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I. Zusammenfassung 
 

Das Ziel dieser Arbeit war die Entwicklung eines analytischen Verfahrens zur 
Charakterisierung elektrochemisch gespaltenen Lignins. Dabei sollten einerseits die 
Reaktionsmechanismen der elektrochemischen Prozesse in ionischen Flüssigkeiten 
aufgeklärt und andererseits wertvolle Substanzklassen für verschiedene 
Anwendungen (z.B. Energiespeicher oder nachhaltige Grundchemikalien) identifiziert 
und isoliert werden.  

Die Entwicklung einer neuen Datenverarbeitungs- und -visualisierungsmethode, 
basierend auf hochauflösender Massenspektrometrie, vereinfachte die Interpretation 
der detektierten m/z Signale erheblich und erlaubte die Formulierung möglicher 
Reaktionsmechanismen. Das sogenannte „Enhanced Mass Defect Filtering“ ordnete 
hierbei in x,y-Diagrammen die detektierten m/z Signale nach Art des aromatischen 
Grundgerüsts der Ligningrundbausteine (Cumaryl-, Coniferyl- und Sinapylalkohol) 
entlang der x-Achse und nach Anzahl der CH2-Analoga entlang der y-Achse an. So 
konnten strukturell verwandte Verbindungen schnell identifiziert und klassifiziert 
werden. Weiterhin ermöglichten geringfügige Modifikationen des „Enhanced Mass 
Defect Filtering“ die Anwendung dieser Visualisierungsmethode in verwandten 
Ligninanwendungsbereichen, beispielsweise der Phenol-Formaldehyd Harzsynthese 
unter Verwendung nachhaltiger, monomerer Lignin-Modellverbindungen. 

Die chromatographische Trennung der Ligninabbauprodukte unter Verwendung 
eigens präparierter, neuartiger stationärer Phasen (immobilisierte 
Trioctylpropylphosphonium Salze) und High-Performance Liquid Chromatography 
(HPLC) erweiterte die Charakterisierung der elektrochemischen Prozesse um eine 
weitere Dimension. Durch die hohe Vielfalt an Wechsewirkungsmechanismen konnten 
die Ligninabbauprodukte anhand ihrer chemischen Funktionalität in der Seitenkette 
aufgetrennt werden. 

Die Kombination des Massendefektfilters und der chromatographischen Trennung 
erlaubten die Evaluierung des elektrochemischen Prozesses. Neben bereits 
bekannten Oxidationsprozessen, konnten Reduktionsprozesse über detektierbare 
Reduktionsprodukte formuliert werden. 
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II. Abstract 
 

The aim of the thesis was the development of an analytical method for the 
characterization of electrochemically degraded lignin. A further goal was the 
elucidation of reaction mechanisms for the electrochemical process in ionic liquids and 
the identification of high value degradation products for application in areas such as 
energy storage or sustainable base-chemicals.  

The development of a high resolution mass spectrometry-based simplification strategy 
for data visualization enabled rapid classification of measured m/z features and the 
elucidation of possible reaction mechanisms. The so called “enhanced mass defect 
filtering” aligned m/z features based on lignin-related aromatic core units (p-coumaryl, 
coniferyl and sinapyl alcohol) along the x-axis and on the number of repeating CH2-
units along the y-axis. As a result, identification and classification of structural related 
degradation products was readily possible. Minor modifications of the mass defect filter 
extended its potential for application to other lignin-related applications, in particular in 
evaluation of phenol formaldehyde resol resin synthesis using monomeric lignin model 
compounds. 

The chromatographic separation of lignin degradation products using custom-made 
stationary phases (tricoctylpropylphosphonium salts immobilized on porous silica 
particles) and high-performance liquid chromatography (HPLC) added an additional 
dimension to the characterization of the electrochemical process. The high diversity of 
interaction mechanisms allowed rough separation of the degradation products 
according to the chemical functionality of the side chains. 

The combination of the mass defect filtering and chromatographic separation enabled 
evaluation of the electrochemical process. In addition to well-known oxidation 
processes, mechanisms for reduction processes were proposed based on the detected 
reduction products. 
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III. Abbreviations 
 

13C CP/MAS 13C cross polarization- 

magic angle spinning 

ABTS  2,2’-azinobis-(3- 

ethylbenzthiazoline-6- 

sulfonate) 

