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Where other men blindly follow the truth, 

Remember, nothing is true. 

Where other men are limited by morality or law, 

Remember, everything is permitted. 

We work in the dark to serve the light. 
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Abstract 

Lignin is the second most abundant biopolymer on Earth after cellulose, found in 

virtually all plants where it is responsible for rigidity, hydrophobicity and mineral 

transport. For a long time, it has been considered a waste in the paper production 

process and incinerated for its energy content. However, with the depletion of crude 

oil reserves, it has been found to have a large potential to become a candidate to 

alleviate the transition to a more sustainable economy by replacing oil as a raw 

material in many industrial processes including the production of fine chemicals, 

fuels and plastics. This discovery induced a rapidly increasing interest in lignin 

valorization. At the same time, the development of existing and new procedures to 

exploit lignin requires reliable chemical analysis to identify and quantify phenolic 

compounds along the whole stream. Lignin samples have proven to be challenging 

to analyze since they contain hundreds of phenolics of vast complexity regarding 

size, functionality and concentration. On the top of this, reference materials are 

commercially available only for monomers, further hindering the research of 

oligomers, especially in terms of quantitative analysis. To improve the quality of 

the data by providing selectivity to the analysis method, separation techniques are 

critical components of lignin analysis prior to detection. In this thesis work, liquid-

based chromatographic techniques were employed to address the difficulty of 

separating technical lignin samples. Efforts were centered around applying 

supercritical fluid chromatography and gel permeation chromatography. 

Supercritical fluid chromatography was utilized to achieve a high-resolution 

separation of lignin compounds prior to detection. This was particularly important 

when a universal detector was employed, which lead to the proposal of a single-

calibrant approach to quantify lignin dimers. This way, our methodology addressed 

the challenge of the lack of dimer standards to build calibration curves. Furthermore, 

insights into the retention of lignophenolics were collected regarding the selectivity 

differences between various stationary phases and the role of analyte functionality. 

Gel permeation chromatography was thoroughly investigated in terms of the 

trueness of the molecular weight determination. Combining results from diffusion-

ordered NMR, mass spectrometry and partial least squares regression it was found 

that although it yields in a considerable error for monomers, linear polystyrene still 

provides reliable results for a large part of the molecular weight distribution curve. 

Additional observations regarding the stability of lignin solutions and 

repolymerization were recorded. 
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Multidimensional chromatography, the ultimate answer to the separation 

challenge of complex samples, was applied to characterize lignin compounds in 

technical lignins. A combination of GPC and SFC, not reported before, was 

explored, with specific attention to compatibility, modulation and the achievable 

peak capacity. Conventional hyphenation utilizing stationary-phase assisted 

modulation did not yield a practically useful method. Hence, valve-based solutions 

were employed to expand the separation space and combined with ion mobility mass 

spectrometry, it increased the selectivity of the method, allowing for the analysis of 

large lignin oligomers which have been less in the focus of earlier works. 

Furthermore, the creative use of valves also addressed a few hindrances identified 

in the literature regarding the expansion of orthogonality and increasing the peak 

capacity. 
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Populärvetenskaplig sammanfattning 

på engelska 

The decreasing amount of crude oil available for humanity is one of the most 

burning issues that our generation must resolve. Without this resource, the 

production of many items used in everyday life may become more expensive or 

even impossible. That is why alternative sources for the chemical industry must be 

sought out. One of the promising candidates is lignin, a large molecule in plants, 

especially in trees, where it is mainly responsible for making the trunk rigid. 

Currently, lignin is underutilized and some even consider it a waste in paper 

production. Lately however, a lot of research has been carried out to prove its 

potential to replace oil in several industrial processes. So far, a few pioneer 

applications, such as vanillin production, have made it to industry scale, and further 

development is ongoing. To further pave the way for this, lignin-related samples 

and products must be thoroughly characterized for their properties and contents. 

The chemical analysis of complex samples such as lignin almost always has some 

kind of separation before the detection step. The more compounds there are in the 

sample, the better the separation methods must be to ensure that the signal, measured 

by the detector, corresponds to only one compound in the sample. Separation of 

these compounds in the case of lignin is quite difficult because one single sample 

may contain hundreds of them which vary greatly in their properties. The initial 

development of the field was mostly focused on analyzing the smallest of these, 

called monomers. However, with the emerging new directions in lignin research, 

there is more and more demand to characterize the larger constituents, known as 

oligomers, as well. 

This thesis work focuses on the application of liquid-based chromatographic 

methods for lignin samples. Chromatography is one of the most commonly used 

techniques to separate mixtures into the respective components based on their 

interactions with a suitable surface. While the main efforts were centered around the 

development of actual separation methods, a considerable attention was devoted to 

detection techniques, method characterization and technical solutions as well. 

The concentration measurement of certain lignin oligomers called dimers is 

particularly difficult because the standard materials for these are not available, 

however, they are crucial to build calibration curves. To overcome this, a specific 
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detector was employed which gives a similar output signal regardless of what kind 

of compound it detects. Combining this with a powerful separation method, we 

demonstrated how the calibration curve of only one standard can be used for 

concentration measurements of other dimers. We showed the practical usefulness of 

the strategy on the example of a real-life sample as well. 

Another challenge addressed early in this work was the accuracy of the size-based 

separations of lignin. These techniques are commonly used to determine the average 

molecular weight of the sample, which is one of the key properties. This is usually 

done by comparing the sample to a standard which has a known molecular weight, 

however, the ones used for lignin may not fully be appropriate. To investigate this, 

we applied several different techniques to determine the molecular weight of our 

samples based on different principles. The results agreed well between techniques, 

except for the smallest lignin compounds, indicating that although theoretically the 

standards are not perfectly suitable, they still fit well for the purpose. 

We devoted a significant effort to investigate the combination of size-based and 

polarity-based separations to analyze the whole of lignin samples. First, practical 

considerations were addressed since this particular combination has not yet been 

explored. The hindrances encountered were overcome by the creative use of valves, 

which also addressed some problems from other fields of science as well. This 

separation was designed to be used in connection with mass spectrometry enabling 

the analysis of large lignin oligomers which have been less in the focus of studies. 
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1 Introduction 

1.1 Background 

Lignin is the second most abundant biopolymer after cellulose on the Earth. Found 

in most vascular plants in various amounts between 15 and 40%, where it is mainly 

responsible for rigidity, hydrophobicity and mineral transport1,2. In the plant cells, 

lignin is bound to cellulose and hemicellulose, forming lignin carbohydrate 

complexes. Currently, the exact structure of lignin is not fully understood and is a 

subject of debate. Nevertheless, a consensus about its main building blocks called 

monolignols exists in the scientific community; these being p-coumarylalcohol (H-

unit), coniferyl alcohol (G-unit) and sinapyl alcohol (S-unit) originating from 

phenylalanine through the phenylpropanoid biosynthesis3. Lately, other compounds 

such as tricin4 and hydroxystilbenes5 as well as acylated units have also been 

reported and considered monolignols. The biosynthesis of lignin from these 

monomers has been reviewed in detail by Boerjan et al.2. The composition of these 

subunits in a particular sample is characteristic of the source. For instance, in 

softwoods, the dominant unit is the G-unit, while hardwoods contain more S-units6. 

 

Figure 1. Structure of the three main monolignols, p-coumarylalcohol (H-unit), coniferyl alcohol (G-unit) 
and sinapyl alcohol (S-unit) 
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During the lignification process, the monolignol units are linked by various carbon-

carbon and carbon-oxygen bonds, in a radical polymerization reaction involving 

enzyme-catalyzed oxidation. Due to the random element in the biosynthesis, lignin 

does not have a repeating unit unlike other natural or synthetic polymers, instead, it 

forms a complex three-dimensional macromolecule. Between the monolignols, 

carbon-carbon and carbon-oxygen bonds are formed, with -O-4 being the most 

common one2. Figure 2 shows a tentative structure of a softwood lignin, highlighting 

typical linkage structures. 

 

Figure 2. A proposed structure of softwood lignin. Figure adapted from Windeisen et al.7 with 
permission from Elsevier. 

Lignin has been generated as a by-product in paper production and has so far been 

incinerated for its energy content to power pulping mills. In the pulping industry, 

sulfur-containing and sulfur-free processes are routinely used to separate lignin 

from cellulose, with kraft pulping being the industry-leading technology. This 

procedure involves cooking the wood chips in an aqueous solution of NaOH and 

Na2S under pressure at an elevated temperature of 150-170°C. Among these 

circumstances, base-catalyzed hydrolysis cleaves C-O bonds and carbohydrates are 

separated from lignin. Further details of the reactions can be found in a number of 

reviews8,9. The final product of the process is the so-called black liquor, containing 

kraft lignin, which is of decreased molecular weight and rich in phenolic and 

aliphatic hydroxyl functionalities and can be precipitated by acidification. Apart 

from the kraft process, other extraction procedures, such as the sulfite, soda and 

organosolv processes have also been developed, although they are used to a lesser 

extent. Naturally, these technologies yield lignins with properties much different 

from the kraft process; for instance, sulfonate lignins are well-soluble in water, the 
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opposite of kraft lignin in this regard. Furthermore, though not fully exploited, 

biorefineries have been developed to produce lignin via various hydrolytical 

treatments, as detailed by Wang et al in their review10. Lignins recovered from these 

technologies are called technical lignins. Recently, the valorization of technical 

lignins as a renewable source for the production of value-added chemicals, fuels and 

plastic additives has gained interest since it is rich in phenolic moieties11, cheaply 

available and can be produced in high quantities10. Examples of the already 

implemented processes include the production of guaiacol by selective catalytic 

fractionation, catalytic oxidation targeting syringaldehyde and alkaline oxidative 

depolymerization for vanillin production from sulfonate lignin. During extraction 

and valorization processes the composition of the mixture is further modified by de- 

and repolymerization, including thermal degradation, hydrolysis and cracking12,13. 

