

The TFP ether used as derivatization product contains two sets of equivalent fluorine atoms,
resulting two distinct resonance regions in the 'F NMR spectrum: a downfield (DF) region
at -89 to -95 ppm and an upfield (UF) region at -155 to -162 ppm. While both can be used
for syringyl and guaiacyl quantification, their sensitivity to changes over time differs. Signal

overlapping can occur, especially in the downfield region, where different phenolic groups
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may produce resonances in similar chemical shift ranges, reducing accuracy. (Kenny,

Medlin & Beckham, 2023.)

When comparing the spectra in Figure 25, minor differences are observed around -90 ppm,
while signals around -133 ppm likely correspond to residual reagent or side product rather
than phenolic groups. As mentioned, overlapping occurs at the downfield region, which
makes the upfield region most significant regarding to results. Syringyl and guaiacyl appears
between -155 and -160 ppm, where no significant changes can be detected. However, small
difference in red spectrum appears in the side of syringyl peak, which is most likely excess
reactant. The disappearance of this peak after 24 hours suggests that further reactions may
have occurred consuming residual reagent. Analysis appears quite stable over time, since
there are no detectable differences in 24 hours in the peak sizes or placements in the upfield
region. But as mentioned in Kenny, Medlin & Beckhams (2023) study the H-O/DMSO based
samples may show changes overtime, which suggest that samples should be measured

immediately.

As an instrument benchtop NMR spectroscopy can measure the S/G ratio from black liquor
in the needed accuracy, is rapid and can give results in the wanted form if integration is
automated. However, the samples require extensive sample pretreatment, which complicates
utilizing the instrument to online application. The online application would require an
automated sample extraction from the process feed, automated sample pretreatment and
automated sample injection to the instrument. This particular instrument used to analyse
these samples does already contain an autosampler, but for online application the

pretreatment is the problem.

6.3 Raman spectroscopy

Externally conducted online Raman spectroscopy measurement spectra are presented in
Figure 27. The figure presents spectra for HW black liquor and for SW black liquor at

excitation wavelength 785 nm.
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Raman spectra with excitation wavelength 785 nm
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Figure 27. Raman spectroscopy spectra for HW and SW black liquor.

As seen from the Figure 27, online Raman spectroscopy did not provide any peaks for the
spectra when irradiated at 785 nm. Both spectra are strongly overlaid by strong florescence.
Raman spectroscopy was also measured at excitation wavelength 405 nm (Figure 28) to see

if the fluorescence wouldn’t have as strong impact.
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HW BL Raman spectra with excitation wavelength 405
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Figure 28. Raman spectroscopy spectra for HW black liquor at 405 nm.

Figure 28 presents the Raman spectra of HW black liquor excited at 405 nm. The concept
behind this approach was that by using shorter excitation wavelenght, Raman scattering
could be detected before the fluorescene. In these measurements, a weak band was observed
at 1580 cm™. This is suspected to be related to G band of carbon (Adar, 2022). G band is a
Raman peak around 1580 cm™! that indicates the presence of graphitic or sp? -bonded carbon
arranged in flat structures. Structures with -bonded carbon have extended -electron systems
that give a stronger Raman signal than the aromatic rings in lignin monomers. However, in
this case Raman signal is still very weak and strongly dominated by fluorescence. (Adar,

2022.)

Measurements indicate that both 405 nm or 785 nm are coverd strongly by fluorescence and
do not provide any hoped results. Meyers, Lupoi and Smith (2011) researched 1064 nm
dispersive multichanel Raman spectroscopy for lignin analysis. They stated that 1064 nm
Raman spectroscopy can analyse lignins significantly better than 785 nm Raman
spectroscopy. They used three carboxyl acids as model for lignin monomers: guaiacyl, p-
hydroxyphenyl and syringyl acids. Monomeric differences were observed at 1135-1350 cm™
and 1560-1650 cm™. Charesteristic syringyl peak was observed at 1155.2 = 0.6 cm™* and
guaiacyl peak at 1169.3 cm™.
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In the spectral region around 1600 cm™, phenyl ring breathing vibration appear as two
partially resolved Raman bands in p-hydroxyphenyl and guaiacyl acids. In syringyl acid, the
two vibrational signals occur at the same position and therefore appears as a single,
degenerate band. When peaks overlap in the spectrum, their position is possible to identify
by looking at where the first-derivative curves cross zero. Using this method peak positions
were determined for each monomer: the H unit shows peaks at 1587.8 = 0.4 and 1606.2 +
0.5 cm™, the G unit at 1591.0 + 0.5 and 1603.0 + 0.9 cm™, and the S unit at 1594.0 = 0.2
cm'. (Meyers, Lupoi & Smith, 2011.)