APCI  atmospheric pressure  

chemical ionization 

APPI  atmospheric pressure  

photoionization 

CID  collision induced  

dissociation 

DI  direct infusion 

e.g.  exempli gratia 

ESI  electrospray ionization 

FTICR  Fourier-transform ion  

cyclotron resonance 

FTIR  Fourier-transform infrared  

GC  gas chromatography 

GPC  gel permeation  

chromatography 

H/C  hydrogen to carbon ratio 

HPLC  high-performance liquid  

chromatography 

HRMS  high resolution mass  

spectrometry 

HSQC  heteronuclear single  

quantum coherence 

IUPAC International Union of  

Pure and Applied  

Chemistry 

KM  Kendrick mass 

KMD  Kendrick mass defect 

m/z  mass to charge ratio 

MALDI matrix-assisted laser  

desorption/ionization 

MS  mass spectrometry 

MW  weight average molecular  

mass 

NMR  nuclear magnetic  

resonance 

O/C  oxygen to carbon ratio 

PF  phenol-formaldehyde 

Py-GC/MS pyrolysis gas  

chromatography/mass  

spectrometry 

RP  reversed phase 

SET  single electron transfer 

u  atomic mass units
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IV. Introduction 
 

4.1 Complex mixtures and the significance for comprehensive 
analytical methods 

The reserves of valuable fossil resources continuously shrink due to population growth 
and technical progress. Therefore, the chemical industry has endeavored to develop 
sustainable processes for reducing the dependency on fossil fuels. Lignin as one of 
the most abundant renewable biopolymers therefore evolved into a very attractive 
material for the chemical industry. The molecular components of lignin`s polyaromatic 
structure1,2 are very similar to those of fossil fuels. As a result, lignin can be treated as 
a sustainable precursor for fossil fuels. The development of suitable lignin degradation 
processes for getting access to valuable chemicals was therefore a main objective of 
recent studies.3–18 However, the analysis of complex mixtures is a non-trivial scientific 
problem, since the high variety of occurring analytes requires enhanced analytical 
strategies to provide meaningful information. The analysis of lignin, or rather degraded 
lignin is an example for such a complex scientific problem. The difficulty of the sample 
interpretation already starts in the different composition of the starting material. 
Lignin`s complex biosynthesis2,19–22 results in a high variety of incomparable lignin 
polymers. Furthermore, the embedding of the polymer into the plant cell structure23 
complicates the extraction of lignin. Therefore, lignin fragments received by common 
extraction techniques significantly differ in molecular size and composition.24–31 
Subsequent lignin degradation processes consequentially results in highly complex 
samples. The development of comprehensive analytical methods for e.g. 
understanding reaction mechanisms or elucidating chemical structures of analytes is 
therefore a primary step for accomplishing the desired objectives. Several analytical 
techniques have been applied to the analysis and characterization of lignin or its 
degraded version.32 The information received from each respective analytical method 
comprised individual partial aspects of the analyzed sample. However, specific 
disadvantages for each respective method necessitated the usage of multiple 
analytical methods for a comprehensive analysis of the degraded lignin sample. 
Therefore, the necessity for developing comprehensive analytical methods providing 
as much information as possible is evidenced by the partial degraded lignin analysis 
from the sole usage of previously mentioned analytical techniques and the time-
consuming aspect resulting from the usage of multiple ones. Nevertheless, the 
gathered information from the results of these basic analytical methods evolved as an 
important starting point and supported the elaboration of desired developments. In the 
following, recent results of the most frequently used analytical techniques, namely 
Fourier-transform infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR) 
spectroscopy, mass spectrometry (MS) and chromatographic separation were 
considered and summarized. 
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4.2 Characterization of lignin and degraded lignin 

Depending on the specific analytical problem, especially in the case of lignin analysis, 
the used analytical technique provided significant information about structure,33 
sample composition34 or chemical alteration of the sample after treatment35,36. 
However, not every available analytical technique is suitable for every appearing 
problem in the field of lignin analysis. 

4.2.1 Fourier-transform infrared spectroscopy 

The molecular components of (degraded) lignin were, of course, able to change their 
quantized vibrational energy states when they were exposed to infrared radiation. The 
resulting fundamental molecular vibration mechanism37 exhibited specific transitions 
for each respective chemical bond in the non-linear molecules. These transitions can 
be readily recorded by a FTIR spectrometer and allowed therefore clear assignments 
of chemical functionalities to specific frequencies. Table 1 summarizes the most 
abundant FTIR absorbance bands for lignin-related bond vibrations. 

Table 1. Abbreviated summary for FTIR absorbance bands of lignin-related bonds adapted from the 
literature.38,39 Note: FTIR bands of non-detected functional groups in the respective lignin were defined 
as n.d.  

wavenumber [cm-1] 
(hardwood ; softwood) 

functional group 

1033 ; 1031 C-H in-plane deformation (aromatic; G > S) 
n.d. ; 1081 C-O deformation (secondary alcohols and aliphatic ethers 
1116 ; n.d. C-H deformation (aromatic; S-ring) 

1151 ; 1150 C-H in-plane deformation (aromatic: G-ring) 
1215 ; 1214 C-C and C-O stretching  
1269 ; 1269 C-O deformation (G-ring) 
1327 ; n.d. C-O deformation (S-ring) 

