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Abstract 

Lignin is the most abundant aromatic biopolymer on earth and has the potential 
to play an important role in the transition from an oil-based refinery to a 
biorefinery-based industry. The isolation of lignin from the biomass can be 
achieved by several different technical processes and isolated lignins are referred 
to as technical lignins in literature. During the last decades, the conversion of 
technical lignins into economically valuable aromatic chemicals became a 
growing research interest. 

For the understanding of the chemical nature of technical lignins and the 
understanding of the chemical reactions occurring during conversion processes, 
selective and sensitive analytical methods are crucial. Therefore, analytical 
methods using liquid chromatography (LC) and supercritical fluid 
chromatography (SFC) coupled to electrospray ionisation–mass spectrometry 
(ESI–MS) were developed in this thesis work. Main emphases were set on the 
optimisation of the ESI of lignin monomers (LMs), the identification of unknown 
LMs and lignin oligomers (LOs) in complex technical lignin samples and on the 
separation of LMs and LOs using SFC. 

Several ESI parameters were studied for the ionisation of LMs to identify which 
ESI parameters have significant influences. First, the ESI of a wide range of LMs 
were studied using SFC/ESI–MS, then the influence of specific ESI parameters 
on different groups of LMs was analysed. Significant ESI parameters, such as the 
concentration of the makeup solvent additive or the desolvation gas temperature, 
were identified as significant parameters for the ESI of a wide range of LMs. 
Furthermore, it has been shown that for the different groups of LMs, different 
ESI parameters are of importance. For instance, compounds with two methoxy 
groups seem to need more desolvation energy compared to compounds with one 
or no methoxy groups. 

The identification of unknown LMs and LOs in technical lignin samples using 
MS is very challenging due to the very complex sample mixtures and the lack of 
commercially available reference standards. Therefore, a non-targeted analysis 
strategy using SFC/ESI–high-resolution multiple stage tandem MS combined 
with Kendrick mass defect-based principal component analysis–quadratic 
discriminant analysis classification models was developed. The developed 
method assures an identification confidence of level 3 without the need of 
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reference standards and without the study of MS fragmentation patterns. 
Furthermore, it was demonstrated that a higher identification confidence level 
and tentative chemical structures can be obtained with multiple stage tandem MS. 

For the characterisation of unknown compounds in complex samples, clean mass 
spectra of the investigated compound are useful. In this work, the application of 
SFC for the separation of LMs and LOs has been investigated using a stationary 
phase screening approach. It was found that a SFC stationary phase with both 
hydrogen bonding and π-π-interaction chemistries offers the highest overall 
resolution power combined with a selective separation of LMs and lignin dimers. 
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Popular Science Summary 

This thesis is dedicated to the analysis of technical lignins using two different 
analytical techniques called chromatography and mass spectrometry.  

Lignin is one of three major components of every plant besides cellulose and 
hemi-cellulose. For instance, a tree can consist of up to 30% lignin. In the paper 
industry only the cellulose and hemi-cellulose are used for paper production. The 
lignin on the other hand gets isolated from both and is then called technical lignin. 
Over the years many different isolation procedures have been developed resulting 
in different types of technical lignins with different chemical properties. So far 
technical lignins have no economic value for the paper industry and are often 
burned for energy production. However, since technical lignins show similar 
chemical structures to crude oil, many researchers believe that lignin has the 
potential to replace crude oil as the starting material for industrial products, like 
plastics or pharmaceutical drugs. Therefore, many studies have been performed 
to find a use for technical lignins either directly in their isolated form or through 
a chemical or biological conversion into specific chemicals of economic value. 

Knowledge about the chemical structures of technical lignins both before the 
conversion as well as afterwards is essential for the different applications and 
possible process optimisations. Consequently, chemical analysis methods need to 
be developed to identify and quantify those chemical structures. The main 
problem is that technical lignins are very complex samples and can contain 
hundreds or thousands of different chemicals. In addition to that, depending on 
the different isolation processes, technical lignins are chemically different from 
each other and if a technical lignin is converted, its complexity will increase even 
further. A main challenge is therefore to identify the chemical structures of lignin 
in a highly reliable way. 

Chromatography and mass spectrometry are suitable analytical instruments for 
this reliable identification of chemical structures in complex samples like 
technical lignins. In chromatography, chemicals dissolved in a liquid can be 
separated based on their chemical properties and in mass spectrometry chemicals 
can be separated and identified based on their mass. These two analytical 
techniques can be combined to use the strength of both systems at the same time. 

In the first part of this thesis, studies were performed to improve the detectability 
of typical lignin compounds using mass spectrometry. A better detectability will 
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help to improve the identification reliability of unknown chemical structures in 
technical lignin samples. In the second part of this thesis, an analytical method 
using chromatography and mass spectrometry was used in combination with a 
developed and tailored data mining tool to identify unknown chemical structures 
in technical lignin samples. The developed method offers a solution to the 
mentioned problem and is a fast and reliable identification tool. In the last part of 
the thesis a study was conducted to investigate if the separation of chemical 
structures typical for lignin could be further improved by the use of so-called 
supercritical fluid chromatography. 
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1. Introduction  

Lignin is the second most abundant biopolymer in the biomass on our planet. In 
the biosphere approximately 300 billion tons of lignin are available and 
approximately 20 billion tons are produced annually by biosynthesis1. With its 
aromatic nature, lignin is a promising renewable resource that could reduce our 
dependency on crude oil. Therefore, lignin might have an important role in the 
transition process from an oil refinery-based industry to a biorefinery-based 
industry2. Several different technical processes like the soda process, the 
organosolv process, the Kraft process or the lignosulphonate process were 
established over years to isolate lignin from the biomass3,4. In the literature, 
isolated lignins are usually referred to as technical lignins or industrial lignins. 
Using a technical lignin as a starting material, valuable aromatic compounds can 
be produced by tailor-made depolymerisation or biological conversion3. 

The chemical structure of native lignin is still not well known. It is however 
commonly accepted that the lignin biopolymer structure consists of the three 
main polymer subunits p-coumaryl alcohol (H-unit), coniferyl alcohol (G-unit) 
and sinapyl alcohol (S-unit). A tentative chemical structure of native lignin is 
shown in Figure 1. The monomeric subunits are linked to each other by different 
combinations of ether and carbon-carbon bonds. Several different types of 
linkages are reported in the literature4. The most dominant linkage type is the 8-
aryl ether-linkage (8-O-4). Other dominant linkages are the resinol-linkage (8-8) 
and the phenylcoumaran-linkage (8-5). Also, a direct linkage between two 
aromatic rings is possible like in the 5-5’ linkage. So far, no repeating sequence 
of monomeric subunits and linkages has been identified, which hints that the 
biosynthesis of the biopolymer occurs in a randomized manner. It also explains 
the complex heterogeneous structure of the lignin biopolymer. Furthermore, the 
chemical structure of lignin shows differences depending on the type of lignin, 
like for example softwood or hardwood lignin4. 

During the isolation process of lignin from the biomass, the native chemical 
structure of lignin is changed and the complexity of the structure increases. 
Lignin can be isolated from the biomass by different isolation processes. Torres 
et al recently grouped the isolation processes into four different groups according 
to their main operation conditions5. The isolation processes were grouped into 
sulfur-containing processes, e.g. the Kraft and lignosulphonate process, sulfur-
free processes, e.g. the soda and organosolv process, new generation “greener” 
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processes, e.g. the ionic liquid and deep eutectic solvent processes, and in the last 
group other processes, e.g. pyrolysis and hydrolysis processes5. Technical details 
of specific lignin isolation processes can be found in review articles in literature, 
like by Torres et al5. Depending on the isolation process, different chemical 
reactions will take place leading to different chemical structures of technical 
lignins. For example, in the alkaline Kraft process, the changes are mainly due to 
hydrolysis and condensation reactions. Functional groups are eliminated and new 
functional groups, like phenolic hydroxyl groups or aliphatic hydroxyl groups, 
are formed. Mainly the ether groups in the different linkages are cleaved, leading 
to an increased amount of phenolic hydroxyl groups and a decreased average 
molecular mass. A more detailed description of main lignin reactions in alkaline 
processes is given by Berlin and Balakshin4. 

 
Figure 1. Tentative structure of native lignin with coloured subunits and different types of linkages. Figure from 
Paper III, reprinted with permission. 

Many chemical and biological conversion processes of technical lignins have 
been proposed during the years for the production of small molecular weight 
compounds with a high value on the commercial market, such as vanillin or 
guaiacol3. With these conversion processes another chemical transformation 
process is introduced, leading possibly to an increased sample complexity. 
Moreover, the prediction of chemical reactions occurring during such conversion 
processes is challenging. 

For a better understanding of the chemical processes during isolation, 
depolymerisation or biological conversion of technical lignins, knowledge about 
the chemical structures of its components before and after the treatment is crucial 
for further process improvements. Therefore, several different analytical 
techniques were used for the analysis of technical lignins during the years, such 
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as nuclear magnetic resonance spectroscopy (NMR)6,7, infrared spectroscopy 
(IR)7,8, size exclusion chromatography (SEC)7,8, gas chromatography (GC)9–11, 
liquid chromatography (LC)12,13, supercritical fluid chromatography (SFC)14 and 
mass spectrometry (MS)15,16. Each analytical technique has its own strengths and 
weaknesses for the analysis of complex chemical mixtures such as technical 
lignins. 

With NMR and IR analysis functional groups within the complex mixture can be 
identified7,8. Furthermore, structural changes within the sample during 
depolymerisation processes can be monitored using the change of the peak area 
of for example the hydroxyl stretching region of 3700 cm-1 to 2700 cm-1 in IR7. 
However, the characterisation of single molecules in complex technical lignin 
samples using NMR or IR remains challenging due to interfering signals. 

Size exclusion chromatography is widely used to determine the average 
molecular weight of technical lignins17,18. However, the molecular weight 
calibration is still challenging due to a lack of reference standards and also the 
complete dissolution of technical lignins in solvents suitable for SEC is still a 
problem17,18. But a recent study by Jacobs et al showed that a SEC system can 
also be calibrated for technical lignins using matrix-assisted-laser-desorption-
ionisation MS17.  

A major interest in lignin research is the identification of lignin monomers (LMs) 
and lignin oligomers (LOs), which are produced from the native lignin 
biopolymer during isolation processed from the biomass and also during chemical 
and biological conversion of technical ligins3. NMR, IR and SEC are usually 
limited to the identification of certain functional groups within the sample or its 
average molecular weight. For the identification of LMs and LOs other 
techniques such as GC, LC, SFC or MS are often used. LMs and LOs are oxygen-
containing aromatic compounds. Sometimes, depending on the used isolation and 
conversion process also other elements can be included in their chemical 
structure, like for example sulfur in lignosulphonate lignins19. LMs contain one 
aromatic benzene ring, while LOs contain at least two benzene rings. Several 
different functional groups, such as hydroxy groups, aldehydes or methoxy 
groups or also aliphatic chains containing several functional groups can be 
connected to the aromatic rings.  

