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Abstract 
Lignin is an aromatic macromolecule present in wood and also a by-product in the 
process of making paper. For a long time, this by-product has been of no interest 
except for combustion in the recovery boilers for production of energy. Nowadays, 
however, there is a great interest of finding an alternative use of lignin, not the least 
the type obtained from the paper industry black liquor with the process called 
LignoBoost. Although there is some interesting research concerning the salvaging of 
lignin, for example as a source for new materials, the chemical constitution and 
properties are still not fully investigated.  
 
The purpose of this work was therefore to develop a method for a better 
determination of the molecular mass distribution (MMD) of both hardwood and 
softwood kraft lignins from the biorefinery. The method of choice is a combination of 
size-exclusion-chromatography (SEC), where the lignin is fractionated, followed by an 
analysis of the fractions on a matrix-assisted laser desorption ionization time-of-
flight mass spectroscopy instrument (MALDI-TOF-MS). Furthermore, the chemical 
composition of high and low molecular fractions of LignoBoost lignin was 
determined with pyrolysis gas chromatography mass spectrometry (Py-GC/MS).  
 
It was shown that the MMD determination method of lignin used until now is 
sometimes insufficient. Therefore, two separate calibration methods were 
developed for softwood and hardwood kraft lignins. Included in the method 
development was also an investigation of the necessity of acetylation when 
analyzing lignin on SEC using tetrahydrofuran (THF) as the mobile phase. It was found 
that for softwood lignin from the LignoBoost process, this procedure is necessary 
while the corresponding hardwood lignin does not require an acetylation.  
 
The chemical composition, determined with Py-GC/MS, of hardwood and softwood 
lignin did not present any significant differences between the structures of high and 
low molecular lignin. However, differences were found concerning extractives 
content in lignin preparations from softwood.  
 
This thesis was performed at Innventia AB.  
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Abbreviations 
cv  - Coefficient of variation 
DHB  - 2,5-dihydroxybenzoic acid 
DMSO  - Dimethyl sulfoxide 
Eu  - Eucalyptus lignin 
GC  - Gas chromatography 
hm  - High molecular weight 
HW  - Hardwood lignin 
HW-Ac  - Acetylated hardwood lignin 
HWP   - Hardwood permeate lignin 
HWP-Ac  - Acetylated hardwood permeate lignin 
K  - Mark-Houwink constant  
l  - Length of the tube  
LALLS  - Low Angle Laser Scattering 
lm  - Low molecular weight 
m  - Molecular mass 
M  - Viscosity average molecular weight 
MALDI-TOF-MS  - Matrix-Assisted-Laser-Desorption-Ionization  

Time-of-Flight Mass Spectroscopy 
MMD  - Molecular mass distribution 
Mn  - Number-average molecular mass 
mv  - Mean value 
MP  - Peak-molecular weight 
Mw  - Weight-average molecular mass 
Mw/Mn  - polydispersity index  
m/z  - mass-to-charge ratio 
Py-GC/MS  - Pyrolys-Gas Chromatography-Mass  
   Spectroscopy 
RI  - Refractive Index detector 
RT  - Retention Time 
SEC  - Size-Exclusion-Chromatography 
Std. dev.  - Standard deviation  
THF  - Tetrahydrofuran 
TMAH  - Tetra methyl-ammonium hydroxide 
U  - Acceleration voltage 
VISC  - Viscosity detectors 
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Introduction 

Background 

Lignin is the second most common organic substance on earth and it is also one of 
the most important by-products of the paper industry [1]. Until recently, this by-
product has been combusted and the energy has been used for the pulp and paper 
production. Now, however, it has been found that lignin has a breadth of useful 
capabilities. In a biorefinery process called LignoBoost, lignin is separated from the 
paper industries’ spent liquor. The molecular mass distribution (MMD) has a great 
impact on the physical and chemical properties of lignin [2, 3, 4]. Therefore it is 
important to be able to determine the MMD for lignin.  
 
The common method for determining the MMD for lignin has been using size-
exclusion-chromatography (SEC) calibrated with polystyrene standards. However, 
these results are not absolute [5], since polystyrene and lignin have different three- 
dimensional structures. For that reason, other methods have been developed where 
SEC has been calibrated with different analyzing instruments such as multi angle 
laser light scattering (MALLS) or matrix-assisted-laser-desorption-ionization time-of-
flight mass spectroscopy (MALDI-TOF-MS) [6, 7]. Nevertheless, these methods have 
not been studied for the LignoBoost lignin. 

Project delimitations 

The project will focus on developing a method for the determination of the MMD of 
lignin with the methods SEC, MALDI-TOF-MS and Py-GC-MS. The lignin examined 
during this study is LignoBoost kraft lignin, i.e. lignin derived from the delignification 
process called kraft pulping, and extracted with the LignoBoost process [8]. Lignin 
preparation obtained from the LignoBoost process contains not only lignin but also 
amounts of wood extractives, carbohydrates, ash, salts, etc.  

Aim   

The purpose with this thesis is to: 

 Investigate the usefulness of an existing method for determining MMD of 
LignoBoost kraft lignin. 

 Determine the MMD for LignoBoost kraft lignin. 

 Investigate the necessity of acetylation for different LigniBoost kraft lignins 
when analyzing on SEC, using tetrahydrofuran (THF) as the mobile phase. 

 Determine the chemical composition in terms of lignin structural elements 
and extractives for different LignoBoost kraft lignins. 

 Validate the developed method. 
 