As a result, lignin samples in the industry are extremely complex materials with 

possibly hundreds of compounds, which may differ greatly in terms of 

concentration, functional groups, linkage types and physicochemical properties, 

such as hydrophobicity, solubility, acidity and molecular weight. Nonetheless, the 

understanding of the ongoing reactions and the development of existing and future 

conversion methods requires knowledge about the contents of the feedstock, 

reaction mixture and the product. Thus, with the increased interest in utilizing lignin, 

the demand for analytical techniques targeting lignin has grown greatly. Over the 

years, a multitude of analytical techniques have been developed to address various 

research questions, each with its own benefits and shortcomings. 

Due to the mentioned complexity of lignin samples, lignin analysis most often 

includes a separation step, even though there are techniques for bulk 

characterization. For instance, ultraviolet-visible (UV-Vis) spectroscopy14, infrared 

(IR) spectroscopy15,16 and nuclear magnetic resonance (NMR) spectroscopy17–20 are 

commonly used to determine various functionalities in the sample. Yet, these 

techniques do not yield information about the identity or the concentration of 

individual lignin monomers or oligomers, which are among the main interests of the 

lignin researchers developing new applications. Such research questions require 

increasing the selectivity of the analytical method, which is commonly achieved by 

including a separation technique prior to detection.  

Lignin monomers have traditionally been analyzed by gas chromatography (GC) 

either with mass spectrometric21–24 or flame ionization detector21,24,25. However, gas 

chromatography is only directly applicable for sufficiently volatile analytes, thus 

larger oligomers must undergo derivatization prior to analysis26, otherwise they get 

pyrolyzed22,27. This makes the procedure more complex and time-consuming while 

increasing the risk of introducing a bias. Circumventing this limitation of the 

technique, liquid chromatography (LC) has been successfully applied to lignin 

samples. Most commonly, reversed-phase liquid chromatography is employed. 

Kiyota et al. reported the use of ultrahigh-performance liquid chromatography 

coupled to tandem mass spectrometry (UHPLC/MS/MS) to qualitatively analyze 
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lignin oligomers up to tetramers in a sample originating from sugar cane28. Song et 

al. and Prothmann et al. both applied similar UHPLC/MS/MS methods and 

elucidated the structures of lignin oligomers up to tetramers29,30. Methods using 

diode-array (HPLC-DAD)31,32 or electrochemical detection33 have also been 

reported and DAD is still an integral part of LC instrumentation even though the 

MS signal is mainly utilized. With the wider commercialization of the technique, 

supercritical fluid chromatography (SFC), a greener and more efficient alternative 

to LC has also been reported in several studies34–37. In addition, although the 

research purpose is completely different from the above techniques, size exclusion 

chromatography is also part of the lignin analysis toolbox to monitor 

depolymerization38,39 and assess the molecular weight profile of lignins40. 

Nevertheless, due to the extreme complexity of lignin samples, the purity of 

chromatographic peaks remains an issue, complicating identification and 

quantification. Addressing this, two-dimensional chromatography has been 

employed in lignin analysis. The major improvement provided by these techniques 

is a superior resolving power and consequently, increased peak capacity compared 

to one-dimensional approaches. Comprehensive two-dimensional gas 

chromatography (GC × GC) has been widely employed for various challenging 

samples to identify and quantify monomers41,42. However, similarly to one-

dimensional GC, the separation of non-volatile oligomers must be preceded by 

either pyrolysis43,44 or derivatization45.  Although the technique is well-established 

in other fields, liquid-based two-dimensional chromatography for lignin is less 

explored. Currently, offline coupling of the two separation dimensions is more 

common than online two-dimensional LC as summarized by van der Hurk et al.46 

as well as Tammekivi et al.47 in their recent reviews. Nevertheless, the 

commercialization of two-dimensional LC-specific equipment and the increased 

knowledge of the technique mainly originating from biopharmaceutical analysis has 

made online 2D-LC more accessible for the lignin community, yielding a few 

pioneer applications featuring RP×RP48 and RP×SFC49,50 separations. 

As implied above, most of the research on the analysis of lignin has been centered 

around qualitative aspects, ranging from relatively simple molecular weight 

determination to tentative identification of oligomers up to tetramers. On the other 
hand, there is a clear gap in terms of quantitative studies, which are almost 

exclusively targeted at lignin monomers. The quantification of oligomers, 

nevertheless, remains problematic, which mostly stems from the lack of 

commercially available standards, crucial to establish a relationship between the 

detector signal and the concentration.  
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1.2 Aim of the thesis 

This thesis work aims to tackle the challenging task of separating and analyzing 

lignin oligomers in technical lignin samples. Since a single lignin sample may 

contain hundreds of these analytes in varying sizes, physicochemical properties and 

concentrations, their characterization requires selective chromatographic methods 

to ensure as pure zones as possible for detection. Being nonvolatile compounds, gas 

chromatographic methods cannot directly be applied for this purpose, ergo liquid-

based techniques were employed. Efforts were centered around using of 

supercritical fluid chromatography and gel permeation chromatography for specific 

applications. The focus on supercritical chromatography originated from the fact 

that its kinetic efficiency and stationary phase selectivity are superior to 

conventional liquid chromatographic methods applied for lignin analysis; in 

addition, it is also considered a green separation technique. The retention 

mechanisms of lignophenolics on various SFC stationary phases, possible method 

development strategies and the assessment of detection methods for specific 

purposes received special attention. In parallel, the systematic error of GPC was 

evaluated for size-based separations, which is considered a workhorse technique in 

the lignin field. Eventually, the two techniques were hyphenated in an online two-

dimensional system to be coupled to high-resolution mass spectrometry, having the 

potential of serving as a basis for a comprehensive analysis platform for 

lignophenolics of all sizes in technical lignin samples. 

The main research questions are summarized below: 

1. Can charged aerosol detection coupled with SFC be used for the 

quantification of lignin dimers using only one or a few calibration 

standards? Can a one-dimensional chromatographic method provide the 

necessary selectivity when the detector is nonselective? 

2. Are linear polystyrene standards, commonly used as calibrants in gel 

permeation chromatography of lignin, appropriate in terms of the trueness 

of the determined molecular weight? What is the magnitude and the source 

of the error? 

3. What is the practical use of the online hyphenation of gel permeation and 

supercritical fluid chromatography? How can valve-based solutions be 

applied to expand the resolving power and applicability? 
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2 Supercritical fluid chromatography 

2.1 Supercritical fluids as chromatographic solvents 

The IUPAC Gold Book defines a supercritical fluid as a compound, mixture or 

element above its critical pressure and temperature51. As such, supercritical state can 

be understood as another state of matter next to solid, liquid and gaseous. In the 

hundred-year history of the study of supercritical fluids various substances have 

been investigated, summarized in Table 1 together with their critical parameters. 

Out of these, carbon dioxide (CO2) has been the most widely utilized supercritical 

fluid for industrial and research processes since it requires relatively mild conditions 

to bring it into supercritical state, additionally, it is nontoxic, chemically stable and 

inert52. 

Table 1. Critical parameters of selected substances used in supercritical fluid research. Adapted from 
Clifford et al.53. Reproduced with permission from Springer Nature. 

Substance Critical temperature /°C Critical pressure /bar 

Carbon dioxide 31 74 

Water 374 221 

Ethane 32 49 

Ammonia 133 114 

Nitrous oxide 37 72 

The application of supercritical fluids in chromatography stems from their special 

properties, viz. liquid-like density and gas-like viscosity. What is more, as illustrated 

in Figure 3, these properties can be easily altered by changing the pressure and the 

temperature of the system, meaning that the density and viscosity of supercritical 

CO2 can be tuned to fit to the purpose. Figure 3 also shows that supercritical fluids 

are the most sensitive to pressure and temperature changes near the critical point, 

which can be traced back to the compressibility of the fluid.  
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Figure 3. Changes in the density and viscosity of supercritical carbon dioxide as functions of 
temperature and pressure. Figure from Nordbotten et al.54. Reproduced with permission from Springer 
Nature. 

Low, gas-like viscosity makes supercritical fluids especially interesting for 

chromatographic applications since it is linked to the diffusivity through the Stokes-

Einstein equation. In comparison to conventional liquids, diffusion coefficients in 

supercritical fluids are typically one order of magnitude higher, yielding faster mass 

transfer processes. This leads to a higher kinetic efficiency55 and increased peak-to-

peak resolution. Furthermore, this is also the main reason why the development of 

supercritical fluid chromatography (SFC) methods focuses more on the selectivity 

aspect instead of kinetic optimization. In addition to the enhanced diffusivity, low 

viscosity also ensures lower pressure drops over the chromatographic column. 

Combining this with the low mass transfer resistance, SFC methods can be run at 

higher linear velocities compared to liquid chromatography without a substantial 

loss of kinetic efficiency. 

The relative static permittivity of the supercritical fluid, which is a measure of 

polarizability56, changes in parallel with density when altering the pressure and the 

temperature57. In other words, density can be correlated with the elution strength of 

the mobile phase in chromatography. This allows designing density gradients in 

SFC and adjusting retention through varying the pressure58. 

Pure supercritical CO2 near the critical point has a relative static permittivity 

comparable to that of hexane59 thus, it is usually treated as a nonpolar solvent in the 

chemical industry. While this in itself might prove beneficial for certain purposes 

such as separating hydrophobic analytes58,60,61, its practical usefulness is limited. At 

the same time, the application area can be further expanded by adding a so-called 

cosolvent to increase the polarity of the solvent and enable running solvent 

gradients. Various alcohols, esters and acetonitrile are commonly used for this 

purpose. 
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Figure 1. Carbon dioxide phase diagram (after Bachu, 2000). 

 

 
 

 
Figure 2. Variation of CO2 (a) density & (b) viscosity as a function of temperature & pressure (after 
Nordbotten et al., 2005). 
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Figure 4. Pressure-composition phase diagram of a carbon dioxide-methanol system at various 
temperatures between 40 and 80°C. Figure reprinted from Cunico et al.62 with permission from 
Elsevier. 