The analysis of technical lignins using GC is mainly focused on the analysis of 
LMs and often the GC system is coupled to a MS system9–11. The advantage of 
GC/MS for the analysis of technical lignins is the availability of databases, which 
are especially useful for the identification of LMs. However, the identification of 
LOs is limited due to a lack of commercially available reference standards and 
therefore missing entries in the databases. Furthermore, before the analysis by 
GC/MS, pyrolysis9,10 or derivatisation of the sample is performed11. Pyrolysis or 
derivatisation methods cause chemical changes of the lignin samples and may 
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lead to biased results and results that are more difficult to interpret due to an 
increase of the sample complexity. Additionally, because of the complexity of 
technical lignin samples, the analysis times of reported GC/MS methods are up 
to 35 min9,10. 

An alternative separation method with no need of derivatisation or pyrolysis is 
LC, which is usually coupled to MS (LC/MS) using electrospray ionisation (ESI) 
in negative mode12,20. Reported LC/MS methods using reversed phase (RP) high-
performance liquid chromatography (HPLC) columns have about 30 min analysis 
time, which is comparable to GC/MS methods12,20. A study presented by Kiyota 
et al using a RP ultra-high-performance liquid chromatography (UHPLC) column 
has a faster analysis time of 8 min13. Another alternative, offering high analysis 
speed and selectivity for LMs, is ultra-high-performance supercritical fluid 
chromatography (UHPSFC), as shown recently by Sun et al, presenting a method 
for the separation of 11 LMs in less than 6 min14. Same as for LC in SFC no 
derivatisation or pyrolysis is needed before the analysis. 

Reported MS methods for the analysis of technical lignins are either using direct 
infusion (DI)-MS15,21 or MS coupled to chromatographic techniques such as GC9–

11 or LC12,13. For the identification of unknown LMs or LOs in complex technical 
lignin samples high-resolution multiple stage tandem mass spectrometry 
(HRMSn) is a powerful tool22. However, the large number of possible functional 
groups present in LMs and LOs make it difficult to establish a universal ionisation 
method for MS analysis using an atmospheric pressure ionization (API) technique 
like ESI. Particularly, lignin-related compounds with low molecular weight and 
only containing phenolic hydroxy groups and/or methoxy groups, like phenol, 
guaiacol or syringol, are difficult to ionize efficiently using ESI. The 
identification of LOs in complex technical lignin samples is challenging due to 
the lack of commercially available reference standards. In some studies own LO 
standards were synthesised13,23, however, chemical synthesis is time-consuming 
and can only partly represent chemical structures of LOs present in complex 
lignin samples. 
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2. Aim of the thesis 

This thesis aimed to extend the boundaries of analytical possibilities for the 
analysis of lignin monomers and oligomers in technical lignins with a focus on 
the use of mass spectrometry and multivariate analysis tools. Emphases were set 
on the electrospray ionisation efficiency of lignin monomers and on the 
development of a comprehensive non-targeted analysis strategy for the 
identification of lignin monomers and oligomers in complex technical lignin 
samples using high-resolution multiple stage tandem mass spectrometry in 
combination with multivariate classification models. Additionally, the separation 
of lignin monomers and oligomers using supercritical fluid chromatography was 
explored. The following research questions were intended to be addressed within 
the thesis project: 

• Which electrospray ionisation parameters have significant influence on 
the ionisation efficiency for lignin monomers in MS and how does the 
type of functional group and the number of methoxy groups of a lignin 
monomer influences the electrospray ionisation?  

• Can the combination of HRMSn and multivariate classification models 
improve the identification of unknown lignin monomers and oligomers 
in complex technical lignin samples and to what extent can the 
combination compensate the lack of commercially available reference 
standards? 

• Which stationary phase chemistry available for SFC shows the best 
selectivity and best resolving power for lignin monomers and oligomers 
and why? 
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3. Mass spectrometry 

Mass spectrometry is implemented nowadays in many research fields, such as 
chemistry, biochemistry or pharmacy, as an indispensable tool for the analysis of 
organic or inorganic compounds24. The main function of MS is the separation of 
generated ions of organic compounds or elements and their detection based on 
their mass-over-charge ratio (m/z). MS can be used for both qualitative and 
quantitative analysis and has been used for example for the identification of 
unknown compounds in the environment on earth25, on Mars for the analysis of 
aeolian sediments and drilled sedimentary deposits26, for sequencing 
biomolecules27 and for the quality control of food28. 

The foundation of what today is known as MS was laid by Joseph J. Thomson in 
the late 19th and early 20th century29. Together with his student at that time, 
Francis W. Aston, Thomson built the first mass spectrometer in 1912 and 
obtained mass spectra from O2, N2, CO, CO2 and COCl2

29–31
. For the generation 

of ions, Thomson and Aston used gas discharge tubes. The generated ions then 
passed through parallel electric and magnetic fields and got then detected on a 
photographic plate29. The fundamental setup of modern mass spectrometers still 
follows the setup of the first build MS. Modern mass spectrometer consists 
mainly of three parts, an ionisation source, a mass analyser and a detector. Both 
Thomson and Aston received the Nobel Prize for their work related to MS, 
Thomson in Physics in 1906 and Aston in Chemistry in 1922. It took another 
thirty years until the first commercial mass spectrometer was introduced in 
194230. The foundation for the first modern ionisation source, an electron 
ionisation (EI) source, was published by Arthur J. Dempster in 191832. The 
concept of a nowadays widely used mass analyser, the time-of-flight (TOF) mass 
analyser, was first described by William E. Stephens in 194629. Another, 
nowadays widely used mass analyser, often coupled to GC, was the quadrupole 
mass analyser, which was first described by Paul and Steinwedel in 195333 and 
was commercially released in 196830. In the 1980s, MS was established as a 
routine analytical technique for the analysis of small molecules, however, the 
analysis of large molecules such as proteins or complex carbohydrates remained 
challenging29. In the late 1980s electrospray ionisation (ESI)34 and also matrix-
assisted laser desorption/ionisation (MALDI)35 was introduced by Fenn and 
Tanaka, respectively, which made the ionisation of larger molecules possible and 
extended the application range of MS enormously. For their developments, Fenn 
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and Tanaka shared the Nobel Prize in Chemistry in 2002. Melvin B. Comisarow 
and Alan G. Marshall laid the foundation for modern high-resolution mass 
spectrometry (HRMS) by implementing fourier transformation ion cyclotron 
resonance spectroscopy in 197436, leading to the development of fourier 
transform-ion cyclotron resonance (FT-ICR) mass analyser, which, until now, 
achieve the highest mass resolution of all mass spectrometers. Nowadays several 
different types of mass analyser exist, such as a quadrupole, TOF and ion traps. 
The newest type of mass analyser, the Orbitrap, was introduced by Alexander 
Makarov in 1999. The Orbitrap is an ion trap with a high performance using an 
electrostatic quadro-logarithmic field37. Also, different mass analysers can be 
combined to powerful analytical instruments offering many different options, 
such as the quadrupole–time-of-flight (QTOF), triple quadrupole (QQQ) or linear 
quadrupole ion trap (LQIT)–Orbitrap mass analyser.  

Usually, mass analysers are classified into two different types, low-resolution 
mass analysers and high-resolution mass analysers. The mass resolution R in MS 
is defined as the smallest difference in m/z that can be achieved for a detected 
peak. While the resolving power is defined by the ability of the MS to distinguish 
two neighbouring peaks with the same height. HRMS are TOF-MS, FT-ICR-MS 
and Orbitrap-MS, which allow the determination of the exact mass of a 
compound, for what a separation of m/z of around 0.001 u or lower is needed. 
Mass analyser with a low-resolution are quadrupoles and ion traps, which allow 
the separation of a m/z around 1 u. While HRMS are powerful instruments for 
the identification of compounds, modern low-resolution MS, like a QQQ-MS, 
have very high detection sensitivity and therefore are often used for quantitative 
studies.  

During the years several different types of ionisation sources have been 
developed, which have different application fields. Probably the most used 
ionisation sources today are EI, chemical ionisation (CI), MALDI and 
atmospheric pressure ionisation (API) sources, such as ESI, atmospheric pressure 
chemical ionisation (APCI) and atmospheric pressure photo ionisation (APPI). 
While EI is mainly used in GC/MS applications, API sources are used for the 
analysis in the liquid phase using direct infusion (DI)-MS or MS combined with 
LC or SFC. For solid samples, MALDI is often used. Ionisation sources are 
grouped in soft and harsh ionisation sources. With soft ionisation sources, like 
for example ESI, molecular ions of a compound are obtained, while with harsh 
ionisation techniques, such as EI, mainly fragment ions of the molecular ion are 
obtained. Besides EI, API and MALDI, many other ionisation sources have been 
developed. Currently, the development of ambient ionisation techniques for MS 
is a growing research field for the past two decades38, for example desorption 
electrospray ionisation (DESI) or direct analysis in real time (DART) ionisation. 
DESI can be used for example for the analysis of tissue without any sample 
preparation and DART for the analysis of object surfaces38.  
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3.1 Analysis of technical lignins using MS 
For the analysis of technical lignins, both low-resolution MS and high-resolution 
MS, is applied in the literature. The most common used ionisation techniques for 
the analysis of LMs and LOs are ESI13,39, APCI40,41, APPI21,42, EI43,44 or 
MALDI45,46. Some articles present in the literature compared the different API 
sources for the ionisation of technical lignins and came to different 
conclusions42,47,48. Both, Kosyakov et al42 and Qi et al47, compared the use of ESI, 
APCI and APPI for the ionisation of lignin samples. While Kosyakov et al42 
concluded that APPI in negative ionisation mode shows the highest ionisation 
efficiency and ESI in negative mode the lowest for LMs and LDs, Qi et al47 
concluded in contradiction that ESI in negative mode generates the most ionised 
components and APCI in negative ionisation mode the fewest. Andrianova et al49 
compared in a method development the ionisation efficiency of ESI in negative 
and in positive ionisation mode for LM, LD and lignin trimer (LTR) model 
compound standards and also for a Kraft lignin sample. They concluded that the 
best ESI efficiency can be achieved by ESI in positive ionisation mode. Reasons 
for the different conclusions may be the use of different types of technical lignin 
samples or different mass analyser, but of course each API source also has its 
own ionisation selectivity. In this thesis work, ESI was applied in negative 
ionisation mode in all projects, therefore the section 3.2 is focused on the use of 
ESI for the analysis of technical lignins. 

For qualitative studies, low-resolution MS is mainly performed using 
GC/quadrupole-MS due to the advantage of available MS databases, that can be 
used for the identification of lignin monomers9,43. Liquid chromatography 
coupled to low-resolution MS is rarely used in the literature for the analysis of 
technical lignin samples, probably because no databases like for GC/MS are 
available and also no exact mass can be determined, which is a valuable 
information for the identification of an unknown compound. However, Kiyota et 
al used UHPLC coupled to a QQQ-MS to study the MS fragmentation behaviour 
of a synthesised mixture including LMs and LOs and used the identified MS2 
fragmentation patterns for the identification of LMs and LOs in a technical lignin 
sample13. Yan et al also used a UHPLC/QQQ-MS system for the analysis of LMs. 
However, Yan et al used the high sensitivity of the QQQ mass analyser for the 
quantification of LMs and reported limits of detection (LODs) in the range of 
femtomoles50. 