Meyers, Lupoi and Smith (2011) results show that 1064 nm dispersive multichannel Raman
spectroscopy provides high-quality lignin spectra with broad spectral coverage and good
resolution in a single measurement. The method is well suited for analyzing lignin in plant
and other moderately fluorescent materials and allows lignin monomer composition to be
evaluated both gualitatively and quantitatively using derivative spectroscopy and

chemometrics analysis.

1064 nm Raman could be possible answer to the fluorescense problem. In this thesis,
measurements with 1064 nm Raman wasn’t possible, but for future research combining
1064 nm Raman, with PLS model, could be powerful tool to identify HW/SW ratios from
black liquor.

6.4 UV-VIS spectroscopy

6.4.1 Offline UV-VIS spectroscopy

Lignin has strong absorption in UV region (Stark, Yelle and Agarwal, 2016). Below are two
figures: hardwood and softwood lignin UV-VIS spectra (Figure 29) and hardwood and
softwood black liquor UV-VIS spectra (Figure 30). Lignin samples were analysed from
190-400 nm and black liquor analysis was taken from 190-700 nm.
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Hardwood and softwood lignin UV-VIS spectra
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Figure 29. Hardwood and softwood lignin UV-VIS spectra.

In the Figure 29 above, the largest differences in the spectra are observed approximately
between 250 and 340 nm. Based on Smyk et al., (2024) study, that region is connected to
non-conjugated phenolic OH groups, which are common for technical lignin and especially
for softwood. Smyk et al., (2024) divided the technical lignin UV region into three main
categories: 230-260 nm, associated with aromatic rings and non-conjugates phenolic OH
groups; around 300 nm, corresponding to the presence of non-conjugated phenolic groups

and 350-380 nm, indicating the presence of conjugated OH groups.

In Figure 29, the highest absorbance is observed approximately at 240 nm, which
corresponds to aromatic rings and non-conjugated phenolic groups, indicating that the
sample contains aromatic structures typical of lignin. In addition, an absorption band is
observed around 300 nm, which is explained by the higher abundance of non-conjugated

phenolic OH groups in guaiacyl units, leading to stronger absorption in this wavelength.

The obtained results are in good agreement with literature. Stark, Yelle and Agarwal (2016)
investigated the UV spectra of red pine MWL and beech MWL in the UV region. Pine
represents softwood and beech hardwood; therefore, their properties can be compared at a

general level, but not for any specific properties. In their study both samples formed clear
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peaks approximately at 205 nm and 280 nm. The band at 280 nm was attributed to benzene
rings substituted with hydroxyl and methoxyl groups, which are typical structural features

of lignin.

The UV-VIS spectra measured in this thesis show similar overall characteristics to those
reported in the literature, although distinct peaks at 205 nm and 280 nm are not as clearly
defined. Instead, the spectrum appears broader, with the strongest absorbance occurring
around 240 nm. Furthermore, the absorbance of softwood lignin is generally higher across
most of the measured wavelength range, which is consistent with its higher content of
guaiacyl units. The spectra of different samples intersect just before the main peak at

approximately 240 nm and again near the upper limit of the UV range, around 380 nm.

However, the obtained spectra are relatively uneven in shape, which may affect the
interpretation of specific absorption features. One possible reason for this is that the samples
had too high concentrations, leading to increased noise in the measurements. A higher
dilution could allow smoother spectra and possible identification of the characteristic peaks,

such as those at 205 nm and 280 nm.