Figure 4 shows the pressure-composition (p-x) phase diagram of a binary CO2-

MeOH system. With the addition of the cosolvent, the composition of the mixture 

appears as a new variable having an effect on the properties of the solvent. First of 

all, it is important to note that binary systems may end up in the two-phase envelope 

in a vapor-liquid equilibrium (VLE); however, in chromatographic practice, this is 

not desirable. According to Figure 4, the size of this region increases with 

temperature, thus it is imperative to ensure the necessary pressure to keep the 

mixture in one phase. Secondly, mixing an organic solvent with sCO2 brings in 

limitations regarding compressibility: notably, with a higher cosolvent percentage 

the mixture becomes less compressible63, accordingly, the tunability of density and 

viscosity decreases. Lastly, it has to be noticed that the supercritical region per 
definitionem is only in the top right corner above the critical point and all other states 

are subcritical. However, this is not always reflected clearly in speech and the term 

“supercritical” is often used for chromatographic methods where the mobile phase 

is actually in a subcritical state. 

2.2 Stationary and mobile phase chemistries in SFC 

In their critical review, Lesellier and West bring attention to the fact that during 

an SFC method development, not all possible system variables have equal impacts 

on the separation64. In fact, selectivity, which is considered a key parameter to 



27 

improve chromatographic resolution in SFC, is governed by the identities of the 

stationary and mobile phases. For this reason, stationary and mobile phase screening 

is an essential part of the development procedure. 

2.2.1 Stationary phase 

Classically, due to the nonpolar nature of supercritical carbon dioxide, packed 

SFC stationary phases tended to be more on the polar side such as bare silica with 

diol or amine modifications64. However, technically all HPLC columns can be used 

in an SFC system as long as they withstand the pressure requirements. The 

evaluation of various stationary phases has been carried out in multiple studies in 

West’s group in a series of papers focusing on alkyl-bonded65, aromatic66, HILIC67 

and polar phases68 with their solvation parameter models. Later works from the same 

group classified SFC stationary phases based on linear solvation energy relationship 

(LSER) models using Abraham descriptors. These results not only emphasize how 

SFC stationary phases complement each other in terms of retentivity but also 

highlight similarities between them. For instance, it is interesting to observe that the 

four stationary phases offered as a method development package by Waters (Figure 

5) do not actually offer significantly different selectivity of the probe analytes 

covering a wide polarity range64,69. However, lignophenolics are rather polar 

phenolic compounds. Hence, in such a case, expanding the column screening to 

apolar stationary phases is not advisable; instead, the minor retentivity differences 

between polar phases should be exploited and targeted in the screening process. This 

prompts chromatographers to consider the chemistry of the possible analytes in the 

sample and select stationary phase accordingly. 

 

Figure 5. Stationary phases in the Waters Torus column screening kit. 2-PIC: 2-picolylamine; DEA: 
diethylamine; DIOL: high density diol; 1-AA: 1-aminoanthracene. Figure adapted from Paper I. 
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Particularly in the lignin field, high density diol (DIOL)35 and 1-aminoanthracene 

(1-AA)36,37,70 have been found useful. Similar results were obtained in Paper I, 

where lignin dimers were targeted for quantification by a universal detector, thus 

maximizing chromatographic selectivity was of utmost importance. Using a carbon 

dioxide-methanol gradient, four stationary phases (DIOL, 1-AA, diethylamine 

(DEA) and 2-picolylamine (2-PIC)) were compared based on the cumulative 

number of resolved peak pairs (Figure 6). 1-AA was observed to separate all but 

one peak pair of the investigated dimeric and monomeric standards and was chosen 

as the optimal stationary phase for this application. 1-AA and 2-PIC stationary 

phases have additional -interactions besides dipolar interactions with the analytes, 

proving to be particularly useful to separate lignin-derived phenolics. At the same 

time, as shown by Gros et al.69, these stationary phases cover a small part of the total 

available selectivity space, which is indicated by the fact that the retention order did 

not change between stationary phases. This conclusion was reached by Prothmann 

et al. as well who exploited the mentioned - interactions further to separate 

monomer and dimer classes in a lignosulphonate sample36. Class separation, 

although observed, was less prominent in Paper I with all stationary phases, which 

might be because only a limited number of lignin standards were evaluated. In 

particular, two monomer analytes with an aliphatic hydroxyl functionality eluted 

much later in comparison to monomers that did not contain such a group. 

 

Figure 6. Cumulative resolution between lignin-related monomers and dimers using various stationary 
phases. Figure taken from Paper I. 

A more in-depth investigation of stationary phase selectivity was conducted in 

Paper III. Five stationary phases were screened with various mobile phases to 

separate 42, mostly monomeric lignin model compounds with the aim of using the 

method as the second dimension of an online two-dimensional system. For this 

reason, in this application not only peak-to-peak resolution but adequate retention 
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was also considered to avoid so-called wraparound peaks. Figure 7 reveals 

substantial differences between the different phases in terms of retentivity. First of 

all, it is evident that the number of detected peaks differs on different columns. 

Further experiments uncovered that a few analytes required a higher percentage of 

cosolvent and a longer time to elute than what was allowed in the screening 

procedure. This effect was the most pronounced for the DEA stationary phase, 

which retained multiple compounds too strongly. Considering the structures, it 

appeared that all of the affected analytes possess an acidic group capable of forming 

strong hydrogen bonds and therefore interact well with the stationary phase. 

Possibly similar strong H-bonds were the reason why some of these analytes were 

excessively retained on the 2-PIC and 1-AA phases as well, while these interactions 

are weaker on the DIOL and BEH phases, which do not contain a strong acceptor 

nitrogen atom. 

 

Figure 7. Apparent retention factors of lignin model compounds on various stationary phases. 
Chromatographic conditions: mobile phase: carbon dioxide-methanol gradient, 130 bar BPR; column 
temperature: 50°C; detector: UV-Vis @254 nm. Figure from Paper III. 

This development also allowed to explore the retention of lignophenolics based 

on their functionality as illustrated by a retention map shown in Figure 8. As 

apparent, on the DIOL stationary phase there is a clear difference in the retention of 

analytes with and without a mobile proton in their structure. That is to say, acids 

and alcohols stay longer in the stationary phase due to their ability to establish 

hydrogen bonds with the surface OH-groups of the DIOL phase. A similar trend 

was observed for the other stationary phases as well, indicating the importance of 

H-bonds in retention in SFC. Unfortunately, due to the lack of available standards, 

such observations based on functional groups could not be made for the dimer 

standards, which seemingly covered the entire retention range. It has to be noted 

however that with the increase of the size of the molecule, the relative strength of 

hydrogen bond donating capacity will decrease and simultaneously, the molecular 
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surface area available for -interactions will increase. As a result, for the separation 

of larger lignin oligomers a stationary phase with aromatic modification such as 

phenyl or larger PAH modification might be more suitable as found by Prothmann 

et al.36,37; however, a more thorough investigation of this is yet to be carried out. 

 

Figure 8. Retention map of selected lignin-related phenolics on a DIOL stationary phase. Analyte ID is 
an arbitrary number to denote the analytes from 1 to 42. Chromatographic conditions: mobile phase: 
carbon dioxide-methanol gradient (10-35% cosolvent), flow rate: 3 mL/min, 130 bar BPR; column 
temperature: 50 °C, detection wavelength: 280 nm. 

While the retention order of analytes was very similar for all the tested stationary 

phases, systematic differences between different groups can be observed in Figure 

9. For instance, the influence of the surface density of interaction sites on retention 

is apparent when comparing the BEH (bare silica) stationary phase with the high-

density DIOL particle (Figure 9A). In this case, retention occurs via polar 

interactions with the surface OH-groups of the stationary phase, available in a higher 

surface density on the DIOL phase. As a consequence, lignophenolics are retained 

stronger on the DIOL column. This effect is the most noticeable for analytes which 

contain a mobile proton (framed in grey and red) and are retained by hydrogen bonds 

with the stationary phase, resulting in an approximately two-fold increase of 

apparent retention factors. 

The effect of additional -interactions on the retention of lignin-related 

compounds can be seen in Figure 9B. First of all, it is apparent that the retention 

mechanism on the 1-AA stationary phase is not purely based on -interactions, since 

if this was the case, dimers would be consistently more retained than all monomers. 

In fact, polar monomers such as acids and alcohols stay long on the column and 

largely overlap with the retention range of dimers, a finding also described in Paper 
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I. This again points towards the conclusion that polar interactions, especially 

hydrogen bonds are more significant when it comes to selectivity. However, 

additional type of interactions such as the ones offered by the 1-AA phase may prove 

useful when improving the retention of analytes, since any kind of interaction alters 

the absolute retention. Here, the change was found to be the largest for the lignin 

dimers (framed in blue) in comparison to monomers, which can be explained by 

dimers having a larger molecular surface area for -interactions with the 1-AA 

ligand. 

 

Figure 9. Comparative retention maps of selected lignin-related phenolics on stationary phases BEH 
vs DIOL (A) and DIOL vs 1-AA (B). Analyte ID is an arbitrary number to denote the analytes from 1 to 
42. Chromatographic conditions: mobile phase: carbon dioxide-methanol gradient (10-35% cosolvent), 
flow rate: 3 mL/min, 130 bar BPR; column temperature: 50 °C, detection wavelength: 280 nm. 

2.2.2 Mobile phase 

The main component of the SFC mobile phase is liquid or supercritical carbon 

dioxide, which, as discussed above, is nonpolar per se. To increase the polarity of 

the mobile phase and thus make it applicable for a wider array of analytes, polar 

modifiers such as alcohols or acetonitrile71 can be used to create solvent gradients 

typically up to 50 V/V% analogously to liquid chromatography55. Lastly, it is 

possible to use minor amounts of additives (up to a few percent) mixed in the 

cosolvent. Examples of regular additives are acids, bases, salts and water. These 

may have multiple effects on the separation, including changing selectivity by 

altering the apparent pH of the mobile phase, improving peak shape by masking 

secondary interaction sites on the stationary phase or contrarily, being adsorbed to 

the surface to establish retention sites64. 
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The investigation of the effect of different cosolvents on the SFC of 

lignophenolics has not received much attention in published works. Without 

exception, all published works34–37,70 used methanol, despite the fact that studies 

from other fields have shown the usefulness of trying other cosolvents such as 

acetonitrile or isopropanol to optimize the selectivity72. On the other hand, the 

development of gradients is a crucial part of optimization, especially since, unlike 

in LC where retention modeling73 and expert softwares74 are available to aid the 

work, SFC gradients are still developed by a meticulous trial-and-error process. 