High-resolution MS is widely used for the analysis of complex technical lignin 
samples due to its advantage of determining exact masses. For the analysis of 
LMs or LOs HRMS is used either with DI21,51 with no prior sample separation or 
with different separation techniques such as LC12,20 or GC41. The majority of 
reported HRMS applications for the analysis of technical lignins is mainly 
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performed using a FT-ICR-MS15,39 or a TOF-MS21,51, but Orbitrap MS42,52 
systems are also used. 

3.2 Electrospray ionisation 
Electrospray ionisation is nowadays probably the most applied API technique for 
the analysis of non-volatile and chargeable compounds24,53. The main reasons for 
the success of ESI is the good compatibility of ESI with LC and the large 
molecular weight ionisation range, ranging from low molecular weight molecules 
such as vanillin, with a molecular mass of 152 u, to high molecular weight 
molecules such as intact viruses with molecular weights exceeding 106 u24,54. 
Furthermore, as a soft ionisation technique, molecular ions can be obtained, 
which is very useful for the identification of unknowns in complex sample 
mixtures. 

Ionisation in ESI is governed by either protonation of the analyte in positive 
ionisation mode or by deprotonation in negative ionisation mode. A strong 
electric field is applied under atmospheric pressure between a capillary and a 
counter electrode at the MS entrance30. Behind the MS entrance a vacuum is 
applied. The analyte solution is pumped through the capillary and at the tip of the 
capillary the electric field induces the formation of a mist of electrically charged 
droplets, which are attracted to the MS entrance by the electric field53. 
Desolvation processes, often supported by a heated gas, lead to the formation of 
smaller droplets. At a certain droplet size the Rayleigh limit is reached and 
electrostatic repulsion overcome the surface tension of the droplet and even 
smaller droplets are produced24,30. Two models have been proposed for the 
formation of ions from charged droplets, the charged-residue model (CRM) and 
the ion evaporation model (IEM)24. In the CRM, complete desolvated analyte-
ions are formed by a successive loss of solvent molecules until only a charged 
analyte molecule remains. In the IEM, the formation of desolvated analyte-ions 
is described as a result of a direct evaporation of analyte-ions from the surface of 
highly charged microdroplets.  

3.2.1 Electrospray ionisation of LMs and LOs 
Electrospray ionisation in negative ionisation mode is applied in many MS 
studies for the analysis of technical lignins. The presence of phenolic groups, 
carboxylic acids and hydroxyl groups in LMs and LOs make ESI in negative 
ionisation mode a suitable ionisation technique for the ionisation of many 
compounds present in complex lignin samples47. For example, Haupert et al 
showed for LM and LD model compounds that ESI in negative ionisation mode 
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doped with NaOH provides molecular ions with little fragmentation, which is 
especially important for the identification of unknown compounds55. Owen et al 
combined the developed ESI method by Haupert et al with HPLC for the analysis 
of LM and LD model compounds and for the identification of unknown 
compounds in an organosolv lignin sample12. Recent studies by Dier et al48 and 
Qi et al47 show that also ESI in negative ionisation mode without a basic dopant, 
at least for DI-MS, is a suitable ionisation technique for the ionisation of LMs 
and LOs. 

3.2.3 Optimisation of the ESI for LMs and LOs 
In an ESI source, several ionisation parameters, such as the capillary voltage, 
cone voltage, source temperature and sheath gas flow rate, can be varied to 
improve the ionisation of targeted analytes. Due to different ionisation 
efficiencies in ESI of different compounds classes an optimisation of the ESI 
parameters is a crucial part of MS method development. While for one analyte 
the optimisation of the ionisation efficiency can be easily done, an optimisation 
of parameters for a simultaneous analysis of multiple analytes can be very 
challenging, especially if the chemical structures are very different. In this kind 
of cases multivariate optimisation strategies using design of experiments (DoE) 
are often used. DoE are systematic optimisation tools and are described in more 
detail in chapter 4, section 4.1. 

Several studies conducted during the recent years have applied DoE approaches 
for the optimisation of ESI parameters56–60. For example, Reymond et al reported 
an optimisation approach using a DoE for the optimisation of ESI parameters for 
the analysis of a complex pyrolyzed lignocellulose biomass sample using 
LC/ESI–HRMS59. In their study, the effect of the nebulising gas flow rate, drying 
gas flow rate, sweep gas flow rate, transfer capillary temperature and capillary 
voltage for twelve selected model compounds were investigated. With the help 
of a desirability function, which combined all twelve models, a method with the 
best compromise in signal intensity for all model compounds was found59. A 
similar study by Grand-Guillaume Perrenoud et al for the ESI behaviour of 
pharmaceutical compounds showed that the MS peak intensity using 
UHPSFC/ESI–MS can be improved four to ten times compared to UHPLC/ESI–
MS60. Grand-Guillaume Perrenoud et al conclude that the improved ESI 
sensitivity result from more efficient analyte desolvation processes in 
UHPSFC/ESI–MS due to the decompressed CO2 in the SFC effluent entering the 
ESI source60. Additionally, if SFC is coupled to a MS, a post column solvent, 
called makeup solvent, which is commonly used in SFC, offers opportunities to 
improve the MS ionization efficiency of the analyte with less negative dilution 
effects compared to LC/ESI–MS60,61. In LC/ESI–MS a post column solvent is 
rarely used because ESI is a concentration dependent ionisation technique.  
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In Paper I the ESI efficiency in negative ionisation mode was optimised for in 
total 39 LMs using UHPSFC/ESI–QTOF-MS. For the investigation a reference 
standard mixture including all 39 LMs was used. The influences of nine 
parameters, including the type of makeup solvent, type of makeup solvent 
additive, concentration of the makeup solvent additive, makeup solvent flow rate, 
ion source temperature, desolvation gas temperature, desolvation gas flow, 
capillary voltage and cone voltage, were investigated using a DoE approach. As 
response the number of detected peaks with a base peak intensity of equal or 
higher than 105 was used. In this way only one DoE for all analytes needed to be 
performed, instead of one DoE for each investigated analyte. Furthermore, the 
response was used to ensure that a good MS2 spectrum of each analyte can be 
obtained, which is important for compound identifications. A coefficient plot 
showing the influence of each investigated parameter is shown in Figure 2. From 
the investigated parameters the type of makeup solvent, the type of makeup 
solvent additive, the desolvation gas temperature and the cone voltage showed a 
significant influence on the ESI efficiency for the investigated LMs. Furthermore, 
five different two-factor interactions were determined. The concentration of 
makeup solvent additive did not show a significant influence, but it interacts with 
the desolvation temperature and cone voltage and might therefore have an 
important role in the ionisation process. Two different makeup solvents, 
isopropanol and methanol were investigated. While for isopropanol a significant 
negative influence was determined, methanol showed a significant positive 
influence. This shows that the makeup solvent in UHPSFC/ESI–MS should be 
considered during method developments. The influences of the makeup solvent 
may be related to its ability to solubilize the analytes, but also due to 
physicochemical properties of the solvent such as surface tension, volatility or 
solvation properties for ions62. Furthermore, it was shown that for the ionisation 
of LMs in ESI negative mode ammonia is a suitable additive and has a positive 
influence on the ionisation efficiency. 

In Paper II the ESI efficiency of 24 selected LMs was studied separately using 
reference standards and a UHPSFC/ESI–QQQ-MS system. The analytes were 
selected to cover a wide range of functional groups. The LMs were categorized 
in eight groups based on their functional group on position 1 at the benzene ring 
and into three groups based on their number of methoxy groups (0, 1 or 2). An 
overview of the selected analytes and their group membership is illustrated in 
Figure 3. 
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Figure 2. Normalized coefficient plot showing the influence of nine ESI parameters and their interactions on 
the ionisation of 39 LMs using a UHPSFC/ESI–QTOF-MS system. Sol: solvent, IPr: isopropanol, MeOH: 
methanol, Add: additive, FA: formic acid, AF: ammonium formate, A: ammonia, MSF: makeup solvent flow 
rate, Conc: concentration of makeup solvent additive, SouT: ion source temperature, DeT: ion source 
desolvation gas temperature, DeF: ion source desolvation gas flow rate, CapV: ion source capillary voltage, 
CoV: ion source cone voltage. Figure from Paper I, reprinted with permission. 

A DoE approach was applied to investigate the influence of seven ESI parameters 
on every studied LM. The studied ESI parameters were the capillary voltage, gas 
temperature, gas flow rate, sheath gas temperature and sheath gas flow rate. In 
addition to this, the feed speed and the overfeed volume were studied, which are 
injection parameters but might influence ESI sensitivity. In this study, makeup 
solvent parameters were not included, because Paper I showed that methanol 
with a low concentration of ammonia is a good makeup solvent for the analysis 
of LMs. Furthermore, in Paper I, the makeup solvent flowrate showed no 
significant influence on the ionisation of LMs and was therefore kept constant. 
The numbers of positive or negative significant influences for each investigated 
ESI parameter for compounds within the acid and alcohol group and for 
compounds with two, one or no methoxy group are illustrated in Figure 4. 
Different trends within the different groups of analytes can be seen. For example, 
for the carboxylic acids the sheath gas temperature (significant for four out of six 
compounds) and the sheath gas flow rate (significant for five out of six 
compounds) appear to have a significant positive influence on the ionisation 
efficiency. For the alcohols, however, for only two out of six compounds a 
significant positive influence and for one a significant negative influence of the 
sheath gas temperature was found and only for one compound a significant 
positive effect of the sheath gas flow rate was found. Some trends can also be 
identified by comparing the three groups with different numbers of methoxy 
groups.  
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Figure 3. Selected analytes investigated in Paper II and their group membership. Figure taken from Paper II. 

This is exemplified by the group with two methoxy groups, where a significant 
positive influence of the gas temperature was found for all eight compounds. In 
contrast to that for the group with one methoxy group, a significant influence of 
the gas temperature was found for three compounds, two positive and one 
negative. In addition to that, for the compounds with no methoxy groups the gas 
temperature shows for two compounds a significant positive influence and for 
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three a significant negative influence. Both trends may be explained by a 
relatively better solubility of compounds with two methoxy groups and with a 
carboxylic acid functional group in methanol, which was used as co-solvent and 
makeup solvent. As described by Kebarle and Verkerk a better solubility of a 
compound in the used solvent leads to a lower surface activity of the compound 
on the surface of the ESI droplets, meaning higher solvation energy needs to be 
exceeded by desolvation energy53. The better solubility in methanol may be 
explained by different hydrogen bonding acceptor and donator properties of the 
compared compounds. Carboxylic acids can potentially create more hydrogen 
bondings with methanol compared to alcohols and therefore need potentially 
more support by the sheath gas for the desolvation process. Due to potentially 
more hydrogen bonds between methanol and the oxygen atoms of the methoxy 
groups, a similar process may explain the significant positive influence of the gas 
temperature for the compound group with two methoxy groups. 