Experimental design 

The new method to be developed is based on a combination of SEC, MALDI-TOF-MS 
and pyrolysis gas chromatography mass spectrometry (Py-GC/MS). Lignin 
preparations will be fractionated on SEC and thereafter analyzed on MALDI-TOF-MS 
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to determine the peak molecular weight (MP) for each fraction. Out of these results, 
calibration equations will be set for the different lignins. The fractions will also be 
analyzed on Py-GC/MS to identify the chemical composition of the lignins. With this 
technique, differences in terms of structures and extractives will be determined for 
high and low molecular fractions of lignin. 

Pulping 

Wood consists mainly of three components which are cellulose, hemicellulose and 
lignin. In the process of making paper, cellulose and hemicellulose are retained while 
lignin is removed in a process called pulping.  This process liberates the fibres from 
the wood matrix and also decreases the amount of bleaching chemicals needed for a 
brighter paper [9]. The pulping process may be done either mechanically or 
chemically. For chemical pulping there is one dominating cooking process, kraft 
pulping. The kraft pulping process involves high temperature, sodium hydroxide and 
sodium sulphide. 
 

Lignin 

Lignin is a part of all vascular, land living plants that consist of ether and carbon-
linked methoxyphenols. It has several important functions in plants such as giving 
stiffness to cell walls, gluing different cells together in wood, making the cell wall 
hydrophobic which is a prerequisite for water- and nutrition transport and 
protecting against microbial degradation of wood [10]. Although it is such a 
widespread substance, lignin has not yet been structurally described in detail. The 
problem is mainly the difficulty of isolating lignin from other components in wood, 
without damaging the structure of it. The composition of lignin is, however, 
confirmed and it is found that it has three kinds of cinnamyl alcohols as building 
units. These three are: p-hydroxycinnamyl alcohol, coniferyl alcohol and sinapyl 
alcohol (Figure 1). Out of these originators a classification of lignin polymers can be 
done:  

 Grass lignin, consists mainly of p-hydroxycinnamyl alcohol derivates, but also 
of smaller amounts coniferyl alcohol and sinapyl alcohol 

 Guaiacyl lignin is a polymer of coniferyl alcohol. It is found in softwood.   

 Syringyl-guaiacyl lignin consists of coniferyl alcohol derivates and sinapyl 
alcohol derivates. It is the characteristic for hardwood. 

 

 
 

Figure 1. The three components in lignin, [1]. 
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It is not enough to describe lignin as a combination of subunits and therefore several 
models has been suggested. One of these models is presented in Figure 2. 
 

 
Figure 2. Freudenberg and Neish’s model of the lignin molecule, [1]. 

 

The LignoBoost process 

Lignin is removed from pulpwood, during kraft pulping. This procedure yields a black 
spent liquor rich in lignin and containing hemicelluloses and other extractive 
substances from the wood and pulping chemicals. This slurry mixture is called the 
pulping black liquor. The traditional way of managing this black liquor has been to 
burn it and use the energy for the pulp and paper production. However, increased 
productivity can result in a higher amount of lignin than the recovery boiler is able to 
burn. Therefore, the capacity of the pulp mill would increase if the amount of lignin 
was decreased in the black liquor. Other existing benefits of separating and isolating 
lignin are to use it as biofuels or raw material for the production of chemicals or 
materials.  
 
The LignoBoost process is one way of isolating the kraft lignin from the pulping black 
liquor [11]. The LignoBoost process is based on a precipitation of lignin by 
acidification with CO2. The marked box in Figure 3 shows the characteristics of the 
process. Instead of having the washing step directly after the dewatering step, as in 
conventional lignin precipitation processes, there is a collecting slurry tank before so 
that the filter cake, resulting after the precipitation, is dissolved one more time. This 
process prevents problems with plugging and uneven washing together with large 
yield losses. 
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Figure 3. The new method for washing lignin with the steps, characteristic to the 

LignoBoost process, marked within the box, [11]. 
 

Ultra filtration 

Ultra filtration is a procedure that may be used to separate lignin from other large 
particles such as carbohydrates. Before letting the black liquor enter the LignoBoost 
process it is first mechanically filtered by a ceramic membrane [12]. The cut off 
values of the membrane decides the size of the particles passing through. High 
temperature is necessary for the ultra filtration process and the minimum sample 
amount passing through the membrane is 30-40 l. The obtained lignin after an ultra 
filtration process has a lower MMD and is called permeate lignin, and a 
corresponding fraction having higher MMD, is called retentate lignin. The retentate 
is returned to the black liquor while the permeate is taken out of the ultra filtration 
process (Figure 4). 
 

 
Figure 4. The ultra filtration process, [13]. 

Molecular mass determination  

A fundamental step for a progressive development in all of the biorefinery processes 
is the need of accurate analysing methods, for example of the molecular mass. These 
will contribute to the understanding and development of the biorefinery processes.  
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Size-exclusion chromatography (SEC) 

SEC is an analytical procedure where molecules are separated according to their size 
[14]. It is normally a liquid chromatographic technique including a column filled with 
porous packing in which a sample is introduced together with a solvent. It is usually 
utilized in combination with a refractive index detector (RI) and an ultraviolet 
detector. The separation that occurs in SEC depends on the volume of the pores in 
the column. While the larger molecules easily pass through the column, the smaller 
ones enter the pores and are thus delayed in their progress down the column. 
Therefore, separations of the sizes of the molecules arise, where the larger 
molecules will have shorter retention times than the smaller ones.  
 
Calibration is necessary when using SEC and the narrow standards usually used for 
lignin analysis are polystyrene standards. Since the relationship between molecular 
weight and hydrodynamic volume is known for linear polystyrene, it is possible to 
approximate the molecular weight distribution from the SEC data. Linear polystyrene 
standards are usually used in combination with tetrahydrofuran (THF) as the mobile 
phase. The calibration with polystyrene standards gives an approximation of the 
MMD of the lignin fragments. The number average molecular mass (Mn) and weight 
average molecular mass (Mw), respectively, are defined by 
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where ni is the number of molecules and Mi the molecular mass of the ith retention 
volume. The polydispersity index (Mw/Mn) is a measure of the spread of the MMD. 
 