Most importantly, this can be traced back to the wider variety of stationary phases 

compared to LC. Prothmann et al.36 conducted an extensive stationary phase 

screening for the separation of lignin oligomers and dimers. Their study included a 

gradient development for all investigated stationary phases, ending up with different 

settings among different columns. An example they point out in their discussion is 

the low retention of lignophenolics on the fluorophenyl (FP) stationary phase, which 

steered the gradient development towards flatter profiles, while other columns 

required steeper gradients compared to the common starting point. In Paper I, the 

same approach was followed to fairly assess all the screened stationary phases and 

the best-performing gradient for each column was compared in Figure 6. After 

choosing the column to continue the development with, the gradient was kept the 

same during the fine-tuning of the flow rate, pressure and temperature of the 

method. However, it is possible that due to the changes introduced in the fine-tuning 

step minor modifications to the gradient would have been beneficial. 

On the other hand, additives and their role in the separation have received quite 

considerable attention in SFC. Similarly to the cosolvents, the effect of additives on 

the retention of analytes also depends on the whole system including the stationary 

phase, cosolvent percentage in the mobile phase and naturally, the type of analyte. 

Ovchinnikov et al. evaluated trifluoroacetic acid (TFA), diethylamine (DEA), 

ammonium acetate (AmAc) and water on various stationary phases. They found that 

while TFA generally increases the retention of the test analytes, it remains mostly 

unaltered in case of using DEA or AmAc, which seemingly had similar effects. The 

behavior of water was found to be more complex and harder to interpret75. In 

addition to altering the retention of analytes, additives are often used to improve the 

peak shapes, especially for basic analytes76,77. On the other hand, the effect of 

additives on the SFC of lignophenolics has been found to be minor. Prothmann et 

al. investigated the influence of formic acid and ammonium formate in two different 

concentrations but reported no improvement of the peak shape35. In contrast, 20 mM 

citric acid was found to improve the shape of tailing peaks34. Besides formic acid 

and ammonium formate, water was tested in Paper III. While the concentration 

effects were not investigated, a few qualitative conclusions could be drawn. 

Compared to pure methanol, using 0.1% formic acid did not change the retention 

significantly on any of the studied stationary phases. Nonetheless, analytes with 

acidic functionality were retained more when ammonium formate was added to the 

cosolvent while having much less effect on the retention of other analytes. This 
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effect was the largest on the DIOL and bare silica phases and might be explained by 

the formation of ion pairs with the analytes. Water exhibited no or minor increase 

of retention without any discrimination regarding analyte structural elements, even 

though Soukup et al.78 hypothesized an adsorbed water layer on the surface of the 

stationary phase, allowing a HILIC-like retention mechanism to take place and 

yielding higher retention for polar analytes. 

2.3 Fine-tuning of an SFC separation 

Although the main focus of the method development in SFC is the screening of 

stationary and mobile phases, multiple system parameters are to be optimized after 

finding the right combination. Temperature is one such setting commonly optimized 

in LC, however, in SFC the system pressure has a significant effect on the separation 

as well. 

In SFC, pressure and temperature have multiple roles. Imperatively, they must be 

chosen in a way that the mobile phase is always in the one-phase region (Figure 4). 

In routine applications, this is rarely a problem, however, it still must be of concern 

when running wide gradients. Furthermore, the density of the mobile phase can be 

varied via temperature and pressure, thus it can be fine-tuned for a particular 

application. Decreased temperature and/or increased backpressure yield elevated 

density and solvent power therefore the retention of analytes is decreased. At the 

same time, these effects are tied to the compressibility of the mobile phase, which 

in turn depends on the composition79. In our experience, the boundary lies around 

10 V/V% methanol in carbon dioxide, below which the mobile phase is easily 

compressible and changes in temperature and pressure have a large influence the 

solvent power. Importantly, for the above reason, flow rate also has an influence on 

retention as it changes the pressure drop on the column. 

Since the influence of the flow rate, backpressure and temperature are 

fundamentally related through density, it appears reasonable to kinetically tune a 

method by means of design of experiments (DoE). Yet, multiple difficulties were 

found with this approach in Paper I. In that study, a Box-Behnken design was 

generated to model and optimize the separation conditions to resolve four difficult-

to-separate peak pairs in the middle of the chromatogram. In this model, the peak-

to-peak resolutions between the adjacent peak pairs were chosen as responses to be 

maximized. Even in such a simple case it was found that neither multilinear 

regression, nor partial least squares regression yielded optimal conditions to 

separate all peaks to the baseline. This is easy to recognize when one considers the 

following: if one peak moves away from its left neighbor, it moves closer to its right 

one; consequently, by improving the resolution between one particular peak pair, it 

worsens between others. Furthermore, this choice of responses did not address 
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possible peak shape issues. Moreover, as mentioned above, the modified retention 

may have rendered the already developed gradient suboptimal. This also prompts 

the inclusion of gradient parameters in the design; however, describing even simple 

linear gradients would introduce multiple additional parameters into the model, 

resulting in further complications. Overall, currently the best approach is to 

investigate the influence of flow rate, pressure and temperature separately, as it was 

conducted in published works34,35. 

2.4 Detection techniques in SFC and their use for lignin 

applications 

In principle, SFC detectors do not differ from those used in liquid 

chromatography, nonetheless, a few technique-specific adaptations should be 

pointed out. First of all, detectors that are placed before the backpressure regulator 

unit are under high pressure. These are typically non-destructive detectors. In SFC, 

almost exclusively UV-Vis absorbance detectors are used at this position80,81, 

however, pressure and temperature changes as well as the mechanical noise from 

the BPR induce a noise level typically higher than in LC82. Furthermore, a necessary 

modification in this case is that detector cells are to withstand high pressure of 100-

150 bar. Detectors coupled post-BPR, such as a mass spectrometer35,37,77,83 do not 

have such restrictions. Nonetheless, the expansion of CO2 in the connecting tubing 

might cause precipitation of the analytes. This is normally prevented by introducing 

a makeup flow pre-BPR. Common makeup solvents are based on methanol, 

acetonitrile or other ordinary solvents and may contain additives to enhance 

detectability. In their study, Prothmann et al. investigated the influence of the type 

of makeup solvent and a few additives on the ionization efficiency of lignin 

monomers using a DoE approach. The authors found the superiority of methanol 

over isopropanol and proved that ammonia is a suitable additive for negative mode 

ionization35. On the contrary, Andrianova et al. concluded that positive mode 

ionization was more effective, detecting lignin oligomers up to 9000 Da while 

studying the effects of various makeup additives84. 

Although mass spectrometry is the most commonly used detector for SFC for 

lignin analysis, other, less widespread detectors can be used for specific 

applications. In particular, charged aerosol (CAD)85–87 and evaporative light 

scattering detectors (ELSD)88 can be used for universal quantification purposes 

when appropriate standards are scarcely available. Both these detectors generate an 

aerosol of the SFC effluent, dry it and measure either the charge on the surface of 

the dried particles89 or the scattered light90. In Paper I, the application of charged 

aerosol detection was explored to quantify lignin dimers in a complex sample. The 

response of eight in-house synthetized lignin dimer compounds (D1-D8) was 
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evaluated, ultimately aiming to find out if one of the dimer standards can be used as 

a universal calibrant. The acquired data is summarized in Figure 10, where the 

mentioned single-standard approach was tested. Figure 10 reveals that although the 

CAD is often assumed to be a universal detector, significant differences between 

the responses can be observed. Eventually, the study found D2, D4 or D5 to be 

suitable calibrant for the investigated dimers. The mean absolute error using D2 as 

calibrant was 12.8%, comparable to the reproducibility of the method. In contrast, 

using D8 as a calibrant would result in serious overquantification of D1. While the 

developed single-standard quantification approach was successfully applied to a real 

complex sample, several shortcomings of the work have been recognized, stemming 

from the fact that the study was conducted using only eight, in-house synthetized 

standards. To start with, this introduced a relatively large uncertainty to the signal 

uniformity investigations since the purity of the standards varied between 90 and 

99%, clearly having an impact on the results. Furthermore, being limited to eight 

compounds rendered the establishment of structure-response relationships 

unfeasible. A similar study conducted by Robinson et al. on pharmaceuticals 

suggested that the response is dependent on the surface area of the dried particles 

rather than on the injected mass of the analytes91; however, this could not be 

confirmed in our work. In addition to the above, the effect of the makeup solvent, 

which supposedly has a meaningful effect on the response, was not sufficiently 

studied. 

 

Figure 10. Errors of quantification for lignin dimers (D1-D8), using the single-standard calibration 
approach. Analyte structures and chromatographic conditions are found in Paper I. 

Another major finding in Paper I was the importance of dealing with post-

column zone broadening, which is crucial in the case of a quasiuniversal detector. 
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This had a detrimental effect on the resolution in the CAD chromatogram compared 

to the DAD chromatogram (Figure 11A and B) rendering peak area measurements 

inaccurate. To resolve this problem, post-acquisition signal arithmetics were 

applied92,93. These techniques change the raw signal from the detector, which is the 

main reason why they are viewed with a certain degree of concern. In accordance 

with what was found by Hellinghausen et al.94, power transformation of the CAD 

signal had the largest effect on the apparent resolution. Furthermore, it was shown 

that modification of the signal did not introduce major errors of quantification while 

yielding a better-looking chromatogram and made peak area measurements less 

affected by uneven baseline or peak overlaps (Figure 11B and C). 

 

Figure 11. DAD (A) and CAD (B-C) chromatograms of selected lignin standards. DAD detection was 
carried out at 210 nm and the signal was blank corrected Chromatogram B shows the raw CAD signal, 
while chromatogram C illustrates how the apparent resolution enhancement techniques improved the 
quality of the chromatogram. Chromatographic conditions are found in Paper I. 