 
Figure 4. Number of analytes for the acid group, the alcohol group and for compounds having 2, 1 or no 
methoxy group showing significant positive or significant negative influence on the ESI efficiency of the feed 
speed (FE), the overfeed volume (OV), the capillary voltage (CV), gas temperature (GT), gas flow rate (GF), 
the sheath gas temperature (SGT) and the sheath gas flow rate (SGF). Compounds belonging to each group can 
be seen in Figure 3. Figure from Paper II. 
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In Paper I and II, the ESI efficiency was optimised for LM model compounds. 
However, since for LOs almost no commercially produced reference standards 
are available, the ESI efficiency of LOs was studied in Paper III for LDs, LTRs 
and lignin tetramers (LTEs) identified in a Kraft lignin sample using LC/ESI–
MS. In Paper III a DoE approach was used too. The influence of the capillary 
voltage, sheath gas flow rate and auxiliary gas flow rate on the peak intensity of 
36 identified LOs was studied. Obtained coefficient plots of all compounds were 
compared and the best setting with a compromise for all investigated analytes 
was chosen. Significant positive influences for most of the analytes were 
identified for the capillary voltage and the ion source sheath gas flow rate, while 
for the ion source auxiliary gas flow rate a significant negative effect was found. 
Furthermore, significant negative interactions between the ion source capillary 
voltage and the ion source auxiliary gas flow rate, and between the ion source 
sheath gas flow rate and the ion source auxiliary gas flow rate were identified. A 
second DoE was applied to investigate different ranges of the ion source sheath 
gas flow rate and the ion source auxiliary gas flow rate. With the optimised 
method the peak intensity was significantly improved for 25 out of 36 LOs. 

3.3 Identification of LMs and LOs by MSn 
fragmentation pathways 
Multiple stage tandem mass spectrometry is a powerful tool for the identification 
of unknown compounds63. Especially in complex matrices, such as technical 
lignin samples, valuable information about the chemical structure of unknown 
compounds can be obtained by specific neutral losses. For example, if ESI 
operates in negative ionisation mode, the loss of 44 u is well known to be 
correlated to the loss of CO2 from a carboxylic acid group. 

3.3.1 Identification of LMs using MSn fragmentation pathways 
In a comprehensive study, Marcum et al studied the fragmentation patterns of 
LMs triggered by collision induced dissociation (CID) in MSn experiments up to 
MS6 using a LQIT-MS with ESI in negative ionisation mode63. In Paper IV, MSn 
using a LQIT–Orbitrap-MS was used up to MS3 for the identification of LMs and 
LOs in three different technical lignin samples. For example, in a Lignoboost 
Kraft lignin sample, vanillin was identified, which showed in the MS2 a neutral 
loss of a methyl radical and in the MS3 stage two fragment ions were identified, 
one with a loss of CO and one with a loss of CO2. The same MS3 fragmentation 
pattern was reported for vanillin by Marcum et al63. Especially in combination 
with other information, such as the chemical formula obtained by exact mass 
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measurements and ring double bond equivalents (RDB), MSn fragmentation 
patterns can be used to propose chemical structures of unknown compounds. In 
Paper IV, MS3 fragmentation was also obtained for some unknown compounds 
with the characteristics of LMs. For instance, for the m/z 231.0661, a neutral loss 
of a methyl radical was obtained in the MS2 stage, followed by a neutral loss of 
CHO and a neutral loss of CO in the MS3 stage. A proposed tentative structure 
and MS3 fragmentation pathway is illustrated in Figure 5. 

 
Figure 5. Proposed structure and MS3 fragmentation pathway of the LMs with m/z 231.0661. Figure from 
Paper IV, reprinted with permission. 

3.3.2 Identification of LOs using MSn fragmentation pathways 
The identification of LOs is a very challenging task due to a lack of commercially 
available reference standards. In some reported studies in literature oligomeric 
model compounds were synthesised13,15. However, the synthesis of oligomeric 
compounds is time-consuming and often costly. Furthermore, since many 
different types of technical lignins exist, the number and diversity of LOs is 
enormous, especially if chemically or biologically converted technical lignins are 
taken into account. Therefore, a tool like MSn is indispensable for the 
identification and structural elucidation of LOs.  

Nevertheless, reported MSn fragmentation pathway studies using synthesised LO 
standards, like by Morreel et al15 or Kiyota et al13, made an important contribution 
to the understanding of MSn fragmentation patterns of LOs. Morreel et al first 
studied the fragmentation pathways of four different lignin linkages using 
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synthesised LDs16. For example, they found out that the first major neural losses 
for the 8-5 linkage are a water and a formaldehyde molecule, followed by a 
neutral loss including a benzene ring16. The proposed fragmentation pathways 
were then used for the identification of unknown LOs extracted from wild-type 
poplar15. 

In Paper III, MSn fragmentation pathways were used for the structural 
elucidation of identified LOs in a Kraft lignin sample. MSn studies are often 
performed with high MS resolution in the MS1 stage, while for higher MSn low 
MS resolution is used. In Paper III, using an LQIT–Orbitrap system, a reduced 
MS resolution of 30.000 was used at each MS stage, which still produces high-
resolution MS data, without a high duty cycle of the MS. An example of a 
proposed tentative structure and fragmentation pathway of a LTR is illustrated in 
Figure 6. With the high-resolution at every MS stage molecular formulas based 
on the detected exact masses and RDB equivalents were obtained, which are 
useful information for the structural elucidation of unknown compounds. An 
important identification parameter for LOs is the neutral loss of a benzene ring 
unit. Like in the given example in Figure 6, the neutral loss of a benzene ring unit 
is often not detected in the MS2, but in the MS3 or MS4 stage. Another benefit of 
using high mass resolution in every MS stage is the possibility to differentiate 
neutral losses with very similar masses. For instance, the neutral loss of 30 u is 
often reported as a loss of formaldehyde (CH2O). However, in Paper III it was 
shown that tentative LOs can lose both, a formaldehyde molecule and two methyl 
radicals. The losses of 30.0106 u for CH2O and 30.0470 u for C2H6 are very 
similar, only differing by 0.0364 u. It would have not been possible to obtain this 
information with a low resolution at MS stage 2 or higher and it might have led 
to false conclusions. 
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Figure 6. Proposed tentative structure and MS7 fragmentation pathway of an identified lignin trimer with m/z 
419.1495 ([M-H]-). Figure from Paper III, reprinted with permission. 

In this chapter, the ESI of LMs and LOs was discussed and it was shown that 
DoE are useful chemometric tools for the optimisation of the ESI efficiency. 
Therefore, DoE will be discussed in more detail in the next chapter. It was also 
shown, that MSn fragmentation pathways can be used for the identification of 
unknown LMs and LOs in technical lignin samples. However, the identification 
of LMs and LOs based on the analysis of MSn fragmentation patterns is time 
consuming, since the MSn fragmentation patterns for every detected compound 
in the analysed sample need to be evaluated. With a pre-selection data mining 
tool for tentative LMs and LOs only MSn fragmentation patterns of promising 
compounds would need to be evaluated. A developed pre-selection data mining 
tool using classification models will be presented in the following chapters. 
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4. Chemometric tools 

Chemometrics is a chemical discipline that was established by Svante Wold and 
Bruce Kowalski in the early 1970s and uses statistical and mathematical methods 
to either design or optimize measurement procedures or experiments, or to extract 
maximum chemical information from chemical data64. Multivariate approaches 
are used in chemometrics for the design of experiments or the analysis of 
chemical data. Multivariate approaches allow the simultaneous investigation of 
effects of multiple parameters and furthermore the investigation of possible 
parameter interactions. Chemometrics has gained importance during the years 
due to the rise of complex analysis techniques such as ESI-MS, where several 
parameters can be changed during a method optimisation and very complex data 
can be produced. Chemometric tools, such as design of experiments (DoE), 
principal component analysis (PCA) and classification models are nowadays well 
integrated tools within analytical chemistry and used for many different 
applications65. 

4.1 Design of experiments 
A good experimental design is crucial for the success of any kind of study and 
should be well planned before the first experiment is performed. DoE are 
logically formulated procedures for the optimisation of any kind of process with 
several process parameters. DoE can also be used to optimise a certain process in 
a time and cost-saving way65. In DoE a multivariate approach is used, in which 
several experimental parameters are changed at the same time, which also assures 
a multivariate interpretation of the results. 

Classic DoE are based on symmetric geometrical forms, like for instance a cube. 
Examples of two classical designs, a two-level full factorial design and a three-
level face-centred central composite design, are shown in Figure 7. A full 
factorial design was used in Paper III to study the influence of three quantitative 
ESI parameters on ESI efficiency of identified LOs in a Kraft lignin sample. As 
it can be seen in Figure 7, the experimental points are distributed around a 
reference point in the geometric centre of the design space, which is called the 
centre point. The centre point is usually replicated to determine the 
reproducibility of the measurements. 



40 

 
Figure 7. Geometric forms of a full factorial design (left) and a face-centred central composite design (right). 

DoE are evaluated mathematically by linear or polynomial models66. For 
example, a full factorial design with three investigated parameters can be 
described by the following linear model, 

𝑦 =	𝑏% + 𝑏'𝑋' + 𝑏)𝑋) + 𝑏*𝑋* + 𝑏')𝑋'𝑋) + 𝑏'*𝑋'𝑋* + 𝑏)*𝑋)𝑋* + 𝑏')*𝑋'𝑋)𝑋* +ε 

with y being the response, Xi the model parameters, b0 the constant term, bi the 
coefficients of the model parameters and ε the error term. In DoE parameters are 
categorized into two types of parameters, quantitative parameters and qualitative 
parameters. Quantitative parameters need to have a quantifiable nature, like for 
example the temperature of a ESI source, while qualitative parameters do not 
have a quantifiable nature, like for example different types of makeup solvent 
additives. Looking at the model above, an advantage of the multivariate approach 
can be seen, which is that possible interaction between the investigated 
parameters are also considered. If the parameters would be tested separately by 
keeping one parameter constant, while the other gets changed, possible 
interactions between them would remain undiscovered. An interaction design was 
e.g. used in Paper I and several two-factor interactions of ESI parameters were 
identified. For three-level designs, such as the face-centred central composite 
design, a quadratic term of each parameter would need to be included into the 
model.  
If many parameters need to be investigated, the number of experiments can 
increase rapidly. The number of experiments for a full factorial design is equal to 
2k, with k being the number of parameters66. For example, if 6 parameters are 
investigated, 64 experiments plus the centre points need to be performed. If two-
parameter interactions are not of main interest, the number of experiments can be 
reduced using fractional factorial designs66. In fractional factorial designs, only a 
fraction of the design space is investigated, which reduces the number of needed 
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experiments. However, this goes in hand with an increased confoundedness, 
meaning that effects of parameters or two-parameter interactions cannot be 
distinguished from other parameters or two-parameter interactions. Fractional 
factorial designs are categorized in different resolution levels. If a fractional 
factorial design has a resolution of III or lower, parameters are confounded with 
two-parameter interactions and two-parameter interactions are confounded with 
each other. Therefore, a minimum resolution of IV is recommended when using 
fractional factorial designs, because then the parameters are not confounded with 
the two-parameter interactions, but the two-parameter interactions are still 
confounded with each other66. In Paper II a fractional factorial design (resolution 
IV) was used for the investigation of seven quantitative parameters for the ESI 
efficiency of LMs using UHPSFC/ESI–MS. With the used design the number of 
experiments was reduced from 128 for a full factorial design to 16 (without centre 
points). 