Lignin is sometimes poorly dissolved in THF and, for that reason, it can be difficult to 
analyze by SEC. Therefore, a modification of the lignin molecule is sometimes 
required to increase its solubility in the solvent. A common way to modify lignin is by 
acetylation which uses acetic anhydride to convert hydroxyl groups into acetyl 
groups (Figure 5).   
 

 
Figure 5. Acetylation of lignin. 
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SEC is however not a complication free method. For example, the calibration using 
linear polystyrene is questioned when estimating the molecular weight for lignin. 
Since lignin is a macromolecule it is not certain that linear polystyrene has similar 
elution behaviour. To improve the estimation, SEC can be combined with other 
methods. 
 
 

Molecular weight-sensitive detectors 

 

Viscosity detectors (VISC) 

Viscosity detectors (VISC) measure the pressure drop in a capillary to estimate 
specific viscosity of the solution [14]. For each linear polymer, there is a Mark-
Houwink equation relating molecular weight to intrinsic viscosity in the form: 
 
  [η]= KMα                                                                
 
Where [η] is the intrinsic volume, K and α is Mark-Houwink constants, M is the 
viscosity average molecular weight. 
 
This method is, however, not without problems. To be able to determine the 
molecular weight, it is necessary to know the specific Mark-Houwink constants. Such 
information can be hard to find if the polymer is newly synthesized or as in the case 
for lignin, not a linear polymer. 
 

Multi- or Low-angle laser light scattering (MALLS/LALLS) 

Multi- and Low-angle laser light scattering (MALLS/LALLS) are mostly used in 
combination with both SEC and RI detector (SEC-MALLS and SEC-LALLS) for analyzing 
polymers [5,14]. The information received is molar mass and the root-mean-square 
radii. For lignin, MALLS and LALLS are not ideal analysis methods since lignin is UV-
absorbing and fluorescent [7]. 

 

Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy  

A method which made it possible to determine absolute molecular mass is matrix-
assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-
MS) [15, 16]. Following components are important for this method: a matrix 
composite based on aromatic acids which crystallize when the sample is added and 
the solvent is evaporated, nitrogen laser with, normally, an emission wavelength of 
337 nm and a TOF mass spectrometer. The principle is that the matrix will absorb the 
light energy and transmit it to the analyte. This will result in ionization and 
desorption of the analyte and depending on what kind of polymer and matrix that is 
used; the polymer will be a cation or anion. Thereafter, the ions will pass through a 
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flight tube with no electric field until they reach a detector in the end of the 
chamber. A flight time of each ion will be measured which can be related to a mass-
to-charge ratio (m/z) according to following equation:  
 

m/z=2U(t/l)2                                    
 

where m is molecular mass, z is charge of the ion , t is the flight time, l is the length 
of the tube and U is the acceleration voltage [17]. Since the polymers normally only 
receive one single charge, the time they will spend passing the chamber will depend 
on their mass. The ions with the smallest mass will therefore reach the detector first.  
 
MALDI-TOF-MS, compared to SEC, measures the absolute molecular weight, and is 
for that reason a more accurate measuring method. Another positive aspect of 
MALDI-TOF-MS is the simplicity of handling the machine; it is easy to prepare the 
sample, results are obtained quickly and no fragmentation of the molecules occurs 
[7, 15, 18, 19].  
 
Studies, have on the other hand shown differences between SEC-spectra calibrated 
with polystyrene and MALDI-TOF-MS spectra when analysing a lignin, Indulin AT, 
sample. The reason is that for polydisperse samples, MALDI-TOF-MS suppresses 
signals from the high mass region. Therefore it is proposed that MALDI-TOF-MS is 
used in combination with SEC, so that a narrow polymer distribution can be achieved 
before MALDI-TOF-MS is used [7].   

 

Pyrolysis gas chromatography mass spectrometry (Py-GC/MS) 

In addition to molecular mass characterization, it would be of interest to gain 
information about the chemical structures present in the LignoBoost lignin. A 
possible analytical technique is Py-GC/MS. GC is a method where gaseous 
components elute at different times depending on their affinity to the stationary 
phase in the walls of the column. However, since organic materials such as lignin are 
too large to be volatile at 300˚C, the need of pyrolysis becomes significant [20]. 
Pyrolysis decomposes large molecules into small fragments when the temperature is 
increased to 500-700˚C [21, 22]. These fragments can be separated and detected in 
GC and identified by mass spectrometry. The advantages of Py-GC/MS is that it 
requires small sample amounts, it is applicable for solid samples and it is a fast 
method with high reproducibility for structural analysis of lignins [23]. 
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Material and Methods 
 

Chemicals and Samples 

THF LiChrosolv 
Pyridine 
Acetic Anhydride 
Methanol 
Toluene 
2,5-dihydroxybenzoic acid (DHB) 
Tetra methyl-ammonium hydroxide (TMAH) 
Dimethyl sulfoxide (DMSO), dried. 
Acetone 
Ethanol, 95 % 
All chemicals were p.a grade and used as received from Merck. 
 
The lignin samples were kind gifts from Fredrik Öhman and Lars-Erik Åkerlund at 
Innventia AB.  