1425 ; 1427 C-H in-plane deformation and aromatic ring stretching 
1462 ; 1463 C-H deformation (methylene and methyl) 
1514 ; 1513 aromatic ring vibration  
1603 ; 1594 aromatic ring vibration and C=O stretching 
1682 ; 1704 C=O stretching (unconjugated) 
2840 ; 2840 C-H stretching 
2937 ; 2934 C-H stretching 
3421 ; 3349 O-H stretching 

 
Therefore, FTIR spectroscopy was often used for simple structure analysis of the used 
lignin polymers9,40,41, monitoring successful chemical modifications or 
degradations34,42–49, or evaluating a specific extraction process50. The non-destructive 
measurement of the sample was at this point a major advantage of FTIR spectroscopy 
compared to other analytical techniques. However, the structural information received 
by FTIR spectroscopy only exhibited the presence of certain chemical functionalities 
and didn`t give a detailed hint for chemical environments of the respective functional 
groups, so that additional analytical techniques were used to compensate this 
drawback. A more detailed analysis can therefore be readily achieved by e.g. NMR 
spectroscopy34,41,45,50 or MS9,34,43–48. Nevertheless, FTIR spectroscopy can be seen as 
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a basic analytical technique for roughly elucidating structure elements of the 
considered, randomly ordered lignin sample. Therefore, the development of a 
comprehensive analytical method including rough structural analysis can replace the 
use of FTIR spectroscopy and reduce the instrumental effort.  

4.2.2 Nuclear magnetic resonance spectroscopy 

NMR spectroscopy was mainly used for detailed structure elucidation of degraded 
lignin components or the intact lignin polymer. The basic requirement for a successful 
NMR analysis is a detectable nuclear magnetic resonance of the sample, located in a 
strong permanent magnetic field induced by electromagnetic radiation.51–54 The most 
common NMR applications were performed on the 1H-, 13C- and 31P-nuclei.31,41 The 
magnetic resonance of the respective nuclei exhibited clear deviations for each 
respective interunit bonding pattern in the considered sample, similar to the specific 
transitions in FTIR spectroscopy. However, the improved spectral resolution of NMR 
spectroscopy allowed more detailed structural assignments and therefore exhibited a 
more detailed view on the chemical structure of lignin or its structural changes after 
degradation. The primary objective for 31P-NMR spectroscopy was the quantitative 
analysis of present hydroxyl functions in the lignin polymer or its degraded 
version.4,45,55,56 Here, clear assignments of phenolic/aliphatic alcohols, carboxylic acids 
or even condensed phenolic units were possible. As a result, chemical bond cleavages 
on the respective hydroxyl functions were able to be quantitatively determined and 
provided information about present degradation mechanisms.4,45 However, 31P-NMR 
spectroscopy requires a prior derivatization of the sample with 2-chloro-1,3,2-
dioxaphospholane56 or 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane4,45,55 
(Figure 4.1). 

 

Figure 4.1. Chemical structures of (a) 2-chloro-1,3,2-dioxapshospholane and (b) 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane. 

This additional derivatization step extended the duration of the analysis and of course 
introduced an additional compound to the analytical method. 1H- and 13C-NMR 
experiments of (degraded) lignin are readily possible without a derivatization step. 
Successful lignin depolymerization was determined by simple 1H-NMR spectroscopy, 
where signal intensity increases and decreases44 as well as signal sharpening of 
distinct lignin polymer signals57 were defined as degradation indicators. Detailed 
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structural information was achieved by 13C-NMR spectroscopy.44 A special application 
is the solid state 13C cross polarization-magic angle spinning (13C CP/MAS) NMR 
spectroscopy.34,47,58 Here, the ground lignin sample was packed in a zirconia rotor and 
spun at high rotational speed. The axis of rotation is tilted by the magic angle (θm) with 
respect to the direction of the magnetic field (B0) (Figure 4.2).  

 

Figure 4.2. Schematic representation of the zirconia rotor (ZR) in the magnetic field B0 tilted by the 
angle θm for 13C CP/MAS NMR spectroscopy. 

The excitation of 1H nuclei indicated by a pulse sequence followed by a cross 
polarization of the neighboring 13C-atom resulted in the detection of the characteristic 
13C spectra. These spectra exhibited the presence of residual carbohydrates in corn 
stover or rice straw lignin34, or structural changes of the lignin polymer after 
treatment58.  Another NMR application providing a quantitative and structurally detailed 
analysis was realized by heteronuclear single quantum coherence (HSQC) NMR 
spectroscopy of 1H and 13C. This two dimensional application was therefore commonly 
used for lignin analysis.45,55,59–63 The two dimensional NMR spectra exhibited a more 
detailed view on the structural components and provided therefore deeper insights into 
degradation mechanisms61 and lignin`s structural design59,60,63. Most of these interunit 
linkages were summarized in a NMR database.64 Therefore, the interpretation of 
resulting HSQC NMR spectra were simplified. In addition, unexpected interunit 
linkages resulting from e.g. degradation processes can be identified. However, high 
spectral resolution for detailed HSQC NMR analysis requires an extensive duration of 
the analysis. The development of a high-resolution analytical method could therefore 
be an advantage over high-resolution NMR spectroscopy. 
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4.2.3 Chromatographic separation 