Besides the classical and symmetric forms for DoE, geometrically non-symmetric 
DoE exist too, which can be used for specific problems where a classic DoE 
cannot be applied. A common model design for such cases is the determinant-
optimal (D-optimal) design. D-optimal designs are often used when qualitative 
factors are to be included in the DoE or if parameter boundaries of the studied 
system need to be considered. In Paper I a D-optimal design was applied because 
with the type of makeup solvent and type of makeup solvent additive, two 
qualitative parameters were included in the DoE.  

The main evaluation tools of performed DoE are coefficient plots and response 
contour plots. In a coefficient plot, as shown in Figure 2 in chapter 3, section 
3.2.3, the effects of the coefficients on the model of each parameter is shown. For 
the estimation of the coefficients, the multiple linear regression or the partial least 
squares methods can be used. The included confidence intervals for each 
coefficient in the coefficient plots describe their uncertainty and their size 
depends on the noise of the model66. A coefficient is considered to make a 
significant contribution to the model if the confidence interval is not crossing 
zero. Response contour plots, like the one shown in Figure 8, show the behaviour 
of the response depending on two parameters. Response contour plots can 
visualise interactions between parameters and can help to find the parameter 
settings for the best response. 
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Figure 8. Examples of contour plots showing the effect on the response of the source temperature and cone 
voltage showing no significant two-factor interaction (top) and the effect on the response on the concentration 
of makeup solvent additive and desolvation gas temperature showing a significant two-factor interaction 
(bottom). The contour plots are based on the D-optimal design applied in Paper I and correspond to the 
coefficient plot shown in Figure 2. 

4.2 Principal component analysis 
Principal component analysis is a multivariate projection method used for the 
extraction and visualisation of systematic variation in a dataset67. Applying PCA 
to a dataset can help to identify for example relations between different samples 
or parameters, also new patterns can be found, which might have otherwise 
remained undiscovered when parameters are examined in isolation, as in a 
univariate analysis. PCA searches for linear relationships within the explored 
original parameters and creates a new parameter if linear relationships are 
detected68. Such new parameters are called principal components (PCs). Since a 
PC is a combination of all original parameters, a PC can explain more variation 
in the data compared to one original parameter68. Identified PCs are ordered 
according to their explained variation of the dataset, PC 1 explains the most 
variation in the data, PC 2 the second most, and so on. With the use of two 
principal components a model plane can be defined and used for visualisation of 
the data in a score plot67. Figure 9 shows a score plot from a PCA-based 
classification model described in Paper III, which is based on LOs described in 
the literature. The used parameters are the number of carbon atoms (#C), the 
number of hydrogen atoms (#H), the number oxygen atoms (#O) and the RDB 
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equivalent. As it can be seen in Figure 9, PC 1 describes more than 90% of the 
variation in the data, while PC 2 describes around 9%. The score plot shows that 
with a multivariate approach the difference of LOs based on their #C, #H, #O and 
RDB equivalents can be visualised and clusters of LDs, LTRs and LTEs can be 
identified. Furthermore, the potential positions of clusters for lignin pentamers, 
hexamer and heptamers can be identified. To understand the observed patterns in 
the score plot and which influence each parameter has on the data separation, a 
loading plot, as shown in Figure 10, can be used. A loading plot is created by the 
loadings of the PCs and the loading vectors are called latent variables (LVs). In 
a loading plot the parameters with a similar contribution to the information of the 
dataset are grouped together67. In Figure 10 it can be seen that for example the 
#C, #H and #O are relatively close to each other compared to the RDB equivalent, 
and therefore contribute to a similar extent to the information of the dataset. 
Moreover, the distance of the parameter loadings towards the point of origin of 
the plot represents the effect of the parameter on the PCA model, meaning the 
larger the distance the stronger the effect on the model67. For instance, the RDB 
equivalent and the #C show stronger effects on the model compared to #H and 
#O. The position of a score in the score plot is directly correlated to the position 
of a parameter in the loading plot. For example, the position of the LD labelled 
as ‘D12’ in Figure 9 is more influenced by the RDB equivalent as the three other 
parameters, while the position of the LTR labelled as ‘TR34’ depends more on 
the #O than on the RDB equivalent. 

 
Figure 9. PCA score plot. PC: principal component, D: dimers, TR: trimers, TE: tetramers, P: pentamers, HEX: 
hexamers, HEP: heptamers. Figure from Paper III, reprinted with permission. 
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Figure 10. PCA loading plot. LV: latent variable, #C: number of carbon atoms, #H: number of hydrogen atoms, 
#O: number of oxygen atoms, RDB: ring double bond equivalent. Figure from Paper III, reprinted with 
permission. 

4.3 Multivariate classification models 
Multivariate classification models are used to recognize the membership of a 
sample or a compound to a specific class, like LMs or LDs. For the development 
of a classification model, data of samples or compounds from a class of interest 
are needed, for example the RDB, #C, #H and #O of LMs or LDs. The PCA score 
plot illustrated in Figure 9 is the basis for a classification model and it can be 
seen, that the shown score plot includes the information about the membership of 
the projected compounds, either dimer or no dimer. Classification models are 
often used in combination with PCA, like for example linear discriminant 
analysis (LDA), quadratic discriminant analysis (QDA) and soft independent 
modelling of class analogy (SIMCA)67,69. The k-nearest neighbour (kNN) method 
is another model that is often used because of its simplicity69. The kNN 
classification method is based directly on the class memberships of the sample 
towards the nearest samples in for example a PCA model. The number k defines 
the number of the nearest neighbours used for classification purposes. If for 
example k = 3, then a sample is recognized as part of a class if at least two out of 
three of the nearest neighbours are from the same class. In LDA or QDA, linear 
or quadratic functions are used to distinguish different classes within the dataset. 
In SIMCA a PCA model is created for each defined class. The class based PCA 
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models are used for the classification of a sample and the classification is based 
on the tolerance intervals of the class-based PCA models67. 

4.4 Multivariate classification models for LMs and 
LOs 
In the literature, different approaches for the classification of detected m/z values 
in complex lignin samples are reported20,48. One pre-selection strategy for LMs, 
LDs and lignin-carbohydrate complexes based on the definition of C:O ratio, 
RDB equivalent ranges and molecular weight ranges are described in a study by 
Jarrell et al20. Other reported approaches use Van Krevelen plots, which plot the 
O/C ratio against the H/C ratio, and regions for specific compound types can be 
assigned70. Furthermore, mass defect filtering techniques based on Kendrick mass 
defects (KMD) are used. KMDs are based on the rescaling of the mass scale by 
using the molecular structure of CH2 as the base of the mass scale instead of 
carbon71. As reported by Dier et al, KMD plots allow the identification of 
homologous series of detected LMs and LOs, for example compounds with the 
same RDB equivalent, but with an increasing number of oxygen-atoms48. Any 
other molecular structure, like phenol with C6H4O or methoxy OCH2 as shown 
by Crawford et al can be used as the base for KMDs52. Furthermore, Crawford et 
al showed, that if the KMD defect of for instance OCH2 is plotted against the 
RDB equivalent, more homologous series based on the present monomeric 
subunit or the type of linkage can be identified in lignin MS data and also regions 
within the plot for LMs, LDs and LTRs52. 

In Paper III, the first multivariate classification models for LDs and LTR were 
created based on LOs previously reported in literature, which were identified in 
different types of technical lignin samples and detected with different types of 
ionisation sources coupled to HRMS. The first multivariate classification models 
were based on a PCA model using the reported masses and four different 
parameters, which were the #C, #H, #O and the RDB equivalents. The score plot 
and the loading plot of the created PCA model are shown in Figure 9 and 10, 
respectively and were already discussed in section 5.2. Based on the PCA model 
in Figure 9, QDA classification models can be created for LDs and LTRs and can 
be used for the classification of detected LOs in a Kraft lignin sample. 

The established PCA-QDA classification models were further improved in Paper 
IV. New parameters based on the KMD of six different functional groups typical 
for LMs and LOs were included. The selected functional groups were aldehydes, 
carboxylic acids, phenols, secondary alcohols, primary alcohols and methoxy 
groups. However, the two latter, primary alcohols and methoxy groups, have the 
same molecular formula and were therefore counted as one parameter. The RDB 
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equivalent parameter was removed, since some technical lignin samples also 
include sulfur in their chemical structure, due to the used lignin isolation process. 
Furthermore, LMs and recently in literature identified LOs were added to the 
PCA dataset. 

The score and loading plots of the KMD-based PCA-QDA classification model 
for LTRs are exemplarily shown in Figure 11. Compared to the score plot from 
the first PCA model in Figure 9, the improved PCA model includes a cluster of 
LMs projected, as expected, next to the LDs and also the clusters for LDs, LTRs 
and LTEs are more defined due to more available data. The data separation on 
PC 1 and PC 3 is mainly influenced by the #C, #H, #O, the KMDs with a 
methoxy/primary alcohol base on the positive side of PC 1 and by the KMDs with 
a carboxylic acids and aldehydes base on the negative side of PC 1, while on PC 
3 mainly by #C and #O. The KMDs with a secondary alcohol and a phenol base 
seem to have only minor influences on the PC 1 and PC 3. Based on the KMD-
based PCA model QDA classification models were created for LMs, LDs, LTRs 
and LTEs. Since the KMD-based PCA-QDA classification models are based on 
literature data from different types of technical lignin samples and different used 
MS ionisation sources, the classification models can be applied to any type of 
technical lignin samples and HRMS data. Furthermore, multivariate and data 
specific class ranges are implemented with the multivariate approach. This means 
that no monovariate classification limits are needed, such as molecular weight 
ranges. Additionally, no reference standards or the study of MSn fragmentation 
pattern are needed for the classification of LMs and LOs using the developed 
classification models. 
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Figure 11. PCA score plot (top) and loading plot (bottom) from a KMD-based PCA-QDA classification model 
for lignin trimers. PC: principal component, LV: latent variable, #C: number of carbon atoms, #H: number of 
hydrogen atoms, #O: number of oxygen atoms. Figure from Paper IV, reprinted with permission. 

In Paper IV the established KMD-based PCA-QDA classification models were 
applied for the classification of detected masses in a Lignoboost Kraft lignin 
sample, a Lignosulphonate lignin sample and a depolymerised Kraft lignin 
sample. Figure 12 shows the projection of 371 different masses detected in the 
Lignoboost Kraft lignin sample. It can be seen that the majority of the detected 
masses are projected around the LM, LD and LTR clusters. 
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Figure 12. PCA score plot from a KMD-based PCA-QDA classification model for lignin trimers based on 
literature data (blue and red points) including projected positions from 371 different masses (green stars), which 
were identified in a Lignoboost Kraft lignin sample. PC: principal component. Figure from Paper IV, reprinted 
with permission.  

In this chapter, DoE and the development of KMD-based PCA-QDA 
classification models for LMs, LDs, LTRs and LTEs were discussed. The 
developed classification models were embedded in an identification strategy for 
the identification of unknown LMs and LOs in technical lignin samples, which 
will be presented in the next chapter.  
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5. Identification strategies for 
technical lignins using MS 

Generally, three conceptually different analysis strategies are applied for the 
analysis of all kinds of samples using MS: targeted analysis, suspect analysis and 
non-targeted analysis. The main differences between targeted, suspect and non-
targeted analysis are the available information of the analytes and the availability 
of reference standards72. In targeted analysis, detailed information of the analytes, 
such as chemical formulas or chemical structures, are known and reference 
standards are available, which are usually used for method development. The 
only difference between targeted analysis and suspect analysis is that for suspect 
analysis no reference standards are available, but detailed information about the 
analytes are known. In non-targeted analysis, however, no information about the 
analytes are present before the analysis and therefore naturally no reference 
standards are available.  