Acetylation 

An amount of 50 mg lignin (Mönsterås hardwood kraft lignin, Bäckhammar softwood 
kraft lignin) was dissolved in 2 ml pyridine and 2 ml acetic anhydride was added. This 
mixture was left to react over night at 25°C, before it was put on ice and mixed with 
2 ml methanol. Two hours later the process of evaporation was started. The 
evaporation was performed at 60°C and consisted of 6 rounds. At each round, 5 ml 
toluene was added. When the sample was completely dried, acetone was added and 
the sample was transferred to a vial where it was dried under nitrogen gas flow.    
 

SEC 

SEC was used to separate the lignins into low-polydisperse fractions. A Waters SEC 
system with a Waters 410 RI detector, a Waters 625 HPLC pump and three columns 
(Styragel HR1, HR2 and Ultrastyragel 104 Å, Waters assoc. USA) were used in series. 
Calculations were made with the software Cirrus version 3.1 from Polymer 
Laboratories. The mobile phase was THF with a flow of 0.8 ml/min and the 
temperature of about 25°C. The lignin was dissolved in THF to a final concentration 
of 10 mg/ml. DMSO was added to the sample as a flow marker for the SEC system. 
The sample solutions were filtrated in order to remove all insoluble material using 
hydrophobic PTFE syringe filters from Advantec with a pore size of 0.20 µm. 
Thereafter, a sample amount of 100 µl was injected into the SEC column system. The 
lignins were collected from the outlet of the RI detector in 0.15 ml fractions, during a 
period of 10 minutes and 2 fractions/minute.   
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Before analysing the fractions of lignin by MALDI-TOF-MS, the fractions were first 
evaporated to dryness and then redissolved in 50 µl THF obtaining a concentration of 
0.1-0.19 mg/ml. 
 

MALDI-TOF-MS 

MALDI-TOF-MS analysis were performed using a Micro-flex LT system (Bruker 
Daltonik, Bremen, Germany) with a nitrogen (337 nm) laser beam. Around 600-800 
single pulse raw spectra were averaged and transformed into a spectrum. Evaluation 
of the analysis was made with Bruker Daltonik Flex series software package, 2008.  
 
The matrix consisted of 10 mg DHB dissolved in 1 ml THF. It was required to prepare 
the matrix on a daily basis since DHB is easily oxidized. The sample and matrix 
solutions were mixed in different ratios to find the optimal amounts. About 0.5 µl of 
the mixture sample + matrix solution was pipetted onto the sample probe. When the 
THF was evaporated, a thin layer of matrix crystals aroused with the sample 
embedded. 
 
The impact of the plasticizers, possibly released from the plastic fraction collection 
vials, on the MALDI-TOF-MS spectra was also investigated. Since plasticizers are low 
molecular weight molecules, there are reasons to consider them adding peaks in the 
low molecular weight area of the MALDI-TOF-MS spectra. This area is of interest 
when analysing lignin and for that reason it was motivated to eliminate the 
plasticizers from the sample. This study was performed utilizing only glass 
equipment when collecting fractions in SEC and a syringe when applying the solution 
on the sample probe.  
 
 
 

Py-GC/MS                                                    

Equipment 

The pyrolysis was performed using a filament pulse pyrolyser (PYROLA 2000, Pyrol 
AB, Lund, Sweden). The GC-MS system consisted of a gas chromatograph and a mass 
spectrometer (Quattro micro GC/MS/MS from Waters Corporation, USA). The 
capillary column used was a DB5-MS, 30 m * 0.25 mm i.d. (J&W Scientific). The 
temperature programme started with a period of 2 minutes at 50°C, increasing with 
22°C/min until it reached 325°C where it was kept for a period of 5 minutes. The 
mass spectrometer was operated in electron impact mode (+EI) using an ionization 
potential of 70eV. 
 

Procedure 

The samples were pyrolysed by isothermal pyrolysis at a constant temperature of 
about 600°C. Before analysing a fractionated sample of lignin, it was first evaporated 
to dryness and then redissolved in 10 µl THF. The total amount of this solution was 
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placed on a piece of platinum foil attached to the probe, which was heated through 
resistive heating to the pre-set temperature. The reagent used was TMAH, which is a 
polar compound that derivatize acids and alcohols. The methylation yields volatile 
and more stable methyl esters that can be reliably identified [23,24,25,26]. 
Approximately 0.5 µl of TMAH was applied onto the probe containing lignin and the 
sample was dried by hot air for at least 30 seconds before being introduced into the 
pyrolysis chamber and pyrolyzed.  

Dry content determination 

To be able to determine the dry content of lignin, a moisture analyser (Sartorius 
MA40) was used at a temperature of 105°C during 30 seconds or until the weight 
was stabilized.  
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Results and Discussion 

MALDI-TOF-MS method investigation 

 
For the determination of the optimal ratio of matrix solution and sample, a series of 
different combinations were tested on MALDI-TOF-MS (Figure 6). The settings used 
in the experiment in Figure 6 a) and b) gave the best spectra with a distinct lignin 
peak distribution. Thus the optimal ratio of matrix solution and sample was found to 
be 1:2.3. 
 

 
Figure 6. Different ratios of matrix solution and sample tested on MALDI-TOF-MS.  a) 

1:3, b) 1:1.5, c) 1:1. 
 

Furthermore, the impact of plasticizers was investigated to see how they influence 
the MALDI-TOF-MS spectra (Figure 7). The intention with this study was to obtain 
MALDI-TOF-MS spectra with less noisy peaks in order to increase the possibility to 
detect low molecular weight lignin. Since the plasticizers may add peaks in the low 
molecular weight area, it was of interest to eliminate them from the spectra. This 
could be obtained by using glass equipment instead of plastic equipment. 
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Figure 7. Green graph shows MALDI-TOF-MS spectra without plasticizer and dark 

blue with plasticizer. 
 