37 

3 Gel permeation chromatography of 

lignin 

3.1 The principles of gel permeation chromatography 

Gel permeation chromatography (GPC), also known as organic size exclusion 

chromatography (SEC), is the go-to technique in the industry to determine the 

molecular weight distribution of various natural and synthetic polymers for half a 

century. The separation process occurs in a porous gel material, governed by the 

availability of the pores to the sample components. Briefly, the smaller the molecule 

is, the more pores it penetrates and the later it elutes from the column. To keep the 

separation purely entropy-based, interactions between the stationary phase and 

analyte are not desired in GPC95. Instead, the separation process is to be governed 

exclusively by the hydrodynamic volume of the analyte, which in turn depends on 

its molecular mass, conformation and branching degree96. Therefore, the behavior 

of the investigated sample in the eluent greatly influences the trueness of the 

molecular weight determination. 

 

Figure 12. A typical calibration curve in size exclusion chromatography. Figure adapted from 
Lubomirsky et al.96 with permission from Elsevier. 
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The conversion of the elution volume of the separated polymer fractions to 

molecular weight is carried out by calibrating the system with standards of known 

molecular weights, as shown in Figure 12. Although it might seem trivial, it is of 

utmost importance that these calibrants behave exactly the same way as the sample 

molecules. In the case of most synthetic polymers and proteins, this is not a 

limitation; nevertheless, pertinent calibration standards might not be available for 

polymer blends or natural polymers such as lignin and consequently, the determined 

molecular weight from the calibration curve may be erroneous. These errors 

originate from either aggregation (positive bias) or adsorption (negative bias), which 

the calibrant does not account for. In such cases, a more complex detection system 

can remedy the problem, such as viscometric97 or light scattering detectors98. These 

provide information on the molecular weight without relying on primary standards, 

on the other hand, they require further assumptions and data fitting to obtain results. 

3.2 Lignin as a solute in organic and aqueous solvents 

As pointed out above, the GPC separation in an ideal case is governed purely by 

exclusion effects from the pores, depending on the size of the analyte molecule, 

which in turn can directly be converted into molecular weight using Equation 199. 

rh = √
3∗M∗v̅

4∗π∗N

3
 (1) 

where rh is the hydrodynamic (Stokes) radius, M is molecular weight, �̿� is partial 

specific volume and N is the Avogadro-number. 

Whereas this expression establishes a simple relationship between the 

hydrodynamic volume and molecular weight, it is only valid for spherical 

molecules. This restriction highlights the importance of studying the conformation 

and aggregation behavior of analytes in a particular solvent system. Neutron 

scattering studies in the literature reported rod-like lignin aggregates in DMSO-

d6
100,101, NaOD102,103 and D2O104 with sizes ranging from 50 to 200 nm. These 

structures are well-known to be formed in solution39,105–108. Studies have reported a 

connection between the degree of aggregation and the amount of aliphatic 

hydroxyl101, carboxyl109 and phenolic hydroxyl groups110, noting that - 

interactions also play a key role101. However, a quantitative model linking molecular 

properties such as ring-double bond equivalent (RDBE), acidity, polarity to the 

degree of aggregation is lacking. While this could not be fully addressed, in Paper 

II, considerable attention was devoted to investigating the behavior of low-MW 

lignophenolics. That is to say, monomer and dimer standards were run in gel 

permeation chromatography setup calibrated with linear polystyrene standards and 

the error of molecular weight was calculated. The loadings of a fitted partial least 
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squares regression model clearly indicated the significance of the hydrogen-bond 

donating capacity with respect to the relative error. In addition, the effect of 

functional groups could be directly studied, an advancement in comparison to other 

works, where quantitative estimations for various functionalities were carried out 

for complete lignin samples by two-dimensional NMR spectroscopy101,111. Figure 

13 reveals that, as suggested earlier, monomers featuring an aliphatic OH-group viz. 

alcohols and acids exhibit a higher relative error than those with more nonpolar 

functionalities, implying that hydrogen bonds are important in the aggregation 

process. It is also interesting to notice the decreasing trend between H-, G- and S-

units, possibly caused by the fact that additional substituents on the benzene ring 

may alter the acidity of the hydroxyl groups thus reducing the degree of aggregation. 

It has been found that such aggregates can be disrupted by adding a salt to the 

eluent112 or derivatization105,113. 

 

Figure 13. Relative errors of lignin monomers compared to the true molecular weight, as determined 
by gel permeation chromatography (A) and pulsed field gradient nuclear magnetic resonance 
spectroscopy (B). Relative error is calculated as the difference between the measured and the true 
molecular weight of the particular analyte, divided by the true molecular weight. Figures taken from 
Paper II. 
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Although it is commonly overlooked and taken for granted, the solubility and 

solution stability of lignin must be discussed when it comes to solution behavior. 

Naturally, only the dissolved fraction of lignin can be analyzed by GPC, thus the 

results correspond to this particular fraction. Notably, the solubility of lignin varies 

greatly in both organic and aqueous solvents depending on its origin, extraction 

method and possible further treatments114–119. Overall, short-chain alcohols119, 

glycols120 as well as mixtures of various organic solvents and water118 have been 

found useful to dissolve higher amounts of lignin, implying the importance of 

hydrogen bonds in the dissolution process. Lately, novel solvent systems based on 

ionic liquids121–123 and deep eutectic solvents124,125 have been proposed. 

Furthermore, refinements to the calculation of Hansen solubility parameters for 

lignin have been suggested126, facilitating the prediction of solubility in less 

explored solvents. Even though there is an ongoing discussion about the exact 

dissolution mechanism, the solubility of lignin is well-studied. However, the 

stability of solutions has not been addressed. During our GPC experiments in Paper 

II, a well-known but so far undocumented phenomenon was observed. Apparently, 

fractionated lignin kept at -20°C in solution repolymerized over the course of a 

month of storage, indicated by the increased average molecular weights measured 

by GPC in Table 2. In addition, direct infusion mass spectrometry was conducted 

on each of the fractions, exhibiting spectra with shifted mass center and wider mass 

distribution than expected from the fractionation. The log-normal profile of the mass 

spectra suggested that the repolymerization process does not stop after one 

recombination step. Table 2 also indicates that the stability increases with molecular 

weight. For instance, there is a 2.6-fold change in MW for the lightest fraction FR 

I, while for the largest fraction the increase is only 27%.  

Table 2. Average molecular weights of isolated lignin fractions, showing repolymerization. All average 
molecular weights were determined by gel permeation chromatography against polystyrene standards. 
Data taken from Paper II. 

Fraction 
Average MW in 2023 July 

/Da 

Average MW in 2023 August 

/Da 

FR I 162 424 

FR II 370 578 

FR III 580 789 

FR IV 1000 1679 

FR V 2000 2919 

FR VI 3000 3816 
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3.3 The trueness of molecular weight determination in 

the gel permeation chromatography of lignin 

Size exclusion chromatography has been employed in lignin analysis as a fast and 

simple way of assessing the molecular weight of a sample. However, accurate 

determination of the molecular weight requires calibration standards that behave 

exactly the same way as lignophenolics. In GPC systems, which are often run with 

tetrahydrofuran (THF) as eluent40,127–130, linear polystyrene95,130–132 or polymethyl-

metacrylate95 are used for calibration. Paper II addressed the suitability of 

polystyrene standards for lignin analysis by a complementary, multitechnique 

approach. Combining results from offline direct infusion mass spectrometry, pulsed 

field gradient diffusion NMR (pfg-diffusion NMR) and a conventional GPC setup 

with THF/PS-DVB, we were able to explore the trueness of the molecular weight 

determination from various angles, thus obtaining a more complete picture. Results 

from mass spectrometry corroborated with those from PS-calibrated GPC (Table 3) 

up to the point when monocharged species could be assumed. In such a case, the 

measured m/z values can easily be weighed and converted to molecular weight as 

in the case of fractions FR I to FR III, covering the molecular weight range up to 

pentamers which corresponds to the commercially most interesting range. Jacobs et 
al. found a reasonable agreement between GPC and mass spectrometry results using 

a similar approach131. However, in our case, there is an exponentially increasing 

discrepancy between the results from the two techniques for the higher molecular 

weight fractions. Comparable results were obtained by Andrianova et al. on 

complete lignin samples assuming the same charge state as we did95. The increasing 

disagreement between GPC and MS can be traced back to the fact that in 

electrospray ionization, lignin oligomers became multiply charged, thus lowering 

the measured average m/z. Importantly, Jacobs et al., who employed laser-

desorption ionization, did not observe such differences. To circumvent the problem 

of multiple-charged ions, Andrianova et al.84 have developed a method to 

deconvolute mass spectra, enabling the comparison of molecular weights measured 

by MS and GPC. It is important to point out that in-source fragmentation may lead 

to an underestimation of average m/z in MS. However, with the soft ionization 

settings that we applied this could be avoided, indicated by analyzing a lignin dimer, 

where more than 95% of the total signal corresponded to the intact molecular ion. 

Similarly, minimal in-source fragmentation was reported by Önnerud et al. for 

lignin dimers133. Nevertheless, this has not been verified for higher order oligomers 

as the corresponding standards are lacking. 
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Table 3. Comparison of molecular weights of isolated lignin fractions, obtained by GPC and MS. Data 
from Paper II. 

Fraction Average MW by GPC against PS  

/Da 

Average m/z by MS 

FR I 424 454 

FR II 578 567 

FR III 789 696 

FR IV 1679 1171 

FR V 2919 1165 

FR VI 3816 1192 

 

While the above evaluation of GPC against mass spectrometry of the isolated 

fractions filled the gap between well-studied monomers and complete lignins, it 

does not allow for the investigation of which processes cause bias in GPC. As 

discussed above, the main reasons for an erroneous molecular weight determination 

are phenomena that change the elution time, either by altering the apparent 

hydrodynamic volume e.g. by aggregation, or by interacting with the column 

packing thus delaying elution95. Pfg-diffusion NMR, however, is only influenced by 

interactions occurring in solution134 and as such, it can be utilized to decouple the 

influence of possible analyte-packing interactions. In Paper II, both lignin 

monomer standards and complete lignin samples were analyzed by Pfg-diffusion 

NMR and THF-based GPC with linear PS calibration. The comparison of 

determined molecular weights suggests that reversed-phase-like retention effects 

are present in the GPC column, even though they are less prominent than association 

phenomena. This is indicated by the consistent direction of disagreement between 

the two techniques shown in both Figure 13 and Figure 14. Interestingly, the 

magnitude of bias was approximately the same regardless of the type of lignin 

samples in the range of 300-400 Da. 
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Figure 14. Comparison of molecular weights of different lignin samples determined by pfg-diffusion 
NMR and GPC against polystyrene standards. Figure taken from Paper II. 