In the field of lignin analysis, chromatographic separation techniques were most 
frequently coupled to mass spectrometers.4,9,12,18,42–48,57,61,65–83 Recent studies on 
applications using liquid chromatography (LC) or gas chromatography (GC) - mass 
spectrometry (MS) hyphenation were therefore described in more detail in chapter 
4.2.4 Mass spectrometry. Nevertheless, the sole use of chromatographic separation 
provided important information of the (degraded) lignin sample. The most common 
chromatographic separation technique is the gel permeation chromatography (GPC). 
Here, the components of the analyzed sample are separated according to their 
average molecular weight or hydrodynamic volume.84 In contrary to common 
chromatographic separation, analytes do not chemically or physically interact with the 
porous stationary phase material. Depending on their hydrodynamic volume, analytes 
diffuse more or less easily into the pores of the stationary phase. Larger analytes 
therefore elute quickly while smaller analytes, spending more time in the pores of the 
stationary phase, elute at longer retention times. GPC was therefore used to determine 
lignin`s average molecular weight45,65 or to verify lignin degradation processes57,65,67,85. 
The sole usage of classic chromatographic separation, where analytes are physically 
or chemically interacting with the stationary phase, was primary used for the 
determination of specific analytes. GC was mainly used for qualitative and quantitative 
analysis of volatile lignin degradation products,3,17,86 while LC was primary used for 
more polar and non-volatile degradation products.8,12,87 However, the qualitative 
analysis of specific degradation products using sole chromatographic separation 
always require the verification of respective analytes with commercially available 
standards. This significant disadvantage is related to the lack of structural information 
given by the used detection technique (UV8,12,87, FID3,17,86). The use of a detection 
technique providing structural information such as MS can therefore be more beneficial 
for the analysis of complex lignin degradation samples. 

4.2.4 Mass spectrometry 

Mass spectrometry (MS) was commonly used in the field of lignin analysis. The basic 
requirement for a successful analysis is the generation of detectable ions.88–90 The 
most common application for ion generation is the electron ionization.4,9,18,43–48,57,61,65–