From the MALDI-TOF-MS spectra received, it was found that even though the peaks 
of plasticizers were eliminated, it did not help to improve the detection of lignin in 
the low molecular weight area. 
 

Method development 

 

SEC/MALDI-TOF-MS calibration 

The method to be developed, is a combination of a fractionation on SEC, followed by 
MALDI-TOF-MS analysis of the fractions. For the fractions of interest, an MP value is 
determined with the MALDI-TOF-MS instrument (Figure 8).  Since each fraction has a 
certain elution time on SEC, this combination of SEC/MALDI-TOF-MS will give a 
relationship between retention time (RT) and MP value [Figure 9]. 
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Figure 8. MALDI-TOF-MS spectra showing the intensity vs. m/z value for the different 
SEC-fractions of one lignin sample. Each peak represents the MP value of the fractions 

4,6,8,10,12 and 14. 
 

 
Figure 9. MP values analysed by MALDI-TOF-MS vs. collection time of the SEC 

fractions.    
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Polystyrene standard investigation   

The first step of this study, was to examine the relevance of the MALDI-TOF-MS 
instrument to determine average molar masses for lignins. Thus, fractionated 
hardwood and softwood lignins were analysed on MALDI-TOF-MS and compared to 
four polystyrene standards with the nominal MP values 32500, 10200, 3100 and 580 
analysed on SEC. Since the lignins and the polymers were analysed on SEC, the RT 
values were given and in combination with the MP values received from the MALDI-
TOF-MS analysis, a comparing diagram could be made (Figure 10). From this study, it 
was found that the calibration lines deviate in the higher and lower mass regions. 
Thus, the polystyrene standard is not a satisfactory calibration method for neither 
hardwood nor softwood lignin.  
 

2,5

3

3,5

4

4,5

5

22,00 24,00 26,00 28,00 30,00 32,00 34,00 36,00

RT (mins)

lo
g

 M
p HW

SW

PS

 
Figure 10. Comparison between polystyrene standards, HW and SW. MP values 

analysed by MALDI-TOF-MS vs. collection time of the SEC fractions.    
 
 

Acetylation 

As mentioned earlier, some lignins may be poorly dissolved in THF. In order to 
increase the solubility, it is therefore proposed to acetylate the lignin. In this part, 
the necessity of acetylation was investigated for hardwood and softwood lignin, both 
ultra filtrated and not ultra filtrated.  
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Hardwood lignin 

As a first examination, hardwood lignin (HW) and acetylated hardwood lignin (HW-
Ac) were analyzed by SEC (Figure 11). The same experiment was done for permeate 
lignin, (HWP) and acetylated permeate lignin (HWP-Ac), (Figure 12). 
 

 
Figure 11. SEC-chromatogram for hardwood lignin and acetylated hardwood lignin. 

  

 
Figure 12. SEC-chromatogram for permeate hardwood lignin and acetylated 

permeate hardwood lignin.   
 

From these SEC chromatograms, no definitive conclusions can be made about the 
need of acetylation of lignin. The samples HW and HW-Ac overlap and so are also 
HWP and HWP-Ac doing. That indicates that the same magnitude of MP in lignin is 
solubilised for all samples independent of an acetylation or not. However, a more 
definitive conclusion of the need for acetylation requests further investigations. 
 
Fractions were collected and analysed on MALDI-TOF-MS. As can be seen in the 
spectra below there is a difference between the acetylated and non acetylated 
samples.   
 



 21 

2,9

3

3,1

3,2

3,3

3,4

3,5

3,6

27,5 28 28,5 29 29,5 30 30,5 31 31,5 32 32,5

RT (mins)

lo
g

 M
p

HW-Ac

HW

 
Figure 13. Comparison between HW and HW-Ac. MP values analysed by MALDI-TOF-

MS vs. collection time of the SEC fractions. 
    

Since the acetylation gives the samples a higher MP value, a calculation could be 
made to estimate whether this augmentation is within the expected interval. The 
theoretical mass gain value is calculated on the basis that HW consists of guaiacyl 
lignin and syringyl lignin in a ratio of 1:2.5 as described below under the section 
“Chemical composition of lignin, Hardwood”.  
 
Theoretical mass increase: 13.7 % 
Average observed mass gain: 13.5% (7-20 %) 
 
The observed mass increase value is close to the theoretical mass increase value and 
these results indicate that an acetylation of lignin is unnecessary. 
 

Softwood lignin 

The same investigation procedure was repeated on softwood lignin. Softwood lignin 
(SW) and acetylated softwood lignin (SW-Ac) were fractionated on SEC (Figure 14), 
so were also permeate softwood lignin (SWP) and acetylated permeate softwood 
lignin (SWP-Ac), (Figure 15). 
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Figure 14. SEC-chromatogram of softwood lignin and acetylated softwood lignin.  

 

 
Figure 15. SEC-chromatogram of permeate lignin and acetylated permeate lignin. 

 
Both softwood lignin and permeate softwood lignin show a shift in elution times 
compared to the corresponding acetylated samples. These facts point to a necessity 
of acetylating softwood samples, as higher MP values are dissolved and are visible on 
the SEC-chromatograms when acetylated. To establish these facts, further analyzes 
are done on the MALDI-TOF-MS instrument (Figure 16).   
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Figure 16. Comparison between softwood lignin and acetylated softwood lignin. MP 

values analyzed by MALDI-TOF-MS vs. collection time of the SEC fractions.    
 

The MALDI-TOF-MS spectrum shows significantly higher MP values for acetylated 
softwood lignin compared to non-acetylated. Since softwood lignin only contains 
guaiacyl lignin, the calculations of the theoretical mass gain value is simple. 
 