For comparison, the UV-VIS spectra of softwood and hardwood black liquors exhibit similar
overall features to those of lignin presented in literature, suggesting that lignin-derived
structures dominate their optical behaviour. The presence of higher absorbance in the
softwood black liquor indicates greater amount of non-conjugated OH groups compared to
hardwood black liquor. Both HW BL and SW BL spectra show peaks approximate at 200
nm and at 280 nm. Softwood BL and hardwood BL UV-VIS spectra are presented in Figure
29.
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Softwood BL and hardwood BL UV-VIS spectra
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Figure 30. Softwood BL and hardwood BL UV-VIS spectra.

Because spectra showed clear differences between hardwood and softwood black liquors,
set of mixtures with different hardwood concentration were measured to see if there is clear
regression between concentrations. UV-VIS spectra of measured mixtures are presented

below in Figure 31.
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Black liquor mixtures UV-VIS spectra
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Figure 31. Black liquor mixtures UV-VIS spectra.

Spectra show that the intensity of absorbance can be indication of the proportion of
hardwood in the sample. At 276 nm, 100HW/0SW sample has the lowest absorbance of the

measured set, while the 100 % softwood sample has the highest absorption.

Figure 32 compares UV-VIS absorbance at 276 nm to HW% of the samples. A clear
regression trend is observed in all samples, except for the sample containing 90% hardwood.
That sample was diluted one day later than all the other samples but measured at the same

time.
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UV-VIS absorbance vs HW-% in sample at 276 nm
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Figure 32. UV-VIS absorbance vs HW-% in sample at 276 nm.

As seen from the Figure 32, absorbance decreases as the proportion of hardwood increases.
In samples containing 30-70 % hardwood, the correlation is significantly more consistent,

whereas greater variability is observed in samples with either low or high hardwood content.

Because regression was observed in black liquor samples at one wavelength, PLS model was
decided to test for it. Model was built using UV-VIS spectral data for samples that contained
0%, 10 %, 20 %, 40 %, 50 %, 60 %, 80 %, 90 % and 100 % of hardwood. Samples containing
hardwood 30 % and 70 % were left out from the base data to test how accurate estimations

model predicts for unknown sample. Spectral data was obtained from range 210-400 nm.

The results of the PLS-regression model demonstrates that the UV-VIS spectral data in the
X-block explains the response variable (Y) efficiently with small number of latent variables.
Table 8 below illustrates the proportions of how much each latent variable explains about
the variance in X- and Y-block. LV1 explains alone 98 % of the variance in the X-block and
89.2 % of the variance of Y-block, indicating that most of the relevant chemical information
is captured along a single dominant direction. For X-block rest of the three latent variables
contribute only small improvements, but for the Y-block the LV-2 contributes almost 10 %

improvement. Three latent variables were selected for the final model.
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Table 8. Percentage of variance explained by each latent variable for the X-block and Y-
block in the PLS model.

X-Block Y-Block
LV This LV Total This LV Total
1 98.54 98.54 89.17 89.17
2 0.49 99.03 9.69 98.86
3 0.84 99.89 0.70 99.55

The regression coefficient, Original UV-VIS data and Original Y vs estimated plots are
presented in Figure 33. The regression coefficient plot show that several wavelength regions
contribute systematically to the prediction of the response variable. Both positive and
negative coefficients are observed, indicating that absorbance in different spectral regions

influences the response in opposite ways.

The plot of the original UV-VIS spectra shows consistent but subtle variation between
samples, especially in larger index numbers. It should be noted that in the original UV-VIS
spectral plot, the X-axis doesn’t represent physical wavelengths but instead corresponds to
index numbers determined by the measurement order of the spectral variables. Despite this
index-based representation, the relative spectral shapes and differences between samples
remain valid for multivariate analysis. The strong performance of the model is confirmed by

the Original Y vs. estimated Y plot, where the predicted values closely follow the ideal line.
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Figure 33. UV-VIS spectroscopy measurements PLS model results.