71,73,76,78–80,83 The analytes are exposed under vacuum to an electron beam, which is 
generated by a heated filament. A close crossing of high-energy electrons and the 
uncharged analyte induces large fluctuations in the local electric field resulting in a 
removal of an electron from the uncharged molecule.91 Furthermore, the formed radical 
cation can undergo further fragmentation or rearrangement reactions resulting in 
characteristic mass spectra for certain substance classes.92 However, the presence of 
multiple components in the sample requires an additional chromatographic separation 
step; often realized by gas chromatography, to deconvolute the complex sample. The 
vaporized analytes are chromatographically separated via partitioning between the 
liquid stationary phase and the gaseous mobile phase prior to MS detection. The 
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analysis of the volatile, low-molecular weight fraction of (degraded) lignin is therefore 
readily feasible. Determined concentrations as well as the variety of phenolic 
monomers were, inter alia, used to characterize the efficiency of a degradation 
process4,9,12,18,57,71,76 or the determination of a necessary intermediate12. However, the 
characterization of degraded lignin usually requires a purification step of the raw 
mixture solution prior to GC/MS analysis, since suspended particles or low-volatile 
degradation products can impede the analysis or even damage the instrument. 
Pyrolysis-GC/MS (Py-GC/MS) is a special application for (degraded) lignin 
characterization. Here, the sample is placed in a quartz tube and heated to 
temperatures in the range between 600 and 1000 °C in a short time (several 
milliseconds to seconds). The emerging volatile molecules are directly transferred to a 
GC/MS instrument and detected via MS, so that a purification of the raw material is not 
necessary. In the case of lignin analysis, the resulting mass spectra provided 
significant information on the structure elements of the lignin raw material70,71 or the 
influence of a degradation process on the lignin structure modification47,48,79. However, 
the tremendous complexity of degraded lignin47,70,71 allowed the presumption that a 
single chromatographic separation step is insufficient to detect all volatile components 
in the respective sample. The introduction of a second orthogonal chromatographic 
separation step revealed the presence of multiple volatile analytes, that were not 
distinguishable by single chromatographic separation.12,45,78,79 Two-dimensional 
chromatographic separation extended the amount of gained information and therefore 
significantly enhanced the characterization of the respective lignin sample. However, 
GC/MS applications are restricted to volatile and thermal stable compounds, so that 
the characterization of the sample is limited. Ionization techniques such as 
electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI), 
where ions are generated by simple acid-base-reactions in solution93 or in the gas 
phase respectively94, enhance the detection of common GC/MS applications by e.g. 
low-volatile compounds. In addition, the resulting soft ionization of the analytes 
prevents subsequent fragmentation or rearrangement reactions, which is common for 
electron ionization. Protonated [M+H]+ or deprotonated [M-H]- molecular species are 
therefore primary detected, depending on the mode of ionization used (positive 
ionization mode ≡ [M+H]+; negative ionization mode ≡ [M-H]- ). As a result, the amount 
of detectable lignin degradation products significantly increased, since the phenolic 
character of the degradation products is predestined for performing these simple acid-
base-reactions.33 A special application, the so-called matrix-assisted laser 
desorption/ionization (MALDI), utilizes the addition of a matrix. The analytes are 
embedded in the crystallized matrix. Laser irradiation of this analyte-matrix-crystallites 
transfers analyte- and matrix molecules into the gas phase, where the ionization takes 
place.95,96 The MALDI technique was commonly used in clinical microbiology97,98, 
proteomics97,99 or glycomics100. Furthermore, MALDI experiments also provided 
significant information about (degraded) lignin samples.44,68,101 The simplest 
instrumental setup for performing ESI, APCI or atmospheric pressure photoionization 
(APPI) experiments utilizes a syringe with a constant flow rate. The sample solution is 
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directly infused into the source chamber, where the ionization takes place. This 
instrumental setup, also known as direct infusion (DI), provides significant structural 
and compositional information of the analyzed sample. Consequent analytical 
strategies enabled a more comprehensive view on interpretation of lignin mass 
spectra.65,75,81,82,95 Polymer sequencing analysis was primary used in the field of 
peptide/protein103,104 or oligosaccharide analysis105,106.  Moreel et al. applied a modified 
sequencing strategy on lignin oligomers.81 The resulting fragmentation patterns of 
measured m/z features using collision induced dissociation (CID) allowed clear 
assignments of specific interunit linkages between lignin monomers and therefore 
precise characterization of the most common lignin oligomers. This strategy therefore 
enabled a rapid MS-based characterization of lignin oligomers in plants and could be 
transferred to degradation processes. However, the degraded lignin sample resulting 
from degradation processes most probably contains degradation products with 
uncommon interunit linkages, so that a comprehensive analytical strategy including the 
characterization of these uncommon products is necessary. Another lignin analysis 
strategy is based on the utilization of the mass defect, which is characteristic for each 
respective elemental composition.  However, the determination of elemental 
compositions by MS requires an (ultra-)high mass resolution. The two most common 
state-of-the-art applications providing such ultra-high mass resolution are the Fourier-
transform ion cyclotron resonance (FTICR) mass spectrometer107,108 and the  Orbitrap 
mass spectrometer109. Both applications are able to easily achieve resolving powers 
higher than 100,000. As a result, analyses using FTICR and Orbitrap mass 
spectrometers provided comprehensive compositional information of complex samples 
such as crude oil108,110–114 or natural organic matter115–123. Resulting mass spectra 
exhibited, however, a vast number of m/z features, so that the interpretation of these 
mass spectra, or rather the analyzed sample became even more complicated. The 
development of data simplification strategies significantly assisted in the interpretation 
of complex mass spectra. The most common and well-established data simplification 
strategies were developed by van Krevelen124 and Kendrick125.  Van Krevelen 
graphically illustrated the hydrogen to carbon ratio (H/C) vs. the oxygen to carbon ratio 
(O/C) of each measured elemental composition. This graphical illustration allowed 
rapid classification of compound classes and revealed the presence of specific 
chemical transformations124. It was therefore applied to interpret, inter alia, resulting 
mass spectra of previously mentioned research fields117,123,126–129. In addition, the so-
called van Krevelen plot was also applied to lignin samples.76,78,82,130 The visualization 
of former unknown molecular compositions exhibited the degradation processes` 
potential to chemically transform the lignin polymer into valuable chemicals beside the 
production of low-cost chemicals. Furthermore, the van Krevelen plot supported the 
interpretation of occurring reaction mechanisms.130 The lack of information about 
molecular mass for each respective data point is a major disadvantage of the van 
Krevelen plot. This disadvantage reduces the scope of information for degraded lignin, 
especially after an electrochemical degradation. This information is, however, 
essential, since lignin degradation processes are aimed for the production of low-
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molecular weight products. On the other hand, the Kendrick mass defect (KMD) plot 
provides this essential information. The basic principle of the KMD plot is the 
transformation of the IUPAC mass scale with carbon as its reference mass point at 
12.00000 u to a new reference mass point, which is in that case the CH2-unit at 
14.00000 u, the so called Kendrick mass (KM).125 Masses and mass defects of 
measured m/z features are therefore recalculated as follows: 

KM [CH2] = m/z (IUPAC) ×
ଵସ

ଵସ.ଵହହ
                                                                              (1) 

KMD [CH2] = nominal measured mass – KM [CH2]                                                   (2) 

The graphical illustration of measured m/z features using this mass scale redefinition 
allowed rapid identification of homologous series such as naphthalenes, paraffins or 
alkyl derivatives. Data points that were arranged in straight lines along the x-axis 
belonging to the same homologous series and only differ in the number of CH2 
repeating units (see Figure 4.3).  