Theoretical mass increase: 15.6 % 
Average observed mass increase: 29% (26-32 %) 
 
For softwood lignin, the observed mass increase was much higher than the 
theoretical mass increase. This indicates that the non-acetylated samples are not 
completely dissolved in THF. Therefore the conclusion could be made that an 
acetylation of the sample is necessary before analysing on SEC. 
 

Calibration 

Calibration equations were calculated for softwood and hardwood lignin based on 
SEC fractionation and MALDI-TOF-MS analysis of the samples. The equations 
obtained were thereafter used to recalculate the MP, Mn and Mw values for each 
sample in order to see how much these values vary between the different 
calibrations. Given that hardwood lignin does not necessarily have to be acetylated 
while softwood lignin requires an acetylation, a mutual calibration method for 
softwood and hardwood lignin is not possible.  
 
For the hardwood-, softwood- and acetylated softwood lignin samples triple analysis 
were made, where each analysis generated a series of calculation points out of the 
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fractionation. These triple analysis of each sample are named H1, H2 and H3 for 
hardwood lignin, S1, S2 and S3 for softwood lignin and S-Ac(i), S-Ac(ii) and S-Ac(iii) 
for acetylated softwood lignin. The calculation points are grouped in different ways 
and calculated as followed: 

 
Equation Name Equation  Calculation points 

1. PS   y = -0.20x + 9.16 polystyrene standards  

2. HW   y = -0.12x + 6.97  all hardwood lignin fractions 

3. SW   y = -0.14x + 7.41  all softwood lignin fractions 

4. H1-cal  y = -0.12x + 6.83 H1lignin fractions 

5. H2-cal  y = -0.14x + 7.37 H2 lignin fractions 

6. H3-cal  y = -0.14x + 7.48  H3 lignin fractions 

7. S1-cal  y = -0.15x + 7.76  S1 lignin fractions 

8. S2-cal  y = -0,14x + 7.48  S2 lignin fractions 

9. S3-cal  y = -0.13x + 7.25 S3 lignin fractions 

10. S-Ac (i)-cal  y = -0.18x + 8.51 acetylated S(i)lignin fractions 

11. S-Ac (ii)-cal  y= -0.15x + 7.85 acetylated S(ii) lignin fractions 

12. S-Ac-cal  y= -0.16x + 8.10 all acetylated softwood lignin fractions  

 
Using these equations the MMD for the analysed lignin could be calculated. The 
results are presented in Table 1, for the hardwood lignin samples (H1-H3) and in 
Table 2, for the softwood lignin (S1-S3) and acetylated softwood lignin (S-Ac(i), S-
Ac(ii) and S-Ac(iii)) samples. 

 
Table 1. MP, Mn and Mw values are calculated using different calibration equations 

for hardwood lignin. The mean value (mv), standard deviation (Std. dev.) and 
coefficient of variation (cv) are also calculated for the different calibrations.  

 
Sample Name Method Used MP  Mn  Mw  

H1 H1-cal 1550 1200 1620 

H2 H2-cal 1140 870 1310 

H3 H3-cal 970 810 1120 

mv   1220 960 1350 

Std. dev.   298 210 252 

cv (%)   24 22 19 

          

H1 HW 1380 1040 1460 

H2 HW 1370 1100 1520 

H3 HW 1200 1040 1340 

mv   1317 1060 1440 

Std. dev.   101 35 92 

cv (%)   8 3 6 

          

H1 PS 1160 630 1450 

H2 PS 1140 700 1550 

H3 PS 920 660 1240 

mv   1073 663 1413 

Std. dev.   133 35 158 

cv (%)   12 5 11 
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Table 2. Mp, Mn and Mw values are calculated using different calibration equations 
for softwood lignin. The mean value (mv), standard deviation (Std. dev.) and 
coefficient of variation (cv) are also calculated for the different calibrations. 

 
Sample Name Method Used MP  Mn  Mw  

S1 S1-cal 1590 970 1730 

S2 S2-cal 1600 1010 1810 

S3 S3-cal 2010 1590 2440 

Mv   1733 1190 1993 

Std. dev.   240 347 389 

cv (%)   14 29 20 

          

S1 SW 1560 1000 1660 

S2 SW 1660 1070 1870 

S3 SW 2000 1550 2470 

Mv   1740 1207 2000 

Std. dev.   231 299 420 

cv (%)   13 25 21 

          

S1 PS 1660 760 2030 

S2 PS 1800 830 2460 

S3 PS 2350 1450 3580 

Mv   1937 1013 2690 

Std. dev.   365 380 800 

cv (%)   19 37 30 

  

S-Ac (i) S-Ac (i)-cal 2220 1470 3910 

S-Ac (ii) S-Ac (ii)-cal 2300 1260 3250 

          