To test the prediction confidence of the model, two independent samples were analysed.
Samples contained 30 % and 70 % hardwood. The PLS model predicted hardwood contents
to be 30.9 % and 73.2 %. The results were extremely close to the actual values, which
demonstrates good accuracy and indicates that the model can generalize reasonably well to

samples that weren’t included to the base data.

Overall, the findings are encouraging, and the model shows clear potential for further
improvement. A larger and more diverse base data set would be required to enhance the
robustness and general applicability of the model across a wider range of samples
compositions. In addition, improvements in the measurement procedure and sample
preparation would be necessary. More standardized and controlled dilution protocols would
help to ensure consistent sample compositions. Implementing such measures would likely

improve stability and predictive reliability in the model and in future applications.
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Stability may be influenced by variations in sample composition or measurement conditions,
as differences in result levels were observed between measurement days. In Figure 30,
measurements were conducted a day before Figure 31 measurements. In Figure 30 the
highest absorbance was over 3 for both 100 % black liquor samples, whereas in the next day
measurements with the same measurement setup the highest absorbance was 1.6. This can
be caused different details conducted in the measurements. Uncertainty can be caused from
operator, the instrument or ambient conditions (Galban et al., 2007). In this case, the
uncertainty is likely caused by the dilution. The first step in dilution was to pipette 1 ml black
liquor which is not fully homogenous. Even when the samples were mixed carefully to make
the sample as homogenous as possible, it is possible that the pipetted amount wasn’t correct,
or the pipetted part was heterogenous and caused differences. However, all dilutions made
in the same day gave same type of results. This could point to differences in the instrument.
Baseline was always calibrated with UP water before new set was measured. Therefore, the
results could have been affected if the cuvette contained impurities or the instrument hadn’t

reached the thermal stability when the measurements were conducted.

6.4.2 Online UV-VIS spectroscopy

Online UV-VIS spectroscopy measurements were conducted by external operator, who
provided the figures presented in this chapter. External operator conducted measurements
for hardwood and softwood lignin and black liquors. Measurements were conducted for
lignin and black liquor samples that contained 0 %, 25 %, 50 %, 75 % and 100 % of
hardwood. Samples were diluted with UP water, but the exact dilution factors weren’t

disclosed. Figure 34 presents lignin samples UV-VIS spectra.
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Lignin samples online UV-VIS spectra
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Figure 34. Lignin samples online UV-VIS spectra.

UV-VIS spectra above exhibit same characteristics to those obtained from offline UV-VIS
measurements of lignin samples. The online measurements samples do create clearer peak
at approximately 290 nm; however, the spectra overlap at higher absorbance values, making
direct comparison difficult. Between 300-350 nm, the spectra show a consistent trend,

indicating that softwood contains more non-conjugated phenolic groups than hardwood.

Same trend for non-conjugated phenolic groups can be observed in black liquor samples

UV-VIS spectra, that are presented below in Figure 35.
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Black liquor samples online UV-VIS spectra
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Figure 35. Black liquor samples online UV-VIS spectra.

The results obtained from online UV-VIS spectroscopy measurements are consistent with
the offline measurements. This supports the findings and confirms that the results are reliable
and repeatable. In addition, the PLS model performed well for the offline measurements, so
with broad base data the PLS model could possibly be combined to the online UV-VIS
measurements and provide HW/SW ratio results in real time with the required accuracy. The
samples do require dilution before measurements, which could possibly be automated

between the process feed and the online UV-VIS spectrometer.

6.5 Py-GC/MS

First Py-GC/MS analysis of lignin revealed both similarities and differences between
hardwood and softwood samples. Softwood lignins exhibited a range of softwood
degradation products, including guaiacol, 4-methylguaiacol, 4-ethylguaiacol, and
4-vinylguaiacol. In contrast, typical hardwood degradation products included syringol,
guaiacol, 4-methylsyringol, and cis-4-propenylsyringol, which were measured from

hardwood lignin.
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Although the pyrograms contained a wide variety of compounds, guaiacol and syringol were
the most significant components for this study. As mentioned in chapter 2.1.1, both
hardwood and softwood lignins contain guaiacyl units, whereas syringyl units are present
only in hardwood lignins. The 100 % hardwood and 100 % softwood lignin samples showed
clear similarities in their guaiacol content. Figure 36 present the guaiacol ion pyrograms of
the 100 % hardwood and 100 % softwood lignin samples, where guaiacol was filtered from

the total ion chromatogram (TIC) pyrograms using one of its most characteristic mass ion at

124 m/z.