MS, often in combination with a separation technique such as LC, GC or SFC, 
has been proven to be a very useful tool for the identification of unknown 
compounds in complex matrices25,72. However, the identification of unknown 
compounds in complex matrices without any prior information about possible 
analytes is very challenging. As previously demonstrated by Schymanski et al, 
the identification of unknowns using non-targeted analysis approaches is still 
very time-consuming and also still needs well-experienced researchers, who can 
focus mainly only on the identification of compounds from compound classes 
within their expertise25. Therefore, non-targeted analysis strategies are often 
tailored for certain compound classes73–75. A characteristic of such compound 
classes searched for in tailored non-targeted analysis strategies is often a large 
number of different compounds and a large variety of chemical functionalities, 
like industrially produced pesticides or pharmaceuticals75. Also compounds from 
compound classes already known to be present in for instance biological or 
natural samples, like blood plasma or technical lignins, are searched for using 
tailored non-targeted analysis strategies. In such complex samples, the aim is 
often to identify new derivatives or degradation products of certain compound 
classes, like in metabolomics or lipidomics. In such tailored non-targeted 
methods specific characteristics of the compound class are often used, like 
characteristic neutral losses in MS/MS fragmentation, which can be used for 
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neutral loss scans73, or characteristic chemical structure functionalities, which can 
be used for example for Kendrick mass defect filtering48.  

Schymanski et al introduced identification confidence levels for non-targeted 
analysis to establish a general system to communicate the identification of 
compounds76. The authors suggest five different levels of identification 
confidence, with level 5 being the lowest and level 1 the highest identification 
confidence level. At level 5 only the exact mass of a compound is known, while 
at level 4 also a chemical formula and MS isotope patterns are known. Tentative 
candidates are known at level 3 and structural functionalities are known based on 
MS/MS data or other experimental data, such as a classification by different data 
mining techniques. At level 2 a probable structure is known based on different 
evidence such as a library spectrum match or by diagnostic evidence, such as a 
characteristic neutral loss. Level 1 represents the ideal case and the compound 
can be confirmed using a reference standard76.  

5.1 Targeted and suspect analysis of LMs and LOs 
using MS 
Targeted analysis of lignin-related phenolic compounds using MS is applied in 
literature mainly for LMs50,77, due to a lack of commercially available reference 
standards of LOs. Suspect analysis of LMs and LOs has only rarely been used. 
However, for example Huis et al used reported identified LMs and LOs in 
literature for the identification of LMs and LOs in a lignin sample extracted from 
flax78. 

A targeted analysis method for LMs was developed in Paper I and several LMs 
were identified in depolymerised Kraft lignin samples. In Paper III and IV, 
suspect lists, including LMs and LOs identified in literature, were used to 
establish PCA-QDA classification models and for the identification of LOs in 
different technical lignin samples. 

5.2 Non-targeted analysis of unknown LMs and LOs 
using MS 
In principle, non-targeted analysis has been already widely used in the past for 
LMs and LOs, although the term non-targeted was simply not used. For the 
identification of unknown LMs in technical lignin samples GC/MS has been 
mainly used, because of available comprehensive EI databases79,80. But also 
LC/MS/MS or LC/MSn have been used for the identification of unknown LMs in 
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technical lignin samples12,63,81. However, since in LC/MS, due to non-
standardised ionisation sources and settings, no comprehensive databases are 
available as in GC/MS and different strategies for the identification of LMs 
needed to be developed. As mentioned in chapter 3, section 3.3.1, Marcum et al 
studied the fragmentation pathways in MSn experiments63. The reported MSn 
fragmentation pathways were then used for the identification of LMs in a 
technical lignin sample using LC/MSn63. Another interesting approach, reported 
by Zhu et al, used ion-molecule reaction between phenolic compounds and 
diethylmethoxyborane (DEMB), which was introduced into a LQIT81. 
Compounds with a phenolic functionality were identified in a technical lignin 
sample by the formation of DEMB adducts or DEMB adducts including the loss 
of a methanol molecule using LC/MS81. 

In the literature, the identification of LOs using MS is mainly based on the 
evaluation of MS/MS or MSn fragmentation pathways. However, some studies 
also used synthesised LOs for identification13,15. If an assumed LO is not 
confirmed by a synthesised reference standard, the maximum identification 
confidence level, according to Schymanski et al76, that can be achieved is level 
2. To increase identification confidence reported studies in literature use different 
classification approaches as previously discussed in chapter 5, section 5.4. 

In Paper III a non-targeted analysis strategy was developed for the identification 
of LDs, LTRs and LTEs using UHPLC/HR data-dependent neutral loss MS3 
experiments and the developed PCA-QDA classification models. The developed 
non-targeted analysis strategy from Paper III was then further improved in 
Paper IV. A schematic overview of the non-targeted analysis strategy used in 
Paper IV is illustrated in Figure 13.  

The strategy starts with dissolving a technical lignin sample, which is often 
already a challenge by itself. Sample preparation is a crucial part of the analytical 
chain and especially for non-targeted analysis, a sample preparation with as less 
as possible sample loss and bias should be prioritized, because no validation of 
the sample preparation method is possible. In this thesis work, a mixture of 
acetone/water (70/30, v/v) was used to dissolve solid technical lignin samples, as 
this solvent combination has been shown by Boeriu et al to be a suitable solvent 
for a wide spectrum of different technical lignins82. For liquid samples, like e.g. 
the depolymerised Kraft lignin sample in Paper IV, which was dissolved in an 
aqueous solution, LLE using ethyl acetate as extraction solvent was performed.  

In the second step, one UHPSFC/fullscan-HRMS and five UHPSFC/HR-data 
dependent neutral loss MS3 experiments, screening for five characteristic neutral 
losses of LMs and LOs previously reported in literature16,63, were performed 
separately. In the next step, a peak list was created using the fullscan-HRMS data 
and a first reduction of the peak list was done by for example removing all 
chemical formulas with less than six carbon atoms. The developed KMD-PCA-
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QDA classification models for LMs, LDs, LTRs and LTEs, which were described 
in chapter 5, section 5.4, were applied to recognize classes of remaining detected 
m/z values in the list. All classified compounds were then validated using 
multiple criteria, such as 13C/12C ratios. In the last step, the identification 
confidence level according to Schymanski et al76 was determined. 

Table 1 shows an overview of the obtained results of the analysis of three 
different technical lignin samples using the developed non-targeted strategy from 
Paper IV. It can be seen that most compounds were identified with identification 
confidence level 3, which were obtained by exact mass, chemical formula and a 
classification using the KMD-PCA-QDA classification models. Identification 
confidence level 2 was given if a classified LM showed typical neutral losses and 
if a classified LO showed a neutral loss including a benzene ring unit. For some 
LMs identification confidence level 1 was achieved by comparison with reference 
standards. 

 
Figure 13. Schematic overview of a developed non-targeted analysis strategy for the identification of LMs and 
LOs in technical lignin samples. Figure from Paper IV, reprinted with permission. 
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and tetramers

Validation of classified m/z values using RDB 
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possibly obtained MSn data

Determination of identification confidence level
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Table 1. Overview of identified lignin monomers, dimers, trimers and tetramers in three different technical 
lignin samples using the developed non-targeted analysis strategy from Paper IV. LKL: Lignoboost Kraft 
lignin, SLS: sodium lignosulphonate lignin, DKL: depolymerised Kraft lignin, [a]: using peak list creation 
workflow and pre-selection criteria (see Paper IV), identification confidence level according to Schymanski et 
al76. Table from Paper IV, reprinted with permission. 

Sample LKL SLS DKL 

Number of obtained m/z values[a] 372 132 113 

Number of classified m/z values 211 67 58 

Number of validated m/z values 120 29 44 

Lignin monomers 15 14 10 

Lignin dimers 78 13 34 

Lignin trimers 23 2 0 

Lignin tetramers 4 0 0 

Number of m/z values matching reported data 51 11 22 

Number of classified and validated m/z values with more than 
one retention time 73 12 20 

Identified phenolic compounds 260 50 77 

Lignin monomers 23 25 63 

Lignin dimers 194 23 63 

Lignin trimers 38 2 0 

Lignin tetramers 5 0 0 

Phenolic compounds with identification confidence level 1 5 6 7 

Phenolic compounds with identification confidence level 2 21 7 9 

Phenolic compounds with identification confidence level 3 234 37 61 

 

The analysis of three different technical lignin samples demonstrates the wide 
applicability of the developed non-targeted analysis strategy using 
UHPSFC/HRMSn in combination with a KMD-PCA-QDA classification model. 
Furthermore, neither reference standards nor investigation of MSn fragmentation 
patterns are needed to classify the unknown LMs and LOs. The implemented 
multivariate classification models assure that at least an identification confidence 
level 3 is achieved. As it can be seen in Table 1, for several of the classified and 
validated m/z values more than one retention time was observed, which indicates 
the presence of structural isomers. Hence, the use of a separation technique prior 
the MS analysis is inevitable for the identification of isobaric structural isomers. 
The chromatographic separation of technical lignin samples will be discussed in 
more detail in the next chapter.  
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6. Liquid and supercritical fluid 
chromatography 

Liquid chromatography and supercritical fluid chromatography are both used for 
the separation of non-volatile compounds. LC was commercially introduced in 
the early 1970s83 and the first commercially available SFC system was launched 
around ten years later in the early 1980s84. While in LC the mobile phase consists 
of liquid organic solvents, like e.g. methanol or acetonitrile, and water, in SFC 
the mobile phase is usually a compressed liquid, supercritical carbon dioxide 
(scCO2) or a combination of both. Compared to commonly used mobile phases 
in LC, scCO2 has a much lower viscosity. This can be used to improve the 
separation speed and efficiency due to higher obtainable flow rates and reduced 
mass transfer resistance85.  

The separation efficiency of a chromatographic method can be calculated with 
the Van Deemter equation, which includes the terms that can cause peak 
broadening effects in chromatographic separations86: 

𝐻 = 𝐴 +
𝐵
𝑢
+ 𝐶 × 𝑢 

With H being the separation efficiency, also referred to as plate height, A 
describing multiple flow paths, B the longitudinal diffusion and C the mass 
transfer resistance as a function of the flow rate u. The particle size affects both, 
the A-term and the C-term and smaller particle sizes will lead to higher separation 
efficiency. However, smaller particles will also increase the column backpressure 
in the same time, resulting in technical limitations of chromatographic systems. 
The longitudinal diffusion term describes the diffusion along the flow path axis 
and is correlated proportionally to the diffusion coefficient of the analyte in the 
mobile phase, Dm. Since B is correlated anti-proportional to u, its peak 
broadening effect can be reduced at high flow rates. A major advancement in 
modern LC in terms of separation efficiency was introduced in 2004 with UHPLC 
columns, which are packed with particles smaller than 2 µm, and a LC system 
that can provide the high pressure that is needed to pump the mobile phase 
through the more dense packed columns87. In modern SFC also packed sub-2 µm 
particle columns are standard nowadays85.  
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An important parameter to describe the separation between two compounds is the 
chromatographic resolution RS:  

𝑅3 =
2 × (𝑡7) − 𝑡7')
𝑤;' + 𝑤;)

 

With tR1 being the retention time of the first eluting peak and wb1 the peak width 
at the base of the peak, tR2 the retention time of the second eluting peak with its 
corresponding peak width wb2. A complete separation, also called baseline 
separation, is achieved if RS is ≥1.5. Since the peak width is an important 
parameter to achieve high RS, RS depends directly on the overall separation 
efficiency of the chromatographic method. In this thesis work, RS is used to 
compare the separation efficiency of different LC or SFC stationary phases.  