 

Figure 4.3. Exemplary illustration of the Kendrick mass defect plot. Straight lines along the x-axis 
represent homologous series. The data points originate from an electrochemically degraded lignin 
sample using DI-APCI in negative ionization mode. 

Kendrick plots were usually applied to crude oil108,123,127,131,132, natural organic 
matter119,126,133,134 or other samples134–137. The benefits in terms of compositional 
analysis given by the KMD plot were, of course, also suitable for complex lignin 
samples.82,102 KMD plots assisted in the interpretation of the chemical composition of 
the tremendously complex lignin samples. The correlation between measured m/z 
signals and the KMD revealed the presence of further repeating units and indicated a 
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rather ordered than randomized structure for lignin.102 Nevertheless, KMD plots are 
only able to visualize connections between elemental compositions. Chemical 
structures of the respective m/z features are still unknown and need an additional 
orthogonal analytical method. The hyphenation of a mass spectrometer and a HPLC 
system can add this necessary orthogonal dimension. Chemical interactions of 
degradation products with the stationary phase and subsequent mass spectrometric 
analysis deconvoluted the complex lignin sample and therefore significantly enhanced 
the interpretation of the degradation products.42,44,72,74,77 In conclusion, mass 
spectrometry is a versatile, easily modifiable platform for lignin analysis. However, the 
high complexity of degraded lignin samples makes data and instrumental setup 
modifications necessary to provide a comprehensive analytical method. 

4.3 Aim of the thesis 

Lignin degradation in ionic liquids is attracting increasing attention.138 However, an 
electrochemical application is rather unexplored, but appears promising due to the 
formation of uncommon degradation products. The development of a comprehensive 
analytical technique can therefore significantly support the interpretation of the 
resulting degradation mixture. Possible reaction mechanisms during the degradation 
process can consequently be determined to provide a better understanding of the 
electrochemical approach. As a result, parameters influencing the effectiveness of the 
electrochemical lignin degradation can be investigated by using the developed 
analytical technique. Therefore, the analytical technique has to meet several 
requirements, e.g. the detection of a wide range of degradation products in order to 
provide the desired information. In this context, MS provides the versatility and 
modifiability that is needed for meeting these requirements, so that the objectives for 
the thesis can be defined as follows: 

1. Cover as many degradation products as possible by using the most suitable 
ionization technique. 

2. Develop a data visualization strategy to simplify the complex data sets. 
3. Classify the complex mixture into distinct compound classes to gather 

information about the mixture`s chemical composition. 
4. Find and characterize degradation products that are unique for an 

electrochemical degradation to enable the possibility to propose 
electrochemical reaction mechanisms. 

5. Develop a chromatographic separation method to deconvolute the present 
isobaric content and to enable a fractionation of the complex mixture. 
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VI. Summary and Conclusions 
 

The objectives of the thesis were successfully achieved. The developed analytical 
technique allowed a comprehensive analysis of electrochemically decomposed lignin, 
including structure elucidation and compositional analysis139 as well as an unique 
possibility for chromatographic separation140. Its easy modifiability also allowed its 
usage in related fields such as the analysis of sustainable phenol-formaldehyde resol 
resin synthesis.141 Nevertheless, the developed analytical technique can still benefit 
from further improvements, since several other objectives and scientific issues arose 
from the given results. In the following, previously mentioned main objectives are 
discussed in more detail and subsequent objectives will be defined. 