“bundance Iom 124,00 [123.70 to 124, 70); 024E5-007.D4data. ms
300000 lom 124,00 [123.70 to 124.70): 02465-01 7 Dhdata.ms [7)

200000
700000
E00000
BO0000
400000
200000
200000

100000

et e S S &.ﬂ..,f{k...,...‘,....,....,.f‘...,....,..—'.=~43~,..
Time--> ?hﬂ &bﬂ 360 10,00 11.00 12.00 13.00 14.00 15.00 16.00 17.00

Figure 36. Guaiacol ion (124 m/z) pyrogram of 100 % hardwood lignin (blue line) and 100
% softwood lignin (black line).

In this analysis, the exact mass of the lignin samples was not measured, meaning that a direct
quantitative comparison based on peak intensities is not possible. However, the peak areas
provide qualitative and approximate quantitative insight into relative differences between
the samples. As shown in Figure 36, guaiacol was detected in both hardwood and softwood
lignins, although the guaiacol peaks in hardwood samples are slightly shifted. Overall,
guaiacol content in the samples seemed similar. Below in Figure 37 presents syringol ion

pyrogram for 100 % hardwood lignin and for 100 % softwood lignin.
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Figure 37. Syringol ion (154 m/z) pyrogram of 100 % hardwood lignin (blue line) and 100
% softwood lignin (black line).

Large variation in peak hights between the lignin samples was seen when analysing ion 154
m/z, which corresponds to syringol. In the hardwood lignin pyrogram, syringol appeared as
two large, combined peaks that are significantly larger than the corresponding peak observed
in softwood lignin. Syringol is syringyl-derived degradation product commonly detected in
Py-GC/MS analyses of lignin (Hindi, 2011). Because softwood lignin is dominated by
guaiacyl units, the formation of syringyl-derived compounds such as syringol is generally
not expected in softwood lignin. The syringol peak observed in the softwood ion pyrogram
was extremely small compared to that of hardwood and may indicate the presence of minor
impurities. The overall results of Py-GC/MS analysis of lignin indicates that syringol content
could potentially be used to estimate the hardwood—softwood ratio in lignin-containing

samples.

Figure 38 presents the ion 154 m/z pyrograms of 100 % hardwood and 100 % softwood
black liquor samples. The dried black liquor samples were weighed to equal masses before
the analysis. The ion pyrogram shows a clear syringol peak in the hardwood black liquor,
whereas no corresponding syringol peak was detected in the softwood black liquor sample.
Unfiltered pyrograms of hardwood and softwood BLS are presented in Appendix 2 (Figures
41 and 42).
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Figure 38. Syringol ion (154 m/z) pyrogram of 100 % hardwood black liquor (blue line) and
100 % softwood black liquor (black line).

Because the black liquor samples produced clear results of syringol content, a full series of
mixtures with varying hardwood and softwood concentrations was analysed. The objective
was to evaluate whether the ion 154 m/z pyrogram could provide results in which the peak

area or peak height correlates with the hardwood concentration in the sample.

Measurements showed that syringol peak hight or area didn’t correlate with the hardwood
concentration as it was thought. However, external partners Py-GC/MS analysis of dried
BLS did not give reliable results either. Both SW and HW black liquors, as well as their
mixtures in different concentration almost didn’t produce any syringol units in the
measurements of external partner. It was noticed that a big portion of the sample wasn’t
pyrolyzed and was left on the filament as char. External partner brought up that the alkaline
conditions and salts influence the pyrolysis process a lot and purification of the sample is

necessary before performing the analysis.

However, external partner decided to try running pyrolysis on black liquor sample as it is,
without drying it first. 100 % SW and HW black liquors were chosen to be analysed. Samples
were mixed properly, placed on the filament, left in the fume hood for 10 minutes to dry a
bit and then pyrolyzed. This pyrolysis method gave much better results compared to

pyrolysis of BLS.