S-Ac (i) S-Ac –cal 2100 1480 3440 

S-Ac (ii) S-Ac –cal 2360 1230 3480 

S-Ac (iii) S-Ac –cal 2350 1230 3460 

Mv   2270 1313 3460 

Std. dev.    147 144 20 

cv (%)   6 11 1 

 
In Table 1, the MP, Mn and Mw values for hardwood lignin are calculated according to 
the equations presented above. The methods H1-cal, H2-cal and H3-cal, i.e. using a 
separate calibration line for each individual sample, were expected to give more 
precise MMD value when using them for calculating the MMD’s of the H1, H2 and H3 
samples. However, this was not the case when comparing with the values received 
with the HW method, which is the common calibration for all hardwood lignin 
samples. For the Mn values, the coefficient of variation is 22 % using the calibrations 
H1-cal, H2-cal and H3-cal, while it is 3 % using the HW method. It means that, when 
using the HW method the differentiation of the samples would decrease. Comparing 
the mean value of Mn for the polystyrene standard (PS) method with the other 
methods, it is apparent that the PS method gives a lower value. This fact could also 
be notified in Figure 10. Therefore, based on these results it is evident that the HW 
method is the best suitable calibration method for LignoBoost kraft hardwood lignin.  
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In Table 2, the MP, Mn and Mw values for softwood lignin are calculated using the 
equations presented above. Also for softwood, it was expected that the methods S1-
cal, S2-cal and S3-cal would give a better estimation of the MMD value for the 
samples S1, S2 and S3, respectively. That turned out to be a wrong expectation when 
comparing with the results from the SW method, which is the common calibration of 
all three softwood lignin samples. In the case of the Mn values the coefficient of 
variation is 29 % for the calibrations S1-cal, S2-cal and S3-cal, while it is 25 % for the 
SW method. Comparing the mean value of Mn for the PS method (Mn =1013) with 
the other methods (Mn =1190) and (Mn =1207), the PS method gives a lower value. 
This was also observed in Figure 10.  
 
The differences between the equations’ statistical values do not differ as much for 
softwood lignin as it does for hardwood lignin. On the other hand, differences in 
MMD after acetylation are much smaller compared to when acetylation is not used, 
indicating that some of the differences arise from the fact that different portions of  
the samples has been dissolved. Therefore, the most suitable calibration for 
softwood lignin is the acetylated method, S-Ac-cal. 
 
This tendency considering differences in MMD between the samples is also visible 
for hardwood lignin. It has already been established that hardwood lignin does not 
need an acetylation. However, the MMD determination can be more precise if 
always analysing duplicates of hardwood lignin.        
 

Chemical composition of lignin 

Hardwood lignin 

The chemical composition of selected lignin fractions was also determined with Py-
GC-MS. Low and high molecular fractions of lignin are analysed to distinguish 
differences in the composition of lignin (Figure 17). Each peak in the pyrogram 
corresponds to a structural element (Figure 18).  
 



 27 

 
Figure 17. Pyrograms of low and high molecular hardwood lignin. 

 

 
Figure 18. The identified monomers for hardwood lignin. 

 
The two pyrograms of high and low molecular hardwood lignin are more or less 
identical. The identified monomers (Figure 18) are the same in both samples. 
Therefore, the conclusion is that there are no essential differences between high and 
low molecular mass hardwood lignin considering constituents. 
 
As a continuation of the comparison between high and low molecular lignin samples, 
the total hardwood lignin was analysed with the Py-GC/MS instrument (Figure 19). 
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The aim was to examine if there is any information lost when fractionating the lignin. 
This comparison did not illustrate any significant differences. 
    

 
Figure 19. Pyrogram of the total sample hardwood lignin. 

 
The ratio between syringyl and guaiacyl lignin is calculated for both high and low 
molecular HW lignin and also for the total sample (Table 3). As an extension of 
earlier observations, there are no differences between high molecular, low 
molecular and total sample lignin.  
 
Table 3. Ratio syringyl/guaiacyl for low- and high molecular weight hardwood lignin.  

 

Sample syringyl/guaiacyl 

Low molecular weight lignin  2,43 

High molecular weight lignin 2,55 

Total sample 2,40 

 
As a further investigation of the composition of hardwood lignin, low and high 
molecular fractions were analyzed on Py-GC-MS to examine if there are any 
differences between the fractions considering extractives.  The relationship between 
fatty acids and lignin is calculated and illustrated in Figure 20.  
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Figure 20. The diagram illustrate the amount of fatty acids (red) and lignin (blue) for 
low molecular (lm) and high molecular (hm) fractions of lignin. A duplicate of a lignin 

sample is presented.  
 
The analysis shows that the LignoBoost hardwood lignin contains a certain amount 
of extractives. However, as can be seen in the diagram, there are no differences 
between low and high molecular lignin samples considering the content of fatty 
acids.  

Softwood lignin 

A similar analysing procedure was applied to softwood lignin. The pyrograms show 
the differences for high and low molecular softwood lignin (Figure 21) and the 
monomers representing each peak (Figure 22).  
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Figure 21. Pyrogram of softwood lignin.  

 
The two pyrograms are very similar and therefore no differences in the composition 
of softwood lignin can be seen between low molecular and high molecular fractions. 
 

 
Figure 22. Composition of softwood lignin. 

 
The total softwood lignin sample is very similar in the lignin area to the high and low 
molecular fractions (Figure 23). However, there seems to be peaks representing 
resin acids in the extractive area. Therefore, it was of interest to know if there were 
differences between high and low molecular softwood lignin considering resin acids. 
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Figure 23. Pyrogram of the total softwood lignin sample. 

 
An examination of high and low molecular softwood lignin in the resin area indicates 
that differences exists (Figure 24). Low molecular weight softwood lignin has a much 
higher amount of resin acids than high molecular weight softwood lignin, and the 
total sample has an amount of resin acid in between (Figure 25). 
 

 
 

Figure 24. Pyrograms of high molecular weight and low molecular weight softwood 
lignin. Differences in the amount of resin acids when compared to the amount of 

lignin. 
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Figure 25. The amount lignin (blue) vs. resin acids (purple) was calculated for two 
different softwood lignin samples (SW, SWI), permeate lignin (SWPI), duplicates of 
another permeate lignin (SWP1, SWP2) and for the total sample. For each sample 

two fractions were analyzed, high molecular weight (hm) and low molecular weight 
(lm) lignin. 

 
As can be seen in Figure 25, the percentage of resin acids is high in low molecular 
fractions of softwood lignin. That is, when determining the MMD for low molecular 
fractions of LignoBoost softwood kraft lignin, it is not only lignin that is measured but 
also amounts of resin acids will be included.     