6.1 Product Coverage by MS 

The choice of a suitable ionization technique providing as much information about the 
chemical composition as possible was one of the primary objectives for characterizing 
electrochemically decomposed lignin. For this specific and fairly unknown degradation 
process due to the utilization of ionic liquids as electrolyte, atmospheric pressure 
ionization techniques such as APCI and APPI provided the most comprehensive 
results.139 The number of detectable m/z features as well as the expected mass range 
were comparable to other lignin studies.31,61,62,76,78,102,130 Common homologous series 
like the β-O-4 substance class as well as product clusters that were unique for 
electrochemically degraded lignin were detectable by both ionization techniques. Fast 
feasibility in the matter of sample preparation and analysis duration additionally gave 
an advantage to the developed MS-based application over NMR-based analysis. 
However, expected low molecular weight products, commonly verifiable by 
GC/MS18,44,57,68,71,76, were rarely detectable or even non-detectable. This lack of 
detection can be caused by two different reasons. The most common reason was seen 
in an incomplete electrochemical lignin degradation. It is very likely that the 
electrochemical degradation process itself was not yet optimized, so that not all 
interlinkage bonds between the lignin monomers/oligomers were cleavable. The 
second reason was seen in possible ion suppression of the low molecular weight 
fraction.  Even for atmospheric pressure Ionization techniques such as APCI and APPI, 
ion suppression or enhancement effects can influence the ion formation 
significantly.142–144 It is therefore to be expected that the ionization process of certain 
degradation products is either enhanced or suppressed. Furthermore, the 
electrochemical degradation as well as the analytical technique were only performed 
on one specific, commercially available lignin. It is possible that major modifications in 
terms of degradation and analysis are necessary to provide sufficient results. 
Nevertheless, it can be expected that the analytical method provides similar results 
due to the structural similarities between different lignins.  
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6.2 Data simplification strategy 

The complex data sets were significantly simplified by using an enhanced version of 
the Kendrick mass defect (KMD) plot. The data visualization of two different KMD`s in 
one graphical illustration provided compositional as well as structural information on 
electrochemically decomposed lignin.139 Depending on the analytical interests, 
experiments and data evaluation can be easily adjusted to provide the requested 
information. The arrangement of m/z features allowed clear allocation of the respective 
degradation products to typical lignin-related substance classes.139 In addition, the 
received information surpassed the information gathered from classical data 
simplification strategies, namely van Krevelen and Kendrick plot. The enhanced mass 
defect filtering plot allowed the classification of distinct data point regions to specific 
substance classes comparable to the van Krevelen plot. However, the information 
about the molecular weight of the considered data point or rather the considered m/z 
feature was not completely lost. Studies utilizing the van Krevelen plot76,78,82,130 could 
therefore benefit from the utilization of the enhanced mass defect filtering technique to 
reveal additional compositional information of the considered sample. Chemical 
transformations can also be visualized by suitable KMD distance calculations, 
comparable to the van Krevelen plot. Furthermore, data interpretation of a classical 
KMD approach can also significantly benefit from its enhanced version. Multiple 
chemical affiliations can be observed and could consequently improve the data 
interpretation of other studies.82,102 Minor modifications of the used KMD parameters 
allowed clear assignments of all m/z features from samples with known complexity.141  
The overall picture of electrochemically decomposed lignin using the enhanced mass 
defect filtering illustrated that the degradation products were extensively and intricately 
linked. These degradation product linkages gave a further hint to the presumed 
ordered lignin structure.145 As a result, the developed mass defect filtering strategy can 
be  used as a suitable platform to support the interpretation of complex samples using 
Morreel`s sequencing approach.81 The verification of further MS-based sequences for 
lignin oligomers can be visualized by suitably adjusting the KMD parameters. However, 
the enhanced mass defect filtering plot in its current state has to make compromises. 
The molecular weight of each respective m/z feature can only be estimated by the 
position of the data point or rather the resulting KMD [CH2] value. The introduction of 
a third dimension suitable for illustrating the accurate mass of respective m/z features 
could counterbalance this drawback, but could also significantly increase the 
complexity of the data simplification strategy.  

The enhanced mass defect filtering technique can also be used for structure 
elucidation. The major advantage here lies in the possible simultaneous structure 
elucidation from a complete set of m/z features by performing collision induced 
dissociation (CID) experiments on a single m/z feature from the corresponding 
homologous series.139 Therefore, the enhanced mass defect filtering technique can 
provide structural information about the analyzed lignin sample comparable to MS-
based44,70,71,81,101 and NMR-based applications45,55,61,62 or even extend the information. 
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The short analysis duration can be treated as a major advantage of the enhanced mass 
defect filtering approach over NMR analyses. However, this major advantage can 
change into a drawback if the complexity of the analyzed sample exceeds a critical 
number of independent products/product clusters, so that a tremendous amount of CID 
experiments is necessary to characterize the structural composition of the analyzed 
sample. Resulting data points of the enhanced mass defect filtering plot are only 
connected to elemental compositions. It is therefore possible that members of linked 
elemental compositions do not share the same structural framework. Nevertheless, the 
enhanced mass defect filtering technique provided essential structural information of 
fairly unknown degradation products whose exact structural composition would be 
difficult to determine by e.g. NMR spectroscopy.139 

In its current state, the data simplification strategy is limited to samples with carbon, 
hydrogen and oxygen content. Other sample types such as crude oil110,111,113,114 or 
natural organic matter115–123 require the consideration of additional elements such as 
sulfur, nitrogen or phosphorus. However, the unique mass defect of each respective 
element creates distinct and distinguishable elemental compositions, so that a clear 
assignment is possible. Reliability of the elemental composition assignment of course 
depends on the mass accuracy given by the analytical instrument used. In addition, 
considering Fiehn`s golden rules146 and subsequent work147,148 the amount of possible 
elemental compositions for each detected m/z feature can be significantly reduced. 
Suitable modifications of the enhanced mass defect filtering technique can 
consequently make the simplification strategy applicable in other scientific fields. 