In the Table 9 below Py-GC/MS results from external operator for dried lignin as well as for
wet black liquors of 100 % HW and SW are presented. The analysis of dried lignins gave

much clearer results, compared to the black liquor samples.
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Table 9. Monolignol units detected in lignin and in wet black liquor by Py-GC/MS.

Sample P units, % G units, % S units, % total lignin other
units, % aromatic
units, %
L 100 % 234 34.53 45.90 82.77 6.68
HW
L 100 % 6.57 58.24 5.56 70.37 5.24
SW
BL 100 % 3.76 14.16 9.17 27.09 13.79
HW
BL 100 % 5.65 20.02 - 25.68 18.16
SW

As seen from the Table 9, 100 % HW lignin contains more S units than G units and 100 %
SW lignin contain almost 10 times more G units than S units, which is in line with the known
characteristics for these lignins. Black liquor samples didn’t provide as clear results as lignin.
According to analysis 100 % HW black liquor contains more G units than S units, while the

lignin analysis, just proved otherwise.

Externally measured BLS samples that contain 0 %, 40 %, 50 % and 100 % of hardwood
Py-GC/MS pyrograms are presented in Appendix 2 (Figures 42-45). All samples show
guaiacol contents, but only samples that contain 40% and 100 % hardwood (Appendix 2,
Figures 43 and 45) contain syringol according to the measurements. Sample that is 50 %
hardwood (Appendix 2, Figure 44) should show higher syringol content than the 40 %
hardwood sample, but in this case, it doesn’t show any signs of syringol. This confirms that
the pyrolysis didn’t work properly, and the analysis would require extensive methods

improvement.

Despite these limitations, analysis of ion 154 m/z clearly indicates whether syringyl-derived
compounds are present in the sample. Internal measurements, results were filtered by
extracting directly syringols ion chromatograph, while in the external partners measurements
this wasn’t conducted. It is possible that the syringol peaks were present at levels below the
detection limit or peak integration threshold, and for that reason they weren’t identified by

the MS. Extracting the syringols ion chromatogram makes the method particularly useful for
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qualitative assessments. For instance, during a transition from hardwood pulping to softwood
pulping, the black liquor feed going into lignin separation process can be confirmed as fully
changed from hardwood BL to softwood BL once syringol signals are no longer detected in
the black liquor samples or the other way around. Method would most likely be great way
to analyse quality of the separated lignin, because lignin measurements gave much clearer
results. From the analysing of syringol content, the hardwood fraction could potentially be
estimated, assuming that multiple samples have been measured to better understand how
syringyl content behaves in lignin. However, the analysis will require more investigation,
and the method needs to be developed to the point where all of the sample is analysed and
not only half of it, to make sure all syringol content is detected. As mentioned, Py-GC/MS
is quite time-consuming analysis, while the pretreatment is rapid and straightforward. The
analysing time could be reduced approximately about 20 minutes by focusing only on
selected ions, such as 154 m/z, that are known to differ between hardwood and softwood.
After analysis, the instrument requires proper cleaning, so the next sample cannot be

analysed afterward.
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7 Conclusions

The objective in this research was to find an online application to measure
hardwood/softwood ratio in black liquor process feed to optimize lignin precipitation process
and ensure the lignin quality. Multiple analytical methods were studied to gather wide
picture of how lignin and black liquor can be analyzed. Chosen methods were FTIR
spectroscopy, HF *'P NMR and benchtop '"F NMR spectroscopy, Raman spectroscopy,
offline and online UV-VIS spectroscopy and Py-GC/MS. FTIR spectroscopy and UV-VIS
spectroscopy were combined with PLS modelling to see if the spectral analyzing could be

conducted with chemometric modelling.