6.1 Separation of LMs and LOs using LC and SFC 
For the separation of LMs and LOs, RP-LC is usually chosen, mostly with typical 
RP stationary phases like C18 or phenyl12,13. Probably one of the first HPLC 
method developed for the separation of LMs was published by Steinberg et al in 
198488. Steinberg et al used a packed C18 column with a particle size of 5 µm88. 
A modern sub-2 µm particle UHPLC column with an ethylene bridge hybrid 
(BEH) C18 stationary phase was used by Kiyota et al for the separation of 
synthesised LMs, dimers and LTRs and for the separation of a lignin sample 
extracted from sugarcane13. 

The analysis of LMs and LOs using SFC has rarely been reported in the literature, 
to my knowledge, only two reported studies by Sun et al14,89, one by Abdelaziz et 
al (Publication III under ‘Publications not included’) and Paper I and IV 
included in this thesis. All five studies were performed within our research group 
during the past five years. Probably the first work describing a separation of LMs 
using SFC was reported by Sun et al in 201614. Sun et al reported a method 
optimisation for the separation of 11 selected LMs using a UHPSFC system 
coupled to a diode array detector. The method optimisation included a UHPSFC 
column screening and the investigation of the effect on the separation of the 
column temperature, the system backpressure and three different organic 
modifier additives. The optimised method was then used for the identification of 
LMs in an oxidized humic acid sample14. In another work, Sun et al presented a 
developed comprehensive two-dimensional method using RP-LC x UHPSFC 
with diode array detection for the separation of LMs89. In Paper I a 
UHPSFC/QTOF-MS method was developed for the separation of 40 lignin model 
compounds including 39 LMs and one LD. The developed UHPSFC/QTOF-MS 
method was then applied for the analysis of a depolymerised lignosulphonate 
lignin sample (Publication III under ‘Publications not included’). In Paper V the 
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developed UHPSFC/QTOF-MS method was used as a starting method for a 
column screening for the separation of LMs and LDs identified in a 
lignosulphonate sample. The developed UHPSFC method was embedded in 
Paper IV in a non-targeted analysis method for the identification of LMs and 
LOs in technical lignin samples using UHPSFC coupled to a LQIT–Orbitrap-MS. 
In Paper II UHPSFC coupled to a QQQ-MS was used for the investigation of 
the ESI behaviour of selected LMs. 

6.2 Selection of stationary phase in RP-LC and SFC 
The selection of the stationary phase is a key aspect to achieve a good separation 
of the targeted analytes. Due to the broad variety of possible functional groups 
present in LMs and LOs and the possibility of several functional groups being 
present in one molecule many different interactions are possible between them 
and the stationary phase. Furthermore, the difference in the number of benzene 
rings will also affect the retention behaviour. Therefore, a selection of a suitable 
stationary phase is challenging. Column screening of promising stationary phases 
can be a useful experimental approach to find the best performing stationary 
phase for the targeted analytes. 

Column screening for the separation of LMs and LDs was e.g. reported by Owen 
et al12. In their study they investigated three different HPLC columns, a C18, a 
phenyl and a core-shell pentafluorophenyl column, for the separation of 11 lignin 
model compounds, of which nine were LMs and two LDs12. The core-shell 
pentafluorophenyl column showed the poorest chromatographic resolution and 
the eluted peaks were significantly widened compared to the C18 and the phenyl 
column, which showed similar separation efficiency12.  

In Paper III, the separation efficiency of a BEH C18, a BEH phenyl and a 
charged surface hybrid (CSH) phenyl-hexyl column was investigated for the 
separation of identified LDs, LTRs and LTEs in a Kraft lignin sample using RP-
LC. Resolution-level graphs were used to compare the separation performances 
of the different columns. A resolution-level graph is showing the cumulative 
number of peak pairs at a certain resolution. Hence, the column with the best 
overall resolution will show the highest cumulative number of peak pairs over the 
full resolution range. A cumulative-resolution level graph comparing the three 
investigated columns is shown in Figure 14. As it can be seen in Figure 14, no 
significant difference in terms of chromatographic resolution in UHPLC was 
achieved by the three tested RP-columns. Looking at the BEH and CSH phenyl 
columns, also the difference in particle technology shows no significant 
difference in terms of resolution. 
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Figure 14. Resolution-level graph comparing a BEH C18, a BEH phenyl and a CSH phenyl column for the 
separation of lignin dimers, trimers and tetramers in a Kraft lignin sample using RP-LC. Mobile phase: water 
with 10 mM ammonium formate (A) and acetonitrile/water (95/5; v/v) with 10 mM ammonium formate; linear 
elution gradient: 30% B at 0 min to 70% B at 67 min; flow rate: 250 µL/min; injection volume: 5 µL: column 
temperature: 50 °C. Figure from Paper III, reprinted with permission. 

The large variety of available stationary phases in SFC from polar, such as a 
DIOL stationary phase, to non-polar, such as a fluorophenyl stationary phase, 
offers many opportunities in terms of separation selectivity. An overview of 
different stationary phases available for SFC is illustrated in Figure 15. The large 
variety of SFC stationary phases available today is because columns developed 
for either RP-LC, normal phase-LC or hydrophilic interaction LC can also be 
used in SFC and during the recent years several column manufacturers introduced 
new stationary phases tailor-made for SFC90,91. The availability of many different 
stationary phase chemistries in SFC makes the selection of a suitable stationary 
phase for a specific separation problem a challenge. In SFC, separation 
mechanisms can be based on a combination of several different interaction 
chemistries, such as dipole-dipole interactions, hydrogen bonding, electrostatic 
interactions or π-π-interactions91. Therefore, West et al introduced a linear 
solvation energy relationships based classification model for UHPSFC stationary 
phases considering seven possible interaction chemistry parameters: dipole-
dipole interactions, dispersive interactions, hydrogen bonding acceptor, hydrogen 
bonding donator, charge transfer interaction and possible anionic or cationic 
states of ionisable analytes91. If the analytes of interest have very different 
functional groups within their compound class and several interactions between 
analytes and stationary phase are possible, column screening, same as in LC, can 
also be used SFC to find the best performing stationary phase.  
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In Paper I UHPSFC column screening was performed for the separation of 39 
different LMs. In total seven different UHPSFC columns were tested. The best 
overall resolving power was obtained with the diethylamine (DEA), the 1-
aminoanthracene (1-AA), the 2-picolylamine (2-PIC) and the high-density diol 
(DIOL) stationary phases. Compared to those stationary phases, poor overall 
resolving power was obtained with the fluorophenyl (FP), ethylene bridged 
hybrid (BEH) and C18 stationary phases. The DIOL stationary phase was 
selected for the final method, due to relatively short analysis time and good 
overall resolution for the investigated LMs. In Paper V, five different UHPSFC 
columns were screened for the separation of 11 LMs and 14 LDs identified in a 
lignosulphonate lignin sample. Figure 16 shows a resolution-level graph 
comparing the obtained overall resolution of the five screened stationary phases. 
Comparing the obtained resolutions for all peak pairs, the best separation was 
obtained using the DEA stationary phase, followed by the 1-AA. The 2-PIC and 
the DIOL stationary phases show very similar resolving power for the 
investigated compounds, while the FP stationary phase showed the lowest of all 
screened stationary phases. A comparison of Figures 14 and 16 demonstrates the 
advantage of the wide spectrum of stationary phase chemistries for SFC 
compared to RP-LC. While the resolution-level graphs for the three different 
investigated RP-LC columns in Figure 14 show very similar progressions, the 
progressions of the resolution-level graphs obtained for the investigated SFC 
columns in Figure 16 are very different. The graph progressions for the SFC 
columns are different due to the very different separation selectivities of the tested 
SFC stationary phases. 

 

Figure 15. Chemical structures of different SFC stationary phases. DIOL: high-density diol, 2-EP: 2-
ethylpyridine, FP: fluorophenyl, 2-PIC: 2-picolylamine, DEA: diethylamine and 1-AA: 1-aminoanthracene. 
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Figure 16. Resolution-level graph comparing the separation efficiency of five different UHPSFC stationary 
phases for the separation of LMs and LDs in a lignosulphonate lignin sample. All experiments were performed 
using the same UHPSFC settings. Figure from Paper V. 

6.3 Selection of mobile phase and elution gradient in 
RP-LC and SFC 
Besides the stationary phase, also the selection of the mobile phase and the elution 
gradient are important factors to consider in LC. Commonly used solvents in RP-
LC are for instance water, methanol and acetonitrile. Important mobile phase 
parameters to be considered by the selection of a mobile phase composition are 
their elution strength, selectivity and viscosity. The elution strength depends on 
the interactions between the mobile phase and stationary phase, while the 
selectivity of a solvent is described by analyte – mobile phase interactions92. A 
high elution strength will lead to a faster elution of analytes and a shorter analysis 
time can be achieved. Solvents with a low viscosity create lower column 
backpressure and higher flow rates can be used, leading to shorter analysis times 
and also less peak broadening effects caused by mass transfer resistance. 
Therefore, a acetonitrile/water mixture was chosen as the mobile phase in Paper 
III, even though acetonitrile/water mixtures can suppress π-π-interactions and 
dipole-dipole interactions when using a phenyl column93. 

Carbon dioxide is the main mobile phase component in modern packed column 
SFC and usually an organic modifier is added to extend the application range 
towards more polar analytes94. The most commonly used modifier is methanol, 
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but also other solvents such as ethanol, isopropanol or acetonitrile are used95. 
Same as for HPLC, important parameters to consider for the selection of a mobile 
phase composition in SFC are the solvent strength, selectivity and viscosity. 
Compared to RP-LC, in SFC often polar stationary phases are used, such as a 
DIOL or DEA stationary phase, wherefore interactions between the organic 
modifier and the stationary phases need to be considered more carefully. 
Modifiers can be adsorbed on the stationary phase and may change its interaction 
chemistry, volume or three-dimensional structure95. Also, the addition of small 
amounts of water to the organic modifier can improve the separation efficiency, 
especially when polar stationary phases are used96. 