Our NMR experiments also revealed that serious errors can be introduced into 

the determination if the GPC and NMR solvents are different; moreover, this error 

depends heavily on the sample type. For instance, the molecular weight of Indulin 

AT determined by pfg-diffusion NMR was much higher than the one determined by 

GPC. This is assumed to be caused by extensive aggregation phenomena, also 

observed by neutron scattering experiments101. Aggregation is possibly further 

amplified by the fact that salts such as LiCl, commonly used in DMSO-based GPC, 

were not used in the NMR-experiments.  Rönnols et al., although not investigating 

the matter further, compared pfg-diffusion NMR in DMSO-d6 and GPC with THF 

observing differences in the determined molecular weights up to 1100 Da135. On the 

other hand, Montgomery et al. found a much better agreement between the two 

techniques. Similarly to what we have shown in Paper II, pfg-diffusion NMR 

estimated the molecular weight to be higher than GPC, nevertheless, the random 

errors of the determined molecular weights were quite large136. 
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4 Two-dimensional liquid 

chromatography 

4.1 Theory of two-dimensional chromatography 

Two-dimensional chromatography has developed as a natural response to the 

growing complexity of samples in analytical chemistry. That is to say, modern 

analytical questions target identification and sometimes even quantification of 

analytes in difficult matrices of various origins137–141. Due to their natural 

complexity, such samples are nearly impossible to sufficiently resolve by 

conventional one-dimensional methods, prompting the development towards the 

increase of separation power. This separation power is characterized by peak 

capacity, defined by Dolan et al. In gradient conditions, commonly used in 

chromatographic practice, this depends on the width of the peaks and the length of 

the separation window142. 

n = 1 +
tR−last−tR,first

waverage
≈ 1 +

tgradient

waverage
 (2) 

where n is peak capacity, tR is retention time and w is peak width at the baseline. 

The concept of two-dimensional chromatography, pursuing higher peak 

capacities originated from Giddings, who showed that the peak capacities of two 

orthogonal systems can simply be multiplied together to yield a system with higher 

separation power according to Equation 3143. 

n =total
1,2 n × n 

2
 

1  (3) 

Giddings assumes complete orthogonality of the coupled systems as well as the 

absence of remixing143. However, these requirements are rarely fully met in real-

world applications, calling for corrective factors, as expressed by Davis et al.144. 

Thus, based on Equation 4, the various subsystems in a two-dimensional LC system 

to be studied when developing a method can be identified. 

n =effective
1,2 n× n×fcoverage 

2
 

1

√1+3.35∗(
tmodulation

wb
)

 (4) 
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The pursuit for higher and higher peak capacities can be traced back to the 

statistical overlap theory, first described by Davis et al. Briefly, as chromatographic 

peaks do not populate the chromatogram according to an even distribution, not all 

observed peaks are chromatographically pure but contain multiple analytes; instead, 

Poisson statistics describe the relative amount of pure (singlet), doublet, triplet etc. 
peaks. The extent of peak overlapping was found to be dependent on the so-called 

peak saturation (Equation 5), which is the ratio of the number of analytes (m) in the 

sample and the peak capacity of the system. Eventually, more pure peaks are 

expected to be detected with low peak saturation, in other words, if the system has 

a much higher peak capacity than the number of components to be separated145. 

α =
m

neffective
1,2  (5) 

To realize such separation, there are multiple possibilities to hyphenate two liquid 

chromatographic systems. The simplest way to achieve this is probably coupling the 

two separations in an offline manner146–148. In addition to its straightforwardness, 

offline methods do not suffer from problems arising from the modulation interface 

typically associated with online coupling, since in this case the two separations 

operate entirely independently from each other. Nevertheless, automatization is a 

bottleneck in terms of throughput. On the other hand, online two-dimensional 

chromatography integrates the two systems more tightly. This introduces a complex 

network of interconnected system variables affecting the chromatography. At the 

same time, thanks to the growing number of tutorial works149–151 as well as the 

development and commercialization of the necessary interfaces152 and software the 

approach became more available and gained popularity to target complex 

samples48,138,140. Besides this classification, two-dimensional LC methods may be 

grouped based on the coverage of the first-dimensional separation, distinguishing 

comprehensive (LCLC) and single (LC-LC), selective (sLC-LC) or multiple heart-

cut (mLC-LC) methods150. 

4.2 Considerations around the design of an online 

comprehensive two-dimensional liquid 

chromatography system for the analysis of technical 

lignin samples 

The intrinsic complexity of lignin samples, as discussed earlier, makes these 

samples challenging to analyze. Therefore, chromatographic separation has a major 

role in chemical analysis of lignin. One-dimensional chromatographic methods, 

while proving particularly useful for a large number of applications, do not have the 
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resolving power necessary for comprehensive analysis. Studies targeting 

depolymerized lignin samples have shown the potential of comprehensive two-

dimensional chromatography, however, large lignin oligomers above tetramers have 

been out of the scope. 

4.2.1 Choice of chromatographic modes 

Naturally, the choice of chromatographic modes to be hyphenated dictates the 

effective peak capacity of the system, as shown by Equation 4. Since the main drive 

to develop a 2D method is to increase the peak capacity of the system, it is logical 

to select chromatographic modes that contribute to this by having a high resolving 

power per se. In light of this aspect, modes of high resolving power such as 

reversed-phase50,139,153–155, normal phase156–158 and SFC50,70,146,159 have been explored 

for various purposes, while ion-exchange154,160 and size exclusion 

chromatography161–165 are more restricted regarding the field of application with a 

focus on protein and polymer separations. 

Nevertheless, it is not merely the peak capacity on the unique dimensions, but the 

combination of chromatographic modes that gives the true power of two-

dimensional chromatography. To capitalize on this, the two modes should separate 

the sample components based on substantially different principles, in other words, 

orthogonality should be high. Unfortunately, a priori prediction models to estimate 

the orthogonality between two phases are currently lacking, thus this aspect of the 

development is usually addressed based on experience. As such, the calculation of 

orthogonality measures166,167 is based on the yielded chromatogram post hoc. 

Normal phase  reversed-phase168, reversed phase  SFC50,70 and size exclusion  

reversed-phase164 have been reported to exhibit good orthogonality. In particular for 

depolymerized lignin analysis, Sun et al.50 and Tammekivi et al.70 have published 

RP  SFC methods with high orthogonality of 0.7, while de Saegher et al., although 

orthogonality was not explicitly evaluated, used GPC  RP164,165. Considering the 

intention to study not only depolymerized but also technical lignins, a size-based 

separation was deemed a sound choice to be included in our investigations. Building 

on the successful offline application and the high expected orthogonality of the two 

modes, Paper III explored the online combination of gel permeation 

chromatography  SFC for the analysis of technical lignin samples. However, only 

a mediocre orthogonality of 0.57 was calculated by the convex hull method. While 

this was not expected based on first principles, both Prothmann et al.37 and Paper I 

have shown that polar stationary phases used in SFC are capable of separating 

lignophenolics according to the degree of oligomerization, which correlates with the 

hydrodynamic size, being the basis of separation in GPC. 

Lastly, it is worth considering if it is possible to extract useful information from 

the elution pattern in any of the modes which may aid classification, false positive 
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detection or further method development. An example of the latter is the separation 

by Montero et al., who recognized that the polarity-based separation in their first 

dimension can be exploited when choosing a chromatographic mode for the second 

dimension. That is to say, early-eluting (very polar) analytes were sent to a HILIC 

column in the second dimension while compounds eluting later were further 

analyzed on a C18 phase. This approach with the online stationary phase switch was 

termed multi-2D LC  LC169. An idea inspired by this was expanded in Paper IV, 

where not just the stationary phase but whole systems were switched during the run 

(Figure 15). This was realized by an alternative use of the commonly employed 2-

position/8-port 2D LC valve. In this work, an online GPC  SFC separation was 

initially developed. However, it was soon noticed that larger lignin oligomers do not 

elute from SFC due to insufficient solubility in the sCO2-based mobile phase. This 

prompted the inclusion of a third separation system, which is capable of keeping the 

large lignophenolics in solution and providing separation prior to detection. The 

resulting system featured SFC as the second dimension for the fractions with MW 

lower than 700 Da and reversed-phase chromatography for the higher molecular 

weight fractions. This solution expanded the orthogonality of the system to 0.72, 

comparable to published methods using SFC for lignin applications50,70. In addition 

to the gain of orthogonality, the concept of switching stationary phases or complete 

separation modes in the second dimension helps to overcome common limitations 

regarding the modulation and separation in the second dimension, e.g. solubility 

issues, inadequate retention in the second dimension and problems with peak 

shapes.  

 

Figure 15. Comprehensive online GPC  SFC/RPLC separation of an Indulin AT sample, showing the 
essence of the 2D switch concept. Chromatographic conditions: first dimension: gel permeation on 

Mesopore column (2502.1 mm, 3 m) with THF eluent (50 l/min flow rate, 40°C). second dimension 

A: SFC separation on DIOL column (1003 mm, 1.7 m, 130 Å), sCO2:MeOH gradient, 100 bar BPR, 

40°C, 1.7 mL/min flow rate; second dimension B: RPLC separation on C30 column (1004.6 mm, 3 

m, 300 Å), water:ACN gradient, 40°C, 1.3 mL/min flow rate. Injection volume: 5 L. Figure taken from 
Paper IV. 
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4.2.2 Influence of modulation on the speed of separations 

Comprehensive online coupling of liquid chromatographic systems is most easily 

realized by an 8- or 10-port valve called modulator, equipped with two loops. 

During the run, repeated back-and-forth valve switches ensure the complete transfer 

of the 1D eluent to the second dimension by filling one of the loops, while the other 

serves as an injector loop in the second dimension. The size of these loops 

introduces several limitations to the system through the volume of the collected 

fraction from the first dimension described by Equation 6, linking the modulation 

time and the volumetric flow rate of the first dimension together. Since the flow 

profile at typical 1D flow rates is parabolic170, the loop is usually filled up to 60-70% 

to avoid losses. 