Among the methods studied, FTIR spectroscopy and Raman spectroscopy weren’t suitable
for online or rapid offline black liquor analysis. FTIR spectroscopy showed clear differences
when analyzing lignin, but in case of black liquor the complex matrix disturbed the analysis.
Additionally significant baseline drift was observed despite the baseline corrections. For
lignin, the results showed a clear correlation that could potentially be used to determine the
HW/SW ratio, rather than analysing black liquor. Raman spectroscopy presented that spectra
are covered by strong fluorescence when exciting at 405 nm and 785 nm. According to
previous studies, using excitation wavelength at 1064 nm could possibly solve the
fluorescence problem. This is something that could be investigated in the future, because
online Raman spectroscopy instruments are available and often the sample pretreatment is

minimal.

As a rapid offline analysis Py-GC/MS gave promising results for both lignin and black
liquor. Black liquor analyses did contain uncertainties, such as incomplete sample pyrolysis.
However, by using an autosampler and extracting the syringol ion from the pyrogram, it may
still be possible to determine whether the sample contains hardwood and estimate its
approximate proportion. According to current knowledge, there isn’t an online application
of Py-GC/MS instruments with the current technology. This could be something that could
be investigated in the future. In process industries, analytical instruments are typically
utilized to monitor specific parameters; in this case, it could be the S/G ratio. Black liquor

analyses did contain uncertainties, such as incomplete sample pyrolysis. However, by using
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an autosampler and extracting the syringol ion from the pyrogram, it may be possible to

determine whether the sample contains hardwood and estimate its approximate proportion.

Both high field *'P and '°F benchtop NMR enabled the determination of the S/G ratio.
Among these methods, !°F NMR spectroscopy provided highly accurate results. The method
is rapid and instrument compact. However, the main limitation is the sample pretreatment
which is necessary for the measurements. Efficient implementation in an industrial context
would require extensive automation to prepare the sample ready for analysis from the

process feed.

UV-VIS spectroscopy provided promising results for offline and online measurements.
Although the differences between samples were subtle, they were clearly distinguishable.
When combined with PLS model the method was able to estimate the hardwood percentual
content with an error of less than 4 %-units. UV-VIS spectroscopy was the only method in

this thesis which provided answer to the research question.

The implementation of online analytics would significantly improve the efficiency and
stability of lignin separation leading to the development of more lignin-based applications
and products, while providing a more valuable alternative to the combustion of black liquor.
The process parameter affecting the precipitation process could be adjusted using online
analytics to ensure optimal parameters for the incoming feed, thereby improving the lignin
quality. In contrast, without online analytics, determining the hardwood/softwood ratio in
black liquor would likely require dedicated manual analysis, which would potentially occupy

a full-time operator.

Certain limitations of this research should be acknowledged. The samples used for this study
represent only a limited fraction of the variability present in black liquor. Future studies
should include samples from different batches to evaluate how this variability affects the
measurement results. Furthermore, future research should focus on expanding the dataset,

improving model robustness and developing automated solutions for sample preparation.
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Appendix 1. PLS-models derivate results
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Figure 39. PLS model results for whole FTIR spectra of lignin mixtures; the baseline was
corrected, and the original data were differentiated. The number of used latent variables
was Six.
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Figure 40. PLS model results for spike 8 FTIR spectra of lignin mixtures; the baseline was

corrected, and the original data were differentiated. The number of used latent variables
was Six.

Table 10. Comparison of PLS models predictions to actual HW-% values in samples.

Actuals percentage of HW Whole spectrum (%) Spike 8 (%)
in the sample (%)

0 17.2 -13.9

10 15.8 -10.4

20 22.7 12.6

40 49.9 32.2

50 43.0 32.6

60 70.5 44.8

80 76.4 79.8

90 79.0 91.4

100 103.5 111.5




Appendix 2. Py-GC/MS pyrograms
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Figure 41. 0HW/100SW BLS pyrogram (internal laboratory measurement).
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Figure 42. 100HW/0SW BLS pyrogram (internal laboratory measurement).
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Figure 43. 0HW/100SW BLS pyrogram (external laboratory measurement).
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Figure 44. 4A0HW/60SW BLS pyrogram (external laboratory measurement).
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Figure 45. SOHW/50SW BLS pyrogram (external laboratory measurement).
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Figure 46. I00HW/0SW BLS pyrogram (external laboratory measurement).
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