 
 

 

Applications 

Innventia AB works on analysing different wood materials and developing unit 
processes for LignoBoost. Therefore it was important to examine if the developed 
method could analyse further samples in addition to softwood and hardwood 
LignoBoost lignin and also samples from different steps of the LignoBoost process.   

Eucalyptus sample testing 

The developed method was tested on samples of eucalyptus lignin. After SEC 
fractionation, the eucalyptus fractions were analysed on MALDI-TOF-MS (Figure 26). 
Since eucalyptus is a hardwood species, it is therefore compared to the hardwood 
lignins analysed earlier. 
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Figure 26. Comparison between hardwood lignin (HW) and eucalyptus lignin (Eu). MP 
values analysed by MALDI-TOF-MS vs. collection time of the SEC fractions.    

 
According to the SEC/MALDI-TOF-MS analysis, the eucalyptus sample is similar to the 
hardwood lignin sample. However, to ensure that the same calibration method can 
be used for both hardwood lignin and eucalyptus lignin, an internal calibration was 
set for eucalyptus (Eu-cal). The MP, Mn, and Mw values calculated with Eu-cal are 
compared to the ones calculated with HW (Table 4).  

 
Table 4. Eucalyptus samples are calculated using the HW calibration and an internal 

calibration, Eu-cal. 
 

Sample Name Method Used MP Mn Mw 

Eu HW 1180 880 1230 

Eu Eu-cal 900 630 970 

 
These results show that the method developed for hardwood is valid for eucalyptus 
samples as well. 

Sample with high ash content 

Of great interest is to know if the developed method works on lignin products from 
different steps of the LignoBoost process as well. Therefore, a permeate softwood 
lignin from the first washing step in the LignoBoost process is analysed. This sample 
has about 20 times higher ash content than after the second washing step.  
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In a first evaluation of this sample, it was found that permeate softwood lignin from 
the first precipitation had low solubility in THF. To increase the solubility of this 
sample in the solvent, it was first protonated with HCl and thereafter dried. When 
protonated, this sample was solubilised in THF and it was possible to analyse it on 
SEC (Figure 27).     
 

 
Figure 27. SEC-chromatogram comparing permeates softwood lignin from the first 

and second washing steps (SWP1 and SWP2). 
 

The SEC-chromatogram shows that SWP1 and SWP2 are completely overlapping and 
therefore, it is possible to conclude that the same magnitude of the both lignin 
samples is solubilised. That is also the conclusion of the MALDI-TOF-MS analysis of 
the SEC fractions (Figure 28). 
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Figure 28. Comparison between SWP1 and SWP2. MP values analysed by MALDI-TOF-

MS vs. collection time of the SEC fractions. 
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Chemical composition 

To see possible dissimilarities for SWP1 compared to SWP2 in terms of the chemical 
composition of lignin structure and extractives content, both samples were analyzed 
with Py-GC/MS. As in previous analyses, both high molecular and low molecular 
samples were pyrolysed (Figure 29). Each peak in the pyrogram represents a mass 
spectrum of a chemical compound which can be identified with a database. 
 

 
 

Figure 29. High and low molecular fractions of SWP1 and SWP2 are analysed on 
Py/GC-MS instrument. 

 
Out of these pyrograms, it is possible to see that the samples SWP1 and SWP2 are 
very similar both considering the lignin structure and the amount of resin acids. The 
only visible difference between these samples is that the pyrogram of the low 
molecular fraction of SWP1 contains one peak representing Isosaccharinic acid, 
which does not exist in the low molecular fraction of the sample SWP2. 
Isosaccharinic acid is expected to be eliminated from the sample by the second 
washing step in the LignoBoost process.   
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Conclusions 
The conclusions from this work can be summarised as follows: 
 

 The polystyrene standard calibration is shown to be an inadequate method 
when measuring higher or lower MMD LignoBoost lignins. 

 Acetylation is necessary for softwood LignoBoost lignin when analysing on 
SEC using THF as the mobile phase. The acetylation is, however, not required 
for the corresponding hardwood lignin. 

 Separate calibration methods should be used for softwood and hardwood 
LignoBoost lignins. 

 The chemical composition of hardwood and softwood LignoBoost lignin does 
not vary between the high molecular and low molecular fractions in terms of 
lignin structure.  

 For softwood LignoBoost lignin the low molecular fraction does contain a 
higher amount of resin acids compared to the high molecular fraction. 
Hardwood LignoBoost lignin, on the other hand, did not show any differences 
in extractives between high and low molecular fractions. It is also concluded 
that when determining the MMD for lignins, extractives such as resin acids 
will be included.  

 The method developed for hardwood LignoBoost lignin is also valid for a 
corresponding eucalyptus lignin sample.  
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Future work 
The aim of this thesis may be considered fulfilled; nevertheless further investigation 
could be made. Some suggestions for possible future work are given below: 
 

 Extend the method developed so it includes other LignoBoost lignins than 
kraft lignins.  

 Improve the MALDI-TOF-MS method so that higher and lower MP values can 
be examined. 

 Examine the chemical composition with other methods. Since the 
fractionation of lignins generates smaller amount of samples, the Py-GC/MS 
instrument was the best alternative for the examination of the chemical 
composition. However, if it is possible to scale up the fractions, there are 
other methods, such as Nuclear Magnetic Resonance (NMR) that would be of 
interest. The advantage of NMR is that it is not as harsh on the sample as Py-
GC/MS, which can make it possible to find further structural differences 
between high and low molecular fractions of lignin. Another instrument of 
interest to use for determining the chemical composition is UV spectrometry. 

 Investigate the impact of resin acids on the MMD. 
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