Vloop ≥ Vfraction = F × tmodulation 
1  (6) 

Typical loop sizes vary between 20 and 80 l to avoid overloading the column in 

the second dimension. This leads to multiple consequences regarding both 

separation dimensions. First of all, to avoid losses Equation 6 must be upheld 

prompting a balance between the flow rate of the first-dimensional separation and 

the modulation time. With the former influencing the peak capacity of the first 

dimension directly by extending the gradient time, the latter puts a constraint on the 

second-dimensional separation time according to Equation 7, at the same time 

affecting the effective peak capacity of the system via the undersampling factor 

according to Equation 4. 

tmodulation = tgradient + tre−equilibration = tcycle 
2

 
2

 
2  (7) 

Equation 7 establishes a relationship between the modulation time and the 

maximal cycle time of the second-dimensional separation, requiring a fast gradient 

and re-equilibration. To achieve this, the column length in the second dimension 

must be relatively short. However, this decreases the kinetic efficiency of the 

separation via reducing the number of theoretical plates, furthermore, as Equation 2 

points out, fast gradients suffer from reduced peak capacity. Also, running such 

separations is demanding for the instrument due to high pressure drops over the 

column. With the introduction of UHPLC and UHPSFC instrumentation and 

improved stationary phase technology of particles with sub-2 m diameter or core-

shell structure, these hindrances have become less of a problem. 

Concluding from the above, typical comprehensive online two-dimensional 

separations with a loop interface employ slow, long separations in the first 

dimension collecting fractions of the first-dimensional effluent into alternating 

loops. Then, the collected fractions are continuously analyzed in the second 

dimension by a fast gradient149. This conventional approach was tested for the 

combination of gel permeation chromatography and supercritical fluid 
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chromatography for lignin samples in Paper III. A major limitation discovered was 

that since the peak capacity of GPC is inherently low, the majority of the separation 

power of the system originated from the SFC separation. However, being rendered 

extremely fast to counterweigh the dead volume of the system and to be able to be 

accommodated to an arbitrary 1-minute-long modulation time, supercritical fluid 

chromatography failed to deliver the necessary resolution to apply the method for 

complex lignin samples. This became especially apparent when it came to the 

separation of oligomers above dimers in a technical lignin sample (blob around 30-

34 minutes in the first dimension of Figure 16). 

 

Figure 16. Comprehensive two-dimensional GPC  SFC separation of an Indulin AT lignin sample with 
DEA trapping columns. Chromatographic conditions: first dimension: gel permeation on Mesopore 

column (2502.1 mm, 3 m) with THF eluent (15 l/min flow rate, 50°C). second dimension A: SFC 

separation on DIOL column (1003 mm, 1.7 m, 130 Å), sCO2:MeOH gradient, 130 bar BPR, 50°C, 

1.25 mL/min flow rate. Figure taken from Paper III. 

This limitation of the method pointed out the need to decouple the modulation 

time from the cycle time of the second dimension if GPC was to be kept as the first 

dimension. Most simply this can be carried out by operating the two 

chromatographic systems in an offline manner, such as in Paper I, where essentially 

an offline LC-LC method was applied to the complex lignin oil sample. The need 

for a two-dimensional separation is noticeable in Figure 17, showing that the offline 

GPC fractionation removed most of the interfering peaks between 4 and 6 minutes, 

while the SFC separation, not limited by the modulation time, efficiently separated 

the lignophenolics in the isolated fractions. 
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Figure 17. SFC/CAD chromatogram of the complete lignin oil (left), dimer fraction (right, black 
chromatogram), and monomer fraction (right, red chromatogram) after peak sharpening. N, M and D 
stand for not identified, monomer and dimer peaks, respectively. Figure reprinted from Paper I. 

The decoupling of the modulation time and the second-dimensional runtime was 

further investigated in Paper IV in an online configuration. For this, it was 

recognized that the GPC process, unlike other, enthalpy-driven separations, does 

not yield discrete peaks populating the elution window but produces one wide, 

poorly resolved zone. The width of this zone is dependent only the flow rate and has 

the magnitude of only a few minutes. With this, we scheduled a system which takes 

fractions and stores them in a peak-parking device. For this purpose, multiple heart-

cutting valves were employed, first and described by Pursch et al.171 (Figure 18). 

 

Figure 18. Tubing scheme of the multiple heart-cut modulation with an active solvent modulation valve 
in the center. A: Full modulation configuration; B: detailed tubing of a multiple-heart cut valve. Figures 
are properties of Agilent Technologies and adapted with their permission. 



51 

With this setup, eleven fractions were taken, covering the whole GPC separation, 

which were later sequentially analyzed in the second dimension. This approach 

features several advantages over the conventional loop-based modulations. First of 

all, Equation 7 does not have to be fulfilled anymore since the fractions are stored 

in a multiple heart-cut manner. The main consequence of this is that the SFC run in 

the second dimension can be extended for a longer time, allowing for a higher peak 

capacity. This also means that running a high-speed separation in the SFC 

dimension is not a must, making the method more instrument-friendly and robust in 

terms of operation conditions. Lastly, since the system dead volume does not have 

a significant role in this setup, a longer column with more theoretical plates can be 

employed to enhance kinetic efficiency. In addition to the above, since the number 

of fractions is fixed, modulation times can be shortened as long as Equation 8 is 

upheld. In other words, provided that the GPC elution zone is sufficiently narrow, 

high resolution sampling similar to heart-cut methods can be achieved, decreasing 

the effect of undersampling on the peak capacity of the system. 

telution zone = tmodulation × #loops (8) 

Compared to a study employing hydrophobic interaction chromatography  size 

exclusion chromatography171, our study yielded substantially higher resolving 

power thanks to the lowered modulation time and the higher peak capacity provided 

by the long second-dimensional run. Works with a similar approach but realized in 

an offline manner had comparable performance characteristics to our method in 

terms of resolving power, analysis time and peak capacity of the individual 

dimensions164,165. Although the offline RP  SFC separation by Tammekivi et al.70 

outperformed our method based on sheer numbers, it has to be noted that their focus 

was on depolymerized soda lignin and they did not detect any oligomers larger than 

tetramers. In comparison, thanks to the 2D system switch concept explained above, 

we could transfer high-MW lignin oligomers to the second dimension, which was 

not possible in earlier studies employing only SFC in the second dimension. As 

such, our method enables the analysis of large lignin oligomers in technical lignin 

samples in addition to the extended orthogonality. 

4.2.3 Influence of the modulation on the second-dimensional 

separation 

In the classical setup of modulation using two sample loops, the collected fraction 

acts as the injection plug to the second dimension. This means that the effluent of 

the first dimension must fulfill all the criteria that are expected from a sample 

diluent, viz. comparable polarity to the starting composition of the mobile phase 

gradient and sufficiently low volume to achieve an impulse-like introduction to the 

column. In real-life scenarios, none of the two criteria are easily met. Solvent 
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incompatibility, which may range from simple solvent strength mismatch to 

immiscibility is a commonly encountered problem172. This combined with the 

relatively large injection volume to the second dimension may seriously 

compromise the separation by causing peak shape distortion, retention loss and in 

extreme cases, complete breakthrough173. Several different solutions have been 

proposed to overcome this hindrance, including stationary-phase or trapping column 

assisted modulation50,174–177, thermal modulation178,179 and evaporation-based 

interfaces156,158. In addition, some approaches aim to dilute the solvent in the fraction 

to yield a similar composition to that of the second-dimensional gradient. The 

easiest way to perform this is by post-1D infusion of a weak solvent through a T-

splitter180,181. Lately, Stoll et al. have developed active solvent modulation, a valve-

based approach to dilute the fraction from the first dimension with the eluent of the 

second dimension152. Online coupling of THF-based GPC with SFC required careful 

consideration and choice of these solutions during our work. In Paper III, the 

classic dual loop interface was compared with stationary-phase assisted modulation. 

Using trapping columns resulted in enhanced detectability in comparison to the loop 

configuration as analyte zones were compressed in the trapping phase, as illustrated 

in Figure 19. Peak shapes were also improved, especially when the trapping system 

was operated in cocurrent mode. Similar findings were reported by Sun et al. who 

analyzed depolymerized lignin samples in a RP  SFC configuration using a 

phenylhexyl (PH) trapping phase; however, in our case this phase did not trap 

analytes due to THF being a strong eluent for PH. At the same time, the results of 

stationary phase screening in the same study proved highly useful when selecting 

trapping chemistry, leaving DEA and 2-PIC worthy of further testing for 

breakthrough. 
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Figure 19. Comparison of dual loop (A) and stationary-phase assisted modulations (B) for GPC  SFC 
separation of lignophenolics in a reductive catalytic fractionation birch oil sample. Chromatographic 
conditions: first dimension: THF-based GPC (PS-DVB column, 50°C); second dimension: SFC on DIOL 

column (503 mm, 1.7 m) with sCO2:MeOH gradient, 130 bar BPR, 50°C, 2.75 mL/min flow rate. 

Breakthrough studies aimed to find the maximum of the 1D effluent volume that 

can be passed through the trap without prematurely eluting analytes. Contrary to our 

expectations, a clear maximum of peak volumes was not observed when the 1D 

effluent volume increased. Instead, the peak volumes of the selected lignophenolics 

except for ferulic acid exhibited a decreasing trend, as shown in Figure 20. A 

possible explanation for this is that while the DEA phase retained lignophenolics 

quite strongly during the column screening experiments with sCO2-MeOH gradient. 

In this investigation THF acted as a stronger eluent, resulting in a significant loss of 

retention. Nevertheless, ferulic acid, being retained by ionic interactions with the 

amino group was efficiently trapped. Another phenomenon contributing to the loss 

of trapping capacity is the overloading of the phase, caused by the fact that all 

monomers elute in the same fraction from the GPC. 
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Figure 20. Evaluation of the trapping capacity of the DEA phase for selected lignin monomeric 
compounds. Chromatographic conditions: first dimension: gel permeation on Mesopore column 

(2502.1 mm, 3 m) with THF eluent (50°C). second dimension A: SFC separation on DIOL column 

(1003 mm, 1.7 m, 130 Å), sCO2:MeOH gradient, 100 bar BPR, 50°C, 1.25 mL/min flow rate. Figure 

taken from Paper III. 