6.3 Chromatographic separation 

Utilizing immobilized ionic liquids as stationary phases provided an unique separation 
behavior for lignin analysis.140 The degradation products were separated according to 
the chemical functionalities in the side chains of the considered chemical compound. 
As a result, the chromatographic separation revealed the present isobaric content of 
the complex sample. The separation behavior of the custom-made stationary phase 
was different to the separation behavior of common reversed phase (RP) stationary 
phases. However, the custom-made stationary phases were comparable and were 
able to compete with common RP stationary phases such as C1844,74,77 or other 
materials.42 The custom-made stationary phases can be used to purify certain 
chemical functionalities that are useful for subsequent processes. For example, 
purified lignin-related side chain hydroxyls can be electrochemically oxidized by stable 
2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) dications (chemical structure 
of ABTS see Figure 6.1) to lignin-related side chain aldehydes.15,149 It is therefore 
presumed that the development of similar electrochemical transformations using 
suitable mediators provide the production of valuable chemicals or even chemical 
energy from further substance classes. 
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Figure 6.1. Chemical structure of 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate). 

The development of the custom-made stationary phase is unfortunately in a very early 
stage. Several parameters are still not optimized and need further improvements to 
allow a more precise characterization of degraded lignin or even other complex 
samples. In addition, the exact interaction mechanisms of the custom-made stationary 
phases are not fully understood. Optimizing chromatographic separation parameters 
such as surface coverage or number of theoretical plates enable a more precise 
evaluation of the stationary phase materials and providing a more concrete description 
of present interaction mechanisms. In contrary to classic RP phases, multiple 
interaction mechanisms are present. The interpretation of resulting interactions with 
different compound classes is therefore complicated. For example, lignin oligomers 
with a variable number of different side chain functionalities interact with multiple parts 
of the stationary phase. The resulting primary interaction mechanism therefore has to 
be determined by additional experiments using a mix of well-known oligomers. As a 
result, the developed custom-made stationary phase provided unique information 
about degraded lignin and enabled a special fractionation/purification approach, but 
left great potential of improvement. 

6.4 Electrochemical reaction mechanisms 

Understanding the mechanisms of the degradation process is a non-trivial objective. 
The electrochemical degradation is a merger of several complex reaction mechanisms. 
The enhanced mass defect filtering technique revealed several hints on present 
electrochemical reactions.139 Single electron transfer (SET) reactions in an oxidative 
or reductive way were the primary reaction mechanisms, that were clearly identifiable 
and were confirmed by other studies.17,18 In addition, visualized product clusters and 
homologous series with lower double bond equivalents indicated possible 
electrochemical hydrogenation of certain substance classes. Furthermore, 
demethoxylated and dehydroxylated product clusters were detectable, so that the 
electrochemical degradation in ionic liquids was able to transform the functional groups 
at the aromatic core. Origin and requirements of the mentioned chemical reactions are 
not yet fully understood. The combination of both, high-resolution mass spectrometry 
and chromatographic separation, also revealed hitherto unknown substance 
classes.140 Polycyclic hydrocarbons are uncommon components of a lignin sample. 
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So-called resin acids are usually the only polycyclic hydrocarbons that can be found in 
an extracted lignin sample.150 Therefore, electrochemical cyclisation reactions had to 
be taken into account, since the abundance of these uncommon polycyclic 
hydrocarbons significantly increased after electrochemical treatment. Further 
experiments using a set of well-known standards need to be performed to confirm the 
presumed electrochemical reactions and to identify the requirements for a successful 
electrochemical modification/degradation. 

6.5 Outlook 

The developed analytical method in its current state significantly enhanced the 
characterization of electrochemically degraded lignin and supported the interpretation 
of the electrochemical degradation process. Several product clusters unique for an 
electrochemical degradation were determined. Structure elucidation of the determined 
product clusters and chromatographic separation provided information on the chemical 
composition of the complex sample. Nevertheless, several parameters still have to be 
optimized. The modification of the enhanced mass defect filtering technique, e.g. the 
consideration of additional elements can extend its applicability. Synthesis and column 
packing process of the custom-made stationary phase have to be further investigated 
to allow a precise evaluation of the synthesized stationary phase material. In addition, 
ideally packed columns enable the possibility to determine physical and chemical 
influences for the chromatographic separation in a more accurate manner. After 
processing on these two major objectives the interpretation and the performance of the 
electrochemical degradation process can be further improved, so that a controlled 
production of valuable chemicals can be developed.
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