Elution gradients are a useful tool to improve the separation in terms of time and 
resolution. In an elution gradient, the mobile phase composition is changed over 
time, leading to a change in elution strength. Same as in LC, the use of an elution 
gradient in SFC can improve the separation efficiency. In Paper V, seven 
different gradients were used for each investigated stationary phase. Figure 17 
shows the overall resolution obtained with the best performing gradient on each 
stationary phase. Except for the DEA stationary phase, where the first performed 
gradient gave already the best chromatographic resolution, for each column an 
improvement of the resolving power was achieved. However, the gradient 
optimisation did not lead to a change in the order of columns from the best to the 
worst-performing column. Therefore, it is advantageous to start the method 
development in SFC with column screening followed by gradient optimisation of 
the best performing column. 

 
Figure 17. Resolution-level graph comparing the separation efficiency of the best performing elution gradient 
of each investigated UHPSFC stationary phase for the separation of LMs and LDs in a lignosulphonate lignin 
sample. Except for the elution gradients, all UHPSFC settings were kept constant. Figure from Paper V. 
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6.4 Separation of lignin monomers and dimers using 
SFC 
As mentioned above, one strength of SFC is the availability of many different 
stationary phases, offering different analyte – stationary phase interaction 
chemistries. This strength was used in Paper V to investigate if a separation of 
LMs from LDs can be achieved using SFC. A chromatographic separation of 
LMs and LDs could potentially be used as a classification parameter in non-
targeted analysis approaches for the identification of unknown LMs and LDs in 
complex technical lignin samples. The separation of LMs and LDs using different 
UHPSFC stationary phases is illustrated in Figure 18 by combined extracted ion 
chromatograms from each investigated analyte. It can be seen that no complete 
separation of LMs and LDs was achieved with any of the five stationary phases. 
However, the 1-AA stationary phase shows a high separation efficiency for LMs 
and LDs, since only one LM elutes in the LD region. Due to the incorporated 
anthracene ring, the 1-AA stationary phase offers enhanced π-π-interactions 
between analyte and stationary phase, which is beneficial for the separation of 
LMs and LDs. The latest eluted LM, which co-elutes with some LDs, is 4-
hydroxybenzoic acid. The polar carboxylic acid group might interact by ion-
dipole interaction or hydrogen bonding with the secondary amine or the hydroxyl 
group next to the anthracene ring in the 1-AA stationary phase, leading to higher 
retention. This hypothesis can be supported by the retention of vanillic acid, 
which is the second last eluting LM. The separation of LMs and LDs using the 
FP stationary is also dominated by π-π-interactions. That is why the FP column 
shows the second-best separation efficiency for the two compound classes of the 
five investigated stationary phases, however, with a lower resolving power and 
more co-elution of LMs and LDs compared to the 1-AA stationary phase. With 
the DIOL, 2-PIC and the DEA stationary phases, a separation between LMs and 
LDs was rarely achieved. The DIOL stationary phase has a hydrogen bonding-
based separation mechanism, which might explain why the elution ranges of LMs 
and LDs overlap to a large extend. For both, the 2-PIC and the DEA, the 
separation is mainly based on ion-dipole interaction and hydrogen bonding, 
which both seem not to offer enough selectivity for the separation of LMs and 
LDs. 

As discussed above the DEA column shows the best overall resolution power for 
the investigated analytes of the investigated SFC columns, however, looking at 
the separation of LMs and LDs the DEA column shows the poorest separation 
selectivity for the two compound classes. The 1-AA column shows a good overall 
resolving power and the best separation selectivity for the compound classes of 
LMs and LDs. The DIOL and the 2-PIC show no good separation of LMs and 
LDs and also not the best overall resolving power. Interestingly, the FP column 
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shows the poorest overall resolving power of all investigated columns, but on the 
other hand, the FP column shows the second-best separation of LMs and LDs. 

 
Figure 18. Combined extracted ion chromatograms showing the separation obtained with the best gradient of 
each SFC column for the analytes investigated in Paper V. Orange: lignin monomers, green: lignin dimers. 

In this chapter, it was demonstrated that for the separation of LMs the DEA, 1-
AA, 2-PIC and DIOL stationary phases can be used to achieve a good overall 
resolving power. In Paper V it was shown that the DEA and 1-AA stationary 
phases offer the best overall resolving power for the separation of LMs and LDs. 
If the separation of the two compound classes of LMs and LDs is aimed, then the 
1-AA stationary phase should be selected, which shows a good overall resolving 
power and an almost complete separation of the investigated LMs an LDs. Also, 
the FP stationary phase shows a good separation of the two compound classes, 
however, with a relatively poor resolving power compared to the other 
investigated stationary phases. 
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7. Conclusions 

7.1 Concluding remarks 
This thesis work was dedicated to the analysis of lignin monomers and oligomers 
in technical lignins using SFC and MS. 

The electrospray ionisation efficiency of LMs in negative ionisation mode using 
SFC coupled to ESI–MS was investigated from two different viewpoints. First, 
the overall ionisation of a wide spectrum of LMs with a wide spectrum of 
different chemical functionalities was investigated, followed by an investigation 
of the ionisation efficiencies of selected groups within LMs categorized by their 
chemical functionalities and number of methoxy groups. In both cases, a 
systematic optimisation of the electrospray ionisation efficiency was performed 
using design of experiments. For the electrospray ionisation of a wide range of 
LMs, the type of makeup solvent, the type of makeup solvent additive, the cone 
voltage and the desolvation gas temperature were identified as significant 
parameters. Furthermore, the concentration of the makeup solvent additive 
showed significant interactions with the cone voltage and the desolvation gas 
temperature and should therefore be considered as an important parameter for the 
electrospray ionisation of LMs. The investigation of the electrospray ionisation 
of LMs based on their functional group and number of methoxy groups showed 
that different electrospray ionisation parameters are significant for the different 
selected groups. For example, the gas temperature shows a significant positive 
influence on the electrospray ionisation for all compounds with two methoxy 
groups, but for compounds with one or no methoxy groups no strong influence 
of the gas temperature was found. Also, differences between the different 
functional groups were identified. For example, the sheath gas flow rate was 
found to be important for the ionisation of LMs with a carboxylic acid group, but 
not for LMs with an alcohol group. 

A non-targeted analysis strategy tailored for the identification of unknown LMs 
and LOs in technical lignin samples has been developed within this thesis work. 
The combination of UHPSFC/ESI–HRMSn and the developed KMD-PCA-QDA 
classification models based on identified LMs and LOs from literature studies 
assures an identification confidence level 3 for unknown LMs and LOs. 
Identification confidence level 2 can be obtained for LMs and LOs, if besides the 
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classification and validation typical neutral losses in MSn experiments are found. 
Especially, the detection of a neutral loss including a benzene unit can be used 
for the identification of LOs. It was also shown that the use of a high resolution 
at every MSn stage is beneficial for the structural elucidation of unknown LMs 
and LOs, since some neutral losses could be misinterpreted. For example, the 
neutral loss of 30 u can be a loss of formaldehyde, with an exact mass of 30.0106 
u, or of two methyl radicals, with an exact mass of 30.0470 u. The classification 
models can be applied to any type of technical lignin samples since they are based 
on LMs and LOs identified in different technical lignin samples. Additionally, it 
was demonstrated that the developed classification models can be used as a 
selective pre-selection tool to recognize classes of detected masses without the 
need of reference standards and without the time-consuming evaluation of MSn 
data to search for characteristic fragmentation patterns. Furthermore, with the 
multivariate classification approach, no monovariate limits of classification 
parameters are needed. 

The full potential of SFC for the separation of LMs and LOs has not been fully 
explored yet, but a first impression is given within the presented work. The 
available wide spectrum of chromatographic selectivities in SFC was 
demonstrated by column screening for the separation of LMs and LDs. Column 
screenings are usually performed using reference standards. However, in this 
work, the lack of commercially available reference standards for LDs needed for 
the column screening was compensated by using the developed KMD-PCA-QDA 
classification model. The best overall chromatographic resolving power was 
obtained for the investigated LMs and LDs for the DEA stationary phase. 
However, a class-based separation of LMs and LDs was not achieved using the 
DEA column. The class-based separation was most likely not obtained using the 
DEA column, because of too strong hydrogen bonding interactions, which 
apparently do not offer a good separation selectivity for LMs and LDs. The best 
separation selectivity with an almost complete separation of the investigated LMs 
and LDs was achieved with the 1-AA column. The second-best separation 
selectivity was found for the FP column. Both columns offer π-π-interactions, 
which most likely are the reason for the good separation of the compound classes 
of LMs and LDs.  

7.2 Outlook on future research 
Many new research questions emerged along the way during this thesis project 
and, as common in PhD student projects, could not be addressed by now due to 
time limitations. 
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The used fractional factorial design for the functional group-based optimisation 
of the electrospray ionisation for LMs could not reveal two-parameter 
interactions and maybe the importance of some parameters might have been 
missed. The injection parameters, feed speed and overfeed volume were 
suspected to have a significant influence on the electrospray ionisation, but both 
parameters showed significant influences only for a few compounds. If an 
interaction model would be applied the importance of the two parameters might 
be discovered by significant interactions with other parameters.  

For some reason, no oligomers higher than tetramers have been detected so far in 
the different analysed technical lignin samples with the developed HRMS 
method. One reason may be that they were simply not present in the investigated 
samples. This, however, seems to be unlikely when looking at size exclusion 
chromatograms of similar samples. Another reason may be that the used ESI 
settings are not suitable for their ionisation. Therefore, different ESI settings or 
the use of different ionisation sources, such as APCI or APPI, could be explored. 
Moreover, higher molecular weight oligomers may have multiple charges and the 
produced MS data should be screened for multiple charged ions. If somehow 
more oligomers could be identified, potentially KMD-PCA-QDA classification 
models could also be created for lignin pentamers, hexamers and higher 
molecular weight oligomers. 

The obtained score plot of the KMD-PCA model shows a pattern, especially clear 
within the LM cluster, that reminds to a typical pattern of KMD plots. The sub-
cluster could contain useful information about identified LMs and LOs, e.g. the 
presence of specific functional groups and should therefore definitely be 
investigated. 

Another issue that is worth being addressed are the structural isomers of LMs and 
LOs, which presence could be shown within this work, but have not be 
investigated in more detail. The structural elucidation of isobaric isomers of LMs 
and LOs in technical lignins using mass spectrometry is probably one of the most 
challenging tasks within this research field. Some isobaric isomers could already 
be separated using UHPSFC and if the ionisation intensities are good enough first 
MSn experiments could be performed, potentially revealing different 
fragmentation pathways. However, the ionisation efficiency is often not good 
enough for even an MS2 experiment and an optimisation of the ionisation settings 
might be needed. Potentially, more isobaric isomers may be present in the 
samples, which have been undiscovered by now. Modern ion mobility techniques 
may be able to discover more isobaric isomers and their application for the 
analysis of technical lignins should therefore be explored. Maybe, with the 
combination of high-resolution ion mobility instruments isobaric isomers can be 
separated and investigated separately by HRMSn for structural elucidation. 
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The separation efficiency and selectivity of SFC have been only investigated so 
far for the separation of LMs and LOs. However, also class-based separations of 
LMs, LDs, LTRs and LTEs could be studied. For example, all four compound 
classes were identified in the Lignoboost Kraft lignin sample, which could be 
used for a column screening. Additionally, more SFC stationary phases offering 
π-π-interactions could be investigated, such as the polar-reversed phase stationary 
phase with ether-linked phenyl groups. 
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