The disappointing result of the breakthrough studies indicated that the modulation 

between THF-based GPC and SFC requires weakening of the 1D effluent. During 

the work discussed in Paper IV, post-1D infusion of heptane was tested to improve 

fraction transfer from loops to the SFC dimension, resulting in improved peak 

shapes and retention. This approach has not yet been reported in two-dimensional 

systems featuring SFC as the second dimension but has been used with LC  LC 

setups169. On the other hand, including a make-up flow restricted the 1D flow rate 

further so as not to overfill the loop (Equation 6) and put an additional constraint on 

the make-up pump to deliver a flow of 5 L/min heptane. Regrettably, although a 

proof of concept was shown in Figure 21, such a low flow rate could not be pumped 

consistently leading to reproducibility issues and loss of analytes. 
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Figure 21. Comprehensive online GPC  SFC separation of an Indulin AT lignin sample without (A) 
and with (B) post-1D heptane infusion. Traces with the same color in A and B represent the same 

fractions from GPC. Chromatographic conditions: first dimension: GPC on Mesopore column (2502.1 

mm, 3 m) with THF eluent (35 l/min flow rate, 50°C). second dimension A: SFC separation on DIOL 

column (1003 mm, 1.7 m, 130 Å), sCO2:MeOH gradient, 100 bar BPR, 50°C, 1.25 mL/min flow rate. 

 

Figure 22. Effect of active solvent modulation (ASM) on isolated SFC slices in two-dimensional GPC  
SFC. Chromatogram A was recorded without ASM, while chromatogram B used an ASM capillary with 
the length of 170 mm and a 30 seconds long ASM phase. Traces with the same color in A and B 
represent the same fractions from GPC. Chromatographic conditions: first dimension: GPC on 

Mesopore column (2502.1 mm, 3 m) with THF eluent (50 l/min flow rate, 40°C). second dimension: 

SFC separation on DIOL column (1003 mm, 1.7 m, 130 Å), sCO2:MeOH gradient, 100 bar BPR, 

40°C, 1.7 mL/min flow rate; second dimension. Injection volume: 5 L. Figure taken from Paper IV. 
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To make the method more robust, active solvent modulation as described by Stoll 

et al.152 was successfully applied (Figure 22). For the optimization of this 

modulation, the length of the ASM period and the capillary lengths were considered. 

However, neither of these factors appeared to have a major influence on the second-

dimensional separations. In the LC dimension, this was especially surprising since 

several studies have been conducted on the effects of the modulation 

parameters182,183. A possible explanation for this is the relatively low resolution of 

the high-MW oligomers in the RPLC dimension which makes the ASM effect is 

less noticeable. Similarly, no change was observed in the SFC dimension upon 

varying the ASM parameters. This, seemingly contradicting the Hagen-Poiseuille 

law called for forming a hypothesis about the dilution process. Briefly, it is assumed 

that instead of the dilution factor, it is the splitting itself in the ASM valve that is 

important since it provides a mixing chamber where the sCO2-based mobile phase 

is allowed to vigorously mix with the fraction to be injected. Nevertheless, this is 

yet to be investigated further and confirmed by more rigorous experimentation. 
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5 Concluding remarks 

This thesis work, while aimed to address particular challenges regarding the 

analysis of lignophenolic compounds in technical lignin samples, was also intended 

to yield additional knowledge on the techniques applicable in other fields as well. 

The major focus was on method development work and systematic evaluation of 

molecular-level interactions and processes in the studied systems. The developed 

methods were applied to address current challenges in the lignin field, ranging from 

quantitative analysis to multidimensional separations. 

The studies involving supercritical fluid chromatography of lignophenolics 

focused on exploiting the superior kinetic efficiency and rapid separation speed of 

the technique. An SFC separation, combined with a universal charged aerosol 

detection was specifically useful for quantifying lignin dimers in a complex lignin 

oil sample. This is a challenge that otherwise would require long gas 

chromatographic separations after derivatization. The investigation of the 

uniformity of the detector signal yielded results allowing for the proposal of a 

single-standard quantification strategy, which directly addressed the problem of 

scarcely available reference standards for lignin dimers. A main limitation of the 

method was the selectivity of the SFC method, which proved to be insufficient for 

such a complex sample. Other one-dimensional chromatographic methods address 

this by enhancing the selectivity by sample cleanup or selective detectors, but our 

study inherently excluded these options from the aims. This urged us to combine 

other separation techniques. Using SFC in a two-dimensional setup combined with 

gel permeation chromatography was successfully investigated in both offline and 

online configurations. The offline coupling, featuring a single heart-cut fraction 

from the GPC transferred to SFC, yielded a chromatogram with much less 

interference and purer analyte peaks arriving to the CAD, thus contributing to the 

accuracy of the quantification. From the studies performed in an online fashion, 

valuable insights into the retention properties of lignophenolics were obtained. Most 

importantly, it was found that the commonly used polar SFC stationary phases do 

not exhibit significantly different selectivity from each other and the relative 

retention is more dependent on the properties of the analytes. For instance, 

lignophenolics with polar functionalities are typically strongly retained on the 

investigated stationary phases. Nevertheless, the differences in stationary phase 

chemistry can be further exploited to alter the absolute retention of phenolics and 

thus improve the resolution. 
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Gel permeation chromatography was used throughout the work for size-based 

separations, however, the trueness of the determined molecular weight had to be 

critically evaluated. This was carried out by using a complementary, multi-

technique approach and allowed us to uncover the error of molecular weight 

determination not just for complete lignin samples but also for distinct, narrow-MW 

fractions of kraft lignin. A quantitative model developed for monomers and 

functional-group-based analysis revealed the significance of hydrogen bonds in 

aggregation, associated with a positive bias. On the other hand, indirect evidence 

from pfg-diffusion NMR experiments suggested that reversed-phase-type 

interactions between analytes and the column packing also occur. At the same time, 

the positive bias which was observed for monomers gradually decreased towards 

the higher molecular weight fractions, suggesting that for non-depolymerized 

technical lignins linear polystyrene calibration yields a reliable molecular weight 

determination. For monomer fractions of depolymerized lignins however, the error 

may be unacceptably high. An important, albeit unexpected discovery was made on 

the stability of lignin solutions, suggesting that repolymerization processes take 

place in the course of a few weeks. 

To benefit from the increased separation power, the coupling of gel permeation 

and supercritical fluid chromatography in two-dimensional systems was explored. 

Not reported before, one study focused on a more conventional approach with short 

modulation and simple instrumentation, to evaluate whether the combination offers 

benefits compared to the more commonly employed methods based on reversed-

phase liquid chromatography. Here, multiple pitfalls were identified, including the 

low contribution of peak capacity from the GPC system, insufficient time for the 

development of the SFC chromatogram and inadequate transfer of particular 

fractions to the second dimension. A valve-based approach was used to address 

these and other arising challenges. First of all, using peak-parking devices allowed 

for the decoupling of the modulation time from the 2D cycle time, permitting longer 

gradients to run, which provided better resolving power in the SFC dimension. 

Furthermore, using the cutting-edge ASM technology, the detrimental effect of 

large volumes of 1D eluent were largely resolved, further contributing to the 

improvements in the 2D run. Lastly, to tackle the transfer of large lignin oligomers 

to the second dimension, the commercial 2DLC valve was configured to switch 

from sCO2-based SFC to water-ACN-based reversed-phase LC. This was crucial to 

achieve full comprehensiveness, since the mentioned lignin oligomers were not 

transferred to the column by the SFC solvent due to limited solubility. With this 

build, we addressed not only the challenges in the lignin field, but also obstacles 

that have been identified in other research areas. The assembled system was coupled 

to high resolution mass spectrometry, forming an advanced analysis platform for 

the comprehensive qualitative analysis of technical lignin samples. 
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5.1 Future research aspects 

While four years is a sufficiently long time to conduct good research and discover 

scientific novelties, it is inevitable that some of the research questions framed in the 

project proposal remain unexplored. In addition, new ideas originate during the 

research itself, thus fueling future endeavors. 

Although Paper I explored how charged aerosol detection can be utilized to 

quantify lignin dimers with only a single standard, multiple questions stayed open 

in that study. First of all, the number of investigated dimers was limited, meaning 

that extrapolating our results too far may result in serious errors. For this reason, the 

proposed single-standard strategy should be re-evaluated by including more model 

compounds with more consistent purity and preferably extending the investigation 

to trimers and tetramers, which have never been addressed in quantification studies. 

Furthermore, the influence of chromatographic variables such as flow rates, solvent 

types and additives on the CAD signal was not appropriately addressed and requires 

to be uncovered in a separate study. 

The complementary multi-technique approach in Paper II enabled the 

exploration of the processes occurring during a GPC separation in the column from 

various angles, thus giving a more complete picture. However, the study faced 

several limitations due to the low concentration of the isolated fractions. Additional 

mass spectrometry experiments could target this shortcoming. Furthermore, more 

concentrated fractions can be analyzed by pfg-diffusion NMR, thus providing an 

opportunity to compare the three techniques directly. Additionally, the stability of 

lignin solutions as an overlooked condition requires a more controlled and extensive 

study. Another, more explorative study could evaluate size-based separations in 

pressurized environments with sCO2 as an eluent component. This requires careful 

consideration of the employed packing material from a pressure-tolerance viewpoint 

as well as studies regarding the solubility of lignin in such solvents. 

Our online two-dimensional studies have shown that while the combination of 

GPC and SFC is practically feasible, it cannot compete with more powerful 

methods. Nevertheless, the difficulties faced during the development in Paper III 

gave rise to the creative and innovative use of valves, addressing limitations that 

were also recognized in the literature. Building on this, further efforts into the 

exploration of the switch concept can focus on including more selective modes such 

as reversed-phase LC in the first dimension. Fraction transfer, being one of the main 

limitations of the developed method in Paper IV, deserves further attention 

centering around refocusing the analytes in a trapping phase, either in a chip 

configuration or in a more conventional way. 
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